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Type I interferon (IFN-I), a pivotal component of the host’s innate antiviral immune system, can induce the formation of
neutrophil extracellular traps (NETs) and facilitate inflammatory responses. Baicalin exhibits a range of pharmacological activities,
including anti-inflammatory and immunomodulatory effects. It has been reported that neutrophil glycolysis plays a pivotal role in
the formation of NETs and the regulation of inflammatory response in immune modulation, regulated by IFN-I. However, it
remains unclear whether baicalin regulates IFN-I-induced NETs formation through glycolysis. In this study, we induced the
formation of NETs in vitro using IFN-I and observed that baicalin significantly reduced the formation of IFN-I-induced NETs.
Furthermore, baicalin inhibited the production of pro-inflammatory cytokines, specifically interleukin-1 beta (IL-1β) and inter-
leukin-6 (IL-6), as well as the generation of reactive oxygen species (ROS) and chemotactic responses. Our findings further
indicated that baicalin could inhibit both lactic acid and ATP levels in IFN-I-induced neutrophils, as well as the expression of
glycolytic-related proteins, including HK2, HK3, PKM2, and LDHA. Moreover, following the administration of glycolytic agonists
insulin, it was observed that heightened glycolytic activity significantly augmented NETs formation and the release of inflamma-
tory cytokines, potentially regulated by PKC/Raf/MEK/ERK and PI3K/AKT signaling pathways. In conclusion, our findings
indicated that baicalin may exert inhibitory effects on IFN-I-induced NETs formation and inflammatory cytokine production
by modulating glycolysis, thereby providing further evidence for the potential clinical application of baicalin in the treatment of
IFN-I-related inflammatory diseases.
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1. Introduction

Neutrophils are the primary cell type of the host innate
immune system and play a key role in innate immune defense
as well as in the pathophysiology of various inflammatory
diseases, primarily through the release of neutrophil extracel-
lular traps (NETs) [1]. The main components of NETs,
including DNA, histone, neutrophil elastase (NE), myeloper-
oxidase (MPO), and antimicrobial peptide interleukin-37 (IL-
37), could capture and kill pathogenic microorganisms [2].

Several studies have investigated the potential mechanisms
underlying the formation of NETs. It has been demonstrated
that activation of the Raf-MEK-ERK signaling pathway
through protein kinase C (PKC) [3], hyper-citrullination of
histones [4–7], and generation of reactive oxygen species
(ROS) [8] were indispensable for this process to occur.
Although the formation of NETs (NETosis) is beneficial for
immune defense, persistent NETosis increases oxidative stress
and inflammatory responses. Paul Kubes et al. demonstrated
that upon stimulation of neutrophils, PMA activates the PKC
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and Raf-MEK-ERK signaling pathways. This activation sub-
sequently led to the induction of protein arginine deiminase 4
(PAD4), which catalyzes histone citrullination, resulting in
chromatin decondensation, NET formation, and ROS pro-
duction [3]. Leandro Borges [9] summarized an increase in
lung inflammation and NETs from COVID-19. In addition,
Han et al. [10] found that in a mouse asthma model with
neutrophil-dominated airway inflammation, the formation
of NETs exacerbated airway inflammation in mice. Rapid
and effective suppression of NETs is the key to preventing
excessive immune damage.

Type I interferon (IFN-I, including IFN-α and IFN-β), as
an important regulatory factor in the innate immune response,
is the main host defense against viruses and other pathogenic
microorganisms and can promote antiviral and immune
responses [11, 12]. After secreted from infected cells, IFN-α/β
binds to the IFN-I receptor (IFNAR) and activates the antiviral
IFN-stimulating gene (ISG) to regulate innate and adaptive
immunity [13]. IFN-I has been reported to have a “double-edged
sword” effect. While IFN-I plays a role in antiviral activity, it
could also promote the occurrence of inflammatory reactions,
leading to immune damage. Krystelle Nganou-Makamdop
found that blocking IFN-I signaling during chronic simian
immunodeficiency virus (SIV) infection could inhibit IFN-I-
associated inflammatory pathways without increasing viral rep-
lication [14].Mature neutrophils express IFNAR and are impor-
tant target cells for IFN-I. Excessive stimulation of IFN-I could
lead to enhanced NETosis in neutrophils, playing a role in
immune defense, while the accompanying excessive production
of ROS can lead to local inflammation [15, 16]. It has been
reported that IFN-I-inducedNETs increased lung inflammation
in tuberculosis-prone mice [17]. In the study of primary Sjog-
ren’s syndrome, it was found that the activation of IFN-I led to
mitochondrial damage in neutrophils and the generation of
related ROS, ultimately resulting in the production of NETs,
which aggravated the severity of the disease [15]. In addition,
IFN-I-induced NETs also contribute to the pathogenesis of var-
ious inflammatory diseases, such as rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), and acute respiratory dis-
tress syndrome (ARDS) [15, 18]. Therefore, the effective regula-
tion of the excessive activation of NETs by IFN-I is beneficial for
mitigating immune damage.

