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A B S T R A C T

LFP-20 is one of the 20 amino acid anti-microbial peptides identified in the N terminus of porcine lactoferrin.
Apart from its extensively studied direct anti-bacterial activity, its potential as an activator of immune-
related cellular functions is unknown. Therefore, this study investigated its anti-inflammatory effects in
lipopolysaccharide (LPS)-stimulated pig alveolar macrophages in vitro and systemic inflammation in an
in vivo mouse model. We found that the inhibitory effects of LFP-20 on production of pro-inflammatory
cytokines were independent of its LPS-binding activity. However, they were associated with NF-κB and
MAPK-dependent signaling. Furthermore, LFP-20 might directly influence MyD88 levels to block its in-
teraction with NF-κB and MAPK-dependent signaling molecules that might alter LPS-mediated inflammatory
responses in activated macrophages. Taken together, our data indicated that LFP-20 prevents the LPS-
induced inflammatory response by inhibiting MyD88/NF-κB and MyD88/MAPK signaling pathways, and
sheds light on the potential use of LFP-20 in the therapy of LPS-mediated sepsis.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Inflammation is a defensive response of living tissues against
harmful stimuli, such as pathogens, damaged cells, or irritants (Diao
et al., 2014). The mechanism that underlies such phenomenon may
be reflected in the context of the activation of monocytes and mac-
rophages, which secrete an array of pro-inflammatory mediators
such as cytokines, chemokines and cytoplasmic or nuclear signal-
ing proteins. Increasing evidence has indicated that dysregulated
activation of inflammation is one of the principal causes of non-
communicable chronic diseases like cardiovascular disease,
atherosclerosis, cancer, obesity and insulin resistance (Balkwill and
Mantovani, 2001; Libby, 2006).

The classic model used to induce inflammation is the macro-
phage stimulated by lipopolysaccharide (LPS), a key component of
Gram-negative bacterial cell walls. LPS activates several signaling
cascades driving the expression of pro-inflammatory cytokines, such
as tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), and
interleukin-6 (IL-6) (Lee et al., 2013), through binding to its cognate
receptors CD14 and Toll-like receptors that are expressed at the cell

surface (Medzhitov, 2001). These cytokines activate innate immu-
nity, but their over-expression causes acute phase endotoxemia,
which might lead to septic shock, tissue injury and even death.
Therefore, regulation of inflammatory cytokine release is poten-
tially beneficial to prevent chronic disease-associated inflammation
(O’Keefe et al., 2008).

Toll-like receptor 4 (TLR4) is a pattern recognition and “immu-
nological danger” sensing receptor that connects innate and adaptive
immune responses, and is an essential co-receptor for LPS with CD14
(Du et al., 1999). There are two different signaling pathways that
are involved in cell-mediated responses to LPS. The first is the
myeloid differentiation factor-88 (MyD88)-dependent pathway, and
the second is the TIR domain-containing adaptor inducing
interferon-β (TRIF)-dependent pathway; both of which are trig-
gered by the association of LPS and TLR4. Activation of the MyD88-
dependent pathway leads to phosphorylation of mitogen-activated
protein (MAP) kinase, IκB kinase (IKK) and nuclear factor κB (NF-
κB), eventually contributing to the expression of pro-inflammatory
cytokines (Kawai et al., 1999). The TRIF-dependent pathway acti-
vates the interferon-regulatory factor-1 (IRF-3) transcription factor
that leads to induction of IFN-β and IFN-inducible genes (Hoebe et al.,
2003; Yamamoto et al., 2003). NF-κB is a transcription factor that
plays a critical role in the regulation of gene expression associ-
ated with many cellular processes.

When stimulated with LPS, IκBs, and inhibitory proteins of NF-
κB, are phosphorylated by IKK, thereby allowing activated NF-κB
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to translocate to the nucleus (Chen and Lin, 2001). MAPK-dependent
signal transduction pathways are among the most widespread
mechanisms of eukaryotic cell regulation. MAPK cascades that con-
verge on c-Jun N-terminal kinases (JNK) and p38 MAPKs are
recognized as regulators of inflammation that could be up-regulated
in fibroblastic and macrophage-like cell-lines (Kyriakis and Avruch,
2001; Scherle et al., 1998).

