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Resolution acute respiratory distress syndrome
through reversing the imbalance of Treg/Th17
by targeting the cAMP signaling pathway
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Abstract. Acute respiratory distress syndrome (ARDS) is a
severe cause of respiratory failure with a mortality rate as high
as 40-46% and without any effective pharmacological treat-
ment available. The present study provided a novel strategy for
the treatment of ARDS by specifically interfering with cyclic
adenosine monophosphate ((AMP) signaling. Pre-treatment
with the phosphodiesterase antagonist pentoxifyllinum (PTX)
obviously attenuated lung injury and reduced the mortality of
mice with cecal ligature and puncture (CLP)-induced ARDS,
while raising cAMP levels. In addition, pre-treatment with
PTX attenuated CLP-induced increases in the number of
T-regulatory cells (Tregs) and interleukin (IL)-17-producing
T-helper lymphocytes (Th17) among spleen lymphocytes,
while partially restoring the Treg/Th17 ratio. Correspondingly,
CLP-induced increases in the secretion of 1L-2, IL-6, IL-10
and IL-17 were attenuated. Furthermore, CLP-induced
increases in forkhead box p3 and RAR-related orphan
receptor yt (RORyt) expression as well as signal transducer
and activator of transcription (STAT3) activation were attenu-
ated by PTX. The results indicated that PTX-induced increases
in cAMP may have partly restored the Treg/Th17 balance by
modulating the transcription of Foxp3 and RORyt through the
STAT3 pathway. In conclusion, the present study provided a
novel treatment strategy for ARDS by modulating the balance
of Treg/Th17 and the subsequent immune response via cAMP
signaling, which requires pre-clinical and clinical validation.

Introduction
Acute respiratory distress syndrome (ARDS) a syndrome of

acute respiratory failure, which was first described in 1967 by
Ashbaugh er al (1). Affected patients present with progressive
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arterial hypoxemia, dyspnea and a marked increase in the
work of breathing (2), and endotracheal intubation and positive
pressure ventilation are required for most patients. ARDS may
arise from a variety of medical conditions, including sepsis,
pneumonia, major trauma or aspiration of gastric contents.
Inappropriate accumulation and activity of leukocytes and
platelets, dysregulated inflammation, altered permeability of
alveolar endothelial and epithelial barriers and uncontrolled
activation of coagulation pathways constitute the central
pathophysiologies of ARDS. In spite of substantial progress
in understanding underlying pathophysiology of ARDS, it
remains a major clinical problem with the mortality rate
remaining as high as 40-46% and with no effective pharmaco-
logical therapy available (3). However, cell-based therapy has
emerged as a promising therapeutic approach for ARDS (4).

ARDS was recently revealed to be an immune disorder
arising from an imbalance between regulatory T cells (Tregs)
and interleukin (IL)-17-producing T helper lymphocytes
(Th17) (3). Th17 cells are known to have crucial roles in
the induction of autoimmune diseases, including rheuma-
toid arthritis, experimental autoimmune encephalomyelitis
and allergen-specific responses. Furthermore, Th17 cells
are crucial for defense against extracellular bacteria and
fungi (5,6). Tregs are characterized by the forkhead box P3
(Foxp3). Furthermore, transforming growth factor (TGF)-f1
promotes Treg differentiation, which in turn suppresses adap-
tive T-cell responses and prevents autoimmunity. An imbalance
between Th17 and Tregs is characteristic for ARDS (7-9).
Pharmacologically restoring the equilibrium between Th17
and Tregs has therefore become a promising therapeutic
strategy for ARDS. Cyclic adenosine monophosphate (c(AMP)
signaling is a major pathway as well as a key therapeutic target
for inducing immune tolerance and is involved in Treg func-
tion. Control of effector T-cell (Teff) proliferation and function
by cAMP signaling is well established. Several mechanisms
exist to suppress Teff cells by activation of cAMP signaling,
including the action of anti-inflammatory agents through G
protein-coupled receptors, cell-to-cell interactions and inhibi-
tion of cyclic nucleotide phosphodiesterases (PDEs) within
cells. In addition, cAMP can also suppress TGF-f-mediated
adaptive Treg differentiation and reduce the Treg concentra-
tion (10-12). It therefore appeared that targeting the cAMP
signaling pathway to reverse the imbalance of Treg/Th17 may
represent a promising approach for ARDS therapy.
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The present study showed that activation of cAMP partially
restored the Treg/Th17 ratio in a mouse model of ARDS and
prevented the progression of the condition. Targeting of the
cAMP signaling pathway was therefore indicated to be a
promising strategy for ARDS therapy.

