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Abstract. – OBJECTIVE: Acute respiratory 
distress syndrome (ARDS) threatens humans’ 
health worldwide, causing huge labor and eco-
nomic cost investment. This study aims to ex-
plore whether mesenchymal stem cells (MSCs) 
affect RDS in newborn swines via the Janus ki-
nase-signal transducers and activators of tran-
scription (JAK-STAT) signaling pathway by the 
establishment of the model of the disease. 

MATERIALS AND METHODS: The phosphor-
ylation of the JAK-STAT signal transduction pro-
teins was first detected via Western blotting 
to verify the regulatory effect of MSCs on RDS 
in newborn swines through the JAK-STAT sig-
naling pathway. Then, the Reverse Transcrip-
tion-Polymerase Chain Reaction (RT-PCR) was 
utilized to analyze the influences of the injec-
tion of MSCs into the blood of newborn mod-
el RDS swines on inflammatory factors in vi-
vo. To further demonstrate the signal transduc-
tion function put forwarded, the RT-PCR and 
enzyme-linked immunosorbent assay (ELISA) 
were adopted to analyze the influences of the 
JAK-STAT signaling pathway inhibitor on the 
expression of the signature proteins of RDS in 
newborn swines and the changes in the inflam-
matory factors. 

RESULTS: MSCs induced the phosphorylation 
of JAK and STAT, and they activated the JAK-STAT 
signal transduction of RDS in newborn swines. 
Compared with those in normal saline group, 
the interleukin (IL)-2, IL-6, IL-8, and tumor ne-
crosis factor-α (TNF-α) expression levels in MSC 
group were increased, namely, MSCs substan-
tially promoted their expression levels (p<0.05), 
but those of IL-10 and IL-13 were significantly 
decreased (p<0.05). 

CONCLUSIONS: The inhibitor of the JAK-STAT 
signaling pathway can suppress the therapeutic 
effect of MSCs on RDS in newborn swines.
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Introduction

Acute respiratory distress syndrome (ARDS) 
has a high incidence rate and mortality rate around 
the world and has caused huge labor and financial 
costs1-3. The widely reported data show that there 
are about 150 thousand cases of ARDS in the Unit-
ed States alone4. The announced mortality rate 
among ARDS patients is somewhere from 10% to 
90%. The high incidence rate and difficult diagno-
sis of ARDS are mainly due to the heterogeneity of 
underlying disease processes and the inhomogene-
ity of the treatment as well as the failure to confirm 
that ARDS patients are recognized4.

It has been proven that mesenchymal stem 
cells (MSCs) have therapeutic effects on many 
diseases and a large potential to be tapped5. How-
ever, some studies5-7 reported that the feature of 
these cells contributes less to their therapeutic 
effect. On the contrary, the secretion of various 
MSC growth factors and cytokines seems to pro-
vide a potential tissue healing mechanism8.

The Janus kinase-signal transducers and ac-
tivators of transcription (JAK-STAT) signal 
transduction is closely related to the binding of 
cytokines or growth factors to their correspond-
ing receptors9,10. The activation of the signaling 
pathway keeps them close in space and pro-
motes the change in conformation, thus separat-
ing the structural domains of their kinases from 
the inhibitory ones11. In mammal animals, the 
sub-receptors of JAK-STAT include JAK1, JAK2, 
JAK3, TYK2, STAT1, STAT2, STAT3, STAT4, 
STAT5a, STAT5b, and STAT612,13. Both interleu-
kin (IL)-6 and IL-10 are effective STAT3 activa-
tors in bone marrow cells, but the former mainly 
exerts a pro-inflammatory effect, while the main 
effect of the latter is to suppress inflammations.
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This study corroborated the regulatory effect 
of MSCs on RDS in newborn swines via the JAK-
STAT signaling pathway by the establishment of 
newborn swine models of RDS. Then, the influ-
ences of the injection of MSCs into the blood of 
swines as the models of RDS in newborn swines 
on inflammatory factors in vivo were analyzed. 
Moreover, to further prove the proposed signal-
ing function, the influences of the JAK-STAT 
signaling pathway inhibitor on the expression of 
the signature proteins of RDS in newborn swines 
and the changes in the inflammatory factors were 
analyzed, and whether MSCs affected RDS in 
newborn swines via the JAK-STAT signaling 
pathway was investigated. 

Materials and Methods

Main Reagents and Consumables
Ribonucleic acid (RNA) isolation kit was 

purchased from Qiagen (Duesseldorf, Germa-
ny), protease inhibitor mixture from Roche (Ba-
sel, Switzerland), anti-phosphorylated STAT 
(pSTAT) antibody and anti-pJAK antibody from 
Cell Signaling Technology (Danvers, MA, USA), 
SYBR Green Kit from Bio-Rad (Hercules, CA, 
USA), and chemiluminescent substrates from 
Pierce Biotechnology (Rockford, IL, USA).  

