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Objective: The present study aimed to explore the neuroprotective mechanism of Di Dang
decoction (DDD) during acute intracerebral hemorrhage (AICH) stroke in Sprague Dawley
rats through proteomic analysis.

Methods: A total of 135 healthy Sprague Dawley rats were randomly divided into five
groups: control (n = 27), model (n = 27), DDD low-dose (n = 27), DDD medium-dose (n =
27), and DDD high-dose (n = 27). AICH stroke in rats was induced by injecting autologous
blood into the caudate nucleus. The modified Neurological Severity Score (mNSS) was used
to evaluate the cerebral nerve function deficit. Hematoxylin and eosin (HE) staining was
performed to observe the brain tissue at the lesion site. Albumin concentration was assessed
on obvious blood-brain barrier damaged and brain water content was used to evaluate the
brain injury. For quantitative proteomics, proteins were extracted from the cerebral cortices.
Target proteins were identified using mass spectrometer-based targeted proteomic
quantification.

Results: mNSS score, HE staining results, albumin concentration, and brain water content
showed the most significant improvements in the neuroprotective in the high-dose group 7
days after DDD exposure. Furthermore, quantitative proteomics analysis showed that,
relative to the control group, S100a8 and S100a9 were downregulated by 0.614 (p =
0.033702) and 0.506 times (p = 0.000024) in the high-dose group. Compared with the
control group, Collal and Colla2 were upregulated by 1.319 (p = 0.000184) and 1.348
(p = 0.014097) times in the high-dose group. These results were confirmed using mass
spectrometer-based targeted proteomic quantification.

Conclusion: Application of a high-dose DDD for 7 days in AICH stroke rats showed the
most significant improvements in neuroprotective. Mechanistically, this effect was mediated
by S100a8 and S100a9 protein downregulation and Collal and Colla2 upregulation.
Keywords: acute intracerebral hemorrhage stroke, S100a8, S100a9, Collal, Colla2, Di
Dang decoction

Introduction

Background

Stroke, a cerebrovascular accident, is a clinical event associated with focal or
diffuse brain function deficits caused by acute cerebral circulation disturbance.
Stroke is also the second leading cause of death in urban and rural residents
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diagnosed with malignant tumors." There are two main
categories of stroke according to their pathological proper-
ties: ischemic stroke and hemorrhagic stroke. Intracerebral
hemorrhage (ICH) refers to a hemorrhage in the brain
parenchyma and is characterized by rapid onset, neurolo-
gical deterioration, and poor outcome.” Acute intracerebral
hemorrhage (AICH) was observed in 23.4% of patients
who had a stroke in China, 46% of whom have died or
suffered a severe disability within one year,® and 36% of
survivors remained moderately to severely disabled at
discharge.* Many modifiable risk factors, including arterial
hypertension, excessive consumption, decreased low-
density lipoprotein cholesterol, and low serum triglyceride
levels, can cause AICH.” Conventional therapies for AICH
include hematoma removal, edema attenuation, and intra-
cranial pressure reduction. However, contrary to expecta-
tions, the effectiveness of therapy is unsatisfactory.’
Therefore, it is necessary to develop new strategies to
treat ICH.

Purpose

Traditional Chinese Medicine (TCM) has been shown
positively effect on stroke.® Professor Ren Jixue, who
has made remarkable contributions in TCM encephalopa-
thy, especially in emergency cases, established the remark-
ably effective method of “removing blood stasis” to treat
hemorrhagic stroke. In particular, Di Dang decoction
(DDD) is a classical TCM prescription for acute hemor-
rhagic stroke and is representative prescription to “remove
blood stasis,” which comes from the “Treatise on febrile
diseases”. Specifically, DDD promotes blood circulation
and removes blood stasis, effectively purging and clearing
the viscera. DDD includes rhubarb (Latin name: Rheum
palmatum L), peach kernel (Latin name: Prunus persica
L. Batsch), leech (Latin name: Whitmania pigra Whitman),
and gadfly (Latin name: Tabanus mandarinus Schiner).
Using DDD to treat AICH has a long history of demon-
strated effective clinical therapeutic effects. Our previous
study showed that DDD significantly reduced brain water
content and intracerebral hematoma volume in rats with
ICH by up-regulating the expression of brain-derived neu-
rotrophic factor, tyrosine kinase B and vascular endothelial
growth factor (VEGF).” Previous study also showed that
Di Dang decoction inhibits endoplasmic reticulum stress-
mediated apoptosis induced by oxygen glucose deprivation
and intracerebral hemorrhage through blockade of the
GRP78-IRE1/PERK pathways.® We also found that the
protective effect of Di Dang decoction against AICI

3-induced oxidative stress and apoptosis in PC12 cells
through the activation of SIRT1-Mediated Akt/Nrf2/HO-
1pathway.’ In addition, previous reports showed that leech
alcohol extract and rhubarb water extract alleviated the
inflammation of peripheral tissue and cerebral edema in
rats with ICH.'!" Peach seed water extract up-regulated
VEGF and VEGF receptor 2 after ICH in a mouse model®
and inhibited glucose deprivation injury in PC12 cells.'?
However, its specific molecular mechanism of protecting
against acute intracerebral hemorrhage stroke in rats
remains unclear. This study aimed to investigate the effect
of DDD on AICH stroke rats and to clarify its mechanism
of action to guide its clinical use.

