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Purpose: Lipocalin-2 (Lcn2) is an acute-phase protein and elevated in several inflammatory 
diseases. This study aimed to determine whether Lcn2 alleviates inflammation and explore 
the underlying cellular mechanisms.
Methods: C57BL/6 Lcn2-deficient (Lcn2−/-) male mice were intraperitoneally injected with 
lipopolysaccharide (LPS) to build systemic inflammation model. The inflammatory processes 
were investigated. The morphology of villi was measured by scanning electron microscopy 
(SEM). The levels of inflammatory factors were detected by ELISA and qPCR analysis. The 
production of Lcn2 was determined with immunofluorescence staining by confocal micro
scope. The molecular mechanism of Lcn2 in bone marrow-derived macrophages (BMDMs) 
was analyzed by mass spectrometry (MS)-based quantitative proteomic analysis.
Results: Compared to wild-type (WT) mice injected with LPS, Lcn2−/- mice injected with LPS 
showed increased inflammatory damage in jejunum and ileum, and significantly elevated the levels 
of multiple pro-inflammatory cytokines. After determining that Lcn2 was mainly located in the 
cytoplasm of macrophages, we isolated BMDMs from Lcn2−/- mice to evaluate their function. 
During LPS challenge, transcripts of pro-inflammatory cytokines were all significantly increased in 
BMDMs from Lcn2−/- mice, while those of anti-inflammatory cytokines were significantly 
decreased when compared with the cytokines in BMDMs from WT mice. A label-free relative 
quantitation proteomics analysis showed that LPS-treated BMDMs from Lcn2−/- mice had elevated 
levels of pro-inflammatory pathways, but reduced phagocytosis and autophagy when compared 
with LPS-treated BMDMs from WT mice.
Conclusion: These findings demonstrated that Lcn2 was a potent protective factor in 
response to systemic inflammation and might be an indispensable factor for macrophage 
functions.
Keywords: Lcn2, systemic inflammation, macrophages, BMDMs

Introduction
Inflammation is an essential innate immune response, which is necessary for self- 
protection against harmful irritants and pathogens. It is a localized physical condi
tion, in which certain parts of the body become swollen, hot and often painful, 
especially in response to injuries and infections. Notably, surplus inflammation is 
deleterious and leads to multiple chronic diseases such as cancer,1 obesity,2 and 
coronary artery disease,3 which are all closely associated with altered immune 
homeostasis. Generally, the immune system has a well-established contribution to 
pro-inflammatory initiation and tissue wound healing. However, in many cases such 
as sepsis, over-activation of immune responses with sufficiently high levels of 
inflammatory cytokine secretion may cause severe tissue damage.4
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Enhanced tissue infiltration of immune cells is one of 
the main histological features of inflammation. 
Macrophages are immune cells involved in both sterile 
and infectious inflammatory syndromes.5 Macrophages 
have been not only considered to be one of crucial med
iators that trigger the inflammatory response by secreting 
various pro-inflammatory cytokines, but also involved in 
tissue repair and regeneration by secreting anti- 
inflammatory cytokines and phagocytosis.6 However, the 
factors which trigger and balance the different function of 
macrophages during inflammation remain largely 
unknown. Thus, the question is which contents of the 
immune system can directly contribute to the process for 
the resolution of excessive immune responses.

Lipocalin-2 (Lcn2), also known as neutrophil gelati
nase-associated lipocalin, siderocalin, or 24p3, is a 25 kDa 
secretory glycoprotein, which is originally isolated from 
neutrophil granules.7 As a member of broader lipocalin 
family, Lcn2 forms a barrel-shaped tertiary structure with 
hydrophobic cavities that bind to a variety of lipophilic 
ligands, including prostaglandin, progesterone, retinoic 
acid, and fatty acids.8 Lcn2 has been shown to play 
important roles in various biological processes, including 
iron delivery,9 apoptosis,10 kidney development,11 and 
innate immunity.12 Although mainly secreted by neutro
phils, Lcn2 is also expressed in other cell types, such as 
hepatocytes, intestinal epithelia, and macrophages.13,14 

Lcn2 has been reported to be an acute-phase protein with 
elevated levels in urine, serum, feces, and epithelium of 
patients with active inflammatory disease.15,16 However, 
the cellular mechanism whereby Lcn2 alleviates inflam
mation remains to be elucidated.

Therefore, in this study, we investigated the role of 
Lcn2 in inflammation processes using gene-targeted 
Lcn2-deficient (Lcn2−/-) mice. We showed that, in 
response to inflammatory stimuli lipopolysaccharides 
(LPS), Lcn2−/- mice exhibited more severe inflammation 
injury, in keeping with the dramatically increased levels 
of pro-inflammatory cytokines. Moreover, we found that 
Lcn2 was predominantly expressed in the cytoplasm of 
macrophages after LPS challenge. Functionally, proteo
mic results showed that bone marrow-derived macro
phages (BMDMs) derived from Lcn2−/- mice were 
defective in phagocytosis and autophagic degradation 
of surplus inflammatory determinants, thereby promot
ing pro-inflammatory responses.

