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Abstract

As a famous prescription in China, AnGong NiuHuang (AGNH) pill exerts good neuroprotection for ischaemic stroke (IS),
but its mechanism is still unclear. In this study, the neuroprotection of AGNH was evaluated in the rat IS model which were
established with the surgery of middle cerebral artery occlusion (MCAO), and the potential mechanism was elucidated by
transcriptomic analysis and metabolomic analysis. AGNH treatment obviously decreased the infarct volume and Zea-Longa
5-point neurological deficit scores, improved the survival percentage of rats, regional cerebral blood flow (rCBF), and rat
activity distance and activity time. Transcriptomics showed that AGNH exerted its anti-inflammatory effects by affecting the
regulatory network including Tyrobp, Syk, Tlr2, Myd88 and Ccl2 as the core. Integrating transcriptomics and metabolomics
identified 8 key metabolites regulated by AGNH, including L-histidine, L-serine, L-alanine, fumaric acid, malic acid, and
N-(L-arginino) succinate, 1-pyrroline-4-hydroxy-2-carboxylate and 1-methylhistamine in the rats with IS. Additionally, AGNH
obviously reduced Tyrobp, Syk, Tlr2, Myd88 and Ccl2 at both the mRNA and protein levels, decreased IL-1p, KC-GRO, IL-13,
TNF-a, cleaved caspase 3 and p65 nucleus translocation, but increased IkBa expression. Network pharmacology analysis
showed that quercetin, beta-sitosterol, baicalein, naringenin, acacetin, berberine and palmatine may play an important role in
protecting against IS. Taken together, this study reveals that AGNH reduced neuroinflammation and protected against IS by
inhibiting Tyrobp/Syk and T1r2/Myd88, as well as NF-kB signalling pathway and regulating multiple metabolites.
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AGNH AnGong NiuHuang Ccl2 C-C motif chemokine ligand 2

BBB Blood-brain barrier Tlr2 Toll-like receptor 2

DEGs  Differentially expressed genes TIr7 Toll-like receptor 7

DMs Differentially expressed metabolites Myd88 Myeloid differentiation factor 88

ELISA  Enzyme-linked immunosorbent assay Tyrobp TYRO protein tyrosine kinase-binding protein
GO Gene Ontology Syk Spleen tyrosine kinase

rCBF  Regional cerebral blood flow

I/R Ischaemia/reperfusion

IF Immunofluorescence staining Introduction

KEGG Kyoto Encyclopedia of Genes and Genomes

MCAO Middle cerebral artery occlusion Ischaemic stroke (IS), caused by cerebral blood vessel

occlusion, leads to brain damage due to the decline in the
supply of oxygen and glucose, which results in many long-
term disabilities and large mortality rates worldwide [1, 2].
Besides anticoagulant therapy, effective treatment strate-
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using recombinant tissue-type plasminogen activator (rtPA)
often exacerbates cerebral ischaemia damage, and this pro-
cess is called ischaemia/reperfusion (I/R) damage [3, 4]. As
ischaemia is initiated in the brain, rapid cell death occurs in
the ischaemic region, whereas neurons in the peri-infarct
region can be protected and survive the event. Preserving
these peri-infarct neurons is important for the prognosis
and recovery of IS patients. In particular, cerebral ischae-
mia is a complex and complicated disease closely related to
multiple pathological processes, such as overproduction of
free radicals, destruction of the blood-brain barrier (BBB),
energy metabolism disorder, excitatory amino acid toxicity
and inflammation, which interact with each other and cause a
vicious feedback cycle, eventually leading to neuronal death
and brain damage [5]. These effects highlight the importance
of searching for therapeutic treatments to minimize brain
damage and offer effective neuroprotection during IS.

Traditional Chinese medicine (TCM) shows great poten-
tial for treating IS since it displays good efficacy and few side
effects [6, 7]. Our previous studies indicated that Guhong
injection protected against cerebral ischaemia injury by
restoring antioxidant Nrf2, Trx and GSH systems at the start
of reperfusion [8] and suppressed inflammation by inhibiting
C5AR1 for a relatively prolonged time period [9]. Another
study showed that Duzhi Wan decreased C3 and C5 levels
to inhibit inflammation and offered neuroprotective effects
against cerebral I/R [6]. Additionally, Dengzhan Shengmai
capsule improved neurological function and decreased the
recurrence of IS [10, 11].