Methods

Animal Maintenance

The experimental animal protocol was approved by the
Animal FEthics Committee of Changchun University of
Traditional Chinese Medicine (Approval No.: 20180008).
All animal experimental procedures were performed in
accordance with the guidelines of the National Institutes
of Health on the care and use of animals. Animals were
housed in an Association for Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC)-approved animal quarters in our hospital.
Studies were carried out on adult Sprague Dawley (SD)
rats (180-220 g, 8-10 weeks of age) obtained from
Changchun Yi si Laboratory Animal Technology Co.
Ltd. All animals were housed under identical conditions
(room temperature at 25 °C and 12/12 h light/dark cycle),
and allowed ad libitum access to food and water. Before

inducing the AICH model, all rats were fed for one week.

DDD Preparation and HPLC Fingerprint
Analysis

According to the original prescription from the “TCM
prescriptions dictionary,” DDD is composed of four
Chinese components: rhubarb (Chinese name: Dahuang,
Latin name: Rheum palmatum L, Family: Polygonaceae,
Batch number: 170916, Part used: root and rhizome),
peach kernel (Chinese name: Taoren, Latin name: Prunus
persica L. Batsch, Family: Rosaceae, Batch number:
171011, Part used: seed), leech (Chinese name: Shuizhi,
Latin name: Whitmania pigra Whitman, Family:
Hirudinidae, Batch number: 170824, Part used: whole
animal), and gadfly (Chinese name: Mengchong, Latin
name: Tabanus mandarinus Schiner, Family: Tabanidae,

https:

3302

Dove!

Neuropsychiatric Disease and Treatment 2021:17


https://www.dovepress.com
https://www.dovepress.com

Dove

Feng et al

Batch number: 171015, Part used: whole animal). All
dried components were purchased from the Affiliated
Hospital of the
Medicine and identified through the department of

Changchun University of Chinese

Medicine. First, the herbs were minced, mixed, soaked
for 30 min in distilled water, and then decocted in distilled
water at 100 °C for 30 min. The above procedure was
repeated three times, merging decoctions, and increasing
the concentration. The concentrated solution was freeze-
dried under a vacuum and grounded into a powder.
According to the ratio of equivalent dose converted by
body surface area between human and rat, the powder
was dissolved in distilled water to final concentrations of
0.625 g/mL (high-dose), 0.3125 g/mL (medium-dose), and
0.15625 g/mL (low-dose) for later use.

As our team reported,® we have established a method
for the detection of active ingredients from DDD via high-
performance liquid chromatography (HPLC, Agilent,
Santa Clara, CA, US). Eighteen major peaks of DDD
extract were identified using HPLC. Gallic acid, amygda-
lin, sennoside B, rhein-8-glucoside, sennoside A, emodin,
chrysophanol, aloe-emodin, and rhein in DDD were iden-
tified by comparing the retention time from high-
performance  liquid with

chromatography good

reproducibility.

Experimental Animal Grouping

A total of 135 healthy SD rats were randomly assigned to
five groups: control, model, DDD low-dose, DDD med-
ium-dose, and DDD high-dose groups. Twenty-seven
healthy SD rats were used in each group. Each group
was further divided into three subgroups, each of which
contained at least nine rats.

AICH Stroke Model Establishment

The model, low-, medium-, and high-dose groups were
intraperitoneally injected using a posterior pituitary injec-
tion of 2 U/kg once daily for 14 days. After 14 days, the
modified Nath method was used to replicate the AICH
model.® Rats were intraperitoneally injected with 1%
sodium pentobarbital, fixed in the supine position. The
skin was prepared, the femoral artery was separated, and
its distal end was ligated. Furthermore, 50 uL of femoral
arterial blood was extracted, the artery was then ligated
and surgically sutured. Subsequently, rats were fixed in
a stereoscopic brain locator; the skin was prepared and
routinely disinfected, the anterior fontanelle was separated,
the caudate nuclear was localized, and 50 pL of

autologous blood were slowly injected. After the opera-
tion, the scalp was sutured and coated with penicillin
powder. The control group underwent the same procedure
excluding the injection of autologous blood into the cau-
date nucleus.

