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Mesenchymal stromal cells ameliorate acute lung injury induced 
by LPS mainly through stanniocalcin-2 mediating macrophage 
polarization
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Background: Acute lung injury (ALI) is a devastating syndrome with no effective pharmacological 
therapies in the clinic. Mesenchymal stromal cells (MSCs) have been demonstrated to promote inflammation 
resolution and tissue repair in ALI. However, the specific mechanisms of this have not been clearly 
elucidated. Stanniocalcin-2 (STC2) is a stress-responsive protein that has anti-oxidative properties. Our 
previous study found that STC2 is a highly expressed stanniocalcin in MSCs, which may be involved in 
immunomodulatory activities. However, the role of STC2 in MSCs to resolve ALI has never been elucidated.
Methods: Specific shRNA was used to downregulate STC2 in MSCs. We detected ROS, cell apoptosis, 
and paracrine factors changes in MSCs. STC2-associated antioxidant genes were also investigated by Co-
immunoprecipitation (Co-IP) and immunofluorescence. Macrophage (THP1 cells) phenotype transitions 
were measured by flow cytometry after coculturing with MSCs in vitro. Then, we used MSCs to treat LPS-
induced ALI in mice, and assessed injury scores inflammation, and antioxidant activities in the lungs of the 
mice. Alveolar macrophage (AM) phenotypes and CFSE-labeled MSC apoptosis in collected bronchoalveolar 
fluids (BALF) were also analyzed by flow cytometry. 
Results: After the STC2 knockdown, MSCs increased ROS generation and cell apoptosis after PX12 
pretreatment. The antioxidant protein Nrf2 was colocalized with STC2 in the nucleus. A lack of STC2 
expression in MSCs produced less interleukin 10 (IL10) and blunted macrophage polarization in THP1 cells. 
Furthermore, in the murine LPS-induced ALI model, the STC2 knockdown counteracted the inflammatory 
resolution and antioxidative effect of MSCs in the lungs. MSCshSTC2-treated mice had a higher lung injury 
score than the controls, which may be attributed to diminished AM polarization and increased apoptosis of 
MSCs in vivo. 
Conclusions: Collectively, these results suggested that STC2 is essential to the anti-oxidative and anti-
inflammation properties of MSCs and could prove to be crucial for stem cell therapies for ALI.
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Introduction

Acute lung injury (ALI)/acute respiratory distress syndrome 
(ARDS) is a devastating clinical syndrome, which among 
critically ill patients has high morbidity (1-3). Bacterial 
endotoxin, virus-induced sepsis, pneumonia, aspiration, and 
trauma are common causes of ALI (1). Pathophysiologically, 
ALI is characterized by diffuse epithelial and endothelial 
damage and subsequent inflammatory cellular and protein-
rich effluxes in the airspace (1,4). Until recently, limited 
supportive interventions were the only effective drug 
treatment for ALI (5,6).

Many studies have shown that alveolar macrophages 
(AMs), either tissue-resident or recruited, are crucial 
in orchestrating the initiation and resolution of lung 
inflammation (7,8). AMs recognize pathogen-associated 
stimulus (e.g., LPS) via toll-like receptors (TLRs)/the NF-
κB pathway and can be classified as M1 phenotype which 
releases proinflammatory cytokines. These cytokines 
further recruit neutrophils and monocytes and are essential 
in clearing pathogens from the airways. However, in ALI, 
the inflammation is not merely terminated when the 
pathogens are cleared or declined (7,9). Switching to an 
alternative phenotype (M2) could promote the resolution of 
lung inflammation and tissue repair (10), which could be a 
potential strategy in treating ALI.

Mesenchymal stem cells (MSCs) are a class of adult 
stem cells with low immunogenicity and multipotential 
differentiation potentials. MSCs are widely used in immune 
disorders and tissue injuries, typically in acute lung injuries 
(11,12). Cumulative evidence has revealed that MSCs repair 
injured lungs via paracrine or direct contact with target 
cells rather than through direct differentiation (12). MSCs 
restore the alveolar barrier function by reducing epithelial 
and endothelial apoptosis by secreting KGF, Ang1, and 
HGF (13,14). MSCs can also modulate lung inflammation 
by releasing soluble paracrine factors. Macrophages are 
crucial for the initiation and development of ALI. MSCs-
educated macrophages reduce alveolar inflammation by 
promoting macrophage polarization (15). However, the 
details of the mechanisms underpinning this are yet to be 
fully interpreted. 

