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Metabolomic analysis and pharmacological validation of
the cerebral protective effect of 3,4-dihydroxybenzaldehyde
on cerebral ischemia-reperfusion injury
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Abstract. 3,4-Dihydroxybenzaldehyde (DBD), one of the
active components of Gastrodia elata, has a cerebral protective
effect and can effectively combat cerebral ischemia/reperfusion
(I/R) injury in rats. However, the metabolite profiles and under-
lying mechanisms associated with DBD remain unclear. To
explore the level of energy metabolism and pharmacological
targets in brain tissue following DBD treatment of stroke.
The right middle cerebral artery of the rats was occluded
for 2 h and reperfused for 24 h to simulate brain I/R injury.
Pharmacological results showed that DBD reduced cerebral
infarct volume, improved neurological function and increased
adenosine triphosphate (ATP) content. Mitochondria are the
primary sites for ATP generation and cellular energy supply and
decreasing mitochondrial dysfunction can alleviate the energy
expenditure of ischemic stroke. Through further experiments, it
was found that mitochondrial damage was recovered following
DBD treatment, which was manifested by the improvement of
mitochondrial morphology under an electron microscope and
the reduction of oxidative stress damage. The metabolomics of
middle cerebral artery occlusion/reperfusion (MCAO/R) rat
brain tissue was studied by the liquid chromatography-tandem
mass spectrometry metabolomics method. Significantly
different metabolites were screened and the pathways involved
included amino sugar and nucleotide sugar metabolism
and pentose phosphate pathway. Finally, the present study
performed targeted metabolic profiling and validated potential
therapeutic targets. Uridine diphosphate N-acetylglucosamine
(UDP-GlcNAC) levels were decreased in the MCAO/R group
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but significantly increased in the DBD group. TdT-mediated
dUTP nick end labeling (TUNEL) staining, hematoxylin and
eosin staining and western blotting showed that brain cell
apoptosis was inhibited and neuronal morphology improved.
Among them, the regulatory enzyme O-GIcNAc transferase
(OGT) of UDP-GIcNAc appeared to be significantly increased
and neuronal apoptosis was inhibited following DBD treatment,
which was verified by western blotting. Therefore, by analyzing
mitochondrial dysfunction following I/R and the characteriza-
tion of potential markers in mitochondrial energy metabolism,
it was shown that OGT could inhibit neuronal apoptosis as a
potential therapeutic target for brain I/R injury.

Introduction

Ischemic stroke (IS) is one of the most common disorders and
accounts for ~ 80% of strokes. Stroke is the second leading
cause of morbidity (158/100,000/year) (1) and mortality
(11.6% of total deaths) (2) worldwide after cardiovascular
diseases (3). In general, early blood supply or reperfusion
is the most effective method for treating cerebral ischemia;
however, reperfusion after ischemia can result in severe
brain failure, known as cerebral ischemia/reperfusion (I/R)
injury (4,5). Studies suggest that mitochondria are severely
damaged in I/R injury (6,7). In addition, abnormal oxygen
supply can inactivate the initiation of the tricarboxylic acid
(TCA) cycle and subsequently inhibit mitochondrial oxida-
tive phosphorylation; this can lead to adenosine triphosphate
(ATP) deficiency, thus inducing mitochondrial dysfunction.
Including oxygen-free radical damage, calcium overload and
changes in mitochondrial membrane potential (MMP), the
abnormal opening of the mitochondrial permeability transi-
tion pore (mPTP) and mitochondrial structural damage (8,9)
can directly lead to neuronal necrosis and loss of brain
function (10). Therefore, the relationship between stroke and
mitochondria has been actively explored and neuroprotection
is considered a promising stroke treatment strategy (11). More
effective neuroprotective measures and drugs for the clinical
prevention and treatment of cerebral I/R injury based on the
mitochondrial pathway are required.

Chinese herbal medicine has long been used in the
treatment of stroke. Its rich drug resources and long-term
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treatment experience indicate its great application potential
for stroke treatment (12). Notably, Gastrodia elata Blume
has been used as an anticonvulsant in eastern countries for
several centuries. Clinically, it has been widely used to treat
headache, epilepsy, limb numbness, hemiplegia and other
neurological diseases disorders (13); it has also been approved
by the Chinese Pharmacopoeia (14). A phenolic component
of G. elata, 3,4-dihydroxybenzaldehyde (DBD; Fig. 1A),
exhibits neuroprotective effects for cerebral I/R injury after
IS (15,16). Our previous study reported that DBD can inhibit
the activation of MAPK and NF-«xB, reduce the secretion of
inflammatory mediators and cytokines and exhibit antineuritis
effects (17). In addition, the ethyl acetate site of G. elata where
DBD is located can enhance the expression of tight junction
proteins and protect the blood-brain barrier (BBB) (18,19).
For middle cerebral artery occlusion/reperfusion (MCAO/R)
rats, neuroprotective effects are observed by creating
anti-oxidative stress and inhibiting apoptotic pathways (15,20).
Recently, Zeng et al (21) indicated that DBD could inhibit
the hypoxia-inducible factor-1 o/pyruvate dehydrogenase
kinase 1 signaling pathway, alleviate mitochondrial metabolic
disorder in the internal capsule after brain I/R and improve
energy deficiency in vitro and in vivo. These aforementioned
studies indicate that DBD may play an anti-IS role in the brain.
However, previous experiments have not comprehensively
explored the relevant mechanism of DBD in stroke treatment
from the metabolite level; thus, further research is needed.

