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Salvianolic acid B promotes bone formation by
increasing activity of alkaline phosphatase in a rat
tibia fracture model: a pilot study

Xufeng He' and Qiang Shen?’

Abstract

tibia fracture model.

method were analyzed with an imagine analysis system.

trauma fracture patients.

Background: Radix Salviae miltiorrhizae is a herb frequently used within traditional Chinese medicine for the
treatment of cardiovascular- and trauma-related diseases. Danshen is the dried root of Salviae miltiorrhizae, from
which the polyphenolic compound Salvianolic acid B (Sal B) can be obtained. Sal B is a key component of Danshen.
The aim of this study was to determine the effect of Sal B on the healing of long bones following trauma in a rat

Methods: Tibia fractures were created in 20 male Sprague Dawley rats. The animals were divided into two groups:
(1) experimental group (n=10); and (2) control group (n = 10). Rats in the experimental group were intraperitoneally
administered with Sal B (40 mg/kg/d) for 3 weeks, while rats in the control group received an identical volume of
physiological saline solution, administered in the same way. X-ray photographs were taken of all animals at the time
points. Rats were euthanized at weeks 1, 3, 8 and 12 post-fracture. Fracture calluses were measured and callus sections
were obtained and stained using hematoxylin and eosin (HE) and the calcium cobalt method. HE stained sections were
observed and evaluated according to different grades of bone remodeling. Sections stained using the calcium cobalt

Results: Data showed that callus growth was significantly greater in the experimental group compared with the
control group (P < 0.05). Furthermore, histological scores in the Sal B-treated group were statistically higher than in the
saline treated group at weeks 1, 3 and 8 post-fracture (P < 0.05). Alkaline phosphatase (ALP) activity was enhanced in
the experimental group at weeks 1 and 3 post-fracture (P < 0.05).

Conclusions: Our results suggest that Sal B may accelerate early-stage fracture healing. Increased activity of ALP may
be one factor which promotes the healing process. This pilot study provides brief insight into the effect of Sal B in
fracture healing. These findings will contribute to the development of more and enhanced treatment options for

Keywords: Radix Salviae miltiorrhizae, Salvianolic acid B, Fracture healing, Alkaline phosphatase

Background

Radix Salviae miltiorrhizae (Danshen) is a plant belong-
ing to the Labiatae Lagurus grass species. It is widely
used in clinical practice for the prevention and treat-
ment of vascular diseases [1-3] and can also exert pro-
tective effects on the liver [4], kidneys [5-7] and lungs
[8,9]. Furthermore, Danshen is an effective herb within
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traditional Chinese medicine (TCM), commonly used
for treating trauma wounds and fractures. Several stud-
ies have shown that Danshen may play an important role
in accelerating bone remodeling to promote fracture
healing [10,11]. Danshen is the dried root of Salviae mil-
tiorrhizae and can be divided more specifically into lipo-
philic and hydrophilic fractions [12,13]. Salvianolic acid
B (Sal B) is a water-soluble active component isolated
from Danshen [12,14,15]. It is the main constituent of
Salvia phenolic acid and the most active constituent of

© 2014 He and Shen; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.


mailto:shmail1231@yahoo.com
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

He and Shen BMC Complementary and Alternative Medicine 2014, 14:493

http://www.biomedcentral.com/1472-6882/14/493

Page 2 of 8

HO
Figure 1 Molecular structure of Salvianolic acid B (Sal B).
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water-soluble salvianolic acid substances [16]. The structure
of Sal B is shown in Figure 1, which consists of three mol-
ecules of Tanshinol and one molecule of caffeic acid. Its
molecular formula is C36H30016.

In recent years, increasing attention has been directed
to Sal B, particularly within the field of cardiovascular
disease [17]. Some research groups have shown that Sal
B can attenuate the effect of myocardial ischemia-
reperfusion injury [18] and relieve brain injury by redu-
cing neuronal damage following cerebral ischemia [19].
As an effective component of Danshen, Sal B has been
shown to prevent bone loss in prednisone-treated rats
by increasing alkaline phosphatase (ALP) activity at a
specific dose and time [20]. Whether Sal B can promote
bone union in fractures through the same mechanism
remains to be elucidated. We therefore hypothesized
that Sal B would promote fracture healing by increasing
ALP activity. The aim of the current study was to valid-
ate our hypothesis using a rat tibia fracture model.