Determination of model success: after the rats were
fully alert following surgery, the modified Neurological
Severity Score (mNSS)"? was used to evaluate the neuro-
logical deficit of ICH model rats; an mNSS score > 6, and
hematoma formation could be seen in the perfused brain
tissue, indicating that the model was successfully estab-
lished. If the symptoms of neurological impairment were
too mild, absent, or too great, rats with impaired con-
sciousness, difficulty in moving, or that died, they were
discarded. Gavage was given immediately after successful
modeling according to their respective dose concentra-
tions; while DDD in the control and model groups was
replaced with an equivalent dose of normal saline (each
group was administered 1 mL/100 g of body weight
gavage intragastrically once a day at the same time).

Rats in each group were sacrificed at 1, 3, and 7 days
after drug administration; then, the cerebral cortex of the
affected side was isolated.

Evaluating DDD on the Neurological
Outcomes in AICH Rats

Two observers, blinded to the experimental design, scored
the animals independently, and scores were averaged. The
tests were composed of a modified Neurological Severity
Score (mNSS)"® and repeated three times. mNSS neurolo-
gical score: an eighteen-point neurological score was
employed (normal score 0; maximal deficit score 18). For
the injury severity score, one point was scored for the
inability to perform the test or the lack of a tested reflex.
Thus, the higher the score, the more severe the injury.

Hematoxylin and Eosin (HE) Staining
Method

(a) After paraffin-embedded sections were heated,
a xylene gradient was used to dewax samples, and
gradient ethanol solutions were added to remove
xylene.

(b) Sections were placed in hematoxylin for 5—7 min,
then washed with water for 1 min.

(c) Hydrochloric acid alcohol (1%) was added for 10—
30 s (depending on tablets), then washed under
running water for 5-10 s.
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(d) The sections were placed in a saturated aqueous
solution of lithium carbonate back blue for 10-30
s, soaked under tap water for 5-10 min, and soaked
in eosin solution for 20 min. Finally, sections were
washed for 1 min.

(e) Samples were then dehydrated using gradient alco-
hol solutions, placed in fresh xylene, cleared to
achieve transparency, and sealed using neutral gum.

(f) Pathological changes were observed under a light
microscope.

BBB (Blood-Brain Barrier) Injury and
Brain Water Content

BBB permeability was assessed on the basis of album
extravasation.'* Generally, albumin concentration in the
brain is very low because of the existence of BBB, but
the content of albumin in the brain tissues increases
obviously once BBB damaged. Therefore, the changes of
albumin conversion can serve as an indicator to estimate
the degree of BBB injury.'>'® Western blot analysis was
used to test the protein levels of albumin in brain tissues of
rats in each group.

Western blot analysis: Briefly, brain samples around
the hematoma were collected, homogenized, and lysed
separately in ice-cold RIPA lysis buffer (Beyotime,
China). Then the samples were centrifuged for 10 min
(4 °C, 12,000 g). The supernatants were collected imme-
diately and the protein concentrations were determined
using a bicinchoninic acid (BCA) kit (Beyotime, China)
according to the manufacturer’s instructions. The protein
samples (60 pg/lane) were separated by 10 or 12% SDS
polyacrylamide gel and electrotransferred to nitrocellulose
filter membranes. The membranes were blocked with 5%
skim milk for 1 h at room temperature and then incubated
with primary antibodies overnight at 4 °C. The membranes
were then washed with TBST and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody
for 2 h at room temperature. The protein bands were
visualized using enhanced chemiluminescence (ECL),
and the relative protein quantity was determined using
Image] software (National Institutes of Health, USA).
The primary antibodies used include the following:
Albumin (Sigma, USA) and fB-tubulin (Sigma, USA) as
a loading control. HRP-conjugated anti-IgG (Sigma, USA)
was used as secondary antibodies.

As described in the previous study, with the exposure
of various concentrations of DDD and Normal Saline, rats

were injected with 1% sodium pentobarbital, the intact
brain tissues removed immediately. The brain tissues
were divided into two hemispheres along the midline.
After the blood clot was gently removed with cotton
swabs and moisture on the brain surface was dried by
filter paper, brain tissues were immediately weighted
with an electronic analytical balance and the wet weight
was recorded (the weight was accurate to 0.1 mg). The
brain tissues were then dried in an electric thermostatic
drier at 100 + 5 °C for 72 h until the sample weights were
consisted to obtain the dry weight and calculated as fol-
lows: water content of brain tissues = (wet weight - dry
weight)/(wet weight) x 100%.

Protein Samples Preparation
Prepared brain tissue (cerebral cortex of the affected side)
was dissected into small pieces and mixed with appropri-
ate PMSF + RIPA, homogenized at low temperature, frac-
tionated on ice, then centrifuged at high speed. The
supernatant was then extracted and separated into 1.5 mL
EP and stored at —20 °C.