Glycolysis is an important driving factor for the recogni-
tion of pathogens by innate immune cells. The biological
processes associated with neutrophil response are closely
related to cellular metabolism [19]. Previous studies have
shown that glycolysis appears to be the primary pathway
involved in ATP production, phagocytosis, and NETs [20,
21] and that the low abundance of mitochondria in neutro-
phils has led to the assumption that the biological function of
neutrophils is entirely dependent on glycolysis [22]. Simi-
larly, metabolic reprogramming of neutrophils is induced
by inflammatory mediators, pathogens, and soluble factors
released in a variety of pathologies. In fact, metabolic changes
could greatly affect the response of neutrophils to proinflam-
matory factors or antigens such as viruses and bacteria, lead-
ing to the formation of NETs [19]. Previous studies have
shown that inhibiting the expression of lactate dehydrogenase

A (LDHA) by regulating the PI3K/Akt-HIF-1α pathway
could suppress glycolysis and contribute to immune suppres-
sion of neutrophils during sepsis [23].

Type I interferon (IFN-I) is a key cytokine in immune
response, and it has been found that IFN-I could promote
the level of cellular glycolysis. Chan et al. [24] found that
IFN-I subtype IFNβ promoted adipocyte glycolysis and
amplifies intracellular inflammation. IFN-I is capable of acti-
vating multiple signaling pathways, including the phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway,
the hypoxia-inducible factor 1-alpha (HIF-1α) pathway, and
the Janus kinase (JAK)/signal transducer and activator of tran-
scription (STAT) pathway [25]. Among these, the PI3K/Akt
and HIF-1α pathways were considered to be key regulators of
glycolysis. In a mouse model of sepsis, inhibition of LDHA
expression by regulating PI3K/Akt-HIF-1α pathway could
inhibit glycolysis and contribute to immunosuppression of
neutrophils [23]. This indicated that the regulation of IFN-I
on neutrophil immune defense may be related to the regulation
of glycolysis. However, the exact mechanism is still unclear.

Natural products with anti-inflammatory and immuno-
modulatory functions have a broad application prospect in
immunoregulation. Baicalin is an effective flavonoid active
ingredient extracted from Scutellaria baicalin, which has anti-
inflammatory, antibacterial, and immune-enhancing effects
[26]. Previous studies have found that baicalin has the effects
of anti-inflammatory, inhibition of NETs and regulation of cell
metabolism level. In a murine model of polymicrobial sepsis,
baicalin administration has been shown to mitigate the eleva-
tion of neutrophil counts in peritoneal lavage fluid, reduce the
concentrations of proinflammatory cytokines IL-6, TNF-α, and
chemokine interleukin-17A (IL-17A) in both plasma and peri-
toneal lavage fluid, and enhance the secretion of the anti-
inflammatory cytokine interleukin-10 (IL-10). These effects
collectively contribute to improved bacterial clearance [27].
Additionally, baicalin reduces organ damage associated with
neutrophil infiltration in the lungs and liver, thereby improving
the survival rate of septic mice [27]. Moreover, Li et al. [28]
confirmed that baicalin combined with interleukin-8 (IL-8)
injected into rat skin could significantly inhibit IL-8-induced
neutrophil infiltration. Our previous findings indicated that
baicalin exerted a bidirectional modulation of IFNs production
and effects, whereby it enhances antiviral IFNs production
while concurrently attenuating inflammation and NETs for-
mation of mice neutrophil induced by IFN-I. However, the
underlying mechanism remains elusive [29]. Moreover, Shen
et al. [30] found that baicalin could reduce the production of
chemotactic peptides (fMLP) or PMA-induced ROS in neutro-
phils and inhibit the activity of MPO, a key component of
NETs. The regulation of baicalin on glucose metabolism has
also been reported. Huang et al. [31] found that baicalin sup-
pressed the expression of glycolytic enzymes hexokinase 2
(HK2), phosphofructokinase 1 (PFK1), and pyruvate kinase
muscle 2 (PKM2) to inhibit glucose metabolism in tumor cells,
thereby impeding the growth and function of melanoma
tumors. Moreover, baicalin could inhibit blood glucose metab-
olism in mice and stabilize blood glucose content after high-fat
diet [32]. However, there is a paucity of literature addressing
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the regulatory effects of baicalin on glycolysis, and the precise
underlying mechanisms remain inadequately elucidated.

In this study, we elucidated the regulatory mechanism of
baicalin on IFN-I-induced neutrophil NETosis and explore
whether its potential effects are associated with the modula-
tion of glycolysis. Our aim was to provide a foundational
basis for the development and clinical application of baicalin.

2. Materials and Methods

2.1. Reagents and Antibodies. The sources of reagents and
antibodies were described in the Supporting Information
Table S1. Baicalin (B20570) was purchased from Shanghai
Yuanye Biotechnology Co. Ltd. (Shanghai, China).

2.2. Isolation and Identification of Neutrophils.Human periph-
eral blood in this study was collected from the remaining
physical examinational samples of healthy volunteers in Liuz-
hou People’s Hospital. The study was approved by the Medical
Ethics Committee of Liuzhou People’s Hospital, and written
informed consent was obtained from all healthy volunteers.
The whole blood was layered on a 2-step Percoll (Sigma
Aldrich, USA) gradient (75% and 60% plus cells) and centri-
fuged with 800×g for 30min at room temperature (RT). Neu-
trophils were collected from the layer of 60% and 75% Percoll
and washed with PBS. Following incubation with red blood cell
lysis buffer (Solarbio, China) for 5–10min, residual erythro-
cytes were removed. After washing with PBS, neutrophils (1×
106 cells/mL) were suspended in RPMI 1640 medium contain-
ing 10% FBS. Neutrophil viability was established with trypan
blue (Solarbio, China) staining. Furthermore, neutrophils sus-
pensions were sequentially incubated with APC-Cy7-conju-
gated anti-CD45, PE-conjugated anti-CD11b, and FITC-
conjugated anti-CD15 antibodies. The incubation was con-
ducted for 20min under dark conditions. After incubation,
the cells were washed with PBS, and the purity of the neutro-
phil population was evaluated by flow cytometry (Biolegend,
USA) (purity≥ 95%). Considering that neutrophils are suspen-
sion cells, the extracted cells were seeded into a multi-well plate
at a density of 1× 106 cells/mL. Subsequently, the cells were co-
cultured with IFN (160 ng/mL) and baicalin (5, 10,
20 μg/mL) for 4 or 8 h. After the incubation period, the treated
neutrophils were harvested for further detection experiments.

