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Abstract: Objective: To investigate the regulatory effect of glycyrrhizin (GL) on the release of neutrophil extracellu-
lar traps (NETs) from neutrophils in sepsis. Methods: HL-60 cells were induced to differentiate into neutrophil-like
dHL-60 cells to establish a neutrophil-like sepsis model. Expression levels of high-mobility group box 1 (HMGB1),
citrullinated histone H3 (Cit-H3), and Toll-like receptor 9 (TLR9) were assessed by Western blotting. Free DNA, a com-
ponent of NETs, was quantified using a fluorescence microplate reader. Cellular immunofluorescence analysis was
used to detect the expression of the key NETs protein, Cit-H3. Results: dHL-60 cells stimulated with 200 ng/ml LPS
exhibited the highest expression of Cit-H3. The neutrophil-like sepsis model showed significantly increased levels of
Cit-H3 and HMGB1. GL intervention significantly reduced the expression levels of HMGB1 and Cit-H3 and decreased
the free DNA level. These findings suggest that GL decreases HMGB1 expression and NET release in the neutrophil-
like sepsis model. TLR9 expression was significantly elevated in the sepsis model. Exogenous recombinant human
HMGB1 protein further increased TLR9 expression, while GL inhibited this increase. Conclusion: GL may inhibit NET
release in sepsis through the HMGB1/TLR9 pathway.

Keywords: Neutrophil extracellular trap, high-mobility group box 1, sepsis, Glycyrrhizin, Toll-like receptor 9

Introduction

Neutrophils play a critical role as a frontline
defense against invading pathogens [1]. Neu-
trophils clear pathogens through phagocytosis,
degranulation, and the production of large
amounts of reactive oxygen species [2]. Recent
studies have shown that neutrophils can also
form neutrophil extracellular traps (NETs) by
releasing their own nucleic acids as a back-
bone, anchoring numerous antibacterial pro-
teins outside the cell, mediating the capture
and clearance of pathogens [3-5]. However,
growing evidence suggests that excessive NETs
released by neutrophils can damage surround-
ing cells and tissues [6], contributing to the
pathological processes of certain diseases [7],
including transfusion-related acute lung injury
[8], septic liver injury [9], and autoimmune dis-
eases such as systemic lupus erythematosus
[10]. The human promyelocytic leukemia cell

line (HL-60) can be induced to differentiate into
neutrophil-like cells (dHL-60), making it a valu-
able model for studying NET formation.

Lipopolysaccharide (LPS), a major component
of the cell wall in Gram-negative bacteria, plays
a crucial role in the pathogenesis of sepsis. LPS
activates immune cells by binding to pattern
recognition receptors in the immune system,
triggering pro-inflammatory mechanisms [11].
This excessive inflammatory response results
in widespread tissue damage, increased vascu-
lar permeability, and subsequent fluid exuda-
tion and tissue edema. These changes provide
a biological basis for extensive organ damage,
a critical aspect of the pathological process in
sepsis. Research has demonstrated that LPS
can induce neutrophils to produce NETs in the
context of sepsis [12]. Various NETs compo-
nents can trigger intravascular coagulation,
eventually leading to disseminated intravascu-
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lar coagulation [13-15]. Therefore, exploring in-
terventions to suppress NETs overproduction in
sepsis is crucial.

