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Abstract: The focus of this study is to investigate the gene expression related to the formation of
neutrophil extracellular traps (NETs) stimulated by Calloselasma rhodostoma L-amino acid oxidase
(Cr-LAAO). LAAOs found in snake venom have been shown to activate human neutrophils, leading
to the production of reactive oxygen species (ROS), chemotaxis, phagocytosis, and the release of
pro-inflammatory cytokines and lipid mediators. Additionally, it has been found that Cr-LAAO
activates NADPH oxidase, which is responsible for the release of ROS. Neutrophils are known to
release NETs to combat pathogens, and this process involves the migration of DNA from the nucleus
to the cytoplasm, where it merges with the contents of the granules to produce NETs. Initially, the
formation of NETs was associated with cell death, and this process was known as NETosis. However,
two forms of NETosis have now been identified: classical or suicidal NETosis, which results in cell
death, and vital NETosis, in which the cell retains its viability and many of its effector functions. To
evaluate the gene expression related to the formation of NETs, a microarray assay was performed
on human neutrophils stimulated with Cr-LAAO. The results show that Cr-LAAO stimulates the
expression of important genes for the formation of NETs, such as TXNIP, FOXO3, PPARA, ELANE,
CXCL8, and PADI4. This is the first report that shows the transcriptome of neutrophils related to
Cr-LAAO-stimulated NETosis, which may lead to the development of local inflammatory effects
observed in snakebite victims.
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1. Introduction

L-amino acid oxidases (LAAOs) can be found in various organisms, including snake
venoms [1–4]. Although the amino acid sequences of LAAOs from different snake ven-
oms are about 80% similar, these proteins follow a similar catalytic mechanism [5]. The
process begins with the conversion of FAD to FADH2, which then oxidizes the specific
substrate amino acid into an imino acid. This leads to spontaneous hydrolysis that gener-
ates an α-keto acid and ammonia. The reoxidation of FADH2 produces hydrogen peroxide
(H2O2). Studies suggest that H2O2 is the primary factor associated with the toxicity and
cell activation caused by LAAOs [2–4].

Research data conducted by Pontes et al. [6,7] have demonstrated that the LAAO
from Calloselasma rhodostoma (Cr-LAAO) activates human neutrophils and stimulates the
production of reactive oxygen species (ROS) such as superoxide anion and hydrogen
peroxide. Later, Paloschi et al. [8] showed that the production of ROS by Cr-LAAO is
derived from the activation of the NADPH oxidase complex in human neutrophils. Addi-
tionally, Pontes et al. [6] showed that Cr-LAAO induced DNA liberation, along with IL-8,
contributing to the formation of Neutrophil Extracellular Traps (NET).

Despite phagocytosis and degranulation being traditionally considered the main de-
fense mechanisms of neutrophils, it is now widely recognized that these cells can also
release NETs through a process called NETosis [9]. NET formation is a complex process
involving the migration of DNA from the nucleus to the cytoplasm, where it combines
with granule contents to form NETs. These NETs play various significant roles in in-
flammation [10]. NETs consist of loosely packed chromatin that forms DNA structures
resembling web-like networks with pores approximately 200 nm in size [11]. These DNA
structures are coated with nuclear proteins, including histones, granule proteins, and
cytosolic proteins [12].

While profound cellular and molecular rearrangements occur during the initiation
of NETosis, the primary signal that triggers this process remains unknown. Considering
that Cr-LAAO induces the release of ROS and DNA [6–8], the objective of this study is to
evaluate the gene expression profile in the process of Cr-LAAO-induced NETosis activation.

2. Methods
2.1. Chemicals and Reagents

Trypan blue, RPMI-1640, L-glutamine, gentamicin, Histopaque 1077, 3,3′,5,5′-tetramet-
hylbenzidine, ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetra acetic acid, HEPES,
and ethylenediaminetetraacetic acid disodium salt dihydrate (Na2 EDTA) were purchased
from Sigma-Aldrich Chem. Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Cultilab (São Paulo, Brazil). Pierce™ Chromogenic Endotoxin Quant Kit,
GeneChip WT PLUS Reagent Kit, and GeneChip Clariom S Array Human were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). Salts and reagents used in this
study were obtained from Merck Millipore (Darmstadt, Germany) with low endotoxin or
endotoxin-free grades.

2.2. Isolation and Biochemical Characterization of Cr-LAAO

The isolation of Cr-LAAO was performed following the protocol described by
Pontes et al. [6] and Paloschi et al. [13]. The presence of endotoxin in Cr-LAAO samples
was determined using the Quant kit obtained from Pierce™ Chromogenic Endotoxin. The
Cr-LAAO preparation exhibited the presence of 0.1 EU/mL of endotoxin, which was within
the acceptable threshold of 1 EU/mL [14].

