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Background and aim: Astragalus membranaceus (AM) is a major Chinese herb used in the treatment of
stroke. Astragaloside IV (AS)is a component of AM. This study investigated the effects of AM on the
protein expression through proteomics analysis in ischemia-reperfusion injured Sprague Dawley rats.
Experimental procedure: An animal model of ischemia-reperfusion injury by occlusion of the right middle
cerebral artery for 90 min followed by reperfusion for 24 h. The rats were intraperitoneally injected with
AM or AS three times at 30 min, 1 day, and 2 days prior to the occlusion of the cerebral blood flow.
Results: Aldolase C was overexpressed in the cortex, and Dihydrolipoamide dehydrogenase and Triose-
phosphate isomerase were overexpressed in the hippocampus.
Conclusion: Pretreatment with AM or AS can induce the overexpression of Aldolase C in the cerebral
cortex and that of Dihydrolipoamide dehydrogenase and Triose-phosphate isomerase in the hippo-
campus, suggesting that both AM and AS may act as neuroprotectors through regulating the expression
of Aldolase C, Dihydrolipoamide dehydrogenase and Triose-phosphate isomerase. However, the under-
lying neuroprotective mechanisms need more studies.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Background

Astragalus membranaceus (AM) is a major traditional Chinese
herb that tonifies Qi.1 AM has been used in large doses for the
treatment of stroke since the time of the Qing Dynasty (i.e., the
1600s). In our previous study, we reported that compared with
controls, the oral administration of AM increased the Functional
Independence Measure scale score of patients with acute cerebral
hemorrhage.2 The intraperitoneal injection of AM can reduce the
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neuronal apoptosis and infarction volume by downregulating the
expression of c-jun N-terminal kinase 3 (JNK3) and protein and
improve neurological behavior by providing neuroprotection in
ischemia-reperfusion injured rats.3 Astragaloside IV (AS), a
component of AM, can reduce the infarction volume and neuro-
logical deficit score in ischemia-reperfusion injured rats by
increasing the activity of superoxide dismutase (SOD) and lactate
dehydrogenase (LDH) and reducing the expression of inducible
nitric oxide (NO) synthase (iNOS).4 However, the therapeutic effects
and mechanisms of AM in stroke treatment remain unclear.

Proteomics is a powerful tool used to identify the differential
expression of proteins in single tissues, and these proteins can be
used as biomarkers.5e8 In proteomics, two-dimensional gel elec-
trophoresis (2-DE) is used to separate proteins, and mass spec-
trometry is used to analyze and identify the protein expression.8

Recently, proteomics has been widely applied in clinical studies
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Abbreviations

ALDOB aldolase B
ALDOC aldolase C
AM Astragalus membranaceus
AS Astragaloside
ATP adenosine triphosphate
CA cornu ammonis
CMU China Medical University
DNA deoxyribonucleic acid
CNS central nervous system
CORO1A Coronin 1A
DTE dithioerythritol
EEF1B2 Eukaryotic Translation Elongation Factor 1 Beta 2
GADPH Glyceraldehyde-3-phosphate Dehydrogenase
GSH-PX Glutathione peroxidase
GSK 3 Glycogen synthase kinase 3
IEF isoelectric focusing
iNOS inducible nitric oxide synthase
JNK3 c-jun N-terminal kinase 3

LDH Lactate Dehydrogenase
DLD Dihydrolipoamide dehydrogenase
LC liquid chromatography
MCA middle cerebral artery
MDA malondiadehyde
nano-LC-MS/MS nanoscale LC coupled to tandem mass

spectrometry
NO nitric oxide
PC Purkinje cell
Q-PCR quantitative polymerase chain reaction
RNA Ribonucleic acid
SD Sprague Dawley
SDS sodium dodecyl sulfate
SEM standard error of the mean
SOD superoxidase dismutase
Syn2 Synapsin II
TNF tumor necrosis factor
TPI1 Triose-phosphate isomerase
2-DE two-dimensional gel electrophoresis
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to identify disease-relevant protein biomarkers.5,9,10

This study investigated the effect of AM on protein expression
through proteomics analysis in ischemia-reperfusion injured
Sprague Dawley (SD) rats. We established an animal model of
ischemia-reperfusion injury through the occlusion of the right
middle cerebral artery (MCA) for 90 min followed by reperfusion
for 24 h. AM and AS may through regulating the expression of
Aldolase C (ALDOC), Dihydrolipoamide dehydrogenase (DLD) and
Triose-phosphate isomerase (TPI1) plays as the neuroprotection in
human with cerebral ischemic infarction.

