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Interleukin-17A Plays the Same Role on Mice Acute Lung
Injury Respectively Induced by Lipopolysaccharide
and Paraquat

Hong-wei Song,1 Chen Yang,1 Wei Liu,1 Xiao-wei Liu,1 Zhi Liu,1,3 and Feng Gao2

Abstract— Interleukin-17A (IL-17A) is involved in multiple inflammatory diseases. Our
study was to investigate the role of IL-17A on acute lung injury (ALI) respectively induced
by lipopolysaccharide (LPS) and paraquat (PQ) on mice. We built ALI mouse models
respectively by single intraperitoneal (i.p.) injection with LPS or single gavage with PQ
liquid. Two hours after the models were established, a dosage of neutralizing antibody was
used to blockade IL-17A by i.p. injection. At 8, 24, and 48 h, the lung wet-to-dry ratio (W/D)
was calculated and total protein in bronchoalveolar lavage fluid (BALF) was measured;
hematoxylin-eosin staining was used to observe lung tissue pathological changes; inflamma-
tory cells in BALF were recorded with a hemocytometer; cytokines were measured with
enzyme-linked immunosorbent assay kits; immunohistochemistry examined the expression
of IL-17A and activation of nuclear factor-κB p65 (NF-κB p65); and qPCR determined the
expression of IL-17A mRNA. After being administered with LPS or PQ, all mice presented
ALI pathological change; expression of IL-17A increased significantly. When blocking IL-
17Awith antibody, lung injury in both LPS- and PQ-administrated mice was attenuated. All
the above tests decreased. Compared with those in PQmice, IL-17A levels in LPS mice were
higher. IL-17A involves the ALI induced by LPS or PQ and promotes the pathological
process by activating NF-κB P65 and recruiting neutrophils, which enlarges the cascade
effect of inflammation and injures lung tissues. And when blockading IL-17Awith antibody,
the ALI is alleviated. The reaction of IL-17A in the ALI induced by LPS is stronger than that
by PQ.
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INTRODUCTION

As a severe life-threatening disease, acute lung injury
(ALI) is characterized by pulmonary edema, hemorrhage,
inflammatory cell infiltration, and diffused alveolar capil-
lary injury on pathology [35], and mainly presented as
dyspnea, continuous hypoxemia, and tachycardia in the
clinics. It is also a leading cause of morbidity and mortality
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in critically sick patients which can result into persistent
respiratory failure or even to death [45, 47]. Multiple
factors can induce ALI, such as sepsis, severe pneumonia,
trauma, bleomycin (BLM), and acute paraquat (PQ) poi-
soning [14]. Studies indicated that various inflammatory
cells and cytokines were involved in the ALI [37].

IL-17A, also known as IL-17, is a pro-inflammatory
cytokine, which is mainly produced by T helper cell 17
(Th17), natural killer cells, and neutrophils [24]. IL-17A has
been considered crucial in a multitude of inflammatory dis-
eases, both autoimmune and acquired: rheumatoid arthritis
[22], multiple sclerosis [50], psoriasis [20, 43], systemic
sclerosis [9, 18], Crohn’s disease [10, 40], systemic lupus
erythematosus [34], Behçet’s disease [12], and Job’s
syndrome [25]. It has also been thought that IL-17A stimu-
lates epithelial cell secretion of CXCL8, CXCL1, CXCL5,
G-CSF, and GM-CSF, which in turn recruit neutrophil to
induce asthma [1, 4]. Recent studies found that neutralizing
IL-17Awith antibody or knockout IL-17A gene can attenuate
neutrophil activation in lung early injury induced by silica
particles or BLM, which improved the pulmonary fibrosis in
the later period [5, 21, 24]. Furthermore, IL-17A aggravates
cecal ligation and puncture (CLP)-induced sepsis, and high
expression of IL-17A in lung was closely related to lipopoly-
saccharide (LPS)-induced ALI [36]. The abovementioned
prompted us to study the effect of IL-17A on ALI.

Infection and acute PQ poisoning are the most com-
mon factors of ALI in our Emergency Intensive Care Unit
(EICU); therefore, we used LPS or PQ respectively to build
ALI mouse models, then blockade IL-17Awith neutraliz-
ing antibody in vivo to investigate the effect of IL-17A on
ALI induced by different agents.