Metabolomics is a powerful research method in the field of
systems biology. Gene functions and metabolic pathways asso-
ciated with phenotypes can be detected by identifying a range
of genes and metabolites (22). In addition, disease-specific
metabolites can be used as biomarkers for the diagnosis of
diseases, thus providing a reference for clinical precision medi-
cine (23). Mechanistic studies on traditional Chinese medicine
(TCM) pharmacology combined with metabolomics may help
understand the complete metabolic network and be used as
an effective method for identifying the multiple interactions
among TCM components (24). Accordingly, the present study
combined metabolomics and pharmacology to investigate
the neuroprotective effects of DBD systematically and scien-
tifically on brain I/R injury. Liquid chromatography-tandem
mass spectrometry (LC-MS) has become the mainstream of
metabolomic research because of its analysis speed, high reso-
lution and high sensitivity (25). Therefore, the present study
aimed to use the LC-MS/MS metabolomics approach to study
the brain tissue metabolome of MCAO/R rats and explore the
intervention mechanism of DBD through energy metabolomic
analysis combined with the biochemical parameters associated
with mitochondrial function, histological observation under an
electron microscope, western blotting, immunofluorescence
and other indicators. A comprehensive study of the neuropro-
tective effects of DBD revealed potential biomarkers related to
the disorder of the mitochondrial metabolic pathways. Finally,
the present study performed targeted metabolic profiling and
validated potential therapeutic targets.

Materials and methods

Animals. A total of 63 male-specific pathogen-free SD rats
(5-8 weeks-old; 250-280 g weight) were purchased from

the Hunan Shrek Jingda Experimental Animal Co., Ltd.
[Laboratory animal qualification certificate: scxk (Xiang)
2019-0004]. The rats had free access to food and water; the
feeding environment was maintained in a 12-h light/dark cycle,
at a temperature of 20-23°C and a relative humidity of 40-60%.
All animal experiments were approved by the Animal Ethics
Committee of Yunnan University of Traditional Chinese
Medicine (approval no. R-062021088) and the care and use of
experimental animals were in accordance with the guidelines
of the National Institutes of Health. Prior the experiment, the
rats were randomly categorized into sham (Sham), model
(MCAO/R) and treat (MCAO/R + DBD 10 mg/kg) groups,
with 21 rats in each group. DBD (=98% purity) was purchased
from Chengdu Alfa Biotechnology Co., Ltd. Based on the
effective doses determined in our previous study (17), the treat
group was continuously given 10 mg/kg by gavage for 7 days,
whereas the model and sham groups were given the same
amount of distilled water by gavage.

MCAO/R model. The MCAO/R model was replicated by the
suture method as described previously (26) with slight modi-
fications. In brief, rats were anesthetized by intraperitoneal
injection of 2% sodium pentobarbital (40 mg/kg). The right
common carotid artery (CCA) and vagus nerve of the rats were
isolated and a 0.36-mm-diameter polynylon monofilament
with a rounded tip (cat. no. 2636-50A4; Beijing Cinontech
Co., Ltd.) was inserted into the middle cerebral artery from
the CCA through the internal carotid artery; the insertion was
stopped if a slight resistance was encountered (~18-20 mm).
After 2 h of ischemia, the middle cerebral artery was reper-
fused by gently pulling the suture back to the CCA. The sham
group underwent the same process except for suture blockage.
Neurological scoring was performed at 24 h after reperfusion.
During this period, none of the animals developed humane
endpoint indications, such as non-feeding, dyspnea and
hypothermia, or died prematurely. Neurological deficit was
assessed on a scale of 0-4 points: O points: regular activity,
no neurological deficit; 1 point, when the tail is lifted, the left
forelimb is adducted and cannot be fully extended; 2 points,
the body rotates to the left when crawling; 3 points, the body
tilts to the left when crawling; 4 points, inability to walk
spontaneously with a decreased level of consciousness (26).
The inclusion criterion for this model was a neurological score
of 1-3; those with scores of 0 or 4 were excluded.

Measurement of cerebral infarct area. After 24 h of I/R, the
rats were injected intraperitoneally with 2% sodium pentobar-
bital (150 mg/kg) to induce deep anesthesia and no response
to tail entrapment. Then the animals were rapidly sacrificed
using a decapitation device. The whole brains were removed
and frozen at -20°C for 20 min. Coronal sections from front
to back (2 mm) were made on the brains on ice, stained with
2% triphenyl tetrazolium chloride (TTC) (cat. no. A610558;
Sangon Biotech Co., Ltd.) in the dark for 20 min at 37°C and
then fixed in 4% paraformaldehyde for 24 h at room tempera-
ture. The infarcted areas were analyzed with ImageJ 1.52 a
(National Institutes of Health).

Hematoxylin and eosin (HE) staining. The prepared brain tissue
paraffin sections were heated at 60°C for 3 h. Hematoxylin
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Figure 1. DBD has a protective effect on cerebral I/R injury. (A) Chemical structure of DBD. (B) Representative images of brain sections stained with TTC
to visualize infarcts. Red is normal tissue and white is infarcted. (C) Quantitative analysis of infarct size. (D) Neurological deficit scores in different groups.
(E) ATP content of brain tissue. Oxidative stress-related indicators (F) ROS level and (G) MDA content. All data are presented as the mean =+ standard error
of the mean, n=6. “P<0.01 vs. Sham group; "P<0.05, “P<0.01 vs. Model group. DBD, 3,4-Dihydroxybenzaldehyde; I/R, ischemia/reperfusion; TTC, triphenyl
tetrazolium chloride; ATP, adenosine triphosphate; ROS, reactive oxygen species; MDA, malondialdehyde.

was administered for 2 min and then washed off; the sections
were stained with eosin dye for 1 min at room temperature.
The samples were dehydrated and dried with graduated
alcohol series, cleared with xylene to make and sealed with
neutral gum. Images were captured using an inverted phase
contrast microscope (IXplore; OM Digital Solutions Corp.)
under a field of view of x400 magnification. A HE staining kit
was used for histomorphological analysis (cat. no. KGA224;
Nanjing KeyGen Biotech Co., Ltd.).