Materials and Methods
Animal Experiments
C57BL/6 WT male mice (6~8 week) were obtained 
from Animal Center of Chinese Academy of Sciences 
(Shanghai, China) and C57BL/6 Lcn2-deficient (Lcn2−/-) 
male mice (6~8 week) were got from Jackson 
Laboratory (USA), respectively. All mice were received 
food and water ad libitum, and housed under standard 
laboratory conditions on 12 h light-dark cycles in 
a specific pathogen-free environment. For systemic 
inflammation studies, Lcn2−/- and wild type (WT) mice 
were intraperitoneally injected with 2 μg/g body weight 
LPS (Sigma Aldrich, USA). A total of 48 mice were 
randomly assigned to be injected with LPS or saline 
(n = 24 each group), and euthanized by cervical disloca
tion at 0, 8, 16, 24, 32, and 48 h after LPS injection 
(n = 4 per time point). Peripheral blood was obtained 
from the retro-orbital sinus for serum collection. Liver, 
kidney, spleen, duodenum, jejunum, ileum, and colon 
were collected for measurements of inflammatory injury 
and Lcn2 expression. All mouse experiments were 
approved by the Animal Care Committee of Zhejiang 
University (ZJU2018-12141), and were performed in 
accordance with the animal ethics guidelines of 
Agricultural Animals for Research and Teaching at 
Zhejiang University.

Isolation of Bone Marrow-Derived 
Macrophages (BMDMs)
BMDMs were obtained from the femoral cavity of WT or 
Lcn2−/- mice (n = 6 per group) after removal of attached 
muscle tissues. The cells were filtered and cultured in 
6-well plates with complete DMEM medium (Gibco, 
USA) containing 30% conditioned L929 media (Cell 
Bank of Chinese Academy of Sciences, China), 20% 
FBS (Gibco, USA), penicillin (100 I.U./mL) and strepto
mycin (100 μg/mL) (Sangon Biotech, China). On day 7, 
BMDM cultures with nearly 100% confluence could be 
used for further studies. Before treated with LPS, BMDMs 
plated in 6-well plate were cultured in 10% FBS DMEM 
medium without antibiotics. After cells were incubated to 
approximately 90% confluent, BMDMs were treated with 
2 µg of Lcn2 for 22.5 h before adding 1 µg of LPS for 1.5 
h at 37°C. Then all cells were washed by PBS and used for 
RNA or protein extraction.

https://doi.org/10.2147/JIR.S328916                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 4190

Du et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Cell Line Cultivation
RAW264.7 macrophages were purchased from Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China) 
and maintained in DMEM supplemented with 10% FBS, 
penicillin (100 I.U./mL) and streptomycin (100 μg/mL) at 
37°C in humidified air containing 5% CO2. Cells were 
seeded in 6-well plates and grown overnight until 90% 
confluence, Then cells were washed with PBS and incu
bated in DMEM medium without antibiotics and FBS for 
1~2 h. RAW264.7 macrophages were treated with 2 µg of 
Lcn2 for 22.5 h before adding 1 µg of LPS for 1.5 h at 
37°C and used for further determination.

Histomorphology Analysis
Tissues of liver, jejunum and ileum were fixed with 4% 
paraformaldehyde and embedded in paraffin (Google 
Biotech, China). The sections were 5 μm thick and stained 
with hematoxylin and eosin (H&E) (NanJing KeyGen 
Biotech, China). Images were captured by a DM3000 
microscope (Leica, Wetzlar, Germany).

Immunofluorescence Staining
Liver, jejunum and ileum were fixed in 4% paraformalde
hyde overnight followed by paraffin embedding. Then 3-µm 
tissue sections were deparaffinized in xylene (Google 
Biotech, China) and rehydrated in a series of graded ethanol 
solutions. After washing with PBS, sections were immersed 
in 0.01 M citric acid buffer at 98–100°C. Then cooled sec
tions were blocked with 20% normal sheep serum, and 
stained using rabbit polyclonal antibody Lcn2 (diluted at 
1:250, Abcam, USA) and Alexa Fluor 488 goat anti-rabbit 
polyclonal secondary antibody IgG (diluted at 1:400, Abcam, 
USA). For immunofluorescence co-localization analysis of 
Lcn2 and macrophage, sections were stained using rabbit 
polyclonal antibody Lcn2 (diluted at 1:250), rat monoclonal 
antibody F4/80 (diluted at 1:250, Abcam, USA), Alexa Fluor 
488 goat anti-rabbit polyclonal secondary antibody IgG 
(diluted at 1:400) and Alexa Fluor 647 goat anti-rat poly
clonal secondary antibody IgG (diluted at 1:400, Abcam, 
USA). For immunofluorescence analysis for inducible nitric 
oxide synthase (iNOS) determination, RAW264.7 macro
phages were fixed in 4% paraformaldehyde, washed with 
PBS and then permeabilized with ice-cold 0.5% Triton 
X-100 (NanJing KeyGen Biotech, China). The cells were 
blocked with PBS containing 10% bovine serum albumin 
(NanJing KeyGen Biotech, China), and then incubated with 
rabbit monoclonal antibody iNOS (diluted at 1:250, Abcam, 
USA) and Alexa Fluor 488 goat anti-rabbit IgG (diluted at 

1:400). Finally the sections were stained with 50 mg/mL of 
4′,6-diamidino-2- phenylindole (DAPI) (Boster Biological 
Technology, USA) and imaged by confocal laser scanning 
microscope (LSM-510 Meta, Zeiss, Germany).

