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Lipocalin 2 activates the NLRP3 inflammasome via
LPS-induced NF-kB signaling and plays a role as a
pro-inflammatory regulator in murine macrophages
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Abstract. Lipocalin 2 (LCN2) is highly expressed in several
infectious and inflammatory disorders. However, the expression
level and underlying mechanism of LCN2 in inflammatory
bowel disease (IBD) are poorly understood. The current study
used murine IBD models and LPS-activated macrophages to
elucidate the role of LCN2 in IBD pathogenesis. The levels of
LCN2 protein and concentration were confirmed to be much
higher in the colons of colitis-induced mice compared with
healthy mice using immunohistochemistry, western blotting
and ELISA assay. In vitro, the level of LCN2 in RAW?264.7
macrophages increased significantly following LPS stimulation
and diminished markedly upon using NF-kB-specific inhibitors.
Assembly of the NOD-, LRR-, and pyrin domain-containing
protein 3 (NLRP3) inflammasome was inhibited when LCN2
expression was knocked down, as evidenced by decreased
NLRP3, ASC-1 and caspase-1 activation. Furthermore, secre-
tion and maturation of IL-1f3 was attenuated when LCN2 was
silenced in LPS-stimulated macrophages. Together, these results
suggested that LCN2 directly upregulated the NLRP3 inflamma-
some complex via NF-kB activation in response to stimulating
macrophages with LPS, and that it acted as a pro-inflammatory
regulator in macrophage activation modulated by NF-xB
activation. Overall, LCN2 may serve as a promising target for
the prevention and treatment of IBD.
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Introduction

Inflammatory bowel disease (IBD), including mainly Crohn's
disease (CD) and ulcerative colitis (UC), is an immune-medi-
ated chronic and relapsing inflammatory disorder resulting
from dysregulation of the mucosal immune response in the
gastrointestinal track (1). The etiologies of IBD remain elusive
as they involve complex interactions between genetic, envi-
ronmental, and immunoregulatory factors (2). Furthermore,
patients with long-standing UC are prone to colorectal cancer
(CRC). Although colitis-associated CRC accounts for only
1-2% of all CRC cases, IBD with colon involvement is among
the top three risk factors for CRC (3). Therefore, researchers
are interested in identifying target genes for IBD to reduce the
overall risk of colitis-associated CRC.

Macrophages have a central role in intestinal homeostasis,
being strategically positioned in the subepithelial lamina
propria to clear microbes that breach the epithelial barrier.
Activated macrophages prolifically secrete inflammatory cyto-
kines in the gut, and the imbalance of cytokines is an important
part of the pathogenesis of IBD (4). Lipopolysaccharide (LPS),
a vital biological ingredient of the Gram-negative bacterial
cell wall, is well known to trigger inflammation due to its
ability to activate macrophages (5). One major target of LPS
is toll-like receptor 4, which induces the activation of nuclear
factor-kappa B (NF-«B) (6). NF-«kB activation promotes the
phosphorylation of IxkB-a, which results in translocation
of the NF-kB subunit into the nucleus. Finally, the subunit
binds to the promoter regions of target genes and induces the
transcription of pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-a), interleukin-1p (IL-1p), and
IL-6 (7).

Lipocalins (LCNs) are a family of proteins with various
functions, including regulation of immune responses, cell
growth, metabolism, iron transport, and prostaglandin
synthesis (8). LCN2, also known as oncogene 24p3 neutrophil
gelatinase-associated lipocalin, is a 25-kDa secreted glyco-
protein that was initially purified from neutrophil granules (9).
LCN2 can bind hydrophobic molecules, including retinoids,
fatty acids, and various steroids (10). The LCN2 promoter
region contains the binding sites of several transcription
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factors, including NF-xB, STAT1/3, CREB, and C/EBP-§3,
indicating a potential role of LCN2 in regulating inflammation
and metabolism (11-13).