Licorice has been used for thousands of years
to treat various infectious and inflammatory
diseases. Glycyrrhizin (GL), an active ingredient
extracted from licorice, is known for its high
sweetness, low calorie content, safety, and
non-toxicity. GL has demonstrated anti-inflam-
matory, antiviral, antiallergic, and immunomod-
ulatory effects [16, 17]. High-mobility group box
1 (HMGB1) is a nonhistone chromatin-associat-
ed protein that, under pathological conditions,
is released extracellularly and activates inflam-
matory responses by binding to Toll-like recep-
tors (TLRs) or advanced glycation end product
receptors. For example, damaged hepatocytes
can release HMGB1 and stimulate NET forma-
tion through the TLR4 and TLR9-MyD88 sig-
naling pathways [18]. As an HMGB1 inhibitor,
GL has protective effects against ischemia-
reperfusion injury in organs and can mitigate
HMGB1-mediated cell death and inflammation
following renal ischemia-reperfusion injury [19].
Therefore, as a commonly used anti-inflamma-
tory Chinese herbal medicine, GL is a promising
candidate for the clinical treatment of sepsis,
with potential application in both prevention
and therapy. However, the effects of GL on
NETs in sepsis and the underlying mechanisms
remain unclear. In this study, LPS was used to
establish a neutrophil-like sepsis cell model to
observe the effects of GL on LPS-induced neu-
trophil-like NET release and to explore the
underlying mechanisms, hoping to provide a
theoretical basis for the clinical application of
GL in treating sepsis.

Materials and methods

The human promyelocytic leukemia cell line
HL-60 was obtained from the laboratory at the
School of Basic Science, Army Military Medical
University. CD-11b-GFP fluorescent antibody
and SYTOX Green nucleic acid stain were pur-
chased from Thermo Fisher (USA). HMGB1
antibody, citrullinated Histone H3 (Cit-H3) anti-
body, TLR9 antibody, and B-actin were pur-
chased from Abcam (UK). DAPI, the anti-fluo-
rescence quencher, RIPA lysis buffer, anhy-
drous methanol, the prestained protein marker,
the protease inhibitor, and the BCA protein con-
centration determination kit were purchased
from Biyuntian (China). LPS (Escherichia coli,
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0111:B4), and dimethyl sulfoxide (DMSO) were
purchased from Sigma (USA). IMDM medium
and fetal bovine serum were obtained from
Gibco (USA).

HMGB1, purchased from Sigma (USA), was pre-
pared as a 300 ng/ml solution according to
storage instructions. GL, purchased from Se-
lleck Chemicals (USA), was prepared as a 100
pg/ml solution for experiments based on prior
research, following the provided instructions.

Cell culture and the induction of differentiation

The human promyelocytic leukemia cell line
HL-60 was cultured in IMDM medium supple-
mented with 20% fetal bovine serum in an in-
cubator with 5% carbon dioxide at 37°C. Upon
reaching the logarithmic growth phase, 1.25%
DMSO was added to induce differentiation for
varying durations, and the cells were subse-
quently harvested. Successful differentiation
into neutrophil-like cells was confirmed by flow
cytometry.

Flow cytometric analysis of CD11b expression
in neutrophil-like (dHL-60) cells

dHL-60 cells were obtained after inducing dif-
ferentiation with 1.25% DMSO for 2 and 5 days,
with the required cell count ranging from 1 x
1074-1 x 1076. Then, 2 pl of CD11b fluores-
cent antibody was added to each tube of cells,
mixed, protected from light, and incubated at
4°C for 30 minutes. The samples were centri-
fuged at 4°C and 1000 rpm for 5 minutes, the
supernatant was discarded, and the samples
were resuspended in precooled PBS. This pro-
cess was repeated three times. The samples
were analyzed using the instrument and pro-
tected from light.

Cellular immunofluorescence analysis

Cell samples were fixed with 4% paraformal-
dehyde at room temperature for 20 minutes.
Slides were prepared using adhesion slides,
labeled, and air-dried. The cells were washed
with PBS three times, 5 minutes for each, fol-
lowed by permeabilization with 0.3% Triton
X-100 at 37°C for 30 minutes and washed
again with PBS three times, 5 minutes for each.
The cells were then incubated with goat serum
at 37°C for 1 hour. Next, diluted primary anti-
body (Cit-H3, 1:1000) was added and incubat-
ed overnight at 4°C. Cells were then washed
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with PBS three times, 5 minutes each. Fluo-
rescent secondary antibody was introduced
and incubated in the dark at 37°C for 1 hour.
Again, cells were washed with PBS three times,
5 minutes each. Cells were stained with DAPI
at 37°C for 10 minutes and washed with PBS
three times, 5 minutes each. Finally cells were
mounted on the slides with an anti-fade mount-
ing medium, stored in the dark, and observed
under a fluorescence microscope.