ELISA Determination
The levels of cytokines including interleukin (IL)-1β, IL-6 
and IL-10 in serum of mice were determined by Mouse 
ELISA kits (eBioscience, USA) according to the manufac
turer’s instructions.

Western Blot Analysis
Liver or intestinal tissues were lysed using M-PER mam
malian protein extraction reagent supplemented with 
HALT proteinase and phosphatase inhibitor cocktails 
(Thermo-fisher Scientific, USA), Protein concentrations 
were determined by Bradford protein assay with BSA 
standards (Bio-Rad). Total protein was extracted and 
equal quantities of proteins (10 µg) were electrophoresed 
on 10% SDS-PAGE, and then transferred onto PVDF 
membranes (Sangon Biotech, China). The membrane was 
incubated with primary antibodies and then with horse
radish peroxidase (HRP)-conjugated secondary antibody. 
ECL Detection System (CliNX, Shanghai, China) was 
used to detect antibody reactivity. Primary antibodies 
included rabbit monoclonal antibody β-actin (Abcam, 
USA) and rabbit polyclonal antibody Lcn2 (Abcam, 
USA), which were all diluted at 1:1000. 
Appropriate second antibodies (Cell Signaling 
Technology, USA) were all diluted at 1:2000.

Gene Expression Analysis
Total RNAs were extracted from cells and animal tissues 
by Trizol Reagent according to the manufacturer’s instruc
tions (Sigma Aldrich, USA). The concentration of RNA 
was determined by NanoDrop ND-1000 (Thermo-fisher 
Scientific, USA). One microgram of total RNA was con
verted to cDNA using an M-MuLV kit (Thermo Fisher 
Scientific, USA) in combination with random hexamer 
primers. Real-time PCR was performed using the 
FastStart Universal SYBR Green Master fluorescence 
quantitative kit (Thermo Fisher Scientific, USA) on an 
Applied Biosystems SteponeTM plus Real-Time PCR 
System. All the data were normalized to the housekeeper 
gene GAPDH from the same individual sample. The 
2−ΔΔCt method was used to determine the relative mRNA 
expression levels. Specific primers sequences are listed in 
Table 1.
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Transmission Electron Microscopy (TEM) 
Analysis
Tissues were fixed in 2.5% glutaraldehyde overnight, washed 
with PBS and fixed with 1% OsO4 (NanJing KeyGen Biotech, 
China) for 1 h. The samples were then dehydrated in a series of 
graded ethanols and then transferred into acetone. Then sam
ples were placed in a mixture of acetone and Spurr resin (Head 
Biotechnology, China), and transferred to Spurr resin mixture 
overnight. The tissue sections were placed in capsules contain
ing the embedding medium (NanJing KeyGen Biotech, China) 
and heated for 9 h at 70°C. The sections were then stained with 
uranyl acetate and alkaline lead citrate (NanJing KeyGen 
Biotech, China) for 15 min and observed by TEM (Model 
H-7650, HITACHI, Japan).

Flow Cytometry Analysis for 
Phagocytosis of Macrophages
BMDMs were seeded in a 6-well plate until 90% confluent, 
and treated with 0.5 mg/mL of FITC-dextran (Sigma Aldrich, 
USA) for 2 h at 37°C. Then cells were digested by trypsin, 
collected by centrifuge at 1000 g for 5 min, and finally 

resuspended with 500 μL PBS, which could be used for flow 
cytometry (MACSQuant VYB, Germany) analysis. The pha
gocytosis of macrophages was expressed as mean fluorescence 
intensity.

Proteomics
BMDMs from WT and Lcn2−/- treated with LPS (1 µg/mL) for 
1.5 h were lysed in SDT lysis buffer (4% (w/v) SDS, 100 mM 
Tris/HCL, 0.1M DTT, pH7.6). Samples were centrifuged to 
remove debris, and then the supernatant was collected. For 
each sample, protein was digested by trypsin (mass ratio 1:50 
trypsin-to-protein). Peptide fragments were desalted by C18 
Cartridge, freeze-dried, redissolved by 40 μL of 0.1% formic 
acid solution, and then quantified (OD280). The samples were 
then analyzed using nano-flow liquid chromatography electro
spray tandem mass spectrometry (nanoLC-ESI-MS/MS) with 
a Thermo Scientific Q-Exactive Mass Spectrometer 
(Germany) coupled to a Thermo Ultimate 3000 RSLCnano 
HPLC system. Peptide fragments were selected for MS/MS by 
normalized collision energy (NCE) and detected in the orbitrap 
at a resolution of 17,500. Raw database was performed using 
MaxQuant search engine (v. 1.5.3.17). Gene Ontology (GO) 
annotation and Kyoto Encyclopedia of Genes and Genomics 
(KEGG) pathway research were conducted to analyze quanti
tative protein. Proteins with P-value < 0.05 and an absolute 
Log2 fold change (FC) ≥ 1.6 or ≤ 0.625 were considered 
significantly. The whole experiment strategy was developed 
for quantitative proteomic profiles of BMDMs with 3 biologi
cal replicates.

