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Background: Coronavirus disease 2019 (COVID-19) is now a worldwide public health
crisis. The causative pathogen is severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Novel therapeutic agents are desperately needed. Because of the frequent
mutations in the virus and its ability to cause cytokine storms, targeting the viral
proteins has some drawbacks. Targeting cellular factors or pivotal inflammatory
pathways triggered by SARS-CoV-2 may produce a broader range of therapies.
Glycyrrhizic acid (GA) might be beneficial against SARS-CoV-2 because of its anti-
inflammatory and antiviral characteristics and possible ability to regulate crucial host
factors. However, the mechanism underlying how GA regulates host factors remains to
be determined.

Methods: In our report, we conducted a bicinformatics analysis to identify possible GA
targets, biological functions, protein-protein interactions, transcription-factor-gene
interactions, transcription-factor-miRNA coregulatory networks, and the signaling
pathways of GA against COVID-19.

Results: Protein-protein interactions and network analysis showed that ICAM1, MMP9,
TLR2, and SOCSS3 had higher degree values, which may be key targets of GA for COVID-
19. GO analysis indicated that the response to reactive oxygen species was significantly
enriched. Pathway enrichment analysis showed that the IL-17, IL-6, TNF-a, IFN signals,
complement system, and growth factor receptor signaling are the main pathways. The
interactions of TF genes and miRNA with common targets and the activity of TFs were also
recognized.

Conclusions: GA may inhibit COVID-19 through its anti-oxidant, anti-viral, and anti-
inflammatory effects, and its ability to activate the immune system, and targeted therapy for
those pathways is a predominant strategy to inhibit the cytokine storms triggered by
SARS-CoV-2 infection.

Keywords: coronavirus disease 2019, SARS-CoV-2, glycyrrhizic acid, network pharmacology, inflammatory
pathways
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the pathogen of coronavirus disease 2019 (COVID-19), is the
greatest public health crisis nowadays. According to the World
Health Organization (https://covid19.who.int/), as of January 21,
2020, there were 95,612,831 confirmed cases worldwide and
2,066,176 confirmed deaths. Novel therapeutic agents and
vaccines are desperately needed to address the COVID-19
crisis. Many studies conducted in clinical settings have shown
that traditional Chinese medicine plays an essential role in the
treatment of COVID-19. Seen through the lens of conventional
Western medicine, it has offered new medical solutions to control
the disease (Huang et al., 2020). Many chemical components of
Chinese medicine have been confirmed to provide specific health
effects, including anti-inflammatory and antiviral activity in vitro
and in vivo (Chu et al,, 2020). Glycyrrhizic acid (GA) might be
beneficial against SARS-CoV-2 for its anti-inflammatory and
antiviral characteristics (Siddiqui et al., 2020). GA, a triterpene
saponin, is considered the principal component in Glycyrrhizae
Radix et Rhizoma with various biological functions and
pharmacological effects, including a wide spectrum of anti-
inflammatory activity, antiviral activity and
immunomodulatory effects. Several of the biochemical,
molecular, and cellular mechanisms underlying the action of
GA has also been explored in experimental studies. GA has
been shown to abolish the expression of ICAM-1
upregulation, reduce the amounts of TNF-a and IL-1f in the
plasma, reduce STAT-3 activation, and suppress NF-«xB
activation in inflammation (Di Paola et al., 2009).

Particularly, one study in Nature indicated that GA inhibits
viral growth and inactivates viral particles (Pompei et al., 1979),
in addition to inhibiting virus replication. A study in Lancet
revealed that GA was the most active in inhibiting replication of
the SARS-associated virus especially the adsorption and
penetration of viruses early in the replication cycle (Cinatl
et al, 2003). A study in Phytomedicine has shown that GA
exerted inhibitory activity against the spike protein of SARS-
CoV-2 (Yu et al., 2020). Underlying mechanisms of GA against
COVID-19 has also been explored in several bioinformatic
studies (Chen et al., 2020a; Li R. et al., 2020; Patil et al., 2021).
A systematic review of five retrospective cohort studies has
indicated that GA could be an optional therapeutic strategy
for SARS-CoV-2 infections (Li H. et al, 2020). Importantly,
there is one on-going pilot, non-randomized clinical study
with GA as complementary medicine in patients with COVID-
19 (NCT04487964).

GA induces cholesterol-dependent disintegration of lipid rafts
at the membrane level, which is important for hindering the entry
of coronaviruses into cells. At the intracellular and circulating
levels, GA can capture the high mobility group box 1 protein
(HMGB1), thereby blocking the alarm function itself (Bailly and
Vergoten, 2020). Researchers performed genome-wide CRISPR
screens with of SARS-CoV-2, and they demonstrated that
HMGBI regulated ACE2 transcription, which is indispensable
for the entry of SARS-CoV-2 (Wei et al, 2020). In terms of
clinical evidence, it has been reported that elevated serum
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HMGB1 on admission is associated with poor clinical
prognosis of COVID-19 patients (Chen et al, 2020b).
Extracellular HMGB1 may be an attractive potential
therapeutic target for severe lung inflammation such as
COVID-19 (Andersson et al., 2020). In COVID-19 patients,
the host response failed to launch a strong IFN response while
a waning immune response would enable sustained viral
replication and further simultaneously induced high levels of
chemokines (Blanco-Melo et al., 2020). And this is closely related
to the severity of SARS-CoV-2 infection. Excitingly, GA
contributes to the stimulation of IFN-gamma production by
T cells and exerted a protective effect on mice exposed to a
lethal dose of influenza virus as has been previously shown in vivo
study (Utsunomiya et al,, 1997).

Identifying host genes that are critical to SARS-CoV-2
infection may identify new therapeutic targets and help us
understand the pathogenesis of COVID-19. The superiority of
targeting intracellular molecules rather than viral proteins is that
mutations in the viral genome are unlikely to counteract their
effects. However, the mechanism by which genes other than
HMGBI regulate viral infection remains to be verified. Many
effective drugs work by modulating multiple proteins rather than
a single target. Network pharmacology integrates a variety of
modern publicly available database resources and collects a full
range of biomedical information such as drugs, compounds,
genes, and disease targets to build a multilevel complex
network of drug-target-disease interactions, to reveal the
mechanism of natural compounds from Chinese Medicine that
have multiple components and multiple targets in the human
body. In this way, network pharmacology is becoming the next
paradigm for drug discovery, especially in the field of Chinese
medicine (Hopkins, 2008). Based on this network pharmacology,
we here to explore possible mechanism by which GA affects for
COVID-19 by targeting pivotal inflammatory pathways of the
host triggered by SARS-CoV-2.

MATERIALS AND METHODS
GA Targets and COVID-19-Related Genes

We collected potential targets of GA in various databases,
including SwissTargetPrediction database (STP, version: 2019,
http://www.swisstargetprediction.ch) (Daina et al, 2019),
STITCH (version: 5.0, http://stitch.embl.de/) (Szklarczyk et al.,
2016), PharmMapper (version: 2017, http://www.lilab-ecust.cn/
pharmmapper/) (Wang et al, 2017), and GEO Dataset
(GSE85871 and GSE67504) (Hsiang et al., 2015; Lv et al,
2017), those differentially expressed genes (DEGs) from gene
expression profiles in traditional Chinese medicine components
(GA) were regarded as potential effector targets as well. DEGs for
GSE85871 and GSE67504 datasets were analyzed by GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/). In GEO2R, the
Benjamini and Hochberg false discovery rate (FDR) method is
selected by default and adj-p-value significance level cut-off
is 0.05.

