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SUMMARY

Interleukin (IL)-17A is a pro-inflammatory cytokine that markedly enhances inflamma-

tory responses in the lungs by recruiting neutrophils and interacting with other pro-

inflammatory mediators. Reducing the expression of IL-17A could attenuate inflamma-

tion in the lungs. However, whether VIP exerts its anti-inflammatory effects by regulat-

ing the expression of IL-17A has remained unclear. Here, we show that there is a

remarkable increase of IL-17A in bronchoalveolar lavage fluid (BALF) and lung tissue

of mice with acute lung injury (ALI). Moreover, lipopolysaccharides (LPS) stimulated

elevated expression of IL-17A, which was evident by the enhanced levels of mRNA

and protein observed. Furthermore, we also found that VIP inhibited LPS-mediated IL-

17A expression in a time- and dose-dependent manner in an in vitro model of ALI and

that this process might be mediated via the phosphokinase A (PKA) and phosphokinase

C (PKC) pathways. Taken together, our results demonstrated that VIP might be an

effective protector during ALI by suppressing IL-17A expression.
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The link between injury and inflammation is well established.

Of all the host defence mechanisms, inflammation is obvi-

ously the most important because it can become a part of the

microbial pathogenesis during certain infections. For exam-

ple, endothelial and alveolar epithelial injuries observed in

acute lung injury (ALI) may create open interface(s) between

air and the blood, thereby facilitating the systemic spreading

of microorganisms from the lung and initiating a systemic

inflammatory response. Substantial amount of evidence indi-

cates that cytokines mediate and control immune reactions as

they are mediators of the immune system. However, the

mechanism of cytokine-mediated regulation is still unclear.

Previous studies have shown that the interleukin (IL)-17

family is the newest and least understood of the cytokine sub-

classes. This large family consists of six members: IL-17A, IL-

17B, IL-17C, IL-17D, IL-17E (also called IL-25) and IL-17F.

IL-17A, also called as IL-17 or CTLA8, which is the first cyto-

kine of this family to be discovered and the most widely inves-

tigated, is a pro-inflammatory cytokine (Gu et al. 2013). In

general, IL-17A can trigger cascades of events that lead to

neutrophil recruitment (Roussel et al. 2010) and inflamma-

tion during lung diseases (Tan & Rosenthal 2013) such as

asthma (Kim et al. 2014), cystic fibrosis (Tan et al. 2011),

pneumonitis (Hasan et al. 2013) and ALI (You et al. 2014).

Furthermore, recent evidence supports the idea that endoge-

nous mediators such as IL-17A can finely regulate the inflam-

matory process. Besides Th17 cells, macrophages can also

produce IL-17A (Shimura et al. 2014). Macrophages have a

key role in determining the severity of the acute lung injury as

they are key effector cells of the inflammatory response during

the course of injury (Akbarshahi et al. 2012).

During the last decade, vasoactive intestinal peptide (VIP),

a multifunctional peptide, has been clearly identified as a

potent anti-inflammatory factor in both innate and adaptive

immunity. VIP (Delgado & Ganea 2013), is a 28-residue

long peptide hormone which is widely distributed in the cen-

tral and peripheral nervous systems, the immune system, the

respiratory system and the cardiovascular system. It has been
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shown to provide protection from inflammatory disorders,

such as septic shock, rheumatoid arthritis and autoimmune

diabetes (Gonzalez-Rey et al. 2007). Furthermore, this mul-

tifunctional protein has been found to affect proliferation of

epithelial cells (Guan et al. 2006), immunological functions

of T cells (Yadav & Goetzl 2008) and inflammatory profile

of macrophages (Larocca et al. 2011). VIP also inhibits

inflammatory pathways by reducing LPS-induced TNF-a and

IL-6 production in macrophages (Jiang et al. 2011). Notice-

ably, subsequent study has confirmed the inhibitory effect of

VIP on pulmonary inflammation in ALI (Sun et al. 2011).

However, the mechanism by which VIP exerts its effect has

not yet been fully understood. To develop a new and prom-

ising therapeutic approach against ALI, we designed a study

to test the hypothesis that VIP inhibits pulmonary inflamma-

tory responses in ALI by downregulating macrophage-

derived IL-17A.

Materials and methods

Animals and reagents

Specific pathogen-free (SPF) male Swiss mice weighing

20–25 g were obtained from the animal centre in Central

South University and maintained in a temperature-controlled

room with 70% humidity and 12 h light–dark cycles. Mice

underwent an acclimatization period of at least 7 days. All pro-

cedures involving animals were approved by the Committee on

the Ethics of Animals Experiments of Central South University.