Statistical Analysis
Statistical analyses of experimental data were performed using 
GraphPad Prism software (version 8, GraphPad Software Inc., 
San Diego, CA, USA). The results are expressed as mean ± 
standard error of the mean (SEM). The difference between 
groups was determined by Student’s t test or, if there were more 
than two groups, by one-way analysis of variance followed by 
Duncan’s test. The test was independently repeated at least 
three times. P values of < 0.05 was recognized as statistically 
significant. *P < 0.05, **P < 0.01.

Results
LPS Challenge Induces Lcn2 Expression
To identify that Lcn2 is one of the acute-phase proteins during 
inflammation, we intraperitoneally injected LPS into WT mice 
and analyzed the expression of Lcn2 in tissues. Fluorescence 
staining demonstrated that the tremendous levels of Lcn2 

Table 1 Primer Sequences for the Real-Time PCR Amplification

Gene Primer (5ʹ→3ʹ) Accession Number

GAPDH F: TGCGACTTCAACAGCAACTC NM_008084.3

R: GCCTCTCTTGCTCAGTGTCC

IL-1β F: AGTTGACGGACCCCAAAAG NM_008361.4

R: TTTGAAGCTGGATGCTCTCAT

TNF-α F: GCTCTTCTGTCTACTGAACTTCGG NM_013693.3

R: ATGATCTGAGTGTGAGGGTCTGG

IL-6 F: CCCCAATTTCCAATGCTCTCC NM_031168.2

R: CGCACTAGGTTTGCCGAGT

iNOS F: CTCACCTACTTCCTGGACATTAC NM_010927.4

R: CAATCTCTGCCTATCCGTCTC

TGF-β1 F: GTCACTGGAGTTGTACGGCA NM_011577.2

R: AGCCCTGTATTCCGTCTCCT

Arg-1 F: CCTGGAACTGAAAGGAAAG NM_007482.3

R: TTGGCAGATATGCAGGGAGT

IL-10 F: TGGGTTGCCAAGCCTTATCG NM_010548.2

R: TTCAGCTTCTCACCCAGGGA

MIP-2 F: CACTCTCAAGGGCGGTCAAA NM_009140.2

R: GGTTCTTCCGTTGAGGGACA

MCP-1 F: GATGCAGTTAACGCCCCACT NM_011333.3

R: ACCCATTCCTTCTTGGGGTC

Lcn2 F: ACATTTGTTCCAAGCTCCAGGGC NM_008491.1

R: CATGGCGAACTGGTTGTAGTCCG
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protein were induced in liver, jejunum and ileum at 24 hpi 
(Figure 1A). Western blot analysis showed that Lcn2 expres
sion was at least 1.3-fold increased at 8 hpi in three detected 
tissues. Lcn2 levels in the liver were increased 28-fold at 24 hpi 
(Figure 1B). Notably, Lcn2 protein levels were significantly (P 
< 0.01) elevated and peaked by 24 hpi or 32 hpi, and then 
declined (Figure 1B–D).

Lcn2 Deficiency Results in Increased 
Inflammation
To determine the role of elevated Lcn2 during LPS-induced 
inflammation, we assessed the effect of Lcn2 on systemic 
inflammation using Lcn2−/- mice. LPS challenge initially 
caused diarrhea, resulting in rapid body weight loss and low 
food intake. Food intake increased after 24 hpi both in Lcn2−/- 

mice and WT mice, but the body weight is only increasing in 
WT mice (data now shown). When compared to WT mice, 
TEM analysis showed that the microvilli of Lcn2−/- mice was 
fragmentary, and the number and height of microvilli were 
decreased apparently (Figure 2A). After LPS challenge, 
inflammatory cytokines were all increased at once, peaked by 
8 hpi and then declined (Figure 2B and C). When compared 
with WT mice after LPS challenge, serum levels of pro- 
inflammatory cytokines such as IL-1β and IL-6 were signifi
cantly (P < 0.05) higher at 8 hpi to 32 hpi in Lcn2−/- mice 
(Figure 2B and C), while that of anti-inflammatory cytokine 
IL-10 was significantly (P < 0.05) lower at 8 hpi (Figure 2D). 
The mRNA expression levels of IL-1β in indicated tissues 
(liver, jejunum and ileum) also exhibited the similar expression 
pattern at different time points after LPS challenge (Figure 2E).

Lcn2 is Predominantly Located in 
Macrophages During Inflammation
In order to determine the major cell sources that promote the 
production of Lcn2 during LPS-induced inflammation, we 
next performed double immunofluorescence staining analysis 
on liver sections of WT mice at 24 h after LPS challenge. As 
expected, the confocal images showed that LPS induced high 
expression of Lcn2 in hepatocytes (Figure 3A). Interestingly, 
Lcn2 was highly expressed in Kupffer cells, which are specia
lized macrophages located in the liver. Subcellular localization 
analysis further confirmed that Lcn2 was mainly expressed in 
the cytoplasm of RAW264.7 macrophages (Figure 3B). These 
findings suggested that macrophages might be the main source 
for elevated Lcn2 production during LPS-induced 
inflammation.

