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Purpose: Astaxanthin (Ast) has been reported to reduce oxidative stress induced by diabetes 
mellitus (DM). The aim of this research was to give a systematic overview of the biological 
basis for this process.
Methods: Ast-targeted proteins were collected from the BATMAN database, Comparative 
Toxicogenomics Database, and STITCH database. Putative DM-related protein targets were 
collected from the GeneCards database. A DM-rat model was then built with streptozotocin 
(STZ) combined with a high-sugar, high-fat diet for 30 days. Total cholesterol (TC), triglycerides 
(TGs), and insulin levels were examined using whole tail-vein blood from overnight-fasted rats. 
SOD, GSH, and MDA activy was detected in liver tissue (p<0.05). In addition, we used RNA- 
sequencing analysis to detect gene-transcription level in liver tissue of rats and GO biological 
process analysis to show all the log2FC≥2 genes in the Ast-fed DM rats compared with the DM 
group using the STRING database. Ast-intersecting targets were collected with Venn analysis. 
Docking analysis between Ast and targeted proteins was down with the SwissDock server. Ast 
targets–pathway networks were built using Cytoscape 3.7.2 software.
Results: A total of 120 Ast-targeted proteins and 13,784 DM-related targets were collected. 
Ast functioned in reducing TC, TG, and MDA levels, promoting SOD activity and GSH 
expression, and alleviating islet-cell injury in Ast-fed DM rats compared with DM control 
rats. Furthermore, genes involved in MAPK, TNF, AMPK, and FOXO signaling pathways 
were differently expressed in Ast-treated DM rats compared with DM rats. The differentially 
expressed genes were enriched in euchromatin, thyroid cancer, and metaphase-plate con
gression. Three Ast-intersecting targets — Col5A1, Nqo1, and Notch2 — were then identi
fied. We found possible binding patterns of Ast with Nqo1 and Notch2, respectively. Ast 
targets–pathway networks were finally built to show a systematic overview of how Ast works 
in multiple pathways to reduce oxidative stress. Taken together, Ast is predicted to target 
Col5A1, Nqo1, and Notch2 to form a network of systemic pharmacological effects to: 1) 
promote insulin-releasing balance and relieve insulin resistance, 2) reduce testicular cell 
apoptosis, and 3) maintain normal size in marginal-zone B cells and inhibit autoimmune DM, 
all of which contribute to the balance of lipid metabolism and reduction of oxidative stress in 
DM patients.
Conclusion: Ast functions in reducing oxidative stress in DM rats by regulating a variety of 
targets to form a comprehensive antioxidative network.
Keywords: astaxanthin, diabetes mellitus, oxidative stress, RNA-seq analysis, network 
pharmacy
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Introduction
Astaxanthin (Ast; 3,3′-dihydroxy-β,β′-carotene-4,4′- 
dione) is a type of red carotenoid that can be extracted 
from various microorganisms and marine animals, eg, 
algae, salmon, and shrimp.1,2 Ast is red due to conjugated 
double bonds at the center of the compound (Figure 1A). 
These bonds are considered a strong antioxidant through 
donating electrons and reacting with free radicals to stabi
lize the latter and terminate free-radical chain reactions in 
huge amounts of living organisms.3,4 Furthermore, with its 
special combined ketone–hydroxyl structure, Ast pos
sesses better biological activity than other antioxidants, 
as it is long enough to link with cell membranes from 
inside to outside.

Diabetes mellitus (DM) puts a huge burden on health- 
care systems all over the world.5 There are several com
plications caused by DM, such as disorders of lipid meta
bolism, fatty liver, and inflammation.6,7 It has been 

reported that oxidative stress is induced by hyperglycemia 
from dysfunction of pancreatic β cells, leading to tissue 
damage and complications in DM patients.8 The oxidative 
stress is created by imbalance between reactive oxygen 
species (ROS) production and antioxidant defense. With 
increased electrons, ROS are reduced to a highly reactive, 
radical format in the cells, including O2

–, O2
−2, H2O2, OH, 

and OH–.9,10 All these ROS have different actions and 
kinetics in cellular metabolism. Therefore, mitigating the 
symptoms of DM by reducing oxidative stress appears to 
be a feasible approach.

Ast has shown great potential in alleviating oxidative 
stress induced by DM. Ast reduces oxidative stress caused 
by hyperglycemia in pancreatic β cells and 
regulates glucose and serum-insulin levels.11 Oxidative 
stress in streptozotocin (STZ)-induced DM rats is inhibited 
by combination treatment of Ast with α-tocopherol.12 

Figure 1 (A) Chemical structure of Ast; (B) pipeline for identification of both predicted and detected Ast targets that integrate compound proteins, disease proteins, RNA- 
seq analysis, GO analysis, docking, and network construction.
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Recently, Ast treatment has been reported to be 
involved in stimulating mitochondrial biogenesis and sig
nificantly ameliorating insulin resistance through activa
tion of the AMPK pathway in skeletal muscle.13 Ast 
inhibits glycation and glycated protein–induced cytotoxi
city in human umbilical vein endothelial cells by prevent
ing lipid/protein oxidation.14 Ast also prevents DM 
nephropathy by reduction of oxidative stress and renal 
cell damage.15–17 However, the biological basis of Ast in 
reducing oxidative stress induced by DM is not clear.