For digestion, the protein solution was reduced using
5 mM dithiothreitol for 30 min at 56 °C and alkylated
using 11 mM iodoacetamide for 15 min at room tempera-
ture in the dark. The protein sample was then diluted by
adding 100 mM TEAB to a urea concentration of
< 2 M. Finally, trypsin was added at a 1:50 trypsin-to-
protein mass ratio for the first digestion overnight and
1:100 trypsin-to-protein mass ratio for the second
4 h digestion.

TMT Labeling and HPLC Fractionation

The digested peptides were desalted using a Strata X C18
SPE column (Phenomenex, USA) and vacuum-dried.
Peptides were dissolved in 0.5 M TEAB and labeled
using the tandem mass tag (TMT) kit (Thermo Fisher
Scientific, USA) according to the manufacturer’s instruc-
tions. The labeled peptides were fractionated by high pH
reverse-phase HPLC using an Agilent 300 Extend C18
column (5pm, 4.6x250 mm). Peptides were first separated
using a gradient of 8% to 32% acetonitrile (pH 9.0; Fisher
Chemical, USA) over 60 min into 60 fractions, which
were then combined into nine fractions and dried by
vacuum centrifugation.

LC-MS/MS Analysis

Peptides were dissolved in liquid chromatography with
mobile phase A (0.1% (v/v) formic acid aqueous
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solution) and separated using the EASY-NLC 1000
UPLC system. Mobile phase A: A solution containing
0.1% formic acid and 2% acetonitrile. Mobile phase B:
A solution containing 0.1% formic acid and 90% acet-
onitrile. Liquid phase gradient settings were: 0-50
min, 7-16% B; 50—85 min, 16-30% B; 85-87 min, 30—
80% B; 87-90 min, 80% B, the flow rate was maintained
at 400 nL/min. The peptides were analyzed using
Orbitrap Fusion Lumos mass spectrometry. The scanning
range and resolution of primary mass spectrometry was
350-1550 m/z, 60,000. The scanning range and resolu-
tion of secondary mass spectrometry was 100 m/z,
30,000. In the data acquisition mode, the top ten peptide
parent ions with the highest signal intensity were
selected to enter the HCD collision cell successively
for fragmentation with 32% fragmentation energy,

and second-level mass spectrometry analysis was

sequentially performed.

Database Research
Secondary mass spectral data were retrieved using
MaxQuant (v1.5.2.8). The retrieval parameters were as
follows: UniProt RAT was used to calculate the false
positive rate caused by random matching. A common con-
taminant database was added to eliminate the influence of
contaminant proteins in the identification results. The
minimum length of the peptide segment was set to seven
amino acid residues. The mass error tolerance of the
primary parent ions for the first and main searches was
set to 20, and 5 PPM, respectively, while the mass error
tolerance of the secondary fragment ions was 0.02. The
quantitative method was set as TMT-10PLEX, and the
FDR of protein identification and PSM identification was
set at 1%.

Repeatability Test

Principal component analysis, relative standard deviation,
and Pearson correlation coefficient were used to evaluate
whether the quantitative reproducibility of the protein was
statistically significant.

Definition and Annotation of Differential
Protein Expression and Enrichment
Analysis

Differential protein expression was identified by determin-
ing the number of upregulated and downregulated proteins

in each comparison group by setting 1.2 and 1/1.2 times as
fold change thresholds, with a statistical p-value < 0.05.
Annotation of differential proteins from Gene Ontology
(GO) were then classified as being related to Biological
Processes (BP), Molecular Functions (MF), or Cellular
Components (CC), and subcellular localization was deter-
mined to annotate the biological role and protein localization.
Functional enrichment analysis was performed based on
GO, and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, with a p < 0.05 (two-tailed Fisher’s
exact test) considered to be statistically significant. One-
way hierarchical clustering was conducted for the differen-
tially expressed proteins based on the significant enrichments
using the “heatmap.2” function from the “gplots” R-package.

Differentially Expressed Proteins
Quantification by Parallel Reaction
Monitoring (PRM)

Differentially expressed proteins were selected for valida-
tion using the RPM. RPM mass spectrometric analysis was
performed using tandem mass spectrometry (MS/MS) in
Q Exactive™ Plus (Thermo, USA) coupled online to the
UPLC. Protein exaction, tryptic digestion, LC parameters,
electrospray voltage, scan range, and Orbitrap resolution
were performed in the same way as in the TMT experi-
ment. The AGC for full MS was set at 20 M, and MS/MS
was set at auto. The isolation window for MS/MS was set
at 2.0 m/z. The resulting MS data were processed using
Skyline (V.3.6). After normalizing the quantitative infor-
mation, a relative quantitative analysis was performed on
the target peptides.