2. Materials and methods

2.1. Animals

Male SD rats weighing 300e350 g were purchased from Bio-
LASCO Taiwan Co., Ltd and raised in the animal center of China
Medical University (CMU). All experimental procedures followed
the Care and Use of Laboratory Animals guidelines. The rats were
maintained in a 12-h/12-h light and dark cycle and controlled room
temperature of 25 �C and were provided adequate food and water.
All the procedures were in accordance with the guide for the use of
laboratory animals provided by the National Research Council and
the ethical guidelines of the International Association for the Study
of Pain. The number of animals used and their suffering were
minimized. The protocol was approved by the Animal Care and Use
Committee of CMU (Protocol No. 106-158-C).

2.2. Ischemia-reperfusion injury rat model

Cerebral ischemia was induced by the intraluminal suture oc-
clusion of the MCA, as described in our previous study.11 Briefly, the
rats were anesthetized using isoflurane (Aerrane, Canada) by using
the MATRX VIP3000 vaporizing system (Midmark, USA). Then, the
rats were placed on a stereotaxic apparatus in a prone position. The
right parietal bone was thinned using a grinding machine to
monitor the right MCA blood flow. The position of the rats was
changed to the supine position, and amidline incisionwas made on
the neck to expose the right common carotid artery. The right in-
ternal carotid artery and common carotid artery were clipped, and
the external carotid artery was permanently ligated and incised. A
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3.0 mm nylon filament suture, blunted at the tip by a flame and
coated with poly-L-lysine (UNIK, Taiwan), was inserted from the
incision on the external carotid artery through the common carotid
artery into the internal carotid artery for a distance of approxi-
mately 23e25 mm to block the MCA origin. The right MCA blood
flow was monitored using a laser Doppler blood-flow monitor
(DRT4, Moor instrument Ltd., England); occlusion of the cerebral
blood flow was confirmed when the on-screen blood-flow reading
declined to 50 from 300. In this study, the cerebral blood flow of the
right MCA was occluded for 90 min and reperfusion for 24 h.

2.3. Preparation of AM and AS

AM (Fisch.) Bge was purchased from China and was authenti-
cated and extracted by Koda Pharmaceutical Company (Taoyuan,
Taiwan), a Good Manufacturing Practiceecertified company. Two
kilograms of crude AM was used, one kg of AM was decocted in 7 L
of water for 1 h, and then filtered. Add 5 L of water to the filter
residue and decocted for 1 h, then filter, mix and concentrate the
two filtrates. The other one kg of AM is decocted in 95% alcohol for
1 h, and then concentrated. The final product of AM was 407.24 g,
and the yield was 20.36%. The AM extracts were identified through
high-performance liquid chromatography (LC; Interface D-700,
Pump L-7100, UVeVis detector L-7420; Hitachi Instruments Service
Co. Ltd., Ibaraki-ken, Japan). AS (Biotic Chemical Co., Ltd., New
Taipei City, Taiwan) was used as the standard. The dose of AS was
according to a previous study.12

2.4. Grouping

Twelve rats were equally divided into the following four groups.
1) sham group: the common carotid artery was exposed but the
cerebral blood flow was not occluded; 2) control group: the cere-
bral blood flow of the right MCA was occluded for 90 min and
reperfusion for 24 h; 3) AM group: the methods were identical to
those of the control group; however, 1.0 g/kg of AM was intraper-
itoneal injected three times at 30 min, 1 day, and 2 days prior to the
occlusion of the cerebral blood flow; and 4) AS group: the methods
were identical to those of the AM group; however, 20 mg/kg of AS
was intraperitoneal injected. The rats were sacrificed 24 h after the
surgery and their brains were removed.
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2.5. Protein extractions

All obtained tissues were minced into pieces of 2e3 mm3 and
were homogenized using 0.5 mL of a lysis buffer (8 M urea and 4%
CHAPS) containing a protease inhibitor cocktail (Sigma, St. Louis,
MO, USA). The lysates were collected and purified through acetone
precipitation, as described in our previous study.13 The final con-
centrations were measured using the Bio-Rad Protein Assay (Bio-
Rad, Hercules, CA, USA) according to NenoDrop instructions.