Quantification of NETs

dHL-60 cells were seeded in black 96-well
plates at a density of 1 x 1075 cells/well, treat-
ed with LPS or LPS+GL, and incubated at 37°C
with 5% CO, for 12 hours. Untreated dHL-60
cells were used as the control. After treat-
ment, the supernatant was collected, and
SYTOX Green nucleic acid stain was added to a
final concentration of 1 uM. The cells were cov-
ered and incubated in the dark for 15-30 min-
utes, then mixed well and measured using a
fluorescence microplate reader (excitation wa-
velength: 485 nm, emission wavelength: 535
nm). The fluorescence value of each sample
was measured in the center of the well, with a
higher fluorescence value indicating a higher
level of extracellular free DNA.

Western blot analysis of the expression of
Cit-H3, HMGB1 and TLR9

Western blotting was used to detect the expres-
sion of HMGBZ, TLR9, and Cit-H3. Each sample
was lysed with 100 pL of RIPA buffer and 1 uL
of PMSF, followed by centrifugation at 12,000
rom for 15 minutes at 4°C. The supernatant
was collected, and protein concentrations we-
re determined using a BCA protein assay Kkit.
Protein samples were separated by SDS-PAGE
and transferred onto a PVDF membrane. The
membrane was blocked with 5% non-fat milk
for 1 hour. Primary antibodies against HMGB1
(1:20,000), Cit-H3 (1:1,000), and TLR9 (1:200)
were added, and then incubated with a second-
ary antibody at room temperature for 1 hour.
Protein bands were visualized using the Ody-
ssey CLx near-infrared imaging system, and the
results were visualized using a densitometry
system. Relative protein levels were normalized
to B-actin.

Statistical analysis

Statistical analysis was conducted using Gra-
phPad Prism 9.0 software. Data were present-
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ed as means * standard deviations (X * S)
for normally distributed continuous variables.
Differences between two groups were com-
pared using an independent samples t-test. For
comparisons among multiple groups, one-way
analysis of variance (ANOVA) was employed fol-
lowed with post-hoc Tukey’s test or Dunnett’'s
T3 test. A p-value less than 0.05 was consid-
ered statistically significant.

Results

HL-60 cells were successfully differentiated
into dHL-60 cells after treatment with 1.25%
DMSO

HL-60 cells were treated with 1.25% DMSO and
collected on days 2 and 5. CD11b expression in
these cells was measured by flow cytometry,
showing that CD11b expression was 32.3% on
day 2 and peaked at over 95% on day 5. This
indicates that after 5 days of induction, dHL-60
cells exhibited neutrophil characteristics based
on CD11b expression (Figure 1), making them
suitable for further analyses of neutrophil nu-
clear morphology and viability. These findings
confirm that HL-60 cells successfully differenti-
ated into dHL-60 cells, which can be used for
subsequent experiments. Based on these re-
sults, dHL-60 cells induced with 1.25% DMSO
for 5 days were selected for further studies.

200 ng/ml was identified as the optimal con-
centration for LPS stimulation in the neutro-
phil-like sepsis model

To determine the optimal concentration of LPS
for stimulating dHL-60 cells, the cells were
treated with 10, 100, 200, 600, and 1000 ng/
ml LPS for 12 hours. Western blotting was used
to measure the expression of the key NETs pro-
tein Cit-H3. The results indicated that Cit-H3
expression was highest with 200 ng/ml LPS
stimulation and was significantly greater than
that in the control group (Figure 2). Based on
these results, 200 ng/ml was selected as the
optimal LPS concentration for subsequent ex-
periments.

