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FIGURE 10 | Representative distribution images of ERβ and α-SMA in rats treated with different doses of GXDSF. Immunofluorescence micrographs showing the
differences in the distributions of ERβ and α-SMA in the infarct and per-infarct region in all experimental groups (a,c,e,g,i,k). Bars represents 100 µm. The right part
of the figures (b,d,f,h,j,l) were augmented at 4-fold in the corresponding (the left) part of figures. In addition, the different quasi-colors were depicted for
distinguishing ERβ and α-SMA, in which blue represented nuclei, green represented ERβ and red represented α-SMA.

Lignum (Jiangxiang oil). The diversity composition often means
variety of pharmacological effects. Of note, Danshen had been
applied against a number of diseases and ailments besides
CVD, like diabetes (Huang et al., 2015), neurodegeneration
(Guo et al., 2015), adipositas (Rahman et al., 2016), hepato-
and gastroprotection (Zhou et al., 2015; Li et al., 2016;
Wang W. et al., 2016), osteoporosis (Guo et al., 2014), and cancer
(Guerram et al., 2015). And varieties of candidate proteins and
genes were related with the pharmacological profiles of Danshen.
Based on its complexity of composition, traditional uses and
wide applications, we chose TCMSP to establish component-
target-CVD network. After in silico TCMSP-based prediction,
we carried out a series of experiments to verify our prediction
and explored the preliminary mechanism with in vivo molecular
biology assays. In summary, we found that GXDSF had a
significant protective effect against MIRI-LVR by suppressing
fibrosis parameters via the upregulation of ERβ and the PI3K/Akt
pathway.

In the haemodynamic assay, systolic function (LVSP and
Cdp/dt) and diastolic function (LVEDP and � dp/dt) were
thoroughly investigated. Only LVSP and Cdp/dt were regulated
in a dose-dependent manner by GXDSF to reach the normal state,
which implied that GXDSF could partly improve systolic function
of cardiac ventricles.

In the echocardiograms, LVEF and LVFS were both
determined. LVEF is correlated with mortality and represents
a cause of death in stable outpatients with heart failure (Curtis
et al., 2003). LVFS was determined to have the same prognostic
value as LVEF in heart-related diseases by echocardiography
(Sun et al., 2015). In our study, LVEF and LVFS were notably
elevated by high-dose of GXDSF treated group (P < 0.05), while
low- and moderate-dose GXDSF did not show any positive
effects on these two parameters, which remain to be further
studied.

AST, LDH and CK-MB are all biochemical markers for the
prediction and diagnosis of ischaemic heart disease, and they
were correlated with the heart disease development (Ghormade
et al., 2014; Liu et al., 2014). In our experiments, GXDSF
treatment significantly decreased all these biochemical markers
in accordance with the positive effects of GXDSF administration
in terms of protecting against MIRI-LVR.

Collagen subtypes I and III are the predominant interstitial
collagens thought to influence cardiac function, and the collagen
III/I ratio is considered to be a significant factor (Burgess et al.,
1996). However, the collagen III/I ratio plays a very different
role in the process of heart disease. The collagen III/I ratio was
significantly lower in postoperative atrial fibrillation patients than
in control patients in the context of atrial fibrosis (Grammer
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FIGURE 11 | Representative distribution images of ERβ and α-SMA in rats treated with high-dose of GXDSF treated group and PHTPP. Immunofluorescence
micrographs showing the differences in the distributions of ERβ and α-SMA in the infarct and per-infarct region in all experimental groups (a,c,e,g,i,k,m). Bars
represents 100 µm. The right part of the figures (b,d,f,h,j,l,n) were augmented at 4-fold in the corresponding (the left) part of figures. In addition, the different
quasi-colors were depicted for distinguishing ERβ and α-SMA, in which blue represented nuclei, green represented ERβ and red represented α-SMA.

et al., 2005). However, the collagen III/I ratio was higher in
dilated cardiomyopathy patients compared to controls (Soufen
et al., 2008). Our results showed that collagens I and III were
decreased and that the collagen III/I ratio was increased by
high-dose of GXDSF treated group (P < 0.05), suggesting that
GXDSF has some anti-fibrosis activity. Moreover, α-SMA, which
is correlated with myocardial remodeling, is normally expressed
in differentiating myocardial fibroblasts and is a biomarker for
myocardial hypertrophy in the adult heart (Kern et al., 2013).
The left ventricular fibrosis percentage is quantitative measure
of myocardial fibrosis in the animal experiments (Tanaka et al.,
1986). In our experiments, all the relevant fibrosis parameters
were decreased in the GXDSF-treated group, indicating that
GXDSF can definitely prevent ventricular fibrosis in the rat heart.
In addition, there were no visible differences (Figures 2, 4, 5, 7,
9, 11) between the sham group and the GXDSF-treated groups in

the normal state, which could suggest that GXDSF does not have
any beneficial or adverse effects in normal animals.