LFP-20 is one of the 20 amino acid anti-microbial peptides that
were identified in the N-terminus of lactoferrin (LF), which is a
member of the porcine LF family. Its three-dimensional structure is
shown in Fig. 1A. Previous studies reported that cationic peptides
that were isolated after degradation of bovine and human lactoferrin
by gastric pepsin displayed higher anti-microbial activity than their
native protein counterparts. These peptide fragments were named
bovine LF (LFB) and human LF (LFH) and they exerted anti-microbial
activities againist a broad spectrum of microorganisms, including
gram-positve and gram-negative bacteria, and fungi (Bellamy et al.,
1992, 1993; Tomita et al., 1991). In contrast to the bovine and human
lactoferrin peptide, which have been studied for at least twenty years,
porcine lactoferrin peptide was less well-studied. Chen et al. iden-
tified anti-microbial effects of LFP-20 on Escherichia coli, Staphylococcus
aureus, and Candida albicans (Chen et al., 2006). Our previous study
identified key amino acids in the LFP-20 sequence using amino acid
substitutions and activity assays (Han et al., 2013). Much research
has focused on the anti-microbial functions of LFP-20. By contrast,
their potential to activate immune-related cellular functions and
modulators of the host immune response to endogenous or exog-
enous mediators has not been well studied.

In this study, we attempted to clarify the anti-inflammatory
mechanisms of LFP-20 by thoroughly exploring the molecular basis

of its anti-inflammatory effects, using LPS-induced pig alveolar mac-
rophages and a murine model of systemic LPS-induced inflammation.

2. Materials and methods

2.1. Peptide synthesis

LFP-20 (KCRQWQSKIRRTNPIFCIRR) was chemically synthe-
sized by standard solid-phase procedures with 9-fluorenyl-
methoxycarbonyl (Fmoc) using an Apex 396 peptide synthesizer
(Aapptec, Louisville, KY, USA). Ninety-five percent purity of syn-
thetic peptides was achieved and verified using Agilent 1200 Series
high-performance liquid chromatography (Agilent Technologies,
Santa Clara, CA, USA) and a Thermo Finnigan LCQ ion trap mass spec-
trometer (Thermo Finnigan, San Jose, CA, USA). The synthetic peptide
was dissolved in endotoxin-free water and stored at −80 °C.

2.2. Regents

Ultrapure LPS from Escherichia coli strain O111:B4 and poly-
myxin B were purchased from Sigma-Aldrich (St. Louis. MO, USA).
TLR4 (ab8376) was purchased from Abcam (Abcam, Cambridge, MA,
USA); IKK-β (2678) and p-IKK-β (2697) were purchased from Cell
Signaling Technology (Cell Signaling Technology, Danvers, MA, USA);
MyD88 (sc11356), IκB-α (sc371), p-IκB-α (sc8404), NF-κB (p65)
(sc7151), NF-κB (p-p65) (sc33020), p38 (sc728), c-Jun (sc1694), p-c-
Jun (sc822), GAPDH (sc48166) or β-actin (sc47778) antibody were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Secondary antibodies were purchased from HuaAn (HuaAn,
Hangzhou China).

Fig. 1. The structure of LFP-20 and incidence of LFP-20 exposure on pig alveolar macrophage cell viability and cytotoxicity. (A) Three-dimensional structure of LFP-20;
(B) activity of LFP-20 toward pig alveolar macrophages cell viability as determined by MTT assay; (C) activity of LFP-20 toward pig alveolar macrophage extracellar LDH
release; (D) activity of LFP-20 toward pig alveolar macrophage cell viability assay by WST-1 assay. Results are given as mean ± SEM. Differences between groups were de-
termined by one-way ANOVA followed by Duncan’s post-hoc analysis (n = 6).
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2.3. Cell culture and stimulation

The pig alveolar macrophage cell-line 3D4/2 (Weingartl et al.,
2002) was purchased from the CBCAS (Cell Bank of the Chinese
Academy of Sciences, Shanghai, PR China), and were cultured in
RPMI-1640 medium (Invitrogen) that was supplemented with 10%
(v/v) fetal bovine serum (Hyclone) and antibiotics (100 U/mL pen-
icillin and 100 μg/mL streptomycin sulfate) (Hyclone) at 37 °C in a
fully-humidified 5% CO2 in air incubator.

Cells analyzed for cytokine gene expression and quantification
in cell culture supernatants were seeded in 6-well plates at a density
of 1.8 × 106 cells per well and cultured overnight before being stimu-
lated with LPS (1 μg/mL) in the absence or presence of LFP-20 at
the indicated concentrations. In some experiments, cells were pre-
treated with LFP-20 or polymyxin B and then rinsed (or not)
extensively with complete medium before addition of LPS, or pre-
stimulated for 3 h with LPS and rinsed as described earlier before
addition of LFP-20 at the indicated concentrations.

2.4. Animal model

Male 6- to 8-wk-old C57BL/6 mice were obtained from the Lab-
oratory Animal Center of Zhejiang University (Hangzhou, PR China)
and maintained in plastic cages under standard conditions. Diet and
drinking water were provided ad libitum. Animal studies were ap-
proved by the Institutional Animal Care and Use Committee of
Zhejiang University and performed in accordance with institu-
tional guidelines.