MATERIALS AND METHODS

Animals

Healthy female Institute of Cancer Research (ICR)
mice (SPF grade, 6–8 weeks, 26–30 g in body weight)
were purchased from Liaoning Changsheng Biological
Technology Company (animal production license no.:
SCXK (l) 2015-0001). Mice were kept under a 12-h
light/12-h dark cycle with free access to food and water
for 1 week prior to the experimental procedures in the
Animal Lab of China Medical University Science Experi-
ment Center. Animal experiments were all in accordance
with ethical policies of the Institutional Animal Ethics
Committee and Animal Care Guidelines of China Medical
University.

Animal Grouping and Model Establishment

LPS (L2880-25 mg, Sigma-Aldrich, USA) was dis-
solved in 0.9% saline solution (0.5 mg/ml), and 25% PQ
liquid (Shaanxi Galen, Crop Science Co., Ltd, Xi’an, Chi-
na) was diluted into 5 mg/ml with 0.9% saline solution. A
total of 195 female mice were randomly and evenly divid-
ed into 13 groups: NS group, LPS group (3 groups),
LPS + Ab group (3 groups), PQ group (3 groups), and
PQ + Ab group (3 groups), with 15 mice in each group.
Mice in the NS group were treated with equal volume of
physiological saline by single gastric gavage. Mice in the
LPS group and LPS + Ab group were i.p. injected with
LPS solution (20ml/kg);mice in the PQgroup andPQ+Ab
group were exposed to PQ solution by single gastric ga-
vage (5 ml/kg). LPS + Ab group and PQ + Ab group mice
were i.p. injected with IL-17A-neutralizing antibody
(5 mg/kg) (eBiosicence, San Diego, USA) 2 h after LPS
and PQ were treated. All of the above managements were
one-off and free of contamination.

Specimen Harvest

At 8, 24, and 48 h after being treated with LPS and
PQ, living mice from each group were anesthetized with
i.p. injection with 10% chloral hydrate (0.3 ml/100 g)
(from pharmacy of the emergency department). Peripheral
blood was collected to obtain serum for cytokine assay. Six
mouse tracheas were cannulated, and each mouse was
lavaged with phosphate-buffered saline (PBS) three times
immediately after blood was collected. Afterwards, bron-
choalveolar lavage fluid (BALF) was collected and the
volume was recorded. Then, BALF was mixed well and
centrifuged (1500 rpm, 4 °C) for 10 min. Supernatants
were stored at −80 °C for total protein analysis and cyto-
kine assay, and pellets were prepared for inflammatory cell
counts. The remaining living mice were used for lung
tissue detection: right lung tissues for lung wet/dry (W/D)
weight ratio calculation, left upper lung tissues for histo-
logical study, and left lower lung tissues for qPCR test.

W/D Ratio Calculation

Right lungs were cleared and weighed immediately to
obtain the Bwet^ weight, and then placed in an oven at
60 °C for 72 h to obtain the Bdry^ weight. The ratio of the
wet lung to the dry lung was calculated.

ELISA for Cytokines in Serum and BALF

IL-17A, IL-6, and TNF-α in serum and IL-17A
in BALF were detected by enzyme-linked (ELISA)
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kits (Bioss, Beijing, China) according to the manu-
facturer’s instructions.

Total Protein Analysis in BALF

Total protein content in BALF was measured by
the Bradford method using Coomassie Brilliant Blue
G-250 kits (Solarbio, Beijing, China); operations
were in accordance with the manufacturer ’s
instructions.

Inflammatory Cell Counts in BALF

BALF pellets were resuspended in 0.3 ml saline so-
lution. Total number of leukocytes and neutrophils was
calculated with a hemocytometer.

Tissue Preparation and Histological Study

Left upper lung tissues were fixed with 10% neutral
formalin, embedded in paraffin, and sliced at a thickness of
5 μm.

Fig. 1. a Changes of lungW/D: aP < 0.05, vs.NS group; bP < 0.05, vs. LPS group; cP < 0.05, vs. PQ group. b Total protein in BALF (μg/ml): aP < 0.01, vs.
NS group; bP < 0.05 vs. LPS group; cP < 0.05 vs. PQ group.

