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Shuxuetong injection simultaneously ameliorates
dexamethasone-driven vascular calcification and osteoporosis
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Abstract. Osteoporosis (OP) and vascular calcification (VC)
share a number of common risk factors, pathophysiological
mechanisms and etiology, which are known as bone-vascular
axis. The present study aimed to investigate the effects of
Shuxuetong (SXT) injection on VC and osteoporosis. A rat
model of VC and osteoporosis was induced by dexametha-
sone (DEX; 1 mg/kg/day for 4 weeks, intramuscularly).
Simultaneously, 0.6 ml/kg/day SXT was intraperitoneally
injected. Compared with control rats, DEX induced signifi-
cantly more VC and OP, as determined by increased calcium
deposition and alkaline phosphatase activity in the aorta,
disturbed structure, decreased levels of cortical bone thick-
ness and trabecular bone area, and increased apoptosis
in the bone. SXT injection ameliorated DEX-induced VC
and osteoporosis; furthermore, the osteoblastic differen-
tiation of vascular smooth muscle cells and the activation
of endoplasmic reticulum stress in the DEX group was also
prevented by SXT injection. Compared with control rats,
protein expression levels of sclerostin, a crucial crosslink of
the bone-vascular axis, were significantly increased in the
aorta and bone of rats with DEX, which was also attenuated
by SXT injection. Thus, the present study suggested that
SXT injection could ameliorate both VC and OP, and may be
mediated by the regulation of sclerostin. The present study
may provide the basis a novel strategy for the prevention and
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treatment of VC and OP, which emerge as side-effects of
glucocorticoids.

Introduction

Osteoporosis (OP) and vascular calcification (VC) are
known worldwide as major risk factors of mortality and
morbidity (1,2). VC causes alterations to the blood pressure
profile and an increased pulsatile pressure and flow load,
which can damage target organs, such as the heart, brain and
kidneys, and therefore increases the risk of cardiovascular
morbidity and mortality (3). OP has been indicated to result in
increased susceptibility to fracture and painful morbidity (4).
Although both factors were considered independently for a
long time, studies have suggested a close relationship between
OP and VC (1,2). Both OP and VC share a number of common
risk factors, pathophysiologic mechanisms and etiology (5,6),
which is well summarized in the expression ‘bone-vascular
axis’ that was coined to describe the cross-talk between bone
and cardiovascular metabolism (7). Several emerging findings
have suggested that bone loss may promote VC, and that VC
also has an impact on bone metabolism (8,9); therefore, it is of
crucial importance to establish a treatment that targets both
disorders.

Although associations between VC and bone loss have
been demonstrated (3), it remains unclear which exact mecha-
nisms are core in the bone-vascular axis. VC and osteoporosis
share a number of risk factors, including aging, chronic sterile
inflammation and metabolic disorders (3). However, consid-
erable research is required to identify the mechanisms that
link VC to bone deterioration. Several molecules have been
reported to serve a crucial role in the bone-vascular axis (9),
among which, sclerostin might serve a major role (10-13).
Sclerostin, a 22-kDa glycoprotein, is a well-known inhibitor
of bone formation (14). However, previous studies have also
reported the potential role of sclerostin in the development of
VC (14-16). Sclerostin positively correlates with the presence
of atherosclerosis, and is present in atherosclerotic plaques,
mainly expressed by vascular smooth muscle cells (VSMCs)
in patients (14,15). Furthermore, the expression of sclerostin
in calcifying VSMC has been observed, and it has been
demonstrated to have a protective role in the vasculature (16).
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These results suggest that sclerostin may be a target for the
simultaneous regulation of VC and osteoporosis.

