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Abstract
Summary Dietary patterns may interfere with the efficacy of
herbal intervention. Our results demonstrated the protective
effects of Salvia miltiorrhiza aqueous extract (SMA) on bone
metabolism were influenced by levels of dietary fat and su-
crose in ovariectomized (OVX) rats through its actions on
attenuating lipid deposition and oxidative stress in rats.
Introduction Salvia miltiorrhiza (SM), also known as
Danshen, has been tested as an osteoporosis treatment in a
series of small, short human trials that generally report im-
provements in bone property. However, dietary patterns may
interfere with the effects of herbal intervention. We hypothe-
sized that dietary fat and sucrose levels could influence the
effects of SM supplementation on bone in estrogen-deficient
animals.
Methods Six-month-old Sprague-Dawley sham or OVX rats
were fed either a low-saturated fat-sucrose (LFS, a diet that
was similar in composition to normal rat chow) or a high-fat-
sucrose (HFS) diet and OVX rats were treated (8 rats/group)

with SM aqueous extract (SMA, 600 mg/kg/day), 17β-
estradiol (1 mg/kg/day), or vehicle for 12 weeks.
Results SMA significantly improved bone properties as re-
vealed by the increase in trabecular bone mineral density
and decrease in trabecular separation at proximal metaphysis
of the tibia (PT) in HFS-fed OVX rats, but not in LFS-fed
OVX rats. SMA greatly reduced lipid deposition and
malondialdehyde levels, improved the activities of superoxide
dismutase, catalase, and glutathione peroxidase in the livers of
HFS-fed OVX rats. SMA could directly improve the prolifer-
ation and differentiation in vitro in an H2O2-induced
preosteoblast cell model by attenuating cellular reactive oxy-
gen species levels.
Conclusions The protective effects of SMA on bone metabo-
lism were influenced by dietary fat and sucrose levels in OVX
rats. The ability of SMA to reduce bone loss in HFS-fed OVX
rats was associated with the attenuation of lipid deposition and
oxidative stress levels.
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Cr creatinine
Ct.Th average cortical thickness
Ct.V/Tt.V ratio of cortical bone volume

to total volume
DA degree of anisotropy
DCFH-DA 2′,7′-dichlorodihydrofluorescin

diacetate
FBS fetal bovine serum
GPx glutathione peroxidase
HFS high fat-sucrose
H2O2 hydrogen peroxide
LFS low fat-sucrose
Ma.Ar marrow area
MDA malondialdehyde
MEM minimal essential medium eagle
μCT microcomputed tomography
MT tibia midshaft
MTS 3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium

OS oxidative stress
OVX ovariectomized
P phosphorus
PMS phenazine methosulfate
PT proximal metaphysis of the tibia
ROS reactive oxygen species
SEM standard error of mean
SHAM sham-operation
SM Salvia miltiorrhiza
SMA Salvia miltiorrhiza aqueous extract
SMI structure model index
SOD superoxide dismutase
Tb. BMD trabecular bone mineral density
Tb.N trabecular number
Tb.Sp trabecular separation
Tb.Th trabecular thickness
Tt.Ar total cross-sectional area

inside the periosteal envelope

Introduction

Osteoporosis is a metabolic disease characterized by fra-
gility fractures of the spine and hip, in which an imbal-
ance between ostoblasts and osteoclasts develops with age
and subsequently leads to increased risk of bone fracture.
[1]. A growing amount of evidence indicates that oxida-
tive stress (OS) induced by reactive oxygen species
(ROS), which increases with age, can adversely affect
bone homeostasis and OS is speculated to be a pathogenic
mechanism of the age-related bone loss and strength [2,
3]. Cross-sectional or case-control studies have indicated
that high OS levels in women and men were along with

reduced bone mineral density and increased risk of oste-
oporosis [4–7]. In vitro mechanistic study showed that OS
decreases the lifespan of osteoblast in bone and inhibits
the Wnt/β-catenin signaling pathway involved in osteo-
blast differentiation [8]. OS also promotes osteoclast for-
mation and activity [3]. Thus, OS modulation by antiox-
idants might be useful for preventing or delaying the pro-
cess of osteoporosis. However, studies on the efficacy of
antioxidant supplementation for osteoporosis or bone loss
prevention give inconsistent results [9–13]. Such incon-
sistency might be due to the weak efficacy of these anti-
oxidants in comparison to commonly prescribed agents
such as estrogens, bisphosphonates, and RANK ligand
antibodies; or it might be due to differences in genetic
makeup and eating habits among individuals.

High-fat-sucrose (HFS) diet has been demonstrated to in-
crease ROS and lipid peroxidation and alter the antioxidant
defense status in various tissues in mice [14]. Studies using
hyperlipidemic mice models [15, 16] indicated that low-
density lipoprotein particles, upon modification by OS, would
accumulate in both vascular and bone tissues, theoretically
triggering the pathogenesis of atherosclerosis and osteoporo-
sis. Estrogen deficiency was found to be the cause of low
antioxidant levels in post-menopausal women [7], and it might
lead to increased risk of osteoporosis. Both HFS diets and
estrogen deficiency are contributing factors for developing
abnormality in bone metabolism. Our recently published
study [17] indicated that HFS diet consumption caused the
same bone mass/microarchitecture changes in sham-operated
and ovariectomized (OVX) rats as low-fat-sucrose (LFS) diet
consumption did. The negative synergistic actions of HFS and
estrogen deficiency on bone properties occurred in cancellous
bones and were characterized by elevated OS and accelerated
bone resorption [17].

Danshen (Salvia miltiorrhiza, SM), the dried root of Salvia
miltiorrhiza Bunge, is one of the best-known Chinese tradi-
tional herbs that has been used to manage cardiovascular dis-
eases for more than 2000 years. In traditional Chinese medi-
cine theory, SM can promote blood flow, remove blood stasis
and nourish blood in menstruation, and reduce pain and men-
tal restlessness [18]. SM, in combination with other herbs, was
tested in more than 30 clinical trials for treatment of post-
menopausal, senile, and secondary osteoporosis in different
regions of China [19]. However, most of these clinical trials
were not well designed, with either too small patient sample
sizes, a lack of dietary record, and/or unclear clinical end-
points, making it difficult to conclude if SM was effective
for management of osteoporosis. In particular, the lack of di-
etary control or inconsistency in dietary intakemight be one of
the major confounding factors that interfere with the efficacy
of herbal intervention.

It is hypothesized that SM exerts its protective effects on
the cardiovascular system mainly via removing free radicals
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and preventing lipid oxidation [20]. Indeed, our previous stud-
ies reported that aqueous extract of Danshen (SMA) could
prevent HFS-fed OVX rats from endothelial dysfunction
[21]. In the present study, we investigated whether daily
SMA consumption would ameliorate the aggravated cancel-
lous bone loss in OVX rats induced by HFS diet and estrogen
deficiency. Specifically, we hypothesized that a higher dietary
fat and sucrose consumption would alter the protective effects
of SMA on bone in estrogen-deficient rats.