Fig. 2. The lung changes: Pulmonary hemorrhage and swelling were observed after LPS and PQ administered for 24 h.
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Histology of lung was examined under the mi-
croscope with hematoxylin–eosin staining and then
evaluated using a semi-quantitative scoring method.
Lung injury was graded from 0 (normal) to 4
(severe) in four categories: interstitial inflammation,
inflammatory cell infiltration, congestion, and edema:
0 for no injury, 1 for injury <25%, 2 for injury
ranging from 25 to 50%, 3 for 50 to 75%, and 4
for injury >75%. Total score was calculated by
adding up the individual score of each category [41].

Immunohistochemistry for IL-17A and NF-κB p65

Lung slides were dewaxed and hydrated. The antigens
were repaired in sodium citrate at pH 6.0 by a microwave for
10min. Endogenous peroxidase was inactivated by 3%H2O2

for 15 min. Goat serum (SL2-10, Solarbio, Beijing, China)
was used to block non-specific antigen sites for 15min. Then,
the slides were incubated successionally with diluted primary
antibody (IL-17A for 1:50; NF-κB p65 for 1:100) (IL-
17A:130-82-1-AP; NF-κB p65:8242P; Proteintech, Wuhan,
China) overnight at 4 °C. The sections were thenwashedwith
PBS and incubated with biotin-conjugated secondary anti-
body (1:200 diluted) for 30 min at 37 °C; then, streptavidin/
HRP was added and 100 μl diaminobenzidine (DAB) was
added until reaction terminated by tapwater, with dyeing time
controlled under a microscope. Finally, the slides were re-
dyed with hematoxylin (Solarbio, Beijing, China),
dehydrated, vitrified, and mounted before being observed
under a light microscope. Negative controls were generated
by omitting the primary antibodies. The results were evaluat-
ed semi-quantitatively according to the percentage of positive
cells in five randomly selected fields under 400-fold magni-
fication and then pictures were taken, for the score of positive
cell ratio; 0–1, 1–10, 10–50, 50–80, and 80–100% were
scored as 0, 1, 2, 3, and 4, respectively. For intensity score,
negative, weakly positive, positive, and strongly positivewere
scored as 0, 1, 2, and 3, respectively. IHC score value = pos-
itive cell ratio score × intensity score [15].

Microscopic observation was performed by two ex-
perienced pathologists who were blinded to the treatment
group.

Expression of IL-17A mRNA in Lung Tissues

The expression of IL-17A messenger RNA (mRNA)
in lung tissues was assayed by qPCR. Lung tissues used for
qPCR were stored at −80 °C, and total RNAwas isolated
from lung homogenates with TRIzol reagent (15596026,
Invitrogen, San Diego, CA, USA), then RT Kit (TaKaRa,
Dalian, CHN) was used to perform the reverse transcrip-
tion (RT) reaction in the 20 μl system. qPCR reaction was
performed in the 20 μl system containing 10 μl SYBR®
Premix Ex Taq™, 0.8 μl forward primer (10 μM), 0.8 μl
reverse primer (10 μM), 1.6 μl cDNA template, and 6.8 μl
distilled H2O (dH2O). The PCR program was as follows:
37 °C reverse transcription for 15 min, 85 °C pre-
denaturation for 2 min, 95 °C denaturation for 30 s,
40 °C annealing for 30s, and 40 cycles on 96 Real-Time
Quantitative LightCycler 480 Instrument II (Roche,
Switzerland/ Germany). GAPDH was used for an internal
control, and relative gene expression was calculated using

Fig. 3. Lung pathological changes (HE ×200). a Administered with LPS.
b Administered with PQ. c Lung injury scores (−x ± s): aP < 0.05 vs. LPS
group; bP < 0.05 vs. PQ group.
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the IL-17A/GAPDH ratios. IL-17A and GAPDH mRNA
sequences were referred from PubMed database. All the
primers (Sangon, Shanghai, China) were designed with
Primer 5.0. A solubility curve was drawn at the same time
to ensure the specificity of fluorescent qPCR. The primers
used were listed as follows: IL-17A (344 bp), forward 5′-
TGTCAATGCGGAGGGAAAG-3′, reverse 5′-GCAG
TTTGGGACCCCTTTAC-3′; GAPDH (183 bp), forward
5′-GGTTGTCTCCTGCGACTTCA-3′, reverse 5′-TGGT
CCAGGGTTTCTTACTC-3′.