LPS significantly increased the expression lev-
els of Cit-H3 and HMGBL1 in the neutrophil-like
sepsis model

The cells were divided into two groups: the con-

trol group and the LPS group. The control group
was not treated with LPS, while the LPS group
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Figure 1. Flow cytometry analysis of human promyelocytic leukemia cells (HL-60) treated with 1.25% DMSO for
CD11b expression. On day 2 post-induction, CD11b expression in differentiated HL-60 cells (dHL-60) increased. By
day 5 post-induction, CD11b expression increased over 95%, indicating that dHL-60 cells exhibit characteristics of
neutrophil differentiation after 5 days of induction. ****P<0.0001.

was treated with 200 ng/ml LPS. After 12
hours, the cells were collected, and HMGB1
and Cit-H3 expression levels were measured by
Western blotting. The results showed that Cit-
H3 and HMGB1 expression was significantly
higher in the LPS group compared to the con-
trol group (Figure 3A, 3B).

GL reduced both HMGB1 expression and NETs
release in the neutrophil-like sepsis model

dHL-60 cells were divided into three groups
based on treatment: (1) control group; (2) LPS
group; and (3) LPS+GL group. The cells in con-
trol and LPS groups were treated as described
above. The LPS+GL group was treated with LPS
atthe 200 ng/ml and GL 100 at pg/ml. HMGB1
expression was measured by Western blotting.
The results showed that HMGB1 expression in
the LPS group was significantly higher than that
in the control group; however, its expression
was significantly reduced after GL treatment
(Figure 4A).

For NETs assessment, cell supernatants were
added to a black 96-well microtiter plate, and 5
MM SYTOX Green nucleic acid stain was used to
measure the free DNA in the NETs fraction.
Free DNA was quantified by measuring green
fluorescence intensity with a fluorescence mi-
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croplate reader (excitation: 485 nm; emission:
535 nm). Fluorescence intensity was close to O
in the control group, and significantly decreased
in the LPS+GL group compared to the LPS
group (Figure 4B).

To assess the effect of GL on Cit-H3 ex-
pression, cellularimmunofluorescence analysis
was performed on the three groups. Immuno-
fluorescence results showed that the green flu-
orescence intensity was significantly higher in
the LPS group compared to the control group,
indicating increased Cit-H3 expression. This
intensity was significantly reduced in the LPS+
GL group, suggesting decreased Cit-H3 expres-
sion in the LPS+GL group (Figure 4C).

GL inhibited the TLR9 expression induced by
exogenous recombinant human HMGB1 pro-
tein

The cells were divided into four groups: control,
LPS, HMGB1, and HMGB1+GL groups. The con-
trol and LPS groups were treated as describ-
ed above. Based on previous studies, the
HMGB1 group was stimulated with LPS and
300 ng/ml recombinant human HMGB1 pro-
tein. The HMGB1+GL group was treated with
LPS, 300 ng/ml recombinant human HMGB1
protein, and 100 yg/ml GL. After 12 hours, the
cells were collected, and TLR9 expression was
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Figure 3. Expression levels of Cit-H3 and high-mobility group box 1 (HMGB1)

to initiate NADPH oxidase-
dependent NETosis and induc-

- es NETs formation through

TLR4-dependent and JNK-me-
diated molecular sensing me-
chanisms [21]. Additionally,
both the dose and strain of
LPS can influence NETs pro-
duction levels [22, 23]. This
& study confirmed that LPS in-
duced neutrophil-like NETs re-
lease in vitro, with the am-
ounts of NETs produced close-
ly related to the LPS concen-
tration. The expression of the
key NETs protein Cit-H3 peak-
ed in dHL-60 cells in response
to 200 ng/ml LPS. Therefore,
& 200 ng/ml was selected as
the optimal concentration of
LPS for subsequent experi-

in a neutrophil-like sepsis model. A. Expression levels of Cit-H3, a key neu- ments.
trophil extracellular trap (NET) protein, were significantly elevated in the LPS

group compared to the control group in the neutrophil-like sepsis model. B.
Expression levels of HMIGB1 were also increased in the LPS group in the
neutrophil-like sepsis model. Data are presented as mean + standard devia-

tion, n=3, *P<0.05, ***P<0.001.