Statistical Analysis

All data are presented as mean =+ standard deviation (SD).
Data were analyzed using Student’s #-test and one-way
analysis of variance (ANOVA), followed by Scheffe’s post-
hoc test. One-way multivariate ANOVA was performed to
determine significant differences in biochemical parameters
between the control and sample groups. Differences were
considered statistically significant at p < 0.05.

Results
Effect of DDD on the Neurological
Outcomes in AICH Rats

On the first day, four groups subjected to injection of auto-
logous blood into the caudate nucleus to induce AICH,
showed similar neurological deficits, while animals in the
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control group were relatively free of neurological impair-
ments. Evaluation of mNSS at different time points revealed
that the neurological statuses in both the model and DDD-
treated groups improved with time (mNSS decreased). The
mNSS scores in the high-dose group were significantly lower
than those in the medium-dose, low-dose, and model groups
on days 1, 3, and 7, with statistically significant difference
(p < 0.05), especially on day 7 (shown in Figure 1).

HE Staining results

Non-necrotic cells in the cortex and medulla of normal rats
were observed under a light microscope in the animal con-
trol group. Additionally, these animals did not exhibit blood
injection into the brain, nor inflammatory infiltration from
the semi-dark area, and had normal microscopic features.
Conversely, pathological features revealed obvious bleeding
around the stove, inflammatory cell infiltration, and
edema around visible necrotic nerve cells, in the model
group. Compared with the AICH model group, the low-,
medium-, and high-dose groups at 3 and 7 days exhibited
more remarkable pathological features, including hematoma
formation, edema absorption, and an anti-ischemic response
of peripheral nerve cells in the ischemic area. Furthermore,
the necrotic nerve cells around the lesion were significantly
reduced. These results were particularly evident on day 7 in
the high-dose group (shown in Figure 2).

BBB Injury and Brain Water Content

We evaluated the levels of albumin in each group, which is an
important hallmark of BBB disruption. In the model group,
albumin levels in the brain tissues were significantly increased

20+

when compared with the control group, while the low-, med-
ium-, and high-dose DDD treatment at 7 days significantly
reduced the albumin induced by ICH, furthermore DDD high-
dose at 7 days did not increase the albumin (shown in
Figure 3A-B). For brain water content, the model group
showed significant increases compared with the control
group, while DDD treatment significantly impaired the brain
water content. Compared with ICH model group, the low-,
medium-, and high-dose groups at 3 and 7 days were signifi-
cantly impaired the brain water content, especially DDD high-
dose treatment at 7 days compared with control group (shown
in Figure 3C). These results indicated that 7 days high-dose
DDD treatment is able to ameliorate brain injury (including
neurological outcomes, BBB disruption, and brain edema)
after ICH and it did not damage BBB. This rehabilitation of
the BBB integrity might be an important contributing factor to
the reduction of brain edema following DDD treatment.

Functional Characterization of
Differentially Expressed Proteins and

Enrichment Analysis

Considering that the strongest effect was observed after 7
days of exposure to high-dose DDD, all subsequent
experiments were conducted under these conditions unless
otherwise indicated. The differentially expressed proteins
(high-dose versus model group) were classified according
to their subcellular localization (shown in Figure 4A).
Approximately 26.97% of the differentially expressed pro-
teins were present in the extracellular matrix, including
collagen alpha-1 (I).

Model(n=9)
Low-dose(n=9)
Control(n=9)
Medium-dose(n=9)
High-dose(n=9)

R

od 1d 3d
Oral time (days)

E.""

Figure | Effect of DDD on neurological outcomes in AICH rats. *Compared with the model group, p < 0.05; **Compared with the model group, p < 0.01; ##Compared
with the low-dose group, p < 0.01; A ACompared with the medium-dose group, p < 0.01. Data were analyzed using Student’s t-test and one-way analysis of variance

(ANOVA), followed by Scheffe’s post-hoc test.
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Figure 2 HE staining. (A) Control group at day 3; (B) Model group at day 3; (C) Low-dose group at day 3; (D) Medium-dose group at day 3; (E) High-dose group at day 3;
(F) Control group at day 7; (G) Model group at day 7; (H) Low-dose group at day 7; (I) Medium-dose group at day 7; (J) High-dose group at day 7. (Box: evident bleeding foci
and bleeding points. Arrow: Inflammatory cell infiltration. Straight-line: typical nerve cell morphology. Circle: vacuolar degeneration appears.).

GO classification (BP, MF, CC) and KEGG enrichment
were then performed in each group, and cluster analysis was
performed to determine the correlation between protein
functions and differential expression. Results were visua-
lized as heat maps. BP enrichment analysis demonstrated
that upregulated proteins were primarily associated with the
sensory perception of mechanical stimulus. In contrast,
downregulated proteins were found to be largely associated
with response to bacteria, inflammatory response to anti-
genic stimuli, and leukocyte aggregation (shown in
Figure 4B). Concerning MF, downregulated proteins were
associated with Toll-like receptor 4 binding and antioxidant
activity (shown in Figure 4C). Meanwhile, for the CC,
centrosome, and nuclear chromosome were primarily clus-
tered in downregulated proteins (shown in Figure 4D).

