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IFN-t Alleviates Lipopolysaccharide-Induced Inflammation
by Suppressing NF-kB and MAPKSs Pathway Activation in Mice

Haichong Wu,' Gan Zhao,' Kangfeng Jiang,' Xiuying Chen,' Guangze Rui,' Changwei Qiu,’

Mengyao Guo,' and Ganzhen Deng'?

Abstract—IFN-t, which is a type [ interferon with low cytotoxicity, is defined as a pregnancy recog-
nition signal in ruminants. Type I interferons have been used as anti-inflammatory agents, but their side
effects limit their clinical application. The present study aimed to determine the anti-inflammatory
effects of IFN-T in a lipopolysaccharide-stimulated acute lung injury (ALI) model and in RAW264.7
cells and to confirm the mechanism of action involved. The methods used included histopathology,
measuring the lung wet/dry ratio, determining the myeloperoxidase activity, ELISA, gPCR, and western
blot. The results revealed that IFN-t greatly ameliorated the infiltration of inflammatory cells and the
expression of TNF-o, IL-13, and IL-6. Further analysis revealed that IFN-t down-regulated the
expression of TLR-2 and TLR-4 mRNA and the activity of the NF-kB and MAPK pathways both in
a lipopolysaccharide-induced ALI model and in RAW264.7 cells. The results demonstrated that IFN-t
suppressed the levels of pro-inflammatory cytokines by inhibiting the phosphorylation of the NF-kB and
MAPK pathways. Thus, IFN-T may be an optimal target for the treatment of inflammatory diseases.
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INTRODUCTION

IFN-7 is a subclass of type I interferons that is secret-
ed by the trophectoderm of ruminant conceptuses [1]. It is
also known to be the pregnancy recognition signal [2]. Tt
has been established that type I interferons such as IFN-«,
INF-f3, and INF-w play crucial roles in antiviral and anti-
microbial defenses and in the pathogenesis of various
diseases [3, 4]. All type I interferons share a common
heterodimeric IFN«/3 receptor that is composed of
IFNARI1 and IFNAR?2 [5]. IFN-T is a glycoprotein with a
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low molecular weight of approximately 20 kDa [6]. It has
been shown that IFN-t exhibits a broad cross-species
reactivity and low levels of cytotoxicity in humans and
other living animals [7]. In addition, it has been reported
that treatment with IFN-T results in an anti-inflammatory
phenotype and increases tolerance in inflammatory dis-
eases [8]. Recent studies have shown that IFN-T inhibits
obesity-associated inflammatory responses and the secre-
tion of IL-13 [9, 10].

Acute lung injury (ALI) and acute respiratory distress
syndrome are common complications that arise in the
intensive care unit and contribute to remarkable morbidity
and mortality [11]. LPS is widely used to induce ALI in
animal models for the preclinical evaluation of anti-
inflammatory drug candidates [12]. Recent studies have
revealed that IFN-o could protect against ALI [3, 13] and
exert numerous biological functions. Although IFN-« and
IFN-f have been used as anti-inflammatory and viral
therapies, adverse effects and cytotoxicity limit their clin-
ical applications [14]. It had been reported that IFN-T is
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able to inhibit the development of experimental allergic
encephalomyelitis just as effectively as [FN-(3, but without
the associated toxicity [15].

ALI is usually induced with infection. It is well
known that inflammation is essential for the host defense
against invading pathogens and that the inflammatory re-
sponse must be resolved after the pathogens are cleared
because unchecked inflammation can cause tissue damage
and organ failure in the host [16, 17]. The inflammatory
response induces multiple negative feedback regulators
[18]. For example, it activates intracellular signaling
through MyD88 and TLRs and thereby leads to the acti-
vation of major MAP kinases (MAPKs) and the transloca-
tion of nuclear factor-kB (NF-kB) [19]. However, few
studies have shown the effects of IFN-t on LPS-induced
inflammation. Thus, we aimed to investigate whether IFN-
T could protect against LPS-induced inflammation in a
mouse model of ALI and in RAW264.7 macrophages.
The present study reveals a potential clinical application
for [IFN-7 in the treatment of inflammatory diseases.

MATERIALS AND METHODS

Reagents

Recombinant ovine interferon-tau (rOvIFN-T)
[>97 % high-performance liquid chromatography
(HPLC) purity] was purchased from Creative Bioarray
(NY, USA). LPS (Escherichia coli 055:B5) was obtained
from Sigma-Aldrich (St. Louis, USA). The IL-1f3, IL-6,
and TNF-o enzyme-linked immunosorbent assay (ELISA)
kits were purchased from BioLegend (Camino Santa Fe,
CA, USA). All of the antibodies were purchased from Cell
Signaling Technology.

