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According to the World Health Organization, high-impact
diseases (HID) including cardiovascular diseases, metabolic
diseases, and a variety of types of cancer are the top challenge
to the entire medical community globally [1]. Therapeutic
strategies using bioactive compounds have been extensively
investigated as natural products have become a rich source
for drug discovery due to their structural diversities and
a wide range of pharmacophores. However, despite consid-
erable gains in the pharmacological research of natural
products, their applications are still limited, partly because
of the technical barriers to comprehensively understand their
molecular targets and pharmacological mechanisms [2].

Recently, omics technologies including genomics, prote-
omics, transcriptome, and metabolomics have been devel-
oped and improved significantly. This is especially true for
RNA sequencing together with the system-based pharmacol-
ogy, which has overcome the barriers and greatly improved
our understanding of the pharmacology of natural products
for the prevention and treatments of HID.

For example, Shuanglong Formula (SLF) and Qishen
granules (QSG) are well-studied natural products for the
treatment of cardiovascular diseases. Multiomics including
metabolomics and comparative proteomics were performed
to investigate the SLF’s effects on the regulation of myocar-
dial energy metabolism [3, 4]. Y. Wang et al. elucidated that
QSG used in the treatment of heart failure concurrently
attenuate inflammation and NO production through gene

expression analysis with a novel strategy called keystone
gene-based group significance analysis [5]. Moreover, by
integrating the proteomic approach and bioinformatics
methods, L.-X. Feng et al. demonstrated that salvianolic acid
B (SB), one component in QSG, impacted the signal cascade
from the epidermal growth factor receptor to heat shock
protein 27 (HSP27) and mitochondria [6]. Similarly, using
a combined approach of transcriptome and microbiome
analyses, Q. Feng et al. found that Qushi Huayu Decoction
simultaneously activated the hepatic antioxidative mecha-
nism, suppressed the hepatic lipid synthesis, and amplified
the regulatory T cell-inducing microbiota in the gut [7].

In addition, new omics approaches are also developed to
identify the active indigents and potential targets of natural
products. A novel approach for relative and absolute quanti-
tation was established to specifically and comprehensively
identify the protein targets of andrographolide (Andro) [8],
and BATMAN-TCM, a bioinformatics tool of network
pharmacology, has been available online for predicting the
targets and pharmacologic pathways of natural products [9].

Due to the diverse components of natural products,
systematically integrating the readouts of genomics, tran-
scriptomics, proteomics, and metabolomics will dramati-
cally facilitate our understanding of molecular mechanisms
of natural product actions, as well as identifying bio-
markers or targets for future research and clinical prac-
tice. Recently, an integrated proteomic and metabolomics
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research demonstrated that a combination of natural
products comprising of Rheum palmatum L., Gardenia
jasminoides Ellis, and Artemisia annua L., had an improved
therapeutic effect on hepatic injury syndrome through
regulating dynamic patterns in metabolic biomarkers and
target proteins and activating both intrinsic and extrinsic
pathways [10].

Unsurprisingly, more omics studies are currently under
way to reveal the molecular mechanisms of treatments using
natural products. The current issue is a collection of selected
works that use the approaches of genomics, metabolomics,
RNA sequencing, and network pharmacology to comprehen-
sively elucidate the natural product pharmacology in the
treatments of HID including heart failure, diabetes and its
complications, nonalcoholic fatty liver disease, and depres-
sion. It is a timely update to our knowledge on both the
molecular mechanism and novel drug discovery for HID.

Yong Wang
Qin Feng

Peijian He
Lixin Zhu

Guoxun Chen
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Traditional Chinese medicine (TCM) originated in ancient China has been practiced over thousands of years for treating various
symptoms and diseases. However, the molecular mechanisms of TCM in treating these diseases remain unknown. In this study, we
employ a systems pharmacology-based approach for connecting GWAS diseases with TCM for potential drug repurposing and
repositioning. We studied 102 TCM components and their target genes by analyzing microarray gene expression experiments.
We constructed disease-gene networks from 2558 GWAS studies. We applied a systems pharmacology approach to prioritize
disease-target genes. Using this bioinformatics approach, we analyzed 14,713 GWAS disease-TCM-target gene pairs and
identified 115 disease-gene pairs with q value< 0.2. We validated several of these GWAS disease-TCM-target gene pairs with
literature evidence, demonstrating that this computational approach could reveal novel indications for TCM. We also develop
TCM-Disease web application to facilitate the traditional Chinese medicine drug repurposing efforts. Systems pharmacology is a
promising approach for connecting GWAS diseases with TCM for potential drug repurposing and repositioning. The
computational approaches described in this study could be easily expandable to other disease-gene network analysis.

1. Introduction

Traditional Chinese medicine (TCM) has been practiced over
thousands of years in China and other Asian countries for
treating various symptoms and diseases [1]. The drug develop-
ment process for the modern (or Western) medicine is usually
initiated by developing small molecules that target a specific
biological target or pathway [2]. In this drug development pro-
cess, it is much easier to study the mechanism of action (MoA)
of these small molecules in a context-specific disease state. For
example, vemurafenib was developed to specifically inhibit
BRAF p.V600E-mutant cancer cells [3]. Clinically, vemurafe-
nib has demonstrated efficacy in treating BRAF-mutant
melanoma patients, eventually received Food and Drug
Administration (FDA) approval in 2011 for the treatment of
late-stage melanoma [4]. Due to the knownMoA (e.g., binding

to BRAF mutants and inhibiting the downstream signaling
pathway) and the target population (e.g., melanoma with
BRAF p.V600E), it is much easier to develop predictive bio-
marker (e.g., BRAF p.V600E) for personalize treatment using
modern drug [4]. However, it remains a challenge to elucidate
the molecular mechanisms of a particular TCM in inhibiting
biological process in a context-specific disease state because
of the “multicomponent, multitarget” nature of TCM.

The polypharmacology property of TCM could be
exploited for drug repurposing and repositioning. For
example, artemisinin, an active component extracted from
Artemisia annua L. in the early 1970s in China, has been
the “magic bullet” for malaria therapy [5]. In late last year,
through a high-throughput chemical biology screen, a
group of researchers identified artemisinin can induce
pancreatic alpha cells to transdifferentiate into insulin
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producing beta-like cells [6]. This finding suggests that
artemisinin could be repurposed as type 1 diabetes ther-
apy. It also opens up other opportunities to use modern
technologies to reveal the unexpected interactions between
TCM and diseases for drug repurposing.

With the advancement of high-throughput genotyping
technologies (e.g., microarray and sequencing), it is now
possible to perform genome-wide association studies
(GWAS) to identify candidate genes associated with various
complex diseases [7]. One of the challenges in GWAS is
to translate the candidate genes into clinic for disease man-
agement and treatment. Similarly, microarray and sequenc-
ing technologies have been applied in chemical biology
research to deconvolute target genes and to elucidate molec-
ular mechanisms [8, 9]. These modern biotechnologies open
up new research avenues for the investigation of TCM in a
wide range of diseases. To gain insights, novel computational
algorithms and bioinformatics methods are needed to ana-
lyze and interpret these massive “omics” data. Systems phar-
macology is a promising research approach in translational
medicine that integrates computational and experimental
methods to elucidate, validate, and apply new pharmacolog-
ical concepts to the development and use of small molecule
and biologic drugs [10, 11]. Approaches in systems pharma-
cology can provide a scientifically rational for defining
optimal multidrug regimens, identifying responsive patient
populations, identifying translational biomarkers, drug
repurposing, and designing clinical trials [10–13].

In this study, we employed systems pharmacology-based
approach of connecting GWAS disease genes with traditional
Chinese medicine as drug repurposing and repositioning
strategy. We obtained TCM-induced gene expression study
from the Gene Expression Omnibus and performed differ-
entially expressed gene analysis to define TCM-target
genes. We constructed a drug-gene network based on the
TCM-target genes. We downloaded candidate genes asso-
ciated with GWAS diseases from GWAS catalog [7] and
constructed the GWAS disease-gene network for this
study. By using a systems pharmacology-based analysis,
we prioritized GWAS disease-TCM gene pairs from the
two networks. We performed literature and molecular
mechanisms evidence by querying PubMed and the Con-
nectivity Map to support the GWAS disease-TCM gene
pairs. We also implemented TCM-Disease web app for
users to query new connections between disease and
TCM-target genes. Our overall research strategy of this
study is illustrated in Figure 1.

2. Materials and Methods

2.1. TCM Gene Expression Analysis.We downloaded the raw
microarray data of 102 TCM component-induced gene
expression studies from the Gene Expression Omnibus
(GSE85871) [14]. These TCM molecules are active ingredi-
ents in Chinese herbs and TCM. Briefly, TCM molecules
(either 1μM or 10μM) and DMSO were treated on MCF7
breast cancer cell line, and total RNA was extracted and
subjected for Affymetrix HG U133A 2.0 microarray gene
expression profiling in duplicate. Raw data were downloaded

and normalized by Robust Multiarray Average using Affyme-
trix Power Tools. For data analysis, we collapsed the probe
sets representing the same gene using the maximum expres-
sion value of these probe sets to improve power to detect any
changes in different isoforms. Gene expression values from
the duplicates were averaged, and fold change of 1.5 was used
as the thresholds to select differentially expressed genes for a
particular TCM compound against DMSO. We used the list
of differentially expressed genes as the gene signatures as
the TCM-target genes. The list of 102 TCM components is
listed in Supplementary Table 1.

2.2. Genome-Wide Association Studies Disease Genes. We
obtained the latest collection of genome-wide association
studies (GWAS) data from the NHGRI-EBI GWAS catalog
of published GWAS (https://www.ebi.ac.uk/gwas/home, data
version: v1.0, gwas-catalog_v1.0-associations_e89_r2017–
06-19.tsv) [7]. The GWAS catalog of GWAS contains 1987
diseases/traits collected from 2558 studies. We used the genes
associated with the diseases in this study.

2.3. Mapping Disease Terms to MeSH. GWAS diseases
obtained from the NHGRI-EBI GWAS catalog were mapped
to the Medical Subject Headings (MeSH) terms. MeSH is the
NIH/NLM/NCBI controlled vocabulary thesaurus used for
indexing articles for PubMed, and it follows a hierarchical
tree structure for indexing these terms. We mapped the
GWAS disease names using the MeSH Browser (https://
meshb.nlm.nih.gov/search), such that we could group similar
diseases using the MeSH terminology tree. For this study, we
focused on diseases that mapped to the MeSH terms in the
“Disease [C]” category, using the third term level in the
MeSH tree [CX.X.X]. We grouped all the genes associated
with the same MeSH term and used as the genes associated
with that disease term.

2.4. Protein-Protein Interactions Network. To construct the
GWAS disease-gene network, we queried STRING to retrieve
additional genes (proteins) associated with a particular set of
disease genes [15]. We restrict the protein-protein interac-
tions from STRING and only include not more than 100
addition genes that have high-confidence interactions score
(score> 0.9). We build the GWAS disease-gene network
using the resultant protein-protein interactions.

2.5. Statistical Framework for Prioritizing TCM-Disease
Connection. To prioritize TCM-Disease connection, we
performed a permutation test to compute the statistical sig-
nificance of a TCM to be prioritized for treating a specific dis-
ease [16]. Our hypothesis is that the polypharmacology
nature of TCM has a potential to treat a particular disease if
its targets are associated with that disease-gene network.
We performed a permutation based testing as below to
obtain the nominal p value (P) similar to the approach of
Connectivity Map [8, 9]:

P = # GTCM p >GTCM
#permutations

, 1
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where GTCM represents the number of GWAS disease genes
targeted by a TCM. GTCM(p) represents a permutation that
GWAS disease genes were targeted by a TCM.We performed
100,000 permutations by randomly selecting the same num-
ber of genes in a GWAS disease from a genome-wide scale
(we used 20,462 genes as the number of genes) in this study.
A nominal p value (P) is calculated for each TCM by count-
ing the number of permutations that have GTCM(p) greater
than GTCM, divided by the total number of permutations.
Next, we performed Benjamini-Hochberg multiple testing
correction method to obtain the adjusted p values (q values)
for the TCM-GWAS disease genes.

To compare the TCM-target genes against each GWAS
disease, we calculated a Z-score for each disease as:

Z = GTCM − μ

σ
, 2

where GTCM denotes the number of GWAS disease genes tar-
geted by a TCM, μ denotes the mean number of GWAS

disease genes targeted by a given TCM, and σ represents
the standard deviation during the 100,000 permutations.
The permutation test and Z-score calculation are inspired
by the approach used in [16].

2.6. TCM-Disease Web Application Implementation. We
developed TCM-Disease, the statistical framework described
in this study, as a user-friendly web application. The website
is implemented using Python 2.7.9, Python-CGI script
deployed in a Mac OSX Server. The web application is
part of the traditional Chinese medicine drug repurpos-
ing hub (TCM hub), which is freely accessible at http://
tanlab.ucdenver.edu/TCMHub.

2.7. Network Visualization. To visualize the connections
between GWAS disease-TCM-target genes, we utilized the
Cytoscape network visualization tool (version 3.5.1) [17, 18].

2.8. Connectivity Map Analysis. We utilized the latest Connec-
tivity Map (CMap) CLUE web application (https://clue.io)
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Figure 1: Overall research strategy of systems pharmacology-based analysis of connecting GWAS diseases to TCM-target genes.
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resource for identifying MoA for these TCM components
[8, 9]. The latest CMap resource contains more than 1.3
million gene expression signatures that were collected from
genetic or small molecule perturbations on a panel of cell lines.
The CMap version (Data version 1.0.1.1. and Software Version
1.0.1.8) contains 2836, 3799, and 2160 signatures for
compounds, gene knockdown, and gene overexpression,
respectively. We queried the top 150 upregulated and downreg-
ulated genes for each TCM against CLUE App to retrieve the
connected signatures as potential molecular mechanisms of
TCM components. The results of the Connectivity Map for
these 102 TCM components are available in TCM hub (http://
tanlab.ucdenver.edu/TCMHub).

3. Results

3.1. Construction of the TCM-Target Gene Network.We con-
structed the TCM-target gene network from the analyzing

microarray gene expression profiles of 102 TCM compo-
nents. The final TCM-target gene network consists of
43,839 interaction pairs, which connect 102 TCM compo-
nents and 7380 target genes. Table 1 summarizes the statis-
tics of the TCM-target gene network. From the TCM-target
gene network, it suggests that TCM could be repurposed
for various diseases as indicated by the polypharmacology
properties of these compounds.

3.2. Construction of the GWAS Disease-Gene Network. To
study the disease-gene interactions, we constructed the
disease-gene network from 2558 GWAS studies. We grouped
the GWAS diseases using MeSH terms and only focused on
the diseases in the MeSH “Disease [C]” vocabulary term in
this study. The final GWAS disease-gene network consists
of 39,262 interaction pairs, which connect 293 diseases and
7417 disease genes. Table 1 summarizes the statistics of the
GWAS disease-gene network.

Table 1: Summary statistics for the TCM gene network and GWAS disease-gene network.

TCM gene network

Number of compounds Number of TCM-target genes
Average number of genes
per TCM compound

Number of TCM-gene interactions

102 7380 430 43,839

GWAS disease-gene network

Number of diseases Number of disease genes Average number of genes per disease Number of disease-gene interactions

293 7417 134 39,262

TCM

Gene

Disease

Figure 2: GWAS disease-TCM gene network. This is the GWAS disease-TCM gene network.
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Table 2: GWAS disease-TCM gene pairs with q < 0 2 identified from this study.

TCM name Diseases (Z-score)

1β-Hydroxyalantolactone Ovarian cysts (3.952), ovarian diseases (3.365)

Ainsliadimer A Neoplasms, glandular and epithelial (4.051)

Artemisinin Diabetes mellitus, type 1 (4.526)

Benzoylaconitine Embolism and thrombosis (5.058)

Benzyl benzoate Embolism and thrombosis (6.157)

Berberine hydrochloride
Central nervous system infections (4.626) hemorrhage (5.090), hypertension,

pregnancy-induced (4.347), prion diseases (5.433)

Borneol Embolism and thrombosis (4.754)

Britanin Central nervous system infections (5.323), prion diseases (4.554)

Bruceine D
Intestinal diseases (3.126), lip diseases (4.480), lymphoproliferative disorders (3.190),

mouth abnormalities (4.471), skin diseases, papulosquamous (4.167)

Bufalin
Lip diseases (12.748), mouth abnormalities (12.730), skin diseases,

papulosquamous (6.010), spinal diseases (5.987)

Chelerythrine Autoimmune diseases of the nervous system (3.526)

Cholic acid Embolism and thrombosis (4.536)

Cinnamaldehyde Embolism and thrombosis (4.559)

Cinnamic acid Embolism and thrombosis (5.398)

Curculigoside Hypersensitivity, immediate (3.676)

Daidzin
Autoimmune diseases of the nervous system (4.358), bone marrow
diseases (5.015), demyelinating autoimmune diseases, cns (3.744)

Deoxycholic acid Embolism and thrombosis (5.072)

Four mixture

Autoimmune diseases of the nervous system (3.198), breast diseases (4.159),
breast neoplasms (4.137), demyelinating autoimmune diseases, cns (3.263),
gastrointestinal neoplasms (3.648), lymphoproliferative disorders (4.073),

neoplasms, glandular and epithelial (3.244)

Gamabufatalin Gastroenteritis (4.344), skin diseases, papulosquamous (5.028)

Gentiopicroside Breast diseases (4.249), breast neoplasms (4.251)

Ginsenoside Rb2 Embolism and thrombosis (4.604)

Ginsenoside Rb3 Embolism and thrombosis (5.758)

Ginsenoside Rc Embolism and thrombosis (6.291)

Ginsenoside Rd Embolism and thrombosis (5.214)

Ginsenoside Re Embolism and thrombosis (5.722)

Ginsenoside Rg1 Skin diseases, papulosquamous (4.279)

Isoborneol Embolism and thrombosis (4.441)

Japonicone A

Acneiform eruptions (3.354), arthritis, rheumatoid (3.591), breast diseases (4.482),
breast neoplasms (4.473), central nervous system infections (4.303),
cocaine-related disorders (3.625), digestive system neoplasms (3.370),

gastrointestinal neoplasms (5.216), intestinal diseases (3.592),
leukemia (3.687), lymphoma (4.369), lymphoproliferative disorders (4.066),

neoplasms, glandular and epithelial (3.772), ovarian diseases (3.535),
prion diseases (5.863), rheumatic diseases (3.599), sebaceous gland diseases (3.357),

urinary bladder diseases (3.722), urologic neoplasms (3.506)

Liquiritin
Autoimmune diseases of the nervous system (3.704), glucose metabolism

disorders (4.245), hypersensitivity, immediate (3.993)

Narciclasine

Bone marrow diseases (3.974), gastroenteritis (3.703), intestinal diseases (3.734),
lymphoma (3.848), lymphoproliferative disorders (4.190), osteitis deformans (3.623),

peripheral vascular diseases (3.707), prion diseases (4.772),
skin diseases, papulosquamous (4.086)

Nitidine chloride

Arthritis (3.319), bone marrow diseases (3.701), breast diseases (5.287),
breast neoplasms (5.259), diabetes mellitus, type 2 (5.288),

digestive system neoplasms (3.605), gastrointestinal neoplasms (3.712),
glucose metabolism disorders (5.115), intestinal diseases (3.572),

lymphoproliferative disorders (3.936), neoplasms, glandular and epithelial (4.427)
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3.3. Systems Pharmacology-Based Analysis of Connecting
GWAS Disease-TCM-Target Genes.We performed the statis-
tical systems pharmacology analysis to determine the con-
nections between GWAS disease genes and TCM-target
genes. We performed 14,713 connections between GWAS
disease-TCM-target genes comparison using the described
statistical framework as described in the Method section.
Here, we used the q value< 0.2 as the threshold and identified
115 GWAS disease-TCM-target gene pairs from the analysis.
Figure 2 shows the GWAS disease-TCM gene network. This
list of GWAS disease-TCM-target gene pairs consists of 40
TCM and 42 GWAS diseases as summarized in Table 2.
Figure 3 illustrates the heatmap of the 40 TCM and 42
GWAS diseases.

3.4. Case Study of GWAS Disease-TCM Gene Pairs.We illus-
trate the following GWAS disease-TCM gene pairs identified
from the bioinformatics analysis and provide experimental
validations supported by published literature. We also que-
ried the TCM gene expression signatures to the latest version
of Connectivity Map for potential mechanism of action
(MoA) evidence of the TCM against GWAS diseases.

3.4.1. Japonicone A as Lymphoma Treatment. We identi-
fied japonicone A as a potential treatment for lymphoma
(q value = 0.06) (Figure 4(a)). Japonicone A is a natural prod-
uct extracted from the aerial part of Inula japonica Thunb
(Asteraceae family) [19] and has been demonstrated to
possess activities in anti-inflammatory, antidiabetes, and
anticancer [19, 20]. By querying the TCM hub, japonicone
A is connected with NF-κB pathway inhibitors as one of
the mechanisms of action (MoA). Interestingly, japonicone
A has been recently demonstrated to inhibit the growth of
Burkitt lymphoma via inhibiting the NF-κB pathway [21].
This provides experimental support of japonicone A that
could be repurposed as the lymphoma treatment.

3.4.2. Artemisinin as Type 1 Diabetes Mellitus Treatment.
From the systems pharmacology-based analysis, we identi-
fied artemisinin, an antimalaria drug, that is connected with

type 1 diabetes mellitus (q value= 0.11) (Figure 4(b)). Arte-
misinin is a compound extracted from Artemisia annua L.
(Chinese name: qinghao). The discovery of artemisinin by
Tu Youyou and her colleague has been the breakthrough
therapy for malaria [5], and this discovery has led to the
2015 Nobel Prize of Physiology or Medicine awarded Tu
Youyou. Notably, in a recent study, it has been demosntrated
that treating antimalarial drug artemisinin in pancreatic
alpha cells could transform into functional beta-like cells
through enhanced GABA signaling [6]. From the gene
expression analysis, GABA is one of the top overexpressed
genes after artemisinin treatment. This demonstrates that
this systems pharmacology approach could identify artemisi-
nin as drug repurposed for diabetes mellitus treatment.

3.4.3. Sanguinarine as Breast Cancer Treatment. Another
GWAS disease-TCM gene pair identified from this study is
sanguinarine as breast cancer treatment (q value= 0.07). San-
guinarine is a compound extract from bloodroot (Sangui-
naria canadensis) and has been used to treat different
diseases [22]. Recent study has demonstrated that sanguinar-
ine has anticancer therapy in inhibiting cell migration and
the induction of apoptosis in basal-like breast cancer. The
authors also identified that the sanguinarine is a potent dihy-
drofolate reductase (DHFR) inhibitor [23]. This provides evi-
dence that sanguinarine could be used as anticancer drug for
the treatment of basal-like breast cancer through systems
pharmacology analysis.

3.4.4. Berberine Hydrochloride as Preeclampsia Treatment.
From the GWAS disease-TCM genes analysis, we identified
berberine hydrochloride as a potential pregnancy-induced
hypertension (preeclampsia) (q value = 0.13). Berberine
hydrochloride is an extract from the Chinese goldthread
Coptis chinensis. This TCM compound has been shown to
antioxidant, anti-inflammatory, and antimicrobial activities
[24, 25]. It has been recently demonstrated that berberine
hydrochloride could alleviate preeclampsia by regulating
IL2/IL10 and BCL2/BAX expressions in preeclampsia rat

Table 2: Continued.

TCM name Diseases (Z-score)

Notoginsenoside R1 Ovarian cysts (4.713), ovarian diseases (4.526)

Oleanic acid
Breast diseases (3.698), breast neoplasms (3.681), digestive system neoplasms (3.838),

gastrointestinal neoplasms (4.394), muscular diseases (4.916),
myositis (4.915), neoplasms (5.028)

Osthole Neoplasms (5.137)

Salidroside
Autoimmune diseases of the nervous system (3.615), hypersensitivity,

immediate (3.817), neoplasms (4.994)

Sanguinarine Breast diseases (4.521), breast neoplasms (4.535)

Santonin Breast neoplasms (3.506), gastrointestinal neoplasms (3.576)

Schisantherin A Hypersensitivity, immediate (3.660)

Tanshinone IIA Body weight (3.665), central nervous system infections (4.831), prion diseases (5.608)

Tetrahydropalmatine
Autoimmune diseases of the nervous system (4.315), demyelinating
autoimmune diseases, cns (3.999), hypersensitivity, immediate (3.792)
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models [26]. This warrants further investigation of using ber-
berine hydrochloride for the treatment of preeclampsia.

3.4.5. Tanshinone IIA as Obesity Treatment. Finally, the
systems pharmacology analysis identifies tanshinone IIA as
treatment for obesity (q value= 0.19). Tanshinone IIA, a
commonly used TCM for antioxidant and anti-inflamma-
tory, is a compound extracted from Salvia miltiorrhiza
(Chinese: Danshen) [27]. It has been recently demonstrated
that tanshinone IIA could be used for obesity treatment
through peroxisome proliferator-activated receptor (PPAR)
gamma antagonism [28]. This provides a drug repurposing
of tanshinone IIA for obesity treatment.

Taken together, we showed that the GWAS disease-
TCM gene pairs identified in this study could be validated
by literature evidence. Furthermore, the MoA of these TCM
against the GWAS disease could be supported by Connectiv-
ity Map analysis.

3.5. TCM-Disease Web Application. To facilitate the transla-
tion of connecting TCM-target genes with GWAS disease
genes, we implemented the statistical framework as TCM-
Disease web application. For the TCM-Disease web applica-
tion, users will submit the list of GWAS disease genes and
perform the statistical test for identifying disease-TCM gene
pairs. The web application returns the list of disease-TCM
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Figure 3: Heatmap showing the statistical significance GWAS disease-TCM gene pairs by Z-score.
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gene pairs (currently the database consists of 102 TCM)
ranked by the permutation p values and Z-scores. Figure 5
shows the screenshot of the TCM-Disease web application.

4. Discussion

TCM has been successfully applied to treat various dis-
eases for the past several thousand years, due to its poly-
pharmacology nature. In this study, we performed a
systems pharmacology-based approach to connect GWAS
disease genes with TCM-target genes. We derived 102 TCM
components and their target genes by analyzing microarray
gene expression experiments. We constructed disease-gene
networks from 2558 GWAS studies. We applied a systems
pharmacology framework to prioritize disease-target genes

as potential repurposing and repositioning TCM for these
diseases. Using this bioinformatics approach, we analyzed
14,713 GWAS disease-TCM-target gene pairs and identified
115 disease-gene pairs with q value< 0.2. We validated sev-
eral of these GWAS disease-TCM-target gene pairs with liter-
ature evidence, demonstrating that this computational
approach could reveal novel indications for TCM.

Systems pharmacology and network biology approaches
have been applied to study disease-gene interactions [16,
29–34]. For example, Fang et al. employed systems
pharmacology-based approach to prioritize natural products
that target somatic-mutated genes in cancer [16]. They
introduced the statistical framework applied in this study,
and they demonstrated that by using this approach they
could identify clinically actionable alterations in cancer using
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Figure 4: Example of GWAS disease-TCM gene networks. (a) Japonicone A as lymphoma treatment. (b) Artemisinin as type 1 diabetes
mellitus treatment.

(a) (b)

Figure 5: Screenshot of the TCM-Disease web application. (a) A list of disease-related genes are entering into the query box. (b) The web
application performs the systems pharmacology permutation test and Z-score and returns the TCM component sorted by p value. This
example is querying the lymphoma disease genes, and japonicone A is returned as the top TCM connected to this disease.
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natural products [16]. Kim et al. performed a systematic
analysis of structural similarities between traditional orien-
tal medicine (TOM) compounds and human metabolites for
studying the mechanisms of action and suggest approaches
to reduce toxicity [35]. They identified that TOM compounds
could provide the complementary action, neutralizing
action, facilitating action, and pharmacokinetic potentiation
in 38 different synergistic combinations [35]. This provides
an opportunity to use TCM/TOM in combination with other
modern therapeutics. All of these studies rely on using sys-
tems pharmacology or network biology approaches to eluci-
date the disease-TCM gene interactions. This supports the
use of systems pharmacology-based approach in the current
study of identifying GWAS disease-TCM-target gene pairs.

TCM-Disease web application is part of the TCM
hub—a bioinformatics resource for traditional Chinese
medicine drug repurposing study (http://tanlab.ucdenver.
edu/TCMHub). TCM hub currently consists of four web
applications: (1) TCM-CMap, (2) TCM-MoA, (3) TCM-
Compounds, and (4) TCM-Disease. TCM-CMap is the
implementation of the “connectivity map” concept based
on 102 TCM compounds. The TCM-CMap web app allows
users to connect a gene signature (up and down genes) to
one of the 102 TCM compounds in the reference database.
TCM-MoA web app allows users to search the molecular
mechanisms of TCM compounds. TCM-Compounds web
app provides the CLUE connection results for the 102 TCM
compounds. The CLUE connection results include connect-
ing the TCM compound gene signatures to 2836, 3799, and
2160 signatures for compounds (CP), gene knockdown
(KD), and gene overexpression (OE), respectively. TCM-
Disease web app allows users to identify disease-TCM gene
pairs for potential drug repurposing and repositioning. We
believe that TCM hub represents a unique bioinformatics
resource for in silico study of traditional Chinese medicine.

There are several limitations of the current GWAS
disease-TCM gene networks study. First, the number of
TCM is limited; currently, this study is only assessing 102
TCM components based on gene expression changes, which
may limit the coverage of TCM-target gene networks.
Second, the number of diseases investigated in the current
study is limited to 293 GWAS diseases, which may limit
the coverage of disease-gene networks. Lastly, our current
validation of the associations of GWAS disease-TCM genes
is based on literature evidence with experimental results.
To address these limitations, as part of our future work, we
plan to increase the number of TCM components by mining
Gene Expression Omnibus (GEO) for additional TCM
microarray studies. We will complement the gene expression
signatures with TCM-target genes by mining established
drug-target databases such as TCMID [36], TCM-MeSH
[37], PharmDB-K [38], or DSigDB [39]. By integrating the
gene expression targets and manually curated targets, we
can expand the coverage of TCM-target gene networks. In
parallel, we plan to expand the disease-gene networks by
using data curated from DisGeNet [40], currently contains
561,119 gene-disease associations and more than 9000 dis-
eases. By constructing the disease-gene network from this
large database, it will increase the coverage of the diseases

and potentially increased the value in revealing novel
disease-TCM genes.

5. Conclusions

In summary, we present a systems pharmacology-based
approach for connecting GWAS diseases with TCM for
potential drug repurposing and repositioning. We employed
several unique bioinformatics and computational approaches
to identify and prioritize GWAS disease-TCM gene pairs.
The computational approaches described in this study could
be easily expandable to other disease-gene network analysis.
We also develop TCM-Disease web application to facilitate
the traditional Chinese medicine drug repurposing efforts.

