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induced by heart failure via the PPARg signaling
pathway
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Heart failure (HF) patients exhibit a wide range of cognitive and mood abnormalities, especially

hippocampus abnormality. Unfortunately, there are few treatments for hippocampus abnormality with

HF. Yixinshu (YXS), a traditional Chinese herbal medication, has been found to improve cardiac function

in an animal model. However, the effect of treatment with YXS on the hippocampus abnormality induced

by heart failure and the related mechanisms remain unclear. In this study, a coronary artery ligation

model of HF was treated by the daily intragastric administration of YXS or saline for six weeks.

Echocardiography and ELISA for BNP and NT-proBNP were used to determine cardiac function. Western

blot assays were used to determine the protein levels of ZO-1, AQP4 and PPARg. We found that YXS

significantly improved cardiac function and reduced BNP and NT-proBNP. Meanwhile, YXS also

protected the integrity of the blood brain barrier (BBB) and attenuated the inflammation of the

hippocampus in rats with HF. Moreover, the reduction of the expression level of PPARg was significant in

rats with HF via treatment by YXS. In conclusion, long-term treatment with YXS may protect against

heart failure and hippocampus abnormality induced by heart failure via the PPARg pathway.
Introduction

Heart failure (HF) patients exhibit a wide range of cognitive and
mood abnormalities, such as memory decits, depression, and
anxiety.1 A systematic review shows that the ratio of the odds for
cognitive impairment was 1.62 among subjects with HF, which
conrms the relationship between HF and cognitive impair-
ment.2 The estimated prevalence of cognitive impairment is
between 25% and 80%.3 The syndromes of cognitive impair-
ment indicate the dysfunction of the central nervous system
related to neural injury, specically damage to the hippo-
campus. Since the hippocampus is a very vascular structure, it is
vulnerable to changes in the morbidities of blood ow and
hypoxemia during HF exacerbations.4,5 Injury to the hippo-
campus may contribute to the cognitive impairment accompa-
nying HF, and it can impair the ability to carry out self-care.
Patients with cognitive impairment may have poor learning
ability, which may make them less likely to adhere to their
medical regimens.6,7 Thus, cognitive impairment may reduce
the quality of life in patients with HF. The hippocampal damage
may be responsible for the cognitive and mood abnormalities
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commonly reported in HF patients. However, the mechanisms
of damage to the hippocampus are unknown, but they may
include several processes, such as inammation. Unfortunately,
there are few treatments for brain damage with HF, especially
hippocampal damage. Therefore, treatments must be explored
to protect, prevent, and intervene for brain damage with HF,
especially hippocampal damage with HF.

Yixinshu (YXS) is derived from Sheng-Mai-San, which is
a classical TCM prescription, and it is widely used in protecting
tissues from oxidative damage due to heart disease and cerebral
injury in China.8–10 YXS consists of seven common Chinese
herbal medicines, Panax ginseng, Fructus Schisandra chinensis,
Astragalus membranaceus, Radix Salviae miltiorrhizae, Radix
Ophiopogonis, Rhizoma Chuanxiong, and Fructus Crataegi. YXS
has been approved by the State Food and Drug Administration
of China for treating coronary heart disease, angina pectoris,
and HF. Increasing research shows that YXS is a multi-
component oral drug with therapeutic effects on HF.11 Clini-
cally, YXS was also used in treating the cognitive and mood
abnormalities commonly reported with HF according to the
traditional Chinese medicine theory of “treating heart and
brain diseases with the same methods (Nao Xin Tong Zhi:
NXTZ)”.12 However, based on animal models, the potential
mechanism of YXS against brain abnormalities induced by
heart failure remains unclear.

