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Acute lung injury (ALI) is a life-threatening pathological disease characterized by the damage of pulmonary endothelial cells and
epithelial cell barriers by uncontrolled inflammation. During sepsis-induced ALI, multiple cells cooperate and communicate with
each other to respond to the stimulation of inflammatory factors. However, the underlying mechanisms of action have not been
fully identified, and the modes of communication therein are also being investigated. Extracellular vesicles (EVs) are a heteroge-
neous population of spherical membrane structures released by almost all types of cells, containing various cellular components.
EVs are primary transport vehicles for microRNAs (miRNAs), which play essential roles in physiological and pathological
processes in ALI. EV miRNAs from different sources participated in regulating the biological function of pulmonary epithelial
cells, endothelial cells, and phagocytes by transferring miRNA through EVs during ALI induced by sepsis, which has great potential
diagnostic and therapeutic values. This study aims to summarize the role and mechanism of extracellular vesicle miRNAs from
different cells in the regulation of sepsis-induced ALI. It provides ideas for further exploring the role of extracellular miRNA
secreted by different cells in the ALI induced by sepsis, to make up for the deficiency of current understanding, and to explore the
more optimal scheme for diagnosis and treatment of ALI.

1. Introduction

Acute lung injury (ALI) is a life-threatening pathological
disease, which remains major cause of morbidity, mortality,
and healthcare burden of critically ill patients [1]. ALI is
characterized by pulmonary inflammation, damage to the
alveolar–capillary barrier and hypoxemia [2]. The patho-
physiology of sepsis-induced ALI has not been fully eluci-
dated. There are many risk factors for ALI, such as severe
shock, infection, mechanical injury, and so on, among which
the most common risk factor is severe sepsis [3]. The lung is
the initial and most vulnerable target organ during sepsis,
and about 25%–50% of septic patients may develop ALI or
even acute respiratory distress syndrome (ARDS) [4]. It is
noteworthy that the mortality rate of sepsis-induced ALI is
higher than that caused by other risk factors [5]. Despite
major advances in supportive care recently, the mortality

rate for patients with ALI has decreased over time but is still
as high as 40% [6]. Undoubtedly, the identification of new
therapeutic targets and preventive approaches that are inno-
vative, safe, and effective is crucial for the successful treat-
ment of sepsis-induced ALI.

Extracellular vesicles (EVs) have recently emerged as key
mediators in the pathogenesis of sepsis and ALI [7, 8]. The
potential of harnessing EVs in the diagnosis and treatment of
diseases is now being actively explored [9]. EV is a heteroge-
neous group of endogenous nanosized spherical membrane
structures released by almost all types of cells, which is initially
considered as a process of discarding membrane proteins in
cells [10]. With the progress of research, it has been found that
EVs are closely related to intercellular material transmission
and signal communication, which can be released into a variety
of bodily fluids including blood, urine, saliva, and bronchoal-
veolar lavage fluid (BALF) [11]. After ALI, there are abundant
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EVs detected in BALF, which originated from different cells.
Furthermore, BALF EVs differ significantly in lung injury
caused by sterile or infectious stimuli [12]. In the lipopolysac-
charide (LPS)-induced ALI model, EVs were packaged with
microRNA (miRNA) and cytokines, and then secreted to
BALF [13].

EVs are composed of small lipid bilayers surrounding
vesicles, which contain cellular components such as cytosolic
proteins, DNA, and RNA [14]. Among them, there is a large
amount of RNA in EVs, which can exchange genetic infor-
mation between cells via carrying out intercellular commu-
nication by transferring messenger RNA and miRNA [15].
Extracellular miRNA plays a crucial role in the occurrence,
maintenance, and resolution of a variety of diseases including
ALI, which can be used as a new diagnostic and therapeutic
target for various noncancer diseases (such as metabolic
abnormalities) [16, 17]. Consequently, a growing number of
studies have focused on the roles of extracellular miRNAs in
lung injury and inflammation.

Here, we intend to update the latest knowledge about the
roles of extracellular miRNAs in sepsis-induced ALI (Table 1),
and discuss their diagnostic and therapeutic potential as facil-
itators of cell communication via miRNA as well as the rele-
vance of microorganism-derived EVs.

2. Extracellular Vesicles (EVs)

EVs are composed of small lipid bilayers around vesicles with
diameters ranging from 40 to 1,000 nm [32]. Three main
subtypes of EVs have been classified based on the mechan-
isms of formation, the membrane compositions, and the size
of EVs, including exosomes (50–150 nm), macrovesicles
(100–1,000 nm), and apoptotic bodies (500–5,000 nm) [33].
Most notably, migrasomes are a recently discovered type of
EVs with diameters of about 50–100 nm, which are charac-
teristically generated along retraction fibers in migrating cells

[34] (Figure 1). Although several comparative proteomics
studies have provided a list of proteins that may be specific
for the identified EV subtypes, EV isolation methods to date
only enable enrichment but not distinct separation of these
EV subpopulations [35], thus the current article collectively
refers to all vesicles released by cells as EVs. These EVs
transfer cytosolic proteins, nucleic acids, or lipids to target
cells [14], inducing transferring cellular components and
changes in target-cell phenotypes and functions [36, p. 96].
According to the type of secretory cells, a group of cell type-
specific proteins will be displayed in the EVs, which explain
their specific fate and function.

The content of EVs is influenced by the environmental
conditions and cell type, and other factors (e.g., infection or
artificial expression of molecules), and hence it will directly
affect the fate and function of EVs [37]. EV is involved in
inflammation inhibition, immune regulation, transportation,
and transmission of genetic information [38–40]. For instance,
after ALI, there are abundant EVs detected in BALF, which
originated from different cells, when subjected to the addition
of plasma obtained from septic patients, or, the addition of pure
LPS. In the LPS-induced ALI model, EVs were secreted in
BALF, packagedwithmiRNA and cytokines, suggesting a com-
plicated relationship between several cellular pathways occur-
ring in sepsis [13].

Although, the components of EVs during the develop-
ment of lung injury and inflammation are highly regulated,
such as proteins, lipids, DNA, and RNA molecules, only
RNA compositions are robustly increased in each EVs after
normalization with the number of EVs. It seems that differ-
ent miRNAs containing EVs play specific functional roles
after specific stimuli [41]. The function and mechanism of
these EVs-containing miRNAs in sepsis remain unclear,
which may have the great potential to be diagnostic biomar-
kers and therapeutic targets [42].

TABLE 1: Exo-miRNA involved in sepsis-induced ALI.

Derived from cell types Exo-miRNA Target cell types Mechanisms Reference no.

Mesenchymal stem cells

Exo-mir-30b-3p Epithelial cells Cell membrane repair [18]
Exo-mir-377-3p Epithelial cells RPTOR/autophagy [19]
Exo-miR-126 Endothelial cells PI3K/Akt signaling/apoptosis [20]

Exo-miR-27a-3p Macrophage
Macrophage polarization/NF-kB

signalling
[21]

Exo-miR-145 Macrophage Macrophage phagocytosis [22]

Macrophage
Exo-miR-223/142 Macrophage NLRP3 inflammasome activity [23]
Exo-miR-155 SOCS-1 signaling [24]

Neutrophils Exo-miR-223 Epithelial cell PARP-1 inhibition [25]

Endothelial progenitor cells
Exo-miR-126 Endothelial cells Raf/ERK signaling [26]

Exo-miR-10a/b-5p Endothelial cells miR-10a/b-5p/adam15 axis [27]
Exo-miR-126-3p/5p Endothelial cells Restore lung permeability [28]

Endothelial cells Exo-miR-125b-5p miR-125b-5p/TOP2A/VEGF axis [29]

Epithelial cells
Exo-miR-92a-3p Alveolar macrophages NF-kB signalling [30]
Exo-miR-17/221 Macrophage Integrin β1 recycling [31]
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3. Extracellular miRNAs

In 2007, Valadi et al. [43] found that bothmRNA andmiRNA
existed in exosomes of mast cells, which can be delivered into
another cell through a specific and regulated process and be
functional in this new location. This genetic communication
between cells may occur in the extracellular microenviron-
ment but could also occur at a distance by traffic of exosomes
through the systemic circulation in a similar way to hormones
[44]. More importantly, if exosomes deliver a specific mRNA
or miRNA, it may be more effective in affecting the recipient
cell by modifying the protein production and gene expression
of the recipient cell. Furthermore, those extracellular miRNAs
bypass the transcriptional control of receptor cells through
the intercellular transfer of foreign bodies and regulate the
expression of target genes in receptor cells of different tissues
[45]. As noncoding RNAs (ncRNAs), miRNAs are enriched
in exosomes while others are barely present, which may share
the same specific sequence (such as the EXO motif), suggest-
ing a potential regulatory mechanism for the sorting of spe-
cific sets of miRNAs into exosomes [45].

miRNA is highly stable due to its small size compared
with long mRNAs, which are identified to be differentially
expressed in different stages of the disease and contribute to
the diagnosis, treatment determination, and prognosis [46].
EVs containing miRNAs may be the emerging targets for
developing novel therapeutic and diagnostic agents. As novel
endocrine factors, extracellular miRNA can be used as a new
diagnostic and therapeutic target for various noncancer

diseases (such as metabolic disease), which plays a crucial
role in the occurrence, maintenance, and resolution of a
variety of diseases, including ALI [47, 48].

4. Extracellular miRNAs in Sepsis-Induced ALI

4.1. Extracellular miRNAs Derived from Mesenchymal Stem
Cells. In severe bacterial pneumonia, microbubbles derived
from human mesenchymal stem cells (MSCs) are as effective
as parental stem cells [49]. EVs of human bone marrow-
derived mesenchymal stem cells (hBMSCs) have been stud-
ied as therapeutic methods in various ALI models because
they can reduce inflammation, lung permeability, and bacte-
rial pneumonia [49–51]. MSC-EVs contain a large amount of
RNA, including miRNAs [52, 53], which can not only regu-
late gene expression and transcription but also transfer into
target cells and mediate gene expression and regulate cell
function [43].

Accumulated evidence has revealed thatMSC can play a role
in sepsis-inducedALI [54, 55] because they can secrete paracrine
factors such as growth factors, anti-inflammatory cytokines, and
antimicrobial peptides [56–58]. Keratinocyte growth factor
(KGF) is a paracrine factor secreted by hBMSCs. It has been
proved that KGF can repair ALI induced by Escherichia coli
endotoxin and bacteria perfused into the human lung in vitro,
partially restore lung protein permeability, and reduce alveolar
inflammation [55, 59]. MSC can transfer miR-30b-3p into
mouse alveolar epithelial cells (AECs) through exosomes to
inhibit the expression of SAA3 and increase the expression of

Exosomes
(50–150 nm)

Migrasomes
(50–100 nm)

Microvesicles
(100–1,000 nm)

Apoptotic body
(500–5,000 nm)

Apoptosis

Plasma membrane

Golgi

Endoplasmic
reticulum

Nucleus

Mitochondria

Lysosome

Micronuclei

Micronuclei

FIGURE 1: Subtypes of extracellular vesicles (EVs).
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KGF, thereby promoting the proliferation of LPS-treated AECs
and inhibiting their apoptosis, which plays a role in reducing the
inflammatory response and repairing endothelial cells against
ALI [18]. Hao et al. [22] reported that bone marrow MSCs
secreted EVs carrying miR-145 and transferred them to macro-
phages, which inhibited the activity of MRP1, thus enhancing
the production and antibacterial activity of LTB4 through LTB4/
BLT1 signal transduction, and increased the phagocytosis of
macrophage cells to E. coli.

Autophagy is a powerful degradation pathway that plays
a crucial role in various diseases [60]. Exosomes released by
human umbilical cord mesenchymal stem cells (HucMSCs)
induce autophagy in LPS-induced ALI, protecting against
ALI [19]. The overexpression of miR-377-3p in HucMSCs
exosomes can reduce LPS-induced ALI by targeting the inhi-
bition of mTOR regulatory-related protein which stimulated
the autophagy of LPS-treated human alveolar epithelial
cells [19].

MSCs from various tissues and adipose-derived mesen-
chymal stem cells (ADSCs) are a group of attractive pluripo-
tent MSCs due to their abundance and easy accessibility [61].
Compared with bone marrow-derived MSCs and ADSCs are
more easily obtained by minimally invasive methods. In sep-
sis, dead cells release extracellular histones, which can induce
endothelial injury and lead to ALI and multiple organ failure
(MOF) [62–64]. MiR-126 was significantly increased in
histone-treated ADSCs and exosomes derived from histone-
treated ADSCs, which can activate PI3K/Akt signal and
inhibit endothelial cell apoptosis [20]. Therefore, ADSCs
can indirectly protect endothelial cells through the paracrine
effect of exosomes.

4.2. Extracellular miRNAs Derived fromMacrophage.Macro-
phages, the first responders of all immunoregulatory cells,
are involved in the initiation and progression of lung inflam-
mation and play a central role in the pathogenesis of ALI,
which could be a new biomarker and treatment of ALI [65,
66]. Macrophage extracellular vesicle-mediated miRNA may
provide a new therapeutic strategy in a cell-specific manner
[67]. Compared with other delivery methods, microvesicles
have some potential advantages as a carrier for delivering
exogenous nucleotides [68]. Macrophages can be obtained
from the blood of the host. Thus Zhang et al. [23] thought
that the microbubbles secreted by macrophages to deliver
miRNA molecules as therapeutic agents may trigger a less
immune response, increase efficacy, and have fewer nontar-
get effects.

Infectious stimuli can increase miR-223/142 levels in
microvesicles secreted by macrophages, and thus miR-223/
142 in the circulation may serve as a potential marker to
indicate lung macrophage activation or inflammation, and
predict lung inflammation and its changes after bacterial
infection [23]. Intracellular miR-223/142 was delivered via
microvesicle-mediated delivery, and miR-223 and miR-142
synergistically inhibited activation of the NLRP3 inflamma-
some in macrophages by inhibiting NLRP3 and ASC, respec-
tively, leading to suppression of lung inflammation [23].
MiR-155 belongs to a multifunctional miRNA family and

has been reported to be associated with multifactorial-induced
lung inflammation [69]. Macrophage-derived miR-155 med-
iates the expression of inflammatory factors in LPS-induced
ALI through SOCS-1 and promotes inflammation [24].

Macrophage polarization occurs when macrophages
phenotypically mount a specific phenotype and functional
response to different pathophysiological conditions and sur-
rounding microenvironments [70]. In the rehabilitation
phase of ALI/ARDS, recruited macrophages then shift
from the M1 to the M2 phenotype [71]. Wang et al. [21]
found miR-27a-3p carried in EVs transferred from bone
marrow MSCs to macrophages, which induced M2 macro-
phage polarization, inhibited the expression of NFKB1, and
alleviated LPS-induced lung injury. Phagocytosis of dying
cells and pathogens from a host by macrophages is also an
efficient process for the resolution of inflammation [72, 73].

4.3. Extracellular miRNAs Derived from Polymorphonuclear
Neutrophils. During ALI, inflammatory cells, mainly poly-
morphonuclear neutrophils, are in close contact with AECs.
Many researchers have studied the intercellular communication
of neutrophils in ALI, including paracrine cross talk between
neutrophils and lung parenchymal cells [74]. Neutrophils secrete
EVs carrying bioactive substances, including miRNA, which
mediate intercellular communication and horizontal transfer
of genetic material [75]. Neudecker et al. [25] found that miR-
223 can transfer from neutrophils to lung epithelial cells through
EVs, mediate PARP-1 inhibition, and has anti-inflammatory
and protective effects on ALI. PARP-1, a miR-223 target gene
in lung epithelial cells, is related to inflammation and ischemia-
reperfusion tissue injury. miR-223 limits excessive lung inflam-
mation during ALI by inhibiting PARP-1.

4.4. Extracellular miRNAs Derived from Endothelial Progenitor
Cells and Endothelial Cells. Endothelial dysfunction is the
pathophysiologic basis of ALI syndromes with dysfunction
in several aspects, including coagulation, fibrinolysis, perme-
ability, leukocyte recruitment, and vascular tone [76]. The
mechanisms supporting these functions are highly complex,
but some independent regulatory factors can be regulated
explicitly for some independent factors without damaging
other protective innate immune responses [77].

Endothelial progenitor cells (EPCs) can promote the pro-
liferation, migration, and tube formation of endothelial cells,
thereby reducing vascular leakage and inflammation, and
improving bacterial clearance in sepsis-induced lung injury,
pneumonia, and ALI [78, 79]. EPCs can migrate from bone
marrow and then locate at the site of tissue injury, which has
been studied as a possible therapeutic approach [80]. Moreover,
it can secrete exosomes for intercellular communication to atten-
uate LPS-induced lung injury [28].

Wu et al. [26] suggested that EPCs secrete exosomes to
transfer miR-126 to endothelial cells, and miR-126 regulates
endothelial cell proliferation, migration, and tube formation
by targeting spred-1 to activate Raf/ERK signaling. Jin et al. [27]
believed that EPCs increase the expression of miR-10a/b-5p
in lung tissue and pulmonary microvascular endothelial
cells of ALI induced by LPS. MiR-10a/b-5p reduces the
protein level of adam15 and promotes the proliferation of
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multisegmented microvascular endothelial cells induced by
LPS. In addition, EPCs play a therapeutic role in ALI by pro-
moting LPS-induced MPMVEC proliferation by regulating the
miR-10a/b-5p/adam15 axis. Zhou et al. [28] suggested that
both miR-126-3p and 5p in endothelial progenitor cell exo-
somes could increase the expression of tight junction proteins,
including claudin1, claudin4, and occludin, by inhibiting
phosphoinositide-3-kinase regulatory subunit 2 (pik3r2) and
HMGB1 to restore alveolar barrier integrity and attenuate alve-
olar edema and lung injury. The overexpression of miR-126-3p
could target pik3r2, whereas the overexpression of miR-126-5p
inhibited inflammatory factor HMGB1 and permeability factor
VEGFα. In addition, miR-126-5p delivered by exosomes inhibits
VEGFα expression, further reducing ALI-induced lung perme-
ability decline.

Endothelial cells can also secrete exosomes to attenuate
sepsis-induced ALI. Jiang et al. [29] demonstrated that miR-
125b-5p was upregulated in endothelial cell-derived exo-
somes to protect sepsis-induced ALI by inhibiting TOP2A
and inflammatory responses in lung tissues of ALI mice.
Amplified miR-125b-5p promoted the expression of vascular
endothelial growth factor in lung tissue while decreasing vas-
cular endothelial growth factor levels in ALI mice serum.
Exosomes and exosomal miR-125b-5p (Exo-miR-125b-5p)
also inhibited apoptosis in mice with ALI lung tissue.

4.5. Extracellular miRNAs Derived from Lung Epithelial Cell.
Common features of ALI/ARDS include a solid inflammatory
response in the lung parenchyma, severe damage of epithelial
and endothelial cell barriers leading to alveolar edema,

decreased lung compliance, impaired gas exchange, and hyp-
oxemia [81]. As the first line of defense against injury, the
alveolar epithelium plays an essential role in maintaining
lung integrity and function during the development of ALI
[82]. Liu et al. [30] showed that AECs exposed to LPS or sepsis
released more exosomes than normal AECs, and there was a
significant difference in the expression profile of miRNA in
exosomes compared with the control group, in which miR-
92a-3p was significantly increased in the exosomes of AECs
after LPS treatment. The exosomes produced by LPS-treated
AECs can promote the activation of alveolar macrophages and
enhance the inflammatory response of alveolar macrophages.
Macrophages activated by miR-92a-3p in the exosomes
released by AECs have specific effects on lung injury, but the
exact mechanism of miR-92a-3p-induced macrophage activa-
tion is unclear. Pulmonary epithelial-derived vesicles regulate
macrophage migration and microvascular function by deliver-
ing miRNA-17/221-induced integrin β1 recycling. The trans-
mission of miRNA in EVs from lung epithelial cells may
provide a new way for the treatment of ALI [31].

5. Conclusion

This review aimed to summarize the mechanisms by which
different cells regulate the repair of ALI through extracellular
vesicle transfer of miRNAs and to provide ideas for further
exploring the role of extracellular miRNAs secreted by dif-
ferent cells in sepsis-induced ALI (Figure 2). This review also
aimed to make up for the lack of existing knowledge and
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FIGURE 2: Extracellular microRNAs in sepsis-induced ALI. During sepsis-induced ALI, Exo-miRs released from different cells (such as
neutrophils, MSCs, and EPCs) were transported by extracellular vesicles (EVs) and transferred to recipient cells (such as macrophage,
endothelial cells, and epithelial cells), where they regulate posttranscriptional gene expression.
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explore a better scheme for the diagnosis and treatment
of ALI.
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Background. Kawasaki disease (KD) is characterized by a disordered inflammation response of unknown etiology. Immune cells
are closely associated with its onset, although the immune-related genes’ expression and possibly involved immune regulatory
mechanisms are little known. This study aims to identify KD-implicated significant immune- and inflammation-related biomar-
kers and pathways and their association with immune cell infiltration. Patients and Methods. Gene microarray data were collected
from the Gene Expression Omnibus database. Differential expression analysis, weighted gene coexpression network analysis
(WGCNA), least absolute shrinkage and selection operator (LASSO) regression, Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and gene set enrichment analysis (GSEA) were used to find KD hub markers. GSEA was used to
assess the infiltration by 28 immune cell types and their connections to essential gene markers. Receiver operating characteristic
(ROC) curves were used to examine hub markers’ diagnostic effectiveness. Finally, hub genes’ expressions were validated in
Chinese KD patients by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Results. One hundred and
fifty-one unique genes were found. Among 10 coexpression modules at WGCNA, one hub module exhibited the strongest
association with KD. Thirty-six overlapping genes were identified. Six hub genes were potential biomarkers according to
LASSO analysis. Immune infiltration revealed connections among activated and effector memory CD4+ T cells, neutrophils,
activated dendritic cells, and macrophages. The six hub genes’ diagnostic value was shown by ROC curve analysis. Hub genes
were enriched in immunological and inflammatory pathways. RT-qPCR verification results of FCGR1B (P<0:001), GPR84
(P<0:001), KREMEN1 (P<0:001), LRG1 (P<0:001), and TDRD9 (P<0:001) upregulated expression in Chinese KD patients
are consistent with our database analysis. Conclusion. Neutrophils, macrophages, and activated dendritic cells are strongly linked to
KD pathophysiology. Through immune-related signaling pathways, hub genes such as FCGR1B, GPR84, KREMEN1, LRG1, and
TDRD9 may be implicated in KD advancement.

