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ABSTRACT

Background: The high incidence of thrombotic events is one of the clinical characteristics of coronavirus disease
of 2019 (COVID-19), due to a hyperinflammatory response caused by the virus. Gegen Qinlian Pills (GQP) is a
Traditional Chinese Medicine that is included in the Chinese Pharmacopoeia and played an important role in the
clinical fight against COVID-19. Although GQP has shown the potential to treat thrombosis, there is no relevant
research on its treatment of thrombosis so far.

Hypothesis: We hypothesized that GQP may be capable inhibit inflammation-induced thrombosis.

Study Design: We tested our hypothesis in a carrageenan-induced thrombosis mouse model in vivo and lipo-
polysaccharide (LPS)-induced human endothelial cells (HUVECs) in vitro.

Methods: We used a carrageenan-induced mouse thrombus model to confirm the inhibitory effect of GQP on
inflammation-induced thrombus. In vitro, studies in human umbilical vein endothelial cells (HUVECs) and in
silico network pharmacology analyses were performed to reveal the underlying mechanisms of GQP and deter-
mine the main components, targets, and pathways of GQP, respectively.

Results: Oral administration of 227.5 mg/kg, 445 mg/kg and 910 mg/kg of GQP significantly inhibited thrombi in
the lung, liver, and tail and augmented tail blood flow of carrageenan-induced mice with reduced plasma tumor
necrosis factor a (TNF-o) and diminished expression of high mobility group box 1 (HMGB1) in lung tissues. GQP
ethanol extract (1, 2, or 5 pg/ml) also reduced the adhesion of platelets to LPS stimulated HUVECs. The TNF-a
and the expression of HMGBI1, nuclear factor kappa B (NF-kB), and NLR family pyrin domain containing 3
(NLRP3) in LPS stimulated HUVECs were also attenuated. Moreover, we analyzed the components of GQP and
inferred the main targets, biological processes, and pathways of GQP in the treatment of inflammation-induced
thrombosis through network pharmacology.

Conclusion: Overall, we demonstrated that GQP could reduce inflammation-induced thrombosis by inhibiting
HMGB1/NFkB/NLRP3 signaling and provided an accurate explanation for the multi-target, multi-function
mechanism of GQP in the treatment of thromboinflammation, and provides a reference for the clinical usage of
GQP.

Introduction

(SARS-CoV-2) in 2019 poses a major threat to international health and
the economy. The high incidence of thrombotic events is one of the

The outbreak of severe acute respiratory syndrome coronavirus 2 clinical characteristics of SARS-CoV-2-related disease, known as
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ELISA, Enzyme-linked immunosorbent assay; GO, Gene ontology; GQP, Gegen Qinlian pill; GQP-EE, GQP ethanol extract; HE, Hematoxylin and eosin; HPLC, High-
performance liquid chromatography; HUVEC, Human umbilical vein endothelial cell; KEGG, Kyoto Encyclopedia of Genes and Genomes; LPS, Lipopolysaccharides;
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coronavirus disease 2019 or COVID-19 (Katneni et al., 2020). In patients
with COVID-19, hypercoagulability and hyperinflammation are
accompanied by higher morbidity and mortality rates (Rad et al., 2021).
The rate of radiographically confirmed venous thromboembolism in
COVID-19 patients was reported to be 4.8% (Al-Samkari et al., 2020).
Moreover, In severe patients, the cumulative incidence of symptomatic
acute pulmonary embolism (PE), deep vein thrombosis (DVT), and other
thrombotic complications can reach up to 31%, with PE as the most
frequent thrombotic = complication (Klok et al, 2020).
Hyper-inflammation plays an important role in the development of
thrombotic complications in COVID-19 (Biswas and Khan, 2020).
Indeed, the inflammatory response can block fibrinolysis, and activate
endothelial cells and innate immune cells by releasing several factors
(such as the von Willebrand Factor, tissue factor, and neutrophil extra-
cellular traps), thus promoting thrombosis (Engelmann and Massberg,
2013). -

Gegen Qinlian pills (GQP) are a Traditional Chinese Medicine (TCM)
that is included in the Chinese Pharmacopoeia, to treat acute infectious
diarrhea, infantile autumn diarrhea, and fever and headache caused by
colds. It consists of four herbs: Pueraria montana var. lobata (Willd.)
Sanjappa & Pradeep (Gegen), Scutellaria baicalensis Georgi (Huangqin),
Coptis chinensis Franch. (Huanglian) and Glycyrrhiza uralensis Fisch.
(Gancao). A clinical study on GQP for the treatment of COVID-19
showed that it can prevent the development of severe disease, signifi-
cantly ameliorating the symptoms of cough, chest tightness, nausea, and
vomiting, as well as by significantly shorting the time of nucleic acid
conversion, and prevent lung inflammation (Linqun et al., 2020). It has
been reported that GQP can down-regulate inflammatory cytokines and
alleviate colitis inflammation by suppressing toll-like receptor 4
(TLR4)/nuclear factor kappa B (NF-kB) signaling (Li et al., 2016).
Moreover, the active compounds of GQP (puerarin, daidzin, and
berberine) have been shown to have an antithrombotic effect (Choo
et al., 2002; Zhang et al., 2016). Thus, we hypothesized that GQP may
prevent and treat inflammation-induced thrombosis by regulating the
inflammatory response.

Endothelial cells play an important role in maintaining vascular
homeostasis and regulating the coagulation system (Watanabe-Kusu-
noki et al., 2020). In inflammation disorders, various proinflammatory
factors lead to vascular inflammation and epithelial cell dysfunction,
increases expression of vascular cell adhesion molecule 1 (VCAM-1),
intercellular adhesion molecule 1 (ICAM-1), and von Willebrand factor
(VWE), further leading to platelets adhesion and thrombosis (Katneni
et al., 2020).