Data Availability

The web application is freely available at http://tanlab.
ucdenver.edu/TCMHub.
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The urinary metabolomic study based on gas chromatography-mass spectrometry (GC-MS) had been developed to investigate the
possible antidepressant mechanism of chlorogenic acid (CGA) in a rat model of sleep deprivation (SD). According to pattern
recognition analysis, there was a clear separation among big platform group (BP), sleep deprivation group (SD), and the CGA
(model +CGA), and CGA group was much closer to the BP group by showing a tendency of recovering towards BP group.
Thirty-six significantly changed metabolites related to antidepressant by CGA were identified and used to explore the potential
mechanism. Combined with the result of the classic behavioral tests and biochemical indices, CGA has significant
antidepressant effects in a rat model of SD, suggesting that the mechanism of action of CGA might be involved in regulating the
abnormal pathway of nicotinate and nicotinamide metabolism; glyoxylate and dicarboxylate metabolism; glycine, serine, and
threonine metabolism; and arginine and proline metabolism. Our results also show that metabolomics analysis based on GC-MS
is a useful tool for exploring biomarkers involved in depression and elucidating the potential therapeutic mechanisms of
Chinese medicine.

1. Introduction

With the accelerated pace of modern society life and the
rapid increase of the working pressure, more and more
people are sleep deprived for various reasons, such as extend-
ing working hours into the night and curtailing or delaying
sleep. Accumulating studies have demonstrated that sleep
loss is closely coupled with an increased risk of immune
system imbalance [1], neuroendocrine dysfunction [2], and
depression [3, 4]. Depression and sleep disturbance are
closely linked and have a mutual cause-and-effect rela-
tionship. Depressive patients usually suffer from poor sleep

quality, while sleep disorder has also become a diagnostic
criterion for major depressive disorder (MDD) [5]. However,
the mechanism by which sleep loss causes depression is still
unclear. At present, most of the drugs for the treatment of
depression are mainly western medicine in clinical work,
but, there are many problems such as recurrence and toxic
side effects after drug withdrawal, which greatly affects the
clinical efficacy. Chinese medicine has the characteristics of
stable curative effect, lasting effect, and little adverse reaction.
It has a long history in the prevention and treatment of
depression and has become a hot topic both at home and
abroad [6]. Recent studies demonstrate that polyphenols
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from natural herbs have the feasibility to be potential
therapeutic agents in promoting resilience against SD-
induced dysfunction [7, 8]. Chlorogenic acid (CGA), one of
the major polyphenols of many fruits, has been reported in
a number of previous studies as an antioxidant and neuro-
protectant compound [9, 10]. CGA is also enriched in many
traditional Chinese herbs, such as the bark of Eucommia
ulmoides Oliver, leaves of Hypericum origanifolium, flowers
of Lonicera japonica, fruits of Crataegus oxyacantha Linn.,
and whole herb of Artemisia capillaris Thunb. [11]. Studies
showed that CGA could exhibit an antidepressive effect as
shown in animal behavioral tests, accompanied by neuron
protection and promotion of serotonin release in the brain
[11, 12]. In addition, the evidence that decaffeinated coffee
enriched in CGA elevated mood in 39 healthy volunteers
also demonstrated CGA’s character as an antidepressant/
mood-elevator agent. However, the studies to address CGA’s
efficacy as well as the mechanism in treating depression are
not sufficient [13].

As one of the hypothesis-free approaches, metabolomics
is a powerful tool in discovering novel molecules involved
in the pathophysiological process of various diseases [14].
Our previous metabolomic studies have revealed significant
changes of systemic metabolites in novel depression rat
model [15, 16]. Therefore, in order to develop pathophysio-
logical understanding of the underlying relationship between
SD stress and depression [17, 18], a metabolic method based
on GC-MS with multivariate statistical techniques was used
to assess the efficacy of CGA in a rat model of sleep depriva-
tion in this study. In addition, potential biomarkers involved
in antidepressant effects were identified and explored the
underlying mechanism.

2. Methods

2.1. Rats and Treatments. Eighteen healthy male Wistar rats
(purchased from Shanghai Sippr-BK Laboratory Animal
Co. Ltd.) weighing 230–250 g were kept at a density of 6 per
cage. All rats were maintained in a standard laboratory
environment (20± 5°C and 55± 15% humidity) under a
12 h dark/light cycle (07:00–19:00 at 40W light condition)
with free access to a semipurified diet [19] and water ad
libitum for 1 week prior to the experiment. The rats were
randomly divided into three groups (n = 6): (1) big plat-
form group (BP), (2) small platform group also known
as sleep deprivation group (SD), and (3) CGA-treated group
(SD+CGA); animals received CGA (purity≥ 98%, HPLC
method, Sichuan Weikeqi Bio-Tech Co. Ltd., China)
extracted from Eucommia ulmoides Oliver bark and dis-
solved in anhydrous ethanol as a published paper performed
[12] at a daily dose of 50mg/kg of body weight, orally, while
BP and SD group received normal saline solution from day 1
to day 7. Sleep deprivation procedure was carried out as
previously reported [18]. During the study period, the
experimental room was maintained at controlled conditions
(20± 5°C and 55± 15% humidity) under a 12 h dark/light
cycle (07:00–19:00 at 40W light condition). The BP group
was kept in the same environment with wide platforms
(16 cm in diameter). Food and water were provided ad

libitum by hanging on top of the tank. The research was
approved by the Ethics Committee of the Shanghai Univer-
sity of TCM. Animal welfare and experimental protocols
were strictly in accordance with the Guide for the Care and
Use of Laboratory Animals and the ethics and regulations
of the Shanghai University of TCM.

2.2. Behavioral Test. At the end of the SD paradigm, rats were
subjected to FST and TST as previously performed [12] with
little modification. Briefly, in the FST, rats were placed in a
glass cylinder (19 cm in diameter and 50 cm in height) filled
with 23–25°C water (30 cm in depth) for 6min, individually.
Immobility was defined as rats hopelessly kept heads above
the water without other motions. In the TST, rats were
suspended 50 cm above the floor by fixing the tip of the tail
(1 cm). The total test procedure was counted during a test
period of 5min. Rats were considered immobile only when
they hung passively in the absence of all movements.

2.3. Sample Collection. Each rat was put into a metabolic cage
for 24 h urine sample collection after SD paradigm. Urine
was centrifuged at 4°C, 13,000 rpm for 15min, and the
supernatant was stored at −80°C prior to GC-MS analysis.
Subsequently, rats were sacrificed with chloral hydrate
(300mg/kg body weight, i.p.) anaesthesia for collection of
abdominal aorta blood, which was centrifuged at 13,000 rpm
and 4°C for 15min, and the serum was collected and
stored at −80°C.

2.4. Biochemical Analysis. Plasma concentrations of IL-6,
TNF-α, CORT, and NE were determined by an automatic
biochemistry analyzer using the commercial ELISA kits
according to the protocols provided by the manufacturer.

2.5. Urine Sample Preparation, Derivation, and GC-MS
Analysis. Prior to analysis, urine samples were thawed at
room temperature and vortex-mixed for 30 s. Pretreatment
procedure was in accordance with our previous published
method [20] with little modification. Briefly, each 200μL
aliquot of urine samples was added into a 1.5mL tube for
centrifugation (13,000 rpm, 4°C for 10min). Later, a 50μL
supernatant was transferred to a new tube containing 10μL
urease (30U) and incubated at 37°C for 15min. Then the
metabolite extraction procedure was carried out after
adding two internal standard solutions (10μL of L-2-
chlorophenylalanine in water, 0.3mg/mL; 10μL of heptade-
canoic acid in methanol, 1mg/mL) and 170μL of methanol.
After vortexing for 30 s, the mixture was centrifuged at
13,000 rpm (4°C) for 5min. A 200μL supernatant was trans-
ferred into GC vial and dried under in a stream of pure nitro-
gen gas at 30°C. The two-step derivatization process was the
same as Qiu et al.’s method [21].

Each 1μL derivatized sample was injected into the
GC-MS instrument Agilent 6890/5975B GC/MSD system
(Agilent Technologies, California, USA) in splitless injection
mode. A programmed column temperature was optimized
for successful separation (Table 1). Ion separation was
achieved on a capillary column (Agilent J&W DB-5ms Ultra
Inert 30m× 250μm, i.d., 0.25μm film thickness) with high-
purity carrier gas (helium) at a constant flow rate of
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1.0mL·min−1. The temperatures of the injection port,
transfer interface, and ion source were set to 280°C,
260°C, and 230°C, respectively. The measurements were
collected using electron impact ionization (70 eV) in full
scan mode (m/z 50–600).

2.6. Data Analysis. Data from the behavioral test and
biochemical detection were analyzed using SPSS statistical
package (SPSS program, version 21.0). Statistical analysis
was performed using one-way ANOVA followed by LSD
t-test. The results were expressed as means± standard errors
of the mean (SEM). Significant differences were considered at
a level of P < 0 05 or P < 0 01. The graphs were generated
using Prism 6.0 (GraphPad Software Inc., USA).

All the GC-MS raw files (.D) of urine samples were
converted into easily identified NetCDF format via Agilent
MSD workstation and subsequently preprocessed using the
XCMS toolbox script with R 2.13.2 package with default
settings for baseline correction, peak recognition, and cali-
bration. The resulting data were exported into Microsoft
Excel, and the peaks were normalized to the total sum of
spectrum. The resulting three-dimensional matrix involving
peak index (RT-m/z pair), sample numbers (observations),
and normalized peak area percent were introduced into
SIMCA-P 11.0 software package (Umetrics, Umeå, Sweden)
for multivariate analyses including principal components
analysis (PCA) and orthogonal partial least squares discrim-
inant analysis (OPLS-DA). The quality of the constructed
model was evaluated by R2X, R2Y, and Q2 parameters. The
former two were used to assess the goodness of fit, and the
last one was used to assess the predictive reliability of the
model [22].

2.7. Metabolite Identification and Pathway Analysis.Metabo-
lite identification was performed firstly with an already
constructed standard library including retention time and
mass spectra. The peaks which could not match with
standard library were imported to the NIST MS 2.0 (NIST,
Gaithersburg, MD) software to search compound informa-
tion from the NIST 11 library. Compounds with a similarity
of more than 70% were finally verified as available reference
compounds. Online resource HMDB (http://www.hmdb.ca/)
was applied to confirm endogenous metabolites from the
above-identified compounds. The MetaboAnalyst 3.0 was
used to forecast metabolic pathways significantly affected by
those metabolites.

3. Results

3.1. CGA Intervention Reversed Depressive Behaviors Induced
by SD. As shown in Figure 1, the immobility time of rats

in the FST and TST was increased after SD paradigm
(P < 0 01 in the FST, P < 0 001 in the TST) compared with
BP group, meaning SD treatment could induce depressive
symptoms. However, CGA intervention reversed the phe-
nomenon (P < 0 05 in the FST and TST) relative to SD group.

3.2. Biochemical Index Determination. After SD treatment,
the result of biochemical index (Figure 2) showed that the
levels of serum IL-6 (P < 0 001), TNF-α (P < 0 01), CORT
(P < 0 001), and NE (P < 0 001) were higher than those of
control. However, after intervention of CGA for one week,
these indexes were significantly reduced (P < 0 05) except
for the level of TNF-α, which showed a tendency to
decrease, yet.

3.3. Urine Metabolomics

3.3.1. Multivariate Statistical Analysis of the Urine Metabolic
Data. PCA and OPLS-DA pattern were built to observe
general clustering and trend among groups. Score plot
analysis including Hotelling’s T2 plot revealed no outliers.
In the PCA score plot, the SD group was separated from
the BP and SD+CGA group (R2X=0.776, Q2 = 0.426) with
little overlap, but no discernible clustering was observed
between the BP and SD+CGA group (Figure 3(a)). However,
in the OPLS-DA score plot, a clear separation was seen
among three groups (Figure 3(b)). We found that SD samples
were obviously discriminated from the BP group, and
SD+CGA group showed a tendency to approach BP group
(R2X=0.758, R2Y=0.975, Q2 = 0.853). The result indicated
that the model was constructed successfully and it seemed
that CGA treatment could improve urine metabolic alterna-
tion induced by SD model.

The OPLS-DA pattern was also applied to for pair-
wise comparison and differential metabolites recognition.
The BP and SD groups displayed significant deviation
(R2X=0.811, R2Y=0.967, Q2 = 0.718) in the OPLS-DA
plot (Figure 4(a)). OPLS-DA score plots (Figure 4(b)) also
showed that the CGA-treated groups had distinctive meta-
bolic profiles from the SD group (R2X=0.776, R2Y=0.988,
Q2 = 0.797). It is worth noting that main automatic modeling
parameters R2 andQ2 in pairwise groups were larger than 0.5,
implying that patterns were robust and had good fitness as
well as predictive ability.

3.3.2. Identification of Differential Metabolites for SD and
Interventional Effect of CGA. On the base of OPLS-DA
analysis, the V-plot (Figures 4(c) and 4(d)) and variable
importance for projection (VIP) statistics were used for
selecting discriminating ions responsible for group separa-
tion [23, 24]. Ions were firstly selected with a VIP value
threshold set to 1.0. Then, a two-tailed Student’s t-test was
carried out to further validate discriminating variables
with a P value less than 0.05, for the purpose of decreasing
false-positive ions. These discriminating metabolites were
identified and listed in Table 2.

Compared with BP group, 23 metabolites were sig-
nificantly altered in SD group: creatinine, azelaic acid,
protocatechuic acid, and 3,4-dihydroxyhydrocinnamic acid
were upregulated, yet lactate, glycolic acid, alanine, nicotinic

Table 1: Temperature program of column incubator in GC-MS.

Rate (°C·min−1) Temperature (°C) Hold time (min)

/ 70 2

2.5 160 0

5 240 16
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acid, phenylacetic acid, glycine, 4-deoxyerythronic acid,
pipecolic acid, 2,4-dihydroxybutanoic acid, nicotinamide,
uracil, threonic acid, suberic acid, putrescine, citric acid,
hippurate, lysine, urate, and ascorbic acid were downregu-
lated in SD group as shown in the heat map (Figure 5(a)).
Intervention of SD rats with CGAmoderated somemetabolic
alternations concomitantly with new metabolic changes as
exhibited in the heat map (Figure 5(b)). Compared with SD
rats, CGA raised glycolic acid, phenylacetic acid, putrescine,
and urate apart from CGA conversion products (trans-
ferulic acid, m-coumaric acid, 3,4-dihydroxyhydrocinnamic

acid, and caffeic acid) [25]. In addition, CGA intervention
solely increased 2-ethylhydracrylic acid, pyrocatechol, and
3-hydroxybenzoic acid, accompanied by decreased 4-
deoxyerythronic acid, nicotinamide, asparagine, D-arabitol,
fructose, D-mannose, 5-hydroxyindoleacetic acid, and 2-
hydroxyglutarate. CGA modulated the above metabolites
to display an antidepressant effect. These variations indi-
cated that CGA not only exerted an antidepressant effect
through modulating metabolic changes in SD rats but
may also upregulate certain related compounds for a
synergistic action.
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Figure 1: Behavioral test results of three groups (BP: big platform group, SD: sleep deprivation group, SD+CGA: SD group with CGA
intervention). Data are expressed as mean± SEM (n = 6). Compared with the BP group, ∗∗∗P < 0 001; compared with the control group,
∗∗P < 0 01; and compared with SD group, ∧P < 0 05.
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Figure 2: Biochemical index of the three rat group (BP: big platform group, SD: sleep deprivation group, SD+CGA: SD group with CGA
intervention). Data are expressed as mean± SEM (n = 6). Compared with the BP group, ∗∗∗P < 0 001; compared with the control group,
∗∗P < 0 01; compared with model group, ∧∧P < 0 01; and compared with SD group, ∧P < 0 05.
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3.3.3. Metabolic Pathway Analysis for SD and Interventional
Effect of CGA. In order to further explore the underlying
mechanism about perturbed metabolites induced by SD
model and interventional effect of CGA, a comprehensive
metabolic network was mapped by means of MetaboAnalyst
3.0 (http://www.metaboanalyst.ca/) through integration of all
potential biomarkers identified in present research [26]. As a
result, four disturbed metabolic pathways were found to be
the most relevant pathways involved in SD-induced meta-
bolic dysbiosis (impact> 0.1) [27]. They were nicotinate
and nicotinamide metabolism; glyoxylate and dicarboxylate
metabolism; glycine, serine, and threonine metabolism; and
arginine and proline metabolism (Figure 6(a)). After CGA
intervention, we observed that glyoxylate and dicarboxylate
metabolism and glycine, serine, and threonine metabolism
had little impact value, suggesting that CGA may play an
intervening role through these two pathways (Figure 6(b)).
The remaining two pathways which did not change could
be potential targets for future drug design.

4. Discussion

4.1. CGA Intervention Reversed Depression-Like Behavior and
Biochemical Alternation Induced by SD. In many studies
related to SD, a close correlation between SD and depression
has been established. Some researches demonstrated a
positive connection, saying that SD could weaken depressive
symptoms [28, 29], while others are on the opposite [30, 31].
Here, we applied the FST and TST to evaluate depressive
symptoms of the rats. The results strengthened the point that
SD could lead to a depression-like phenotype. And that CGA
really could exert an antidepressant effect as mentioned
earlier [12]. A great deal of research has shown that proin-
flammatory cytokines, such as IL-6, are possibly contributed

to the emergence of depression-like symptoms [32] and sleep
perturbations [33, 34]. After 7 days of experiment, the
accumulation of proinflammatory cytokines (IL-6, TNF-α)
was consistent with previous research [35], which validated
the point that disturbance of the circadian clock by SD was
involved in the regulation of inflammation [36]. As a conse-
quence of SD intervention, changes in the concentration of
the stress response hormones (CORT and NE) were observed
in accord with published paper [37]. Serum CORT is a vital
central nervous excitation enhancer, which is responsible
for stress in rat by modulating hypothalamic-pituitary-
adrenocortical (HPA) axis. Here, growing serum CORT
was regarded as a biological indicator of SD stress [38]. Based
on highly expressed brain adrenergic receptor mRNA levels,
research demonstrated that norepinephrine system partly
participated in chronic sleep restriction [39]. Therefore,
higher levels of serum NE in SD group may confirm a possi-
ble neurochemical mechanism underlying SD. It is gratifying
that CGA intervention reversed almost all stress-induced
biochemical changes. All results above proved that depres-
sion could not only be caused by SD but also be attenuated
or reversed by CGA to some extent.

4.2. Biochemical Interpretation. By applying the rat model of
SD and the GC-MS metabolomics coupled with multivariate
statistical analysis, the urine metabolic characteristics of
CON, SD, and CGA-intervened rats were described. Thirty-
six differential metabolites were identified as displayed in
Table 2. Most interestingly, some of the metabolites such as
critic acid, azelaic acid, alanine, and glycine have been identi-
fied as biomarkers for depression [40]. Through pathway
analysis, we found four pathways to be disturbed after SD
paradigm. In particular, two pathways were reversed after
CGA intervention.
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Figure 3: PCA and OPLS-DA score plot derived from the GC-MS analysis of urine from BP, SD, and SD+CGA groups.
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4.2.1. Disturbed Nicotinate and Nicotinamide Metabolism. In
this altered pathway, nicotinic acid and nicotinamide were
significantly reduced (P < 0 01) in SD group relative to BP
group. Nicotinic acid, also known as vitamin B3, one of the
thirteen essential vitamins for the human body, could be
transformed into nicotinamide in vivo. As the major precur-
sor of the coenzyme nicotinamide adenine dinucleotide
(NADH/NAD+), nicotinamide is crucial to life. In cells, it
participates in the synthesis of NAD+ and NADP+, which
are coenzymes involved in a wide variety of enzymatic
oxidation-reduction reactions for energy production, and
glycolysis, tricarboxylic acid cycle (TCA cycle), and the
electron transport chain are the most notable events of these
[41]. Here, reduction of nicotinamide in the urinary metabo-
lites may be owing to oversynthesis of NAD+ and NADP+. To
a certain degree, the symptom implied energy metabolism
imbalance in rat organism. In the meantime, intervention
with CGA did not have a regulatory effect on nicotinate
and nicotinamide metabolism perturbation. But it could be
potential targets for future drug design.

4.2.2. Disturbed Glyoxylate and Dicarboxylate Metabolism.
The most significant alterations were attributed to changes
in glyoxylate and dicarboxylate metabolism which include a
variety of reactions involving glyoxylate or dicarboxylates.
Glyoxylate is the conjugate base of glyoxylic acid. Likewise,
dicarboxylates are the conjugate bases of dicarboxylic acids,
a general class of organic compounds containing two carbox-
ylic acid groups, such as oxalic acid or succinic acid. The
glyoxylate cycle describes an important subset of these
reactions involved in biosynthesis of carbohydrates from
fatty acids or two-carbon precursors which enter the system
as acetyl-coenzyme A. Our study found that two metabolites
glycolic acid and citrate were involved in this metabolic
process with marked reduction (P < 0 01) in SD rats. Inter-
estingly, the alternation of glycolic acid was also found in
the peripheral blood mononuclear cells from a rodent model
of depression [42]. It is known to us all that citric acid plays a
vital role in physiology which transforms fats, proteins, and
sugars into carbon dioxide and provide the main energy for
organisms. The alternations of metabolites strengthened the
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Figure 4: OPLS-DA score plots and V-plots between pairwise groups.
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former point for energy metabolism disorder. The CGA in
the current study obviously restored glyoxylate and dicarbox-
ylate metabolism by upregulated glycolic acid.

4.2.3. Disturbed Glycine, Serine, and Threonine Metabolism.
The glycine, serine, and threonine metabolic pathway has
been thought to provide a major energy metabolism precur-
sor substance for TCA cycle [43]. Here, the core compound
glycine in the pathway was decreased (P < 0 01) dramatically
with a similar variation trend in the peripheral blood
mononuclear cell of rat with chronic unpredictable mild

stress rat model of depression [42], in the brain of depressive
mice with chronic imipramine treatment [44] and in the
serum of MDD patients [45]. Glycine is a simple, nonessen-
tial amino acid, which is involved in the production of
phospholipids and collagen and releases energy, as well
[46]. Literature documented that the concentration of plasma
glycine may be responsible for regulating the mobilization of
amino acids from peripheral tissues [47]. Glycine was also
known as an inhibitory neurotransmitter, which possessed
the ability to combine correlative NMDA receptor antagonist
so as to exert an antidepressant effect [48]. Although after

Table 2: Discriminating urinary metabolites of three groups.

RT (min) Metabolite
SD versus BP SD+CGA versus SD

Fold changea t-test (P) Fold changea t-test (P)

5.39 Lactate 0.42 0.02 — —

5.62 Glycolic acid 0.55 0.00 1.68 0.01

6.01 Alanine 0.59 0.03 — —

7.83 2-Ethylhydracrylic acid — — 3.21 0.00

8.87 Nicotinic acid 0.31 0.04 — —

8.93 Phenylacetic acid 0.33 0.00 4.43 0.02

9.01 Glycine 0.58 0.01 — —

9.19 Pyrocatechol — — 2.71 0.05

9.32 Methylsuccinic acid — — 0.57 0.01

9.56 4-Deoxyerythronic acid 0.36 0.05 — —

9.98 Pipecolic acid 0.40 0.01 — —

10.79 2,4-Dihydroxybutanoic acid 0.58 0.05 — —

12.14 Nicotinamide 0.44 0.00 0.48 0.05

12.25 Uracil 0.62 0.01 — —

12.56 Asparagine — — 0.34 0.00

13.66 Creatinine 2.28 0.01 — —

13.79 Threonic acid 0.53 0.01 — —

13.95 3-Hydroxybenzoic acid — — 3.14 0.00

14.32 Suberic acid 0.50 0.00 — —

17.46 D-Arabitol — — 0.57 0.00

17.81 Putrescine 0.38 0.00 2.00 0.04

19.33 Azelaic acid 3.45 0.05 — —

19.81 Protocatechuic acid 1.63 0.03 — —

19.82 Citrate 0.42 0.00 — —

20.28 Hippurate 0.45 0.04 — —

20.97 Fructose — — 0.35 0.03

21.14 m-Coumaric acid — — 14.21 0.00

22.24 Lysine 0.46 0.03 — —

22.73 3,4-Dihydroxyhydrocinnamic acid 9.48 0.02 87.95 0.02

26.08 trans-Ferulic acid — — 30.35 0.01

26.30 Urate 0.42 0.00 1.69 0.03

26.82 D-Mannose — — 0.51 0.03

26.96 Caffeic acid — — 59.50 0.01

27.43 5-Hydroxyindoleacetic acid — — 0.26 0.01

28.13 2-Hydroxyglutarate — — 0.43 0.05

33.58 Ascorbic acid 0.53 0.02 — —

Note: afold change = SD (SD + CGA)/BP (SD); —: unable to be detected.
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CGA treatment, the impact value of glycine, serine, and
threonine metabolism decreased, we did not find any relative
metabolites got modulated. The question was warranted to
be solved in the future.

4.2.4. Disturbed Arginine and Proline Metabolism. Arginine
and proline metabolism is one of the central pathways for
the biosynthesis of the amino acids. In addition to our
discovery about disturbed arginine and proline metabolism

after SD treatment, other researchers also found this sig-
nificantly perturbed pathway in the prefrontal cortex of
depressive rat model [24, 49]. We found that putrescine
in the core position was the only disturbed metabolite
(P < 0 01) in this pathway and had a consistent variation
trend with published literature [50]. Actually, the small
polyamine putrescine (1,4-diaminobutane) is ubiquitously
and readily found in all three domains of life. It is a precursor,
through N-aminopropylation or N-aminobutylation, to
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Figure 6: Summary of pathway analysis. (A) Nicotinate and nicotinamide metabolism, (B) glyoxylate and dicarboxylate metabolism,
(C) glycine, serine, and threonine metabolism, and (D) arginine and proline metabolism.
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biosynthesize longer polyamines spermidine, sym-homo-
spermidine, spermine, and thermospermine or even longer
and branched chain polyamines, which enhance phosphory-
lation processes of functional proteins in neurons involved in
the therapeutic mechanisms of antidepressants [51]. Putres-
cine is also biochemically modified for purposes of meta-
bolic regulation and catabolism. Previous studies proved
that polyamine levels are also possible to be regulated by
stress and might play a role in depression. For instance,
the levels of putrescine in the nucleus accumbens, spermi-
dine, and spermine in the hippocampus were rescored
after antidepressant treatment [50]. A research by adminis-
tering spermidine intracerebroventricularly further revealed
the antidepressant-like activity of the spermidine [52]. In
light of existing studies, we hypothesized that the metabolic
change of putrescine not only is too simple but also may be
related to the development of depression; further research
is warranted.

4.3. Metabolite-Energy Network. Depending on metabolites
discussed above and KEGG Pathway Database (http://www.
genome.jp/kegg/), we drew a diagram concerning energy
metabolism process (Figure 7). All in all, these findings
corroborated previously published works which indicated
that depression may be a kind of energy metabolic disorder.

Limitations to this study must be declared. First of all, the
sample numbers in this study were relatively small; thus,
future studies with larger cohorts should be performed to
validate our findings. Regrettably, nearly all experimental rats
were involved in stress. Actually, the CON group rats in
normal cage-housing should be taken into consideration. In
terms of value, our studies displayed how SD affected rats’
organism alterations. Finally, owing to the diverse biochem-
ical properties and wide concentration range of metabolites,
further metabolomic methods or multiple metabolomic

platforms (i.e., targeted metabolomics and nuclear magnetic
resonance) should be employed in future studies.

5. Conclusion

It is the first time for us to demonstrate that SD indeed caused
depressive symptoms in rat experiments. Depression-like
behavioral phenotypes are reflected by alterations in serum
inflammatory cytokines and hormone levels, and alterna-
tion of urinary metabolites. We further suggest that the
development of depression is involved in alternations of
energy-related pathways. CGA displays an antidepressant
role by regulating inflammatory cytokines and hormone
levels and metabolite related pathways. This research opens
up new sights for a functional link between sleep distur-
bance and depression as well as the molecular mechanism
of CGA in SD paradigm of depression.
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Danqi pill (DQP) is a widely prescribed traditional Chinese medicine (TCM) in the treatment of cardiovascular diseases. The
objective of this study is to systematically characterize altered gene expression pattern induced by myocardial ischemia (MI)
in a rat model and to investigate the effects of DQP on global gene expression. Global mRNA expression was measured.
Differentially expressed genes among the sham group, model group, and DQP group were analyzed. The gene ontology
enrichment analysis and pathway analysis of differentially expressed genes were carried out. We quantified 10,813 genes.
Compared with the sham group, expressions of 339 genes were upregulated and 177 genes were downregulated in the
model group. The upregulated genes were enriched in extracellular matrix organization, response to wounding, and defense
response pathways. Downregulated genes were enriched in fatty acid metabolism, pyruvate metabolism, PPAR signaling
pathways, and so forth. This indicated that energy metabolic disorders occurred in rats with MI. In the DQP group,
expressions of genes in the altered pathways were regulated back towards normal levels. DQP reversed expression of 313
of the 516 differentially expressed genes in the model group. This study provides insight into the multitarget mechanism
of TCM in the treatment of complex diseases.

1. Introduction

Acute myocardial ischemia (MI) occurs when blood flow
stops to a part of the heart causing damage to the myocar-
dial tissue, and MI is one of the leading causes of death
worldwide [1–3]. How to reduce MI-caused mortality is
a major challenge to the entire medical community. Conven-
tional managements of MI include intravenous thrombolysis,
percutaneous coronary intervention, optimization of oxy-
genation, and pain control [4]. Danqi pill (DQP), composed
of Salvia miltiorrhiza Bunge and Panax notoginseng, is a
widely prescribed traditional Chinese medicine (TCM) in
the treatment of a variety of cardiovascular diseases [5, 6].

DQP has been used as an alternative or complementary
medicine in the prevention and treatment of MI in China.
There are multiple components of DQP that have potential
regulative effects on multiple targets in the treatment of car-
diovascular diseases [7–10]. However, the overall regulative
effect of DQP has not been explored yet. Investigations into
the effects of DQP on global gene expressions will further
our understanding on the mechanisms of TCM in treating
complex diseases.

In recent years, transcriptome sequencing technologies
have been developing very fast. Digital Gene Expression
(DGE) technique is one of the RNA-sequencing methods
for the analysis of differentially expressed genes in different
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samples [11]. DGE has more accuracy in quantification of
gene expression levels compared with microarray technolo-
gies. It is able to provide quantitative readout of mRNA
expression levels in samples [12]. Illumina’s sequencing plat-
form was applied in our present study.

Acute MI model was induced by ligation of left anterior
descending (LAD) coronary artery in rats. The rats were
divided into three groups: sham-operated group, model
group, and DQP-treated group. Gene expressions in the
three groups were measured by RNA-sequencing technology,
and differentially expressed genes and signaling pathways
among different groups were analyzed. This study will
expand our knowledge on the multitarget mechanism of
DQP in the treatment of ischemic heart disease.

2. Materials and Methods

2.1. Grouping of Animals. Sprague-Dawley (SD) male rats,
weighing 220± 10 g, were randomly divided into three
groups: sham-operated group, acute MI model group,
and DQP-treated group. Each group contained 10 rats.
The animals were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. This study complied
with the China Physiological Society’s “Guiding Principles
in the Care and Use of Animal” and got the approval of
Animal Care Committee of Beijing University of Chinese
Medicine.