Lcn2 Deficiency Enhances the 
Pro-Inflammatory Response of 
Macrophages
Macrophages are the main producers of inflammatory cyto
kines. The above results illustrated that Lcn2 was predomi
nantly expressed in macrophages, and its deficiency could 
aggravate the inflammation. The observed elevation of pro- 
inflammatory cytokines in Lcn2−/- mice may also be due to the 
fact that macrophages require Lcn2 to effectively modulate the 
balance between pro-inflammatory and anti-inflammatory 
responses during systemic inflammation. In order to test this 
hypothesis directly, we isolated BMDMs from mice and exam
ined the expression levels of various inflammatory cytokines 
after LPS treatment in vitro. BMDMs exhibited an irregular 
shape after a week of cell culture, which marked its differentia
tion into mature macrophages. However, there are no signifi
cantly morphological differences between BMDMs from WT 
and Lcn2−/- mice and there was no Lcn2 expression in 
BMDMs of Lcn2−/- mice, and LPS induced Lcn2 expression 
in BMDMs from WT mice (data not shown). After treated with 
LPS, BMDMs from Lcn2−/- mice showed significantly (P < 
0.01) higher mRNA levels of pro-inflammatory cytokines 
including IL-1β (Figure 4A), TNF-α (Figure 4B) and iNOS 
(Figure 4D) when compared with WT mice. Lcn2 deficiency 
also increased the mRNA expression of IL-6, but the difference 
was not significant even in LPS stimulation (P = 0.084) 
(Figure 4C). Conversely, the transcripts of anti-inflammatory 
cytokines, such as transforming growing factor β1 (TGF-β1), 
IL-10 and arginase-1 (Arg-1) were strongly (P < 0.01) 
repressed in BMDMs from Lcn2−/- mice (Figure 4E–G). 
Moreover, the mRNA levels of chemokines macrophage 
inflammatory protein-2 (MIP-2) and monocyte chemoattrac
tant protein-1 (MCP-1) related macrophages migration in 
BMDMs from Lcn2−/- mice were both significantly (P < 
0.05) reduced (Figure 4H and I). Thus, the results indicated 
that Lcn2 played an important role in the expression regulation 
of inflammatory cytokines by macrophages during LPS- 
induced inflammation.

Lcn2 Attenuates the Inflammatory 
Response of Macrophages
Since BMDMs from Lcn2−/- mice exhibited enhanced pro- 
inflammatory response, we then want to test whether the addi
tion of Lcn2 could help alleviate the inflammatory response of 
BMDMs. Upon stimulation with LPS, the transcript levels of 
pro-inflammatory cytokines were all significantly (P < 0.01) 
attenuated (Figure 4A–D) after pre-treatment with the 
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Figure 1 LPS challenge induces Lcn2 expression. WT mice were intraperitoneally injected with saline (Control) or 2 μg/g LPS. (A) Representative confocal images of Lcn2 
expression in the liver, jejunum and ileum of mice at 24 h post LPS injection (n = 4). DAPI, blue; Lcn2, green. (B–D) Protein levels of Lcn2 in indicated tissues from WT mice 
after LPS challenge at different time points were examined by Western blot (n = 4). Values were average means of triplicate experiments. Results were expressed as means ± 
SEM. Statistical analysis used Mann–Whitney U-tests. *P < 0.05, **P < 0.01.
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recombinant Lcn2, but those of anti-inflammatory cytokines 
were all significantly (P < 0.05) promoted (Figure 4E–G). We 
then employed mice RAW264.7 macrophages for further ver
ification. Similarly, after LPS treatment, the mRNA expression 
of pro-inflammatory factors such as TNF-α (p < 0.05), IL-6 (P 
< 0.01), and IL-1β (P < 0.01) were all strongly repressed with 
the pre-treatment of recombinant Lcn2 (Figure 5A–C), while 
transcription levels of anti-inflammatory cytokine IL-10 and 
chemokine MCP-1 were both markedly (P < 0.05) up- 
regulated (Figure 5D and E). Consistent with the results of 

transcription, immunofluorescence analysis showed that the 
expression of iNOS was significantly (P < 0.01) depressed by 
adding Lcn2 (Figure 5F and G). Therefore, Lcn2 could alle
viate the inflammation response of both BMDMs and 
RAW264.7 macrophages.

Proteomic Analysis of LPS-Treated 
BMDMs from Lcn2−/- Mice
In order to comprehensively investigate the molecular 
mechanism by which Lcn2 regulates the function of 

Figure 2 Lcn2 deficiency results in increased inflammation. WT and Lcn2−/- mice were intraperitoneally injected 2 μg/g LPS. (A) Representative TEM images of microvilli 
morphology in jejunum and ileum of mice at 24 hpi (n = 4). (B–D) Protein levels of IL-1β, IL-6 and IL-10 were examined by ELISA from serum of mice at 0, 8, 16, 24, 32 and 
48 hpi. (E) Relative mRNA expression of IL-1β normalized to GAPDH was examined by qRT-PCR from liver, jejunum and ileum at 0, 8 and 24 hpi (n = 4). The mRNA 
expression of IL-1β in WT mice at 0 hpi was used as the control in each tissue. Values were average means of triplicate experiments. Results were expressed as means ± 
SEM. Statistical analysis used Wilcoxon signed-rank test. *P < 0.05, **P < 0.01.
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macrophages, we performed mass spectrometry (MS)-based 
quantitative proteomic analysis of BMDMs from WT and 
Lcn2−/- mice with LPS. In total, 4068 proteins were identi
fied, among which 2993 proteins were quantified with three 
biological replicates. Differentially expressed proteins were 
identified by a cutoff of absolute folding change ≥ 1.6 or ≤ 
0.625, and p value < 0.05. The results showed that 144 
proteins were differentially expressed between BMDMs 
from WT and Lcn2−/- mice after LPS challenge. Among 
them, 47 proteins in BMDMs of Lcn2−/- mice were signifi
cantly higher and 97 proteins were much lower than in 
BMDMs of WT mice (Figure 6A). The data also showed 
that in LPS-treated BMDMs of Lcn2−/- mice, the expression 
of pro-inflammatory factor-related proteins, such as IL-1β, 
apoptosis-associated speck-like protein containing a CARD 
(PYCARD) and the nuclear factor kappa-B (NF-κB), was 
higher, while that of anti-inflammatory factor-related 