Source of Laboratory Animals
A total of 40 newborn swines aged 3-5 d (with 

the mean weight of 3.0 kg, breed: Yorkshire-Du-
roc hybrid white swines) were purchased from 
Huazhong University of Science & Technology 
Animal Laboratory Center. These swines were 
used to establish the newborn swine model of 
RDS. This study was approved by the Animal 
Ethics Committee of the People’s Hospital of 
Zhangqiu Area Animal Center.

Establishment of the Model of RDS in 
Newborn Swines

The newborn swines were intra-pulmonary 
perfused with warm isotonic saline solution (30 
mL/kg) repeatedly to induce acute pulmonary 
inflammations until the arterial partial pressure 
of oxygen (PaO2)/fraction of inspired oxygen 
(FiO2) ratio was less than 200 mmHg. Then, 
under anesthesia via the intravenous injection 
of Pentobarbital, the swines were placed on 
a mechanical ventilator for volume-controlled 
ventilation (10 mL/kg) to maintain the RR re-
quired for 35-40 torr of PaO2, namely, the 

positive end-expiratory pressure was 3 cm H2O 
and the mean FiO2 (69.6±6.2)%. The pulmonary 
parameters (peak airway pressure, plateau air-
way pressure, static compliance, and airway 
resistance to inspiratory flow) were measured. 
When the oxygenation index (PaO2/FiO2 ratio) 
was less than 150 mmHg, and the dynamic lung 
compliance was decreased by more than 50% for 
over 1 h, the model of ARDS was established 
successfully.

Preparation of MSCs
MSCs were prepared with reference to the 

literature14. Namely, the bone marrow of homol-
ogous swines was taken to separate the marrow 
cells. Afterwards, the cells were cultured in the 
α-MEM containing 10% FBS for 2-3 d, followed 
by medium change and passage culture twice. 
Finally, the MSCs were obtained when the cell 
density was over 80%.

Reverse Transcription-Polymerase 
Chain Reaction (RT-PCR)

The RNA isolation kit was used to extract the 
total RNA in blood, and the above-mentioned 
quantitative RT-PCR (qRT-PCR) scheme was per-
formed15. In brief, the PCR was conducted using 
the MyiQ with a SYBR Green kit. The initial 
denaturalization was operated at 95°C for 3 min, 
followed by 10 cycles of amplification at 95°C, de-
naturalization at 55°C for another 10 s, and 30 s of 
annealing and extension. The dissociation curve 
was analyzed to examine single amplicon. The 
MyiQ analysis software was utilized to identify 
intersections, with glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) as the reference gene for 
calculation. The primers detected are as follows: 
IL-2: sense: CAGTAACCTCAACTCCTACCA-
CA and anti-sense: CCCATTTAACATGAGAG-
CCACAT, IL-8: sense: ATGACTTCCAAGCT-
GGCCGTGGCT and anti-sense: TCTCAGC-
CCTCTTCAAAAACTTCT, IL-6: sense: CT-
CAGCCCTCTTCGGCAAAT and anti-sense: 
TGCCCAGTGGCACAGGTTTCT, tumor necro-
sis factor-α (TNF-α): sense: CTCCTCACCCA-
CACCATCAGCCGCA and anti-sense: ATAGAT-
GGGCTCATACCAGGGCTTG, IL-10: sense: 
CACCTACTTCCCAGCCAACC and anti-sense: 
TCAGCAGAGACTCACTCAGCAAC and IL-13: 
sense: CACCTGCCTGGCGGCTGCCTCC and 
anti-sense: AGCTGAGACCTTGTGCGGGCA, 
with GAPDH: sense: AGAAGGCTGGGGCT-
CATTTG and anti-sense: GGGGCCATCCA-
CAGTCTTC.
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Western Blotting 
The proteins were isolated via Sodium Dodecyl 

Sulphate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE), and they were subjected to electrotransfer 
onto Immobilon-P membranes and incubation with 
the diluted primary antibody solution (pSTAT, total 
STAT, pJAK, and total JAK) at 4°C overnight. The 
secondary antibodies rejoined with 10 ng/mL horse-
radish peroxidase were used to detect the washed 
membranes. Finally, the signals were developed us-
ing SuperSignal chemiluminescent substrates, and 
an imager was employed for imaging.