High mobility group box 1 (HMGB1) is a well-known damage-asso-
ciated molecular pattern (DAMP) molecule, generally located in the cell
nucleus. Under pathological conditions, it can be released from immune
or dying cells, and activate the innate immune system, triggering
vascular injury (Kim and Lee, 2020). It is overexpressed in patients with
thrombi and pharmacologic inhibition of HMGB1 prevents the forma-
tion of DVT (Stark et al., 2016; Xu et al., 2018). Moreover, HMGBI is
closely related to the NF-xB signaling and triggers the activation of NLR
family pyrin domain containing 3 (NLRP3) inflammasome in an
NF-kB-dependent manner. NLRP3 inflammasome is a cytosolic signaling
complex that actives caspase 1 and triggers the release of interleukin-1p
(IL-1p) aggravate the inflammatory response and lead to cell death
(Mangan et al., 2018). Thus, the agents inhibiting HMGB1 expression
may have great potential in treating inflammation-induced thrombosis.

In this study, we aimed to confirm the inhibitory effect of GQP on a
carrageenan-induced thrombus mouse model. Additional in vitro studies
in human umbilical vein endothelial cells (HUVECs) and in silico
network pharmacology analyses were performed to shed light into the
underlying mechanisms of GQP and determine the main components,
targets, and pathways of GQP, respectively.
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Materials and methods
Reagents

Aspirin Tablets were purchased from Bayer S.p.A (Viale Certosa,
Milano, Italy). Adenosine diphosphate (ADP) was purchased from Tar-
getMol (Wellesley Hills, MA, USA). BoxA was purchased from
HMGBiotech (Via Olgettina, Milano, Italy). Carrageenan was purchased
from Sigma-Aldrich (St Louis, MO, USA). ECL was purchased from Af-
finity Biosciences (OH, USA). GQP was purchased from Huahong
Pharmaceutical Co. Ltd (BatchNo. 20191002; Liuzhou, China). CFSE
and PGE1 were purchased from Cayman Chemical (Ann Arbor, MI,
USA). N4-Acetylcytidine triphosphate sodium was purchased from Good
Laboratory Practice Bioscience (Montclair, California, USA). Thrombin
was provided from Macklin Biochemical (Shanghai, China).

Rabbit anti-HMGB1 (Cat# 6893S), IkBa (Cat# 4060L), NF-kBp65
(Cat# 8242T), p-NF-kBp65 (Cat# 3033T), NLRP3 (Cat# 15101S) and
HRP-linked Antibody (Cat# 7074S) were purchased from Cell Signaling
Technology (Danvers, MA, USA). p-actin (Cat# AF7018), Caspase 1
(Cat# AF5418) and p-IkBa (Cat# AF2002) were purchased from Affinity
Biosciences.

Animals

BALB/c mice (male, 18-22 g) were purchased from the Model Animal
Research Centre of Southern Medical University (Guangzhou, China)
and maintained under specific pathogen-free (SPF) conditions. The
protocol of animal experiments was approved and conducted according
to the guidelines of the Animal Ethics Committee of Southern Medical
University (Resolution No. SMUL2020135; Date of Resolution
2020.10.10).

Dose and treatment

Random allocation was performed to divide fifty-four mice into nine
groups (six mice in each group): naive, model, GQP treatment low dose
(treatment-L; 227.5 mg/kg), GQP treatment median dose (treatment-M;
445 mg/kg), GQP treatment high dose (treatment-H; 910 mg/kg), GQP
prevention low dose (prevention-L; 227.5 mg/kg), GQP prevention
median dose (prevention-M; 445 mg/kg), GQP prevention high dose
(prevention-H; 910 mg/kg), and aspirin (22.75 mg/kg) groups. The
naive and model groups received physiological saline (PBS) intra-
gastrically for 9 d; the treatment groups received PBS for 7 d, followed
by GQP suspension (227.5, 445, or 910 mg/kg) for 2 d; the prevention
groups received GQP suspension at the same doses for 9 d, and the
aspirin group was administered aspirin (22.75 mg/kg) for 9 d. Seven
days after administration, except for the control group, all the other
groups were injected intraperitoneally with 10 pl/g of carrageenan so-
lution at a dose of 100 mg/kg body weight (Li et al., 2019). Two days
later, all mice were anesthetized with 1% pentobarbital sodium and
mouse tails were photographed and immediately assessed for blood
flow. Then blood, tail, liver, and lung samples were collected (Fig. 1).

Blood flow monitoring

After anesthetized, the mice were placed on the absorption mat with
the surface of their tails perpendicular to the laser beam. Blood flow was
recorded by RWD RFLSI Pro+ Laser Speckle Contrast Imaging (Shenz-
hen, China) and continuously monitored 5 min after anesthetization.
The LSCI instrument brought out the blood perfusion signals in the form
of number (volts, V) and color-coded images. The low perfusion was
displayed dark blue and high perfusion was showed bright red.

Blood cells counting

Blood samples were collected from mice into clean tubes containing
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Fig. 1. Schematic diagram of the in vivo experiments. The naive and model groups received PBS intragastrically for 9 d; the treatment groups received GQP sus-
pension (227.5, 445, or 910 mg/kg) for the last 2 d of the experimental period. Prevention groups received GQP suspension at the same doses for 9 d, whereas the
aspirin group was administered aspirin (22.75 mg/kg) for 9 d. Except for the control group, all the other groups were injected with carrageenan solution (100 mg/kg)
on day 7. On day 9, all mice were euthanized, and mouse tails were photographed and evaluated for blood flow. Blood, tail, liver, and lung samples were collected for

further analyses.

2.7% ethylenediaminetetraacetic acid dipotassium salt solution and
examined by Sysmex XN 1000 automatic blood cell analyzer (Sysmex,
Kobe, Japan).

Hematoxylin and eosin (HE) staining and Immunohistochemical (IHC)
staining

To determine the formation of thrombus in mice tissue, mouse tail at
2, 4, 6 cm distance from the tip of the tail, as well as liver or lung
specimens were placed in 4% paraformaldehyde overnight, incubated in
30% sucrose solution overnight, and then embedded in paraffin solu-
tion. Paraffin sections (5 pm) were prepared for HE staining. Moreover,
the 5-pm paraffin sections of the lung were subjected to immunohisto-
chemical assay using the primary antibody (HMGB1 (1:100), NLRP3
(1:100), p-NF-kBp65 (1:100) or p-IxBa (1:50)) and DAB substrate kit was
used to specific labeling with these proteins respectively. The images of
HE and IHC were obtained using a DMi8 microscope (Leica Micro-
systems, Wetzlar, Germany).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were supplied by
Jennio (Guangzhou, China), cultured in complete Dulbecco’s modified
Eagle’s medium (Gibco, NY, USA) containing 10% fetal bovine serum
(Gibco), 1% Penicillin Streptomycin (Gibco), and maintained at 37 °C
under 5% CO.. Experiments were performed using 8-20 generations of
cells.

