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Abstract

Aims: Oxidant-induced endothelial injury plays a critical role in the pathogenesis of acute lung injury (ALI) and
subsequent respiratory failure. Our previous studies revealed an endogenous antioxidant and protective pathway in
lung endothelium mediated by heat shock protein 70 (Hsp70)–toll-like receptor 4 (TLR4) signaling. However, the
downstream effector mechanisms remained unclear. Stanniocalcin 1 (STC1) has been reported to mediate antiox-
idant responses in tissues such as the lungs. However, regulators of STC1 expression as well as its physiological
function in the lungs were unknown. We sought to elucidate the relationship between TLR4 and STC1 in hyperoxia-
induced lung injury in vitro and in vivo and to define the functional role of STC1 expression in lung endothelium.
Results: We identified significantly decreased STC1 expression in TLR4 knockout mouse lungs and primary
lung endothelium isolated from TLR4 knockout mice. Overexpression of STC1 was associated with endothelial
cytoprotection, whereas decreased or insufficient expression was associated with increased oxidant-induced
injury and death. An Hsp70-TLR4-nuclear factor kappa-light-chain-enhancer of activated B cells (NFjB) signal
mediates STC1 induction in the lungs and endothelial cells. We also demonstrated a previously unrecognized
role for mitochondrial-associated STC1, via TLR4, in maintaining normal glycolysis, mitochondrial bioener-
getics, and mitochondrial calcium levels.
Innovation: To date, a physiological role for STC1 in oxidant-induced ALI has not been identified. In addition,
our studies show that STC1 is regulated by TLR4 and exerts lung and endothelial protection in response to
sterile oxidant-induced lung injury.
Conclusions: Our studies reveal a novel TLR4-STC1-mediated mitochondrial pathway that has homeostatic as
well as oxidant-induced cytoprotective functions in lung endothelium. Antioxid. Redox Signal. 30, 1775–1796.
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Introduction

Animal models have demonstrated that excessive levels
of inhaled oxygen, hyperoxia, lead to elevated levels of

oxidants that damage both pulmonary epithelial and endothelial
cells, thereby causing increased pulmonary capillary perme-
ability, inflammation, and eventual respiratory demise—
consistent with clinical acute lung injury (ALI). Our previous
study showed that the innate immune receptor, toll-like re-
ceptor 4 (TLR4), confers protection against hyperoxia-induced
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Innovation

Oxidant-induced endothelial injury plays a critical role
in the pathogenesis of acute lung injury (ALI) and sub-
sequent respiratory failure, yet specific therapies do not
exist. We identified a mitochondrial-enriched antioxidant
protein and its immune regulator in the lungs and endo-
thelium that protects against ALI and death. Our studies
identify new approaches and new therapies against ALI.
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lung and endothelial injury. We also found that the antioxi-
dant and antiapoptotic functions of TLR4 in lung endothelium
depend on an endogenous, soluble, TLR4 ligand heat shock
protein 70 (Hsp70). However, the effector mechanisms and
impact on endothelial function remained poorly understood.
We sought to identify the mediators downstream of TLR4
signaling and the cellular mechanisms whereby TLR4 sig-
naling exerts antioxidant and endothelial-protective effects in
hyperoxia-induced acute lung injury (HALI).

Stanniocalcin 1 (STC1) is a glycoprotein, which was
originally identified as a calcium-regulating hormone in fish
(35). In mammals, the STC1 gene is widely expressed in
tissues such as the lungs. STC1 has both autocrine and
paracrine effects to maintain calcium homeostasis and to
inhibit apoptosis. Its localization in the spleen and thymus
suggests a role in the immune/inflammatory responses (30).

Mitochondrial-associated STC1 has been reported to me-
diate antioxidant responses in macrophages and endothelial
cells (30). STC1 is also thought to suppress reactive oxygen
species (ROS) generation via uncoupling protein 2 (UCP2)
induction (36). STC1 has angiogenic effects on endothelium
in response to growth factors (46). STC1 promotes wound
healing in epithelial cells (5), inhibits the activation of the
innate immune system (27), and may promote the early in-
hibition of vascular leakage and re-epithelialization in dam-
aged alveolar spaces (16).

Our present studies show that STC1 is associated with the
innate immune receptor, TLR4, and promotes lung endo-
thelial protection in vitro and in vivo. STC1 was significantly
decreased in TLR4-/- mice and murine lung endothelial cells
(MLECs). STC1 silencing phenocopied the mitochondrial
and glycolysis dysfunction observed in TLR4-/- MLECs. The
overexpression of STC1 with lentivirus vector in TLR4-/-

restored the glycolytic and mitochondrial profiles to that of
wild-type (WT) MLECs. Therefore, we identified a novel
TLR4-STC1-mediated mitochondrial-protective pathway.

Results

Decreased antioxidant STC1 in TLR4-/-

mice and MLECs

Our previous study showed that TLR4 confers protection
against HALI and endothelial cell injury. During our inves-
tigations of lung-protective molecules after hyperoxia, we
identified that specific heat shock proteins signaled via TLR4
(45). To identify candidate mechanisms downstream of TLR4,
we performed microarray analyses on primary MLECs isolated
from TLR4-/- and WT mice and identified a significant decrease
in gene expression of STC1 in TLR4-/- MLECs (Fig. 1A). In
fact, STC1 was one of the 26 genes that was different by at
least 1.5-fold in knockout versus WT MLECs, p < 0.05 in
microarray analyses (Supplementary Fig. S1). We confirmed
decreased STC1 mRNA in TLR4-/- MLECs compared with WT
MLECs (Fig. 1B) and decreased STC1 protein levels in total
lungs isolated from TLR4-/- mice compared with WT mice
(Fig. 1C).

We sought to determine the relevant cell type involved
in mediating STC1 effects. Our previous MLEC data pointed
to an important role for endothelial cells during HALI.
We evaluated lung sections of WT mice using STC1 and
endothelial-specific antibody, cluster of differentiation 31
(CD31). STC1-immunoreactive cells (red conjugate) were

detected specifically in the blood vessels. Cells that were
immunostained with surfactant protein C (SP-C), CC10, or
alpha smooth muscle actin (aSMA) antibodies did not exhibit
significant expression of STC1 (Fig. 2A and Supplementary
Fig. S2A). These data indicated that STC1 appeared to be
predominantly expressed in endothelium in WT lungs. We
also found that the lungs from TLR4-/- mice were virtually
absent of STC1 protein (Fig. 2B and Supplementary Fig. S2B).

Hyperoxia regulates STC1 in MLECs

STC1 has been reported to be involved in oxidative stress
responses (30, 36) and in governing cellular survival and
proliferation (46). Little is known about the regulation of
STC1, and its function in the lungs has not been previously
described. We were interested in determining the lung con-
sequences of TLR4 deficiency during sterile oxidant stress,
which led to our previous report of TLR4-/- mice having
increased susceptibility to HALI and death (41). We found
that STC1 protein and mRNA expression were induced in
WT and TLR4-/- MLECs after hyperoxia. We confirmed that
WT MLECs had more STC1 protein and mRNA expression
at baseline and after hyperoxia compared with TLR4-/- MLECs
(Fig. 3A, B). Therefore, hyperoxia-induced STC1 expression
was dependent on TLR4 signaling.

STC1 is protective during hyperoxia in MLECs

To determine the physiological role of STC1, specifically
in TLR4-/- MLECs, we performed loss-of-function (lenti-

FIG. 1. STC1 is decreased in TLR4-/- MLECs and
mice. (A) Affymetrix microarray analysis for STC1 in pri-
mary isolated MLECs (experiments were performed in trip-
licate). Data are expressed as mean in the fold of change and
p-value and analyzed by unpaired Student’s t test, multiple
testing correction with the method of Benjamini–Hochberg,
TLR4-/- vs WT MLECs. (B) STC1 mRNA expression in
WT or TLR4-/- MLECs was measured by real-time RT-PCR
and analyzed by the Mann–Whitney test. *p < 0.05 vs WT
(experiments were performed in triplicate). (C) Total lung
lysates isolated from 3-month-old WT or TLR4-/- mice were
immunoblotted against STC1 antibody. b-Actin was used
as protein loading control. See Supplementary Figure S9A for
uncut gel. MLECs, mouse lung endothelial cells; RT-PCR,
reverse transcription-polymerase chain reaction; STC1, stan-
niocalcin 1; TLR4, toll-like receptor 4; WT, wild type.
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FIG. 2. STC1 localizes to lung
endothelium in vivo. (A) Im-
munostains for STC1 (red) and
CD31 (blood vessel endothelium
marker, green), SP-C (alveolar
type-II cell marker, green), CC10
(airway marker, green), or aSMA
(green) with DAPI-stained nuclei
(blue). The images are shown with
all colors (All Channels) merged.
The separate channel images were
shown in Supplementary Figure S2.
(B) Immunostains of lung tissue
from WT or TLR4-/- mice for
STC1 (red), CD31 (green), and
DAPI-stained nuclei. The separate
channel images are shown in Sup-
plementary Figure S2. Original
magnification of all photomicro-
graphs: · 400. aSMA, alpha smooth
muscle actin; AV, alveolar; AW,
airway; BV, blood vessel; CD31,
cluster of differentiation 31; DAPI,
4¢,6-diamidino-2-phenylindole; SP-C,
surfactant protein C. Color images
are available online.