MI model was induced in model and DQP group by
direct LAD artery ligation as previously described [13,
14]. Briefly, SD rats were anaesthetized intraperitoneally
with pentobarbital sodium (1%, 50mg/kg). The left ante-
rior descending coronary artery was ligated proximal to
its main branching point with a 5–0 polypropylene suture.
Sham-operated rats went through identical thoracotomy
procedure but their coronary arteries were not ligated.
After the operations, all of the rats were fed with a stan-
dard diet and were maintained on a 12 h light and dark
cycle for 28 days. Animals in the DQP group were treated
with concentrated DQP (purchased from Tongren Tang,
Beijing, China) dissolved in pure water, with the daily
dosage of 1.5 g/kg, for 28 consecutive days beginning from
the day after the operation. At the end of the study, all
rats were anaesthetized using pentobarbital sodium fol-
lowing an overnight fast. Rats were sacrificed and the left
ventricle was carefully dissected to keep only the viable
myocardium in the marginal zone of the infarct region
in the DQP group and MI model group. The same region
in the sham group was also dissected. Dissected heart tis-
sues were frozen and stored in a freezer at −80°C before
RNA extraction.

2.2. Echocardiographic Assessment of Heart Function.
Echocardiography (Vevo 2100, Visual Sonics, Canada) was
applied to assess the cardiac function-related parameters,
including left ventricular ejection fraction (LVEF), left
ventricular internal diameter at end-diastole (LVID;d) and
at end-systole (LVID;s), and left ventricular fractional short-
ening (LVFS). LVEF and LVFS were calculated automatically
by the software.

2.3. RNA Preparation. Heart tissues of the 3 rats in each
group were homogenized in liquid nitrogen for RNA
sequencing. Total RNA of the heart tissues were extracted
using TRIzol Reagent® (Invitrogen, Carlsbad, CA), follow-
ing the instruction of the manufacturer. Extracted RNA
was treated with DNase to remove potential genomic
DNA contamination. The quality of RNA was examined
by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA).

2.4. cDNA Library Preparation and RNA Sequencing.
Sequence tag was prepared using Illumina’s Digital Gene
Expression Tag Profiling Kit according to the manufacturer’s
protocol. Briefly, mRNA was purified from total RNA by
binding mRNA to a magnetic oligo(dT) bead. Oligo(dT)
was then used as a primer to synthesize cDNA. The bead-
bound cDNA was subsequently digested with restriction
enzyme NlaIII, which recognizes and cuts off the CATG sites.
The fragments apart from the 3′ cDNA fragments connected
to oligo(dT) beads are washed away and the Illumina adaptor
1 is ligated to the sticky 5′ end of the digested bead-bound
cDNA fragments. Mme I, a type of endonuclease with sepa-
rated recognition sites and digestion sites, was used to cut
at 17 bp downstream of the CATG site, producing tags with
adaptor 1. After removing 3′ fragments with magnetic beads
precipitation, Illumina adaptor 2 is ligated to the 3′ ends of
tags. A tag library with different adaptors of both ends was
thus formed.

After PCR amplification of 12 cycles, fragments were
purified by a 6% Novex TBE PAGE Gel electrophoresis.
In the end, the purified cDNA tags were sequenced using
Illumina HiSeq™ 2000 at BGI-Shenzhen.

2.5. Analysis of Sequencing Data and Tag Mapping. During
the quality control steps, Agilent 2100 Bioanalyzer was used
in quantification and qualification of the sample library.
Low-quality tags and tags of copy number less than two were
filtered to produce clean tags. The clean tags were classified
according to their copy number in the library. Clean tags
were aligned to the rat reference sequences and annotated.
Clean tag numbers corresponding to each gene were counted
in each sample.

2.6. Analysis of Differentially Expressed Genes. The number of
clean tags in each sample was normalized to transcripts per
million (TPM) and TPM values were used to calculate fold
change and false discovery rate across different groups. To
avoid possible noise signal from high-throughput sequenc-
ing, the genes with TPM less than 3 in 2 or more samples
were excluded. Analysis of differentially expressed genes
among different groups was performed in R (version 3.0.2)
with edgeR Bioconductor package [15]. EdgeR uses empirical
Bayes estimation and exact tests based on the negative bino-
mial distribution. The resulting P values for all genes were
corrected for multiple tests using a FDR adjustment. In this
study, the fold change larger than 2 and FDR less than 0.01
were used to define the differentially expressed gene.
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2.7. Gene Functional and Enrichment Analysis. The gene
ontology (GO) enrichment analysis and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis of
all differentially expressed genes were carried out using
the DAVID Functional Annotation Tool [16]. According
to the transcription factor database (TFdb) (http://genome.
gsc.riken.jp/TFdb/), transcription factors that had altered
expressions induced by ischemia were selected. The target
genes of these transcription factors were searched through
databases, including Transcriptional Regulatory Element
Database (http://rulai.cshl.edu/TRED), Human Transcrip-
tional Regulation interaction database (http://www.lbbc.ibb.
unesp.br/htri/index.jsp), and Transcription factor check-
point (http://www.tfcheckpoint.org/index.php/search) [17].
Regulation networks were constructed using Cytoscape
software [18].

2.8. Messenger RNA Expression by Quantitative Real-Time
PCR. Real-time PCR was applied to validate differentially
expressed genes in six samples in each group. First-strand
cDNA was synthesized from total RNA with a RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific, USA,
lot number: K1622) according to the manufacturer’s instruc-
tion. Quantitative real-time PCR assays were performed
using C1000 Thermal Cycler PCR machine (Bio-Rad,
USA). The reaction volume was 20μl including 1μl forward
and reverse primer pairs, 2μl cDNA, 10μl FastStart Uni-
versal SYBR Green Master (Roche, Germany, lot number:
04913914001), and 7μl RNase free water. The PCR proce-
dures were as follows: 15 s at 95°C for denaturation and
1min at 60°C for annealing and extension. Ct values were
obtained after 40 cycles of reactions. Primer sequences of
each gene were listed in Table 1. Ct values of targeted
mRNA were normalized to the Ct values of GAPDH.
Relative expressions of these genes were calculated by the
2−ΔΔCT method.

3. Results

3.1. Effects of DQP on Cardiac Function. Twenty-eight days
after surgery, echocardiography showed that LVEF and LVFS
of rats that underwent ligation in model group were down-
regulated significantly by 63.7% and 72.7%, compared with
those of the sham group (Figure 1, P < 0 01), indicating that
cardiac function of rats in the model group was impaired
and a MI model was established. LVID;s and LVID;d
increased by 204.9% and 44.3% in the model group com-
pared with those in the sham group. After treatment with
DQP, the LVEF and LVFS were upregulated by 56.3% and
72.1%, compared with those in the model group (P < 0 05).
LVID;s and LVID;d also decreased by 23.3% and 2.4% after
treatment with DQP, suggesting that DQP could improve
cardiac functions in the MI model (Figure 1).

3.2. High-Throughput Sequencing Data and Differentially
Expressed Genes. In total, we obtained four million raw tags
and over 3.7 high-quality clean tags from each sample.
51.8%, 47.8%, and 52.5% tags were mapped to annotated
rat genomes in the DQP-treated, sham-operated, and model

rats, respectively. About 5% of the tags were unknown
ones. Altogether, 10,813 genes were detected, and 9537,
8907, and 9344 genes were detected and quantified in the
DQP-treated, sham-operated, and model rats, respectively
(Supplement Table 1).

Redundancy and heterogeneity are characteristics of
mRNA expression. The majority of mRNAs have low expres-
sion level, whereas a minority of mRNAs has high abundance
of expression. In this study, among the distinct clean tags
in the nine libraries, the majority of distinct clean tags
(60.21%–63.31%) had 2–5 copies. Only 3.54%–4.47% clean
tags had more than 100 copies. The distribution of distinct
clean tags showed a similar tendency, indicating that gene
expression patterns among the libraries were similar.

Differentially expressed genes were analyzed using the
following criteria: fold change> 2 and FDR< 0.01. The
analysis showed that compared with the sham-operated
group, 339 genes were upregulated and 177 genes were
downregulated significantly in the model group, demonstrat-
ing that gene expression pattern was altered under ischemic
condition. Compared with the model group, 886 genes were
upregulated and 1082 genes were downregulated in the
DQP-treated group.

Genes were expressed at different abundances, and
expressions of some genes were altered remarkably in ische-
mic heart tissues. The top 20 upregulated and 20 downregu-
lated genes in regard to abundance in the model compared
with the sham-operated group and their expressions in
DQP group were shown in Figure 2. NPPA, which encodes

Table 1: Nucleotide sequences of primers used in real-time PCR.

Gene Primers
Lengths
(bp)

Temp
(°C)

LPL
CGCTCCATCCATCTCTTC

159
49.8

GGCTCTGACCTTGTTGAT 49.2

ACSL1
GCAGTTCATCGGCATCTT

109
50.6

GGTTCCAAGCGTGTCATA 49.8

ACADM
ATTACGGAAGAGTTGGCATA

166
54.15

GTTCTGTCACGCAGTAGG 55.12

ME1
AAGAACCTAGAAGCCATTGT

104
54.23

GCAGCCATATCCTTGAGAA 54.62

TFB2M
AGAATGCGGATGGAGAGT

141
55.20

CTGCTGACCAAGGAACTG 55.27

MMP2
AAGTCTGAAGAGTGTGAAGT

180
53.86

GTGAAGGAGAAGGCTGATT 54.45

ALOX15
CTCAGGCTTGCTACTTCAT

158
54.57

CTTCTCCATTGTTGCTTCC 53.97

BAX
GATGATTGCTGATGTGGATAC

86
50.50

AGTTGAAGTTGCCGTCTG 50.40

GPX1
CAATCAGTTCGGACATCAG

133
53.52

AGCCTTCTCACCATTCAC 54.14

MMP23
GATGGTCCTACAGGTGAAC

195
54.59

CTGGTCTTGCTGTGAGTG 55.30

GAPDH
TTCAACGGCACAGTCAAG

116
50.70

TACTCAGCACCAGCATCA 50.50
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atrial natriuretic factor precursor, was upregulated greatly in
ischemic heart. Insulin-like growth factor binding protein 7
(IGFBP7) was also upregulated. Other genes that were upreg-
ulated in great abundance encode collagen (COL3A1,
COL1A1), light chain of myosin (MYL7), metallopeptidase
(MMP2), and so forth. The top 20 downregulated genes in
the model group are involved in fatty acid metabolism
(ACAA2, ACSL1, ACADM, and DCI) and glycolysis
(ALDOA, LDHB, MDH2, and PDHA1). Most of the prod-
ucts of the downregulated genes are located in the mitochon-
dria. Among the top 20 genes that were upregulated or
downregulated in the model group, DQP was able to regulate
the expression of 19 and 14 genes back towards normal levels,
respectively (Figure 2).

3.3. Biological Pathways and Processes Affected in Ischemia
Heart. To investigate the global gene expression changes
in ischemic heart in the model group, we studied the bio-
logical pathways and processes affected in ischemic heart
by KEGG pathway enrichment and GO enrichment analysis.
The upregulated KEGG pathways and biological processes
mainly include complement and coagulation cascades,
ECM-receptor interaction, dilated cardiomyopathy, response

to wounding, coagulation, immune response, extracellular
matrix organization, focal adhesion, skeletal system develop-
ment, and cell growth (Tables 2 and 3). The downregulated
biological processes and pathways mainly involve in nutrient
metabolism and energy supply, such as fatty acid metabo-
lism, pyruvate metabolism, amino acid metabolism, carbo-
hydrate catabolism, citrate cycle, and oxidation reduction
(Tables 2 and 3). This analysis illustrated that the energy
supply of the heart was seriously compromised and the
myocardial remodeling took place to compensate for the
short supply of energy in the ischemic process.

3.4. Genes and Signaling Pathways Regulated by DQP.
Expressions of 516 genes were significantly affected by MI.
In the DQP-treated group, expressions of 313 out of these
516 genes were reversed by DQP. These overlapped genes
are considered as DQP-responsive genes. Of the 339 genes
that were upregulated in the model group, 212 were signifi-
cantly downregulated in the DQP treatment group. These
genes were enriched in infection and immunity, cell growth,
extracellular matrix deposition, and so forth (Table 4). 46%
of proteins encoded by the downregulated genes were located
in extracellular space. Among the 177 downregulated genes
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Figure 1: Indicators of heart functions in three groups of rats. LVEF, LVFS, LVID;s, and LVID;d in the model group were significantly
changed compared with those in the sham group (N = 10 in each group, P < 0 01). In the DQP-treated group, LVEF and LVFS were
significantly upregulated compared with the model group (P < 0 05). LVID;d and LVID;s in the DQP-treated group were also
downregulated, though the difference of LVID;d was not statistically significant. ∗∗P < 0 01 versus sham group; #P < 0 05 versus model
group; ##P < 0 01 versus model group.
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Figure 2: Expression abundance changes. (a) Top 20 genes upregulated in the model group compared with the sham-operated group and
their expression abundances in the DQP-treated group. (b) Top 20 genes downregulated in the model group and their expression
abundances in the DQP-treated group.
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in the model group, DQP significantly reversed expressions
of 101 genes. The enriched pathways and biological processes
were involved in energy embolisms, such as carbon metab-
olism, fatty acid degradation, and pyruvate metabolism

(Table 5). 25% of the proteins encoded by the downregulated
genes were located in the mitochondrion. These results dem-
onstrated that DQP can regulate multiple pathways altered
under ischemic stimulus.

Table 2: Significantly enriched KEGG pathways among upregulated and downregulated genes in ischemic heart. The pathways are ranked
according to the order of the increasing P values. Gene count referred to the number of genes among all the pathway member genes.

KEGG pathway ID and name Gene count P value

Upregulated

rno04610: complement and coagulation cascades 11 4.59E − 07
rno04670: leukocyte transendothelial migration 9 0.001

rno05322: systemic lupus erythematosus 8 0.001

rno04510: focal adhesion 11 0.003

rno04512: ECM-receptor interaction 7 0.004

rno05200: pathways in cancer 14 0.005

rno05414: dilated cardiomyopathy 7 0.006

Downregulated

rno00071: fatty acid metabolism 6 7.55E− 05
rno00280: valine, leucine, and isoleucine degradation 6 1.18E− 04

rno00620: pyruvate metabolism 5 7.45E − 04
rno03320: PPAR signaling pathway 6 9.11E− 04

rno00330: arginine and proline metabolism 4 0.018834

rno00020: citrate cycle (TCA cycle) 3 0.04066

rno05412: arrhythmogenic right ventricular cardiomyopathy 4 0.044529

rno00640: propanoate metabolism 3 0.048358

rno00071: fatty acid metabolism 6 7.55E− 05
rno00280: valine, leucine, and isoleucine degradation 6 1.18E− 04

Table 3: Top ten significantly enriched GO biological processes among upregulated and downregulated genes in ischemic heart. The GO
terms are ranked according to the order of the increasing P values. Gene count referred to the number of genes among all the GO
member genes.

Gene ontology ID and terms Gene count P value

Upregulated

GO:0009611~response to wounding 39 4.65E− 16
GO:0030198~extracellular matrix organization 16 6.64E− 11
GO:0001501~skeletal system development 24 7.24E− 10

GO:0060348~bone development 17 1.11E− 09
GO:0032535~regulation of cellular component size 22 1.92E− 09

GO:0001503~ossification 16 2.21E− 09
GO:0001558~regulation of cell growth 19 2.34E− 09
GO:0040008~regulation of growth 24 7.57E − 09

GO:0043062~extracellular structure organization 16 4.00E− 08
GO:0008361~regulation of cell size 18 6.08E− 08

Downregulated

GO:0006091~generation of precursor metabolites and energy 12 1.60E− 05
GO:0044275~cellular carbohydrate catabolic process 7 6.08E − 05

GO:0006007~glucose catabolic process 6 2.01E− 04
GO:0055114~oxidation reduction 17 2.14E − 04

GO:0046365~monosaccharide catabolic process 6 2.37E− 04
GO:0019320~hexose catabolic process 6 2.37E− 04

GO:0046395~carboxylic acid catabolic process 7 3.17E− 04
GO:0016054~organic acid catabolic process 7 3.17E− 04
GO:0016052~carbohydrate catabolic process 7 3.36E − 04

GO:0043648~dicarboxylic acid metabolic process 5 4.94E− 04
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Table 4: Enriched downregulated pathways and biological processes by DQP treatment.

Term % P value Genes

KEGG pathway

Staphylococcus aureus infection 3.6 0.000015 C1QA, C1QB, C5AR1, LOC498276, CFH, RT1-DMA, C1QC

Phagosome 4.1 0.003
ACTB, RAB5C, NCF4, LOC498276, SCARB1, RT1-DMA,

TUBA1C, SEC61A1

Complement and coagulation cascades 2.6 0.006 C1QA, C1QB, C5AR1, CFH, C1QC

African trypanosomiasis 2.1 0.006 VCAM1, F2RL1, LOC100134871, HBB

Leukocyte transendothelial migration 3.1 0.007 ACTB, VCAM1, MYL7, NCF4, CLDN5, MMP2

Tuberculosis 3.6 0.010 LSP1, RAB5C, LOC498276, TGFB3, FCER1G, RT1-DMA, LBP

Platelet activation 3.1 0.011 ACTB, GP1BB, LOC498276, COL3A1, FCER1G, COL5A2

ECM-receptor interaction 2.6 0.012 GP1BB, COL3A1, COL5A2, SPP1, FN1

Glutathione metabolism 2.1 0.020 GSTA3, GPX3, GSTT1, GPX7

Malaria 2.1 0.021 VCAM1, LOC100134871, TGFB3, HBB

GO_biological process

Cell adhesion 6.7 0.000017
IGFBP7, COL16A1, VCAM1, WISP2, CTGF, GP1BB, FBLN5,

VCAN, GPNMB, SPON1, FN1, AOC3, SPP1

Regulation of cell growth 3.6 0.000045 WISP2, CREB3, CTGF, IGFBP7, FBLN5, IGFBP6, IGFBP4

Aging 6.2 0.00042
VCAM1, C1QB, GSTA3, LITAF, CTGF, ELN, COL3A1,

TGFB3, TIMP2, TIMP3, MMP2, AOC3

Collagen fibril organization 2.6 0.001 COL3A1, LOXL2, COL5A2, ANXA2, DPT

Positive regulation of fibroblast proliferation 3.1 0.001 FBLN1, TGIF1, AQP1, MYC, ANXA2, FN1

Integrin-mediated signaling pathway 3.1 0.002 FBLN1, CTGF, ADAMTS15, COL3A1, FCER1G, TYROBP

Elastic fiber assembly 1.5 0.003 FBLN5, ELN, MFAP4

Neutrophil chemotaxis 2.6 0.003 C5AR1, LGALS3, FCER1G, CCL19, SPP1

Extracellular matrix organization 3.1 0.003 FBLN1, LGALS3, FBLN5, ELN, CCDC80, FN1

Ossification 3.1 0.003 ALOX15, CTGF, MGP, COL5A2, SPP1, FN1

Table 5: Enriched upregulated pathways and biological processes by DQP treatment.

Term % P value Genes

KEGG pathway

Carbon metabolism 7.5 0.000027 ME1, ALDOA, GOT2, ME3, ACADM, ENO3, SUCLA2

Biosynthesis of antibiotics 6.5 0.004 ALDOA, GOT2, ACADM, ENO3, SUCLA2, HADHB

Metabolic pathways 15.1 0.008
NDUFA4, ALDOA, ME1, ME3, ACADM, CHKB, UQCRFS1,
HADHB, GOT2, ACSL1, CKM, MCCC1, ENO3, SUCLA2

Fatty acid degradation 3.2 0.023 ACSL1, ACADM, HADHB

Fatty acid metabolism 3.2 0.030 ACSL1, ACADM, HADHB

Valine, leucine, and isoleucine degradation 3.2 0.031 ACADM, MCCC1, HADHB

GO_biological process

Pyruvate metabolic process 3.2 0.001 ME1, ME3, PFKFB2

Response to hormone 5.4 0.001 ME1, BDNF, ACADM, ADRA1B, UQCRFS1

Response to drug 8.6 0.013
BDNF, ACSL1, ACADM, ADRA1B, ENO3, AQP7,

UQCRFS1, SOD2

Glycolytic process 3.2 0.015 ALDOA, PFKFB2, ENO3

Negative regulation of fat cell differentiation 3.2 0.021 VEGFA, INSIG1, SOD2

Regulation of synaptic plasticity 3.2 0.021 BDNF, PSEN2, RAPGEF2

Muscle contraction 3.2 0.024 TRDN, MYOM2, TMOD4

Response to cold 3.2 0.026 ACADM, VEGFA, SOD2

Intraciliary transport involved in cilium morphogenesis 2.2 0.033 IFT81, PCM1

Oxidation-reduction process 8.6 0.036
ME1, NDUFA4, ME3, ACADM, L2HGDH,

UQCRFS1, OXR1, HADHB
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3.5. Transcriptional Regulations by DQP. Transcription fac-
tors play critical roles in regulating expressions of target
genes. According to the transcription database, we searched
transcription factors that had altered expressions induced
by ischemic stimuli. Among the dysregulated 516 genes in
the MI model group, 12 were transcription factors, including
CEBPD, CREB3, BCL3, SIX4, NFATC4, MAFF, ERF, NFIB,
MITF, AEBP1, EGR2, and PRRX2. The target genes of
these transcription factors were also searched out through
databases, and the regulative networks were constructed
(Figure 3). Expressions of SIX4, NFIB, and MITF were
downregulated in the model group compared with the
sham-operated group and the expressions of the nine genes
were downregulated. The deregulated transcription factors
play roles in inflammation, lipid metabolism, mitochon-
drial metabolism, and cardiac fibrosis. DQP treatment reg-
ulated expressions of the 12 transcription factors towards
normal levels.

3.6. Real-Time PCR Validation Analyses. To validate the
RNA-sequencing results, we measured the expression pat-
terns of 10 genes by quantitative real-time PCR analyses. Five
genes involved in fatty acid metabolism pathways were cho-
sen for validations. Real-time PCR results showed that
expressions of all of these five genes were downregulated in
the model group and upregulated by DQP treatment, consis-
tent with RNA-sequencing results (Figure 4(a)). Expressions

of another five genes involved in ventricular remodeling,
cellular apoptosis, and inflammation were also validated.
Real-time PCP results showed that expressions of these five
genes were upregulated in the model group and downregu-
lated by DQP treatment, which were also consistent with
RNA-sequencing results (Figure 4(b)).

4. Discussion

MI is one of the cardiovascular conditions that threaten peo-
ple’s health, and TCM has been shown to be effective in
attenuating symptoms of MI. The aim of this study was to
systematically analyze the effects of DQP on altered global
gene expression patterns induced by MI. An MI rat model
was induced by coronary artery ligation, and Illumina’s
RNA-seq platform was applied in this study. The results
showed that heart functions were impaired in the MI model
rat and DQP treatment protected heart functions at 28 days
after the operation. 10,813 genes were detected and quanti-
fied in the heart tissues of three groups of rats. Compared
with the sham-operated group, 516 genes were differentially
expressed in the MI model group. In the DQP-treated group,
expressions of 313 of the altered 516 genes in MI model were
regulated back towards normal levels. DQP treatment could
regulate the altered signaling pathways in ischemic heart tis-
sues and exert an overall regulative effect on multiple targets
in signaling pathways.
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DQP is composed of Salvia miltiorrhiza Bunge and
Panax notoginseng. Our results showed that DQP had a
remarkable cardioprotective effect, as demonstrated by
improved LVEF and LVFS. Previous studies have demon-
strated that DQP has cardioprotective effects, and the mech-
anism is related to its regulation on energy metabolism
pathways [5, 19, 20]. DQP has also been shown to have
anti-inflammatory effect in heart failure model of animals
[6]. Salvia miltiorrhiza Bunge and Panax notoginseng are
the major components of DQP, and their effects on cardio-
vascular diseases have been investigated by numerous studies
[21–26]. The major potential effective components of Salvia
miltiorrhiza Bunge and Panax notoginseng include salviano-
lic acids and Panax notoginseng saponins, and they may
exert cardioprotective effects through multiple targets in a
synergistic way [27, 28]. The effects of DQP on global gene
expression patterns in ischemic heart tissues were investi-
gated in this study.

Myocardial ischemic stimulus induced global gene
expression changes in the border zone of the heart tissues.
In response to a short supply of oxygen and nutrient, several
signaling pathways were downregulated, including fatty acid
metabolism, amino acid degradation, pyruvate metabolism,
PPAR signaling pathway, and citrate cycle. The proteins
encoded by these genes were enriched in mitochondria. The
top genes with the greatest abundance reductions in the MI
model group were enriched in fatty acid metabolism and gly-
colysis (Figure 2). For example, long-chain acyl-coenzyme A
synthetase 1 (ACSL1) could interact with fatty acid transport
proteins (FATP) and contribute to the efficient cellular
uptake of long-chain fatty acids through vectorial acylation.
Inhibition of ACSL1 activity in ischemia heart impairs
fatty acid uptake [29]. Acyl-coenzyme A dehydrogenase for
medium-chain fatty acids (ACADM) catalyzes the initial step
of the mitochondrial fatty acid beta-oxidation pathway [30].
Reduced expressions of these genes suggested that energy

metabolism is disrupted in ischemic heart tissues. Among
the 177 downregulated genes, DQP treatment upregulated
expressions of 101 of these genes, demonstrating that DQP
could modulate energy metabolism under ischemic condi-
tions. Our previous study showed that the major components
of DQP, salvianolic acids, and Panax notoginseng saponins,
had effects on energy metabolism [19].

In the MI model group, expressions of 339 genes were
upregulated compared with the sham group. According to
gene ontology terms, these genes were enriched in response
to wounding, extracellular matrix organization, skeletal sys-
tem development, bone development, regulation of cellular
component size, and so forth. Expressions of gene encoding
collagens (COL3A1, COL1A1) were greatly increased. Gene
encoding natriuretic peptide A (NPPA) implicated in the
control of extracellular fluid volume and electrolyte homeo-
stasis was also greatly upregulated. Levels of metalloprotein-
ases (MMP2, MMP23) were upregulated in the model group
[31]. These results demonstrated that ventricular remodeling
had occurred in response to MI. DQP treatment reversed
expressions of these genes towards normal levels. Oxidative
stress could produce reactive oxygen species (ROS). ROS
could damage endothelial cells and heart tissues, contribut-
ing to myocardial fibrosis [32, 33]. Superoxide dismutase
(SOD) is a major defense mechanism against ROS [32].
Mitochondrial SOD2 was repressed in ischemic rat models
and was upregulated by DQP, suggesting that DQP has a
protective antioxidative effect on the heart. Components of
DQP, such as salvianolic acid A, salvianolic acid B, ginseno-
side Rg1, and so on, have been shown to have antioxidative
effects and attenuate hypertrophy [34–37]. Transcription fac-
tors involved in inflammation, lipid metabolism, mitochon-
drial metabolism, and cardiac fibrosis were also regulated
back towards normal levels by DQP.

In conclusion, this study demonstrated that DQP could
exert cardioprotective effects in the MI model by regulating
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global gene expression pattern. One limitation of this study is
that the sample size was small. The implications of this study
warrant further studies with larger sample size to validate the
synergistic effects of Chinese medicine. Furthermore, this
kind of study will provide insight into the effective compo-
nents of Chinese medicine and their respective targets in
treating complex diseases.
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Background. Nonalcoholic fatty liver disease (NAFLD) has become a leading cause of liver transplantation. Lingguizhugan
decoction (LGZG), a classical Chinese herbal formula, has beneficial effects on NAFLD animal models. Our study examined
the impact of LGZG on hepatic global transcriptome of high-fat-diet-induced NAFLD rats. Methods. Three groups of Wistar
rats were included: normal, NAFLD model, and LGZG-treated NAFLD groups. Four weeks for the treatment, liver tissues
were harvested for RNA sequencing. Differentially expressed genes (DEGs) and enriched pathways were detected on hepatic
global transcriptome profile. Real-time PCR validated the regulatory patterns of LGZG on NAFLD rats. Results. DEGs
between the NAFLD model and normal groups indicated the elevated peroxisome proliferator-activated receptor (PPAR) and
hedgehog signaling pathways in NAFLD rats. In bile secretion pathway, genes involved in cholesterol secretion were activated
by LGZG treatment. Increased expression of antioxidant OSIGN1 and decreased expression of genes (AHR, IRF2BP2, and
RASGEF1B) that induce oxidative stress and inflammation were observed in NAFLD rats treated with LGZG. The regulatory
patterns of LGZG treatment on these oxidative stress-related genes were confirmed by real-time PCR. Conclusion. Our study
revealed a “two-hits-targeting” mechanism of LGZG in the treatment for NAFLD: alleviating oxidative stress and activating
cholesterol secretion.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a
spectrum of pathological conditions, including simple steato-
sis, nonalcoholic steatohepatitis (NASH), fibrosis, and cir-
rhosis. NAFLD has been increasingly prevalent worldwide
and has become a leading cause of liver transplantation,
along with increasing obesity rate and metabolic syndrome
[1]. According to the “two-hits” hypothesis of NAFLD path-
ogenesis, the first hit is represented by lipid accumulation in

the hepatocytes, after which oxidative stress leads to severe
NASH [2]. Additionally, recent studies demonstrated that
other risk factors also contribute to the development of
severe NASH, including altered gut microbiota [3, 4], endog-
enous alcohol metabolism [5–7], and endoplasmic reticulum
stress [8]. Currently, many potential targets for the treatment
of NAFLD are identified, including lipid metabolism, oxida-
tive stress, inflammation, fibrosis, and altered gut microbiota
[9]. However, clinical trials exclusively aimed at only one of
these targets at a time and achieved limited effects. For
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example, vitamin E therapy targets the “second hit”—oxida-
tive stress, and pioglitazone therapy targets insulin resistance.
Both of these two therapies decrease serum AST/ALT and
reduce lobular inflammation. They, however, have no impact
on insulin resistance, portal inflammation, or liver fibrosis
and did not obtain satisfactory sustained results [10].

Given NAFLD is a consequence of multiple risk factors,
especially the major “two hits”—lipid accumulation and oxi-
dative stress. A therapeutic strategy that targets both of “two
hits” or several hits simultaneously could be more effective
than one single therapeutic target. Traditional Chinese med-
icine (TCM) has been increasingly applied as the potential
anti-NAFLD drugs and exhibited multipronged preventive
and therapeutic effects [9, 11, 12]. LGZG is a classic TCM
formula, which is a mixture of four herbs: Poria, Ramulus
Cinnamomi, Atractylodes macrocephala Koidz, and Radix
Glycyrrhizae. LGZG has a long time of clinical practice in
the treatment of chronic congestive heart failure. In recent
years, LGZG has been effectively used to treat obesity and
hyperlipidemia [13] and our previous study showed that
LGZG has a benefit in treating NAFLD [14].

TCM is an ancient medical practice system which
emphasizes the integrity of the entire human body, and it
usually exerts therapeutic effects via multiple targets or
pathways. Recently, high-throughput omics technologies,
especially transcriptomics RNA sequencing, have been
increasingly applied in TCM research and revealed multi-
pronged therapeutic mechanisms of TCM [11, 15]. Herein,
to better understand the therapeutic mechanisms of LGZG,
we examined the effects of LGZG treatment on the hepatic
global transcriptome of HFD-induced NAFLD rats. Com-
bined with real-time PCR validation, we identified a
“two-hits-targeting” mechanism for LGZG in the treatment
of NAFLD.