Firstly, to conrm the effects of YXS in brain abnormalities
induced by heart failure, coronary artery ligation rat model was
RSC Adv., 2017, 7, 53415–53421 | 53415
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used to be performed. Systemic inammation-derived pro-
inammatory chemokines, such as interleukin-1 beta (IL1-
beta), TNF-alpha and interleukin-6 (IL-6), can cause a breach
in the blood–brain barrier (BBB), which plays a key role in
maintaining the specialized microenvironment of the central
nervous system (CNS) and enabling communication with the
systemic compartment.13–15 Zonula occludens-1 (ZO-1) plays an
important role in mediating the link between the trans-
membrane tight junctions and the actin cytoskeleton, which is
the most important structures of the BBB. Aquaporin-4 (AQP4)
is a water channel protein that can reconcile the homeostasis of
water in the BBB.16,17 Neuro-inammation is a hallmark that
induces alterations in brain structure and function in major
depressive disorders.18 It has been reported that a high level of
IL1-beta, a key mediator of inammation, is expressed in the
brain, particularly in the hippocampus, which plays a pivotal
role in memory and mood regulation.19 TNF-alpha, another pro-
inammatory cytokine during HF-mediated neuro-
inammation, was associated impaired hippocampus-
independent nonspatial episodic memory function.20 Thus, we
detected the inammatory cytokines IL1-beta, TNF-alpha and
IL-6 to study.

Secondly, to provide insights into the potential mechanism
of YXS, this study attempts to investigate the mechanism via
bioinformatics technology. Although TCM implies sophisti-
cated multi-target effects,21,22 the key targets of TCM to treat
diseases were unclear due to their complex compositions. With
the development of bioinformatics technology, BATMAN-TCM
(available at http://bionet.ncpsb.org/batman-tcm), is an online
bioinformatics analysis tool used to prole the candidate genes
of TCM.23 In this study, we performed BATMAN-TCM to discover
the key pathway of the effect of YXS on the hippocampus
abnormality in rats with HF.

In this study, we investigated the effect of YXS on the
hippocampus abnormality induced by heart failure and
demonstrated that YXS could protect against heart failure and
the hippocampus abnormality induced by heart failure via the
PPARg pathway.

Materials and methods
Coronary artery ligation model of HF

All animal procedures were approved by the Academy of
Chinese Medical Science's Administrative Panel on Laboratory
Animal Care and performed in accordance with institutional
guidelines and ethics of committee of China Academy of
Chinese Medical Sciences. The male Sprague Dawley rats (240–
260 g, Charles River) were randomized to two groups: SHAM (n
¼ 6) and HF groups. The coronary artery ligation model was
induced in rats by coronary artery ligation, as previously
described.24 In brief, rats were anesthetized with 1% sodium
pentobarbital (0.5 ml/100 g) and ventilated through endotra-
cheal intubation on a Zoovent ventilator (ALC-V8S, Shanghai
Alcott Biotech Co., Ltd.). A le sided thoracotomy was per-
formed in the 4th intercostal space. Aer the pericardium was
opened, a 5.0 nylon suture was deliberately tied across the le
anterior descending coronary artery. The sham group of rats
53416 | RSC Adv., 2017, 7, 53415–53421
underwent the same procedure except ligation. Four weeks aer
surgery, rats went through non-invasive echocardiography
examination protocols. All rats with coronary artery ligation
were randomly allocated in to the treatment groups (n ¼ 6, per
group). Then, YXS was administrated to rats for six weeks by
oral administration at dosages of 800 mg kg�1 (as YXS-M group)
and 1600 mg kg�1 (as YXS-H group), respectively. Valsartan (8
mg kg�1, as Val group) or saline (as model group) was given to
rats for six weeks in the same way.
Drugs

Yixinshu was obtained from the Xinbang Pharmaceutical Co.
Ltd. (Guizhou, China), which was extracted and concentrated
from seven herbal medicines including Panax ginseng, Schi-
sandra chinensis, Ophiopogon japonicus, Astragalus mem-
branaceus, Salvia miltiorrhiza, Ligusticum wallichii, and Fructus
Crataegi.
Echocardiography