Immunofluorescence staining. Brain sections were
dewaxed, dried at 60°C for 60 min, dewaxed twice with
xylene and hydrated with ethanol (100, 95, 80 and 75%) for
5 min each time. Proteinase K working solution (100 ul)
was added dropwise to each tissue section and incubated at
37°C for 30 min. Next, 50 ul of TUNEL fluorescence detec-
tion solution was added to each sample. Then, the sample
was incubated at 37°C for 60 min in the dark. Nuclei were
counterstained with DAPI for 5 min at room temperature.
Observed the cortex from the cerebral under a laser confocal
microscope (Zeiss LSM; Carl Zeiss AG) and images
captured at 400x magnification (n=3). The areas of interest
were then cropped to approximately 50 ym for presenta-
tion. All analyses were performed in a blinded manner. The

TUNEL detection kit (cat. no. C1090; Beyotime Institute of
Biotechnology).

Transmission electron microscopy. After 24 h of I/R, the rats
were euthanized and ~1-mm? of the brain tissue isolated from
the ischemic cortex from the cerebral infarction area was
collected, fixed with 4% glutaraldehyde and then post-fixed
with 1% osmic acid at 4°C for 2 h. The samples were dehydrated
using graduated alcohol series and acetone, embedded in
epoxy resin at 60°C incubator for 48 h, sliced into 80 nm-thick
sections and stained with 4% ethyl citrate uranyl for 15 min
at room temperature. The ultrastructure of mitochondria was
observed and randomly selected fields of view were captured
at 400x magnification (n=3) using transmission electron
microscopy (JEM-1400flash; JEOL Ltd.).

Extraction and index determination of rat brain mitochondria.
Based on the regions identified in a previous study (27),
200 mg of the cortical tissue of the ischemic hemisphere was
collected following MCAO/R for 24 h. The blood was rinsed
with normal saline, dried using a filter paper, cut into pieces
and placed in a 2 ml glass homogenizer for homogenization.
High-purity mitochondria were extracted using a commer-
cially available mitochondrial extraction kit (cat. no. SM0020;
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Beijing Solarbio Science & Technology Co., Ltd.) according
to the manufacturer's instructions and stored at -80°C. The
specific operation steps were as follows: Centrifugation at
4°C, 1,000 x g for 5 min, transferring the supernatant to a
new centrifuge tube at 4°C, 1,000 x g for 5 min, continuing
to remove the supernatant and transferring to the new centri-
fuge tube, 4°C, 12,000 x g for 10 min. The supernatant, after
centrifugation, contained cytoplasmic components, while the
mitochondria precipitated at the bottom of the tube. After
removing the supernatant, 0.5 ml Wash Buffer was added
to the mitochondrial precipitation and centrifuged at 4°C
1,000 x g for 5 min. Then the supernatant was transferred to a
new centrifuge tube for 10 min at 4°C and 12,000 x g. Finally,
the supernatant was removed and the high-purity mitochon-
dria were precipitated at the bottom of the tube. Subsequently,
the mitochondrial purity was evaluated. Purified mitochondria
and non-purified mitochondrial suspension (mitochondria
not treated with wash buffer in mitochondrial extraction kit
and containing other cell tissues) were mixed with 100 ul
each of 0.3% Janus green B (mitochondria specific staining;
cat. no. S19083, Shanghai Yuanye Bio-Technology Co., Ltd.)
and 0.15% neutral red solution (lysosomal and Golgi staining;
cat. no. DN300; Beijing Dingguo Changsheng Biotechnology
Co.,Ltd.). The purified and non-purified mitochondria samples
from the cerebral cortex (n=3) were stained for 10 min at room
temperature and then observed and randomly selected fields
of view under an optical microscope at 400x magnification
(DMil; Leica Microsystems, Inc.).

A mitochondrial protein Extraction kit (cat. no. GO08-1;
Nanjing Jiancheng Bioengineering Institute) was used to
extract total protein from the isolated mitochondria. Then,
the protein content of each sample was determined using
a BCA protein quantification kit (cat. no. PC0020; Beijing
Solarbio Science & Technology Co., Ltd.). Additionally,
ATP content in brain tissue was determined using an
ATP assay kit (cat. no. A095-1-1; Nanjing Jiancheng
Bioengineering Institute). The oxidation indexes of brain
tissue and the level of reactive oxygen species (ROS) were
detected by using DCFH-DA as the fluorescent probe
(cat. no. E004-1-1; Nanjing Jiancheng Bioengineering
Institute). Malondialdehyde (MDA) content was detected
using the thiobarbituric acid method (cat. no. BC0025;
Beijing Solarbio Science & Technology Co., Ltd.). For the
detection of brain mitochondrial function indicators, the
mitochondrial respiratory chain complex I-IV activity detec-
tion kit (cat. nos. BC0515, BC3235, BC3245 and BC0945;
Beijing Solarbio Science & Technology Co., Ltd.) was used.
The electron transport chain (ETC) contains four multisub-
unit enzyme complexes, including mitochondria complex I
(nicotinamide adenine dinucleotide dehydrogenase, NADH
dehydrogenase), mitochondria complex II (succinate dehydro-
genase), mitochondria complex III (cytochrome ¢ reductase)
and mitochondria complex IV (cytochrome c¢ oxidase). The
mitochondrial swelling method was used to measure the
opening degree of mPTP. The MMP level was measured by
fluorescence spectrophotometry (cat. nos. GMS10101 and
GMS10013.1, Shanghai Genmed Gene Medicine Technology
Co., Ltd.). The content of cytochrome c (Cyt-c) in brain mito-
chondria was measured using ELISA kit (H190-1-1, NanJing
JianCheng Bioengineering Inc.).