COVID-19-related targets were gathered from DEGs by
analyzing available transcriptomic RNA-seq COVID-19 data

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 631206


https://covid19.who.int/
http://www.swisstargetprediction.ch/
http://stitch.embl.de/
http://www.lilab-ecust.cn/pharmmapper/
http://www.lilab-ecust.cn/pharmmapper/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zheng et al.

Glyeyrrhizic Acid for COVID-19

B
1 GSE 85871
2 GSE 67504 11 (15%)
3 PharmMapper 4(0.6%) 5 (0.8%)
4 STITCH 1 (0.2%) 1{0.2%)
5 SWISS @ 3 (0.6%)
1 GSE 85871 2 GSE 67504

FIGURE 1| (A) Venn diagram based on Draw Venn Diagram Tool, showing the overlapping relationship of GA potential targets from five datasets. (B) Venn diagram
based on FunRich Tool, showing the constituent ratio of GA potential targets from five datasets.

3 PharmMapper

4 STITCH 5 5WIsS

(GSE147507, https://www.ncbi.nlm.nih.gov/geo) (Blanco-Melo
et al,, 2020), it contains three infected primary lung epithelial
samples and three uninfected samples. Screening criteria for
DEGs were FDR < 0.05 and log2FC (absolute) >1, and genes
that met the inclusion criteria will be used in further analysis
(Islam et al., 2020). The common gene identification between GA
targets and COVID-19-related targets were obtained using the
online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/)
and FunRich (http://www.funrich.org/) (Pathan et al., 2015).

Protein-Protein Interaction Analysis and

Network Construction

Common genes were inserted in String database (version 11.0,
https://string-db.org/) (Szklarczyk et al., 2019) for generating PPI
network. Minimum required interaction score was medium
confidence (0.4). The PPI results were analyzed and visualized
through Cytoscape (version: 3.8.1, https://cytoscape.org/)

(Shannon et al., 2003). The cytoHubba software (http://apps.
cytoscape.org/apps/cytohubba)  (Chin et al, 2014) and
CentiScaPe software (version 2.2, http://apps.cytoscape.org/
apps/centiscape) (Scardoni et al., 2009) plugins in Cytoscape
were used to performed network topology analysis.

Gene Ontology and Pathway Enrichment
Analysis

We used the ClueGO (version 2.5.4) (Mlecnik et al., 2019) and
CluePedia (version 1.5.4) (Bindea et al., 2013) to perform Wiki
and KEGG pathway enrichment analysis of GA targets. We chose
two-sided hypergeometric test and bonferroni step down for p
value correction (p < 0.05). GO terms and all the pathways
enrichment including COVID-19 related gene sets and
BioCarta databases were also obtained through Enrichr
(https://maayanlab.cloud/Enrichr/) (Kuleshov et al., 2016) for
the common genes between GA and COVID-19. Enrichr
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FIGURE 2 | (A) KEGG pathways enrichment analysis of GA targets (o values < 0.05) (B) Wiki pathways enrichment analysis of GA targets (p values < 0.05).
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FIGURE 3 | (A) Fourteen shared targets were found common from the 117 DEGs of COVID-19 and 1,125 targets of GA. (B) Protein-protein interactions network

Targets of COVID-19 (177)

performed Fisher exact test for random gene sets and adj.p.value
< 0.05 were regarded as statistically significant.

Analysis of TF (Transcription factor)-Gene
Interactions and TF-miRNA Co-regulatory
Network

NetworkAnalyst tool (version 3.0, https://www.networkanalyst.
ca/) (Zhou et al., 2019) was used to evaluate the TF-gene interplay
with common genes between GA and COVID-19 related targets.
The basic data for the TF-gene interplay network was acquired

from the ENCODE database (https://www.encodeproject.org/).
Only peak intensity signal <500 and the predicted regulatory
potential score <1 were used (by using BETA Minus algorithm)
(Wang et al, 2013). Regarding TF-miRNA co-regulation
network, the interplays for TF-miRNA co-regulation were
collected from the RegNetwork repository database (version
2019, http://www.regnetworkweb.org/) (Liu et al,, 2015) and
we visualized it by using NetworkAnalyst. The current
network will help to disclose miRNAs and TFs that regulated
the shared genes at the post-transcriptional and transcriptional
levels.
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Inferring Upstream Pathway Activity origin of abnormal transcriptome regulation. So we used
Extracting the activity of signal transduction pathways from  SPEED2 (https://speed2.sys-bio.net/) (Rydenfelt et al, 2020) to
transcriptome data is important for inferring the mechanism  infer upstream pathway activity from common genes between GA
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and COVID-19. When providing a list of genes, the Web server
allows inferences about signaling pathways that may cause these
genes to be dysregulated. We tested if average gene rank was shifted
away from 0 using the Bates distribution on [-1, 1].

RESULTS

Target Identification of GA

100 potential targets were predicted from SWISS, 50 from STITCH,
and 283 from PharmMapper. 364 DEGs were identified from
GSE85871, and 389 DEGs from GSE67504 (Supplementary
Table S1). Therefore, 1,125 unique potential targets of GA were

scratched together after the removal of duplications. The GA targets
of each dataset were shown in Figure 1.

Pathway Enrichment Analysis of GA Targets
KEGG pathway enrichment analysis showed that GA targets
involved in 37 pathways. Those targets were meaningfully
enriched in multiple pathways such as RAS, MAPK, PI3K-Akt,
VEGEF, IL-17, and T cell receptor signaling pathways (Figure 2A and
Supplementary Table S2). The 49 enriched Wiki pathways were
involved in estrogen receptor, MAPK, TNF related weak inducer of
apoptosis, IL-7, IL-6, IL-3, B Cell receptor signaling pathway,
signaling of hepatocyte growth factor receptor, and PI3K-Akt-
mTOR-signaling pathways (Figure 2B, Supplementary Table S3).
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FIGURE 6 | Network for transcription factor gene interplay with shared targets.

SERPINB4
TLR2

NI

Protein-Protein Interaction and Network
Analysis

We screened the GSE147507 dataset to identify 177 COVID-19-
associated genes. Compared with GA target, venn diagrams
revealed 14 common targets against COVID-19 (Figure 3A).
The shared targets were loaded in String and the documents
generated by its analysis were re-introduced into Cytoscape for
further network topology analysis and visual representation
(Figure 3B, Supplementary Table S4). Among those common
targets, ICAM1, MMP9,TLR2, and SOCS3 had higher degree
values (Figure 4).

Gene Annotation of Common Targets

We identified 14 shared targets of GA related to COVID-19
(MMP13, SOD2, PPARGCIA, EPSTI1, SOCS3, PDK4, MAOB,
SERPINB4, ICAM1, DNAHY9, CFB, TLR2, TYMP, MMP9).