‰

FIG. 3. STC1 is protective in MLECs during hyperoxia, which is dependent on TLR4. WT and TLR4-/- MLECs were
exposed to 72 h of hyperoxia or RA as control. (A) Lysates were isolated and immunoblotted against STC1 antibody. b-
Actin was used as protein loading control. Uncut gels are shown in Supplementary Figure S9B. (B) STC1 mRNA expression
was measured by real-time RT-PCR. *p < 0.05 vs WT RA; **p < 0.05 vs corresponding WT; #p < 0.05 vs TLR4-/- RA
(experiments were performed in triplicates). WT or TLR4-/- MLECs were treated with lentivirus (lenti-Ctrl, lenti-STC1sh,
knockdown of STC1, or STC1 overexpression lenti-STC1oe) and exposed to 72 h of hyperoxia or RA as control. Ma-
nipulation of STC1 expression by lentivirus was shown in Supplementary Figure S3. Graphical quantitation of flow
cytometry analysis of apoptosis, the mean – SD was determined in (C). The representative dot plots out of the three
experiments are shown in Supplementary Figure S4. The LDH activity was determined in (D). H2O2 generation was
determined by CM-H2DCFDA (E), and mitochondrial ROS was determined by MitoSOX Red (F) levels. (G) WT or
TLR4-/- MLECs were pretreated with hSTC1 (100 ng/mL) for overnight and exposed to 72 h of hyperoxia or RA as control.
DHE staining was analyzed with fluorescence microscopy and quantified using the ImageJ software. Images are repre-
sentative of five independent experiments. Scale bars = 100 lm. The relative DHE values are expressed as mean – SD.
*p < 0.05 vs WT lenti-Ctrl RA; **p < 0.05 vs corresponding Ctrl; #p < 0.05 vs corresponding RA; ##p < 0.05 vs corresponding
hyperoxia (experiments were performed in triplicates). Data were analyzed by two-way ANOVA with post hoc Tukey’s
HSD test calculator for multiple comparisons. ANOVA, analysis of variance; DHE, dihydroethidium; HSD, honestly
significant difference; LDH, lactate dehydrogenase; RA, room air; ROS, reactive oxygen species; SD, standard deviation;
sh, silencing RNA. Color images are available online.
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STC1sh [silencing RNA]) and gain-of-function (lenti-STC1oe,
overexpression vector) studies using lentivirus (Fig. 3C–F).
We confirmed the efficiency of these STC1 expression ma-
nipulations by protein detection, as shown in Supplementary
Figure S3A and B. Knockdown of STC1 by lenti-STC1sh
in WT and TLR4-/- MLECs showed increased hyperoxia-
induced apoptosis and lactate dehydrogenase (LDH) release
(Fig. 3C, D, left panel; Supplementary Fig. S4). Lenti-
STC1sh also increased oxidant generation induced by hy-
peroxia exposure compared with lenti-Ctrl silencing RNA
(sh) (Fig. 3E, left panel). The overexpression of STC1 with
lenti-STC1oe decreased hyperoxia-induced cell apoptosis,
cellular LDH release, and oxidant production (Fig. 3C–E,
right panel; Supplementary Fig. S4).

Given that mitochondria are a major source of ROS gen-
eration, we measured the mitochondrial ROS in MLECs
using MitoSOX Red, a fluorescent dye that detects mito-
chondrial superoxide. Lenti-STC1 short hairpin RNA (shRNA)
treatment led to increased hyperoxia-induced mitochondrial
superoxide generation in WT MLECs (Fig. 3F, left panel).
Lenti-STC1oe significantly inhibited hyperoxia-induced
mitochondrial superoxide in WT MLECs (Fig. 3F, right pa-
nel). Interestingly, we found that MitoSOX Red levels were
significantly lower in TLR4-/- MLECs at baseline and after
hyperoxia (Fig. 3F). Moreover, the MitoSOX Red levels had
not been influenced by STC1 gene manipulation in TLR4-/-

MLECs.
These findings suggested that STC1 might play a critical

role in mitochondrial superoxide generation, which could
influence the cell fate during hyperoxia. TLR4-/- MLECs
might have dysfunctional mitochondria; therefore, it had
less mitochondrial superoxide generation and maintained the
mitochondrial superoxide at lower levels compared with WT
MLECs. We also performed dihydroethidium (DHE) staining
as a general measure of cytosolic superoxide levels in live
cells. As shown in Figure 3G, recombinant human STC1
protein decreased hyperoxia-induced oxidant production as
measured by the DHE staining in both WT and TLR4-/-

MLECs. Interestingly, we detected exogenously delivered
hSTC1 in mitochondria. Endocytosis inhibitor, Pitstop 2,
appeared to block the exogenous hSTC1 uptake (Supple-
mentary Fig. S5).

Hsp70-TLR4-NFkB signal mediates STC1 induction

We reported that soluble Hsp70 can function as an en-
dogenous TLR4 ligand, via the TLR4 adaptor protein, Trif
(TIR-domain-containing adapter-inducing interferon-b), and
NFjB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) during HALI (45). To investigate whether the
Hsp70-TLR4-NFjB signal regulated the STC1 expression,
we treated WT MLECs with lenti-STC1sh or its lenti-Ctrl,
combined with Hsp70 overexpression adenoviral Hsp70 (Ad-
Hsp70) or adenovirus-control (CMV-null) (Ad-Ctrl), before
72 h of hyperoxia. We confirmed that both Hsp70 over-
expression and hyperoxia induced STC1 protein and mRNA
expression (Fig. 4A, B). As we reported previously (45), Ad-
Hsp70 decreased hyperoxia-induced cell injury in WT
MLECs, as assessed by an apoptosis assay (Fig. 4C, Sup-
plementary Fig. S6A), as well as LDH release (Fig. 4D).
Knockdown of STC1 with STC1shRNA increased hyperoxia-
induced cell apoptosis and LDH release (Fig. 4C, D), and the

inhibition of apoptosis by Ad-Hsp70 during hyperoxia was
dependent on the level of STC1.

Next, we sought to determine the ability of TLR4 to spe-
cifically regulate STC1 in MLECs. We recently reported the
efficiency and specificity of our TLR4 lentiviral constructs (33,
44). We performed loss-of-function experiments by using all-
cell and Ec-targeting TLR4 silencing constructs (TLR4shRNA
or VE-TLR4shRNA, respectively). We found that TLR4 si-
lencing significantly decreased STC1 expression compared
with lenti-Ctrl before and after hyperoxia (Fig. 4E). We also
found that Ad-Hsp70 could not induce STC1 protein or mRNA
expression in TLR4-/- MLECs (Fig. 4F, G). Taken together,
these data show that STC1 induction is regulated by TLR4 in
lung endothelium and prevents lethal pro-oxidant lung injury.

In addition, we investigated a specific role for endothelial
NFjB in regulating STC1. The promoter of human STC1
contains multiple NFjB p65 binding sites, as reported pre-
viously (13). We found that the knockdown of the p65 sub-
unit in NFjB by p65 small interfering RNA (siRNA)
abolished Ad-Hsp70-induced STC1 protein and mRNA ex-
pression (Fig. 5A, B).

We performed the electromobility shift assay (EMSA) by
using NFjB binding sites to confirm extracellular Hsp70-
mediated TLR4 signaling. Ad-Hsp70 or hyperoxia alone led
to NFjB activation in WT and Hsp70-/- MLECs, which was
abolished in TLR4-/- MLECs (Fig. 5C). We also found that
the NFjB inhibitor, CAY 10512, abolished Ad-Hsp70 and
hyperoxia-mediated STC1 protein and mRNA induction
(Fig. 5D, E). Meanwhile, CAY 10512 also abolished the
protective effects of Ad-Hsp70 during hyperoxia, as assessed
by apoptosis analysis and cellular LDH release measure-
ments (Fig. 5F, G; Supplementary Fig. S6B). Therefore,
Hsp70 acts as a TLR4-dependent ligand and utilizes a NFjB-
STC1 signal to promote endothelial cell survival in basal and
hyperoxic conditions.

STC1 is expressed predominantly in mitochondria
of MLECs at baseline and after hyperoxia

To more precisely understand the mechanism of STC1-
mediated antioxidant and protective effects in endothelium,
we investigated the cellular location of STC1. Filvaroff et al.
found enlarged myocyte mitochondria, with normal structure
and organized cristae, in STC1 transgenic mice compared
with the age-matched WT mice (11). Huang et al. also found
mitochondrial changes after STC1 knockdown (17). These
reports suggested a potential association between STC1 and
mitochondria. First, we performed colocalization immuno-
staining for STC1 and specific intracellular organelles
(Hsp60 for mitochondria, Golgin-97 for Golgi, and ERp72
for endoplasmic reticulum [ER]) and observed the greatest
number of merged (yellow) areas for Hsp60, consistent with
mitochondrial localization (Fig. 6A). We quantified a colo-
calization coefficient by calculating the fraction of over-
lapping signals (8), as shown in the right panel of Figure 6A.

