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Current hypotheses suggest that aberrant wound heal-
ing has a critical role in the pathogenesis of idiopathic 
pulmonary fibrosis (IPF). In these hypotheses, continu-
ous TGF-β1 secretion by alveolar epithelial cells (AECs) in 
abnormal wound healing has a critical role in promoting 
fibroblast differentiation into myofibroblasts. Mesenchy-
mal stem cells (MSCs) home to the injury site and reduce 
fibrosis by secreting multifunctional antifibrotic humoral 
factors in IPF. In this study, we show that MSCs can cor-
rect the inadequate-communication between epithelial 
and mesenchymal cells through STC1 (Stanniocalcin-1) 
secretion in a bleomycin-induced IPF model. Inhalation 
of recombinant STC1 shows the same effects as the 
injection of MSCs. Using STC1 plasmid, it was possible 
to enhance the ability of MSCs to ameliorate the fibro-
sis. MSCs secrete large amounts of STC1 in response 
to TGF-β1 in comparison to AECs and fibroblasts. The 
antifibrotic effects of STC1 include reducing oxidative 
stress, endoplasmic reticulum (ER) stress, and TGF-β1 
production in AECs. The STC1 effects can be controlled 
by blocking uncoupling protein 2 (UCP2) and the secre-
tion is affected by the PI3/AKT/mTORC1 inhibitors. Our 
findings suggest that STC1 tends to correct the inap-
propriate epithelial–mesenchymal relationships and that 
STC1 plasmid transfected to MSCs or STC1 inhalation 
could become promising treatments for IPF.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a specific form of idiopathic 
interstitial pneumonia (IIPs) with the histological appearance of 
usual interstitial pneumonia (UIP). The prognosis is poor because 
of the lack of effective therapies.1 Current prevailing hypotheses 

suggest aberrant wound healing, rather than inflammation, is one 
of the major problems in the pathogenesis because inflammation 
is minimal in UIP tissues and immunosuppressive drugs do not 
alter the natural history of IPF.2,3 Endoplasmic reticulum (ER) 
stress is caused by burdens that perturb the processing and folding 
of proteins, resulting in the accumulation of misfolded proteins in 
the ER and the activation of the unfolded protein response (UPR). 
The UPR in alveolar epithelial cells (AECs) is a key component in 
the pathogenesis of IPF because UPR causes continuous stress in 
AECs.4,5 In the microenvironment of IPF, various insults increase 
ER-stress in AECs.6 Continuous UPR alters the secretion status of 
AECs by activating several receptor tyrosine kinase pathways.7,8 
Subsequently, AECs increase the secretion of profibrotic growth 
factors, such as TGF-β1, FGF-2, and PDGF-BB.9 TGF-β1 pro-
motes the differentiation of fibroblasts into myofibroblasts, which 
have a central role in the pathogenesis of IPF. In normal wound 
healing, TGF-β1 secretion from AECs is downregulated at the 
appropriate time during tissue repair. However, continuous TGF-
β1 secretion from AECs is observed in the abnormal wound heal-
ing of IPF. To treat IPF, this miscommunication between epithelial 
and mesenchymal cells must be blocked.3

Mesenchymal stem cells (MSCs) have been proved to ame-
liorate lung remodeling in animal models through differenti-
ating into specific cells, but differentiation into specific cells is 
relatively rare.10–12 Recent studies suggest humoral factors secreted 
by MSCs play more important roles in ameliorating IPF.13–15 In 
previous studies, we showed that MSCs secrete mitochondria-
related hormone Stanniocalcin-1 (STC1) in a paracrine fashion 
under stress conditions, which improves the cell survival through 
the upregulation of uncoupling protein 2 (UCP2).16–18 In addition, 
recent evidence suggests the involvement of STC1 and STC2 in 
the subcellular function of ER, particularly through responding to 
UPR.17–20 In this study, we show that MSCs enhance STC1 secre-
tion under the control of the mTORC1 pathway, which is related 
to aerobic glycolysis and ER-stress, in the presence of profibrotic 
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growth factors.21 Sufficient quantities of STC1 derived from MSCs 
can diminish oxidative and ER-stress and the production of profi-
brotic growth factors in AECs. The ability of MSCs to ameliorate 
fibrosis depended on the secretion of STC1 and these functions 
of STC1 were blocked by the inhibition of UCP2 gene, which is 
downstream of STC1.17,19 Our findings about MSCs and STC1 in 
the pathology of the disease may be helpful in developing promis-
ing treatments from IPF.