Network pharmacy is a new approach for drug discov
ery. It is a useful and comprehensive tool to elucidate 
complicated relationships among drugs, targets, and dis
eases through building a network.18 In this work, we 
combined network-pharmacy methods and RNA sequen
cing (RNA-seq) to analyze the interacting network among 
Ast, target proteins, and DM. We collected the targets of 
Ast and DM from public databases. Then, differential 
gene-expression patterns were analyzed using liver tissue 
of DM rats fed with Ast using RNA-seq. Intersecting 
targets were identified and docking analysis between Ast 
and target proteins performed. A compound target–path
way network was finally built to illustrate how Ast 
targets multiple signaling pathways to reduce oxidative 
stress caused by DM. The overall procedures for Ast target 
prediction are shown in Figure 1B.

Methods
Animals
The research was conducted in accordance with interna
tional principles for laboratory animal use and care and 
guidelines of the Animal Care Committee at the Faculty of 
Medicine, Tianjin University (China). Sprague Dawley 
rats aged 56 weekswithout specific pathogens and weigh
ing 180–200 g were purchased from Vital River (Beijing, 
China) and maintained under conditions of controlled 
temperature (22°C±1°C), 40% humidity, and a daily 12- 
hour photoperiod.

Experimental Procedure
The rats were randomly divided into two groups: ten in the 
negative-control group and 40 rats in the DM group. The 
negative-control group was fed a normal diet, while the 
model group was fed a high-sugar, high-fat diet for 30 
days. All rats were fed standard pellets and kept in stan
dard cages. After 30 days, rats in the model group were 
given STZ (Sigma-Aldrich) 30 mg/kg intraperitoneally 

after fasting for 12 hours. Five days after the STZ injec
tion, tail-vein blood glucose of rats injected with STZ was 
measured. The DM model was successfully established 
when the blood glucose of rats injected with STZ was 
>200 mg/dL.

The 40 DM rats were randomly divided into four 
groups, with ten in each group. Ast was dissolved in 
olive oil. The low-dose group was treated with 200 mg/ 
kg Ast, the high-dose group 300 mg/kg Ast, and the 
metformin (Met) group 200 mg/kg Met. No special treat
ment was given to rats in the DM-model group. All 40 rats 
were fed the high-sugar, high-fat diet for 30 days. Rats 
given low-dose Ast (200 mg/kg) were finally used for 
H&E staining and RNA-seq analysis.

Quantitative Analysis of Triglyceride, 
Total Cholesterol, and Insulin Levels in 
Rats
About 50 μL tail-vein blood from overnight-fasted rats 
was collected in 1.5 mL Eppendorf tubes. Total cholesterol 
(TC), triglyceride (TG), and insulin levels were then tested 
using whole tail-vein blood with an ELISA kit produced 
by DG Biotech, China (DG20220D, DG20167D, and 
DG20757D) in accordance with the manufacturer’s 
instructions.

Quantitative Analysis of SOD, GSH, and 
MDA
SOD activity was measured kinetically as per Sun et al.19 

Lipid peroxide levels, expressed in terms of MDA, were 
determined as per Buege and Aust.20 GSH was measured 
as per Ellman.21 For SOD and GSH detection, liver homo
genates of aliquots of 0.5 mL were used. SOD activity was 
detected using a SOD-assay kit (WST1) produced by 
Nanjing Jiancheng, China (A001-3-2). Spectrophotometry 
(absorbance) at 450 nm was recorded. Hepatic GSH was 
estimated with a reduced glutathione (GSH)–assay kit 
produced by Nanjing Jiancheng, China (A006-1-1) at 
absorbance of 420 nm. For MDA testing, 0.2 mL liver 
homogenates of aliquots were used. Malondialdehyde 
(MDA) levels were tested with an MDA-assay kit pro
duced by Nanjing Jiancheng (A003-1-2) and assayed at 
absorbance of 532 nm. All these experiments were con
ducted in accordance with manufacturers’ instruction. 
Triplicates of each sample were detected. Statistical sig
nificance was determined using SPSS with two-tailed 
unpaired Student’s t-tests.
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Tissue Embedding and H&E Staining
Fresh islet tissue was placed in 10% formalin prepared in 
advance. It was dehydrated with alcohol, made transparent 
with xylene, and embedded in paraffin. Paraffin blocks 
were cut into 5–8 μm slices, then scalded with hot water. 
Slices were dried and stained with H&E. Next, samples 
were dehydrated with alcohol and sealed. Stained slides 
were imaged on an Aperio ScanScope CS2 at 20× magni
fication (Leica Biosystems).