Materials and methods

Experimental protocols and animals. The present study was
approved by the ethics committee of Zhejiang University
(Hangzhou, China). Male Kunming mice (age, 8 weeks;
weight, 20-22 g) were purchased from the Animal Research
Center of Zhejiang University (Hangzhou, China) and housed
in the laboratory animal center of Zhejiang University at
22°C with 40-60% humidity under a 12-h light/dark cycle.
Mice were allowed access to standard food and clean water
ad libitum. Mice were randomly divided into three groups
(n=10): i) Sham group: Mice were administered with normal
saline, then subjected to sham surgery; ii) ARDS group: Mice
were supplemented with normal saline and then underwent
cecal ligature and puncture (CLP); iii)) ARDS+PTX group:
Mice received PTX 10 mg/kg per hour for 5 h via intraperi-
toneal administration, followed by undergoing CLP. CLP was
performed as follows: Subsequent to anesthesia with 8% sevo-
flurane (Shanghai Hengrui Pharmaceutical Co., Ltd., Shanghai,
China), a midline laparotomy was performed. After the cecum
was carefully isolated, bowel obstruction was prevented by
placing a cotton ligature below the ileocecal valve. The cecum
was then punctured twice with an 18-gauge needle. Animals
in the Sham group were subjected to abdominal incision,
while cecal ligation and perforation were not performed.
Subsequently, the two layers of the abdominal cavity were
closed with 3.0 silk sutures, followed by fluid resuscitation
by subcutaneous administration of pre-warmed sterile saline
(0.5 ml/10 g body weight). Animals in the Sham and CLP
groups received tramadol (Shanghai Hengrui Pharmaceutical
Co., Ltd.; 0.05 mg/kg body weight subcutaneously, repeated
every 8 h) for post-operative analgesia. The animals were then
returned to their cages, where they received water and food.
All of these procedures were performed by the same investi-
gator to ensure consistency.

Twenty-four hours after lung injury, animals were sacri-
ficed with 5 mg/kg tramadol; lungs and spleens were collected
for further analysis. All animals used in the present study
were housed and cared for in accordance with the Chinese
Pharmacological Society Guidelines for Animal Use. All
surgical procedures were performed under 8% sevoflurane
anesthesia, and all efforts were made to minimize animal
suffering.

Histological examination and hematoxylin and eosin (H&E)
staining. The lung tissue was fixed in 4% paraformaldehyde
(Beyotime Institute of Biotechnology, Haimen, China) and the
pulmonary lobules were cut into 3-mm thick blocks. Following
embedding in paraffin, tissues were cut into 4-um slices. After
de-paraffinization using xylene and re-hydration using a graded
ethanol series, the sections were stained with H&E (Bogoo,
Shanghai, China) and images were captured under a microscope
(BX41TF; Olympus Corporation, Tokyo, Japan). Tissue struc-
ture, inflammatory cell infiltration and necrosis were observed.
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Isolation of spleen lymphocytes. The spleen was harvested
and gently pressed through a 70-um cell strainer (BD
Biosciences, Franklin Lakes, NJ, USA), followed by washing
with 0.9% sodium chloride solution and red cell lysis with
ACK Lysing Buffer (Beyotime Institute of Biotechnology).
Among these splenocytes, CD4*CD25*Foxp3* Tregs,
CD4*IL-17* Th17 cells and CD4* cells were identified
using fluorescence-assisted cell sorting (FACS; Attune
NxT; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
cAMP was quantified using a cAMP-specific ELISA (Direct
cAMP ELISA; cat. no. ADI900-066; Enzo Life Sciences,
Farmingdale, NY, USA).