In the present study, SMAwas administrated to both LFS-
fed and HFS-fed OVX rats. Bone properties, tissue and blood
lipids, and antioxidant status of rats were measured. Hydrogen
peroxide (H2O2)-inducedMG63 preosteoblast cells were used
as an in vitro model in order to determine if the action mech-
anism of SMA on osteoblastogenesis could occur through
suppression of OS.

Materials and methods

Preparation of Danshen aqueous extract

Danshen (SM, the dried root of S. miltiorrhiza Bunge) was
obtained from the Beijing Guancheng Pharmaceutical Co.,
Ltd. of China. A voucher specimen was deposited at the
Department of Applied Biology and Chemical Technology
of the Hong Kong Polytechnic University. The dried herb
(33 kg) was ground into powder by a herb grinder (R-14L,
Buyamag Inc., Carlsbad, CA, USA) and extracted twice with
distilled water at 100 °C for 30 min and precipitated with 60%
alcohol. The preparation was filtered and concentrated to pro-
duce a condensed plaster. Then the extract was freeze-dried
for a week. A yield of powder weighing a total of 4.3 kg was
obtained, and the yield (4.3-kg extract powder/dried herb
33 kg) was about 13.03%. The extract was stored at − 20 °C
and dissolved in distilled water before administration. The
dosage of Danshen aqueous extract (SMA) was 600 mg/kg
once daily by oral gavage. Standardization of the extract was
performed as described in our previously published paper
[21]. Salvianolic acid B and danshensu, two major active in-
gredients, were identified in SMA by using high-performance
liquid chromatography analysis. SMA applied in the present
study was found to contain 0.19% ± 0.01% danshensu and
3.93% ± 0.10% salvianolic acid B [21].

Materials and reagents

All reagents for cell culture were purchased from Life
Technologies, Inc., USA. 17β-Estradiol (E2) (Cat. E8875)
and 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA)
ROS activity assay kit (Cat. D6883) were purchased from
Sigma-Aldrich, USA. The dosage of E2 was 1 mg/kg once
daily by oral gavage. MTS (3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um) reagent powder was purchased from Promega (Cat.
G1111, USA). Alkaline phosphatase (ALP) assay kit and cal-
cium/phosphate/creatinine colorimetric assay kits were pur-
chased from Wako Pure Chemical Industries, Ltd., Japan.
Oxidant/antioxidant detection kits were purchased from
Keygen Biotech. Co., Ltd., China.

Rats and experimental design

Sixty-four Sprague-Dawley rats (6-month-old, virgin female,
weighing 338 ± 5 g), supplied by Guangdong Provincial
Medical Laboratory Animal Center, were randomly divided
into eight groups (each with eight animals) based on their
body weight. Six groups were OVX (n = 48) and the remain-
ing two groups received sham operation (SHAM, n = 16).
Both ovariectomy and sham operation followed the previous
published procedures [22, 23], except that anaesthetization
was applied with sodium pentobarbitone (100 mg/kg, i.p. in-
jection, Cat. P3761 Sigma-Aldrich, USA), and wounds in rats
were stitched by using surgical sutures (Chromic Catgut, Cat.
VCP845G, ETHICON, USA) in the present study. After sur-
gery, the rats were pair-fed with LFS diet based on the mini-
mum intake amount among all of the groups each day. Four
weeks after surgery, sham rats weighed 345 ± 7 g and OVX
rats weighed 362 ± 6 g. Eight sham rats and 24 OVX rats were
pair-fed with a LFS diet; the other eight sham rats and 24
OVX rats were pair-fed with a HFS; the feeding lasted
12 weeks. The total intake amount of LFS or HFS diet for
each animal was tightly controlled by pair feeding and was
based on the minimum intake amount among all of the groups
each day which averaged ~ 14–16 g per day. OVX rats fed
with either LFS or HFS diet were treated with SMA (600 mg/
kg/day), or 17β-estradiol (1 mg/kg/day), or vehicle (1% eth-
anol, v/v) by oral gavage once daily for a total of 12 weeks. E2

was dissolved in 100% ethanol at the concentration of 10 mg/
ml (as stock) and freshly diluted to 1 mg/ml by distilled water
every day. SMA powder was dispersed into vehicle solution
(1% ethanol, v/v) at the concentration of 600 mg/ml, and the
solution was freshly prepared each day. OVX rats were ad-
ministered 100 μl/100 g body weight of 1-mg/ml 17β-
estradiol solution and 600-mg/ml SMA solution by oral ga-
vage each day.

Animal experimental design and animal grouping are sum-
marized in a flowchart (Fig. 1). All rats were housed in an
environment with constant room temperature (20.5°), humid-
ity (62%), and 12:12-h light–dark cycles. During the feeding
study, rats were allowed free access to double distilled water.
Body weight was recorded every week. All animal care and
experiments were performed in accordance with the guide-
lines for the care and use of laboratory animals at The Hong
Kong Polytechnic University. The experimental protocol was
conducted under the animal license issued by the Department
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of Health, the Hong Kong SAR Government, and the Animal
Subjects Ethics Sub-committee (ASESC No. 05 / 21) of The
Hong Kong Polytechnic University.

Diet composition

The LFS control diet (TD.10592) and HFS diet (TD.10586)
were purchased from Harlan Teklad. The HFS diet was mod-
ified from a common higher-fat diet (TD.88137, with 42%
kcal from fat and 30% kcal from sucrose, and with 0.2%
cholesterol) that matched the calcium (Ca) and phosphorus
(P) levels of TD.98005 (0.6% Ca, 0.65% P) in our previous
bone mineral metabolism studies [24]. A specific LFS control
diet was generated, which contained 13% energy from fat,
15% energy from sucrose, and with some soybean oil added
in order to provide sufficient essential fatty acids. The HFS
diet contained 20% more energy than the LFS diet, but the
micronutrient levels of the two diets were the same. It should
be noted that LFS diet belongs to normal rat chowing diet, its
fat and sucrose contents are very similar to those of the normal
rat chowing diet AIN-93M. The composition of the LFS diet,
the HFS diet, and normal rat chow (AIN-93M) diet is present-
ed in Table 1.

Sample collection

The total treatment period lasted 12 weeks. Upon week 12,
2 days before sacrifice, animals were housed individually in
metabolic cages for collection of urine and feces for 24 h. On
the day of sacrifice, rats were euthanized by using pentobar-
bitone via i.p. injection (10-mg/100-g body weight). Blood
was withdrawn from the abdominal aorta, and serum was
prepared and stored at − 80 °C. Ovaries in rats were checked
to see if they had been fully cut off during the OVX operation.
Simultaneously, uteruses were examined on a rat-by-rat basis

in order to check if they had atrophy in response to the OVX
operation. Then uteruses were collected, and any adherent
fatty tissue to them was separated and cleaned. The uteruses
were dried in a drying oven (Universal Oven U, Memmert,
Germany) at 50 °C overnight and weighed; their weight (sham
rats vs. OVX rats without drug treatments) was an important
parameter to determine how successful the OVX surgery was.
The livers were immediately collected, rinsed, and stored at
− 80 °C. The right tibias were collected for microcomputed
tomography (μCT) analysis; they were wrapped in saline-
soaked towels together with the muscle tissue and stored at
− 20 °C for further analysis.