2. Materials and Methods

2.1. Experimental Animals and Treatment. This study was
reviewed and approved by the Animal Experiment Ethics
Committee of Shanghai University of TCM and carried out
in accordance with their recommendations. A total of 24
male Wistar rats with weights of 130 g± 10 g in specific
pathogen free (SPF) grade were purchased from Shanghai
Si-Lai-Ke Experimental Animal Ltd. (Shanghai, China). Ani-
mals were randomly divided into three groups (eight rats per
group): normal, NAFLD model, and LGZG-treated NAFLD
groups. Rats in the normal group were fed with a standard
diet. Rats in the NAFLD model and LGZG-treated NAFLD
groups were fed with HFD, which consists of 10% lard oil,
2% cholesterol, and 88% standard chow. Rats in the LGZG-
treated NAFLD group received a dosage of 10mL/kg/d (pure
solution) via drinking freely. The dosage was 6 g crude med-
ical material per kilogram body weight, approximately seven
times of the standard dosage in practice, on the basis of the
dose-equivalence equation between rats and humans [16].
Treatment lasted for four weeks. After a 12-hour fast, the
animals were sacrificed under pentobarbital sodium (2%,
5.5mL/kg) anesthesia. Liver tissues were harvested for subse-
quent analysis.

2.2. Drug Preparation. LGZG decoction is comprised of four
Chinese herbs: Poria (20 g), Ramulus Cinnamomi (15 g),
Rhizoma Atractylodis Macrocephalae (15 g), and Radix Gly-
cyrrhizae (10 g). The dosage is determined according to the
test book of “The Hndouts of JinguiYaoyue.” All herbs were
purchased from Longhua Hospital affiliated to Shanghai
University of TCM. LGZG decoction was made according
to conventional TCM decocting methods [14]. Briefly, all
herbs were boiled with 500mL water after 30min of soaking.
After 20min, the liquid was transferred by filtration as a first
dose of medicine. The remaining of filtration was boiled after
adding 400mL water, and then liquid was transferred by fil-
tration to make a second dose. Two doses were mixed to form
100mL (pure solution) final decoction. The quality of LGZG
was controlled with high-performance liquid chromatogra-
phy (HPLC). HPLC-grade reagents were purchased from
Burdick & Jackson. An Agilent 1100 HPLC system consisting
of a G1354A pump, a G1313A autosampler, and a UV/VIS
Photodiode Array G1315B detector was used for all analyses
(Figure S1).

2.3. RNA Sequencing Analysis. Liver tissue from the right lobe
was collected after four weeks of LGZG treatment as
described above. Total RNA was isolated with NanoPhot-
ometer spectrophotometer (IMPLEN, CA, USA) and quali-
fied on the Qubit RNA Assay (Qubit 2.0 Fluorometer, Life
Technologies, CA, USA). The RNA libraries were sequenced
on IlluminaHiseq 4000 platform with paired-end 150 base
pair long reads. Clean data were obtained from raw data by
removing reads containing adapter, N base, and low-quality
reads with NGS QC Toolkit (version: 2.3.3). Clean data were
mapped to the reference genome of R.norvegicus6.0 and esti-
mated for gene expression level using TopHat2 and cufflinks
(version: 2.2.1).

2.4. Real-Time PCR. OSGIN1, IRF2BP2, AHR, and RAS-
GEF1B mRNA levels were determined by real-time PCR.
Primers were designed with the primer premier 5.0 software
(Table S1). Total RNA of liver tissues was extracted with TRI-
zol reagent (Invitrogen, USA). The concentration of RNA
was measured with NanoDrop 2000 (Thermo Scientific,
USA). Quantitative measurement was performed with the
Premix Ex Taq kit (TakaRa) according to the manufacturer’s
instructions on Applied Biosystems StepOne Plus Sequence
Detection System. The real-time cycler conditions were as
follows: first denatured at 95°C for 30 s and then amplified
with 40 cycles (each cycle was denaturated at 90°C for 5 s
and annealing/extension at 60°C for 30min). Product purity
was determined by dissociation curve analysis. Gene expres-
sion was quantified relative to the values of the control group
after adjusting for β-actin by the 2−ΔΔCT method [17].

2.5. Statistical Analysis. Differentially expressed genes
(DEGs) were identified by cuffdiff (version: 2.2.1), with a Q
value < 0.05 and an absolute value of log2 fold change> 0.58.
Pathway enrichment analysis was performed with cluster-
Profiler R package (version: 2.4.3) with P value < 0.05. Data
were denoted as mean± standard deviation (SD). In bio-
chemical analysis, statistical analysis was performed with
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one-way analysis of variance (ANOVA) and Dunnett’s test.
In RT-PCR validation, statistical analysis was performed
with Mann–Whitney test with a two-tailed distribution.
P values < 0.05 were considered statistically significant.
Statistical analysis was performed in R 3.2.3 software.

3. Results

3.1. Genes and Pathways Associated with NAFLD Pathology.
Expression levels of about 22,077 genes of rat livers were
quantified on a global RNA sequencing. Similar median
gene expression and expression levels for housekeeping
genes and nonliver genes are indicative of the qualified
RNA-seq data in the present study (Figure 1). A total of
931 genes were differentially expressed between the NAFLD
model and normal groups, including 494 upregulated and
437 downregulated genes. These 931 DEGs were regarded
as NAFLD-regulated genes. The top 40 regulated genes
(20 most upregulated and 20 most downregulated) were
depicted in Figure 2. These genes are known to be

associated with lipid metabolism, including triglyceride
metabolic process (PCSK9), steroid biosynthesis (SQLE),
glycerolipid metabolism (MGLL), ether lipid metabolism
(PLA2G7), and phosphatidylinositol signaling system
(IP6K1). Additionally, the chemokine CXCL13, ubiquitin
UBD, and somatomedin SBSPON play roles in inflamma-
tory responses, and their expressions were elevated in
NAFLD rats (Figure 2).

Further, 76 KEGG pathways were enriched with
NAFLD-regulated genes (Table S2). The top 30 enriched
KEGG pathways were shown in Figure 3. In addition to sev-
eral well-known pathways that are related to NAFLD pathol-
ogy (including fatty acid elongation, AMPK signaling
pathway, and NF-kappa B signaling pathway), peroxisome
proliferator-activated receptor (PPAR) and hedgehog (Hh)
signaling pathways (Table S2) are of special interest because
of their essential roles in hepatic fibrosis of NAFLD progres-
sion. As to individual genes of PPAR signaling pathway
(Figure 4(a)), NAFLD rats exhibited increased expression of
one of the nuclear receptors—PPARG, which regulates

Median gene expression

G
en

e e
xp

re
ss

io
n

0

20

Normal NAFLD LGZG

40

60

(a)

G
en

e e
xp

re
ss

io
n

Normal NAFLD LGZG

GAPDH

0

2000

4000

6000

8000

10000

Housekeeping genes

(b)

G
en

e e
xp

re
ss

io
n

Normal NAFLD LGZG

ACTB

0

5000

10000

15000

20000

(c)

G
en

e e
xp

re
ss

io
n

Normal NAFLD LGZG

G6PD

0

50

100

150

200

250

(d)

Normal NAFLD LGZG

ALDOA

G
en

e e
xp

re
ss

io
n

0

500

1000

1500

(e)

G
en

e e
xp

re
ss

io
n

Normal NAFLD LGZG

TAF5

0

100

200

300

(f)

G
en

e e
xp

re
ss

io
n

Normal NAFLD LGZG

GPI

0

1000

2000

3000

4000

(g)

Normal NAFLD LGZG

G
en

e e
xp

re
ss

io
n

ATP4A

0.0

0.2

0.4

0.6

Nonliver genes

(h)

Normal NAFLD LGZG

G
en

e e
xp

re
ss

io
n

ATP4B

0.0

0.2

0.4

0.6

0.8

1.0

(i)

Normal NAFLD LGZG

G
en

e e
xp

re
ss

io
n

PGC

0.4

0.2

0.0

0.6

0.8

1.0

(j)

Normal NAFLD LGZG

G
en

e e
xp

re
ss

io
n

MSN

0

200

400

600

800

1000 ⁎⁎

(k)

Figure 1: Median gene expression (a) was similar among all study groups. Housekeeping genes GAPDH (b), ACTB (c), G6PD (d), ALDOA
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lipogenesis and cholesterol metabolism and represents a
good candidate gene for NAFLD [18]. Consistently,
increased expression of stearoyl-CoA desaturase (SCD1 and
SCD2) was observed in NAFLD rat livers, which are regu-
lated by PPARG and the rate-limiting enzymes in lipid
biosynthesis [19, 20]. CYP7A1, a rate-limiting enzyme in
cholesterol metabolism, was upregulated in NAFLD rats.
However, some target genes of PPARG were downregulated
in NAFLD rats. And these decreased expressions of the target
genes resulted in impaired fatty acid transport (DBI and
FABP1) and oxidation (CYP4A1), which contributed to fatty
acid accumulation in the NAFLD liver.

G protein-coupled transmembrane receptor Smoothened
(SMO) is one of important components of canonical Hh
signaling pathway. Our results showed upregulation of
SMO in NAFLD rats, compared with normal rats. A trend
of decreased expression of SMO was shown in LGZG-

treated rats. In addition, ADRBK2 (upstream regulator of
SMO) and CCND2 (Hh downstream target gene) were also
significantly elevated in NAFLD rats (Figure 4(b)).

3.2. Genes and Pathways Mediating the Therapeutic Effects of
LGZG. Compared with the NAFLD model group, elevated
expression of 110 genes and decreased expression of 89 genes
were observed in the livers of the LGZG-treated NAFLD rats.
These total 199 genes were considered as LGZG-regulated
genes. Figure 5 showed the top 40 LGZG-regulated genes
(20 most upregulated and 20 most downregulated). The
LGZG-treated NAFLD rats exhibited reduced expression of
INSIG1 and LPIN1, which indicated the decreased choles-
terol biosynthesis and triglyceride accumulation in the liver.
Pathway enrichment analysis was performed with LGZG-
regulated genes and unearthed 29 enriched pathways
(Figure 6, Table S3). In bile secretion pathway, genes required
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for cholesterol secretion were elevated, including ABCG8,
ABCG5, and NCEH1. Some metabolism and signaling path-
ways were also enriched, including fatty acid metabolism,
Jak-STAT, and FoxO signaling pathways.

Furthermore, four (OSGIN1, AHR, IRF2BP2, and RAS-
GEF1B) were shown to be strongly regulated upon LGZG
therapy, which may play potential roles in NAFLD physio-
pathology (Figure 7, Table 1). These four genes also showed
differential expression changes in NAFLD rats, compared
with normal rats. Also, the abnormal expression change in
NAFLD rats was significantly reversed by the LGZG ther-
apy. Thus, they were considered as the important target
genes of LGZG.

3.3. Validation of LGZG-Regulated Genes with Real-Time
PCR. Expression levels of four LGZG-regulated genes were
validated with real-time PCR, including OSGIN1, AHR,
IRF2BP2, and RASGEF1B (Figure 8). The real-time PCR
results confirmed that the expression of OSGIN1 was
reversely elevated, and the expression levels of IRF2BP2,
AHR, and RASGEF1B were inversely suppressed under the
LGZG treatment.

4. Discussion

LGZG is a classic TCM formula that has been effectively used
to treat obesity and hyperlipidemia. Recently, it has exhibited
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potent effects on HFD-induced NAFLD [14]. In this study,
we examined the comprehensive effects of LGZG on the
hepatic global gene expression profile in NAFLD progres-
sion. Many of the changes in expression profile reflected
decreased hepatic cholesterol, oxidative stress, and inflam-
mation. Subsequently, the elevated gene expression in PPAR
and Hh signaling pathways of NAFLD rats provided an
assurance of RNA-seq dataset quality. Two potential
mechanisms under the efficacy of LGZG for NAFLD were
identified: (i) alleviated oxidative stress and (ii) promoted
cholesterol secretion to reduce hepatic cholesterol accumu-
lation (Figure 9). These observations indicated a “two-hits-
targeting” [2, 21] mechanism for LGZG in the treatment
of NAFLD.

4.1. Characteristics of HFD-Induced NAFLD. NAFLD
physiopathology-associated pathways were significantly
enriched with NAFLD-regulated genes. Among these path-
ways, activation of PPAR and Hh signaling pathways is of
special interest because their deregulation contributes to liver
damage and metabolic syndrome [22–27]. Hh signaling is
significantly upregulated in NASH, compared with the nor-
mal healthy liver [28]. Recent study showed that activation
of SMO could induce Hh-responsive hepatocytes in NAFLD
[28], which lends strong support to our results (Figure 4(b)).
Notably, multiple studies showed that in different rodent
models of diet-induced NASH, pharmacological inhibition
of SMO (vismodebig or LDE225) can deactivate Hh signaling
pathway and consistently improve liver inflammation and
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Figure 4: Differential gene expression of (a) PPAR and (b) hedgehog signaling pathways in a NAFLD rat model. ∗Q value < 0.05;
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fibrosis [25, 28–30]. Despite no significant difference was
observed between NAFLD and LGZG treatment groups for
SMO, a trend of decreased expression was shown in LGZG-
treated NAFLD rats. In addition, lipid metabolism-related
genes were markedly altered in NAFLD rats, which contrib-
uted to hepatic TG accumulation. Genes and pathways asso-
ciated with NAFLD pathology were the manifestation of the
RNA-seq dataset quality.

4.2. Alleviation of Oxidative Stress. Significant expression
changes of four LGZG-regulated genes (OSGIN1, AHR,
IRF2BP2, and RASGEF1B) exhibited alleviation of oxidative
stress upon LGZG treatment, compared with the NAFLD
group. As an antioxidant, OSGIN1 is a cell growth inhibitor
to resist oxidative stress [31]. Liu et al. reported that the
mRNA level of OSGIN1 was reduced in HCC specimens,
and in HCC pateints, the inhibition of OSGIN1 was related
to shorter overall and disease-free survival times [32],

suggesting that the significant upregulation of OSGIN1 is
critical for antioxidant response. AHR is identified to induce
cellular oxidative stress and increase lipid peroxidation in
NAFLD [33–36], and activation of AHR has pleotropic
effects on steatosis of NAFLD [37, 38].

RASGEF1B and IRF2BP2 were involved in inflammatory
responses and were dramatically inhibited by the LGZG
treatment. RASGEF1B was identified as a Ras-associated
guanine nucleotide exchange factor and upregulated in
macrophages stimulated with bacterial lipopolysaccharides
(LPS) [39]. LPS is currently considered one of the major
“hits” in NAFLD pathogenesis and progression [40]. Our
current study showed significant upregulation of RASGEF1B
in NAFLD model rats and reverse inhibition of RASGEF1B
by LGZG treatment. Increased expression of RASGEF1B
may be a strong defense response to LPS in NAFLD progres-
sion, and its restoration indicated the alleviation of inflam-
matory responses. IRF2BP2 acts as a negative regulator of
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the nuclear factor of activated T cell (NFAT) transcription
factor [41]. Restoration of IRF2BP2 by LGZG treatment
also suggested the alleviation of inflammatory responses
in NAFLD. Continuous oxidative stress may lead to
chronic inflammation. Thus, the alleviation of inflamma-
tory responses also indicates the reduced oxidative stress
upon LGZG treatment.

4.3. Activation of Cholesterol Secretion. Liver lipid accumula-
tion is the first “hit” in the pathogenesis of NAFLD, and its
removal is a desired intervention for NAFLD. Cholesterol is
one type of important lipid in the liver, which has been
shown as an emerging factor involved in the development
of many metabolic diseases [8]. Free cholesterol stores in
the liver in the formation of cholesterol esters. In the
cholesterol secretion pathway, the upregulation of neutral
cholesteryl ester hydrolase 1 (NCEH1) can accelerate the
transformation of cholesterol esters into free cholesterol.

ABCG5 and ABCG8 are two half-transporters that dimerize
to create a cholesterol transporter, and their activation pro-
motes the excretion of hepatic cholesterol [42]. In addition,
NCEH1, ABCG5, and ABCG8 are reported to be drug tar-
gets of pioglitazone [43] and ezetimibe [42] in the therapy
of human gallbladder cholesterolosis and HFD-induced
fatty liver.

5. Conclusion

Based on transcriptome analysis and experimental valida-
tion, our study examined the comprehensive effects of LGZG
on hepatic global gene expression profile in HFD-induced
NAFLD rats. Compared with normal rats, our data revealed
significant upregulation of PPAR and Hh signaling pathways
in NAFLD rats, which are known to be involved in NAFLD
pathology and thus provide an assurance of the quality of
our RNA-seq dataset. Of particular interest, NAFLD rats
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with LGZG treatment exhibited elevated expression of
antioxidant and suppressed expression of prooxidant and
proinflammatory genes in oxidative stress. Additionally,
genes required for cholesterol secretion were increased by

the LGZG treatment. These findings supported a “two-
hits-targeting” mechanism for LGZG in the treatment of
NAFLD: alleviating oxidative stress and activating choles-
terol secretion.

Table 1: Important LGZG-regulated genes.

Gene Q value∗ FC# Q value$ FC+ Associated function

OSGIN1 1.44e-03 0.43 5.10e-03 2.31 Oxidoreductase activity

IRF2BP2 6.62e-02 1.43 5.10e-03 0.52 Interferon regulatory factor 2-binding protein 1 & 2

AHR 2.20e-02 1.37 5.10e-03 0.67 Blood vessel development

RASGEF1B 1.44e-03 1.63 5.10e-03 0.46 Ras guanyl-nucleotide exchange factor activity
∗Q value of comparison between the NAFLD model and normal groups, calculated from cuffdiff. #Fold change of comparison between the NAFLD model and
normal groups, calculated from cuffdiff. $Q value of comparison between the LGZG-treated NAFLD and NAFLDmodel groups, calculated from cuffdiff. +Fold
change of comparison between the LGZG-treated NAFLD and NAFLD model groups, calculated from cuffdiff.
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Figure 7: Differential gene expression of LGZG-regulated genes. ∗Q value < 0.05; ∗∗Q value < 0.01 calculated from cuffdiff.
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Figure 8: Differential gene expression of LGZG-regulated genes was examined by real-time PCR. Plotted values are the mean± SD of mRNA
expression levels in the livers of normal rats (normal), NAFLDmodel rats, and NAFLD rats treated with LGZG decoction (LGZG). N = 6 per
group. ∗P < 0 05; ∗∗P < 0 01 Mann–Whitney test.
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independent mechanisms: (i) LGZG activates antioxidant (OSGIN1) and suppresses prooxidant and proinflammatory genes (AHR,
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physiopathology. Red genes indicate increased expression; green genes indicate decreased expression. Normal arrows indicate activation.
Arrows with a vertical line at the end indicate suppression.
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HCC: Hepatocellular carcinoma.
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Supplementary Materials

Figure S1. Quality control of Lingguizhugan Decoction under
High Performance Liquid Chromatography (HPLC). A. Ref-
erence substance; B. Lingguizhugan Decoction 1. glycyrrhizic
acid. Standardization of extract by HPLC glycyrrhizic acid
was purchased from Shanghai R&D Centre for standardiza-
tion of Chinese Medicines (Shanghai, China), and the purity
was higher than 98.0%;. HPLC-grade reagents were pur-
chased from Burdick & Jackson. An Agilent 1100 HPLC sys-
tem consisting of a G1354A pump, a G1313A auto-sampler,
and a UV/VIS Photodiode Array G1315B Detector was used
for all analyses. Chromatographic separations were carried
out on an Merck C18 hibar column (4.6 mm× 250mm,
5μm) with methanol:acetonitrile : water :acetid acid(as sol-
vent ) (15:35:45:0.9,v/v) in the mobile phase at a flow rate
of 0.8 mL/min at 25°C for 40 min. Twenty μL (after a high
speed centrifugation) of the sample was injected, and the sig-
nals were detected at 254 nm with UV detection. The HPLC
fingerprint of Lingguizhugan decoction revealed the major
peaks (glycyrrhizic acid) at 254 nm. The content of glycyr-
rhizic acid were 0.9548%. Figure S2. Hierarchical clustering
of replicate samples based on correlation matrix in three
groups: (A) Normal group; (B) NAFLD model group; (C)
LGZG-treated group. Each column and row represents
samples in each group. Each cell of the heatmap reflects the
distance of two samples. Distance was measured with Euclid-
ean metric. The legend of distance value is shown on the

upper right. Figure S2A and figure S2B revealed that s12
and s24 were the outlier samples of normal group and
NAFLD model group, respectively. Figure S2C showed no
outlier samples, but the data in s37 was missed during
assessment of serum ALT and AST. Thus, s37 in LGZG-
treated group was also removed in the RNA-seq analysis.
Table S1. Primer pairs for real-time PCR analysis. Table S2.
Enriched KEGG pathways with NAFLD regulated genes.
Table S3. Enriched KEGG pathways with LGZG regulated
genes. (Supplementary Materials)
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The aim of this research is to investigate the therapeutic effect of GGQL decoction on cardiac dysfunction and elucidate the
pharmacological mechanisms. db/db mice were divided into DB group or GGQL group, and WT mice were used as control. All
mice were accessed by echocardiography. And the total RNA of LV tissue samples was sequenced, then differential expression
genes were analyzed. The RNA-seq results were validated by the results of RT-qPCR of 4 genes identified as differentially
expressed. The content of pyruvate and ceramide in myocardial tissue was also measured. The results showed that GGQL
decoction could significantly improve the diastolic dysfunction, increase the content of pyruvate, and had the trend to reduce
the ceramide content. The results of RNA-seq showed that 2958 genes were differentially expressed when comparing the DB
group with the WT group. Among them, compared with the DB group, 26 genes were differentially regulated in the GGQL
group. The expression results of 4 genes were consistent with the RNA-seq results. Our study reveals that GGQL decoction has
a therapeutic effect on diastolic dysfunction of the left ventricular and the effect may be related to its role in promoting
myocardial glycolysis and decreasing the content of ceramide.

1. Introduction

There is a dramatically increasing epidemic of DM patients.
The prevalence of DM is 4% in 1995, and this number is
anticipated to reach 5.4% in 2025, amounting to 300 million
DM patients [1]. Diabetic cardiomyopathy (DCM) is a major
complication of diabetes, afflicting 12% of patients. The prev-
alence rate will reach 22% in people aged> 64 years old [2].

A very significant aspect in early period of DCM is left
ventricular (LV) dysfunction, especially diastolic dysfunction.
And it is characterized by LV hypertrophy and increased
cardiac fibrosis [3].

Despite of intensive glycemic, lipidemic control and
neurohormonal antagonists, the progress of DCM in diabetic
patients has not impeded. Even worse, cardiovascular

mortality has increased due to hypoglycemia [4]. In brief,
the therapeutic rules for DCM come from the treatment of
heart failure and DM. No specific medications for this disease
have been put to clinical use. Therefore, more studies are
required to explore new agents for this complex syndrome.

Gegen Qinlian (GGQL) decoction, which is composed of
Radix Puerariae (ge gen), Radix Scutellariae (huang qin),
Coptis chinensis Franch (huang lian), and Radix Glycyrrhi-
zae Praeparata (zhi gan cao), has been addressed for its
medicinal effect against DM for almost ten years [5]. It has
been reported that GGQL decoction has the ability to
improve hyperglycemia and hyperlipidemia [6, 7]. In addi-
tion, GGQL decoction has a positive inotropic, negative
frequency effect on the isolated perfused rat heart [8]. Fur-
thermore, R Scutellariae baicalensis reduced myocardial
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infarct size in myocardial ischemia-reperfusion injured rats
[9]. Berberine, a compound from C. chinensis, has negative
chronotropic, positive inotropic, antiarrhythmic, and vaso-
dilator properties [10]. Thereafter, we speculate that GGQL
decoction will have protective effect against DCM.

In recent years, transcriptomics has been used to deter-
mine the mechanism of traditional Chinese medicine [11].
Thus, the purpose of this study is to evaluate the effect of
GGQL decoction on DCM and elucidate the pharmacologi-
cal mechanisms by transcriptomics. First, we assessed the
efficacy of GGQL decoction against injured cardiac func-
tions using the DM mouse model. Then, we evaluate the
influence of GGQL decoction on changes of transcriptomics.
Some of the differently expressed genes were confirmed by
RT-qPCR. Our extensive studies will determine the potential
targets of GGQL decoction and provide new treatment
strategies for DCM.

2. Materials and Methods

2.1. Preparation of Gegen Qinlian Decoction. To prepare the
aqueous extract of Gegen Qinlian decoction, firstly, Radix
Puerariae, Radix Scutellariae, Coptis chinensis Franch, and
Radix Glycyrrhizae Praeparata, at the rate of 5 : 3 : 3 : 2, were
soaked in 10 times of distilled water (v/w) for 30 minutes
and then boiled for 1 h. The decoction was filtered and
collected. Secondly, the residue was added into 10 times of
distilled water (v/w) and boiled for 1 h, and the hot decoction
was filtered. Thirdly, the filtrate was mixed and concentrated
to the aqueous extract.

2.2. Animals and Grouping. Studies were performed follow-
ing the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health and with the
permission of the Care Committee of Beijing University of
Chinese Medicine. Male C57BL/KsJ db/db mice and their
similar genetic background age-matched C57BL/KsJ wild-
type (WT) mice were obtained from the Nanjing Biomedical
Research Institute of Nanjing University (Jiangsu, China).
Mice were kept in the animal house with a 12 : 12 h light-
dark cycle and controlled temperature of 22–25°C. At 8
weeks of age, db/db mice were randomly divided into the
DB group or the GGQL group, and the age-matched WT
mice were used as control. The aqueous extract of GGQL
decoction was dissolved in distilled water, and the GGQL
group was intragastrically administered at a dosage of 23.4 g
crude drugs/kg/d for 8 weeks. The DB group and WT group
were treated with an equal volume of distilled water. After 8
weeks’ administration, all the mice were weighted and the
blood glucose was measured. Then, all the mice were sacri-
ficed, and the hearts were harvested. And the tissue of the left
ventricle was collected and stored in the liquid nitrogen for
subsequent mRNA isolation.

2.3. Echocardiographic Assessment. At the 8th week of
administration, the mice were accessed by echocardiography.
All the mice were taped on the heated procedure board and
anesthetized with 1.5% isoflurane in oxygen. In the apical
four-chamber view, the peak velocity of early diastolic mitral

inflow velocity (E), the peak value of late diastolic mitral
inflow velocity (A), and the E-to-A ratio (E/A) were measured
by pulsed Doppler mode, using Vevo 2100 Imaging System
(VisualSonics, Canada) with a 30MHz high-frequency trans-
ducer. In tissue Doppler mode, the early diastolic velocity (E’)
and the late diastolic velocity (A’) were measured, and ratio of
early to late diastolic velocities (E’/A’) was calculated. Data
analysis was performed with the use of Vevo 2100 Analytic
Software (VisualSonics, Canada).

2.4. RNA Isolation and Quality Control. Total RNA was
isolated from 15 LV tissue samples (5 samples each group)
using Trizol reagent (Invitrogen, CA). Agarose gel electro-
phoresis was used to analyze RNA integrity and the pres-
ence of DNA contamination of samples. RNA purity (ratio
of OD260/280 and OD260/230) was measured by Nano-
Photometer spectrophotometer. RNA concentration was
accurately quantified by Qubit 2.0 Fluorometer. And RNA
integrity was accurately detected by Agilent 2100 bioanaly-
zer. Then, poly-A tail mRNA was enriched with Oligo(dT)
beads, and the enriched mRNA was randomly fragmented
by divalent cations in NEB Fragmentation Buffer. The frag-
mented mRNA was reverse transcripted, and the cDNA was
synthesized. After end repair and addition of A tail and
adaptor to the purified cDNA, cDNAs were selected about
200 bp with AMPure XP beads, PCR amplification was per-
formed, and then the PCR product was purified. The insert
size of library was detected by Agilent 2100 bioanalyzer, and
the effective concentration of the library was accurately
quantified.

2.5. RNA Sequencing. The mRNA was sequenced with
Illumina HiSeq2500 platform. The read numbers mapped
of each gene were counted with HTSeq v0.6.1. RPKM (reads
per kilobase of exon model per million mapped reads) of
each gene was calculated on the basis of the gene length
and reads count mapped to the gene.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment was applied by the GOseq
R package and KOBAS. The results of clustered analysis of
differentially expressed genes were showed with the heatmap.

2.6. RT-qPCR Validation of RNA-seq. Four genes identified as
differentially expressed were randomly selected to validate

Table 1: List of primers used in RT-qPCR.

Gene Primer sequence (5′–3′)

Pgam1
F:AATTCAGGGAGGAACTGTGCT
R:GGACAGGTTCCAGGGACAAAA

Acer2
F:GCTCTGTGAAAATACTGCCACC
R:CAGTGTTGGCTCTGGGTAGG

Slc38a2
F:CAAACCTCCTGTGAGGGAGC
R:GAATTGAGGTGACGGGACAGT

Ppp1r3c
F:AGAGCTCTTTCAGTGCCTCCA
R:TGATGGCCCTCCTGATGATTTC

F: forward; R: reverse.
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the results of RNA-seq by RT-qPCR. 1 μg of total RNA was
reverse transcribed to cDNA in 20 μl reaction. Custom
gene-specific primers for qRT-PCR were designed by
Primer-BLAST, and the sequences of primers are listed in
Table 1. Gene expression was measured in triplicates using
the ABI StepOnePlus® instrument (ABI, USA) and SYBR
GreenImaster mix (Roche, USA). The protocol of the reac-
tions was 2min at 50°C and 10min at 95°C, followed by 40

cycles of denaturation at 95°C for 15 s and annealing at the
corresponding melting temperatures for 30 s, and the melt
curve was detected from 60°C to 95°C (0.5°C increments
every 5 s). All the expression levels of mRNA were normal-
ized with GAPDH as a housekeeping gene.

2.7. Measurement of Ceramide in Myocardial Tissue. On
the day of extraction, the myocardial tissues were weighed
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Figure 1: The results of blood glucose and bodyweight. (a) Blood glucose and (b) bodyweight in each group (n = 8). The DB group was the
reference group to calculate P values, ∗P < 0 05 and ∗∗P < 0 01.
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with an analytical balance. The tissues were grinded, and
cold 2: 1 chloroform: methanol was added. After vortex-
ing, the samples were stored overnight at 4°C. After centri-
fugation, the organic phase was extracted and dried under
nitrogen. The samples were reconstituted for UPLC/MS/MS
analysis. The content of ceramide was measured with a
UPLC/MS/MS. Ceramide were analyzed using an Agilent
TQ-S triple quadrupole mass spectrometer with positive ion
electrospray ionization (ESI) source by Daughters Scan.
The chromatographic separation was performed by a Waters
UPLC Acquity. A reverse-phase Acquity BEH C18 column
(2.1× 100mm, 1.7 μm) was used as the analytical column.
Chromatographic separation was carried out in binary gradi-
ent with 2mM ammonium formate and 0.2% formic acid in
water as solvent A and 1mM ammonium formate and 0.2%
formic acid in methanol as solvent B, and the flow rate was
0.4ml/min. The column temperature was 40°C, and the
injection volume was 2 μl.

2.8. Measurement of Pyruvate in Myocardial Tissue. The
myocardial tissues were weighed about 20mg with an analyt-
ical balance. The protein concentration and pyruvate content

of each tissue homogenate were measured according to the
test kits.

2.9. Statistical Analysis. Differential expression analysis
between each two groups was measured by using the DESeq
R package (1.10.1), which provides statistical routines to
determine differential expression in digital gene expression
data using a model based on the negative binomial distribu-
tion. The P values were adjusted with the Benjamini and
Hochberg’s approach for controlling the false discovery rate
(FDR). Genes with an adjusted P value < 0.05 were consid-
ered to be differentially expressed.