Echocardiography was performed on all animals using a Visual
Sonics Vevo 770 (Toronto, Canada) with a 17.4 MHz central
frequency scan at various time points aer surgery. Rats were
anesthetized using oxygen and isourane (64% N2, 32% O2 and
4% isourane), and freely breathing animals were maintained
using oxygen and isourane (1.75%) during the echocardiog-
raphy. Long axis cine loops and M-mode images of the LV and
atrium were acquired in the parasternal long axis. The le
ventricular ejection fraction (LVEF; %) and le ventricular
fractional shortening (LVFS; %) were measured off-line
according to the guidelines accompanying the Vevo 770
system soware.
Western blot assay

Protein fractions were isolated in ice-cold RIPA lysis buffer
(Beyotime, China), and protein concentrations were determined
using the enhanced bicinchoninic acid protein assay kit
(Thermo, USA). Protein fractions were denatured in a loading
buffer, and 40 mg of each sample was loaded into alternating
lanes of 10% sodium dodecyl sulfate–polyacrylamide gel (SDS–
PAGE). Protein blots were transferred to polyvinylidene uoride
membranes (Millipore, USA). Aer blocking with 5% non-fat
milk, the blots were washed with a mixture of Tris-buffered
saline and Tween 20 (TBST) and incubated overnight at 4 �C
with one of the following appropriate primary antibodies: anti-
actin (1 : 5000, Proteintech Group), anti-ZO-1 (1 : 1000, Pro-
teintech Group), anti-AQP4 (1 : 1000, Proteintech Group) and
PPARg (1 : 1000, Proteintech Group). Membranes were washed
with TBST and then incubated at room temperature for 1 h with
an appropriate secondary antibody conjugated to horseradish
peroxidase, followed by washing with TBST again. Finally, the
protein blots were visualized using an enhanced chem-
iluminescence kit (Millipore, USA). Relative intensities of
protein bands were measured using ImageJ.
This journal is © The Royal Society of Chemistry 2017
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Prediction of candidate targets for YXS

The herbs of YXS were submitted to BATMAN-TCM (http://
bionet.ncpsb.org/batman-tcm), which is an online bio-
informatics analysis tool for the discovery of TCM therapeutic
mechanisms.23 Constituent chemical ingredients of the 7 herbs
were uniformly retrieved according to the backstage database of
BATMAN-TCM, and the candidate targets of these ingredients
were predicted by the similarity-based target prediction
method. To obtain excellent prediction performance, predicted
candidate targets with a cutoff score larger than 20 were used
for further functional enrichment analysis of KEGG pathways.25
Enzyme-linked immunosorbent assay (ELISA)

Commercial ELISA test kits were used in the assessment of the
hippocampal samples and serum: rat IL1-beta ELISA kit (eBio-
science, USA), rat TNF-alpha ELISA Kit (eBioscience, USA), rat
IL-6 ELISA kit (eBioscience, USA), rat BNP ELISA kit (Novus,
Hong Kong) and NT-proBNP ELISA kit (Novus, Hong Kong).
Proteins extracts of the hippocampus were assayed in 10 mg
using a rat IL1-beta ELISA kit, rat TNF-alpha ELISA kit and IL-6
ELISA kit according to the manufacturer's instructions. Serum
was detected using the BNP ELISA kit and NT-proBNP ELISA kit
according to the manufacturer's instructions. The ELISA kit
consisted of a 96-well plate. The plates were read on a micro-
plate reader (SpectraMax M5, USA) at 450 nm. The reactions
were carried out in triplicate for each sample.
Fig. 1 YXS improves the cardiac function of rats with heart failure. (A
ventricular fractional shortening (LVFS, B) assessed by echocardiography
ELISA assay. The plasma level of heart failure-related bio-marker includin
group of rats vs. the model group, **P < 0.01; vs. the sham group, #P <

This journal is © The Royal Society of Chemistry 2017
Data analysis

Statistical analysis was performed using Prism soware version
6.0 (Graphpad Soware, San Diego, California, USA). All values
were presented as a mean � SD. The student's t-test or 2-way
repeated ANOVA measures were used for comparison. P < 0.05
was considered statistically signicant.
Results
YXS improves the cardiac function of rats with heart failure