Animals and Treatment

A total of 90 BALB/c mice (6 weeks, 18-22 g) were
obtained from the Experimental Animal Center of Wuhan
University (Wuhan, China). All of the experiments follow-
ed the guidelines for the care and use of laboratory animals
published by the US National Institutes of Health. All of
the mice were maintained on a 12-h light/dark cycle and
fed ad libitum.

The mice were randomly divided into six groups: a
control group, an LPS groups, three LPS+IFN-1 groups
(2, 4, and 8 pg/kg), and an LPS+dexamethasone (DEX,
5 mg/kg) group. The IFN-T was dissolved in sterile water
and given to the mice according to weight (the final con-
centrations were 2, 4, and 8 pg/kg). The creation of the
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LPS-induced ALI model was described previously [20].
Briefly, the mice were intranasally administered 50 puL of
LPS (1 pg/uL) to induce ALI, and the mice in the control
group were administered equal volumes of saline. After
24 h, the DEX group was intraperitoneally injected with
5 mg/kg DEX three times every 6 h. The control group and
LPS group were given equal volumes of saline intraperito-
neally. The LPS+IFN-t groups were intraperitoneally
injected with 2, 4, or 8 ug/kg IFN-1 three times every
6 h. The mice were euthanized with CO,, and the lung
tissues were collected and stored at —80 °C until analysis.

Histological Assessment of the Lung Tissue

The lung tissues were collected and fixed with 10 %
neutral-buffered formalin. The lung samples were embed-
ded in paraffin, sliced, and then stained with hematoxylin
and eosin (H&E). After staining, the pathological changes
in the lung tissues were observed under a light microscope.

Lung W/D Ratio

The lung tissues were collected to calculate the ratio
of wet lung to dry lung. The wet lung tissues were sepa-
rated from the mice, and their weights were recorded. The
lung tissues were subsequently incubated at 80 °C for 24 h
to obtain the dry weight. The wet and dry weights were
then used to calculate the wet/dry (W/D) ratio.

Myeloperoxidase Assay in Lung Tissues

The activity of MPO reflects the parenchymal infil-
tration of neutrophils and macrophages. The right lungs
from each group were collected, homogenized, and ana-
lyzed with an assay kit (Jiangcheng Company, Nanjing,
China) according to the manufacturer’s protocol. MPO
activity was measured with a spectrophotometer at 460 nm.

Cell culture and treatment

RAW264.7 cells were purchased from the American
Type Culture Collection (ATCC TIB-71""). The cells were
cultured in DMEM containing 10 % FBS and incubated at
37 °C and 5 % CO,. The cells were pre-treated with [FN-t
(10, 20, or 40 ng/mL) for 1 h and then stimulated with LPS
(0.5 pg/mL) for 24 h. Untreated cells served as control.

Cell Viability and Proliferation Assays

Cell viability and proliferation were examined using
the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) and CCK-8 methods, respectively. The
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Table 1. Primers Used for Quantitative Real-Time PCR

Name Sequence (5'—3’): forward and reverse GenBank accession no. Product size (bp)

TLR4 TTCAGAGCCGTTGGTGTATC NM_021297.2 170
CTCCCATTCCAGGTAGGTGT

TNF-« CTTCTCATTCCTGCTTGTG NM_013693.3 198
ACTTGGTGGTTTGCTACG

IL-16 CCTGGGCTGTCCTGATGAGAG TCCACGGGAAAGACACAGGTA NM_008361.4 131

IL-6 GGCGGATCGGATGTTGTGAT GGACCCCAGACAATCGGTTG NM_031168.1 199

TLR2 TCTAAAGTCGATCCGCGACAT CTACGGGCAGTGGTGAAAACT NM_011905.3 155

GAPDH CAATGTGTCCGTCGTGGATCT GTCCTCAGTGTAGCCCAAGATG NM_001289726.1 124

cells (1% 10° cells/mL) were plated in 96-well plates and T (040 ng/mL) for 24 h. Following incubation with 20 uL
incubated at 37 °C for 1 h. The cells were treated with IFN- of MTT (5 mg/mL) for 4 h at 37 °C, the supernatants were
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Fig. 1. Effects of IFN-T on LPS-induced lung injury. Histopathology of lung tissues after LPS stimulation (HE, x200). a Control group. b LPS group. ¢ LPS
+ DEX group. d—f IFN-T (2, 4, and 8 pg/kg) treatment groups. g The lung W/D ratio. h The MPO assay. CG indicates the control group; LPS indicates the
LPS-stimulated group; and L, M, and H indicate the groups administered 2, 4, and 8 pg/kg IFN-r, respectively. The data were represented as the mean = S.D.
*p <0.05 vs. the control group, and ##p <0.01 vs. the LPS group.