All the mice had free access to water and food throughout the
experiment. The mice were randomly divided into 6 groups of 12
mice per group (Table 1): control, LFP-20-treated, LPS-treated,
2.5 mg/kg LFP-20 pretreated followed by LPS treated (LFPL + LPS),
5 mg/kg LFP-20 pretreated followed by LPS treated (LFPM + LPS),
10 mg/kg LFP-20 pretreated followed by LPS treated (LFPH + LPS).

Different concentrations of LFP-20 were injected intraperitone-
ally (i.p.) into C57BL/6 male mice once per day for 6 days, whereas
the control and LPS-treated groups were i.p. injected with an equal
volume of sterile saline. On day 6, mice in the LPS and LFP-20 (12.5,
25, and 50 μg/mL) plus LPS groups were i.p. injected with LPS
(10 mg/kg mouse weight) 1 h after LFP-20 or saline treatment; the
other groups were injected with an equal volume of saline. All mice
were sacrificed 6 h after i.p. injection of LPS or saline. Blood was
centrifuged at 3000 rpm for 10 mins, and then the serum was col-
lected and assayed as will be described later.

2.5. Prediction of three-dimensional structure

Three-dimensional structures of LFP-20 were predicted by I-TAEER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/).

2.6. Determination of cytokine secretion

The levels of cytokines (e.g., TNF-α, IL-6 and IL-1β) in the su-
pernatants were quantified using a commercially available enzyme-
linked immunosorbent assay (ELISA) kits (Raybiotech, USA), which
was porcine specific according to the manufacturer’s instructions.
The levels of cytokines (e.g., TNF-α, IL-6 and IL-1β) in the serum were
quantified by commercial ELISA kits (Raybiotech, USA), which were
specific for murine specimens according to the manufacturer’s
instructions.

2.7. Cell viability assay

The inhibitory effects of LFP-20 on porcine alveolar macrophages
were evaluated using the cell proliferation reagent WST-1 (Roche
Applied Science, Mannheim, Germany). In 96-well plates, pig al-
veolar macrophages (at a density of 2 × 104 cells/well) were
resuspended in RPMI 1640 medium supplemented with 10% heat
inactivated fetal bovine serum and incubated at 37 °C in 5% CO2 in
air for 2 h. Next, various concentrations of peptides were added to
a final volume of 100 μL. After 18 h incubation at 37 °C under 5%
CO2 in air, 10 μL of WST-1 reagent was added to each well and
samples were further incubated for 60 min. Absorbance of the
colored formazan product was measured using an automated
microplate reader (Lambda E, MWG Biotech, Ebersberg, Germany)
at a wavelength of 450 nm, using 900 nm as a reference wave-
length. The mean absorbance of control wells (i.e., cells without
peptides) represented 100% cell viability.

Cell viability was also determined in an MTT assay, which is
based on 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide uptake into cells and mitochondrial enzyme activity. Briefly,
pig alveolar macrophages were seeded into 96-well plates at a
density of 2 × 104 cells per well 24 h before treatment. Cells were
treated with various concentrations of LFP-20 for 24 h followed
by incubation with 5 mg/mL of MTT working solution for 4 h at
37 °C. After adding 100 μL of DMSO to dissolve the crystals, the
absorbance value of each well was measured at 570 nm using an
automated microplate reader (Lambda E, MWG Biotech, Ebersberg,
Germany). Three replicates were carried out for each of the differ-
ent treatments.

2.8. Lactate dehydrogenase release assay for cytotoxicity (LDH)

To detect direct peptide-induced cell lysis, we performed lactate
dehydrogenase (LDH) release (Roche Applied Science) according to
the manufacturer’s instructions. The pig alveolar macrophages were
seeded in 96-well plates for 2 h and incubated with various con-
centrations of peptides for another 1, 12, 24 h at 37 °C under a 5%
CO2 in air atmosphere. Cells were treated with 2% (vol/vol) Triton
X-100 for 10 min before running the assay as a positive control for
maximal LDH release. Untreated cells served as controls for spon-
taneous LDH release. Supernatants were removed and centrifuged
at 800 × g for 10 min to remove contaminating cells. Aliquots of assay
culture supernatants were treated with enzymatic assay reagent for
30 min. Absorbance values were subsequently measured in a
microplate reader at 490 nm, using 900 nm as a reference wave-
length. Specific LDH release was calculated using the following
formula: %LDH release = 100 × (Exp-Spo)/(Max-Spo), with Exp rep-
resenting experimental release, Spo representing baseline release,
and Max representing maximum LDH release.

2.9. In vitro LPS-binding

A quantitative chromogenic end-point amebocyte lysate (CE LAL)
assay was performed using the QCL-1000 kit (Xiamen, China). In-
cubations were performed using flat-bottom, non-pyrogenic 96-well

Table 1
Experimental design with different treatment groups.