STATISTICAL ANALYSIS

All data were following a normal distribution
and expressed as means ± standard deviation (SD).
Statistical analysis was performed with SPSS 22.0
version (SPSS, Chicago, IL), statistical differences
were determined by one-way analysis of variance
(one-way ANOVA), followed by least significant dif-
ference test (LSD-t) or Games-Howell test for multi-
ple comparisons, and P < 0.05 was considered to be
statistically significant.

RESULTS

Symptoms on Mice

There were no evident symptoms on mice in the NS
group. The LPS group, LPS + Ab group, PQ group, and
PQ + Ab group mice showed a series of symptoms such as
listlessness, decreased activity, sluggishness, tachypnea,
and an increase in oral secretions. Symptoms on the
LPS + Ab group and PQ + Ab group mice were milder
than those on the LPS group and PQ group; there was no
significant difference between the LPS group and PQ
group.

Lung Wet/Dry Weight Ratio

Lung W/D increased gradually in the LPS group,
LPS + Ab group, PQ group, and PQ + Ab group. Com-
pared with the LPS group, lung W/D in the LPS + Ab
group decreased (P < 0.05). Compared with the PQ group,
lung W/D in the PQ + Ab group decreased (P < 0.05).
There was no difference between the LPS and PQ groups
(P > 0.05) (Fig. 1a).

Fig. 4. Changes of cytokines (pg/ml, −x ± s). a IL-17A in serum (n = 8). b IL-17A in BALF (n = 6). c IL-6 in serum (n = 8). d TNF-α in serum (n = 8).
aP < 0.01 vs. NS group; bP < 0.05 vs. LPS group; cP < 0.01 vs. PQ group.
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Total Protein in BALF

Compared with the NS group, total protein in BALF
of the LPS group, LPS +Ab group, PQ group, and PQ+Ab
group increased (P < 0.01). Compared with the LPS group,
BALF protein in the LPS + Ab group decreased (P < 0.01).
Comparedwith the PQgroup,BALFprotein in the PQ+Ab
group decreased (P < 0.01). BALF protein in the PQ group
approximated that in the LPS group (Fig. 1b).

Lung Pathological Change

Serious pulmonary hemorrhage and swelling were
observed in the LPS group, LPS + Ab group, PQ group,
and PQ + Ab group mice. Compared with the LPS and PQ
groups, pulmonary hemorrhage and swelling from the
LPS + Ab group and PQ + Ab group looked milder. There
was no significant difference between the LPS group and
the PQ group. The NS group showed no change (Fig. 2).

Observed under a light microscope, lung tissues
of mice from the NS group showed a normal struc-
ture. While in the LPS group, LPS + Ab group, PQ
group, and PQ + Ab group, there were great changes

in the alveolar structure with inflammatory cell infil-
tration, and it was full of fluid in the thickened
alveolar walls (Fig. 3a, b). Compared with the LPS
group and PQ group, the changes in the LPS + Ab
group and PQ + Ab group became milder. There was
no difference in the changes between the LPS group
and PQ group. Lung injury score is shown in
Fig. 3c.

Cytokine Change

Compared with the NS group, both IL-17A in BALF
and IL-17A, IL-6, and TNF-α in serum from the LPS
group, LPS + Ab group, PQ group, and PQ + Ab group
increased significantly (P < 0.01); TNF-α in serum peaked
at 24 h. Compared with the LPS group and PQ group,
levels of IL-17A, IL-6, and TNF-α in the LPS + Ab group
and PQ + Ab group decreased, respectively (P < 0.01); the
level of IL-17A in BALF in the LPS group was higher than
that in the PQ group (P < 0.01). For the levels of IL-6 and
TNF-α in serum, there was no significant difference be-
tween the LPS group and PQ group (P > 0.05) (Fig. 4).