To confirm this finding, we used transmission electron mi-
croscopy (TEM) to detect immunogold-labeled-STC1 (black
dots), which shows binding on mitochondria (M, Fig. 6B).
Compared with the study presented by McCudden et al., in
which they investigated the cellular location of STC1 with
electron microscopy (24), we were able to minimize back-
ground binding and detect positive signals on mitochondria.
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FIG. 4. Hsp70-TLR4 signal mediates STC1 induction. (A–D) WT MLECs were transfected with Ctrl shRNA (SHAM)
or STC1 sh and treated with Ad-Ctrl or Ad-Hsp70 and exposed to 72 h of hyperoxia or RA as control. Uncut gel is shown in
Supplementary Figure S9D. (A) Lysates were isolated and immunoblotted against STC1 and Hsp70 antibodies. b-Actin was
used as protein loading control. (B) STC1 mRNA expression was measured by real-time RT-PCR. Graphical quantitation of
flow cytometry analysis of apoptosis, the mean – SD was determined in (C). The representative dot plots out of three
experiments are shown in Supplementary Figure S6A. The LDH activity was determined in (D). *p < 0.05 vs SHAM Ctrl;
**p < 0.05 vs corresponding Ctrl; #p < 0.05 vs corresponding SHAM (experiments were performed in triplicates). (E) WT
MLECs were treated with lentivirus (lenti-Ctrl, lenti-TLR4sh, or lenti-VE TLR4sh) and exposed to 72 h of hyperoxia or RA
as control. Lysates were isolated and immunoblotted against STC1 and TLR4 antibodies. b-Actin was used as protein
loading control. One representative Western blot of three experiments is shown. Right panel: quantification based on
densitometry for STC1 relative to b-actin. The values are expressed as mean – SD. Experiments were performed in triplicate
*p < 0.05 vs lenti-Ctrl RA; **p < 0.05 vs corresponding RA, #p < 0.05 vs lenti-Ctrl hyperoxia. (F, G) WT and TLR4-/-

MLECs were treated with Ad-Ctrl or Ad-Hsp70. (F) Lysates were isolated and immunoblotted against STC1 and Hsp70
antibodies. b-Actin was used as protein loading control. One representative Western blot of three experiments is shown.
Uncut gel is shown in Supplementary Figure S9E. (G) STC1 mRNA expression was measured by real-time RT-PCR.
*p < 0.05 vs WT Ad-Ctrl; **p < 0.05 vs corresponding WT; #p < 0.05 vs TLR4-/- Ad-Ctrl or RA (experiments were per-
formed in triplicates). Data were analyzed by two-way ANOVA with post hoc Tukey’s HSD test calculator for multiple
comparisons. Ad-Ctrl, adenovirus-control (CMV-null); Ad-Hsp70, adenoviral Hsp70; Hsp70-TLR4, heat shock protein
70–toll-like receptor 4; shRNA, short hairpin RNA.
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FIG. 5. Hsp70-TLR4-NFjB signal mediates STC1 induction and hyperoxic protection. WT MLECs were transfected
with Ctrl siRNA or NFjB p65 siRNA and treated with Ad-Ctrl or Ad-Hsp70. (A) Lysates were isolated and immunoblotted
against STC1, Hsp70, and p65 antibodies. b-Actin was used as protein loading control. Uncut gel is shown in Supple-
mentary Figure S9F. (B) STC1 mRNA expression was measured by real-time RT-PCR. *p < 0.05 vs Ctrl siRNA Ad-Ctrl;
**p < 0.05 vs Ctrl siRNA Ad-Hsp70; #p < 0.05 vs corresponding Ad-Ctrl. (C) Detection of NFjB DNA binding by EMSA.
WT, TLR4-/-, or Hsp70-/- MLECs were treated with Ad-Ctrl or Ad-Hsp70 and exposed to 72 h of hyperoxia or RA as
control. Uncut gel is shown in Supplementary Fig. S10A. (D–G) WT MLECs treated with CAY10512 (NFjB inhibitor)
2 mg/mL for 1 h and treated with Ad-Ctrl or Ad-Hsp70 and exposed to 72 h of hyperoxia or RA as control. (D) Lysates were
isolated and immunoblotted against STC1 and Hsp70 antibodies. b-Actin was used as protein loading control. Uncut gel is
shown in Supplementary Figure S10B. (E) STC1 mRNA expression was measured by real-time RT-PCR. Graphical
quantitation of flow cytometry analysis of apoptosis, the mean – SD was determined in (F). The representative dot plots out
of three experiments are shown in Supplementary Figure S6B. The LDH activity was determined in (G). *p < 0.05 vs SHAM
Ad-Ctrl; **p < 0.05 vs corresponding Ad-Ctrl; #p < 0.05 vs corresponding SHAM (experiments were performed in tripli-
cates). Data were analyzed by two-way ANOVA with post hoc Tukey’s HSD test calculator for multiple comparisons.
EMSA, electromobility shift assay; NF-jB, nuclear factor kappa-light-chain-enhancer of activated B cells; siRNA, small
interfering RNA.
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Moreover, we investigated the colocalization of STC1 and the
mitochondrial marker Hsp60 in WT and TLR4-/- MLECs
during room air (RA) and hyperoxic conditions. We confirmed
that TLR4-/- MLECs have significantly decreased mitochon-
drial STC1, especially after hyperoxia (Fig. 6C). We quantified
and normalized the fluorescence intensity of STC1 detection,
as shown in the right panel of Figure 6C.

We were also able to knockdown basal mitochondrial STC1
in WT MLECs using lentiviral STC1 sh, whereas lentiviral
STC1 overexpression (oe) restored mitochondrial STC1 in
TLR4-/- MLECs (Fig. 7A). We quantified and normalized the
fluorescence intensity of STC1 detection, as shown in the right
panel of Figure 7A. STC1 has been reported to regulate calcium
and plays a critical role in transendothelial migration of in-
flammatory cells at baseline and during inflammation (3). We
used Rhod2-AM, a mitochondria Ca2+ level indicator, to in-
vestigate changes in calcium levels when we manipulated
STC1 expression in MLECs. As shown in Figure 7B, TLR4-/-

MLECs exhibited greater calcium in the mitochondria com-
pared with WT MLECs, which was amplified after hyperoxia.
Calcium levels increased in WT MLECs after STC1 knock-
down by lenti-STC1shRNA, whereas the levels were decreased
in TLR4-/- MLECs treated with STC1 overexpression using
lenti-STC1oe.

We quantified mitochondrial calcium levels, as shown in
the right panel of Figure 7B. STC1 expression correlated
with changes in mitochondrial architecture in MLECs. Mi-
tochondrial area and length were significantly higher in WT
MLECs, a sign of healthy preserved mitochondria, whereas
TLR4-/- MLECs had a greater number of swollen mito-
chondria with loss of normal architecture and distortion of
cristae (Fig. 7C). We quantified the changes in cristae ar-
chitecture, as shown in the right panel of Figure 7C. TLR4-/-

MLECs had greater numbers of autolysosomes, a sign of
increased turnover of organelles and proteins. WT MLECs
with STC1 knockdown exhibited similar mitochondrial struc-
tural changes to that of TLR4-/- MLECs. The overexpression
of STC1 in TLR4-/- MLECs restored the mitochondrial ar-
chitecture to a normal appearance, similar to WT MLECs.

TLR4-STC1 promotes glycolysis

Glycolysis results in the breakdown of glucose into pyru-
vate/lactate. Pyruvate is converted to acetyl CoA, which acts
as fuel for the citric acid cycle in the subsequent stages of
cellular respiration. In eukaryotic cells, the citric acid cycle
occurs in the matrix of the mitochondrion (29).

Trif and myeloid differentiation primary response gene 88
(MyD88) are the major downstream adaptor proteins for
TLR4 signaling. We have previously reported that Hsp70-
dependent TLR4 signaling requires Trif rather than the more
commonly reported MyD88 pathway (45). In a glucose up-
take assay, we found that TLR4-/- and Trif-/- MLECs had
reduced 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-
2-deoxyglucose (2-NBDG) uptake compared with WT
MLECs. Using Hsp70-/- MLECs, we show that the loss of
Hsp70 (which we had previously described as an endogenous
TLR4 ligand in MLECs) also led to decreased uptake of 2-
NBDG. MyD88-/- MLECs had relatively more 2-NBDG
uptake compared with other knockout MLECs (Fig. 8A, B).
We restored glucose uptake in TLR4-/- MLECs with lenti-
STC1oe lentivirus. As shown in Figure 8C and D, the over-
expression of STC1 increased glucose uptake in both WT and
TLR4-/- MLECs.

We also measured glycolysis and found that TLR4-/-

MLECs had decreased basal glycolysis and glycolytic ca-
pacity, which was restored with the overexpression of STC1
using lenti-STC1oe. Knockdown of STC1 with lenti-STC1sh
decreased basal glycolysis and glycolytic capacity in WT
MLECs (Fig. 8E). We confirmed that TLR4-/- MLECs had
decreased basal and compensatory glycolysis, although the
percentage of proton efflux rate (PER) from basal glycolysis
was the same as that of WT MLECs, as measured by the
glycolytic rate assay (Fig. 8F).

STC1 maintains cellular and mitochondrial
bioenergetics

To understand the impact of STC1 on cellular and mito-
chondrial functions, especially in TLR4-/- MLECs, we
measured the oxygen consumption rate (OCR) in TLR4-/-

and WT MLECs using a Seahorse Biosciences extracellular
flux analyzer. We observed higher OCR in WT compared
with TLR4-/- MLECs (Fig. 9A). We analyzed mitochon-
drial bioenergetic measurements, including basal respiration,
proton leak, ATP (adenosine triphosphate)-production-related
oxygen consumption, maximum respiration, and coupling
efficiency (10), all of which were significantly lower in
TLR4-/- compared with WT (Fig. 9B, C). The data show
lower oxygen demand in TLR4-/- with concomitantly lower
production of ATP. ECAR (extracellular acidification rate), a
measure of glycolysis (Fig. 8F), was also lower in TLR4-/-

MLECs, which correlated with lower mitochondrial respi-
ration (Fig. 9A-C).