Groupsa control LFP-20 LPS LFPL+LPS LFPM+LPS LFPH+LPS

Treatment 1b PBS LFP-20 PBS LFP-20 LFP-20 LFP-20
Treatment 2c PBS LFP-20 LPS LPS LPS LPS

Abbreviations: LPS, lipopolysaccharide; PBS, phosphate buffer saline.
a Seventy-two C57/BL6 male mice weighing 18−21 g (6−8 weeks old) were ran-

domly distributed to six groups: control, LFP-20-treated, LPS-treated, 2.5 mg/kg LFP-
20 pretreated followed by LPS treated (LFPL + LPS), 5 mg/kg LFP-20 pretreated followed
by LPS treated (LFPM + LPS), 10 mg/kg LFP-20 pretreated followed by LPS treated
(LFPH + LPS). The dosage of LPS was 10 mg/kg mouse weight.

b Treatment 1: mice were supplied with PBS or LFP-20 solution for 6 days.
c Treatment 2: mice got intraperitoneally injection of PBS, LFP-20 solution or LPS

solution for 6 hours, then all mice were sacrificed.
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tissue culture plates. LFP-20 and polymyxin B dilutions were pre-
pared in pyrogen-free water. Each peptide dilution was incubated
in the presence/absence of LPS derived from Escherichia coli strain
O111:B4 (1.0 U/mL final concentration). Plates were maintained at
37 °C for 15 min to allow LPS binding and were then incubated at
37 °C for 6 min in the presence of LAL assay reagent. The release
of p-nitroaniline was detected spectrophotometrically at 405 nm
between 0 and 6 min. Standard curves that were generated with in-
creasing amounts of LPS were linear between 0.1 and 1.0 endotoxin
units/assay.

2.10. Transient transfection of small RNA interference (siRNA)

Small-interfering RNA that specifically targeted pig MyD88 were
designed and synthesized by Changsha Yingrun Biotechnology Co.,
Ltd. The pig alveolar macrophage cell-line 3D4/2 was cultured in
6-well plates at a density of 1.8 × 106 cells per well, and were then
transfected with 1 μg/mL siRNA using Lipofectamine-2000 reagent

(Invitrogen) according to the manufacturer’s instructions. At 6 h post-
transfection, the cells were treated with/without LFP-20, and /or LPS
at indicated concentrations.

2.11. Reverse transcription-quantitative real-time PCR (RT-PCR)
analysis

Total RNA was isolated from pig alveolar macrophage cells using
TRIzol (Invitrogen) according to the manufacturer’s instructions. One
microgram of total RNA was reverse transcribed using the MMLV
Reverse Transcriptase (Thermo scientific, USA) following the su-
pplier’s protocol. The reactions were incubated at 25 °C for 20 min,
then at 42 °C for 60 min, and finally terminated at 70 °C for 10 min.
Real-time PCR reactions were conducted in triplicate on a Step one
Real-Time PCR System (ABI Step one Plus, Applied Biosystems, Foster
City, CA, USA) using FastStrat Universal SYBR Green Master (ROX)
(Roche, USA). The PCR primer sequences were designed from

Fig. 2. LFP-20 inhibited LPS-induced gene and protein expression of pro-inflammatory cytokines in pig alveolar macrophages. The effect on protein expression (A–C) and
gene expression (D–F) of TNF-α, IL-6, and IL-1β in LPS-stimulated pig alveolar macrophages. The pig alveolar macrophage cell-line 3D4/2 was incubated for 3 h with medium
only or 1 μg/mL LPS in the absence/presence of LFP-20 (at concentrations of 12.5, 25, or 50 μg/mL). TNF-α, IL-6 and IL-1β in culture supernatants were measured by ELISA,
and transcript levels were determined by RT-PCR. Results are given as mean ± SEM. Differences between groups were determined by one-way ANOVA followed by Duncan’s
post-hoc analysis (n = 3). #p < 0.05 as compared to the control group, and *p < 0.05 as compared to the LPS-treated group.

126 X. Zong et al./Developmental and Comparative Immunology 52 (2015) 123–131



reported sequences (Moue et al., 2008) and are listed in Table 2. Real-
time PCR reactions were performed as follows: a precycling stage
at 95 °C for 30 s, then 40 cycles of denaturation at 95 °C for 10 s and
an annealing step at 60 °C for 34 s. Fluorescence was measured at
the end of each annealing step, and the melting curves were moni-
tored to confirm the specificity of the PCR amplicon. The 2−ΔΔCT

method was used to determine mRNA expression levels (Livak and
Schmittgen, 2001).