All the data were presented as mean± SEM. Statistical
analysis was performed with one-way analysis of variance
(ANOVA) by SPSS program package (version 17.0). It is
considered to be statistical significant when P value was
below 0.05.

3. Results

3.1. Blood Glucose and Bodyweight. The results showed that
the blood glucose and bodyweight of db/db mice were signif-
icantly higher than those of WT mice. Gegen Qinlian
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Figure 3: (a) Heatmap for cluster analysis of differentially expressed genes. (b) Venn diagram of differentially expressed genes.
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decoction could significantly reduce the blood glucose of the
diabetic mice, but it had no significant effect on the body-
weight of the diabetic mice (Figure 1).

3.2. Effect of GGQL Decoction on Cardiac Function. The
results of echocardiography showed that A wave of the DB
group increased significantly, and E/A ratio and E’/A’ ratio
decreased markedly compared to the WT group. The results
indicated that the diastolic function of the left ventricle was
impaired. After 8 weeks of treatment, compared to the DB
group, E/A ratio and E’/A’ ratio were recovered, and A wave
was also downregulated, suggesting that GGQL decoction
could improve the diastolic dysfunction caused by diabetes
mellitus. In three groups, there was no significant difference
in E wave (Figure 2).

3.3. Gene Expression Levels and DEGs. 15 samples from the
WT group, DB group, and GGQL group were detected for
DEGs, with 5 samples in each group. The hierarchal cluster-
ing results showed that 2958 genes were detected to be differ-
entially expressed when comparing the DB group with the
WT group, including 1450 upregulated genes and 1508

downregulated genes. Compared to the DB group, 47 genes
were differentially regulated in the GGQL group (Figure 3).
Among them, 26 genes were also differentially regulated in
the DB group versus the WT group (Table 2), and 21 genes
expressed no difference in the DB group versus theWT group
(Table 3). The genes differentially expressed were related to
anion binding, oxidoreductase activity, calcium-dependent
phospholipid binding, ceramide metabolic process, and
others.

3.4. Validation of Differentially Expressed Genes. Four dif-
ferentially expressed genes were selected to validate by
RT-qPCR, including Acer2, Slc38a2, Ppp1r3c, and Pgam1.
Acer2 (alkaline ceramidase 2) regulates the hydrolysis of
ceramides. Slc38a2 (solute carrier family 38 member 2)
is a sodium-dependent amino acid transporter. Ppp1r3c
(protein phosphatase 1 regulatory subunit 3C) is a glycogen
targeting subunit of PP1 and regulates glycogen metabolism.
Pgam1 (phosphoglycerate mutase 1) is an enzyme which
catalyzes the reaction of 3-phosphoglycerate (3-PGA) to
2-phosphoglycerate (2-PGA).

Table 2: Genes significantly regulated in the GGQL group versus the DB group and also significantly regulated in the DB group versus the
WT group.

Gene name Description
Adjusted P value

(DB/WT)
Adjusted P value
(GGQL/DB)

Pgam1 Phosphoglycerate mutase 1 <0.0001 0.0038

Igf1 Insulin-like growth factor 1 0.0060 0.0029

Cpeb4 Cytoplasmic polyadenylation element binding protein 4 0.0141 0.0283

Slc38a2 Solute carrier family 38, member 2 0.0000 <0.0001
Vegfa Vascular endothelial growth factor A 0.0001 0.0005

Banp BTG3-associated nuclear protein <0.0001 0.0100

Rbm38 RNA-binding motif protein 38 0.0078 0.0380

Rasgef1b RasGEF domain family, member 1B 0.0003 0.0037

Anxa3 Annexin A3 <0.0001 0.0309

Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 <0.0001 0.0016

Trib1 Tribbles homolog 1 (Drosophila) 0.0004 0.0118

Nphp3 Nephronophthisis 3 (adolescent) <0.0001 0.0275

Fhl3 Four and a half LIM domains 3 0.0036 0.0045

Serpine1 Serine (or cysteine) peptidase inhibitor, clade E, member 1 <0.0001 0.0016

Acer2 Alkaline ceramidase 2 <0.0001 0.0016

Arhgap32 Rho GTPase activating protein 32 <0.0001 <0.0001
Atf4 Activating transcription factor 4 0.0044 0.0016

Zc3h6 Zinc finger CCCH type containing 6 <0.0001 0.0136

Tet1 Tet methylcytosine dioxygenase 1 0.0006 0.0016

Klk1b26 Kallikrein 1-related petidase b26 0.0146 0.0189

Ppp1r3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C 0.0000 0.0029

Ttc30b Tetratricopeptide repeat domain 30B <0.0001 0.0054

Fign Fidgetin <0.0001 0.0195

AI593442 Expressed sequence AI593442 <0.0001 0.0350

5730480H06Rik RIKEN cDNA 5730480H06 gene 0.0019 0.0029

Gm26703 Predicted gene, 26703 <0.0001 <0.0001
Genes with an adjusted P value < 0.05 were considered to be differentially expressed.
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The results of RNA-seq showed that, compared with the
WT group, the expressions of Acer2, Slc38a2, Ppp1r3c, and
Pgam1 were depressed in LV tissue of the DB group mice.
And the expressions of all the four genes were significantly
upregulated in the GGQL group. The results of RT-qPCR
were consistent with the results of RNA-seq, and the results
of RNA-seq were validated (Figure 4).

3.5. Content of Ceramide in Myocardial Tissue. The content
of ceramide (d18:1/24 : 1) in the myocardial tissue of the
model group was markedly higher than that of the wild-
type group (P < 0 05). In the model group, the content of
ceramide (d18:1/24 : 0) and ceramide (d17:1/24 : 1) appeared
an increasing trend compared to that of the wild-type group.
The levels of ceramide (d18:1/24 : 1), ceramide (d18:1/24 : 0),
and ceramide (d17:1/24 : 1) in the myocardial tissue of the
GGQL group had a reduced trend compared to that of the
model group (Figure 5).

3.6. Content of Pyruvate in Myocardial Tissue. In the model
group, the pyruvate content of myocardial tissue homogenate
decreased significantly than that of the wild-type group
(P < 0 05). Compared to the model group, the content of
pyruvate in the myocardial tissue homogenate of the GGQL
group increased obviously (P < 0 05) (Figure 5).

4. Discussion

DM is not only manifested as long-term and chronic elevated
hyperglycemia but also accompanied with various complica-
tions. Diabetic cardiomyopathy (DCM) is one of the major
causes of death in T2DM patients. DCM is a type of primary
cardiomyopathy, independent of macrovascular and coro-
nary artery diseases. The pathophysiology of DCM includes
cardiomyocyte hypertrophy, focal necrosis, extracellular
matrix accumulation, and interstitial fibrosis [12]. Early
manifestations usually expressed as diastolic dysfunction
with major pathological changes of declining in myocardial
compliance and blocked diastolic filling [13]. Systolic dys-
function is the major pathological change of DCM in the
late period of the disease, and this disturbance is prone to
congestive heart failure.

db/db mice are the classic models for the research of
T2DM-induced DCM. A number of investigators confirmed
the existence of DCM of db/db mice with evaluation of
echocardiography [14, 15]. According to the literature,
under the detection of echocardiography, the E/A ratio and
E’/A’ ratio of the db/db mice decreased significantly com-
pared withWTmice [14, 16, 17], suggesting impaired cardiac
diastolic function.

In our study, compared with the WT mice, the A wave
increased, and the left ventricular E/A and E’/A’ ratio of the

Table 3: Genes significantly regulated in the GGQL group versus the DB group but no differential expression in the DB group versus the
WT group.

Gene name Description
Adjusted P value

(DB/WT)
Adjusted P value
(GGQL/DB)

Gatsl3 GATS protein-like 3 0.4265 <0.0001
Abca8b ATP-binding cassette, subfamily A (ABC1), member 8b 1 0.0195

Apex2 Apurinic/apyrimidinic endonuclease 2 0.8103 0.0077

Dnajb4 DnaJ (Hsp40) homolog, subfamily B, member 4 0.1556 0.0071

Vgll4 Vestigial-like 4 (Drosophila) 0.9649 0.0136

Klhl36 Kelch-like 36 0.1950 0.0136

Amotl2 Angiomotin-like 2 0.0637 0.0030

Cish Cytokine inducible SH2-containing protein 0.4114 <0.0001
Myo6 Myosin VI 1 0.0483

Caskin2 CASK-interacting protein 2 0.8910 0.0158

Baz1a Bromodomain adjacent to zinc finger domain 1A 0.2177 0.0020

Fbxw17 F-box and WD-40 domain protein 17 0.6014 0.0480

Ddx60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 0.9151 0.0097

Gck Glucokinase 0.1227 0.0112

Zfp507 Zinc finger protein 507 0.6355 0.0201

Zfp518a Zinc finger protein 518A 1 0.0416

Dusp7 Dual specificity phosphatase 7 0.7537 0.0416

Ifnlr1 Interferon lambda receptor 1 0.3676 0.0275

Rnasel Ribonuclease L (2′,5′-oligoisoadenylate synthetase-dependent) 1 0.0275

Zfp763 Zinc finger protein 763 0.2005 0.0063

RP23-402K24.5 RIKEN cDNA 6230415J03 gene 0.4670 0.0350

Genes with an adjusted P value < 0.05 were considered to be differentially expressed.
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db/db mice markedly decreased, suggesting a diastolic dys-
function of the left ventricular; Gegen Qinlian decoction
could significantly increase the left ventricle E/A and E’/A’
ratio of the db/db mice and downregulate the A wave,
suggesting that the drug can improve the function of the
left ventricle.

Glycolysis is a process in which one molecule of glucose
is converted to two molecules of pyruvate and produces two
molecules of adenosine triphosphate (ATP), which provides
energy for almost all the biological processes. Glycolysis is
necessary for cardiac metabolism. Glucose utilization is
impaired, meanwhile glycolysis and glucose oxidation are
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Figure 4: The results of RT-qPCR to validate differentially expressed genes. The mRNA expressions of (a) Slc38a2, (b) Ppp1r3c, (c) Acer2,
and (d) Pgam1 in each group (n = 4 − 5). The DB group was the reference group to calculate P values, ∗P < 0 05 and ∗∗P < 0 01.
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Figure 5: The results of pyruvate and ceramide content in the myocardial tissue. The content of (a) pyruvate and (b) ceramide in each group
(n = 3–6). The DB group was the reference group to calculate P values, ∗P < 0 05.
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depressed in DCM. In diabetes, the capacity of cardiac
glycolysis is chronically reduced [18]. The reduction of
myocardial glycolysis may be associated with the develop-
ment of heart failure and myocardial injury suffered by DM
patients [19, 20].

Glycolysis consists of ten steps, and pyruvate is the prod-
uct. Phosphoglycerate mutase-1 (Pgam1) is used to catalyze
the interconversion of 3-phosphoglycerate (3-PGA) to
2-phosphoglycerate (2-PGA), which is the eighth step of
glycolysis [21].

Ceramide is a main molecule of the sphingolipid
metabolism, which mediates cell growth retardation and
differentiation, and inhibits cell proliferation and promotes
apoptosis [22–26]. The accumulation of tissue ceramides
may be helpful to the development of insulin resistance
[27]. Ceramide is an important mediator of myocardial
lipid toxicity [28, 29]. Moreover, some studies showed that
ceramide is related to cardiomyocyte apoptosis induced by
ischemia/reperfusion injury [30, 31]. Alkaline ceramidase
2 (Acer2) is a type of ceramidases, which are key enzymes
of the degradation of intracellular ceramide and hydrolyzed
ceramide to sphingosine and then further phosphorylated
to sphingosine-1-phosphate (S1P) by sphingosine kinase
[32]. And the increased expression of Acer2 may cause
the decrease in ceramide accumulation.

Previous research indicated that the cardiac glycolytic
rate of db/db mice was reduced. Cardiac function, glycol-
ysis, and glucose oxidation of isolated hearts of C57BL/KsJ
(db/db) were damaged [19]. It is also reported that in
the diabetic model animals, myocardial ceramide content
was significantly increased accompanied with cardiac
dysfunction [33, 34].

The results of this study showed that compared with the
mice of the WT group, the mRNA content of Pgam1 and
Acer2 in myocardium of the DB group mice decreased signif-
icantly. And the mRNA content of Pgam1 and Acer2 in myo-
cardium of the GGQL group mice increased significantly,
compared with the mice of the DB group. It indicated that
the myocardial glycolysis and ceramide hydrolysis were
depressed in the DB group mice, and potentially the treat-
ment of Gegen Qinlian decoction protects the myocardium
by promoting glycolysis and decreasing the content of cer-
amide. In this study, the results of the pyruvate content in
the myocardial tissue suggested that the glycolysis decreased
in the DB group compared to the WT group. And GGQL
decoction has the effect to increase cardiac glycolysis in
diabetic mice. The content of ceramide in the myocardial tis-
sue of the DB group appeared an increasing trend compared
to that of the wild-type group, and GGQL decoction trended
to reduce the ceramide content in diabetic mice. The results
were consistent with the results of RNA-seq and q-PCR.

Previous studies have shown that berberine has protec-
tive effect on the development of diabetic cardiomyopathy
[35]. Liquiritigenin and liquiritin have a protective role in
high fructose-induced myocardial fibrosis [36, 37]. Other
investigators confirmed that various components of Gegen
Qinlian decoction have moderating effect on glycolysis and
ceramide levels. Berberine could significantly reduce serum
levels of ceramide of nonalcoholic fatty liver disease patients

[38] and stimulate the glycolysis in HepG2 hepatocytes and
C2C12 myotubes [39]. Berberine compounds could upregu-
late the glycolysis which was depressed in hyperlipidemic rats
[40]. Baicalin could decreased the blood glucose of diabetic
rats by increasing the content of liver glycogen and promot-
ing glycolysis [41]. It is concluded that the effect on improv-
ing diastolic function of the left ventricle and promoting the
mRNA expression of Pgam1 and Acer2 of Gegen Qinlian
decoction may be attributed to berberine, baicalin, liquiriti-
genin, and liquiritin.

In conclusion, the results of this study showed that Gegen
Qinlian decoction has a therapeutic effect on diastolic
dysfunction of the left ventricle in db/db mice, and the effect
may be related to its role in promoting myocardial glycolysis
and decreasing the content of ceramide.
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HuoXueJieDu (HXJD) formula exerts protective effects against diabetic retinopathy (DR) in rats, but its underlying mechanism
remains unknown. In the present study, the diabetic rats were established using streptozocin. The administration of HXJD was
initiated at 20 weeks after diabetes induction and continued for 12 weeks. Whole genome expression profiles in rat retinas were
examined using microarray technology. Differential gene expression and pathway enrichment analysis were conducted on the
microarray data, with validation through real-time PCR and immunohistochemical staining. The results showed that 170 genes
and several IPA canonical pathways related to inflammation, matrix metabolism, and phototransduction were regulated by
HXJD. PCR validation of selected genes, including SOCS3, STAT3, TIMP1, and A2M, confirmed the gene expression changes
influenced by HXJD. In addition, the immunohistochemical staining results suggested that critical members of the SOCS3-STAT3
pathway were also affected by HXJD. Taken together, these results indicated that SOCS3-STAT3 and TIMP1-A2M pathways
might mediate the alleviation of HXJD activities in rats with diabetic retinopathy.

1. Introduction

Diabetic retinopathy (DR) is defined as a retinal disease
resulting from diabetes, characterized by microvascular
lesions in the retina, including vascular proliferation, vascu-
lar leakage, and retinal ischaemia [1]. DR has been attributed
to 4.8% of the 37 million blind patients worldwide, and this
disease is the most common cause of visual impairment in
the working-age population [2]. The number of individuals

suffering from DR has increased because diabetes has
recently become a global epidemic disease.

Until recently, hyperglycaemia control, laser photoco-
agulation, and vitreoretinal surgery have been the main
treatments for DR. However, the progress of DR in
some patients has not been arrested or even reversed
by these efforts. Thus, new therapies that could block
the development of retinal neovascularization need fur-
ther exploration.
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HuoXueJieDu (HXJD) is a Chinese herbal formula com-
prising Euonymus alatus (Gui-Jian-Yu), Radix trichosanthis
(Tian-Hua-Fen), Panax notoginseng (San-Qi), and Coptis
chinensis (Huang-Lian). HXJD originates from clinical expe-
rience and could stabilize vision and reduce retinal oedema.
In addition, previous studies have shown that in the central
retinal artery of diabetic rats, HXJD improves peak systolic
velocity, end diastolic velocity, and mean velocity and
decreases the pulse index and resistance index [3]. In addi-
tion, HXJD increases the wave amplitudes (the maximal elec-
tric reaction for dark-adapted eyes) and the sum amplitude of
the oscillatory potentials (OPs) in the electroretinogram [4].
Furthermore, HXJD reduces vascular density and the ratio
of endothelial cells to pericytes in the retinas of diabetic rats
[3]. This effect was consistent with the downregulation of
apoptosis [5], VEGF (vascular endothelial growth factor)
[6], andMMPs (matrix metalloproteinases) [7]. These results
indicate that HXJD confers protection against retinal injuries
in DR, but the mechanism underlying the effect of HXJD has
not been elucidated.

In recent years, high-throughput omics technologies,
particularly microarray transcriptomes, have been increas-
ingly applied in traditional Chinese medicine research [8, 9].
Thus, to address the mechanism of HXJD, we assessed the
protective effects of this compound on DR in STZ-induced
rats, and microarray technology was subsequently used to
analyze the influence of HXJD on the gene expression profile.
Furthermore, some of the potential targets were validated
using PCR. The results of the present study will reveal the bio-
chemical pathways underlying the effect ofHXJD and provide
further insight into the therapeutic approaches for the pre-
vention of DR.

2. Methods

2.1. Ethic Statement. All procedures involving the animals
and their care were performed according to the governmental
guidelines on animal experimentation and the “Principles of
Laboratory Animal Care” of the National Institutes of Health.
All experimental protocols were approved by the Institu-
tional Animal Ethics Committee of Beijing University of
Chinese Medicine, Beijing, China (permit number 26-1514).

2.2. Antibodies. The following antibodies were used in the
present study: anti-JAK2 antibody (number 3230; Cell Sig-
naling Technology, Boston, Massachusetts, USA); anti-p38
MAPK antibody (ab197348; Abcam, Cambridge, UK); anti-
NF-κBp65 antibody (ab16502; Abcam); anti-phospho-stat3
antibody (number 9145; Cell Signaling Technology, Boston,
Massachusetts, USA); anti-STAT3 (number 4904, Cell Signal-
ing Technology, Boston, Massachusetts, USA); anti-TIMP1
(ab61224, Abcam, Cambridge, UK); anti-SOCS3 (ab16030,
Abcam, Cambridge, UK); and anti-A2M (ab58703, Abcam,
Cambridge, UK).

2.3. Plant Materials. E. alatus (Gui-Jian-Yu), R. trichosanthis
(Tian-Hua-Fen), P. notoginseng (San-Qi), and C. chinensis
(Huang-Lian) were obtained from Tongrentang (Beijing,
China). Professor Peng Tan (College of Chinese Medicine,

Beijing University of Chinese Medicine, Beijing) authenti-
cated the processed Chinese medicinal materials. The plant
specimens (Number TCM120305, 120306, 120307, and
120308) were stored at the YIFU Research Building of Beijing
University of Chinese Medicine.

2.4. Preparation of Plant Extract. E. alatus, R. trichosanthis,
P. notoginseng, and C. chinensis were extracted for 2 hours
under reflux with water. The plants were extracted 2 times,
and the extracts were pooled and vacuum concentrated
at 60°C.

Ultraviolet spectrophotometry was applied to determine
the major component contents in the extracts using rutin as
a standard, with a content of 17%. Ginsenoside Rg1 was used
to represent the content of saponins at 16%, while berberine
represented the typical content of alkaloids at 20%, and glu-
cose was used as the standard to assess the content of poly-
saccharides at 18%. The extracts were dissolved in water.

2.5. Animals. Healthy, male Sprague-Dawley rats (7 weeks of
age, 200–250 g) were purchased from Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China, certificate num-
ber SCXK (Beijing) 2007-0001). The animals were raised in a
clean grade animal laboratory with a temperature of 22–24°C
and 40%–60% humidity. The rats were provided commercial
rat feed and water ad libitum. At the end of the experiments,
the animals were sacrificed by intraperitoneal injection with
pentobarbital (50mg/kg). The blood glucose was examined
every four weeks.

2.6. Induction of Diabetes. Streptozocin (STZ, Sigma, St. Louis,
Mo USA, catalog number S0130) was dissolved in citrate
buffer (PH4.5) with a concentration of 20g/L. The dissolved
STZ was preserved in the dark. The rats were administered
an intraperitoneal injection of STZ at 65mg/kg body weight
[10]. The control rats received equal volumes of citrate buffer.
Four weeks later, blood glucose level in a blood sample
obtained from the tail vein was evaluated using a standard
glucometer (One Touch Profile, LifeScan, San Francisco,
California, USA). Rats with blood glucose levels higher than
16.7mmol/L were selected for subsequent experiments.

2.7. Treatment Schedule. Twenty weeks after STZ injection,
the diabetic rats were grouped into two groups according to
the glucose concentration and body weight: diabetic (n = 8)
and HXJD (n = 8, 15.4 g/kg). Subsequently, the diabetic rats
in HXJD group were administered an HXJD decoction
through intragastric gavage. The rats in the normal (n = 8)
and diabetic groups were administered with water. After 12
weeks of treatment, the rats were anaesthetized, and the ret-
inas were removed.

2.8. Haematoxylin-Eosin (HE) and Immunohistochemical
Staining. The retinas were isolated, fixed in paraformalde-
hyde, and embedded in paraffin. The paraffin sections were
deparaffinized and dehydrated. Subsequently, the sections
were stained with haematoxylin-eosin. The thickness of
retinas from the photoreceptor layer (PL) to the inner
plexiform layer (IPL) in the midretina was determined,
and the number of the retinal ganglion cells (RGC) were
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assessed. For immunohistochemistry, after dewaxing in
benzene and dehydration in gradient alcohol, the sections
were incubated with 0.3% hydrogen peroxidase to remove
endogenous peroxidases. Subsequently, the sections were
incubated with primary antibody (dilution of antibody:
JAK2 1 : 50, p38 MAPK 1 : 100 and NF-κBp65 1 : 500) over-
night at 4°C. After three washes with PBS, the sections were
incubated with secondary antibody at room temperature.
Finally, the sections were stained with 3,3′-diaminobenzi-
dine (DAB) and haematoxylin. The sections were visualized
using a microscope and analyzed using ImageJ software.

2.9. mRNA Microarray Analysis. Total RNA from the retinas
of rats was extracted. The integrity of the RNA was assessed
using the Agilent Bioanalyzer 2100 (Agilent Technologies,
Palo Alto, California, USA). Only samples with RNA integ-
rity values larger than 7 and 28S/18S ratios larger than 0.7
were considered qualified. Subsequently, 100 ng of RNA
was amplified, labelled, and purified according to the manu-
facturer’s instructions. After hybridization, the microarrays
were washed and scanned with default settings according
to the manufacturer’s instructions (Agilent Technologies,
USA). Background correction, quantile normalization, and
differential expression analyses were performed using the
limma package in the R (version 3.2.4) statistical computing
environment. In the limma package, linear models were used
to assess the differential expression in the designed microar-
ray experiments. Genes with absolute fold change> 1.5, and
P value <0.01 were considered differentially expressed genes
(DEGs). Subsequently, pathway enrichment analysis was
performed using the Ingenuity Pathway Analysis (IPA) tool.
P values were calculated using Fisher’s exact test, and
P values <0.05 were considered significantly enriched in
the canonical pathways [11].

2.10. Quantitative Real-Time PCR. Quantitative real-time
PCR was performed to confirm the results of gene expression
profiling. The RNA from retinas was extracted with the TRI-
zol reagent, and the RNA concentration of retinas was evalu-
ated by Nanodrop2600 at 260 nm. Then, the RNA was
reverse transcribed using a reverse transcription reagent kit
(Roche, Basel, Switzerland) and 1μg RNA was inputted for
the reaction. Real-time PCR was performed with SYBR
Green PCR Mix (Roche, Basel, Switzerland) on an ABI Step
One Plus® instrument (ABI, Carlsbad, California, USA).
Reactions were performed in a volume of 10μL containing
2X SYBR Green PCR Mix, 5μL; cDNA, 1μL; forward and
reverse primers, 0.4μL; and ddH2O, 3.6μL. β-Actin was
served as the control. Differences in gene expression were
quantified using the ΔΔCt method.

2.11. Western Blot. The retinas were added in ice-cold RIPA
lysis buffer which contained a protease inhibitor mixture.
The protein dissolved in supernatant was centrifuged and
determined using the BCA protein assay reagent kit (Thermo
Scientific, Waltham, MA, USA). SDS-PAGE gels containing
12% acrylamide were used to separate the samples (50μg).
The proteins were transferred onto membrane, blocked for
1.5 h with 5% milk at 37°C, and then incubated with primary

antibodies at 4°C overnight. Subsequently, the PVDF
membranes were incubated with secondary antibody for
1.5 h. In the end, the bands were visualized using an electro-
chemiluminescence (ECL) kit and quantified using image
analysis software.

2.12. Addition Statistical Analysis. One-way ANOVA with
LSD or Tamhane test was used for comparison between the
three groups. The statistical tests were performed using SPSS
statistical processing software and P values less than 0.05
were considered statistically significant. The Kolmogorov-
Smirnov test was used to confirm normal distribution. The
results were presented as the means± SEM, indicating the
variability reliability of the data.

3. Results

3.1. HXJD Protects Retinal Structure in Rats with DR. The HE
staining was performed to observe the morphology of retinas.
The retinas of the rats in normal group presented a clear
structure, and the cells in every layer were uniformly distrib-
uted and densely packed. However, in the diabetic group, the
retinas presented a reduction of cell density and oedema, and
the cells were irregularly organized and loosely arranged. In
addition, the retinal thickness and RGC number in the eyes
of diabetic rats were decreased compared to those of normal
rats (Figure 1). Expectedly, HXJD ameliorated the observed
pathological changes. The retinal structure was improved,
and the cells were organized with intact layers. Moreover,
the retinal thickness and RGC number were evaluated in
HXJD group (Figure 1).

3.2. HXJD Changes the Expression of Genes Associated with
Cytokine Signalling and Matrix Metalloproteases. A compar-
ative analysis between the normal, diabetic, and HXJD
groups for genome-scale gene expression was performed.
The mRNA array chip included nearly forty thousand genes.
Microarray analysis revealed that compared with the normal
group, 215 genes were upregulated in the diabetic group,
among which 99 genes were reversed in the HXJD group.
In addition, 539 genes were downregulated in the diabetic
group compared with the normal group, among which 71
genes were reversed in the HXJD group (Figure 2(a)).

To examine the function of differentially expressed
mRNAs, IPA pathway annotation was applied. The results
revealed that 37 canonical pathways were enriched within
the 99 genes upregulated in diabetic group and subsequently
downregulated after HXJD treatment, including the role of
macrophages, fibroblasts, and endothelial cells in rheumatoid
arthritis, matrix metalloprotease inhibition, and IL-6 signal-
ling. Moreover, 18 canonical pathways were enriched within
the 71 genes downregulated in the diabetic group and subse-
quently upregulated after HXJD treatment, which have been
implicated in phototransduction pathways, the visual cycle,
and RAR activation. The top 10 enriched pathways are
shown, respectively, in Tables 1 and 2.

To verify the results of the microarray analysis, real-
time PCR was performed to examine the levels of differ-
entially expressed genes. ATP12A, which functions as a
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P-type cation transport ATPase [12], was highlighted as
remarkably decreased after HXJD treatment. Microarray
data demonstrated that ATP12A expression in the diabetic
group was 34 times higher than the HXJD group, and
PCR experiments achieved similar results (Figure 2(b)).

In addition, several genes associated with DR were
selected for further study. SOCS3 and STAT3 are signal
transducers involved in the regulation of cytokines [13, 14],
including IL-6, IL-10, IL-22, and IL-9 (Table 1). TIMP1

and A2M govern the degradation of the extracellular
matrix [15, 16]. The gene levels of SOCS3, STAT3,
TIMP1, and A2M were increased in the retinas of diabetic
rats compared to normal rat retinas, whereas these genes
were downregulated in the retinas of HXJD-treated diabetic
rats (Figures 2(c)–2(f)).

Moreover, ADCY1 was selected for PCR verification.
This gene encodes a member of the of adenylate cyclase gene
family [17]. ADCY1 expression was reduced in diabetic rats
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Figure 1: The effect of HXJD on retinal morphology. The retinas were stained with haematoxylin and eosin staining. (a) Retinas of normal
rats. Retinal ganglion cell (RGC), inner plexiform layer (IPL), and photoreceptor layer (PL). (b) Retinas of diabetic rats. (c) Retinas of the rats
in the HXJD group. Magnification: ×400. (d) The retinal thickness from IPL to PL in the midretina was measured. HXJD increased the retinal
thickness. (e) The RGC number was counted. Retinas of the rats in the HXJD group showed an increased number of RGC. Data are
represented as the means± SEM. (n = 3~5). ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 compared with the diabetic group.
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Figure 2: The effect of HXJD on the expression of genes associated with cytokine signalling and matrix metalloprotease expression.
(a) Heat map of the regulated genes in normal, diabetic, and diabetic +HXJD rat groups. (b–g) The microarray data were validated
using real-time PCR. Data are represented as the means± SEM. (n = 3~4). ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001, compared with
the diabetic group.
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compared to normal rats, and the expression levels of this
gene were reversed after treatment with HXJD (Figure 2(g)).

The PCR results demonstrated consistency between the
microarray and real-time PCR data. This consistency indi-
cated the reliability of the microarray results and confirmed
the influence of HXJD on the expression of these genes.

3.3. HXJD Reduces the Protein Expression of p-STAT3,
STAT3, SOCS3, A2M, and TIMP1. Western blot was carried
out to examine the protein expression of p-STAT3, STAT3,
SOCS3, A2M, and TIMP1 in the retinas of rats. As shown
in Figure 3, in the diabetic rats, the protein levels of STAT3
and SOCS3 remarkably increased compared with the normal
rats (Figures 3(c) and 3(d)). Meanwhile, HXJD reduced the
protein expression of STAT3 and SOCS3 in the rat retinas
(Figures 3(c) and 3(d)). Moreover, the protein levels of p-
STAT3, A2M, and TIMP1 showed an increasing tendency
in the diabetic group, compared with the normal group.
And HXJD presented a decreasing tendency of p-STAT3,
A2M, and TIMP1 (Figures 3(b), 3(e), and 3(f)).

3.4. HXJD Reduces the Expression of JAK2, p38 MAPK, and
NF-κB in the Retinas of Diabetic Rats. Immunohistochemis-
try was performed to evaluate the expression levels of JAK2,
p38 MAPK, and NF-κB in rat retinas. As shown in

Figure 4, in the diabetic group, the expression of JAK2, p38
MAPK, and NF-κB significantly increased in the retinas
compared with that in the normal group (Figure 4). How-
ever, rats treated with HXJD presented the decreased expres-
sion of JAK2, p38 MAPK, and NF-κB in the retinas
(Figure 4).