Efficient clearance of apoptotic cells by wound macro-

phages is a prerequisite for relieving inflammation at an

injury site timely. Therefore, macrophages were used to test

the relationship between inflammation and IL-17A, in their

role as the resident cells, target cells and effector cells during

lung inflammation. Mouse RAW 264.7 macrophage cell line

was obtained from the Cell Bank of the Chinese Academy

of Sciences (Shanghai, China).

Animal model of LPS-induced acute lung injury

Twenty male Swiss mice were randomly divided into two

experiment groups (n = 10), control group and LPS group.

Mice in LPS group were treated with a sublethal dose of

LPS (10 mg/kg weight, Escherichia coli lipopolysaccharides,

055:B5) intraperitoneal injection for 6 h to produce acute

lung injury. Mice in the control group were subjected to the

same protocol but received the same volume of intraperito-

neal saline instead of LPS.

Histopathological examination

For histopathological studies, the right lower lobe lung was

fixed in 4% neutral buffered formalin, dehydrated in a

graded series of ethanol, embedded in paraffin, cut into

5-lm-thick serial sections, and stained with haematoxylin–
eosin (HE). Microscopic evaluation was performed to

characterize lung injury. To prevent bias of observation,

semi-quantitative assessment of injury changes was assessed

by two observers in a blinded fashion.

The left lower lobe lung was clippered into pieces; added

1 ml ice-cold PBS followed by homogenation on ice, centri-

fuged at 2000 g for 5 min at 4°C, and the supernatant was

stored at �70°C for ELISA measurements. The other lobes

of the lung were ground into powder under the liquid N2,

added 1 ml TRIzol for RNA extraction.

Bronchoalveolar lavage fluid (BALF) and cell counting

BALF was performed (0.5 ml ice-cold phosphate-buffered

saline three times) in two groups. In each mouse, 90% of the

total injected volume was recovered consistently. After the

lavaged sample from each mouse was centrifuged at 2000 g

for 5 min at 4°C, the cell pellets were washed twice and

resuspended in 50 ll PBS. Then, total cells, neutrophils and

macrophages were counted double-blind using a hemocytom-

eter (Hausser Scientific, Horsham, PA, USA), and the cell-free

supernatant was stored at �70°C for biochemical measure-

ments.

Cell culture and experimental protocol

RAW 264.7 cells were grown in DMEM supplemented with

10% FBS, 100 U/ml penicillin, 100 lg/ml streptomycin, and

2 mM L-glutamine (complete medium) at 37°C in a humidi-

fied incubator with 5% CO2. Cells allocated to receive LPS

(1 lg/ml) or DMEM were used as positive or negative con-

trols and were designated as LPS and control group respec-

tively. To elucidate the effects of different concentrations of

VIP on LPS-induced IL-17A expression, cells were pretreated

with VIP (10�10, 10�9, 10�8, 10�7, 10�6 M) for 30 min and

then stimulated with LPS (1 lg/ml) for 6 h. To elucidate the

effects of different time-lasted of VIP on LPS-induced IL-17A

expression, cells were pretreated with VIP (10�8 M) for

30 min and then stimulated with LPS (1 lg/ml) for 0, 2, 4, 6,

12 and 24 h. And to make a clear understanding of intracellu-

lar signal pathways of VIP, specific inhibitor of PKA (H-89,

10�5 M) and PKC (H-7, 10�5 M) were used in this study.

Reverse transcription–PCR (RT-PCR)

The mRNA expressions of IL-17A in the lung and macro-

phages were detected by RT-PCR. In brief, the lung tissues

were in �80°C, and then, total RNA was isolated from lung

homogenates with TRIzol reagent. Total RNA was prepared

using TRIzol (Invitrogen Life Technologies, Carlsbad,

California, USA), and 2 lg of total RNA was used for the

detection of mRNA using a reverse transcription–PCR kit

(Fermentas, Glen Burnie, Maryland, USA). Each PCR was

performed with a PCR Mix (Bio-Rad Laboratories, Inc.,

Berkeley, California, USA) in a final volume of 20 ll, for-
ward and backward primers 1 ll each, 10 ll PCR Mix. The

primers sequences were as follows: IL-17A (344 bp) for-

ward: 50-TGTCAATGCGGAGGGAAAG-30, IL-17A reverse:

50-GCAGTTTGGGACCCCTTTAC-30; and GAPDH (580 bp)
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forward: 50-AAGCCCATCACCATCTTCCA-30, GAPDH

reverse: 50-CCTGCTTCACCACCTTCTTG-30. PCR was per-

formed under the conditions of an initial 3 min at 94°C fol-

lowed by 35 cycles (30 s at 94°C 30 s at 58°C, 1 min at

72°C), and a final 5 min at 72°C. PCR products after electro-

phoresis were imaged using Quantity One.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of BALF was collected and immediately

stored at �70°C until the cytokine assay. IL-17A in lung tis-

sue homogenate and BALF were measured with a mouse

IL-17A ELISA kit (R&D Systems, Minneapolis, MN, USA)

according to the instructions of the manufacturer.

Statistical analysis

All data were expressed as means � SEM. Statistical analy-

sis was performed with SigmaPlot software (SPSS, Inc.,

Chicago, lllinois, USA). Statistical differences were deter-

mined by one-way analysis of variance (one-way ANOVA),

followed by a Tukey’s test for multiple comparisons, and

P < 0.05 was considered to be statistically significant. The

protocol was in accordance with ethical policies of the Inter-

national Journal of Experimental Pathology and approved

by the local ethical committee.

Results

Enhanced inflammation in the lungs of mice with ALI

Pulmonary histological changes were observed under a

microscope, 6 h after LPS injection. Normal pulmonary tis-

sue structure and alveoli were seen in the control group.

Infiltration of inflammatory cells and alveolar damage

appeared after LPS administration (Figure 1a). Furthermore,

analysis of leucocytes in BALF showed that the total cell

count was greater in the ALI group [(35.57 � 3.27) 9 106]

than in the control group [(21.48 � 1.39) 9 106]. After LPS

administration, the number of neutrophils markedly

increased in the ALI group [(16.71 � 2.14) 9 106] as com-

pared to the control [(3.01 � 0.38) 9 106] (Figure 1b,

P < 0.01). Significant differences were observed in the pul-

monary histological changes and in the number of neutroph-

ils in BALF between the control and ALI groups. The

pathological changes observed were consistent with ALI and

were indicative of enhanced infiltration by inflammatory

cells, which in turn enhanced the inflammatory response.

IL-17A expression in the lungs of mice with ALI

As shown in Figure 2, lungs of mice with ALI exhibited

increased IL-17A mRNA levels (Figure 2a, P < 0.05). The

LPS-induced increase in IL-17A mRNA expression was asso-

ciated with similar increases in protein levels in pulmonary

tissue (Figure 2b, P < 0.05). IL-17A in BALF (Figure 2c,

P < 0.01) was dramatically increased after intraperitoneal

administration of LPS. The results were indicative of a close

association between IL-17A expression and enhanced

inflammation in the lungs of mice with ALI.

VIP decreased LPS-induced IL-17A expression in
macrophages

As macrophages are both resident cells in lungs and target

cells during inflammation, they were used to elucidate the

effect of VIP on IL-17A expression. VIP (10�8 M-10�6 M)

inhibited LPS-induced IL-17A mRNA expression in a dose-

dependent manner (Figure 3a, P < 0.01). As 10�8 M of VIP

efficiently inhibited IL-17A mRNA expression, this concentra-

tion was used for subsequent experiments. Compared to LPS

group under the same conditions, LPS-stimulated IL-17A

mRNA expression was strikingly attenuated by VIP at 4 h,

6 h, 12 h and 24 h (Figure 3c, P < 0.05). The VIP-induced

attenuation was most evident at 6 h. VIP (10�8 M-10�6 M)

inhibited LPS-induced IL-17A secretion in a dose-dependent

manner (Figure 3b, P < 0.01). Compared to LPS group with-

out VIP treatment, LPS-induced IL-17A secretion was attenu-

ated by VIP at 4 h, 6 h, 12 h and 24 h (Figure 3d, P < 0.01).

PKC and PKA pathways were involved in VIP-mediated
inhibition of LPS-induced IL-17A expression in
macrophages

To determine whether PKC or PKA affects the ability of VIP

to suppress LPS-induced IL-17A expression in macrophages,

H-7, a selective PKC inhibitor, and H-89, a selective PKA

(a)

(b)

Figure 1 Enhanced inflammation in the lungs of mice with ALI.
(a) Representative histological lung sections (HE staining) from
each group. Images are shown at 250 9 magnification. (b) Cell
counts in BALF. LPS increases inflammatory cells in BALF in
mice with ALI. Each bar represents the mean � SEM (n = 5).
*P < 0.05 compared with control group.
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(a)

(b)

(c) Figure 2 IL-17A expression in the lungs
(a, b) and BALF (c) of mice with ALI.
A: Relative to saline-treated mice, IL-
17A mRNA was increased after LPS
administration. b and c: Compared
with control mice, IL-17A was
increased in the lung (b) and BALF (c)
of mice with ALI. Data are expressed
as means � SEM. *P < 0.05 compared
with control (n = 5 per group).