proteins, such as immunity-related GTPase family 
M protein 1 (Irgm1) and IκBα was lower (Figure 6B), 
which was consistent with above results in mice. 
PYCARD, a key mediator in apoptosis and inflammation, 
was up-regulated 8.0-fold in BMDMs of Lcn2−/- mice as 
compared to those of WT mice. However, Irgm1, a positive 
regulator of both pro-inflammatory cytokine production and 
macrophage motility, was down-regulated 0.42-fold in 
BMDMs of Lcn2−/- mice as compared to those of WT 
mice (Figure 6B). GO analysis revealed that BMDMs of 
WT mice were highly enriched in the proteins involved in 
several biological processes related to the regulation of 
immune response, such as immune system process, cellular 
process, metabolic process, biological regulation, as well as 
response to external stimulus (Figure 6C). And binding and 
catalytic activity were the most highly enriched pathways 
involving Lcn2 (Figure 6D).

Figure 3 Lcn2 is predominantly expressed in macrophages during LPS-induced inflammation. (A) Representative confocal images of Lcn2 and macrophages in the liver at 24 
h post LPS injection (n = 4). DAPI, blue; Lcn2, red; macrophage marker F4/80, green; Merge, yellow. (B) Representative confocal images of Lcn2 in RAW264.7 macrophages 
(n = 6). DAPI, blue; Lcn2, red.
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Lcn2 Deficiency Inhibits the Phagocytosis 
of BMDMs and Hepatocyte Autophagy
Since Lcn2 deficiency significantly suppressed the expres
sion of proteins associated with binding activity 
(Figure 6B), we then further investigated whether Lcn2 
would affect the migration and endocytosis of macro
phages. Bioinformatics enrichment analysis from proteo
mic analysis showed that revealed proteins that inhibit 
macrophage motility and phagocytosis, such as stathmin 
and calponin-2, were up-regulated in LPS-treated BMDMs 
of Lcn2−/- mice as compared to those of WT mice 
(Figure 7A). On the contrary, proteins that facilitate 

phagocytosis including reticulocalbin-1, lactadherin 
(Mfge8), and tapasin were all down-regulated significantly 
in LPS-treated BMDMs of Lcn2−/- mice. Furthermore, 
flow cytometry analysis confirmed that Lcn2 deficiency 
significantly (P < 0.01) reduced the phagocytosis rate of 
FITC-Dextran by 75% in BMDMs (Figure 7B). In addi
tion, GO analysis also revealed that some differentially 
expressed proteins are related to autophagy, such as 
PYCARD and Irgm1 (Figure 7C). TEM analysis showed 
that there were more autophagosomes (a nearly round 
vacuole in the cytoplasm containing lysosomal dissolved 
impurities) in livers of WT mice, while fewer autophagy 

Figure 4 Lcn2 deficiency enhances the pro-inflammatory response of macrophages. (A–I) Quantitative determination of cytokines mRNA expression levels in the LPS- 
treated BMDMs from WT and Lcn2−/- mice. Relative mRNA expression of cytokines normalized to GAPDH rRNA as the reference genes. The mRNA expression of 
cytokines in WT mice was used as the control. Values were average means of triplicate experiments with two mice used for the isolation of BMDMs per genotype per 
experiment (n = 2). Results were expressed as means ± SEM. Statistical analysis used Wilcoxon signed-rank test. *P < 0.05, **P < 0.01.
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area was detected in Lcn2−/- mice (Figure 7D). Above 
results indicated that Lcn2 was involved in the phagocy
tosis function of macrophages, and may play a role in cell 
autophagy.

Discussion
Lcn2 is widely known to play a variety of biological roles in 
iron transport, bacteriostasis, apoptosis and cell survival. 
However, the specific role of Lcn2 in different inflammatory 
conditions is not always consistent. For example, Lcn2 was 
reported to play a pro-inflammatory role in autoimmune ence
phalomyelitis models of neuroinflammation17 and central ner
vous system.18 In contrast, the anti-inflammatory role of Lcn2 
was also reported that the level of IL-6 protein in brain tissues 
of Lcn2−/- mice treated with LPS was significantly increased.16 

Lcn2 reduced the expression of cytokines in LPS-treated 
RAW264.7 macrophages.19 Until now, the specific function 
of Lcn2 in inflammation has not been clarified. In the present 
study, we provided the first evidence that Lcn2 suppresses 
inflammatory reactions by mediating the functions of 
macrophages.