Emerging evidence has shown that LCN2 is highly asso-
ciated with inflammatory conditions, and that it plays a role
in modulating macrophage activation in the adipose tissue,
lungs, liver, and the brain (14-18). Moreover, the upregulation
of LCN2 in IBD patients with UC has recently been reported,
suggesting that LCN2 can be a sensitive biomarker for intestinal
inflammation (19,20). In a previous study, we suggested that
the pro-inflammatory cytokine IL-6 induces LCN2 promoter
activity via NF-kB/STAT3 activation, and that increased
LCN2 may serve as an indicator of CRC development in a
chronic inflammation setting (21). Considering that LCN2 is
associated with intestinal inflammation, IBD as well as the
CRC supportive microenvironment may rely, at least in part,
on the regulation of LCN2 in activated macrophages. However,
the underlying mechanism of LCN2 in activated macrophages
as a target for IBD has not been established. A new perspec-
tive of LCN2 under inflammatory conditions would provide
greater insight into its role in the tumor microenvironment.
The aim of this study was to investigate the role and molecular
mechanism of LCN2 in regulating inflammation, especially
inflammasome assembly, using the murine macrophage cell
line RAW264.7.

Materials and methods

Chemicals and reagents.LLPS and parthenolide were purchased
from Sigma-Aldrich (St. Louis, MO). Bay 11-7085 was
obtained from Calbiochem (St. Louis, MO). LPS was dissolved
in 1x phosphate-buffered saline (PBS) to a concentration of
1 mg/ml and stored at -20°C. Parthenolide and BAY 11-7082
were dissolved in dimethylsulfoxide (Sigma-Aldrich) and
stored at -20°C in the dark. Dextran sulfate sodium (DSS) was
purchased from MP Biochemicals (Irvine, CA, USA).

IBD murine model. Forty specific-pathogen-free, female,
six-week-old BALB/c mice were purchased from Orient Bio,
Inc. (Seongnam, Korea). Mice were given ad libitum access to
water and standard rodent food until they reached the desired
weight (18-20 g). They were maintained on a 12/12 hour
light/dark cycle under specific-pathogen-free conditions. All
procedures were reviewed and approved by Jeonbuk National
University Animal Care and Use Committee (Approval no:
CBNU 2018-001). Following the guideline of Institutional
Animal Care and Use Committee (IACUC), over 20% of body
weight loss of animal model in oncology studies is defined as
severe suffering for humane endpoint decisions, although other
signs were not detected. Death of mice was verified through
cessation of breathing and the loss of heartbeats.

Mice were randomly assigned to either the control (n=10)
or the IBD group (n=12) after they were weighed. The drinking
water of the IBD group was laced with 3% DSS for 7 days.
Following the guideline of EU, over 20% of body weight loss of
animal model in oncology studies is defined as severe suffering
for humane endpoint decisions, although other signs were not
detected. Following sacrifice of animals from both groups by
cervical dislocation, their body weights were measured. All
colons were removed from the cecum to the anus and their

lengths were measured. The colons were cut open longitudi-
nally along the main axis and washed with 1X PBS (pH 7.4).
After gross examination, half of each groups' specimens were
fixed in 10% neutral-buffered formalin for histological and
immunohistochemical analyses. The remaining colons were
used for enzyme-linked immunosorbent assay (ELISA) and
western blot analyses.

Histological staining and immunohistochemistry.
Paraffin-embedded samples were cut into 5-ym sections
and stained with hematoxylin and eosin for light micro-
scopic examination. The sections were immunostained
with anti-LCN2/NGAL antibody (Abcam, Cambridge, UK,
catalog number: ab216462, dilution: 5 pug/ml), visualized by
appropriate biotin-conjugated secondary antibodies, followed
by immunoperoxidase detection with HRP/DAB (ABC)
Detection THC Kit (Abcam, catalog number: ab64261). The
colon sections were captured using a Leica DM750 (Wetzlar,
Germany) photomicroscope.

LCN2 ELISA. Mouse LCN2 ELISA Kits (R&D Systems) were
used to measure LCN2 levels in mouse colon tissue lysates,
per the manufacturer's instructions. All samples were assayed
in duplicate and compared with a standard curve to quantitate
the expression level.