RESULTS
Growth factors promote human MSCs to secrete 
STC1 under the control of the PI3/AKT/mTOR 
pathway
Our hypothesis is that MSCs secrete STC1 to maintain homeo-
stasis when the microenvironment is disturbed by profibrotic 
factors. Therefore, the responses of MSCs exposed to a typical 
profibrotic factor, human TGF-β1, were evaluated. In the pre-
ceding experiment, we determined the suitable concentration 
(5 ng/ml) of and incubation time (24 hours) for TGF-β1 in the 
experiments using a human MSC cell line (hMSC: Ue6E7T-2) 
and naive human MSCs (MSC240L and MSC5062L) of healthy 
volunteers (Supplementary Figure S1). Previous studies showed 
that Ue6E7T-2 maintained the characteristics and functions of 
naive MSCs.22,23 TGF-β1 more strongly stimulated Ue6E7T-2 
cells to synthesize and release STC1 into the culture medium 
compared to fibroblasts and epithelial cells (Figure 1a–c). Other 
profibrotic growth factors (human FGF-2, human PDGF-BB) and 
oxidative stress (hydrogen peroxide; H2O2) also more strongly 
stimulated Ue6E7T-2 cells to release STC1 compared to human 
epithelial and fibroblast cells (Figure 1e and Supplementary 
Figure S2a,b). Especially, FGF-2 was a stronger inducer of STC1 
in hMSC compared to TGF-β1 and PDGF-BB (Supplementary 
Figure S2c). Next, we focused on PI3/AKT/mTOR among the 
pathways stimulated by growth factors because this pathway is 
closely involved in cell metabolism.24,25 Specific inhibitors of PI3 
(Ly294002), AKT (AKT specific inhibitors VIII), and mTORC1 
(rapamycin) inhibited STC1 secretion from Ue6E7T-2 under the 
control of other human profibrotic growth factors (PDGF-BB, 
FGF-2) and H2O2 (Figure 1c–e and Supplementary Figure S2d). 
We confirmed that these inhibitors also inhibited STC1 secretion 
from MSC240L and MSC5062L (Supplementary Figure S3).

STC1 diminished the oxidative stress induced by 
bleomycin (BLM) exposure in AECs
BLM increased intracellular reactive oxygen species (ROS) in 
human AECs and A549, and rSTC1 reduced the expression of 
ROS in A549 (Supplementary Figure S4). The experiments with 
H1299 showed similar results (data not shown). These results sug-
gest that STC1 can ameliorate oxidative stress in BLM-induced 
pulmonary fibrosis.

hMSC and recombinant STC1 (rSTC1) ameliorated 
tissue damage by reducing collagen-synthesis 
and the accumulation of ROS in the BLM-induced 
pulmonary fibrosis model
First, C57BL/6J mice were injected with BLM via the trachea with a 
needle. Successively, rSTC1 injection via the trachea or Ue6E7T-2 

injection via the tail vein was conducted. The lungs were evaluated 
at day 14 after the first injection of BLM (Supplementary Figure 
S5a and Supplementary Material and Methods). Staining with 
HE, EM, and 8-OHdG was used to evaluate tissue destruction, 
fibrotic changes (collagen deposition), and oxidative stress (ROS 
deposition), respectively. Remarkable pathological improvements 
were observed in the rSTC1- and hMSC-treated groups compared 
with the control group (Figure 2a). Quantification of the colla-
gen deposition and expression intensity of 8-OHdG showed sig-
nificant decreases of collagen deposition and intracellular ROS in 
the lungs of these groups (Figure 2b,c). Although N-acetylcystein 
(NAC) also had antioxidative and antifibrotic effects, rSTC1 
inhalation via the trachea or injection of human MSCs via the 
tail vein was more strongly effective than NAC in the same model 
(Figure 2a–c).

The ability of human MSCs to ameliorate lung injuries was 
affected by STC1. The enhancement of STC1 secretion by gene 
manipulation in human MSCs increased their capacity to amelio-
rate lung injury.

First, C57BL/6J mice were injected BLM via the trachea with 
a needle. Ue6E7T-2 transfected with/without sh-STC1, sh-CTRL, 
CMV-STC1, and CMV-CTRL plasmids was injected via the tail 
vein on the next day. The lungs of each group were evaluated 
at day 14 after BLM injection (Supplementary Figure S5a and 
Supplementary Material and Methods).

The amounts of STC1 secreted from hMSCs transfected 
with plasmids were measured (Supplementary Figure S5b). 
Exacerbated tissue destruction, increased collagen accumulation, 
and aggravated oxidative stress were observed in the group treated 
with MSCs transfected with sh-STC1 plasmid. On the other hand, 
amelioration of the tissue destruction, decreased collagen accu-
mulation, and amelioration of the oxidative stress were observed 
in the group treated with MSCs transfected with CMV-STC1 
plasmid in comparison with the control (Figure 3a). The quanti-
fication of collagen deposition and the intensity of 8-OHdG stain-
ing are shown in Figure 3b,c. A mouse MSC line, KUM10, was 
transfected with these plasmids and checked for their therapeutic 
effects in BLM-induced pulmonary fibrosis. KUM10 also amelio-
rated the destruction, collagen-deposition, and oxidative stress of 
BLM-induced pulmonary fibrosis in a STC1-dependent manner 
(Supplementary Figure S6). These findings suggest that STC1 is 
an essential factor for MSCs in the protection against lung inju-
ries and fibrosis from excessive collagen deposition and oxidative 
stress in mammals.