Western blotting. RIPA lysis buffer (PSMF:RIPA lysis
buffer=1:100; cat. nos. 042121210730; 051021210825;
Beyotime Institute of Biotechnology) was added to the treated
brain tissue and lysed on ice for 20 min and the lysed product
was centrifuged at 14,200 x g for 5 min at 4°C. Protein quanti-
fication was performed by the BCA method. Equal amounts of
protein (80 ug) were separated by 8% SDS-PAGE and trans-
ferred to PVDF membranes. Electrophoresis was performed
at 80 V for ~30 min. After the protein marker was separated
and the sample entered the separation gel, the parameter was
changed to a constant voltage of 120 V. After electrophoresis,
the membrane was transferred until the target band reached
the appropriate position. The membrane was blocked with 5%
bovine serum albumin (SW3015, Beijing Solarbio Science
& Technology Co., Ltd.) at room temperature for 1 h. After
blocking, the membrane was washed twice with TBST buffer
(0.1% Tween; cat. no. QN1236; Beijing Biolab Technology Co.,
Ltd.). Subsequently, the membrane was incubated with primary
antibodies, including Bax (1:1,000; cat. no. 50599-2-Ig;
ProteinTech Group), Bcl-2 (1:500; cat. no. 26593-1-AP;
ProteinTech Group), Caspase-3 (1:1,000; cat. no. 9662;
Cell Signaling Technology, Inc.), O-GIlcNAc transferase
(OGT; 1:500; cat. no. 61355, Active Motif, Inc.) and 3-Actin
(1:25,000; cat. no. 66009-1-Ig; ProteinTech Group, Inc.),
overnight at 4°C. Then, it was incubated with goat anti-rabbit
IgG and Rabbit Anti-Mouse IgG secondary antibodies (both
at 1:5,000, cat. nos. ab6721 and ab97046, Abcam) for 1 h at
room temperature. The immunoreactive bands were developed
using enhanced chemiluminescence reagent (cat. no. A38555;
Thermo Fisher Scientific, Inc.) and images were captured in
the Bio-Rad ChemiDoc XRS gel imaging system (Bio-Rad
Laboratories, Inc.). Image] Lab V4.0 software (Bio-Rad
Laboratories, Inc.) was used for quantitative analysis.

Brain sample preparation and extraction. After 2 h of ischemia
and 24 h of reperfusion, the rats were sacrificed and 200 mg
of the cortical tissue samples of the infarcted hemisphere was
quickly collected and stored at -80°C for later use. A total of
six brain tissue samples were collected from each group. After
the sample was thawed and homogenized, 0.05 g of the sample
was mixed with 500 pl of 70% methanol/water. The sample
was vortexed for 3 min at of 2,500 rpm and centrifuged at
14,200 x g for 10 min at 4°C. Afterwards, 300 pl of supernatant
was collected into a new centrifuge tube and placed in a -20°C
refrigerator for 30 min, Then, the supernatant was centrifuged
again at 14,200 x g for 10 min at 4°C. After centrifugation,
200 ul of supernatant was transferred through protein precipi-
tation plate for further LC-MS analysis. Each group of 20 ul
samples was mixed as quality control (QC) samples. Analyzing
the coefficient of variation (CV) of QC samples, the CV value
indicates the ratio of the standard deviation of the original data
to the mean of the actual average data, reflecting the degree
of data dispersion. Furthermore, indicating the stability of
experimental data was tested to ensure QC.

UPLC-MS/MS system conditions

UPLC conditions. Amide method: HPLC was performed under
the following conditions: Column, ACQUITY UPLC BEH
Amide (Waters Corporation; i.d. 2.1x100 mm, 1.7 ym); solvent
system, water with 10 mM of ammonium acetate and 0.3%
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ammonium hydroxide (A) and 90% acetonitrile/water (v/v)
(B). The gradient was started at 95% B (0-1.2 min), decreased
initially to 70% B (8 min) and then to 50% B (9-11 min) and
finally ramped back to 95% B (11.1-15 min) under the following
conditions: Flow rate, 0.4 ml/min; temperature, 40°C; injection
volume, 2 pl.

ESI-MS/MS conditions. Linear ion trap and triple quadrupole
scans were acquired using a triple quadrupole-linear ion trap
mass spectrometer (QTRAP), QTRAP 6500+ LC-MS/MS
System (Sciex), operating in positive and negative ion mode.
The ESI source operation parameters were as follows: ion
source, ESI+/-; source temperature, 550°C; ion spray voltage
5,500 V (positive) and -4,500 V (negative); curtain gas was set
at 35 psi. Tryptophan and its metabolites were analyzed using
scheduled multiple reaction monitoring. Data acquisitions
were performed using Analyst 1.6.3 (Sciex). Multiquant 3.0.3
(Sciex) was used to quantify all metabolites.

Data processing and statistical analysis. Unsupervised prin-
cipal component analysis (PCA) was performed by statistics
function prcomp V1.0.1 (r-project.org) within R (www.r-project.
org). Data were unit variance scaled before unsupervised
PCA. The hierarchical cluster analysis results of samples and
metabolites were presented as heatmaps with dendrograms
using R package pheatmap V1.2.1 (r-project.org). Significantly
regulated metabolites among groups were determined by
variable importance in projection (VIP) and absolute Log,FC
(fold change). VIP-values were extracted from orthogonal
partial least squares discriminant analysis (OPLS-DA) result
and generated using R package MetaboAnalystR V1.0.1 (28).
P-value of the unpaired student's test determined their signifi-
cance. Metabolites were annotated using the KEGG database
and then mapped to the KEGG pathway database (http://www.
kegg.jp/kegg/pathway.html). Then, the pathways to which the
metabolites with significant modulation were mapped were
fed into metabolite set enrichment analysis and the P-value of
the hypergeometric test determined their significance.

GraphPad Prism 9.0.0 (GraphPad Software, Inc.) was
used for statistical analyses. The data conform to the normal
distribution. If the variance was homogeneous, then it was
analyzed with Bonferroni's multiple comparisons test using
one-way analysis of variance (ANOVA). If the variance is
unequal, then it was analyzed Dunnett's T3 multiple compari-
sons test in Welch's ANOVA test. Non-normally distributed
data were analyzed with Dunn's multiple comparisons test
in the Kruskal-Wallis test. All values were presented as
mean =+ standard error of the mean. P<0.05 was considered to
indicate a statistically significant difference.