As a famous Chinese medicine product, AnGong
NiuHuang (AGNH) pill is recorded in Chinese pharmaco-
poeia [12] and used for cerebrovascular diseases including
IS for a long time [13, 14]. The use of AGNH can trace
its history back to seventeenth century (Qing dynasty) in
China. AGNH is consisted of Cinnabaris (100 g), Bovis
Calculus Sativus (100 g), Powdered Buffalo Horn Extract
(200 g), Hyriopsis cumingii (Lea) (50 g), Artificial Mos-
chus (25 g), Curcuma aromatica Salisb. (100 g), Scutellaria
baicalensis Georgi (100 g), Gardenia jasminoides J.Ellis
(100 g), Borneolum Syntheticum (25 g), Coptis chinensis
Franch (100 g) and Realgar (100 g). AGNH is widely used
in clinic in China, and also proved to have good protection
for IS patients and middle cerebral artery occlusion (MCAO)
IS animal model [15, 16]. A meta-analysis study of 1601
patients demonstrated AGNH can decrease neurologic defi-
cit score of IS patients in randomized controlled trials [15].
Another study has shown that AGNH reduced infarct size
and preserved the BBB integrity in MCAO rats while it did
not affect liver and kidney functions after 1 week’s admin-
istration [16]. Besides, combined application of AGNH and
t-PA significantly reduced mortality rate and brain oedema,
decreased BBB damage and prevented haemorrhagic trans-
formation through reducing MMP9 activation in MCAO
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rats, when compared with the only treatment of t-PA [17].
In an mouse IS model, AGNH was reported to regulate gut
microbiota dysbiosis to alleviate brain injury and cell apop-
tosis [18]. Though several studies have been reported about
the protective effect of AGNH on IS, the underlying mecha-
nism remains unclear and needs to be investigated.

With the development of technology, the mechanisms of
TCM can be holistically revealed by using high-through-
put multiomics data [19]. In this study, MCAO surgery
was used to induce cerebral I/R damage, and the effects of
AGNH on MCAO-induced cerebral ischaemia damage in
rats were evaluated. Multiple modes of administration of
AGNH provide more deep understanding of the effect of
AGNH on ischaemic stroke and help the clinical applica-
tion of AGNH in IS treatment. And transcriptomic analysis
and metabolomics analysis were integrated to investigate
the mechanism.

Materials and Methods
Animal Experiments

Beijing Charles River Experimental Animal Technol-
ogy Co., Ltd offered male specific pathogen-free (SPF)
Sprague—Dawley (SD) rats (280 ~320 g) [(certificate no.
SCXK (Jing) 2014-0004)]. A room with a 12-h light/dark
cycle was used for the keeping rat. During the experiments,
these rats were kept to be allowed to drink and eat freely
in a room with a temperature of 22-26 °C. The AGNH pill
used in our experiment was provided by Zhangzhou Pien
Tze Huang Pharmaceutical Co., Ltd.

We conducted MCAO surgery to induce cerebral ischaemia
in SD rats after anaesthetization with sodium pentobarbital (i.p.).
A nylon thread of 4-0 was used to block the internal carotid
artery (ICM) for 90 min and then released to restore blood flow.
At the same time, the rats were kept at 37 °C to maintain their
body temperature and protect against hypothermia. Briefly,
128 SD rats were used in our experiments and 114 rats were
received MCAOQ surgery. Then, the MCAOQ subjected rats were
evaluated by using neurological deficient score and the rats with
neurological deficient score no less than 1 were supposed to
be ischaemic stroke and were randomly divided into the I/R
group (receiving physiological saline), I/R + AGL (0.09 gekg ™!
AGNH), /R + AGH (0.27 gekg™' AGNH, the clinical equivalent
dose) and I/R 4+ Ginaton (8 mL-kg~! Ginaton) by using a random
number table. Ginaton is extract of the Ginkgo biloba leaves
and is mainly used for cerebral and peripheral blood circula-
tion disorders, such as ischaemic stroke [20, 21]. In this study,
Ginaton was used as a positive control for the neuroprotection
investigation of AGNH on MCAO rat model. The rats were
subjected for 1.5 h MCAO-caused ischaemia and followed by
5 days’ reperfusion. During the reperfusion, the rats were given
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daily AGNH for 5 consecutive days (Fig. 1A). All drugs were
administered through intragastric administration. The same
operation was conducted in the rats of the sham group except
for blocking the blood flow by inserting the thread. Finally, the
rats were evaluated using the Zea-Longa 5-point neurological
deficit scale and then sacrificed to harvest tissue and serum for
the following experiments.

Survival Percentage and Zea-Longa 5-Point
Neurological Deficit Score Detection

The survival number of the rats in the experiment was
recorded, and the survival percentage was obtained by
normalizing the number of surviving rats to the number of
overall rats. Neurological function deficits were assessed
by using the Zea-Longa 5-point neurological deficit scale,
which includes five grades for scoring. These grades were
as follows: score 0 point, walking normally; score 1, unable
to walk straight and slight forelimb weakness; score 2 point,
circling to the paralysed side, severe weakness of the fore-
limb; score 3 point, cannot stand and fall to the paralysed
side; score 4 point, no autonomous walking and low level of
consciousness; and score 5 point, death.

Regional Cerebral Blood Flow (rCBF) Testing
and 2,3,5-Triphenyltetrazolium Chloride (TTC)
Staining

For rCBF testing, the rats with various treatments were anaesthe-
tized, and then the rCBF of rat brains was evaluated using laser
Doppler flowmetry. The rCBF was calculated with the related
analysis system. After sacrificing the rats, the brains were har-
vested and cut into 2-mm sections for staining with 2% (w/v)
TTC. Afterwards, the brain sections were incubated with para-
formaldehyde for fixation. The infarct volume was obtained by
normalizing the infarcted area of the rat brain to its overall area.

