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Abstract: The dual strategy of inhibiting the viral life cycle and reducing the host inflammatory
response should be considered in the development of therapeutic drugs for influenza A virus (IAV).
In this study, an extract of Scutellaria baicalinase (SBE) containing seven flavonoids was identified to
exert both antiviral and anti-inflammatory effects in macrophages infected with IAV. We performed
transcriptome analysis using high-throughput RNA sequencing and identified 315 genes whose
transcription levels were increased after IAV infection but were able to be decreased after SBE
intervention. Combined with Gene Ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis, these genes were mainly involved in TLR3/7/8, RIG-I/MDA5, NLRP3
and cGAS pattern recognition receptor (PRR)-mediated signaling pathways. SBE inhibited the
transcription of essential genes in the above pathways and nuclear translocation of NF-κB p65 as
confirmed by RT-qPCR and immunofluorescence, respectively, indicating that SBE reversed PR8-
induced over-activation of the PRR signaling pathway and inflammation in macrophages. This study
provides an experimental basis for applying Scutellaria baicalensis and its main effects in the clinical
treatment of viral pneumonia. It also provides novel targets for screening and developing novel
drugs to prevent and treat IAV infectious diseases.

Keywords: influenza A virus; inflammatory response; transcriptome analysis; extract of Scutellaria
baicalensis; pattern recognition receptor

1. Introduction

Influenza viruses are enveloped, segmented, negative-sense, single-stranded RNA
viruses known to cause annually recurrent respiratory disease in humans with a significant
burden on human health and the economy [1]. In particular, the circulation of the influenza
A virus (IAV) is known to generate new strains or subspecies through antigenic drift and
antigenic shift, resulting in recurring seasonal epidemics and even pandemics [2,3]. IAV in-
fection not only causes moderate respiratory illness but also leads to lower respiratory tract
disease or pneumonia and even progresses to acute respiratory distress syndrome (ARDS)
and leading to death from respiratory failure [4,5]. The existing intervention strategies for
IAV infection, mainly vaccination and antiviral therapy, have exerted erratic efficacy due to
the occurrence of antigenic variation and resistant variants [6,7]. Moreover, besides intrinsic
damage to host cells caused by uncontrolled viral replication and transmission, the overly
exaggerated immune response can worsen the severity of lung injury and play a more
important role in pathogenesis [8]. Therefore, novel drugs or approaches for treating lung
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injury induced by IAV are needed to further develop based on targeting an unbalanced
immune response in addition to antivirals.

Scutellaria baicalinase Georgi, commonly named HuangQin in Chinese, is a plant of the
genus Lamiaceae, and its root is the main part used in medicine [9,10]. Since the chemical
composition and pharmacological effects have been elucidated, Scutellaria baicalensis has
extensive development prospects in the treatment of a wide range of diseases with phar-
macological activities, including anti-inflammatory, antibacterial, antiviral, antioxidant,
and anti-tumor properties [11–13]. Previous reports illustrated that Scutellaria baicalensis
reduced virus titer, viral nucleoprotein (NP), proinflammatory cytokines tumor necrosis
factor (TNF-α), interleukin (IL)-1, IL-6 and increased the expression of anti-inflammatory
cytokines IL-10, interferon (IFN)-γ, thereby alleviating the lung injury caused by IAV
infection [14–17]. Among the main active ingredients in Scutellaria baicalensis, the pharma-
cological effects of baicalin have been widely studied, demonstrating their inhibition effect
on IAV replication or inflammation response via interfering with neuraminidase and host
IFN-γ production [18,19]. The mentioned studies have partially explained the pharmaco-
logical effects of Scutellaria baicalensis or its active components, but the multi-target effects
of Scutellaria baicalensis in the replicative pathological process of lung infection caused by
IAV have not yet been clearly explained. In particular, the mechanism behind the Scutellaria
baicalensis inhibiting effect on excessive inflammatory response remains unclear.

In the process of IAV infection, lung resident and monocyte-derived macrophages,
which phagocytize virus particles and infected cells and secrete various cytokines, are
essential to the innate immune response and excessive inflammation [20,21]. Regulat-
ing the macrophages effectively decreases lung damage induced by IAV, suggesting that
macrophages are the suitable target and model for studying drugs to treat viral inflamma-
tion [22]. In this paper, we detected the intervention effect of an extract from Scutellaria
baicalensis (SBE) on viral titer and inflammatory response of mice J774A.1 macrophage
induced by IAV strain. We systematically analyzed the genome-wide transcriptomic pro-
files of cellular mRNA using the RNA-sequencing approach. The data identified that SBE
reversed widespread alteration in cellular mRNA expression caused by IAV infection and
highlighted essential genes in pattern recognition pathways that may act as targets of
SBE, mediate the inhibition of excessive release of pro-inflammatory factors and alleviate
the inflammatory response. This study may shed light on the inflammatory biology of
IAV infection, reveal the mechanism of Scutellaria Scutellaria as a herb in treating viral
pneumonia, and provide a new perspective for developing antiviral therapies against IAV.

2. Materials and Methods
2.1. Cells, Virus and SBE Solution

The mouse monocyte macrophage (J774A.1 cell line) was purchased from Procell Life
Science and Technology Co., Ltd. (Wuhan, China) and cultured into high-glucose DMEM
medium (No.11965118, ThermoFisher Scientific, Waltham, MA, USA) containing 10% fetal
bovine serum (No.35-079-CV, Corning, Somerville, MA, USA) and 1% antibiotic penicillin-
streptomycin (No. YM-S1033, Corning, USA) at 37 ◦C under 5% CO2. The mouse-adapted
IAV PR8 strain (strain A/Puerto Rico/8/1934 (H1N1)) was propagated in 9-day-old chicken
embryos at 35 ◦C for 48 h, then at 4 ◦C for 12 h and stored in the refrigerator at −80 ◦C in
our laboratory. The titer of the virus was 10−5.4/0.1 mL in J774A.1 cell using 50% tissue
culture infectious dose (TCID50) as standard. The SBE solution is provided by Shanghai
Kaibao Pharmaceutical Co., Ltd. (No.1808320, Shanghai, China) and obtained by methanol
extraction under ultrasonication from dried Scutellaria baicalensis roots. Before experiments,
the SBE solution was filtered by 0.22 µm micro membranes and the major components were
identified using ultra-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC/Q-TOF MS).
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2.2. Samples Preparation and RNA Extraction

J774A.1 cells were seeded in six-well plates (1 × 106 cells/well) and divided into Mock,
PR8 and SBE groups. The cells in the Mock group were not infected. Cells in the PR8 group
were infected with 100 TCID50 PR8 strain in serum-free DMEM medium for 1 h. Cells in the
group SBE were infected by the PR8 virus and then intervened with the maximum nontoxic
concentration (TC0) at 6.25 µg/mL of SBE. The TC0 was obtained by the Cell Counting Kit-8
assay (CCK8) to detect the inhibition rate of SBE on J774A.1 cell, and the calculation standard
was to ensure that the cell survival rate was more than 90%. After washing with phosphate-
buffered saline (PBS) three times, the cells were cultured at 37 ◦C with a complete medium for
24 h. Then the cells were lysed with TRIzol reagent (No.15596, Thermo Fisher, Waltham, MA,
USA) for RNA extraction. Three biological replicates were set for each group.

2.3. Generation of cDNA Library and RNA Sequencing

The RNA sequencing was performed by Qiantang Life Science and Technology Co., Ltd.
(Suzhou, China). The quality control standards for RNA samples following three aspects:
RNA integrity and DNA contamination were analyzed by agarose gel electrophoresis; RNA
purity was determined using a nanophotometer spectrophotometer; accurate RNA integrity
was detected by Agilent 2100 bioanalyzer (Santa Clara, CA, USA). The cDNA library was
generated using NEBNext Ultra RNA Library Prep Kit for Illumina (San Diego, CA, USA). The
first strand cDNA was synthesized in M-MuLV reverse transcriptase system using random
oligonucleotide as a primer. The RNA strand was decomposed by RNase H, followed by
second strand cDNA synthesis in the DNA polymerase I system. The purified double-strand
cDNA was end-repaired, added with A-tail and connected with sequencing adaptors. Then
AMPure XP beads were used for screening and purification to get about 250–300 bp cDNA, and
finally, the library was obtained, and quality evaluated. Library sequencing was conducted
on Illumina HiSeqTM2000 by following the manufacturer’s instructions.