2.6. 2-DE analysis

2-DE analysis was conducted according to the method reported
by Lo et al.14 We used 250 mg of extracted proteins per sample for 2-
DE separation. The rehydration solution containing the sample was
then placed into a 17-cm immobilized pH gradient (IPG, pH 3e10)
strip (ReadyStrip IPG strip; Bio-Rad) and left overnight. First-
dimension electrophoresis was conducted for 60 kVh [Protean
isoelectric focusing (IEF) cell, Bio-Rad] at 20 �C. The IPG strips were
equilibrated using 3 mL of an equilibrium solution containing
50mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% sodium dodecyl
sulfate (SDS), bromophenol blue traces, and dithioerythritol (DTE)
(1% w/v) for 20 min, followed by a second equilibration for 20 min
in the same equilibrium solution containing iodoacetamide (2.5%
w/v) instead of DTE. The strips were then transferred atop 12%
polyacrylamide gels and held in the position by using molten 0.5%
agarose in a running buffer containing 25 mM Tris, 0.192 M glycine,
and 0.1% SDS. All gels were run at 16mA/gel for 30min, followed by
50 mA/per gel for 4e5 h. All experiments were performed at least
three times.

2.7. Detection of protein spots and data analysis

The gels were stained with silver nitrate and scanned using the
GS-800 imaging densitometer and PDQuest software (Version 7.1.1;
Bio-Rad). To compare tissue protein distributions among the AM,
AS, sham, and control groups (stroke group), we screened proteins
that were overexpressed in the AM and AS groups compared with
the sham group and those that were overexpressed by more than
two-fold in the sham group compared with the control group (AM
or AS > sham > 2-fold control) for advanced analysis through
nanoscale liquid chromatography (LC) coupled to tandem mass
spectrometry (nano-LC-MS/MS). All protein spots on the 2-DE gels
were quantified and compared using PDQuest software.

2.8. Enzyme digestion and analysis through nano-LC-MS/MS

Each target protein spot from the AM or AS group (1e2 mm in
diameter) was picked using a pipette tip and transferred into
microcentrifuge tubes according to the method described in our
previous study.13 Protein identification was performed using the
Ultimate capillary LC system (LC Packings, Amsterdam, The
Netherlands) coupled to a QSTARXL quadrupole time-of-flight mass
spectrometer (Applied Biosystem/MDS Sciex, Foster City, CA).
Nanoscale capillary LC separation was performed on an RP C18
column. Data acquisition was performed using an automatic in-
formation dependent acquisition system (Applied Biosystem/MDS
Sciex). The product ion spectra generated through nano-LC-MS/MS
were searched against NCBI databases for exact matches using the
ProID program (Applied Biosystem/MDS Sciex) and the MASCOT
search program.

2.9. Real-time Q-PCR

The overlapping overexpressed proteins in the AM and AS
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groups were screened as target biomarkers. The relative expression
of these correlated genes was determined through real-time
quantitative Polymerase Chain Reaction (Q-PCR). Total Ribonu-
cleic acid (RNA) was extracted using the RNeasy Mini Kit (Qiagen).
All PCR reactions were performed using the real-time fluorescence
detection method and LightCycler System (Roche Diagnostics,
Mannheim, Germany), with a FirstStart deoxyribonucleic acid
(DNA) Master SYBR Green I kit (RocheMolecular Biochemicals,
Indianapolis, IN). The primers used for real-time Q-PCR are listed in
Supplemental data 1. Glyceraldehyde-3-phosphate Dehydroge-
nase (GAPD) was used to normalize the data.

2.10. Statistical analyses

Statistical analyses were performed using SPSS 18.0 statistical
software for Windows. All data are presented as the
mean ± standard error of the mean (SEM). The relative levels of
expression of tissue samples in the sham, control, AM, and AS
groups were compared using student t-test. p < 0.05 was consid-
ered as significant.