To further explore the pathway of DDD during AICH
at 7 days, KEGG pathway enrichment analysis was carried
out, and the upregulated proteins were found to be primar-
ily enriched in the PI3k-Akt and AGE-RAGE signaling
pathway (shown in Figure 4E). Meanwhile, the downre-
gulated proteins were mainly enriched in the IL-17 signal-
ing pathway (shown in Figure 4F).

These results suggest that the mechanism of DDD
during AICH at 7 days in the high-dose group might be
related to positive regulation of adaptive immune
responses, leukocyte aggregation, and regulation of
inflammation-related signaling pathways.

Differentially Expressed Protein Selection
Venn diagrams were used to identify significantly upregu-
lated and downregulated proteins before and 7 days after
DDD administration (shown in Figure 5). Among them, 23
proteins were upregulated in the model versus the control

group while downregulated in the high-dose versus model
group analysis. Thirteen proteins were downregulated in
the model versus control group while upregulated in the
high-dose versus model group. Hierarchical clustering was
conducted among the three repeated samples for the above
36 proteins, and a heat map was constructed. Results
suggested that these proteins may have similar functions
and participate in certain related metabolic processes or
signaling pathways (shown in Figure 6).

Among these 36 proteins, S100a8 and S100a9 were
decreased by 0.614 and 0.506 times while Collal and
Colla2 were increased by 1.319 and 1.348 times after
7-day exposure to DDD. Specific protein information is
shown in Table 1.

The S100 family is a group of low-molecular-weight
modified binding proteins with similar structures and func-
tions. S100a8 and S100a9 are two critical members of the
S100 family, which primarily exert their biological func-
tion when forming a heterodimer S100a8/a9.'” S100a8 and
S100a9 play roles in a wide range of biological processes,
such as apoptosis, immune-inflammatory response, and

'8 Under abnormal conditions

embryonic development.
such as microbial infection, inflammation, activated
immune cells secrete S100a8 and S100a9 to further acti-
vate the immune system and transmit signals to
macrophages'® which can also stimulate inflammatory
cells to release inflammatory factors, thus, directly parti-
cipating in the acute and chronic inflammatory
response.”’! Collagen type I is an important member of
the family and a key structural component of the extra-
cellular matrix,? as subcellular location results. It usually
consists of collagen type I al chains (Collal) and collagen

type I 02 chains (Colla2). The expression and deposition
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Figure 3 Evaluation of BBB disruption and brain water content of brain. (A) Western

7d

blot analysis examines the albumin level of the Control, Model, DDD Low-dose group

at day 7, DDD Medium-dose group at day 7, DDD High-dose group at day 7, Control group after 7 days of exposure to DDD; (B) Relative albumin levels were calculated
based on densitometry analysis. The mean albumin level of the control group was normalized to 1.0; (C) Recorded brain water content after 1,3,7 days of exposure to DDD
(Low-dose, Medium-dose, High-dose); *Compared with Control group, p < 0.05; # Compared with Model group, p < 0.05; mCompared with Low-dose group, p < 0.05;
eCompared with Medium-dose group, p < 0.05, ns deemed as no significant difference, n = 9.

of collagen can affect cell functions such as proliferation,
adhesion, migration, and invasion.?>** Collal and Colla2
affect blood vessel development, particularly artery devel-
opment, venous blood vessel development and blood ves-
sel maturation. While abnormal development and even
vascular malformation can lead to intracerebral hemor-
rhage events. The functions of these four proteins corre-
lated with the results obtained by bioinformatics analysis;
therefore, the mechanism of neuroprotective action of
DDD during AICH in SD rats may be mediated by reg-
ulating these proteins. Nevertheless, these results should
be further validated.

Validation of Target Proteins by PRM

PRM was quantified based on the peak area. In this experi-
mental design, more than two unique peptides were used for
each protein quantification. Only one peptide segment was
identified for some proteins due to sensitivity and other
reasons. PRM quantification was performed for the target
proteins. The results of the PRM showed that the four differ-
entially expressed proteins, namely S100a8 (shown in
Figure 7A), S100a9 (shown in Figure 7B and C), Collal
(shown in Figure 7D), and Colla2 (shown in Figure 7E and
F), exhibited trends similar to those observed using quanti-

tative proteomics, and all results were statistically significant.
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Figure 4 Functional characterization of differentially expressed proteins and enrichment analysis. (A) Subcellular localization; (B=D) Cluster analysis heat map of the
differentially expressed proteins according to GO (BP. MF. CC); (E and F) Cluster analysis heat map of proteins with upregulated and downregulated expression after 7 days
of exposure to DDD based on KEGG enrichment. Red indicates a strong degree of enrichment (the deeper the red is, the stronger the enrichment is). The blue color
indicates a weaker degree of enrichment (the lighter the blue is, the weaker the enrichment is).