ER stress causes upregulation of TGF-β1 in AECs in 
BLM-induced pulmonary fibrosis
Next, we investigated whether STC1 reduces ER-stress and 
depresses TGF-β1-synthesis continuously through relieving 
ROS in AECs in the animal model. In the unstressed state, UPR 
pathway-related proteins (PERK, ATF6, and IRE1) are bound 
by immunoglobulin heavy-chain-binding protein (BiP), also 
known as glucose regulated protein-78 (GRP78). With mis-
folded protein accumulation in the ER, BiP is sequestered away 
from these proteins; therefore, BiP expression in cells is consid-
ered to be a sensitive marker of ER stress in cells.4,26 We used 
GRP78/BiP antibody as the ER-stress marker and performed 
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Figure 1  TGF-β1 and oxidative stress strongly stimulated the capacity of human mesenchymal stem cells (MSC) (Ue6E7T-2) to synthesize and 
release Stanniocalcin-1 (STC1) in comparison with human fibroblasts and lung epithelial cells. The secretion of STC1 by MSC is controlled by the 
PI3/AKT/mTOR pathway. (a) The quantities of secreted STC1 from human MSC (Ue6E7T-2), human fibroblasts (MRC5, HFL), and human lung epithelial 
cells (A549, H1299), with or without TGF-β1 (5 ng/ml) stimulation, were measured by enzyme-linked immunosorbent assay (ELISA) (left). STC1 secretion 
ratios (TGFβ1+/TGFβ1−) were calculated based on the STC1 protein quantities measured by ELISA as shown in Figure 1a left (right). (b) In addition, the 
STC1 mRNA synthesis ratios (TGFβ1+/TGFβ1−) were measured using RT-PCR. (c) Western blotting of Ue6E7T-2. STC1 production and the phosphoryla-
tion of p70s6k (P-p70s6k), as an indicator of mTOR activation, were activated by TGF-β1. Specific PI3 (Ly294002), AKT (AKT inhibitor VIII), and mTOR 
(Rapamycin) inhibitors reduce STC1 production and P-p70s6k expression in Ue6E7T-2. (d) Specific PI3 (Ly294002), AKT (AKT inhibitor VIII), and mTOR 
(rapamycin) inhibitors reduced STC1 secretion of human MSCs in the presence of TGF-β1. The values of %STC1 secretion of Ue6E7T-2 were calculated 
with the quantities of STC1 measured by ELISA. (e) Oxidative stress (hydrogen peroxide; H2O2 20 µmol/l) also strongly induced human MSCs to secrete 
STC1 in comparison with human fibroblasts and epithelial cells. Ly294002 and rapamycin also inhibited the secretion of STC1 by human MSCs. In all 
experiments, 5 × 105 cells were seeded in each well of 12-well plates for 48 hours before the addition of the reagents. All evaluations were done 48 hours 
after the addition of the reagents. Data are presented as mean ± SD of three separate experiments, each performed in triplicate. RT-PCR, real-time PCR.
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coimmuno-staining for it together with TGF-β1 and surfactant 
protein C (Sftpc). The fluorescence intensities of TGF-β1 and 
BiP in AECs were increased in the BLM-treated mice in com-
parison with the saline control, and the expressions of TGF-β1, 
BiP, and Sftpc were observed in the same location in the major-
ity of AECs exposed to BLM (Figure 4a). The expression levels 
of TGF-β1 and BiP protein derived from whole lung homog-
enates were increased in the BLM-treated group. On the other 
hand, the administration of human MSCs and STC1 decreased 
the TGF-β1 and BiP expression (Figure 4b,c). The experiments 
with human MSCs transfected by sh-STC1, sh-CTRL, CMV-
STC1, and CMV-CTRL revealed that the promotion or inhibi-
tion of STC1 synthesis in human MSCs resulted in a decrease 
or increase of the TGF-β1 and BiP protein expression levels in 
whole lung, respectively (Figure 4d,e). These data suggest that 
ER-stress can induce the upregulation of TGF-β1 in AECs and 
that the ability of human MSCs to inhibit ER-stress and TGF-β1 
synthesis in AECs is dependent on STC1.

Human MSCs attenuate ER stress in a  
STC1-dependent manner in BLM-induced 
pulmonary fibrosis
To investigate the effect of STC1 on BiP expression in AECs, 
we evaluated lung sections immunostained for BiP and 
4′,6-diamidino-2-phenylindole (DAPI) antibodies in BLM-
treated mice at day 3 after intratracheal injection of Q-dot-labeled 
human MSCs via the tail vein. The expression of BiP increased 
in the AECs of BLM-treated mice in comparison with the  
saline-treated group (Figure 5a,b,h). The administered human 
MSCs were engrafted in damaged AECs. Q-dot-labeled human 
MSCs transfected with sh-CTRL and CMV-STC1 attenuated 
the BiP expression in the surrounding tissues in comparison 
with BLM-treatment without MSC, shSTC1, and CMV-CTRL, 
respectively (Figure 5b–h). The expression of CD45 (antileu-
cocyte common antigen) with these Q-dots cells was  nega-
tive (Supplementary Figure S7). In the case of human MSCs 
transfected with sh-STC1 plasmid, the immune fluorescence 