1144

removed, and 100 pL of dimethyl sulfoxide was added to
each well. The absorbance was read at 570 nm with a
microplate reader. The proliferation of RAW264.7 cells
was assessed using the Cell Counting Kit-8 (CCK-8) ac-
cording to the manufacturer’s protocol. The cells were
treated with IFN-t (40 ng/mL) and LPS (0.5 pg/mL) for
0, 6, 12, or 24 h. The absorbance was read at 450 nm
with a microplate reader (Thermo Scientific
Multiskan MK3, USA).

ELISA Assay

The effects of IFN-T on the levels of LPS-induced
pro-inflammatory cytokines were determined in lung tis-
sues and cells. The lung tissues were homogenized in
phosphate-buffered saline and then centrifuged to collect
the supernatants. The cell supernatants were also harvest-
ed. The levels of TNF-«, IL-1[3, and IL-6 in these super-
natants were detected by ELISA according to the manu-
facturer’s directions. The absorbance was read at 450 nm
with a microplate reader (Thermo Scientific Multiskan
MK3, USA).

qPCR Analysis

Total RNA was extracted from lung tissues and cells
using Trizol according to the manufacturer’s recommenda-
tion (Invitrogen, USA) and then reverse transcribed into
cDNA. The PCR was performed using the SYBR" Select
Master Mix kit and a PCR system (Applied Biosystems,
CA, USA). The expression level of each target gene was
normalized to the corresponding GAPDH threshold
cycle (Ct) values using the 2 AAt comparative
method (Table 1).

Western Blotting

Total protein was harvested from lung tissues and
cells using RIPA lysis buffer supplemented with a protease
inhibitor. The protein concentrations were determined
using the BCA protein assay kit. The proteins were then
separated by SDS-PAGE and transferred to a PVDF mem-
brane. After blocking for 2 h with 5 % nonfat dry milk, the
membrane was incubated with the primary antibody for
12 h at 4 °C. The membrane was then incubated with the
secondary antibody for 1 h at room temperature. The
bound antibodies were detected using the ECL Plus West-
ern Blotting Detection System (ImageQuant LAS
4000mini, USA).
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Statistical Analysis

The SPSS15.0 software was used to analyze the data.
The results are presented as the mean+S.D. The compar-
isons between the groups were performed by ANOVA
followed by Dunnett’s test. A p value of <0.05 was con-
sidered to be statistically significant.

RESULTS

IFN-t Alleviates LPS-Induced Lung Injury

The lung tissues were collected, and lung injury
was assessed by pathological sectioning, the W/D
ratio, and the MPO assay. The results of the histo-
pathology showed that the control group displayed a
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Fig. 2. Effect of IFN-T on cell viability and proliferation. a RAW264.7
cells were cultured with different concentrations of IFN-t (0-40 ng/mL)
for 24 h. Cell viability was measured using the MTT assay. b RAW264.7
cells were cultured with IFN-T (40 ng/mL) or LPS (0.5 pg/mL) for 0, 6, 12,
or 24 h. The cell proliferation was done through the CCK-8 assay. The data
were obtained from three independent experiments and represented as the
mean=S.D.
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normal structure with no histopathological changes treatment groups and the DEX group exhibited re-
(Fig. 1a). The LPS group showed inflammatory cell duced inflammatory cell infiltration, alveolar conges-
infiltration, alveolar congestion, and incrassation in tion, and alveolar wall thickness (Fig. lc—f).