Detection of Inflammatory Factors Via 
Enzyme-Linked Immunosorbent Assay 
(ELISA)

The concentration of the nutritional factors in 
the cell medium and whole tissues/cell extracts 
(including IL-2, IL-10, IL-8, IL-6, TNF-α, and 
IL-13) was measured using a kit. The tissues or 
cells frozen quickly were homogenized in the 
ice-cold lysis solution (added with normal saline 
containing 0.1% Triton X-100 and 2 mM EDTA). 
The tissue homogenate was clarified, diluted into 
1 mg protein/mL, and stored at -80°C.

Statistical Analysis
Data were analyzed using GraphPad 5.0 (La 

Jolla, CA, USA) and expressed as mean ± SD 
(Standard Deviation). The unpaired t-test was 
conducted for the comparisons between the two 
groups. p-values < 0.05 were considered statisti-
cally significant.

Results

Influence of MSCs on the JAK-STAT 
Signal Transduction in RDS in 
Newborn Swines

To verify the regulatory effect of MSCs on 
RDS in newborn swines via the JAK-STAT 
signaling pathway, MSCs were injected into 
the blood of the swines as the model of RDS 
in newborn swines through their ear veins, and 
the phosphorylation of the JAK-STAT signaling 
proteins was detected via Western blotting. The 
results showed that MSCs induced the phos-
phorylation of JAK and STAT (Figure 1A). Ad-
ditionally, it was detected at different time after 
the injection of MSCs (Figure 1B and 1C). Ac-

Figure 1. MSC stimulates the JAK-STAT signal transduction in RDS in newborn swines. A, The influences on the 
phosphorylation of JAK and STAT detected at 3, 5, and 7 d after the injection of MSCs via Western blotting. B, Expressions of 
the pJAK and pSTAT proteins at 0, 1, 3, 5, and 7 d after the injection of MSCs detected via Western blotting. C, Expressions 
of the pJAK and pSTAT genes at 0, 1, 3, 5, and 7 d after the injection of MSCs detected via RT-PCR.
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cording to the results, the pJAK was increased 
with the prolonging of the action time, and the 
pSTAT reached the maximum value on the 3rd 
day. The above results proved that MSCs can 
activate the JAK-STAT signal transduction in 
RDS in newborn swines.

Influences of MSC-Mediated STAT S
ignal Transduction on Inflammatory 
Factors In Vivo 

The change in the inflammatory factors is one 
of the most common change features of RDS 
in newborn swines. Therefore, the influences of 
the injection of MSCs into the blood of newborn 
RDS swines on inflammatory factors in vivo 
were analyzed. The results showed that compared 
with those in normal saline group, the IL-2, IL-8, 
IL-6, and TNF-α expression levels in MSC group 
were significantly increased (p<0.05), but those 
of IL-10 and IL-13 were significantly decreased 
(p<0.05) (Figure 2).

Influences of the JAK-STAT 
Signaling Pathway Inhibitor on 
the MSC Therapeutic Effect on 
RDS in Newborn Swines

To further verify the proposed functional cor-
relation of signaling cascade, whether the JAK-
STAT inhibitor WP1066 could block the ther-
apeutic efficacy of MSCs on RDS in newborn 
swines was assessed, and the expressions of 
RDS signature proteins in newborn swines were 
analyzed. The results revealed that the inhibitor 
remarkably lowered the MSC-induced increase 
in the pJAK/total JAK ratio and pSTAT/to-

tal STAT ratio. Moreover, the expressions of 
RDS signature proteins in the blood, such as 
receptor for advanced glycation end products 
(RAGE), vascular endothelial growth factor 
(VEGF), High Mobility Group Box 1 protein 
(HMGB1), and plasminogen activator inhibi-
tor-1 (PAI-1) were detected. According to the re-
sults, compared with normal saline group, MSC 
group exhibited significant decreases in RAGE, 
HMGB1, and PAI-1 expressions, and it showed 
an increase in the VEGF expression (Figure 
3B-3E). However, the treatment with MSC+in-
hibitor WP166 significantly up-regulated the 
expressions of RAGE, HMGB1, and PAI-1 and 
lowered the VEGF expression. 

Influences of the JAK-STAT Signaling 
Pathway Inhibitor on the Inflammatory 
Factors in the Swine Blood of the
Models of RDS in Newborn Swines

Furthermore, the influences of the JAK-STAT 
signaling pathway inhibitor on the inflammatory 
factors were explored. The results manifested 
that the inhibitor remarkably reduced the expres-
sions of pro-inflammatory factors (IL-2, IL-6, 
IL-8, and TNF-α) (p<0.05), but promoted those 
of anti-inflammatory factors (IL-10 and IL-13) 
(p<0.05).

Discussion

In this study, the influence of MSCs on RDS 
in newborn swines via the JAK-STAT signaling 
pathway was investigated. The results proved that 
MSCs could repair damage in the disease through 
the signaling pathway. The JAK-STAT signaling 
pathway inhibitor markedly suppressed the repair 
function of MSCs for RDS in newborn swines.