‰

FIG. 6. TLR4-/- MLECs have decreased mitochondrial STC1 during RA and hyperoxic conditions. (A) Colocali-
zation of STC1 in MLECs. MLECs were immunostained for STC1 plus mitochondrial marker Hsp60, golgi marker Golgin-
97, or endoplasmic reticulum marker ERp72. Nuclei were stained with DAPI (blue). Left panel shows single immunostained
and merged images, original view of all photomicrographs · 1000. Right panel shows the quantification of colocalization;
the fraction of STC1 that colocalizes with the cellular organelle markers is represented by the colocalization coefficient.
*p < 0.05 vs STC1/mito. Data are representative of at least 20 images. (B) Immunogold labeling of STC1 protein in MLECs.
WT MLECs were exposed to 72 h of hyperoxia or RA as control. Note: dense labeling (black deposits) over mitochondria
observed with the transmission electron microscopy. M, mitochondria; black arrows, endoplasmic reticulum. Bar = 250 nm.
(C) Immunostaining for STC1 (red) and Hsp60 (mitochondria marker, green) with DAPI-stained nuclei (blue) in WT or
TLR4-/- MLECs was exposed to 72 h of hyperoxia or RA as control. Left panel shows single immunostained and merged
images, original view of all photomicrographs · 1000. Right panel shows the normalized fluorescence of STC1 using the
ImageJ software. *p < 0.05 vs WT RA; **p < 0.05 vs WT hyperoxia; #p < 0.05 vs TLR4-/- RA. Data are representative of at
least 20 images. Data were analyzed by two-way ANOVA with post hoc Tukey’s HSD test calculator for multiple compar-
isons. Color images are available online.
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These results suggest a lower metabolic rate in TLR4-/-

MLECs. The bioenergetics of TLR4-/- MLECs paralleled
that of STC1 silencing in WT MLECs, whereas STC1
overexpression restored the bioenergetics of TLR4-/- MLECs
to that of WT MLECs, suggesting that STC1 specifically

regulates cellular and mitochondrial metabolic profiles and
its effects appear to be mediated by TLR4 in MLECs
(Fig. 9D-F). Interestingly, exogenous hSTC1 improved mi-
tochondrial bioenergetics in both WT and TLR4-/- MLECs
(Supplementary Fig. S7).
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Loss of endothelial STC1 in vivo increases mortality

TLR4-/- mice lungs had less basal as well as hyperoxia-
induced STC1 expression (Fig. 10A). To investigate whether
Hsp70-TLR4-NFjB regulated STC1 expression in vivo,
we treated WT mice with intranasal, and thus, lung-targeted,
Ad-Ctrl or Ad-Hsp70 before 72 h of hyperoxia, a time point
we previously found to reflect maximal lung injury. We
confirmed that hyperoxia induced STC1 protein expression
(Fig. 10B). Hsp70 overexpression, using Ad-Hsp70, also
induced STC1 in WT mouse lungs.

We performed TLR4 overexpression experiments using
lentiviral-driven human TLR4 constructs that target all lung
cells or endothelium, lenti-hTLR4, and lenti-VE hTLR4,
respectively. We found that all lung- or endothelial-targeted
TLR4 overexpression induced both basal and hyperoxia-
associated STC1 expression in WT lungs (Fig. 10C).

Given that STC1-knockout mice are not readily available
to us, we performed in vivo loss-of-function experiments by
designing all-cell and endothelium (Ec)-targeting STC1 si-
lencing constructs (STC1shRNA or VE-STC1shRNA, re-
spectively) and delivered them intranasally to WT mice, to
achieve lung endothelial specificity, using our previously
reported methods (14, 33, 42–44).

We first tested lung and cell specificity by creating single-
cell lung suspensions from the lungs, using magnetic-
activated cell sorting technology (Miltenyi Biotec), and cell
selection with Ec (CD31) and non-Ec (CD45) cell markers
after lentiviral delivery (Supplementary Fig. S8A). As ex-
pected, all-lung cell-targeting constructs (lenti-STC1shRNA)
reduced STC1 gene expression in total lung lysates, Ec, and
other cell types, whereas Ec-targeting lentivirus (lenti-VE-
STC1shRNA) targeted Ec and total lungs (given that Ec
composes >40% of total lung cells, this effect on total lung
expression is expected). These results confirmed our previous
reports of all-lung and Ec-targeting using intranasal lentiviral
constructs (14, 33, 42–44). Silencing STC1 specifically in Ec
in vivo was sufficient to significantly shorten survival during
HALI (Supplementary Fig. S8B).

Overexpression of STC1 protects against HALI in vivo

To demonstrate the impact of STC1 overexpression in vivo,
we treated WT and TLR4-/- mice intranasally with lentivirus
(lenti-Ctrl, STC1 overexpression lenti-STC1oe, or lenti-VE

STC1oe) 2 weeks before 72 h hyperoxia. We confirmed the
efficiency of these STC1 expression manipulations with protein
detection, as shown in Supplementary Figure S8C. We found
both lenti-STC1oe and lenti-VE STC1oe treatment significantly
decreased lung permeability (bronchoalveolar lavage [BAL]
cell counts, protein content, LDH, and oxidants) compared with
lenti-Ctrl (Fig. 10D–G) in WT and TLR4-/- mice. Even TLR4-/-

mice with endothelial STC1oe were much more resistant to
lethal hyperoxia. Taken together, the results indicated that
in vivo endothelial STC1 confers critical protective effects in
WT and TLR4-/- mice during hyperoxia.

Discussion

Lung endothelial integrity and survival are critical deter-
minants of the severity of lung injury. Oxidant stress causes
endothelial cell injury, death, and, if unabated, organ failure.
Excessive oxidant stress has been implicated in the patho-
genesis of ALI or, its extreme form, acute respiratory distress
syndrome (ARDS). Inhaled hyperoxia is a well-established
model of experimental oxidant-induced ALI/ARDS. Mice
exposed to hyperoxia exhibit pathophysiological changes
characterized by endothelial as well as epithelial injury with
inflammation and lung protein leak, resembling the features
observed in clinical ALI/ARDS.

Identifying protective molecular pathways in hyperoxic
lung injury may generate insights into novel therapeutic ap-
proaches. Our recent report found that the antioxidant func-
tions of the innate immune receptor TLR4 depend on the
presence of endothelial Hsp70. We now identify the down-
stream effector of Hsp70-TLR4-mediated protection, a pu-
tative antioxidant, STC1, which enriched in mitochondria of
lung endothelium. Our studies show that STC1 is regulated
by TLR4 and exerts lung and endothelial protection in re-
sponse to sterile oxidant-induced lung injury.

Hyperoxia leads to an accumulation of mitochondrial
dysfunction, increased ROS, and cell death (43). To detect
ROS generation in the present study, we selected a variety of
indirect but complementary assays. For example, CM-
H2DCFDA primarily detects hydroxyl radical, peroxynitrite,
and intracellular H2O2; Amplex Red detects extracellular
H2O2; DHE detects cytosolic superoxide; and Mitosox Red
detects mitochondrial superoxide. Mitochondrial ROS/su-
peroxide generation can reflect mitochondrial dysfunction or

‰

FIG. 7. STC1 expression correlated with changes in mitochondrial calcium loading and mitochondrial architecture
in MLECs. WT MLECs were treated with lentivirus (lenti-Ctrl or lenti-STC1sh) and TLR4-/- MLECs were treated with
lentivirus (lenti-Ctrl or STC1 overexpression lenti-STC1oe). (A) Immunostains for STC1 (red) and Hsp60 (mitochondria
marker, green) with DAPI-stained nuclei (blue) in MLECs. Left panel shows single immunostained and merged images,
original view of all photomicrographs · 400. Right panel shows the normalized fluorescence of STC1 using the ImageJ
software. *p < 0.05 vs WT lenti-Ctrl; **p < 0.05 vs TLR4-/- lenti-Ctrl. Data are representative of at least 20 images. (B)
MLECs were treated with lentivirus for 48 h followed by incubation with Rhod2-AM for 30 min. Cells were analyzed by
fluorescence microscopy after Rhod2-AM staining (red). Nuclei were stained with DAPI (blue). Left panel shows the
merged image as an overlay of the DAPI and Rhod2-AM images, original view of all photomicrographs · 1000. Right panel
shows the quantification of the mitochondrial Ca2+. *p < 0.05 vs WT lenti-Ctrl RA; **p < 0.05 vs WT lenti-Ctrl hyperoxia;
#p < 0.05 vs corresponding RA. Data are representative of at least 20 images. (C) TEM was performed to investigate the
ultrastructural differences in MLECs. M, mitochondria; arrows indicate endoplasmic reticulum; *indicates autolysosomes/
amphisomes. Scale bar = 500 nm. Right panel: quantification of the mitochondrial width, the number of cristae per 500 nm of
mitochondrial length, and the length of cristae mitochondrial ultrastructure organization. *p < 0.05 vs WT lenti-Ctrl;
**p < 0.05 vs TLR4-/- lenti-Ctrl. Data are representative of at least 20 cells. Data were analyzed by two-way ANOVA with
post hoc Tukey’s HSD test calculator for multiple comparisons. TEM, transmission electron microscopy. Color images are
available online.
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health. We recently reported that hyperoxia, in normal lung
endothelial cells, induced mitochondrial oxidant generation
as well as inhibited mitophagy, autophagy, and mitochondrial
biogenesis (42, 43).