Intravenous or intrapulmonary administration of MSCs 

presents a “hit and run” phenomenon in the lung and 
survives for only a short time in vivo (16,17), dampening its 
persistent efficacy. Apoptotic or inviable MSCs diminishes 
animal lung injury repair and clinical efficacy via reduced 
immunomodulatory and pro-survival properties (18-20). 
In recent years, oxidative stress components in MSCs 
were found to be involved with both anti-apoptotic and 
anti-inflammatory effects. Several antioxidative genes like 
SOD, CAT, STC1, HO-1, and Nrf2, which are expressed 
in MSCs, have been reported to promote the resolution 
of inflammation and maintain MSCs survival in vivo. 
Strategies for enhancing the in vivo activity of MSCs have 
been proposed (21-23), but the key elements should be 
expounded first.

STC1 and STC2, the members of the stanniocalcin 
(STC) family, first reported as systemic regulators in 
calcium metabolism, are widely expressed in vertebrate 
tissues (24). STCs, also known as stress-responsive proteins, 
play an important role in oxidative stress, angiogenesis, 
anti-inflammation, and anti-apoptosis (25-31). Previous 
non-tumor-related investigations were mostly focused on 
STC1. More recently, however, STC2, a 56 KD homolog 
glycoprotein hormone of STC1, has also been shown to 
have both pro-survival and anti-inflammatory qualities 
(25,29,30,32-34). STC2 enhances mesenchymal stem cell 
survival by suppressing oxidative stress (33) and has been 
shown to reduce the levels of tumor necrosis factor-α 
(TNF-α) and IL-1β in LPS-treated BV2 cells (34). Our 
previous study also revealed that STC2 contributes to 
MSCs attenuating murine contact hypersensitivity mainly 
by reducing CD8+ Tc1 cells (30). However, whether STC2 
is involved in the survival and macrophage polarization of 
MSCs in ALI has not yet been clarified.

In this study, we investigated the relationship between 
STC2 expression in MSCs and its anti-apoptotic and anti-
inflammatory properties, exploring its potential role in 
MSC-based treatment for ALI.

Methods

MSCs isolation

MSCs were isolated from bone marrow samples of healthy 
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volunteers following a previous established method (30). 
The samples were obtained in adherence to the Declaration 
of Helsinki protocols and with informed consent, and the 
study received approval from the Ethics Committee of 
the Third Affiliated Hospital of Sun Yat-sen University. 
Mononuclear cells were firstly acquired using Ficoll-
Hypaque (GE, http://www3.gehealthcare.com) density 
gradient centrifugation. The cells were then seeded in  
75-cm2 flasks (CellBIND, Corning) and cultured for  
72 hours. When the MSCs reached 70–80% confluence, 
they were obtained using 0.125% trypsin and then seeded 
in a 75-cm2 dish at a density of 1×104 cells/cm2. The cells 
were identified in our previous report (30). 

The collection of LPS-induced ALI mouse model and 
bronchoalveolar lavage fluid (BALF) 

Eight-to-ten-week-old male BALB/c mice were obtained 
from the Biomedical Research Institute of Nanjing 
University. The study and all procedures were approved by 
the Animal Care and Use Committee of the Animal Welfare 
Ethics Committee of Sun Yat-sen University Vaccine 
Research Institute (approval number IACUC-F3-16-0401). 
All the mice were kept in a temperature-regulated (22– 
25 ℃) room on a 12-h light/dark cycle. The mice were 
divided at random into four different groups (n=10 each 
group): the PBS + PBS, LPS + PBS, LPS + MSCshNTC, and 
LPS + MSCshSTC2 groups. The control group (only PBS) was 
not shown in results due to the similar injury level with PBS 
+ PBS group (Figure S1). The ALI model was established 
by intranasal instillation of 30 µL LPS (5 mg/kg) (Sigma, 
L4524). 107 cells/mL MSCshNTC or MSCshSTC2 suspended 
in 30µl PBS were instilled 4 hour later. The corresponding 
control groups received the same volume of 30 µL PBS. 
The mice were sacrificed to obtain lung tissues or collect 
BALF 24 h after LPS or PBS treatment. For apoptosis 
analysis in vitro, BALF were collected 24 or 48 h after LPS 
or PBS administration. 