Biochemical analysis of serum and urine samples

Ca, P, and creatinine (Cr) concentrations in both serum and
urine samples were measured using standard colorimetric
methods with calcium/phosphate/creatinine colorimetric as-
say kits (Wako Pure Chemical Industries, Ltd., Japan).
Urinary Ca and P excretion was expressed as ratios of urinary
Ca or P to Cr level.

64 Six-month-old virgin female rats

16 Sham-operated rats 
(Sham)

48 Ovariectomized 
rats (OVX)

Low fat-sucrose diet (LFS)

LFS-fed rats (n=8 in each group, 
four groups)

1. SLV, vehicle-treated Sham rats 
fed with LFS;

2. OLV, vehicle-treated OVX rats 
fed with LFS; 

3. OLE, 17β-estradiol-treated 
OVX rats fed with LFS; 

4. OLD, SMA-treated OVX rats 
fed with LFS; 

8 Sham rats and 24 OVX rats

Sham or ovariectomized
opera�on

8 Sham rats and 24 OVX rats

High fat-sucrose diet (HFS)

HFS-fed rats (n=8 in each group, 
four groups)

1. SHV, vehicle-treated Sham rats 
fed with HFS;

2. OHV, vehicle-treated OVX 
rats fed with HFS; 

3. OHE, 17β-estradiol-treated 
OVX rats fed with HFS; 

4. OHD, SMA-treated OVX rats 
fed with HFS; 

Four weeks later

Twelve weeks duration

Fig. 1 Flowchart for animal experimental design and animal grouping

Table 1 Compositions of low-fat-sucrose diet (LFS) and high-fat-
sucrose diet (HFS) and AIN 93M mature rodent diet (AIN 93M)

Ingredient Diet (g/kg)

LFS
(13% fat calories;
15% sucrose
calories)

HFS
(42% fat calories;
30% sucrose
calories)

AIN 93M
(9% fat calories;
13% sucrose
calories)

Casein 195 195 140

Sucrose 120 342 100

Corn starch 432 150 496

Maltodextrin 100 – 125

Anhydrous
milk fat

37.2 210 –

Soybean oil 12.8 – 40.0

Cholesterol – 1.50 –

Cellulose 50.0 49.3 50.0

Mineral mix1 35.0 35.0 35.0

Vitamin mix2 10.0 10.0 10.0

Selected nutrient information

% by weight

Protein 17.3 17.3 14.0

Carbohydrate 61.2 48.5 73.0

Fat 5.20 21.2 4.0

% kcal from

Protein 19.2 15.2 15.0

Carbohydrate 67.8 42.7 76.0

Fat 13.0 42.0 9.0

kcal/g 3.60 4.50 3.85

226 Osteoporos Int (2018) 29:223–235



Lipid content and oxidant/antioxidant levels in the livers

Two grams of each liver sample was homogenized and fil-
tered. One part of homogenized liver samples was centrifuged
to obtain lipids, which were dried, weighed, and analyzed as
previously reported [25, 26]. The liver lipid content was
expressed as the weight of lipid in 1 g of liver. The levels of
malondialdehyde (MDA) as well as the activities of superox-
ide dismutase (SOD), catalase (CAT), and glutathione perox-
idase (GPx) were measured in dup l i ca te us ing
spectrophotometry-based commercial kits, including MDA/
SOD/CAT/GPx Detection Kit (Keygen Biotech. Co., Ltd.,
Nanjing, PR China). MDA levels were expressed as nmol/
mg protein, SOD, CAT, and GPx activities were expressed
as U/mg protein.

Microcomputed tomography (μCT) analysis of rat tibia

Cone-beam X-ray μCT, vivaCT 40 (Scanco Medical,
Brüttisellen, Switzerland), was used to take μCT images
of proximal metaphysis of the tibia (PT) and tibial midshaft
(MT) with a tube voltage of 70 kVp, tube content of
0.114 mA, slice thickness of 21 μm, and voxel size of
10.5 μm. The volume of interest was selected as a region
that began 2.2 mm distal to the junction of the epiphyseal
bony plate with the proximal boundary of the growth car-
tilage and extended distally 100 slices. The scanned bone
contained both cortical and trabecular bone. We delineated
the trabecular region from cortical bone by manually draw-
ing a uniform region of interest, which was an irregular
anatomic contour a few pixels away from the endocortical
boundary. The scanned volume of the tibial midshaft was
centered on the midpoint of the long bone. The region of
interest of the cortical analysis was set at half the distance
from the distal condyle to the junction of the epiphyseal
bony plate with the proximal boundary of the growth car-
tilage and extended toward the distal diaphysis for 100
slices. μCT images were prepared, μCT reconstruction
models were generated, and 3D bone parameters were cal-
culated by a three-dimensional image analysis software
(SCANCO Finite Element Software and MicroCT
Analysis Software V6.6, Scanco Medical, Switzerland).
The measured parameters for PT included trabecular bone
mineral density, Tb.BMD; ratio of bone volume to total
volume, BV/TV; trabecular number, Tb.N; trabecular
thickness, Tb.Th; trabecular separation, Tb.Sp; connectiv-
ity density, Conn-Des; degree of anisotropy, DA; and
structure model index, SMI. The measured parameters for
MT included total bone mineral density, BMD; ratio of
cortical bone volume to total volume, Ct.V/Tt.V; total
cross-sectional area inside the periosteal envelope, Tt.Ar;
cortical bone area, Ct.Ar; marrow area, Ma.Ar; and aver-
age cortical thickness, Ct.Th.

Human osteosarcoma MG63 cell culture

Human osteosarcoma MG63 cell line (Homo sapiens,
ATCC® CRL-1427™) was purchased from ATCC and cul-
tured in Minimal Essential Medium Eagle (MEM) with 10%
fetal bovine serum (FBS) that was heat-inactivated and
100 mg/ml of streptomycin and 100-U/ml penicillin in a con-
dition of 5% CO2 and 37 °C. Before drug treatment, the cells
were changed into a low-serum (containing 1% FBS) medium
for 24 h. N-acetyl-L-cysteine (L-NAC, 10−5 or 10−4 M) or
SMA (1, 5, 10, 15 μg/ml) pre-treated MG63 cells for 24 h,
followed by hydrogen peroxide (H2O2, 15 and 40 μM) treat-
ment for another 24 h in cells. After drug treatment, the cells
were collected for correspondent assays to determine cell vi-
ability, differentiation, and intracellular ROS levels.