alveolar walls (Fig. 1b). In contrast, the IFN-t Figure 1g shows that the lung W/D ratio in the
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Fig. 3. Effects of IFN-T on cytokine expression in lung homogenates and cellular supernatants. a The LPS-induced expression of IL-1§3, IL-6, and TNF-o
was detected by ELISA. b The levels of LPS-induced IL-1f3, IL-6, and TNF-o were determined by qPCR. GAPDH was used as a control. CG indicates the
control group; LPS indicates the LPS-stimulated group; and L, M, and H indicate the tissues treated with 2, 4, or 8 pug/kg IFN-t, respectively, or the cells
treated with 10, 20, or 40 ng/mL IFN-T, respectively. The data were represented as the mean + S.D. *p <0.05 vs. the control group, and #p <0.05 vs. the LPS

group.
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LPS group was significantly increased compared with
the control group. The lung W/D ratio was signifi-
cantly reduced in the DEX group. Compared with the
LPS group, the IFN-t groups showed a dose-
dependent decrease in the lung W/D ratio. To con-
firm the effects of IFN-Tt on LPS-induced ALI, we
also measured MPO activity. The result showed that
MPO activity in the LPS group was greatly increased
compared with the control group. In contrast, MPO
activity was significantly decreased in the DEX and
IFN-7t treatment groups compared with the LPS
group (Fig. 1h).

Cell viability and proliferation are not affected by IFN-
T treatment

The potential cytotoxicity of IFN-T in RAW264.7 cell
was evaluated using the MTT assay. The results showed
that cell viability was not affected by IFN-t treatment
(Fig. 2a). The result of the CCK-8 assay revealed that cell
proliferation was not affected by IFN-t treatment (Fig. 2b).

IFN-7 Decreases the Expression of Pro-Inflammatory
Cytokines

The expression of IL-1[3, IL-6, and TNF-« was ana-
lyzed by ELISA and qPCR. The results showed that LPS
significantly increased the production of IL-1[3, IL-6, and
TNF-«. IFN-T attenuated the production of IL-1[3, IL-6,
and TNF-« in a dose-dependent manner (Fig. 3a). The
gPCR results revealed that the levels of IL-1(3, IL-6, and
TNF-o were significantly increased in the LPS group. IFN-
T greatly decreased the expression levels of pro-
inflammatory cytokines. With increasing doses of IFN-,
the effect gradually became obvious (Fig. 3b). Additional
studies performed on RAW 264.7 cells found the same
results as in the lung tissues. The results are shown in
Fig. 3a, b.

IFN-7 Inhibits the Expression of TLR-2 and TLR-4

In this study, the expression of TLR-2 and TLR-
4 was determined. The results showed that the ex-
pression of TLR-2 and TLR-4 was increased in the
LPS group. The expression of 7LR-2 and TLR-4 was
inhibited by IFN-t treatment. The levels of TLR-2
and TLR-4 were also detected in RAW264.7 cells.
The results were the same as those in lung tissues.
The results are shown in Fig. 4.
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Fig. 4. Effects of IFN-t on the expression of 7LR-2 and TLR-4 in lung
tissues and RAW 264.7 cells. a The expression of TLR-2 was detected by
qPCR. b The level of TLR-4 was also determined by qPCR. GAPDH was
used as a control. CG indicates the control group; LPS indicates the LPS-
stimulated group; and L, M, and H indicate the tissues treated with 2, 4, or
8 ng/kg IFN-T, respectively, or the cells treated with 10, 20, or 40 ng/mL
IFN-t, respectively. The data were represented as the mean=+S.D.
*p<0.05 vs. the control group, and #p <0.05 vs. the LPS group.

IFN-T inhibits the LPS-induced activation of the NF-
kB pathway

The results showed that LPS treatment significantly
increased the phosphorylation of p65 and IkBx. However,
the LPS-induced activation of p65 and IkBx was inhibited
by IFN-T in a dose-dependent manner (Fig. 5a). To further
confirm the results, the same study was performed using
RAW?264.7 cells. The results obtained using the cells were
consistent with those obtained using the tissues. The results
are shown in Fig. 5b.

IFN-T Inhibits the LPS-Induced Activation of MAPK
Pathways

To further understand the mechanism of the LPS-
induced inhibition of cytokine expression by IFN-T,
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MAPKs were detected by western blotting. The re-
sults showed that the phosphorylation of JNK, p38,
and ERK was greatly increased in the LPS group.
However, the phosphorylation of these three proteins
was reduced in the IFN-1 groups, especially in the
groups treated with a high concentration of IFN-t
(Fig. 6a). To further confirm the results, the same
experiment was performed on RAW264.7 cells. These
results also showed that IFN-t inhibited the phos-
phorylation of JNK, p38, and ERK. The results are
shown in Fig. 6b.