Preparation of GQP ethanol extract solution

GQP ethanol extract was prepared by the heating reflux extraction
method. Briefly, 14 g of GQP was added to 200 ml of ethanol and boiled
for 4 h. Afterward, the extract solution was filtered through a brucer
funnel while it was hot. After that, the filtrate evaporated in a water bath
at 95 °C. The concentrated extract was named GQP ethanol extract
(GQP-EE). After GQP-EE was dissolved in PBS, the solution was named
GQP ethanol extract solution (GQP-EES) and used for in vitro

experiments.
Cell viability

HUVECs were placed in 96-well plates at a density of 5 x 10° cells per
well and then treated with lipopolysaccharides (LPS; 5, 10, 20, 40, or 80
pg/ml), GQP-EES (1, 2, 4, 8, 16, or 32 pg/ml), 5 pg/ml LPS in the
presence or absence of GQP-EES (1, 2, or 5 pg/ml), aspirin (10 pg/ml)
with 5 pg/ml LPS, or BoxA (10 pg/ml) with 5 pg/ml LPS or N4-
Acetylcytidine (N4A) triphosphate sodium (1 mM) with 5 pg/ml LPS
for 24 h. Cells were treated by the Cell Counting Kit-8 (CCK-8, Gibco)
and measured their option density at 450nm using Synergy Microplate
Reader (BioTek, Winooski, VT, USA).

Platelet isolation and labeling

Sprague-Dawley (SD) rats were supplied by the Model Animal
Research Centre of Southern Medical University. The rats were anes-
thetized with 1% pentobarbital sodium, and then blood was collected
from the abdominal aorta into clean tubes containing 3.2% sodium
citrate solution. After keeping for 30 min at 25 °C, the blood was then
centrifuged at 200 x g for 10 min at 25 °C. Platelet-rich plasma was
initially added to prostaglandin E1 (1 uM) for 10 min, centrifuged for 10
min at 600 x g at 25 °C, and then washed with PBS. The platelet pellet
was resuspended in buffer A (130 mM NaCl, 10 mM sodium citrate, 9
mM NaHCOs, 6 mM dextrose, 0.9 mM MgCl,, 0.81 mM KHyPO4, 10 mM
Tris, pH 7.4), and warmed to 37 °C before use.

Platelet Aggregation Assay

The platelet was resuspended in buffer A, dispensed into 96-well
plates at a concentration of 10° cells/ml, and then incubated for
10min at 37 °C in presence of 50 pl of drugs. After that, ADP (25 uM),
thrombin (0.5 U/ml), and CaCl, (1.8 mM) were added just before the
assay. The plate was continuously shaken in kinetic mode at 37°C and
taken the optical density readings at 405 nm every 1 min for an hour
simultaneously.
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Adhesion assay

The platelet was labeled with CFSE (1 pM) for 30 min at 37 °C, and
then washed to remove free CFSE.

HUVECs were placed in 24-well plates at a density of 5 x 10* cells per
well and treated with LPS (5 pg/ml), LPS (5 pg/ml) plus GQP-EES (1, 2,
or 5 pg/ml), LPS (5 pg/ml) plus aspirin (10 pg/ml), or LPS (5 pg/ml) plus
BoxA (10 pg/ml), or LPS (5 pg/ml) plus N4A (1 mM) for 24 h. After
treatment, HUVECs were incubated with CFSE-labeled platelets (1 x
10°/well) for 30 min at 37 °C and then washed with PBS three times. The
platelet adhesion was observed using a Leica DMi8 microscope.

Enzyme-linked immunosorbent assay (ELISA)

Plasma was collected from the top layer of mice blood and used to
determine Tumor necrosis factor o (TNF-a) using the TNF-a ELISA kit
(Dakewei Biotech, Shenzhen, China).

Cell culture medium was collected from different administration cell
groups as described above. The cell culture media were determined
Tumor necrosis factor o (TNF-a) and interleukin-1p (IL-1p) using ELISA
kits (Dakewei Biotech, Shenzhen, China).

Immunofiuorescent (IF) staining

HUVEC was placed in 6-well plates containing slices at a density of
1.5 x 10° cells per well and treated with LPS (5 pg/ml), LPS (5 pg/ml)
plus GQP-EES (1, 2, 5 pg/ml) for 24 h. After treatment, the cells were
immersed in 4% paraformaldehyde, and blocked with 5% Bull Serum
Albumin (Solarbio, Beijing, China), followed by incubation overnight at
4 °C with primary antibody (HMGB1 (1:100), NLRP3 (1:100), p-NF-
kBp65 (1:800) or p-IkBa (1:100)) and later incubated with goat anti-
rabbit FITC-linked antibody then sealed by Antifade Mounting Me-
dium containing DAPI (Beyotime, Shanghai, China) and were photo-
graphed by Zeiss LSM 800 Confocal Laser Scanning Microscopy (Zeiss,
Oberkochen, Germany).

Real-time polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from HUVECs by RNA extraction solution and
then purified by trichloromethane, isopropyl alcohol, and anhydrous
ethanol in sequence. cDNA was synthesized by First Strand cDNA Synthesis
Kit (Servicebio, Wuhan, China), and 2 x SYBR Green qPCR Master Mix
(Servicebio) was used for qRT-PCR. Primers (5-3’) were as follows:
GAPDH-S, GGAAGCTTGTCATCAATGGAAATC; GAPDH-A, TGATGACC
CTTTTGGCTCCC; VCAM1-S, GATAGTCCACTGAATGGGAAGGT; VCAM1-
A, AACACTTGACTGTGATCGGCTTC; ICAM1-S, CAGACTCCAATGTGCCA
GGC; ICAM1-A, TCTTCCGCTGGCGGTTATA; vWF-S, AATGACCTCAC-
CAGCAGCAAC; vWF-A, TCACTGGTAAGGATTCTACAGGAGG.