2.4. Sequencing Data Quality Control and Genome Mapping

The quality control of raw reads was performed using the Fastp software to ensure the
quality and reliability of data analysis. The following reads were filtered out: (1) the reads
containing adaptors, (2) the reads with N content of more than 5%, and (3) low-quality
reads (reads with a base quality score of less than 5 accounted for more than 50% of the total
bases as low-quality reads). The clean reads were mapped to the mouse reference genome
using Hierarchical Indexing for Spliced Alignment of Transcripts 2 (HISAT2) software.

2.5. Gene Expression Analysis

Analysis of gene expression levels was calculated using the fragments per kilobase
million mapped reads (FPKM) method by StringTie and Ballgown software. Differentially
expressed genes (DEGs) analysis between Mock, PR8 and SBE groups was based on the
gene transcription level by DESeq2 using Negative Binomial distribution as modes for read
counts. DEGs were identified based on the filtering parameters that |log2(fold change)| > 1
and p-value < 0.05.

2.6. Gene Ontology (GO) Term and Pathway Enrichments Analysis of DEGs

GO term and pathways enrichment analysis was performed using the R package
clusterProfiler based on the GO and Kyoto encyclopedia of genes and genomes (KEGG)
databases, respectively. The GO term or KEGG pathway with p-value less than 0.05 was
significantly enriched.

2.7. Real-Time Quantitative PCR (RT-qPCR)

Total RNAs were extracted from J774A.1 cells with TRIzol reagent followed by cDNA
synthesis with the reverse transcription kit (No.FSK-101, TOYOBO, Japan) containing Oligo
(dT) primer (5′-TTTTTTTTTTTTTTTTTTTT-3′) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed using the SYBR Green Real-time PCR Master
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Mix (No.QPK-201, TOYOBO, Osaka, Japan) and a 7900HT Fast Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA). Amplification was performed at 50 ◦C for 2 min,
95 ◦C for 10 min, and then followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C
for 30 s. Primers used in the study were listed in Supplementary Table S2 and synthesized
by Sangon Biotech (Shanghai, China). The relative expression values of candidate mRNAs
were normalized to that of GAPDH in each sample using the 2−∆∆Ct method.

2.8. Immunofluorescence under Confocal Laser Scanning Microscopy

J774A.1 cells were seeded in glass bottom confocal chambers at approximately
1 × 106 cells per chamber, cultured overnight until adhesion, then infected with PR8
virus and treated with SBE for 24 h. The cells were fixed with 4% paraformaldehyde
(PFA) and permeabilized with 0.3% Triton X-100, washed three times with cold PBS buffer.
Before the mouse polyclonal anti-NP (No. ab128193, Abcam, Cambridge, UK) or rabbit
polyclonal anti-NF-kB p65 (No. D14E12, CST, Danvers, CO, USA) primary antibody was
added, the cells were blocked with PBS supplemented with 5% goat serum (No. ZLI-9022,
BIODEE, Beijing, China) for 1 h at room temperature. After incubation with the primary
antibodies overnight at 4 ◦C, cells were then rinsed three times with PBS and followed
by co-incubation of goat anti-mouse (No. ab150116, Abcam, Cambridge, UK) or goat
anti-rabbit (No. ab150080, Abcam, Cambridge, UK) secondary antibody conjugated with
Alexa Fluor 594 at room temperature in the dark for 1 h. After washing, DAPI solution (No.
P0131, Beyotime, Shanghai, China) was added for nuclear staining at room temperature for
10 min, followed by washing three times using PBS buffer. The expression and localization
of NP or NF-kB p65 were detected by immunofluorescence under FV3000 confocal laser
scanning microscope (Olympus, Tokyo, Japan) with oil immersion under 100 × objective in
1 mL PBS buffer.

2.9. Western Blot Assay

J774A.1 cells were collected and lysed with RIPA lysate (No. R0010, Solarbio, Beijing,
China) containing 1% PMSF, centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatant
was quantified by a BCA protein assay kit (No.cx00098, Beyotime, China). The proteins
were subjected to SDS-PAGE electrophoresis after denaturation and transferred to PVDF
membranes (No. ISEQ00010, Millipore, Billrica, MA, USA), then blocked in TBST solution
with 5% non-fat milk (No. 9999S, CST, USA) for 1 h. The PVDF membranes were incubated
with anti-NP (1:1000, mouse, No. ab128193, Abcam, England) and GAPDH (1:5000, mouse,
No.60004-1, Proteintech, Rosemont, PA, USA) primary antibody diluent at 4 ◦C overnight,
respectively. The membrane was washed with 10 mL TBST buffer (No. T1085, Solarbio,
China) three times and followed by adding the secondary antibodies (No. SA00001-17, Pro-
teintech, USA) that was conjugated with horseradish peroxidase (HRP) for 4 h at 4 ◦C. After
another washing steps, the membrane was soaked with 0.2 mL ECL chemiluminescence
substrate (No.34095, Thermo Fisher, USA) and visualized using ChemiDoc MP Imaging
System (No.12003154, Bio-Rad, Hercules, CA, USA). The densitometry of the immunoblot
was calculated using Image J software, and the ratio of NP to internal reference GAPDH
was presented as a bar diagram.

2.10. Quantification and Statistical Analysis

Statistical analysis was performed with GraphPad Prism version 8.3 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). The immunofluorescence and immunoblot were analyzed
using Image J software. The experimental results are shown as mean ± SD, and the stu-
dent’s t test was used to compare the two groups. Differences were considered statistically
significant if the p-value < 0.05. Significance levels are: * p < 0.05 and ** p < 0.01 vs. Mock
group; # p < 0.05 and ## p < 0.01 vs. PR8 group. Each set of experiments was independently
repeated three times.
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3. Results
3.1. SBE Plays Dual Role of Antivirus and Inflammatory Inhibition in Macrophage Infected with
PR8 Strain

To determine the effective components of SBE used in this study, UPLC/Q-TOF MS
technology was used to analyze the target compounds according to the rich structure
information in the MS combined with the cleavage law of various chemical components.
The results showed that the main components of SBE included Scutellarin, Baicalin, Chrysin-
7-O-glucuronide, Oroxylin A-7-O glucuronide, Wogonoside, Salvigenin, and Wogonin, a
total of 7 compounds were all flavonoids (Figure 1A and Table S1).
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Figure 1. Establishment and determination of Scutellaria Scutellaria extract (SBE) interference with
inflammation in cultured J774A.1 macrophages induced by influenza A virus. (A) The compounds,
chemical formulas, and structures of the main components of SBE used in these experiments determined
by UPLC/Q-TOF MS are listed. (B) The maximum nontoxic concentration (TC0) and half-maximal toxic
concentration (TC50) of SBE on J774A.1 cell was determined according to the cell inhibition rate detected
by CCK8. (C) Workflow of PR8 infection, SBE intervention and transcriptome analysis in mice J774A.1
cell line. (D) The mRNA levels of representative pro-inflammatory cytokine interleukin (IL)-1β in Mock,
PR8 and SBE groups were detected by RT-qPCR. (E) The mRNA levels of pro-inflammatory cytokine
IL-6 in Mock, PR8 and SBE groups were also detected by RT-qPCR. GAPDH was used as an internal
control. * p < 0.05, ** p < 0.01 vs. Mock group; # p < 0.05, ## p < 0.01 vs. PR8 group.
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To construct the cellular model of the inflammatory response caused by influenza
A virus infection, J774A.1 macrophages were infected by the PR8 strain with 100 TCID50
(Figure 1C). The expression of the signature pro-inflammatory cytokines IL-1β and IL-6
was significantly increased, which revealed the virus induces an inflammatory response
(Figure 1D,E). Moreover, the successful infection was confirmed by detecting the expression
of viral NP through immunofluorescence, western blot, and RT-qPCR (Figure 2A–E).
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Figure 2. Detection of influenza A virus replication and identification of inhibition after treatment
with SBE in J774A.1 macrophage. (A) Representative images of immunofluorescence staining for the
viral nucleoprotein (NP) in Mock, PR8 and SBE groups were observed by confocal laser scanning
microscope. The nuclei are shown in blue using DAPI staining, while the NP are shown in red and
detected by the anti-NP antibody. (B) Bar diagram of the quantitative summary for NP immunoflu-
orescence. Around 100 cells in each group were counted. (C) The mRNA levels of NP in Mock,
PR8 and SBE groups were detected by RT-qPCR. GAPDH was used as an internal control. (D) The
expression levels of NP in Mock, PR8 and SBE groups were detected by western blot using GAPDH
as an internal control. (E) The statistical bar graph of the relative densitometry of immunoblotting
bands of NP. ** p < 0.01 vs. Mock group; ## p < 0.01 vs. PR8 group.
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We next examined the effect of SBE on J774A.1 cell infected with PR8 by treating
the cells with the TC0 of 6.25 µg/mL of SBE (Figure 1B,C). It was observed that both
the replication of viral NP (Figure 2A–E) and the production of cytokines IL-1β and IL-6
(Figure 1D,E) were effectively inhibited. These results indicate that the SBE solution could
play dual pharmacological roles of inhibiting virus replication and controlling inflammatory
reactions in macrophages infected with the PR8 strain.