With the remarkable immunoregulatory prop-
erty, MSCs can be used for non-autologous or 
xenogeneic stem cell therapies16. It has been 
proven that the swine MSCs can be applied to 
repair their tissues, without causing adverse in-
flammations to host tissues17. The potent immu-
nomodulatory effects of MSCs seem to non-spe-
cifically target the immune system cells, and 
some of them may be mediated by the STAT 
signal transduction. For example, MSC-derived 
IL-6 inhibits the differentiation of bone marrow 
progenitor cells into mature dendritic cells18, 
thereby weakening their stimulation effects on 
the resting natural killer cells and damaging 
antigens as well as presenting them to T cells. 

Figure 2. Influences of MSC-mediated STAT signal trans-
duction on inflammatory factors in vivo. *p<0.05, with sig-
nificant differences.
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Figure 3. WP1066 in-
hibits the JAK-STAT 
signal transduction and 
eliminates the MSC-me-
diated therapeutic effect. 
A, The inhibitory effect 
of the JAK-STAT inhibi-
tor WP1066 on the phos-
phorylation of the JAK-
STAT detected via RT-
PCR. B-E, Influences of 
the JAK-STAT inhibitor 
WP1066 on the expres-
sion of RDS signature 
proteins (RAGE, VEGF, 
HMGB1, and PAI-1) 
detected via ELISA. a: 
compared with those 
in normal saline group, 
the expressions are sig-
nificantly decreased in 
MSC group (p<0.05); 
b: compared with those 
in MSC group, they are 
substantially elevated in 
MSC+inhibitor group 
(p<0.05).

Figure 4. Expressions of inflam-
matory factors in blood detected via 
ELISA. ap<0.05, vs. normal saline 
group, with significant differenc-
es and bp<0.05, vs. normal saline 
group, with significant differences.
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MSC-derived IL-8 has an anti-inflammatory 
effect since these cytokines can suppress the 
generation of the inflammatory ones through 
the STAT signal transduction19. We revealed 
that the nutrition function of MSCs can promote 
the generation of inflammatory cytokines while 
inducing the decrease in the anti-inflammatory 
cytokines. The JAK-STAT signaling inhibitor 
significantly promoted the increase in the levels 
of anti-inflammatory cytokines and the decrease 
in those of IL-6 and the corresponding TNF-α, 
suggesting that the MSC/IL-6-type cytokine 
loop is likely to potentially regulate the immune 
system through the paracrine effect. Therefore, 
other cells that can actively produce multiple 
IL-6-type cytokines may similarly help to re-
cover from RDS in newborn swines through the 
intramuscular injection of the host muscle JAK-
STAT signaling.

The JAK-STAT signal transduction facilitates 
the normal functions of the respiratory system20. 
The altered JAK-STAT3 signal transduction is 
related to myocardial aging21. MSCs can acti-
vate the JAK-STAT3 signaling in vitro to in-
duce many pJAKs and pSTATs. Also, the anal-
ysis on the biomarkers of RDS (RAGE, VEGF, 
HMGB1, and PAI-1) revealed the influence of 
the JAK-STAT3 signal transduction on RDS in 
new swines. RAGE in the alveolar epithelium, 
as the receptors in alveolar epithelial cells, plays 
an iconic role in the occurrence of pneumonia22. 
Lung VEGF, an important regulator for the alve-
olar capillary membrane repair, features in the 
occurrence and development of ARDS23. HMGB1 
has been proven to have a regulatory effect on the 
inflammatory factors in ARDS24. PAI-1 is closely 
correlated with the oxygenation index and the 
onset of ARDS, and the higher its content, the 
higher the mortality rate of ARDS25. Hence, this 
work showed that MSCs markedly decreased the 
expressions of RAGE, HMGB1, and PAI-1 and 
raised that of VEGF, indicating the repair effect 
of MSCs on RDS in newborn swines.

Besides, MSCs promoted the increase in the 
expressions of the pro-inflammatory factors and 
lowered those of the anti-inflammatory factors 
(p<0.05). In the newborn swine model of RDS, 
the MSCs produced large numbers of pro-inflam-
matory factors and effectively activated the host 
JAK-STAT signaling pathway, thus facilitating 
tissue repair. The JAK-STAT signaling pathway 
inhibitor markedly reversed the repair function 
of MSCs, further proving the effect of a signaling 
pathway in RDS in newborn swines.

Conclusions

We first revealed that MSCs can repair damage 
in RDS in newborn swines, and demonstrated 
that such an effect is mainly mediated via the 
JAK-STAT signaling pathway.
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