Cell viability and differentiation and intracellular ROS
levels

Standard MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay was used to measure cell viability. ALP activity was
measured and normalized by cell protein concentration to re-
flect ALP activity. The intracellular ROS level was evaluated
by DCFH-DA ROS activity assay. Cells were incubated with
fluorescent solutions and the fluorescence intensity was re-
corded after normalization by cell viability. The experiments
were repeated four times for each group.

Statistical analysis

Data from these experiments were reported as mean ± standard
error of mean (SEM) for each group. Intergroup differences
between different treatments in either LFS-fed rats (including
groups of SLV, OLV, OLE, and OLD) or HFS-fed rats (includ-
ing groups of SHV, OHV, OHE, and OHD) were separately
analyzed by using one-way analysis of variance (ANOVA)
(Prism 5.0 for Windows, GraphPad, CA, USA), and statistical
significance between individual groups was determined using
the Bonferroni method. Differences in P value of less than 0.05
were considered statistically significant. Analysis of the effects
of HFS diet and SMA treatment and their interactions on dif-
ferent parameters was performed on OVX rats by using two-
way ANOVA analysis. The groups of OLV, OLD, OHV, and
OHD were included in two-way ANOVA analysis. Statistical
significance between individual groups was determined using
the Bonferroni method. Differences in P value of less than 0.05
were considered statistically significant. Statistical analysis of
the effects of different treatment in MG-63 cells and compari-
son between the effects of LFS and those of HFS diet on the
same treatment groups was carried out by using Student’s T-
test. Differences in P value of less than 0.05 were considered
statistically significant.
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Results

Body and uterus weight

As shown in Table 2, no significant differences were
found in body weight at week 0 before treatment among
the different groups in either LFS- or HFS-fed rats. At
week 12, ovariectomy resulted in a significantly greater
(threefold) weight gain in LFS-fed rats (P < 0.001 LFS-
fed OVX-vehicle vs. sham-vehicle rats). The weight gain
in LFS-fed OVX rats was significantly lower with 17β-
estradiol treatment (P < 0.01 vs. LFS-fed OVX-vehicle
rats) and also with SMA treatment (P < 0.05 vs. LFS-
fed OVX-vehicle rats, Table 2). HFS-fed rats had higher
weight gain than LFS-fed rats in sham (P < 0.01) and
SMA (P < 0.001)-treated groups. However, OVX was
not associated with greater weight gain in rats fed with
HFS diet (HFS-fed OVX-vehicle vs. sham-vehicle rats) at
week 12. Neither 17β-estradiol nor SMA treatment re-
duced the weight gain of the HFS-fed OVX rats (vs.
HFS-fed OVX-vehicle rats).

Uterus weight in rats was significantly reduced by ovariec-
tomy in either LFS- or HFS-fed rats (P < 0.001 vs. LFS or
HFS-fed sham-vehicle rats). E2, but not SMA, increased the
uterine weight in both OVX rats fed with LFS diet and those
fed with HFS diet (P < 0.05 or P < 0.001 vs. LFS or HFS-fed
OVX-vehicle rats, Table 2).

Two-way ANOVA analysis showed no interactive effects
between HFS diet and SMA treatment on alterations of body
weight and weight gain and uterine weight in OVX rats
(Table 3). However, two-way ANOVA analysis showed a bor-
derline (~ 20% higher) effect of SMA on uterine weight
(P = 0.0587, Table 3), suggesting that SMA was marginally
estrogenic at this dosage.

Serum and urine chemistries

Serum Ca levels were not altered in rats in response to differ-
ent treatments in LFS- or HFS-fed rats (Table 2). Serum P was
only shown to be significantly decreased in HFS-fed rats by
ovariectomy (P < 0.05 vs. HFS-fed sham-vehicle rats,
Table 2). Urinary Ca excretion was significantly reduced in
LFS-fed OVX rats with 17β-estradiol treatment (P < 0.01 vs.
LFS-fed OVX-vehicle rats). SMA treatment significantly sup-
pressed urinary Ca excretion in both LFS- and HFS-fed OVX
rats (P < 0.05 or P < 0.01 vs. LFS or HFS-fed OVX-vehicle
rats, Table 2). Specifically, urinary Ca excretion was much
lower in HFS-fed rats than in LFS-fed rats in the SMA-
treated groups (P < 0.05). In contrast, urinary P excretion
was not altered in rats in response to different treatments in
LFS- or HFS-fed rats (Table 2). Two-way ANOVA analysis
showed no interactive effects between HFS diet and SMA
treatment on the alterations of those serum and urine chemis-
tries parameters in OVX rats (Table 3).

Lipid content in the liver

Neither E2 nor SMA altered the lipid depositions in the liver of
LFS-fed OVX rats (OLE vs. OLV; OLD vs. OLV) (Fig. 2).
HFS diet prominently increased lipid depositions in both sham
and OVX rats (P < 0.05, SHV vs. SLV; P < 0.01, OHV vs.
OLV). Most importantly, both E2 and SMA treatment
prevented HFS-induced lipid depositions in OVX rats.
Figure 2 shows that the liver lipid contents were not altered
in response to treatments in LFS-fed rats but they were signif-
icantly reduced by E2 (OHE) and SMA (OHD) treatment in
the HFS-fed OVX rats (P < 0.01 vs. OHV rats, Fig. 2). Two-
way ANOVA analysis showed no interactive effects between

Table 2 Effects of aqueous extract of Salvia miltiorrhiza (SMA) and 17β-estradiol (E2) onweight gain, uterineweight, and chemistries levels in serum
or urine in either LFS- or HFS-induced OVX rat modela,b,c

Diet Groups Body weight
at week 0 (g)

Body weight
at week 12 (g)

Weight
gain (g)

Uterine dry
weight (mg)

Serum Ca (mg/dl) Serum P
(mg/dl)

Urinary Ca/Cr
(mg/mg)

Urinary P/Cr
(mg/mg)

LFS Sham-vehicle 345 ± 7 364 ± 10** 19 ± 5*** 250 ± 33*** 10.67 ± 0.28 4.75 ± 0.12 0.198 ± 0.014 2.27 ± 0.90

OVX-vehicle 362 ± 6 421 ± 14 59 ± 9 56 ± 7 9.78 ± 0.43 3.86 ± 0.21 0.247 ± 0.014 1.51 ± 0.43

OVX-E2 345 ± 9 360 ± 7* 15 ± 5*** 153 ± 10*** 10.44 ± 0.37 3.85 ± 0.35 0.132 ± 0.012** 2.17 ± 0.60

OVX-SMA 368 ± 7 400 ± 8 31 ± 3* 70 ± 7 9.90 ± 0.28 3.39 ± 0.16 0.167 ± 0.034* 1.80 ± 0.28

HFS Sham-vehicle 346 ± 7 410 ± 11^^ 65 ± 13^^ 228 ± 40### 9.62 ± 0.28 4.74 ± 0.39# 0.167 ± 0.010 1.64 ± 0.43

OVX-vehicle 361 ± 5 442 ± 10 81 ± 12 54 ± 8 9.44 ± 0.32 3.47 ± 0.34 0.202 ± 0.032 1.40 ± 0.10