Cell culture. The murine macrophage cell line RAW264.7
was purchased from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in Dulbecco's
modified Eagle's medium (Gibco®, Carlsbad, CA, USA),
supplemented with 10% fetal bovine serum (Gibco®), 100 units
penicillin (Invitrogen, Carlsbad, CA, USA), and 100 units
streptomycin (Invitrogen, Carlsbad, CA, USA), in a humidified
5% CO, environment at 37°C.

RNA isolation and reverse transcription-PCR (RT-PCR).
Total RNA was isolated from cultured cells using TRIzol
reagent (Invitrogen, Eugene, OR) and cDNA was synthesized
using SuperScript II Reverse Transcriptase (Invitrogen),
according to the manufacturer's protocol. The expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a loading control. The following primer sequences
were used: mouse LCN2, 5'-GGACCAGGGCTGTCGCTA
CT-3' (forward) and 5'-GGTGGCCACTTGCACATTGT-3'
(reverse), GAPDH, 5'-ACCACAGTCCATGCCATCAC-3'
(forward) 5'-TCCACCACCCTGTTGCTGTA-3' (reverse),
generating a 120- and 452-bp product, respectively. After
initial denaturation at 95°C for 1 min, PCR was performed for
various cycles (30 sec at 94°C, 1 min at annealing temperature,
and 2 min at 72°C) using Taq polymerase. Reaction products
(10 pl) were separated on 2% agarose gels and stained with
RedSafe™ (Intron, Daejeon, Korea). DNA band intensity was
analyzed by densitometry using an NaBI imager (Neogene
Science, Suwon, Korea).

Small interfering RNA (siRNA) for inhibiting specific gene
expression. siRNA, used for targeted silencing of the mouse
LCN2 (NCBI Ref Seq NM_008491) gene, was purchased from
Santa Cruz Biotechnology (catalog number: sc-60044, CA,
USA). Specific siRNAs and scrambled siRNA (for negative
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controls, catalog number: AM4637, Invitrogen, TX, USA)
were transfected into RAW264.7 cells using TransIT-X2®
transfection reagent (Mirus Bio, WI, USA). Briefly, Opti-MEM
I Reduced-Serum Medium, transfection reagent and 30 nM of
siRNA were gently mixed and incubated at room temperature
for 30 min for complexes to form. The complexes were added
drop-wise to the cell culture plates and the cells were incu-
bated in 37°C incubator for 72 h. Then the cells were used
further experiments.

Protein extraction. Cells were harvested and resolved in a lysis
buffer (20 mM Tris-HCI (pH 7.5), 137 mM NaCl, 10% glycerol
(v/v), 1% Triton X-100 (v/v), 1 mM Na;VO,, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitor cocktail). After
centrifugation at 16,000 x g for 15 min, the supernatants were
used as cytoplasmic extracts. To extract the nuclear fraction,
cells were resuspended in 150 pl of buffer A [10 mM HEPES
(pH 79), 1.5 mM MgCl,, 10 mM KClI, 0.5 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride, 0.4% Nonidet P-40 (v/v),
and protease inhibitor cocktail], incubated for 20 min on ice, and
centrifuged at 2,300 x g for 5 min. The resulting pellets were
resolved in 100 ul of buffer C [20 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (pH 7.9), 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM ethylenediamine tetraacetic acid, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail], incubated for 30 min on ice, and
centrifuged at 16,000 x g for 15 min. The resulting supernatants
were used as nuclear extracts.

For whole cell extracts, the cells were resolved by RIPA
buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, and protease
inhibitors) and centrifuged at 13,200 rpm at 4°C for 30 min. The
resulting supernatants were used as whole cell extracts.