2.3. RNA Sequencing (RNA-Seq). The RNA was extracted
from the cells by using the TriQuick Reagent, and then
RNA-seq was conducted by Gene Denovo Biotechnology
(Guangzhou, China). The RNA-Seq libraries were con-
structed using the NEBNext Ultra RNA Library Prep Kit
for Illumina (NEB#7530, New England Biolabs, Ipswich,
MA, USA). Enriched libraries were purified with AMPure
XP beads (1.0X, Beckman. Coulter, Brea, CA, USA), and the
resulting cDNA. The library was sequenced on the Illumina
NovaSeq 6000 platform.

2.4. Quantitative Real-Time PCR (qRT-PCR). The total RNA
of neutrophils was isolated by using TriQuick Reagent
(Thermo Fisher Scientifc, USA). The commercial cDNA
Synthesis Kit (Thermo Fisher Scientifc, USA) was used to
reverse-transcribed the RNA into the first-strand cDNA. The

expression levels of mRNAs were measured using qPCR, and
GAPDH was the internal control. The mRNA expression
levels for each gene were measured using the 2−ΔΔCT

method. Supporting Information Table S2 shows the primer
sequences used for quantitative real-time polymerase chain
reaction (qRT-PCR) analyses.

2.5. Extraction and Quantification of Cf-DNA. The cf-DNA
of treated neutrophil supernatant was isolated and extracted
with reagents in the Free DNA Extraction Kit (Uelandy,
China) according to the recommended protocol. The con-
centration of cf-DNA was determined by measuring the
absorbance of 1 μL final eluent at 260 nm with a Multiskan
SkyHigh Microplate reader (Thermo Scientific, USA).

2.6. Measurement of Lactate and ATP. The intracellular lac-
tate content was measured using a Lactic Acid assay kit
(Nanjing jiancheng Bioengineering Institute, China) accord-
ing to the manufacturer’s instruction. Briefly, neutrophils
were collected after an 8 h treatment with or without IFN-I
(160 ng/mL) and baicalin (5, 10, and 20 μg/mL). Removed
the medium and washed the cells with PBS. Protein precipi-
tant was added, and cells were homogenized on ice. And
then, the homogenates were centrifuged at 4000 rpm for
10min at 4°C. The supernatant was used for the lactate mea-
surement. The treated cells were lysed and centrifuged at
12,000 rpm for 5min at 4°C. The ATP content in the superna-
tant was detected using the ATP assay kit (Beyotime Biotech-
nology, China) on a Varioskan LUX multimode microplate
reader (Thermo Scientific, USA).

2.7. Western Blot Analysis. Proteins were extracted from cul-
tured neutrophils using a cell lysis buffer composed of 1×
RIPA Lysis Buffer (Shanghai Epizyme Biomedical Technol-
ogy Co., Ltd, China) and 1× Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo, US) (in a ratio of 100 : 1). Pro-
tein concentration was detected by BCA Protein Assay Kit
(Solarbio, China). After protein quantification, the same
amount of protein was separated by SDS-PAGE and trans-
ferred to PVDF membranes. The membranes were blocked
with 5% fetal bovine serumblocking solution at RT for 1.5 h.
And then the membranes were washed three times with 1×
TBST (Solarbio, China), followed by incubation at 4°C over-
night with antibodies against CiTH3 (Abcam, UK, 1 : 2000),
NE (Abcam, UK, 1 : 1000), MPO (Abcam, UK, 1 : 2000), or
GAPDH (Abcam, UK, 1 : 4000) and so on. Following this,
washed the membranes three times with 1× TBST and
incubated with an appropriate horseradish peroxidase
(HRP)-coupled secondary antibodies (Abcam, UK, 1 : 4000)
at RT for 1 h. Finally, the blots were visualized by enhanced
chemiluminescence (ECL) (Bio-rad, USA), and the band
intensities were semiquantitatively analyzed using Image
J software.