To investigate the effect of YXS on heart failure in rats, the LVEF
and LVFS were detected by cardiac echography. As shown in
Fig. 1, the results revealed that rats with HF in the model group
had signicantly lower LVEF (36.90� 7.22%) and LVFS (19.01�
4.17%) values at 4 weeks compared to the sham group (LVEF:
69.68 � 1.33%; LVFS: 40.97 � 1.06%), while YXS can signi-
cantly increase the LVEF (middle dose: 52.89 � 8.42%; high
dose: 59.90 � 5.44%) and LVFS (middle dose: 28.98 � 5.72%;
high dose: 33.45� 3.95%) aer administration compared to the
model group (Fig. 1A and B), respectively.

It is known that BNP and NT-proBNP are two important
hypertrophy markers in HF. Therefore, to examine whether BNP
and NT-proBNP proteins were benecially affected by YXS,
secreted proteins of BNP and NT-proBNP in the serum were
detected by ELISA. The levels of BNP and NT-proBNP in the
serum were signicantly increased in the model group (BNP:
, B) Averaged data left ventricular ejection fraction (LVEF, A) and left
in rats. (C, D) Effects of YXS on BNP and NT-proBNP determined via

g BNP (C), and NT-proBNP (D) were determined by ELISA assay in each
0.05, n ¼ 4–6 rats per group.

RSC Adv., 2017, 7, 53415–53421 | 53417
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Fig. 2 YXS protects the hippocampus in rats with heart failure. (A) Expression of the tight junction proteins ZO-1 in the hippocampi of rats.
Original Western blots shown on the upper panels. b-Actin was used as a loading control. Bar graphs are gray values. (B) Expression of the
proteins AQP4 in the hippocampus of rats. Original Western blots shown on the upper panels. b-Actin was used as a loading control. Bar graphs
are gray values. (C–E) The levels of pro-inflammatory cytokines, IL1-beta, TNF-alpha and IL-6, were detected by ELISA. Data are mean � SD. vs.
model, *p < 0.05, ***<0.001; vs. sham, #P < 0.05. n ¼ 4–6 animals per group.
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286.25 � 53.23 pg ml�1; NT-proBNP: 513.32 � 125.12 pg ml�1),
and they were also decreased by YXS treatment compared with
the model group (BNP: middle dose: 152.37 � 53.57 pg ml�1;
Fig. 3 PPAR pathway was enriched by BATMAN-TCM combined with KE
YXS tent to relate. (B) KEGG enrichment analysis and candidate targets we
Red rectangles refer to herbs in YXS, blue rectangles refer to compound

53418 | RSC Adv., 2017, 7, 53415–53421
high dose: 80.30 � 21.43 pg ml�1; NT-proBNP: middle dose:
183.85 � 32.21 pg ml�1; high dose: 119.88 � 17.14 pg ml�1)
(Fig. 1C and D).
GG analysis. (A) Function enrichment diseases that candidate targets of
re enriched in PPAR pathway. (C) Herbs–compounds–targets network.
s in YXS, green rectangles refer to targets in PPAR pathway.

This journal is © The Royal Society of Chemistry 2017
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YXS protects the hippocampus in rats with heart failure

In our study, the results of the western blotting assay revealed
that the expressions of ZO-1 and AQP4 were downregulated in
rats with HF. The expressions of ZO-1 and AQP4 were signi-
cantly upregulated in the YXS-treated group compared to the
model group (Fig. 2A and B).