2.3. Isolation and Activation of Neutrophils

Neutrophils were isolated from peripheral blood obtained from healthy donors aged
18 to 40 years. Donors provided informed consent before blood collection, and all proce-
dures were conducted as per applicable regulations. The study was approved by the Ethical
Committee of the Center of Tropical Medicine Research (CEPEM, Rondônia, Brazil-approval
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number CAAE: 77529817.8.0000.0011), and participants provided informed consent be-
fore participating in the study according to the method described by Paloschi et al. [14].
Subsequently, the human neutrophils were incubated with RPMI (control) or Cr-LAAO
(50 µg/mL) for analyses. The incubation was carried out for 1 h at 37 ◦C in a humidified
atmosphere with 5% CO2.

2.4. Gene Expression Profile

Human neutrophils were isolated and stimulated as described previously. mRNA
was extracted from 5 × 106 neutrophils using the PureLink kit (Thermo Fisher Scientific)
following the protocol outlined by Paloschi et al. [13,14]. The extracted RNA was used
for microarray analysis with the GeneChip WT PLUS Reagent Kit (Applied Biosystems,
Thermo Fisher Scientific) using the GeneChip Clariom S Array Human (Applied Biosys-
tems, Thermo Fisher Scientific) according to the manufacturer’s instructions. A total of
83 genes associated with NET formation, inflammasomes, and NADPH oxidase complex
were chosen from the microarray assay and subjected to pathway enrichment analysis
using Metascape [15]. Process and pathway enrichment analysis were performed for this
gene list using various ontology sources, including KEGG Pathway, GO Biological Pro-
cesses, Reactome Gene Sets, Canonical Pathways, CORUM, WikiPathways, and PANTHER
Pathway. The entire set of genes in the genome was used as background for the enrichment
analysis. Terms with a p-value < 0.01, a minimum count of 3, and an enrichment factor > 1.5
were identified and clustered based on their association similarities. The p-values were cal-
culated based on the cumulative hypergeometric distribution, and q-values were calculated
using the Benjamini–Hochberg procedure to correct for multiple testing. Hierarchical clus-
tering of the enriched terms was performed using Kappa scores as a similarity metric, and
sub-trees with a similarity >0.3 were considered a cluster [16–18]. Data visualization was
carried out using R software to display the enrichment of the KEGG pathway [19–21]. Gene
fold change bar plots and chord diagrams were generated using the free online platform
for data analysis and visualization available in https://www.bioinformatics.com.cn/en
(accessed on 10 June 2023).

3. Results and Discussion

Paloschi et al. [13,14] conducted a study to investigate the gene expression of approxi-
mately 22,000 genes in human neutrophils that were either stimulated with Cr-LAAO or
not. The GeneChip Clariom S Human Transcriptome Array was used for this analysis.
From the assay, genes related to the pathways involved in NET formation, inflammasomes,
and the NADPH oxidase complex were selected, and the fold change matrix of expression
values was examined in tabular text format to identify target genes. Six chips contain-
ing Cr-LAAO-stimulated and non-stimulated (RPMI) neutrophil transcripts from three
independent donors were utilized in the study. In the resulting heatmap, upregulated
genes (shown in red) indicated higher gene expression in Cr-LAAO-stimulated neutrophils
compared to non-stimulated (RPMI) human neutrophils. Conversely, downregulated genes
(shown in blue) indicated higher gene expression in the negative control (RPMI)-treated
neutrophils compared to Cr-LAAO-treated neutrophils. The data exhibited significant
positive or negative fold changes, leading to the selection of a total of 83 genes based on
their involvement in the processes described here (Figure 1).

In order to better visualize the interrelationships between the enriched terms, a subset
of terms exhibiting significant enrichment was chosen and presented in a network plot.
In this plot, terms with a similarity greater than 0.3 are connected by edges. To construct
the network, we selected the terms with the most favorable p-values from each of the
20 clusters. However, we imposed the constraint that each cluster should have no more
than 15 terms, and the total number of terms should not exceed 250. The resulting network
was visualized using Cytoscape5, where each node represents an enriched term. The nodes
are initially colored based on their cluster ID (Figure 2).

https://www.bioinformatics.com.cn/en
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Figure 1. Visualization of the microarray data depicting the gene expression profile associated with 
NET formation. The microarray assay was performed using human neutrophils (5 × 106) derived 
from three different donors (three individuals) stimulated with RPMI (control) or Cr-LAAO (50 
µg/mL) for 1 h at 37 °C in an atmosphere containing 5% CO2. Subsequently, RNA was extracted, 
and treated for cDNA hybridization on a microchip. A total of 22,000 genes were analyzed, and 83 
genes that participate in NET formation, inflammasomes, and NADPH oxidase complex were 
selected. The genes’ relative expression, obtained in the microarray assay by comparing Cr-LAAO-
stimulated cells with negative control-stimulated (RPMI) human neutrophils, were represented by 
the fold change, demonstrating the gene upregulation (red) and downregulation (blue) fold change 
bar plot. 