Open Field Test

After administration of AGNH for 5 days, the rats were
evaluated using the open field test to observe their autono-
mous behaviour and exploratory behaviour. The entire open
field experiment system consists of an open field box, a
camera system and video recording and analysis software.
The open box shape can be square, rectangular or round.
A 100 cm*100 cm*50 cm open field box was used in our
experiment. The rats were placed in a specific position in the
open box, and the camera system was used to monitor the
animals’ activities in the open box. VisuTrack video record-
ing and analysis software (Shanghai Xinruan) was used to
track the animals’ activity tracks and collect and analyse
data. The activity of rats is reflected by comparing the total
moving distance and total activity time of rats.

Transcriptomics Analysis

The RNA extracted from rat brains with various treatments
was used for cDNA library construction on the Illumina
NovaSeq platform before the RNA quality was evaluated
and purification was finished according to previous proto-
cols [9]. Novogene Bioinformatics Technology Co., Ltd.
completed the RNA library construction, sequencing and
mapping by using 150-bp paired-end reads. The mapping
was finished by using version of ensemble release 91 of rat
reference genome. The genes that were belonged to llog,fold
changel> 1 with the Padj less than 0.05 in the DEseq2 R
package (1.20.0) were supposed to differentially expressed
(DEGS). The enrichment of DEGs was performed with the
Metascape and DAVID databases. The raw data of AGNH-
based RNA-seq analysis have been uploaded into the NCBI
database of https://www.ncbi.nlm.nih.gov/bioproject/
PRINA913295. The DEGs are listed in Table S1.

Immunofluorescence Staining (IF), Western Blotting
Experiments and Enzyme-Linked Immunosorbent
Assay (ELISA)

After AGNH treatment, the harvested rat brains were fixed with
polyformaldehyde, followed by ethanol for dehydration, and
then paraffin was used to embed these brains. Brain sections that
were 5 pm thick were prepared for subsequent staining. Specifi-
cally, antigen repair was performed by incubating the sections
with sodium citrate buffer solution and then the sections were
permeabilized with Triton X-100. Next, bovine serum albumin
was incubated with the sections to block background endoge-
nous peroxidases. Primary antibodies such as NeuN (ab104224),
IBA-1 (GB12105), cleaved caspase 3 (CST 9664) and p65 (CST,
8242S) were incubated with the brain sections to identify the
target proteins, and secondary antibodies such as Alexa Fluor
488-conjugated antibody or Alexa Fluor 647 antibody were incu-
bated with the sections to visualize the target protein. Addition-
ally, staining cell nuclei with DAPI for 20 min, and then photos
were taken by using an LSM-880 confocal microscope.

First, we homogenized the rat brain with RIPA buffer, and
then added the phosphatase and protease inhibitors to the brain
mixture. The extracted protein from brain was quantified with
BCA protein kit (ab102536). Briefly, the 12% SDS-PAGE
was used to separate the protein which was then transferred
to PVDF membrane (0.45 pm). After that, the membrane was
blocked with 5% milk for 120 min, and then the primary anti-
bodies such as IkBa (1:1000, Abcam, ab76429) were incubated
with the membrane overnight at 4 °C, respectively. The anti-
rabbit IgG (Abcam 205,718) was added to the membranes for
2 h and an enhanced chemiluminescence (ECL) western blot
detection system was applied to detect the protein signals.
ELISA was conducted and detected in a microplate reader
(DNM-9602G) according to the kits’ instructions. The value
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«Fig.1 Treatment with AGNH for 5 days decreased I/R injury
in MCAO rats. A Experimental design; B survival percentage
(n=16-32); C Zea-Longa 5-point scores (n=8-11); D TTC images
of brain sections and the calculated infarct volume (n=6); E rCBF of
rats after various treatments (n=6); **p <0.001 vs. sham, *p <0.05,
*#*%p <0.001 vs. I/R group

was calculated based on its standard curve depending on the
ELISA kits. Tyrobp (RTEB0822) and Syk (TW990223) kits
were obtained from Wuhan Abebio Science Co., Ltd. and
Shanghai Tongwei Co., Ltd., respectively. TIr2 (SEB663Ra)
and Myd88 (SEB707Ra) kits were obtained from Cloud-Clone
Corp. (Wuhan), a TIr7 (ELK8392) kit was obtained from ELK
Biotechnology Co., Ltd., and a Ccl2 (E-EL-R0633c) kit was
obtained from Elabscience Biotechnology Co., Ltd. These kits
were used to measure Tyrobp, Syk, Tlr2, Myd88, Tlr7 and Ccl2
levels, respectively.

Inflammatory Cytokine Chip Detection

Proinflammatory panel 2, including 9 cytokines, such as IL-1f,
IL-4, IFN-y, IL-6, KC/GRO, IL-5, IL-13, IL-10 and TNF-«, was
detected with the electrochemiluminescence method by using a
Meso Scale Discovery (MSD) hypersensitive multifactor elec-
trochemiluminescence analyser (Meso QuickPlex SQ 120).