Enrichr tool was used to perform the analysis of gene set
enrichment including GO terms, pathways and COVID-19
related gene sets. The GO enrichment study illustrated the
three parts (biological process, molecular functions, and
cellular component) of the top 10 GO terms. The pathway
enrichment study illustrated the KEGG, WikiPathways,
Reactome, and BioCarta of the top 10 pathway terms
(Figure 5 and Supplementary Table S5).

TF-Gene Interplays

TF-gene interplays were constructed by NetworkAnalyst tool.
The selected targets of the previous analysis were matched to the
corresponding molecular interaction database. Subnetworks with
at least three nodes were listed and visualized below (Figure 6).
The network consisted of 189 nodes and 325 edges. Targets in the
T-F network were associated with regulating immunity and anti-
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FIGURE 7 | The network presents the transcription factor-miRNA coregulatory network. The nodes in yellow are the shared targets, a purple node displays miRNA

inflammatory effect. ICAM1 was regulated by 69 TF genes and
MMP9 was regulated by 22 TF genes.

TF-miRNA Co-regulation Network

TF-miRNA  co-regulation network was performed by
NetworkAnalyst tool. Subnetworks with at least three nodes
were shown below (Figure 7). The network consisted of 270
nodes and 343 edges. This interplay may be responsible for
regulating the expression of the above shared targets. The
degree of MMP9, ICAM1 and SOCS3 were 35, 31 and 29,
respectively.

Upstream Pathway Activity

SPEED?2 offered an easy method to score signaling activity for sets
of dysregulated genes gained from transcriptome analysis. To
infer the upstream pathway activity from common targets, we
evaluated the consistently up and down-regulated genes after
pathway perturbation, and then we scored the genes. The ranked
lists were determined by p-value, the more significant genes are

up-regulated, the higher the ranking, the most significantly
down-regulated genes matched to the bottom of the list.
Colors showed FDR-adjusted p-values (Figure 8 and
Supplementary Table S6).

DISCUSSION

The results of pathway enrichment analysis showed that the
KEGG and WIKI pathways of GA targets were mainly
involved in multiple inflammation- and immune-related
signaling pathways, including PI3K- AKT, IL-17, and MAPK
signaling pathways, as well as complement and coagulation
cascades and inflammatory mediator regulation. Activation of
the coagulation pathway during the immune response to viral
infection leads to the overproduction of pro-inflammatory
cytokines, which leads to multiple organ damage. The
interplay between inflaimmation and coagulation may
contribute to COVID-19 cytokine storm (Jose and Manuel,
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2020). The sustained inflammatory response caused by SARS-
CoV-2 can cause cytokine storms that lead to activation of
coagulation and complement cascades and this may trigger an
acute respiratory distress syndrome (ARDS) (Wang et al., 2020).
Research revealed that GA is a selective inhibitor of thrombin,
thus it is possible that changes in this pathway impact SARS-
CoV-2 infection process, as has been previously shown for
antithrombotic effect (Mendes-Silva et al., 2003).

GA is a triterpene saponin with various pharmacological
effects. It has been found to inhibit viral replication of SARS-
CoV in vitro, GA has been found to inhibit adsorption and
penetration of the early stages of the viral replication (Cinatl et al.,
2003). Regarding the mechanism underlying the action, nitrous
oxide may be responsible for inhibiting viral replication. Other
studies have shown that inhibiting the TLR-4/NF-«xB signaling
pathway may be a mechanism of GA action, in which
proinflammatory cytokines are inhibited during the initial
phase of the inflammatory response (Lee et al., 2019). GA
inhibited TLR2, which inactivated TLR signaling pathway to
reduce lipopolysaccharide-induced acute lung injury (Kong
et al, 2019). One study indicated that GA inhibits the increase
in inflammatory factors in ALI by regulating the PI3K/AKT/
mTOR pathway (Qu et al., 2019). GA regulated the expression of
inflammatory cytokines and CXCL-2 by blocking the IL-17/
STAT3 pathway, thereby inhibiting neutrophil airway
inflammation (Kim et al, 2020). GA alleviated the
inflammation by reducing neutrophil and macrophage
infiltration in lung tissue and the multiple cytokines including
HMGBI, TNF-q, IL-1f, IL-6, and IL-8 in serum and lung tissue
(Yao and Sun, 2019). Because reactive oxygen species (ROS) play
a key role in the inflammatory response, antioxidants may also be
useful against cytokine storms caused by infections (Liu et al,
2016), and GA has a pronounced ROS quenching activity,
blocking the cascade of incidents including MAPK pathway

and cell death (Farrukh et al., 2015). Furthermore, GA itself
has the properties of anti-inflammatory via TLR4 antagonism so
as to compensate for the reduced protection of ACE2
downregulation (Murck, 2020). These mutually dependent
results indicated that GA may have therapeutic benefits for
COVID-19 by targeting several core inflammatory pathways of
the host triggered by SARS-CoV-2, as has been previously shown
for anti-inflammation effect in ARDS and ALL

Regarding the key targets of GA for COVID-19. Compared
with the analysis of SARS-CoV-2 affected lung tissue samples, we
obtained 14 common targets of GA against COVID-19 (MMP13,
SOD2, PPARGCI1A, EPSTII1, SOCS3, PDK4, MAOB, SERPINB4,
ICAM1, DNAHY, CFB, TLR2, TYMP, MMP?9), those overlapping
targets of GA-related targets and SARS-CoV-2 DEGs were
considered as potential targets, the results of protein-protein
interaction and network analysis showed that ICAM1, MMP9,
TLR2, and SOCS3 had higher degree values, which may be core
targets of GA for COVID-19 treatment. Then we picked those 14
targets into Enrichr tool to perform gene annotation.

A basic element in our study was harnessing common targets
between GA and COVID-19 to develop a more extended
therapeutic hypothesis. Our study suggests that ICAMI,
MMP9, TLR2, and SOCS3 are a promising intervention target:
SARS-CoV-2 infection aggravates the endothelin induction in
multiple organs of COVID-19 patients via viral involvement in
the host inflammatory and immune response, and the presence of
elements within endothelial cells and the gathering of
inflammatory cells (Varga et al.,, 2020). The results of clinical
research suggested that in severe COVID-19 patients,
intercellular adhesion molecule 1 (ICAM-1), also known as
cluster of differentiation 54 (CD54), was significantly elevated,
but it was reduced during the recovery period. The increased
expression of endothelial cell adhesion molecules like ICAM1 is
related to the severity of COVID-19 and may lead to coagulation
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dysfunction (Tong et al, 2020). Activated endothelial cells
contribute to the expression of ICAM-1, which may attract
leukocytes in addition to transmitting intracellular signals,
resulting in a sustained pro-inflammatory state. The
continuing inflammatory signals of these adhesion molecules
can also cause thrombotic events (Nagashima et al., 2020).