In our study, TCMSP, which is a network pharmacology-
based method, was used to predict targets of GXDSF. Network
pharmacology encompasses systems biology, network analysis,
connectivity, redundancy anpleiotropy, thus offering a way of
thinking about drug discovery and mechanism elucidation in
TCM. Hopkins (Hopkins, 2008) first introduced the prospective
nature and advantages of network pharmacology in drug
discovery. Various studies (Li and Zhang, 2013; Yang et al., 2013;
Hao da and Xiao, 2014; Li J.P. et al., 2014; Li S. et al., 2014;
Zhang et al., 2014) had shown the power of network analysis
in understanding the functional Multiple Components-Multiple
Targets-Multiple Pathways pattern of TCM. Based on TCMSP,
we predicted that the ER may be the targets of GXDSF. In our
experiments, ERα and ERβ were both slightly elevated in the
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MIRI-LVR model group. Only ERβ was significantly increased
in the moderate- and high-dose of GXDSF treated groups,
indicating that ERβ is the main target for the cardioprotection
by GXDSF. With the increase of expression and distribution of
ERβ in myocardium, α-SMA had a decreased distribution in the
infarction area. In fact, epidemiologic studies showed that there
was a relative increase in ischemic heart disease deaths among
men than among woman from 2009 to 2013 (Shepard et al., 2015).
Animal studies (Murphy and Steenbergen, 2007; Booth and
Lucchesi, 2008) have suggested that ER plays an important role
in protection against MIRI. Furthermore, different ER subtypes
might not have the same function against MIRI, and the detailed
reasons have been broadly discussed (Deschamps et al., 2010).
Previous studies suggested that ERα is activated in the acute phase
of MIRI and leads to cardioprotection, while chronic activation
(14-day) of ERβ leads to cardioprotection, which might support
our result that ERβ was the dominant target of GXDSF in the
protection against MIRI-LVR.

Collectively, some previous studies have suggested that
activation of the PI3K/Akt signaling cascade plays a vital role
in ER-mediated acute signaling in cardioprotection against MIRI
[ERα (Patten et al., 2004), ERβ (Wang et al., 2009), and
GPR30 (Deschamps and Murphy, 2009)]. In addition, ERβ is
chronically activated with the upregulation of the NO/SNO
signaling pathway, which is involved in cardioprotection (Lin
et al., 2009). Besides, Tanshinone IIA inhibited cardiomyocyte
hypertrophy, which was mediated through ER, by activating
the PI3K/Akt pathway and inhibiting Leu27IGF-II-induced
calcineurin and NFATC3 (Weng et al., 2015). Our results showed
that the phosphorylated forms of PI3K/Akt were upregulated
by GXDSF, which suggests that the PI3K/Akt signaling pathway
was activated in response to the chronic upregulation of ERβ by
GXDSF.

As a proof-of-mechanism, we verified the target predicted by
network pharmacology using the loss-of-function principle by
administering a selective ERβ antagonist. However, this method
alone is not sufficient, and other evidence, such as from gain-
of-function assays, should be obtained. In addition, the role of
ERα in ventricular remodeling need to be further elucidated.
Furthermore, there are many active ingredients in GXDSF that
may play important roles in the prevention of MIRI-LVR. So far,
our research team has conducted a series of studies on GXDSF.

Based on our preliminary analyses (data not shown), high dose of
GXDSF administration could embrace the positive effect against
MIRI-IVR, which was considered in our design of experiments.
In fact, our team are carrying out research on related work
to further clarify the mechanism of dose-dependent effects and
effective components of GXDSF on MIRI-LVR.

CONCLUSION

On the basis of our experiments and target validation, we inferred
that GXDSF had promising protective effects against myocardial
ischemia reperfusion injury-induced ventricular remodeling by
upregulating ERβ via PI3K/Akt signaling.
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