Figure 2 The administration of human mesenchymal stem cells (MSCs) (Ue6E7T-2) or recombinant Stanniocalcin-1 (STC1) (rSTC1) amelio-
rated the tissue damage in bleomycin (BLM)-induced pulmonary fibrosis. C57BL/6J mice were intratracheally injected with BLM (1 mg/kg; 20 
µg/mice) in 200 µl of saline at day 0. These mice were then injected with rSTC1 (100, 250 µg/kg) or N-acetylcystein (150 mg/kg) via the trachea 
at day 0 or human MSCs (5 × 105 cells in 200 µl of PBS) via the tail vein at day 1. Control mice were injected with an equal volume of saline. Mice 
were sacrificed on day 14 and the evaluation was then conducted (see Supplementary Figure S5a). (a) Histologic examination in the left lung 
was performed by hematoxyline-eosin-staining (HE) and Elastica-Masson-staining (EM), and 8-hydroxy-2′-deoxyguanosine-staining (8-OHdG) in the 
control (saline and BLM), human MSC, rSTC1, and NAC-treated groups for the evaluation of destructive changes in the tissue, collagen-deposition 
and oxidative stresses. (b) Collagen deposition in the whole right lung was measured using a Sircol collagen kit in the same groups. (c) Quantification 
of the mean intensity of 8-OHdG in lungs was measured by HistoQUEST (Tissue Gnostics) expression analysis in the same groups. Data are presented 
as mean ± SD (n = 6). The bar in the photographs represents 200 µm for each section.
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of labeled MSCs merged with that of BiP (Figure 5e). Human 
MSCs  transfected with CMV-STC1 plasmid showed strongly 
reduced BiP expression compared to the other MSCs 
(Figure  5g). These findings suggest that MSCs reduced the 
ER-stress in the lung microenvironment through the paracrine 
secretion of STC1.

STC1 reduction in ER stress and TGF-β1 production in 
BLM-treated AECs was dependent on UCP2
Firstly, we examined whether oxidative stress could induce 
ER-stress in AECs because H2O2 induces BiP in AECs 
(Supplementary Figure S8a). Next, we confirmed that BLM 
also induced BiP and determined that the appropriate con-
centration of BLM for the evaluation of ER-stress is 10 or 50 
µg/ml because this concentration induced BiP but not CHOP 
expression in AECs (Supplementary Figure S8b,c). Prolonged 
or severe ER stress can result in cellular apoptosis through tran-
scription factor CHOP, sequential caspase-12, and JNK path-
way activation, which is activated by all three UPR pathways. 
Therefore, CHOP expression in cells indicates that the stimula-
tion for inducing ER stress was too severe to benefit from the 
protective functions of these factors.4,27 More than 100 µg/ml of 
BLM induced CHOP expression and decreased the cell viability 
(Supplementary Figure S8d).

BLM 50 µg/ml upregulated the mRNA of fibrosis-related 
growth factors TGF-β1, FGF2, and PDGF-B in AECs and the 
addition of rSTC1 50 ng/ml downregulated the mRNA expres-
sion of these factors. UCP2 inhibition using specific siRNA in 
AECs abolished the ability of STC1 to diminish these growth 
factors (Figure 6a). The immunoblotting experiment for TGF-
β1 in AECs showed similar results to those of  real-time PCR, 
as shown in Figure 6a left (Figure 6b). These findings suggest 
UCP2 is an essential molecule for the function of STC1 in dimin-
ishing TGF-β1, as is STC1 in diminishing oxidative stress.17

Decrease of ER stress by STC1 in BLM-treated AECs is 
dependent on UCP2
To clarify the effect of STC1 on ER-stress, we evaluated the BiP 
expression in BLM-exposed (50 µg/ml) AECs by immunofluores-
cence staining and real-time PCR. The addition of rSTC1 (50 ng/
ml) to A549 cells cultured with BLM reduced the BiP expression 
to the same level as that of CTRL in the immunofluorescence 
staining of DAPI and BiP (Figure 7a). The addition of rSTC1 to 
A549 cells cultured with BLM decreased the expression of BiP and 
mRNA expression. However, knock down of UCP2 with specific 
siRNA diminished the ability of STC1 to reduce the expression 
of BiP and mRNA expression (Figure 7a,b). The expression level 
of CHOP mRNA in A549 cells was not affected by the addition 

Figure 3 Inhibition or promotion of Stanniocalcin-1 (STC1) secretion in human mesenchymal stem cells (MSCs) (Ue6E7T-2) using plasmids 
affected the capacity of human MSCs to reduce collagen synthesis and oxidative stress. C57BL/6J mice were injected with bleomycin (BLM) 
(1 mg/kg; 20 µg/mice) in 200 µl of saline via the trachea at day 0. These mice were then injected with human MSCs (5 × 105 cells in 200 µl of phos-
phate-buffered saline) transfected with sh-CTRL, sh-STC1, CMV-CTRL, and CMV-STC1 plasmid via the tail vein at day 1. Mice were sacrificed on day 
14 and the evaluation was then conducted (see Supplementary Figure S5a). (a) Histologic examination in the left lung was performed using HE, 
EM, and 8-OHdG staining in the sh-CTRL, sh-STC1, CMV-CTRL, and CMV-STC1 treated groups. (b) Collagen deposition in the whole right lung was 
measured using a Sircol collagen kit. (c) Quantification of the mean intensity of 8-OHdG in lungs was done by HistoQUEST expression analysis. The 
bar in the photographs represents a length of 200 µm. Data are presented as mean ± SD (n = 6).
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of BLM (50 µg/ml), rSTC1 (50 ng/ml), or UCP2 blocking with 
specific siRNA (Figure 7b). These data suggest that the abil-
ity of STC1 to reduce ER-stress (BiP) depends on UCP2, which 
induces uncoupling respiration in mitochondria. Uncoupling 
respiration is synonymous with aerobic glycolysis, known as the 
“Warburg Effect” in cancer. In other words, noncancerous cells 
use the Warburg effect to reduce oxidative stress, ER stress and 
TGF-β1 production for cell protection, and antifibrosis through 
STC1 secretion. Although the quantity of STC1 from AECs and 
fibroblasts may be insufficient to reduce fibrosis, that from MSCs 
may be enough to cure fibrosis.