Mitochondrial biogenesis refers to the growth and division
of preexisting mitochondria, usually measured by the protein
expression of PGC1a (22). Hyperoxia also disrupts the bal-
ance between mitochondrial fission and fusion in the lungs
and MLECs (42). Das reported that hyperoxia increased
mitochondrial ROS generation, which impairs mitochondrial
electron transport chain function. He also revealed that hy-
peroxia decreased glycolytic capacity, glycolytic reserve,
and oxidative phosphorylation and inhibits complex I and II
function (6). We now identified STC1 and TLR4 as molec-
ular targets, which may be manipulated to maintain or restore
mitochondrial function.

STC1, originally called as teleocalcin, was first isolated
from the corpuscles of Stannius of sockeye salmon (35).
STC1 prevents excessive calcium influx to inside the fish
body and protects organs and cells from high calcium levels
that might cause cell death in fish (23). In mammals, the
STC1 gene is widely expressed in multiple tissues, including
the adrenal grand, brain, heart, intestine, kidney, liver, lungs,
muscle, ovary, pancreas, parathyroid, placenta, prostate,
spleen, testis, thymus, and thyroid (26). STC1 has both au-
tocrine and paracrine effects to maintain calcium homeosta-
sis and to inhibit apoptosis. Its localization in the spleen and
thymus suggests a role in the immune/inflammatory re-
sponses (30). STC1 promotes the re-epithelialization and cell
migration during early wound healing in damaged tissues (38).

Upregulation and secretion of STC1 in mesenchymal
stromal cells enhance cell survival by uncoupling oxidative
respiration–phosphorylation, declining intracellular ROS,
and switching metabolism toward a more glycolytic metabolic
pattern (25). STC1 is thought to maintain endothelial perme-
ability and prevent vascular leakage through the preservation
of tight junction protein expression and suppression of super-
oxide anion production, thereby preserving the endothelial

monolayer seal during cardiovascular inflammation (4). In
macrophages, STC1 decreases intracellular calcium and cell
mobility, attenuates the chemoattractants’ responses, and de-
creases superoxide generation by UCP2 induction (30).

Pivotal work from McCudden et al. characterized mam-
malian STC receptors with receptor binding analysis, subse-
quent binding assays, in situ ligand binding, and fractionation
analysis (24). They revealed that the majority of binding sites
of STC were on the inner mitochondrial membrane and ex-
ternal cell membranes. They also revealed that >90% of cel-
lular STC immunoreactivity were in the inner matrix of
mitochondria with subcellular fractionation assay. Compared
with the immunogold electron microscopy images in their
study, we were able to optimize experimental conditions to
minimize background binding, allowing us to more clearly
detect positive signals for STC1 on mitochondria in lung en-
dothelial cells.

We also performed TEM to observe ultrastructural chan-
ges in the mitochondria of MLECs with STC1 expression
manipulation. Mitochondrial area and length are measures of
dysfunction or health of mitochondria. In addition, TEM
investigates organelle architectural changes such as mito-
chondrial fusion and fission. Mitochondria fusion connects
neighboring mitochondria and merges their contents to
maintain membrane potential. In contrast, fission separates
damaged mitochondria from undamaged ones, where the
damaged portion of mitochondria is subjected to mitophagy
and the undamaged part to fusion. A fusion/fission imbalance
can lead to accrual of dysfunctional or damaged mitochon-
dria and subsequent degradation by autophagy.

Macroautophagy (autophagy) is a lysosomal-dependent
cellular pathway for the turnover of organelles and proteins.
Autophagy involves the formation of double membrane
vesicles (autophagosomes or autophagic vacuoles) that target
and engulf cytosolic material, which may include damaged
organelles or denatured proteins. Based on the TEM results,
we found that STC1 expression correlated with changes in
mitochondrial architecture in MLECs. TLR4-/- MLECs had a
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FIG. 8. TLR4-STC1 coordination promotes glycolysis. (A, B) WT, TLR4-/-, Trif-/-, Myd88-/-, and Hsp70-/- MLECs
were incubated with fluorescence-labeled glucose (100 lM 2-NBDG) for 30 min. Fluorescence was measured using a
fluorescent microscope (A) or a fluorescence plate reader (B). Original view of all photomicrographs · 400 in (A). Values
are expressed as means – SD in (B); experiments were performed in triplicate. *p < 0.05 vs WT. (C, D) WT and TLR4-/-

MLECs were pretreated with lentivirus (lenti-Ctrl or lenti-STC1oe, STC1 overexpression) for 48 h followed by incubation
with fluorescence-labeled glucose (100 lM 2-NBDG) for 30 min. Fluorescence was measured using a fluorescence plate
reader (C) or analyzed by fluorescent microscope (D). Values are expressed as means – SD in (C); experiments were
performed in triplicate. *p < 0.05 vs WT lenti-Ctrl; **p < 0.05 vs TLR4-/- lenti-Ctrl; #p < 0.05 vs WT lenti-STC1oe. (E, F)
WT MLECs were treated with lenti-Ctrl or lenti-STC1sh and TLR4-/- MLECs were treated with lenti-Ctrl or lentivirus with
STC1 overexpression (lenti-STC1oe). (E) Glycolysis assays were performed using glycolysis test kits from Seahorse
Biosciences according to manufacturer’s protocol using XF96 instrument. A representative graph output from XF96
showing the ECAR response to glucose, oligomycin, and 2-DG in normoxia and calculating glycolysis. The minimum
number of n = 3 with 10–20 replicate wells per group was employed for all experiments. Data normalized to 10,000 cells;
*p < 0.05 vs WT lenti-Ctrl; **p < 0.05 vs TLR4-/- lenti-Ctrl. (F) Glycolytic rates were performed using glycolytic rate assay
kit from Seahorse Biosciences according to manufacturer’s protocol using XF96 instrument. The representative graph
output for basal glycolysis, % PER from glycolysis (basal), and compensatory glycolysis was generated from the Seahorse
XF glycolytic rate assay report generator. Data were adjusted with the CO2 correction factor as 0.69 in MLEC determined
with Agilent Seahorse XF CO2 contribution factor protocol. The minimum number of n = 3 with 10–20 replicate wells per
group was employed for all experiments. Data normalized to 5000 cells; *p < 0.05 vs WT lenti-Ctrl; **p < 0.05 vs TLR4-/-

lenti-Ctrl. Data were analyzed by two-way ANOVA with post hoc Tukey’s HSD test calculator for multiple comparisons. 2-
NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-deoxyglucose; ECAR, extracellular acidification rate; Myd88,
myeloid differentiation primary response gene 88; PER, proton efflux rate; Trif, TIR-domain-containing adapterinducing
interferon-b. Color images are available online.
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greater number of swollen mitochondria with loss of normal
architecture and distortion of cristae, and greater number of
autolysosomes. WT MLECs with STC1 knockdown ex-
hibited similar mitochondrial structural changes as that of
TLR4-/- MLECs. The overexpression of STC1 in TLR4-/-

MLECs restored the mitochondrial architecture to a normal
appearance, similar to WT MLECs.

The promoter of human STC1 contains multiple NFjB p65
binding sites, as reported previously (13). Guo et al. found
that NFjB p65 protein directly bound the human STC1
promoter region and regulated STC1 expression in human

cervical cancer cells, CaSki. In the present study, we con-
firmed the extracellular Hsp70-mediated TLR4-NFjB sig-
naling through NFjB binding assay. In addition, we used
NFjB inhibitor, CAY 10512, to confirm that Hsp70 acts as a
TLR4-dependent ligand and utilizes a NFjB-STC1 signal to
promote lung endothelial survival during basal and hyperoxic
conditions.

The mitochondria are the core machinery for cellular en-
ergy generation. Calcium regulates mitochondrial function
and acts at several levels to stimulate ATP synthesis. Within
physiological conditions, Ca2+ is beneficial for mitochondrial
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FIG. 9. STC1 maintains mitochondrial bioenergetics. (A–C) Comparison of mitochondrial function of WT and TLR4-/-.
(A) OCR was immediately measured using the Seahorse XF96 Analyzer. Kinetic OCR responses to oligomycin (1 lM), FCCP
(5lM), rotenone (1 lM), and antimycin (1 lM) were recorded. (B) Fundamental parameters of mitochondrial function including
basal respiration, proton leak, ATP-production-related oxygen consumption, maximum respiration, and nonmitochondrial oxygen
consumption rates were normalized based on number of live cells. (C) Mitochondrial coupling efficiency was calculated as the
percentage of ATP production to basal mito-OCR (as ATP production/basal mito OCR · 100%). *p < 0.05 vs WT, n = 10–20. (D–
F) WT MLECs were treated with lentivirus (lenti-Ctrl or lenti-STC1sh) and TLR4-/- MLECs were treated with lentivirus (lenti-
Ctrl or STC1 overexpression lenti-STC1oe). Mitochondrial bioenergetic profile of MLECs was studied using the ‘‘Mito stress
kit,’’ Seahorse Biosciences. (D) A representative graph output from XF96 showing the OCR response to oligomycin, FCCP,
rotenone, and antimycin in normoxia. (E) Fundamental parameters of mitochondrial function including basal respiration, proton leak,
ATP-production-related oxygen consumption, maximum respiration, and nonmitochondrial oxygen consumption rates were nor-
malized based on number of live cells. (F) Mitochondrial coupling efficiency. A minimum number of n = 3 with 10–20 replicate wells
per group was employed for all experiments. *p < 0.05 vs WT lenti-Ctrl; **p < 0.05 vs TLR4-/- lenti-Ctrl. Data were all normalized to
10,000 cells, using cell nuclei staining with Hoechst 33342 upon completion of Seahorse measurements. Real-time OCR were
recorded and normalized with cell count using Wave Desktop 2.6. Data were analyzed by two-way ANOVA with Bonferroni’s
multiple comparisons test for pairwise comparisons in (A) and post hoc Tukey’s HSD test calculator for multiple comparisons in (B–
F). ATP, adenosine triphosphate; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; OCR, oxygen consumption rate.
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function. The dysregulation of mitochondrial Ca2+ homeo-
stasis plays a critical role in several pathologies. For instance,
mitochondrial matrix Ca2+ overload might lead to enhanced
ROS generation, triggering the permeability transition pore,
and induced cytochrome c release, leading to apoptosis (2).
The novel TLR4 antagonist, transforming growth factor-b-
activated kinase-242, inhibited cytochrome c release into the
cytoplasm, mitochondrial swelling, and decrease in mito-
chondrial Ca2+ buffering capacity (28).