Western blotting analysis

Total proteins were extracted from lung tissues or HUVECs. The
proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene fluoride mem-
branes (0.45 pm) (Merck Millipore, Darmstadt, Germany). Membranes
were incubated overnight at 4°C with the primary antibody (HMGB1
(1:1000), Caspasel (1:1000), NF-kBp65 (1:1000), p-NF-kBp65 (1:1000),
NLRP3 (1:1000), IxkBa (1:1000), p-IkBa (1:1000), and p-actin 1:5000)) at
4°C overnight, and later 1 h with an HRP-linked secondary antibody.
Proteins bands were visualized using ECL substrate and Tanon 5200s
Chemiluminescence Imaging system (Tanon, Shanghai, China). Signal
plots were processed using Image J 1.8.0 software.
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Characterization of GQP compounds by high-performance liquid
chromatography (HPLC)

GQP-EE was extracted using ultrasonic methanol. Briefly, GQP
powder was mixed with 10 times the amount of methanol and kept ul-
trasonically for 30 min, diluted to 10 mg/ml with methanol, then
filtered through a 0.22-ym membrane. Mixed standard references con-
taining puerarin (5 pg/ml, PubChem CID: 5281807), daidzin (10 pg/ml,
PubChem CID: 107971), genistin (2.5 pg/ml, PubChem CID: 5281377),
baicalin (10 pg/ml, PubChem CID: 64982), wogonoside (12.5 pg/ml,
PubChem CID: 3084961), berberine (10 pg/ml, PubChem CID: 2353),
jatrorrhizine (10 pg/ml, PubChem CID: 72323), palmatine (10 pg/m,
PubChem CID: 19009), liquiritin (10 pg/ml, PubChem CID: 503737),
and glycyram (60 pg/ml, PubChem CID: 3495) were dissolved in
ethanol.

Liquid chromatography was performed on Agilent 1260 HPLC sys-
tem (Agilent Technologies, Santa Clara, CA, USA). A Kromasil 100-5-
C18 column (4.6 x 250 mm, 5 pm) was used for the separations at
25°C. The mobile phase system consisted of water containing 0.01%
phosphoric acid (A) and acetonitrile (B). The HPLC elution profile was:
0-60 min, 8-30% B; 60-80 min, 30-50% B; 80-85 min, 50-100% B. The
flow rate was 1 ml/min, and the monitoring UV wavelength was set at
275 nm with an injection volume of 10 pl.

Network pharmacology analysis

Target Prediction

The corresponding targets of the identified compounds were ob-
tained from the Traditional Chinese Medicine Systems Pharmacology
(http://Isp.nwu.edu. cn/tecmsp.php) and Swiss Target Prediction (htt
p://www.swisstargetprediction.ch/). Then we searched the keywords
“pulmonary embolism” and “pneumonia” on DisGeNET (http://www.
disgenet.org/) and GeneCards (https://www.genecards.org/) data-
bases respectively to collect the gene targets of pulmonary embolism and
pneumonia. All the targets obtained were standardized by the UniProt
knowledge database. Then we built a Drug-Ingredients-Targets-Diseases
(D-I-T-D) network based on interactions between GQP, ingredients, gene
targets, and diseases. Finally, we used Cytoscape (Version 3.7.0) to
visualize the D-I-T-D network.

Construction of a Protein-Protein Interaction (PPI) Network

To explain the interaction between target proteins, we intersected
the obtained drug targets with the genes related to pulmonary embolism
and pneumonia and obtained overlapping targets. Then we uploaded the
gene symbols of overlapping targets to STRING (http://string-db.org)
online website to obtain the PPI data. The organism was limited to
“Homo sapiens”. To ensure the reliability of this analysis, we con-
structed the PPI network with a high confidence score of 0.7. The PPI
network was analyzed and visualized using Cytoscape.

Gene ontology (GO) function and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses

Proteins play biological functions through a variety of interactions
and associations, The gene functions and signal pathways related to GQP
in the treatment of pulmonary embolism and pneumonia were analyzed
by R 3.6.1 software with the Bioconductor package. The p-value cutoff
was set as 0.05 and the g-value Cutoff as 0.05.

Statistical analyses

Data analysis was performed using Prism 7 (GraphPad Software, San
Diego, CA, USA). Differences between groups were assessed by one-way
analysis of variance, followed by Tukey’s test. A p-value < 0.05 was
considered statistically significant. All experiments were repeated three
times.
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Results

Effects of GQP on the thrombosis rate and tail blood flow in thrombosis
mice model

To assess the effects of GQP on the thrombosis mice model, we
determined the thrombosis rate (thrombosis length/the whole tail
length) in the different treatment groups. As shown in Fig. 2A, C, both
GQP treatment groups and prevention groups showed significantly (p <
0.01) reduced tail thrombosis rate compared with the model group. The
effect of the middle dose group was better than that of the low dose
group and high dose group, but no statistically significant differences
were observed among the GQP doses. In addition, no significant dif-
ference (p > 0.05) between the aspirin and model groups was noted.

The blood flow of 1.5 cm from the tip of the tail was detected via
Laser Speckle Flowgraphy. Overall, the blood flow of the model group
was significantly (p < 0.01) decreased compared with the naive group,
and GQP could reverse this situation (Fig. 2B, D). Aspirin also increased
the blood flow, but there was no significant difference (p > 0.05) be-
tween the aspirin and model groups. These results indicate that GQP is
more effective than aspirin in reducing carrageenan-induced thrombus
formation in mice.

Effects of GQP on tissue thrombosis induced by carrageenan in mice

48 h after intraperitoneal injection of carrageenan, the mice were
euthanized and their tail, liver, and lung tissues were collected for
general morphology analysis. The tail vessels (blue dotted lines) at 2 and
4 cm positions of the mice in the model group were almost fully occupied
by a thrombus (red dotted lines), while nearly 60% of the vessels at the 6

A

F P\ L L ’ \‘ ‘E‘m

i N

| =

|

[ -

|

| &

{

i =

{ ‘% 5
-

Naive Model Aspirin  Treatment-L

Aspirin

Treatment- L Treatment-M Treatment-H

Prevention-M

Prevention-L

Treatment-M Treatment-H

C

The thrombosis rate
(thrombosis length / whole length)

Phytomedicine 100 (2022) 154083

cm position were occupied by thrombi (Fig. 3A). Both GQP treatment
and prevention groups inhibited the formation of thrombosis, with little
thrombosis being detected at the 6 cm position. The thrombus at 6 cm
position in the aspirin group was also decreased to about 20%.