Total RNA Extraction and Preparation of 
RNA-Seq Libraries
Total RNA was isolated with Trizol reagent (Invitrogen 
Life Technologies). Concentration, quality, and integrity 
were detected using spectrophotometry (NanoDrop; 
Thermo Fisher Scientific). Three micrograms of RNA (3 
µg) was used as input material for RNA-sample prepara
tions. Sequencing libraries were generated using a TruSeq 
RNA sample-preparation kit (Illumina, San Diego, CA, 
USA). Briefly, mRNA was purified using poly-T oligo– 
attached magnetic beads. Then, fragmentation was carried 
out with divalent cations under elevated temperature. First- 
strand cDNA was synthesized using random oligonucleo
tides and SuperScript II, followed by second-strand cDNA 
using DNA polymerase I and RNase H. After adenylation 
of the 3′ ends of the DNA fragments, Illumina PE adapter 
oligonucleotides were ligated to prepare for hybridization. 
To select cDNA fragments of the preferred 200 bp length, 
the library fragments were purified using the AMPure XP 
system (Beckman Coulter, Beverly, CA, USA). DNA with 
ligated adaptor molecules on both ends were enriched with 
Illumina PCR primer cocktail in a 15-cycle PCR process.

Real-Time qPCR Analysis
Total hepatic RNA from frozen liver was extracted using an 
RNeasy Mini kit (74104; Qiagen, Hilden, Germany) and 
treated with DNase I (M0303L; NEB, Ipswich, MA, USA). 
cDNA was reverse-transcribed with oligo-dT primers with 
a transcriptor first-strand cDNA-synthesis kit (04896866001; 
Roche, Basel, Switzerland). A real-time qPCR assay was 
performed using a FastStart Essential DNA Green Master kit 
(6402712001; Roche) in a LightCycler 480 II system 
(Roche). Sequences of primers and cycling conditions for 
tubulin were forward 5ʹ-TACCCTCGCATCCACTTCCCT 
-3ʹ and reverse 5ʹ-CGCTTGGTCTTGATGGTGGCA-3ʹ. 
Each sampling point was run in triplicate.22 Threshold cycle 
(CT) values of positive amplicons were analyzed using the 

ΔΔCT method in order to acquire a relative fold increase 
calibrated to the housekeeping gene and normalized to the 
control.Statistically significance was determined using SPSS 
with two-tailed unpaired Student’s t-tests.

Prediction of Ast-Related Targets
Ast-related targets were predicted based on similarity to 
known drug–target interactions via the BATMAN database 
(http://bionet.ncpsb.org/batman-tcm/index.php/home), 
Comparative Toxicogenomics Database (CTD; http:// 
ctdbase.org), and STITCH (http://stitch.embl.de) database. 
In BATMAN, the prediction was considered a binary- 
classification issue. Predicted candidate targets (including 
known targets) with scores not <20 for each ingredient 
were presented and used for further bioinformatic ana
lyses. In the CTD, hierarchical interaction–type vocabu
lary is used to describe the common physical, regulatory, 
and biochemical interactions between chemicals and 
genes. Confidence scores supported by STITCH served 
as a reference to mark high-confidence interactions 
between compounds and protein modules.23

Prediction of DM-Related Target Analysis 
with GeneCards

DM-related targets were predicted on GeneCards, which is 
a searchable and integrative database providing user- 
friendly and comprehensive information on all annotated 
and predicted human genes (https://www.genecards.org). 

GO, KEGG Analysis, and Network 
Construction
GO analysis was performed on STRING, a database of 
known and predicted protein–protein interactions (https:// 
string-db.org/cgi/info.pl). KEGG analysis for key Ast tar
gets was collected on DAVID 6.7 (https://david.ncifcrf. 
gov). For deeper understanding of the 
relationships among Ast, target proteins, and DM, net
works were constructed and analyzed with 
Cytoscape 3.7.2.

Validation of Binding Capacity Between 
Ast and Key Targets by Molecular 
Docking
We used SwissDock (http://www.swissdock.ch) to validate 
binding capacity between Ast and the targets.24 This is 
a web service to predict molecular interactions that may 
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occur between a target protein and a small molecule.24 

Crystal-structure information of the key targets was 
obtained from PDB (http://www.rcsb.org). Docking results 
between Ast and key targets were analyzed on SwissDock 
to validate binding properties. The closer the binding of 
the target protein and Ast is, the more energy they release 
and the lower the energy of ΔG. Therefore, we chose the 
lowest ΔG value for demonstrating binding 
patterns between Ast and target-protein chains.