measured by Western blotting. The results
showed that TLR9 expression was significantly
higher in the LPS and HMGB1 groups com-
pared to the control group, while TLR9 expres-
sion in the HMGB1+GL group was significantly
lower than that in the HMGB1 group (Figure 5).

Discussion

Sepsis is defined as a dysregulated host
response to infection and/or infectious factors
that leads to life-threatening organ dysfunction
[20]. Recent studies have shown that NETs are
involved in coagulation activation and thrombo-
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GL is a selective inhibitor of
HMGB1 discovered in recent
years [24]. GL exerts signifi-
cant glucocorticoid-like effe-
cts, including anti-inflammato-
ry properties, tumor growth inhibition, and
immune enhancement. HMGB1 primarily inter-
acts with receptors such as TLR-like receptors
and receptors for advanced glycation end prod-
ucts (RAGE), with TLR9 being one of the most
important intracellular receptors. Recent re-
search shows that TLR9 is closely related to the
formation and function of NETs. In a liver isch-
emia/reperfusion model, NET formation was
driven by danger-associated molecular pat-
terns (DAMPs) (such as HMGB1) released from
stressed hepatocytes and mediated through
TLR4 and TLR9 signaling pathways, which exac-
erbated liver injury progression [18]. Sabbione
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Figure 4. Effects of GL on HMGB1 expression and NET release in a neutrophil-like sepsis model. A. Effect of GL
on HMGB1 expression. In the LPS group, HMGB1 protein levels were elevated, while GL treatment inhibited this
increase. B. Effect of GL on the release of free DNA, a key component of NETs. Free DNA release, indicative of NET
formation, was reduced by GL treatment under LPS-induced conditions, suggesting that GL can suppress NET re-
lease in the neutrophil-like sepsis model. C. Effect of GL on Cit-H3 expression in the neutrophil-like sepsis model.
Compared to the control group, Cit-H3 expression was significantly increased in the LPS group. GL treatment sup-
pressed Cit-H3 expression, indicating that GL can inhibit NETs release. (DAPI: blue; Cit-H3: green; bar =50 ym, 200x
maghnification). Data are presented as mean * standard deviation, n=3, **P<0.01, ***P<0.001, ****P<0.0001.

et al. [25] cultured airway cells with HMGB1
antibodies or DNase in combination with NETs
and found that HMGB1 antibodies could inhi-
bit the production of CXCL8/IL-8 and IL-6, while
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DNase had no significant effect. This suggests
that inhibiting HMGB1 may reduce NETs-in-
duced secretion of inflammatory factors from
epithelial cells, thus attenuating the proinflam-
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Figure 5. Effects of glycyrrhizin (GL) and exogenous recombinant human
HMGB1 protein on Toll-like receptor 9 (TLR9) levels in a neutrophil-like sep-
sis model. The TLR9 expression levels were significantly higher in the LPS
and HMGB1 groups compared to the control group. However, TLR9O expres-
sion was notably reduced in the HMGB1+GL group compared to the HMGB1
group, indicating that GL inhibits the increased TLR9 expression induced
by exogenous recombinant human HMGB1 protein. *P<0.05, **P<0.01,