2.8. Immunofluorescence Assay. Neutrophils were seeded on
sterile coverslips in polylysine-coated 24-well platesat a den-
sity of 2× 104 cells/well, then directly co-cultured with IFN
(160 ng/mL) and baicalin (20 μg/mL) for 8 h. The cells were
fixed with 4% paraformaldehyde solution at RT for 20min.
After washing the cell with PBS, they were blocked with 5%
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FIGURE 1: Continued.
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FIGURE 1: Baicalin suppressed the production of NETs in IFNα2-induced neutrophil. (A) Heatmap showing the NETs-associated genes that
were significantly differentially expressed between control and IFNα2 groups. (B) The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways enriched with differentially expressed genes between control and IFNα2 groups. (C–E) Neutrophils were stimulated with IFNα2 for
4 h (C) or 8 h (D), with or without Baicalin administration. Representative confocal microscopy images of NETs markers (CitH3, green; NE,
red; MPO, purple) and relative quantitative analysis of fluorescence were detected (E). Scale bars, 20 μm. (F) Neutrophils were stimulated
with IFNα2 for 8 h, with or without baicalin administration. Cell lysates were analyzed by Western blotting for NETs-associated proteins.
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bovine serum albumin (Beyotime Biotechnology, China) at
RT for 1 h, followed by incubating with antibodies against
MPO (1 : 100) (Abcam, UK), CiTH3 (1 : 1000) (Abcam, UK),
and NE (1 : 200) (Abcam, UK) at 4 °C overnight. After PBS
washing, the cells were incubated with Goat anti-Rabbit IgG
(H+ L) highly Cross-Adsorbed Secondary Antibody (Alexa
Fluor Plus 488) (Invitrogen, USA), Donkey anti-Goat IgG
(H+ L) highly Cross-Adsorbed Secondary Antibody (Alexa
Fluor Plus 555) (Invitrogen, USA), and Goat anti-Mouse IgG
(H+ L) highly Cross-Adsorbed Secondary Antibody (Alexa
Fluor 647) (Invitrogen, USA)at RT for 1 h, it was then incu-
bated in 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen,
USA, 1 : 500) for 15min. The cell climbing slices were exten-
sively washed with PBS and covered with Antifade Mounting
Medium (Beyotime Biotechnology, China). Stripping (Solar-
bio, China) was used to remove all antibodies without affect-
ing the antigen bound to the membrane for proteins with the
same molecular weight in the same membrane. Then we
incubated the second antibody and carried out the same
experiment as above. Images were captured by laser confocal
microscopy (Leica, Germany), and Image J software was
used to evaluate the immunofluorescence intensity of images.

2.9. Determination of ROS in Neutrophils. The ROS levels in
the treated neutrophils were determined by an oxidation-
sensitive fluorescent probe, 2,7-dichlorofuorescein diacetate
(DCFH-DA). Intracellular esterase can hydrolyze the probe
to nonfluorescent DCFH, and intracellular ROS can further
oxidize DCFH into highly fluorescent DCF, which can indi-
rectly reflect ROS levels. DCFH-DA was diluted to 1 µM and
incubated with the treated cells in the dark at 37°C for 30
min. And then washed the cells three times with PBS. Per-
oxidation levels were detected using a BD LSRFortessa flow
cytometer (BD, State of New Jersey, USA) or investigated
and photographed using a fluorescence microscope and
quantified using Image J software.

2.10. Neutrophil Chemotaxis Assay. Neutrophils were inocu-
lated in the upper chambers of the 24-well Transwell perme-
able chambers (3.0 μm) at a density of 2× 104 cells/well, and
additives containing IFN-α2 (160 ng/mL) with or without
baicalin (5, 10, and 20 μg/mL) were added to the lower cham-
ber of the Transwell, and then incubated at 37°C for 4 or 8 h.
All liquid present from the lower chamber of the Transwell
was collected and centrifugated. After resuspending with an
equal volume solution, cells were treated with Ly6G-FITC
and CD11b-PE, and suspension was shielded from light and
incubated at 4°C for 30min. Finally, the number of the cells
that migrated to the lower well after either 4 or 8 h incuba-
tion was counted using Transwell assay.

2.11. Neutrophil Phagocytosis Assay. Neutrophils were inoc-
ulated in 6-well plates and cultured them with carboxylate-
modified polystyrene Latex beads (Sigma, USA) at 37°C for
1 h, then stop phagocytosis with PBS. Following by resus-
pending cell with 400 µL pre-cooled PBS, detecting neutro-
phil phagocytosis by Flow cytometry.

2.12. Assessment of NET Formation. Neutrophils (2× 104

cells/well) were aliquoted into 96-well plates and left to settle
for 30min at 37°C. Plates were incubated for 8 h, after which
Syotx Green (final concentration of 6μM), a cell-impermeable
nucleic acid stain with excitation/emission maxima at 504/
523 nm, was added. NET formation was subsequently assessed
by measuring the mean fluorescence intensity in 96-well plates
using a Varioskan LUX Microplate Reader (thermo scientific,
USA). Results were assessed by quantifying the mean fluores-
cence intensity in 96-well plates following background fluo-
rescence subtraction. Additionally, cellular morphology was
examined via fluorescent microscopy using a fluorescence
microscope (Nikon, Japan).

2.13. Statistical Analysis. The data were analyzed by using
SPSS version 26 (IBM, Chicago, USA) by one-way analysis of
variance (ANOVA) followed by an LSD for the post hoc test,
and graphical representations were generated using Prism
GraphPad version 8.0.1 (GraphPad Software). The results
were expressed as mean Æ standard deviation (SD). The data
shown were representative of results from three independent
experiments performed in duplicates unless otherwise
indicated. A p value of< 0.05 was considered significant.