Injection of Shuxuetong (SXT), a Chinese Materia Medica
standardized product extracted from Hirudo and Pheretima,
has been widely used in Traditional Chinese Medicine, particu-
larly in patients with stroke and myocardial infarction (17-19).
Each ampoule of SXT (2 ml) is derived from ~0.5 g leech
and ~0.5 g earthworm (18), and the main active ingredients
are considered to be peptides, glycopeptides and oligosaccha-
rides (20). In addition to its antithrombotic, anticoagulant and
fibrinolytic activities (21), injection of SXT injection has also
been shown to confer vascular protection (18,20). In addition,
SXT has been reported to decrease the levels of pro-inflam-
matory cytokines and inhibit the inflammation (22-24)
that contributes to progression of VC and osteoporosis (5).
Therefore, it was hypothesized that the injection of SXT could
be used for the simultaneous treatment of VC and osteoporosis
by regulating the vascular-bone axis.

Epidemiologic research demonstrated that glucocorti-
coids (GCs) have long been used globally for inflammatory,
immunologic and allergic disorders (25). However, long-term
exposure to GCs simultaneously induces osteoporosis and
VC (26-29). The synthetic long-acting GC dexamethasone
(DEX) may cause more severe adverse effects compared with
short-acting medication such as methylprednisolone (26).
DEX may induce VC by downregulating calcification-inhib-
iting molecules and accelerating osteoblastic differentiation
of VSMCs (27,28), while osteonecrosis of the femoral head
could also be caused by DEX via activation of endoplasmic
reticulum stress (ERS) (29). Thus, a rat model of simultaneous
VC and OP induced by DEX was used in the present study to
investigate the ameliorative effect of SXT injections.

Materials and methods

Experimental protocols. All animal care and experimental
protocols were in compliance with the P.R. China Animal
Management Rule (30) and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (31), and
were approved by the Animal Care Committee of the Hebei
Provincial Hospital of Chinese Medicine (Shijiazhuang, China;
approval no. 2019-KY-012-01). Male Sprague-Dawley (SD)
rats (8 weeks old; 200-220 g) were supplied by the Animal
Center of the Hebei Medical University (Hebei, China). All
animals were housed at 22+2°C with a relative humidity of
50+10% and a 12-h light/dark cycle. The animals had free
access to water and food.

A total of 32 rats were randomly divided into four groups:
i) Control group (Con), only treated with vehicle; ii) SXT
group, intraperitoneally injected with 0.6 ml/kg/day (19,20)
SXT (Mudanjiang Youbo Pharmaceutical Co. Ltd.) for
4 weeks; iii) VC and osteoporosis group (DEX), intra-
muscularly injected with 1 mg/kg/day DEX (Guangzhou
Baiyunshan Tianxin Pharmaceutical Co., Ltd.) for 4 weeks;
iv) DEX plus SXT injection group (DEX + SXT). The
recommended dose of SXT injection in the manufac-
turer's package insert is 0.1 ml/kg/day. The coefficient of
conversion between human (60 kg) and rats (200 g) is ~6.
Therefore, the dose of 0.6 ml/kg/day was used in the present
study. After 4 weeks of treatment, the rats were anesthetized

with 50 mg/kg sodium pentobarbital, and then sacrificed for
further assessment.

Histological staining. Thoracic aortas were fixed in 10%
neutral buffered formaldehyde for 24 h at 4°C, embedded
in paraffin, cut into 6-ym-thick sections, and stained with
Alizarin Red S at room temperature to measure the amount of
calcium deposition in the vessels. The two femoral heads were
harvested through dissection and placed in 10% neutral buff-
ered formaldehyde for 72 h at 4°C for fixation. After fixation,
the femoral heads were decalcified and stained with hema-
toxylin and eosin (H&E) staining. The sections were stained
with hematoxylin for 10 min at room temperature, and after
washing with distilled water, they were stained with eosin for
3 min at room temperature. The slides were visualized using
a digital light microscope (magnification, x200; Olympus
Corporation).