As reported by Suliman et al., TLR4 null mice have a
disturbance in mitochondrial biogenesis during lipopoly-
saccharide challenge, due to the lack of NFjB-Creb1 acti-
vation of nuclear respiratory factor 1 (32). Ho et al. confirmed
that an increase in mitochondria-associated calcium might
decrease the efficiency of mitochondrial respiration, as a
result of increased oxidative stress (15). STC1 regulates
calcium/phosphate homeostasis and protects against toxic
hypercalcemia. STC1 is a prosurvival factor that guards
neurons against hypercalcemic and hypoxic damage (37).
Ellard et al. also reported that STC1 stimulates mitochon-
drial electron transport chain activity and calcium transport
(9). On the contrary, Guan et al. indicated that STC1-induced
cardiotoxic effects might mediate mitochondrial dysfunction,
loss of mitochondrial membrane potential, ROS production,
and increased mitochondrial calcium levels (12).

STC1 was involved in the regulation of calcium level of
endothelial function and plays a critical role in transen-
dothelial migration of inflammatory cells at baseline and
during inflammation (3). In the present study, we detected
that TLR4-/- MLECs had more calcium uploading in the
mitochondria compared with WT MLECs, which increased
during hyperoxia exposure. The calcium level increased in
WT MLECs after STC1 knockdown, whereas the calcium
level decreased in TLR4-/- MLECs with STC1 over-
expression. Although preliminary, these results suggest that
STC1 may prevent mitochondrial calcium loading or uptake
during hyperoxia-induced cell damage.

We currently lack precise methods to study glycoproteins
in the lungs and have yet to identify a STC1 receptor. We
used lentiviral approaches to achieve gain-of-function and

loss-of-function to understand the STC1 biology, given our
lack of access to STC1 knockout mice and cells, rather than
as a therapeutic tool. However, we tested recombinant pro-
tein hSTC1, which decreased hyperoxia-induced oxidant
production and ‘‘normalized’’ mitochondrial bioenergetics,
which suggests that protein delivery may be a potential
therapeutic approach in the clinic.

Most mammalian cells rely on glucose as one of the pri-
mary sources of energy to meet their bioenergetic needs.
Through glycolysis, glucose is metabolized into pyruvate in
the cytosol. Pyruvate can then either enter the tricarboxylic
acid (TCA) cycle in the mitochondria, where it undergoes
oxidative phosphorylation in a process that requires oxygen,
or it can be further converted into lactate (anaerobic glycol-
ysis) (34). Mice with a loss-of-function mutation in TLR4
(C3H/HeJ) were partially protected against cardiac glucose
metabolism dysregulation induced by a long-term high-fat
diet (20). TLR4 regulates lipid accumulation in cardiac
muscle in type 1 diabetes, which contributes to cardiac dys-
function (7).

In the present study, we found that the TLR4-/- MLECs,
TLR4 adaptor protein Trif-/-, and TLR4 ligand Hsp70-/-

MLECs had reduced glucose uptake compared with WT
MLECs. The glycolysis assay showed that TLR4-/- MLECs
had decreased basal glycolysis and glycolytic capacity,
which was restored with the overexpression of STC1 using
lenti-STC1oe. The glycolytic rate assay confirmed that
TLR4-/- MLECs had decreased basal and compensatory
glycolysis, although the percentage of PER from basal gly-
colysis was similar to that of WT MLECs. We interpreted
these findings to indicate that Hsp70-TLR4-STC1 promotes
cellular glycolysis.

We found STC1 to be predominantly expressed in endo-
thelium in mouse lungs. There was some expression of STC1
around alveoli. TLR4-mediated STC1 expression likely af-
fects most lung cell types, especially after hyperoxia. Reports
have demonstrated the protective effects of STC1 in non-
endothelial lung cell types. STC1 had antifibrotic effects
through the reduction of oxidative stress, ER stress, and ep-
ithelial TGF-b1 production in bleomycin-induced idiopathic

‰

FIG. 10. Lung endothelial STC1 is protective during hyperoxia. (A) WT and TLR4-/- mice were exposed to 72 h of
hyperoxia or RA as control. Total lung lysates were immunoblotted against STC1 antibody. b-Actin was used as protein
loading control. Right panel: quantification based on densitometry for STC1 relative to b-actin. The values are expressed as
mean – SD. Experiments were performed in triplicate *p < 0.05 vs WT RA; **p < 0.05 vs corresponding RA, #p < 0.05 vs
WT hyperoxia. Uncut gel is shown in Supplementary Figure S10C. (B) WT mice were administered intranasal with Ad-Ctrl
or Ad-Hsp70 and exposed to 72 h of hyperoxia or RA as control. Total lung lysates were immunoblotted against STC1 and
Hsp70 antibodies. b-Actin was used as protein loading control. Right panel: quantification based on densitometry for STC1
relative to b-actin. The values are expressed as mean – SD. Experiments were performed in triplicate *p < 0.05 vs Ad-Ctrl
RA; **p < 0.05 vs Ad-Hsp70 RA, #p < 0.05 vs Ad-Ctrl hyperoxia. Uncut gel is shown in Supplementary Figure S11A. (C)
WT mice were administered intranasal human TLR4 overexpressors, lentivirus (lenti-Ctrl, lenti hTLR4, or lenti-VE
hTLR4), and exposed to 72 h of hyperoxia or RA as control. Lysates from mouse lungs were isolated and immunoblotted
against STC1 antibody. b-Actin was used as protein loading control. One representative Western blot of three experiments
is shown. Right panel: quantification based on densitometry for STC1 relative to b-actin. The values are expressed as
mean – SD. Experiments were performed in triplicate *p < 0.05 vs lenti-Ctrl RA; **p < 0.05 vs corresponding RA, #p < 0.05
vs lenti-Ctrl hyperoxia. (D–G) WT and TLR4-/- mice were administered intranasal lentivirus (lenti-Ctrl, STC1 over-
expression lenti-STC1, or lenti-VE STC1) 2 weeks before exposed to 72 h of hyperoxia or RA as control. Cells recovered
from BAL were counted as total cell counts (D). (E) Lung permeability was assessed by BAL protein content. (F) The LDH
activity assays were performed on BAL fluid. (G) Oxidant generation was detected by Amplex Red in BAL fluid. The
values are expressed as mean – SD (n = 6 for each group). *p < 0.05 vs WT lenti-Ctrl RA; **p < 0.05 vs WT lenti-Ctrl
hyperoxia; #p < 0.05 vs corresponding RA; ##p < 0.05 vs TLR4-/- Ctrl hyperoxia. Data were analyzed by two-way ANOVA
with post hoc Tukey’s HSD test calculator for multiple comparisons. BAL, bronchoalveolar lavage.

ENDOTHELIAL STC1—TLR4 AND MITOCHONDRIA IN THE LUNGS 1789



pulmonary fibrosis (27). STC1 was induced by hypoxia in
both rat alveolar type II cells and human lung epithelial cells,
reportedly promoting enhanced wound healing in alveolar
epithelial cell monolayers (19). Our STC1 studies in lung
endothelial cells raise intriguing possibilities as to its role in
vascular biology.

In summary, we identified STC1 as a novel effector of
Hsp70-TLR4 signaling and observed enriched STC1 ex-
pression in the mitochondria of normal lung endothelium. We
confirmed that TLR4-/- mice and MLECs have significantly
decreased mitochondrial STC1, especially after hyperoxia.
At baseline, mitochondrial area and length were significantly
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higher in WT MLECs, a sign of healthy preserved mito-
chondria, whereas TLR4-/- MLECs had greater numbers of
swollen mitochondria with loss of normal architecture and
distortion of cristae.

We found that TLR4 deficiency decreased the mito-
chondrial bioenergetic measurements (basal respiration,
ATP-production-related oxygen consumption, and coupling
efficiency). We detected higher mitochondrial calcium in
TLR4-/- MLECs compared with WT MLECs, which was
more pronounced after hyperoxia, suggesting dysregulated
calcium metabolism in the absence of TLR4. STC1 silencing
in WT MLECs phenocopied the mitochondrial dysfunc-
tion observed in TLR4-/- MLECs. STC1 overexpression in
TLR4-/- MLECs rescued the mitochondrial morphology,
calcium levels, glycolytic and mitochondrial profiles, and
cellular respiration to that of WT levels. Finally, our in vivo
loss-of-function and gain-of-function STC1 studies using
lung and lung Ec-targeted lentiviral strategies demonstrated
the therapeutic potential of STC1 targeting in ALI.