The oxidative stress scavenger N-acetylcysteine (NAC) also 
decreases TGF-β1 production and ER stress in BLM-treated 
AECs, but NAC does not depend on the function of UCP2.

NAC is a strong scavenger of products in cells derived 
from oxidative stress and is used for the treatment of IPF. We 
attempted to confirm whether NAC also decreases the mRNA 
expressions of TGF-β1, FGF2, PDGF-B, and ER-stress in AECs. 
NAC (5 mmol/l = 1.63 mg/ml) can decrease these growth fac-
tors and ER-stress (GRP78/BiP) induced by BLM (50 µg/ml) 
in AECs. UCP2 knock-down with specific siRNA in AECs did 
not affect the NAC functions that reduce growth factors and 

Figure 4 Endoplasmic reticulum (ER) stress caused upregulation of TGF-β1 in alveolar epithelial cells (AECs) in bleomycin (BLM)-induced 
pulmonary fibrosis. C57BL/6J mice were injected with saline (200 µl) with or without BLM (1 mg/kg; 20 µg/mice) via the trachea at day 0. Mice 
were sacrificed on day 14. Immunofluorescence staining was performed with TGF-β1 (red), the ER stress marker BiP (green), the alveolar-epithelial-
cell marker Sftpc (orange) antibodies, and DAPI (blue). (a) Immunofluorescence staining of phosphate-buffered saline (PBS)- (left) and BLM-treated 
groups (central and right; enlarged). (b) Western blotting analysis for TGF-β1 and BiP in whole lung in the CTRL, BLM, rSTC1, N-acetylcystein (NAC) 
groups. (c) Relative expressions of TGF-β1 and BiP proteins to β-actin were measured by densitometric analysis in each group, as shown in Figure 
4b. (d) Western blotting analysis for TGF-β1 and BiP in whole lung in the sh-CTRL, sh-STC1, CMV CTRL, and CMV STC1 treated groups. (e) Relative 
expressions of TGF-β1 and BiP proteins to β-actin were measured by densitometric analysis in each group, as shown in Figure 4d. Data are presented 
as mean ± SD (n = 6). Scale bars: 200 µm (a, left and middle panel), 50 µm (a, right panel). DAPI, 4′,6-diamidino-2-phenylindole.
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ER-stress (BiP) (Supplementary Figure S9a,b). These find-
ings suggest that the mechanism by which STC1 reduces fibro-
sis is different from that of NAC. STC1 (50 ng/ml) can reduce 
fibrosis at an extremely low concentration compared with NAC 
(1.63 mg/ml).

The mTORC1 function induced by TGF-β1 is essential 
for the protection against ER stress in human MSCs
To investigate the significance of mTOR in ameliorating the 
ER-stress induced by TGF-β1 in human MSCs, we made an 
experiment with a specific mTORC1 inhibitor, rapamycin. 
Rapamycin increased the ER-stress of human MSCs in both a 
normal culture condition and one with TGF-β1 (Supplementary 
Figure S10). This result suggests that the mTORC1 function 

is an essential factor for reducing ER-stress and maintaining 
homeostasis in MSCs.

STC1 reduced ER-stress and TGF-β1 synthesis 
in alveolar macrophages in bleomycin-induced 
pulmonary fibrosis
Macrophages are also considered one of the important sources 
of TGF-β1 in the pathogenesis of IPF.2 The relationship between 
ER-stress and TGF-β1 production in macrophages is still obscure. 
We confirmed that STC1 also reduces ER-stress and TGF-β1 syn-
thesis in macrophages separated from BAL fluid of C57BL/6J mice 
(Supplementary Figure S11a,b) and THP-1 cell differentiated 
into macrophage exposed by bleomycin (Supplementary Figure 
S11c). This result suggests that STC1 can reduce ER-stress and 

Figure 5 Human mesenchymal stem cells (Ue6E7T-2) ameliorated ER stress in bleomycin (BLM)-induced pulmonary fibrosis in a Stanniocalcin-1 
(STC1)-dependent manner. C57BL/6J mice were injected with PBS 200 µl (a) or BLM (1 mg/kg; 20 µg/mice) in 200 µl PBS (b–g) into the trachea 
on day 0. PBS 200 µl (b), 1 × 105 Ue6E7T-2 in PBS 200 µl with Q-dot-label (red) (c), Q-dot-labeled (red) transfected with sh-CTRL (d) sh-STC1 (e), 
CMV-CTRL (f), or CMV-STC1 plasmid (g) was injected into the tail vein on day 1. Mice were sacrificed on day 3. Immunofluorescence staining was 
performed with the ER stress marker BiP (green) and DAPI (blue) antibodies. Bar represents 100 µm in each photograph. (h) Proportion of BiP-positive 
cells to DAPI-positive cells (%). Data are presented as mean ± SD (n = 6).  DAPI, 4′,6-diamidino-2-phenylindole.
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TGF-β1 synthesis in macrophages in bleomycin-induced pulmo-
nary fibrosis.