3. Results

3.1. Baicalin Inhibited the Formation of NETosis Mediated by
Type I IFN. We first conducted transcriptomic analysis by
RNA-seq and found that (Figure 1A,B), compared with the
normal group, NET-related genes (H3-3B, H4C14, H4C8,
GSDMD, H4C15, CASP1, and CASP4) in the IFNα2 group
showed significant changes, showing significant upregulation.
Further analysis using the KEGG pathways revealed that
differentially expressed genes were enriched in NETs signaling
pathway, chemokine pathway, and inflammation-related
signaling pathway. Then, by confocal immunofluorescence
assay (Figure 1C–E), we found that compared with the normal
group, IFNα2-stimulated neutrophils for 4 and 8h could
significantly induce increased expression of NETs-related
proteins CiTH3, NE and MPO, and an obvious reticular
structure was observed, while baicalin significantly inhibited
this phenomenon. Incubation of neutrophils with IFNα2
induced significant morphological changes at 4 and 8h post-
stimulation, leading to the formation of NETs that stained

(G) The fluorescence of NETs stained with cell-impermeable Sytox Green was measured using an excitation wavelength of 504 nm and an
emission wavelength of 523 nm. Background fluorescence was subtracted, and the abundance of NETs was expressed in arbitrary fluores-
cence units. (H) Cell supernatants were analyzed for the secretion levels of cf-DNA. Data are shown as mean Æ SD, #p<0:05, ##p<0:01,
###p<0:001, ####p<0:0001 versus Control group; ∗p<0:05, ∗∗p<0:01, ∗∗∗p<0:001, ∗∗∗∗p<0:0001 versus IFNα2 group. Note: BA (L), BA (M),
and BA (H)represented baicalin concentrations of 5, 10, and 20 μg/mL, respectively. NETs, neutrophil extracellular traps; SD, standard
deviation.
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positively with Sytox Green, a dye impermeable to cells with
intact membranes. Following baicalin treatment, the formation
of NETs was markedly inhibited (Figure 1G and Supporting
Information Figure S2). Cells stimulated with IFNα2 displayed
characteristic diffuseNETmorphology (Supporting Information
Figure S2). Total fluorescence levels, measured using Sytox
Green, were used to quantify NETs formation, and the results
correlated well with the fluorescence imaging data (Figure 1G).
In addition, we further found through Western bloting
experiments that IFNα2 stimulated neutrophils to increase the
expression of CiTH3 and NE proteins, while baicalin could
significantly inhibit the expression of CiTH3 (Figure 1F).
When stimulated by infection or inflammation, neutrophils
release cf-DNA (circulating free DNA) as a marker of
inflammatory response. We found that IFNα2 could induce
neutrophils to produce more cf-DNA, while baicalin could
significantly inhibit its production (Figure 1H). These results
suggested that baicalin could inhibit the development of
IFNα2-stimulated NETs.

3.2. Baicalin Decreased the Transcription Levels of IFN-I-
Stimulated Neutrophils Inflammatory Cytokines and ROS
Production Levels. Neutrophils activation leads to the devel-
opment of NETs, accompanied by the production of inflam-
matory cytokines [33]. To investigate the effects of IFNα2 on
inflammatory cytokines in neutrophils and the effect of bai-
calin treatment, the transcription levels of TNF-α, IL-1β, IL-
6, CCL2, CXCL10, and IL-10 were measured. As shown in
Figure 2A, B, IFNα2 stimulated neutrophils for 4 and 8 h,
respectively, and the transcription levels of inflammatory
cytokines TNF-α, IL-1β, IL-6, CCL2, and CXCL10 were sig-
nificantly increased compared with the normal group. After
baicalin intervention for 4 h, the transcription levels of inflam-
matory cytokines IL-6, CCL2, and CXCL10 were decreased,
mainly in the high-concentration baicalin group. We also
observed an increase in the mRNA level of the anti-
inflammatory cytokine IL-10 after the intervention of baicalin.
However, after 8 h of baicalin treatment, the transcription levels
of inflammatory cytokines IL-1β, IL-6, and CXCL10 were
decreased, especially IL-6 and CXCL10, and the transcription
levels of IL-10 were also increased. However, a low concentra-
tion of baicalin promoted the transcription levels of inflamma-
tory cytokines such as TNF-α, IL-1β, and IL-6 during the early
stage (4 h), suggesting that baicalin exhibited a dual effect on
cytokine production at low concentrations during this period.
The precise dynamic regulatory mechanism required further
investigation.When neutrophils capture pathogens and play an
immune defense role, they are accompanied by the production
of ROS, which promotes the development of inflammation [34,
35]. What is more, the production of ROSmay also be a mech-
anism for the formation of NETs [36]. Therefore, the elimina-
tion of ROS during the immune defense mediated by
neutrophils could reduce the immune damage caused by the

defense process. Through flow cytometry (Figure 2C,D), we
found that IFNα2 stimulation induced a significant increase
in the production levels of ROS in neutrophils, which could
be effectively suppressed by baicalin treatment. These findings
were consistent with those obtained by fluorescence imaging
ROS using DCFH-DA probes (Figure 2E,F).

3.3. The Phagocytosis of Neutrophils Induced by IFN-I Was
Inhibited by Baicalin, While Its Chemotaxis Was Increased in
the Early Stage (4 h) and Had No Effect on Chemotaxis in the
Late Stage (8 h). Phagocytosis is a process involving neutro-
phil binding and internalization of pathogens [37]. We stud-
ied the effect of baicalin on IFNα2-stimulated neutrophil
phagocytosis by flow cytometry. The results showed that
(Figure 3A,B), compared with the normal group, IFNα2
could promote the phagocytosis of neutrophils after 4 and
8 h stimulation, and the intervention of baicalin inhibited the
phagocytosis of neutrophils, mainly in low and high concen-
trations of baicalin. In addition, neutrophils have a chemo-
tactic function, and because of their chemotactic nature,
neutrophils quickly migrate to the site of infection after rec-
ognizing the invader [38]. A Transwell migration assay is
widely utilized to investigate the chemotaxis of neutrophils
(Figure 3C). The results demonstrated that IFNα2 stimula-
tion had no effect on neutrophil chemotactic function, while
baicalin could increased neutrophil chemotactic level in the
early stage (4 h). However, the late stage (8 h) had no effect
on the chemotactic function of neutrophils (Figure 3D). The
findings suggested that IFN-I promoted neutrophil phagocy-
tosis without affecting the chemotactic function, while baica-
lin inhibited the IFNα2-induced phagocytosis of neutrophils
and promoted the chemotactic response of neutrophils, which
was conducive to the aggregation of neutrophils to the site of
infection or injury and played its immune defense functions.
Furthermore, based on the findings presented in Figure 2A,B,
a low concentration of baicalin promoted the production of
inflammatory cytokines in neutrophils during the early stage
(4 h), whereas a high concentration of baicalin inhibited cyto-
kine production. At the later stage (8 h), baicalin consistently
exhibited an inhibitory effect on the production of inflamma-
tory cytokines. This indicated that baicalin exerted a dual
effect on the immune response of neutrophils, enhancing
their immune function in the early phase while inhibiting
excessive immune responses in the later stages.