3.2. Transcriptome Analysis of the Cellular Gene Expression after Virus Infection and Intervention
Effect of SBE

To conduct a holistic study of the cellular response after PR8 virus infection and the effec-
tive mechanisms of the anti-inflammatory effect of SBE, transcriptome analysis experiments
were performed to detect changes in global gene transcript levels (Figure 1C). Totally, ~178,
~130 and ~183 million raw sequencing reads were obtained from the mock, PR8 infected and
SBE treatment with PR8 infected samples, respectively. After quality analysis of sequencing re-
sults using Fastp software by filtering out the adapter and low-quality sequences, we obtained
clean reads ~170 million in the mock group, ~124 million in the PR8 group and ~174 million
in the SBE group, respectively (Table S3). All of the reads were mapped to the Mus musculus
genome by HISAT2 software, and the total mapping ratios were 96.84%, 97.03% and 97.12%
in the three groups, respectively (Table S4), indicating the high quality of the sequencing data.

3.3. Differentially Expressed Genes (DEGs) Analysis

After quantifying the gene expression levels using fragments per kilobase of exon per
million mapped reads (FPKM), principal component analysis (PCA) indicated that the samples
in the same group were clustered closely together, indicating satisfactory reproducibility
within the group and obvious specificity between the groups (Figures 3A and S1A).
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Figure 3. Sample analysis and differentially expressed genes (DEGs) analysis of PR8-infected and
SBE intervention macrophages. (A) principal component analysis (PCA) analysis. The principal
component of each sample was analyzed considering the gene expression in the corresponding
samples. Samples corresponding to each experimental group (three biological replicates per group)
were plotted on the first two principal components. (B) Numbers of DEGs in PR8 group to Mock
group and SBE group to PR8 group. Red represents up-regulated genes, and green represents down-
regulated genes. The Y-axis indicates the number of genes. (C) Volcano plots of the distribution of
DEGs between SBE and PR8 groups. The red, green, and gray dots represent up-regulated, down-
regulated, and not significantly regulated genes. The X-axis indicates the Log2 (fold change) of DEGs.
The Y-axis represents the statistical significance, −Log10 (p-value).

Then the DEGs analysis was performed with DEseq2 software following the parameter
of fold change > 2 and p-value < 0.05. Finally, compared to mock cells, 606 DEGs with 443
upregulated DEGs and 163 downregulated DEGs were identified in PR8 strain-infected
cells (Figures 3B and S1B). Moreover, SBE intervention on PR8 infected cells resulted in
774 DEGs, of which 132 promoted DEGs and 642 suppressed DEGs (Figure 3B,C). Taken
together, these data suggest that the infection of J774A.1 macrophage by PR8 strain induces
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extensive changes in the expression pattern of host genes, and the intervention of SBE
also leads to widespread genetic alteration. A Venn diagram was generated to examine
the unique and overlapping DEGs among the three groups. The number of overlapping
DEGs was as high as 347, accounting for 33.6% of all DEGs (Figure S1C). Interestingly,
as many as 315 DEGs were induced by PR8 infection and decreased after SBE treatment,
indicating that SBE could play a reverse transcriptional effect contrary to viral infection.
After SBE treatment, a series of host genes were expressed in the downtrend compared to
those induced by the PR8 virus. We suggest that the overlapping DEGs are involved in
viral replication and PR8-induced inflammatory response and are also critical targets of
SBE to exert viral inhibition and reverse inflammation.

3.4. SBE Inhibits the Activation of Innate Immune Response after Virus Infection Revealed by GO
Enrichment Analysis

To further explore the biological functions of the DEGs after SBE treatment, GO enrich-
ment analyses were performed to annotate the host genes by classifying molecular function,
cellular component, and biological process. The genes enriched in the molecular function
category are mainly associated with cytokine receptor binding, cytokine activity, receptor
regulator activity, receptor-ligand activity, double-stranded RNA binding, and GTPase
activity (Figure 4A,B). The genes enriched in cellular components were predicted to localize
inside the membrane primarily, the external side of the plasma membrane, extracellular
membrane-bounded organelle, symbiont containing vacuole (Figure 4C,D). Considering the
molecular functions of DEGs, it is speculated that these SBE-intervened genes are involved
in the pattern recognition, secretion of cytokines and acting on downstream cells, leading
to the above localization analysis results. As for the biological process classification, the
enrichment of DEGs was mainly related to the defense response to viruses, innate immune
response regulation, cytokine production and cytokine-mediated signaling pathway, and
response to interferon and adaptive immune response (Figure 4E,F). The results of GO
analysis demonstrate that PR8 infection in the present experimental model induced an
antiviral immune response, especially the production and effect of cytokines in the innate
immune response, consistent with the report that IAV infection induced a strong “cytokine
storm”. Meanwhile, SBE treatment can inhibit the production and effect of cytokine storms
and regulate innate immunity to reverse excessive inflammatory response by affecting the
expression of multiple genes.

3.5. SBE Interferes with Pattern Recognition Receptor Signaling Pathway Based on KEGG
Pathway Enrichment Analysis

To identify the cellular pathways potentially involved during SBE treatment with
PR8 infection, the pathway enrichment analysis of 315 DEGs was executed using the
KEGG database. Combining the methods of ORA and GESA, in addition to the known
virus-related responses, the significantly enriched pathways were mainly summarized
into NOD-like receptor (NLR), cytosolic DNA-sensing, RIG-I-like receptor (RLR), Toll-
like receptor (TLR), TNF, cytokine-cytokine receptor interaction and JAK-STAT signaling
pathway (Figure 5A). Consistent with GO analysis, the KEGG pathways were enriched
in innate immune-associated pathways, especially in pattern recognition receptors and
their downstream pathways. The mechanism of SBE can be summarized as affecting the
pattern recognition receptor (PRR) signaling pathway in macrophages, inhibiting a variety
of cytokines production and receptor binding, intervening downstream signal transduction
(JAK-STAT), which ultimately leads to a reduced inflammatory response by targeting
multiple genes.
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Figure 4. The bar chart of Gene Ontology (GO) enrichment analysis is based on the identified DEGs
in J774A.1 macrophage in response to PR8 infection and SBE intervention. The top 20 significant
GO terms categorized into a molecular function (A), cellular component (C) and biological process
(E) were obtained by comparison between the PR8 group and Mock group. The top 20 significant
GO terms categorized into a molecular function (B), cellular component (D) and biological process
(F) were identified by comparison between the SBE group and PR8 group. The Y-axis indicates GO
terms, the X-axis represents the counts of DEGs mapping to the corresponding GO terms, and the
color corresponds to statistical significance.
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Figure 5. Analysis of key pathways and genes of SBE intervention in J774A.1 macrophage model
infected with PR8 virus. (A) A dot map showing the compilation of the top 25 enriched Kyoto
encyclopedia of genes and genomes (KEGG) pathways was determined from 315 DEGs of intersection
between Mock, PR8 and SBE groups. The transcriptional level of 315 DEGs was increased in the PR8
group compared to the Mock group and decreased in the SBE group compared to the PR8 group.
The X-axis indicates the gene ratio corresponding to the pathway; the Y-axis indicates pathway
terms; the circle size reflects the number of gene enrichment; and the color corresponds to statistical
significance. (B) Heatmaps of key DEGs related to pattern recognition receptor pathways upon PR8
infection and SBE intervention were visualized. The color shows the fold change of detected genes.
(C) Schematic representation of the signaling pathways and key genes that converge on Toll-like
receptor (TLR), RIG-I-like receptor (RLR), NOD-like receptor (NLR), and DNA sensor. The genes
detected and validated are shown in the solid boxes, whereas the genes that remained undetected or
unvalidated in this study are shown in the dotted boxes.