Results
Prediction of Ast Targets
Potential Ast targets were predicted with three different 
approaches. Firstly, we collected 43 potential protein targets 
of Ast using BATMAN, from which 34 genes showed pro
tein–protein interaction (PPI) networks on Cytoscape (Figure 
2A). The key proteins from the 34 targets were analyzed using 
the cluster function. These were VDR, RXRA, RARA, 
RARB, RXRB, RXRG, and RARG (Figure 2B). On the 
CTD, we found 68 potential targets of Ast, of which 47 targets 
were on PPI networks and 19 clustered (Figure 2C, and D). 
Eleven targets were collected using the STITCH database 
(Figure 2E). In total, 21 repeated genes were removed, while 
the remaining 101 targets were subjected to GO analysis. 
Significantly enriched GO terms with adjusted p<0.05 are 
shown in the figures. We found that the metabolic process 
was the most enriched, with 92 targets on biological process 
analysis (Figure 2F). In cellular component categories, 58 
targets were involved in membranes (Figure 2G), which is 
consistent with the special structure features and function of 
Ast. In the molecular function categories, targets were mostly 
enriched in protein binding (Figure 2H).

Potential Targets of DM Analysis Through 
GeneCards
In order to find whether the Ast targets were involved in 
DM-related genes, GeneCards was used to predict poten
tial targets of the disease. The term “diabetes mellitus” 
was used, and 13,784 targets were collected. In sum, 118 
clustered genes out of 13,784 targets were found using 
Cytoscape 3.7.2 (Figure 3).

Ast Treatment Reduced TC and TG 
Levels and Induced Insulin Secretion in 
DM Rats
To confirm the effects of Ast in regulating TC, TG, and 
insulin levels, we built the DM rat model with STZ. The 

effects of Ast were examined in the negative-control, DM- 
model, DM with Met, and DM groups with low-dose 
(200 mg/kg) and high-dose (300 mg/kg) Ast. There was 
no significant difference in body weight among Ast-treated 
DM rats, the DM group, and the Met-treated group 
(Supplemental Figure 1). TC and TG levels in both low- 
dose (200 mg/kg) and high-dose (300 mg/kg) Ast-treated 
groups decreased significantly compared with DM rats 
(Figure 4A and B). High-dose Ast showed more effective
ness on insulin secretion than low-dose Ast (Figure 4C). 
These results confirmed that Ast treatment reduced TC and 
TG levels and induced insulin secretion in DM rats.

Ast Treatment Reduced MDA Levels and 
Induced SOD and GSH Activity in DM 
Rats
SOD is an antioxidant enzyme that through catalysis 
produces hydrogen peroxide and oxygen.25 GSH is 
a small-molecule scavenger that can remove O2

–, H2O2, 
and LOOH. MDA is produced from oxygen free radicals 
attacking polyunsaturated fatty acids in the membrane, 
causing lipid peroxidation. Quantitative analysis of SOD, 
GSH, and MDA was done. The results are shown in Figure 
4D–F. We found that SOD activity in DM rats was only 
~50%–60% of the high- or low-dose Ast rats (Figure 4D). 
The level of GSH was also reduced in DM rats, while Ast 
treatment significantly increased it (Figure 4E). MDA 
levels was highly raised in DM rats, though reduced in 
Ast rats (Figure 4F). All significant differences were ver
sus DM-model data. Taken together, all these results indi
cate that oxidation levels in DM rats decreased 
significantly and antioxidant status improved with Ast 
supplementation.

Ast Treatment Helped Alleviate Islet-Cell 
Injury in DM Rats
The effects of Ast in regulating islet-cell status in DM rats 
were detected withH&E staining. Results showed that STZ 
caused extensive damage in islet cells of DM rats, includ
ing characteristic lipid vacuolization (Figure 4G). After 
Met treatment, cells in islets showed less vacuolation 
than in DM rats. Meanwhile, following low-dose Ast 
treatment, islet cells became less vacuolar than both DM 
and Met-treated rats (Figure 4G). These data suggested 
that Ast treatment helped alleviate islet-cell vacuolation 
in DM rats.
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Figure 2 Ast-target networks. (A) PPI network of potential Ast-target analysis predicted with BATMAN. (B) Key proteins from BATMAN-predicted targets analyzed by the 
cluster function of Cytoscape software. (C) PPI network of potential Ast-target analysis predicted with CTD database. (D) Key proteins from CTD predicted targets 
analyzed by the cluster function of Cytoscape software. (E) PPI network of potential Ast-target analysis predicted with STRING. (F–H) GO enrichment analysis of combined 
Ast targeted genes from BATMAN and CTD using STRING: number of genes enriched in biological process (F), cellular component (G), and molecular function (H).