Western blotting. After extraction, the protein concentration
was measured using a Bradford Reagent (Sigma-Aldrich).
Conditioned media (100 pl) was collected and concentrated
using a speed vacuum concentrator (Thermo Scientific™,
MA, USA). Fifty microgram of cell protein and concentrated
media were loaded onto 10~13.5% of sodium dodecyl sulfate-
polyacrylamide gels. After transferring and blocking, each
polyvinylidene difluoride membrane (PVDF, 0.2 ym, Bio-rad,
USA) was probed with various antibodies [anti-LCN2 (R&D
systems, catalog number: AF1757, 1:2,000) anti-p-IxB-a
(Santa Cruz Biotechnology, catalog number: SC-8404,
1:1,000), anti-p65 (Santa Cruz Biotechnology, catalog
number: SC-8008, 1:1,000), anti-NLRP3 (Adipoge, catalog
number; AG-20B-0014, 1:2,000), anti-ASC (GeneTex, catalog
number: GTX105780, 1:2,000), anti-caspase-1 p20 (Adepogen,
catalog number: AG-20B-0042, 1:2,000), anti-IL-1f (R&D
systems, catalog number: AF-401-NA, 1:2,000), anti-GAPDH
(GeneTex, catalog number: GTX100118, 1:2,000) and anti-
Lamin B (Santa Cruz Biotechnology, catalog number: SC-6216,
1:1,000)]. Antibody-antigen binding was detected using
enhanced ECL prime (GE Healthcare, NJ, USA), captured by
FUSION FX Image Analyzer (VILBER Lourmat, France) and
analyzed by Evolution-Capt software (VILBER Lourmat).

Inflammatory cytokine detection. RAW264.7 cells were
stimulated with LPS and then transfected with mouse LCN2
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siRNA or scrambled siRNA. After the indicated time,
concentrations of the inflammatory cytokines TNF-a (catalog
number: 88-7324), IL-18 (catalog number: BMS618-3), and
IL-1B (catalog number 88-7013) in the conditioned media
were determined using corresponding commercial ELISA Kkits
(Invitrogen).

Statistical analyses. The data are presented as the mean + stan-
dard error of at least three independent experiments performed
in duplicate. Microsoft Excel 5.0, and Graphpad Prism 5.0 was
used to perform two-tailed t-tests for in vivo experiments, and
analysis of variance (ANOVA) for in vitro ELISA assay. The
differences between groups were compared by the analysis
of variance, followed by post hoc Tukey's test to correct
for multiple comparisons. A P-value <0.05 was considered
statistically significant.

Results

LCN?2 levels are highly elevated in DSS-induced colitis
models. To assess whether the expression of LCN2 in the colon
differs between the control and the IBD groups, we analyzed
their pathological symptoms and colonic LCN2 levels. The
severity of colonic inflammation is strongly correlated with
body weight loss. Compared with the control group, mice
with DSS-induced colitis exhibited significant weight loss by
~15.05+3.49% (Fig. 1A left graph). Next, the entire colons were
collected from these mice to examine the gross morphological
damage. The colonic mucosal lesions in the colitis group were
obvious, with a wide range of hyperemia, edema, and bleeding,
compared with those in the control group (Fig. 1A). The colons
in the colitis group were considerably shorter than those in
the control group (Fig. 1A right graph). Furthermore, histo-
logical evaluation showed that colonic tissues from the colitis
group were characterized by epithelial cell destruction, crypt
deformation, ulceration, and inflammatory cells infiltrating
the lamina propria and submucosa (Fig. 1B).

Next, we examined the LCN2 protein levels in colon tissues
using western blotting (Fig. 1C). LCN2 levels were higher in
the colon tissues from the colitis group than in those from the
control group (Fig. 1C). The ELISA results also indicated that
LCN2 levels in mice with colitis (10.35+1.821 pg/ug of protein)
were 12-fold higher than in healthy mice (0.699+0.673 pg/ug of
protein; Fig. 1D). Finally, immunohistochemistry also revealed
more LCN2-positive cells in the colitis group than in the
control group, in line with the western blotting and ELISA
results (Fig. 1E).