3.4. Baicalin May Regulate IFN-I-Mediated Neutrophils NETosis
Through PKC/Raf/MEK/ERK and PI3K/AKT Pathways. Activa-
tion of PKC and Raf-MEK-ERK signaling pathways has been
reported to influence the formation of NETs in PMA-stimulated
neutrophils [39]. In addition, it has been found that the activa-
tion of PI3K and Src kinases could also induce the formation of
NETs, and PI3K could be activated by it as the downstream of
IFN-I [40, 41]. Next, we would explore the pharmacological

levels of ROS production were measured by flow cytometry (C and D) and fluorescence imaging (E and F) using a DCFH-DA probe. Scale
bars, 400 μm. Data are shown as mean Æ SD, #p<0:05, ##p<0:01, ###p<0:001 versus Control group; ∗p<0:05, ∗∗p<0:01, ∗∗∗p<0:001 versus
IFNα2 group. DCFH-DA, 2,7-dichlorofuorescein diacetate; ROS, reactive oxygen species; qRT-PCR, quantitative real-time polymerase chain
reaction.
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mechanism by which baicalin regulated IFN-I-induced NETs
formation and inflammatory cytokine transcription. Initially, we
conducted transcriptomic analysis of IFN-I-stimulated neutro-
phils and observed that IFN-I augmented the expression of
genes associated with MAPK and PI3K/AKT signaling path-
ways in neutrophils (Figure 4A). Furthermore, as depicted in
Figure 4B,C, IFNα2 stimulation elicited a notable augmentation
in the phosphorylation levels of PKC βⅡ, ERK, PI3K, and AKT
within neutrophils. Conversely, baicalin treatment exhibited a
pronounced reduction in the phosphorylation levels of these
proteins. In addition, we observed phosphorylation of PAD4
protein associated with NETs formation in neutrophils under
IFN-I induction, which was inhibited by baicalin treatment.

We further activated the ERK signaling pathway using an
ERK agonist (C16-PAF) to verify the role of the ERK signal-
ing pathway in baicalin’s inhibition of IFN-I-induced NETs
levels. As illustrated in Supporting Information Figure S3A,
B, C16-PAF treatment significantly enhanced ERK phos-
phorylation and the expression of NETs-related proteins,

specifically CiTH3 and MPO. Additionally, baicalin admin-
istration effectively attenuated C16-PAF-induced ERK phos-
phorylation and CiTH3 expression in neutrophils, as well as
reduced the transcription levels of inflammatory cytokines
TNF-α and IL-1β (Supporting Information Figure S3D).
Furthermore, the levels of NETs were quantified using Sytox
Green. The results revealed that the fluorescence intensity in
the C16-PAF group was significantly higher than that in the
control group. Treatment with baicalin, however, markedly
reduced the C16-PAF-induced NETs formation (Supporting
Information Figure S3C). These results suggested that baica-
lin may inhibit NETosis levels and inflammatory develop-
ment in neutrophils through PKC/MEK/ERK and PI3K/
AKT pathways.

3.5. Baicalin Inhibited the Glycolysis Level of Neutrophils
Induced by IFN-I. When neutrophils migrate to the site of
infection and accumulate to perform immune defense func-
tions, they require energy provided by mitochondrial
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FIGURE 3: Baicalin exhibited inhibitory effects on IFN-I-induced neutrophil phagocytosis, while promoting its chemotactic function. (A–D)
Neutrophils were stimulated by IFNα2, with or without Baicalin treatment for 4 and 8 h, respectively. Flow cytometric analysis of neutrophil
phagocytic index (phagocytosis of latex beads) (A and B). Schematic diagram of Transwell migration assay (C). Transwell experimental
analysis of neutrophil chemotaxis (D). Data are shown as mean Æ SD, ##p<0:01, ###p<0:001 versus Control group (negative control);
∗p<0:05, ∗∗p<0:01, ∗∗∗p<0:001 versus IFNα2 group.
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FIGURE 4: Baicalin may suppressed IFN-I-mediated NETosis by inhabiting PKC, Raf, MEK, ERK, PI3K, and AKT phosphorylation in
neutrophils. (A) Heatmap showing the MAPK and PI3K-AKT signaling pathway-related genes that were significantly differentially expressed
between control and IFNα2 groups. (B and C) Neutrophils were stimulated by IFNα2, with or without baicalin (20 μg/mL) treatment for 8 h.
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oxidative phosphorylation (OXPHOS), whereas neutrophils
are normally heavily dependent on glycolysis [42]. In this
study (Figure 5A and Supporting Information Figure S4),
we observed that IFN-I stimulation led to an increase in
lactate and ATP levels within neutrophils, while baicalin
intervention resulted in a decrease of these levels. We further
observed that IFN-I upregulated the expression levels of neu-
trophil glycolytic-related proteins (HK2, HK3, PKM2, and
LDHA), whereas baicalin intervention attenuated the expres-
sion levels of HK2, HK3, PKM2, and LDHA (Figure 5B).
Moreover, using the enzyme activity detection kit, we
observed that the activity of hexokinase (HK) and pyruvate
kinase (PK) was significantly enhanced upon stimulation
with IFNα2. However, baicalin exhibited a marked inhibitory
effect on the enzymatic activities of HK and PK, particularly
at higher concentrations (Figure 5C). We subsequently trea-
ted neutrophils with glycolytic agonists (insulin) and observed
that the intervention effect of baicalin was attenuated by the
agonist, leading to an enhancement in the glycolytic activity of
neutrophils (Figure 5D,F). These results indicated that baicalin
could inhibit the level of neutrophil glycolysis induced by
IFN-I.