1. Introduction

Kawasaki disease (KD), often called cutaneous lymph node
syndrome, was initially described by Tomisaku Kawasaki in
1967 [1]. Children under 5 years of age are primarily affected
by KD. KD is an acute systemic immune vasculitis caused by
infectious factors that can be complicated by coronary artery

lesions (CAL). CAL caused by KD are a common heart dis-
ease in some countries and regions. On the other hand, the
steps leading to the development of KD are not fully under-
stood. The diagnosis of KD depends on typical clinical man-
ifestations. However, some children with KD have atypical
manifestations and are easily misdiagnosed with other dis-
eases, leading to an increased risk of coronary artery damage
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due to delayed diagnosis and treatment [2, 3]. Therefore,
identifying a biomarker to diagnose KD helps with early
diagnosis and treatment, reducing the risk of damage to
the coronary arteries.

Although much research has been conducted, the patho-
genesis of KD is not completely known. Recent research has
suggested that immune cells may play a role in KD develop-
ment and its associated symptoms. Alterations in themonocyte
development locus can be observed during the acute phase of
KD infection [4]. When KD is in its acute phase, CD8+ T cell
expression decreases significantly [5]. Immunohistochemical
analysis of coronary arteries of deceased patients with KD
showed the presence of monocytes, macrophages, neutrophils,
monocytes, macrophages, and activated CD8+ T cells [6] and
IgA+ plasma cells [7, 8] in the arterial wall. Furthermore,
immune regulatory genes such as CXCL8 and CCL5, among
others, have the potential to play a crucial role in the progres-
sion of KD [9]. These findings imply that genes related to the
immune system may be involved in the pathogenesis of KD.

Bioinformatic analysis approaches include least absolute
shrinkage and selection operator (LASSO) and weighted
gene coexpression network analysis (WGCNA). WGCNA
aggregates similar-expressed genes into a single module
using clustering. This approach has substantial biological
consequences and can effectively screen for target-related
genes [10, 11]. Unlike traditional Cox and logistic regression
methods, the LASSO regression method aims to gain insight
into the exact degree of connection between two inextricably
connected variables. The accuracy of character-related gene
screening may be improved by LASSO analysis of WGCNA
genes [12]. TheWGCNA and LASSO technologies were used
to identify important KD biomarkers. Using DEGs, or dif-
ferentially expressed genes, these biomarkers were identified.
The immune-related signaling pathways linked with DEGs
were then identified using Gene Ontology (GO), the Kyoto
Encyclopedia of Genes and Genomes (KEGG), and gene set
enrichment analysis (GSEA). This study is the first to evalu-
ate 28 immune cell infiltrates using a single GSEA sample
(ssGSEA) to better understand the pathogenesis of KD and
treatment goals. Finally, we validated the screening of hub
genes in Chinese KD patients.

2. Materials and Methods

2.1. Data Extraction. The Gene Expression Omnibus data-
base (https://www.ncbi.nlm.nih.gov/geo/) was used to get
microarray expression data and clinical information relevant
to KD (GSE18606 [13], GSE73461 [14], and GSE68004 [15]).
In the GSE18606 dataset, 47 samples were taken from
38 patients diagnosed with KD, and nine healthy individuals
served as controls. Within the GSE73461 dataset, there were
78 KD and 55 control samples. The GSE68004 collection
included 113 samples: 76 patients with KD and 37 healthy
controls. GSE18606 and GSE73461 were added to the meta-
data queues (training groups) in preparation for future inte-
gration investigations. The training group was validated using
the GSE68004 dataset as the test group.

2.2. Identification of DEGs. For data normalization and probe
annotation, the “limma” and “GEOquery” packages included
in R software (version 4.0.1) were applied. The screening
criterion for DEGs consisted of an adjusted P-value of
<0.05 and a log fold change (FC) of more than 1 [16, 17].

2.3. Construction of Gene Coexpression Network. TheWGCNA
package of the R program was used to build a weighted
coexpression network from the expression profile data of the
training group (in addition to GSE18606 and GSE73461), and
25% of the genes that were the most distinct from the median
were selected for the investigation [10]. The “goodSampleGenes”
function was used to validate the accuracy of the data. The
“pickSoftThreshold” function was used to calculate and confirm
that the optimal soft threshold (ß) had been attained. Clustering
was performed to identify the modules most similar in terms of
their topological overlap after the matrix data were converted
into an adjacency matrix. After the module characteristic genes
of the modules had been calculated, a hierarchical clustering
tree diagram was built according to the comparable modules
that were present in the cluster tree of the feature genes.
This investigation integrated phenotypic and modular data to
determine gene significance (GS) and modular importance.
Furthermore, a determination was made about the value of
genetic and clinical information, and research was carried out
on the correlation between modules and models. The method
was determined to compute the degree of each gene’s module
membership (MM), and the GS values of each module were
analyzed. The adjacency matrix was constructed by a weighted
correlation coefficient. Subsequently, the adjacency matrix was
transformed into a topological overlap matrix (TOM). Then,
hierarchical clustering was performed to identify modules,
and the eigengene was calculated. Finally, we assessed the
correlation between phenotype (KD or control samples)
and each module by Pearson’s correlation analysis and
identified KD-related modules. The genes in these modules
were considered KD-related module genes.

2.4. Screening and Validation of Hub Genes. To use them as
possible hub genes, priority was given to genes exhibiting the
highest level of intermodular connection. Generally, genes
that are more important biologically have more significant
absolute amount of GS. The default was used as the basis for
the candidate gene screening criteria of GS absolute value
>0.50 and MM absolute value >0.80. It was determined that
the genes with the highest intermodular connection levels
should be prioritized for use as potential hub genes. In gen-
eral, genes with greater biological relevance have higher
levels of absolute GS.

2.5. Immune Cell Infiltration and Its Association with Hub
Genes. In the training group, the relative amounts of infiltra-
tion of each of the 28 different types of immune cells were
measured using the ssGSEA technique [18]. The varying
degrees of expression of each of the 28 different types of
immune cells are shown as a violin diagram. The “ggplot2”
software application was used to display the results of a
calculation that determined the Spearman correlation between
the hub gene and the 28 immune cells.
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2.6. Functional Enrichment Analysis. The R packages “clus-
terProfiler” and “enrichment plot” were utilized to study
DEGs according to GO, KEGG, and GSEA. GSEA analysis
was performed based on all genes. The level of statistical
significance was obtained when P was <0.05 [19]. The
ssGSEA method was used to determine the relative amounts
of infiltration of 28 different types of immune cells in the
training group [18]. It was shown using a violin diagram
how the different types of immune cells each had a distinct
amount of differential expression. The “cor.test” function was
utilized to calculate the Spearman correlation between the hub
gene and the 28 immune cells. ggplot2 software application was
used for visualization.

2.7. Validation ofHubGenes.Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) assays were performed
to verify the reliability of bioinformatics-based results. A total of
20 study participants were recruited from the First Affiliated
Hospital of Sun Yat-sen University, including 10 KD patients
and 10 healthy controls. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by the Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University ([2022]514).
Peripheral venous blood was collected from each participant;
then, total RNA was extracted from each sample using TRIzol
Reagent (Invitrogen, United States) according to the manufac-
turer’s instructions. The cDNA was synthesized using the
SuperScript III Reverse Transcriptase Kit (Invitrogen, United
States). RT-qPCR was performed with Power SYBR Green
PCR Master Mix (TransGen Biotech, China) on an ABI
7,500 fast real-time PCR system. The amplification reaction
procedure was as follows: 95°C for 10min, followed by 95°C
for 15 s and 60°C for 1min for 40 cycles [20]. GAPDH was
selected as the internal control for mRNA, and the relative
expression level of mRNA was calculated by the relative
quantification (2−ΔΔCt) method. Primer sequences are listed
in Supplementary 1.

3. Results

The study’s flowchart is shown in Figure 1.

3.1. Coexpression Network Construction and Identification of
Hub Modules. The data from 10,869 genes in the top 25% of
absolute departure from the median were pooled to produce
the WGCNA. An identification procedure for missing values
was carried out, and outliers were removed. The value of
ß= 3 was determined to be the soft threshold (scale-free
R2 = 0.85, slope =−1.21), which agreed with the scale-free
network (Supplementary 2 and 3). A coexpression matrix
was constructed using a one-step method, and 10 gene
modules were obtained using the dynamic mixed shear
method (Figure 2(a)). The correlation between the above
modules and KD and healthy controls was displayed using
heat maps. A hub module (blue module, comprising 315
genes) had the strongest connection with KD (cor = 0.69;
P= 6e-24) (Figures 2(b) and 2(c)). In addition, there was
a strong correlation between GS and MM inside the blue
module (cor = 0.78; P=1e-200), suggesting that the two may

be connected (Figure 2(d)). In addition, the blue module
served as the primary focus for the subsequent analyses.

3.2. Identification of DEGs and Screening of Hub Genes. After
correcting the P-values to <0.05 and |logFC| to >1, a total of
151 DEGs were identified, 132 and 19 of which had an
increase and a decrease in expression, respectively. These
DEGs were discovered using a volcano plot (Figure 3(a)).
The applicant completed the screening process since their
absolute GS score was >0.50 and their absolute MM score
was >0.80. Based on these overlaps, 36 DEGs were identified
as intersecting (Figure 3(b)). Six hub genes, namely, Fc
gamma RI (FCGR1), G protein-coupled medium-chain fatty
acid receptor (GPR84), haptoglobin (HP), kringle-containing
transmembrane protein 1 (KREMEN1), leucine-rich α-2-gly-
coprotein 1 (LRG1), and tudor domain-containing protein 9
(TDRD9), were identified by LASSO analysis (Figures 3(c)
and 3(d)).

3.3. Functional Enrichment Analysis of DEGs. We found the
biological activities and signaling pathways linked with KD-
related DEGs by researching the GO and KEGG pathways.
According to the findings of the GO enrichment study,
DEGs were much more prevalent in immunological and
inflammatory processes (such as activation of cells, including
white blood cells, involved in immune responses, positive
regulation of cytokine production, and acute inflammatory
reactions) (Figure 4). Based on an analysis of the KEGG sig-
naling network, DEGs enriched immune and inflammatory
disorders (e.g., inflammatory bowel disease and asthma),
immune-related pathways (e.g., cytokine–cytokine receptor
interaction), and infectious diseases (e.g., inflammatory bowel
disease and asthma) (Figure 5). These results showed that
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FIGURE 1: Flowchart of the research process.

Journal of Immunology Research 3



abnormal signaling pathways and cellular processes cause the
progression of KD.

3.4. Identification of Hub Gene Expression Levels and Diagnostic
Value.As part of the verification process, box plots were utilized
to examine the expression levels produced by six different hub
genes. FCGR1B (P<0:001), GPR84 (P<0:001),HP (P<0:001),
KREMEN1 (P<0:001), and LRG1 (P<0:001) all had signifi-
cantly higher expression levels in KD tissues than in healthy
control tissues (Figure 6(a)). Subsequently, the levels of

expression of these six hub genes were examined using a second
external dataset known as GSE68004, and it was demonstrated
that they were accurate (Figure 6(b)).

An investigation of the receiver operating characteristic
(ROC) curve was conducted to evaluate how sensitive or
specific a diagnosis of KD is. As a result, the values of the
area under the curve (AUC) for the six key genes could be
compared. Because the AUC values for the six hub genes
were higher than 0.94, it was clear that these genes have a solid
diagnostic value for KD (Figure 7(a)). We conducted further
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tests to establish the diagnostic importance of the six hub genes
in the GSE68004 dataset. AUC values >0.90 were observed for
each of the six hub genes (Figure 7(b)).

3.5. Correlation between Immune Cell Infiltration and Hub
Genes. The ssGSEA approach was applied to evaluate the dif-
ferences in immune cell infiltration between patients with KD
and healthy controls. This was done to determine a relationship
between KD and healthy controls. Figure 8(a) shows the

distribution of the 28 immune cells in the training group. It
was discovered that tissues of KD patients have a significantly
higher level of infiltration of activated and effector memory
CD4+ T cells, monocytes, neutrophils, and macrophages than
healthy tissues. This study was conducted on the topic of
immune cell infiltration. This study supports the hypothesis
that these cells are necessary to develop KD (Figure 8(b)).

According to the findings of an investigation into the
connections between 28 distinct types of immune cells and
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hub genes, there are positive associations between neutro-
phils and FCGR1B (cor = 5.655; P<0:001), GPR84 (cor =
4.281; P<0:001), HP (cor = 3.918; P<0:001), KREMEN1
(cor = 7.367; P<0:001), LRG1 (cor = 7.552; P<0:001), and
TDRD9 (cor = 5.321; P<0:001) (Figure 8(c)).

Positive correlations were found between activated den-
dritic cells (DCs) and the following genes: FCGR1B (cor =
5.807; P<0:001), GPR84 (cor = 5.861; P<0:001), HP (cor =
5.995; P<0:001), KREMEN1 (cor = 5.169; P<0:001), LRG1
(cor = 7.448; P<0:001), and TDRD9 (cor = 5.503; P<0:001).
Positive correlations were found between macrophages and
the following genes: FCGR1B (cor = 4.609; P<0:001), GPR84
(cor = 4.979; P<0:001), HP (cor = 3.890; P<0:001), KRE-
MEN1 (cor =6.242; P<0:001), LRG1 (cor =6.348; P<0:001),
and TDRD9 (cor =4.983; P<0:001).

Negative correlations were found between effector mem-
ory CD4+ T cells and FCGR1B (cor =−4.995; P<0:001),
GPR84 (cor=−5.485; P<0:001), HP (cor=−4.987; P<0:001),
KREMEN1 (cor=−4.732; P<0:001), LRG1 (cor=–7.058;
P<0:001), and TDRD9 (cor=–5.765; P<0:001).

Negative correlations were found between central mem-
ory CD4+ T cells and FCGR1B (cor = –4.399; P<0:001),
GPR84 (cor=–4.897; P<0:001), HP (cor=–4.977; P<0:001),
KREMEN1 (cor=–3.654; P<0:001), LRG1 (cor =–6.304;
P<0:001), and TDRD9 (cor=–5.739; P<0:001).

In addition, a negative connection was seen between the
six hub genes and effector memory CD8+ T cells and central
memory CD8+ T cells (Figure 8(c)). These findings support
the hypothesis that specific immune cells play an essential
role in the development of KD.

3.6. Enrichment Analysis of GSEA Immune Signature Gene
Sets. To investigate the most likely mechanism that keeps
immune function intact throughout the course of KD, we
used the Molecular Signatures Database (MsigDB) of immu-
nological signature genes as a reference for GSEA of DEGs.
This analysis focused on genes that were expressed at differ-
ent levels. Eight hundred and thirty-three gene sets showed
substantially higher enrichment, as shown by a normalized
enriched score (NES) >1 and a false discovery rate (FDR)
q-value <0.05. It was shown that neutrophils and peripheral
blood mononuclear cells (PBMCs) have much more signifi-
cant enrichment in these genes. The 15 gene sets that are the
most enriched are given in Table 1. The findings of this
investigation support the hypothesis that immune-related
genes play a significant role in the onset of KD and its pro-
gression (Figure 9).

3.7. RT-qPCR Validation of Hub Genes in Chinese KD
Patients. To further verify the expression of the 10 hub genes
in KD patients, we detected their expression in 20 peripheral
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venous blood samples from 10 KD patients and 10 samples
from healthy individuals. The results showed that the expres-
sion of FCGR1B (P<0:001), GPR84 (P<0:001), KREMEN1
(P<0:001), LRG1 (P<0:001), and TDRD9 (P<0:001) was
significantly upregulated in KD patients compared with the
control group, while HP (P>0:05) was not significantly
upregulated in KD patients compared to the normal group
(Figure 10 and Supplementary 4).

4. Discussion

In recent years, the widespread application of high-throughput
microarray technology has resulted in developing more rapid
and effective bioinformatics methods to screen critical genes
associated with disease mechanisms, occurrence, and progres-
sion. These methods have been made possible because of the
widespread application of high-throughput microarray tech-
nology. Because of this, effective ways of diagnosing diseases,
designing new drugs, and treating existing patients have
been developed. Our research revealed that immunological
responses, positive regulation of cytokine production, and
acute inflammatory responses were more prevalent in DEGs
in patients with KD compared to healthy controls. Based on
these findings, specific pathways were implicated in the devel-
opment of KD [21, 22].

Previous research found that neutrophils, monocytes, and
macrophages increased considerably in peripheral blood sam-
ples from individuals with acute KD [23]. Interleukin (IL)-6, a
soluble receptor for tumor necrosis factor, rises considerably
during the acute phase of KD [24, 25]. When KEGG signaling
pathways were examined, DEGs were shown to be more
abundant in immunological and inflammatory diseases (such
as inflammatory bowel disease and asthma), immune-related
pathways (such as cytokine–cytokine receptor interaction), and
viral diseases (e.g., inflammatory bowel disease and asthma).
These results provide additional credence to the hypothesis that
the development of KD is closely related to infection-induced
immunological abnormalities.

WGCNA differs from traditional DEG-based screening
methods. It overcomes the disadvantages of traditional meth-
ods that only allow the partial analysis of datasets, thus possibly
missing key regulatory molecules and making it challenging
to explore and study the entire biological system. The network
of individual biological interactions has been systematically
mapped, and core prognosis-associated molecules have been
identified [26, 27]. In this study, genes strongly linked to KD
were found usingWGCNA. The results of this study were then
compared with those of another study that examined DEG to
determine whether there were significant differences or corre-
lations between the two sets of genes. Subsequently, six hub
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FIGURE 6: Hub genes’ validation performed at the level of gene expression: (a) verification of the expression of hub genes in the training
population (merging GSE18606 and GSE73461 datasets). KD patients had higher levels of FCGR1B, GPR84, HP, KREMEN1, LRG1, and
TDRD9 than healthy controls; (b) the validation of the hub genes in the test group (GSE68004) yielded results that overlapped with the results
of the training group. Abbreviation: KD, Kawasaki disease. ∗∗∗P<0:001.
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FIGURE 7: Validation of hub genes in the diagnostic value: (a) validation of diagnostically relevant hub genes (fusion of GSE18606 and
GSE73461). ROC curves and area under the curve (AUC) data were utilized to examine the capability to distinguish KD from healthy
controls with high sensitivity and specificity; (b) results from the validation of the hub genes in the test group (GSE68004) were comparable to
those obtained in the training group. According to these data, the diagnostic sensitivity of these six hub genes for KD is at the higher end of
the spectrum. Abbreviations: AUC, area under the curve; KD, Kawasaki disease; ROC, receiver operating characteristic.
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FIGURE 8: Continued.

10 Journal of Immunology Research



genes were identified through LASSO analysis: FCGR1B,GPR84,
HP, KREMEN1, LRG1, and TDRD9. These six key genes were
considerably overexpressed in the KD group compared to
healthy controls.

FCGR1 is an immunoglobulin G receptor with a high
affinity that three gene families encode in humans [28].
One of the subtypes is designated by the acronym FCGR1B.
FCGR1B was upregulated in patients with active tuberculosis
and was associated with interferon (IFN)-stimulated gene
expression, IL-1 production, and the NOD-like receptor sig-
naling pathway [29]. GPR84 is expressed by myeloid cells of
the innate immune system, including neutrophils, mono-
cytes, and macrophages. This receptor is a G protein-coupled
medium-chain fatty acid receptor [30]. GPR84 has been
shown to play a unique role in innate immune cells and
intestinal inflammation and is closely related to inflamma-
some activation [31]. HP is a plasma glycoprotein that binds
to free hemoglobin and plays a crucial role in tissue protec-
tion and prevention of oxidative damage [32]. KREMEN1
inhibits Wnt signaling [33]. It plays an important part in
the control of cell death as well as the development of cancer

[34, 35]. LRG1 is an adipocytokine related to insulin resistance
and angiogenesis [36, 37]. TDRD9 is a member of the Tudor
domain-containing protein family, primarily expressed in germ
cells and closely related to azoospermia [38, 39]. FCGR1B,
GPR84, HP, and KREMEN1 are four of the six discovered hub
genes associated with inflammation and the immune system.
While LRG1 is strongly associated with vascular homeostasis,
the biological role of TDRD9 in inflammation has not been
previously identified and deserves further investigation.

These data support the notion that DEGs are associated
with immune system reactions and inflammation. In many
earlier investigations, KD has also been associated withmono-
cytes, CD8+ T cells, and neutrophil infiltration [4, 5, 40]. This
study is the first to use the ssGSEAmethodology to investigate
the infiltration by 28 different types of immune cells in KD
tissues. KD tissue demonstrated considerablymore infiltration
of activated and effector memory CD4+ T cells, monocytes,
neutrophils, and macrophages than healthy tissue. The results
highlight that these cells are crucial to the course of KD. In
addition, it was demonstrated that neutrophils stimulate DCs,
and strong positive correlations were discovered between
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FIGURE 8: Examining the immune landscape associated with Kawasaki disease. A heat map (a) and a violin plot (b) graphically representing
the distribution of the 28 different immune cells found in healthy control tissues and KD tissues, respectively. (c) the connection between
immune cell infiltration and the activity of six hub genes found in the human genome. Abbreviation: KD, Kawasaki disease.

Journal of Immunology Research 11



0.0

0.2

0.4

0.6

0.8

R
u

n
n

in
g 

en
ri

ch
m

en
t 

sc
o

re

GSE22886_NAIVE_BCELL_VS_NEUTROPHIL_DN

GSE6269_E_COLI_VS_STREP_PNEUMO_INF_PBMC_DN

GSE6269_FLU_VS_STAPH_AUREUS_INF_PBMC_DN

GSE6269_HEALTHY_VS_STAPH_PNEUMO_INF_PBMC_DN

GSE7400_CTRL_VS_CSF3_IN_VIVO_TREATED_PBMC_DN

Enriched in KD group

−3

0

3

6

5,000 10,000 15,000

Rank in ordered dataset

R
an

k
ed

 l
is

t 
m

et
ri

c

FIGURE 9: Enhancement diagram for the GSEA immunologic signature database.