The hub node MMP9 is an immunogenic protease related to
cell-matrix degradation. It was initially thought that the main
function of matrix metalloproteinases (MMPs) was to degrade
various components of the extracellular matrix (ECM), but recent
studies have shown that they were important regulators of signal
transduction networks in extracellular tissues (Loffek et al., 2011).
Macrophages produce many inflammation-associated molecules,
released by MMPs, such as adhesion molecules and cytokines (Li
K. et al, 2020). MMP9 producing mononuclear cells enable
T cells to invade the vascular wall and trigger vasculitis. The
production of proinflammatory cytokines and vascular
inflammation was mediated through TLRs, NLRs and other
pattern recognition receptors. Particularly, viral particles of
SARS-CoV-2 infection may contribute to TLRs activation
directly or indirectly (Biswas and Khan, 2020). SARS-CoV-2-
mediated TLRs activation was blamed for the later activation of
the extrinsic coagulation pathway, which ultimately resulted in
thrombosis.

In GO BP analysis, response to reactive oxygen species (ROS)
significantly enriched. Interestingly, it has been
demonstrated that GA exerts an anti-inflammatory effect by
reducing ROS production in neutrophils (Akamatsu et al,
1991). The current cellular components analysis of GO
enrichment displayed the connection of MMP9 with function
of lumens releasing tertiary granules. We found that the MMP9
was related to serine protease activities in molecular function
aspect. Those results were consistent with previous researches
(Cassatella et al., 2019). TLR-2, TLR-3, and TLR-4 activation by
SARS-CoV-2 triggered the release procedure of IL-1B. The
binding of it to TLRs contributed to the release of pro-IL-1p,
the activation of inflammatory, and the production of mature IL-
1B. What's more, plasmin activated MMP9 in monocytes and
macrophages level, all of these further responds with TLR9
signaling to induce the generation of TNF that caused the
expansion of cytokine storm (Gomez-Salinero and Rafii, 2017).

Regarding the pathway enrichment analysis, the present
study shows that the IL-17, IL-6, TNF-a, and IFN signals,
complement system, and growth factor receptor signaling were
major pathways by which GA targets COVID-19. In ARDS, by
stimulating the production of pro-inflammatory mediators, IL-
17 increased the damage to lung parenchyma through the
recruitment of maladaptive neutrophils (Muir et al., 2016).
What’s more, the addition of exogenous IL-17 further
aggravated the production of TNF, IL-1p, IL-6, and CXCL2
induced by LPS. These analyses showed that IL-17 can be used
not only as a biomarker of disease severity but also as a
potential therapeutic target to reduce SARS-CoV-2,
particularly the damage to the lungs (Pacha et al., 2020). IL-
6 levels are associated with respiratory failure and poor
prognosis. Most studies hold the view of blocking IL-6 and
other signals and cytokines in the early period was beneficial for
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specific and adverse immune responses in COVID-19 patients
(Copaescu et al,, 2020). The complement system plays an
important role in the innate immune response to all viruses
including SARS-CoV-2, which is also an attractive therapeutic
target in COVID-19 by decreasing the severity and end-organ
outcomes of this kind of response (Risitano et al., 2020). The
formation of IFNs is a universal host response after viral
infection. IFN signals are the primary and front line signals,
which launch a fast antiviral response in host cells (Catanzaro
et al., 2020). Well known that TNF-a, performing as a
megaphone of inflammation, is crucial in nearly all kinds of
acute inflammatory responses, including COVID-19. TNF-a
serum levels in SARS-CoV-2 infection served as independent
and sensitive predictors of disorders severity and mortality (Del
Valle et al., 2020). Inhibiting the growth factor receptor
signaling pathway may prevent SARS-CoV-2 replication,
which suggested practical strategies for COVID-19 treatment
(Klann et al., 2020). From those KEGG and WIKI pathway
terms, results showed that targets of GA were significantly
enriched in these pathways. Therefore, in the future clinical
management of severe COVID-19 cases, the regulations of the
mechanism behind the inflammation immune dysregulation of
GA against SARS-CoV-2 might give us therapy clues for
preventing the transition from mild to severe stages (Li H.
et al., 2020).

TF gene interplay was gained with the 14 shared targets. The
TF genes served as regulators in accordance with genetic
expressions. In this study, we found that ICAM1, MMP9, and
TLR2 showed a high interplay degree with other TF genes. The
degree of ICAMLI in this network is 69. Among the regulators in
the TF gene interaction network, STAT3 and MMP9 together
with TLR2 have significant interaction. STAT3 transcriptionally
induces suppressor both SOCS1 and SOCS3, which later inhibit
JAKs activity, and the viral components of SARS-CoV-2 induce
compensatory hyperactivation of STAT3, which may lead to
thrombosis, so an abnormal STAT signaling pathway is
considerable in SARS-CoV-2 infection (Matsuyama et al,
2020). This pathological phenomenon toward STAT3 may
contribute to the clinical manifestations most common with
COVID-19 patients in the hospital, such as coagulopathy,
proinflammatory status, profibrotic condition, and T cell
lymphopenia. Based on the shared targets, we generated the
TF-miRNA  co-regulatory network that involved the
interaction of miRNAs and TF genes. We found that
PPARGCIA had the highest degree. The protein of this gene
is a transcriptional co-activator that can regulate genes related to
energy metabolism, so that the protein interacts with a variety of
transcription factors, and may also participate in the control of
blood pressure and the homeostasis of cellular cholesterol. The
regulation of TF genes is finished by binding with targeted genes
and miRNAs, they are able to regulate gene expression through
mRNA degradation (Zhang et al, 2015). At last, we scored
signaling activity for dysregulated genes obtained from the
above network analysis. We found the majority of common
targets between GA and COVID-19 to be upregulated in the
IL-1, VEGF, JAK-STAT, TNFaq, and TLR pathway families. This
was consistent with our other research conclusions.
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Taken together, our integrative study identified essential targets
of GA in COVID-19. The discovery of vital signal pathways that
reformed during SARS-CoV-2 infection may help reveal the most
meaningful molecular protein interaction that mediates viral
infections (Catanzaro et al., 2020). Currently, a limited number of
vaccines have been approved and the process of vaccination is going
or being planned in few countries (Rabaan et al., 2020). Potential
effective therapeutic agents are desperately needed in future clinical
practice. Targeting pathways triggered by SARS-CoV-2 infection is
an appropriate strategy for the treatment of COVID-19. It also
inhibits cytopathic effects. Fortunately, GA may exert a therapeutic
function in COVID-19 by suppressing SARS-CoV-2 infection
through its combination of antioxidative, antiviral, and anti-
inflammatory effects, especially activation of the immune system.

CONCLUSION

We used network pharmacology and bioinformatic analysis to
determine the pharmacological mechanism by which GA affects
COVID-19. GA may be a suitable molecular drug for
ameliorating excessive inflammation triggered by SARS-CoV-2
through inhibition of the IL-17, IL-6, and TNF-a signaling
pathways. Although solid proof of GA application on COVID-
19 remains unclear, the anti-inflammatory and antiviral effects of
GA have been proven in SARS-CoV related and other numerous
studies. We found that targeting critical inflammatory pathways
of SARS-CoV-2 infection may provide a suitable strategy to tackle
the cytokine storms produced by COVID-19. The natural
product GA is likely to be beneficial for the patients. However,
the study of mechanisms should be based on the confirmed effect
of GA on COVID-19 and SARS-CoV-2. These results need
immediate further strategies like further experimental
validation. This will contribute a lot for GA to be a successful
molecular drug against the COVID-19 pandemic.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

WZ conceived and designed the work; XH and YL collected the
data and performed the analysis; WZ wrote the original draft; XL,
Y] and SZ reviewed and revised the manuscript. All authors
approved and agreed to be responsible for all aspects of the work.