Results

DBD effectively improves MCAO/R in rats. TTC staining
reflects cerebral infarction after injury and the area of ischemic
necrosis is stained white (29). The results showed that obvious
white infarcts in the model group after cerebral I/R and DBD
could significantly reduce the infarct volume (Fig. 1B and C).
Compared with the model group, the neurological function
of the rats in the DBD group was significantly improved
(Fig. 1D). Among them, the ATP content in the brain tissue

MOLECULAR MEDICINE REPORTS 27: 9, 2023 5

of MCAO/R rats was significantly decreased, but this was
reversed by DBD (Fig. 1E). In addition, the levels of oxidative
stress-related indicators ROS and MDA increased following
I/R, while DBD could significantly inhibit the generation
of ROS and MDA (Fig. IF and G). DBD effectively attenu-
ated brain injury and oxidative stress in MCAO/R rats while
restoring energy supply.

DBD can alleviate mitochondrial damage induced by
MCAOI/R. At the heart of mitochondrial dysfunction is ATP
reduction and to determine the effect of DBD on mitochondrial
damage, follow-up experiments were performed. Observation
of mitochondrial ultrastructure in neurons from the cortex
tissue was performed using transmission electron microscopy.
It was shown that I/R resulted in severe swelling of mitochon-
dria and partial disappearance of cristae, rupture of inner
and outer membranes (the matrix is electron transparent). By
contrast, DBD ameliorated this injury, leaving the inner and
outer membranes and ridges largely intact with only mild
swelling (Fig. 2A). Then, high-purity mitochondria were
isolated by gradient centrifugation for detection of related
indexes. Microscopic examination revealed a number of dark
reds in non-purified mitochondria and a single blue-green
color in purified mitochondria (Fig. S1). These results indi-
cated that the purity of the extracted mitochondria was high.
Following brain I/R, the activity of mitochondrial respiratory
chain enzyme complexes [-IV was inhibited. Mitochondrial
respiratory chain enzyme complexes I and II can oxidize
NADH produced by the TCA cycle and the oxidation of succi-
nate, respectively and donate electrons to ETC (30). Complex
IIT reduces the mobile electron carrier Cyt-C, ferries single
electrons that are subsequently transferred from complex 111
to complex IV, where molecular oxygen is bound and reduced
to water (31). This electron transfer chain provides an electro-
chemical gradient across the inner mitochondrial membrane
to drive ATP synthesis. In addition, ROS are mainly formed
by premature leakage of electrons from complexes I,
IT and III (31). mPTP was abnormally opened and MMP level
and mitochondrial Cyt-c content were decreased. However,
BDB had a positive effect on mitochondrial health in MCAO/R
rats, manifested by increased activity of mitochondrial respira-
tory chain enzyme complexes I-IV (Fig. 2B-E), restored mPTP
levels (Fig. 2F), addition to decreased MMP loss (Fig. 2G) and
increased mitochondrial Cyt-c content (Fig. 2H). Experiments
showed that DBD alleviated cerebral I/R injury, which may
restore cellular energy supply by improving mitochondrial
dysfunction, thereby inhibiting the transfer of mitochondrial
Cyt-c to the cytoplasm, reducing apoptosis and protecting
neurons.

Metabolomic analysis of MCAOI/R rats following DBD treat-
ment. Evaluation of QC samples showed that the proportion
of substances with CV values less than 0.5 in the test and QC
samples were higher than 85%, indicating that the experi-
mental data was stable (Fig. 3). To understand the changes
on metabolites in I/R of DBD treatment more clearly, the
sham group cortical tissue of rats and model and treat cere-
bral cortical tissue of the ischemic hemisphere (n=6) were
collected for metabolic study. Analyst 1.6.3 software (Sciex)
was used to process LC-MS data and to obtained the total ion
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Figure 2. DBD has a protective effect on mitochondrial brain damage. (A) Electron microscope observation of the structure and morphology of mitochondria
in different groups of brain tissues; the right image is the enlarged image in the left panels. Red arrows indicated typical changes in mitochondrial morphology.
Magnification, x400; scale bar=500 nm. The activity of mitochondrial respiratory chain enzyme complexes (B) I, (C) II, (D) III, and (E) IV in each group.
(F) The mitochondrial swelling method determined the degree of mPTP opening and the higher the mitochondrial swelling value, the greater the opening
degree of mPTP. (G) MMP levels, a decrease in MMP is an early signal of apoptosis. (H) mitochondrial Cyt-c content, an essential protein in apoptosis and an
important mediator in the mitochondrial respiratory chain can reflect apoptosis. All data are presented as the mean + standard error of the mean, n=6. Scale
bar=500 nm *P<0.05, “P<0.01 vs. Sham group; ‘P<0.05, “P<0.01 vs. Model group. DBD, 3,4-Dihydroxybenzaldehyde; mPTP, mitochondrial permeability

transition pore; Cyt-c, cytochrome c.

chromatogram of all samples (Figs. S2-S4). In addition, a total
of 57 metabolites were detected based on the UPLC-MS/MS
detection platform and database, including 17 nucleotides and
their metabolites, 12 amino acids, 10 Organic acids and their
derivatives, eight phosphate sugars, five phosphoric acids, three
coenzymes and vitamins, one lysophosphatidylethanolamine
and amino acid derivatives.

Principal component analysis and heatmap clustering was
used to examine all metabolites in the data. The PCA results
showed clear separation among the different treatments

(Fig. 4A), indicating that the metabolites of samples
changed significantly following MCAO/R, consistent with
the I/R phenotype. The change was mainly dominated by
the first principal component (PC1) of the X-axis, which
can explain 45.82% of the characteristics of the original
data set. From PCl, it can be found that the model group
and the treatment group are separated and that there are
differences between them.