3. Results

3.1. Screening of overexpressed proteins in the frontal cortex of
the rats in AM and AS groups

Fig. 1A presents the images of frontal cortex fractions of the
sham group separated using 2-DE and stained with silver nitrate.
The abundance ratios of proteins in the frontal cortex of the AM, AS,
sham, and control groups were calculated using the 2-DE gels and
PDQuest software. Compared with the sham group, in the AM and
AS groups, individual spots 1e4 and spot 4 respectively showed
protein overexpression. Furthermore, compared with the control
group, these distinct spots exhibited an overexpression of proteins
by more than two-fold in the sham group. Spot 4 demonstrated an
overexpression of proteins in both the AM and AS groups. Spots 1, 2,
3, and 4 were matched and identified as Eukaryotic Translation
Elongation Factor 1 Beta 2 (EEF1B2), Coronin 1A (CORO1A), TPI1,
and ALDOC, respectively, through nano-LC-MS/MS. Table 1 sum-
marizes the protein identification, sequence coverage, and char-
acterization of these four proteins.

3.2. Screening of overexpressed proteins in the hippocampus of the
rats in AM and AS groups

Fig. 1B presents the images of hippocampus fractions of the
sham group separated through 2-DE and stained with silver nitrate.
The abundance ratios of proteins in the hippocampus of the AM, AS,
sham, and control groups were calculated using the 2-DE gels and
PDQuest software. Compared with the sham group, in the AM and
AS groups, individual spots 5e7 and spot 5e6 respectively showed
protein overexpression. Furthermore, compared with the control
group, these distinct spots exhibited an overexpression of proteins
by more than two-fold in the sham group. Spots 5 and 6 demon-
strated an overexpression of proteins in both AM and AS groups.
Spots 5, 6, and 7 were matched and identified as DLD, TPI1, and
Synapsin II (Syn2), respectively, through the nano-LC-MS/MS
analysis. Table 1 summarizes the protein identification, sequence
coverage, and characterization of these three proteins.

3.3. Quantitation of candidate gene expressions

The dynamic results of the real-time Q-PCR analysis revealed
that the candidate genes were not consistently overexpressed in
the AM and AS groups. Compared with the sham group, only



Table 1
Q-TOF mass spectrum data and database searching for protein identification in the frontal cortex and hippocampus.

Protein ID Accession No. Experimental Mr (kDa)/pI Theoretical Mr (kDa)/pI Sequence coverage Gene expression

Frontal cortex

EEF1B2 B5DEN5 Mr ¼ 37 kDa; pI ¼ 5.6 Mr ¼ 24.8 kDa; pI ¼ 4.6 35.3% AM>(Sham>2 fold C)
CORO1A Q91ZN1 Mr ¼ 56 kDa; pI ¼ 6.4 Mr ¼ 55.4 kDa; pI ¼ 6.1 21.2% AM>(Sham>2 fold C)
TPI1 P48500 Mr ¼ 26 kDa; pI ¼ 6.3 Mr ¼ 26.8 kDa; pI ¼ 6.9 24.6% AM>(Sham>2 fold C)
ALDOC P09117 Mr ¼ 39 kDa; pI ¼ 6.8 Mr ¼ 39.3 kDa; pI ¼ 6.7 16.2% AM & AS >(Sham>2 fold C)

Hippocampus
DLD Q6P6R2 Mr ¼ 45.8 kDa; pI ¼ 6.8 Mr ¼ 54 kDa; pI ¼ 7.96 30.4% AM & AS >(Sham>2 fold C)
TPI1 P48500 Mr ¼ 26.5 kDa; pI ¼ 7.0 Mr ¼ 26.8 kDa; pI ¼ 6.9 17.5% AM & AS >(Sham>2 fold C)
SYN2 Q63537 Mr ¼ 65.5 kDa; pI ¼ 8.0 Mr ¼ 63.4 kDa; pI ¼ 8.7 12.3% AM> (Sham>2 fold C)

EEF1B2: Eukaryotic translation elongation factor 1 beta 2; CORO1A: Coronin 1A; TPI1: Triose-phosphate isomerase; ALDOC: Aldolase C; DLD: Dihydrolipoamide dehydro-
genase; SYN2: Synapsin II; AM: AM group; AS: AS group; Sham: sham group; C: control group.