FUNDING

This research was funded by grants from the the Natural Science
Foundation of Guangdong Province (Grant No0.2017A030310129),
the Key-Area Research and Development Program of Guangdong

Glycyrrhizic Acid for COVID-19

Province (Grant No. 2020B1111100002), the National Natural Science
Foundation of China (Grant No. 81973814 and No0.81904132), the
Natural Science Foundation of Guangdong Province (Grant
No0.2020A1515010589), the LX Famous Traditional Chinese
Medicine Inheritance Studio from the Traditional Chinese
Medicine Bureau of Guangdong Province (Grant No. 201805),
Construction Project of the respiratory department National
Clinical Medical Research Center (Grant No. 2110200309), 2018
Guangzhou University of Chinese Medicine National University
Student Innovation and Entrepreneurship Training Project (Grant
No. 201810572038), and 2020 National College Student Innovation
and Entrepreneurship Training Project of Guangzhou University of
Chinese Medicine (Grant No. 202010572001), the Student Learning
Team Incubation Project of Innovation Academy from The First
Affiliated Hospital of Guangzhou University of Chinese Medicine
(Grant No. 2018XXTD003), and the Technology Research of
COVID-19 Treatment and Prevention and Special Project of
Traditional Chinese Medicine Application-Research on the
platform construction for the prevention and treatment of viral
infectious diseases with traditional Chinese medicine (Grant No.
2020KJCX-KTY]J-130).

ACKNOWLEDGMENTS

We thank the following outstanding researchers for their
generous and selfless disclosure of their research data on
Chinese medicine components and SARS-CoV-2 infection. Lv
C, Wu X, Wang X, et al. (GA-related targets, GSE85871, PMID
28336967). Hsiang CY, Lin L], Kao ST, et al. (GA-related targets,
GSE67504, PMID 26141764). Islam T, Rahman MR, Aydin B,
et al. (COVID-19 related genes, GSE147507, PMID 32971089).
Blanco-Melo D, Nilsson-Payant BE, Liu WC, et al. (COVID-19
related genes, GSE147507, PMID 32416070). We thank LetPub
(www.letpub.com) for its linguistic assistance during the
preparation of this manuscript. We thank the SCI Writing
Program at GZUCM 2020 for its valuable assistance. We
thank the English courses for Ph. D. candidates of SCI paper
writing of Guangzhou University of Chinese Medicine in 2020
(We thank the English teachers Shuaishuai Liu and Guoqi Shi).
We thank our team leader professor Xiaohong Liu.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.631206/
full#supplementary-material

SUPPLEMENTARY TABLE 1 | GA targets from five databases.
SUPPLEMENTARY TABLE 2 | KEGG pathways enrichment result of GA targets.
SUPPLEMENTARY TABLE 3 | WikiPathways enrichment result of GA targets.

SUPPLEMENTARY TABLE 4 | Protein-protein interaction analysis network of
common targets.

SUPPLEMENTARY TABLE 5 | Gene annotation of common targets.

SUPPLEMENTARY TABLE 6 | Pathway activity ranking.

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 631206


http://www.letpub.com
https://www.frontiersin.org/articles/10.3389/fphar.2021.631206/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.631206/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zheng et al.

REFERENCES

Akamatsu, H., Komura, J., Asada, Y., and Niwa, Y. (1991). Mechanism of anti-
inflammatory action of glycyrrhizin: effect on neutrophil functions including
reactive oxygen species generation. Planta Med. 57, 119-121. doi:10.1055/s-
2006-960045

Andersson, U., Ottestad, W., and Tracey, K. J. (2020). Extracellular HMGBI: a
therapeutic target in severe pulmonary inflammation including COVID-19?
Mol. Med. 26, 42. doi:10.1186/s10020-020-00172-4

Bailly, C., and Vergoten, G. (2020). Glycyrrhizin: an alternative drug for the
treatment of COVID-19 infection and the associated respiratory syndrome?
Pharmacol. Ther. 214, 107618. doi:10.1016/j.pharmthera.2020.107618

Bindea, G., Galon, J., and Mlecnik, B. (2013). CluePedia Cytoscape plugin: pathway
insights using integrated experimental and in silico data. Bioinformatics 29,
661-663. doi:10.1093/bioinformatics/btt019

Biswas, I, and Khan, G. A. (2020). Coagulation disorders in COVID-19: role of
toll-like receptors. J. Inflamm. Res. 13, 823-828. doi:10.2147/jir.s271768

Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W. C,, Uhl, S., Hoagland, D., Moller,
R, et al. (2020). Imbalanced host response to SARS-CoV-2 drives development
of COVID-19. Cell 181, 1036-1045. doi:10.1016/j.cell.2020.04.026

Cassatella, M. A., C)stberg, N. K., Tamassia, N., and Soehnlein, O. (2019). Biological
roles of neutrophil-derived granule proteins and cytokines. Trends Immunol.
40, 648-664. doi:10.1016/}.it.2019.05.003

Catanzaro, M., Fagiani, F., Racchi, M., Corsini, E., Govoni, S., and Lanni, C. (2020).
Immune response in COVID-19: addressing a pharmacological challenge by
targeting pathways triggered by SARS-CoV-2. Signal Transduct. Target. Ther. 5,
84. doi:10.1038/s41392-020-0191-1

Chen, L., Hu, C,, Hood, M., Zhang, X., Zhang, L., Kan, J., et al. (2020a). A novel
combination of vitamin C, curcumin and glycyrrhizic acid potentially regulates
immune and inflammatory response associated with coronavirus infections: a
perspective from system biology analysis. Nutrients 12, 1193. doi:10.3390/
nul2041193

Chen, L,, Long, X,, Xu, Q., Tan, J., Wang, G., Cao, Y., et al. (2020b). Elevated serum
levels of S100A8/A9 and HMGBI1 at hospital admission are correlated with
inferior clinical outcomes in COVID-19 patients. Cell Mol. Immunol. 17,
992-994. doi:10.1038/s41423-020-0492-x

Chin, C. H,, Chen, S. H., Wu, H. H., Ho, C. W., Ko, M. T., and Lin, C. Y. (2014).
cytoHubba: identifying hub objects and sub-networks from complex
interactome. BMC Syst. Biol. 8 (Suppl. 4), S11. d0i:10.1186/1752-0509-8-s4-s11

Chu, M., Tsang, M. S., He, R., Lam, C. W., Quan, Z. B., and Wong, C. K. (2020). The
active compounds and therapeutic mechanisms of pentaherbs formula for oral
and topical treatment of atopic dermatitis based on network pharmacology.
Plants 9, 1166. doi:10.3390/plants9091166