4. Discussion

The aim of the present study was to clarify the mechanism of
HXJD against DR. We used microarray technology to exam-
ine the retinal mRNA expression changes affected by HXJD.
The results showed that 170 genes were altered after HXJD
treatment, and these genes played critical roles in inflamma-
tion, proliferation, cytokine signalling, and retinal function.
Among these processes, two mechanisms were verified:
reduced SOCS3-STAT3 signalling pathway and inhibited
TIMP1-A2M expression.

4.1. Reduced SOCS3-STAT3 Signalling Pathway. SOCS3 and
STAT3 have been implicated in most of the pathways regu-
lated byHXJD (Table 1). These proteins are signal transducers
that govern essential cellular processes, such as proliferation,
apoptosis, and inflammatory gene transcription. STAT3

Table 1: Top 10 canonical pathways identified using IPA (downregulated by HXJD).

Ingenuity canonical pathways P value Affected molecules

Role of macrophages, fibroblasts, and endothelial cells in
rheumatoid arthritis

1.15E−04 TLR2, IL1R2, SOCS3, WNT10A, STAT3,
IL17RA, and IRAK2

Inhibition of matrix metalloproteases 4.07E−04 MMP7, TIMP1, and A2M

IL-6 signalling 9.12E−04 IL1R2, SOCS3, STAT3, and A2M

IL-10 signalling 2.04E−03 IL1R2, SOCS3, and STAT3

Growth hormone signalling 2.14E−03 SOCS3, STAT3, and A2M

IL-22 signalling 3.55E−03 SOCS3, STAT3

Role of JAK family kinases in IL-6-type cytokine signalling 3.89E−03 SOCS3, STAT3

IL-9 signalling 6.31E−03 SOCS3, STAT3

Role of JAK2 in hormone-like cytokine signalling 7.41E−03 SOCS3, STAT3

Tetrahydrobiopterin biosynthesis I 1.10E−02 GCH1

Table 2: Top 10 canonical pathways identified using IPA (upregulated by HXJD).

Ingenuity canonical pathways P value Affected molecules

Phototransduction pathway 2.57E−04 ARR3, GRK1, and PDE6D

The visual cycle 5.50E−04 RDH11, RDH12

RAR activation 1.00E−03 RDH11, ADCY1, RDH12, and CITED2

Retinoate biosynthesis I 2.69E−03 RDH11, RDH12

Retinol biosynthesis 2.69E−03 RDH11, RDH12

Creatine-phosphate biosynthesis 1.17E−02 CKMT1A/CKMT1B

Protein kinase A signalling 1.26E−02 H3F3A/H3F3B, ADCY1, GRK1, and PDE6D

NAD biosynthesis III 1.26E−02 Nmnat3

NAD biosynthesis from
2-amino-3-carboxymuconate semialdehyde

1.62E−02 Nmnat3

NAD salvage pathway III 1.62E−02 Nmnat3
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mediates the signals from several receptor tyrosine kinases,
including EGF, PDGF, IL-6, IL-10, and IL-12 [13, 18]. SOCS3
negatively regulates the STAT3 pathway [14]. In recent years,
an increasing number of studies have demonstrated that
SOCS3 and STAT3 mediate inflammation, apoptosis, and
insulin signalling in hyperglycaemia-stimulated retinal
endothelial cells [19]. Moreover, STAT3 is reported to regu-
late the expression of VEGF in various cells in different kinds

of circumstances [20, 21]. The results of the present study
showed that HXJD reduced SOCS3 and STAT3 levels in
the retinas of diabetic rats. In addition, previous studies have
shown that HXJD attenuated retinal apoptosis and VEGF
expression in diabetic rats [5]. Thus, we speculated that
HXJD might ameliorate hyperglycaemia-induced apoptosis
and VEGF in the retinas of diabetic rats through controlling
SOCS3 or STAT3 expression.
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Figure 3: HXJD reduces the protein expression of p-STAT3, STAT3, SOCS3, A2M, and TIMP1 in the retinas of diabetic rats. The
protein expression of p-STAT3, STAT3, SOCS3, A2M, and TIMP1 were measured using western blot. (a) Western blot images.
(b–f) Image analysis of western blot. Data are represented as the means± SEM. (n = 3). ∗P < 0 05 and ∗∗∗P < 0 001, compared with
the diabetic group.
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Since SOCS3-STAT3 signal transduction is fundamental
for a wide variety of physiological processes and pathological
status, we further evaluated the proteins involved in SOCS3-
STAT3 pathway. JAK2 activates and phosphorylates STAT3
[22]. In addition, NF-κB [23, 24] and p38 MAPK [25] pro-
mote SOCS3-STAT3 signalling. HXJD decreased the levels
of JAK2, p38 MAPK, and NF-κB in the retinas of diabetic
rats, suggesting that HXJD may arrest the progression of
DR through the inhibition of the SOCS3-STAT3 pathway.

In addition to clarifying the pharmacological mechanisms
of HXJD in preventing DR, the present study enhances the
current understanding of the factors underlying the develop-
ment of DR. In the early-middle stages of diabetes, the levels
of STAT3 and SOCS3 in the retinas are increased [26–28].
Here, we provided new evidence that SOCS3 and STAT3 gene
expression were also elevated in the late period of diabetes, as
the present study was conducted for 32 weeks. Moreover, the
results revealed that other key members of the SOCS3-
STAT3 pathway were also disturbed in the diabetic retina.
Taken together, these results suggest that the SOCS3-STAT3
signalling pathway participates in the development of DR. Fur-
thermore, these results emphasize the necessity to assess the
levels of SOCS3 and STAT3 in patients with DR. Thus, SOCS3
and STAT3 may represent new markers in the process of DR.

Since the SOCS3-STAT3 pathway plays a fundamental
role in the pathogenesis of DR, it is necessary to explore
new type of drugs for the treatment of DR by targeting
SOCS3 or STAT3. Some drugs used to treat diabetes or DR,
such as statins [27], enalapril [29], and tazones [30], decrease
SOCS3 and STAT3 expression in diabetic animals. However,
until recently, there are no drugs in clinical use that specifi-
cally target SOCS3-STAT3. We propose the exploration of
a new active compound, HXJD, which targets SOCS3 or
STAT3. In previous studies, we identified seven compounds
in the active fractions of HXJD, including notoginsenoside
R4, ginsenoside Ra3, ginsenoside Rb1, 20S-ginsenoside Rg2,
ginsenoside Re, ginsenoside Rd, and notoginsenoside R1
[31]. And this time, we examined the content of rutin, ber-
berine and ginsenoside Rg1 in HXJD. It has been reported
berberine from C. chinensis notably attenuates the excessive
expression of p-STAT3 in the rats with autoimmune myocar-
ditis [32]. Ginsenoside Rb1 [33], from P. notoginseng, has
been reported to decrease the levels of p-STAT3 and SOCS3
in ovarian cancer cells, microglial cells, and obese mice.
Berberine and ginsenoside Rb1 may be among the active
compounds of HXJD. However, until recently, studies
supporting a role for the SOCS3-STAT3 pathway in the effect
of HXJD are only correlative, as studies to determine the
action of HXJD by directly blocking SOCS3-STAT3 signal-
ling molecules are more rigorous.

4.2. Inhibited TIMP1-A2M Expression. The inhibition of
matrix metalloproteases (MMPs) showed the second highest
score among the HXJD-downregulated pathways (Table 1).
TIMP1 belongs to a family of proteinase inhibitors that reg-
ulate matrix metalloproteinase activity by forming one-to-
one stoichiometric complexes [15]. TIMP1 can irreversibly
inactivate substrates, such as MMP2 and MMP9 [34], but
the final response is dependent on the ratio of TIMPs/MMPs

rather than the separate levels of TIMPs and MMPs [35]. In
addition, TIMP1 shows protease-independent regulatory
activities [36]. A2M is a broad-spectrum protease inhibitor
that regulates the activities of MMPs [16]. Studies have dem-
onstrated that TIMP1 and A2M expression is increased in
the eyes of patients or animals with diabetic retinopathy
[37, 38]. Thus, the TIMP1-A2M pathway likely plays
important roles in the pathological processes of DR. In the
present study, HXJD inhibited the dysregulated expression
of TIMP1 and A2M genes. However, the gene levels of
MMP2/9 showed no significant differences between the three
groups analyzed. In a previous experiment, we observed that
HXJD reduced the protein content of MMP2/9 in the retinas
of diabetic rats [7], likely reflecting the fact that HXJD effects
the posttranslation of MMP2/9. Taken together, these results
suggested that HXJD might impede the progress of DR
through the inhibition of the TIMP1-A2M pathway.

5. Conclusions

HXJD ameliorated retinal structure and pathological changes
in DR. Moreover, the microarray data showed that HXJD
reduced the expression of SOCS3 and STAT3 and decreased
the levels of TIMP1 and A2M expression. In conclusion,
the protective role of HXJD against DR is likely achieved
by affecting SOCS3-STAT3 and TIMP1-A2M pathways
(Figure 5). These findings lay the foundation for the active
research and therapeutic application of HXJD.

Retinal of rats with DR

HXJD treatment

DR remission

SOCS-STAT3 pathway3 T1MP1-A2M pathway

SOCS3 STAT3

NF-κB JAK2

P38MAPK

Matrix
metalloproteases

T1PM1 A2M

Figure 5: The molecular mechanism of HDJX in attenuating
diabetic retinopathy in rats via the inhibition of SOCS3-STAT3 and
T1MP1-A2M pathways. JAK2, NF-κB, and p38 MAPK promote
SOCS3-STAT3 signalling, then SOCS3-STAT3 is involved in the
progression of DR. TIMP1 and A2M play roles in matrix
degradation which also take part in the process of DR. HXJD has
the ability of inhibiting these pathological changes and thereafter it
will ameliorate DR.

9International Journal of Genomics



Abbreviations

DR: Diabetic retinopathy
SOCS: Suppressor of cytokine signalling
STAT: Signal transducer and activator of transcription
TIMP: Tissue inhibitor matrix metalloproteinase
A2M: a2-macroglobulin
VEGF: Vascular endothelial growth factor
MMP: Matrix metalloproteinase
STZ: Streptozocin
ADCY1: Type 1 adenylyl cyclase
JAK: Janus kinase
NF-κB: Nuclear factor-kappa B
MAPK: Mitogen-activated protein kinase
ONL: Outer nuclear layer
INL: Inner nuclear layer
RGC: Retinal ganglion cells.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

Wei Wang, Ruixin Zhu, and Jing Han conceived and
designed the experiments. HongliangWang, Wei Xing, Tian-
tian Lv, and Zhenglin Wang performed the experiments. Yan
Wu, Chun Li, Shuzhen Guo, and Shijie Tang analyzed the
data. Jing Han and Ruixin Zhu contributed to the drafting
of the manuscript. Hongliang Wang and Wei Xing contrib-
uted equally to this work. All authors read and approved
the final manuscript.

Acknowledgments

This work was financially supported by grants from the
National Nature Science Foundation of China (nos.
81673705, 31200986, and 41530105), the Natural Science
Foundation of the Shanghai Committee of Science and Tech-
nology (no. 16ZR1449800), and the Fundamental Research
Funds for the Central Universities (nos. 10247201546 and
2000219083).

References

[1] J. H. Wang, D. Ling, L. Tu, P. van Wijngaarden, G. J. Dusting,
and G. S. Liu, “Gene therapy for diabetic retinopathy: are we
ready to make the leap from bench to bedside?,” Pharmacology
& Therapeutics, 2017.

[2] M. S. Vasant, I. S. Kim, and D. K. Choi, “Recent update on the
role of Chinese material medica and formulations in diabetic
retinopathy,” Molecules, vol. 22, p. 76, 2017.

[3] Q. Yao, J. Han, J. Yu, L. Huang, L. Pan, and W. Wang,
“Effects of Huoxue Jiedu recipe on retinopathy in diabetic
rats,” Zhong Guo Zhong Xi Yi Jie He Za Zhi, vol. 32, no. 3,
pp. 362–366, 2012.

[4] Q. Yao, J. Han, L. Huang, J. Yu, and W. Wang, “Effects of
Huoxue Jiedu recipe on retinopathy in early diabetic rats,”
Zhong Guo Zhong Xi Yi Jie He Za Zhi, vol. 32, no. 9,
pp. 1271–1274, 2012.

[5] Q. YAO, Diabetic Retinopathy Intervened by Huo Xue JieDu
Formula, Beijing University of Chinese Medicine, Bei Jing,
2012.

[6] Q. Yao, J. Han, L. Huang, J. Yu, and W. Wang, “Effect of
Huoxue Jiedu formula on vascular endothelial growth factor
in retina of diabetic rats,” Zhong Hua Zhong Yi Yao Za Zhi,
vol. 27, 2012.

[7] H. Jie, H. Gai-mei, W. Zhi-qian et al., “Effects of Huoxue Jiedu
recipe on retinopathy in diabetic rats,” Zhong Guo Quan Ke Yi
Xue, vol. 18, pp. 507–512, 2015.

[8] Q. Feng, W. Liu, S. S. Baker et al., “Multi-targeting therapeutic
mechanisms of the Chinese herbal medicine QHD in the treat-
ment of non-alcoholic fatty liver disease,” Oncotarget, vol. 8,
no. 17, pp. 27820–27838, 2017.

[9] Y. Wang, W. Lin, C. Li et al., “Multipronged therapeutic effects
of Chinese herbal medicine Qishenyiqi in the treatment of
acute myocardial infarction,” Frontiers in Pharmacology,
vol. 8, p. 98, 2017.

[10] N. Nagai, S. Deguchi, H. Otake, N. Hiramatsu, and
N. Yamamoto, “Therapeutic effect of cilostazol ophthalmic
nanodispersions on retinal dysfunction in streptozotocin-
induced diabetic rats,” International Journal of Molecular
Sciences, vol. 18, 2017.

[11] A. Baufeld, D. Koczan, and J. Vanselow, “Induction of altered
gene expression profiles in cultured bovine granulosa cells at
high cell density,” Reproductive Biology and Endocrinology,
vol. 15, p. 3, 2017.

[12] D. Streif, E. Iglseder, C. Hauser-Kronberger, K. G. Fink,
M. Jakab, and M. Ritter, “Expression of the non-gastric
H+/K+ ATPase ATP12A in normal and pathological human
prostate tissue,” Cellular Physiology and Biochemistry, vol. 28,
pp. 1287–1294, 2011.

[13] E. J. Hillmer, H. Zhang, H. S. Li, and S. S. Watowich, “STAT3
signaling in immunity,” Cytokine & Growth Factor Reviews,
vol. 31, pp. 1–15, 2016.

[14] A. R. Hackett, D. H. Lee, A. Dawood et al., “STAT3 and SOCS3
regulate NG2 cell proliferation and differentiation after contu-
sive spinal cord injury,” Neurobiology of Disease, vol. 89,
pp. 10–22, 2016.

[15] G. Song, S. Xu, H. Zhang et al., “TIMP1 is a prognostic marker
for the progression and metastasis of colon cancer through
FAK-PI3K/AKT and MAPK pathway,” Journal of Experimen-
tal & Clinical Cancer Research, vol. 35, p. 148, 2016.

[16] L. Bian, J. D. Yang, T. W. Guo et al., “Association study of the
A2M and LRP1 genes with Alzheimer disease in the Han
Chinese,” Biological Psychiatry, vol. 58, pp. 731–737, 2005.

[17] F. Sethna, W. Feng, Q. Ding, A. J. Robison, Y. Feng, and
H. Wang, “Enhanced expression of ADCY1 underlies aberrant
neuronal signalling and behaviour in a syndromic autism
model,” Nature Communications, vol. 8, article 14359, 2017.

[18] C. Garbers, S. Aparicio-Siegmund, and S. Rose-John, “The
IL-6/gp130/STAT3 signaling axis: recent advances towards
specific inhibition,” Current Opinion in Immunology, vol. 34,
pp. 75–82, 2015.

[19] Y. Jiang, Q. Zhang, C. Soderland, and J. J. Steinle, “TNFα and
SOCS3 regulate IRS-1 to increase retinal endothelial cell
apoptosis,” Cellular Signalling, vol. 24, pp. 1086–1092, 2012.

[20] J. Lv, B. Sun, Z. Mai, M. Jiang, and J. Du, “STAT3 potentiates
the ability of airway smooth muscle cells to promote angiogen-
esis by regulating VEGF signalling,” Experimental Physiology,
vol. 102, pp. 598–606, 2017.

10 International Journal of Genomics



[21] H. Okazaki, S. Tokumaru, Y. Hanakawa et al., “Nuclear trans-
location of phosphorylated STAT3 regulates VEGF-A-induced
lymphatic endothelial cell migration and tube formation,” Bio-
chemical and Biophysical Research Communications, vol. 412,
pp. 441–445, 2011.

[22] M. Hedvat, D. Huszar, A. Herrmann et al., “The JAK2 inhibi-
tor AZD1480 potently blocks Stat3 signaling and oncogenesis
in solid tumors,” Cancer Cell, vol. 16, pp. 484–497, 2009.

[23] G. He and M. Karin, “NF-κB and STAT3 - key players in liver
inflammation and cancer,” Cell Research, vol. 21, pp. 159–168,
2011.

[24] V. Mishra, V. Baranwal, R. K. Mishra, S. Sharma, B. Paul, and
A. C. Pandey, “Titanium dioxide nanoparticles augment
allergic airway inflammation and Socs3 expression via NF-κB
pathway in murine model of asthma,” Biomaterials, vol. 92,
pp. 90–102, 2016.

[25] C. Ehlting, W. S. Lai, F. Schaper et al., “Regulation of suppres-
sor of cytokine signaling 3 (SOCS3) mRNA stability by TNF-α
involves activation of the MKK6/p38MAPK/MK2 cascade,”
Journal of Immunology, vol. 178, pp. 2813–2826, 2007.

[26] Y. Jiang, S. Thakran, R. Bheemreddy, W. Coppess, R. J.
Walker, and J. J. Steinle, “Sodium salicylate reduced insulin
resistance in the retina of a type 2 diabetic rat model,” PLoS
One, vol. 10, article e0125505, 2015.

[27] M. Al-Shabrawey, M. Bartoli, A. B. El-Remessy et al., “Role of
NADPH oxidase and Stat3 in statin-mediated protection
against diabetic retinopathy,” Investigative Ophthalmology &
Visual Science, vol. 49, pp. 3231–3238, 2008.

[28] J. H. Yun, S. W. Park, K. J. Kim et al., “Endothelial STAT3 acti-
vation increases vascular leakage through downregulating
tight junction proteins: implications for diabetic retinopathy,”
Journal of Cellular Physiology, vol. 232, pp. 1123–1134, 2017.

[29] H. W. Kim, J. L. Kim, H. K. Lee, D. Y. Hur, I. H. Yun, and S. D.
Kim, “Enalapril alters expression of key growth factors in
experimental diabetic retinopathy,” Current Eye Research,
vol. 34, pp. 976–987, 2009.

[30] Y. Jiang, S. Thakran, R. Bheemreddy et al., “Pioglitazone
normalizes insulin signaling in the diabetic rat retina through
reduction in tumor necrosis factor α and suppressor of cyto-
kine signaling 3,” The Journal of Biological Chemistry,
vol. 289, pp. 26395–26405, 2014.

[31] G. M. Hao, Y. G. Liu, Y. Wu et al., “The protective effect of the
active components of ERPC on diabetic peripheral neuropathy
in rats,” Journal of Ethnopharmacology, vol. 202, pp. 162–171,
2017.

[32] X. Liu, X. Zhang, L. Ye, and H. Yuan, “Protective mechanisms
of berberine against experimental autoimmune myocarditis in
a rat model,” Biomedicine & Pharmacotherapy, vol. 79,
pp. 222–230, 2016.

[33] Y. Wu, Y. Yu, A. Szabo, M. Han, and X. F. Huang, “Central
inflammation and leptin resistance are attenuated by ginseno-
side Rb1 treatment in obese mice fed a high-fat diet,” PLoS
One, vol. 9, article e92618, 2014.

[34] G. P. Botta, M. Reichert, M. J. Reginato, S. Heeg, A. K. Rustgi,
and P. I. Lelkes, “ERK2-regulated TIMP1 induces hyperproli-
feration of K-RasG12D-transformed pancreatic ductal cells,”
Neoplasia, vol. 15, pp. 359–372, 2013.

[35] F. J. Descamps, E. Martens, D. Kangave et al., “The activated
form of gelatinase B/matrix metalloproteinase-9 is associated
with diabetic vitreous hemorrhage,” Experimental Eye
Research, vol. 83, pp. 401–407, 2006.

[36] H. W. Jackson, V. Defamie, P. Waterhouse, and R. Khokha,
“TIMPs: versatile extracellular regulators in cancer,” Nature
Reviews Cancer, vol. 17, pp. 38–53, 2017.

[37] M. C. Sanchez, J. D. Luna, P. F. Barcelona et al., “Effect of
retinal laser photocoagulation on the activity of metallopro-
teinases and the α2-macroglobulin proteolytic state in the
vitreous of eyes with proliferative diabetic retinopathy,” Exper-
imental Eye Research, vol. 85, pp. 644–650, 2007.

[38] W. M. Freeman, G. V. Bixler, R. M. Brucklacher et al., “A
multistep validation process of biomarkers for preclinical
drug development,” The Pharmacogenomics Journal, vol. 10,
pp. 385–395, 2010.

11International Journal of Genomics



Research Article
Serum and Brain Metabolomic Variations Reveal
Perturbation of Sleep Deprivation on Rats and Ameliorate
Effect of Total Ginsenoside Treatment

Xiao-jun Gou,1,2 Fang Cen,1 Zi-quan Fan,1 Ying Xu,3 Hong-yi Shen,4 and Ming-mei Zhou1

1Center for Chinese Medicine Therapy and Systems Biology, Shanghai University of Traditional Chinese Medicine,
Shanghai 201203, China
2Central Laboratory, Baoshan District Hospital of Integrated Traditional Chinese and Western Medicine of Shanghai,
Shanghai 201999, China
3Department of Physiology, Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China
4Research Center for Health and Nutrition, Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China

Correspondence should be addressed to Ming-mei Zhou; zhoumm368@163.com

Received 11 May 2017; Accepted 19 July 2017; Published 16 August 2017

Academic Editor: Yong Wang

Copyright © 2017 Xiao-jun Gou et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Sleep loss or sleep deprivation (SD) refers to shorter sleep than average baseline need, and SD has been a serious problem of modern
societies which affects health and well-being. Panax ginseng is a well-known traditional Chinese medicine (TCM). Our previous
study has demonstrated that total ginsenosides (GS), the extracts from Panax ginseng, could effectively improve cognition and
behavior on SD rats. However, little is known about its metabolomic study. In this study, serum and brain metabolomic method
based on gas chromatography coupled with mass spectrometry (GC/MS) was employed to evaluate the efficacy and study the
mechanism of GS on a rat model of SD. With pattern recognition analysis of serum and brain tissue metabolite profile, a clear
separation of the model group and control group was acquired for serum and brain tissue samples; the MGS (model +GS)
group showed a tendency of recovering when compared to control group, which was consistent with behavioral and biochemical
parameters. 39 and 40 potential biomarkers of brain tissues and serum samples, respectively, were identified and employed to
explore the possible mechanism. Our work revealed that GS has significant protective effects on SD, and metabolomics is a
useful tool for evaluating efficacy and elucidating mechanism in TCM.

1. Introduction

Sleep deprivation (SD) is the inability of an individual to
meet the normal sleep means due to environment or their
own reason, generally refers to sleep less than 4 h in 24h,
and leads to a series of changes including emotion, learning
and memory, immune function, physiological, psychological,
and even behavior [1]. Lack of sleep, long-term SD, or insuf-
ficient rest or sleep is very common in modern society.
Nearly one-third of adult sleep time is less than 6 hours on
average [2]. The factors responsible for this change may
include an increase in ambient light, the introduction of light,
longer working days/working hours, class night shifts, and
manufacturing and services extended to 24 hours of

operation, as well as television and internet [3]. SD can cause
changes in mood, learning, and memory and damage to the
body’s multiple systems and organs, such as the central
nervous system, cardiovascular system, digestive system,
respiratory system, endocrine system, immune system, and
reproductive system [4–9]. Inf1uence of SD has been
revealed by many studies; the methods used in SD research
include psychological assessment, brain imaging, cerebral
electrophysiology, and gene expression based on genomic
and transcriptomic studies [10–12]. However, the patho-
physiologic mechanism of these damages has not yet been
fully elucidated. At present, adjuvant drugs for SD play a role
in the central nervous system, such as amphetamine, caffeine,
and modafinil [13]. These medications are often associated
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with a number of side effects, including excessive sleepiness,
thought disorders, nocturnal wandering, agitation, and
balance problems, thereby limiting clinical use [14]. Ginseng
roots (Panax ginseng C. A Meyer), one of the best known
traditional Chinese medicine (TCM) herbs, have been
reported to display adaptogenic effects in the endocrine,
immune, cardiovascular, and central nervous systems [15].
As one of the major adaptogens, ginseng extract showed
modulation effects on the blood system after paradoxical
SD [16]. Total ginsenosides (GS), the most important active
ingredient of Panax ginseng, have shown multiple activities
in the nervous system in the previous studies, such as protec-
tion on memory deficit [17] and antidepressant effect [18].
These findings clearly indicate that GS possesses therapeutic
effects on pathophysiological changes induced by SD. Little is
known about the precise mechanisms by which GS protects
against SD. Therefore, in order to find out the pathophysio-
logical changes of SD and intervention mechanism of GS, a
new approach for diagnosing and monitoring disease profes-
sion based on a metabolomic study was proposed.

Metabolomics, a relative new field of systems biology,
aims to quantitatively measure as many small molecular
metabolites as possible in a given biological system in order
to acquire an overview of metabolic or disease status and
global biochemical events associated with a cellular or biolog-
ical system [19]. Nowadays, metabolomics is regarded as a
potentially powerful application in many fields of medical
research, such as novel potential disease biomarker discovery
[20], efficacy evaluation of TCM prescriptions [21], and
safety assessment of TCM herbs [22]. Mass spectrometry
(MS) and nuclear magnetic resonance (NMR) spectroscopy
are two major analytical platforms of metabolomics. MS
coupled with advanced chromatographic separation appara-
tuses, such as gas chromatography (GC) or liquid chroma-
tography (LC), has become a powerful metabolomic tool,
with a wide dynamic range and reproducible quantitative
performance, for the measurement of complex biological
samples. GC/MS, a robust analytical platform for quantifica-
tion with good sensitivity, resolution, and reliability, has
commercial databases in structure identification of candidate
biomarkers [23] and has become a popular and useful analyt-
ical tool in metabolomic studies [24]. In this paper, GC/MS-
based metabolomic platform will be applied to investigate the
perturbation of SD, and with the perturbed metabolomic
profiles, further attempts were made to explore the possible
therapeutic mechanism of GS on SD rats.

2. Materials and Methods

2.1. Chemicals and Drugs. N,O-Bis(trimethylsilyl) trifluoroa-
cetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) of
analytical grade was from Regis (Morton Grove, IL, USA).
Methanol and chloroform of analytical grade were purchased
from CNW Technologies GmbH (Düsseldorf, Germany).
Methoxylamine hydrochloride and anhydrous pyridine were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Commercial kit used for determining adrenocorticotropic
hormone (ACTH) was obtained from Phoenix Pharmaceuti-
cals (Burlingame, CA, USA). Commercial kit used for

determining thyroid-stimulating hormone (TSH) was
purchased from R&D Systems (Minneapolis, USA). Com-
mercial kit used for determining corticosterone (CORT)
was obtained from Cayman Chemical Co. Ltd (MI, USA).
Commercial kits used for determining, catecholamine (CA),
testosterone, and serotonin were purchased from Cusabio
Biotech Co. Ltd, (Wuhan, China). Total ginsenosides (GS,
purity≥ 80%, UV method) extracted from the roots of
P. ginseng were purchased from Nanjing Zelang Biomedical
Technology Co. Ltd. (Nanjing, China).

2.2. Experimental Animals. The study was conducted in
accordance with the Guidelines for Animal Experimentation
of Shanghai University of TCM (Shanghai, China). Forty-
eight-week-old male Sprague Dawley rats (200± 20 g) were
purchased from the Shanghai SLAC Laboratory Animal Co.
Ltd. (Shanghai, China). The rats were housed at 24± 1°C with
45± 15% relative humidity under 12/12 h light-dark cycle. All
animals were provided with a certified standard rat chow and
tap water ad libitum.

2.3. Animal Treatment and Sample Collection. After 1-week
acclimation, forty rats were randomly divided into 5 groups
(n = 8) as follows: normal animal group (N), normal group
administrated with the GS group (NGS), wide platform
group (WP), SD group (M), and SD with GS intervention
group (MGS). The groups of N, WP, and M received normal
saline solution, while the groups of NGS and MGS received
GS orally at a daily dose of 100mg/kg of body weight from
day 1 to day 8. The rats in the M and MGS groups were
sleep-deprived from day 4 for a 120 h period using the
columns-in-water model (modified multiple platform) as
described previously [25]. In addition, in order to test the
effect of stress of the environment, wide platforms (16 cm
in diameter) were used in rats of WP on which the rats could
sleep without falling into the water and stay for 120 h. Rats in
N and NGS were given no treatment. All rats were eutha-
nized at the end of day 8, and the arterial blood and brain
tissues were collected immediately. The blood samples were
centrifuged at 3000×g and 4°C for 15min, and the superna-
tant (serum) was collected and stored at −80°C. Hippocampal
tissue was isolated from the brain tissues and snapped frozen
in liquid nitrogen immediately and stored at −80°C.

2.4. Morris Water Maze (MWM) Test. Spatial learning and
memory were measured by the MWM test. The Morris water
maze (MWM) consisted of a circular pool (160 cm diameter,
45 cm in height), painted black, and filled with unclear water
maintained at 25± 1°C. The pool was geographically divided
into four quadrants of equal size, and the quadrants were
labeled as north, east, south, and west in turn. There was a
square platform (10 cm diameter, 25 cm tall) under
(~1.5 cm) the water surface in the center of the northeast
quadrant. Surrounding the tank was a black curtain to
remove all spatial cues, and the room was lit with overhead
lighting. On the experimental day 3, rats were placed in the
water maze for a trial test. After 10min acclimation to the
room, each rat was placed into the tank in turn at one of four
locations (north, south, east, or west) and allowed a
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maximum of 60 sec to find the platform. If the rat did not find
the platform within the limited time, it was guided by hand to
the platform location. Once on the platform, each rat
remained there for an additional 20 sec. Each rat in the testing
group completed its trial in turn, and a total of two learning
trials were conducted per day. Two hours after the 2nd trial,
the animals were given the test trial for MWM, and the latent
time for each rat to reach the platform was recorded. Same
procedures were performed on day 4 to day 8.

2.5. Biochemical Analysis. Hippocampal tissue was homoge-
nized with ninefold of ice-cold saline, and subsequently, the
mixture was centrifuged at 16,000g and 4°C for 15min. The
supernatants were collected for the determination of nitrogen
oxide (NO) levels. The level of NO was measured using the
NO kit based on the concentration of nitrites, which were
reduced by specific nitrate reductase from nitrates. The
absorbance of samples was detected at 550nm. The results
are expressed as micromoles of NO/g protein. Results were
obtained using the PowerWave™ XS microplate spectropho-
tometer from BioTek (Winooski, USA).

Plasma concentrations of adrenocorticotropic hormone
(ACTH), thyroid-stimulating hormone (TSH), catechol-
amine (CA), testosterone, corticosterone (CORT), and sero-
tonin were determined by automatic biochemistry analyzer
using the commercial ELISA kits according to the protocols
provided by the manufacturer.