DISCUSSION
Traditional therapies that are not based on sufficient knowledge of 
molecular mechanisms have failed to achieve satisfactory results in 
IPF. New drugs including Pirfenidone and the multiple RTKs inhib-
itor BIBF1120 were suggested to reduce the annual decline of the 
vital capacity and improve the prognosis, but the improvement in 
the prognosis was inadequate.1,28,29 Therefore, additional new thera-
pies for IPF are needed.3 MSCs hold promise as a novel treatment 
in multiple diseases including intractable pulmonary diseases.13,30

Intratracheal or intravenous administration of MSCs was 
efficacious in a rodent model of IPF.14,31,32 Phase 1 clinical trials 
for IPF have been started and intravenous infusions of autolo-
gous or allogeneic MSCs have been shown to be well tolerated.33 
However, the precise mechanisms by which MSCs ameliorate 
fibrosis remain elusive. Perhaps, multiple functions of MSCs, 
including cell fusion, cell–cell interactions, immunomodulation, 
wound healing, and cell metabolism, are involved in these effects. 
Paracrine factors from MSCs have also been proposed as an 
important mechanism of action in an animal model and in several 
clinical trials.34 When MSCs meet the new microenvironment at 
the sites of damaged tissue, they release large amounts of paracrine 

factors (“first encounter effects”).35 These paracrine factors have 
myriad functions such as anti-inflammatory and antibacterial 
functions and by enhancing phagocytosis while decreasing met-
abolic stress.36–38 MSCs also exert an effect on mitochondria for 
cell protection.39,40 Interestingly, UCP2 upregulation induced by 
STC1 could increase the uncoupling respiration of mitochondria, 
decrease oxidative stress, and promote the survival of AECs under 
harmful microenvironments.17,19,20

Recent evidence suggests that STCs exert cell protection in a 
manner dependent on UPR.18,41 Therefore, we hypothesized that 
STC1 has essential roles in the amelioration of fibrosis in lung by 
MSCs through regulating oxidative and ER-stress and by reducing 
TGF-β1 production in the microenvironment of pulmonary fibrosis.

In this study, we confirmed that human and mouse MSCs 
reduced collagen deposition and oxidative stress in the BLM-
induced pulmonary fibrosis model (Figure 2 and Supplementary 
Figure S6). These effects depended on STC1 secreted from MSCs, 
and recombinant STC1 reproduced the same results (Figures 2 
and 3 and Supplementary Figures S5 and S6).

The side effects of STC1 are still unknown. STC1 expression 
is upregulated in several types of cancer.42,43 Perhaps, intracellular, 
upregulated STC1 protects cells in tissues from harmful situations 
including infarction, infection, and inflammation. Though STC1 
transgenic mice do not appear susceptible to carcinogenesis, MSCs 

Figure 6 Stanniocalcin-1 (STC1) reduced TGF-β1 production in lung epithelial A549 cells exposed to bleomycin (BLM). The function depended 
on uncoupling protein 2 (UCP2). STC1 also reduced other fibrosis-related growth factors, FGF2 and PDGF-B, in A549. A549 cells were exposed to 
culture medium, BLM (50 µg/ml) and BLM with rSTC1 (50 ng/ml) for 24 hours. (a) TGF-β1, FGF2, and PDGF-B mRNA expressions were measured 
by real-time PCR. Specific siRNA to UCP2 blocked the ability of mesenchymal stem cells (MSCs) to reduce the mRNA level of these growth factors in 
A549. (b) The level of TGF-β1 protein in A549 cells was determined by western blotting (left). Relative protein levels of TGF-β1 (normalized by β-actin) 
in A549 cells were measured by densitometric analysis (right). Specific siRNA to UCP2 blocked the ability of MSCs to reduce the relative expression of 
TGF-β1 protein to β-actin in A549. Data are presented as mean ± SD of three separate experiments, each performed in triplicate.
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transfected with STC1 plasmid for homing to the injury site may 
have the advantage of requiring less STC1 compared with rSTC1 
inhalation to the whole bronchus in lung.44 It is noteworthy that 
even rSTC1 inhalation requires 600–1,500 times less STC1 (100, 
250 µg/kg) than NAC (150 mg/kg) (Figure 4 and Supplementary 
Figure S9). Such a reduction in the quantity may have the advan-
tage of increasing the safety and applicability of inhalation ther-
apy, as with corticosteroid for bronchial asthma.

The first encounter effects of MSCs were evaluated by cultur-
ing MSCs with TGF-β1, PDGF, FGF2 or hydrogen peroxidase, 
representing the IPF microenvironment.9,45 As expected, these 
substances induced the MSCs to secrete STC1 in a robust manner. 
The synthesis or secretion ratio of the STC1 of MSCs was consid-
erably larger than those of AECs and fibroblasts in vitro (Figure 1 
and Supplementary Figure S2).