Untargeted Metabolomics Analysis Based
on UHPLC-MS/MS Analysis

The brain in rats treated with a high dose of AGNH was used
for metabolomics analysis. Briefly, the rat brain tissue from vari-
ous groups was extracted by using methanol solution and the
extract was centrifuged at 13,000 g at4 °C for 15 min. After that,
the UHPLC-Q Exactive system (Thermo Fisher Scientific) was
used for the following LC-MS analysis with an HSS T3 column
with100 mm X 2.1 mm i.d., 1.8 pm. During the experiments,
the mobile phases included solvent A and solvent B. The sol-
vent A is 0.1% formic acid in water:acetonitrile (95:5, v/v). The
solvent B is 0.1% formic acid in acetonitrile:isopropanol:water
(47.5:47.5:5, v/v). The solvent gradient was set depending on
the time change as follows: 0-0.1 min, 0-5% solvent B; 0.1-2
min, 5-25% solvent B; 2-9 min, 25-100% solvent B; 9—13 min,
100% solvent B; 13—13.1 min, 100-0% solvent B; and 13.1-16
min, 0% solvent B. The temperature of capillary and heater was
320 °C and 400 °C, respectively. And the aux gas flow rate and
sheath gas flow rate were 10 arb and 40 arb, respectively. The
other conditions were listed as following contents: ion-spray
voltage floating (ISVF), 3500 V in positive mode and —2800 V
in negative mode. The differential metabolites (DMs) were iden-
tified by using variable importance in the projection (VIP) at
a value larger than 1, which was analysed with the OPLS-DA
model, and a p value at a value less than 0.05, according to Stu-
dent’s #-test (Table S2). The enriched metabolic pathways with p

adjust value less than 0.05 was supposed to important metabolic
pathways and were presented in Fig. 3D.

Integrating Data from Transcriptomics
and Metabolomics

The DMs from metabolomics and DEGs from transcriptom-
ics were integrated by using Metscape in Cytoscape 3.9.0
using the pathway-based model. And the vital metabolic
pathways were further identified after integrating these two
omics data. To further understanding the mechanism, a net-
work of DEGs in vital metabolic pathways such as TCA,
histidine metabolism, glycerophospholipid metabolism, urea
cycle and metabolism of arginine, proline, glutamate, aspar-
tate and asparagine (Fig. SA-D) were associated with the
DEGs enriched in inflammatory response by using STRING
database with the score no less than 0.4 and interaction
between targets was then visualized by using Cytoscape 3.9.0

Heterogeneous Network Construction by Using
Network Pharmacology Analysis

The components of AGNH were collected from database of
Traditional Chinese Medicine System Pharmacological Analy-
sis platform (TCMSP, https://tcmspw.com/tcmsp.php) and the
components with oral bioavailability (OB) >30% and drug like
properties (DL)>0.18 were supposed to be potential components
for following analysis. Then, the corresponding targets were pre-
dicted for the screened components and the protein target informa-
tion was standardized and unified in the Uniprot protein database
(https://www.uniprot.org). The drug targets were associated with
the AGNH-regulated DEGs that were involved in inflammatory
response and the metabolic pathways of TCA, histidine metabo-
lism, glycerophospholipid metabolism, urea cycle and metabolism
of arginine, proline, glutamate, aspartate and asparagine, by using
STRING database (https://string-db.org) with the confidence
score no less than 0.7. And the drug targets that were associated
with AGNH-regulated DEGs were screened out and then the
corresponding components were then identified. Finally, the het-
erogeneous network of components-drug target-AGNH regulated
DEGs was built with Cytoscape 3.7.0 software.

Statistical Analysis

We used ¢-test to analyse the obtained data between two
groups and one-way ANOVA with SPSS 22.0 software
was applied to analyse the results from multiple groups.
The homogeneity of variance was evaluated with Lev-
ene before multiple comparison of different groups. LSD
test was used for homogeneous variance, and Dunnett’s
T3 test was used for uneven variance. The p value less
than 0.05 was considered as significance. The results are
shown as the mean + standard deviation (SD). *p <0.05,
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Fig.2 The transcriptomic results of gene expression alteration caused
by AGNH treatment after I/R; (A) Venn diagram of various groups;
(B) hierarchical heatmap of sham, I/R and I/R+ANH group; (C) GO
enrichment of shared DEGs of I/R vs. sham and I/R+AGH vs. I/R.

#p<0.01, "™ p <0.001 vs. sham, and *p <0.05, *¥p <0.01,
**%p <0.001 vs. I/R represented significance of the data.
Results

AGNH Protected Rats Against MCAO-Induced
Cerebral Damage

AGNH is a famous Chinese medicine product approved
by Chinese government to treat cerebral ischaemia [12].
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(D) Network of the DEGs enriched in the GO term “inflammatory
response”’, downregulated DEGs (green nodes); upregulated DEGs
(red nodes); (E) the enriched KEGG pathways of the DEGs involved
in the “inflammatory response” process

Baicalin and berberine hydrochloride, which are the
important components in AGNH [12], can be found in
rat plasma after intragastrical administration of AGNH
(Fig. S1). Importantly, rats subjected to MCAO sur-
gery after 5 days of reperfusion displayed obvious dam-
age to the brain, as indicated by increased neurological
deficit scores (2.25+0.53, p<0.001) and infarct volume
(31.46 £4.62%, p <0.001), as well as decreased survival
percentage of the rats to 68% at day 1 (Fig. 1A-D). In
contrast, treatment of AGNH at the low and high dose sig-
nificantly decreased the infarct volume to 20.69 +5.41%