OVX-E2 362 ± 14 404 ± 18^ 41 ± 12 147 ± 5# 10.07 ± 0.24 3.92 ± 0.25 0.153 ± 0.018 1.63 ± 0.37

OVX-SMA 371 ± 7 434 ± 7^^ 63 ± 5^^^ 70 ± 9 9.24 ± 0.51 3.48 ± 0.26 0.074 ± 0.013##^ 2.14 ± 0.28

a The level of urinary Ca and P is corrected by the level of urine Cr
bValues are expressed as mean ± SEM, n = 8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LFS-fed OVX-vehicle rats; #P < 0.05, ##P < 0.01, ###P < 0.001
vs. HFS-fed OVX-vehicle rats. ^P < 0.05, ^^P < 0.01, ^^^P < 0.001 vs. LFS-fed rats under same treatment
c LFS, low-fat-sucrose diet; HFS, high-fat-sucrose diet; Ca, calcium; P, phosphorus; Cr, creatinine
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HFS diet and SMA treatment on liver lipid contents in OVX
rats (Table 4).

Oxidant/antioxidant levels in the liver

Malondialdehyde (MDA) levels in rat livers were significantly
increased in response to ovariectomy in rats fed with HFS-diet
(OHV), but not those with LFS-diet (OLV) (P < 0.05 vs. SHV,
Fig. 3a). Treatment of HFS-fed OVX rats with E2 (OHE) and
SMA (OHD) significantly suppressed OVX-induced increase
inMDA levels (P < 0.001 vs. OHV, Fig. 3a). HFS-fed rats had
higher MDA levels and lower CAT activity (Fig. 3c) than
LFS-fed rats in the OVX-vehicle-treated groups (P < 0.05).
The levels of antioxidative enzymes were not altered in rats
fed with LFS-diet in response to different treatment, except for
the significant inductive effects of SMA on SOD activities in
OVX rats (P < 0.05, OLD vs. OLV, Fig. 3b). In contrast,
treatment of OVX rats with E2 (OHE) significantly increased
SOD activities in rats fed with HFS-diet (P < 0.05 vs. OHV
rats, Fig. 3b), while SMA (OHD) treatment significantly in-
creased SOD (P < 0.05 vs. OHV, Fig. 3b) as well as GPx
(P < 0.01 vs. OHV, Fig. 3d) activities in the liver of OVX rats
fed with HFS-diet. Two-way ANOVA analysis indicated that

HFS diet and SMA treatment interactively acted on the levels
of MDA (P < 0.01) in OVX rats, but they showed no interac-
tive effects on the alterations of the other three antioxidant
enzyme activities in OVX rats (Table 4).

Bone properties evaluated by μCT

Figure 4a shows the 3D images of proximal metaphysis of the
tibia (PT). OVX rats had significantly lower values of Tb.BMD
(Fig. 4b), BV/TV, Tb.N, Conn-Des, and higher values of Tb.Sp
and SMI at PT (vs. LFS or HFS fed sham-vehicle rats, Table 5).
E2-treated OVX rats (LFS-fed) had significantly higher values
of Tb.BMD (vs. OLV, Fig. 4b) and microarchitectural parame-
ters such as BV/TV, Tb.N, Conn-Des, and lower values of
Tb.Sp at PT (vs. LFS-fed vehicle-OVX rats, Table 5). The rats
fed with HFS diet had lower values of Tb.BMD (Fig. 4b) and
higher values of Tb.Sp (Table 5) than LFS-fed rats in vehicle or
SMA-treated groups. The protective effects of E2 on bone were
prominent in HFS-fedOVX rats as revealed by the significantly
higher values of Tb.BMD (vs. OHV, Fig. 4b), BV/TV, Tb.N,
Conn-Des, and lower values of Tb.Sp at PT (vs. HFS-fed
OVX-vehicle rats, Table 5). In LFS-fed rats, SMA-treated
OVX rats did not change significantly in values of Tb.BMD
and values of bone microarchitectural parameters at PT (vs.
LFS-fed OVX-vehicle rats, Fig. 4b and Table 5). In HFS-fed
rats, SMA-treated OVX rats had significantly higher values of
Tb.BMD (Fig. 4b), BV/TV (Table 5), and lower values of
Tb.Sp (Table 5) at PT (vs. HFS-fed OVX-vehicle rats). Two-
way ANOVA analysis indicated that significant interaction
existed between HFS diet and SMA treatment on Tb.BMD,
BV/TV, Conn-Des, and SMI at PT in OVX rats (Table 6).

Meanwhile, HFS diet consumption did not significantly
result in bone mass changes at tibial midshaft (MT) of sham-
operated and OVX rats, compared with LFS consumption
(Table 7). OVX rats had significantly lower values of BMD,
Ct.V/Tt.V, and Ma.Ar (vs. LFS-fed sham-vehicle rats,
Table 7); E2-treated OVX rats had higher values of BMD,
Ct.V/Tt.V, and Ma.Ar (vs. LFS-fed OVX-vehicle rats,
Table 7) at MT of LFS-fed rats. SMA treatment failed to

Table 3 Two-way ANOVA analysis of the effects of high-fat-sucrose diet (HFS) and/or the aqueous extract of Salvia miltiorrhiza (SMA) on weight
gain, uterine weight, and chemistries levels in serum or urine in ovariectomized (OVX) ratsa,b,c

Body weight
at week 0 (g)

Body weight
at week 12 (g)

Weight
gain (g)

Uterine dry
weight (mg)

Serum Ca
(mg/dl)

Serum P
(mg/dl)

Urinary Ca/Cr
(mg/mg)

Urinary P/Cr
(mg/mg)

HFS diet 0.9117 0.0146* 0.0022** 0.9160 0.2107 0.5556 0.0127* 0.7011

SMA 0.2127 0.1633 0.0071** 0.0587 0.9238 0.3682 0.0005*** 0.0934

Interaction 0.7503 0.5247 0.5626 0.9113 0.6909 0.3480 0.3527 0.4543

aHFS, high-fat-sucrose diet; Ca, calcium; P, phosphorus; Cr, creatinine;
b Two-way ANOVA analysis was conducted in OVX rats and involved four groups including① LFS fed OVX-vehicle group;② LFS fed OVX-SMA
group;③ HFS fed OVX-vehicle group;④ HFS fed OVX-SMA group
cValues are P values after two-way ANOVA analysis. *P < 0.05, **P < 0.01, ***P < 0.001, statistical analysis by two-way ANOVA

Fig. 2 Total lipid contents (g of lipid per g of liver) in the livers from
OVX and sham-operated 6-month-old female rats fed with HFS or LFS
diet in response to different treatments for 12 weeks. Values are expressed
as mean ± SEM, n = 8. ##P < 0.01 vs. OHV rats. ^P < 0.05, ^^P < 0.01 vs.
LFS-fed rats under same treatment
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induce any changes in measured parameters at MT in either
LFS-fed or HFS-fed OVX rats (Table 7). There were no sig-
nificant interactions between HFS diet and SMA treatment on
cortical bone parameters, as demonstrated by two-way
ANOVA analysis (Table 8).