Lcn2 is an acute-phase protein known to be highly up- 
regulated in inflammatory states.13 It is thought to be a marker 
of many inflammatory diseases, and is involved in various 
types of inflammation.20 Previous studies have shown that 
Lcn2 was significantly elevated in the brain and astrocytes 4 
to 8 h after an inflammatory stimulus.16 Similarly, in the pre
sent study, we found that Lcn2 protein levels in liver, jejunum 
and ileum were initially significantly induced at 8 hpi, 
increased to peak by 24 or 32 hpi, and then declined, which 
was induced in a parabolic pattern as well as our previous study 
of Escherichia coli infection.21

In the absence of Lcn2, the mice suffered more severe 
inflammatory injury including slower recovery of body weight, 
more swollen liver and spleen, and severe broken intestinal 
barrier following LPS injection. Pro-inflammatory cytokines 
IL-1β and IL-6 were both significantly increased in the serum 
of Lcn2−/- mice. IL-1β transcripts were also markedly elevated 
in detected tissues during LPS-induced inflammation. 
However, anti-inflammatory cytokine IL-10 protein was 
decreased significantly at 8 hpi in the serum of Lcn2−/- mice. 
In accordance with our findings of anti-inflammatory role for 
Lcn2, significantly elevated levels of multiple pro- 

Figure 5 Lcn2 attenuates the inflammatory response of macrophages. RAW264.7 macrophages were treated with 2 µg/mL recombinant Lcn2 for 22.5 h and 1 µg/mL LPS for 
1.5 h. (A–E) Real-time PCR analysis of cytokine mRNA expression levels (n = 3). Relative mRNA expression of cytokines normalized to GAPDH rRNA as the reference 
genes. The mRNA expression of cytokines in LPS-treated mice was used as the control. (F–G) RAW264.7 macrophages were subjected to staining with rabbit monoclonal 
antibody iNOS and Alexa Fluor 488 goat anti-rabbit IgG, and observed by laser scanning confocal microscope (n = 3). Cells were assayed for expression by detection of 
iNOS gene (green) by fluorescence microscopy. Cell nuclei were labeled with DAPI (blue). The number of cells were quantified to the same level for detection of 
fluorescence intensity. Values were average means of triplicate experiments. Results were expressed as means ± SEM. Statistical analysis used Wilcoxon signed-rank test. *P 
< 0.05, **P < 0.01.
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inflammatory molecules were shown in the brain of Lcn2−/- 

mice injected with LPS.16 Lcn2 treatment has also significantly 
reduced the expression and secretion of TNF-α and IL-6 in 
LPS-stimulated Müller cells.22 Taken together, these data 
demonstrated that Lcn2 acted as an important regulator of 
inflammatory responses in LPS-induced systemic 
inflammation.

Although bone marrow is normally the primary site of 
Lcn2 expression, it has been reported that Lcn2 is highly 
induced in the liver of bacterial infected mice.18 In this study, 
we demonstrated that Lcn2 could also be induced in the liver 
by LPS. Interestingly, we also found that Lcn2 was mainly 
located in the cytoplasm of macrophages by subcellular loca
lization analysis. Macrophages regulate innate immune 

response to pathogenic microorganisms and contribute to 
adaptive immune response, inflammation, and wound repair. 
During inflammation, circulating monocytes leave the blood
stream and migrate to damaged tissues, where they differenti
ate into macrophages or dendritic cell populations.23 The 
recruitment of monocytes is essential for the effective control 
and elimination of bacterial, viral and fungal infections, and 
contributes to the pathogenesis of inflammation.24 Therefore, 
we next differentiated BMDMs and explored whether altera
tion of Lcn2 expression would modulate the inflammatory 
response of macrophages. Similar to our findings of an anti- 
inflammatory role for Lcn2 in vivo, BMDMs from Lcn2−/- 

mice showed increased mRNA expression levels of pro- 
inflammatory cytokines IL-1β, TNF-α and IL-6, while 

Figure 6 Proteomics analysis of LPS-treated BMDMs from Lcn2−/- and WT mice. (A) Volcano plots shows that 144 proteins changed significantly (a cutoff of absolutes fold 
change ≥ 1.6 or ≤ 0.625, and P < 0.05). Green dots represent down-regulated proteins, and red dots represent up-regulated proteins. (B) Series of inflammation-related 
proteins (n = 3). Blue color represents down-regulated proteins, and red color represents up-regulated proteins. (C) Biological processes of GO annotation. (D) Molecular 
function of GO annotation. Bar chart represents biological processes and molecular function enriched by altered proteins in response to Lcn2 deficiency.
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decreased mRNA expression levels of anti-inflammatory cyto
kines TGF-β1 and IL-10 after LPS challenge in vitro. In 
accordance with our findings, Lcn2 was reported to induce 
IL-10 formation by macrophages and skew macrophage 
polarization.25 Lcn2 has also been implicated in macrophage 
polarization by altering iNOS and Arg-1 levels after LPS 
challenge.26 MCP-1 is a potent chemokine of macrophages, 
and plays a critical role in inflammatory healing in extravas
cular tissues such as cutaneous wounds and myocardial infarc
tion via a MIP-2 dependent pathway.27 In the present study, the 
mRNA expression of chemokines MCP-1 and MIP-2 were 
both lower in Lcn2−/- macrophages, which suggested that Lcn2 
deficiency would decelerate the migration of cells and tissue 
healing.