TABLE 1: Top 15 significant immunological signatures enriched by DEGs in GSEA.

Gene set name NES P-value NOM p.adjust FDR q-values

GSE22886 NAÏVE BCELL VS. NEUTROPHIL DN 3.221629 1.00E-10 2.93E-09 1.83E-09
GSE6269 HEALTHY VS. STAPH PNEUMO INF PBMC DN 3.19896 1.00E-10 2.93E-09 1.83E-09
GSE7400 CTRL VS. CSF3 IN VIVO TREATED PBMC DN 3.180609 1.00E-10 2.93E-09 1.83E-09
GSE6269 E COLI VS. STREP PNEUMO INF PBMC DN 3.135927 1.00E-10 2.93E-09 1.83E-09
GSE6269 FLU VS. STAPH AUREUS INF PBMC DN 3.102818 1.00E-10 2.93E-09 1.83E-09
GSE22886 NAÏVE TCELL VS. NEUTROPHIL DN 3.097563 1.00E-10 2.93E-09 1.83E-09
GSE4748 CYANOBACTERIUM LPSLIKE VS. LPS AND
CYANOBACTERIUM LPSLIKE STIM DC 3H DN

3.078676 1.00E-10 2.93E-09 1.83E-09

GSE29618 MONOCYTE VS. PDC UP 3.035813 1.00E-10 2.93E-09 1.83E-09
GSE22886 NAÏVE TCELL VS. MONOCYTE DN 3.030273 1.00E-10 2.93E-09 1.83E-09
GSE22886 NAÏVE CD4+ TCELL VS. MONOCYTE DN 3.014044 1.00E-10 2.93E-09 1.83E-09
GSE4984 UNTREATED VS. GALECTIN1 TREATED DC UP 2.999805 1.00E-10 2.93E-09 1.83E-09
GSE29618 MONOCYTE VS. PDC DAY7 FLU VACCINE UP 2.998979 1.00E-10 2.93E-09 1.83E-09
GSE34205 HEALTHY VS. RSV INF INFANT PBMC DN 2.991961 1.00E-10 2.93E-09 1.83E-09
GSE29618 MONOCYTE VS. MDC UP 2.991289 1.00E-10 2.93E-09 1.83E-09
GSE22886 NAÏVE CD8+ TCELL VS. MONOCYTE DN 2.976089 1.00E-10 2.93E-09 1.83E-09

DEGs, differentially expressed genes; GSEA, gene set enrichment analysis; NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate.
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macrophages and the six hub genes. Six central and effector
memory CD4+ T cells and central and effector memory
CD8+ T cells were found to have an antagonistic interac-
tion. Our results highlight the role of these immune cells
and immunological regulatory genes in the development of
KD [41, 42]. We utilized the MSigDB database of immuno-
marker genes as a reference for the GSEA of DEGs. This
was done to investigate the likely mechanism by which
immune function is maintained during the progression of
KD. It was shown that neutrophils and peripheral blood
mononuclear cells (PBMCs) have far more significant
enrichment in DEGs. According to these studies, neutro-
phils and PBMCs are responsible for the onset and devel-
opment of KD.

In this study, we screened for hub genes by analyzing the
expression of differential genes in KD patients, and RT-qPCR
further verified these results. The validated results indicated that
the expression of FCGR1B (P<0:001),GPR84 (P<0:001),KRE-
MEN1 (P<0:001), LRG1 (P<0:001), andTDRD9 (P<0:001)was

significantly upregulated in KD patients compared with the con-
trol group, whileHP (P>0:05) was not significantly upregulated
in KD patients compared to the normal group (Figure 10). The
results suggested that FCGR1B, GPR84, KREMEN1, LRG1, and
TDRD9 could be used as hub genes for screening KD. However,
whether these hub genes are directly related to coronary artery
damage in KD patients need further study.

In summary, using WGCNA and LASSO regression in
conjunction with ssGSEA bioinformatic analysis, we found
one hub module (blue module) and six hub genes (FCGR1B,
GPR84, HP, KREMEN1, LRG1, and TDRD9) that may be
associated with the development of KD. Five of the six hub
genes (FCGR1B, GPR84, KREMEN1, LRG1, and TDRD9)
were validated. This study gives early information on KD’s
immune infiltration pattern and immunomodulatory mechan-
isms. Prospective and large-sample follow-up studies should
detect the diagnostic indicators of KD described here with
high sensitivity and specificity, minimize misdiagnosis of KD,
and serve as a guide for the early diagnosis and successful
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FIGURE 10: RT-qPCR validation of hub genes in KD patients: (a) expression level of FCGR1B gene; (b) expression level of GPR84 gene;
(c) expression level ofHP gene; (d) expression level of KREMEN1 gene; (e) expression level of LRG1 gene; (f ) expression level of TDRD9 gene;
(g) expression level of GAPDH gene.  ∗P<0:001.
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pharmacological treatment of KD. The limitations of this study
are as follows: first, as the study mainly relied on published
RNA microarray datasets for analysis, key clinical data could
not be obtained. Second, the mechanism of action of these
identified hub genes needs to be further studied.
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Objective. This study is aimed at exploring the effect of Qinghua Jianpi Recipe on preventing colon polyp recurrence and
inhibiting the progress of “inflammatory cancer transformation.” And another goal is to explore the changes of intestinal flora
structure and intestinal inflammatory (immune) microenvironment of mice with colon polyps treated by Qinghua Jianpi
Recipe and to clarify its mechanism. Methods. Clinical trials were conducted to confirm the therapeutic effect of Qinghua
Jianpi Recipe on patients with inflammatory bowel disease. The inhibitory effect of Qinghua Jianpi Recipe on “inflammatory
cancer transformation” of colon cancer was confirmed by an adenoma canceration mouse model. Histopathological
examination was used to evaluate the effects of Qinghua Jianpi Recipe on intestinal inflammatory state, adenoma number, and
pathological changes of adenoma model mice. The changes of inflammatory indexes in intestinal tissue were tested by ELISA.
Intestinal flora was detected by 16S rRNA high-throughput sequencing. Short-chain fatty acid metabolism in the intestine was
analyzed by targeted metabolomics. Network pharmacology analysis of possible mechanism of Qinghua Jianpi Recipe on
colorectal cancer was performed. Western blot was used to detect the protein expression of the related signaling pathways.
Results. Qinghua Jianpi Recipe can significantly improve intestinal inflammation status and function in patients with
inflammatory bowel disease. Qinghua Jianpi Recipe could significantly improve the intestinal inflammatory activity and
pathological damage of adenoma model mice and reduce the number of adenoma. Qinghua Jianpi Recipe significantly
increased the levels of Peptostreptococcales_Tissierellales, NK4A214_group, Romboutsia, and other intestinal flora after
intervention. Meanwhile, the treatment group of Qinghua Jianpi Recipe could reverse the changes of short-chain fatty acids.
Network pharmacology analysis and experimental studies showed that Qinghua Jianpi Recipe inhibited the “inflammatory
cancer transformation” of colon cancer by regulating intestinal barrier function-related proteins, inflammatory and immune-
related signaling pathways, and free fatty acid receptor 2 (FFAR2). Conclusion. Qinghua Jianpi Recipe can improve the
intestinal inflammatory activity and pathological damage of patient and adenoma cancer model mice. And its mechanism is
related to the regulation of intestinal flora structure and abundance, short-chain fatty acid metabolism, intestinal barrier
function, and inflammatory pathways.

Hindawi
Journal of Immunology Research
Volume 2023, Article ID 4319551, 19 pages
https://doi.org/10.1155/2023/4319551

https://orcid.org/0000-0002-3070-1348
https://orcid.org/0000-0002-3154-7979
https://orcid.org/0000-0002-3787-5316
https://orcid.org/0000-0002-0809-1360
https://orcid.org/0000-0001-9346-9972
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/4319551


1. Introduction

Colorectal cancer (CRC) is a malignant tumor originating in
the colorectal mucosal epithelium. And it is one of the com-
mon malignant tumors in clinic. It is the third most com-
mon malignancy in the world. There are more than one
million new cases of CRC in the world every year, and the
number of deaths caused by CRC is as high as 500,000 [1,
2]. With the improvement of Chinese people’s living stan-
dard, the change of life style, and diet structure, the inci-
dence of CRC is increasing year by year, which seriously
harms human health. Inflammatory bowel diseases (IBD)
such as ulcerative colitis (UC) are considered major risk fac-
tors for CRC, and the degree of colon injury, lesion extent,
duration, and activity of intestinal inflammation are closely
related to prognosis and outcome [3, 4]. Studies have found
that there is a certain correlation between the progression of
UC to CRC and the lesion site. Compared with normal peo-
ple, the risk of tumor development in total colitis, left colitis,
and proctitis is 14.8, 2.8, and 1.7 times, respectively. Current
studies suggest that IBD is related to genetic, environmental,
immune, intestinal flora, and psychological factors, among
which the role of intestinal flora in the occurrence and devel-
opment of IBD cannot be ignored [5–7]. There is a very
complex relationship between intestinal dysbiosis and IBD.
The dysbiosis of intestinal flora may be the inducing factor
of IBD, and IBD may aggravate the dysbiosis of intestinal
flora, but the mechanism of interaction is still not very clear
[8]. There is evidence that certain medications for UC may
reduce the risk of CRC, while the risk of stationary disease
is lower than that of chronic active disease. Therefore, it is
of great value to seek therapeutic methods that can control
intestinal inflammation, promote intestinal mucosal repair,
and maintain intestinal homeostasis for the prevention and
treatment of “inflammatory cancer transformation” of CRC.

There is no disease name of colonic polyps in traditional
Chinese medicine (TCM) literature, but related clinical
symptoms are described, such as diarrhea, hematochezia,
and enterogastritis. Studies have shown that abnormal intes-
tinal immune response is an important link in the occur-
rence and development of IBD and CRC, as well as one of
the inducing factors for the persistence and recurrence of
intestinal inflammation [5]. In patients with active UC or
CRC, one of the most important changes of intestinal
immune barrier dysfunction is the abnormal increase of
inflammatory factors and the excessive activation of mucosal
lamina propria immune system, especially the destruction of
intestinal mucosal immune barrier by proinflammatory fac-
tors such as TNF-α, INF-γ, IL-13, IL-6, and IL-10, which
leads to the increase of intestinal mucosal permeability [7,
8]. It is extremely important in the pathophysiology of
CRC. A large number of studies have found that some effec-
tive components of TCM can significantly inhibit the
expression of inflammatory factors in the intestinal mucosa
of UC or CRC animal models or patients and reduce the
intestinal inflammatory response, so as to promote the bal-
ance of intestinal mucosal immune regulation and improve
the intestinal barrier function [9, 10]. Common therapeutic
recipes include Shenling Baizhu powder, Lizhong decoction,

Wumei pill, Sishen pill, and Pingwei powder [11]. According
to the TCM, treatment based on syndrome differentiation
can regulate the internal environment of the patient,
enhance the immune function of the body, and adjust the
anticancer ability of the body from a macro perspective.
However, the adverse reactions of TCM are mild, because
Chinese medicine is taken from natural animals, plants,
and minerals.

Qinghua Jianpi Recipe is composed of Dangshen (Codo-
nopsis pilosula (Franch.) Nannf), Huangqin (Scutellaria bai-
calensis Georgi), Baizhu (Atractylodes macrocephala Koidz),
Fuling (Wolfiporia cocos (F.A. Wolf) Ryvarden & Gilb),
Huangqi (Astragalus membranaceus (Fisch.) Bunge), Yiyi-
ren (Semen Coicis), Wumei (Fructus Mume), Fangfeng
(Saposhnikovia divaricata (Turcz.) Schischk), Chenpi (Cit-
rus reticulata Blanco), Niuxi (Achyranthes bidentata
Blume), and Gancao (Glycyrrhiza uralensis Fisch). It is a
recipe created by Professor Zhu Bingyi, a famous Chinese
doctor of TCM, for preventing recurrence after colon polyp
removal. It is suitable for the pathogenesis of colorectal
polyp and has achieved good clinical effect in clinical use.
However, its therapeutic mechanism needs to be further
clarified to provide a scientific basis for clinical medication
and lay a theoretical foundation for the development of
new drugs for the prevention and treatment of postoperative
recurrence of colon polyps in colon cancer.

Therefore, based on the above points, this study is aimed
at exploring the effect of Qinghua Jianpi Recipe on blocking
the process of “inflammation-cancer transformation” and
preventing the recurrence of colorectal polyps and CRC.
And whether the above effects are caused by Qinghua Jianpi
Recipe through regulating intestinal flora and improving
intestinal the inflammatory (immune) microenvironment.
Moreover, the effects of Qinghua Jianpi Recipe on s intesti-
nal immune microenvironment and inflammatory process
and the role of intestinal flora in the pathogenesis of colon
polyps were systematically observed in the study.

2. Materials and Methods

2.1. Clinical Trial Scheme. All clinic participants in this study
were screened and collected from the Department of Gastro-
enterology and Colorectal Surgery of Jiangyin Hospital of
Chinese Medicine Affiliated to Nanjing University of Chi-
nese Medicine from January 2021 to August 2022. Partici-
pants were diagnosed with ulcerative colitis (active stage)
and randomly divided into 2 groups according to the order
of treatment. There were 30 cases in the therapeutic group
and 30 cases in the control group, including 35 male patients
and 25 female patients. The study was approved by the
Ethics Committee of Jiangyin Hospital of Chinese Medicine
Affiliated to Nanjing University of Chinese Medicine
(Approval No. 2020102) and carried out under the supervi-
sion and guidance of the committee. In the therapeutic
group, Qinghua Jianpi Recipe granule was taken with warm
water, one dose a day, three times a day. The Chinese med-
icine granule was dissolved in 300mL boiling water after
each meal, and the medicine was taken after the water tem-
perature was moderate. Two weeks was the course of
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treatment, and two courses of treatment were taken contin-
uously. The control group was given mesalazine enteric-
coated tablet 1.0 g alone, three times a day, for 30 days. Dur-
ing the treatment, the enrolled patients did not use intestinal
probiotics, prebiotics, broad-spectrum antibiotics, and other
drugs, and other nutritional support treatment plans were
consistent between the two groups. All participants were
tested for the following indicators before and after
treatment:

IBD activity was graded and converted to a quantitative
score (2 endoscopist scores) according to the degree of grad-
ing by Baron endoscopic review: 0: grade 0, normal mucosa;
1: grade I, mucosal congestion and blurred blood vessels; 2
points: grade II, mucosal contact bleeding; 3: grade III, spon-
taneous hemorrhage of mucosa; and 4 points: grade IV.
Ulcers of varying sizes were seen in the mucosa.

The standard modified Mayo index was used to rate the
disease activity index. The score directly reflects the severity
grade of the disease and the microscopic inflammatory activ-
ity grade for clinical treatment (Table 1).

Clinical efficacy was evaluated with the modified rating
scale. Clinical efficacy: A decrease of ≥ 30% or ≥3 from base-
line in the total Mayo score, accompanied with a decrease of
≥1 in the hematostoecium subscore or an absolute hematos-
toecium subscore of 0 or 1. Clinical remission: The total
Mayo score ≤ 2 and no single item subscore > 1. Endoscopic
response: Mayo score endoscopic subscore decreased by at
least 1 from baseline. Mucosal healing: the absolute Mayo
score of 0 or 1 on the endoscopic subscore.

2.2. Animal Grouping, Feeding, and Sampling. All animal
experiments were performed according to the guidelines of
Animal Experimentation at Nanjing University of Chinese
Medicine (Nanjing, China). The research has been reviewed
by the Ethics Committee of Animal Experiments at Nanjing
University of Chinese Medicine (Approval No.
202111A041). All animals were kept in a pathogen-free envi-
ronment and fed ad lib. The procedures for the care and use
of animals were approved by the Ethics Committee, and all
applicable institutional and governmental regulations con-
cerning the ethical use of animals were followed.

According to the literature and previous experimental
results, five cycles of AOM combined with DSS were selected
to establish the mouse adenoma canceration model. Except
for the blank group, all mice were intraperitoneally injected
with AOM at a dose of 10mg/kg on the first day. After a
week’s rest, they were given drinking water containing 2%
DSS for 5 days and then, it was changed to ordinary drinking
water for 14 days as a cycle. The experiment was completed
at the 15th week. Based on the reported time point at which
the adenoma appeared in this model mouse, three mice were
randomly selected from the fifth week to be put to execution
every week (except the blank group). At the time point of
adenoma appearance, different concentrations of Qinghua
Jianpi Recipe were given through intragastric administra-
tion. Sixty C57BL/6 mice were randomly divided into 4
groups: blank group, model group (AOM/DSS), Qinghua
Jianpi Recipe low-dose group (15.6 g·kg-1), and Qinghua
Jianpi Recipe high-dose group (31.2 g·kg-1).

After 16 weeks of feeding, blood was taken from the eye-
balls, and the animals were sacrificed by neck removal. Tis-
sue samples of the liver, spleen, colon, and intestinal
contents were collected. The colon tissue was longitudinally
cut to collect intestinal contents and then flattened to count
the number of adenomas.

2.3. Intestinal Histopathology and Collagen Deposition
Examination. Intestinal tissues were sampled in a fume cup-
board. Tissue samples with appropriate target location and
size were carefully separated with sampling instruments
and fixed with 10% formalin solution. After fixation and
washing, the specimen was dehydrated, which was com-
pleted by an automatic dehydrator. Paraffin is immersed in
the tissue, and the wax-soaked tissue is placed in melted
solid paraffin, which is solidified to form tissue wax blocks.
Then, the paraffin slicer was used to cut the wax block into
slices about 4μm thick. Use ophthalmic tweezers to gently
spread the wax tape on the slide to fix the tissue, and put
the slide into the slide baking machine at 60°C for 15-30
minutes to remove the paraffin wax that dissolved the tissue
space. The slides were taken out, and the tissue sections were
stained with hematoxylin-eosin (HE). And the pathological

Table 1: The modified Mayo index.

Project
The score

0 points 1 points 2 points 3 points

Diarrhea Normal
Over the normal period

for 1 to 2 times/d
Over the normal period for 3

to 4 times/d
More than normal
5 times/d or more

Hematochezia No bleeding
Less than half of the time

for the blood mixed
in the excrement

Most of the time for the blood
mixed in the excrement

There has always been the blood
mixed in the excrement

Endoscopic
detection

Normal or no active
lesions occurred

Mild lesions (reduced
vascular texture of colon

mucosa, visible mild erosion)

Moderate lesions
(moderate mucosal erosion)

Severe lesions (spontaneous
bleeding, scattered dotted ulcers)

The physician
evaluation

Normal Mild lesions Moderate lesion Severe lesions

During the quantification of the score, each subject was compared with himself to judge the grade of stool frequency. The hematochezia score represents the
most severe hematochezia in one day. The overall evaluation included three criteria: the subjects’ feeling of abdominal discomfort, the degree of impact of the
disease on their life and work, and other manifestations.
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changes of intestinal tissues were observed under the micro-
scope. The statistical analysis was performed using the anal-
ysis software ImageJ.

2.4. General Situation Assessment and Disease Activity Index
(DAI) Scores. After administration, hair luster, mental
activity, body weight change, food intake and water intake,
stool characteristics, whether there is blood in the stool,
and the degree of blood in the stool were observed and
recorded at the same time every day (if there is no visible
blood in stool, fecal occult blood test kit was used to
determine whether there is blood in the stool). After
weighing the body weight of mice at a regular time every
day, the rate of change in body weight was calculated,
and the changes in fecal traits, occult blood, and hemato-
chezia of mice were comprehensively observed by naked
eye. The DAI score of rats in each group was calculated
according to the computational formula, DAI = ðweight
loss fraction + stool trait fraction + hematochezia fractionÞ/3,
to evaluating the changes of inflammatory activity in mice.

2.5. ELISA Detection. MPO levels in intestinal tissue and IL-
1β, IL-6, IL-18, and TNF-α levels in serum were detected by
ELISA. After balancing at room temperature for 20min, take
out the lath, set the standard well and sample well, and add
standard 50μL of different concentrations to the standard
well. Add sample 10μL to the test sample well; then, add
sample dilution 40μL; do not add to the blank well. In addi-
tion to the blank well, add 100μL horseradish peroxidase-
labeled detection antibody to each well of standard and sam-
ple wells, seal the reaction well with seal plate membrane,
and incubate at 37°C for 60min. Discard liquid, dry with
washing solution, add washing solution to each well, rest
for 1min, swing the washing solution, dry with washing
solution, and repeat washing plate 5 times. Add substrates
A and B 50μL to each well, and incubate at 37°C for
15min away from light. Add the stop solution 50μL to each
well, and measure the OD value of each well at 450 nm
wavelength within 15min.

2.6. High-Throughput Sequencing of 16S rRNA in Mouse
Feces. E.Z.N.A.® Soil DNA Kit was used to extract microbial
DNA from feces samples of mice. The specific steps were in
accordance with the instructions. Primers for v4-V5 region
of the 16S rRNA gene were used in this study. The upstream
primers were 515F 5′-GTGCCAGCMGCCGCGG-3′, and
the downstream primers were 907R 5′-CCGTCAattCMTT-
TRAGTTT-3′. PCR reaction system contains 5× FastPfu
Buffer 4μL, (2.5mM) dNTPs 2μL, (5μM) upstream and
downstream primers 0.8μL, FastPfu Polymerase 0.4μL,
DNA template 10ng, and ddH2O to the total volume of
20μL. After the PCR reaction system was fully mixed, the
amplification was carried out by the machine after heating
up and the reaction procedure was as follows: predenatura-
tion at 95°C for 2min, denaturation at 95°C for 30 s, anneal-
ing at 55°C for 30 s, extension at 72°C for 30 s, cycle 25 times,
and extension at 72°C for 10min. All PCR products were
detected by 2% agarose Gel electrophoresis and recovered

and purified by AxyPrep DNA Gel Extraction Kit according
to the instructions.

The purified PCR products were quantified using
Qubit®3.0, and Illumina genomic DNA library was con-
structed based on Illumina genomic DNA library prepara-
tion program. The amplicon library was paired and
sequenced on Illumina MiSeq platform according to the
standard protocol (2 × 250).