To further analyze the key targets of SBE action, we analyzed the significant en-
riched DEGs in the KEGG pathway according to the expression level and immune function
(Figure 5B). In the present transcriptome profile of PR8 infection, TLR3 (~8.3 folds), TLR7
(~1.5 folds) and TLR8 (~8.6 folds) were stimulated, which locate on intracellular vesicles and
specifically recognize dsRNA or ssRNA components from the viral genome or replication
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intermediate. On the contrary, SBE intervention significantly reduced the TLR3 (~13.9 folds),
TLR7 (~4.2 folds) and TLR8 (~21.4 folds) transcription. Similarly, the RIG-I (also known as
DDX58) and MDA5 (also known as IFIH1), as intracellular RNA recognition receptors in
the RLR pathway, were induced respectively with 12.1 folds and 7.4 folds by PR8, while
SBE inhibited their transcription with 17.0 folds and 7.9 folds, respectively. Among multiple
receptors in the NLR pathway, SBE attenuated NLRP3 (~1.8 folds), NLRC4 (~3.6 folds)
and NLRC5 (~3.4 folds) transcription. And as DNA sensors, cGAS (~2.0 folds), IFI202
(~3.1 folds), and IFI204 (~21.2 folds) mRNA levels were also inhibited by SBE. In addition
to the receptor genes listed above, the transcriptional level of adaptor molecules MyD88
(~2.5 folds) in the TLR pathway, MAVS (~1.5 folds) in the RLR pathway, ASC
(~2.5 folds) in NLR and AIM2 pathway, and the common transcription factor IRF7
(~38.8 folds) downstream of PRR were attenuated by SBE treatment. Finally, SBE effectively
inhibited the effector molecules of the pattern recognition pathway, inflammatory cytokines
IL-15 (~4.1 folds), IL-18 (~11.8 folds), and interferon-inducible gene IFI35 (~5.3 folds) and
NMI (~4.4 folds) transcription (Figures 5B and S2).

3.6. Validation of Key DEGs within PRR Signaling Pathway and Detection of Downstream Effect

To confirm the differential expression between the PR8-induced genes and SBE-
reduced genes in sequencing data, a series of representative DEGs, including PRR (TLR3,
TLR7, TLR8; RIG-I, MDA5; NLRP3, NLRC4, NLRC5; cGAS, IFI202 and IFI204), adaptors
(MyD88, MAVS and ASC), transcript factor IRF7 and effect inflammatory factors (IL-10,
IL-15, IL-18, IFI35 and NMI) were selected for RT-qPCR analyses (Figures 5C and 6). The
results in J774A.1 macrophage by RT-qPCR exhibited similar signatures as detected in
the transcriptome data. This further validates the robustness of experimental setup and
bioinformatic analyses and corroborates the regulation of the PRR signaling pathway and
inflammatory response by PR8 induction and SBE treatment.

Furthermore, to verify the role of SBE in inhibiting the activation of PRR signaling
pathways, NF-κB nuclear translocation was detected in three groups as a classical transcrip-
tion marker downstream of the PRR. Immunofluorescence images displayed the NF-κB
p65 subunit translocating severely into the nucleus induced by PR8 infection, while the
proportion and degree of NF-κB p65 into the nucleus was decreased after SBE treatment
(Figure 7A,B). Although the transcription level of NF-κB in transcriptome data did not
differ, the localization and activation of NF-κB p65 in the nucleus significantly differed
among the groups, indicating that the transcription level of its target genes also had the
exact change.

The above experimental results prove that PR8 infection indeed overactivates TLR,
RLR, NLR and DNA sensing pathways, induces transcription factor NF-κB nuclear translo-
cations, and promotes the release of a variety of inflammatory factors, while SBE treatment
can inhibit inflammatory response by acting on these pathways.
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Figure 6. Validation of representative DEGs involved in pattern recognition pathways by RT-qPCR.
The mRNA levels of pattern recognition receptors (TLR3, TLR7, TLR8, RIG-I, MDA5, NLRP3, NLRC4,
NLRC5, cGAS, IFI202 and IFI204), adaptors (MyD88, MAVS, ASC), transcript factor IRF7 and down-
stream effect genes (IL-10, IL-15, IL-18, IFI35 and NMI) in Mock, PR8 and SBE groups were detected
by RT-qPCR. GAPDH was used as an internal control. Data were obtained from three biological
replicates. * p < 0.05, ** p < 0.01 vs. Mock group; # p < 0.05, ## p < 0.01 vs. PR8 group; ns indicates no
statistical significance.
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Figure 7. Detection of nuclear translocation of NF-κB p65 after treatment with SBE in J774A.1
macrophage infected by PR8 virus. (A) Representative images of immunofluorescence staining for the
NF-κB p65 in Mock, PR8 and SBE groups were observed by confocal laser scanning microscopy. The
nuclei are shown in blue using DAPI staining, while the NF-κB p65 are shown in red and detected
by the antibody. The white arrows indicate cells where the NF-κB p65 is clearly transported to the
nucleus. (B) The ratio of cells with nuclear translocation of NF-κB p65 subunit. The red, pink, and
white bars represent severe, weak, and no NF-κB p65 nuclear translocation. The number of cells
counted for each group is listed below. ** p < 0.01 vs. Mock group; ## p < 0.01 vs. PR8 group.

4. Discussion
4.1. The Over-Activation of PRR Pathways Leads to the Aggravation of Inflammation Induced by
IAV Infection

PRRs serve as priming signals to initiate innate immune response via recogniz-
ing pathogenic associated molecular patterns (PAMPs) of foreign pathogens or damage-
associated molecular patterns (DAMPs) generated under inflammatory conditions [23].
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Influenza virus infection is recognized by a variety of PRRs [24,25]. In the early stage of viral
invasion, PPRs bind corresponding ligands to activate signaling pathways for producing the
interferons (IFNs), chemokines, pro-inflammatory cytokines, and other molecules to induce
inflammatory responses, which is conducive to the clearance of viruses and infected cells.
However, the excessive inflammation induced by continuous PRR pathways activation
leads to inefficient virus clearance and irreversible organ damage in patients, thus aggravat-
ing its severity and mortality [26,27]. It has been reported that TLR3 knockout mice infected
with influenza A virus (IAV) show higher viral titer and fewer inflammatory mediators,
but wild-type (WT) mice still display higher mortality, which is related to TLR3 mediated
signaling pathway appears to be more prone to induce inflammatory cytokines rather than
IFNs [28]. Although TLR7 and TLR8 activate distinct pathways in monocytes, both can
sense ssRNA from IAV and activate NF-κB in a MyD88-dependent manner, producing IFN
and inflammatory cytokines [29]. In particular, TLR7 mainly induces the expression of
cytokines that promote Th17 polarization, which effectively mediates tissue inflammation
increase. It was found that RIG-I was activated as a primary PRR for IAV dsRNA and
engaged to MVAS on mitochondria, initiating the expression of inflammatory cytokines
and IFN-α/β, while MDA5 mainly functioned as a transcriptional inducer, which benefits
the amplification of interferon-stimulated gene production [30,31]. NLRP3 in macrophages
can directly sense IAV RNA or poly (I:C), induce pyroptosis and secrete several mature
IL-1β and IL-18. The expression levels of NLRP3, caspase-1, pro-IL-1β and pro-IL-18 were
also upregulated after IAV infection depending on the NF-κB signaling pathway, which
resulted in the formation of the inflammasome in the caspase-1-dependent pathway [32].
Although IAV components do not directly activate DNA sensor cGAS, the mtDNA released
by damaged mitochondria and the micronuclei released by damaged nuclei induced by
IAV infection are the main drivers of pathological type I IFN response [33].