3.6. Baicalin Attenuated IFN-I-Induced Neutrophil NETosis
by Modulating Glycolytic Metabolism, Which May Be Mediated
by PKC/Raf/MEK/ERK and PI3K/AKT Signaling Pathways. It
has been reported that the formation of NETs was regulated
by glycolysis, and the imbalance of their regulation created a
proinflammatory environment and led to reduced neutrophil
function [20, 43]. Our findings demonstrated that baicalin effec-
tively suppressed IFN-I-induced NETosis in neutrophils, while
the expression of key proteins associated withNET formation,
including CiTH3, NE, and MPO, was upregulated in insulin-
treated neutrophils (Figure 6A). Additionally, there was an
observed increase in the release of cf-DNA (Figure 6C).More-
over, baicalin intervention inhibited the production of inflam-
matory cytokines TNF-α, IL-1β, and ROS during the release of
NETs induced by IFN-I. However, insulin treatment signifi-
cantly increased the transcription level of IL-1β and expres-
sion level of ROS (Figure 6B,D–F). We conducted further
investigation into the pathways associated with glycolysis reg-
ulation of NETs, and the findings revealed that insulin stimu-
lation led to an increase in protein phosphorylation levels of
PKC, Raf, MEK, ERK, PI3K, CiTH3, and NE (Figure 6G,H).
Whereas, the intervention of baicalin was found to attenuate
insulin-induced phosphorylation of PKC, Raf, MEK, PI3K,
CiTH3, and NE proteins in neutrophils. The findings sug-
gested that the increase of the upregulation of neutrophil
glycolysis could enhance the formation of NETs and promote
inflammatory response progression, while baicalin could
inhibit the level of IFN-I-induced NETs in neutrophils by

inhibiting the glycolysis level, which was mainly related to
PKC/Raf/MEK/ERK and PI3K/AKT pathways.

4. Discussion

In this study, we assessed the impact of baicalin on IFN-I-
inducedNETs formation and its associated regulatorymechan-
isms, elucidating the intricate interplay between this process
and glycolysis. Neutrophils were hailed as the vanguard against
invading pathogens, effectively eliminating them through the
release of NETs. Previous studies have linked IFN-I with the
facilitation of NETs formation. Neutrophils were the main
target cells of IFN-I, playing a crucial role in the initiation
and exacerbation of inflammation. Initially, we observed that
IFN-I stimulation of neutrophils led to an upregulation in the
transcription levels of their factors related to NETs, as deter-
mined through transcriptomic analysis. Subsequent in vitro
investigations demonstrated that treatment with IFN-I resulted
in the upregulation of NETs, accompanied by enhanced gener-
ation of ROS and proinflammatory cytokines. The production
of ROS is believed to play a crucial role in the progression of
inflammatory diseases such as RA [44], sepsis [45, 46], ARDS
[47], and ischemia-induced tissue damage [48]. However, bai-
calin significantly attenuated the levels of NETs and ROS
induced by IFN-I, thereby mitigating the immune activation-
induced inflammatory response. Furthermore, baicalin dem-
onstrated a sophisticated dual regulatory mechanism on the
expression of neutrophilic inflammatory cytokines, indicating
its ability to finely tune the immune response of neutrophils. It
enhanced immune function during the initial phase while
restraining excessive immune reactions in the subsequent
phase, thereby maintaining a delicate balance within the
immune system. Phagocytosis of neutrophil is a pivotal process
in host defense and neutrophil-mediated inflammation,
enabling internalization and degradation of granular entities
such as viruses, dead cells, and infected cells. Following phago-
cytosis, neutrophils form phagosomes containing ROS to elim-
inate substances like viruses [49]. However, our research has
revealed that baicalin significantly suppressed IFN-I-induced
neutrophil phagocytosis during the early stage (4h), particu-
larly at high concentrations, while it exhibited no significant
inhibitory effect on neutrophils during the late stage (8 h).
These findings implied that there is temporal variability in
the dynamics of neutrophil immune function, which necessi-
tated further investigation into the underlying reasons and
mechanisms. In summary, baicalin effectively attenuated the
sustained NETosis induced by IFN-I and mitigates its inflam-
matory response.