2.7. Targeted Metabolomics Analysis of Short-Chain Fatty
Acids. 20mg of feces samples was taken from each group;
120μL methanol was added, homogenized for 1min, and
centrifuged at 4°C for 14000 r/min for 10min; 100μL was
absorbed. The supernatant is extracted for 14000 r/min for
10min at 4°C; 50μL supernatant was absorbed to prepare
a liquid injection flask for UPLC-QTOF-MS analysis. For
quality control sample (QC), weigh 10mg of each stool sam-
ple and use it as QC sample after treatment in accordance
with the above method. Before analysis, continuous sample
injection 3 times is performed to ensure good stability of
the instrument, and QC sample injection after every 8-
needle sample during analysis. GC-MS instrument (2030/
TQ-8040NX), Agilent DB-Wax capillary column
(30m × 0:25mm, 0.5μm), was used for detection and analy-
sis. The heating procedure is as follows: the initial tempera-
ture was 80°C and maintained for 2min; then, the
temperature was raised to 180°C at 10°C/min and main-
tained for 3min; then, the temperature was raised to 230°C
at 40°C/min and maintained for 2min; injection tempera-
ture 230°C; split ratio 5 : 1; injection volume: 1μL; carrier
gas: high purity helium (He); flow rate: 1ml/min; electron
bombardment source (EI); interface temperature: 240°C;
ion source temperature: 230°C; select the ion monitoring
(MRM) mode. For data processing and analysis, MarkView
1.3.1 software was used to preprocess the original data, such
as peak identification, alignment, noise filtering, and peak
area normalization, to obtain the data matrix file containing
information, such as metabolite retention time, mass-to-
charge ratio, and intensity. It was imported into SIMCA-P
14.0 software for principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis
(OPLS-DA). Variables that meet variable importance projec-
tion value ðVIPÞ > 1:0 and P < 0:05 is considered a differen-
tial variable. HMDB (http://www.hmdb.ca/) and KEGG
(http://www.kegg.ca/) were used to identify the difference
variables, and the error margin was set as 0.1Da. MetaboA-
nalyst 5.0 database (http://www.metaboanalyst.ca/) was used
for analysis of metabolic pathways. And if impact value
which is greater than 0.10, metabolic pathway is considered
to be a potential target path.

2.8. Network Pharmacology Analysis. Compound chemical
composition and drug targets were collected and predicted.
Dangshen (Codonopsis pilosula (Franch.) Nannf), Huang-
qin (Scutellaria baicalensis Georgi), Baizhu (Atractylodes
macrocephala Koidz), Fuling (Wolfiporia cocos (F.A. Wolf)
Ryvarden & Gilb), Huangqi (Astragalus membranaceus
(Fisch.) Bunge), Yiyiren (Semen Coicis), Wumei (Fructus
Mume), Fangfeng (Saposhnikovia divaricata (Turcz.)
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Schischk), Chenpi (Citrus reticulata Blanco), Niuxi (Achyr-
anthes bidentata Blume), and Gancao (Glycyrrhiza uralensis
Fisch) were inputted to the TCMSP database (https://old
.tcmsp-e.com/tcmsp.php), to collect all compounds [12].
Then, according to the pharmacokinetic principle, the suitable
compounds are screened based on oral bioavailability ðOBÞ
≥ 30% and drug-like index ðDLÞ ≥ 0:18. Drug target data were
obtained from DrugBank (https://go.drugbank.com/) and
standardized using the UniProt (https://www.Uniprot.org/)
database [13]. Based on GeneCards (https://www.genecards
.org/) and OMIM-NCBI databases (https://www.ncbi.nlm
.nih.gov/omim), IBD as keyword was used to screen disease
targets, while for species selection “Homosapiens” was used.
Draw Venn Diagrams tool in R software is used to process
drug targets and disease targets obtained in the above steps
to obtain the intersection gene targets and output Venn Dia-
gram for display.

PPI network interaction analysis was performed on the
active chemical components and core targets of Qinghua
Jianpi Recipe by using the STRING database and Cytos-
cape3.7.1 software. According to the requirements of Cytos-
cape, the “source-target” data table was constructed, and the
NetworkAnalyzer plug-in was used to construct the regulation
network of TCM, active component, and target. In the gener-
ated regulation network, nodes represent the interaction
between TCM, active component, and target, and edges repre-
sent the interaction between active the component and target
disease. Furthermore, MCC algorithm of CytoHubba plug-in
was used to calculate and construct PPI network of each target.
Based on Bioconductor (https://www.bioconductor.org/) in
the R package (https://www.r-project.org/) and clusterProfiler
3.12.0 to GO (gene ontology) core target function and KEGG
pathway enrichment analysis (KEGG pathway analysis),
Homo sapiens was selected and a threshold P < 0:05 was set.
According to the results, the core target-critical pathway net-
work was conducted in Cytoscape 3.7.1 software.

2.9. Western Blot Analysis. After tissue sample fragmenta-
tion, precooled RIPA lysate was added; then, PMSF and
phosphatase inhibitors were immediately added, incubated
on ice for 30 minutes, then transferred into a tube, and cen-
trifuged at 4°C, 15 000 r·min-1 for 15minutes; and superna-
tant was obtained as the cell lysate. The protein
concentration was determined by the BCA method. Electro-
phoresis buffer was added and incubated in boiling water for
10 minutes. Proteins (50 g per sample) were resolved on
SDS-PAGE gel at 100V and transferred to a blotting mem-
brane for 1.5 h, using skim milk powder as a blocking agent.
Then, the membranes were incubated with the first anti-
body. Membranes were washed, and then, the secondary
antibody was incubated and the chemiluminescent agent
ECL was used for visualization.

2.10. Statistical Methods. The experimental data were proc-
essed by SPASS 23.0, and the parameter values were expressed
asmean + standard deviation, ANOVA, and T-test were used
to compare the differences between groups, and the compari-
son between groups was analyzed by one-way ANOVA. P <
0:05 means the difference is statistically significant.

3. Results

3.1. Qinghua Jianpi Recipe Has a Significant Clinical Effect
on Ulcerative Colitis. A total of 60 patients with UC were
included, including 35 males and 25 females. Patients were
randomly divided into 2 groups according to the order of
visit. There were 30 cases in the therapeutic group and 30
cases in the control group. Pearson’s chi-square test
showed that there was no significant difference in age
composition between the two groups, so the influence of
gender could be excluded (Figure 1(a)). Among the 60
patients with UC, the age distribution was between 18
and 55 years old. The rank-sum test was used to analyze
the age of the two groups, and the results were not statis-
tically significant. Therefore, the influence of age factor
was excluded, and the two groups could be compared
(Figure 1(b)). In the therapeutic group, the shortest disease
duration was 3 months and the longest disease duration
was 41 months. The rank-sum test was also applied to
rank variables of the two groups to exclude the influence
of disease duration factors, indicating that the two groups
could be compared (Figure 1(c)).

Paired sample t-test was used for pairwise comparison
of individual items and overall mean scores before and
after treatment in the two groups, and P values were much
less than 0.05, indicating significant statistical differences.
The results showed that the Qinghua Jianpi Recipe thera-
peutic group and mesalazine treatment control group were
effective in treating the clinical manifestations of UC
patients in terms of diarrhea, hematochezia, endoscopic
manifestations (including Baron endoscopic grading
score), physician evaluation, and activity index
(Figures 1(d) and 1(e)). There was no significant difference
in clinical efficacy, endoscopic response rate, and mucosal
healing rate between the two groups after treatment
(P > 0:05). There is no significant difference in the clinical
effective rate, clinical remission rate, endoscopic response
rate, and mucosal healing rate between the therapeutic
group and the control group (Figure 1(f)). It indicates that
the Qinghua Jianpi Recipe treatment group has achieved
the same effect as the mesalazine treatment group in the
single disease evaluation index.

No special discomfort or other serious adverse reactions
were reported in the two groups. After 8 weeks of treatment,
the electrocardiogram and liver and kidney function of all
patients were reviewed and compared, and no obvious
abnormalities were found, indicating that the Qinghua
Jianpi Recipe group and mesalazine have greater safety in
the treatment of ulcerative colitis patients.

3.2. Effect of Qinghua Jianpi Recipe on the Changes of Signs of
Colorectal Adenoma Model Mice. Before the experiment,
mice in each group had normal development, bright hair
color, good spirit, active activity, normal feeding, and granu-
lar stool. During the first DSS cycle, the general situation of
blank group is normal activity. But mice activity of other
groups decreased, a series of reactions occuring simulta-
neously including deformed feces, looking glazed, food
intake reduction. However, change of ordinary drinking
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water can alleviate the symptoms. After 2 to 4 weeks’ time
DSS loop, the blank group is in good condition. And the
other groups mice have the color dark and dry coat,
depressed, and tired. They have diarrhea, bloody stools,
and weight gain after replacement of ordinary water. In sub-
sequent experiments, the general situation of mice in the
blank group remained normal all time, while the situation
of mice in the model group gradually intensified with the
increase of subsequent DSS circulation, presenting dry hair,
emaciation, perianal redness and swelling, anal prolapse,
and large amount of bloody stools. Compared with the
model group, the Qinghua Jianpi Recipe treatment group
has improved hair gloss, mental state, and relatively
increased physical activity. Similarly, diarrhea and blood
stool symptoms were relieved. Experiments were made to
start each group about the same weight. Giving DSS cycle
period, except the blank group of mice, each weight was sig-
nificantly decreased in mice. After the treatment with Qin-
ghua Jianpi Recipe, compared with the model group, the
low- and high-dose group mouse body weights have a rising
trend (Figure 2(a)).

3.3. Qinghua Jianpi Recipe Significantly Increased Colon
Length and Decreased DAI Score in Colorectal Adenoma
Model Mice. Colon lengths reflect the degree of intestinal
inflammatory response in mice with colitis to a certain
extent [14]. Therefore, to clarify the inhibitory effect of Qin-
ghua Jianpi Recipe on intestinal inflammatory activity in the
mice with adenoma cancer model, the colon length of mice
in each group was observed. In this study, we found that,
compared with the model group, Qinghua Jianpi Recipe sig-
nificantly increased the length of colon in mice, while reduc-
ing DAI score (Figures 2(b), 2(c), and 2(f)). This means that
the intervention of Qinghua Jianpi Recipe can effectively
inhibit the systemic inflammatory response, thus helping to
improve the prognosis of patients with high levels of inflam-
mation such as IBD.

3.4. Effect of Qinghua Jianpi Recipe on the Number and Size
of Intestinal Tumor Formation in Adenoma Model Mice. The
mice were dissected after death in each group, and the intes-
tinal tubes were cut longitudinally and laid flat on the plate.
The intestinal conditions of mice and the location, number,
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Figure 1: Qinghua Jianpi Recipe has a significant clinical effect on ulcerative colitis. The figure shows the gender (a), age (b), and disease
duration (c) of the enrolled patients. The therapeutic group and control group patients, in the application of Qinghua Jianpi Recipe
before (e) and after (d) treatment, get diarrhea, hematochezia, endoscopic detection, physician evaluation, and disease activity score. The
clinical effective rate, clinical remission rate, endoscopic response rate, and experience healing rate of the therapeutic group and the
control group were analyzed (f). ∗∗∗P < 0:001, the difference was statistically significant.
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Figure 2: Effect of Qinghua Jianpi Recipe on intestinal inflammation, tumorigenesis, and pathological changes. (a) Body weight change in
mice in seven weeks; (b, c) colon length of mice in each group and statistical results; (d) the number of intestinal tumor formation in
adenoma model mice; (e) the size of intestinal tumor formation in adenoma model mice (<2mm or >2mm); (f) DAI score of rats in
each group; (g) levels of MPO of intestinal tissues in each group; (h) HE staining of intestinal tissues. (i) Liver and kidney function
indexes were analyzed in each group. ∗P < 0:05 and #P < 0:05, the difference was statistically significant.
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and size of tumors were observed by naked eye and
recorded. The results showed that the colon of mice in the
blank group was soft in texture, and the intestinal mucosa
was smooth and flat, without hyperemia and edema or obvi-
ous hyperplasia. In the model group, the flexibility of the
colon was decreased, the intestinal mucosa surface was
rough, hyperemia and edema were obvious, hemorrhages
were visible locally, and multiple bulges were observed in
the mucosa of the middle and lower segment of the colon
and near the anus, with the maximum diameter of 5mm,
and the number of tumors was 10:75 + 2:98. Compared with
the model group, mice in the Qinghua Jianpi Recipe low-
dose group had less colorectal hyperemia and edema, and
mucosal neoplasm was mostly in the lower segment of the
colorectum, with the number of tumors being 7:75 + 1:99,
which was statistically different from that in the model
group. The intestinal condition of the Qinghua Jianpi Recipe
high-dose group was similar to that of the low-dose group,
and the number of tumors was 5 + 1:91, which was signifi-
cantly different from that of the model group. According
to the tumor volume analysis, 41.9% of the mice in the
model group had tumors larger than 2mm in diameter,
while 25.4% of the mice in the Qinghua Jianpi Recipe
high-dose group had tumors larger than 2mm in diameter,
showing a significant difference compared with the model
group. In summary, it indicates that Qinghua Jianpi Recipe
can alleviate the intestinal injury induced by the molding
agent and inhibit the number and size of intestinal adenoma
formation (Figures 2(d) and 2(e)).

3.5. Qinghua Jianpi Recipe Significantly Improved the
Colorectal Pathological Changes in Colorectal Adenoma
Model Mice. After paraffin embedding, sectioning, and HE
staining, the nucleus was purplish blue, and the cytoplasm
was red. The pathological conditions of tissues and cells were
determined by staining. HE staining results of intestinal tis-
sues of mice in each group showed that the colon glands in
the blank group were arranged regularly, with flat or cubic
nuclei at the base and mild morphology, and a few lympho-
cytes infiltrated in the interstitium. In the model group, the
epithelial cells showed no polarity and fused with each other,
presenting nests and mesopores. Necrosis was observed in
the center, the epithelial mucus layer disappeared, the
nucleoplasma ratio increased, the nuclei were stained deeply,
nucleoli were obvious, and mitosis was easy to see. In the
Qinghua Jianpi Recipe low-dose group, goblet cells disap-
peared, proliferation, crowding, columnar or pseudostrati-
fied structure, thick nuclear chromatin, small nucleoli, and
increased mitosis in colonic epithelial cells were noted. In
the high-dose Qinghua Jianpi Recipe group, the gland
arrangement was orderly, the number of goblet cells
decreased, some crypts and epithelial mucus layer disap-
peared, epithelial nuclei slightly enlarged, small nucleoli
were seen, and mitosis was occasionally seen. It was found
that Qinghua Jianpi Recipe intervention could significantly
reduce the incidence of adenoma in CRC and the state of
colon inflammation, significantly improve the pathological
damage of the colon in adenoma canceration model mice,
and reduce inflammatory cell infiltration (Figure 2(h)). At

the same time, we observed that the expression level of mye-
loperoxidase (MPO) in colon tissue could be significantly
reduced by Qinghua Jianpi Recipe intervention compared
with the adenoma cancer model mice (Figure 2(g)). We also
found that the corresponding modeling reagents produced
toxic effects on the liver and kidney of mice. However, Qin-
ghua Jianpi Recipe plays the role of reducing the toxicity and
increasing the effect (Figure 2(i)). It was not toxic to the liver
or kidney at the doses in this study.

3.6. Qinghua Jianpi Recipe Significantly Improved the
Intestinal Microflora Structure of Colorectal Adenoma
Canceration Model Mice.With the increase of intestinal flora
16S RAN sequencing depth, the trend of species increase slo-
wed down, indicating that this sequencing has covered the
dominant flora in the sample, suggesting that the sequencing
data of this time is qualified (Figure 3(a)). Compared with
the normal control group, the Simpson index of the model
group has an increasing trend, while that in the Qinghua
Jianpi Recipe intervention group had a similar trend. This
suggests that the modeling of the colorectal adenoma can-
ceration model reduced the diversity of intestinal flora, while
the Qinghua Jianpi Recipe intervention restored the diver-
sity of intestinal flora. Compared with the normal control
group, the Shannon and Chaos indexes of the model group
showed a decreasing trend. This suggests that the diversity
of intestinal flora was reduced after modeling, while the
Shannon and Chaos indexes of the Qinghua Jianpi Recipe
intervention group showed a rising trend compared with
the model group (Figure 3(b)). All the above results indi-
cated that the intestinal microflora diversity of the Qinghua
Jianpi Recipe intervention group was closer to that of the
normal control group.

Beta diversity analysis (PCoA results) showed that the
first principal component PCoA1 could explain 68.64% of
the difference between groups, and the second principal
component PCoA2 could explain 12.73% of the difference
between groups. The distance between the normal control
group, the model group, and Qinghua Jianpi Recipe inter-
vention group was far (Figure 3(c)).

Analysis of the intestinal flora structure revealed that at
the phylum level, the top 6 phyla in abundance were Firmi-
cutes, Bacteroidota, Verrucomicrobiota, Actinobacteriota,
Proteobacteria, and Patescibacteria. In terms of the composi-
tion and structure of bacteria, the model group and the Qin-
ghua Jianpi Recipe intervention group were similar.
However, on the whole, the dominant bacteria in the three
groups were Firmicutes, Bacteroidota, and Verrucomicro-
biota. At the genus level, the top 10 genera in relative abun-
dance were Muribaculaceae_norank, Lactobacillus,
Akkermansia, Clostridia UCG−014_norank, Dubosiella and
Prevotellaceae UCG−001, Lachnospiraceae_uncultured,
Clostridium sensu stricto 1, Lachnospiraceae NK4A136
group, and Ligilactobacillus. The three groups have signifi-
cantly different structural changes at the genus level. The
model group and the Qinghua Jianpi Recipe intervention
group have relatively high Lactobacillus and Akkermansia,
while the normal control group has relatively high Muriba-
culaceae_norank (Figures 3(d) and 3(e)).
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Figure 3: Effect of Qinghua Jianpi Recipe on the intestinal microflora structure of colorectal adenoma canceration model mice. (a)
Rarefaction curve, the depth of sample sequencing can be obtained by making dilution curve; (b) alpha-diversity, the abundance and
diversity of microbial communities can be reflected by single-sample diversity analysis (alpha diversity), including Simpson, Shannon,
and Chao indexes; (c) beta diversity analysis, used to study similarities or differences in the composition of sample communities; (d, e)
diversity analysis of intestinal microbiota of rats in each group; (F) LEfSe analysis, the figure shows the LDA scores obtained by LDA
(linear regression analysis) for the microorganisms with significant effects in the two groups.
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LEfSe analysis was performed on fecal microbiome
sequence data to explore the potential biomarker flora of
related organisms. The results showed that after modeling,
at the genus level, the levels of Coriobacteriia, Parvibacter,
Limosilactobacillus, Dubosiella, Lactobacillus, Bacilli, and
UCG_010 were significantly increased. The prognosis of
Qinghua Jianpi Recipe was significantly increased levels of
the genera Peptostreptococcales_Tissierellales, NK4A214_
group, Romboutsia, Peptostreptococcaceae (Streptococcus
mutans), Turicibacter (genus), Lachnospiraceae_FCS020_
group, Clostridium_sensu_stricto_1, and Prevotellaceae_
UCG_001. Compared with the model group and Qinghua
Jianpi Recipe intervention group, Bacteroidota (Bacteroi-
detes) was specific in the phylum level in the normal control
group. At the genus level, the specific bacterial communities
include Peptococcales, Roseburia (Roche), Muribaculum
(genus), Staphylococcus (Staphylococcus), Family_XIII_
AD3011_group, ASF356, Alloprevotella, and Prevotella-
ceae_NK3B31_group (Figure 3(f)).

3.7. Qinghua Jianpi Recipe Can Regulate Short-Chain Fatty
Acid Metabolism of Intestinal Bacteria in Mice with
Colorectal Adenoma Cancer Model. In this study, acetic
acid, propionic acid, isobutyric acid, butyric acid, isovaleric
acid, valeric acid, and caproic acid in feces were analyzed
based on GC-MS. It was found that the content of
short-chain fatty acids in the model group was signifi-
cantly changed, especially isobutyric acid and propionic
acid (Figures 4(a) and 4(c)). It was also found that the
Qinghua Jianpi Recipe intervention group could reverse
the changes of short-chain fatty acids (Figures 4(a) and
4(c)). PCA based on the determination results of 7 kinds
of short-chain fatty acids showed that the normal group,
the model group, and the drug treatment group could be
clearly distinguished. This indicated that the content of
short-chain fatty acids among the three groups had signif-
icant overall differences (Figure 4(b)).

3.8. Network Pharmacology Analysis Found That Qinghua
Jianpi Recipe May Inhibit Inflammatory Cancer
Transformation of the Station and the Occurrence and
Development of Colorectal Tumor through Regulatory
Pathways. OB ≥ 30% and DL ≥ 0:18 were set in the TCMSP
database to screen the effective components of Atractylodes
macrocephala, Tangerine peel, Radix Paeoniae, Codonopsis
pilosula, parsnip, Poria cocos, Glycyrrhiza, Astragalus mem-
branaceus, Scutellaria baicalensis, Achyranthes bidentata,
and coix seed. A total of 236 potential active components
were obtained. 1036 drug targets were screened out using
the Swiss Target Prediction database. Based on the keywords
“colorectal carcinoma”, we searched OMIM, DisGeNet, and
GeneCards databases and obtained 1011 disease targets.
Venny2.1 online software mapping tool platform was used
to input 1036 drug targets and 1011 disease targets to draw
a Venn diagram, and 137 drug-disease common targets were
obtained after the intersection of the two. The 236 potential
active components and 137 drug-disease common targets in
TCM compounds were input into Cytoscape software, and
isolated components without intersection with targets were

deleted to draw the network diagram of “drug-component-
target-disease” interaction (Figures 5(a) and 5(b) and Sup-
plementary materials 1-2).

The above 137 common targets were input into the
STRING database for retrieval. The protein type was set as
“Homo sapiens,” and the minimum interaction threshold
was 0.4. The network relationship data of the target interac-
tion was obtained and imported into Cytoscape software.
Protein interaction network diagram was drawn. The biolog-
ical process, cell components, and molecular functions of
137 common targets were selected by GO analysis after R
language operation. GO results showed that the set of inter-
sected genes was enriched into 2435 biological process path-
ways. It mainly includes regulation of MAP kinase activity,
response to oxidative stress, and epithelial cell proliferation.
The intersection gene sets were enriched with 59 cell compo-
nents, which mainly involved cell-substrate adherens junc-
tions, membrane region, and so on. The set of intersected
genes was enriched with 129 genes related to molecular
function. There are mainly protein serine/threonine kinase
activity, protein tyrosine kinase activity, etc. (Figures 5(c)–
5(e) and Supplementary materials 3-8).