Materials and Methods

Mice

TLR4-/- mice (originally provided by Shizuo Akira, Osaka
University, Osaka, Japan) have been previously described
(40). Hsp70-/-, Trif-/-, and MyD88-/- mice were described
previously (18, 45). All the mice were backcrossed for >10
generations onto a C57BL/6J background. Mice bred and
exposed to hyperoxic conditions as described previously
(42). All protocols were reviewed and approved by the An-
imal Care and Use Committee at the Yale University.

Hyperoxia exposures

Mice hyperoxia experiments and survival experiments had
been described previously (31, 41, 44). Mice were placed in a
Plexiglas chamber with 5 L/min of 100% oxygen continuous
flow. Mice were allowed food and water ad libitum. In sur-
vival experiments, mice were monitored closely and their
survival in hours was recorded. In injury experiments, after
72 h of hyperoxia exposure, mice were removed from the
hyperoxia chamber and euthanized. All animal protocols
were reviewed and approved by the Institutional Animal Care
and Use Committee at the Yale University.

Measurement of lung injury markers

BAL and protein quantification have been described pre-
viously (42, 44). In brief, BAL was performed twice with
0.8 mL phosphate-buffered saline (PBS) (pH 7.4) when the
mice were euthanized after 72 h of hyperoxia exposure or RA
control. Cells in BAL were counted. The protein concentra-
tion was determined by the BCA Protein Assay Reagent
(Thermo Fisher Scientific, Inc., Waltham, MA).

Isolation of primary MLECs and hyperoxia exposures

Isolation of MLECs from mouse lungs have been de-
scribed previously (41, 44, 45). In brief, endothelial cells
were isolated from the lungs of animals using anti-mouse
CD31 antibody (clone MEC 13.3; BD Biosciences, San Jose,
CA) and anti-mouse CD102 antibody (clone 3C4; BD Bios-
ciences) bonded magnetic beads. For hyperoxia exposures,

the cells were treated as described and subjected to hyperoxia
(95% O2 and 5% CO2) for 72 h.

LDH assay

LDH was detected by Cytotoxicity Detection Kit
(#11644793001; Roche, South San Francisco, CA) in the
culture supernatant of MLECs and mouse BAL according to
the manufacturer’s instructions.

Amplex Red assay

Amplex� Red Hydrogen Peroxide/Peroxidase Assay Kit
(A22188; Invitrogen, Carlsbad, CA) was used to check H2O2

released from mouse lung in BAL.

Microarray sample processing and hybridization

Total RNAs were isolated from primary WT or TLR4-/-

MLECs and were subjected to amplification, followed by
labeling and hybridization to Mouse Genome 430 2.0 Gen-
eChip (Affymetrix, Santa Clara, CA) as described previously
(45). In brief, total RNA was isolated using TRIzol reagent
and further purified using an RNeasy kit (Qiagen, Valencia,
CA). The quality of total RNA was evaluated by A260/A280

ratio, which was at least 1.9, and by electrophoresis on the
Agilent Bioanalyzer. For each experimental condition, 10 lg
of high-quality total RNA was provided to the W.M. Keck
Foundation Biotechnology Resource Laboratory at the Yale
University (West Campus, Orange, CT). The facility per-
formed the cRNA labeling, hybridization, and data analyses.

Microarray data processing

After scanning the array, the expression values for each
gene were generated with the Affymetrix Microarray Suite
(MAS) 5.0 software, scaling the overall intensity of each chip
to 1500. All chips passed the Microarray Suite quality control
measures. The individual gene expression levels of WT and
TLR4-/- MLECs were compared by using an unpaired Stu-
dent’s t test. For further analyses, we selected 26 genes that
met the following criteria: (i) p < 0.001 by unpaired t test; (ii)
fold-change in expression of at least 1.5-fold between the
mean expression in WT and the mean expression in TLR4-/-

MLECs; and (iii) absolute difference of at least 200 signal
units between the mean expression in WT and the mean ex-
pression in TLR4-/- MLECs. Multiple testing correction
using the method of Benjamini–Hochberg was applied to the
entire data set. The p values for these 26 genes remained
significant ( p < 0.001).

Construction of lentiviral vectors and administration

Lentivirus miRNA vectors with ubiquitin and vascular en-
dothelium cadherin promoter had been described previously
(42). STC1-knockdown vectors were designed using target site
1452–1473 (GenBank accession number NM_009285.3) 5¢-
ATTAGATGCAAGAAGATGCTAG-3¢. We used Thermo
Fisher Scientific, Inc., Scientific–Invitrogen’s online RNAi
Designer tool to design pre-miRNA stem loop/siRNA hybrid
sequences according to the manufacturer’s instructions. Two
oligos, 5¢-TGCTGATTAGATGCAAGAAGATGCTAGTTT
TGGCCACTGACTGACTAGCATCTTTGCATCTAAT -3¢
and 5¢-CCTGATTAGATGCAAAGATGCTAGTCAGTCAG
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TGGCCAAAACTAGCATCTTCTTGCATCTAATC-3¢, were
annealed and ligated into pcDNA6.2-GW/EGFP-miR
(K493600; Thermo Fisher Scientific, Inc.) according to the
manufacturer’s instructions.

The constructs were confirmed by sequencing. The lenti-
viral constructs of EGFP-STC1-RNAi were constructed by
first amplifying the fragments from pcDNA6.2-GW/EGFP-
miR with primers, sense: 5¢-AGGCGCGCCTGGCTAAC
TAGAGAAC-3¢ and antisense: 5¢-GGAATTCTATCTCG
AGTGCGGC-3¢, and by digestion of the PCR product with
AscI and EcoRI enzymes. This fragment was then inserted
into the AscI and EcoRI sites of vectors FVEW or FUW (42)
to generate lenti-VE STC1sh or lenti-STC1sh vectors. TLR4-
knockdown vectors (lenti-TLR4sh and lenti-VE TLR4sh)
were constructed using similar strategy and were designed
using target site 550–570 (GenBank accession number
NM_021297.2) 5¢-GTACATGTGGATCTTTCTTAT-3¢ (33).

Lentiviral STC1 overexpression (lenti-STC1oe or lenti-
VE STC1oe) was constructed by amplifying the fragments
from pCMV6 entry STC1 construct (STC1, [NM_009285]
Mouse ORF Clone, MR203105, Origene, Rockville, MD)
with primers, sense: 5¢-AGGCGCGCCAATTCGTCGACTG
GAT-3¢ and antisense: 5¢-GGAATTCGTTTAAACCTTAT
CGTCGT-3¢. The STC1 was recovered from the PCR frag-
ment by AscI and EcoRI digestion and then inserted into the
AscI and EcoRI sites of FVEW to generate lenti-VE STC1oe,
or of FUW to generate lenti-STC1oe. All restriction endo-
nucleases were purchased from New England Biolabs (Ips-
wich, MA). Lentivirus production, titer measurement, and
intranasal administration were previously described (42). In
lentivirus delivery experiments, 1 · 108 transduction units of
the package lentiviral particles were administered intrana-
sally to 6- to 8-week-old mice through a published intranasal
method (42).

STC1 expression in endothelium modified
with endothelial-targeting lentivirus

Endothelial cells (CD31+, CD45-) were isolated by the
autoMACS system (Bergisch Gladbach, Germany) using
manufacturer-supplied antibodies according to the manu-
facturer’s instructions as described previously (44). RNA was
isolated from each cell subfraction. For real-time PCR, the
STC1 primers were used. GAPDH was amplified as a control.

Histology

Lungs sections were processed as described previously
(44). In brief, 6–10 mice were analyzed in each experimental
condition. Mouse whole lungs were fixed in buffered for-
malin at 4�C overnight, processed for paraffin embedding,
and 5 lm sections were processed by the Yale Histopathol-
ogy Services.

Immunofluorescence microscopy

The immunofluorescence was processed as described
previously (44). For the co-staining, sections were incubated
with a 1:200 dilution of anti-STC1 (sc-30183), anti-CD31
(sc-1506), anti-rat 10-kDa Clara cell promoter (CC10, sc-
9773), anti-SP-C (sc-7705; Santa Cruz Biotechnology, Dal-
las, TX), or aSMA (ab7817; Abcam, Cambridge) antibody at
4�C for overnight. After PBS washes, sections were incu-

bated with a secondary antibody Alexa Fluor 488 goat anti-
rabbit IgG (A-11008) or Alexa Fluor 488 goat anti-mouse
IgG (A-11001) or Alexa Fluor� 594 goat anti-rabbit IgG (A-
11012; Invitrogen), with a 1:300 dilution for immunofluo-
rescence at room temperature for 1 h.

Samples were washed three times by immersing in PBS for
5 min and then mounted with ProLong gold-mounting me-
dia with 4¢,6-diamidino-2-phenylinodole (DAPI) (P36931;
Thermo Fisher Scientific, Inc.). Labeled sections were ob-
served under dark field in independent fluorescence channels
using an automated Olympus BX-61 microscope (320 and
340 objective lens; NA 0.50; Olympus Imaging America,
Inc., Center Valley, PA) equipped with a cooled CCD camera
(Q-Color 5; Olympus) and QCapture Pro 6.0 software (QI-
maging; Surrey, Canada). Images were analyzed and quan-
tified using the ImageJ software* (8). Data are representative
of at least 20 images.