LCN?2 is specifically stimulated by LPS in murine macrophages.
To investigate whether macrophages are one of the main cellular
targets for LCN2 regulation in IBD, we analyzed the gene and
protein expression of LCN2 in RAW264.7 macrophages after
stimulating them with LPS. LPS strongly induced LCN2 mRNA
and protein levels in a dose-dependent manner in RAW264.7
cells (Fig. 2A). Moreover, stimulation for 24 h with the lowest
concentration of LPS led to increased LCN2 release in the
conditioned media of RAW264.7 cells.

To confirm the time-dependency of this effect, RAW264.7
cells were stimulated with LPS for the indicated time periods
and the expression and secretion of LCN2 were measured
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Figure 1. Expression of LCN2 is specifically induced in the colon tissue of DSS-induced colitis mice. (A) Macroscopic appearance of inflammation in the
colon (upper panel). Body weight and colon length were statistically analyzed (lower panel). (B) Images of hematoxylin and eosin staining (magnification,
x10) of colonic mucosal tissue sections from mice were captured using microscopy. (C) Total tissue extracts were prepared after animal sacrifice and analyzed
for LCN2 and actin antibody by western blotting. Actin was used as a loading control. (D) After homogenizing colonic tissues, level of LCN2 in tissues
was detected using ELISA. (E) IHC images of LCN2 expression in the colonic tissues from control and colitis mice show positively bound cells in brown
(magnification, x20). “P<0.01, “"P<0.001. LCN2, lipocalin 2; DSS, dextran sulfate sodium; IHC, immunohistochemical.
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Figure 2. LPS specifically promotes the expression and secretion of LCN2 in macrophages. (A and B) After stimulation with varying (A) concentrations or
(B) periods of LPS for the indicated time periods, RAW264.7 cells were isolated, and the conditioned media was collected. Western blotting and RT-PCR were
performed. The top images are from the RT-PCR, and the lower images are western blots. GAPDH was used as a loading control. LPS, lipopolysaccharide;
LCN2, lipocalin 2; RT-PCR, reverse transcription-PCR.

(Fig. 2B). We found that LPS induced the intracellular expres-  NF-xB activation is required for LPS-induced LCN2 expression.
sion and secretion of LCN2 in a time-dependent manner. These ~ Exposing macrophages to LPS activates the transcription factor
results indicate that the inflammatory mediator LPS strongly =~ NF-xB, which regulates the transcription of various inflamma-
induces LCN2 gene transcription, translation, and secretion in  tion-responsive genes (22-24). After determining that 50 ng/ml
macrophages. of LPS maximally induced LCN2 in macrophages, we first
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Figure 3. LPS-induced LCN2 is dependent on NF-kB activation in macrophages. (A) After stimulation with 50 ng/ml LPS for the indicated time, cytosolic
and nuclear extracts of RAW264.7 cells were prepared and used to determine activation of the NF-kB pathway. Actin and lamin B were used as loading
controls. (B) Cells were pretreated with PT and BAY 11-7082 (NF-kB-specific inhibitor), and the cells were stimulated with LPS for 24 h. Then, the levels of
LCN2 mRNA and protein were detected using RT-PCR (upper panel) and western blot analysis (lower panel). GAPDH was used as a loading control. LPS,
lipopolysaccharide; LCN2, lipocalin 2; PT, parthenolide; RT-PCR, reverse transcription-PCR; IkB-a, NF-kappa-B inhibitor a.

assessed the degradation of IkB-a and the nuclear translocation
of NF-xB in RAW?264.7 cells in response to LPS stimulation for
1-24 h. LPS-induced LCN2 decreased the expression of IkB-a
and p65 in the cytosolic fraction between 1~6 h (Fig. 3A). In
contrast, the expression of p65 in the nuclear fraction was the
greatest at the 3 h time point and decreased slightly thereafter.
Next, we examined whether the expression of LCN2
depended upon NF-kB activation. Pretreatment with the
NF-xB-specific inhibitors BAY 11-7082 and parthenolide
suppressed the expression of LCN2 in LPS-stimulated
RAW264.7 cells (Fig. 3B), suggesting that NF-xB activation is
required for LCN2 expression in LPS-stimulated macrophages.