Fig. 1. Images of frontal cortex and hippocampus fractions of the sham group separated using 2-DE and stained with silver nitrate. A: Spots 1, 2, 3, and 4 were matched and
identified as Eukaryotic translation elongation factor 1 beta 2 (EEF1B2), Coronin 1A (CORO1A), Triose-phosphate isomerase (TPI1), and Aldolase C (ALDOC), respectively, through
nano- LC-MS/MS. B: Spots 5, 6, and 7 were matched and identified as Dihydrolipoamide dehydrogenase (DLD), TPI1, and Synapsin II (Syn2), respectively, through nano-LC- MS/MS.
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CORO1A was overexpressed by an average of 1.45-fold in the AM
group in the frontal cortex (Fig. 2). Moreover, compared with the
AM group, only ALDOC was overexpressed in the AS group in the
frontal cortex. Furthermore, compared with the sham group, only
TPI1 was overexpressed by an average of 1.73-fold in the AM group
in the hippocampus (Fig. 3). These results indicate that protein
expressions were not correlated with mRNA transcriptions.
Fig. 2. Dynamic results of real-time quantitative-PCR (real-time Q-PCR) analysis in
the cortex. Compared with the sham group, only Coronin 1A (CORO1A) was overex-
pressed by an average of 1.45-fold in the AM group. Compared with the AM group, only
Aldolase C (ALDOC) was overexpressed in the AS group; C: control group; Sham: sham
group; AM: Astragalus membraneus group; AS: Astraloside IV group; *, significantly
overexpressed compared with the sham group; #, significantly overexpressed
compared with the AS group.
4. Discussion

Stroke is the leading cause of death and causes serious long-
term disabilities; it poses a major challenge to healthcare services
and is associated with huge healthcare costs.15 The development of
ischemic-reperfusion brain injuries in stroke associated with the
depletion of oxygen and glucose (resulting in increased extracel-
lular potassium and intracellular calcium levels, ATP depletion,
protein synthesis inhibition, decreased pH, and free radical and
lactic acid accumulation), the excessive production of reactive ox-
ygen species (such as superoxide anions, hydroxyl radicals,
hydrogen peroxide, and NO) and the inflammatory responses
(mediate by iNOS, the infiltration of neutrophils, and the releasing
of interleukin-1 and tumor necrosis factor (TNF)-alpha) which
contribute to secondary brain injuries after ischemia and reperfu-
sion as well. 12,16,4,17
372



Fig. 3. Dynamic results of real-time Q-PCR analysis in the hippocampus. Compared
with the sham group, only Triose-phosphate isomerase (TPI1) was overexpressed by an
average of 1.73-fold in the AM group; C: control group; Sham: sham group; AM:
Astragalus membraneus group; AS: Astraloside IV group. *, significantly overexpressed
compared with the sham group.
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AS, the active constituent of the Chinese herb AM, is a strong
scavenger of superoxide radicals and hydroxyl radicals. The phenyl
hydroxyl and cyclic propane groups are likely responsible for the
antioxidant properties.18 On cerebrum of ischemic-reperfusion SD
rats, several studies shows that AS could significantly reduce the
neurological deficit score; infarct volume and water content; in-
crease SOD (an antioxidant enzyme), Glutathione peroxidase (GSH-
PX, an antioxidant enzyme) and LDH (an important metabolic
enzyme) in brain cells and released into the blood by injured cells;
decrease iNOS activity and malondiadehyde (MDA, an indicator of
lipid peroxidation), LDH and NO content. Other studies also shows
that AS could inhibits the release and production of the inflam-
matory mediators interleukin-1 and TNF-alpha in murine perito-
neal macrophages. These studies show that the mechanism of
neuroprotective effects on AS can be achieved by antagonize the
anti-oxidation and anti-inflammatory properties. 12 4.