151 KEGG pathways were obtained by running 137
common targets in R language, and the first 20 results
formed a bar graph with KEGG enrichment. The results
showed that Qinghua Jianpi Recipe may inhibit intestinal
inflammation and the process of “inflammatory cancer
transformation” through multiple pathways and multiple
targets, mainly through regulating PI3K-Akt, JAK-Stat,
nod-like receptor, and other signaling pathways
(Figure 5(f) and Supplementary materials 9).

3.9. Qinghua Jianpi Recipe May Regulate the Expression of
Pathway-Related Proteins and Inhibit the Expression of
Inflammatory Factors in Intestinal Tissue. Based on the net-
work pharmacology analysis and related experimental
results, we further confirmed the specific molecular mecha-
nism of Qinghua Jianpi Recipe inhibiting intestinal inflam-
mation and “inflammatory cancer transformation.” First,
Qinghua Jianpi Recipe could inhibit the expression of
inflammatory factors in colon tissues, including IL-1β, IL-
6, IL-18, and TNF-α (Figure 6(a)). In the inflammatory state,
intestinal barrier function was impaired, and the expression
of intestinal barrier function-related proteins claudin-1,
Occludin, and ZO-1 decreased. And the expression of the
above proteins increased in the Qinghua Jianpi Recipe inter-
vention group (Figure 6(b)). In the inflammatory state, the
expression of pattern recognition receptor-related genes
Nod1, Nod2, and Ripk2 increased, initiating the immune
response; inflammatory factors NF-κB and STAT3 and
inflammatory factors IL-6, IL-23, and IL-17A increased.
The expression of the above proteins decreased in the Qin-
ghua Jianpi Recipe intervention group (Figures 6(b) and
6(c)). Intestinal flora is involved in many links of intestinal
inflammation, among which metabolites play an important
role. In the inflammatory state, the expression of free fatty
acid receptor 2 (FFAR2) is decreased, and the protein
expression is increased after the treatment of Qinghua Jianpi
Recipe (Figure 6(b)).
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4. Discussion

CRC is a disease with high morbidity and mortality due to
the interaction of multiple factors, such as genes and envi-
ronment, and its specific mechanism is unknown. CRC with
genetic predisposition accounts for only a small proportion,
including familial adenomatous polyposis (FAP), hereditary
nonpolyposis colorectal cancer (HNPCC), and hamartoma-
tous polyposis syndrome. Among them, chronic inflamma-
tion is the main environmental factor for the occurrence
and development of CRC. Studies have shown that patients
with Crohn’s disease (CD) and UC have a higher risk of
developing CRC [15, 16].

In this study, our goal was to confirm the inhibitory
effect of Qinghua Jianpi Recipe on the “transformation” of
inflammatory carcinoma. We first confirmed the efficacy of
Qinghua Jianpi Recipe in improving colonic inflammatory
status and function in patients with UC. And then, the influ-
ence of Qinghua Jianpi Recipe on adenoma canceration
model mouse was observed, including intestinal inflamma-
tion state, number of adenoma, and pathological changes.
Qinghua Jianpi Recipe can significantly improve the intesti-
nal inflammatory state of adenoma cancer model mice,
reduce the number of 1-3mm adenoma, reduce intestinal
inflammatory activity and pathological intestinal damage,
and reduce the expression of proinflammatory cytokine
MPO in colon tissue. Previous studies and network pharma-
cology studies have confirmed that the occurrence of colon
polyps and colorectal tumors is closely related to intestinal

barrier function, intestinal flora metabolism, and intestinal
inflammation [17, 18]. Increased tumorigenesis was
observed in mice lacking free fatty acid receptor 2 (FFAR2),
which is considered due to reduced intestinal epithelial cell
(IEC) integrity and an influx of bacteria [19]. We found that
after modeling, at the genus level, the levels of Coriobacter-
iia, Parvibacter, Limosilactobacillus, Dubosiella, Lactobacil-
lus, Bacilli, and UCG_010 were significantly increased. The
prognosis of Qinghua Jianpi Recipe was significantly
increased the genus level of Peptostreptococcales_Tissierel-
lales, NK4A214_group, Romboutsia, Peptostreptococcaceae
(Streptococcus mutans), Turicibacter, Lachnospiraceae_
FCS020_group, Clostridium_sensu_stricto_1, and Prevotel-
laceae_UCG_001. The concentration of short-chain fatty
acids in the feces of mice in each group was detected by
GC-MS, and it was observed that the content of short-
chain fatty acids in the model group was significantly chan-
ged, especially isobutyric acid and propionic acid, while the
change of short-chain fatty acids in the Qinghua Jianpi Rec-
ipe group was reversed. Further experimental studies con-
firmed that intestinal barrier function-related proteins,
inflammatory and immune-related signaling pathways
(STAT3 and Nod pathways), and free fatty acid receptor 2
(FFAR2) inhibited the “inflammatory transformation” of
colon cancer.

In this study, the effects of Qinghua Jianpi Recipe on
preventing colon polyp recurrence and inhibiting the prog-
ress of “inflammatory cancer transformation” were
observed. And the changes of the structure of intestinal flora
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Figure 4: Qinghua Jianpi Recipe can regulate short-chain fatty acid metabolism of intestinal bacteria in mice with colorectal adenoma
cancer model. The TIC chromatograms (a), PCA (b) and concentration (c) of the short-chain fatty acids in fecal samples. ∗P < 0:05 and
∗∗P < 0:05, the difference was statistically significant.
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Figure 5: Network pharmacology analysis of the molecular mechanism of Qinghua Jianpi Recipe in preventing the transformation process
of inflammatory cancer. Network diagram of drug-component-target-disease interactions (a); PPI network of protein interaction (b); the
biological processes, cell components, and molecular functions of 137 common targets were selected by GO analysis after R language
operation (c–e). The first 20 results formed a bar graph (f) of KEGG functional enrichment, with P value representing the significance of
enrichment, and the redder the color, the higher the significance.
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and inflammatory (immune) microenvironment in mice
with colon polyp were investigated by taking the intestinal
flora as the core. However, there is still a lack of studies on
the mutated genes in adenoma carcinoma sequence by Qin-
ghua Jianpi Recipe, as well as the related signal pathways. It
is believed that with the further development of Qinghua
Jianpi Recipe, its mechanism of preventing adenoma can-
ceration will be further clarified. That will provide a new
strategy for preventing precancerous lesions of CRC. The
research results of this project will further supplement the
occurrence mechanism of colon polyps and CRC, provide
an objective basis for TCM to prevent polyp recurrence
and cancer, and lay a scientific foundation for the develop-
ment of new TCM to prevent colorectal polyp recurrence
and cancer.
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Ulcerative colitis (UC) is a complex intestinal inflammation with an increasing risk of colitis-associated colorectal cancer (CAC).
However, the pathogenesis is still unclear between active UC and inactive UC. Recently, it has been reported that pyroptosis-
related genes (PRGs) are closely associated with inflammatory disease activity. Nevertheless, the specific roles of PRGs in the
progression and treatment of UC and CAC remain unclear. In this study, we identified 30 differentially expressed PRGs based
on the immune landscape of active and inactive UC samples. Meanwhile, weighted gene coexpression network analysis was
applied to explore important genes associated with active UC. By intersecting with the differentially expressed PRGs, CASP5,
GBP1, GZMB, IL1B, and IRF1 were selected as key PRGs to construct a pyroptosis-related signature (PR-signature). Then,
logistic regression analysis was performed to validate the PR-signature and establish a pyroptosis-related score (PR-Score). We
demonstrated that PR-Score had a powerful ability to distinguish active UC from inactive UC in multiple datasets. Besides,
PR-Score was positively correlated with immune cell infiltration and inflammatory microenvironment in UC. Lower PR-Score
was associated with a better response to anti-TNF therapy for patients with UC. Additionally, high-PR-Score was found to
suppress CAC and improve the survival outcomes of patients with colorectal cancer. Finally, the levels of the PR-signature
genes were validated both in vitro and in vivo. These findings can improve our understanding of PRGs in UC and provide
new markers for predicting the occurrence of active UC or CAC and the treatment of UC.

1. Introduction

Ulcerative colitis (UC), a subcategory of inflammatory bowel
disease (IBD), is a complex, chronic, and recurrent inflam-
mation [1], with an increasing risk of colitis-associated colo-
rectal cancer (CAC) occurring after 8 to 10 years of disease
[2]. UC can be further divided into inactive and active states,
the latter of which is known to be associated with a stronger
immune response. However, the differences of immune cell
infiltration between active UC and inactive UC remain

unclear, and recent studies have pointed out that there are
significant differences between UC and normal mucosa in
this regard [3, 4]. Currently, antitumor necrosis factor
(TNF) therapy is the first-line treatment for patients with
moderate to severe UC [5]. Nevertheless, only two-third of
the patients respond to the treatment [6]. Genetic markers
are urgently needed to predict individual response to anti-
TNF therapy.

Pyroptosis, an inflammatory form of programmed cell
death, plays an important role in both tissue homeostasis
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and immune response [7]. The gasdermin (GSDM) family
proteins serve as the main mediators of pyroptosis, which
can be activated by caspase (CASP) family (CASP1/4/5/11)
via proteolysis, and induce the formation of GSDM-N,
resulting in swelling and lysis [8]. Triggered by certain
inflammasomes, pyroptosis releases a large number of
inflammatory factors, leading to immune disorders such as
autoimmune disease [9]. Pyroptosis also plays a complex
role in cancers: on the one hand, pyroptosis can inhibit the
oncogenesis and progression of tumors; on the other hand,
the inflammatory microenvironment formed by pyroptosis
provides suitable conditions for tumor growth [10]. Previous
studies have shown that pyroptosis is more associated with
the cancers that develop as a result of inflammation, such
as liver cancer [11], esophageal cancer [12], and colorectal
cancer (CRC) [12]. Accounted for approximately 5% of
CRC cases, CAC is developed from chronic UC [13]. Given
the existing findings, pyroptosis plays a potentially impor-
tant role in the inflammatory processes; however, the mech-
anism of pyroptosis in UC, the relationship between
pyroptosis and CAC, and the clinical value of pyroptosis-
related genes (PRGs) remain unknown.

The prognostic value of PRGs in cancers (such as breast
cancer [14], lung cancer [15], and glioma [16]) has been exten-
sively studied in recent years, whereas the value of PRGs
remains unclear in UC. Biomarkers or gene signatures are of
great importance in predicting disease, and more and more
studies applied various methods to explore the significant bio-
markers. For example, weighted gene coexpression network
analysis (WGCNA) can search gene modules with coexpres-
sion and identify the correlations between the modules and
phenotypes [17]. Logistic regression is often used to explore
the risk factors that cause disease and predict the probability
of disease occurrence based on the risk factors [18].

In this study, we comprehensively evaluated the expres-
sion profiles of PRGs and obtained the immune landscape
between active and inactive UC. WGCNA and logistic
regression analysis were applied to generate the pyroptosis-
related signature (PR-signature) and PR-Score, which were
significantly associated with active UC. We demonstrated
that the PR-Score had a powerful diagnostic capability for
active UC. Also, we reported the associations of the PR-
signature with the anti-TNF therapy response and the occur-
rence of CAC. The levels of the PR-signature genes were val-
idated in cell and animal models that mimic UC/CAC
pathologies in vitro and in vivo. Our study will help clarify
the role of pyroptosis in the progression and treatment of
UC, thus optimizing personalized treatment.

2. Materials and Methods

2.1. Dataset Collection. The workflow of our study is shown
in Figure 1. The Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) was used to download
the microarray datasets. Detailed information of all datasets
and included samples is shown in Table S1. Briefly,
GSE13367, GSE38713, GSE48958, and GSE53306 were
consisted of the training set, including 53 normal, 54 active
UC, and 44 inactive UC colon mucosa samples. The “sva”

R package was used to remove batch effects between
different datasets. Principal component analysis (PCA) was
used to detect the results by “prcomp” R function
(Figure S1). Additionally, GSE75214 and GSE94648 were
selected as validation sets. The GSE75214 contained 22
normal, 74 active UC, and 23 inactive UC mucosa samples,
and the GSE94648 included 17 active UC and 8 inactive
UC blood samples. Moreover, GSE111889 was obtained for
clustering validation, including 73 UC mucosa samples.

To analyze the correlation between the PR-Score and ther-
apy response, we searched several datasets with UC patients
treated with anti-TNF agents, including GSE92415 (golimu-
mab), GSE16879 (infliximab), and GSE23597 (infliximab).

Furthermore, to analyze the relationships of the PR-
signature with CAC and CRC, two CAC datasets (GSE4183
and GSE47908) from human tissues and a mouse model of
colitis-cancer (GSE31106) were collected. And two CRC
cohorts with survival information of patients, GSE39582 and
TCGA-COAD (The Cancer Genome Atlas—colon adenocar-
cinoma, https://portal.gdc.cancer.gov/), were also included.

2.2. Single-Sample Gene-Set Enrichment Analysis (ssGSEA).
The relative abundances of 28 immune cells in the colon
mucosa tissue of normal control and active/inactive UC
were calculated by ssGSEA. Besides, we selected some repre-
sentative gene sets for inflammatory pathways from MSigDB
(http://www.broad.mit.edu/gsea/msigdb/). The signatures of
tumor immune-related pathways were collected from previ-
ous research [19]. The ssGSEA algorithm was also used to
calculate the enrichment scores of these gene sets or signa-
tures via the “GSVA” R package.

2.3. Identification of Differentially Expressed PRGs. Seventy-
five PRGs were retrieved from previous publications [20,
21], and they were presented in Table S2. The “limma” R
package was used to identify differentially expressed genes
between active UC samples and inactive UC samples from
PRGs. Those genes with the threshold adjusted P value ð
adj:PÞ < 0:05 and jlog 2 ðfold changeÞj ≥ 1:0 were selected
as differentially expressed PRGs.

2.4. Construction of WGCNA and Identification of PR-
Signature. The training set was used to a coexpression net-
work via the “WGCNA” R package. At first, Pearson’s corre-
lation matrices were calculated for all paired genes and a
weighted adjacency matrix was constructed. A value of β =
5 scale (R2 = 0:88) was applied to build a scale-free network
(Figure S2). Then, the adjacency matrix was converted to a
topological overlap matrix (TOM) to prepare for
hierarchical clustering analysis [22]. The gene modules
were identified using a dynamic tree cut algorithm with a
minimum size of 30, and gene modules were clustered
according to the cutoff value of 0.32. The key module was
identified by both the highest absolute value of module
significance (MS), and the correlation between active UC
and module eigengene (ME). Meanwhile, the hub genes in
the key module were selected by a cutoff of the absolute
value of Pearson’s correlation ðjcor:StandardjÞ > 0:55. By
intersecting with the differentially expressed PRGs, the
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overlapping genes were identified as key PRGs and
composed a pyroptosis-related signature (PR-signature).

2.5. Generation of Logistic Regression Model and Pyroptosis-
Related Score (PR-Score). Univariate logistic regression anal-
ysis was used to validate the diagnostic abilities of the PRGs
in the PR-signature for active UC. Based on the PR-
signature genes, multivariate logistic regression model was
constructed to establish a PR-Score using the training set.

The PR-Score was calculated as follows:

PR − Score = Σ Expi ∗ Coefið Þ + b, ð1Þ

where Expi, Coefi, and b denote expression of each gene, the
risk coefficient, and the constant term in the logistic regres-
sion equation, respectively.

Based on the median of PR-Score, patients with UC
could be separated into high- and low-PR-Score groups for
further analysis.

2.6. Consensus Clustering Analysis of UC Samples. Based on
the expressions of the PR-signature genes, we used consen-
sus unsupervised clustering to classify UC patients into clus-
ters to investigate whether the PR-signature can distinguish
active UC from inactive UC. The “ConsensusClusterPlus”
package was used to perform the above steps [23]. The key
operating parameters included 80% item resampling, a max-
imum evaluated k of 9, and 1000 repetitions for guarantee-
ing the stability of classification.

2.7. Cell Line and Treatment. Normal colon mucosal epithe-
lial cell line NCM460 was purchased from the China Center
for Type Culture Collection (Wuhan, China), and cells had
been authenticated for STR profiling and tested for myco-
plasma by the vendor. All the cells were cultured in RPMI
1640 medium (HyClone, USA) containing 10% fetal bovine
serum (FBS, HyClone, USA), 100U/ml penicillin, and
100mg/ml streptomycin (Genom, China), at 37°C with 5%
CO2. 50 ng/ml TNF-α (PeproTech, USA) treated cells for

Multiple GEO cohorts

Immune landscape 

Pyroptosis-related genes 

Diferential expression

(a) Landscape of immune status and pyroptosis-related genes in UC

WGCNA

Identify

Logistic regression modelKey PR genes

Set up a PR-Score
1 0 39

5
0 85

436

(b) Generation of the pyroptosis-related (PR) signature

PR-Score validation Immune analysis

Terapy response CRC survivalColitis-associated cancer

Clustering validation ROC of signature

(c) Validation of the performances of the PR signature

Figure 1: Research flow chart of this study. UC: ulcerative colitis; GEO: Gene Expression Omnibus; PR: pyroptosis-related; WGCNA:
weighted gene coexpression network analysis; ROC: receiver operating characteristic; CRC: colorectal cancer.
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24 h to construct a cell model that mimics the active UC
pathology in vitro.

2.8. Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR) Assays. Total RNA was extracted from
NCM460 using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). RNA quantity was determined by NanoDrop 2000c
(Thermo Scientific, Waltham, MA, USA). For qRT-PCR,
1μg RNA was reverse transcribed to cDNA using a Reverse
Transcription Kit (Toyobo, Osaka, Japan). The qRT-PCR
assays were conducted on LightCycler® 96. Target gene
expression was normalized against GAPDH. The expression
levels of mRNA were calculated using the comparative CT
(2-ΔΔCT), and all experiments were performed with three bio-
logical replicates. The primer sequences are listed in Table S3.

2.9. The Models of DSS-Induced Colitis and AOM/DSS CAC.
Nine male C57BL/6 mice, aged 8 weeks, were purchased from
the Beijing Vital River Laboratory Animal Technology Com-
pany (Beijing, China). All mice were housed in specific
pathogen-free conditions at the Animal Experimental Center
of Zhongnan Hospital of Wuhan University. Mice were
grouped into DSS- (dextran sulfate sodium-) induced colitis
model and AOM (azoxymethane)/DSS-induced CACmodel.
The detailed processes of establishing the models were car-
ried out as previously described [24–26]. Briefly, 3% DSS
was added to the drinking water to induce colitis for 7 con-
secutive days. On day 8, the mice were sacrificed, and colon
samples were collected. To establish an AOM/DSS model,
8-week-old male mice were administered with a single intra-
peritoneal injection (i.p.) of 10mg/kg AOM (Sigma-Aldrich,
MO, USA), followed by seven days of regular diet and water
ad libitum. Mice were then administered with three cycles of
1.5% DSS (Sigma-Aldrich, MO, USA) for seven days and
drinking water for 14 days. After three cycles, they were sacri-
ficed, and colon samples were collected.

All animals received humane care, and the study protocol
was approved by the Animal Ethics Committee of Wuhan
University (Animal Use Protocol Number: 2019157).

2.10. Mouse Tissue Processing and Immunohistochemistry
(IHC). Colon tissues were fixed in 10% neutral-buffered for-
malin (Sigma-Aldrich, USA) and embedded in paraffin. Tis-
sue sections were sliced from paraffin blocks into 4μm thick
slices. The slices were further used for IHC test.

IHC was used to measure the levels of CASP5, GZMB,
GBP1, IL1B, and IRF1 in colonic tissues as previously
described [27]. The primary antibodies applied were CASP
5 (1 : 400, Boster, A05259-4), GZMB (1 : 3000, abcam,
ab255598), GBP1 (1 : 300; Proteintech, 15303-1-AP), IL1B
(1 : 500; abcam, ab283818), and IRF-1 (1 : 400, Cell Signaling
Technology, 8478). CASP 5, IL1B, and IRF1 were performed
heat-mediated antigen retrieval with Tris/EDTA buffer pH
9.0; others were with citrate buffer pH 6.0. We semiquanti-
fied the expression levels of the PR-signature genes using
an immune-reactive score (IRS) method [28]. Briefly, the
proportion of positively stained cells was graded as 0 (0%),
1 (0-5%), 2 (6-10%), 3 (11-50%), or 4 (51-100%), and the
staining intensity was expressed as 0 (none), 1 (weak), 2

(intermediate), or 3 (strong). Both values were multiplied
to obtain an IRS between 0 and 12. The evaluation was car-
ried out independently by two observers.

2.11. Statistical Analyses. Receiver operating characteristic
(ROC) curve was used to show the diagnostic ability of
PR-Score and the clustering ability of PR-signature for dis-
tinguishing active UC from inactive UC. The “pROC” R
package was used to plot the ROC curve. The “survival” R
package was used to investigate the correlation of PR-Score
and CRC survival outcomes, and the optimal cutoff point
of PR-Score was determined using the “survminer” R pack-
age. The correlation between PR-Score and clinicopathologic
features was analyzed using the χ2 test. Unpaired two-tailed
Student’s t-test or one-way ANOVA was used for more than
two comparison groups. The results are expressed as the
mean ± SEM at least three replicates. IBM SPSS version
25.0 was used to conduct logistic regression analyses, and
other statistical analyses were performed using R version
4.1.0 and GraphPad Prism 9. All results were considered to
be statistically significant at P < 0:05.

3. Results

3.1. Landscape of Immune Status and Differential Expression
of PRGs in UC. We first explored the differences of the
immune microenvironment of UC and normal samples. As
shown in the heat map (Figure 2(a)), both in the training
set and GSE75214, active UC samples had more abundant
immune cell infiltration than normal control, while inactive
UC was more similar to the normal, showing a status of
immune desert. Meanwhile, the enrichment scores of the
inflammatory-related pathways showed similar distributions
in normal and active/inactive samples as the immune cell
infiltration (Figure 2(b)). Active UC was not only active in
the pathways of inflammatory response as well known, but
also in IL6-JAK-STAT3 signaling, interferon-α/γ response,
and TNF-α signaling via NF-κB. In contrast, these pathways
were silent in the inactive UC, similar to the status of normal
tissues.