2.12. Western blot analysis

The porcine alveolar macrophage 3D4/2 cell-line was cultured
in 6-well plates at a density of 1.8 × 106 cells per well, and were then
stimulated with LPS (1 μg/mL) in the presence/absence of LFP-20,
following which they were lysed. The whole protein was obtained
using the Whole Protein Extraction Kit (KeyGEN Biotech, Nanjing,
China) according to the manufacturer’s instructions. Protein con-
centrations were determined with the BCA Assay Kit (KeyGEN Biotech.
Nanjing, China). Next, 40 μg of total protein of each specimen was
separated by 10% SDS–PAGE, which were then transferred onto
polyvinylidene difluoride membranes (PVDF). The membranes were
then blocked with 5% non-fat dried-milk proteins in 0.05% TBST, then
probed with TLR4, MyD88, IKK-β, p-IKK-β, IκB-α, p-IκB-α, p65, p-p65,
p38, c-Jun, p-c-Jun, GAPDH or β-actin specific monoclonal antibod-
ies. After washing with TBST, proteins were detected with HRP-
conjugated secondary antibodies (Hua An, Hangzhou China) for 1 h.
Specific bands were visualized with an ECL detection kit (Santa Cruz
Biotechnology, Inc., CA, USA). Image J software was used to quan-
tify the density of each of the specific protein bands.

Table 2
Primers for real-time PCR.

Primer
name

Primer sequence (5′→3′) Tm (°C) Accession
number

TNF-α F: 5′-CGA CTCAGTGCCGAGATCAA-3′
R: 5′-CCTGCCCAGATTCAGCAAAG-3′

60 X57321

IL-6 F: 5′-TGGATAAGCTGCAGTCACAG-3′
R: 5′-ATTATCCGAATGGCCCTCAG-3′

60 M86722

IL-1β F: 5′-GCCCTGTACCCCAACTGGTA-3′
R: 5′-CCAGGAAGACGGGCTTTTG-3′

60 M86725

18s F: 5′-CCCACGGAATCGAGAAAGAG-3′
R: 5′-TTGACGGAAGGGCACCA-3′

60 AY265350

The sequences in Table 2 are available through GenBank (http://www.ncbi
.nlm.nih.gov/nuccore/) under the accession numbers listed above.
F, forward; R, reverse.

Fig. 3. LFP-20 affects LPS-induced cytokine gene and protein expression independently of its LPS-binding activity. Effect on protein (A) and gene expression (B) of TNF-α,
IL-6, and IL-1β in pig alveolar macrophages. The pig alveolar macrophage cell-line 3D4/2 was incubated for 3 h with medium only or 1 μg/mL LPS, and then washed ex-
tensively and further incubated with LFP-20 (at concentrations of 12.5, 25, or 50 μg/mL) for another 3 h. (C) Binding of LFP-20 (closed circle) or polymyxin B (PMB, shown
as triangles) binding to LPS was determined using the chromogenic in vitro LAL assay as described in Section 2. (D) The pig alveolar macrophage cell-line 3D4/2 was treated
in serum-free medium only or 25 μg/mL LFP-20 or 10 μg/mL polymyxin B for 3 h, washed twice in PBS, then incubated with 1 μg/mL LPS for another 3 h. TNF-α, IL-6 and
IL-1β in the culture supernatants were measured by ELISA, and transcript levels were determined by RT-PCR. Results are given as mean ± SEM. Differences between groups
were determined by one-way ANOVA followed by Duncan’s post-hoc analysis (n = 3). #p < 0.05 as compared to the control group, and *p < 0.05 as compared to the LPS-
treated group.
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2.13. Statistical analysis

Data are presented as the mean ± SEM. Statistical evaluations
were determined by using the GraphPad Prism version 5.01 soft-
ware program (GraphPad Software, Inc., San Diego, CA, USA) by
one-way analysis of variance (ANOVA), and post-hoc analysis by
Duncan’s test. An alpha value of P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. LFP-20 inhibited LPS-induced expression of pro-inflammatory
cytokines in pig alveolar macrophages

To determine the inhibitory effect of LFP-20 on the LPS-
induced inflammatory response, protein and gene expression of
pro-inflammatory cytokines (e.g., TNF-α, IL-6, and IL-1β) were
measured. The pig alveolar macrophage 3D4/2 cell-line was stimu-
lated with LPS in the absence or presence of dose-dependent
concentrations of LFP-20. Stimulation of pig alveolar mac-
rophages with LPS led to a robust increase in the protein and gene
expression of TNF-α, IL-6, and IL-1β. By contrast, cells that were
treated with LPS in the presence of LFP-20 markedly decreased

the expression of TNF-α, IL-6, and IL-1β in a dose-dependent manner
(Fig. 2A–F).

Next, to determine the possibility that the cytotoxic suscepti-
bility of LFP-20 cells resulted in the inhibitory effects against LPS-
induced production of these cytokines, we assayed the cytotoxicity
of LFP-20 independently with both MTT and WST-1 assay(s). The
treatment of 3D4/2 cells with LFP-20 had no cytotoxic effect on cell
viability under the concentrations used in these experiments, even
under conditions where there was a tendency of increased cell pro-
liferation at 25 μg/mL of LFB-20 according to the WST-1 assays
(Fig. 1B, D). The release of the cytoplasmic enzyme LDH into the
culture supernatants was also measured. LDH release was en-
hanced in a dose-dependent manner with increasing doses of LFP-
20, but it had few effects on LDH release as compared with controls
(Fig. 1C). This observation indicated that LFP-20 had no cytotoxic
effects when LPS-induced inflammatory responses were sup-
pressed in alveolar macrophages.