The differences in the accumulation patterns of metabolites
in the sham-operated group, the model group and the treatment
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group can be analyzed by clustering heatmaps (Fig. 4B).
The results showed significant differences in substances in
different groups, which were divided into two clusters. The
metabolites in cluster 1 were the highest in the sham operation
group, medium in the treatment group and the model group.
The lowest content, including most nucleotides and their
metabolites, such as adenosine monophosphate (AMP), ATP,
adenosine diphosphate (ADP), guanosine and uracil, decreased
following MCAO/R, which may result from inhibited energy
production. The metabolites in cluster 2 were highest in the
model group, moderate in the treatment group and lowest in
the sham group. Among them, the increased expression of
phosphoenolpyruvic acid in the gluconeogenesis pathway after
IS was mainly found in astrocytes, which can promote acidosis
and oxidative damage, resulting in disturbance of glucose
metabolism during I/R (32). The same excess of 3-phenyllactic
acid (PLA) has also been shown to induce ROS production
in glial cell (33). In addition, ornithine, L-citrulline, L-leucine
and other essential amino acids increased in MCAO/R, which
may be the accumulation of protein synthesis disorders.
The different biological replicates also clustered together,
indicating good homogeneity between biological replicates
and high data reliability.

Analysis of differential metabolites between model group
and treatment group. OPLS-DA analysis is a multivariate
statistical analysis method with supervised pattern recogni-
tion, which can effectively eliminate influences irrelevant to
the present study to screen differential metabolites. OPLS-DA
was used to perform a pairwise analysis of the three groups to
draw a score map. In this model, R*X and R*Y represented the
interpretation rate of the X and Y matrices of the built model,
respectively, and Q? represented the predictive ability of the
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model. Q? were all higher than 0.9, P<0.05, indicating that the
constructed model was suitable (Fig. 5A). The OPLS-DA score
plot showed that there was a clear separation between the model
group and the treatment group (Fig. 5B). Fold Change (FC) and
VIP was used to screen differential metabolites, metabolites
satisfying FC =2 and FC <0.5 and VIP =1 were considered
to have significant differences and the screening results were
displayed in a volcano plot (Fig. 5C). The results showed that
in the comparison between the model group and the treatment
group, there were a total of nine differential metabolites, of
which eight metabolites were upregulated: Succinyl-CoA,
UDP-GIcNAc, deoxythymidine monophosphate (dTMP),
AMP, inosine monophosphate (IMP), uridine 5'-monophos-
phate (UMP), fructose 1,6-bisphosphate, 6-phosphogluconic
acid; 1 metabolite was downregulated: 3-phenyllactic acid
(Fig. 5D; Table I).

To comprehensively observe changes in metabolic
pathways, the present study employed a pathway-based meta-
bolic change analysis method, Differential Abundance (DA)
Score, which captures the overall changes of all metabolites
in a pathway (Fig. 5E). The differential metabolites between
the model group and the control group were mainly annotated
and enriched in fructose and mannose metabolism, tropane,
piperidine and pyridine alkaloid biosynthesis, amino sugar and
nucleotide sugar metabolism and pentose phosphate pathway.
These pathways interact and are closely related to I/R. Based
on the results described above, a metabolite overview of key
pathways in brain tissue is shown in (Fig. 6).

Presentation of quantitative results of UDP-GICNAC and
verification of OGT expression following DBD treatment. The
most significantly differential metabolite induced by DBD
was UDP-GIcNAc and OGT is the key catalytic enzyme of
UDP-GIcNAc. Subsequently, the content of UDP-GIcNAc in
the brain detected by metabolomics was visualized and the
protein expression of OGTase detected. The experimental
results showed that compared with the sham-operated group,
the range of UDP-GIcNAc in the model group was reduced,
which could be improved by DBD (Fig. 7A). Western blotting
results showed that the expression of OGT was significantly
increased following DBD treatment compared with the model
group (Fig. 7B). This indicated that DBD increased the level of
UDP-GIcNAc in the brain after IS by promoting the expression
of OGT.

DBD inhibits MCAO/ R-induced apoptosis of brain cells.
Apoptosis is the final and primary determinant of brain I/R
injury. In HE staining, the brain tissue cells of the rats in the
Sham group were arranged neatly and their morphological
structures were normal. In the model group, the gap of cell
structure was widened, nuclear pyknosis appeared, and the
fiber arrangement was disordered, while the treat group exhib-
ited improved pathology of brain tissue (Fig. 8A). TUNEL
staining showed that MCAO/R decreased the number of
neurons and increased the number of positive apoptotic cells.
Following DBD treatment, apoptotic cells were significantly
reduced (Fig. 8B and C). In addition, the protein expression
of genes related to apoptosis was analyzed by western blot-
ting (Fig. 8D-H). MCAO/R induced the up-regulation of Bax
and cleaved-Caspase-3 and the downregulation of Bcl-2.
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Table I. Screening results of differential metabolites in Model group and Treat group.
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Metabolites Formula RT (min) VIP Fold change P-value Type
UDP-GIcNAc C,;H,;N;0,,P, 4.47 1.385 2.960 4.16x10* Up
Fructose 1,6-bisphosphate C:H,,0,,P, 6.98 1.370 2.123 4.21x10* Up
IMP C,H3N,O4P 5.34 1.365 5.905 2.78x10° Up
3-phenyllactic acid C,H,,0, 0.52 1.360 0.106 4.89x1072 Down
Succinyl-CoA C,sH,oN,0,,P;S 5.61 1.347 Inf 5.45x1073 Up
dTMP C,,H;sN,OsP 4.62 1.309 5973 4.16x1073 Up
UMP C,H,;N,O,P 5.21 1.302 2.080 3.35x10° Up
AMP C,H,,N;O,P 5.25 1.280 2.248 2.06x107 Up
6-Phosphogluconic acid C¢H,;0,,P 6.13 1.226 2.650 3.65x10* Up

UDP-GIcNAc, uridine diphosphate N-acetylglucosamine; IMP, inosine monophosphate; dTMP, deoxythymidine monophosphate; UMP,

uridine monophosphate; AMP, adenosine-monophosphate.
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Figure 6. Graph of the central metabolic network with significant changes following MCAO/R. Compared with the Model group, elevated metabolites in the
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sion/reperfusion; TCA, tricarboxylic acid cycle.