Next, to investigate the relationship of pyroptosis and the
occurrence of active UC, there were 75 PRGs involved in the
study. Differentially expressed analysis (active UC vs. inactive
UC) identified 30 PRGs with altered expression in the training
set, where only a few genes were downregulated while a large
proportion of them was upregulated (Figure 2(c) and
Table S4), indicating upregulation of the pyroptosis
regulators was more related to active UC. The levels of the
altered PRGs in normal and inactive UC were similar, but
significantly different from the active UC (Figure 2(d)). In
GSE75214, these altered PRGs also showed consistent
regulatory trends (Figures 2(e) and 2(f) and Table S5).
Together, we found that the trends of PRG alteration were
similar to the trends of immune status in UC, suggesting
pyroptosis was correlated with the progression of UC.

3.2. Generation of PR-Signature and PR-Score. A WGCNA
was then constructed to explore the crucial genes related to
active UC. We identified ten modules in the module
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Figure 2: Continued.
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classification through WGCNA (Figure 3(a)). The ME
showed the greenyellow module was most positively relevant
to the active UC (r = 0:73, P = 2e − 17) (Figure 3(b)). In addi-
tion, the MS of the greenyellow module was higher than
other modules (Figure 3(c)). Thus, our data indicated that
the greenyellow module was the most associated with the
occurrence of active UC. Meanwhile, under the absolute
value of Pearson’s correlation coefficients (|cor. Standard|)
higher than 0.55 (Table S6) and jlog 2 ðfold changeÞj ≥ 1:0
of differential expression analysis for PRGs as mentioned
above, a Venn diagram identified CASP5 (caspase 5), GBP1
(guanylate binding protein 1), GZMB (granzyme B), IL1B
(interleukin 1 beta), and IRF1 (interferon regulatory factor
1) (Figure 3(d)) as key PRGs to compose a PR-signature.

Then, to confirm the PR-signature has a remarkable pos-
itive correlation with active UC, univariate logistic regres-
sion analysis was conducted for the PR-signature genes
both in the training set and GSE75214 (Figures 3(e) and
3(f) and Table S7). Results showed that all 5 PR-signature
genes could predict active UC well. Based on the PR-
signature genes, multivariate logistic regression model was
constructed to develop a PR-Score to distinguish active UC
and inactive UC samples using the training set. The PR −
Score = CASP5∗ ð0:562Þ + IL1B∗ ð0:956Þ + GZMB∗ ð0:419Þ
+ IRF1∗ ð0:885Þ + GBP1∗ ð0:650Þ − 19:461.

3.3. Validation of the Performances of the PR-Score in UC. In
order to validate the performance of PR-Score in UC, several
datasets were used for analysis. Both in the training set and
GSE75214, PR-Scores were significantly higher in the group
of active UC than the inactive UC (Figures 4(a) and 4(b)).
Interestingly, in GSE94648, a set with blood samples, PR-
Score was also significantly high in the active UC, indicating
PR-Score in blood also can distinguish the samples with
active UC from the inactive UC (Figure 4(c)). The ROC
curve showed that PR-Score had a great power in diagnosing
active UC in three datasets, all with AUC > 0:8 (Figure 4(d)).
In addition, PR-Score had a strong positive correlation with
the Mayo score in GSE92415 (Figure 4(e)) and GSE94648
(Figure S3(a)). The Mayo score is an indicator of the
severity of UC based on the endoscopic presentation, and
higher score indicates severer disease [29]. As for other
clinicopathologic features, PR-Score was associated with
the lesion location of UC (Table S8-9).

Since the GSDM family genes play important roles in
pyroptosis [8], we next analyzed the correlations of PR-
Score and the GSDM family members. As shown in
Figure 4(f), we observed that PR-Score was most positively
associated with the expression of GSDMD, which was iden-
tified as the most important pyroptosis executioner among
the GSDM genes [30].
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Figure 2: Landscape of immune status and pyroptosis-related genes (PRGs) in UC. (a) The distributions of 28 immune cells in normal and
active/inactive UC samples. Red represents abundant infiltration and blue represents immune cell desert. (b) GSVA showed the distributions
of the inflammation-related pathways in normal and active/inactive UC samples. Red represents activation of biological pathways and blue
represents inhibition of biological pathways. (c) The volcano plot displayed the expression changing information of 75 PRGs between active
UC and inactive UC samples in the training set. (d) Expression distributions of the 30 altered PRGs in normal and active/inactive UC
samples in the training set. (e) The volcano plot showed the expression changing information of 75 PRGs between active UC and
inactive UC samples in GSE75214. The marked genes are the 30 altered PRGs in the training set. (f) Expression distributions of the 30
altered PRGs in normal and active/inactive UC samples in GSE75214. UC: ulcerative colitis; ac: active; in: inactive. ∗P < :05, ∗∗P < :01,
∗∗∗P < :001, and ∗∗∗∗P < :0001. ns: not significant.
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In terms of affecting immune status, we found that PR-
Score was significantly positively related to immune cell
infiltration, including neutrophils, myeloid-derived suppres-
sor cells, activated CD4 T cells, and regulatory T cells
(Figure 4(g)), which indicated that PR-signature genes could
be involved in the inflammation of UC by regulating pyrop-
tosis of these cells. Meanwhile, PR-Score had positive corre-
lations with multiple inflammatory pathways (Figure 4(h)),
among which the IL6-JAK-STAT3 signaling, interferon-α/
γ, and chronic inflammatory response were most significant.

3.4. PR-Signature Was an Effective Classifier for Active/
Inactive UC and Inflamed/Uninflamed Immune Status. By
means of unsupervised clustering, we validated the classifica-
tion ability of PR-signature for active and inactive UC
patients. Based on the PR-signature genes, UC patients were
reclassified into two clusters (Figure 5(a) and Figure S3 (b,
d)). Notably, we found that the major proportion of cluster
2 (C2) was active UC, while the major proportion of cluster
1 (C1) was inactive UC (Figure 5(b) and Figure S3(e)). As
the heat map shows (Figure 5(c)), active UC, higher PR-
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8 Journal of Immunology Research



Score, and higher expressions of the PR-signature genes were
more likely to concentrate in C2 than C1, so we suggested C2
might represent the samples with active UC in the clustering.
The ROC curve revealed that the PR-signature also had good
diagnostic capability for active UC (Figure 5(d)), but it was
slightly inferior to PR-Score (Figure 4(d)). As shown in
Figures 5(e) and 5(f), the samples in C2 had more abundant
infiltration of immune cells and higher enrichment scores of
the inflammation-related pathways than C1 across three
datasets, so we defined C2 as the inflamed class while C1 as
the uninflamed class in UC. Also, this finding further
confirmed the differences of immune status between active
and inactive UC.

Likewise, the patients in GSE111889 were not distin-
guished between active and inactive UC, but we found that
the UC samples could also be well classified into two clusters
based on the PR-signature (Figure 5(g) and Figure S3(f)).
The UC samples in C2 had higher expressions of the PR-
signature genes and higher PR-Scores than C1 (Figures 5(h)
and 5(j)). Based on the knowledge from the results above,
this C2 was closer to active UC. Besides, compared with C1,
C2 had more abundant infiltration of immune cells and
higher enrichment scores of inflammation-related pathways
at the same time (Figures 5(k) and 5(l)). Therefore, C2 was
reasonably identified as the inflamed class while C1 was the
uninflamed class. Collectively, the clustering of C2 and C1
was likely equivalent to the classification of active and
inactive UC, respectively. And the ROC curve showed that
PR-Score could distinguish C1 and C2 well (Figure 5(m)).

Collectively, the PR-signature could serve as an effective
classifier for active/inactive UC and inflamed/uninflamed
status.

3.5. Lower PR-Score Was Associated with a Better Response
to Anti-TNF Therapy for Patients with UC. Anti-TNF agents
are widely used to treat UC, but the effects vary from person
to person [31]. We next investigated the relationship of PR-
Score with the anti-TNF therapeutic response. Based on the
GSE92415 dataset, PR-Score did not differ between placebo
groups (Figure 6(a)) but was lower in the responders than
in the nonresponders after 6 weeks of golimumab treatment
(Figure 6(b)). Similarly, in GSE16879, both before and after
infliximab (IFX) treatment, PR-Score was lower in the
responders but higher in the nonresponders (Figure 6(c)).
And interestingly, PR-Score was decreased after IFX treat-
ment compared with before treatment, which was more
significant in the responders (Figure 6(d)). Importantly, in
GSE23597, PR-Score was significantly lower in the
responders than the nonresponders, despite of dose or time
administration (Figures 6(e) and 6(f)). In summary, the
responders in anti-TNF treatment had lower PR-Score and
PR-Score showed a decline after anti-TNF treatment. These
findings suggested that the PR-signature genes were con-
nected to the anti-TNF therapy and PR-Score could predict
the anti-TNF therapeutic responses.

3.6. High PR-Score Suppressed the Occurrence of CAC and
Improved the Survival Outcomes for Patients with CRC. We
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Figure 4: Correlation between PR-Score, expression of GSDM family members, and immune status. Differences of the PR-Score in active
UC and inactive UC samples in the training set (a), GSE75214 (b), and GSE94648 (c). (d) The ROC curve showed the diagnostic efficiency of
the PR-Score in three datasets. (e) The correlation of the PR-Score and Mayo score in GSE92415. (f) PR-Score was most positively associated
with the expression of GSDMD in all datasets (left: the training set and GSE94648; right: GSE75214 and GSE111889). (g) Correlations of
PR-Score and immune cells in UC samples in four datasets. (h) Correlations of PR-Score and inflammation-related pathways in UC
samples in four datasets. UC: ulcerative colitis; ac: active; in: inactive; AUC: area under the curve. ∗P < :05, ∗∗P < :01, ∗∗∗P < :001, and
∗∗∗∗P < :0001. ns: not significant.
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Figure 5: Continued.
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next analyzed the associations of PR-Score with occurrence
of CAC and tumor immunity of CRC. Notably, PR-Score
was lower in adenoma and CRC compared with IBD tissues
in GSE4183 (Figure 7(a)). Consistently, in GSE47908, PR-
Score was also lower in UC-dysplasia than colitis samples
(Figure 7(b)). In addition to these findings, in GSE31106, a
mouse model, PR-Score was negatively correlated with the

progressions from inflamed dysplasia to adenocarcinoma
(Figure 7(c)). In brief, PR-Score was decreased in the sam-
ples with UC-related CRC, inferring the PR-signature genes
might protect body from UC-associated cancer occurring.
Meanwhile, PR-Score was positively correlated with the
expressions of the molecules that suppress CAC/CRC but
had no significant correlations with the tumor-promoting

–18

–15

–12

–9

Py
ro

pt
os

is 
re

la
te

d 
sc

or
e

P < 0.0001

C1 C2

(i)

CASP5

GBP1

GZMB

IL1B

IRF1

PR-Score

Cluster

–2

–1

0

1

2

High
Low

Cluster

GSE111889

C1

C2

(j)

INFLAMMATORY_RESPONSE
ACUTE_INFLAMMATORY_RESPONSE
CHRONIC_INFLAMMATORY_RESPONSE
CYTOKINE_INVOLVED_IN_INFLAMMATION
INFLAMMATORY_CELL_APOPTOTIC_PROCESS
ALLOGRAFT_REJECTION
APOPTOSIS
COMPLEMENT
HYPOXIA
IL6_JAK_STAT3_SIGNALING
INTERFERON_ALPHA_RESPONSE
INTERFERON_GAMMA_RESPONSE
REACTIVE_OXYGEN_SPECIES_PATHWAY
TNFA_SIGNALING_VIA_NFKB

Cluster

–1

–0.5

0

0.5

1

Cluster

C1-uninflamed

C2-inflamed

GSE111889

(k)

Activated B cell
Activated CD4 T cell
Activated CD8 T cell
Activated dendritic cell
Eosinophil
Gamma delta T cell
Macrophage
Mast cell
MDSC
Monocyte
Natural killer cell
Natural killer T cell
Neutrophil
Plasmacytoid dendritic cell
Regulatory T cell
T follicular helper cell
Type 1 T helper cell
Type 17 T helper cell
Type 2 T helper cell

Cluster

GSE111889

(l)

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

AUC 

0.99 (1.00–0.98)

1 – specificities

Se
ns

iti
vi

tie
s

(m)

Figure 5: The capacity of PR-signature in classifying active/inactive UC and inflamed/uninflamed immune status. (a) Based on the PR-
signature, UC samples of the training set were reclassified into two clusters using unsupervised consensus clustering. (b) Distributions of
two clusters in active UC and inactive UC. (c) Distributions of active/inactive UC samples, PR-Score, and expression of the five key
PRGs in two clusters. (d) The ROC curve showed the diagnostic efficiency of the PR-signature in three datasets. (e) Differences of
activation of inflammatory-related pathways in two clusters. (f) Differences of immune cell infiltration in two clusters. (g) UC
samples of GSE111889 were classified into two clusters based on the PR-signature using unsupervised consensus clustering. (h)
Expression differences of the five key PRGs in two clusters. (i) Differences of the PR-Score in two clusters. (j) Distributions of PR-
Score and expression of the five key PRGs in two clusters. (k) GSVA showed the distributions of the inflammatory-related pathways
in two clusters. Orange represents activation of biological pathways and blue represents inhibition of biological pathways. (l) The
distributions of immune cells in two clusters. Orange represents abundant infiltration and blue represents immune cell desert. (m)
The ROC curve showed the diagnostic efficiency of the PR-signature for two clusters. UC: ulcerative colitis; ac: active; in: inactive;
AUC: area under the curve.
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molecules (Figures 7(d) and 7(e)). AIM2 was the most sig-
nificant among the molecules both in UC and CRC samples.
These data provided further evidences that PR-signature
could inhibit tumorigenesis. In the patients with CRC, PR-
Score was associated with the clinicopathologic features such
as tumor stage, lymphatic invasion, and KRAS mutation
(Table S10-11). Additionally, it is worth noting that higher
PR-Score inferred better overall survival (OS) and disease-
free survival (DFS) outcomes, which were consistent in the
TCGA and GSE39582 cohorts (Figures 7(f) and 7(g)), also

indicating that the PR-signature genes tended to play roles in
suppressing CRC. The PR-Score had no significant
difference between normal and tumor tissues (Figure 7(h)).
By analyzing tumor immune-related pathways, we found
that the pathways including “expanded immune,” “APC
costimulation,” and “T cell costimulation” were significantly
active in the high-PR-Score group; and the immune
molecules including HLA, checkpoint, and CD8 T cell
effector were also more active in the high-PR-Score group
(Figure 7(i)). Together, the PR-signature played a potential
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Figure 6: Differences of the PR-Score in responders/nonresponders with anti-TNF treatment. Based on the GSE92415 dataset, UC patients
were treated with placebo (a) and golimumab (b) for 6 weeks, respectively. The PR-Score was compared. According to the GSE16879 dataset,
the PR-Score was compared between UC patients before and after IFX treatment (c), or between responders and nonresponders (d). Based
on the GSE23597 dataset, compare the effects of IFX doses (e) and the time of IFX administration (f) on the PR-Score in patients with IFX
response. UC: ulcerative colitis; IFX: infliximab. ∗P < :05, ∗∗P < :01, ∗∗∗P < :001, and ∗∗∗∗P < :0001. ns: not significant.
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antitumor role in CRC progression. The heat map also
displayed the distribution of the subtypes of CRC between
the high- and low-PR-Score groups (Figure 7(i)). The
MSI-H/dMMR (high microsatellite instability/deficient-
mismatch-repair) CRC was more likely to concentrate in the
high-PR-Score group, while the MSS/pMMR (microsatellite
stability/proficient-mismatch-repair) was more likely to
concentrate in the low-PR-Score group, indicating the PR-
signature was related to the microsatellite instability.

3.7. Validation of the Levels of the PR-Signature Genes In
Vitro and In Vivo. Since the above conclusions were based
on bioinformatics analysis, further validation was required
to provide sufficient proof that the PR-signature was pos-
itively associated with the occurrence of the active UC
but negatively correlated with the development of CAC.
Thus, we validated these results in vitro and in vivo exper-
iments. As shown in Figure 8(a), the expressions of
CASP5, GBP1, GZMB, IL1B, and IRF1 were significantly
upregulated in the TNF-α-stimulated NCM460 cells.
Meanwhile, we also compared the associations of the PR-
signature genes and the occurrence of UC and CAC in
mouse models. The results showed that the protein levels
of CASP5, GBP1, GZMB, IL1B, and IRF1 were signifi-
cantly increased in the active UC tissues compared with nor-
mal controls while markedly reduced in CAC tissues
compared to UC (Figures 8(b) and 8(c) and Figure S4).
These data confirmed that the high level of PR-signature
was associated with the occurrence of UC and suppression
of CAC.

4. Discussion

Active UC and inactive UC are two different clinical stages
of disease, and our study revealed the distinctions in the
immune microenvironment between them. As a proinflam-
matory cell death, pyroptosis was potentially involved in
the progression of inactive UC to the active stage. In this
study, we generated a PR-Score/PR-signature that was asso-
ciated with the occurrence of active UC and could distin-
guish active UC from inactive UC well. The PR-Score/PR-
signature consisting of CASP5, GBP1, GZMB, IL1B, and
IRF1 was closely related to the immune status, anti-TNF
therapy response, and CAC suppression. Our findings may
provide new markers for predicting the development of
active UC and CAC and new targets for individualized treat-
ment of UC patients.

One of the PR-signature genes identified by our study,
IL1B, is a proinflammatory cytokine that plays an important
role in many physiological and pathological processes [32,
33]. Pro-IL1B and GSDMD can be proteolytic processed
by activated CASP1, which leads to the formation of the
GSDMD pore, the release of mature IL1B, and eventually
pyroptosis [34]. Li et al. clarified that activation of NF-κB
signaling can exacerbate colonic inflammation in UC by
releasing IL1B and inducing intestinal epithelial cell pyrop-
tosis [35]. Therefore, the role of IL1B in active UC is rela-
tively clear, and our study provides consistent and further
evidences. Like CASP1, CASP5 is a member of the caspase
family. CASP1 is an important signaling molecule in pro-
moting inflammation in UC [34], but the role of CASP5 in
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UC is less reported. It is worth mentioning that CASP5 was
highly expressed in the stromal compartment of inflamma-
tory UC and CRC tissues [36]. Also, CASP5 is essential for
heme-induced IL1B release and the heme-induced activation
of CASP5 is a key mediator of inflammation in macrophages
[37]. Our study points out that CASP5 was a key pyroptosis
regulator associated with the occurrence of active UC, pro-
viding more insights for further studies. IRF1 is required
for IFNs to induce MHC class I proteins and prime CD8+
T cell responses [38]. IRF1 regulates IL-15 expression and
controls the development of NK1+ T cells, NK cells, and
CD8+ intestinal intraepithelial lymphocytes [39]. Thus,
IRF1 is close to immune activation and inflammatory
response. Fang et al. reported that IRF1 was upregulated in
pediatric IBD and experimental colitis [40]. During intesti-
nal inflammation, the activation of TNF-α upregulates the
expression of IRF1, resulting in aggravating apoptosis of
the intestinal epithelial cells [41]. Our study also identified
IRF1 as a key pyroptosis molecule involved in the inflamma-
tory activity of UC. GZMB is a member of granzyme (GZM)
family and also possesses the cytotoxic activities [42]. GZMB
and CASP1 together activate GSDME to cause cell pyropto-
sis and participate in the inflammatory activity [43]. Signifi-
cant upregulated expression of GBP1 was found in
inflammatory disease such as rheumatoid arthritis [44].
Additionally, Zhang et al. observed that inflammatory mac-
rophage was significantly enriched in severe COVID-19
samples and showed significantly elevated levels of proin-
flammatory genes, including GBP1 and IL1B [45]. Here,
we demonstrated that the five PR-signature genes were
highly upregulated in the inflammation cell model and
DSS-induced colitis samples. Therefore, the five PR-
signature genes were all proven to be positive pyroptosis reg-
ulators associated with the occurrence of active UC. Mean-

while, PR-Score was positively correlated with the
interferon-α/γ, chronic inflammatory response, and IL6/
JAK/STAT3 pathways, further proving that the PR-
signature genes helped with inflammation.

This PR-signature contains molecules that are clearly
associated with UC inflammation (IL1B, CASP5, and IRF1)
as well as novel molecules rarely reported in UC (GZMB
and GBP1), which together may better predict and differen-
tiate the active UC from inactive UC. More importantly, we
validated the diagnostic power of the PR-signature/PR-Score
in multiple datasets, including not only tissue sample sets
but also a blood sample set (GSE94648). The PR-signature/
PR-Score showed outstanding diagnostic ability and may
be utilized to be a novel signature detecting the occurrence
of active UC even in blood samples. We also revealed that
the PR-Score had a significant positive correlation with
GSDMD, which is the most important pyroptosis execu-
tioner [8]. Collectively, the PR-signature genes could partic-
ipate in the development of active UC by mediating
pyroptosis, but the specific mechanism still needs further
exploration. Many studies have revealed that the pathogene-
sis of IBD involves various immune cells, such as neutrophil
[46], innate lymphoid cells [47], and subsets of CD4+ T cells
[48]. Notably, PR-Score was positively correlated with the
infiltration of neutrophil, active CD4+ T cells, and regula-
tory T cell (one subset of CD4+ T cells) in our study,
suggesting the PR-signature genes were involved in inflam-
matory activity of UC by enriching these immune cells. This
correlation was weak in the blood samples (GSE94648) on
account of the low levels of immune cells in blood.