Evolving evidence implies that the state of chronic periph-
eral inammation reduces adult hippocampal neurogenesis.26

To investigate the effect of YXS on the inammation of the
hippocampus, ELSIA was performed to detect the levels of pro-
inammatory cytokines, such as IL1-beta, IL-6 and TNF-alpha.
In our study, the results revealed that the levels of IL1-beta,
IL-6 and TNF-alpha were upregulated in the serum and hippo-
campus of rats with HF. YXS treatment can signicantly
decrease the upregulated levels of IL1-beta, IL-6 and TNF-alpha
of rats with HF compared to the model group (Fig. 2C–E).
The PPARg pathway was enriched by BATMAN-TCM
combined with KEGG analysis

For YXS's candidate compounds, only the predicted candidate
target proteins with scores >¼ 20 are presented by BATMAN-
TCM. Function enrichment results show that candidate
targets of YXS tend to relate to atherosclerosis (adjusted p-value
Fig. 4 Expression of the proteins PPARg in the hippocampi of rats.
Original Western blots shown on the upper panels. b-Actin was used as
a loading control. Bar graphs are gray values. Data are mean� SD. *P <
0.05, vs. the model group; #P < 0.05, vs. the sham group, n ¼ 3–4 rats
per group.

This journal is © The Royal Society of Chemistry 2017
¼ 1.16 � 10�2), heart failure (adjusted p-value ¼ 9.50 � 10�5),
depression (adjusted p-value ¼ 3.51 � 10�5) and anxiety disor-
ders (adjusted p-value ¼ 3.81 � 10�3), as shown in Fig. 3A.
Excitingly, according to KEGG enrichment analysis, candidate
targets were enriched in the PPAR pathway (adjusted p-value ¼
1.13 � 10�4) in which PPARg plays important roles (Fig. 3B).
Moreover, by Function2TCM in BATMAN-TCM (cutoff scores >
25), Panax ginseng and Schisandra chinensis were signicantly
associated with PPAR pathway (adjusted p-value ¼ 1.74 � 10�4,
6.68 � 10�4 respectively). Combined the literature and
BATMAN-TCM, herbs–compounds–targets network was con-
structed by Cytoscape (Fig. 3C). The degree of PPARg in the
network was 14 by network analysis in Cytoscape.
YXS upregulated the expression of PPARg in the hippocampus
of rats with heart failure

For validation of the PPARg pathway, a western blot assay was
used to detect the expression of PPARg in the hippocampus of
rats with heart failure. As shown in Fig. 4, the expression of
PPARg in the model group was signicantly reduced in rats in
comparison with the sham group. Furthermore, the expression
of PPARg was signicantly upregulated by YXS treatment
(Fig. 4).
Discussion

Up until now, the treatments for brain damage in HF, especially
hippocampal damage, were limited. In the present study, the
administration of YXS, a SMS-derived TCM formula, signi-
cantly improved cardiac function in rats subjected to hippo-
campal injury. These benecial effects of YXS were associated
with the upregulation of PPARg in the heart compared with the
model group. Furthermore, YXS activated the expression of
PPARg in the hippocampus compared with the model group.
Taken together, our results imply that YXS is a potent TCM drug
that reduces brain damage with HF by upregulating PPARg.

In our previous studies, 276 compounds of YXS have been
identied via molecular feature orientated precursor ion selec-
tion and tandemmass spectrometry structure elucidation, such
as ginsenoside Rb1, ginsenoside Re, and ginsenoside Rg1 from
Panax ginseng.27 As the chemical composition of YXS are mainly
composed of the chemical substances from the involved single
herbs, it is complex to predict and validate the mechanism of
YXS protecting against heart failure and hippocampus abnor-
mality by a large number of components in YXS preparations. In
previous studies, YXS was focused on heart diseases, such as
myocardial dysfunction.27 In this study, inammatory cyto-
kines, such as TNF-alpha, in the serum increased, consistent
with the results previously reported.20,28 Moreover, YXS can
increase the expression of ZO-1 and AQP4, which implies that
YXS had a protective effect in maintaining the integrity of the
BBB. On the other hand, YXS can signicantly decrease the
levels of IL1-beta, IL-6 and TNF-alpha in the hippocampus in
rats with HF compared to the model group. Taken together, this
results suggest that YXS have a protection on hippocampus
induced by heart failure.
RSC Adv., 2017, 7, 53415–53421 | 53419
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Although we investigated the effect of YXS on the hippo-
campus abnormality induced by heart failure, the mechanism
of YXS protecting against heart failure and hippocampus
abnormality was largely unknown. In this study, we used
BATMAN-TCM to enrich the pathway relative to the hippo-
campus abnormality induced by HF. According to the herbs–
compounds–targets network (Fig. 3C), we found that PPARgwas
the key node in PPAR pathway regulated by Panax ginseng and
Schisandra chinensis. In previous researches, PPARg is a ligand-
activated transcription factor that is emerging as a major
regulator in HF.29,30 Increasing the ligands of PPARg decreases
inammatory cytokines such as IL-6 and TNF-alpha.31 PPARg
agonists, such as pioglitazone and rosiglitazone, have protective
effects against congestive heart failure in an animal model.30,32