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                           

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13 4286

Sun et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


RNA-Seq Analysis of Ast- and 
Met-Treated DM Rats
For further detection of genes related to DM rats receiving 
Ast treatment, RNA-seq analysis was conducted. With an 
Illumina HiSeq sequencer, after filtering low-quality reads 
and removing reads aligned to either rRNA or tRNA, 
503,515,926 clean reads from liver tissue of negative- 
control rats (128,184,131 reads), DM-model rats 
(128,407,964 reads), and DM rats given Ast 
(116,628,228 reads) or Met (130,295,600 reads) were 
selected for further analysis (Supplemental Table S1). 
The raw data of Illumina reads are shown in the NCBI 
Sequence Read Archive browser (http://ncbi.nlm.nih.gov/ 
sra, accession PRJNA644021). There was ~95.96% of 
reads for each sample mapped to the Genome 
Rattus_norvegicus.Rnor_6.0.dna.toplevel, fa. About 
90.57% were aligned with unique genes without ambigu
ity. Gross comparisons against untreated rats (negative 
controls) were shown in Figure 5A. All transcripts that 
were differentially expressed in DM rats compared to 
negative-control rats are shown in Supplemental Table S2.

The transcriptome of Ast-treated DM rats was then 
compared to the DM-model group. In the Ast-treated 
group, expression was induced for 601 genes and 
repressed for 228 genes (Figure 5A, Supplemental Table 
S3). With KEGG analysis, we found expression of nine 
genes involved in the endocytosis pathway was induced 
(Table 1). Seven genes involved in the cell-cycle pathway 
were induced (Table 1). Also, we noticed that the SRC 
proto-oncogene involved in cell adhesion was induced 
with a 1.53-fold change. We then analyzed repressed 
genes in Ast-treated rats compared to the DM group. Six 
genes involved in the TNF-signaling pathway were down
regulated (Table 2). Eight genes involved in the MAPK- 
signaling pathway were downregulated, and fold 
changes are shown in Table 2. We also conducted GO 
biological process analysis for all the log2FC ≥2 genes 
(139 in total) involved in the Ast vs DM comparison 
(Figure 5B). The top three enriched processes were for 
euchromatin, thyroid cancer, and metaphase-plate congres
sion. Taken together, these results provide showed that Ast 
had a comprehensive effect in regulating extracellular to 
intracellular signal-transduction effects in DM rats.

Figure 3 Disease-target network of DM. The dark-yellow nodes represent DM-related targets.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
4287

Dovepress                                                                                                                                                              Sun et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=274315.pdf
http://ncbi.nlm.nih.gov/sra
http://ncbi.nlm.nih.gov/sra
https://www.dovepress.com/get_supplementary_file.php?f=274315.pdf
https://www.dovepress.com/get_supplementary_file.php?f=274315.pdf
https://www.dovepress.com/get_supplementary_file.php?f=274315.pdf
http://www.dovepress.com
http://www.dovepress.com


Figure 4 Ast functions in regulating lipid metabolism and antioxidation activity in DM rats. Tail-vein blood (~50 μL) from overnight-fasted or ad libitum–fed rats was 
collected. Changes in total cholesterol (A), triglycerides (B), and insulin (C) in rats treated with or without Ast or Met were detected using tail-vein blood. SOD activity (D), 
GSH concentration (E), and MDA concentration (F) were examined using liver tissue from rats treated with or without Ast or olive oil. In all tests, values are means of ten 
rats. Statistically significant differences were determined using SPSS with two-tailed unpaired Student’s t-tests (*p<0.05; **p<0.01). (G) Representative images of H&E staining 
of fresh pancreas. Scale bar 100 μm.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                           

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13 4288

Sun et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


The transcriptomes of Ast-treated DM rats were com
pared to Met-treated DM groups. Results showed that 
expression of 187 genes in Ast group was upregulated, 
while that of 153 genes was downregulated (Figure 5A, 
Supplemental Table S4). Cluster analysis showed that five 
genes involved in PPAR signaling were induced. Three 
genes from the cAMP-signaling pathway were also upre
gulated. In the AMPK-signaling pathway, four genes were 
induced. In contrast, genes that belonged to the steroid- 
biosynthesis and MAPK-signaling pathways were down
regulated. For the steroid-biosynthesis pathway, eight 
genes were repressed. Furthermore, there were eight 
genes downregulated in the MAPK-signaling pathway 
(Table 3). Taken together, these results suggested that 
Ast had a more significant effect in promoting transmem
brane conductance and calcium homeostasis, while Met 
produced greater inhibition of steroid biosynthesis and 
inflammation-related genes.

We also investigated differentially expressed genes 
involved in the AMPK- and FOXO-signaling 
pathways with heat-map analysis (Figure 5C and D). We 
found that expression of SCD, involved in the AMPK- 
signaling pathway, which contributes to the biosynthesis 
of membrane phospholipids, cholesterol esters, and TGs, 
was downregulated to 1.8, while this was 3.2 in DM rats.26 

Expression of IRS3, involved in both the AMPK- and 
FOXO-signaling pathways and upstream of AKT, was 

much higher in Ast-treated DM rats than DM rats. We 
also observed that CD36, which functions in mitochondrial 
β-oxidation and free fatty–acid transport, was expressed at 
a much higher level in Ast-treated DM rats than DM 
control rats. Taken together, these results indicated that 
Ast had a comprehensive effect on regulating AMPK and 
FOXO signaling.