3.2. LFP-20 affects LPS-induced cytokine expression independently of
its LPS-binding activity

To evaluate the contribution of direct LFP-20-LPS binding to the
inhibition of LPS-induced inflammatory cytokines protein and gene

Fig. 4. LFP-20 inhibited LPS-induced NF-κB (p65) and MAPK (p38) signaling. (A) Effect of LFP-20 on LPS-activated NF-κB (p65) signaling. (B) Effect of LFP-20 on LPS-
activated MAPK (p38) signaling. (C) Effect of LFP-20 on LPS-activated IKK-β phosphorylation. The pig alveolar macrophage cell-line 3D4/2 was incubated for 3 h with medium
only or 1 μg/mL LPS in the absence or presence of LFP-20 (at concentrations of 12.5, 25, or 50 μg/mL). Protein expression was determined by Western blot assay. GAPDH
was used as an internal house-keeping protein control. Image J software was used to quantify the density of the protein bands. Results are given as mean ± SEM. Differences
between groups were determined by one-way ANOVA followed by Duncan’s post-hoc analysis (n = 3). #p < 0.05 as compared to the control group, and *p < 0.05 as com-
pared to the LPS-treated group.
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expression, we treated pig alveolar macrophages with LFP-20 prior
to, or following LPS-mediated stimulation to minimize the possi-
bility of direct binding between LFP-20 and LPS. The pattern of
cytokine protein and gene expression in macrophages that were pre-
treated with LPS was detected in parallel and was similar to that
determined in macrophages that were stimulated for 3 h with LPS
in the presence of 25 μg/mL LFP-20 (Figs. 3A–B and 2A–F).

The ability of LFP-20 to neutralize LPS was evaluated by inhib-
iting the dose-dependent LPS-induced LAL clotting cascade. LFP-
20 was 50-fold less potent than polymyxin B, a cyclic hydrophobic
peptide known to bind LPS (Semple et al., 2011), and with 50%
binding rate values of 50 μg/mL (LFP-20) and 1 μg/mL (polymyxin
B) respectively (Fig. 3C). Next, we pig treated alveolar macrophages
with LFP-20 or polymyxin B for 3 h and washed the cells thor-
oughly before stimulating with LPS (Fig. 3D). Removal of LFP-20 from
the extracellular environment failed to alter the ability of LFP-20
to inhibit the production of pro-inflammatory cytokines that were
induced by LPS. By contrast, the anti-inflammatory effect of poly-
myxin B was significantly decreased by washing. These results in
combination with our previous finding that LFP-20 inhibited gene
and protein expression profiles of pro-inflammatory cytokines, sug-
gesting that other than neutralizing LPS through LFP-20-binding
directly, most of the LFP-20 inhibitory effect occurs downstream of
LPS-mediated TLR4 activation.

3.3. LFP-20 inhibited the activation of NF-κB and MAPK signaling in
LPS-stimulated pig alveolar macrophages

NF-κB plays a critical role in inflammation by regulating the ex-
pression of many cytokines that primarily involve IL-6 and TNF-α
(Korhonen et al., 2005). NF-κB is a complex of NF-κB–IκB-α in the
cytoplasm, and its translocation is regulated by the phosphoryla-
tion of IKK-β (Wang et al., 2001). To study the possibility that the
inhibitory effects of LFP-20 on pro-inflammatory cytokine produc-
tion act through NF-κB signaling in LPS-induced alveolar
macrophages, we determined the effect of LFP-20 on the translo-
cation of NF-κB (p65). Cells that were treated with LPS in the
presence of LFP-20 for 3 h stimulated significantly increased levels
of NF-κB (p65) and Iκ-B-α phosphorylation, while cells that were
incubated with LFP-20 provoked dampened levels of NF-κB (p65)
and Iκ-B-α phosphorylation (Fig. 4A). To futher validate the effect
of LFP-20 inhibiting NF-κB (p65) activation, we detected the levels
of phospho-IKK-β. In agreement with the supressive effect of LFP-
20 on the translocation of NF-κB (p65), the LPS-induced
phosphorylation of IKK-β was attenuated by LFP-20 in a dose-
dependent manner (Fig. 4C).