In this study, we found that the PPAR pathway was enriched by
BATMAN-TCM combined with KEGG analysis.

Moreover, PPARs regulate both inammation and several
other pathways related to neuro-inammation,33,34 and neuro-
inammation supposedly contributes to neuronal degenera-
tion. The up-regulation of PPARg can attenuate neuro-
inammation in the hippocampus, subsequently decreasing
the associated cognitive impairment.34 On the other hand, the
activation of brain PPARg in heart failure rats can reduce
central inammation and brain renin-angiotensin system
activity, ameliorating angiotensin II-induced hypertension in
heart failure.29,35 Thus, central PPARg may be the therapeutic
target in treating hippocampus damage in myocardial
infarction-induced HF. In present study, we found that PPARg
was reduced in the hippocampus in rats with heart failure.
Meanwhile, YXS could upregulate the expression of PPARg. It
has been reported that PPARg regulated tight junction devel-
opment during human urothelial cytodifferentiation, which
implies that PPARg plays a role in the BBB.36 In this study, the
expression of ZO-1 belonging to tight junction proteins was
upregulated by YXS. These results suggest that YXS may activate
the PPAR pathway, subsequently to protect the BBB, nally
prevent the hippopotamus abnormality induced by heart
failure.

Accumulating evidence demonstrates that PPARg has
a protective effect in cardiovascular disease, such as enhancing
fatty acid oxidation, improving endothelial cell function, and
attenuating myocardial brosis.37–40 PPARg agonists, such as
thiazolidinediones (TZDs), have the potential to reduce
inammation, which is involved in all of the cellular and
molecular mechanisms of cardiac brosis.41 However, largely
due to the concomitant adverse effects of TZDs, the utility of
TZDs in T2DM has declined in the past decade.42 More and
more works have attempted to discover new and potent PPARg
agonists from natural products.43 In our previous study, we
found that 62 compounds consist of 19 ginsenosides from
Panax ginseng, 13 lignans from Fructus Schisandrae chinensis.27

Some ingredients of Panax ginseng and Fructus Schisandrae
chinensis regulated the function of PPAR pathway.44–48 For
example, it was reported that ginsenoside Re, a major ginse-
noside in ginseng, could activate PPARg to prevents angiotensin
II-induced gap-junction remodeling in isolated beating rat
atria.47 Schisandrin B, a dibenzocyclooctadiene lignan isolated
53420 | RSC Adv., 2017, 7, 53415–53421
from Schisandra chinensis, inhibited LPS-induced inammatory
response by activating PPARg.46 PPARg may be the common
pathway in treating heart and brain diseases by YXS. However,
we will continue to investigate the detailed mechanisms of
PPARg in heart failure and hippocampus abnormality.

There are several limitations of the current study. First,
although our results demonstrated a benecial effect of YXS
against hippocampus and heart injury, the behavioral effects of
YXS on HF remain unclear. Further sensitive behavioral testing
may be warranted. Second, because there are several subunits of
PPAR in different cell types, the effects of YXS on individual
subunits of PPAR warrant investigation.

Collectively, our ndings provide the rst evidence suggest-
ing that long-term treatment with YXS protects against heart
failure and the hippocampus abnormality induced by heart
failure via the PPARg pathway. Our data provide important
experimental data and rationale for future clinical trials and the
application of YXS.
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