Methods

Twenty male SD rats were used in the study with approval
from the Experimental Animals Ethics Committee of
Shanghai University of TCM. The study was conducted at
the Experimental Animals Research Laboratory of the

Table 1 Histological grading of fracture healing scores

Histological evaluation Grade
Pseudoarthrosis formation 0
Incomplete cartilaginous union 1
Complete cartilaginous union 2
Incomplete bony union 3
Complete bony union 4

Shanghai University of TCM, according to The Guide for
the Care and Use of Laboratory Animals.

The mean age of the rats was 7 weeks and their mean
body weight was 225 g. The animals were randomly di-
vided into two groups with 10 animals in each group.
None of the animals received antibiotic prophylaxis be-
fore or after the fracture and no animal was lost during
the study.

The right tibias of all rats were fractured using a
custom-made three-point bending device as described
before [21]. Tibias were then fixed carefully using plaster
casts for 4 weeks to stabilize the fractures.

The two groups were designated as the experimental
group (n =10) and control group (n = 10). On the day of
operation, 10 ml of isotonic sodium chloride (0.9% NaCl)
was injected intraperitoneally into the control group rats.
In the experimental group rats, Sal B (purity >98%,
Shanghai Institute of Liver Disease) was injected intra-
peritoneally (dissolved in 10 ml isotonic sodium chloride)
at a dosage of 40 mg/kg/day after fracture formation for
3 weeks.

Rats from each group were euthanized using high-
dose ketamine on weeks 1 (n =3/group), 3 (n = 3/group),
8 (n=2/group) and 12 (n = 2/group) post-fracture.

After euthanasia, rat right tibias were disarticulated
from their ankle and knee joints. Soft tissues on the

Table 2 Rat weight changes (g)

Group Preoperative Week 1 Week3 Week 8 Week 12

Saline Control  234.60 28970 33986  409.75 46150
(4141) (4201)  (4359) (116.72) (28.99)

Sal B 217.90 26960 32543 33775 33950
(37.71) (35.25) (41.86) (5853)  (43.13)

P value 0358 0.262 0539 0312 0.080

Note: Values are means (SD).
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Figure 2 Lateral radiographs of rat tibia were used to observe the bone fracture. At week 3, the Sal B-treated group had a larger callus area
than the saline-treated group. At week 8, the callus in the saline-treated group continued to remodel, while the Sal B-treated group showed
advanced callus remodeling, indicating a faster fracture union in the Sal B-treated group.

Sal B treated group

—
_—

tibiae bone were gently peeled off without harm to the
callus tissue. Callus diameter was measured with a ver-
nier caliper in the sagittal and coronal planes. The diam-
eter of each tibia, 1.5 cm proximal from the callus, was
measured identically. We obtained the differences be-
tween the aforementioned diameters and carried out
statistical evaluation.

All right tibias were examined radiologically to ensure
the fracture had not shifted at weeks 1, 3 and 8 post-

Table 3 Maximum callus and tibia (1.5 cm from callus)
diameters (mm) in sagittal/coronal planes

Saline Sal B
control (n=10)
(n=10)
Maximum callus diameters in the 10.11 (1.87)  11.25 (2.23)
sagittal plane
Maximum callus diameters in the 7.58 (147) 8.40 (1.06)
coronal plane
Diameter of tibia that 1.5 cm away from the 783 (1.18) ~ 7.85 (1.08)
callus in the sagittal plane
Diameter of tibia that 1.5 cm away from the 608 (1.04)  6.12 (0.72)
callus in the coronal plane
Differences between diameters in the 2.28 (0.88) 340 (127)°
sagittal plane
Differences between diameters in the 1.50 (0.64) 2.28 (0.85)°

coronal plane

Note: Value are means (SD), a:P = 0.034, b:P =0.033.

fracture. Tibias were studied radiologically at weeks 1, 3
and 8 post-fracture. Specimens were radiographed in a
lateral projection using X-ray apparatus (SIEMENCE,
Siremobil compact). The specimens were exposed for
2 s at 55 kV for optimal observation of the fracture sta-
tus, callus formation, bony continuity and remodeling.
All calluses were also examined histologically following
hematoxylin and eosin (HE) staining of sections to ob-
serve cartilage and bone formation. Specimens were
then fixed in 4% buffered formaldehyde for approxi-
mately 48 h at room temperature and decalcified in 7%
nitric acid (changed every 2 days) for about 7 days.
Afterwards, demineralized tissues were washed, dehy-
drated in gradient alcohol, embedded in paraffin wax,
and cut into 4 pm thick sections along the transverse
section of the tibia callus. These sections were stained