We also investigated the effect of LFP-20 on LPS-induced acti-
vation of MAPKs (i.e., p38-MAP kinases and c-Jun). The level of
phospho-c-Jun and p38 MAP kinases in cells treated with LPS in the

Fig. 5. LFP-20 inhibited LPS-induced IKK-β activation in an MyD88-dependent signaling mechanism. (A) Effect of LFP-20 on LPS-induced activation of MyD88. (B) Effect of
LFP-20 on LPS-induced activation of TLR4 expression. The pig alveolar macrophage cell-line 3D4/2 was incubated for 3 h with medium only or 1 μg/mL LPS in the absence
or presence of LFP-20 (at concentrations of 12.5, 25, or 50 μg/mL). (C) Effect of LFP-20 on LPS-induced activation of MyD88, IKK-β degradation and IKK-β phosphorylation
in MyD88 silenced or non-silenced pig alveolar macrophages. The pig alveolar macrophage cell-line 3D4/2 was transfected with 1 μg/mL siRNA by Lipofectamine-2000,
and 6 h after transfection, the cells were treated for 3 h with/without LFP-20 and/or LPS at the indicated concentrations. Protein expression was determined by Western
blot assay. β-Actin was used as an internal loading control. Image J software was used to quantify the density of the protein bands. Results are given as mean ± SEM. Dif-
ferences between groups were determined by one-way ANOVA followed by Duncan’s post-hoc analysis (n = 3). #p < 0.05 as compared to the control group, and *p < 0.05 as
compared to the LPS-treated group.
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presence of LFP-20 was decreased as compared with cells treated
with LPS alone (Fig. 4B).

3.4. LFP-20 inhibited LPS-induced IKK-β activation in an MyD88-
dependent signaling pathway

We further analyzed the importance of the MyD88-dependent
pathway in LPS-mediated signaling in pig alveolar macrophages. We
found that LPS ttreatment up-regulated MyD88 expression, while
incubation with LFP-20 inhibited the LPS-induced increase in MyD88
(Fig. 5A). Furthermore, as shown in Fig. 5C, the level of MyD88, IKK-β
and phospho-IKK-β expression in MyD88-silenced macrophages was
significantly lower than that found in control cells. However, this
outcome differed from that of LPS-induced phosphorylation levels
of IKK-β, which was attenuated by LFP-20 in non-silenced mac-
rophages. Under these conditions, we observed that LPS, in the
presence of LFP-20 treatment, failed to markedly alter the levels of

phospho-IKK-β expression as compared to stimulation with LPS alone
in MyD88 silenced macrophages.

In addition, Western blot analysis indicated that LPS enhanced
TLR4 expression; however, treatment with LFP-20 inhibited TLR4
expression dose-dependently in pig alveolar macrophages (Fig. 5B).

3.5. The anti-inflammatory effcets of LFP-20 in vivo

Next, we measured whether LFP-20 reduced the accumulation
of pro-inflammatory cytokines in mice following exposure to LPS.
We injected 10 mg/kg mouse weight LPS into male C57BL/6 mice
that were pre-treated with or without LFP-20, and then measured
serum TNF-α, IL-6, and IL-1β levels 6 h later. The results showed
that the group injected with LFP-20 and LPS had significantly reduced
levels of TNF-α, IL-6, and IL-1β as compared with the group treated
with LPS alone (Fig. 6). This result demonstrated that LFP-20 in-
hibited LPS-stimulated cytokine secretion in vivo.

4. Discussion

In a previous study, the potentially active site of the porcine,
bovine, and human lactoferrin peptide was identified through
sequence-homologous clustering. Of these peptide sequences, LFP-
20 was two amino acids shorter within its cyclic domain than LF
that was derived from other species. This form of LF exhibited mod-
erate anti-microbial activity against Escherichia coli, Staphylococcus
aureus, and Candida albicans in a mechanism that directly led to cell
wall disruption and outer membrane breakdown (Chen et al., 2006).
In addition to exerting direct anti-microbial effects, the potential
for various lactoferrin peptides as activators of immune-related cel-
lular functions and modulators of the host response to endogenous
and exogenous mediators has not been fully investigated. Lactoferrin
peptide has both physical and chemical properties that protect
against oxidative damage (Ye et al., 2000) and suppress inflamma-
tory cytokine production by interfering with the NF-κB signaling
pathway (Inubushi et al., 2012). Kuhara et al. discovered the anti-
inflammatory activity of orally administered bovine LF using several
mouse models of hepatitis (Kuhara et al., 2014).

The endotoxin-neutralizing activity was a property of cationic
peptides (Guo et al., 2005; Rosenfeld et al., 2006). The mechanism
may be dependent on the binding between the polycationic pep-
tides and the hydrophobic interaction (Hirsch et al., 2008). Therefore,
in some cases, studies attributed the suppressive effects of cat-
ionic peptides in the immune response to peptide-LPS binding
(Motzkus et al., 2006; Pingel et al., 2008). In our study, the involve-
ment of the anti-inflammtory activities of LFP-20 was independent
of LFP-20-LPS binding activity and supported by the results that were
obtained following sequential cell treatment with LFP-20 (Fig. 3A,
B) and the alternative effects seen with PMB, a cyclic hydrophobic
peptide known to bind LPS (Semple et al., 2011) and decreased TNF-α
release (Fig. 3D). Overall, these results suggest that in addition to
inactivating LPS through the binding activity of the LFP-20-LPS
binding activity, LFP-20 also modulated selected cellular path-
ways and altered LPS-mediated inflammatory responses by its direct
effects on macrophages.