The pathway shared by these growth factors and oxidative stress 
in MSCs in the secretion of STC1 was investigated. We focused 
on the PI3/AKT/mTOR pathway because of its relationship with 
glycolysis and ER-stress.21,24,25 As expected, rapamycin, a specific 
inhibitor of mTORC1, which belongs to the PI3/AKT/mTOR 
pathway, can reduce STC1 secretion from MSCs. Rapamycin also 
induced ER-stress in MSCs with or without TGF-β1 (Figure 1 and 
Supplementary Figures S2 and S10). These results suggest that 
mTORC1 in MSCs is a central factor in the control of STC1 syn-
thesis and secretion for protecting MSCs and the surrounding tis-
sue. Our findings suggest that mTORC1 is a sensor of extracellular 
stress that prompts cells to adapt to harmful conditions through 
the secretion of STC1. FGF2 was a strong inducer of STC1 in 
comparison with PDGF-BB and TGF-β1 in epithelial and mesen-
chymal cells, but the reason is still unknown. FGF2 has various 

Figure 7 Stanniocalcin-1 (STC1) reduced the expression level of BiP in A549 cells exposed to BLM. The ability of STC1 depended on UCP2. On 
the other hand, bleomycin (BLM) and rSTC1 did not affect the expression level of CHOP. A549 cells were exposed to culture medium, BLM (50 µg/
ml) and BLM with rSTC1 (50 ng/ml) for 24 hours. (a) Immunofluorescence staining was performed with the ER stress marker BiP (green) and DAPI 
(blue) antibodies. (b) BiP and CHOP mRNA expressions in A549 cells exposed to BLM were measured by real-time PCR. The ability of STC1 to reduce 
BiP was inhibited by UCP2 knock down using siRNA in A549 (left). On one side, BLM and rSTC1 did not affect the CHOP expression level in A549 
(right). The bar in the photographs represents a length of 20 µm. Data are presented as mean ± SD of three separate experiments, each performed 
in triplicate.  DAPI, 4′,6-diamidino-2-phenylindole.
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functions in MSCs including the promotion of wound healing, 
maintenance of stemness and differentiation into specific cells.45,46 
FGF2 may act as a speedy initiator of the early stage of wound heal-
ing by activating STC1 secretion by MSCs. Interestingly, STC1 has 
a significant role in sensing calcium and ATP waves through P2X 
and P2γ receptors as the first signal of injury in cells.7 FGF2 and 
STC1 may collaborate in early wound healing.

Finally, we revealed that rSTC1 or STC1 released from MSCs 
decreased oxidative stress, ER-stress and TGF-β1 synthesis in 
AECs with BLM-induced pulmonary fibrosis and AEC cell lines 
(A549, H1299) exposed to BLM (Figures 4–7 and Supplementary 
Figures S8 and S9). ER-stress is a strong inducer of TGF-β1 
in AECs.4,5,47 STC1 reduced TGF-β1 production and ER-stress 
(GRP78/BiP) in AECs through the UCP2 function, as demon-
strated by the fact that UCP2 knock down with specific siRNA 
abolished these effects (Figures 6 and 7). These results suggest 
that the decrease of oxidative stress in AECs via UCP2 upregula-
tion by STC1 results in ameliorating ER-stress, and the decrease of 
ER-stress causes a reduction of TGF-β1 synthesis in AECs.

The relationship among these factors is summarized in Figure 
8. MSCs form a kind of negative feedback loop and cancel the 
inappropriate epithelial–mesenchyme relationship in order to 
sustain homeostasis in the lung microenvironment. The utiliza-
tion of MSCs transfected with STC1 plasmid and/or direct rSTC1 
inhalation could lead to promising new treatments for IPF.

Various cells beside AECs, such as macrophages, lymphocytes, 
vascular endothelial and pericyte cells etc., have multiple roles in 
the pathogenesis of IPF. Some papers mention that STC1 affects 
the cell function of macrophages and endothelial cells.48 STC1 
reduces the macrophage immunological function. STC1 produc-
tion by macrophages is very low.48–50 Besides AECs, macrophages 

are an important source of TGF-β1 in the pathogenesis of IPF.2 
Therefore, we evaluated the effects of STC1 on macrophages and 
confirmed STC1 also reduce ER-stress and TGF-β1 expression in 
macrophage (Supplementary Figure S11). Whether our hypoth-
esis is applicable to other cells involved in the pathogenesis of IPF 
and related to ER-stress, oxidative stress and immunological func-
tion etc. should be investigated in the future.

MATERIALS AND METHODS
See the detailed explanation of the materials and methods in the 
Supplementary Information.

Cell lines. Ue6E7T-2, a human mesenchymal stem cell line and KUM-
10, a C57BL/6J mouse mesenchymal stem cell line were kindly provided 
by RIKEN (Tsukuba, Japan). The human naive MSCs, MSC240L and 
MSC5062L, were kindly provided by Dr Prockop of Texas A&M University 
(Austin, TX).

Plasmid vector construction. CMV-STC1 and CMV-CTRL plasmids were 
based on pBluescript II KS(+) vectors (Agilent Technologies, Santa Clara, 
CA). sh-STC1 and sh-CTRL plasmids included short-hairpin RNA (sh-
RNA) for inhibiting STC1 and the negative control, respectively. These 
plasmids were constructed using pBAsi hU6 Pur DNA (TaKaRa, Ohtsu, 
Japan).