Molecular Neurobiology

Fig.3 Metabolic signatures of various treatments; (A) volcano plots;
(B) OPLS-DA and permutation scores in the positive mode; (C)
OPLS-DA and permutation scores in the negative mode; (D) KEGG

(p<0.05) and 19.54+7.42% (p <0.001), decreased
the Zea-Longa 5-point neurological deficient scores to
1.36 +0.39 (p>0.05) and 1.25+0.34 (p <0.05), and
increased the rat survival percentage to 80% and 90% at
day 1, respectively. Moreover, MCAO surgery led to a

topology analysis between various treatments and the enriched path-
ways with the padj < 0.05 were shown (n=16)

sharp decrease in rCBF (p <0.001), whereas treatment
of AGNH at high dose significantly increased rCBF
(p <0.05) (Fig. 1E). These results indicated that AGNH
treatment exerted good neuroprotection against MCAO-
induced rat brain injury.
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«Fig.4 The compound-reaction-enzyme-gene network of the key
metabolites and the involved DEGs in these metabolic pathways by
integrating the data from transcriptomics and metabolomics; (A) his-
tidine metabolism, (B) glycerophospholipid metabolism, (C) TCA,
(D) urea cycle and metabolism of arginine, proline, glutamate, aspar-
tate and asparagine; compounds (hexagons), reactions (grey dia-
monds), proteins (green round rectangle), genes (purple circles), DMs
(red hexagons), DEGs (dark blue circles); (E) the DEGs enriched in
inflammatory response (light blue circles) were closely associated
with the DEGs involved in the identified metabolomic pathways (dark
blue circles), the light blue circles with red frame were supposed to
be the core targets identified by transcriptomics analysis in Fig. 2. (F)
Key DMs in histidine metabolism, glycerophospholipid metabolism,
urea cycle and metabolism of arginine, proline, glutamate, aspartate
and asparagine and TCA,*p <0.05 vs. sham; “p<0.05 vs. I/R group
(n=6)

Transcriptomic Analysis

To reveal the neuroprotective mechanism of AGNH,
RNA-seq analysis was applied to probe the gene expres-
sion profile of MCAO-model rats that were treated with
AGNH after MCAO surgery. Briefly, 1892 DEGs were
found after I/R, and 2164 DEGs were found after AGNH
treatment; among them, there were 1328 overlapping
DEGs (Fig. 2A, Table S1). The gene expression pattern
of AGNH-treated ischaemic rats was similar to that of
sham-treated rats (Fig. 2B). Then, we performed enrich-
ment analysis of the 1328 overlapping DEGs and found
that these DEGs were enriched in GO terms that were
involved in inflammation regulation, such as “inflamma-
tory response”, “regulation of cytokine production” and
“immune effector process”, and other GO terms, such as
“response to wounding”, “regulation of vasculature devel-
opment”, “vasculature development” and “extracellular
matrix organization”. Then, the DEGs enriched in the
GO term “inflammatory response” were analysed, and a
network was constructed (Fig. 2C). Among the network,
the top 8 targets, including Tyrobp, Syk, Tlr2, Myd88,
Ccl2, Mmp2, Lyn and Fnl, were identified as core targets
since they had the largest degree in the network (Fig. 2D).
The DEGs in the network were involved in inflammation-
related KEGG pathways such as “toll-like receptor sig-
nalling pathway” and “NF-kappa B signalling pathway”

(Fig. 2E).
Metabolomics Analysis

To reveal the metabolic changes, metabonomic analysis was
performed, and OPLS-DA was used to analyse the results of
various treatments (Fig. 3). The DMs are listed in Table S2.
As indicated by Fig. 3A, MCAO surgery caused 201 upregu-
lated DMs and 168 downregulated DMs. In contrast, AGNH
treatment significantly upregulated 102 DMs and downregu-
lated 68 DMs. A distinct separation was found in the metabolic

profiles between I/R and sham and between I/R + AGH and
I/R in the positive mode, and the Q2 (cum) values were 0.816
and 0.601, respectively. Additionally, the metabolic profiles
between I/R + AGH and I/R in negative mode were also clearly
separated with Q2 (cum) values of 0.887 and 0.606, respec-
tively. Further analysis showed that the 13 enriched metabolite
pathways between I/R vs. sham including purine metabolism,
arginine biosynthesis, alanine, aspartate and glutamate metab-
olism, arginine and proline metabolism, glycerophospholipid
metabolism, citrate cycle (TCA cycle), pyrimidine metabo-
lism, ascorbate and aldarate metabolism, glycine, serine and
threonine metabolism, glyoxylate and dicarboxylate metabo-
lism, galactose metabolism, glutathione metabolism and bio-
synthesis of cofactors. And 11 enriched signalling pathways
were found between I/R + AGH vs. I/R, including alanine,
aspartate and glutamate metabolism, cysteine and methionine
metabolism, sphingolipid metabolism, arginine biosynthesis,
sulphur metabolism, histidine metabolism, arginine and pro-
line metabolism, butanoate metabolism, aminoacyl-tRNA bio-
synthesis, glycerophospholipid metabolism and citrate cycle
(TCA cycle) (Fig. 3D).