Immunohistochemistry. For immunohistochemistry, the
left femoral heads were harvested through dissection and
placed in 10% neutral buffered formaldehyde for 72 h at 4°C
for fixation. The tissues were embedded in paraffin and
cut into 6-um thick sections. The sections were then incu-
bated with primary antibodies (Table I) at 4°C overnight.
Bovine serum albumin (1%; Sigma-Aldrich; Merck KGaA)
was used as the blocking agent at room temperature for
1 h. The primary antibodies were detected after incuba-
tion with secondary antibody (Table I) conjugated to
horseradish peroxide for 30 min at 37°C, and visualized
with 3,3'-diaminobenzidine tetrahydrochloride. The slides
were visualized using a digital light microscope (Olympus
Corporation), and images were analyzed using Imagel
software (v1.48; National Institutes of Health). The positive
rate of sclerostin was defined using the following formula:
(Positive area/specimen area) x100.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining. TUNEL staining was
performed for in situ detection of late apoptosis. The bilat-
eral femora were harvested through dissection and placed
in 10% neutral buffered formaldehyde for 72 h at 4°C for
fixation. The femora were embedded in paraffin and cut
into 6-pum thick sections. The sections underwent TUNEL
staining using commercial kits according to the manufac-
turer's instructions (cat. no. C1098; Beyotime Institute of
Biotechnology).

Quantification of calcium and alkaline phosphatase (ALP)
activity. For the determination of calcium content, aortic tissues
were dried at 55°C, and dissolved in 0.6 N HCI at 4°C for 24 h.
The supernatant fluid was used to measure calcium content by
colorimetry in a reaction with o-Cresolphtalein complexone
(cat. no. C004-2; Nanjing Jiancheng Bioengineering Institute
Co., Ltd.). ALP activity in the aortic vessels was measured
using an ALP colorimetric assay kit according to the manu-
facturer's instructions (cat. no. A059-2-2; Nanjing Jiancheng
Bioengineering Institute).

Western blotting. Aortic tissues were homogenized in a
lysis buffer [1% NP-40, 20 mmol/l Tris-HCI1 (pH 8.0),



Table I. Antibody information.
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Antibody Cat. no. Supplier Dilution
GRP78 ab21685 Abcam 1:2,000
CHOP ab10444 Abcam 1:500
Phosphorylated Akt 4534 Cell Signaling Technology, Inc. 1:2,000
Akt 4691 Cell Signaling Technology, Inc. 1:1,000
Sclerostin ab85799 Abcam 1:1,000
Calponin ab203047 Abcam 1:1,000
SM22a. ab14106 Abcam 1:2,000
RUNX2 ab114133 Abcam 1:1,000
BMP ab14933 Abcam 1:1,000
[B-actin GTX109639 GeneTex, Inc. 1:2,000
Goat anti-rabbit secondary GTX213110 GeneTex, Inc. 1:5,000-10,000

antibody (HRP conjugate)

GRP78, glucose-regulated protein 78; CHOP, C/EBP-homologous protein; pAkt, phosphorylated Akt; SM22a, smooth muscle22a; RUNX2,
runt-related transcription factor 2; BMP2, bone morphogenetic protein-2; HRP, horseradish peroxidase.

137.5 mmol/l NaCl, 1 mmol/l Na,VO,, 1 mmol/l PMSF and
10 ug/ml aprotinin]. The lysate's protein concentration was
determined using the Bradford method. An equal volume of
2X SDS sample buffer [0.125 mol/I Tris-HCI (pH 7.4), 4% SDS
and 20% glycerol] was added, then the samples were boiled for
5 min. The samples comprising 50 ug of protein underwent
10% SDS-PAGE for 3 h at 60 mA. The proteins were then
electrophoretically transferred to a nitrocellulose membrane
and incubated for 1 h in TBS containing 5% non-fat powdered
milk at room temperature. The membranes were then incubated
with the primary antibodies (Table I) at 4°C overnight. After
washing each membrane with TBS-0.1% Tween-20 (TBST)
three times for 10 min, the membranes were incubated with
the secondary antibody (Table I) for 1 h at room temperature.
The membranes were then washed with TBST three times
for 10 min each and detected using enhanced chemilumi-
nescence (cat. no. P1050-500; Applygen Technologies, Inc.).
Autoradiographs were scanned, and the relative densities were
semi-quantified by ImagelJ software (v1.48; National Institutes
of Health).

Statistical analysis. Continuous data are presented as the
mean + SD (n=8/group). Unpaired Student's t-test was
performed to compare the results of the two groups. One-way
analysis of variance followed by Tukey's post hoc test
was performed to compare the results of >2 groups. P<0.05
was considered to indicate a statistically significant difference.