Osteoblast cell proliferation and differentiation

As shown in Fig. 5, 15-μM H2O2 significantly decreased
MG63 cell viability (P < 0.01 vs. control, Fig. 5a) and
40-μM H2O2 significantly reduced MG63 cell differentiation
(P < 0.05 vs. control, Fig. 5b). SMA treatment at 1–10 μg/ml
alone did not alter MG63 cell proliferation (Fig. 5a) or

differentiation (Fig. 5b). However, pretreatment with either
N-acetyl-L-cysteine (L-NAC, 10−5 and 10−4 M) or SMA at 5
and 10 μg/ml significantly increased cell viability (Fig. 5a)
and ALP activities (Fig. 5b) in H2O2-treated MG63 cells
(P < 0.05 or P < 0.01 vs. H2O2-induced control), suggesting
that these treatments protected against ROS-induced cytotox-
icity in MG63 cells (Table 8).

Intracellular ROS levels

As shown in Fig. 5c, intracellular ROS activities in MG63
cells increased by 38% in response to treatment with H2O2

(25 μM) administration (P < 0.001 vs. control, Fig. 5c).

Fig. 3 The levels of MDA (a), SOD (b), CAT (c), and GPx (d) in the
livers of OVX and sham-operated 6-month-old female rats fed with HFS
or LFS diet in response to different treatments for 12 weeks. MDA,
malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GPx,

glutathione peroxidase. Values are expressed as mean ± SEM, n = 8.
*P < 0.05 vs. OLV rats; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. OHV
rats. ^P < 0.05 vs. LFS-fed rats under the same treatment

Table 4 Two-way ANOVA analysis of the effects of high-fat-sucrose diet (HFS) and/or the aqueous extract of Salvia miltiorrhiza (SMA) on lipid
content and oxidant/antioxidant levels in the liver in ovariectomized (OVX) ratsa,b,c

Lipid
content
(g/g of liver)

MDA
levels
(nmol/mg protein)

SOD
activity
(U/mg protein)

CAT
activity
(U/mg protein)

GPx
activity
(U/mg protein)

HFS diet 0.0009*** 0.4584 0.6682 0.2049 0.4336

SMA 0.0149* P < 0.0001 0.0002*** 0.0010** 0.0064**

Interaction 0.1009 0.0053** 0.7727 0.1605 0.9012

aHFS, high-fat-sucrose diet; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase
b Two-way ANOVA analysis was conducted in OVX rats and involved four groups including① LFS fed OVX-vehicle group;② LFS fed OVX-SMA
group;③ HFS fed OVX-vehicle group;④ HFS fed OVX-SMA group
cValues are P values after two-way ANOVA analysis. *P < 0.05, **P < 0.01, ***P < 0.001, statistical analysis by two-way ANOVA
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Pretreatment with L-NAC at 10−5 M and SMA at 5–15 μg/ml
significantly attenuated the H2O2-induced increase in ROS
release in MG63 cells (P < 0.01 or P < 0.001 vs. H2O2-in-
duced control, Fig. 5c).

Discussion

Our study showed that SMA treatment for 12 weeks could
partially protect against bone loss in OVX rats only during
the feeding of an HFS diet. Moreover, such bone protective
effects of SMA in HFS-fed OVX rats were accompanied by
reduction in the levels of lipid deposition and ROS in the rat
livers. Furthermore, in vitro study showed that SMA exerted
direct protective effects in MG63 cells against H2O2-induced
cytotoxicity. These results suggested the possibility that the
osteoprotective effects of SMA in HFS-fed OVX rats were
associated with the antioxidative properties of SMA. The in-
ability of SMA to exert significant effects on bone properties
in LFS-fed OVX rats suggested that SMAwas not effective in
improving estrogen-deficiency-induced bone loss. It appeared
that the effects of SMA on bone were influenced by levels of
dietary fat and sucrose consumption in rats.

In the present study, a combination of HFS diet and estro-
gen deficiency in female rats resulted in high lipid deposition
and elevation of OS in the liver. Such results are consistent
with those as shown in our previous study [17]. E2 treatment
helped to downregulate MDA levels and upregulate SOD ac-
tivities in the livers of HFS-fed OVX rats. SMA treatment for
12 weeks greatly reduced lipid deposition in the livers of HFS-
fed, but not LFS-fed OVX rats. In addition, SMA treatment

LFS-fed rats

SHV OHV OHE OHD

SLV OLV OLE OLD

HFS-fed rats

a

b

Fig. 4 Cone-beam X-ray microcomputed tomography (μCT) images (a)
and bone mineral density (BMD) (b) at proximal metaphysis of the tibia
(PT) of OVX and sham-operated 6-month-old female rats fed with HFS
or LFS diet in response to different treatments for 12 weeks. In μCT
images (a), the first row of images are from LFS-fed rats and the second
row of images are from HFS-fed rats. Values in b are expressed as
mean ± SEM, n = 8. **P < 0.01, ***P < 0.001 vs. OLV rats;
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. OHV rats. ^P < 0.05 vs. LFS-
fed rats under same treatment

Table 5 Effects of aqueous extract of Salvia miltiorrhiza (SMA) and 17β-estradiol (E2) on the bone microarchitectural parameters in proximal
metaphysis of the tibia (PT) in either LFS- or HFS-induced ovariectomized (OVX) rat modela,b

Diet Groups Bone microarchitectural parameters (PT)

BV/TV
(%)

Tb.N
(1/mm)

Tb.Th
(mm)

Tb.Sp
(mm)

Conn-Des
(1/mm3)

DA SMI

LFS Sham-vehicle 33.0 ± 2.7 *** 4.75 ± 0.17 *** 0.087 ± 0.002 0.188 ± 0.009 *** 98.0 ± 5.6 *** 1.60 ± 0.03 0.78 ± 0.25 ***

OVX-vehicle 9.8 ± 1.9 1.99 ± 0.38 0.084 ± 0.004 0.604 ± 0.097 20.3 ± 7.3 1.75 ± 0.05 2.36 ± 0.09

OVX-E2 18.2 ± 1.9 * 3.57 ± 0.19 *** 0.079 ± 0.003 0.277 ± 0.019 ** 54.4 ± 6.1 ** 1.63 ± 0.03 2.03 ± 0.16

OVX-SMA 8.0 ± 1.1 1.72 ± 0.16 0.079 ± 0.002 0.622 ± 0.065 15.2 ± 2.8 1.71 ± 0.06 2.46 ± 0.09

HFS Sham-vehicle 29.2 ± 2.7 ### 4.54 ± 0.20 ### 0.085 ± 0.003 0.202 ± 0.011 ### 94.5 ± 9.3 ### 1.61 ± 0.02 ## 1.13 ± 0.22 ###