BALF was collected through cannulation of the trachea 
using a 30-gauge infusion needle and flushing the lung 3 
times with 0.5 mL ice-cold PBS. The BALF was centrifuged 
500 g for 10 min at 4 ℃. The pellets were resuspended in 
cold PBS and the total cell number was counted was with 
a hemocytometer or analyzed by flow cytometry. The 
neutrophil count was calculated out using Wright-Giemsa-
stained smears. Protein levels of interleukin-17A and 
TNF-α in the BALF were quantified by specific enzyme-
linked immunosorbent assay (ELISA) kits (Boster Biological 

Technology Co., Ltd., China) according to standard 
protocols.

Co-culture experiments

MSCs were seeded on a 0.4 µm Transwell inserts (Millipore) 
at a concentration of 4×105/mL. THP1 cells (ATCC)  
(2×105/mL) were cultured in the lower compartment of a 
6-well flat-bottom plate, with 50 ng/mL PMA added to 
the culture medium. After 24 h, the Transwell-cultured 
MSCs were transferred to the 6-well flat plate containing 
the THP1 (ATCC) cells. Then, 1 µg/mL LPS and 50ng/ml 
IFN-γ were added to the co-culture system for a period of 
24 h, before the THP1 cells were collected using 0.5 mM 
EDTA for subsequent analysis. 

ROS assessment and immunofluorescence

The MSCs were harvested using 0.125% trypsin, and total 
intracellular ROS were detected using CellROX Deep Red 
Reagent (Molecular Probes, Life Technologies, Carlsbad, 
CA, USA), according to the manufacturer's protocol, and 
analyzed by flow cytometry.

The MSCs were fixed in 3.7% formaldehyde for 20 min,  
permeabilized in 0.1% Triton X-100 for 10 min, and 
incubated with primary antibody overnight at 4 ℃. 
Then, the cells were treated with secondary antibodies 
for 1 h at room temperature. DAPI (Invitrogen) was 
used to stain nuclear DNA. The antibodies used in 
the immunofluorescence assay were as follows anti-
STC2 (Abcam, UK, 1:100) and anti-Nrf2 (Abcam, UK, 
1:200). Images were acquired using an LSM700 confocal 
microscope (Zeiss).

Flow cytometry analysis 

The percentage of apoptotic MSCs were evaluated using 
a fluorescein isothiocyanate (FITC) Annexin V Apoptosis 
Detection Kit I (BD Pharmingen) according to the 
manufacturer’s instructions. MSCs were collected and 
underwent incubation with PI and annexin V-FITC at 37 ℃ 
for 15 min away from the light. 

THP1 cells were acquired to incubate with primary 
antibody against anti-human CD14-FITC (BD bioscience, 
USA), CD206-APC (BD bioscience, USA), IL-10-efluor 
660 (eBioscience, USA), and TNF-α-PE (Biolegend, USA) 
at 4 ℃ for 30 min, protected from the light. TNF-α and 
IL10 cytokine staining were conducted according to the 
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intracellular cytokine staining protocol. Murine BALF cells 
were cultured for an additional 24 hours after collection 
and stained with anti-mouse F4/80-BV421, TNF-α-PE, 
CD206-FITC antibodies (BD bioscience, USA). Flow 
cytometry assay was conducted with a BD LSR II flow 
cytometer. Data were analyzed by the Flowjo7.6 software 
(Becton Dickinson).

Co-IP assay

MSCs were  lysed us ing NE-PER™ Nuclear  and 
Cytoplasmic Extraction Reagents (Thermo Scientific, 
78833), lysates (1 mg protein) were pre-cleared with  
20 µL of Protein G Agarose beads (Santa Cruz) for 2–4 h, 
and then the supernatants were collected by centrifugation 
at 3,000 rpm at 4 ℃ for 3 min. The supernatants mixed 
with the Nrf2 antibody and beads were rotated overnight 
at 4 ℃. After being washed with NP-40 buffer for three 
times, the immunocomplexes were eluted by boiling in 
1× SDS-loading buffer for 10 min. Then, the buffer was 
separated using sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and electroblotted onto a 
polyvinylidene fluoride (PVDF) membrane (Roche, Basel, 
Switzerland) in line with standard procedures. Transferred 
blots were incubated sequentially with the STC2 antibody 
(Aabcam, UK) and Nrf2 antibody (Proteintech, USA) 
at 4 ℃ for 12 hours, and HRP-conjugated secondary 
antibodies. Protein bands were visualized with an enhanced 
chemiluminescence detection kit and recorded on a 
radiographic film (Alpha Innotech, San Jose, CA, USA). 