Integrating Data from Transcriptomics Analysis
and Metabolomics Analysis

There were four important metabolic pathways identified by
integrating data from transcriptomics analysis and metabo-
lomics analysis including TCA, histidine metabolism, glyc-
erophospholipid metabolism, urea cycle and metabolism
of arginine, proline, glutamate, aspartate and asparagine
(Fig. 4A-D). Further analysis indicated that the DEGs in
the identified metabolic pathways were closely associated
with the DEGs enriched in inflammatory response (Fig. 4E).
Importantly, 8 key DMs such as L-histidine, 1-methylhista-
mine in histidine metabolism, L-serine in glycerophospho-
lipid metabolism, and L-alanine, fumaric acid, malic acid,
1-pyrroline-4-hydroxy-2-carboxylate and N-(L-arginino)
succinate in the pathway of urea cycle and metabolism of
arginine, proline, glutamate, aspartate and asparagine and
TCA were regulated by AGNH (Fig. 4F). Among these DMs,
AGNH obviously increased the levels of L-histidine, L-ser-
ine, L-alanine, fumaric acid, malic acid and N-(L-arginino)
succinate (p <0.05) while decreased the levels of 1-pyrroline-
4-hydroxy-2-carboxylate and 1-methylhistamine (p < 0.05).

AGNH Decreased Tyrobp/Syk, TRL2/Myd88
and Inhibited NF-kB Signalling Pathway in MCAO
Model Rats

To validate the results from multi-omics analysis, the expres-
sion levels of Tyrobp, Syk, Tlr2, Myd88 and Ccl2 were deter-
mined. The mRNA expression levels of Tyrobp, Syk, TIr2,
TIr7, Myd88 and Ccl2 were increased in MCAO model rats,
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whereas these mRNA expression levels were significantly
decreased after ANGH treatment (Fig. SA). In addition, the
MCADO rats displayed an obvious increase in Tyrobp, Syk,
Tlr2, Myd88 and Ccl2 protein levels. In contrast, after treat-
ment with AGNH, Tyrobp, Syk, Tlr2, Tlr7, Myd88 and
Ccl2 protein levels were significantly reduced in MCAO

Fig.5 The effect of AGNH on the expression of Tyrobp, Syk, Tlr2,
TIr7, Myd88 and Ccl2 in MCAO rats. A RNA-seq results of Tyrobp,
Syk, Tlr2, Tlr7, Myd88 and Ccl2 (n=3); B ELISA of Tyrobp, Syk,
TIr2, Myd88, Tlr7 and Ccl2 (n=6); C the Pearson analysis of criti-
cal targets and critical metabolites, D western blotting results of
IkBa (n=3), E IF staining of p65 (red) and NeuN (green) and the
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model rats (Fig. 5B). And the protein level of Tlr7 was not
reduced by AGNH treatment. As indicated by the Pearson
analysis, the targets of Tyrobp, Syk and TIr2 were signifi-
cantly negative correlated with the levels of L-histidine,
N-(L-arginino) succinate, fumaric acid and malic acid, and
Tyrobp, Tlr2 and MYD88 was positively correlated with

calculated nucleus p65/cytoplasm p65 of neurons in brain cortex and
hippocampus (n=3); F IF staining of P65 (red) and Iba-1 (green)
and the calculated nucleus p65/cytoplasm p65 of microglia in brain
cortex and hippocampus (n=3), scale bar: 20 pm; **p<0.001,
#1<0.01,p<0.05 vs. sham; *p <0.05, **p <0.01, **¥*p <0.001 vs.
I/R group
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the levels of 1-pyrroline-4-hydroxy-2-carboxylate, indicat-
ing the target was closely associated with the levels of the
metabolites (Fig. 5C). Besides, MCAO rats displayed a sig-
nificant decrease of IkBa, and this was remarkably increased
by AGNH (Fig. 5D). IF staining results showed that MCAO
surgery caused an obvious nucleus translocation of p65 in
both brain cortex and hippocampus (Fig. SE, F). In contrast,
AGNH treatment significantly reduced the nucleus transloca-
tion of p65 in neuron in both brain cortex and hippocampus
(Fig. 5E). Additionally, the nucleus translocation of p65 in
microglia was also decreased in cortex and hippocampus
after AGNH treatment (Fig. 5F). These results suggested that
AGNH inhibited NF-«xB signalling pathway in MCAO rats.

AGNH Inhibited Neuroinflammation, Cell Apoptosis
and Improved Rat Movement Activity

MCAO-induced I/R model rats displayed a sharp increase
of IL-1p, KC-GRO and TNF-a levels and a reduction of
IL-10 levels. In contrast, AGNH treatment significantly
decreased IL-1f, KC-GRO, IL-13 and TNF-a in I/R model
rats (Fig. 6A, B). Additionally, IF results of cleaved caspase
3 indicated that MCAO surgery caused a sharp increase
in cleaved caspase 3 and AGNH treatment significantly
decreased cleaved caspase 3 in MCAO rats (Fig. 6C). More-
over, the MCAO rats displayed a decrease in the distance and
time of the rat activity, and these were also improved after
treatment with AGNH (Fig. 6D). These data suggested that
ANGH inhibited neuroinflammation and cell apoptosis, and
improved activities of MCAO rats.