Cinatl, J., Morgenstern, B., Bauer, G., Chandra, P., Rabenau, H., and Doerr, H. W.
(2003). Glycyrrhizin, an active component of liquorice roots, and replication of
SARS-associated coronavirus. Lancet 361, 2045-2046. doi:10.1016/s0140-
6736(03)13615-x

Copaescu, A., Smibert, O., Gibson, A., Phillips, E.J., and Trubiano, J. A. (2020). The
role of IL-6 and other mediators in the cytokine storm associated with SARS-
CoV-2 infection. J. Allergy Clin. Immunol. 146, 518-534. doi:10.1016/j.jaci.
2020.07.001

Daina, A., Michielin, O., and Zoete, V. (2019). SwissTargetPrediction:
updated data and new features for efficient prediction of protein
targets of small molecules. Nucleic Acids Res. 47, W357-W364. doi:10.
1093/nar/gkz382

Del Valle, D. M., Kim-Schulze, S., Huang, H. H., Beckmann, N. D., Nirenberg, S.,
Wang, B,, et al. (2020). An inflammatory cytokine signature predicts COVID-19
severity and survival. Nat. Med. 26, 1636-1643. doi:10.1038/s41591-020-1051-9

Di Paola, R., Menegazzi, M., Mazzon, E., Genovese, T., Crisafulli, C., Dal Bosco, M.,
et al. (2009). Protective effects of glycyrrhizin in a gut hypoxia (ischemia)-
reoxygenation (reperfusion) model. Intensive Care Med. 35, 687-697. doi:10.
1007/s00134-008-1334-y

Farrukh, M. R., Nissar, U. A., Kaiser, P. J., Afnan, Q., Sharma, P. R, Bhushan, S.,
et al. (2015). Glycyrrhizic acid (GA) inhibits reactive oxygen Species mediated
photodamage by blocking ER stress and MAPK pathway in UV-B irradiated
human skin fibroblasts. J. Photochem. Photobiol. B Biol. 148, 351-357. doi:10.
1016/j.jphotobiol.2015.05.003

Glyeyrrhizic Acid for COVID-19

Gomez-Salinero, J. M., and Rafii, S. (2017). Plasmin regulation of acute cytokine
storm. Blood 130, 5-6. doi:10.1182/blood-2017-04-776385

Hopkins, A. L. (2008). Network pharmacology: the next paradigm in drug
discovery. Nat. Chem. Biol. 4, 682-690. doi:10.1038/nchembio.118

Hsiang, C. Y., Lin, L. ], Kao, S. T,, Lo, H. Y., Chou, S. T., and Ho, T. Y. (2015).
Glycyrrhizin, silymarin, and ursodeoxycholic acid regulate a common
hepatoprotective pathway in HepG2 cells. Phytomed. Int. ]. Pytother.
Phytopharm. 22, 768-777. doi:10.1016/j.phymed.2015.05.053

Huang, Y. F, Bai, C,, He, F,, Xie, Y., and Zhou, H. (2020). Review on the potential
action mechanisms of Chinese medicines in treating Coronavirus disease 2019
(COVID-19). Pharmacol. Res. 158, 104939. doi:10.1016/j.phrs.2020.104939

Islam, T., Rahman, M. R., Aydin, B., Beklen, H., Arga, K. Y., and Shahjaman, M.
(2020). Integrative transcriptomics analysis of lung epithelial cells and
identification of repurposable drug candidates for COVID-19. Eur.
J. Pharmacol. 887, 173594. doi:10.1016/j.ejphar.2020.173594

Jose, R. J., and Manuel, A. (2020). COVID-19 cytokine storm: the interplay
between inflammation and coagulation. Lancet Respir. Med. 8, e46-e47.
doi:10.1016/s2213-2600(20)30216-2

Kim, S. H., Hong, J. H., Yang, W. K,, Geum, J. H,, Kim, H. R,, Choi, S. Y, et al.
(2020). Herbal combinational medication of glycyrrhiza glabra, agastache
rugosa containing glycyrrhizic acid, tilianin inhibits neutrophilic lung
inflammation by affecting CXCL2, interleukin-17/STAT3 signal pathways in
a murine model of COPD. Nutrients 12, 926. doi:10.3390/nu12040926

Klann, K., Bojkova, D., Tascher, G., Ciesek, S., Miinch, C., and Cinatl, J. (2020).
Growth factor receptor signaling inhibition prevents SARS-CoV-2 replication.
Mol. Cell 80, 164-174. doi:10.1016/j.molcel.2020.08.006

Kong, D., Wang, Z., Tian, J., Liu, T., and Zhou, H. (2019). Glycyrrhizin inactivates
toll-like receptor (TLR) signaling pathway to reduce lipopolysaccharide-
induced acute lung injury by inhibiting TLR2. J. Cell Physiol. 234,
4597-4607. doi:10.1002/jcp.27242

Kuleshov, M. V., Jones, M. R, Rouillard, A. D., Fernandez, N. F., Duan, Q., Wang,
Z., et al. (2016). Enrichr: a comprehensive gene set enrichment analysis web
server 2016 update. Nucleic Acids Res. 44, W90-W97. doi:10.1093/nar/gkw377

Lee, S. A, Lee, S. H,, Kim, J. Y,, and Lee, W. S. (2019). Effects of glycyrrhizin on
lipopolysaccharide-induced acute lung injury in a mouse model. J. Thorac. Dis.
11, 1287-1302. doi:10.21037/jtd.2019.04.14

Li, H.,Hu, Y., Tang, H, Li, S., Ding, H., Zhai, S., et al. (2020). The potential of
glycyrrhizinate in the management of COVID-19: a systematic review of
the efficacy and safety of glycyrrhizin preparations in the treatment of
SARS and MERS. Am. J. Chin. Med. 48, 1539-1552. doi:10.1142/
s0192415x20500767

Li, K, Tay, F. R., and Yiu, C. K. Y. (2020). The past, present and future perspectives
of matrix metalloproteinase inhibitors. Pharmacol. Ther. 207, 107465. doi:10.
1016/j.pharmthera.2019.107465

Li, R, Wu, K, Li, Y,, Liang, X, Lai, K. P., and Chen, J. (2020). Integrative
pharmacological mechanism of vitamin C combined with glycyrrhizic acid
against COVID-19: findings of bioinformatics analyses. Brief. Bioinform. 2020,
bbaal41. doi:10.1093/bib/bbaal41l

Liu, Q,, Zhou, Y. H., and Yang, Z. Q. (2016). The cytokine storm of severe influenza
and development of immunomodulatory therapy. Cell Mol. Immunol. 13, 3-10.
doi:10.1038/cmi.2015.74

Liu, Z. P, Wu, C,, Miao, H., and Wu, H. (2015). RegNetwork: an integrated
database of transcriptional and post-transcriptional regulatory networks in
human and mouse. Database J. Biol. Databases Curation 2015, bav095. doi:10.
1093/database/bav095

Loffek, S., Schilling, O., and Franzke, C. W. (2011).
metalloproteinases in lung health and disease”™: biological role of matrix
metalloproteinases: a critical balance. Eur. Respir. J. 38, 191-208. doi:10.
1183/09031936.00146510