In this study, transcriptome sequencing and analysis of macrophages were performed,
and it found that transcription levels of the gene in the PRR signaling pathway, including
NLR, RLR, TLR and DNA sensor signaling pathways, were extensively induced by IAV
infection (Figure 5A). The molecular functions, cellular components, and biological pro-
cesses of DEGs analyzed by GO enrichment analysis were also consistent with the pathway
obtained by KEGG (Figure 4). RT-qPCR also confirmed that the receptors, adaptors, and
effector molecules on the above PRR signaling pathways were significantly induced for
transcription (Figure 6). Hence, effective regulation and balance of the PRR signaling
pathway may become a key strategy for influenza treatment. Several therapies, including
small molecules based on targeting TLRs, RLRs and NLRs, are already under develop-
ment [34–38]. However, these drugs all act on a single molecule target, and their toxic and
side effects are unclear. Therefore, multi-target, safe and effective drugs should be a topic
more widely screened and studied in the next few years.

4.2. SBE Effectively Reverses the Over-Transcription of Genes in PRR Signaling Pathways and
Inflammatory Response Induced by IAV through Multiple Targets

Scutellaria baicalensis has been clinically used in disease treatment such as acute respi-
ratory infection, acute gastroenteritis, infantile diarrhoea, trachoma hepatitis, hypertension,
vomiting during pregnancy and other diseases [9,10]. Flavonoids and their glycosides are
the main active components in Scutellaria baicalensis, and more than 40 kinds of flavonoids
have been identified, among which baicalin, baicalein, wogonoside and wogonin have high
contents and obvious pharmacological effects [39]. In the SBE used in this paper, seven
major compounds, including Scutellarin, Baicalin, Chrysin-7-O-glucuronide, Oroxylin
A-7-O glucuronide, Wogonoside, Salvigenin and Wogonin were identified (Figure 1A). In
treating respiratory tract injury caused by IAV infection, studies have found that Scutellaria
baicalensis and its active components can inhibit the cell damage directly caused by virus
replication and reduce the host’s immune and inflammatory response [14,15].

This study confirmed that SBE could inhibit the replication of influenza virus in the
macrophage (Figure 2). Previous studies suggested Scutellaria baicalensis and its components
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played the antiviral role by blocking neuraminidase (NA) activity, inhibiting autophagy
and induction of IFN [18,40,41]. In addition, transcriptome data and experiments in this
study were used to confirm that SBE inhibits influenza virus-induced inflammation through
multiple targets and pathways, especially the PRR signaling pathway. Firstly, we screened
out that the main targets of SBE were involved in the TLR, RLR, NLR and DNA sensor
signaling pathway through the combined GO and KEGG pathway enrichment analysis of
315 DEGs reversed by SBE (Figures 4 and 5A). Then, SBE was determined to significantly
inhibit the mRNA transcription of PRRs (TLR3, TLR7, TLR8, RIG-I, MDA5, NLRP3, NLRP4,
NLRC5, ZBP-1, cGAS, IFI202, IFI204), adaptors (MyD88, MAVS, ASC) and transcript factor
IRF7 and pro-inflammatory molecules (IL-15, IL-18, IL-27, IFI35 and NMI) based on the
RNA-sequence data combined with RT-qPCR validation (Figure 5B,C, Figures 6 and S2).
Finally, the inhibitory effect of SBE on PRR signaling pathway activation and inflammatory
response was verified by the levels of IL-1, IL-6 and the translocation into the nucleus of
NF-κB p65 (Figures 1D,E and 7). Previous studies have reported that Scutellaria baicalensis
and its active components inhibit immune inflammatory responses and reduce pathological
damage by regulating the synthesis and release of pro-inflammatory cytokines, inhibiting
inflammatory mediators, anti-oxidant and scavenging free radicals [9,10]. Our study
suggests that the anti-inflammatory effect of SBE is mainly related to the inhibition of PRR
activation and effector molecules production, which further elucidates the pharmacologic
mechanism of Scutellaria baicalensis at the molecular level and provides therapeutic targets,
which could be used to reverse the inflammation caused by IAV.

4.3. Multi-Target Reversal Drug Screening and Development Based on Gene Transcription Map of
IAV Infection

The outcome of viral infectious diseases depends on the interaction between the host and
the virus, while the biggest harm is the tissue damage caused by the excessive immune and
inflammatory pathological response. Therefore, treating IAV infection should actively resist the
virus in the early stage of infection and prevent the excessive inflammatory response [8]. Mosla
scabra flavonoids [42] and Alstonia scholaris alkaloids [43] were found to significantly inhibit
IAV replication and attenuate IAV-induced lung inflammation by regulating the PRR signaling
pathway. High-throughput omics technology can be used to widely screen more natural
product-derived drugs for the prevention and treatment of IAV infection. RNA sequencing
technologies provide an understanding of viral infection and host interactions, especially the
global and systematic changes in transcriptional maps. Using a gene transcription map as
a bridge to connect the diseases and drugs, then drugs can be screened or found to reverse
the map on the pathogenesis of diseases. Most studies on RNA sequencing have analyzed
the role of non-coding RNA in the pathogenesis of IAV [44–46]. Studies have also found
that the influenza infection induced in the nasal epithelium early and altered responses in
interferon gamma signaling, B-cell signaling, apoptosis, necrosis, smooth muscle proliferation,
and metabolic alterations [47–49]. Through transcriptome sequencing in a macrophage model,
we found that SBE could reverse IAV-induced transcriptional map changes, especially the
key genes in PRR signaling pathways (Figures 3 and S1). Traditional Chinese medicine of
natural origin is often characterized by multi-component, multi-target, multi-pathway, and
low toxicity to prevent and treat diseases, which is an advantageous source for drug screening
of reverse transcription map. The transcriptome data of the viral infection model and drug
intervention could be analyzed to develop antiviral drugs or study the mechanism.

4.4. Intervention Macrophage and “Cytokine Storm” Is Crucial for Treatment of Viral Pneumonia

Macrophages are the key cells that resist influenza infection and initiate the inflam-
matory response. Resident alveolar macrophages not only play the role of phagocytosis
of pathogens but also recruit neutrophils and other immune cells to the lesion site, which
may lead to excessive inflammatory response and damage while defending against viruses.
Although pulmonary interstitial macrophages had no significant effect on viral titers,
they increased pro-inflammatory cytokines and pulmonary monocytes [50]. Alveolar
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macrophages derived from peripheral blood monocytes can persist in the acute inflam-
matory environment caused by IAV and increase the secretion of various inflammatory
cytokines [51]. Accumulation and activation of macrophages in lung tissue led to an ex-
cessive immune response and even a deadly “cytokine storm”. IAV infection can lead to a
“cytokine storm”, and the release level of various cytokines is closely related to the degree
of disease [52,53]. In this study, we found that SBE could inhibit the transcription of IL-1,
IL-6, IL-10, IL-15, and IL-18 in macrophages (Figures 6 and S2), among which IL-1, IL-6,
IL-15 and IL-18 are typical pro-inflammatory cytokines, while IL-10 is considered as an
anti-inflammatory cytokine [54,55]. IL-10, downstream of IL-6, is also one of the markers
of the “cytokine storm” induced by IAV infection, indicating that the immune system can
maintain the balance of inflammatory response through the interaction between different
cytokines [56]. In this paper, reducing IL-10 also reflects the effect of SBE in alleviating the
excessive release of various cytokines.

Furthermore, we also found that SBE significantly relieves the transcription of interferon-
inducible gene NMI and IFI35 (Figures 6 and S2). Studies have confirmed that NMI and
IFI35 released by macrophages can aggravate the inflammatory response as DAMP, and
the gene knockout mice have significantly reduced inflammation and improved survival
rate in sepsis [57]. Moreover, neutralizing antibodies against IFI35 greatly ameliorated lung
injury and mortality in IAV-infected mice [58].