There were venous thrombosis (black arrows), extensive capillary
hemorrhage, and inflammatory infiltration in the lung tissue of the
model group compared with the naive group. In the aspirin group,
thrombus and inflammatory infiltration were still observed. However,
thrombosis in pulmonary vessels was inhibited by GQP, and inflam-
matory infiltration was also reduced in GQP groups (Fig. 3B, D).

In liver tissue, hepatic vein thrombosis (blue arrows, Fig. 3C), he-
patocyte edema, inflammatory infiltration, and local aggregation
around blood vessels (yellow arrows, Fig. 3C) were observed. Similarly,
GQP (treatment and prevention groups) inhibited hepatic vein throm-
bosis and hepatocyte edema significantly regulated inflammatory infil-
tration (Fig. 3C, E).

Effects of GQP on the peripheral hemogram of carrageenan-induced
thrombosis mice

Hematological analysis showed that 48 h after carrageenan was
injected intraperitoneally, leukocyte count (WBC), monocyte count
(MONON), hemoglobin (HGB), and mean platelet volume (MPV) in the
peripheral blood of the model group were significantly (p < 0.01)
increased compared with the naive group. There was no significant
difference in other indexes between these groups. Aspirin and GQP
could downregulate WBC, MONON, and MPV, but had no obvious effect
on HGB (Fig. 4A-D).

E-o

Prevention-L.  Prevention-M Prevention-H

D

blood flow (PU)

<®

<& & o8 € <€

Fig. 2. Effects of Gegen Qinlian pills (GQP) on carrageenan-induced thrombosis in mice. (A) Thrombus length, (B, D) blood flow, and (C) thrombosis rate in the tail
of carrageenan-induced thrombosis mice. ## p < 0.01 versus naive group, ** p < 0.01 versus model group (n = 6).
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Effects of GQP on TNF-a expression in the plasma of carrageenan-induced compared with the model group. These results suggest that GQP can

thrombosis mice inhibit carrageenan-induced TNF-a production, with a better outcome
than aspirin.

The level of TNF-a in the model group was markedly rised (p < 0.01)

to 5.024 + 0.149 pg/ml compared with the naive group (1.967 + 0.521

pg/ml) (Fig. 4E). After oral administration of GQP (treatment-M, Effects of GQP on the expression of HMGB1, p-NFxBp65, and NLRP3 in

prevention-M, and prevention-H) the levels of TNF-a were significantly the lung tissue

reduced (p < 0.05). TNF-a levels in the aspirin group were also

decreased to 3.44 + 0.828 pg/ml, but without significant differences Next, we investigated whether GQP could regulate HMGBI, p-
NFxBp65, and NLRP3 expression. The results of immunohistochemical
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showed that the expression of HMGBI1, p-NFkBp65, and NLRP3 was
significantly increased (p < 0.01) in the model group after exposure to
carrageenan for 48 h, whereas GQP treatment (227.5, 445, or 910 mg/
kg) decreased its expression (Fig. 4G). Western blot analysis also showed
the down-regulation effect of GQP on HMGB1 (Fig. 4F). These results
indicate that GQP can prevent the progression of thrombosis by sup-
pressing HMGB1/NLRP3/NF-«B signaling.

Effects of GQP on Platelet Aggregation

We evaluated the effect of GQP on thrombin or ADP-induced platelet
aggregation. Both GQP-EES 2 pg and aspirin 5 pg significantly inhibited
platelet aggregation, and the inhibitory effect of aspirin on platelet ag-
gregation was better than GQP GQP-EES 2 pug (Fig. 5).

Effects of LPS, GQP-EES, aspirin, Box A, and N4A on the viability of
HUVECs

The effect of LPS, GQP-EES, aspirin, Box A, and N4A on the viability
of HUVECs was detected by CCK-8 kits. Treatment with LPS (5, 10, 20,
40, 80 pg/ml) or GQP-EES (1, 2, 4, 8, 16, 32 pg/ml) or LPS (5 pg/ml) in
the presence or absence of GQP-EES (1, 2, 5 pg/ml) or aspirin (10 pg/ml)
with 5 pg/ml LPS or Box A (10 pg/ml) with 5 pg/ml LPS or N4A (1Mm)
with 5 pg/ml LPS for 24 h has no effect on the viability of HUVECs
(Fig. 6A-D).

Effects of GQP-EES on adhesion effects of LPS-treated HUVECs with
platelets

To assess the effect of GQP on adhesion effects of LPS-treated
HUVECs with platelets, the cells were treated with 5 pg/ml LPS to
induce an inflammatory environment. Indeed, HUVECs treated with LPS
significantly increased (nearly by 3-fold) platelet adhesion compared
with the control group (Fig. 6E, G). GQP-EES (1, 2, or 5 pg/ml) or aspirin
(10 pg/ml) treatment significantly reduced (p < 0.01) this effect in a
dose-dependent manner.

Effects of GQP-EES on the mRNA expression of VCAM-1, ICAM-1, and
VWF in LPS-treated HUVECs

The mRNA expression of VCAM-1, ICAM-1, and vWF in LPS-treated
HUVEC were determined by qRT-PCR. GQP significantly (p < 0.01)
reduced the mRNA expression of VCAM-1, ICAM-1, and vWF compared
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with the LPS treated group (Fig. 6H-J).

Effects of GQP-EES on the HMGB1/NF-xB/NLRP3 signaling pathway in
LPS-treated HUVECs

The levels of HMGB1, NF-kBp65, p-NF-kBp65, IkBa, p-IkBa, and
NLRP3 proteins were measured by Western Blotting in LPS-treated
HUVEGCs. As shown in Fig. 7, LPS induced the expression of HMGB1,
NF-kBp65, p-NF-kxBp65, IkBa, p-IkBa, caspase-1 and NLRP3, whereas
GQP-EES (1, 2, or 5 pg/ml) treatment markedly inhibited this effect in a
dose-dependent manner. These results indicate that GQP-EES can inhibit
the activation of HMGB1/NF-kB/NLRP3 signaling in LPS-induced
HUVECs. Moreover, it has been observed that GQP can inhibit the
translocation of NF-kBp65 to the nucleus under confocal microscope
(Fig. 6F).