Lv, C., Wu, X., Wang, X, Su, J., Zeng, H., Zhao, ], et al. (2017). The gene expression
profiles in response to 102 traditional Chinese medicine (TCM) components: a
general template for research on TCMs. Sci. Rep. 7, 352. doi:10.1038/s41598-
017-00535-8

Matsuyama, T., Kubli, S. P., Yoshinaga, S. K., Pfeffer, K., and Mak, T. W. (2020). An
aberrant STAT pathway is central to COVID-19. Cell Death Differ. 27 (12),
3209-3225. doi:10.1038/s41418-020-00633-7

Mendes-Silva, W., Assafim, M., Ruta, B., Monteiro, R. Q., Guimaraes, J. A., and
Zingali, R. B. (2003). Antithrombotic effect of Glycyrrhizin, a plant-derived

Series “matrix

Frontiers in Pharmacology | www.frontiersin.org

13

June 2021 | Volume 12 | Article 631206


https://doi.org/10.1055/s-2006-960045
https://doi.org/10.1055/s-2006-960045
https://doi.org/10.1186/s10020-020-00172-4
https://doi.org/10.1016/j.pharmthera.2020.107618
https://doi.org/10.1093/bioinformatics/btt019
https://doi.org/10.2147/jir.s271768
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.it.2019.05.003
https://doi.org/10.1038/s41392-020-0191-1
https://doi.org/10.3390/nu12041193
https://doi.org/10.3390/nu12041193
https://doi.org/10.1038/s41423-020-0492-x
https://doi.org/10.1186/1752-0509-8-s4-s11
https://doi.org/10.3390/plants9091166
https://doi.org/10.1016/s0140-6736(03)13615-x
https://doi.org/10.1016/s0140-6736(03)13615-x
https://doi.org/10.1016/j.jaci.2020.07.001
https://doi.org/10.1016/j.jaci.2020.07.001
https://doi.org/10.1093/nar/gkz382
https://doi.org/10.1093/nar/gkz382
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1007/s00134-008-1334-y
https://doi.org/10.1007/s00134-008-1334-y
https://doi.org/10.1016/j.jphotobiol.2015.05.003
https://doi.org/10.1016/j.jphotobiol.2015.05.003
https://doi.org/10.1182/blood-2017-04-776385
https://doi.org/10.1038/nchembio.118
https://doi.org/10.1016/j.phymed.2015.05.053
https://doi.org/10.1016/j.phrs.2020.104939
https://doi.org/10.1016/j.ejphar.2020.173594
https://doi.org/10.1016/s2213-2600(20)30216-2
https://doi.org/10.3390/nu12040926
https://doi.org/10.1016/j.molcel.2020.08.006
https://doi.org/10.1002/jcp.27242
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.21037/jtd.2019.04.14
https://doi.org/10.1142/s0192415x20500767
https://doi.org/10.1142/s0192415x20500767
https://doi.org/10.1016/j.pharmthera.2019.107465
https://doi.org/10.1016/j.pharmthera.2019.107465
https://doi.org/10.1093/bib/bbaa141
https://doi.org/10.1038/cmi.2015.74
https://doi.org/10.1093/database/bav095
https://doi.org/10.1093/database/bav095
https://doi.org/10.1183/09031936.00146510
https://doi.org/10.1183/09031936.00146510
https://doi.org/10.1038/s41598-017-00535-8
https://doi.org/10.1038/s41598-017-00535-8
https://doi.org/10.1038/s41418-020-00633-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zheng et al.

thrombin inhibitor. Thromb. Res. 112, 93-98. d0i:10.1016/j.thromres.2003.
10.014

Mlecnik, B., Galon, J., and Bindea, G. (2019). Automated exploration of gene
ontology term and pathway networks with ClueGO-REST. Bioinformatics 35,
3864-3866. doi:10.1093/bioinformatics/btz163

Muir, R,, Osbourn, M., Dubois, A. V., Doran, E., Small, D. M., Monahan, A, et al.
(2016). Innate lymphoid cells are the predominant source of IL-17a during the
early pathogenesis of acute respiratory distress syndrome. Am. J. Respir. Crit.
Care Med. 193, 407-416. doi:10.1164/rccm.201410-17820c

Murck, H. (2020). Symptomatic protective action of glycyrrhizin (licorice) in
COVID-19 infection? Front. Immunol. 11, 1239. doi:10.3389/fimmu.2020.
01239

Nagashima, S., Mendes, M. C., Camargo Martins, A. P., Borges, N. H., Godoy, T.
M., Miggiolaro, A., et al. (2020). Endothelial dysfunction and thrombosis in
patients with COVID-19-brief report. Atvb 40, 2404-2407. doi:10.1161/
atvbaha.120.314860

Pacha, O., Sallman, M. A., and Evans, S. E. (2020). COVID-19: a case for inhibiting
IL-172 Nat. Rev. Immunol. 20, 345-346. doi:10.1038/s41577-020-0328-2

Pathan, M., Keerthikumar, S., Ang, C. S., Gangoda, L., Quek, C. Y., Williamson, N.
A, etal. (2015). FunRich: an open access standalone functional enrichment and
interaction network analysis tool. Proteomics 15, 2597-2601. doi:10.1002/pmic.
201400515

Patil, R, Chikhale, R., Khanal, P., Gurav, N., Ayyanar, M., Sinha, S., et al. (2021).
Computational and network pharmacology analysis of bioflavonoids as possible
natural antiviral compounds in COVID-19. Inform. Med. 22, 100504. doi:10.
1016/j.imu.2020.100504

Pompei, R, Flore, O., Marccialis, M. A., Pani, A, and Loddo, B. (1979).
Glycyrrhizic acid inhibits virus growth and inactivates virus particles.
Nature 281, 689-690. doi:10.1038/281689a0

Qu, L., Chen, C., He, W., Chen, Y., Li, Y., Wen, Y., et al. (2019). Glycyrrhizic acid
ameliorates LPS-induced acute lung injury by regulating autophagy through the
PI3K/AKT/mTOR pathway. Am. J. Transl. Res. 11 (4), 2042-2055.

Rabaan, A. A., Al-Ahmed, S. H., Sah, R., Al-Tawfig, J. A., Al-Qaaneh, A. M., Al-
Jamea, L. H., et al. (2020). Recent advances in vaccine and immunotherapy for
COVID-19. Hum. Vaccin. Immunother. 16, 3011-3022. doi:10.1080/21645515.
2020.1825896

Risitano, A. M., Mastellos, D. C., Huber-Lang, M., Yancopoulou, D., Garlanda, C.,
Ciceri, F., et al. (2020). Complement as a target in COVID-19? Nat. Rev.
Immunol. 20, 343-344. doi:10.1038/s41577-020-0320-7

Rydenfelt, M., Klinger, B., Klunemann, M., and Bluthgen, N. (2020). SPEED2:
inferring upstream pathway activity from differential gene expression. Nucleic
Acids Res. 48, W307-W312. doi:10.1093/nar/gkaa236

Scardoni, G., Petterlini, M., and Laudanna, C. (2009). Analyzing biological network
parameters with CentiScaPe. Bioinformatics 25, 2857-2859. doi:10.1093/
bioinformatics/btp517