In humans, most of the studies employed in vitro culture of alveolar and blood
monocyte-derived macrophages. Influenza virus replication and induction of proinflam-
matory cytokine responses were much stronger in monocyte-derived macrophages [59]. By
comparing a variety of human cells, it was found that the monocytic cell U937 supports
the replication of influenza viruses as well as the production of critical pro-inflammatory
cytokines, such as IL-6, IL-8, TNFα, IFN, MCP-1, IP-10, and MIP-1 [60,61]. These cytokines
have been detected in patients with severe influenza [62]. This study focused on murine
macrophages, but given the genetic similarities between mice and humans, especially the
conserved functions of TLR3/7/8, RIG-I/MDA5, NLRP3 and cGAS signaling pathways
in mice and humans [59], the pharmacological effects of SBE found in this study may also
apply to human cells. There are few studies on the effect of SBE on influenza virus-infected
human macrophages. In the LPS-induced THP-1 macrophage model, Scutellaria baicalen-
sis pith-decayed root reduced caspase-1 activation and IL-1 expression by inhibiting the
NF-κB/NLRP3 pathway [63]. We propose that further studies in humans are needed to
decipher the role of SBE against influenza virus-induced innate immunity, particularly
in macrophages. But one thing is certain the regulation of macrophages and cytokines
can be used as a therapeutic strategy for IAV infectious diseases to reduce cell death and
destruction in normal lung tissues.

5. Conclusions

In conclusion, we determined that SBE with seven flavonoids as the main component
could play dual roles of anti-influenza virus and anti-inflammatory by using a macrophage
model in vitro. Combined with transcriptome sequencing analysis and experimental
verification, this study reveals that the anti-inflammatory effect of SBE was related to
its inhibition of PRR pathway activation. These findings provide therapeutic targets for
influenza virus infectious diseases and an experimental basis for the clinical application of
SBE or its main components. Of course, further studies are needed to identify key targets
of SBE and to conduct more comprehensive and systematic validation in animal models
in vivo.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15071524/s1, Table S1: Ultra-high-pressure liquid chromatography
time-of-flight mass spectrometer (UPLC/Q-TOF MS) analysis of SBE; Table S2: Primers for RT-qPCR
used in this study; Table S3: Summary of RNA-seq data analysis; Table S4: Reference genome
alignment statistics; Figure S1: Analysis of DEGs identified from the samples of Mock, PR8 and SBE
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groups; Figure S2: The mRNA levels of representative DEGs involved in pattern recognition receptor
pathways detected by RNA-Seq.

Author Contributions: Conceptualization, Y.H., Y.W. and M.Y.; methodology, M.Y. and L.M.; soft-
ware, M.Y. and L.M.; validation, M.Y., L.M., R.S., R.G., N.Z., M.L. and J.W.; formal analysis, M.Y.
and L.M.; investigation, M.Y. and L.M.; resources, Y.H., Y.W. and M.Y.; data curation, M.Y. and
L.M.; writing—original draft preparation, M.Y. and L.M.; writing—review and editing, Y.H. and
Y.W.; visualization, Y.H. and Y.W.; supervision, Y.H. and Y.W.; project administration, Y.H. and Y.W.;
funding acquisition, Y.H. and Y.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Innovation Team and Talents Cultivation Program of the
National Administration of Traditional Chinese Medicine, grant number ZYYCXTD-C-202006; the
National Science Foundation of China, grant number 81573723 and the Scientific and Technological
Innovation Project of CACMS, grant number CI2021A00601 and CI2021B017-09.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed in the current study are included in
this published article and its supplementary materials. Please contact the corresponding author
for details.

Acknowledgments: We acknowledge Qian Hua for academic advice and assistance in this study. We
also thank Xiangwei Wu of Qiantang Biological for assistance in transcriptome data analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paules, C.; Subbarao, K. Influenza. Lancet 2017, 390, 697–708. [CrossRef] [PubMed]
2. Webster, R.G.; Govorkova, E.A. H5N1 influenza-continuing evolution and spread. N. Engl. J. Med. 2006, 355, 2174–2177.

[CrossRef] [PubMed]
3. Wu, Y.; Wu, Y. Bat-derived influenza-like viruses H17N10 and H18N11. Trends Microbiol. 2014, 22, 183–191. [CrossRef] [PubMed]
4. Mauad, T.; Hajjar, L.A. Lung pathology in fatal novel human influenza A (H1N1) infection. Am. J. Respir. Crit. Care Med. 2010,

181, 72–79. [CrossRef] [PubMed]
5. Rello, J.; Pop-Vicas, A. Clinical review: Primary influenza viral pneumonia. Crit. Care 2009, 13, 235. [CrossRef] [PubMed]
6. Uyeki, T.M.; Hui, D.S. Influenza. Lancet 2020, 400, 693–706. [CrossRef]
7. Sparrow, E.; Wood, J.G. Global production capacity of seasonal and pandemic influenza vaccines in 2019. Vaccine 2021, 39,

512–520. [CrossRef]
8. Peteranderl, C.; Herold, S. Human Influenza Virus Infections. Semin. Respir. Crit. Care Med. 2016, 37, 487–500. [CrossRef]
9. Zhao, T.; Tang, H. Scutellaria baicalensis Georgi. (Lamiaceae): A review of its traditional uses, botany, phytochemistry, pharmacol-

ogy and toxicology. J. Pharm. Pharmacol. 2019, 71, 1353–1369. [CrossRef]
10. Wang, Z.L.; Wang, S. A comprehensive review on phytochemistry, pharmacology, and flavonoid biosynthesis of Scutellaria

baicalensis. Pharm. Biol. 2018, 56, 465–484. [CrossRef]
11. Hu, S.; Wang, D. Whole genome and transcriptome reveal flavone accumulation in Scutellaria baicalensis roots. Front. Plant Sci.

2022, 13, 1000469. [CrossRef] [PubMed]
12. Shen, J.; Li, P. Pharmacophylogenetic study of Scutellaria baicalensis and its substitute medicinal species based on the chloroplast

genomics, metabolomics, and active ingredient. Front. Plant Sci. 2022, 13, 951824. [CrossRef] [PubMed]
13. Wang, P.W.; Lin, T.Y. Therapeutic efficacy of Scutellaria baicalensis Georgi against psoriasis-like lesions via regulating the responses

of keratinocyte and macrophage. Biomed. Pharmacother. 2022, 155, 113798. [CrossRef] [PubMed]
14. Zhi, H.J.; Zhu, H.Y. In vivo effect of quantified flavonoids-enriched extract of Scutellaria baicalensis root on acute lung injury

induced by influenza A virus. Phytomedicine 2019, 57, 105–116. [CrossRef] [PubMed]
15. Zhi, H.; Jin, X. Exploring the effective materials of flavonoids-enriched extract from Scutellaria baicalensis roots based on the

metabolic activation in influenza A virus induced acute lung injury. J. Pharm. Biomed. Anal. 2020, 177, 112876. [CrossRef]
16. Xu, H.R.; Li, Y.L. Effect of Scutellariae Radix on expression of inflammatory cytokine protein and gene in lung of mice with viral

pneumonia caused by influenza virus FM1 infection. Zhongguo Zhong Yao Za Zhi 2019, 44, 5166–5173. [PubMed]
17. Zhang, Q.; Yang, B. Effect of total flavonoids of Scutellaria baicalensis Georgi on expression of influenza A virus nucleoprotein in

HeLa cells. Nan Fang Yi Ke Da Xue Xue Bao 2012, 32, 966–969. [PubMed]
18. Jin, J.; Chen, Y. The inhibitory effect of sodium baicalin on oseltamivir-resistant influenza A virus via reduction of neuraminidase

activity. Arch. Pharm. Res. 2018, 41, 664–676. [CrossRef]

https://doi.org/10.1016/S0140-6736(17)30129-0
https://www.ncbi.nlm.nih.gov/pubmed/28302313
https://doi.org/10.1056/NEJMp068205
https://www.ncbi.nlm.nih.gov/pubmed/17124014
https://doi.org/10.1016/j.tim.2014.01.010
https://www.ncbi.nlm.nih.gov/pubmed/24582528
https://doi.org/10.1164/rccm.200909-1420OC
https://www.ncbi.nlm.nih.gov/pubmed/19875682
https://doi.org/10.1186/cc8183
https://www.ncbi.nlm.nih.gov/pubmed/20085663
https://doi.org/10.1016/S0140-6736(22)00982-5
https://doi.org/10.1016/j.vaccine.2020.12.018
https://doi.org/10.1055/s-0036-1584801
https://doi.org/10.1111/jphp.13129
https://doi.org/10.1080/13880209.2018.1492620
https://doi.org/10.3389/fpls.2022.1000469
https://www.ncbi.nlm.nih.gov/pubmed/36325541
https://doi.org/10.3389/fpls.2022.951824
https://www.ncbi.nlm.nih.gov/pubmed/36061787
https://doi.org/10.1016/j.biopha.2022.113798
https://www.ncbi.nlm.nih.gov/pubmed/36271574
https://doi.org/10.1016/j.phymed.2018.12.009
https://www.ncbi.nlm.nih.gov/pubmed/30668313
https://doi.org/10.1016/j.jpba.2019.112876
https://www.ncbi.nlm.nih.gov/pubmed/32237354
https://www.ncbi.nlm.nih.gov/pubmed/22820579
https://doi.org/10.1007/s12272-018-1022-6