We observed the overexpression of DLD and TPI1 in the hip-
pocampus of both AM and AS groups. DLD, a mitochondrial
enzyme, is capable of using NO as an electron acceptor, with NADH
as the electron donor, forming nitrate in the reaction. Therefore,
DLD acts as an antioxidant by scavenging NO.19 Moreover, TPI1 is a
crucial enzyme in the glycolytic pathway and provides electrostatic
stabilization.20 Our research supports that AM and AS may provide
neuroprotection for the hippocampus through regulating the DLD
and TPI1 expression. We also observed the overexpression of
ALDOC in the frontal cortex of both AM and AS groups. The enzyme
aldolase is critical in the glycolytic pathway. Vertebrate aldolases
exist as three isozymes: ALDOA, (expressed ubiquitously, the mu-
tations on ALDOA is associated with hemolytic anemia and myop-
athy), aldolase B (ALDOB), expressed mainly in the liver and
involved in utilizing the exogenous fructose, the mutations on
ALDOB can cause an autosomal recessive disease called hereditary
fructose intolerance), and ALDOC (expressed selectively in the
central nervous system and tissue of neuronal origin. It catalyzes
the reversible cleavage of fructose 1,6-bisphosphate to dihydroxy-
acetone phosphate and glyceraldehyde-3-phosphate.). 21,22 There
are reports shows aldolase has various functions other than
glycolysis. Aldolase can induce the expression of several endoge-
nous Wnt target genes, activate Wnt signaling in a Glycogen syn-
thase kinase 3 (GSK-3)b-dependent mechanism by disrupting the
GSK-3b-axin interaction and targeting axin to disheveled-induced
signalosomes that positively regulate the Wnt pathway, thus it is
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possible to act as a colorectal oncogene. 23,24 In cervical cancer,
kidney cancer, lung cancer and endometrial cancer, the expression
of aldolase is increased.25 Moreover, aldolase may interacts with
proton pumps that involved in the vesicle intracellular trafficking
or the proteins crutial for the proliferation of cancer cells, through a
nonglycolytic pathway.26 In addition to its glycolytic function, hu-
man ALDOC has another brain-specific role in cornu ammonis (CA)
3 hippocampal neurons and alternate Purkinje cell (PC) clusters.27

Reports shows that ALDOC provides marked neuroprotection to
PC after trauma and excitotoxicity. The differences in ALDOC
expression level among PC affects their tolerance for environmental
changes, after acute ischemia or in a chronic pathological state,
ALDOC-positive PCs are more likely to survive than ALDOC-
negative PCs. These studies show that ALDOC has neuroprotective
functions.28,29 Taken together, suggesting AM can be translated
clinically to treat stroke in human.

In our study, compared with the sham and AM groups, ALDOC
was significantly overexpressed in the AS group. Moreover,
compared with the control group, ALDOC was overexpressed by
more than two-fold in the sham group. These results indicate that
AS may be a key ingredient in AM contributing to the neuro-
protective effect of AM on ischemic brain injuries. Recently, re-
searchers have developed many novel tools such as monoclonal
antibody 9F against human ALDOC (9F has high affinity toward
epitope-containing peptides thus may solve the dilemma that
ALDOC is always coexpressed with ALDOA in the CNS in homolo-
gous aldolase isoforms) and knock-in Aldoc-Venus mice (ALDOC
expression in cerebrum is visualized by expression of a fluorescent
protein, Venus) 22 29. Although the role of ALDOC in ischemia-
reperfusion brain injuries remains unclear, investigating the func-
tions and specific molecular interactions of ALDOC in the brain by
using a novel and powerful tool is feasible in the future.

In our real-time Q-PCR results, the protein expressions were not
correlated with mRNA transcriptions. These result implying that
there are post-transcriptional regulation occurred on the AS
induced protein expression. We suggest that investigating of AS-
induced expression on protein level will be more informative to
where and how the regulation took place.

In conclusion, pretreatment with AM or AS can induce the
overexpression of ALDOC in the cerebral cortex and that of DLD and
TPI1 in the hippocampus, suggesting that both AM and AS may act
as neuroprotectors through regulating the expression of ALDOC,
DLD and TPI1. However, the underlying neuroprotective mecha-
nisms remain unclear.
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