Real-Time qPCR Analysis to Confirm 
RNA-Seq Analysis
To verify mRNA-expression levels obtained on RNA-seq 
analysis, real-time qPCR was performed using RNA 
extracted from the livers of DM-model rats and Ast- 
treated DM rats. Sequences of the primers used for 
qPCR are shown in Supplemental Table S5. Twelve related 
genes were analyzed for their expression: UNC5C, 
SRGAP1, SEMA5A, SRC, PLXNA3, SEMA4D, SLIT3, 
SEMA3C, SMO, SSH1, SEMA6A, and SSH2. As expected, 
all these genes were enhanced by Ast treatment, which 
was consistent with the RNA-seq results (Supplemental 
Figure 2).

Intersecting Targets Identified and 
Molecular Docking
Three intersecting targets were identified from data 
obtained from Ast targets, DM targets, and RNA-seq 

Figure 5 RNA-seq analyses of differentially expressed transcripts in negative-control, Ast-treated, Met-treated, and positive-control DM rats. (A) Heat maps for cluster 
display of all differentially expressed transcripts. Red, upregulated genes; blue, downregulated genes. All comparisons were made relative to gene-expression levels of the 
negative-control rats. (B) GO biological process analysis of all the log2FC ≥2 genes in the Ast vs DM comparison group using the STRING database. (C, D) Heat maps for 
cluster display of AMPK-signaling pathway (C) and FOXO-signaling pathway.
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analysis using Bioinformatics & Evolutionary Genomics 
(http://bioinformatics.psb.ugent.be/webtools/Venn) 
(Figure 6A): Col5A1, which functions in binding to 
insulin and has recently been identified as a new lipid 
species–associated loci associated with cardiovascular 
diseasesrisk,27 Nqo1 a phase II enzyme that serves in 
the maintenance of cellular defense against oxidative 
stress and redox homeostasis,28 and Notch2, which 
plays a crucial role in marginal-zone B-cell 
development.

To further certify binding capacity between Ast and the 
targets, molecular docking with SwissDock was performed. 
As Col5A1 lacks the crystal-structure information for dock
ing, we performed docking analysis between Ast and Nqo1 
and Ast and Notch2. (Figure 6B and C). The docking pattern 
with the lowest ΔG value was chosen, as it showed the most 
closely binding capability.24 For Nqo1 binding, the lowest 
ΔG was −9.07 kcal/mol, while the lowest ΔG was −8.52 
kcal/mol for Notch2 binding, indicating the specific binding 
possibility between Ast and key targets for DM treatment.

Table 1 Upregulated genes involved in endocytosis and cell-cycle pathways in Ast-treated DM Rats compared to DM rats

Pathway Gene Description Log2FC

Ast vs DM

Endocytosis CBL Cbl proto-oncogene 1.91
RT1-M2 RT1 class Ib, locus M2 1.81

ARRB1 Arrestin β1 1.71

GRK3 G protein–coupled receptor kinase 3 1.59
DAB2 DAB2 clathrin adaptor protein 1.44

ASAP2 ArfGAP with SH3 domain, ankyrin repeat, and PH domain 2 1.43

MVB12B Multivesicular body subunit 12B 1.34
CSF1R Colony stimulating factor 1 receptor 1.21

ARAP1 ArfGAP with RhoGAP domain, ankyrin repeat, and PH domain 1 1.18

Cell cycle ESPL1 Extra spindle pole bodies like 1 separase 3.91

TTK Ttk protein kinase 3.30

CDK6 Cyclin-dependent kinase 6 2.25
MCM5 Minichromosome maintenance complex component 5 2.09

MCM6 Minichromosome maintenance complex component 6 2.07

MCM3 Minichromosome maintenance complex component 3 1.97
PRKDC Protein kinase, DNA-activated, catalytic polypeptide 1.15

Table 2 Downregulated genes involved in MAPK- and TNF-signaling pathways in Ast-treated DM rats compared to DM rats

Pathway Gene Description Log2FC

Ast vs DM

MAPK signaling HSPA1B Heat-shock protein family A (Hsp70) 1B −3.54
NTRK1 Neurotrophic receptor tyrosine kinase 1 −3.14

FOS FBJ osteosarcoma oncogene −2.16

GADD45G Growth arrest and DNA damage–inducible γ −2.09
DUSP8 Dual-specificity phosphatase 8 −1.72

DUSP5 Dual-specificity phosphatase 5 −1.39
MAPK8IP1 Mitogen-activated protein kinase 8 interacting protein 1 −1.11