Table 4 Histopathological scores: median(min-max)

Group Week 1 Week 3 Week 8 Week 12
Saline Control 0 (0-1) 25 (2-3) 3(3-4) 4 (3-4)
Sal B 1(0-2) 3(2-3) 4 (3-4) 4 (4-4)

P value 0.045 0.022 0.019 0317

Note: Value are median (min-max).

Table 4 shows that the histopathological scores were significantly higher in
the Sal B-treated group than in the Saline-treated group at weeks 1, 3 and 8
post-fracture (P < 0.05).
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Figure 3 HE staining of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 1 post-fracture. (a): Abundance of

fibroblasts with few cartilage cells (which could secrete ALP) were observed in the saline-treated group at week 1 post-fracture (HE x 100)
(b): A greater number of cartilage cells (arrow) were observed in the Sal B-treated group at identical time points (HE x 100).

A\

with hematoxylin and eosin, and the slices were exam-
ined using light microscopy. Histological grading of frac-
ture healing was performed according to a 5-grade
system as previously described [22] (Table 1).

Following this, sections were stained using the calcium
cobalt method. In brief, specimens were deparaffinized
and immersed into 10% MgCl, solution for 4 hours.
Specimens were then incubated at 37°C for 4—6 hours.
Then, specimens were stained with solutions of 2% co-
balt nitrate and 1% ammonium sulfide in turn. After be-
ing air dried, slides were finally mounted and used for
microscopy. The black precipitates could be observed as

the positive stained areas. Image-Pro Plus 6.0 software
was used for analysis of the images. Positive stained
areas were chosen, also called AOI (areas of interest),
and the software was used to measure the area and ob-
tain statistical parameters (for example, means and
sum). Measurement data were then exported to an Excel
spreadsheet.

The histological score were analyzed by nonparamet-
ric Manne-Whitney test with significance level set at
5% (P<0.05).Other data are expressed as means*
standard deviation (SD) and analyzed using the Student’s ¢
test as well as the least significant difference test by SPSS

Figure 4 HE staining of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 3 post-fracture. (a) Some cartilage cells
(arrow) were seen in the saline-treated group at week 3 post-fracture (HE x 100). (b) Some bone matrix(arrow) accompanied with cartilage cells
was seen in the Sal B-treated group at week 3 post-fracture (HE x 100).

N
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Figure 5 HE staining of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 8 post-fracture. (a) Spongiosa(arrow) was
seen at week 8 post-fracture in the saline-treated group (HE x 100). (b) More trabeculae(arrow) were observed and the spongiosa was more
compact in the Sal B-treated group at week 8 post-fracture (HE x 100).

16.0 statistical software. Assuming double-sided independ-
ent variance, P < 0.05 was considered statistically significant.

Results and discussion

The weights of all rats were recorded and are summa-
rized in Table 2. The weights and weight gains at weeks
1, 3, 8 and 12 were not significantly different between
groups (P> 0.05).

The results of the X-ray photographs revealed that
there was no fracture disunion in all tibias (Figure 2).
Callus growth in the experimental group was significantly
enhanced compared with the control group (P<0.05)
(Table 3).

Histopathological scores were found to be significantly
different between the control and experimental groups at
weeks 1, 3 and 8 post-fracture (P < 0.05) (Table 4; Figures 3,
4 and 5). ALP coloration was more obvious in the experi-
mental group at weeks 1 and 3 post-fracture (P < 0.05)
(Table 5; Figures 6, 7 and 8).

In the present study, we investigated the effects of Sal
B on fracture healing in rats. First, our results showed
that Sal B could accelerate callas mass growth. Second,

Table 5 Callus section image analysis after calcium cobalt
staining

Group Week 1 Week 3 Week 8 Week 12
Saline Control 4428 (25.05) 6242 (37.86) 121.12 (63.69) 833 (4.08)
Sal B 107.31 (92.72) 131.34 (4647) 123.75 (69.69) 9.67 (4.16)
P value 0.033 0.001 0957 0.660

Note: Value are means (SD).