OVX-vehicle 5.3 ± 4.9^ 1.26 ± 0.07 0.079 ± 0.001 0.822 ± 0.038^ 7.4 ± 1.1 1.79 ± 0.04 2.65 ± 0.06

OVX-E2 15.0 ± 1.3## 3.18 ± 0.23 ### 0.078 ± 0.001 0.321 ± 0.032 ### 39.9 ± 5.1 ## 1.73 ± 0.05 2.21 ± 0.11

OVX-SMA 11.2 ± 2.0^ # 1.84 ± 0.25 0.081 ± 0.002 0.612 ± 0.079 # 20.7 ± 2.9 1.70 ± 0.03 2.24 ± 0.07

a Values are expressed as mean ± SEM, n = 8. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LFS-fed OVX-vehicle rats; #P < 0.05, ##P < 0.01, ###P < 0.001
vs. HFS-fed OVX-vehicle rats. ^P < 0.05 vs. LFS fed rats under same treatment
b LFS, low-fat-sucrose diet; HFS, high-fat-sucrose diet; BV/TV, bone volume to total volume ratio; Tb.N, trabecular number; Tb.Th, trabecular
thickness; Tb.Sp, trabecular separation; Conn-Dens, connectivity density; DA, degree of anisotropy; SMI, structure model index
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reduced MDA levels and improved SOD, CAT, and GPx ac-
tivities in the livers of HFS-fed OVX rats. These in vivo re-
sults suggested that SMA could play a significant role, as
estrogen does, in reducing increased lipid deposition and
downregulating ROS levels in tissues of HFS-fed OVX rats.

Our study showed that SMA treatment (600mg/kg/day) for
12 weeks could partially protect against bone loss in OVX rats
only during their feeding of an HFS diet. The bone efficacy of
SM extracts or its components have been demonstrated re-
peatedly by others in experimental animals [27–32].
Administration of SM ethanolic extract at 30 mg/kg/day for
8 weeks significantly increased BMD and BMC and attenuat-
ed the deterioration of the trabecular bone structure in 20-
week-old OVX rats [27]. Administration of SMA at 5 g/kg/
day for 8 weeks improved BMD and increased serum
osteocalcin and ALP levels in alloxan-induced diabetic oste-
oporotic rats [28]. Chemical constituents in SM are found to
exert osteoprotective effects via different drug targets. For

instance, tanshinone and its derivatives in SM are potent ca-
thepsin K inhibitors that inhibit osteoclast activity [33];
salvianolic acids in SM appeared to be pro-osteogenic
in vivo in glucocorticoid-treated rats [30]. In our present study,
SMA did not improve bone properties in LFS-fed OVX rats,
but it significantly enhanced Tb. BMD and BV/TV and de-
creased Tb.Sp in HFS-fed OVX rats. Such effect is different
from that of estradiol, whose effects are independent of animal
diet fed in OVX rats. Furthermore, the two-way ANOVA
analysis performed in OVX rats demonstrated the significant
interaction between HFS diet and SMA treatment on regula-
tion of bone parameters at PT and MDA levels in the livers of
OVX rats. These results suggested that levels of dietary fat
and sucrose consumption in rats influenced the effects of
SMA on bone and mineral metabolism; thereby, reduction of
high lipid deposition and OS levels as a result of SMA treat-
ment might be responsible for its osteoprotective effects in
HFS-fed OVX rats.

Table 6 Two-way ANOVA analysis of the effects of high-fat-sucrose diet (HFS) and/or the aqueous extract of Salvia miltiorrhiza (SMA) on bone
microarchitectural parameters in proximal metaphysis of the tibia (PT) in ovariectomized (OVX) ratsa,b,c

Bone microarchitectural parameters (PT)

Tb.BMD
(mg/cm3)

BV/TV
(%)

Tb.N
(1/mm)

Tb.Th
(mm)

Tb.Sp
(mm)

Conn-Des
(1/mm3)

DA SMI

HFS diet 0.3287 0.5590 0.5130 0.6398 0.1858 0.3607 0.7162 0.6901

SMA 0.1775 0.0658 0.1930 0.4783 0.1536 0.3149 0.1868 0.0634

Interaction 0.0188* 0.0012** 0.0781 0.1321 0.1191 0.0302* 0.5900 0.0035**

aHFS, high-fat-sucrose diet; Tb.BMD, bone mineral density in trabecular bone; BV/TV, bone volume to total volume ratio; Tb.N, trabecular number;
Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Conn-Des, connectivity density; DA, degree of anisotropy; SMI, structure model index
b Two-way ANOVA analysis was conducted in OVX rats and involved four groups including① LFS fed OVX-vehicle group;② LFS fed OVX-SMA
group;③ HFS fed OVX-vehicle group;④ HFS fed OVX-SMA group
cValues are P values after two-way ANOVA analysis. *P < 0.05, **P < 0.01, statistical analysis by two-way ANOVA

Table 7 Effects of aqueous extract of Salvia miltiorrhiza (SMA) and 17β-estradiol (E2) on the cortical bone parameters in tibial midshaft (MT) in
either LFS- or HFS-induced ovariectomized (OVX) rat modela,b

Diet Groups Cortical bone parameters (MT)

BMD
(mg/cm3)

Ct.V/Tt.V
(%)

Tt.Ar
(mm2)

Ct.Ar
(mm2)

Ma.Ar
(mm2)

Ct.Th
(mm)

LFS Sham-vehicle 906.2 ± 15.8 * 72.4 ± 0.8 * 7.47 ± 0.16 5.40 ± 0.08 2.07 ± 0.10 * 0.62 ± 0.01

OVX-vehicle 839.5 ± 18.4 67.7 ± 1.2 7.90 ± 0.34 5.33 ± 0.15 2.57 ± 0.21 0.65 ± 0.02

OVX-E2 898.6 ± 9.6 * 72.1 ± 0.6 * 7.15 ± 0.22 5.15 ± 0.14 2.00 ± 0.10 * 0.62 ± 0.01

OVX-SMA 861.4 ± 12.8 69.4 ± 1.0 7.58 ± 0.21 5.25 ± 0.11 2.33 ± 0.13 0.64 ± 0.02

HFS Sham-vehicle 913.5 ± 12.5 73.1 ± 1.1 7.52 ± 0.26 5.48 ± 0.14 2.04 ± 0.14 0.62 ± 0.02

OVX-vehicle 858.7 ± 16.2 69.5 ± 1.0 7.27 ± 0.22 5.06 ± 0.18 2.21 ± 0.09 0.65 ± 0.01

OVX-E2 898.8 ± 10.9 71.8 ± 0.7 7.23 ± 0.20 5.19 ± 0.14 2.04 ± 0.09 0.62 ± 0.01

OVX-SMA 837.9 ± 17.5 67.4 ± 1.2 7.92 ± 0.36 5.33 ± 0.21 2.60 ± 0.17 0.66 ± 0.01

a Values are expressed as mean ± SEM, n = 8. *P < 0.05, **P < 0.01 vs. LFS-fed OVX-vehicle rats
b LFS, low-fat-sucrose diet; HFS, high-fat-sucrose diet; BMD, cortical bone mineral density; Ct.V/Tt.V, ratio of cortical bone volume to total volume;
Tt.Ar, total cross-sectional area inside the periosteal envelope; Ct.Ar, cortical bone area; Ma.Ar, marrow area; Ct.Th, average cortical thickness
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SMA simultaneously reduced lipid deposition in the livers
and improved bone properties in HFS-fed OVX rats. Indeed,
our previous study demonstrated that HFS-induced changes in
rat liver lipid content were associated with changes in bone
properties [17]. Recent case–control studies reported lower
bone mineral density at all bone sites in subjects with non-
alcoholic fatty liver disease [34]. A reciprocal relationship
between adipogenesis and osteogenesis was suggested [35].