Network Pharmacology Analysis Identified Potential
Critical Components in AGNH

To identify the potential critical components in AGNH, a
heterogeneous network of components-drug target-DEGs
was constructed by using network pharmacological analy-
sis and presented as Fig. 7. And 51 components (purple
diamonds) were identified to affect 139 DEGs in biological
process of inflammatory response (blue nodes) and DEGs
in identified metabolic pathways (dark blue nodes) of TCA,
histidine metabolism, glycerophospholipid metabolism, urea
cycle and metabolism of arginine, proline, glutamate, aspar-
tate and asparagine, through 140 drug targets (green nodes).
Among these 51 components, top 10 components in degree
were quercetin, wogonin, beta-sitosterol, baicalein, narin-
genin, acacetin, berberine and epiberberine, palmatine and
berlambine, which were predicted to have an effect in reduc-
ing cerebral ischaemic infarct. Specifically, baicalin and ber-
berine was used to control the quality of AGNH based on the
regulations of AGNH pill in 2020 Chinese pharmacopoeia,
and these two components can be found in rat plasma after
intragastrical administration of AGNH (Fig. S1-S2). Thus,

multiple components including quercetin, wogonin, beta-
sitosterol, baicalein, naringenin, acacetin, berberine and
epiberberine, palmatine and berlambine in AGNH were
predicted to have an effect in reducing ischaemic infarct.

Discussion

In this study, the neuroprotective effects of AGNH treat-
ment on MCAO-induced IS rat model were evaluated, and
then transcriptomic analysis and metabolomics analysis were
integrated to elucidate the potential mechanism. Specifically,
treatment with AGNH offered an important neuroprotection
in MCAO rats. It revealed that AGNH inhibited Tyrobp/Syk
and TIr2/Myd88, as well as NF-xB signalling pathway and
regulated 8 key metabolites, including L-histidine, L-serine,
L-alanine, fumaric acid, malic acid, and N-(L-arginino) suc-
cinate, 1-pyrroline-4-hydroxy-2-carboxylate and 1-methyl-
histamine to attenuate neuroinflammation after IS (Fig. 8).
Network pharmacology analysis identified 51 components
including quercetin, beta-sitosterol, baicalein, naringenin,
acacetin, berberine and palmatine to have potential effect in
decreasing IS injury.

Inflammation is a vital factor affecting the pathogenesis of
IS, and it aggravates brain damage. During an IS, microglial
activation triggers the overproduction of IL-1f and TNF-a,
thus leading to neuronal loss and brain structure destruc-
tion [22, 23]. Additionally, inflammation is intertwined with
excessive oxidative stress, BBB destruction, energy supply
disorder and excitotoxicity, which makes ischaemic damage
complicated and dangerous [24]. Notably, if local inflam-
mation continues after IS, it causes long-term whole brain
inflammation and continues to have an impact on neurologi-
cal function recovery in IS patients. In this study, ischaemic
rats induced by MCAO surgery displayed a sharp elevation
of IL-1p, TNF-a and KC-GRO levels. In contrast, AGNH
obviously reduced IL-1p, IL-13, TNF-a and KC-GRO levels
in ischaemic rats, indicating the inhibitory effect of AGNH
on inflammation after IS.

Tyrobp, also named DAP12, is expressed in micro-
glia in the brain and has an immunoreceptor phospho-
tyrosine-based activation motif (ITAM) that interacts
with receptors such as Trem2 and Trem1 [25]. Tyrobp
can drive the phenotype changes of microglial [26,
27]. Tyrobp knockout in PSEN1G378E mice promoted
learning behaviour recovery, reduced microglia num-
ber and decreased IL-6, IL-1p and TNF-a in the hip-
pocampus [28]. Importantly, Tyrobp is coupled with Syk
and Card9, which trigger IL-1a/b secretion [29]. As a
nonreceptor tyrosine kinase, Syk transduces signals by
recognizing ITAM domains in Tyrobp to mediate vari-
ous types of acute or chronic inflammation, and inhi-
bition of Syk decreased brain damage and IS-induced
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Fig.6 AGNH decreased multiple inflammation factors and increased
rat activity after I/R. A Levels of IL-1p, IL-10, and IL-13 (n=6-8), B
KC-GRO and TNF-a (n=6-8); C IF of cleaved caspase 3 (green) and

neuroinflammation in a MCAO model [30]. In addition,
mice treated with a Syk inhibitor showed lower infarc-
tion and improved neurological outcomes in an arterial
thrombosis model [31]. In our study, AGNH obviously
decreased Tyrobp and Syk levels and significantly inhib-
ited ICAM-1, IL-1f, TNF-a and IL-13.