Fig. 5. Expression of IL-17A by IHC (DAB ×400). a LPS-administered
mice. b PQ-administered mice. Arrow, IL-17A-positive cells.

Fig. 6. Activation of NF-κB p65 by IHC (DAB ×400). a LPS-
administered mice. b PQ-administered mice. Arrow, NF-κB p65
activation-positive cells.
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Expression of IL-17A and NF-κB p65 by IHC

IL-17A-positive cells were stained brown or dark
brown mainly in the cytoplasm (Fig. 5). As for NF-κB
p65, in the NS group, brown granules were mainly in the
cytoplasm, but in the LPS group, LPS + Ab group, PQ
group, and PQ + Ab group, brown granules were mainly in
the cell nucleus (Fig. 6). The IHC scores are shown in
Fig. 7.

Inflammatory Cell Counts in BALF

Compared with the NS group, BALF leucocytes and
neutrophils in the LPS group, LPS + Ab group, PQ group,
and PQ + Ab group significantly increased (P < 0.01).
Compared with the LPS group and PQ group, leucocytes
and neutrophils in the LPS + Ab group and PQ + Ab group
decreased (P < 0.05). There was no significant difference
between the LPS group and PQ group (P > 0.05) (Fig. 8).

Expression of IL-17A mRNA in Lung Tissues

As is shown in Fig. 9, expression of lung tissue IL-
17AmRNA in the LPS group, LPS + Ab group, PQ group,
and PQ + Ab group was higher than that in the NS group
(P < 0.01). Compared with the LPS group and PQ group,
expression of IL-17A mRNA in the LPS + Ab group and
PQ + Ab group decreased (P < 0.05). IL-17A mRNA
expression in the LPS group was higher than that in the
PQ group (P < 0.05).

DISCUSSION

Our experiments indicated that mice showed symp-
toms of ALI in succession such as sluggishness, less activ-
ity, tachypnea, increased oral secretions, and lip cyanosis
after administration with LPS or PQ. Meanwhile, serious
pulmonary congestion and edema were observed on the

Fig. 7. IHC scores of IL-17A (a) and NF-κB p65 (b) (n = 6, −x ± s): aP < 0.01 vs. NS group; bP < 0.05 vs. LPS group; cP < 0.05 vs. PQ group.

Fig. 8. Inflammatory cells in BALF (−x ± s): aP < 0.01 vs.NS group; bP < 0.05 vs.LPS group; cP < 0.05 vs. PQ group. a Leukocyte in BALF. bNeutrophil in
BALF.
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mice. As is well known to all, being a component of the
gram-negative bacteria wall, LPS is a primary cause of ALI
induced by sepsis which can prompt inflammatory cell
activation and cytokine secretion [37, 38]. As a highly
efficient vegetative herbicide, PQ is also highly toxic to
humans that mainly damages lungs once taken in by the
human body. It also can lead to alveolar epithelial cell
disruption, alveolar edema, hemorrhage, and infiltration of
inflammatory cells [38]. A large number of studies revealed
that inflammatory mediators infiltrated and accumulated in

the alveolar space leading to the destruction of alveoli
which is the main pathology change of ALI [8, 38, 46, 49,
51]. In our experiments, mice which were treated with LPS
and PQ presented an increase in lungW/D ratios and BALF
proteins. Furthermore, disruption of alveolar structure and
infiltration of inflammatory cells were observed under the
microscope, and the alveolar space was full of fluids along
with alveolar septa thickening. The ALI changes were
consistent with previous researches [7, 46].

Previous studies confirmed that LPS can not only dam-
age the alveolar endothelial cells in a direct way but also
activate inflammatory cells to release cytokines to injury lung
tissues indirectly, such as IL-6 and TNF-α [16, 23, 26, 49].
Meanwhile, studies on ALI induced by PQ poisoning indi-
cate that oxygen free radicals trigger the release of inflam-
matory mediators to aggravate lung tissue injury [19]. IL-6
and TNF-α have been demonstrated to magnify and main-
tain inflammatory response in the process of ALI by many
researches [13, 23, 26]. In our experiments, IL-6 and TNF-α
increased significantly after administration with LPS and PQ.
Moreover, along with the increased expression of IL-17A in
lung tissues, the content of IL-17A in serum and BALF
elevated markedly. Blockading IL-17A with antibody de-
creased the levels of IL-17A in serum and BALF, and the
lung tissue injury attenuated evidently; meanwhile, the W/D
ratio and BALF content declined. However, IL-17A

Fig. 9. Relative expression of IL-17A in lung by qPCR (−x ± s): aP < 0.01
vs. NS group; bP < 0.05 vs. LPS group; cP < 0.05 vs. PQ group.