Discussion

DDD is a representative prescription that has been used for
more than 1800 years for promoting blood circulation and
removing blood stasis, purging and clearing the viscera; it
was first recorded in “Treatise on febrile diseases.” Indeed,
DDD, which consists of rhubarb, peach kernel, leech, and
gadfly, has proven effective against seemingly incurable
diseases, including intracerebral hemorrhage. Specifically,
leech serves to remove blood stasis without negatively
impacting newly produced blood as it only affects the
blood phase without interfering with Qi. Meanwhile, gad-
fly governs blood extravasation and promotes blood circu-
lation, throughout the nine orifices. Considering that leech
is a monarch drug, and gadfly is a ministerial drug, com-
bined use of both can effectively address blood accumula-
tion. Additionally, peach kernel is considered an assistant
drug and can reduce blood stagnation while helping to
produce new blood. Similarly, rhubarb can eliminate
blood stasis while also purging the intestines and stomach.

Hence, the combined use of peach kernel and rhubarb can
through the
Combining all four compounds can realize the efficacy

eliminate blood stasis lower orifices.
of promoting blood circulation to remove blood stasis
and purge fu-organs(viscera). However, the precise asso-
ciated molecular mechanisms remain unclear.

In this study, we investigated the neuroprotective
mechanism of DDD in rats with AICH. Hemorrhagic
stroke is a particularly devastating condition with greater
morbidity and mortality than ischemic stroke.*” Globally,
13.7 million strokes occurred in 2016, of which 30% were
hemorrhagic stroke.”® According to Canadian stroke best
practice recommendations: Management of Spontaneous
Intracerebral Hemorrhage, 7™ Edition Update 2020, fol-
lowing a confirmed diagnosis, one of the most important
early therapeutic strategies is to limit hematoma expan-
sion, which is a strong determinant of early neurological
deterioration and poor clinical outcomes.?® In the current

study, compared with the AICH model group, the low-,
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Figure 5 Differentially expressed protein distribution before and after 7 days of exposure to DDD.

medium-, and high-dose groups at 3 and 7 days showed
significant improvements in limiting hematoma expansion,
edema absorption, and the anti-ischemic response of per-
ipheral nerve cells in the ischemic area. Moreover, the
necrotic nerve cells around the lesion were significantly
reduced. These results were particularly strong in the high-
dose group after 7 days of exposure to DDD. Using the
mNSS score, we found that high-dose DDD exposure of 7
days had a powerful effect on improving neurological
deficits and rehabilitating the BBB integrity. These results
demonstrate that the application of DDD positively
impacts AICH.

Through bioinformatics analysis, these results suggest
that the mechanism of DDD during AICH at 7 days might
be related to positive regulation of the adaptive immune
response, leukocyte aggregation, and regulated signaling
pathway associated with inflammatory. Next, Venn diagrams
were used to identify which proteins were significantly
upregulated and downregulated before and 7 days after
DDD exposure. Among them, 23 proteins were upregulated
in the model versus control group and downregulated in the
high-dose versus model group. Thirteen proteins were
downregulated in the model versus control group and upre-
gulated in the high-dose versus model group. In particular,

https://doi.org/10.2147/NDT.S331688

3310

DovePress

Neuropsychiatric Disease and Treatment 2021:17


https://www.dovepress.com
https://www.dovepress.com

Dove

Feng et al

B A-7d
= 1 B-7d
F Cc-7d
: 0
i
n .

L]
-2

1 yby

3
o
o
(o
(N

€ |opow
| |9pow
€ |0J3u00
1710J3u00
Z |oJjuod

Z uby

¢ yby

Figure 6 Cluster analysis heat map of 36 differentially expressed proteins. Red
represents proteins with upregulated expression, and the green represents proteins
with downregulated expression. The tree diagram at the top represents cluster
analysis results of different samples in different experimental groups. The tree
diagram on the left represents the cluster analysis results of different genes from
different samples.

relative to the control group, S100a8 S100a9 were upregu-
lated 3.316 and 4.957 times in the model group but down-
regulated 0.614 and 0.506 times in the high-dose group
relative to the model group. Collal Colla2 were down-
regulated 0.677 and 0.598 times in the model group relative
to the control group but upregulated 1.319 and 1.348 times
in the high-dose group compared to the model group.