Macrophages are central participants in sterile and infec
tious chronic inflammatory syndromes. To define the mechan
ism by which Lcn2 regulates LPS-challenged macrophage 
inflammation, a label-free proteomics analysis was performed. 
Similar to the results in mice, the levels of pro-inflammatory 
factor-related proteins were increased significantly, while those 
of anti-inflammatory factor-related proteins were decreased in 

LPS-treated BMDMs of Lcn2−/- mice compared with those of 
WT mice. Phagocytosis capacity of macrophage also plays an 
important role in cellular immunity, inflammation and tissue 
homeostasis. Effective suppression of inflammation is critical 
not only for the termination of the inflammatory response, but 
also for the restoration of tissue integrity.28 Phagocytosis of 
dead cells by macrophages not only plays an important role in 
clearance of apoptotic cells, but also promotes a pro-lytic 
phenotype of macrophages, thus terminating inflammation.29 

Correspondingly, our results exhibited dampened phagocytosis 
of BMDMs from Lcn2−/- mice and aggravated inflammatory 
damage in Lcn2−/- mice. The clearance of apoptotic cells by 
macrophages is coordinated by recognizing the primary “eat- 
me” signal, which is present outside the membrane of dying 
cells.30 Mfge8, a bridging molecule that mediates binding of 
these signals to phagocytic receptors, effectively promotes 
phagocytosis of macrophage.31 Our study found that there 
was a decreased protein expression level of Mfge8 during LPS- 
induced inflammation in BMDMs of Lcn2−/- mice, whose 
impaired phagocytosis were approved by flow cytometric 
analyses.

Figure 7 Lcn2 deficiency inhibits the phagocytosis of BMDMs and hepatocyte autophagy. (A) Series of phagocytosis-related proteins (n = 3). Blue color represents down- 
regulated proteins, and red color represents up-regulated proteins. (B) Flow cytometry analysis of BMDMs incubated with FITC-dextran (n = 3). (C) Series of autophagy- 
related proteins (n = 3). Blue color represents down-regulated proteins, and red color represents up-regulated proteins. (D) Representative TEM images of autophagosomes 
(red arrows) in liver of mice at 24 hpi (n = 4). Values were average means of triplicate experiments. Results were expressed as means ± SEM. Statistical analysis used Mann– 
Whitney U-test. **P < 0.01.
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Macrophages phagocytize a wide range of exogenous 
particles such as necrotic cells arising from infection and 
inflammation, accompanied by features in common with 
autophagy.32 Our proteomics data also showed that autop
hagy related proteins such as PYCARD and Irgm1 were 
altered significantly in LPS-challenged BMDMs between 
WT and Lcn2−/- genotypes. Autophagy, as a fundamental 
cell survival process, plays a broad homeostatic role in the 
clearance of cytotoxic wastes, and has attracted much 
attention due to the importance in the protection from 
chronic inflammatory diseases.33 PYCARD complexes 
with NLRP3 protein to form a caspase-1-activating com
plex-NLRP3 inflammasome, which can cleave and acti
vate IL-1β during inflammation.34 Irgm1, one of the 
strongest cell autonomous resistance systems for autop
hagy of intracellular pathogens,35 also played an important 
role in negatively regulating IL-1β maturation by autop
hagy and degradation of PYCARD, thereby suppressing 
the activation of the NLRP3 inflammasome.33 In our 
study, we found and verified a significant reduction of 

Irgm1 expression in BMDMs from Lcn2−/- mice, 
and correspondingly, a dramatic increase in 
PYCARD and IL-1β, which finally resulted in reduced 
autophagy and increased inflammation.

In the present study, we provide evidence that LPS 
strongly induced Lcn2 that mainly localized to macro
phages. Lcn2 deficiency could aggravate the inflamma
tion with elevation of pro-inflammatory cytokines, and 
disturb the balance between pro-inflammatory and anti- 
inflammatory responses of macrophages. Although pro
teomics analysis showed that LPS-treated BMDMs from 
Lcn2−/- mice had increased levels of pro-inflammatory 
pathways, further studies will be needed to identify the 
exact function of these pathways. Moreover, we found 
that Lcn2 deficiency inhibited the phagocytosis of 
BMDMs. However, little is known if Lcn2 could affect 
the phagocytosis of macrophages in vivo, and further 
studies of the interaction between Lcn2 and autophagy- 
related proteins are also needed to clarify the role of Lcn2 
in inflammation.

Figure 8 The mechanism of the pro-inflammatory effect of Lcn2 knockout in LPS-induced inflammation. The schemata was created with BioRender.com.
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Conclusion
In conclusion, upon LPS-induced systemic inflammation, 
Lcn2 was produced and secreted in a parabolic pattern and 
mainly located in the cytoplasm of macrophages. Lcn2 defi
ciency can lead to enhanced pro-inflammatory response in 
both mice and macrophages challenged with LPS. It was due 
to not only the facilitating the expression of pro- 
inflammatory cytokines, but also the reduced autophagy of 
macrophages. Dampened phagocytosis and autophagy capa
city of macrophages from Lcn2−/- mice might also impede 
the resolution of inflammation (Figure 8). Our study suggests 
that Lcn2 is required to serve as a potent protective factor in 
response to systemic inflammation and highlights the impor
tance of Lcn2 in keeping normal functions of macrophages.
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