 

RNA isolation and qRT-PCR assays 

MSCs were transfected with shSTC2 synthesized in our 
previous studies (30). Total RNA was extracted using 
Trizol reagent (Invitrogen, Shanghai, China). Then, 
1 µg of total RNA was reverse-transcribed to cDNA 
using HiScript Q RT Supermix (Vazyme, Jiangsu, 
China). Finally, 1 µL of cDNA was used for qRT-
PCR analysis using ChamQ SYBR qPCR Master Mix 
(Vazyme, Jiangsu, China). The primer sequences were as 
follows: STC2, 5'-CTGTCCCTGCAGAATACAGC-3' 
a n d  5 ' - A G T G A C T G A A A C G TA G C C G A - 3 ' ; 
Nrf2,  5 '-AGGTTGCCCACATTCCCAAA-3'  and 
5 ' - A G T G A C T G A A A C G TA G C C G A - 3 ' ;  H O - 1 ,  
5 ' - G A A G A G C A C T G AT C G TA C T G G C - 3 '  a n d 
5'-GGATACTGAAAGTTCGCAGGG-3’. All reactions 
were run in triplicate. The ΔΔCt method and relative 

changes of mRNA levels were obtained by normalization 
GAPDH relative to the control. 

Histological examination

The mouse lungs were fixed by neutral buffered formalin 
solution for at least 24 hours and subsequently transferred 
to 70% ethanol until processing. Fixed tissues were then 
dehydrated in graded ethanol, cleared in xylene, and 
mounted in paraffin, followed by sectioning at 5 µm and 
staining with hematoxylin and eosin (H&E). The lung 
tissue pathology was observed by light microscopy. The 
severity of lung injury was assessed mainly by the methods 
reported in the literature (4). Briefly, each section was 
scored according to the following five items: (I) Neutrophils 
in the alveolar space; (II) Neutrophils in the interstitial 
space; (III) Hyaline membranes; (IV) Proteinaceous debris 
is filling the airspaces; and (V) Alveolar septal congestion. 
Each section was scored from the sum of the five items 
according to the injury field. The resulting injury score was 
between zero and one.

Lung microvascular permeability

Lung microvascular permeability was determined by the 
Evans Blue dye method (4). 20 mg/kg of Evans blue dye 
(Sigma-Aldrich, USA) was dissolved in 250 µL PBS and 
injected into the tail vein of the mice 24 h after ALI model 
preparation. Thirty minutes later, the mice were anesthetized 
with pentobarbital sodium and then perfused with 10 mL 
PBS to remove the blood. The right lung lobe was weighted, 
incubated, and homogenized with formamide (Sigma-Aldrich, 
USA) for 24 h at 60 ℃. EB concentration (µg/mg tissue) was 
determined in the supernatant with a spectrophotometer at 
620 nm for absorbance against a standard curve.

Superoxide dismutase activity assay and biochemical assay

Lung tissues and MSCs were homogenized in tissue lysis 
buffer (0.01 mmol/L Tris-HCl, Ph7.4, 0.1 mmol/L EDTA-
2Na, 0.01 mol/L sucrose, 0.8% NaCl) (35) at 4 ℃. The 
homogenate was centrifuged at 10,000 ×g for 10 min at 
4 ℃, and the supernatant was collected for the following 
experiment. Total super oxidative dismutase (SOD) activity 
(U/g tissue) was then detected using the total superoxide 
dismutase assay kit with NBT (S0109, Beyotime Institute of 
Biotechnology, Jiangsu, China) following the manufacturer’s 
instructions. The concentrations of reduced glutathione (GSH) 
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and oxidized glutathione disulfide (GSSG) were measured and 
GSH/GSSG ratio was calculated by an enzymatic method 
according to the commercial assay kit procedure (Beyotime 
Institute of Biotechnology, Jiangsu, China).

Statistical analysis

Unless otherwise stated, results are shown as mean ± 
standard deviation (SD) based on at least three independent 
experiments. Statistical significance (P<0.05) was considered 
by one-way analysis of variance (ANOVA) with an 
appropriate correction or Student’s t-test using SPSS 19.0 
statistical and Prism 7.0 Graphpad software.