However, DBD partially reversed MCAO/R-induced apoptosis ~ Discussion
compared with the MCAO/R group. It was hypothesized that
DBD inhibits MCAO/R-induced brain cell apoptosis and

reduces neuronal loss caused by cerebral I/R injury.

The present study attempted to identify the neuroprotective
effect of DBD on cerebral I/R injury and the underlying
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Figure 7. Effects of DBD on UDP-GlcNAc and OGT in MCAO/R rats. (A) Quantitative results of the metabolite UDP-GIcNAc in each group. (B) Representative
western blotting and quantitative analysis of OGT expression. All data are presented as the mean + standard error of the mean, n=3. ”’P<0.01 vs. Sham group;
“P<0.05, P<0.01 vs. Model group. DBD, 3,4-Dihydroxybenzaldehyde; UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; OGT, O-GIcNAc transferase;

MCAO/R, middle cerebral artery occlusion/reperfusion.

metabolic pathway by analyzing high-throughput metabolomic
data and using multivariate statistical methods to elucidate
its therapeutic mechanism. Initially, it was demonstrated
that improving mitochondrial dysfunction attenuated brain
I/R injury, which is consistent with previous studies (34,35).
DBD could significantly reduce the neurological deficit and
cerebral infarction volume in MCAO/R rats. In addition,
neuronal loss caused by I/R can be reduced by inhibiting
oxidative stress and mitochondrial damage. After determining
the crucial role of mitochondria in cerebral I/R injury, the
present study conducted follow-up studies using high-purity
mitochondria extracted from rat ischemic lateral brain
tissue. The experimental results showed that DBD improved
mitochondrial dysfunction by enhancing the function of the
neural mitochondrial respiratory chain, restoring the level
of mPTP, reducing the loss of MMP and the transfer of
mitochondrial Cyt-c to the cytoplasm, increasing the level
of ATP and inhibiting apoptosis. However, mitochondria are
not only the traditionally considered cellular engine but they
also decompose nutrients through energy metabolism and
divide metabolites to maintain redox homeostasis (36). Thus,
mitochondria deserves our attention in terms of metabolic
functions. The aforementioned studies have shown that DBD
can effectively alleviate reperfusion injury in MCAO/R rats
and that its effect is closely related to that of mitochondria.
This result provides a reliable basis for our later metabolomic
research.

The disturbance of energy metabolism is a significant cause
of cerebral ischemia (37). Neuronal activity is closely associ-
ated with mitochondrial function (38). It was hypothesized
that energy metabolism is primarily related to mitochondrial
dysfunction and acts as a key target of cerebral I/R injury.

Further research on the mechanism by which DBD improves
mitochondrial energy metabolism to maintain normal mito-
chondrial function and morphology is warranted to break
the vicious circle following reperfusion injury. A number of
studies have shown that cerebral I/R injury can peak within
24 h (27,35). Hence, metabolomics were used to reveal the
neuroprotective effect of DBD and the metabolic pathways
affected by DBD in cerebral I/R injury. The results showed
that the metabolites involved in affected by DBD primarily
included amino acids, nucleotides and their metabolites in
brain tissue. DBD increased succinyl-CoA, UDP-GIcNAc,
dTMP, AMP, UMP, IMP, fructose 1,6-bisphosphate and
6-Phosphogluconic acid, and especially UDP-GIcNAc. By
contrast, DBD decreased the expression of PLA.

Pathways mediated by DBD were enriched for differential
metabolites. The results highlighted fructose and mannose
metabolism; tropane, piperidine and pyridine alkaloid biosyn-
thesis; amino sugar and nucleotide sugar metabolism and
pentose phosphate pathway (PPP). Glycolysis changes from
aerobic to anaerobic pathway in cerebral ischemia because
of ischemia and hypoxia and the PPP is activated as an
endogenous antioxidant mechanism (39). 6-Phosphogluconic
acid, the first metabolite of glycolysis and the initiator of
PPP, works with glutathione peroxidase to eliminate excess
ROS following stroke (40). Fructose 1,6-bisphosphate is
a glycolytic intermediate that enhances glycolysis during
hypoxia, preserves cellular ATP stores (41) and reduces
oxidative stress (42). Similarly, activating the pathways of
fructose and mannose metabolism can reduce oxidative
damage in brain tissue, increase brain metabolism and play
a neuroprotective role (43). The end product of glycolysis is
pyruvate, which can enter the mitochondria to participate in
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Figure 8. DBD attenuates MCAO/R-induced apoptosis in rat brain cells. (A) Hematoxylin and eosin staining of rat brain tissue. Note the cellular structure and
arrangement of nerve fibers in brain tissue. (B) TUNEL (red) staining in TUNEL staining, nuclei were stained with DAPI (blue) and detected under a fluores-
cence microscope. (C) Quantitative analysis of apoptotic cells in brain tissue. (D) Representative western blot bands of apoptosis-related proteins are displayed.
(E, F) Western blot analysis of Bax and Bcl-2 expression in brain tissue. (G and H) Western blot analysis of Caspase-3 and cleaved-Caspase-3 expression in
brain tissue. All data are presented as the mean + standard error of the mean, n=3. Magnifications are x400; scale bar=50 ym ""P<0.01 vs. Sham group; “P<0.01
vs. Model group. DBD, 3,4-Dihydroxybenzaldehyde; MCAO/R, middle cerebral artery occlusion/reperfusion; TUNEL, TdT-mediated dUTP nick end labeling.