Western blot analysis. Tissue and lymphocyte lysates were
prepared and western blotting was performed as previously
described (13). In brief, the protein concentration was deter-
mined using BCA Protein assay kit (Beyotime Institute of
Biotechnology) and 30 ug protein in each lane was separated
on 10% sodium dodecyl polyacrylamide gels and electro-
transferred onto nitrocellulose membranes (EMD Millipore,
Billerica, MA, USA). Membranes were then probed with rabbit
polyclonal anti-Foxp3 (1:1,000; Abcam, Cambridge, MA,
USA; cat. no. ab54501), rabbit polyclonal anti-RAR-related
orphan receptor yt (RORyt; 1:1,000; Abcam; cat. no. 78007)
or rabbit monoclonal anti-signal transducer and activator of
transcription (STAT)3 (1:1,000; Cell Signaling Technologies,
Inc., Danvers, MA, USA; cat. no. 12640) as well as anti-glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies
(1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA;
cat. no. sc-25778) for 12 h at 4°C. Subsequently, membranes
were incubated with horseradish peroxidase-conjugated mouse
anti-rabbit secondary antibody (1:2,000; cat. no. sc-2357; Santa
Cruz Biotechnology, Inc.) for 1 h at 37°C, and SuperSignal West
Pico Chemiluminescent Substrate (Pierce Biotechnology, Inc.,
Rockford, IL, USA) according to the manufacturer's instruc-
tions.

Reverse-transcription quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted with TRIzol according
to the manufacturer's instructions and was reverse-transcribed
using the Prime Script™ RT reagent kit (Takara Bio, Inc.,
Otsu, Japan). The 10 x1 RT mixture contained 400 ng of total
RNA, 2 ul 5X PrimeScript Buffer, 0.5 ul PrimeScript RT
Enzyme mix I; 0.5 ul Oligo dT Primer (50 uM), 0.5 ul random
hexamers (100 uM) and RNase free distilled water to 10 pl.
The complementary DNA template was amplified by real-time
PCR using the SYBR-PremixExTaq™ kit (Takara Bio, Inc.)
on a StepOne Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The PCR reaction mixture
contained 12.5 ul 2X SYBR Premix Ex Taq, 0.5 ul forward
primer (10 M), 0.5 pl reverse primer (10 uM), 2 ul cDNA and
9.5 ul distilled water. The primers were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China) and the sequences were
as follows: 5'-GTGGCCCGGATGTGAGAAG-3 (forward),
5'-GGAGCCCTTG TCGGATGATG-3 (reverse) for Foxp3;
5'"TCAAGTTTGGCCGAATGTC-3' (forward), 5'-CATCTG
AGAGCCCTAAAGTG TATG-3' (reverse) for RORyt; 5'-GCA
CCGTCAAGGCTG AGAAC-3' (forward), 5'-GCCTTCTCC
ATGGTGGTGAA-3' (reverse) for GAPDH. Thermal cycling
was programmed as follows: 95°C for 30 sec followed by 40
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Figure 1. Activation of cAMP signaling attenuates CLP-induced acute lung injury. (A) Pre-treatment with phosphodiesterase antagonist PTX improved the
survival rate in a mouse model of ARDS induced by CLP. The percentage of surviving animals at 24 h after surgery is shown. (B) The cAMP concentration
in the spleen lymphocytes of mice from different treatment groups, from lysates of 10° cells in each group. (C) Hepatic morphological changes were examined
by hematoxylin and eosin staining. Representative images are shown for each group (original magnification, x100). CLP induced alveolar septal thickening,
accumulation of inflammatory cells in the interstitium and alveoli and an influx of protein-rich fluid into the alveolar space, which was obviously attenuated
by PTX. Values are expressed as the mean + standard deviation (n=5 at least in each group). “P<0.01 vs. Sham group; ‘P<0.05 vs. ARDS group. cAMP, cyclic
adenosine monophosphate; PTX, pentoxifyllinum; CLP, cecal ligature and puncture; ARDS, acute respiratory distress syndrome.

cycles of 95°C for 5 sec, 60°C for 20 sec and 72°C for 15 sec,
and subsequent final elongation at 72°C for 10 min. Gene
expression was assessed using the 2°42“4 method (14) and levels
of the analyte mRNAs were normalized to those of GAPDH as
an internal standard.

Cytokine analysis. 1L-2, IL-6, 1L-10, IL-17 and TGF-f
secretion by spleen lymphocytes was quantified using an
Inflammation Kit (BD Biosciences) according to the manufac-
turer's recommendations.

Statistical analysis. Values are expressed as the mean + stan-
dard deviation. Statistical analyses were conducted on
Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) using
one-way analysis of variance or the unpaired Student's r-test
as indicated. P<0.05 was considered to indicate a statistically
significant difference.