Animal and experimental protocol. All procedures were performed 
according to protocols approved by the Institutional Committee for 
the Use and Care of Laboratory Animals of Tohoku University. Female 
C57BL/6J mice, 8 weeks old, were purchased from Japan Charles River 
(Yokohama, Japan).

Small interfering RNA trasfections. All siRNAs were purchased from 
Ambion (Ambion, Austin, TX). SiRNAs were transfected to cells using 
siPORT NeoFX.

Figure 8 A proposed model of our study is shown. Normalization of the inappropriate relation between epithelium and mesenchyme is achieved by 
Stanniocalcin-1 (STC1) secretion from mesenchymal stem cells (MSCs) stimulated by TGF-β1 in the microenvironment of pulmonary fibrosis. ER stress 
and oxidative stress generated by various types of stress led to excessive TGF-β1 synthesis in AECs. TGF-β1 promoted the secretion of large amounts 
of STC1 by MSCs via PI3/AKT/mTOR pathway. STC1 derived from MSCs reduced oxidative stress, ER stress and TGF-β1 synthesis in AECs under the 
function of UCP2, which shifts mitochondrial respiration into aerobic glycolysis. This is one of the negative feedback pathways for the protection 
against fibrosis in cooperation with AECs and MSCs.
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Real-time PCR analysis. TGF-β1, FGF-2, PDGF-B, BiP, CHOP, STC1, UCP2, 
and β-actin expressions were determined at the mRNA level by real-time 
PCR analysis using SYBR Select master mix (Life-technologies, Tokyo, Japan).

Western blotting. To detect the expression levels of STC1, TGF-β1, and BiP 
protein, protein was separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis, transferred to a polyvinylidene difluoride membrane 
and incubated with anti-STC1 (#AF2958;R&D), anti-TGF-β1 (#9016;R&D), 
anti-GRP78/BiP (#ab21685; Abcam, Tokyo, Japan) antibodies.

Enzyme-linked immunosorbent assay (ELISA). The concentrations of 
STC1 in culture media were analyzed using an ELISA kit (DY2958; R&D, 
Minneapolis, MN).

Measurement of ROS. ROS were measured using acetoxymethyl ester dye, 
6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (Life-technologies).

Labeling of hMSCs with Q-tracker. Ue6E7T-2 was labeled using a Qtracker 
655 Cell Labeling Kit (Life-technologies).

Immunohistochemistry. The staining intensity of 8-OHdG antibod-
ies (Nichirei, Tokyo, Japan) in lungs was quantified by tissue cytometry 
using HistoQUEST analysis software (Tissue Gnostics, Vienna, Austria). 
The immunohistochemistry of anti-TGF-β1 (R&D) and Anti-GRP78 BiP 
(Abcam) antibodies and anti-surfactant protein C (#SC-7706; Santa Cruz 
Biotechnology, Dallas, TX) was performed, followed by incubation with 
Alexa Fluor 633 anti-mouse IgG for TGF-β1 and Alexa Fluor 488 anti-rab-
bit IgG (Life-technologies) for BiP and Alexa Fluor 555 anti-goat IgG (Life 
technologies) for surfactant protein C.

Quantification of collagen in lung. Total lung collagen was determined 
using the Sircol Collagen Assay kit (Biocolor, Carrickfergus, UK).

Statistics. Data are presented as mean ± SD for statistical analysis; the data 
were analyzed by one-way analysis of variance with either Tukey–Kramer 
or Student’s t-test (JMP software, SAS Institute, Cary, NC). The differences 
were considered statistically significant when the P value was less than 0.05.

SUPPLEMENTARY MATERIAL
Figure  S1.  Determining suitable concentration and culture time of 
MSCs with TGF-β1.
Figure  S2.  PDGF-BB and FGF2 more strongly stimulated the capacity 
of human MSCs (Ue6E7T-2) to release STC1 compared with human 
fibroblasts and lung epithelial cells.
Figure  S3.  Specific inhibitors against PI3, AKT, mTORC1 decrease 
STC1 production induced by TGF-β1 in MSC240L and MSC5062L.
Figure  S4.  STC1 decreased ROS in BLM-exposed AECs.
Figure  S5.  Animal experiment methods and STC1 secretion of 
human MSCs transfected with plasmids.
Figure  S6.  The administration of recombinant STC1 or mouse MSCs 
(KUM10) ameliorated the tissue damage caused by the BLM-induced 
pulmonary fibrosis.
Figure  S7.  CD45 positive cells did not take in Q-dots.
Figure  S8.  The concentration of BLM (10 or 50 µg/ml) used in this 
study induced GRP78/BiP but not GADD153/CHOP expression in AECs.
Figure  S9.  NAC (N-acetylcystein) reduced TGF-β1 (FGF-2, PDGF-B) 
and GRP78/BiP expression induced by bleomycin (BLM) in AECs.
Figure  S10.  Rapamycin increased ER-stress (GRP78/BiP) in human 
MSCs with or without the presence of TGF-β1.
Figure  S11.  The administration of recombinant STC1 or human 
MSCs (Ue6E7F-2) reduced the expression of TGF-β1 and ER stress in 
macrophages from BAL fluid of bleomycin-treated mice.
Materials and Methods
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