Toll-like receptors (TLRs) play important roles in in non-
specific immunity (innate immunity) and lead to downstream

@ Springer

nuclei (blue) and the quantification of cleaved caspase 3 (n=3), scale
bar: 20 pm; D open field test (n=6); ###p<0.001,#p<0.05 vs. sham;
*p <0.05, ¥¥p <0.01, ***p <0.001 vs. I/R group

proinflammatory cytokine release as well as apoptotic cell
death following IS [32]. As a major member of the TLR
family, TIr2 is increased after cerebral I/R; knockout of TIr2
decreased inflammatory cell accumulation and promoted neu-
ronal survival in C57 mice with cerebral ischaemia [33]. In
particular, TIr2 can bind Myd88 and lead to the activation of
the downstream NF-kB signalling pathway and the secretion
of IL-6 and IL-1f [32]. Moreover, recent research showed
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Fig.7 Heterogeneous network of potential active components-drug
target-DEGs by using network pharmacology analysis, purple dia-
monds, green nodes, blue nodes and dark blue nodes indicated com-
ponents, drug targets, DEGs in inflammatory response and DEGs in

that high Ccl2 levels were observed in MCAO model rats,
and CCL2 inhibitors decreased the ischaemic infarct area and
inflammatory response [34]. In our study, Tlr2 and Myd88
were also identified as vital targets in AGNH-mediated neuro-
protection in multi-omics analysis. The high expression levels
of TIr2, Myd88 and Ccl2 in MCAO model rats were obviously

metabolic pathways of TCA, histidine metabolism, glycerophospho-
lipid metabolism, urea cycle and metabolism of arginine, proline, glu-
tamate, aspartate and asparagine, respectively

reduced by AGNH. These signalling pathways may be medi-
ated by inflammatory pathways such as the NF-«xB signalling
pathway, which were observed in the RNA-seq analysis. Addi-
tionally, the WB and IF experiments indicated that AGNH
decreased nuclei location of p65 and increased IxkBa level,
which is a negative regulator of NF-xB signalling pathway.
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Fig.8 Overview of the potential mechanism of AGNH in cerebral ischaemia

All these results demonstrated AGNH inhibited NF-xB sig-
nalling pathway to prevent the inflammatory response.

By integrating transcriptomics and metabolomics analysis,
we identified 8 key metabolites including L-histidine, 1-meth-
ylhistamine, in histidine metabolism, L-serine, in glycerophos-
pholipid metabolism, and L-alanine, fumaric acid, malic acid,
1-pyrroline-4-hydroxy-2-carboxylate and N-(L-arginino) suc-
cinate in the pathway of urea cycle and metabolism of arginine,
proline, glutamate, aspartate and asparagine and TCA as vital
DMs in the protection of AGNH against I/R injury (Fig. 4).
In our study, an increase of L-histidine, L-serine, L-alanine,
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fumaric acid, malic acid and N-(L-arginino) succinate and a
decrease of 1-methylhistamine and 1-pyrroline-4-hydroxy-
2-carboxylate were observed after AGNH treatment. As a com-
mon amino acid, L-histidine exerted a good anti-oxidant and
anti-inflammatory effect [35]. And 1-methylhistamine (MHA)
was produced by the action of histamine-N-methyltransferase
(HNMT) from histidine and was supposed to be a biomarker
of histamine intolerance [36]. Studies have shown that L-serine
decreased inflammatory responses by regulating macrophages
and neutrophils in Pasteurella multocida infection [37], and
treatment of traumatic brain injury with L-serine reduced
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inflammatory responses and provided neuroprotection in mice
[38]. L-alanine prevented pancreatic beta cells from inflamma-
tion-induced apoptosis [39]. As an intermediate product in the
metabolic pathway of the citric acid cycle, fumaric acid and
its esters are used to inhibit inflammation in the treatment of
psoriasis [40, 41]. Moreover, L-malic acid reduces inflamma-
tion in myocardial I/R injury [42]. Additionally, N-(L-arginino)
succinate is a precursor for arginine, which was proved to have
neuroprotective effect against cerebral I/R [43]. Importantly,
the elevated levels of L-histidine, L-serine, L-alanine, fumaric
acid and malic acid may take part in inhibition inflammatory
response in AGNH-mediated neuroprotection in cerebral I/R.

To identify the potential critical components in AGNH, a
heterogeneous network of components-drug target-DEGs was
constructed by using network pharmacological analysis and 51
components were identified to affect inflammatory response and
metabolic pathways of TCA, histidine metabolism, glycerophos-
pholipid metabolism, urea cycle and metabolism of arginine, pro-
line, glutamate, aspartate and asparagine. Importantly, 7 of the
top 10 components in degree were reported to decrease cerebral
ischaemic infarct and protect against cerebral ischaemic injury,
such as quercetin [44, 45], beta-sitosterol [46], baicalein [47],
naringenin [48], acacetin [49], berberine [50, 51] and palmatine
[52]. Thus, multiple components including quercetin, beta-sitos-
terol, baicalein, naringenin, acacetin, berberine and palmatine
may play an important role in reducing ischaemic infarct.

Conclusion

AGNH exerted an important neuroprotection on the rats
with cerebral ischaemic damage. AGNH decreased Tyrobp/
Syk and T1r2/Myd88 levels to inhibit NF-kB signalling and
regulated 8 key metabolites such as L-histidine, 1-methylhis-
tamine, L-serine, L-alanine, fumaric acid, malic acid, 1-pyr-
roline-4-hydroxy-2-carboxylate and N-(L-arginino) succi-
nate to attenuate neuroinflammation and protect against IS.
And network pharmacology analysis predicted that multiple
components including quercetin, beta-sitosterol, baicalein,
naringenin, acacetin, berberine and palmatine in AGNH may
play an important role in protecting against IS. This study
helps the clinical application of AGNH in IS treatment and
deepens the understanding of its potential mechanism.
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