2.6. Sample Preparation and Analysis by GC/MS. Serum and
hippocampal tissue samples were prepared following our
previously published protocols with minor modifications
[26]. Analysis was performed on an Agilent 6890 gas chro-
matography system coupled to an Agilent 5975B inert MSD
system (Agilent Technologies Inc., CA). The derivatives
were separated by DB-5ms fused-silica capillary column
(30m× 0.25mm× 0.25μm; Agilent J&W Scientific, Folsom,
CA) with helium as a carrier gas at a constant flow rate of
1.0ml/min. Each 1μl aliquot of derivatives was injected,
and the solvent delay time was 5min. For serum sample
analysis, the initial oven temperature was held at 80°C for
2min, ramped to 240°C at a rate of 5°C/min, to 290°C at a
rate of 25°C/min, and finally held at 290°C for 10min. For
brain tissue analysis, the initial oven temperature was held
at 80°C for 2min, ramped to 240°C at a rate of 6°C/min, to
280°C at a rate of 30°C/min, and finally held at 280°C for

10min. The temperatures of injector, transfer line, and
electron impact ion source were set to 270°C, 260°C, and
230°C, respectively. Electron impact ionization (70 eV) at full
scan mode (m/z 30–600) was used.

2.7. Data Analysis. Data from behavioral and biochemical
test were performed using the Statistical Package for SPSS
19.0 (SPSS, Chicago) and expressed as means± SD. Statistical
significance among the groups was analyzed by one-way
analysis of variance (ANOVA). The result of P < 0 05 was
considered to be statistically significant.

GC/MS data were converted into AIA format (NetCDF)
files by Agilent GC-MS 5975 Data Analysis software, and
pretreatment was conducted as previously described [27].
The peak table (named matrix X) file was imported to a
commercial software Simca-P 11.5 (Umetrics AB, Umeå,
Sweden). Principle component analysis (PCA) was per-
formed on the mean-centered and UV-scaled data to visual-
ize general clustering, trends, and outliers among all samples
on the score plot. These differential metabolites selected from
the orthogonal partial least squares discriminant analysis
(OPLS-DA) model with VIP value (VIP> 1) are validated at
a univariate level with Wilcoxon–Mann–Whitney test with
a critical P value usually set to 0.05.

2.8. Metabolite Identification. The AMDIS software was
applied to deconvolute mass spectra from raw GC/MS data,
and the purified mass spectra were automatically matched
with an author-constructed standard library including
retention time and mass spectra. The peaks which were not
matched from a standard library were introduced to the
NISTMS 2.0 software for automatically searching compound
information from the NIST 11 library and Golm Metabo-
lome Database. The searching results with match similarity
larger than 80% will be accepted as candidate compounds.
The Kovats retention indexes of remaining candidate com-
pounds were calculated and compared with a NIST RI
database and available internet database such as MassBank.

3. Results

3.1. Behavioral Study. The ability of rat spatial learning and
memory tested by the Morris Water Maze (MWM) experi-
ment was listed in Table 1. Before SD, no obvious time differ-
ences were observed among the groups of rats finding the

Table 1: Latent period of rats finding hidden platform in Morris water maze experiment (in seconds).

Group D3 (training) D4 (SD 24 h) D5 (SD 48 h) D6 (SD 72 h) D7 (SD 96 h) D8 (SD 120 h)

N 114.67± 9.39 80.76± 37.69 55.68± 31.41 32.05± 17.70 23.07± 13.12 13.80± 8.02
NGS 113.71± 11.01 83.26± 33.58 57.66± 22.88 33.40± 22.12 24.33± 19.39 14.07± 9.86
WP 115.18± 5.79 86.54± 19.75 57.73± 35.76 35.52± 15.90 29.78± 22.17 19.15± 11.78
M 112.66± 10.70 94.73± 29.35 70.53± 26.47 48.53± 25.96 34.40± 14.74∗ 26.23± 15.21∗∗

MGS 111.23± 9.45 86.93± 24.68 57.82± 33.55 41.90± 19.80 28.41± 17.17 20.93± 11.57
From experimental day 3 to day 8 (the whole SD period), all rats received 2 times learning trials with 30min interval in MWM. N: normal control rats;
NGS: normal control rats with total ginsenoside (GS) intervention; WP: normal control rats housed on wide platform; M: SD model; MGS: SD model
with GS intervention. Normal, WP, and model groups received normal saline solution; NGS and MGS received GS orally at a daily dose of 100mg/kg of body
weight from day 1 to day 8. Data were expressed as the latent time (seconds) for each rat finding the hidden platform in test trials, shown as mean ± SD.
∗P < 0 05 and ∗∗P < 0 01, compared to the N group (n = 8).
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platforms in MWM experiment. However, after 96 h and
120h SD, statistical analysis revealed a significant difference
(P = 0 029) and a high significant difference (P = 0 007)
between the M group and the N group, respectively, indicat-
ing that the ability of learning and memory of rats was
markedly damaged after a long time of SD. Further, we
applied GS to feed rats during SD. The latent period of GS-
administrated SD rats was markedly lower than the M group
and only slightly higher than that of the WP group, as well as
higher than the normal group but with no statistical signifi-
cance after 96 h and 120h sleep intervention, indicating that
GS could protect the damage of learning and memory of rats
which was caused by long-term SD.

3.2. Biochemical Study. SD is an inherent stressor. The serum
ACTH, TSH, and CORT levels of the model group were
higher than those of the other groups (Table 2), suggesting
that the hypothalamic-pituitary-adrenal (HPA) axis has been
activated by SD. CA is associated with stress induced from
psychological reactions or environmental stressors. The ele-
vated serum CA in the model group reflected the pronounced
sympathoadrenal activation induced by a well-established
stressor method such as SD [28]. Comparison indicated that
serum serotonin was markedly enhanced whereas serum tes-
tosterone was decreased in model group, which is consistent
with the previous reports [29, 30]. The reduced serum testos-
terone level was associated with the inhibition of increased
circulating serotonin and HPA axis activity, especially CORT
concentration [31, 32]. GS intervention significantly reversed
all biochemical parameters of SD rats, with no statistical
differences from normal and WP groups. Thus, GS adminis-
tration could effectively alleviate the symptom of SD.

3.3. Nitrogen Oxide (NO) Levels of the Brain. We also deter-
mined two important intermediates of free radical damage
nitric oxide (NO) in the brain tissue (Figure 1). Compared
with normal and WP groups, NO was significantly increased
in model group, implying an elevated oxidative stress injury
by SD. GS markedly decreased NO concentration. In fact,
NO is a neurotransmitter and intracellular signaling mole-
cule which was reported as a neuroprotective agent. Our
study suggests that GS might prevent the free radical damage
as well as protect the brain.

3.4. Serum Metabolomics of Sleep Deprivation and Total
Ginsenoside Intervention. No difference was found between
the N group and theWP group by PCA, and also, no effective
PLS-DA and OPLS-DA model could be established (figure
not shown), indicating almost consistent serum metabolic
phenotype between the N group and the WP group. There-
fore, in comparison to brainmetabolome, serummetabolome
was insensitive to experimental environment variation. In
order to keep identical in context, we selected WP group as
the control group. A clear separation trend was found
between model group and control group by PCA (Figure 2),
suggesting more difference than that of the brain. PLS-DA
score plot indicates a significant profile separation between
control and model groups and that the administration of
GS reversed the profile of model group towards control
group. The results illustrated that the SD on rats could
cause significant variations of serum metabolites and was
alleviated by GS intervention.

Similar to the brain, 40 serum metabolites were statisti-
cally identified and structurally confirmed as differential
metabolites responsible for SD (Table 3). These metabolites
mainly are amino acids, hydroxyl acids, fatty acids, carbohy-
drates, and several indole-containing metabolites such as
indoxyl sulfate, 3-indolepropionic acid, and serotonin. The
intervention of GS caused the reverses of the levels of 23

Table 2: Serum concentrations of ACTH, TSH, CORT, CA, testosterone, and serotonin.

Group ACTH (pg/ml) TSH (μIU/ml) CORT (μg/ml) CA (pg/ml) Testosterone (pg/ml) Serotonin (ng/ml)

N 154.28± 24.71 0.19± 0.03 22.18± 4.35 258.03± 39.97 420.53± 76.05 508.03± 69.72
NGS 156.44± 30.53## 0.18± 0.03## 25.27± 3.78## 258.94± 38.43## 427.69± 86.54# 515.19± 91.49#

WP 168.94± 34.98## 0.20± 0.03# 26.27± 6.42# 272.69± 41.88## 387.69± 46.36# 522.69± 62.73#

M 238.56± 50.39∗∗ 0.27± 0.07∗∗ 40.61± 13.87∗∗ 327.69± 25.48∗∗ 331.06± 46.34∗ 606.06± 64.59∗

MGS 187.66± 41.68# 0.21± 0.04# 28.77± 6.06∗ , # 296.44± 26.62∗ , # 375.19± 35.03# 546.44± 42.47#

Significant differences were determined by one-way ANOVA. ∗∗P < 0 01 and ∗P < 0 05 versus the N group; ##P < 0 01 and #P < 0 05 versus the M group. Data
are mean ± SD, n = 8. NGS: normal animal administrated with total ginsenoside (GS) group; WP: wide platform group; M: SD model group; MGS: model
administrated with GS group; ACTH: adrenocorticotropic hormone; TSH: thyroid-stimulating hormone; CORT: corticosterone; CA: catecholamine.
Normal, WP, and model received normal saline solution; NGS and MGS received GS orally at a daily dose of 100mg/kg of body weight from day 1 to day 8.

4

⁎⁎

⁎⁎

3

2

N
O

 (�휇
m

ol
/g

pr
ot

)
1

0
N NGS WP M MGS

Figure 1: Brain nitrogen oxide (NO) levels of experimental animals.
N: normal rats; NGS: normal rats fed by GS; WP: rats housed in
wide platform; M: SD model rats; MGS: SD model rats fed by GS.
Significant differences were determined by one-way ANOVA.
∗∗P < 0 01 versus the N group.
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serummetabolites, of which 15 metabolites showed statistical
significance. All differential metabolites could be classified to
4 types. The type 1 and 2 metabolites are consisted of 23
metabolites of interest, potentially correlating closely to the
intervention of GS.

3.5. Brain Metabolomics of Sleep Deprivation and Total
Ginsenoside Intervention. Metabolomic analysis based on
GC/MS was performed to profile brain and serum metabo-
lome of the rats following SD. No metabolic profile separa-
tion was observed between normal group and wide
platform (WP) group by PCA score plot (Figure 3(a)), but a
significant metabolic discrimination was revealed by PLS-
DA score plot (Figure 3(b)) for brain tissue samples, indicat-
ing a considerable disturbance. We presumed that this
distinction might be due to the experimental environment
difference between normal housing and wide platform
housing, and thus, WP group was ultimately selected as the
control group when performing metabolomic study. There
is a clear separation between WP group and model group

in PC2 of PCA score plot (Figure 3(c)) and a further separa-
tion in PC1 of PLS-DA score plot (Figure 3(d)). Thus, our
metabolomic study demonstrated a significant brain meta-
bolic difference between model and control groups of SD.

Total ginsenosides (GS) are the extracts from Panax gin-
seng, a traditional herbal medicine which is used to improve
physical and mental well-being and could effectively improve
cognition and behavior on SD rats. Based on multivariate
statistical analysis, it was found that MGS group could not
be discriminated from model group by PCA (Figure 3(c)),
but was well separated from model group by PLS-DA
(Figure 3(d)), indicating that GS has significant effects on the
brain metabolism of SD rats. Together with behavioral and
biochemical results, this study showed that the brain injury
caused by SD was alleviated by the administration of GS.

To identify the metabolites correlating with SD and GS
administration, we performed a univariate statistical analysis
such as FDR adjusted Student’s t-test (P < 0 05) and a
multivariate statistical analysis such as PLS-DA (VIP> 1)
on whole brain metabolites. Totally, 39 brain metabolites
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Figure 2: Score plots of multivariate statistical analysis on serum samples. (a) PCA score plot of wide platform (WP) group versus model (M)
group, (b) PLS-DA score plot of wide platform (WP) group versus model (M) group, (c) PCA scores plot of WP, M, and MGS groups,
(d) PLS-DA score plot of WP, M, and MGS groups.
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were identified and structurally confirmed as differentially
expressed metabolites responsible for SD (Table 4). SD prin-
cipally resulted in the decrease of metabolites of glycolysis,
pentose phosphate pathway (PPP), branched chain amino
acids (BCAA, including valine, leucine, and isoleucine),
tyrosine, and the amino acids related to potential antioxida-
tion (cysteine, threonine, serine, methionine, and 4-hydroxy-
proline) and the increase of fat metabolism derivatives
(glycerol 3-phosphate and 3-hydroxybutyric acid) and
neurotransmitter (glutamic acid and aspartic acid) in the
brain. Additionally, it was found that, compared to control

group, adenosine and cytidine monophosphate were elevated
but their products of degradation (uracil, inosine, hypoxan-
thine, and xanthine) were decreased in model group, suggest-
ing a disordered nucleotide metabolism of SD. Overall, SD
resulted in the disturbances of glucose metabolism (glycoly-
sis, citric acid cycle, and PPP), fat metabolism, amino acid
metabolism, and nucleotide metabolism.

Analyses on differentialmetabolites found thatGS admin-
istration caused a reversion of a majority of brain metabolites
(19 in total, 49%), of which 15 metabolites showed statistical
significance. According to the concentration changes between

Table 3: Differential expressed serum metabolites.

Class Serum metabolites
M/WP GS/M GS/WP

P value log2 P value log2 P value log2

Type 1

Stearic acid 2.90E−02 0.33 1.48E−02 −0.35 8.52E−01 −0.02
2-Ethylhydracrylic acid 2.09E−04 1.01 2.71E−02 −0.47 6.21E−04 0.54

2-Ketobutyric acid 1.18E−04 1.90 4.82E−02 −0.61 6.77E−04 1.29

2-Hydroxybutyric acid 1.68E−03 2.78 2.05E−02 −1.35 4.90E−03 1.43

3-Hydroxybutyric acid 1.64E−04 1.22 1.25E−02 −0.48 3.63E−03 0.74

2-Aminobutyric acid 8.61E−04 1.13 2.37E−02 −0.63 8.20E−03 0.50

Thymine 9.82E−05 0.97 7.52E−03 −0.57 2.12E−02 0.40

α-Ketoisovaleric acid 2.81E−02 0.52 4.60E−01 −0.22 2.69E−01 0.30

Glutaric acid 8.24E−03 1.21 7.56E−02 −0.73 1.48E−01 0.49

Leucine 4.94E−02 0.32 1.91E−01 −0.19 2.69E−01 0.13

Valine 1.25E−02 0.43 8.77E−02 −0.27 1.13E−01 0.16

Glycerol 1.03E−02 0.38 6.30E−02 −0.35 7.85E−01 0.04

Type 2

Alanine 4.63E−06 −0.65 1.76E−02 0.24 3.49E−06 −0.41
Proline 6.29E−04 −0.72 2.03E−02 0.37 7.55E−03 −0.35

4-Hydroxyproline 8.49E−06 −1.13 7.56E−03 0.43 7.45E−05 −0.70
Serine 6.23E−04 −0.70 4.98E−02 0.26 3.45E−03 −0.44
Cysteine 5.74E−04 −0.55 6.84E−03 0.46 5.21E−01 −0.09
Glycine 3.78E−04 −0.50 1.08E−03 0.35 8.99E−02 −0.15

Erythronic acid 1.19E−02 −0.27 1.27E−02 0.23 5.95E−01 −0.04
3-Indolepropionate 3.00E−02 −0.60 6.26E−02 0.41 3.86E−01 −0.19
2-Ketoglutarate 4.85E−02 −0.60 2.68E−01 0.17 1.14E−01 −0.43
Indoxyl sulfate 2.30E−02 −0.46 3.55E−01 0.23 3.17E−01 −0.23

Type 3

Sedoheptulose 6.15E−03 −1.16 5.32E−01 0.13 5.68E−03 −1.03
Fructose 2.52E−03 −0.88 9.45E−01 −0.01 1.28E−03 −0.89

D-Gluconic acid 6.01E−03 −1.58 2.28E−01 0.20 5.38E−03 −1.39
Glycerol 3-phosphate 1.68E−02 −1.21 1.09E−01 0.27 2.70E−02 −0.94

Threonine 5.77E−07 −0.56 5.36E−01 0.05 2.87E−06 −0.51
Methionine 9.37E−04 −0.36 1.40E−01 0.16 2.94E−03 −0.20
Glutamic acid 3.41E−03 −0.94 2.61E−01 0.16 4.66E−03 −0.78
Aspartic acid 7.49E−04 −1.12 2.41E−01 0.23 1.08E−03 −0.89
Asparagine 3.30E−03 −0.80 1.91E−01 0.31 3.84E−03 −0.49
Orotic acid 2.82E−03 −0.54 5.83E−01 0.08 4.15E−03 −0.46

Ethanolamine 2.01E−03 −0.45 8.71E−01 0.02 1.07E−03 −0.43
3,4-Dihydroxybutyrate 2.48E−02 −0.32 5.57E−01 0.04 4.65E−02 −0.27

Type 4

Serotonin 2.33E−02 0.46 6.16E−01 0.09 3.47E−03 0.55

Cholesterol 9.41E−03 0.65 7.50E−01 −0.05 5.30E−04 0.60

Inositol phosphate 7.17E−04 0.67 4.63E−01 −0.10 1.59E−05 0.57
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groups, all differential metabolites could be classified to 6
types. The type 1 and 2 metabolites are consisted of 19
metabolites of interest. Analysis of correlation matrix
showed high correlation of BCAAs and cysteine, PPP metab-
olites (except ribose 5-phosphate), and inosine and its metab-
olites (hypoxanthine and xanthine). Pathway analysis on all
metabolites within groups also supported the importance of
BCAA metabolism and PPP. The study indicated that GS
principally acted on the disordered brain BCAA metabolism,
PPP, and nucleotide metabolism of SD.

4. Discussion

In this study, the animal model of SD was successfully
constructed, behavioral and traditional biochemical parame-
ters displayed that the ability of learning and memory of rats
was markedly damaged after a long time of SD, and GS could
protect the damage of learning and memory of rats, which
was caused by long-term SD, and markedly reduce serum
ACTH, TSH, and CORT levels and NO concentration of

brain tissue. Our study suggests that GS administration could
effectively alleviate the symptom of SD. Apart from the
biochemical and behavioral effects of GS, metabolomics was
applied to investigate changes of the comprehensive meta-
bolic characters and biomarkers in serum and brain tissue
on a rat model of SD. The metabolomic study implied that
the pathways of energy metabolism, adenosine metabolism,
branched chain amino acid (BCAA) and neurotransmitter
metabolisms, and oxidative stress in serum and brain tissue
were disturbed when SD happened. The intervention of GS
could significantly change metabolic phenotype of model
rats, where serum metabolome showed an obvious reverse
of model group to control group. TG principally improved
energy metabolism, BCAA metabolism, adenosine metabo-
lism, and oxidative stress. In the metabolic networks
(Figure 4), the metabolic changes associated with SD in the
MGS group were analyzed.

4.1. Sleep Deprivation Caused Opposite Changes of Branched
Chain Amino Acids and Neurotransmitters between the
Blood and Brain. Branched chain amino acids (BCAAs,
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including valine, leucine, and isoleucine) are essential amino
acids in mammal animals. Their catabolism usually con-
tained two steps. The first step is reversible transamination
catalyzed by the branched chain aminotransferase isozymes
to produce glutamic acid (from α-ketoglutaric acid) and
branched chain α-keto acids (BCKAs), such as α-ketoisovale-
ric acid. The α-amino group can be further transferred from
glutamic acid to alanine and aspartic acid. The second cata-
bolic step is oxidative decarboxylation of BCKAs, catalyzed

by the branched chain α-keto acid dehydrogenase enzyme
complex. In this study, SD resulted in the significantly elevated
levels of valine and its degradation product α-ketoisovaleric
acid, as well as markedly decreased α-ketoglutaric acid, gluta-
mic acid, andaspartic acid in theblood, indicating adisordered
valine catabolism probably at the second step in SD. Alterna-
tively, the increased serum 2-ethylhydracrylic acid and
isoleucine also indicated a dysfunction of isoleucine degrada-
tion with short/branched chain acyl-CoA dehydrogenase

Table 4: Differential expressed cerebral metabolites.

Class Brain metabolites
M/WP GS/M GS/WP

P value log2 P value log2 P value log2

Type 1

Citric acid 1.30E−03 0.15 1.60E−04 −0.23 1.32E−01 −0.08
Glycerol 2-phosphate 3.01E−03 0.18 2.21E−02 −0.12 2.69E−01 0.05

Cytidine monophosphate 1.26E−03 0.27 8.06E−03 −0.29 8.30E−01 −0.02
Inositol 7.45E−07 0.28 2.11E−02 −0.11 2.63E−03 0.17

Type 2

Glucose 6-phosphate 6.86E−03 −1.13 6.64E−03 1.03 7.54E−01 −0.10
Fructose 6-phosphate 9.04E−04 −0.99 4.18E−03 0.62 9.80E−02 −0.37

Sedoheptulose 7-phosphate 6.06E−03 −0.89 5.09E−02 0.48 1.05E−01 −0.41
Dihydroxyacetone phosphate 1.06E−02 −0.63 9.45E−02 0.33 1.37E−01 −0.29

Ribose 1.83E−07 −0.50 1.06E−03 0.19 1.54E−04 −0.31
Malic acid 1.31E−03 −0.13 1.25E−03 0.11 5.07E−01 −0.02

Hypoxanthine 3.47E−03 −0.24 1.82E−02 0.12 1.02E−01 −0.12
Xanthine 2.52E−03 −0.40 3.05E−02 0.14 2.56E−02 −0.27
Uracil 2.65E−02 −0.14 4.24E−03 0.16 7.26E−01 0.02

Inosine 2.89E−02 −0.20 2.44E−01 0.10 3.04E−01 −0.10
Valine 3.77E−03 −0.16 4.37E−05 0.23 2.68E−02 0.07

Leucine 2.82E−05 −0.20 1.43E−05 0.18 6.53E−01 −0.02
Isoleucine 3.17E−05 −0.20 1.37E−04 0.18 6.34E−01 −0.02
Cysteine 5.07E−03 −0.26 1.05E−03 0.27 8.60E−01 0.01

Palmitoleic acid 2.63E−02 −0.27 3.25E−01 0.11 1.28E−01 −0.16

Type 3
Threonic acid 4.46E−03 −0.21 1.98E−02 −0.19 1.34E−06 −0.40

4-Hydroxyproline 1.26E−05 −0.37 5.77E−03 −0.19 2.48E−08 −0.56

Type 4

Threonine 2.82E−09 −0.32 1.36E−01 −0.04 1.31E−11 −0.37
Serine 8.57E−04 −0.13 4.13E−01 −0.03 2.34E−04 −0.16

Methionine 2.65E−06 −0.37 6.25E−01 −0.02 1.28E−06 −0.39
Fructose 1.75E−04 −0.26 7.91E−01 −0.01 1.63E−05 −0.28

Pantothenic acid 3.87E−04 −0.23 6.90E−01 0.03 7.00E−03 −0.20
Lactic acid 5.96E−03 −0.11 4.31E−01 −0.03 6.51E−04 −0.14

Sedoheptulose 5.90E−07 −0.63 6.64E−02 0.13 3.57E−06 −0.49
Ribulose 5-phosphate 6.18E−04 −0.70 2.30E−01 0.22 2.59E−03 −0.48

Pyruvic acid 7.10E−05 −0.70 5.68E−01 0.08 3.45E−05 −0.62
Tyrosine 8.13E−03 −0.48 9.04E−01 0.02 1.65E−02 −0.46

Type 5

Aspartic acid 3.65E−02 0.07 3.47E−01 −0.03 2.19E−01 0.04

Glutamic acid 4.55E−02 0.10 6.97E−01 −0.02 6.84E−02 0.08

Glycerol 3-phosphate 1.23E−05 0.60 3.31E−01 −0.07 1.98E−06 0.53

Ribose 5-phosphate 2.35E−02 0.22 7.91E−01 0.03 3.16E−02 0.25

Adenosine 4.42E−05 0.78 2.88E−01 0.22 8.52E−04 1.01

Type 6

Succinic acid 6.32E−06 0.96 9.93E−04 0.43 1.04E−09 1.39

2-Aminobutyric acid 7.27E−03 0.29 5.91E−06 0.52 6.26E−11 0.81

3-Hydroxybutyric acid 7.96E−06 0.30 1.39E−08 0.55 1.98E−11 0.85
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deficiency [33]. Our study suggested that SD possibly caused
the disordered degradation and consequently the significant
accumulation of BCAAs in the blood. The elevated serum
serotonin might contribute to the increases of serum BCAAs
after SD. The circulating serotonin is produced mainly in
enterochromaffin cells of the gut and excreted into the blood.
Recent study found that serotonin could control the release
of both insulin and insulin-like growth factor and thus
suppressed the release of insulin from the β-cells of the pan-
creas [34]. Previous study also indicated that plasma insulin
level was decreased after 8 days of sleep restriction ofmale rats
[35]. Additionally, we observed the significantly raised 2-
hydroxybutyric acid and its precursor 2-ketobutyric acid in
the blood following SD. Recent population study identified
2-hydroxybutyric acid as an early metabolic marker of type 2
diabetes by inhibiting the release of insulin from β-cells [36].
Insulin can stimulate the uptake and diminish BCAAs [37].
Therefore, in our study, the increased serum serotonin and

2-hydroxybutyric acid after SD could suppress the insulin
release from β-cells and thereafter lowered the degradation
of BCAAs.

The accumulation of plasma BCAAs by SD will lead to
important metabolic consequence. Laboratory and epidemi-
ologic studies suggested that SD might play a role in
increased prevalence diabetes and/or obesity [38]. Recently,
numerous studies proved that plasma BCAAs were highly
positively correlated with insulin resistance and the bio-
markers of early diagnosis and prognosis on type 2 diabetes
and metabolic syndrome [39, 40]. Our investigation implied
that the elevation of plasma BCAAs caused by SD possibly
would contribute to the increased risk of diabetes and/or
obesity. Generally, BCAAs are transported from the blood
into the central nervous system (CNS) through a blood-
brain barrier (BBB) by the large neutral amino acid
transporter 1 (LAT1) for providing a major source of brain
nitrogen [41]. LAT1 transports all of the large neutral amino
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acids, including BCAAs and aromatic amino acids (AAAs;
tryptophan, tyrosine, and phenylalanine). LAT1 transporter
was shared competitively by BCAAs and AAAs; thus, the
excessive serum BCAAs (generally, their concentrations are
significantly higher than AAAs in the blood) caused by SD
will further suppress the transportation of circulating AAAs
into the brain. Tyrosine is the precursor of CA (norepineph-
rine and dopamine), while tryptophan is the precursor of
serotonin. It is well known that serum serotonin and CA
could not pass through BBB system, so brain serotonin and
CA could be synthesized by only utilizing AAAs in the brain.
Such reductions in brain tyrosine concentration would
reduce the synthesis and release in the brain. Although CA
in the brain was not detected due to the limited intensity
in this study, the significantly decreased brain tyrosine
suggested the possible reduction in the brain. This deduction
was also validated by another study [42]. Our study suggests
that the elevated serum BCAAs by SD suppressed the
transferring of AAAs from the blood to the brain so as to
synthesize brain inhibitory neurotransmitters. As a conse-
quence of SD, the increased inhibitory neurotransmitters
(serotonin and CA) and decreased excitatory neurotransmit-
ters (glutamic acid and aspartic acid) in the blood would
cause body fatigue, whereas the lowered inhibitory neuro-
transmitters (serotonin and CA) and elevated excitatory
neurotransmitters (glutamic acid and aspartic acid) in the
brain would schematically maintain the waking of the brain.
Interestingly, the levels of BCAAs in the brain were decreased
after SD (Table 3). It is known that brain BCAAs transported
from the blood are major nitrogen sources for production of
two excitatory neurotransmitters glutamic acid and aspartic
acid [43]. The excessive excitatory neurotransmitters would
require a large amount of α-amino group from BCAAs,
which ultimately reduced the levels of BCAAs in the brain.
The significantly increased brain glutamic acid and aspartic
acid might reflect the ongoing waking during SD. Our results
indicate that SD caused the lower BCAAs and higher excit-
atory neurotransmitters (glutamic acid and aspartic acid) in
the brain compared to control group, which are just opposite
to those in the blood. In our study, abnormal level of BCAAs
and neurotransmitters between the blood and brain in the
model group was reversed by GS.

4.2. Dysfunction of Adenosine Metabolism. Adenosine is an
important homeostatic sleep modulator and increasingly
thought to play an important role in learning and memory.
Sleep can efficiently conserve energy and increase ATP in
brain. SD usually produces severe energy challenge and
thereby causes increased breakdown of ATP and elevation
of adenosine. Adenosine can also be converted back to
AMP by adenosine kinase, an enzyme that converts adeno-
sine to AMP, or irreversibly converted to inosine by adeno-
sine deaminase, an enzyme degrading adenosine to inosine
[44]. The extracellular adenosine level in the basal forebrain
gradually increases during prolonged wakefulness or SD
and acts to inhibit the basal forebrain wakefulness-active
neurons [45–47]. Our study observed that SD signifi-
cantly increased cerebral adenosine and attenuated its cat-
abolic products (i.e., inosine, hypoxanthine, and xanthine),

suggesting that the increased cerebral adenosine were asso-
ciated with the inhibition of adenosine deaminase in SD.
A recent genetic screening experiment proved that a
genetic variant of the adenosine deaminase increased deep
sleep in humans [48]. The adenosine-promoting sleep was
correlated with an adenosine A1 receptor-mediated inhibi-
tion of glutamatergic inputs to cortically projecting choliner-
gic and GABA/parvalbumin neurons [49, 50]. Therefore, the
increase of endogenous adenosine induced by SD might be
mechanistically responsible for promoting sleep onset. Nitric
oxide is a gaseous neurotransmitter and intracellular signal-
ing molecule, which was reported as a neuroprotective agent
[51]. In our study, SD resulted in markedly increased nitric
oxide in the brain (Figure 1), possibly by the insistently
increased excitatory input from the brainstem to the basal
forebrain [52]. Recent studies proved that SD induced the
production of inducible nitric oxide synthase-dependent
nitric oxide in the basal forebrain and frontal cortex, further
leading to the enhanced release of extracellular adenosine
[52, 53] by inhibiting adenosine kinase [54] and/or decreas-
ing ATP production via actions on the electron-transport
chain and mitochondrial respiration [55]. However, we did
not know if the inhibition of adenosine deaminase was corre-
lated with nitric oxide. During SD, the site-specific accumu-
lation of adenosine and NO in the basal forebrain resulted
in an increased requirement of sleep [45, 56]. We proposed
that the increased adenosine promotes the appetency of sleep
and thus functions as a homeostatic sleep modulator. Aden-
osine has also other important influence on brain functions.
One research demonstrated that astrocyte-derived adeno-
sine and A1 receptor activity contribute to the sleep loss-
induced deficits in hippocampal synaptic plasticity and
hippocampus-dependent memory in mice [57]. Other stud-
ies also proved that the deficiency or selective inactivation
of adenosine A2A receptor significantly improved spatial
recognition memory [58, 59]. Overall, adenosine metabolism
disorder by SD not only enhanced the inherent requirement
for sleep but also deteriorated learning and memory. In MGS
group, the concentration of adenosine and nitric oxide
returned close to normal, indicating that the therapeutic
effects of GS may rely on the regulation of the dysfunction
of adenosine metabolism.