Results

Ameliorative effect of SXT on DEX-induced VC. Alizarin red
staining revealed increased calcium deposition, and destruc-
tion of elastic fibers and VSMCs in the aortic tunica media of
DEX rats, which was notably ameliorated by treatment with
SXT (Fig. 1A). Additionally, the DEX-induced increase in
calcium and ALP activity in the aorta was also attenuated by
injection of SXT (Fig. 1B and C). SXT injection alone did not
significantly influence calcium content and ALP activity.

g
~ 3 60-
i _
83 40 o1
S E 20 "—L‘

= 0 T T T

Con SXT DEX DEX+SXT
C  1000-

o]

ALP activity
U/g protein)
(=]

S o
[ == B =

3]

o

o
1

t#
«if!
400 Il‘

Con SXT DEX DEX+SXT

(=]

Figure 1. SXT injection ameliorates DEX-induced vascular calcification in
rats. (A) Alizarin red staining of the aorta. (B) Calcium content and (C) alka-
line phosphatase activity in the aorta. N=8/group. The data are presented as
the mean + SD. "P<0.05 vs. Con; “P<0.05 vs. SXT; 'P<0.05 vs. DEX. DEX,
dexamethasone; Con, control; SXT; shuxuetong; ALP, alkaline phosphatase.

The protein expression levels of contractile pheno-
type markers of VSMCs, including calponin and smooth
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Figure 2. SXT reverses the osteoblastic-like transformation of vascular smooth muscle cells in rats with vascular calcification. (A) Representative western blot-
ting image. (B) Calponin, (C) SM22a, (D) RUNX2 and (E) BMP2 protein expression levels detected by western blotting. N=8/group. The data are presented
as the mean + SD. "P<0.05 vs. Con; "P<0.05 vs. SXT; 'P<0.05 vs. DEX. DEX, dexamethasone; Con, control; SXT; shuxuetong; SM220., smooth muscle 22a;
RUNX2, runt-related transcription factor 2; BMP2, bone morphogenetic protein-2.

muscle 220 (SM22a), were significantly reduced in the
DEX-treated group compared with in the control group, but
were restored following injection of SXT (Fig. 2). Injection of
SXT also attenuated the increased protein expression levels of
the osteoblastic phenotype markers runt-related transcription
factor 2 (RUNX?2) and bone morphogenetic protein-2 (BMP2)
in rats with DEX, whereas the protein expression levels of
these markers in the aorta were not significantly influenced in
the SXT alone group (Fig. 2).

SXT inhibits DEX-induced activation of ERS and increased
levels of sclerostin in the aorta. The protein expression levels of
ERS markers, including glucose-regulated protein 78 (GRP78)
and C/EBP-homologous protein (CHOP), were determined by
western blotting. Compared with the Con and SXT groups,
the protein expression levels of GRP78 and CHOP in aortic
tissue were significantly increased in the DEX group, and were
attenuated in the DEX + SXT group (Fig. 3A-C). Conversely,
SXT injection rescued the decrease in relative levels of phos-
phorylated (p)Akt induced by DEX treatment (Fig. 3D). The
increased protein expression levels of sclerostin induced by

DEX in the aorta were also significantly attenuated by treat-
ment with SXT injection (Fig. 4).