Viruses 2023, 15, 1524 18 of 19

19. Li, R.; Wang, L. Baicalin inhibits influenza virus A replication via activation of type I IFN signaling by reducing miR-146a. Mol.
Med. Rep. 2019, 20, 5041–5049. [CrossRef]

20. Wang, J.; Nikrad, M.P. Innate immune response of human alveolar macrophages during influenza A infection. PLoS ONE 2012, 7, e29879.
[CrossRef]

21. Vangeti, S.; Yu, M. Respiratory Mononuclear Phagocytes in Human influenza A virus infection: Their Role in immune Protection
and As Targets of the virus. Front. Immunol. 2018, 9, 1521. [CrossRef] [PubMed]

22. Zhu, B.; Wu, Y. Uncoupling of macrophage inflammation from self-renewal modulates host recovery from respiratory viral
infection. Immunity 2021, 54, 1200–1218.e9. [CrossRef] [PubMed]

23. Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805–820. [CrossRef] [PubMed]
24. Malik, G.; Zhou, Y. Innate Immune Sensing of Influenza A Virus. Viruses 2020, 12, 755. [CrossRef] [PubMed]
25. Dai, X.; Zhang, L. Host cellular signaling induced by influenza virus. Sci. China Life Sci. 2011, 54, 68–74. [CrossRef]
26. Kumar, V.; Chhibber, S. Acute lung inflammation in Klebsiella pneumoniae B5055-induced pneumonia and sepsis in BALB/c

mice: A comparative study. Inflammation 2011, 34, 452–462. [CrossRef]
27. Guirgis, F.W.; Khadpe, J.D. Persistent organ dysfunction after severe sepsis: A systematic review. J. Crit. Care 2014, 29, 320–326.

[CrossRef]
28. Le Goffic, R.; Balloy, V. Detrimental contribution of the Toll-like receptor (TLR)3 to influenza A virus-induced acute pneumonia.

PLoS Pathog. 2006, 2, e53. [CrossRef]
29. de Marcken, M.; Dhaliwal, K. TLR7 and TLR8 activate distinct pathways in monocytes during RNA virus infection. Sci. Signal.

2019, 12, eaaw1347. [CrossRef]
30. Pichlmair, A.; Schulz, O. RIG-I-mediated antiviral responses to single-stranded RNA bearing 5′-phosphates. Science 2006, 314,

997–1001. [CrossRef] [PubMed]
31. Benitez, A.A.; Panis, M. In Vivo RNAi Screening Identifies MDA5 as a Significant Contributor to the Cellular Defense against

Influenza A Virus. Cell Rep. 2015, 11, 1714–1726. [CrossRef]
32. Thomas, P.G.; Dash, P. The Intracellular Sensor NLRP3 Mediates Key Innate and Healing Responses to Influenza A Virus via the

Regulation of Caspase-1. Immunity 2009, 30, 566–575. [CrossRef] [PubMed]
33. Moriyama, M.; Koshiba, T. Influenza A virus M2 protein triggers mitochondrial DNA-mediated antiviral immune responses. Nat.

Commun. 2019, 10, 4624. [CrossRef] [PubMed]
34. Mullen, L.M.; Chamberlain, G. Pattern recognition receptors as potential therapeutic targets in inflammatory rheumatic disease.

Arthritis Res. Ther. 2015, 17, 122. [CrossRef] [PubMed]
35. Wong, J.P.; Christopher, M.E. Activation of toll-like receptor signaling pathway for protection against influenza virus infection.

Vaccine 2009, 27, 3481–3483. [CrossRef] [PubMed]
36. Wong, J.P.; Christopher, M.E. Antiviral role of toll-like receptor-3 agonists against seasonal and avian influenza viruses. Curr.

Pharm. Des. 2009, 15, 1269–1274. [CrossRef] [PubMed]
37. Green, R.R.; Wilkins, C. Transcriptional analysis of antiviral small molecule therapeutics as agonists of the RLR pathway. Genom.

Data 2016, 7, 290–292. [CrossRef]
38. Pattabhi, S.; Wilkins, C.R. Targeting Innate Immunity for Antiviral Therapy through Small Molecule Agonists of the RLR Pathway.

J. Virol. 2015, 90, 2372–2387. [CrossRef]
39. Li, C.R.; Lin, G. Pharmacological effects and pharmacokinetics properties of Radix Scutellariae and its bioactive flavones. Biopharm.

Drug Dispos. 2011, 32, 427–445. [CrossRef]
40. Zhu, H.Y.; Han, L. Baicalin inhibits autophagy induced by influenza A virus H3N2. Antivir. Res. 2015, 113, 62–70. [CrossRef]
41. Chu, M.; Xu, L. Role of Baicalin in Anti-Influenza Virus A as a Potent Inducer of IFN-Gamma. Biomed. Res. Int. 2015, 2015, 263630.

[CrossRef] [PubMed]
42. Yu, C.H.; Yu, W.Y. Mosla scabra flavonoids ameliorate the influenza A virus-induced lung injury and water transport abnormality

via the inhibition of PRR and AQP signaling pathways in mice. J. Ethnopharmacol. 2016, 179, 146–155. [CrossRef] [PubMed]
43. Zhou, H.X.; Li, R.F. Total alkaloids from Alstonia scholaris inhibit influenza a virus replication and lung immunopathology by

regulating the innate immune response. Phytomedicine 2020, 77, 153272. [CrossRef] [PubMed]
44. Hu, J.; Hu, Z.L. Deep sequencing of the mouse lung transcriptome reveals distinct long non-coding RNAs expression associated

with the high virulence of H5N1 avian influenza virus in mice. Virulence 2018, 9, 1092–1111. [CrossRef] [PubMed]
45. Bavagnoli, L.; Campanini, G. Identification of a novel antiviral micro-RNA targeting the NS1 protein of the H1N1 pandemic

human influenza virus and a corresponding viral escape mutation. Antivir. Res. 2019, 171, 104593. [CrossRef] [PubMed]
46. Wang, J.J.; Zhang, Y.B. CircRNA expression profiling and bioinformatics analysis indicate the potential biological role and clinical

significance of circRNA in influenza A virus-induced lung injury. J. Biosci. 2021, 46, 38. [CrossRef] [PubMed]
47. Tan, K.S.; Andiappan, A.K. RNA Sequencing of H3N2 Influenza Virus-Infected Human Nasal Epithelial Cells from Multiple

Subjects Reveals Molecular Pathways Associated with Tissue Injury and Complications. Cells 2019, 8, 986. [CrossRef]
48. Cao, Y.; Zhang, K. Global transcriptome analysis of H5N1 influenza virus-infected human cells. Hereditas 2019, 156, 10. [CrossRef]
49. Ma, T.X.; Nagy, A. RNA-Seq Analysis of Influenza A Virus-Induced Transcriptional Changes in Mice Lung and Its Possible