Salvianolic acid A, a major component from SM, was report-
ed to promote osteogenesis and simultaneously suppress adi-
pogenesis in prednisone-treated rats [36]. Thus, our results
suggested that the bone protective actions of SMA in HFS-
fed OVX rats might be mediated via its ability to decrease
lipid content of liver.

High dosages of H2O2 were used in the present study to
induce MG63 cells, a human osteosaroma osteoblastic cell

Fig. 5 Effects of aqueous extract of Salvia miltiorrhiza Bunge (SMA) on
cell viability (a), ALP activity (b), and intracellular ROS levels (c) in
preosteoblast MG63 cells with/without H2O2 induction. ALP, alkaline
phosphatase; ROS, reactive oxygen species. Values are expressed as

mean ± SEM, n = 4. *P < 0.05, **P < 0.01 vs. negative control without
H2O2 induction.

#P < 0.05, ##P < 0.01, ###P < 0.001 vs. negative control
with H2O2 induction

Table 8 Two-way ANOVA analysis of the effects of high-fat-sucrose diet (HFS) and/or the aqueous extract of Salvia miltiorrhiza (SMA) on cortical
bone parameters in tibial midshaft (MT) in ovariectomized (OVX) ratsa,b,c

Cortical bone parameters (MT)

tbcolw40ptBMD
(mg/cm3)

tbcolw40ptCt.V/
Tt.V
(%)

Tt.Ar
(mm2)

Ct.Ar
(mm2)

Ma.Ar
(mm2)

Ct.Th
(mm)

HFS diet 0.8966 0.9669 0.6217 0.5732 0.7759 0.5322

SMA 0.9725 0.8509 0.5746 0.5732 0.6355 1.0000

Interaction 0.1991 0.1018 0.1062 0.3027 0.0539 0.5322

aHFS, high-fat-sucrose diet; BMD, cortical bone mineral density; Ct.V/Tt.V, ratio of cortical bone volume to total volume; Tt.Ar, total cross-sectional
area inside the periosteal envelope; Ct.Ar, cortical bone area; Ma.Ar, marrow area; Ct.Th, average cortical thickness
b Two-way ANOVA analysis was conducted in OVX rats and involved four groups including① LFS fed OVX-vehicle group;② LFS fed OVX-SMA
group;③ HFS fed OVX-vehicle group;④ HFS fed OVX-SMA group
cValues are P values after two-way ANOVA analysis
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line [37], to mimic the conditions of osteoblasts in HFS-fed
OVX rats with high OS status. H2O2-induced MG63 cells are
commonly used as a platform to study the osteoprotective
effects of potential agents with antioxidant properties that
can prevent ROS-induced bone loss [37]. Our study showed
that SMA could protect cell proliferation and differentiation in
H2O2-induced osteoblast cell model by attenuating cellular
ROS levels. The effective dosages of SMA in MG63 cells
were shown to be around 10–15 μg/ml in the present study.
Based on the reported content of danshensu (0.19%) and
salvianolic acid B (3.93%) in the SMA extract used in our
study [21], the effective concentrations of danshensu and
salvianolic acid B present in SMA extract were equivalent to
10−13 to 10−12 M in vitro. Such working concentration of
danshensu would likely be achieved in vivo by feeding rats
with 0.8–8-mg/kg danshensu according to reported pharma-
cokinetic studies of SM extract [38]. Indeed, the concentration
of danshensu administrated daily in our in vivo study from
600 mg/kg of SMA extract was estimated to be 1.14 mg/kg.
Our calculation herein suggested that the in vitro working
concentrations of SMA extract were comparable to the dos-
ages used in the in vivo study. Thus, the observed in vitro
antioxidative and bone protective effects of SMA might also
occur in vivo and provide further support that the in vivo bone
protective effects of SMAwere mediated by its antioxidative
effects in bone cells, especially in conditions with high OS
challenge.

SM components interact with multiple pathways that are
targeted in single-drug approaches for OP therapy. For in-
stance, tanshinone and its derivatives in SM could inhibit os-
teoclast activity and are potent cathepsin K inhibitors [33];
salvianolic acids in SM seemed to be pro-osteogenic [30] .
In addition, SM was found to exert estrogenic effects on mice
by stimulating biosynthesis of estrogen and increasing estro-
gen receptors in target tissues without side effects on repro-
ductive tissues [39]. The present results also showed that
SMA is marginally estrogenic at the present applied dosage.
Hence, the scope of the present study was limited to charac-
terizing the osteoprotective effects of SM in estrogen-deficient
animals under different dietary patterns (LFS and HFS), and it
did not fully delineate the mechanisms of SM and its poten-
tially active components on bone metabolism. Furthermore, a
single dose of SMA applied in the present study might not
provide overall understanding of its efficacy in vivo. SMA
treatment in the present OVX rat study was started at 4 weeks
post-OVX, a time when some OVX-induced bone loss has
already occurred in long bone metaphyses. However, OVX-
induced bone loss lasts from 4 to 6 months in long bone
metaphyses and even longer in other sites, such as the verte-
bral body. Thus, our experiment was mainly a prevention
study in which the positive findings for SMA on bone mass
and microarchitecture in HFS diet OVX rats can easily be
attributed to prevention of bone loss. Additional experiments,

which begin SMA treatment at 16 weeks post-OVX when
most OVX-induced bone loss has ceased, should be carried
out. In such case, restoration of bone mass through potential
osteogenic effects of SMA in the presence of a HFS diet
through dynamic histomorphometric analysis can be more
clearly measured.

In summary, SMA could protect OVX rats fed with HFS
diet from bone loss. The mechanism was associated with the
protective effects of SMA against high lipid deposition and
OS levels in tissues of HFS-fed OVX rats. The direct actions
of SMA on promoting preosteoblast cell proliferation and dif-
ferentiation in H2O2-induced MG63 cells through reducing
cellular ROS levels further demonstrated that the antioxidant
properties of SM may play an important role in bone protec-
tion. SM might be an alternative regimen for combating OS
for women who regularly consume high-fat and high-sucrose
diets. Further studies are required to characterize the active
ingredients in SMA that account for its bone protective effects
and delineate the mechanism by which dietary fat and sugars
might alter the osteoprotective effects of SMA in rats.
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