SXT ameliorates DEX-induced osteoporosis and apoptosis of
the femoral head. H&E staining demonstrated the destroyed
structure of the femoral head in rats treated with DEX, which
was markedly ameliorated by injection with SXT (Fig. SA-D).
In line with these structural changes, decreases in cortical
bone thickness and trabecular bone area percentage were also
significantly ameliorated by SXT treatment (Fig. SE and F).
There was no clear effect of SXT treatment alone on the
structure of the femoral head (Fig. SA-D). Similarly, the
apoptotic cell counts determined by TUNEL staining were
significantly increased in the DEX group, and SXT injection
attenuated this increase in cellular apoptosis (Fig. 6A-E).
Furthermore, the results suggested that there was no effect of
SXT treatment alone on apoptosis (Fig. 6A-E). Accordingly,
the protein expression levels of CHOP, a common marker
of ERS that mediates ERS-associated apoptosis (32), were
significantly increased in the DEX group and rescued by SXT
injection (Fig. 6F-J).
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Figure 3. SXT inhibits endoplasmic reticulum stress activation and improves Akt signaling in the aorta of dexamethasone-treated rats. (A) Representative
western blotting image. (B) GRP78 and (C) CHOP protein expression levels detected by western blotting. (D) pAkt and Akt protein expression levels detected
by western blotting. N=8/group. The data are presented as the mean = SD. 'P<0.05 vs. Con; “P<0.05 vs. SXT; 'P<0.05 vs. DEX. DEX, dexamethasone;
Con, control; SXT; shuxuetong; pAKT, phosphorylated Akt; GPR78, glucose-regulated protein 78; CHOP, C/EBP-homologous protein.

Increases in DEX-induced expression levels of sclerostin
are attenuated by SXT. The sclerostin protein expression
levels in the femoral head were detected by immunohisto-
chemical staining (Fig. 7). The sclerostin protein expression
levels in the femoral head of rats with DEX were signifi-
cantly increased compared with those in the control rats,
and SXT treatment attenuated the DEX-induced increase in
sclerostin levels (Fig. 7). Additionally, SXT injection alone
did not exhibit any observable effect on sclerostin protein
levels in the femoral head compared with the control

group (Fig. 7).
Discussion

The present study demonstrated that DEX treatment induced
calcium deposition, ALP activation, calponin and SM22a
downregulation, and RUNX2, BMP2, GRP78 and CHOP
upregulation in the aortic tissue of rats; all these effects were
ameliorated by SXT injection. In the femoral head, SXT
treatment rescued the observed structural disturbance, osteo-
porosis and apoptosis. Notably, sclerostin protein expression
levels in the aorta and femoral head significantly increased
in the DEX group compared with in the control group, but
this was attenuated in the DEX + SXT group.

Although SXT injection is mainly used clinically to
stimulate blood circulation (17), several studies have reported
its effects on blood vessels, including angiogenesis facilita-
tion (18), amelioration of lower extremity arteriosclerosis in
patients with diabetes (33), protection of cerebral microvascular
endothelial cells (20) and inhibition of inflammation (22-24).
The present study demonstrated the ameliorative effect of SXT
injection on VC, supported by decreased deposition of calcium
in the aortic media, and the inhibition of ALP activity. Thus,
the results suggested that SXT may have potential for treating
VC in the future.

Increasing evidence has indicated an important role for
ERS in VC progression; studies have demonstrated that
ERS activation can exaggerate VC by contributing to the
phenotypic VSMC differentiation from contractile-like to
osteoblastic-like structures (32,34). The results of the present
study demonstrated that the protein expression levels of
two universal ERS markers, GRP78 and CHOP (32,34),
were increased in DEX-treated rats, alongside decreases
in calponin and SM22a levels, both which are markers of
contractile VSMCs, and increased RUNX2 and BMP?2 levels,
both of which are markers of osteoblastic VSMCs (35-37).
These results indicated the contribution of ERS-induced
VSMC differentiation in DEX-induced VC progression, as
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Figure 5. Hematoxylin and eosin staining of the femoral head in the (A) Con, (B) SXT, (C) DEX and (D) DEX + SXT groups. The cortical bone thickness (E)
and percentage of trabecular bone (F) were quantified. N=8/group. The data are presented as the mean + SD. "P<0.05 vs. Con; “P<0.05 vs. SXT; '‘P<0.05 vs.

DEX. DEX, dexamethasone; Con, control; SXT; shuxuetong.

well as suggesting that ERS inhibition can attenuate VSMC
differentiation and VC (35-37). Moreover, the present study
also observed ERS inhibition, and VSMC differentiation and
VC amelioration following SXT injection in DEX-treated rats.
These findings suggested that SXT injection may ameliorate
VC by preventing ERS-induced VSMC differentiation.