(a) (c)

(b) (d)

Figure 3 VIP decreased LPS-induced
mRNA expression of IL-17A (a, c) and
protein expression of IL-17A (b, d) in
macrophages. a and b: Among different
concentrations of VIP-primed
RAW264.7 cells, 10�6 M VIP was the
most significant inhibitory
concentration on IL-17A mRNA (a)
and IL-17 protein (b) expression. c and
d: mRNA expression of IL-17A (c) and
protein expression of IL-17A (d) in
LPS-treated RAW 264.7 cells peaked at
6 h, and the inhibition of VIP on LPS-
induced IL-17A mRNA (c) and IL-17A
protein (d) were the most significant.
Data are expressed as means � SEM,
n = 5. ##P < 0.01 compared with 0 h
group; *P < 0.05, **P < 0.01 compared
with LPS group.

(a) (b)

Figure 4 PKC and PKA pathways were
involved in VIP-mediated inhibition of
LPS-induced IL-17A expression in
macrophages. (a and b) Suppression of
VIP on LPS-induced IL-17A mRNA (a)
and IL-17A (b) was remarkably
reversed after H-7 and H-89
application respectively. Data are
means � SEM, n = 5. *P < 0.05
compared with LPS+VIP group.
#P < 0.05 compared with LPS group.
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inhibitor, were used. As the results in Figure 4a,b show, the

effect of VIP was remarkably reversed after H-7 and H-89

application. These findings indicated that both PKA and

PKC pathways might be involved in mediating the inhibitory

effect of VIP on LPS-induced IL-17A expression.

Discussion

The results presented here strongly indicate a protective role

of VIP against LPS-stimulated ALI. VIP acted by downregu-

lating macrophage-derived IL-17A expression in an in vitro

model. Furthermore, VIP might downregulate IL-17A

expression via the PKA- and PKC-dependent pathways.

Therefore, the significantly elevated level of IL-17A that has

been associated with the administration of LPS was sup-

pressed by VIP. This effect was confirmed at the protein and

mRNA levels by the considerable decrease of IL-17A expres-

sion observed by adding VIP before LPS stimulation. Hence,

the results demonstrated the anti-inflammatory effect of pre-

treatment with VIP on the elevation of IL-17A levels after

LPS-stimulated lung injuries.

ALI is a life-threatening disease. Despite improvements in

the care of critically ill patients, the hospital mortality rate

of ALI continues to remain high (Brown et al. 2011). Inter-

fering by IL-17A that can alleviate lung injury has been

reported. For example, IL-17A Ab neutralization reduced

neutrophil influx during the early lung injury response (Lo

et al. 2010). You et al. reported that specific antioxidants or

hormonal drugs significantly reduced the expression of IL-

17A and inhibited the increase in some parameters of ALI in

rats (You et al. 2014). These findings indicated that this

cytokine is involved in the ALI model. It is also well-known

that VIP protects against lung injury. However, it was

unclear whether this VIP protection against lung injury is

mediated by regulation of IL-17A expression. The present

study addressed this hitherto uninvestigated question.

Several structurally and functionally specialized members

of the IL-17 family participate in both acute and chronic

inflammatory responses. IL-17A is involved in various inflam-

matory conditions. For example, considerably elevated IL-

17A levels can be detected in the lumen and BALF in condi-

tions such as asthma and cystic fibrosis. Moreover, IL-17A

seemed to contribute to systemic inflammation, and therefore,

control of IL-17A production could attenuate inflammation

and tissue injury associated with some infectious diseases

(Guabiraba et al. 2013). To date, more attention has focused

on the pro-inflammatory properties of IL-17A (Kurimoto

et al. 2013). It was reported that IL-17A expression is ele-

vated during bacterial, viral and fungal infections, subse-

quently resulting in tissue inflammation (Yan et al. 2014).