Implications for the Virus Pathogenicity in Mice. Viruses 2021, 13, 2031. [CrossRef]
50. Ural, B.B.; Yeung, S.T. Identification of a nerve-associated, lung-resident interstitial macrophage subset with distinct localization

and immunoregulatory properties. Sci. Immunol. 2020, 5, eaax8756. [CrossRef]

https://doi.org/10.3892/mmr.2019.10743
https://doi.org/10.1371/journal.pone.0029879
https://doi.org/10.3389/fimmu.2018.01521
https://www.ncbi.nlm.nih.gov/pubmed/30018617
https://doi.org/10.1016/j.immuni.2021.04.001
https://www.ncbi.nlm.nih.gov/pubmed/33951416
https://doi.org/10.1016/j.cell.2010.01.022
https://www.ncbi.nlm.nih.gov/pubmed/20303872
https://doi.org/10.3390/v12070755
https://www.ncbi.nlm.nih.gov/pubmed/32674269
https://doi.org/10.1007/s11427-010-4116-z
https://doi.org/10.1007/s10753-010-9253-9
https://doi.org/10.1016/j.jcrc.2013.10.020
https://doi.org/10.1371/journal.ppat.0020053
https://doi.org/10.1126/scisignal.aaw1347
https://doi.org/10.1126/science.1132998
https://www.ncbi.nlm.nih.gov/pubmed/17038589
https://doi.org/10.1016/j.celrep.2015.05.032
https://doi.org/10.1016/j.immuni.2009.02.006
https://www.ncbi.nlm.nih.gov/pubmed/19362023
https://doi.org/10.1038/s41467-019-12632-5
https://www.ncbi.nlm.nih.gov/pubmed/31604929
https://doi.org/10.1186/s13075-015-0645-y
https://www.ncbi.nlm.nih.gov/pubmed/25975607
https://doi.org/10.1016/j.vaccine.2009.01.048
https://www.ncbi.nlm.nih.gov/pubmed/19200852
https://doi.org/10.2174/138161209787846775
https://www.ncbi.nlm.nih.gov/pubmed/19355966
https://doi.org/10.1016/j.gdata.2016.01.020
https://doi.org/10.1128/JVI.02202-15
https://doi.org/10.1002/bdd.771
https://doi.org/10.1016/j.antiviral.2014.11.003
https://doi.org/10.1155/2015/263630
https://www.ncbi.nlm.nih.gov/pubmed/26783516
https://doi.org/10.1016/j.jep.2015.12.034
https://www.ncbi.nlm.nih.gov/pubmed/26719287
https://doi.org/10.1016/j.phymed.2020.153272
https://www.ncbi.nlm.nih.gov/pubmed/32702592
https://doi.org/10.1080/21505594.2018.1475795
https://www.ncbi.nlm.nih.gov/pubmed/30052469
https://doi.org/10.1016/j.antiviral.2019.104593
https://www.ncbi.nlm.nih.gov/pubmed/31470040
https://doi.org/10.1007/s12038-021-00152-8
https://www.ncbi.nlm.nih.gov/pubmed/33969826
https://doi.org/10.3390/cells8090986
https://doi.org/10.1186/s41065-019-0085-9
https://doi.org/10.3390/v13102031
https://doi.org/10.1126/sciimmunol.aax8756


Viruses 2023, 15, 1524 19 of 19

51. Nicol, M.Q.; Dutia, B.M. The role of macrophages in influenza A virus infection. Future Virol. 2014, 9, 847–862. [CrossRef]
52. Gu, Y.; Zuo, X. The Mechanism behind Influenza Virus Cytokine Storm. Viruses 2021, 13, 1362. [CrossRef] [PubMed]
53. Kalil, A.C.; Thomas, P.G. Influenza virus-related critical illness: Pathophysiology and epidemiology. Critical Care 2019, 23, 258.

[CrossRef] [PubMed]
54. Us, D. Cytokine storm in avian influenza. Mikrobiyol. Bul. 2008, 42, 365–380.
55. Sun, J.; Madan, R. Effector T cells control lung inflammation during acute influenza virus infection by producing IL-10. Nat. Med.

2009, 15, 277–284. [CrossRef] [PubMed]
56. Yu, X.L.; Zhang, X. Intensive Cytokine induction in Pandemic H1N1 Influenza Virus Infection Accompanied by Robust Production

of IL-10 and IL-6. PLoS ONE 2011, 6, e28680. [CrossRef]
57. Xiahou, Z.K.; Wang, X.L. NMI and IFP35 serve as proinflammatory DAMPs during cellular infection and injury. Nat. Commun.

2017, 8, 950. [CrossRef] [PubMed]
58. Yu, Y.; Xu, N. IFP35 as a promising biomarker and therapeutic target for the syndromes induced by SARS-CoV-2 or influenza

virus. Cell Rep. 2021, 37, 110126. [CrossRef] [PubMed]
59. Pulendran, B.; Maddur, M.S. Innate immune sensing and response to influenza. Curr. Top. Microbiol. Immunol. 2015, 386, 23–71.
60. Liu, G.; Chen, S. The Establishment and Validation of the Human U937 Cell Line as a Cellular Model to Screen Immunomodulatory

Agents Regulating Cytokine Release Induced by Influenza Virus Infection. Virol. Sin. 2019, 34, 648–661. [CrossRef]
61. Li, R.F.; Zhou, X.B. Novel fatty acid in cordyceps suppresses influenza A (H1N1) virus induced proinflammatory response

through regulating innate signaling pathways. ACS Omega 2021, 6, 1505–1515. [CrossRef] [PubMed]
62. Ramos, I.; Fernandez-Sesma, A. Modulating the innate immune response to influenza A virus: Potential therapeutic use of

anti-inflammatory drugs. Front. Immunol. 2015, 6, 361. [CrossRef] [PubMed]
63. Zhang, F.L.; Ke, C. Scutellaria baicalensis pith-decayed root inhibits macrophage-related inflammation through the NF-κB/NLRP3

pathway to alleviate LPS-induced acute lung injury. Planta Med. 2023, 89, 493–507. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2217/fvl.14.65
https://doi.org/10.3390/v13071362
https://www.ncbi.nlm.nih.gov/pubmed/34372568
https://doi.org/10.1186/s13054-019-2539-x
https://www.ncbi.nlm.nih.gov/pubmed/31324202
https://doi.org/10.1038/nm.1929
https://www.ncbi.nlm.nih.gov/pubmed/19234462
https://doi.org/10.1371/journal.pone.0028680
https://doi.org/10.1038/s41467-017-00930-9
https://www.ncbi.nlm.nih.gov/pubmed/29038465
https://doi.org/10.1016/j.celrep.2021.110126
https://www.ncbi.nlm.nih.gov/pubmed/34910942
https://doi.org/10.1007/s12250-019-00145-w
https://doi.org/10.1021/acsomega.0c05264
https://www.ncbi.nlm.nih.gov/pubmed/33490810
https://doi.org/10.3389/fimmu.2015.00361
https://www.ncbi.nlm.nih.gov/pubmed/26257731
https://doi.org/10.1055/a-1878-5704
https://www.ncbi.nlm.nih.gov/pubmed/35716667

	Introduction 
	Materials and Methods 
	Cells, Virus and SBE Solution 
	Samples Preparation and RNA Extraction 
	Generation of cDNA Library and RNA Sequencing 
	Sequencing Data Quality Control and Genome Mapping 
	Gene Expression Analysis 
	Gene Ontology (GO) Term and Pathway Enrichments Analysis of DEGs 
	Real-Time Quantitative PCR (RT-qPCR) 
	Immunofluorescence under Confocal Laser Scanning Microscopy 
	Western Blot Assay 
	Quantification and Statistical Analysis 

	Results 
	SBE Plays Dual Role of Antivirus and Inflammatory Inhibition in Macrophage Infected with PR8 Strain 
	Transcriptome Analysis of the Cellular Gene Expression after Virus Infection and Intervention Effect of SBE 
	Differentially Expressed Genes (DEGs) Analysis 
	SBE Inhibits the Activation of Innate Immune Response after Virus Infection Revealed by GO Enrichment Analysis 
	SBE Interferes with Pattern Recognition Receptor Signaling Pathway Based on KEGG Pathway Enrichment Analysis 
	Validation of Key DEGs within PRR Signaling Pathway and Detection of Downstream Effect 

	Discussion 
	The Over-Activation of PRR Pathways Leads to the Aggravation of Inflammation Induced by IAV Infection 
	SBE Effectively Reverses the Over-Transcription of Genes in PRR Signaling Pathways and Inflammatory Response Induced by IAV through Multiple Targets 
	Multi-Target Reversal Drug Screening and Development Based on Gene Transcription Map of IAV Infection 
	Intervention Macrophage and “Cytokine Storm” Is Crucial for Treatment of Viral Pneumonia 

	Conclusions 
	References