LCN?2 regulates activation of the NLRP3 inflammasome in
LPS-stimulated murine macrophages. The well-characterized
NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3)
inflammasome is a multiprotein complex that orchestrates an
inflammatory response, which contributes to IBD through
increased epithelial permeability and a detrimental immune
response against invading commensal bacteria in the gut (25).
NF-«B is a central mediator of the priming signal that activates
the NLRP3 inflammasome (26). Thus, we investigated
whether the NLRP3 inflammasome was influenced by LCN2
in LPS-stimulated RAW264.7 cells (Fig. 4). After scrambled
siRNA transfection and LPS stimulation, the protein levels
of NLRP3, ASC, and cleaved Caspase 1 were strikingly
augmented. Interestingly, the expression of these inflamma-
some-related proteins was dramatically attenuated when
siRNA targeting LCN2 was used instead of the scrambled
siRNA, suggesting that LCN2 regulates the activation of the
NLRP3 inflammasome in LPS-stimulated macrophages.

LCN2 is responsible for the production of IL-1f in
LPS-stimulated murine macrophages. The activated NLRP3

Scrambled siRNA - +  _ o+
LCN2 siRNA — - + +
LPS (50 ng/ml, 24 h) — + - sk
LCN2 -
1.0 3.20 0.94 1.29
NLRP3 Cee— —
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WS S S B « Pro-caspase-T
Caspase-1
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1.0 273 1.38 1.07 (Cleaved
caspase-1)
GAPDH | S o s s

1.0 0.95 1.04 1.09

Figure 4. LCN2 is required for NLRP3 inflammasome activation in
macrophages. After being transfected with scrambled or LCN2 siRNA,
LPS-stimulated cells were isolated for western blotting. The protein levels
of NLRP3, ASC and cleaved Caspase 1 were detected as indicators of the
status of inflammasome activation. GAPDH was used as a loading control.
LCN2, lipocalin 2; NLRP3, NOD-, LRR-, and pyrin domain-containing
protein 3; siRNA, small interfering RNA; LPS, lipopolysaccharide; ASC,
apoptosis-associated speck-like protein containing a CARD.

inflammasome serves as a platform for the activation of
caspase-1, which induces maturation of the inflammatory
cytokines IL-1f and IL-18 (27). Thus, we first measured
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Figure 5. LPS-induced LCN2 leads to production and secretion of the pro-inflammatory cytokine IL-1p in macrophages. (A) After being transfected with
scrambled or LCN2 siRNA, RAW264.7 cells were stimulated by LPS for the indicated time periods. Then, IL-13, TNF-a and IL-18 were quantified in
conditioned media by ELISA. (B) After being transfected with scrambled or LCN2 siRNA, LPS-stimulated cells were isolated for western blotting to detect
the levels of mature IL-13. GAPDH was used as a loading control. ““P<0.001. LPS, lipopolysaccharide; LCN2, lipocalin 2; siRNA, small interfering RNA;

scr, scrambled siRNA; siLCN2, LCN2 siRNA.

the concentrations of these two cytokines in media from
RAW264.7 cell cultures stimulated with LPS for 6, 24, and
48 h. After 48 h of LPS stimulation, the concentration of IL-1p3
was markedly increased in RAW264.7 cells, which was promi-
nently suppressed by LCN2 silencing (Fig. 5A). However,
LCN2 silencing did not affect the LPS-induced IL-18 levels.

We confirmed the above observation by measuring the
intracellular IL-1p protein levels by western blotting. LPS
dramatically induced the matured form of the IL-1f protein,
which was diminished when LCN2 was silenced in RAW264.7
cells (Fig. 5B). These findings indicate that LCN2 is involved
in the maturation and secretion of the pro-inflammatory
cytokine IL-1f in LPS-stimulated macrophages.

Discussion

The pathogenesis of IBD is unknown, but the uncontrolled
immune response of genetically predisposed individuals to
environmental factors is considered to be the cause (28). In the
present study, we demonstrated that LCN2 in activated macro-
phages is a powerful mediator of the NLRP3 inflammasome
via NF-xB signaling and is eventually responsible for secre-
tion of the pro-inflammatory cytokine IL-13. Based on our

results, we propose a new molecular mechanism explaining
the pro-inflammatory role of LCN2 in activated macrophages
(Fig. 6), thereby, increasing our understanding of IBD.