Additionally, significantly elevated IL-17A levels were also

observed during LPS-induced ALI (You et al. 2014), and this

was consistent with the findings of us. We found that 6 h

after LPS administration, inflammatory response was obser-

vable in the lungs of mice with ALI, while the levels of IL-

17A mRNA and IL-17A protein were significantly increased

in pulmonary tissue and BALF respectively.

Interestingly, VIP exerts a biphasic effect on modulating

inflammatory cytokines. Commonly, VIP inhibited IL-6, IL-

8, TNF-a and IL-12 in macrophages or monocytes (Marti-

nez et al. 1998a; Xin & Sriram 1998; Delgado et al. 1999;

Delgado & Ganea 2003). However, VIP was also reported

to enhance IL-6 secretion in unstimulated peritoneal macro-

phages as early as in the 1990s (Martinez et al. 1998b).

Ling et al. found that VIP increases TNF-a-induced produc-

tion of IL-6 and IL-8 via activating the NF-jB pathway in

human proximal renal tubular epithelial cells (Huang et al.

2012). Moreover, it was also reported that VIP increases

pro-inflammatory osteotropic cytokines such as IL-6 in an

osteoblastic cell line (Persson & Lerner 2005). The complex

functions of VIP may be due to the presence of its specific

receptors, VPAC1 and VPAC2 (Temerozo et al. 2013).

VPAC1 expressed in the lung, CNS and other tissues (Ishi-

hara et al. 1992; Usdin et al. 1994; Screedharan et al.

1995). VPAC2 was discovered in the respiratory tract where

it was identified in bronchial epithelial cells and immune

cells (Groneberg et al. 2001). The pro-inflammatory effect

of VIP was mediated mainly by VPAC2, whereas an anti-

inflammatory mediated by VPAC1 was reported in acute

pancreatitis (Kojima et al. 2005).

In fact, mouse macrophages only express VPAC1 and stim-

ulation has little effect on this pattern. Our present study

showed that pretreatment with VIP prior to LPS stimulation

led to significant reduction of IL-17A mRNA and protein lev-

els in macrophages. This result is consistent with the report by

Juarranz Y et al., who found that collagen-induced arthritis

mice treated with VIP showed a decrease in mRNA expression

of IL-17 in the joint (Juarranz et al. 2005). This phenomenon

may be explained by the possibility that VIP exerts its anti-

inflammatory effect through VPAC1. In contrast, enhance-

ment of the VIP–VPAC1 axis signalling can skew the CD4 T-

cell response towards a Th17-rich pro-inflammatory type (Ya-

dav et al. 2008). Furthermore, it has been proposed that

VPAC1 is constitutively expressed in T cells and downregulat-

ed during Th-cell stimulation, while VPAC2 is upregulated

during stimulation (Groneberg et al. 2006). All of the above-

mentioned studies indicate that the effects of VIP are influ-

enced not only by the particular cell type but also by the

microenvironment. Therefore, it remains to be seen whether

the effect of VIP on regulating IL-17A is dependent on VPAC1

in macrophages.

Considerable research effort has been invested into eluci-

dating the rather complicated and confusing function of VIP.

The PKC and PKA pathways are possibly involved in VIP-

related multiple intracellular events. VIP induced surfactant

protein A expression in ATII cells and attenuated liver

ischaemia/reperfusion injury in mice through the activation

of the PKC/c-Fos pathway (Li et al. 2010) and the PKA path-

way (Ji et al. 2013) respectively. In addition, VIP could

increase VEGF expression to promote proliferation of brain

vascular endothelial cells after ischaemic insult via the

cAMP/PKA pathway in vitro (Yang et al. 2013). The absence

of PKC led to a remarkable decrease in the proliferation in

CD4(+) T cells, which resulted in a marked decrease in the
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colonic CD4(+) T cells that are capable of producing IL-17A

(Nagahama et al. 2008). Moreover, the levels of pro-inflam-

matory cytokines were reduced when the PKC pathway was

blocked (Leppanen et al. 2014). Previous report has shown

that inflammation was alleviated by reducing the LPS-

induced IL-17A properties of lipoic acid, which was medi-

ated by the cAMP/PKA signalling cascade (Salinthone et al.

2010). This study revealed that the repressing effect of VIP

on LPS-activated IL-17A expression could be reversed by

blocking the PKA and PKC pathways.

In summary, the results elucidated the modulatory effect

of VIP on expression of IL-17A and the mechanism by

which this process resulted in protection during ALI. Our

findings offer new insights into the processes underlying pul-

monary inflammation in ALI and will also be useful for

identifying potential new therapeutic targets to treat this

devastating disorder.
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