Results

STC2 knockdown attenuated the antioxidant and anti-
apoptosis of MSCs

To explore  the  ro le  o f  STC2 in  MSC-media ted 
antioxidation, we depleted STC2 expression in MSCs using 
a lentiviral packaging system containing STC2-specific 
shRNA based on our previous report (30). RT-PCR and 
Western blotting revealed that STC2 mRNA and protein 
expression were lower in knockdown cells (MSCshSTC2) 
compared with control-transfected MSCs (MSCshNTC) 
(Figure S2). Then, we analyzed the possible role of STC2 in 
MSC suppression of reactive oxygen species (ROS). As was 
expected, MSCshSTC2 significantly increased the expression 
of ROS compared with MSCshNTC (Figure 1A). The results 
indicated that STC2 might be involved in MSC-mediated 
antioxidative function. Meanwhile, we observed that 
MSCshSTC2 had higher levels of apoptosis after the oxidative 
insult of PX12, relative to MSCshNTC (Figure 1B). These 
results revealed that STC2 is essential for MSCs-related 
antioxidative activity and anti-apoptosis under stress.

The STC2/Nrf2 pathway was involved in MSCs-mediated 
antioxidative processes

Our previous study found the colocalization of STC2 
with antioxidant enzymes heme oxygenase-1 (HO-1)  
in the nucleus, influencing its activity (30). Here, we 
found that the expressions of nuclear factor erythroid 
2-related factor 2 (Nrf2) and HO-1 were reduced 
when the STC2 level downregulated (Figure 2A) . 
Next, we use immunofluorescence staining technology 
to explore the distribution of STC2 and Nrf2. Our 

results showed that Nrf2 was localized in the cell 
nucleus, while STC2 was expressed in both the nucleus 
and cytoplasm, as observed by confocal fluorescence 
microscopy (Figure 2B). To further analyze the interaction 
between STC2 and Nrf2, as well as their role in MSCs-
mediated antioxidative activity, we designed several 
overexpression constructs of STC2 compared with 
MSCs-Control  (MSCs mock vector)  (Figure  S3 ) ,  
including FL (full-length), STC2 1–300 fragment 
(overexpression bases 1-300, same as below), STC2 1–540 
fragment, STC2 1–600 fragment, STC2 540–600 fragment, 
and STC2 600–900 fragment. Then we transfected 
MSCshSTC2 with these constructs and investigated their 
expression level in the nucleus and cytoplasm. We found 
that STC2 600–900 fragment was mostly located in the 
nucleus (Figure S4). Therefore, we speculated that the 
binding site for Nrf2 was mainly located in the amino acids 
200–300 of STC2. A similar result was obtained by Co-
IP analysis (Figure 2C). As far as we are aware, this is the 
first time the interaction between STC2 and Nrf2 has been 
revealed. These results demonstrated that STC2 might be 
involved in the antioxidative processes in MSCs.

MSCs-derived STC2 attenuated the proinflammatory 
cytokine production of macrophages

AMs play an essential role in recognizing and clearing 
pathogens from the airways to suppress the inflammatory 
reaction and oxidative stress in lung injury (10). AMs have 
considerable diversity and plasticity and can be classified 
as M1 phenotype, which is induced by LPS or IFN-γ 
and secretes proinflammatory cytokine TNF-α, or as M2 
subtypes, expressing anti-inflammatory M2 markers (e.g., 
CD206 and IL-10) stimulated by IL-4/IL-13 (7). MSCs 
have been reported to alleviate lung injury by regulating 
AMs (19). We used ELISA to detect paracrine factors in 
cultured cell supernatant and the results showed that STC2-
deficient MSCs had reduced IL-10 but not TSG6 (Figure 
S5). Furthermore, to investigate whether STC2 regulated 
MSCs apoptosis could affect the AM, firstly, we cocultured 
apoptotic MSCs (apo-MSCs) or normal MSCs with 
THP1 and found that apo-MSCs diminished macrophage 
polarization by inducing lower CD206 and higher TNF-α 
levels (Figure S6). Then MSCshNTC or MSCshSTC2 were 
cocultured with THP1 to explore the role of STC2 in AM 
polarization. As expected, MSCshNTC significantly inhibited 
TNF-α and increased IL-10 or CD206 expression in THP1 
cells. Remarkably, the STC2 knockdown in MSCs restored 
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TNF-α and reduced IL-10 or CD206 expression in THP1 
cells, respectively (Figure 3). Collectively, these results 
indicated that STC2 and MSCs apoptosis are involved in 
the modulation of macrophages polarization from M1 to 
M2 phenotype.