Fig. 10. The relationship between IL-17A and LPS or PQ.
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continuously elevated at the observation time which was
different from TNF-α, which may be related to the role of
IL-17A in maintaining the inflammatory response.

IL-17A regulates innate responses of various cells
including neutrophils and macrophages to prompt the local
inflammation [33]. It is also involved in the neutrophil
recruitment to the airway and the induction of pro-
inflammatory cytokines from pulmonary capillaries to al-
veoli [32]. Our experiments show that neutrophils in BALF
increased after the mice were administered with LPS and
PQ; neutralizing IL-17A with antibody decreased neutro-
phils in BALF, which was consistent with a previous study
[21]. IL-17A recruits neutrophils to participate in the ALI
process on LPS and PQ mice.

As a nuclear transcription factor, NF-κB plays a crucial
role in regulating gene transcription in inflammatory response
[6]. p65 protein is a subunit of NF-κB which activates cyto-
kines to enlarge the cascade effect in the response by promot-
ing related gene transcription [2]. While being stimulated by
infection or cytokines, free p65 transferred quickly to the
nucleus and bonded the specificity of gene sequences into
the NF-κB, which prompts the cytokine release [2, 28]. IL-
17A has been reported to activate p65 in mouse lung which
results into the large secretion of TNF-α to damage the lung
[29, 42]. In our experiments, activated NF-κB p65 increased
in LPS and PQ poisoningmouse lung tissues. Blockading IL-
17A reduced the activation of NF-κB p65, meanwhile the
levels of IL-6 and TNF-α decreased. IL-17A has been report-
ed to induce respiratory epithelial cells to secrete IL-6 [27,
31], but other reports said IL-6 induces T cells to differentiate
into Th17 cells to excrete IL-17A [30]. On all accounts, in our
experiments, blockade with IL-17A antibody reduced cells
which produce IL-17A and decreased the expression of IL-
17A mRNAwhile it reduced IL-6 and TNF-α in serum.

Comparing the difference of IL-17A between LPS and
PQ mice, we found that levels of IL-17A in LPS mice were
higher than those in PQ poisoning mice in both serum and
BALF, and the expression of IL-17A in LPS mouse lung
was higher than that in PQ poisoningmice. This may be due
to the different mechanisms between LPS and PQ induced
to ALI: On the one hand, LPS directly stimulates the γδT
cell secretion of IL-17A [39]; on the other hand, LPS
bonding to toll-like receptor-4 (TLR-4) prompts the nuclear
transcription factor to produce IL-17A indirectly. Mean-
while, IL-17A upregulates the endoplasmic reticulum stress
(ER stress) to activate the NF-κB, and then increase IL-17A
in a positive feedback way [17, 44] (Fig. 10a). However, a
large amount of active oxygen (reactive oxygen species,
ROS) was produced to activate oxidative stress which
causes cell lipid peroxidation injury and apoptosis in the

lung tissues after PQ intoxication [3]. ROS can activate the
NF-κB nuclear transfer to increase the IL-17A production
[11, 17]. Meanwhile, cells produce IL-6 and TNF-α which
can not only prompt T cells to differentiate to γδT cells but
also activate NF-κB to produce IL-17A [48] (Fig. 10b). It
has been confirmed that ROS plays a pivotal role in the PQ
poisoning lung injury although inflammatory injury plays
an important role in the development of ALI [16, 19].

In conclusion, IL-17A is involved in the ALI process
induced by LPS or PQ, and promotes the pathological
process by activating NF-κB p65 and recruiting neutro-
phils to enlarge the cascade effect of inflammation to injure
lung tissues. Blockading IL-17Awith antibody can allevi-
ate the ALI process. But the reaction of IL-17A in the ALI
induced by LPS is stronger than that by PQ.
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