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S, Wang, J. T., Ramage, D, et al.
(2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498-2504. doi:10.1101/
gr.1239303

Siddiqui, A. J., Danciu, C., Ashraf, S. A., Moin, A., Singh, R., Alreshidi, M., et al.
(2020). Plants-Derived biomolecules as potent antiviral phytomedicines: new
insights on ethnobotanical evidences against coronaviruses. Plants 9, 1244.
doi:10.3390/plants9091244

SzKlarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al.
(2019). STRING vl11: protein-protein association networks with increased

Glyeyrrhizic Acid for COVID-19

coverage, supporting functional discovery in genome-wide experimental
datasets. Nucleic Acids Res. 47, D607-D613. doi:10.1093/nar/gky1131

SzKlarczyk, D., Santos, A., von Mering, C., Jensen, L. J., Bork, P., and Kuhn, M.
(2016). Stitch 5: augmenting protein-chemical interaction networks with tissue
and affinity data. Nucleic Acids Res. 44, D380-D384. doi:10.1093/nar/gkv1277

Tong, M., Jiang, Y., Xia, D., Xiong, Y., Zheng, Q., Chen, F,, et al. (2020). Elevated
expression of serum endothelial cell adhesion molecules in COVID-19 patients.
J. Infect. Dis. 222, 894-898. doi:10.1093/infdis/jiaa349

Utsunomiya, T., Kobayashi, M., Pollard, R. B., and Suzuki, F. (1997). Glycyrrhizin,
an active component of licorice roots, reduces morbidity and mortality of mice
infected with lethal doses of influenza virus. Antimicrob. Agents Chemother. 41,
551-556. doi:10.1128/aac.41.3.551

Varga, Z., Flammer, A. J,, Steiger, P., Haberecker, M., Andermatt, R., Zinkernagel,
A. S, et al. (2020). Endothelial cell infection and endotheliitis in COVID-19.
Lancet 395, 1417-1418. doi:10.1016/s0140-6736(20)30937-5

Wang, D., Hu, B, Hu, C, Zhu, F, Liu, X., Zhang, J., et al. (2020). Clinical
characteristics of 138 hospitalized patients with 2019 novel coronavirus-
infected pneumonia in wuhan, China. Jama 323, 1061-1069. doi:10.1001/
jama.2020.1585

Wang, S., Sun, H., Ma, ], Zang, C., Wang, C., Wang, J., et al. (2013). Target analysis
by integration of transcriptome and ChIP-seq data with BETA. Nat. Protoc. 8,
2502-2515. doi:10.1038/nprot.2013.150

Wang, X., Shen, Y., Wang, S., Li, S., Zhang, W,, Liu, X,, et al. (2017). PharmMapper
2017 update: a web server for potential drug target identification with a
comprehensive target pharmacophore database. Nucleic Acids Res. 45,
W356-W360. doi:10.1093/nar/gkx374

Wei, J., Alfajaro, M. M., DeWeirdt, P. C., Hanna, R. E., Lu-Culligan, W. J., Cai, W.
L., et al. (2020). Genome-wide CRISPR screens reveal host factors critical for
SARS-CoV-2 infection. Cell 184, 76-91. doi:10.1016/j.cell.2020.10.028

Yao, L., and Sun, T. (2019). Glycyrrhizin administration ameliorates Streptococcus
aureus-induced acute lung injury. Int. Immunopharmacol. 70, 504-511. doi:10.
1016/j.intimp.2019.02.046

Yu, S, Zhu, Y., Xu, ], Yao, G., Zhang, P., Wang, M, et al. (2020). Glycyrrhizic acid
exerts inhibitory activity against the spike protein of SARS-CoV-2. Phytomedicine,
153364, 2020 [Epub ahead of print]. doi:10.1016/j.phymed.2020.153364

Zhang, H. M., Kuang, S., Xiong, X., Gao, T., Liu, C, and Guo, A. Y. (2015).
Transcription factor and microRNA co-regulatory loops: important regulatory
motifs in biological processes and diseases. Brief. Bioinform. 16, 45-58. doi:10.
1093/bib/bbt085

Zhou, G., Soufan, O., Ewald, J., Hancock, R. E. W., Basu, N., and Xia, J. (2019).
NetworkAnalyst 3.0: a visual analytics platform for comprehensive gene
expression profiling and meta-analysis. Nucleic Acids Res. 47, W234-W241.
doi:10.1093/nar/gkz240

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zheng, Huang, Lai, Liu, Jiang and Zhan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

14

June 2021 | Volume 12 | Article 631206


https://doi.org/10.1016/j.thromres.2003.10.014
https://doi.org/10.1016/j.thromres.2003.10.014
https://doi.org/10.1093/bioinformatics/btz163
https://doi.org/10.1164/rccm.201410-1782oc
https://doi.org/10.3389/fimmu.2020.01239
https://doi.org/10.3389/fimmu.2020.01239
https://doi.org/10.1161/atvbaha.120.314860
https://doi.org/10.1161/atvbaha.120.314860
https://doi.org/10.1038/s41577-020-0328-z
https://doi.org/10.1002/pmic.201400515
https://doi.org/10.1002/pmic.201400515
https://doi.org/10.1016/j.imu.2020.100504
https://doi.org/10.1016/j.imu.2020.100504
https://doi.org/10.1038/281689a0
https://doi.org/10.1080/21645515.2020.1825896
https://doi.org/10.1080/21645515.2020.1825896
https://doi.org/10.1038/s41577-020-0320-7
https://doi.org/10.1093/nar/gkaa236
https://doi.org/10.1093/bioinformatics/btp517
https://doi.org/10.1093/bioinformatics/btp517
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3390/plants9091244
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gkv1277
https://doi.org/10.1093/infdis/jiaa349
https://doi.org/10.1128/aac.41.3.551
https://doi.org/10.1016/s0140-6736(20)30937-5
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/nprot.2013.150
https://doi.org/10.1093/nar/gkx374
https://doi.org/10.1016/j.cell.2020.10.028
https://doi.org/10.1016/j.intimp.2019.02.046
https://doi.org/10.1016/j.intimp.2019.02.046
https://doi.org/10.1016/j.phymed.2020.153364
https://doi.org/10.1093/bib/bbt085
https://doi.org/10.1093/bib/bbt085
https://doi.org/10.1093/nar/gkz240
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Glycyrrhizic Acid for COVID-19: Findings of Targeting Pivotal Inflammatory Pathways Triggered by SARS-CoV-2
	Introduction
	Materials and Methods
	GA Targets and COVID-19-Related Genes
	Protein-Protein Interaction Analysis and Network Construction
	Gene Ontology and Pathway Enrichment Analysis
	Analysis of TF (Transcription factor)-Gene Interactions and TF-miRNA Co-regulatory Network
	Inferring Upstream Pathway Activity

	Results
	Target Identification of GA
	Pathway Enrichment Analysis of GA Targets
	Protein-Protein Interaction and Network Analysis
	Gene Annotation of Common Targets
	TF-Gene Interplays
	TF-miRNA Co-regulation Network
	Upstream Pathway Activity

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