In order to better visualize the interrelationships between the enriched terms, a 
subset of terms exhibiting significant enrichment was chosen and presented in a network 
plot. In this plot, terms with a similarity greater than 0.3 are connected by edges. To 
construct the network, we selected the terms with the most favorable p-values from each 
of the 20 clusters. However, we imposed the constraint that each cluster should have no 
more than 15 terms, and the total number of terms should not exceed 250. The resulting 
network was visualized using Cytoscape5, where each node represents an enriched term. 
The nodes are initially colored based on their cluster ID (Figure 2). 

 

Figure 1. Visualization of the microarray data depicting the gene expression profile associated
with NET formation. The microarray assay was performed using human neutrophils (5 × 106)
derived from three different donors (three individuals) stimulated with RPMI (control) or Cr-LAAO
(50 µg/mL) for 1 h at 37 ◦C in an atmosphere containing 5% CO2. Subsequently, RNA was extracted,
and treated for cDNA hybridization on a microchip. A total of 22,000 genes were analyzed, and
83 genes that participate in NET formation, inflammasomes, and NADPH oxidase complex were
selected. The genes’ relative expression, obtained in the microarray assay by comparing Cr-LAAO-
stimulated cells with negative control-stimulated (RPMI) human neutrophils, were represented by
the fold change, demonstrating the gene upregulation (red) and downregulation (blue) fold change
bar plot.
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Figure 2. Network of enriched terms colored by cluster-ID. Based on the data obtained from the
microarray assay and gene selection for the study, nodes sharing the same cluster-ID are typically
located in close proximity to each other.

From the enrichment analysis, several pathways were identified, including “NOD-like
receptor signaling pathway”, “Regulation of defense response Signaling by Interleukins”,
“Pyroptosis”, “RHO GTPases Activate NADPH Oxidases”, “Neutrophil extracellular trap
formation”, “Programmed Cell Death”, and “Regulation of cytokine production involved
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in inflammatory response”. These pathways are closely associated with the inflamma-
tory process previously described to be induced by Cr-LAAO. To further investigate the
correlation between the genes involved in NET formation and these pathways, we specif-
ically selected these pathways for visualization purposes (Figure 3). By examining the
relationship between these pathways and the genes involved in NET formation, we can
gain insights into their interconnectedness and potential roles in the inflammatory response
mediated by Cr-LAAO (Figure 3).
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Figure 3. Correlation of the gene expression profile of NETs with other signaling pathways. Enriched
items from pathways related to the formation of NETs, inflammasomes, and the NADPH oxidase
complex were compared with pathways related to the inflammatory process and plotted in a chord
diagram to visualize the enrichment result.

The results obtained in this study align with previous research, demonstrating the
involvement of these pathways in the inflammatory response. The NOD-like receptor
signaling pathway and the regulation of cytokine production, for example, have been
identified as critical components of the innate immune response and inflammation [22,23].
Likewise, the RHO GTPases Activate NADPH Oxidases pathway is known to regulate the
production of ROS, which plays a pivotal role in the inflammatory response [24].

Additionally, this study sheds light on the potential contribution of these pathways to
NET formation, a process in which neutrophils release DNA fibers to ensnare and eliminate
invading microorganisms. The analysis has revealed differential expression of several
genes associated with NET formation upon Cr-LAAO stimulation, suggesting that these
pathways may play a crucial role in governing this process. These findings are consistent
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with previous studies that have demonstrated the involvement of these pathways in the
regulation of NET formation [25,26].

In conclusion, the present study offers valuable insights into the alterations in gene
expression induced by Cr-LAAO stimulation in human neutrophils, as described in pre-
vious studies by Pontes et al. [6,7] and Paloschi et al. [8,13,14]. It highlights the potential
significance of several pathways in controlling the inflammatory response and NET for-
mation. These findings are in line with earlier investigations and provide a foundation for
further exploration of the mechanisms underlying the inflammatory response triggered by
Cr-LAAO.
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