STC2 knockdown attenuated the reparable effects of MSCs 
on LPS-induced ALI

The LPS-induced ALI was identified histopathologically and 

characterized by lung edema, thickening of the alveolar walls 
and interstitium, and alveolar spaces filled with mononuclear/
neutrophilic infiltrates. The injured areas and numbers of 
infiltrative neutrophils in the LPS + MSCshNTC group were 
dramatically reduced compared to the LPS treatment group. 
However, the reparable effects of MSCs on LPS-induced 
ALI were significantly attenuated in the LPS+MSCshSTC2 
group. These features were consistent with calculated lung 
injury scores (Figure 4A,B). In BALF, MSCs significantly 
suppressed LPS-induced leukocyte accumulation, which was 

Figure 1 MSC-derived STC2 reduced the generation of ROS and apoptosis rate. STC2-specific shRNA lentivirus packaged stable cell was 
constructed. (A) The ROS levels in MSCshNTC and MSCshSTC2 were measured using kits and analyzed by flow cytometry; (B) MSCshNTC and 
MSCshSTC2 with or without PX12 (50 µM) were stained with annexin V and PI and then analyzed by flow cytometry. The bar chart shows 
the quantification. **, P<0.01; ***, P<0.001. ns, not significant./ MSC, mesenchymal stem cell; STC2, stanniocalcin-2; ROS, reactive oxygen 
species; PI, propidium iodide.
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robustly attenuated in the LPS+MSCshSTC2 group (Figure 4C).  
The pulmonary vascular permeability was measured by 
Evans Blue assay. MSCshSTC2 showed a significant decrease 
in the permeability (Figure 4D). IL-17A and TNF-α are 
key cytokines for indexing lung inflammation (4,36). After 
LPS treatment, the concentration of IL-17A and TNF in 
the BALF increased significantly, and both were inhibited 
when MSCshNTC was administered. However, MSCshSTC2 

dramatically reduced TNF-α inhibition more than MSCshNTC 
(Figure 4E,F). To summarize, these results showed that STC2 
plays a crucial role in MSCs-mediated reparable effects on 
LPS-induced ALI.

STC2-depleted MSCs failed to induce AM phenotype 
transition to phenotype M2

To further investigate MSCs induced AM polarization 
in vivo, BALF cells were collected in MSCs-treated 
mice and stained with F4/80, TNF-α, and CD206, 
followed by flow cytometry analysis. Results showed 
that  LPS promoted AM to express  TNF-α  whi le 
MSCs prevented it. Meanwhile, MSCs induced the 

expression of CD206 in AM. However, the STC2 
knockdown reduced these phenomena (Figure 5A).  
This result demonstrated that STC2 suppressed LPS-
induced AM transition to the M1 phenotype and is essential 
for MSCs-mediated anti-inflammatory function in ALI. 

STC2 deficient MSCs reduced antioxidant capacity to ALI

Since cell survival and apoptosis are related to its 
antioxidative properties (37), we measured the antioxidant 
activity changes in MSCshSTC2-treated injured lungs. Total 
SOD activity (Figure 5B) and GSH/GSSG ratio (Figure 5C) 
were significantly decreased after LPS challenge. MSCshNTC 
administration restored these antioxidant activities in the 
injured lung. However, STC2 knockdown reduced the 
antioxidant capacities of MSCs in lung injury. These results 
revealed that the expression of STC2 is also crucial for 
MSC antioxidant capacity.

STC2 attenuated MSC apoptosis induced by BALF 

BALF from injured lungs is rich in oxidative molecules (38).  