the TAC cycle. Succinyl-CoA is a product of mitochondrial
metabolism of propionyl-CoA, which is a component of the
TAC cycle and it can participate in energy metabolism (44).
Methylmalonyl-CoA, the major synthase of succinyl-CoA,
affects stroke, dyskinesia and cognitive performance in the
basal ganglia (45). Additionally, the PPP provides precursors
for nucleotide and amino acid biosynthesis. Nucleotides and
their metabolites are involved in basic life activities such
as heredity, development and growth. Different bases, such
as AMP, UMP, thymidine nucleotide (TMP) and IMP, have

become potential therapeutic targets for IS (46,47). In cells,
impaired dTMP biosynthesis can lead to uracil misconjuga-
tion and accumulation of DNA strand breaks, inducing cell
cycle arrest and apoptosis (48). Inosine can directly enter cells,
convert into IMP to synthesize AMP and GMP, participate
in ATP metabolism and then improve the activity of intracel-
lular enzymes (49). Inosine can stimulate axonal regeneration
in vivo after stroke, reduce neuronal apoptosis by downregu-
lating the expression of Cyt-c and induce a protective effect
against anti-cerebral I/R injury (50).
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Among the aforementioned metabolites, DBD induces the
most significant differential metabolite UDP-GIcNAc, which
is a nucleotide sugar and the final product of the hexosamine
biosynthesis pathway (HBP) in amino sugar and nucleotide
sugar metabolism (51). UDP-GIcNAc provides a critical
substrate for various biological processes, indirectly reflecting
the nutritional status of cells and promoting neovasculariza-
tion (50,52). Based on previous reports, increasing the amount
of UDP-GIcNAc is a direct and effective method to correct
the impaired activation of pro-survival pathways following
ischemia in the aged brain (53). UDP-GIcNAc enables cell
survival under various stresses and induces protective effect
against brain I/R pressure by inhibiting mPTP opening and
reducing neuronal apoptosis (54,55). Therefore, increasing
UDP-GIcNAc to promote cell survival pathways may be
a potential neuroprotective approach for treating stroke.
In addition, based on the results of the present study, the
expression of one metabolite (PLA) was downregulated.
Experiments show that PLA interacts with rat brain mitochon-
drial hexokinase, which damages glucose metabolism in the
brain and reduces ATP content (56). In addition, PLA has been
shown to increase lipid peroxidation in rodent cerebral cortex
and induce ROS and DNA damage in glial cells (33). In the
present study, DBD ameliorated oxidative stress injury and
energy metabolism disorders in brain mitochondria primarily
by interfering with the aforementioned metabolic pathways
and significantly different metabolites. This increased the
production of ATP in the brain, inhibited neuronal apoptosis
and reduced neuronal damage and brain cell death, which may
be the metabolic mechanism through which DBD alleviates
cerebral I/R injury.

It is also noteworthy that UDP-GIcNAc, a metabolite
with a marked increase following DBD treatment, exhibited
a neuroprotective effect. To determine the potential targets of
DBD in the treatment of stroke, the content of UDP-GIcNAc in
each metabolomics group was measured and it was found that
DBD could significantly increase the level of UDP-GIcNAc.
Therefore, it was hypothesized that DBD may inhibit brain
cell death by increasing the level of UDP-GIcNAc. To confirm
the mechanism by which UDP-GIcNAc increases DBD, the
activity of OGT, a key metabolic enzyme of UDP-GIcNAc
was confirmed. As UDP-GIcNAc is a direct donor substrate
of OGT, its activity primarily reflects the intracellular concen-
tration of UDP-GIcNAc. OGT is abundantly expressed in
neurons, primarily in the nucleus and synapse and it plays
a role in regulating neuronal process (57). OGT knockdown
significantly reduces the translocation of dynamin-related
protein 1 from the cytoplasm to mitochondria in the MCAO/
R-induced mouse model of brain I/R injury and enhances
mitochondrial fission, thereby leading to neuronal fission and
increased apoptosis (58). Consistent with previous reports, the
present study found that DBD could significantly increase the
expression of OGT, indicating that DBD may increase the level
of UDP-GIcNAc manifested as increased activity of OGT. In
addition, OGT can be a therapeutic target for cerebral I/R.

Apoptosis is the final and significant determinant of I/R
brain injury and inhibition of apoptosis is a crucial step in
treating IS. Mitochondrial dysfunction is closely related to
neuronal apoptosis during brain I/R injury (59). The present
study examined the effect of DBD on mitochondrial apoptosis.
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TUNEL staining can accurately reflect the most typical
features of apoptosis. The experimental results showed that
DBD can significantly reduce neuronal apoptosis. The HE
staining of brain cells in the model group showed nuclear
pyknosis and disordered arrangement of nerve fibers, whereas
DBD could improve the pathological conditions of brain tissue.
The ratio of anti-apoptotic proteins to pro-apoptotic proteins
regulates cell survival. Bcl-2 is an anti-apoptotic protein that
eliminates excess ROS generated during I/R (60). By contrast,
Bax is a pro-apoptotic protein that causes MMP loss and Cyt-c
release(6). Cyt-cis a crucial mitochondrial molecule (61); once
released into the cytoplasm, it will induce the activation of the
apoptotic enzyme activator and then activate the mitochondrial
caspase apoptosis pathway to induce neuronal apoptosis (62).
Similarly, the results of the present study suggested that DBD
can effectively inhibit brain cell apoptosis and improve mito-
chondrial dysfunction by increasing UDP-GIcNAc, thereby
alleviating I/R-induced neural damage. Additionally, apoptosis
is inhibited with increased OGT expression, which may be an
essential metabolic mechanism of DBD in treating IS.

In conclusion, the present study adopted a targeted energy
metabolomic approach to explore the metabolite charac-
teristics and underlying mechanisms associated with DBD
treatment of cerebral I/R injury. Based on histopathological
and metabolomic results, the present study confirmed the
biological function of UDP-GIcNAc in DBD in the treatment of
stroke. Notably, the regulatory enzyme OTC of UDP-GIcNAc
is important for inhibiting I/R-induced neuronal apoptosis.
However, the present study has certain limitations because of
the complexity and variability of stroke pathogenesis. DBD
was also found to be associated with a variety of differential
metabolites and pathways, whereas other metabolites need
further study. Of course, the present study still updates our
understanding of the pathogenesis of brain I/R injury and the
neuroprotective mechanism of DBD and provides a potential
therapeutic target for stroke.
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