***pP<0.001.

matory effects of NETs, whereas DNase was
ineffective in preventing the inflammatory res-
ponse. Activated platelets secrete HMGBI,
which can activate neutrophils through the
RAGE products, TLR2, and TLR4, leading to
NET formation. Studies have also shown that in
sepsis, HMGB1, miR-15b-5p, and miR-378a-3p
induce NET formation through the Akt/mTOR
autophagy pathway [26]. Recent research has
focused on targeting HMGB1 and NETs to pre-
vent and treat sepsis. PAD4 inhibitors such as
Cl-amidine can interfere with histone citrullina-
tion, inhibit NETs generation, and reduce organ
damage [27]. HMGB1 inhibitors, such as anti-
HMGB1 antibodies [28], can prevent NET re-
lease by blocking upstream signaling. Given
the strong connection between HMGB1 and
NETs, and the significant regulatory effect of
GL on HMGB1, it is important to explore wheth-
er GL also regulates NETs, which play a critical
role in sepsis pathogenesis, or whether GL fur-
ther affects NET release by regulating HMIGBL1.
This scientific question has prompted our re-
search group to investigate further. Yildiz et al.
[29] used the HMGB1 inhibitor GL in a ventila-
tor-related lung injury model and found no sig-
nificant decrease in the expression of DNA,
CitH3, or other NET markers in bronchoalveolar
lavage fluid.

In this study, the classical sepsis pathogen mol-
ecule, LPS, was used to stimulate differentiat-
ed neutrophils derived from HL-60 cells to con-
struct a neutrophil-like sepsis model. HL-60
cells were successfully differentiated into dHL-
60 cells after 5 days of induction, as confirm-
ed by flow cytometry. Following the successful
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construction of the neutrophil-
like sepsis model, we asse-
ssed the expression of HM-
GB1 and key components of
NETs, such as CitH3 and
free DNA, using Western blot,
cellular immunofluorescence,
and fluorescence microplate
assays. The results indicated
that in the neutrophil-like sep-
sis model, the expression lev-
els of Cit-H3 and HMGB1 we-
re significantly increased, sug-
gesting that LPS promoted
HMGB1 expression and NETs
release, thereby validating the
stability of our neutrophil-like
sepsis model. We then conducted GL interven-
tion on the neutrophil-like sepsis model to
determine if GL could modulate HMGB1 ex-
pression and NET release. The results showed
that after GL intervention, HMGB1 protein lev-
els were significantly lower compared to the
LPS group, and notably, NET release was also
significantly reduced. This confirmed that GL
not only inhibited HMGB1 expression but also
regulated NETs release. To further explore the
mechanism by which GL regulates NETs, we
measured TLR9 expression by Western blot
and administered exogenous HMGB1. The stu-
dy results indicate that in a neutrophil-like sep-
sis model, TLR9 expression was significantly
increased. Exogenous HMGB1 further promot-
ed this increase, while GL inhibited this pro-
cess. This suggests that TLR9 may be involved
in the relationship between HMGB1 and NETs.
Our findings preliminarily suggest that GL may
inhibit NET release in sepsis via the HMGB1/
TLRO pathway.

There are a few shortcomings in this study.
First, the dose of GL used was based on previ-
ous reports, and an in-depth investigation of
the dose-response relationship was not con-
ducted. The clinical applicability of GL needs
further evaluation through toxicological studies
and pharmacokinetic analyses. Second, cells
were harvested 12 hours after GL treatment,
but the time-dependent effects of GL were not
studied, leaving the optimal treatment dura-
tion undetermined. Third, GL was administered
immediately after model construction, which
may not fully reflect clinical scenarios, thus
limiting its applicability. Finally, while our results
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suggest that GL may inhibit NET release throu-
gh the HMGB1/TLR9 pathway, the underly-
ing mechanism was not further investigated.
Therefore, the molecular mechanism by which
GL regulates NETs warrants further study.

Conclusion

LPS induces overexpression of HMGB1 and
excessive release of NETs in dHL-60 cells. GL
can inhibit LPS-induced HMGB1 expression in
dHL-60 cells and further suppress the release
of NETs. GL may reduce NETs release in sepsis
through the HMGB1/TLR9 pathway.
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