Another important finding of our study is that PR-Score
was significantly associated with the response to anti-TNF
treatment. Tang et al. demonstrated that TNF-α blockade
can induce macrophage pyroptosis by inhibiting the IRF1
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Figure 8: Validation of the levels of the PR-signature genes in vitro and in vivo. (a) The expressions of 5 PR-signature genes in normal
NCM460 cells and TNF-α-stimulated inflammation cells. (b) Representative IHC images showing the expressions of 5 PR-signature
genes in normal (left), DSS-induced colitis (middle), and AOM/DSS-induced CAC (right) tissues of mice. (c) Semiquantification of IHC
staining of 5 PR-signature genes in normal, DSS-induced colitis, and AOM/DSS-induced CAC tissues of mice. CAC: colitis-associated
colorectal cancer; IHC: immunohistochemistry. ∗P < :05, ∗∗P < :01, and ∗∗∗P < :001.
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pathway and thus alleviate the inflammatory activity [41].
Anti-TNF-α or an NF-κB signaling pathway inhibitor would
reduce the release of cytokines [49]. This can partially
explain the decline of PR-Score after IFX and golimumab
treatments. The responders of anti-TNF therapy had signif-
icantly lower PR-Score than the nonresponders, inferring
low PR-Score could enhance and predict the response to
anti-TNF antibodies. Consistently, Salvador-Martín et al.
revealed [50] that GBP1 was downexpressed in responders
compared with nonresponders in UC, and Lykowska-
Szuber et al. reported [51] that IL1B was significantly down-
regulated in responders in Crohn’s disease. Therefore, the
PR-signature genes were potentially involved in the response
process of anti-TNF therapy and can serve as promising pre-
dictors for anti-TNF therapy response in UC.

Pyroptosis is usually induced by inflammasome that is
an important innate immune pathway [52, 53]. Recent stud-
ies demonstrated that inflammasome promote tumor pro-
gression in skin and breast cancer [54, 55]. However, on
the intestinal mucosal surface, the intestinal barrier function
and tumor surveillance depend on activation of inflamma-
some to product active IL1B and IL18 [52]. Previous studies
showed that the inflammasome components provide protec-
tion against the development of colon cancer in the CAC
model [56, 57]. In our study, PR-Score was negatively asso-
ciated with the progress of inflamed dysplasia to adenocarci-
noma, indicating that the PR-signature played a protective
role in CAC. The in vivo experiments in CAC mouse model
proved that the levels of PR-signature genes were indeed
reduced in the CAC samples compared to UC. Besides, we
found that PR-Score was positively correlated with the
CAC/CRC inhibitory molecules, among which AIM2 was
the most significant. Researches demonstrated that the
expression of Aim2 is markedly reduced in tumor-
associated tissues of mice, and mice lacking Aim2 are hyper-
susceptible to both colitis-associated and spontaneous colo-
rectal tumorigenesis [58, 59]. This indirectly confirmed the
effect of the PR-signature on suppressing CAC. Our study
also found that the high-PR-Score group showed more
MSI-H CRC and more active antitumor-related pathways/
molecules. Collectively, high-PR-Score may be a protective
factor against CRC and thus improve the survival outcomes.

5. Conclusions

In brief, we identified CASP5, GBP1, GZMB, IL1B, and
IRF1 as key PRGs and established a novel PR-signature/
PR-Score, which had great power to distinguish active UC
from inactive UC. The in vitro and in vivo experiments val-
idated that the PR-signature genes were overexpressed in
UC pathologies. We also determined the therapeutic liability
of the PR-signature genes in anti-TNF treatment for UC
patients. The correlations between the PR-signature genes
and CAC were clarified using public datasets and the CAC
mouse model. Our study provided promising pyroptosis-
related biomarkers for predicting the progressions of UC
and CAC and guided individualized anti-TNF therapy for
UC patients.
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Sepsis is defined as a dysregulated immune response to infection that leads to multiple organ dysfunction. To date, though a
growing body of knowledge has gained insight into the clinical risk factors, pathobiology, treatment response, and recovery
methods, sepsis remains a significant concern and clinical burden. Therefore, further study is urgently needed to alleviate the
acute and chronic outcomes. Berberine (BBR), a traditional Chinese medicine with multiple actions and mechanisms, has been
investigated in cellular and rodent animal models of sepsis mainly based on its anti-inflammatory effect. However, the practical
application of BBR in sepsis is still lacking, and it is imperative to systematically summarize the study of BBR in sepsis. This
review summarized its pharmacological activities and mechanisms in septic-related organ injuries and the potential BBR-based
therapeutic strategies for sepsis, which will provide comprehensive references for scientific research and clinical application.

1. Introduction

Sepsis is a life-threatening clinical syndrome characterized
by multiple organ dysfunction caused by the body’s dysreg-
ulated response to infection. Despite better supportive ther-
apy and care, sepsis and sepsis shock have led to a high
morbidity and mortality rate in recent years [1]. Just as intri-
cated immune or inflammatory factors drive multiple meta-
bolic diseases [2, 3], the exact mechanisms responsible for
sepsis are also complex, involving coagulation abnormalities,
uncontrolled release of inflammatory mediators, excessive
innate immune response, endothelial capillary leakage syn-
drome, and organ dysfunction [4]. Though progress has
been made regarding recognizing and managing clinical sep-
sis, incidence and mortality rates remain high. For example,
in 2017, an estimated 48.9 million incident cases of sepsis
and 11.0 million sepsis-related deaths were reported, repre-
senting 19.7% of all global deaths [5, 6]. Furthermore, clini-
cal trials of therapeutics have failed to obtain promising
results, and it likely got even worse during the coronavirus
disease 2019 (COVID-19) pandemic due to the limited
intensive care unit resources [7]. Given the lack of effective

treatment for sepsis, Chinese herbal medicines, i.e., Chinese
patent medicines, Chinese herbal prescriptions, and single
Chinese herbs, have therapeutic actions promising in treat-
ing sepsis through multicomponent, multipathway, and
multitargeting abilities [8].

Berberine (BBR), an isoquinoline alkaloid, is widely dis-
tributed in many medicinal plants, such as Coptis chinensis
and Berberis vulgaris, and is usually regarded as an ingredi-
ent of Chinese herbal medicines [9]. It has a molecular
weight of 336.37Da and can be obtained through de novo
synthesis. Though BBR was approved to be an antibacterial
agent, it also plays a crucial therapeutic role in infectious dis-
eases, cardiovascular diseases, neurodegenerative diseases,
and rheumatoid arthritis due to its antimicrobial, antioxi-
dant, anti-inflammatory, and metabolic regulation effects
[10, 11]. BBR can act on a diverse range of molecular targets
by binding to the active cavities with specific structural and
physiochemical properties. Among the related conditions,
sepsis is characterized by the host’s excessive and complex
inflammatory response and is linked with bacterial and viral
infections during its occurrence and progression. In recent
years, though no studies about BBR for treating sepsis in
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clinical practice, its protective effect and mechanism on sep-
sis have been explored extensively in cellular and animal
models [12–15]. Whether BBR could be a potential thera-
peutic drug for sepsis and septic complications remains
unclear in the real world. Given that dysregulated host sys-
temic inflammatory and immune response during sepsis
usually lead to life-threatening organ dysfunction, this paper
summarizes the protective role of BBR for organ injury and
related mechanism and, finally, prospects the potential BBR-
based therapeutic strategies in sepsis.

2. Effects and Mechanisms of BBR in Sepsis-
Related Organ Dysfunction

2.1. BBR in Sepsis-Related Intestinal Barrier Injury. The
intestinal barrier and the subsequent translocation of intesti-
nal bacteria play a critical role in multiple organ dysfunction
syndromes during sepsis [16]. Lipopolysaccharide (LPS)
produced by intestinal bacteria might damage gut-vascular
integrity, increase permeability, and reduce tight junction
and adherens junction protein production [17]. Several stud-
ies have shown that pretreatment with BBR protects against
intestinal injury in sepsis-challenged animals with various
mechanisms. For example, in male Sprague-Dawley (SD)
rats undergoing cecal ligation and puncture (CLP), TNF-α
and IL-6 were significantly lower, while the tight junction
protein level, the percentage of cell death in intestinal epithe-
lial cells, and the mucosal permeability were significantly ele-
vated after treatment by BBR [12]. The overall effects were
consistent with other studies [18, 19]. Further investigation
showed that the mRNA level of intestinal Toll-like receptors
2 (TLR2) and TLR4 was also increased [18, 20], indicating
that BBR might protect the intestinal mucosal barrier in
the early phase of sepsis through the TLR-NF-κB signaling
pathway [20]. Moreover, BBR protected the damaged gut-
vascular barrier (GVB) via modulation of the hepatic apoli-
poprotein M/S1P pathway in the polymicrobial sepsis model
[21] and attenuated the impairment of glutamine transport
and glutaminase activity in rats [19]. BBR also inhibited
inducible cyclooxygenase-2 (COX-2) overexpression in rat
small intestinal mucosa via activation of the peroxisome
proliferator-activated receptor-gamma (PPARγ) pathway
and inhibited the effects of LPS in a rat model of endotoxe-
mia [13]. However, although NOD-like receptors (NLR)
play a crucial role in host defense against intestinal infection,
there is no evidence that the NLR pathway was related to the
preventive effect of BBR for sepsis [12]. In contrast, Wnt/
beta-catenin signaling pathway was related to the protective
effect of BBR on the gut-vascular barrier during sepsis [17].

Zinc deficiency is prevalent in the gut and might drive
bacterial translocation and toxin dissemination, while zinc
redistribution could protect the intestinal barrier in sepsis
[22–24]. It was reported that BBR could regulate the trace
elements of zinc’s metabolism and exert intestinal protection
role. He et al. demonstrated that BBR (50mg/kg/day,
gavage) improved survival rates of septic rats in the rat
CLP sepsis model (BBR vs. CLP group: 80% vs. 46.7% at
48 hours) and reduced plasma endotoxin levels and intesti-
nal mucosal permeability of septic rats, which were accom-

panied by the increased zinc levels [25]. In cellular studies,
BBR treatment increased intracellular zinc transporter Zrt-
Irt-like protein 14 (ZIP14) mRNA and protein expression
in LPS-treated human colorectal adenocarcinoma cell line
Caco-2 cells and upregulated LPS-decreased claudin-1 and
occludin generation [25]. From the above evidence, we could
conclude that BBR has a definite protective effect on intesti-
nal barrier dysfunction, and this aspect might be the first
breakthrough of BBR in treating organ injury in sepsis.

2.2. BBR in Sepsis-Related Lung Injury. Lung injury and
acute respiratory distress syndrome (ARDS) are common
challenges in sepsis. Microbial infections are usually respon-
sible for pneumonia or sepsis, which cause altered respira-
tory function, pulmonary edema, and accumulation of
inflammatory cells, including polymorphonuclear neutro-
phils (PMNs), circulating monocytes, and tissue-resident
macrophages. The protective role of BBR for lung injury in
sepsis was mainly derived from its anti-inflammatory effect.
BBR was endowed with pronounced anti-inflammatory
property, which was probably associated with suppressing
the activation of the NF-κB signaling pathway and the
subsequent gene expressions and productions of proinflam-
matory mediators [26, 27], as well as suppressing the phos-
phorylation of MAPKs, such as p38, ERK, and JNK, and
the level of reactive oxygen species in macrophages [28].
Berberine pretreatment maintained the integrity of endothe-
lial glycocalyx, inhibited NF-κB signaling pathway activa-
tion, and decreased the production of proinflammatory
cytokines TNF-α, IL-1β, and IL-6 in mice with LPS-
induced ARDS [29]. Pretreatment with neutral sulfate ber-
berine attenuates lung and small intestine tissue injury and
improves survival in endotoxemic mice, which may be medi-
ated, at least in part, by the inhibition of proinflammatory
mediators TNF-α and IFN-γ and NO production and upreg-
ulation of IL-10 release [1]. Wang et al. also reported that
BBR inhibited LPS or CpG-ODN-induced proinflammatory
cytokine expression at 12 and 24h post BBR treatment in
bone marrow-derived macrophages (BMDM) and LPS/D-
galactosamine-challenged septic mouse model in vivo. They
demonstrated that BBR significantly attenuated lung tissue
injury and potently increased the survival rate in the septic
mice with negligible side effects by suppressing NF-κB-
and IL-6-mediated STAT3 activation [30]. Additionally,
BBR could protect the permeability of pulmonary microvas-
cular endothelial cells (HPMECs) and decrease the expres-
sion of IL-1β and IL-18 by suppressing the expression of
phosphorylated NF-κB and further restraining the down-
stream gene nucleotide-binding domain and leucine-rich
repeat protein-3 (Nlrp3) [31]. This limited evidence hints
that the anti-inflammatory roles might be the core mecha-
nisms for BBR in treating sepsis-related lung injury.

2.3. BBR in Sepsis-Related Acute Kidney Injury. Septic acute
kidney injury (S-AKI), which is characterized by a rapid
deterioration of renal function, accounts for about half of
all patients with AKI syndrome treated in the intensive care
unit (ICU) [32]. The mechanisms of sepsis-associated acute
kidney injury involve ischemia-reperfusion, inflammation,
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oxidative stress, tubular cell damage, dysregulated microcir-
culation, morphofunctional alterations in the mitochondria,
and apoptosis. The pathogen-associated molecular patterns
(PAMP) and damage-associated molecular patterns (DAMP)
participate in the pathological process [33, 34]. Sepsis-
causing pathogens include bacteria, fungi, and viruses, and
the widely used models of S-AKI in basic research were usu-
ally induced by bacteria or isolated bacterial pathogenic sub-
stances [33]. As an alkaloid with well antibacterial activity
and even an alternative to antibiotics, few studies reported
the application of BBR in S-AKI. Al-Kuraishy et al. revealed
that BBR has no significant effect on AKI biomarkers except
on serum kidney injury molecules (KIM-1) in diclofenac-
induced AKI, whereas combined use of BBR and pentoxifyl-
line significantly reduced renal biomarkers such as blood
urea, serum creatinine, and glomerular filtration rate (eGFR)
[35]. Berberine is the main bioactive component in Rhizoma
Coptidis [36]. Integrating metabolomics and network phar-
macology showed that Rhizoma Coptidis extracts increased
the nuclear translocation of nuclear factor-erythroid 2-
related factor-2 (Nrf2), the protein expression of heme
oxygenase-1 (HO-1), and the mRNA expression of PPARα
and reduced nitric oxide synthase 2 (NOS2) activity [37].
Of note, BBR also exerts renoprotective effects caused by
other inducers such as cisplatin and gentamicin in rodent
models through upregulating mitophagy or its antioxidant,
anti-inflammatory, and antiapoptotic properties [38–40].

2.4. BBR in Sepsis-Related Liver Injury. Disturbed liver func-
tion and drastic changes in hepatic gene and protein expres-
sion during sepsis induce inflammatory pathway activation
and downregulate house-keeping functions such as meta-
bolic, biotransformation, or bile transport activities [41].
During systemic infections, the liver regulates immune
defenses via bacterial clearance, production of acute-phase
proteins (APPs) and cytokines, and metabolic adaptation
to inflammation. The release of APPs with various biological
functions in the systemic circulation contributes to the sys-
temic activation of immune responses, while mitochondrial
and endoplasmic reticulum (ER) dysfunctions during the
acute phase response elicited by systemic inflammation lead
to liver failure in sepsis [3, 41, 42]. To date, the molecular
mechanism studies for hepatoprotection of BBR in sepsis
were insufficient. Limited investigations revealed that BBR
inhibits LPS-induced oxidative stress markers NO protein
and iNOS expression in RAW 264.7 and THP-1 macrophage
cells [14] and further alleviates ALT, AST, malondialdehyde
(MDA), and myeloperoxidase (MPO) activity in sepsis rat
model [15]. Moreover, BBR reduced proapoptotic protein
cleaved caspase-3 and increased antiapoptotic protein Bcl-2
in CLP-induced liver injury, which were associated with a
reduction in intestinal permeability and CLP-induced dis-
tant organ cell apoptosis as compared with mice on vehicle
treatment [43]. Among the numerous mediators in sepsis,
the high mobility group box 1 (HMGB1) is an endogenous
DAMP that mediates downstream effects within the
inflammatory cascade. It was reported that AMPK activa-
tion could significantly inhibit LPS-induced HMGB1
release in RAW264.7 cells [44]. A berberine derivative,

13-ethylberberine (13-EBR), could reduce HMGB1 release
by activating AMPK under septic conditions and protect
endotoxemic mice from liver damage [45]. Similarly, other
researchers also have verified the inhibition of BBR-loaded
nanostructured lipid carriers for HMGB1/TLR4/NF-κB sig-
naling and protective roles for warm hepatic ischemia/
reperfusion-induced lesion [46]. Therefore, based on this
limited evidence, inhibiting the key inflammatory media-
tors and pathways is still a dominant mechanism of BBR
in treating sepsis-related liver injury.

2.5. BBR in Sepsis-Induced Disseminated Intravascular
Coagulation. Disseminated intravascular coagulation (DIC)
was recognized as a deadly complication in sepsis. In addi-
tion to the activation of coagulation induced by pathogens,
damage-associated molecular patterns, neutrophil extracel-
lular traps, extracellular vesicles, and glycocalyx damage
are also involved in the pathogenesis of sepsis-induced
DIC. Tissue factor (TF) plays a crucial role in the coagula-
tion of sepsis [47]. It was reported that BBR could inhibit
LPS-induced TF activity and expression and downregulate
NF-κB, Akt, and MAPK/JNK/p38/ERK pathways in THP-1
cells, which provides some new insights into its mechanism
for sepsis treatment [48]. Yang et al.’s study showed that cas-
pase-11, as a cytosolic LPS receptor, could enhance the acti-
vation of tissue factor and subsequent phosphatidylserine
exposure independent of cell death, while deletion of
caspase-11 or neutralization of phosphatidylserine or TF
prevented LPS-induced DIC [49]. Berberine inhibits
caspase-11-dependent coagulation in bacterial sepsis by
blocking Msr1, thus preventing coagulation syndrome [50].
Mechanistically, Wang et al. first reported the possible tar-
gets and mechanisms of BBR and its primary metabolite ber-
berrubine in inhibiting platelet activation. That is, BBR
significantly inhibited ADP-induced integrin αIIbβ3 activa-
tion, reduced the level of P-selectin on the platelet mem-
brane, and suppressed the binding of fibrinogen to the
platelets, which was derived from the inhibition roles of
BBR for the PI3K/Akt pathway, Rasa3 membrane transloca-
tion, and Rap1 activation [51]. These existing studies open a
promising direction for BBR in treating sepsis-induced dis-
seminated intravascular coagulation.

3. Berberine-Based Therapeutic
Strategies in Sepsis

Although many studies have reported the protective effects
and multiple mechanisms of BBR in sepsis-related animal
or cell models (Table 1), unfortunately, there is no clinical
practice at present. We speculated that to treat this kind of
systemic severe inflammatory disease, it still needs to
improve the drug concentration of BBR in blood, discover
compounds with better efficacy based on the structure of
BBR, and explore drug combination strategies in the future.
Definitely, the poor oral bioavailability of BBR limited its
therapeutic potential, and fortunately, BBR solid lipid nano-
particles (BBR-SLNs) were previously developed and
showed significant improvement in bioavailability and
reduction in systemic adverse reactions [52]. In recent years,
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BBR-SLNs have been applied for the management of ulcer-
ative colitis [53, 54], bacterial infection [55], and infections
of traumatic wounds [56], which are essential sepsis trig-
gers. The effect of immunomodulatory activity and inhibi-
tion for the expression of multiple inflammatory factors
were demonstrated, suggesting that BBR-SLNs might be
developed to enhance the therapeutic effects of BBR as an
antisepsis drug. Besides, several derivatives of BBR were
reported to have better pharmaceutical effects. For example,
the natural oxoderivative oxyberberine (OBB) was endowed
with more pronounced anti-inflammatory properties than
BBR, which was likely to be associated with suppressing
the activation of the NF-κB, the subsequent gene expres-
sions and productions of proinflammatory mediators [26].
Tetrahydroberberrubine (THBru), a berberine derivative,
significantly decreased TNF-α and nitrate/nitrite content
in the plasma, reduced the MPO activity in LPS-induced
acute lung injury, and suppressed the activation of the
MAPKs, AKT, and the NF-κB subunit p65 in LPS-induced
THP-1 cells [57]. Similarly, another berberine derivative, 13-
ethylberberine (13-EBR), reduces HMGB1 release through
AMPK activation in LPS-activated RAW264.7 cells and pro-
tects endotoxemic mice from lung and liver damage [45].
Wang et al. considered that BBR might also serve as a promis-
ing adjuvant that could be used in conjunction with other
medications for the treatment of septic patients [30]. For
example, combinatorial liposomes of BBR and curcumin
could inhibit biofilm formation and intracellular methicillin-
resistant Staphylococcus aureus infections and associated
inflammation, with five times more efficient than clindamycin
[58]. The combined use of sodium new houttuyfonate and
berberine chloride presented synergistic antibacterial effects
against growing and persistent methicillin-resistant and
vancomycin-intermediate Staphylococcus aureus, which is
likely related to the interruption of the cell membrane [59].

These combined antibacterial effects of BBR with other agents
predicted their potential application in sepsis. Taken together,
the strategies for improving the bioavailability, discovering
more powerful and effective berberine derivatives, and drug
combinations might contribute to the application of BBR in
treating sepsis in the future.

4. Conclusion and Perspective

BBR, as a natural modulator of inflammatory signaling in
multiple immune and infectious diseases, could also effec-
tively protect the various organs in sepsis from severe dam-
age and increase the survival rate in rodent models.
Currently, BBR could be considered to act as a multitarget
drug to antagonize sepsis. The primary mechanism mainly
derives from the regulation for inflammatory signaling
pathways (i.e., NF-κB, JAK/STAT, Akt, and MAPK), the
key inflammatory mediators (i.e., HMGB1 and tissue fac-
tor), the subsequent anti-/proinflammatory cytokines (i.e.,
TNF-α, IL-6, and IL-10), and the dysregulated endoplasmic
reticulum/oxidative stress and apoptosis (Figure 1). BBR
exhibited potential therapeutic effects for sepsis-related
intestinal barrier injury, lung injury, acute kidney injury,
liver injury, and disseminated intravascular coagulation.
Given the exact antibacterial effect of BBR and a large num-
ber of experimental reports in intestinal regulation, it is
expected to be first used to protect against sepsis-induced
intestinal injury in the clinic. Also, owing to its poor oral
bioavailability and current unsatisfied therapeutic effects,
as well as lack of practical application of BBR in sepsis,
the nanostructured lipid carrier of BBR, more effective
BBR derivatives, and drug combination strategies need to
be investigated in various well-designed clinical trials in
the future.