4.3. Increased Energy Expenditure and Oxidative Stress in
Sleep Deprivation. The important functions of sleep contain
energy conservation and tissue restoration such as providing
sufficient time to repair oxidative damage of cells and facili-
tate synthesis of some molecules for protecting against oxida-
tive stress in rodents and humans [60]. Numerous studies
have proved that SD resulted in increased energy expenditure
[60–62]. We also observed that 96 h SD resulted in significant
weight loss, accompanied with markedly increased food
intake. Our metabolomic experiment demonstrated the
significantly decreased concentrations of metabolites of gly-
colysis and pentose phosphate pathway in the brain, as well
as the lower glucose (P = 0 092) and other related metabolites
of glycolysis and TCA cycle in the blood in model group than
control group (no statistical significance, data not shown).
CORT is adrenal steroid hormones systemically released in
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response to stressors including SD. The elevated CORT
secretion associated with 6 h SD promoted glycogenolysis
and increased the circulation and brain glucose in response
to energy demands [63]. Previous study indicated that 96 h
SD resulted in the increase of hexokinase activity and the
decrease of glucose-6-phosphatase activity in rat brain [64],
suggesting the elevated activity of glucose metabolism.
Another study of five nights of sleep restriction on rats also
found a marked weight loss and decreased plasma glucose
[65], suggesting excessive energy expenditure by SD. We
proposed that the excessive energy demands by prolonged
SD such as 96 hours caused the decreases of glycogen and
glucose in the body and brain. The exhaustive glucose forced
organisms to “shift” toward utilizing alternative available
energy sources. Ketone bodies are the only endogenous
circulating substrates that have been shown to contribute
significantly to cerebral metabolism [66]. We observed the
significantly increased serum glycerol, stearic acid, and 3-
hydroxybutyric acid after SD, suggesting improved lipid
metabolism. Recent study prompted that the low level of
blood glucose possibly triggered the procedure of lipolysis
and consequently decreased the body weight during SD
[65]. Since long chain fatty acids could not be transferred
across blood-brain barrier system, stearic acid was then
directed to be oxidized and further forms ketone bodies in
the liver, such as 3-hydroxybutyric acid, which can travel
across the blood-brain barrier system and serve as a good
energy source with several folds of increase in the brain
during starvation [67]. However, we did not know if 3-
hydroxybutyric acid could affect the recognition function.
The increased cerebral 3-hydroxybutyric acid could be trans-
formed to acetyl-CoA and infused to TCA cycle and thus
supplies sufficient energy source during SD. Therefore, our
study demonstrated that the cumulatively excessive energy
demands during 96 h of SD caused the significant increase
of fat utilization. SD also caused elevated oxidative stress,
which raised the need for glutathione synthesis and depleted
glutathione constituents. Previous study showed that 96 h
paradoxical SD (also known as rapid eye movement sleep)
caused significantly decreased level of glutathione in the
hypothalamus but not in other brain regions [68]. Our work
found that glutathione constituents like glycine, glutamic
acid, and cysteine and their precursors such as methionine,
serine, and threonine were uniformly decreased markedly
both in the blood and in the brain (except glutamic acid as
neurotransmitter in the brain) following SD. Although we
could not detect homocysteine, an intermediate in the
pathway of glutathione synthesis, from the blood and whole
brain by untargeted metabolomics, other publications have
proved that SD reduced the level of total plasma homocys-
teine [69]. Serum ophthalmic acid, an analogue of gluta-
thione, is a sensitive indicator of hepatic glutathione
depletion and proved as a new biomarker for oxidative stress
[70]. 2-Aminobutyric acid is a key intermediate in the
biosynthesis of ophthalmic acid. The elevated serum 2-
aminobutyric acid in model group also suggested the
increased oxidative stress by SD. Together, this work showed
that SD resulted in elevated oxidative stress. The elevated
oxidative stress, redressed by GS, produced substantial free

radical damage. For instance, malondialdehyde (MDA), one
of the most important intermediates of free radical damage,
could suppress cerebral function, by breaking homeostasis
between excitatory and inhibitory neurons, and was one of
the major substances in the brain leading to fatigue [71]. In
comparison to control group, the significantly increased
cerebral MDA level indicated the brain injury in model group
by oxidative attack, implying the onset of fatigue by SD.
However, recent publication pointed that 3-hydroxybutyric
acid substantially protected against oxidative stress by
specifically inhibiting class I histone deacetylases and
improving the expression of genes encoding oxidative
stress resistance factors FOXO3A and MT2 [72]. The
increased 3-hydroxybutyric acid during SD also helps in
protecting against oxidative stress. In our study, the signifi-
cantly decreased concentrations of metabolites of glycolysis,
oxidative stress, and pentose phosphate pathway were
redressed by GS in the MGS group compared with the model
group (Table 4). This observation suggests that SD might
perturb energy metabolism and oxidative stress and that
the therapeutic effect of GS on SDmay include the regulation
of energy metabolism and oxidative stress.

5. Conclusions

In this study, a metabolomic method based on GC/MS has
been developed to establish the metabolomic profiles of
serum and brain tissue samples to investigate protective
effects on SD rats of GS and its action mechanism. Pattern
recognition with multivariate statistical analysis showed that
a clear separation of model group and control group was
acquired for serum and brain tissue samples; the MGS group
showed a tendency of recovering when compared to the con-
trol group, which was consistent with behavioral and bio-
chemical parameters. Totally, 39 and 40 differential
metabolites were identified as potential SD biomarkers of
brain tissues and serum samples, respectively. The properties
of these biomarkers suggest that the mechanism of action of
GS may involve in regulating the dysfunction of energy
metabolism, BCAA metabolism, adenosine metabolism,
and oxidative stress. Our work revealed that a metabolomic
approach has been considered as a useful tool to reveal the
pathogenesis of diseases and reveal action mechanism of
TCM on the whole body.
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Wenxin Granule (WXKL) is a traditional Chinese medicine used for treatment of myocardial infarction (MI) and arrhythmias.
However, the genomic pathological mechanisms of MI and mechanisms of WXKL are largely unknown. This study aims to
investigate a comprehensive miRNA expression profile, and the predicted correlation pathways to be targeted by differentially
expressed miRNAs in MI, and mechanisms of WXKL from a gene level. MI rat model was established by a coronary artery
ligation surgery. miRNA expression microarrays were performed and the data were deposited in Gene Expression Omnibus
(GEO number GSE95855). And, pathway analysis was performed by using the DIANA-miRPath v3.0 online tool. The
expressions of miR-1, miR-133, Cx43, and Cx45 were detected by quantitative real-time PCR. It was found that 35 differentially
expressed miRNAs and 23 predicted pathways, including miR-1, miR-133, and gap junction pathway, are involved in the
pathogenesis of MI. And, WXKL increased the expressions of miR-1 and miR-133, while also increased the mRNA levels of
Cx43 and Cx45, and, especially, recovered the Cx43/Cx45 ratio near to normal level. The results suggest that regulatory effects
on miR-1, miR-133, Cx43, and Cx45 might be a possible mechanism of WXKL in the treatment of MI at the gene level.

1. Introduction

Myocardial infarction (MI) is a serious cardiovascular disease
that threatens human health. It remains one of the predomi-
nant causes of morbidity and mortality even though great
efforts have been made to manage it [1]. In China, the mor-
tality from MI is increasing attributable to population aging
[2]. Arrhythmia, especially ventricular fibrillation, is one of
the leading causes of death in patients with MI. And, in more
than half of sudden death cases, ventricular fibrillation
appears as the first symptom during MI [3]. Therefore, fur-
ther research of the pathological mechanism and finding
suitable agents are very important to prevent potential lethal
arrhythmia following MI.

In recent years, natural product medicine, such as tra-
ditional Chinese medicine, has drawn great attention from
people around the world and has been playing important
roles in the prevention and treatment of cardiovascular
diseases [4–6]. A traditional Chinese medicine named
Wenxin Granule (WXKL) has been reported to prevent
MI and arrhythmias [7–9]. However, the pharmacological
mechanisms of WXKL at the genomic level in MI are
largely unknown.

MicroRNAs (miRNAs)have beendemonstrated as critical
factors involved in various cardiovascular diseases including
arrhythmias following MI [10, 11]. As well known, posttran-
scriptional regulation is a pivotal and precise regulatory
mechanism that plays an important role in the process of gene
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expression. miRNAs play central roles in posttranscriptional
regulation processes, leading to the inhibition of one or more
posttranscriptional target genes silencing and then regulating
the corresponding pathways. miRNAs are a class of approxi-
mately 20–22 nucleotide long, endogenous noncoding RNAs.
The functional strand of mature miRNA could regulate pro-
tein expression at the posttranscriptional level by binding to
the 3′ untranslated regions of the target mRNA [12]. Since
the initial discovery of miRNAs in 1993 (Lee et al., 1993), it
has so far registered over 1800 miRNAs, which target about
60% of human genes, in the miRBase database (http://www.
mirbase.org/) [13]. Recently, much evidence has indicated
thatmiRNAsplay an important role in thepathogenesis of car-
diovascular disease, including coronary artery disease, myo-
cardial infarction, atherosclerosis, arrhythmias, and heart
failure, by involving in specific signaling pathways [14–17].
However, a comprehensive miRNA expression profile, espe-
cially the pathways predicted to be targeted by differentially
expressedmiRNAs in ligation-inducedMI rats, is still unclear.

Recent progress in miRNA expression microarray has
enabled the use of the high throughput technologies to obtain
an in-depth understanding of the pathological mechanisms
of MI and pharmacological mechanisms of natural product
medicine at the genomic level. In present study, a MI rat
model was established by a direct coronary artery ligation
surgery method and confirmed by electrocardiographic
(ECG) and histopathological methods. Then, left ventricular
tissues from 3 MI rats and 3 non-MI rats (control) were col-
lected for miRNA expression microarray analyses. To assess
the pathways predicted to be targeted, pathway analysis of
differentially expressed miRNAs was performed by using
the DIANA-miRPath v3.0 tool. The relative expressions of
miR-1 and miR-133 were validated by quantitative real-
time PCR, and the possible effects of WXKL were observed
at the same time. Additionally, the effect of Wenxin Granule
on Cx43 and Cx45, those involved in gap junction pathway,
was also observed in the present study.

2. Materials and Methods

2.1. Animals. A total of 50 male Sprague-Dawley (SD) rats,
weighted 200± 20 g, were acquired from Beijing Vital River
Laboratory Animal Technology Co. Ltd. (License number
SCXK (Beijing) 2012-0001).

2.2. Drugs. Wenxin Granule (SFDA Approval number
Z10950026) was manufactured by Shandong Buchang
Pharmaceuticals Co. Ltd., Xi’An, China. Captopril tablets
(SFDA Approval number H31022986) were manufactured
by Sino-American Shanghai Squibb Pharmaceuticals Ltd.,
Shanghai, China.

2.3. The MI Rat Model Preparation. The model was estab-
lished by a direct coronary artery ligation surgery method
as described previously [18]. Before surgery, the rats were
anaesthetized with 1% pentobarbital sodium (50mg/kg)
intraperitoneally, and a twelve-lead electrocardiogram
(ECG) was performed preoperatively. After left thoracotomy,
the left anterior descending coronary artery was ligated

directly at the location between the pulmonary cone and
the left atrial appendage under its origin 2-3mm in all groups
except the control. Additionally, a twelve-lead ECG was per-
formed postoperatively the day after the surgery. Whether
the surgery was successful can be judged by Q wave in post-
operative ECG, compared with preoperative ECG. In the
experimental period, the total mortality rate was 20% to
30%. The main causes of death were lethal arrhythmias,
respiratory failure, and acute pump failure.

2.4. Design and Allocation.This protocol was approved by the
Standing Committee on Animals at Dongzhimen Hospital
Affiliated to Beijing University of Chinese Medicine. All ani-
mals used in this study received humane care in compliance
with the National Institutes of Health Guide for the
standards for ethical treatment of laboratory animals. And,
efforts were made to minimize the number of animals used.
The MI rats with a successful coronary artery ligation
surgery were assigned randomly into the model group, the
captopril group, and the WXKL group. Meanwhile, the rats
without coronary artery ligation were assigned to the control
group, with 9 rats in each group. The day after the surgeries,
treatments were administered to the rats intragastrically for
4 weeks. All drugs were ground and mixed with distilled
water before administration. The captopril group was given
with a dosage of 2.2mg/kg of captopril tablets. The WXKL
group was given with a dosage of 2.7 g/kg of WXKL. The
sham group and the model groups received the same volume
of distilled water via oral gavage. After 4 weeks of treat-
ments, all rats were anaesthetized and dissected to isolate
the heart for the subsequent experiments.

2.5. Masson Trichrome Staining. Masson trichrome staining
was performed with tissue that was fixed in 4% paraformal-
dehyde and embedded in paraffin. The tissue was cut into
4 μm sections using a paraffin slicer. The main procedures
performed are as follows: deparaffinize and rehydrate
through xylene and a series of ethanol washes (100, 95, 90,
80, and 70% alcohol), stain in Biebrich scarlet-acid fuchsin
solution for 15 minutes, wash in distilled water, differentiate
in phosphomolybdic-phosphotungstic acid solution for 5
minutes, transfer sections directly to brilliant green solution
and stain for 10 minutes. rinse briefly in distilled water and
differentiate in 1% acetic acid solution for 1 minute, wash
in distilled water, dehydrate very quickly through 95%
alcohol, 100% alcohol, and clear in xylene, and mount with
resinous mounting medium.

2.6. Microarray Hybridization. RNA was extracted by
mirVana™ RNA Isolation Kit (Applied Biosystem, Foster,
CA, USA) following the manufacturer’s instructions.
Cyanine-3- (Cy3-) labeled cRNA was prepared from 0.2 μg
RNA using the One-Color Low RNA Input Linear Amplifica-
tion PLUS kit (Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions, followed by
RNeasy column purification (QIAGEN, Valencia, CA). Dye
incorporation and cRNA yield were checked with the Nano-
Drop ND-1000 Spectrophotometer. Then, 0.6 μg of Cy3-
labelled cRNA (specific activity> 10.0 pmol Cy3/μg cRNA)
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was fragmented at 60°C for 30 minutes in a reaction volume
of 22.5 μl containing 1x Agilent fragmentation buffer and 2x
Agilent blocking agent following the manufacturers’ instruc-
tions. On completion of the fragmentation reaction, 22.5 μl
of 2x Agilent hybridization buffer was added to the fragmen-
tationmixture and hybridized to Agilent Rat miRNA (8∗15K,
Design ID: 070154) for 17 hours at 65°C in a rotating Agilent
hybridization oven. After hybridization, microarrays were
washed 1 minute at room temperature with GE Wash Buffer
1 (Agilent) and 1 minute with 37°C GE Wash buffer 2
(Agilent), then dried immediately by brief centrifugation.
Slides were scanned immediately after washing on the Agi-
lent DNAmicroarray scanner (G2505C) using one color scan
setting for 4× 180 k array slides (scan area 61× 21.6mm, scan
resolution 3 um; dye channel is set to Green and Green PMT
is set to 100%). The microarray data discussed in this
study have been deposited in the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus
(GEO) and are accessible through (GEO) Series accession
number GSE95855 (https://www.ncbi.nlm.nih.gov/geo/que
ry/acc.cgi?&acc=GSE95855).

2.7. Bioinformatic Analysis. The scanned images were ana-
lyzed with Feature Extraction Software 10.7.1.1 (Agilent
Technologies) using default parameters to obtain back-
ground subtracted and spatially detrended processed signal
intensities as the raw data. Raw data were normalized in
quantile algorithm with Genespring 13.0 (Agilent Technolo-
gies). The probes that at least 100.0 percent of samples in any
1 condition out of 2 conditions have flags in "Detected" were
maintained for further data analysis. Differentially expressed
miRNAs were then identified through fold change as well
as P value calculated using t-test. The threshold set for
up- and downregulated genes was a fold change≥ 2.0 and a
P value≤ 0.1. Hierarchical clustering was performed to show
the distinguishable miRNA expression pattern among sam-
ples. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed by using the

online DIANA-miRPath v3.0 tool (http://www.microrna.gr/
miRPathv3) to identify the main functions of the differen-
tially expressed miRNAs [19].

2.8. Real-Time Quantitative RT-PCR. Quantification was
performedwith a two-step reaction process: reverse transcrip-
tion (RT) and PCR. MicroRNA was reversely transcribed
using TaqMan® microRNA Reverse Transcription Kit
(Catalog number 4366596, Applied Biosystems, Foster, CA,
USA) and then used for quantitative real-time PCR using
FastStart Universal SYBR Green Master (Rox) (Catalog
number 04913914001, Roche, Swiss) according to the manu-
facturer’s instructions. U6 was used as internal controls. The
microRNA-specific primer sequences were performed using
TaqMan microRNA Assays (Catalog number 4427975,
Applied Biosystems). The mRNA was reversely transcribed
usingThermoScientificRevertAidFirst Strand cDNASynthe-
sisKit (Catalognumber#K1622,ThermoFisherScientific Inc.,
USA). ThemRNA quantitative real-time PCR was performed
using SYBR Green PCR Master Mix (Catalog number
4309155, Applied Biosystems) according to the manufac-
turer’s instructions. GAPDH was used as internal controls.
The mRNA-specific primer sequences were designed and
synthesized as follows: Cx43 forward: 5′-CAACAACCTG
GCTGCGAAAA-3′; reverse: 5′-ACCTTGCCGTGCTCTT
CAAT-3′. Cx45 forward: 5′-GGGCTCTGGAAGAAACGG
AA-3′; reverse: 5′-ATGCTTGGGTTTTGGTTGGC-3′.
GAPDH forward: 5′-AGTTCAACGGCACAGTCAAG-3′;
reverse: 5′-TACTCAGCACCAGCATCACC-3′. The expres-
sion levels of microRNAs were normalized to U6. The expres-
sion levels of mRNAs were normalized to GAPDH. And, the
expression levels of microRNAs and mRNAs were calculated
using the 2−ΔΔCt method [20].

2.9. Statistical Analysis. SPSS software package 13.0 for
windows was used for data analysis. Continuous variables
were expressed as mean± standard deviation (SD). Statistical
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Figure 1: Electrocardiogram (ECG), heart anatomical samples, and Masson trichrome staining from normal and MI rats. (a) Typical ECG
recordings. (b) Heart anatomical samples. Scale bars = 1 cm. (c) Masson trichrome staining. Green staining indicates myocardial fibrosis.
Scale bars = 100 μm.

3International Journal of Genomics

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&amp;acc=GSE95855
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&amp;acc=GSE95855
http://www.microrna.gr/miRPathv3
http://www.microrna.gr/miRPathv3


analysis was carried out on three or more groups by one-way
analysis of variance (ANOVA) and LSD (Fisher’s least signif-
icant difference) test. A value of P < 0 05 was considered
statistically significant.

3. Results

3.1. Identification of the MI Rat Model. We first determined
whether the coronary artery ligation surgery was successful
in the present study. As shown in Figure 1(a), the ECG of
the model group exhibited pathological Q waves. As shown
in Figure 1(b), anatomical samples of the heart could be
observed with significant MI scarring in the model group.
As shown in Figure 1(c), local tissue fibrosis could be
observed in the model group by Masson trichrome staining.
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Figure 2: Heatmap of miRNA expression microarray from left ventricular tissue samples of MI rats (model group) and non-MI rats (control
group). At 4 weeks after the coronary artery occlusion surgery, heatmap of 35 differentially expressed miRNAs between MI and non-MI rats
identified by microarray. The miRNA clustering tree is hierarchically clustered on the left, and the sample clustering tree is hierarchically
clustered on the top. The samples are clustering significantly into two groups, the control (non-MI rats) and model (MI rats). The color
scale of the miRNA represented in the corresponding row shows the relative expression level of miRNAs; green indicates downregulation,
while red indicates upregulation.
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Figure 4: KEGG annotations of differentially expressed miRNAs from left ventricular tissue samples of MI rats (model group) and non-MI
rats (control group). The miRNA versus pathway heatmap was created directly from the DIANA-miRPath v3.0 online tool. The heatmap
depicts the level of enrichment in pathways of 35 differentially expressed miRNAs between MI and non-MI rats identified by microarray.
There were 23 predicted pathways integrating with 35 differentially expressed miRNAs in the heatmap. The pathway clustering tree is
shown on the top, and the legend on the bottom indicates the pathway represented in the corresponding column. The miRNA clustering
tree is shown on the left, and the legend on the right indicates the miRNA represented in the corresponding row. The color scale shown
on the upper left corner illustrates the predicted correlation degree of pathways with the miRNAs (shown as log P value).
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The above results confirmed the MI model reliability that we
used in the present study.

3.2. miRNA Expression Signature and Hierarchical Clustering
Analysis of MI Rat Model. At 4 weeks after the coronary
artery occlusion surgery, miRNA expression profile was
tested between the control and MI rat models. As shown in
Figure 2, a total of 35 differentially expressed (more than a
twofold change) miRNAs were identified. Compared with
the control group, 17 miRNAs were downregulated in the
model group as shown in the upper portion of Figure 2.
And the other 18 miRNAs were upregulated as shown in
the lower portion of Figure 2. Thereafter, hierarchical cluster-
ing analysis illustrated that differentially expressed miRNAs
could distinguish control and model samples apparently as
shown in the sample clustering tree (on the top of Figure 2).

3.3. Target Prediction of Differentially Expressed miRNAs.
Target genes of differentially expressed miRNAs were the
intersection predicted with TargetScan and microRNAorg
databases.As shown inFigure 3, a total of 5829 potential target
genes were predicted in the common set of the two databases.

3.4. Pathway Analysis of Differentially Expressed miRNAs. To
assess the pathways predicted to be targeted, pathway analy-
sis of differentially expressed miRNAs was performed by
using the DIANA-miRPath v3.0 tool. As shown in Figure 4,
the 23 pathways were predicted to be related to the 35 former
differentially expressed miRNAs. ECM-receptor interaction,
fatty acid metabolism, TGF-beta signaling, and gap junction
pathway were involved in these predicted pathways.

3.5. Relative Expressions of miR-1 and miR-133. The relative
expressions of miR-1 and miR-133 were validated by quanti-
tative real-time PCR, and the possible effects of WXKL were
observed at the same time. The relative expression of
miRNAs was normalized against that of the U6 endogenous
control. As shown in Figure 5, the relative expression of
miR-1 decreased in the model group compared with the con-
trol group (P < 0 01). Compared with the control group, the
relative expression of miR-133 decreased in the model and
the captopril groups (P < 0 01 and P < 0 05, resp.). Com-
pared with the model group, the relative expressions of
miR-1 and miR-133 increased in the WXKL and the capto-
pril groups (P < 0 01 and P < 0 05, resp.).

3.6. Pathway Analysis of Differentially Expressed Cardiac-
Specific miRNAs. MiR-1 and miR-133 are muscle-enriched
miRNAs, and they are abundant in the heart. To further
assess the pathways predicted to be targeted, pathway analy-
sis of differentially expressed cardiac-specific miRNAs was
performed by using the DIANA-miRPath v3.0 tool. As
shown in Figure 6, the 14 pathways were predicted to be
related to the 3 differentially expressed miR-1 and miR-133
family members. ECM-receptor interaction and gap junction
pathway were the predicted highest correlation.

3.7. Relative mRNA Levels of Connexin 43 (Cx43) and
Connexin 45 (Cx45). The mRNA levels of Cx43 and Cx45
are the important factors involved in gap junction pathway.

The relative mRNA levels of Cx43 and Cx45 were detected
by quantitative real-time PCR, and the possible effects of
WXKL were observed at the same time. As shown in
Figure 7(a), the relative mRNA levels of Cx43 decreased in
the model and the captopril groups compared with the con-
trol group (P < 0 05). Compared with the model and the con-
trol groups, the relative mRNA levels of Cx43 and Cx45
increased in the WXKL group (P < 0 01 and P < 0 05, resp.).
As shown in Figure 7(b), the Cx43/Cx45 ratio decreased in
the model and the captopril groups compared with the con-
trol group (P < 0 01 and P < 0 05, resp.). Compared with
the model group, the Cx43/Cx45 ratio increased in the
WXKL group (P < 0 01).

4. Discussion

miRNAs are approximately 20–22 nucleotide long, noncod-
ing, endogenous single-strandedRNAs [21]. Studies have con-
firmed thatmiRNAs are indeed implicated in thepathogenesis
of MI by involving in specific signaling pathways [22–24].
However, a comprehensive miRNA expression profile, espe-
cially the pathways predicted to be targeted by differentially
expressed miRNAs in MI, is largely unknown.

In the present study, a MI rat model was established by
ligation of the left anterior descending coronary artery. This
method is the most commonly used experimental model to
induce MI in rodents. At 4 weeks after the coronary artery
occlusion surgery, the pathological Q waves, scar tissue, and
myocardial fibrosis could be observed in the model group.
Those results confirmed the MI model reliability in the pres-
ent study. In order to understand the pathological mecha-
nisms of MI better, the complete miRNA expression state
of MI rats and non-MI rats was examined using Agilent Rat
miRNA microarray (8∗15K, Design ID: 070154) of a total
of 758 miRNA probes. The miRNA microarray makes it
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possible to measure the expression levels of almost all the
known rat miRNAs and therefore facilitates the identification
of miRNAs and the targeted pathways that are related to MI.
In this study, a total 35 differentially expressed miRNAs were
identified with more than a twofold change. In the model
group, 17 miRNAs were downregulated, including miR-1,
miR-133, miR-29, miR-126, miR-212, miR-499, miR-322,
miR-378, and miR-30 family members, whereas the other
18 miRNAs were upregulated, including miR-21, miR-195,
miR-155, miR-320, miR-125, miR-199, miR-214, miR-324,
and miR-140 family members. Among these differentially
expressed miRNAs, miR-1, miR-133, miR-29, miR-126,
miR-499, miR-30, miR-21, miR-195, miR-155, miR-199,
miR-214, and miR-140 have been reported to be related to
MI [25–36], while the other miRNAs have not been reported
directly in MI. As well known, miRNAs are likely to partici-
pate in numerous disease initiation and development by
regulating specific target genes. Each miRNA can regulate
up to dozens of mRNAs, while multiple miRNAs have been
also shown to collaborate in targeting a specific mRNA [37].

Based on the findings of this study, the total 35 differen-
tially expressed miRNAs were identified to target 5829
mRNAs in the intersection predicted with TargetScan
and microRNAorg databases. Consequently, many signaling
pathways composed of numerous mRNAs are involved in the
pathogenesis of MI. But, the numerous miRNAs and target
mRNAs pose a significant bottleneck to the elucidation of
their functional impact. Fortunately, the DIANA-miRPath
v3.0 online tool offers an extensive array of fundamental tools
that enable the functional annotation of one or more miR-
NAs [19]. To assess the pathways predicted to be targeted,
pathway analysis of differentially expressed miRNAs was
performed by using the DIANA-miRPath v3.0 tool in this
study. Pathway analysis showed that many pathways are
involved in MI, including ECM-receptor interaction, TGF-
beta signaling, fatty acid metabolism, and gap junction
pathway. Although extracellular matrix (ECM) plays an
important role in the maintenance of myocardial tissue struc-
ture integrity and cardiac pump function, excessive ECM
remodeling may lead to ventricular diastolic and systolic
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Figure 6: KEGG annotations of differentially expressed cardiac-specific miRNAs from left ventricular tissue samples of MI rats (model
group) and non-MI rats (control group). The miRNA versus pathway heatmap was created directly from the DIANA-miRPath v3.0 online
tool. The heatmap depicts the level of enrichment in pathways of 3 differentially expressed cardiac-specific miRNAs. There were 14
predicted pathways integrating with 3 differentially expressed cardiac-specific miRNAs in the heatmap. The pathway clustering tree is
shown on the top, and the legend on the bottom indicates the pathway represented in the corresponding column. The miRNA clustering
tree is shown on the left, and the legend on the right indicates the miRNA represented in the corresponding row. The color scale shown
on the upper left corner illustrates the predicted correlation degree of pathways with the miRNAs (shown as log P value).
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dysfunctions and ultimately contributes to heart failure
[38, 39]. Notably, extracellular matrix synthesis and degrada-
tion are closely related to TGF-beta signaling pathway [40]. It
is well known that fatty acid and glucose serve a wide variety
of functions in the heart. Reportedly, fatty acid dysmetabo-
lism is an important factor which contributes to post-MI
cardiac dysfunction and remodeling [41]. Additionally, gap
junction pathway is recognized as one of the substrates in
susceptibility to post-MI arrhythmias [42].

The above results indicate that the miRNAs and specific
signaling pathways might be potential therapeutic targets
for treatment of MI. The present study is interested in miR-
1 andmiR-133, twomuscle-enriched miRNAs, and they were
chosen for further validation by the quantitative real-time
PCR, and the possible effects of WXKL were observed at
the same time. Additionally, the effect of WXKL on Cx43
and Cx45, those involved in gap junction pathway, was also
detected in the present study. The results showed that the
expressions of miR-1 and miR-133 were consistent with the
microarray data. And WXKL increased the expressions of
miR-1 and miR-133 significantly. MiR-1 and miR-133 have
been regarded as key factors involved in cardiac development
and cardiovascular disease. Reportedly, mice lacking miR-1-
2 develop ventricular septal abnormalities and cardiac
rhythm disturbances [43]. While the deficiency of miR-
133a leads to myocardial matrix remodeling and progress
of heart failure [44, 45]. Further pathway analysis indicated
that gap junction pathway was the predicted closely correla-
tion pathway to be targeted by miR-1 and miR-133. Notably,
Cx43 and Cx45 are the important factors involved in gap
junction pathway, and they are indeed required to maintain
cardiac rhythms [46]. One study has revealed that multiple
miRNA binding sequences exist in 3′-untranslated regions
of Cx43 and Cx45 genes [47]. It has been reported that
Cx43 is a miR-1 and miR-133 target [48, 49], but Cx45 has

not been reported yet. Both Cx43 and Cx45 are the principal
connexins which are expressed in the left ventricle [50]. The
change of Cx43/Cx45 ratio has been demonstrated to
increase susceptibility to cardiac rhythmicity and reduce
gap-junctional intercellular communication [46, 51–53]. In
the present study, we demonstrated that WXKL increased
the relative mRNA levels of Cx43 and Cx45, and, especially,
recovered the Cx43/Cx45 ratio near to normal level. Some
studies have confirmed that WXKL is an effective alternative
medicine that can improve myocardial ischemia, enhance
cardiac function, relieve ventricular remodeling, and reduce
the occurrence of arrhythmia [7, 9, 18, 54]. The observed
beneficial effects of WXKL in the two connexins can be partly
attributed to the above cardioprotective effects. The above
findings provide a possible pharmacological mechanism of
WXKL in the treatment of MI at the genomic level.

5. Conclusions

Complex changes of miRNAs and related pathways,
including miR-1, miR-133, and gap junction pathway, are
involved in the pathogenesis of MI. Regulatory effects on
miR-1, miR-133, Cx43, and Cx45 might be a possible phar-
macological mechanism of WXKL in the treatment of MI at
the gene level.
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