DISCUSSION

IFN-T is a type I interferon that shares a sim-
ilar structure with the other members of the family.

p-p65
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Thus, it can bind the same type I interferon receptor
to activate cell signaling pathways and exert its
biological functions [21, 22]. Type I interferons
such as IFN-« and IFN-f have anti-inflammatory
properties [14]. However, there are few studies re-
garding the anti-inflammatory action of IFN-t. In
this study, we investigated the anti-inflammatory
properties of IFN-t. The pathological sectioning
and W/D assays showed that IFN-t significantly
decreased LPS-induced pulmonary edema. MPO
plays a vital role in neutrophil antimicrobial re-
sponses, and its activity is an important index of
tissue damage [23]. The results showed that IFN-t
significantly inhibited MPO activity following LPS-
induced ALI. The present study also showed that
IFN-t suppressed the expression of pro-
inflammatory cytokines in mice.
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Fig. 6. Effects of IFN-T on the activation of the MAPK pathway. a The expression of MAPK proteins in lung tissues. b The levels of MAPK proteins in
RAW 264.7 cells. 3-actin was used as a control. CG indicates the control group; LPS indicates the LPS-stimulated group; and L, M, and H indicate the tissues
treated with 2, 4, or 8 pg/kg IFN-T, respectively, or the cells treated with 10, 20, or 40 ng/mL IFN-t, respectively. The data were represented as the mean +
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Type 1 interferons have a wide range of immu-
nomodulatory effects in response to bacterial infec-
tions or other inflammatory diseases [24]. Thus, IFN-
« and IFN- are often used to treat systemic lupus
erythematosus or multiple sclerosis [25, 26]. Howev-
er, type I interferons also have a wide variety of side
effects. They cause acute and chronic morbidity and
alter innate and adaptive defenses against other op-
portunistic infections [27, 28]. Such side effects re-
strict their clinical application. IFN-T belongs to the
class of type I interferons. Its biological activity is
similar to that of IFN-x and IFN-f3, but it is less
toxic even at a high concentration [14]. Consistently,
the results of the MTT assay in this study did not
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detect cytotoxicity following treatment with IFN-t.
RAW264.7 cells are often used for inflammatory
research [29]. The effects of IFN-t on the LPS-
induced expression of pro-inflammatory cytokines in
RAW264.7 cells were consistent with those observed
in ALI mice.

Inflammation is a vital part of the innate im-
mune response and acts as an endogenous danger
signal [30]. LPS is an important inflammatory mole-
cule that activates NF-kB and subsequently increases
the production of pro-inflammatory cytokines such as
IL-13, IL-6, and TNF-x that are thought to be im-
portant in the generation of ALI [31-33]. In a pre-
vious study, the expression of IL-13 and TNF-« was
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increased in LPS-stimulated mice [34]. IL-6 plays a
role in mediating the negative feedback on inflam-
matory responses [35]. TNF-« can induce infiltration
and activate the cascade of other pro-inflammatory
cytokines and inflammatory mediators [36]. The re-
sults presented here confirmed that IFN-t has anti-
inflammatory activity.

TLRs are evolutionarily conserved molecules
that are able to specifically recognize pathogen-
associated molecules [37]. It had been reported that
TLR-2 and TLR-4 are involved in LPS-mediated
signaling [38, 39] through the NF-kB and MAPK
pathways. The results of this study showed that
IFN-t could suppress the excessive expression of
TLR-2 and TLR-4 following LPS stimulation.

To further understand the mechanism of IFN-t
anti-inflammatory action, we investigated the effect
of IFN-t on the LPS-induced activation of the NF-
kB and MAPK pathways. NF-kB plays a key role in
inflammatory processes, and IkB is needed to interact
with NF-kB [40]. The results of the present study
showed that IFN-t greatly suppressed the LPS-
induced phosphorylation of p65 and IkB«x in tissues
and cells. It had been reported that the suppression
of the NF-kB pathway could inhibit LPS-induced
inflammation [41]. Our results were in agreement
with those of previous studies. The MAPK pathway
is important in that it plays pivotal roles in many key
cellular processes. The results of this study showed
that IFN-t decreased the phosphorylation of MAPKs
following LPS stimulation. The results also indicated
that IFN-t decreased the expression of pro-
inflammatory cytokines by inhibiting the activation
of the NF-kB and MAPK pathways.

In conclusion, the present study demonstrated
that IFN-t has anti-inflammatory activity. IFN-t
could inhibit the expression of LPS-induced inflam-
matory cytokines such as IL-1f3, IL-6, and TNF-o in
ALI mice and RAW264.7 cells by suppressing both
the expression of TLR-2 and TLR-4 and the activa-
tion of the NF-kB and MAPK pathways. Compared
with other type I interferons, IFN-t has the advan-
tage of low cytotoxicity. The present study provided
evidence to support the use of IFN-t as a treatment
for inflammatory diseases.
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