In the current study, we found that LFP-20 could effectively reduce
the LPS-induced production of TNF-α, IL-6, and IL-1β in vitro as well
as in vivo (Figs. 2 A–F and 6). Various inflammatory diseases involve
the over-expression of pro-inflammatory cytokines like TNF-α, IL-
6, and IL-1β via NF-κB pathways in macrophages (Moynagh, 2005;
Tak and Firestein, 2001). We therefore determined the effects of LFP-
20 on NF-κB signaling. The results showed that the expression levels
of NF-κB (p65) were effectively suppressed by LFP-20 upon LPS stim-
ulation (Fig. 4A). We also showed that LFP-20 inhibited LPS-
induced activation of NF-κB signaling as indicated by reduced
phosphorylation of IKK-β (Fig. 4C). These outcomes indicate that

Fig. 6. LFP-20 inhibited TNF-α, IL-6, and IL-1β secretion in LPS-stimulated mice. Dif-
ferent concentrations of LFP-20 were injected i.p. into male C57BL/6 mice once daily
for 6 days, whereas the control and LPS-treated groups were i.p. injected with an
equal volume of sterile saline. On day 6, mice in the LPS and LFP-20 plus LPS treated
groups were i.p. injected with LPS (at a concentration of 10 mg/kg mouse weight)
1 h after LFP-20 or saline treatment. The remaining groups were injected with an
equal volume of saline. All mice were sacrificed 6 h after intraperitoneal injection
of LPS or saline control. Blood was centrifuged at 3000 rpm for 10 min at room tem-
perature, and serum cytokines were assayed by ELISA. Results are given as mean ± SEM.
Differences between groups were determined by one-way ANOVA followed by Dun-
can’s post-hoc analysis (n = 12). #p < 0.05 as compared to the control group, and
*p < 0.05 as compared to the LPS-treated group.
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LFP-20 suppressed LPS-induced activation of NF-κB signaling, and
did so in a way that likely resulted in reduced production of pro-
inflammatory cytokines. In addition, the activation of MAPK
pathways regulates gene transcription of inflammatory responses
by activating downstream cytosolic proteins and nuclear transcrip-
tion factors such as NF-κB (Diao et al., 2014). We thus determined
the effects of LFP-20 on LPS-stimulated activation of MAPKs, such
as p38, and p-c-Jun.

In our study, we found that LFP-20 suppressed LPS-induced ac-
tivation of p38 and p-c-Jun (Fig. 4B), indicating that the inhibitory
effects of LFP-20 on pro-inflammatory cytokine secretion were as-
sociated with p38 and c-Jun signaling.

Next, we determined the activation of MyD88, an upstream protein
of IKK-β and MAPK, and we found that incubation with LFP-20 in-
hibited LPS-induced upregulation of MyD88 (Fig. 5A). Interestingly,
this differed from the LPS-induced phosphorylation level of IKK-β,
which was attenuated by LFP-20 in non-silenced macrophages. Under
these conditions, LFP-20 did not significantly inhibit LPS-induced
IKK-β phosphorylation in MyD88 siRNA-treated pig alveolar mac-
rophages (Fig. 5C). These data demonstrate that treatment with LFP-
20 has the potential to directly influence MyD88 levels by blocking
its interactions with other signaling molecules in activated mac-
rophages. The pattern-recognition receptor TLR-4 is activated in
various inflammatory diseases; moreover, LPS directly binds with
TLR4 (Joh and Kim, 2010). Western blot analysis indicated that treat-
ment with LFP-20 inhibited TLR4 expression that was otherwise
enhanced by LPS in a dose-dependent manner in pig alveolar mac-
rophages (Fig. 5B). However, the inhibitory effects of LFP-20 against
the binding activity of LPS to TLR4 were not investigated. LFP-20
potentially inhibited the binding of LPS to TLR4 in pig alveolar mac-
rophages. The extracellular LPS-binding activity of cationic peptides
of LFP-20 might also contribute to the suppression of TLR4, al-
though it does not play a pivotal role in anti-inflammatory effects.

In conclusion, we demonstrated that LFP-20 attenuated the LPS-
induced release of pro-inflammatory factors that were probably
associated with MyD88/NF-κB and MyD88/MAPK signaling path-
ways. This study not only provides increased supporting evidence
that LFP-20 exerts anti-inflammatory activity in macrophages, but
also provides additional insights into the potential use of LFP-20 as
a therapeutic drug for LPS-mediated sepsis.
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