Effects of GQP-EES and BoxA on LPS-induced TNF-a and IL-1p
production and adhesion effects of LPS-treated HUVECs with platelets

Next, we investigated the effect of the HMGB1 inhibitor BoxA and
GQP-EES on the adhesion effects of LPS-treated HUVECs with platelets.
Overall, GQP-EES (5 pg/ml) was found to have similar effects as BoxA
(10 pg/ml), with both significantly inhibiting LPS-stimulated cell
adhesion (Fig. 8A-B).

To confirm that HMGB1 overexpression contributed to TNF-a and IL-
1B production, HUVECs were treated with LPS (5 pg/ml) in the presence
or absence of GQP-EES (5 pg/ml) or BoxA (10 pg/ml), or GQP-EES (5 pg/
ml) plus BoxA (10 pg/ml) for 24 h. TNF-a as well as IL-18 were found to
be significantly increased in the LPS-treated group (Fig. 8D-E), whereas
either standalone or combo GQP-EES and BoxA treatment clearly
reduced (p < 0.01) TNF-a and IL-1p expression. Noteworthy, addition of
BoxA to GQP did not further reduce TNF-a and IL-1 or platelet adhesion
compared with GQP alone.

Effects of GQP-EES and BoxA on the expression of proteins of HUGB1/
NF-xB/NLRP3 signaling in the LPS-treated HUVECs

Further analysis of the levels of HMGB1/NF-kB/NLRP3 signaling
protein in LPS-treated HUVECs showed that the activation of pathway
was enhanced by LPS, whereas GQP-EES and BoxA similarly inhibited
this effect (Fig. 8C, Fig. 9).
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Fig. 5. Effects of Gegen Qinlian pills (GQP) on thrombin or ADP-induced platelet aggregation.The data are expressed as the mean (n=3).
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Fig. 6. Effects of Gegen Qinlian Pills ethanol extract solution (GQP-EES 1-5 pg/ml) on cell viability, platelet adhesion, NFkBp65 and mRNA expression of VCAM-1,
ICAM-1, and vWF in LPS(5 pg/ml)-treated HUVEGs. (A-D) Cell viability assay. (E,G) GQP-EES inhibit the adhesion of HUVECs with platelets. (F) GQP-EES inhibit the
translocation of NFkBp65 observed by confocal microscopy. (H-J) GQP-EES inhibit the mRNA expression of VCAM-1, ICAM-1, and vWF. ##p < 0.01versus control

group; **p < 0.01 and *p < 0.05 versus LPS group (n = 3).

Effects of GQP-EES and N4A on LPS-induced TNF-a and IL-1
production, adhesion effects of LPS-treated HUVECs with platelets, and the
expression of proteins of HMGB1/NF-kB/NLRP3 signaling in the LPS-
treated HUVECs

Further, the agonist of HMGB1, N4A was used to verify whether GQP
inhibit thrombosis by inhibiting HMGB1/NF-xB/NLRP3 signaling.
HUVECs were treated with LPS (5 pg/ml) in the presence or absence of
GQP-EES (5 pg/ml) or GQP-EES (5 pg/ml) plus N4A (1mM) for 24 h. As
we expected, the secrection of TNF-a and IL-1f, the adhesion effects of
LPS-treated HUVECs with platelets, as well as the expression of HMGB1/
NF-kB/NLRP3 signaling protein in LPS-treated HUVECs were up regu-
lated and the teratment of GQP could reverse it (Fig. 10, 11). The
addition of N4A counteracts the effect of GQP that could further verify
GQP acting through HMGB1/NF-xB/NLRP3 signaling, inhibits
thrombosis.

HPLC analysis of active components in GQP

To investigate the active components of GQP, the prepared sample
was analyzed by HPLC Fig. 12. Here, we identified 10 components in
GQP, including puerarin (2.78 mg/g), daidzin (1.85 mg/g), liquiritin
(0.38 mg/g), genistin (94.82 pg/g), jatrorrhizine (53.57 pg/g), baicalin
(0.74 mg/g), palmatine (0.84 mg/g), berberine (4.71 mg/g), wogono-
side (0.27 mg/g), and glycyram (3.24 mg/g).

Molecular docking

Molecular docking simulation was performed among the 10 identi-
fied ingredients and HMGB1, using Autodock Vinal.1.2. The docking
score is shown in Table 1. A lower energy always accompanied by a
more stable conformation. As each binding energy of core target and
component in this study was lower than -5 kcal/mol, a good docking
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ability was predicted. Among them, wogonoside had the most stable
conformation (-8 kcal/mol) with HMGBL1. The partial docking process is
shown in Fig. 13A.

Drug-Ingredients-Targets-Disease (D-I-T-D) Network Construction

Next, we searched targets of these 10 ingredients. After eliminating
duplicates, a total of 319 compounds associated targets were identified.
Moreover, a total of 454 targets related to PE were identified and 748
targets related to pneumonia were obtained, among which 66 and 68
targets of PE and pneumonia overlapped with those of GQP. Further-
more, we found 40 common targets between GQP, PE, and pneumonia.
Hence, these 40 targets, which are related to both diseases, may be the
key targets of GQP in the treatment of inflammation-related thrombosis.

Due to the multi-channel and multi-target features of the TCM for-
mula, we constructed a D-I-T-D network to clarify how GQP may act
against PE and pneumonia (Fig. 13B). The network consisted of 107
nodes (comprising 10 candidate ingredients, 94 potential targets, GQP
and the two diseases) and 298 edges. The top three high-degree
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components were associated with multiple targets, namely, palmatine
(degree = 26), jatrorrizine (degree = 24), genistein (degree = 23),
puerarin (degree = 17), and berberine (degree = 17), which may be the
key components of GQP in the treatment of inflammation-related
thrombosis.

PPI, GO, and KEGG analysis

A total of 94 target proteins of GQP related to PE and pneumonia
were imported into the STRING database to construct the PPI network
(Fig. 13C), (combined score > 0.7). The higher the degree the targets
were bigger. Ultimately, AKT1, STAT3, MAPK1, TP53, and VEGFA with
a degree value of > 40, were identified as key nodes, suggesting that
they may play key role in the treatment of inflammation-related
thrombosis.