Previous research has demonstrated that the formation
of NETs could be influenced by the PKC and Raf/MEK/ERK
signaling pathways [39]. Furthermore, the PI3K and AKT

(5, 10, and 20 μg/mL) treatment for 8 h, and the proteins expression levels of HK2, HK3, PKM2, and LDHA were detected using Western
blotting. (C) The enzyme activities of HK and PK were detected by enzyme activity detection kits. (D and E) The neutrophils were treated
with the glycolytic agonists insulin for 1 h before IFNα2 transfection and Baicalin treatment. The proteins expression levels of HK2, HK3, and
LDHA were detected using Western blotting. (F) Schematic diagram of the regulation of neutrophil glycolysis by IFN-I. Data are shown as
mean Æ SD, #p<0:05, ##p<0:01, ###p<0:001, ####p<0:0001 versus Control group; ∗p<0:05, ∗∗p<0:01, ∗∗∗p<0:001 versus IFNα2 group.
LDHA, lactose dehydrogenase A; SD, standard deviation.
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pathways play crucial roles in the inflammatory response
[50]. Additionally, relevant studies have previously identified
PI3K and AKT as pivotal signaling pathways that govern the
formation of NETs [51]. The aforementioned signaling path-
ways, however, are mediated by IFN-I [25]. The in vitro
studies revealed that IFN-I stimulation of neutrophils was
found to induce the activation of PKC/Raf/MEK/ERK and
PI3K/AKT pathways, which aligned with the findings from

KEGG pathway analysis (Figure 1B) and Gene Ontology
(GO) analysis (Supporting Information Figure S1). However,
baicalin intervention effectively attenuated the phosphoryla-
tion levels of proteins involved in these signaling cascades.
These findings suggested that the activation of neutrophil-
derived NETs by IFN-I is primarily mediated through the
PKC/Raf/MEK/ERK and PI3K/AKT signaling pathways.
However, intervention with baicalin significantly attenuated
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NETs and ROS levels. The neutrophils were treated with the glycolytic agonists insulin for 1 h before IFNα2 transfection and baicalin
treatment. (A) Representative confocal microscopy images of NETs markers (CitH3, green; NE, red; MPO, purple) and relative quantitative
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fluorescence imaging utilizing DCFH-DA fluorescent probes (E–F). Scale bars, 400 μm. (G–H) The proteins expression levels of PKC, Raf,
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the activation of these pathways, thereby suppressing NETs
levels.

There is increasing evidence that glucose metabolic repro-
gramming plays an important role in the regulation of inflam-
matory response [52, 53]. The primary metabolic pathway of
neutrophils predominantly relies on glycolysis, wherein the
conversion of pyruvate to lactic acid is catalyzed by lactate
dehydrogenase (LDH). Simultaneously, there is an increase in
glucose consumption and lactic acid content, leading to sub-
stantial ATP production [54]. In this study, we observed an
elevation in lactic acid and ATP levels in neutrophils induced
by IFN-I, whereas baicalin effectively attenuated this increase.
HK, PK, and LDHA are the key enzymes of glycolysis. Our
further investigation has revealed that IFN-I significantly
enhanced the expression of HK2, HK3, pyruvate dehydroge-
nase kinase isozyme 3 (PDK3), M2-type pyruvate kinase
(PKM2), and LDHA. Additionally, baicalin effectively sup-
pressed the activity of glycolytic enzymes. These findings sug-
gested that IFN-I promoted neutrophil glycolysis levels,
aligning with Chan et al.’s report [24], while baicalin exerted
a significant inhibitory effect on this metabolic pathway.
Moreover, the glycolytic activity of neutrophils exhibited a
significant correlation with the formation of NETs. Notably,
studies have demonstrated that the targeted disruption of
glycolysis using genetic knockout enzymes and small mole-
cule inhibitors effectively suppressed the formation of NETs
[55, 56]. We observed that insulin-induced glycolytic activa-
tion of neutrophils resulted in the phosphorylation of PKC,
Raf, MEK, ERK, and PI3K, as well as upregulation of NETs
expression (CiTH3 and NE). In contrast, baicalin inhibited
the phosphorylation of proteins associated with PKC/Raf/
MEK/ERK and PI3K/AKT signaling pathways, along with
suppressing the expression of IFN-I-induced NETs in neu-
trophils. Collectively, these findings suggested that baicalin
may mitigate the hyperactivation of neutrophils induced by
IFN-I through suppression of glycolysis via the PKC/Raf/
MEK/ERK and PI3K/AKT signaling pathways. The induction
of NETs and inflammation by IFN-I plays a crucial role in the
pathogenesis of infectious and autoimmune diseases. Our
findings underscored the potential significance of glycolysis
in driving IFN-I-mediated neutrophil-associated inflamma-
tory diseases, thereby highlighting the imperative for further
investigation into IFN-I-stimulated neutrophils to gain dee-
per insights into diseasemechanisms. Consequently, targeting
the IFN-glycolytic-NETs axis in immune cells through novel
pharmacological interventions could provide promising ther-
apeutic strategies for ameliorating neutrophil-related inflam-
matory disorders driven by type I IFN, thereby offering
valuable insights into disease mechanisms.

5. Conclusion

Our study has provided novel insights into the inhibitory
effects of baicalin on IFN-I-induced NETs and excessive
inflammation through the regulation of glycolysis, thereby
uncovering a previously unknown anti-inflammatory and
antioxidant mechanism of baicalin. These findings have

presented compelling evidence for the potential clinical
application of baicalin in the treatment of inflammatory
diseases.
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were detected using Western blotting (A) and relative quanti-
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cell-impermeable Sytox Green was measured using an excita-
tion wavelength of 504 nm and an emission wavelength of 523
nm; (D) the mRNA levels of inflammatory cytokines TNF-α
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