BBR

KIM-1 (diclofenac-induced AKI)
NOS2

TNF-𝛼, IL-1𝛽, IL-6
STAT3

Nlrp3 IL-1𝛽 and IL-18
NO protein iNOS
Caspase 3 intestinal permeability 
HMGB1/TLR4/NF-𝜅B

NF-𝜅B

NF-κB intestinal mucosal barrier
M/S1P GVB
COX-2
Wnt/beta-catenin signaling pathway

Bcl-2 intestinal permeability

ZIP14 Zinc redistribution claudin-1, occludin

Nrf2, HO-1, PPAR𝛼

↑

↑↑
↑

Figure 1: The protective effect and mechanism of berberine for sepsis-related organ injury.
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Accumulating evidence has showed that sushi-repeat-containing protein X-linked 2 (SRPX2) is an abnormal expression in a
variety of cancers and involved in cancer carcinogenesis, chemosensitivity, and prognosis, which mainly promote cancer cell
metastasis, invasion, and migration by regulating the uPAR/integrins/FAK signaling pathway, epithelial-mesenchymal
transition (EMT), angiogenesis, and glycosylation. Inflammation has been regarded as a key role in regulating cancer initiation,
progression, EMT, and therapeutics. Furthermore, SRPX2 exhibited excellent antifibrosis effect via the TGFβR1/SMAD3/
SRPX2/AP1/SMAD7 signaling pathway. Therefore, this review provides compelling evidence that SRPX2 might be a
therapeutic target for inflammation and cancer-related inflammation for future cancer therapeutics.

1. Introduction

Sushi-repeat-containing protein X-linked 2 (SRPX2) is first
found in 1999 by Kurosawa et al. that it is a downstream
molecule of the E2A-HLF fusion gene in t (17;19)-positive
leukemia cells. It is also called as sushi-repeat protein upreg-
ulated in leukemia (SRPUL) [1]. There are five genes in this
family, including SRPX2, SRPX (sushi-repeat-containing pro-
tein, X-linked), SVEP1 (selectin-like protein), SELE (selectin E
precursor), and SELP (selectin P precursor) [2]. An increasing
number of studies showed that SRPX2 is identified as a
ligand for the urokinase plasminogen activator surface
receptor (uPAR, CD87) [3]. As a crucial component of the
extracellular plasminogen proteolysis system, uPAR is
closely correlated with cancer invasion and metastasis,
which is a transmembrane glycoprotein containing three
distinct domains (D1, D2, and D3) [4, 5]. SRPX2 interacts
with the D1 and D2-D3 extracellular domains of uPAR to
enhance cancer invasion and metastasis by regulating multi-

ple downstream signaling pathways, including the integrins/
FAK pathway, the MAPK pathway, and the PI3K/Akt path-
way [6, 7]. Roll et al. also found that transcription factor
FOXP2, mutations of which caused severe speech and lan-
guage disorders, could repress the interaction of SRPX2
and uPAR by directly binding to the promoter regions of
SRPX2 (SRP1 and SRP2) and uPAR (UP2 and UP6)
[8–10]. In addition, SRPX2 is regulated by its upstream mol-
ecules including TGF-β1, NFATC3, MAN1 (LEM) domain
containing 1 (LEMD1), miR-192, miR-215, and miR-149
[11–14].

SRPX2 is an abnormal expression in a variety of cancers,
such as pancreatic cancer, colorectal cancer, and gastric can-
cer [15–17]. Its overexpression in cancer has showed to
relate with chemosensitivity, including cisplatin, nedaplatin,
and temozolomide [14, 18]. Moreover, it might be a prog-
nostic biomarker in cancer [17, 19]. Accumulating evidence
has showed that inflammatory signaling pathways are
closely involved in tumorigenesis, therapy resistance, and
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metastasis [20–22]. SRPX2 also exhibited excellent antifibro-
sis effect via TGFβR1/SMAD3/SRPX2/AP1/SMAD7-posi-
tive feedback loop, indicating that SRPX2 might be a
therapeutic target for inflammation and cancer-related
inflammation for future cancer therapeutics [11]. Therefore,
the purpose of this review is to consider and analyze the role
of SRPX2 in inflammation and carcinogenesis to provide
insight into potential shared mechanisms.

2. Structure and Expression

On chromosome Xq22.1, the SRPX2 gene encodes a secreted
extracellular matrix protein SRPX2 (GenBank NP_055282),
which was identified as a chondroitin sulfate proteoglycan
later [23]. SRPX2 protein consists of 465 amino acids con-
taining three consensus sushi domains and one hyaline
(HYR) domain (Figure 1) [3]. A sushi domain, also known
as a complement control protein (CCP) module or a short
consensus repeat, mostly exists in proteins of the comple-
ment system and other diverse proteins including the selec-
tin family. It consists of ~60 amino acids including four
invariant cysteine residues forming two disulfide-bridges
(I-III and II-IV), a highly conserved tryptophan, and con-
served glycine, proline, and hydrophobic residues [24, 25].
Studies demonstrated that it was involved in the interactions
of specific protein and protein or carbohydrate, such as
interacting with hepatocyte growth factor (HGF) and uPAR
[23]. Moreover, some eukaryotic proteins also have HYR
domains in their structures, often relating with sushi
domain. It is probably related to the immunoglobulin-like
fold and involved in cellular adhesion [26].

Tanaka et al. found that the levels of SRPX2 mRNA in
the placenta, lung, trachea, uterus, and adrenal gland were
high expression, whereas the levels were relatively low in
the peripheral blood, brain, and bone marrow by detecting
24 normal human tissues with real-time RT-PCR [27]. In
terms of studies on the understanding of the SRPX2 gene
and its functions in cancer, the mRNA expression from the
TCGA and GTEx database (including 29 types of cancer)
was analyzed, and SRPX2 was found to abnormally express
in multiple tumors (Figure 2). There is a significant higher
expression in several tumor tissues than that of the appropri-
ate normal tissues, including colon adenocarcinoma, lym-
phoid neoplasm diffuse large B cell lymphoma,

glioblastoma multiforme, pancreatic adenocarcinoma, and
rectum adenocarcinoma, while there is a significant lower
expression in several tumor tissues than that of the appropri-
ate normal tissues, including adrenocortical carcinoma,
esophageal carcinoma, kidney chromophobe, kidney renal
papillary cell carcinoma, ovarian serous cystadenocarci-
noma, prostate adenocarcinoma, thyroid carcinoma, and
uterine corpus endometrial carcinoma. Survival analysis
indicated that the high expression of SRPX2 had a shorter
overall survival time than that of low expression of SRPX2.
These findings indicated that abnormal expression of SRPX2
was closely related to tumor.

3. SRPX2 and Inflammation

Idiopathic pulmonary fibrosis (IPF) is a severe lung disease.
Its progression is closely related with oxidative stress, mito-
chondrial dysfunction, and endoplasmic reticulum stress
[28]. Fibroblast-to-myofibroblast transition (FMT) has an
important role for IPF. Wang et al. used deep-RNA sequenc-
ing to analyze the transcriptome between in vitro fibroblasts
and myofibroblasts. Results showed that SRPX2 was overex-
pressed, while SRPX2 family other genes, SELE and SELP,
were downregulated between in vitro fibroblasts and myofi-
broblasts. In line with in vitro results, the expression of
SRPX2 in IPF patients’ lung was higher than that of control
subjects. And it found that TGF-β1 mediated the upregula-
tion of SRPX2 via the TGFβR1/SMAD3/SRPX2/AP1/
SMAD7 signaling pathway. Moreover, this study further
demonstrated that SRPX2 siRNA-loaded liposomes, admin-
istrated by the intratracheal way, displayed good antifibrosis
effects on BLM-induced pulmonary fibrosis in mice and sig-
nificantly reduced FMT [11]. These findings showed that
SRPX2 was very important in the progression of pulmonary
fibrosis and suggested that targeting SRPX2 might be a good
strategy to treat pulmonary fibrosis in clinical setting.

4. SRPX2 and Cancer

4.1. SRPX2 Involved in Cancer Metastasis, Invasion, and
Migration. This process of cancer spread is known as metas-
tasis. A major process of metastasis is the proteolytic degra-
dation of the extracellular matrix (ECM) to promote tumor
cell migration and invasion [29]. Currently, metastatic and

NH2 COOH

Sushi 1 Sushi 2 HYR Sushi 3

69 119 178 261 321 465aa 

Mediating
• Specific protein-protein and protein-carbohydrate interactions

Mediating
• Immunoglobulin-like fold
• Cellular adhesion

Figure 1: Schematic structure of SRPX2 protein. Sushi: sushi domain; sushi 1: 69-119AA; sushi 2: 120-178AA; sushi 3: 262-321AA; HYR:
hyaline domain, 177-261AA; AA: amino acid.
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Figure 2: mRNA expression of SRPX2 and survival analysis from the TCGA and GTEx database. (a) mRNA expression of SRPX2 in 29
types of tumors. Green font represents that there is a lower expression of SRPX2 in tumor tissue than that of the appropriate normal
tissue. Red font represents that there is a higher expression in tumor tissue than that of the appropriate normal tissue. Black font
represents that there is no significant difference in tumor tissue and the appropriate normal tissue. (b) The overall survival time of the
SRPX2 high expression group (n = 4749) and the SRPX2 low expression group (n = 4747). ACC: adrenocortical carcinoma; BLCA:
bladder urothelial carcinoma; BRCA: breast invasive carcinoma; CESC: cervical squamous cell carcinoma and endocervical
adenocarcinoma; CHOL: cholangiocarcinoma; COAD: colon adenocarcinoma; DLBC: lymphoid neoplasm diffuse large B cell lymphoma;
ESCA: esophageal carcinoma; GBM: glioblastoma multiforme; HNSC: head and neck squamous cell carcinoma; KICH: kidney
chromophobe; KIRC: kidney renal clear cell carcinoma; KIRP: kidney renal papillary cell carcinoma; LAML: acute myeloid leukemia;
LGG: brain lower-grade glioma; LIHC: liver hepatocellular carcinoma; LUAD: lung adenocarcinoma; LUSC: lung squamous cell
carcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG:
pheochromocytoma and paraganglioma; PRAD: prostate adenocarcinoma; READ: rectum adenocarcinoma; SARC: sarcoma; SKCM: skin
cutaneous melanoma; STAD: stomach adenocarcinoma; TGCT: testicular germ cell tumors; THCA: thyroid carcinoma; THYM:
thymoma; UCEC: uterine corpus endometrial carcinoma; UCS: uterine carcinosarcoma; UVM: uveal melanoma.
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invasive cancers remain largely incurable. The abnormal
expression of SRPX2 is a common molecular characteristic
of human cancers and enhanced cell metastasis and invasion
by regulating the focal adhesion kinase (FAK) signaling
pathway, epithelial-mesenchymal transition (EMT), angio-
genesis, and glycosylation (Figure 3).

4.1.1. Regulation of the Focal Adhesion Kinase (FAK)
Signaling Pathway. FAK is a nonreceptor tyrosine kinase
and aggregates to the cytoplasmic tails of integrins to regu-
late cellular adhesion, migration, invasion, and metastasis
by activating a series of cellular signaling pathways such as
the matrix metalloproteinases (MMPs), PI3K/Akt, and
Wnt/β-catenin pathway [30–33]. Researchers showed that
elevated SRPX2 in gastric cancer and pancreatic ductal ade-
nocarcinoma enhanced migration and adhesion through
increasing phosphorylation levels of FAK [27, 34]. In hepa-
tocellular carcinoma, SRPX2 knockdown suppressed pulmo-
nary metastasis of hepatocellular carcinoma HCCLM3 cells
in nude mice, which the mechanisms were through inhibit-
ing FAK/AKT pathway-mediated MMP2/9 expression [23].
Moreover, the inhibition of SRPX2 by siRNA also inhibited
the invasion of colorectal cancer HCT116 cells through
downregulating Wnt/β-catenin pathway-mediated MMP2/
9 expression [16]. SRPX2 has been demonstrated to be a
ligand for uPAR, and uPAR-integrin interaction is fre-
quently associated with the activation of FAK [35]. There-
fore, the uPAR/integrins/FAK/MMPs signaling pathway
may play an central role in SRPX2-induced tumor metastasis
and invasion.

4.1.2. Regulation of Epithelial-Mesenchymal Transition
(EMT). EMT is a highly dynamic process characterized by

transformation of polarized epithelial cells into highly inva-
sive mesenchymal cells, resulting in the increased capacity of
migration and invasion [36]. The events occurring during
EMT include the loss of adherent junctions, the downregula-
tion of E-cadherin, and upregulation of N-cadherin, Twist,
Snail, Slug, fibronectin, MMP-2, and MMP-9 [37]. Wu
et al. found that SRPX2 knockdown inhibited osteosarcoma
invasion by decreasing N-cadherin levels and increasing E-
cadherin level in vivo. Further study showed SRPX2 knock-
down increased the phosphorylation of Yes-associated pro-
tein (YAP), thus decreasing nuclear translocation to
activate the Hippo signaling pathway, suggesting that SRPX2
might activate the Hippo signaling pathway to increase cell
invasion in osteosarcoma [38]. It was also observed that
SRPX2 knockdown inhibited migration and invasion by
reducing N-cadherin level and increasing E-cadherin level
in prostate cancer cells (LNCaP cells and DU-145cells). Fur-
thermore, SRPX2 knockdown obviously inhibited the phos-
phorylation of PI3K, Akt, and mTOR, and the treatment
with PI3K inhibitor LY294002 efficiently enhanced the
inhibitory effects of sh-SRPX2 on LNCap cell migration,
suggesting SRPX2 regulates the migration and invasion via
the EMT process by mediating the PI3K/Akt/mTOR signal-
ing pathway [7]. In glioblastoma, SRPX2 knockdown signif-
icantly decreased the expression of EMT markers (N-
cadherin, fibronectin, Twist, Snail, and Slug) and increased
E-cadherin expression, while SRPX2 overexpression
increased N-cadherin and fibronectin expression and
decreased E-cadherin expression. In the meantime, it was
observed that knockdown of SRPX2 decreased the MAPK
signaling pathway (p-ERK, p-JNK, and p-p38) proteins,
but blocking the MAPK signaling pathway by PD098059
inhibited glioblastoma metastasis, not cell invasion and
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Figure 3: SRPX2 regulates cancer cell metastasis, migration, and invasion by regulating various signaling pathways.
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migration in the cells with downregulation of SRPX2, sug-
gesting that SRPX2 promoted the EMT process to enhance
glioblastoma metastasis through the MAPK signaling path-
way [18]. In addition, knockdown of SRPX2 inhibited
metastasis in esophageal squamous cell carcinoma cells by
preventing the EMT process via the inactivation of the
Wnt/β-catenin signaling pathway [39]. Therefore, EMT pro-
cess plays an important role for SRPX2 to induce cancer
invasion and metastasis by various pathways including the
Hippo signaling pathway, PI3K/Akt/mTOR signaling path-
way, MAPK signaling pathway, and Wnt/β-catenin signal-
ing pathway.

4.1.3. Regulation of Angiogenesis. Angiogenesis is the process
through which novel blood vessels are formed from the
existing blood vessels, and provides sufficient supply of
nutrients and oxygen to cells. Tumor angiogenesis is closely
related with tumor growth, progression, and metastasis [40].
Miljkovic-Licina et al. used in situ mRNA hybridization and
immunostaining to detect SRPX2 expression in de novo for-
mation of the blood vessels in angiogenic tissues and found
SRPX2-specific expression in tumor endothelial sprouts.
This study further demonstrated that silencing of SRPX2
delayed angiogenic sprout formation and SRPX2 bound to
vascular uPAR by pull-down experiments [41]. Because
SRPX2 is a secretory proteoglycan in extracellular matrix,
other study used SRPX2 recombinant protein to further
demonstrate that SRPX2 could significantly increase the

angiogenic ability of human umbilical vein endothelial cells
(HUVECs) through the uPAR/integrin/FAK pathway, which
activated the PI3K/Akt and Ras/MAPK pathways [42].

4.1.4. Regulation of Glycosylation. Glycosylation is the most
ubiquitous molecular modification, which regulates many
biological functions [43]. Compared with O-glycans in
healthy tissues, cancer-associated O-glycans are often trun-
cated [44, 45]. Abnormal glycosylation in cancer is associ-
ated with cancer progression and metastasis [46]. MKN45
SC cells and AGS SC cells are derived from two gastric can-
cer cell lines, MKN45 and AGS, by knocking out the
COSMC gene, which is essential for O-glycan elongation
[47, 48]. Freitas and coworkers found that truncation of O-
glycans in MKN45 SC cells and AGS SC cells promoted
invasive features. The results of the transcriptomic analysis
exhibited that COSMC knockout in MKN45 SC cells and
AGS SC cells resulted in a significant alteration in the tran-
scription profile in comparison with the respective parental
cells, especially the most upregulated SRPX2 gene, suggest-
ing that SRPX2 may promote cancer invasion through regu-
lating cell glycosylation [49].

4.2. SRPX2 Involved in Cancer Chemosensitivity. Cancer
resistance is still the greatest challenge in improving the out-
comes for cancer patients [50]. Accumulating evidence dem-
onstrated that SRPX2 was involved in chemosensitivity.
Platinum-based chemotherapeutic drugs have been used

Table 1: Roles for SRPX2 in cancer metastasis, invasion, migration, drug resistance, and prognosis.

Cancer type
Downstream

signaling pathway

Upstream
signaling
pathway

Effects Prognostic value References

Gastric cancer FAK /
Migration and adhesion

induction

Lower OS and worse prognosis;
independent predictor of

outcomes
[15, 27]

Colorectal cancer
Wnt/β-catenin

pathway-mediated
MMP2/9

miR-192,
miR-215,
miR-149

Invasion induction / [16]

Pancreatic ductal
adenocarcinoma

FAK; PI3K/AKT/
mTOR

/
Migration and adhesion

induction; 5-Fu and gemcitabine
resistance

Shorter DFS and OS
[17, 34,
52]

Prostate cancer PI3K/Akt/mTOR /
Migration and adhesion

induction
Shorter OS [7, 53]

Oral squamous
cell carcinomas

/ LEMD1
Adhesion induction; nedaplatin

and cisplatin resistance
/ [10]

Glioblastoma p-ERK, p-JNKp38 /
Metastasis induction;

temozolomide resistance
/ [18]

Hepatocellular
carcinoma

FAK/AKT pathway-
mediated MMP2/9

/ Metastasis induction / [19]

Osteosarcoma
Yes-associated
protein (YAP)

/ Invasion induction / [38]

Esophageal
squamous cell
carcinoma

Wnt/β-catenin /
Metastasis induction; cisplatin

resistance
/ [39]

Papillary thyroid
cancer

/ / / Independent prognostic factor [54]

5Journal of Immunology Research



extensively to treat various human cancers such as esopha-
geal cancer, head and neck cancer, and lung cancer [51]. It
has shown that downregulation of SRPX2 restored the sensi-
tivity of oral squamous cell carcinoma cells to nedaplatin
and cisplatin and increased the sensitivity of esophageal
squamous cell carcinoma cells towards cisplatin [14, 39].
The study by Tang et al. showed that overexpression of
SRPX2 induced temozolomide resistance in glioblastoma
[18]. Additionally, it was observed that SRPX2 level of pan-
creatic cancer patients with stable disease and progressive
disease after chemotherapy was above that before chemo-
therapy, while SRPX2 level of pancreatic cancer patients
with partial remission after chemotherapy was lower than
that before chemotherapy, suggesting that SRPX2 was
closely associated with chemotherapeutic efficacy of pancre-
atic cancer patients. Further study indicated that silencing of
SRPX2 sensitized pancreatic cancer cells against 5-Fu and
gemcitabine by deactivating the PI3K/AKT/mTOR signaling
pathway [52].

4.3. SRPX2 as a Prognosic Marker in Cancer. Researchers
have found SRPX2 may yield several clinically relevant
insights in patients with cancers. Li and coworkers demon-
strated that patients with elevated SRPX2 expression are
related to shorter disease-free survival (DFS) and overall sur-
vival (OS) than patients with low SRPX2 expression by
detecting 200 tissue microarray specimens from patients
(79 training and 121 validation) with curative pancreatec-
tomy for pancreatic ductal adenocarcinoma [17]. Further-
more, elevated SRPX2 expression was significantly
associated with shorter OS in prostate cancer [53]. In
patients with papillary thyroid cancer, high SRPX2 expres-
sion was demonstrated to as an independent prognostic fac-
tor [54]. Moreover, it was also reported that gastric cancer
patients with overexpression of SRPX2 presented a lower
OS and worse prognosis in comparison to patients with
low SPRX2, and SRPX2 was considered a useful independent
predictor of outcomes [15]. However, other study detected
112 gastric cancer patients’ peripheral blood karyocytes
and did not find SRPX2 was related with prognosis [55].
Therefore, SRPX2 may be a prognostic biomarker in tumor
tissue, but it needed to further explore the role in peripheral
blood karyocytes.

5. Conclusion and Perspective

Since its discovery in 1999, SRPX2 is demonstrated to asso-
ciate with the progression of various types of cancers.
Research interest in cancer mainly focused on cancer metas-
tasis, invasion, migration, and drug resistance through regu-
lating the FAK signaling pathway, EMT, angiogenesis, and
glycosylation (Table 1). Moreover, SRPX2 was a prognostic
factor with OS and DFS through analyzing the tumor tissue,
but not in peripheral blood karyocytes (Table 1). Further-
more, SRPX2 exhibited excellent antifibrosis effect via the
TGFβR1/SMAD3/SRPX2/AP1/SMAD7 pathway in vitro
and in vivo. Thus, these findings indicated that SRPX2 might
be a potential therapeutic target for treatment of highly
metastatic cancers, cancer resistance, and inflammation.

Inflammatory signaling pathways are closely involved in
tumorigenesis, therapy resistance, and metastasis. A better
understanding of the roles of SRPX2 in inflammation will
be helpful to treat cancer-related inflammation to slow the
progression of cancer. Additionally, it is a pity that there is
little connection between SRPX2 and drug development at
current. Therefore, in-depth understanding of structure
and functions of SRPX2 will provide the theoretical founda-
tions to drug design.
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