The first 20 terms of the biological process of GQP in the treatment of
inflammation-related thrombosis are shown by significance (from small
to large p-value) in Fig. 13D. Including protein tyrosine kinase activity
(n = 16), transmembrane receptor protein kinase activity (n = 13), and
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*p < 0.05 versus LPS group (n = 3).

protein phosphatase binding (n = 13), suggesting that GQP may play a
role in the treatment of inflammation-related thrombosis through mul-
tiple biological processes.

KEGG analysis further revealed 156 pathways related to GQP. The
top 20 pathways, sorted from small to large according to p-value, are
shown in Fig. 13E. These target proteins were mainly involved in AGE/
RAGE, PI3K/Akt, TNF, MAPK, and Th17 cell differentiation signaling
pathways, further suggesting that GQP may play a role through multiple
channels in the treatment of inflammation-related thrombosis.
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Discussion

It is known that COVID-19 can lead to a severe acute respiratory
syndrome, increase the incidence of morbidity and mortality due to
multiple organ involvement. It has been associated with an increased
risk of VTE, which can be fatal (Chopra et al., 2021; Goddard et al.,
2021). High levels of inflammatory cytokines such as TNF-a seem to
indicate an increased risk of thrombotic events and even death in the
course of COVID-19 (Rad et al., 2021). GQP has antiviral and
anti-inflammatory activities, which have good effects in treating
COVID-19, showing the potential of anti thrombosis. However, there is
no study on the effect of GQP on thrombosis. In this study, we used an
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carrageenan-induced thrombosis mice model and treated with GQP
before or after carrageenan injection to elevulate the inhibitory effect of
GQP on inflammation-induced thrombus. In vitro, we investigated the
effect of GQP and aspirin on LPS stimulated HUVEC cells on platelet
adhesion and thrombin or ADP-induced platelet aggregation. We also
analyzed the components of GQP and inferred the main components of
its anti-inflammatory and antithrombotic effects. We demonstrated that

13

both prophylactic and therapeutic administration of GQP inhibited
carrageenan-induced thrombosis. In vitro, GQP inhibited the adhesion of
platelets to LPS stimulated HUVEC cells and platelet aggregation. The
results of the WB analysis suggest that GQP may play an
anti-inflammatory role by inhibiting the HMGBI1 signal, which is similar
to that of the HMGB1 inhibitor BoxA. Wogonoside, puerarin, and gly-
cyram in GQP may be the main active component in inhibiting HMGB1.
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group (n = 3).

GQP affected various targets and has synergistic effects and therapeutic
multi-pharmacology in the treatment of inflammation-induced
thrombosis.

Carrageenan is a linear sulfur-containing macromolecular poly-
saccharide, that is widely used in the model of thrombosis. It can cause
inflammation in local blood vessels, lead to the secretion of inflamma-
tory factors, damage vascular endothelial cells, and cause thrombosis
(Kim et al, 2021). Therefore, in this study, we used the
carrageenan-induced thrombus model to evaluate the effect of GQP on
inflammation-induced thrombus. The peripheral leukocyte count,
monocyte count, and plasma TNF-« in the model group were signifi-
cantly increased, which indicated that carrageenan caused a systemic
inflammatory response. Aspirin is a potent inhibitor of platelet enzyme
cyclooxygenase 1 (COX-1), which is widely used in the clinic to prevent
cardiovascular thrombosis events. However, regular use of aspirin may
lead to gastrointestinal toxicity, including hemorrhage, ulcers, and
perforation (Varga et al., 2016). Thus, it is necessary to develop new
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thrombolytic drugs with fewer side effects. The results of our experi-
ments showed that GQP had better effects than aspirin in reducing tail
thrombotic length, and TNF-a in plasma. Interestingly, while aspirin is
widely used to prevent platelet aggregation and thrombogenesis, the
blood flow and the tail thrombus length were no significant difference (p
> 0.05) between the aspirin and model groups in our study. There are
several studies that consistent with our results, this may be because
carrageenan damage vascular endothelial cells that maintain coagula-
tion and fibrinolysis by causing inflammation, thereby causing
thrombus, platelet activation played only a partial role in this model,
antiaggregant is different from antithrombotic (Arslan et al., 2011;
Gervasi et al., 1991; Ma et al., 2015). Moreover, the mean tail throm-
botic length in the GQP medium-dose group (445 mg/kg) was shorter
rather than in the low (227.5 mg/kg) and high (910 mg/kg) dose groups.
A similar trend was also reported when GQP was used to treat xenograft
tumors in mice (Lv et al., 2019). The underlying mechanisms need to be
further explored.
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side, 10- glycyram.

Table 1
The molecular docking results
Protein Test compounds Affinity (kcal/mol)
HMGBI1 (PDB code 2YRQ) wogonoside -8
puerarin -7.7
glycyram -7.6
berberine -7.6
baicalin -7.5
genistin -7.3
daidzin 7.3
palmatine -7.1
jatrorrhizine -6.8
liquiritin -6.6

TNF-a is a multifunctional cytokine that is very important in immune
regulation, inflammation, thrombosis, and tumor metastasis (Bradley,
2008). It can activate vascular endothelial cells, promote platelet hy-
peractivity, and thus induce the formation of venous thrombosis (Satta
et al., 2011). TNF-a stimulates the TNF receptor (TNFR) and induces the
phosphorylation of IkB kinase (IKK), which induces NF-kB activity
(Zhang et al., 2017). In our study, GQP treatment significantly decreased
the TNF-a levels in mice plasma, and the supernatant of HUVECs, as well
as the expression of NLRP3 and NF-kB. These results suggest that the
anti-thrombosis effect of GQP may be related to the inhibition of TNF-a.

NF-xB plays a crucial role in inflammation, as it can regulate DNA
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transcription, cytokine production, and cell survival, being active in PE,
acute lung injury, and many other inflammatory diseases (Liang et al.,
2021; Lu et al., 2018; Lu et al., 2020). The phosphorylation of IkBa can
induce NF-kB dimers to actively shuttle between the nucleus and the
cytosol, inducing gene expression (Zhang et al., 2017). In this study, the
generation of HMGB1 and activation of NF-kB and NLRP3 was observed
in different groups. Noteworthy, GQP was able to reduce HMGB1,
NF-kB, and NLRP3 in the lung tissue which at least partially support the
hypothesis that GQP can inhibit inflammation-induced thrombosis by
suppressing HMGB1/NF-kB/NLRP3 signaling.