Figure 2 STC2 colocalized with Nrf2 in MSCs. (A) The relative mRNA expression levels of STC2, Nrf2, and HO1 were analyzed by 
quantitative polymerase chain reaction (qPCR); (B) distributions of STC2 and Nrf2 in MSC were examined by a confocal fluorescence 
microscope; (C) the association of STC2 and Nrf2 was analyzed by CO-IP. shSTC2 vs. NTC, **, P<0.05. IP, immunoprecipitation; STC2, 
stanniocalcin-2; MSC, mesenchymal stem cell.
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MSCs are susceptible to oxidative stress, affecting their 
viability (39). We used BALF obtained from the LPS-
induced ALI (BALF-LPS) group and the control (BALF-
PBS) group to treat control MSCs and STC2-depleted 
MSCs. Figure 6A shows that BALF-LPS treatment 
significantly increased MSCshSTC2 apoptosis compared with 
MSCshNTC in the BALF-PBS group. In addition, to measure 

MSC survival in LPS-induced ALI, BALF was then 
collected from CFSE-labeled MSCs-treated mice at 24 and 
48 h. CFSE /PI positive cells in the BALF were analyzed 
by FACS. The MSCshSTC2 apoptosis in BALF collected at 
48 h (10.1%) after LPS treatment was higher than in that 
collected at 24 h (7.77%) compared with MSCshNTC (Figure 
6B). The results showed that STC2 is involved in BALF-

Figure 4 STC2 contributed to MSCs-mediated ameliorating effects on LPS-induced ALI. Male adult BALB/c mice (8 to 10 weeks old) 
were randomly divided into four different groups: PBS + PBS, LPS + PBS, LPS + MSCshNTC, and LPS + MSCshSTC2. The ALI model was 
established by LPS (5 mg/kg) installation intranasally. The control group received the same volume of PBS. The mice were killed to obtain 
lung tissues 24 h after LPS treatment or were used to collect BALF. (A) The degree of lung injury was assessed with H&E staining; (B) 
histopathological mean lung injury scores; (C) neutrophil count in BALF; (D) the pulmonary permeability index was measured by Evans 
blue dye. TNF-α (E) and IL-17A (F) levels in BALF were detected using ELISA assay. n=10 each group. *, P<0.05; **, P<0.01; ***, P<0.001.  
STC2, stanniocalcin-2; MSC, mesenchymal stem cell; ALI, acute lung injury; BALF, bronchoalveolar lavage fluid; ELISA, enzyme-linked 
immunosorbent assay.
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induced MSCs apoptosis and plays an important role in the 
anti-apoptosis effect of MSCs. 

Discussion

ALI is  a  comprehensive syndrome with excessive 
inflammation and oxidative stress response (1,40). However, 
there is still no effective pharmacological therapy (5,6). 
Cell-based therapy has emerged as a potential novel therapy 
for ALI (12), but the specific mechanism has not been 
thoroughly scrutinized. In this study, we found that STC2 
is essential to MSCs antioxidative and anti-inflammatory 
properties, and first reported that STC2-mediated MSCs 
survival maintenance in vivo and AMs polarization is crucial 
for repair in LPS-induced ALI.

Cell oxidative stress responses are often associated with 
survival and inflammation (37). Expressing stress response 
genes like HO-1, Nrf2, and STCs, have pivotal roles for 
MSCs anti-inflammatory and cytoprotective properties. The 
activation of the Nrf2/ HO-1 signaling pathway suppresses 
oxidative stress and inflammation reactions in LPS-induced 
ALI (41). MSC overexpression of Nrf2 or HO-1 exerts 
antioxidant and anti-inflammatory effects (23,42). STC1 
ameliorates LPS-induced pulmonary oxidative stress, 
inflammation, and apoptosis (28). STC2 contributes to 
macrophage foam cell formation (32) and enhances MSCs 
survival by suppressing oxidative stress (33). Our previous 
study also found STC2 is a highly expressed stanniocalcin 
that colocalizes with HO-1 in the cytoplasm in MSCs and 
is crucial for MSCs attenuating allergic contact dermatitis 
(ACD) by reducing IFN-γ- and TNF-α-producing CD8+ 

T cells (30). We reported for the first time that STC2 
colocalized with Nrf2 in MSCs nucleis. Silencing STC2 
significantly reduced MSCs activity in relation to polarizing 
macrophage and resistance to oxidative stress. This evidence 
firmly introduces STC2 as a novel factor for MSCs’ anti-
inflammatory and antioxidant effects.

In vivo studies, numerous researchers have investigated 
the importance of AM and oxidative response in ALI (10).  
AM polarization predicted the resolution of acute 
inflammation in the lungs (43) and redox signaling has 
related implications (44). Previous studies have found that 
PGE2 and TSG6 are the most potent anti-inflammatory 
paracrine factors known from MSC to induce AM 
phenotype transition (45,46). Here, we found that STC2 
was also a key factor for AM polarization in ALI. Knocking 
down STC2 influences IL10 but not TSG6 secretion. 
Combined with the above findings, it indicates that MSCs 

exert a protective effect via an anti-inflammatory redox-
oxidant revolving axis (47).