The S100a8/a9 protein is a heterodimer composed of the
light chain S100a8 (molecular weight: 10,000) and a heavy
chain S100a9 (molecular weight: 14,000) proteins. S100a8
and S100a9 are mainly expressed in myeloid cells.'”
According to structural studies, the SI00A8/A9 protein com-
plex contains two EF-hand structures connected by a hinge
region.”” Infection-induced inflammation following infection
with bacteria causes neutrophils, macrophages, and monocytes
to express and secrete S100a8/a9.° S100a8/a9 can promote

inflammatory cell infiltration via release of inflammatory cyto-
kines, causing neutrophil aggregation at the site of inflamma-
tory injury, then macrophages can then be released. S100a8/a9
produces a positive feedback effect, thereby amplifying the
inflammatory response.’' The early expression of S100 pro-
teins during infection-induced inflammation suggests that
S100a8 and S100a9 trigger TLR-4 or RAGE-mediated multi-
ple inflammatory pathways.** These considerations were con-
sistent with the results of BP, MF, and KEGG enrichment
analysis. Subsequently, the nuclear kB transcription signaling
pathway is activated to stimulate downstream pro-
inflammatory cytokines and inflammatory mediators.>® Our
findings showing that protein levels of S100a8 and S100a9 in
the DDD high-dose group at 7 days were lower than those in
the model group were consistent with the results of PRM
omics identification, indicating that DDD may inhibit inflam-
matory cell infiltration, release of inflammatory cytokines, and
reduce the inflammatory response.

Collagen type I is the most abundant fibrillar collagen in
vertebrates and has long been involved in aneurysm pathogen-
esis. Collagen type I is encoded by Collal and Colla2, which
express al1(I) and o2(I). Polymorphisms in these genes have
been confirmed to be associated with vascular diseases.** The
association analysis of primary cerebral hemorrhage con-
ducted by Ming et al confirmed that the rs42524 locus poly-
morphism of the Colla2 gene significantly correlated with the

intracerebral 3536

occurrence of primary hemorrhage.
Yoneyama et al speculated that the Colla2 gene polymorph-
ism might account for the formation of aneurysms by affecting
the fragility and elasticity of the vascular wall and the interac-
tion between other molecules, ultimately changing the strength
of the vascular wall, finally causing ICH.*” Colla2 is
a significant risk factor for intracranial aneurysm susceptibil-
ity, with a particularly strong effect in the Asian population.*®
Lindahl et al showed that genetic variants of Colla2 were the
risk factors for stroke and myocardial infarction.”® Collagen
type I-associated abnormalities are found in a wide range of
diseases, and several candidate genes have been identified in

relation to thoracic aortic aneurysms and bicuspid aortic

Table | The Expression of Target Proteins Before and After 7-Day Exposure to DDD

Protein Accession Number Gene Description Fold Change | | p-value | | Fold Change 2 | p-value 2
P50115 S100a8 Protein S100-A8 0.614 0.033702 3316 0.014244
AOQAOH2UH]JI S100a9 Protein S100-A9 0.506 0.000024 4.957 0.000063
P02454 Collal Collagen o-| chain 1.319 0.000184 0.677 0.000025
FILS40 Colla2 Collagen a-2 chain 1.348 0.014097 0.598 0.005657

Note: Fold change | and P-valve | represent high-dose group versus model group. Fold change 2 and P-valve 2 represent model group versus control group.
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Figure 7 Validation of target proteins by PRM. (A) Area distribution of ion peak corresponding to the peptide of S100a8; (B and C) Different peptides’ area distribution of
ion peak corresponding to S100a9; (D) Area distribution of ion peak corresponding to the peptide of Collal; (E and F) Different peptides’ area distribution of ion peak

corresponding to Colla2.

valves.***! Due to the wide distribution of collagen type I in
the body, the effects of genetic variants may also affect vas-
cular walls and other tissues. It should also be noted that these
patients sometimes develop aortic dissection,* which is often
associated with hypertension and arteriosclerosis. These two
factors are always considered as risk factors for AICH. The
protein expression of Collal and Colla2 in the DDD high-
dose group at 7 days was higher than that in the model group,
which was also consistent with the results of PRM omics
identification, indicating that the DDD mechanism of action
may be related to genetic polymorphisms and blood vessel
development.

Base on current research, we propose the conjecture
that DDD may exert protective effect against AICH stroke
in rats by downregulating S100a8 and S100a9 to inhibit
inflammatory cell infiltration and release inflammatory
cytokines. Besides, DDD also may act by upregulating
Collal and Colla2 to affect blood vessel development.
Additionally, we plan to conduct follow-up experiments on
modification proteomics to study the mechanism of DDD.

Conclusions

Applying a high-dose of DDD for 7 days in rats with
AICH stroke exerted neurological protection by upregulat-
ing Collal Colla2 and downregulating S100a8 S100a9
proteins.
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