Interestingly, LCN2 in IBD may serve as a biomarker
to distinguish active from inactive inflammation. In 2011,
Oikonomou er al suggested that serum LCN2 levels are
particularly elevated in patients with active IBD, correlating
with established markers of inflammation and disease
activity (29). Moreover, @stvik er al showed that LCN2
staining of colonic biopsies was significantly increased in
cases of active UC and CD compared with inactive UC and
CD (30). Our in vivo experiments also demonstrate that LCN2
levels were augmented in colonic tissues from DSS-induced
animal models. These findings suggest that LCN2 is involved
in the pathophysiology of IBD, and is associated with activity
and severity of the disease.

When the intestine is invaded by pathogens that can cross
the damaged epithelial cell barrier, the intrinsic defense cells
in the epithelium, especially macrophages, produce and secrete
pro-inflammatory cytokines (31-33). LPS, a component of the
microbial pathogens, can directly activate macrophages and
trigger inflammation (34). Hence, attenuating the LPS-induced
inflammatory response in macrophages is considered an
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attractive therapeutic strategy for numerous acute and chronic
inflammatory diseases. Emerging evidence has shown that
LCN2 plays a role in regulating LPS-stimulated macrophages.
Guo et al and Du et al showed that LCN2 was an essential
factor in the inflammatory response of macrophages to
LPS (35,36). Likewise, our results (Fig. 2) confirm that LPS
strongly induces LCN2 expression in macrophages.

The transcription factor NF-kB, induced in macrophages
by LPS, controls the expression of numerous target genes,
such as inducible nitric oxide synthase, cyclooxygenase-2,
TNF-a, IL-1p, IL-18, and IL-6, all of which play important
roles in immune and inflammatory responses (37). Activated
NF-kB has been detected in lamina propria macrophages,
epithelial cells from biopsy specimens, and cultured cells
from IBD patients (38). Therefore, NF-«kB is a potential
target for IBD therapy, and nonsteroidal anti-inflammatory
drugs, such as 5-amino salicylic acid, inhibit the NF-xB
signaling pathway (39). Although substantial evidence exists
for the involvement of NF-«kB in IBD, further investigation
is needed to elucidate the underlying mechanisms and the
precise role of NF-kB-related molecules in IBD pathogenesis.
In the present study, we suggest that LPS-induced upregula-
tion of LCN2 strongly depends upon NF-«xB activation, and
LCN2 mediates the NF-kB-induced NLRP3 inflammasome
complex.

LCN?2 is widely known to play various biological roles;
however, its specific role in different inflammatory conditions
is inconsistent. For example, LCN2 was reported to play a
pro-inflammatory role in autoimmune encephalomyelitis
models of neuroinflammation (40). Moreover, it was shown
to exert both pro-inflammatory and iron-sequestering effects
along the respiratory mucosa in response to bacterial entero-
bactin (41). In contrast, Du et al used LCN2 knockout mice to
show that it alleviates LPS-induced gut inflammation (36). Guo
Guo et al also reported that LCN2 plays an anti-inflammatory
role in macrophage polarization, potentially by modulating the
activation of the NF-kB-STAT3 loop (35). Our results indicate
that LPS-induced LCN2 in macrophages drives severe inflam-
mation by enhancing inflammasome assembly and IL-1f
secretion. Through our present study, we demonstrate the
critical role of LCN2 in IBD pathogenesis.