Akt may represent a link among SXT, DEX and
ERS (38-40). Previous studies have demonstrated the nega-
tive effect of Akt on ERS (38-40). Activation of Akt signaling
can significantly rescue ERS stimulation (38-40). Notably,
Akt signaling was activated by SXT injection (19), whereas
DEX prevented the activation of Akt (29). To investigate
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Figure 6. TUNEL staining and immunohistochemical staining of CHOP in the femoral head. Representative TUNEL staining images in the (A) Con, (C) SXT,
(E) DEX and (G) DEX + SXT groups. Representative CHOP immunohistochemical staining images in the (B) Con, (D) SXT, (F) DEX and (H) DEX + SXT
groups. (I) Quantitative analysis of apoptosis. (J) Quantitative analysis of CHOP levels. N=8/group. The data are presented as the mean = SD. "P<0.05 vs. Con;
7P<0.05 vs. SXT; 'P<0.05 vs. DEX. DEX, dexamethasone; Con, control; SXT; shuxuetong; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP

nick-end labeling; CHOP, C/EBP-homologous protein; OD, optical density.

whether SXT injection can activate Akt signaling, the protein
expression level of pAkt was detected via western blotting.
The results demonstrated that the decreased level of pAkt
in DEX-treated animals was significantly rescued by SXT
injection. Collectively, these findings suggested that SXT may

attenuate DEX-induced ERS via activating the Akt signaling
pathway.

In addition to vascular calcification, DEX can also cause
osteoporosis (41-43). DEX treatment led to structural distur-
bance, reduction of cortical bone thickness, reduction in the
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groups. (E) Quantitative analysis of sclerostin levels. N=8/group. The data are presented as the mean = SD. "P<0.05 vs. Con; “P<0.05 vs. SXT; '‘P<0.05 vs. DEX.
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percentage of trabecular bone and increased cellular apoptosis
in the femoral head. Notably, injection of SXT significantly
ameliorated the DEX-induced femoral head impairment. Thus,
the results of the present study suggested that SXT could be
used to prevent and rescue the side-effects of GCs, including
VC and osteoporosis.

To further investigate the mechanisms via which SXT
ameliorated VC and osteoporosis, sclerostin protein expression
levels in the aorta and femoral head were examined. Sclerostin
was involved in both VC and osteoporosis progression (12,44).
Consistent with previous studies (12,13), increased sclerostin
protein expression levels were observed in the aortic tissue and
femoral head of DEX-treated rats, and SXT injection success-
fully attenuated the increased sclerostin levels in both the
aorta and bone. These results suggested that sclerostin inhibi-
tion may be involved in the suppressive effects of SXT on VC
and osteoporosis. Unfortunately, in the present study, whether
the injection of SXT ameliorated the symptoms induced by
DEX by inhibiting sclerostin was not studied; the causal role
of sclerostin should be fully investigated in the future.

There are two sclerostin inhibitors, romosozumab
and baicalin; romosozumab is a human monoclonal anti-
body against sclerostin (45), and baicalin, a herb-derived
flavonoid compound, binds to sclerostin via hydrophobic
interactions with the amino acid residues on loop2 region,
but outside the Pro-Asn-Ala-Ile-Gly motif, particularly the
Arg-Gly-Lys-Trp-Trp-Arg motif (46). The beneficial effects of
these two agents against osteoporosis have been reported in a
number of studies (47-50). Although the effect of romosozumab
on cardiovascular events including VC is controversial (45,51),
baicalin has been reported to relax VSMCs (52), amelio-
rate atherosclerosis (53), prevent trans-differentiation of
VSMCs (54) and inhibit vascular remodeling (55), via which
baicalin may ameliorate VC. These results suggested that inhi-
bition of sclerostin may exert beneficial effects on both VC and
0Steoporosis.

In conclusion, the results of the present study indicated that
the injection of SXT ameliorated both VC and osteoporosis,
which may be mediated via regulation of sclerosis, the cross-
link in the bone-vascular axis. Thus, injection of SXT may
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provide a novel strategy for the treatment of GC-induced VC
and osteoporosis.
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