ANAPC11 Anaphase-promoting complex subunit 11 −1.02

TNF signaling JUN Jun proto-oncogene AP1 transcription factor subunit −2.67

SOCS3 Suppressor of cytokine signaling 3 −2.03

MAP2K6 Mitogen-activated protein kinase kinase 6 −1.92
JUNB JunB proto-oncogene AP1 transcription factor subunit −1.66

BCL3 B-cell CLL/lymphoma 3 −1.21

TNFRSF1B TNF-receptor superfamily 1B −1.08
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Pathway Analysis and Network 
Construction
For understanding the regulated networks, related pathways 
were then collected with DAVID. Results showed that Nqo1 
was involved in ubiquinone and other terpenoid–quinone 
biosynthesis, metabolic pathways, pathways in cancer, and 
hepatocellular carcinoma pathways. Col5A1 takes part in 
protein digestion and absorption, ECM-receptor interaction, 
the PI3K–Akt signaling pathway, and amoebiasis pathways. 
Notch2 functions in endocrine resistance, the Notch- 
signaling pathway, TH1- and TH2-cell differentiation, the 
thyroid hormone–signaling pathway, human papillomavirus 
infection, cancer, and microRNAs in cancer and breast 
cancer pathways. Based on pathway analysis, the entire 
Ast targets–pathway network was constructed with 
Cytoscape 3.7.2. As shown in Figure 7, the interaction 
network had 20 nodes and 19 edges. The red, green, and 

blue colors show Ast, target proteins, and pathways, respec
tively. These results suggested that Ast targets a variety of 
pathways to form a network of systemic pharmacological 
effects to reduce the oxidative stress caused by DM.

Discussion
DM causes both psychological and physical distress to 
patients and their families.5 Hyperglycemia, insulin resis
tance, and excess fatty acids in DM patients have been 
reported to increase oxidative stress and glycation end 
products, leading to vascular inflammation, vasoconstric
tion, thrombosis, and atherogenesis symptoms.29 Ast is 
a safe and natural product with no side effects when 
consumed with food.30–32 Ast works well in reducing 
oxidative stress in DM rats.8 It is thus considered to be 
a good candidate for clinical studies. In this work, we 
identified three Ast protein targets — DM, Col5A1, 
Nqo1, and Notch2 — by RNA-seq and network- 

Table 3 Cluster analysis of differentially expressed genes in Ast-treated DM rats compared to Met-treated groups

Pathway Name Description Log2FC

Ast vs Met

PPAR signaling FABP2 Fatty acid–binding protein 2 1.39
GK Glycerol kinase 1.38

PLTP Phospholipid-transfer protein 1.10

APOA1 Apolipoprotein A1 1.13

cAMP signaling CACNA1C Calcium voltage-gated channel subunit α1C 2.11
PLD1 Phospholipase D1 1.44
ATP2B2 ATPase plasma membrane Ca2+ transporting 2 1.43

AMPK signaling G6PC Glucose-6-phosphatase catalytic subunit 1.83
PFKFB1 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 1.31

LEPR Leptin receptor 1.24
CFTR Cystic fibrosis transmembrane-conductance regulator 1.12

Steroid biosynthesis SQLE Squalene epoxidase −2.20
MSMO1 Methylsterol monooxygenase 1 −2.07

CYP51 Cytochrome P450, family 51 −2.05

HSD17B7 17β-hydroxysteroid dehydrogenase 7 −1.94
LSS Lanosterol synthase (2,3-oxidosqualene-lanosterolcyclase) −1.76

TM7SF2 Transmembrane 7 superfamily member 2 −1.30

EBP Emopamil-binding protein (sterol isomerase) −1.28
SC5D Sterol-C5-desaturase −1.10

MAPK signaling NTRK1 Neurotrophic receptor tyrosine kinase 1 −2.75

FOS FBJ osteosarcoma oncogene −2.39

HSPA1B Heat-shock protein family A (Hsp70) 1B −2.38
JUN Jun proto-oncogene, AP1 transcription-factor subunit −1.75

GADD45A Growth arrest and DNA damage–inducible 45α −1.73

MAP2K6 Mitogen-activated protein kinase kinase 6 −1.36
SRF Serum response factor −1.25

DUSP8 Dual-specificity phosphatase 8 −1.16
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pharmacy analysis. The three target proteins were involved 
in metabolic pathways, protein digestion and absorption, 
endocrine resistance, the Notch-signaling pathway and 
other physiological processes. A systematic overview 
was built for understanding the possible regulatory 
mechanisms of Ast in reducing oxidative stress induced 
by DM.

Based on previous reports, overexpression of SCDin 
the AMPK-signaling pathway in the normal liver of mouse 
and rat strains is genetically susceptible to hepatocarcino
genesis, as it causes abnormal biosynthesis of membrane 
phospholipids, cholesterol esters, and TGs.33 With RNA- 
seq analysis, we found SCDexpression in Ast-treated DM 
rats was much lower than in DM control rats (Figure 5C). 