Results

Activation of cAMP signaling attenuates CLP-induced ALI.
In order to identify whether activation of the cAMP signaling
pathway can ameliorate ALI and the resultant ARDS, one
group of animals was pre-treated with PDE inhibitor pentoxi-
fylline (PTX). As show in Fig. 1A, although the difference was
not significant, PTX pre-treatment improved the survival rate
of mice following CLP to a certain degree (from 50 to 61%). In
addition, cAMP levels were significantly reduced in the sple-
nocytes of mice following CLP, while they were significantly

increased in splenocytes from animals pre-treated with PTX
compared with those in the Sham group (Fig. 1B). Furthermore,
the degree of lung injury was evaluated in mice treated with
or without PTX prior to CLP. Histological analysis revealed
that CLP induced alveolar septal thickening, accumulation
of inflammatory cells in the interstitium and alveoli and an
influx of protein-rich fluid into the alveolar space. However,
mice pre-treated with PTX demonstrated reduced structural
changes following CLP (Fig. 1C).

PTX partly restores the Treg/Thl7 imbalance in mice with
CLP-induced ARDS. FACS analysis revealed that the propor-
tion of CD4*CD25"Foxp3* Tregs and CD4*IL-17" Th17 cells
in spleen lymphocytes were significantly increased after CLP
(Fig. 2), which was consistent with the results of previous
studies (15,16). However, in CLP-induced mouse models
of ARDS, the Treg/Thl7 ratio was obviously decreased
compared with that in the Sham group, which suggested that
the Treg/Th17 balance was shifted towards Th17 (Fig. 3).
Of note, pre-treatment with PTX significantly attenuated
CLP-induced increases in the number of Tregs and Thl17 as
well as the decrease of the Treg/Thl17 ratio.

Activation of cAMP signaling decreases CLP-induced
cytokine secretion. Inflammation is the main pathological
consequence of CLP-induced sepsis, which is characterized by
the release of inflammatory factors and contributes to ARDS.
Thus, the ability of PTX to prevent cytokine production of
spleen lymphocytes following CLP was assessed. An ELISA
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Figure 2. PTX treatment attenuates cecal ligature and puncture-induced increases in the number of Tregs and Th17 cells. Analysis of differentiated
CD4*CD25*Foxp3* Tregs and CD4*IL-17* Th17 cells among spleen lymphocytes by fluorescence-assisted cell sorting. Representative scatter plots are shown.
PTX, pentoxifyllinum; Treg, T-regulatory cell; IL-17, interleukin 17; Th17, IL-17-producing T helper lymphocyte; FOXP3, forkhead box P3; ARDS, acute

respiratory distress syndrome; SSC, side scatter; FSC, forward scatter.

revealed that the secretion of the classic inflammatory factors
IL-2, IL-6, IL-10, IL-17 and TGF-f3 was significantly upregu-
lated following CLP. However, PTX treatment significantly
attenuated CLP-induced upregulation of IL-2, IL-6, IL-10,
IL-17 (P<0.01). While PTX also decreased TGF-f3, levels
compared to those in the ARDS group, differences were not
significant (Fig. 4).

PTX attenuates CLP-induced expression of Foxp3 and RORyt
as well as activation of STAT3. To investigate the underlying
mechanisms of the PTX-induced reduction of cytokine produc-
tion and partial restoration of the Treg/Th17 balance following
CLP, Foxp3, RORyt and STAT3 were assessed as members of
the cAMP signaling pathway. As shown in the Fig. 5, Foxp3 and

RORyt expression were significantly increased at the protein
and mRNA level following CLP; furthermore, the protein
levels of activated STAT3 were obviously increased. However,
pre-treatment with PTX obviously attenuated these increases.
These results may indicate that the observed PTX-induced
decreases in cytokine levels and restoration of the Treg/Th17
balance following CLP may be due to decreasing Foxp3 and
RORyt expression as well as the levels of activated STATS3,
which is consistent with the findings of a previous study (17).