Table 5 shows the results of the slice image analysis after staining. ALP level in
the Sal B-treated group was significantly higher than in the saline-treated
group at weeks 1 and 3 post-fracture (P < 0.05).

we found that Sal B could promote the process of bone
formation. Third, our experimental results revealed that
Sal B might stimulate ALP activity during early fracture
healing.

ALP plasma concentration of ALP is one biochemical
indicator of bone formation; however, ALP can be de-
rived from several tissues [23,24]. Bone-specific ALP
(BSAP) in the callus, which can be secreted by cartilage
cells (Figure 3), is a more accurate index of osteoblastic
activity than serum ALP. We found ALP level in the ex-
perimental group callus was significantly higher than in
the control group at weeks 1 and 3 post-fracture (Figures 6
and 7). Correspondingly, the histological scores between
the two groups were significantly different at weeks 1, 3
and 8 post-fracture (Figure 9). The HE stained sections
showed that more cartilage cells were observed in the Sal
B-treated group at week 1 post-fracture (Figure 3). And
some bone matrix was seen at week 3 post-fracture in the
Sal B-treated group (Figure 4). At week 8 post-fracture, we
could observe more trabeculae and compacted spongiosa
in the Sal B-treated group (Figure 5). These results suggest
that Sal B could play a leading role in the promotion of
BSAP activity and subsequently in bone formation during
the early fracture healing process (especially at weeks 1
and 3 post-fracture) (Figure 10). Previous research in vitro
has shown that Sal B stimulates increased ALP activity
and osteocalcin secretion in a time- and dose-dependent
manner [20]. However, we further demonstrated this same
effect of BSAP in the local callus of our animal fracture
model. Although there was no significant difference in
ALP level between the control and experimental groups at
week 8 post-fracture in this study (Figure 8), a numerically
higher ALP level was observed in the experimental group
compared with the control group. Fracture healing is a
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precipitate (arrow) was more obvious in the experimental group.
.

Figure 6 ALP activity coloration of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 1 post-fracture (x100). Black

gradual and sequential process, whereby ALP is secreted
leading to bone remodeling. We believe this may be the
reason why there was no significant difference in ALP
level at week 8 post-fracture, whilst the histological score
in the experimental group was significantly greater.
Various factors are being studied for the purpose of ac-
celerating fracture healing. Similar to the formation of
other tissues, ostegenesis is closely linked with vascular-
ity [25]. According to previous studies, Sal B can im-
prove blood hemorheology [26] and blood circulation
[27]. We believe the impact of Sal B during fracture
healing may relate not only to the increase of ALP activ-
ity, but also to its effect in ameliorateing vascular ische-
mia. One limitation of our study, therefore, was the lack
of study into tissue vasculature. Beyond this, many other
factors that are closely associated with the union process

(such as BMP [28], IGF-1 [29], OPG and RANKL, to
name a few) should be evaluated in future studies. An-
other limitation of our study was that we were unable to
investigate every phase of bone healing (including weeks
2 and 4) owing to a lack of availability in the laboratory
where we conducted our study. More specific experi-
ments should be performed for a better understanding
of the effect of Sal B on bone healing.

Conclusions

As a major water soluble component extracted from
Radix Salviae miltiorrhizae, Sal B was demonstrated to
be an effective component in fracture healing. Sal B ac-
celerated levels of ALP in the callus, which in turn likely
promoted the healing process. Our findings support fur-
ther investigation of Sal B in stimulating osteogenesis as

N

Figure 7 ALP activity coloration of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 3 post-fracture (x100). ALP
activity coloration was more obvious in the experimental group. Black precipitate was especially prominent around the cartilage cells (arrow).
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Figure 8 ALP activity coloration of the callus in the saline-treated (a) and Sal B-treated (b) groups at week 8 post-fracture (x100). Black
precipitate (arrow) around bone lacunae was seen.
.
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Figure 9 Bar graph showing that the histopathological scores in the Sal B-treated group were higher than in the saline-treated group,
which were significantly different at weeks 1, 3 and 8 post-fracture.
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Figure 10 Graph showing the ALP slice image analysis scores. ALP levels in the Sal B-treated group were much higher than in the saline-treated
group at weeks 1 and 3 post-fracture.
.
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a potential therapeutic strategy, not only in trauma frac-

tures but also other bone diseases.
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