This result could explain why Ast functions in reducing 
TC and TG levels in the DM rats efficiently, in that Ast 
inhibits SCD expression to balance TC and TG levels in 
DM patients. Furthermore, expression of the IRS3gene, 
which is upstream of AKT in the insulin-signaling path
way, was much higher in Ast-treated DM rats than DM 
rats (Figure 5C and D). This is consistent with a previous 
study showing that Ast treatment significantly enhanced 
insulin-stimulated phosphorylation of the Akt protein in 
high fat diet–fed mice.12 Accordingly, Ast functions in 
promoting both transcription of IRS3and phosphorylation 
of the downstream protein Akt, which together contributed 
to the improved insulin sensitivity in the Ast-treated 
groups. We also observed that the CD36 gene, which 

Figure 6 Identification of three intersecting targets. Targets were identified with Venn analysis (A). Molecular docking of NQO1 (B) and NOTCH2 (C) with Ast. The golden 
structure represents the target protein, with Ast structure in cyan.

Figure 7 The Ast target–pathway network. The pink rectangle represents Ast, magenta triangle targets, and blue circles related pathways.
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functions in mitochondrial β-oxidation and free fatty–acid 
transport in the AMPK-signaling pathway, was expressed 
at much higher levels in the Ast-treated DM rats than the 
DM control rats (Figure 5C). It may help in mitochondrial 
biogenesis and muscle remodeling, which is consistent 
with Nishida et al.12

Col5A1 is associated with insulin resistance and is 
overexpressed in pathways related to integrin cell-surface 
interactions and insulin signaling in obese women.34 

Expression of Col5A1 mRNA in Ast-treated rats was 
induced 1.21-fold compared with DM rats (Supplemental 
Table S3). By targeting Ast, the high mRNA level of 
Col5A1 may play a crucial role in promoting insulin- 
release balance and relieving insulin resistance. As such, 
Col5A1 may have a positive effect on regulating insulin 
resistance and insulin signaling. Furthermore, with the 
help of Col5A1, Ast might easily colocalize with integrin 
and react with free radicals at the inner cell surface and 
also cross the cell membrane to protect it from oxidative 
stress. Whether there was direct interaction between Ast 
and Col5A1 needs to be checked in future.

Nqo1 belongs to the family of phase II enzymes, 
which play essential roles in the maintenance of cellular 
defense against oxidative stress and redox homeostasis.28 

It is regulated byNrf2.35,36 Expression of Nqo1 is 
induced by oxidative stress.37 Nqo1 is involved in cel
lular antioxidant defense and plays a pivotal role in the 
detoxification of quinine. It protects cells against oxida
tive stress.38 In type 2 DM rats, repeated low-dose radia
tion reduces testicular cell apoptosis and oxidative stress 
by inducing Nrf2 and Nqo1.39 According to the RNA- 
seq analysis, the expression level of Nqo1 was 1.06-fold 
(log2FC) in Ast-treated DM rats of the DM-model group 
(Supplemental Table S3). Combined with the prediction 
of Ast binding to Nqo1 (Figure 6), all this gives us a clue 
that Ast may directly bind and induce the expression of 
Nqo1, which leads to low-dose radiation and reduces 
testicular cell apoptosis and oxidative stress.

The marginal zone of NOD mice is enlarged and has 
been considered to contribute to autoimmune DM.40–42 

Notch2 plays an essential role in marginal-zone B-cell 
development. On the surface of B cells, Notch2 interacts 
with its ligands at low affinity in the marginal sinus.37,43–48 

Ast treatment induced the expression of Notch2 mRNA to 
1.21 times that of the DM-model group. This induction 
pattern of Ast binding Notch2 might function in maintain
ing the normal size of marginal-zone B cells and inhibit 
autoimmune DM to some extent.

Organisms are composed of complex molecular and 
protein-regulation networks. By interacting with a variety 
of proteins, compound molecules can play multiple roles 
in related signal-transduction pathways, thus regulating the 
process of diseases and complications. Ast is predicted to 
target a variety of targets and pathways to form a network of 
systemic pharmacological effects to reduce oxidative stress 
in DM patients. Although we have provided some clues that 
Ast might interact with particular targets, more research 
needs to be carried out to confirm the wide and reliable 
clinical application of Ast in DM research.

Conclusion
Three Ast protein targets — Col5A1, Nqo1, and 
Notch2 — were identified. Molecular docking showed 
a possible interaction of Ast with Nqo1 or Notch2. Ast 
targets–pathway networks showed that the three target 
proteins were related to metabolic pathways, protein diges
tion and absorption, endocrine resistance, the Notch- 
signaling pathway and other physiological processes. 
Therefore, Ast is predicted to target a variety of pathways 
to form a network of systemic pharmacological effects to 
reduce oxidative stress in DM patients.
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