Vascular endothelial cells are the first barrier between the tissues and
blood, hence, damage to vascular endothelial cells is the first step of
arteriovenous thrombosis (Iba and Levy, 2018). It is reported that TNF-o
or LPS can stimulate endothelial cells to release HMGB1, which is turn
can also stimulate endothelial cells to secrete TNF-a (Lee et al., 2017;
Luan et al., 2010). Therefore, HMGB1 and TNF-a can aggravate the
damage of vascular endothelial cells and promote the secretion of von
Willebrand factor (VWF), NLRP3, and the expression of P-selectin thus
promoting thrombosis (Jia et al., 2019; Singh et al., 2016). NLRP3 and
HMGBI are also the regulators of platelet aggregation (Vogel and Thein,
2018). In this study, GQP-EES significantly inhibited the adhesion of
platelets to LPS-stimulated HUVECs and TNF-a and IL1-p production, it
also diminished the expression of HMGB1, NF-kB, IkBa, caspasel, and
NLRP3 in these cells. BoxA is a specific blocker for HMGB1, which was
proved to downregulate LPS-induced proinflammatory cytokines, such
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Fig. 13. Molecular docking and network pharmacology analysis. (A) Molecular docking process of HMGB1 with wogonoside, puerarin, and glycyram, respectively.
(B) Drug-Ingredients-Targets-Disease (D-I-T-D) Network of Gegen Qinlian pills (GQP). (C) Protein—protein interaction (PPI) network of 94 targets of GQP in pul-
monary embolism and pneumonia. (D) GO and (E) KEGG pathway enrichment analyses of the 94 targets of GQP in pulmonary embolism and pneumonia.
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as early mediator TNF-a and late mediator HMGB1 (Gong et al., 2009).
N4A is an agonist of HMGB1, which can activate NLRP3 by increasing
the expression of HMGB1 (Duan et al., 2019). Similar results were
observed in our experiments, BoxA has reduced the expression of
HMGB1, NF-kB, IkBa, and NLRP3 and TNF-a expression in
LPS-stimulated HUVECs. However, addition of BoxA to GQP did not
further reduce TNF-a levels or platelet adhesion compared with GQP
alone, and the addition of N4A counteracts the effect of GQP. Therefore,
we believe that BoxA and GQP exert a similar effect on LPS-stimulated
HUVEGCs, with GQP exerting its antithrombotic effect (at least partly)
by inhibiting HMGB1.

HPLC analysis revealed 10 components of GQP, which were used to
perform molecular docking and bioinformatics analyses on GQP. The
top five components with the lowest binding energy were wogonoside,
puerarin, glycyram, berberine, and baicalin. It has been demonstrated
that glycyram is a potent inhibitor of HMGB1 (Paudel et al., 2021),
which indicates that our prediction is reliable. Wogonoside, puerarin,
glycyram, berberine, and baicalin may also be antagonists of HMGB1,
which will be explored in future studies.

Moreover, in order to further explore other possible mechanisms of
GQP in the treatment of inflammation-related thrombosis, we conducted
a bioinformatics analysis. We got 94 target proteins of GQP that related
to PE and pneumonia. These targets play an important role in the
pathogenesis of thrombosis, including protein tyrosine kinase activity
(Totzeck et al., 2018), transmembrane receptor protein kinase activity
(Guzik et al., 2020), and protein phosphatase binding (Inamdar et al.,
2019). Key targets AKT1, STAT3, MAPK1, TP53, and VEGFA are all
involved in thrombosis. As Chen et al (2005) reported, the
Akt-thrombospondin axis plays a crucial role in angiogenesis; Moreover,
suppression of STAT3 expression can prevent lower extremity DVT in
peripheral blood, and activation of the MAPK pathway can also mediate
platelet activation (Zhang et al., 2020). In addition, TP53 can affect the
number of platelets by interacting with various genes (Cerquozzi and
Tefferi, 2015), and reduced VEGFA levels are associated with an
increased risk of thrombosis (Candan et al., 2014). Herein, KEGG
enrichment analysis showed that the GQP therapeutic effects on
inflammation-related thrombosis are mainly related to the AGE/RAGE,
PI3K/Akt, TNF, and MAPK signaling pathways. The AGE/RAGE,
PI3K/Akt signaling pathway can attenuate the activation of platelets
(Chen et al., 2019; Recabarren-Leiva et al., 2021). Ding et al (2020)
reported that Gegen Qinlian decoction can against LPS-induced acute
lung injury by activating PI3K/Akt signals and downregulating the
secretion of LPS-induced TNF-« in lung tissue. Activation of the TNF
signaling pathway can trigger and aggravate vascular endothelial cell
injury (Hou et al., 2019). In our study, GQP diminished the expression of
TNF-a in plasma and in the supernatant of HUVECs. MAPK signaling
pathway is not only closely related to an inflammatory reaction but also
affects thromboxane production and thrombosis in platelets (Manne
etal., 2018; Yong et al., 2009). In general, Traditional Chinese medicine
formula has the characteristics of multi-target, multi-function, and
multi-pathway therapeutic function. The results of bioinformatics
analysis indicate that the effect of GQP on thrombosis has synergistic
effects and therapeutic multi-pharmacology.

However, there are still some research deficiencies in this study. In
the animal experiment, the animal was limited in scale, and the positive
drug group was only set in the prevention group; Since this study mainly
discusses the effect of GQP on vascular endothelial cells, we have not
conducted an in-depth study on the activation mechanism of GQP on
platelets. Moreover, when studying the mechanism of GQP in the
treatment of thrombosis, we only used HMGB1 inhibitor BoxA and
activator N4A for comparison. Additional studies using gene knockdown
or overexpression strategies should be performed in the future to vali-
date our findings.

In conclusion, it’s the first time that GQP had demonstrated reducing
inflammation-induced thrombosis in vivo and attenuating platelet
adhesion in vitro by suppressing HMGB1/NFxB/NLRP3 signaling. These
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findings suggest that GQP is a potential candidate in treating
inflammation-induced thrombosis and provides a reference for the
clinical usage of GQP.
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