Discussion

The present study provided a novel strategy for the treatment
of ARDS by specifically interfering with cAMP-associated
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Figure 3. PTX treatment restores the ratio of Treg/Th17 in mice with ARDS.
Values are expressed as the mean + standard deviation (n=5 at least in each
group). “P<0.01 vs. Sham group; "P<0.05 vs. ARDS group. PTX, pent-
oxifyllinum; Treg, T-regulatory cell; Th17, interleukin 17-producing T helper
lymphocyte; FOXP3, forkhead box P3; ARDS, acute respiratory distress
syndrome.
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Figure 4. PTX reduces the secretion of IL-2, IL-6,1L-10,IL-17 and TGF-f} in
mice with ARDS. The supernatant was collected from the culture of spleen
lymphocytes isolated from mice from the different treatment groups and the
cytokine levels were assessed using an ELISA kit. Values are expressed as
the mean =+ standard deviation (n=5 at least in each group). “P<0.01 vs. sham
group; "P<0.05 vs. ARDS group. PTX, pentoxifyllinum; ARDS, acute respira-
tory distress syndrome;.IL, interleukin; TGF, transforming growth factor.

signaling. It was revealed that pre-treatment with the PDE
antagonist PTX obviously attenuated lung injury and mortality,
and reduced the production of IL-2, IL-6 IL-10, IL-17 and
TGF-f in a mouse model of CLP-induced ARDS. To inves-
tigate the underlying mechanism, the lymphocytes from the
spleens of the mice were isolated and analyzed, revealing
that the number of Tregs as well as that of Th17 cells was
increased after CLP, while the Treg/Th17 ratio was shifted
towards Th17. Of note, pre-treatment with PTX decreased
the number of Tregs and Thl7 cells and partially restored
the Treg/Th17 ratio. Furthermore, while cAMP levels were
significantly decreased in the splenocytes of mice following
CLP, pre-treatment with PTX led to a marked increase of
cAMP. Furthermore, PTX decreased CLP-induced increases
in Foxp3 and RORyt expression as well as STAT3 activation.
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Figure 5. Effects of PTX on the expression of Foxp3 and RORyt. (A) Foxp3
and RORyt mRNA Ievels of spleen lymphocytes isolated from mice from
the different treatment groups were determined by polymerase chain reac-
tion analysis with normalization to GAPDH. Values are expressed as the
mean * standard deviation. (B) Foxp3, RORyt, pSTAT3 and STAT3 pro-
tein levels were detected by western blot analysis with GAPDH used as a
loading control. The experiment was repeated three times. ‘P<0.01 vs. the
sham group; "P<0.01 vs. the ARDS group.pSTAT3, phosphorylated signal
transducer and activator of transcription; FOXP3, forkhead box P3; ARDS,
acute respiratory distress syndrome; PTX, pentoxifyllinum; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; RORyt, RAR-related orphan receptor vy t.

ARDS is a fatal but potentially reversible clinical
syndrome of lung inflammation caused by numerous direct
and indirect lung insults. Pulmonary and extra-pulmonary
infection, aspiration and trauma are common causes of
ARDS. ARDS is also increasingly recognized as a Th17- and
Treg-associated immune disease. The present study found
that the proportion of CD4*CD25*Foxp3* Tregs amongst all
CD4* splenocytes increased in mice with ARDS induced
by CLP, which was consistent with the results of previous
studies. Adamzik et al (15) reported that the ratio of Tregs
amongst all CD4* lymphocytes in patients succumbed to
ARDS (16.5%; P=0.025) was almost two-fold greater than
that in ARDS survivors (9.0%; P=0.015) compared to that
in control subjects (5.9%). Furthermore, D'Alessio et al (16)
showed that the number of CD4*CD25*Foxp3* Tregs was
increased in mice with lipopolysaccharide-induced lung injury
and remained elevated until day 10. Of note, administration
of CD4*CD25*Foxp3* Tregs was able to remedy experi-
mental lung injury (16). These observations may indicate that
CD4*CD25*Foxp3* Tregs are a double-edged sword in ARDS:
While a modest increase of Tregs may have anti-inflammatory
action, excessive increases of Tregs may lead to tissue injury.
While the roles of Th17 cells in ARDS have remained largely
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elusive, they have been investigated in several types of lung
disease (18-20). Recently, Yu er al (21) showed that ARDS
patients exhibited a significant increase in the frequency of
Th17 cells and their signature cytokine, IL-17. The present
study revealed that PTX decreased the percentage of Tregs
and Th17 cells in spleen lymphocytes, and partially restored
the Treg/Thl17 ratio. The transcriptional regulators Foxp3 and
RORyt are important for regulating the differentiation and
function of Treg/Th17 (22,23), and the present study found
that PTX significantly inhibited the expression of Foxp3 and
RORyt.

In conclusion, the present study provided a novel treatment
strategy for ARDS by restoring the Treg/Th17 balance and
the subsequent immune response via cAMP signaling, which
requires pre-clinical and clinical validation.
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