The NLRP3 inflammasome, a cytosolic multiprotein
complex, is well known to be involved in the development
and progression of numerous inflammatory disorders (42).
Once activated by stimuli such as LPS, NLRP3 recruits the
adaptor protein ASC to promote recruitment and activation
of caspase-1, resulting in the production and maturation of
inflammatory cytokines (43). NF-«xB is a central mediator of
the priming signal of NLRP3 inflammasome activation and
induces the transcriptional expression of NLRP3 (44). The
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function of LCN2 in NF-kB-mediated activation of the NLRP3
inflammasome was investigated in experimental models of
heart failure in 2017. Song E. and colleagues reported that
LCN2 activates the NLRP3 inflammasome by inducing the
release of the high-mobility group box 1 protein in primary
cardiac fibroblasts from neonatal rats (45). Consistent with
these findings, we found that LCN2 regulates LPS-induced
NLRP3 inflammasome assembly in macrophages, which
contributes to IBD pathogenesis.

The NLRP3 inflammasome is critical for the processing
and maturation of IL-1f and is rapidly emerging as a crucial
regulator of intestinal homeostasis (46,47). Activated NF-kB
transcriptionally induces the expression of the 35-kDa
pro-IL-1f3, but the maturation and secretion of 17-kDa IL-1p
requires the activation of the NLRP3 inflammasome (48,49).
Elevated levels of IL-1f3 were found in colonic biopsies and
isolated myeloid cells, correlating with the severity of IBD (50).
In the present study, we observed that LCN2 silencing strongly
repressed IL-1p maturation and secretion in LPS-stimulated
macrophages, indicating that LCN2 regulates IL-1f3 production
and maturation via NF-kB/NLRP3 inflammasome signaling
in macrophages.

In addition, IL-1p, produced mainly by the activated
NLRP3 inflammasome, can promote tumorigenesis in
cancer cells (51). Several publications have demonstrated that
IL-1B-specific upregulation of LCN2 is controlled by the acti-
vation of NF-«xB in cancer cells. Cowland et al reported that
stimulating lung cancer cells with IL-1p induced NF-xB to
bind to the LCN2 promoter and upregulate its expression (52).
In 2006, they also reported that specific induction of LCN2
by IL-1f in lung adenocarcinoma cells critically depends on
activation of the NF-xB cofactor IxB-C (53). Collectively, this
evidence suggests that upregulation of LCN2 in macrophages
results in the production and secretion of IL-1f to the outer
membrane of macrophages, where it subsequently induces
NF-kB-mediated LCN2 expression in cancer cells, leading to
cancer development and carcinogenesis. Therefore, the positive
feedback between LCN2 and IL-13 most likely contributes to
the pathogenesis of inflammation-driven cancer.

IL-18, an IL-1 family member, has pleiotropic functions
and is also chronically elevated in several inflammatory
diseases (54). Like IL-1p, the production and release of 1L-18
also depends on inflammasome activation. Interestingly, IL-1$
is only induced in response to inflammatory stimuli, but IL-18
is constitutively expressed. In other words, a cellular repository
of IL-18 already exists even before an inflammatory stimulus,
and is ready to be activated and released by the inflamma-
some (55,56). However, how different inflammatory signals
regulate the expression of IL-18 and IL-1f remains poorly
studied. In 2017, Zhu et al reported that type I interferon
(IFN) signaling is required for the induction of IL-18, but not
IL-1p, which points to a critical and differential role for type I
IFN in regulating IL-18 signaling (57). A correlation between
LCN2 and IL-18 has not directly been demonstrated; however,
@stvik et al showed that LCN2 in intestinal epithelial cells is
not affected by IFN-vy stimulation (30). In the present study,
we observed that LCN2 modulated the levels of IL-1f3 but did
not affect LPS-induced IL-18. Collectively, LCN2 is mostly
irrelevant to IFN-dependent IL-18 in macrophages. However,
further study is necessary to understand the interactions

between LCN2 and IFN-dependent IL-18 in macrophages and
IBD pathogenesis.

In conclusion, our results show that LCN2 directly upregu-
lates the NLRP3 inflammasome complex by NF-kB activation
in response to stimulation of macrophages by LPS, conse-
quently leading to the production and maturation of IL-1f3. We
have presented novel findings on the role and mechanism of
LCN2 in IBD pathophysiology. Moreover, this study clearly
highlights the role of LCN2 as a potential target for the NLRP3
inflammasome in the field of IBD therapy.
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