Oxidative stress responses are dominant features of 
the progression of ALI (40,48). Oxidative stress-induced 
apoptosis is one of the primary reasons for the poor viability 
of MSCs in vivo (49). We investigated the anti-inflammatory 
effect from apoptotic MSCs and found that apoptotic MSCs 
significantly diminished macrophage polarization. This 
was consistent with preclinical and clinical studies (18,50). 
Additionally, BALF insulted MSCs or STC2-deficient 
MSCs from injured lungs are more prone to apoptosis. 
That suggests that STC2 is partially involved MSCs 
survival in vivo and may be a promising target to improve its 
therapeutic effect. 

Conclusions

In summary, we reported that the expression of STC2 
in MSCs is essential to their anti-oxidant and anti-
inflammation properties. STC2 suppressed the production 
of ROS, and reduced the apoptosis rate in MSCs under 
stress in vitro and in vivo, mediated by interacting with 
Nrf2. Silencing STC2 in MSCs inhibited their ameliorating 
effect on LPS-induced ALI. Our findings suggest that 
MSCs-derived STC2 might represent a promising novel 
therapeutic target for the treatment of ALI. 
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Figure S1 Murine acute lung injury model and measurement. Control group without any stimuli, PBS + PBS group and LPS + PBS group 
mice were intratracheal instilled with 30 μL PBS or 30 μL (5 mg/kg) LPS, 4 hours later, 30 μL PBS were instilled again. Lung histological 
analysis by HE stain (A), magnification for upper panel was 50× and lower panel was 200×, lung injury score (B), permeability (wet to 
dry ration, C; Evans Blue dye, D), neutrophils counts (E) and TNF-a concentrations in BALF were measured. There were no significant 
differences of these measurements between control group and PBS + PBS group (n=3–5). *, P<0.05; **, P<0.01; ***, P<0.001. TNF-α, tumor 
necrosis factor-α; BALF, bronchoalveolar lavage fluid.

Figure S2 The relative mRNA expression levels of STC2 analyzed by qPCR and normalized with reference GAPDH controls (A, n=3 
for each group). Representative western blot analysis of STC2 expression in MSCs (B). Data are shown as mean ± SD. **, P<0.01. MSC, 
mesenchymal stem cell; STC2, stanniocalcin-2; qPCR, quantitative polymerase chain reaction.

Supplementary



Figure S3 The diagrammatic sketch of overexpressed constructs of STC2 in MSCs. The relative mRNA expression levels of STC2 were 
analyzed by qPCR and normalized with reference GAPDH controls. Multiple t-tests were used in comparison between each overespressed 
genotype and MSCcontrol (n=3 for each group). Data are shown as mean ± SD. **, P<0.01. MSC, mesenchymal stem cell; STC2, 
stanniocalcin-2; qPCR, quantitative polymerase chain reaction.

Figure S4 The location of STC2 in MSCs when overexpressed with different constructs. Nucleus were stained with DAPI (blue), STC2 
were stained with monoclonal antibody (red). The amino acids 600–900 fragment was highly expressed in nuclei (arrows). Magnification in 
each field was 400×. STC2, stanniocalcin-2; MSC, mesenchymal stem cell.



Figure S6 Apoptotic MSC failed to induce macrophage polarization. MSCs were exposed to PX12 (50 μM) for 24 hours to induce apoptotic 
MSCs (apo-MSCs). Then MSCs control or apo-MSCs were cocultured with inflammatory insulted (LPS 1 μg/mL, INFγ 50 ng/mL) THP1 
cells (M1) for a further 24 hours. THP1 was stained with CD206, TNFα and analyzed by flow cytometry. Data are shown as mean ± SD (n=3). 
*, P<0.05. MSC, mesenchymal stem cell; TNF-α, tumor necrosis factor-α.

Figure S5 The secretion of IL-10 (left) and TSG6 (right) from STC2 silenced MSCs or control MSCs detected by ELISA. IL-10, 
interleukin 10; TSG6, tumor necrosis factor α stimulated gene 6. Data are shown as mean ± SD (n=3). *, P<0.05. STC2, stanniocalcin-2; 
MSC, mesenchymal stem cell; ELISA, enzyme-linked immunosorbent assay.
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