Confocal microscopy

MLECs were processed for confocal microscopy as de-
scribed previously (45). Co-stained with anti-STC1 (sc-30183),
Hsp60 (sc-1722; Santa Cruz Biotechnology), anti-Golgin-97
(#13192), or ERp72 (5033S; Cell Signaling Technology,
Danvers, MA) at 4�C overnight. The secondary antibody
(Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor 594
goat anti-mouse IgG at 1:300 dilution; Invitrogen) was in-
cubated at room temperature for 1 h. Labeled cells were vi-
sualized using a Nikon Ti-E Eclipse inverted microscope
equipped with Perfect Focus (auto focus system), a motorized
XY stage, and a Nano-Focusing Piezo Stage. Images were
analyzed using the ImageJ software, and the colocalization
coefficient was calculated to measure the fraction of over-
lapping signals using Coloc 2 (Fiji’s plugin for colocalization
analysis) (8).

Glucose uptake assay

MLECs were plated onto 24-well plates. After specific
exposure as mentioned, the cells were added 100 lM 2-
NBDG (N13195; Thermo Fisher Scientific, Inc.) and incu-
bated for 30 min. Cells were washed twice with ice-cold PBS,
and fluorescence was measured using a fluorescence plate
reader for quantification. As well as to visualize the fluores-
cence after 2-NBDG uptake, the cells were fixed with ice-
cold 4% PFA for 10 min at room temperature and analyzed by
fluorescent microscope.

Mitochondrial calcium measurement and fluorescence
staining

Rhod2-AM (R1244; Thermo Fisher Scientific, Inc.) was
used to measure the mitochondrial calcium level as described
previously (1). MLECs were grown on poly-l-lysine-coated
coverslips (BD Biosciences). After specific exposure as
mentioned, cells were stained with 7.5 lM Rhod2-AM in the
culture medium for 2 h. Cells were fixed by incubation for
15 min at 4�C in 4% paraformaldehyde. Cells were washed in
PBS, and images were acquired with Nikon Ti-E Eclipse
inverted confocal microscope. Images were analyzed using
the ImageJ software, and the quantification of mitochondrial

*http://imagej.nih.gov/ij/
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Ca2+ was calculated to measure the fraction of Rhod2-AM
signals (8).

Western blot analysis

Lung or MLEC protein analyses were performed as pre-
viously described (42). In brief, whole-lung tissues or
MLECs were homogenized in M-PER� mammalian protein
extraction reagent (78501; Thermo Fisher Scientific, Inc.).
Protein concentrations were determined by BCA Protein
Assay (Thermo Fisher Scientific, Inc.). Samples were elec-
trophoresed in a 4%–20% ready-made Tris-HCl gel (Bio-Rad
Laboratories) and electrophoretically transferred onto a ni-
trocellulose membrane. The membranes were then incubated
overnight with anti-STC1 (sc-30183), TLR4 (sc-293072), b-
actin (sc-47778 HRP; Santa Cruz Biotechnology), p65
(#8242; Cell Signaling Technology, Inc.), and Hsp70 (ADI-
SPA-812; Enzo Life Sciences, Inc., Farmingdale, NY) anti-
bodies.

Apoptosis assays

A fluorescence-activated cell sorter (FACS) was used to
detect Annexin V-fluorescein isothiocyanate labeling
(#556547; BD Biosciences) on MLECs, as described previ-
ously (39, 44). Briefly, MLECs were resuspended with
binding buffer (BD Biosciences); 5 lL each of Annexin V
and propidium iodide were added to 105 cells. Cells were
analyzed by FACS (BD Biosciences). Data were analyzed
using the Flowjo software.

Flow cytometry assays for ROS

CM-H2DCFDA (C6827) and MitoSOX Red (M36008;
Invitrogen) were used to determine the levels of ROS in
endothelial cells, as described previously (44).

DHE staining and fluorescence microscopy

MLECs were adjusted to a density of 1 · 105 cells/mL and
seeded on poly-l-lysine-coated coverslips (BD Biosciences)
in a volume of 200 lL (2 · 104 cells). After treated with STC1
recombinant protein (100 ng/mL, MBS1265316; MyBio-
Source, San Diego, CA) for overnight, live cells were sub-
jected to 2 lM DHE (D1168; Thermo Fisher Scientific, Inc.)
as described previously (44).

Protein labeling

Recombinant protein was labeled with Alexa Fluor 488
dye, as described previously (45), by using the fluorescent
Protein Microscale Labeling kit (A30006; Invitrogen) ac-
cording to the manufacturer’s recommendations. Briefly,
100 mg hSTC1 was incubated with Alexa Fluor 488 for
15 min at room temperature. Unconjugated dye was removed
by using the spin filter. MLECs were transduced with Cell-
Light� Mitochondria-RFP, BacMam 2.0 (C10601; Invitro-
gen) at 20 particles per cell overnight to label mitochondria
with red fluorescent protein in live cells.

Overexpression of Hsp70 in MLECs and mice

Adenovirus-CMV-Hsp70 (Ad-Hsp70) was purchased from
Vector BioLabs. Adenovirus-control (CMV-null) (Ad-Ctrl),

an adenovirus empty vector, was used as a control. The treat-
ment to MLECs and mice had been described previously (45).

NFkB inhibitor

NFjB inhibitor, CAY10512, was purchased from Cayman
Chemical (Ann Arbor, MI).

Transfection of siRNA duplexes

Mouse NFjB p65 siRNA (sc-29411) was purchased from
Santa Cruz Biotechnology, Inc. Nonspecific siRNA scram-
bled duplex probes and transfection with Lipofectamine
Reagent (Invitrogen) were used in MLECs, as described
previously (40, 42).

Total RNA isolation and real-time reverse
transcription–PCR amplification

Total RNA extracted from lung tissue or MLECs and real-
time PCR amplification were described previously (42, 44).
For real-time PCR, the STC1 primers were sense 5¢-GTC
CGAAGCCTTCTGGAATGT-3¢ and antisense 5¢-GGCTCA
TTTGTACGCCTCCTAT-3¢. GAPDH primers were sense
5¢-TGTGTCCGTCGTGGATCTGA-3¢ and antisense 5¢-CC
TGCTTCACCACCTTCTTGAT-3¢. The primers were de-
signed as intron spanning.

Electromobility shift assay

EMSAs of nuclear protein isolated from MLECs were
performed as previously described (44, 45). In brief, nuclear
extracts were prepared with NE-PER Nuclear Extraction
Reagent Kit (Thermo Scientific). The sequence of NFjB
consensus oligonucleotides was 5¢-AGTTGAGGGGACTT
TCCCAGGC-3¢ (Santa Cruz Biotechnology). The nuclear
extracts were biotin-labeled using double-stranded probes.
EMSA was carried out using the LightShift Chemiluminescent
EMSA Kit (Thermo Scientific). Specific binding was confirmed
with 200-fold excess of unlabeled probe. Protein–DNA com-
plexes were separated with a 6% nondenaturing acrylamide gel
electrophoresis. The gel was transferred to positively charged
nylon membranes and cross-linked with UV irradiation. Gel
shifts were visualized with streptavidin horseradish peroxidase
according to the manufacturer’s protocol.

Measurement of mitochondrial bioenergetics

An XFe96 Analyzer (Agilent Technologies, Santa Clara,
CA) was used to measure the bioenergetic function in intact
MLECs in real time. After specific exposure as mentioned,
MLECs in equal numbers were seeded into Seahorse
Bioscience XFe96 cell culture plates at the seeding density of
10,000 cells in 80 lL media and allowed to adhere and grow
for 24 h in a 37�C humidified incubator with 5% CO2.
Measurements of extracellular flux were made in unbuffered
media. Mitochondrial function was analyzed by sequentially
adding pharmacological inhibitors of oxidative phosphory-
lation, namely oligomycin (1 lM), FCCP [carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone] (5lM), rotenone (1lM),
and antimycin (1 lM) (Sigma–Aldrich, St. Louis, MO).

The resultant bioenergetic profile provides detailed infor-
mation on various parameters of mitochondrial bioenergetic
components. Glycolysis assay was performed using gly-
colysis test kit from Agilent Technologies according to
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manufacturer’s protocol using XFe96 instrument. A repre-
sentative graph output from XFe96 showing the ECAR re-
sponse to glucose, oligomycin, and 2-DG in normoxia and
calculating glycolysis. Glycolytic rate was performed using
the glycolytic rate assay kit from Agilent Technologies and
was analyzed by sequentially adding pharmacological in-
hibitors of oxidative phosphorylation, namely rotenone/an-
timycin A (0.5 lM) and 2-DG (50 mM).

The CO2 correction factor was confirmed in both WT and
TLR4-/- MLECs before performing the glycolytic rate as-
say according to the Agilent Seahorse XF CO2 contribution
factor protocol. Cell nuclei were stained using Hoechst 33342
(62249; Thermo Scientific) upon completion of the Seahorse
procedure. Real-time ECAR and OCR were recorded and
normalized to the cell nuclei count using Wave Desktop 2.6.
The Seahorse XF Glycolytic Rate assay report-generator was
used to analyze and generate the graphs.

Transmission electron microscopy

MLECs were fixed in 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer (pH 7.4) and then post-fixed in 1% OsO4 in the
same buffer at room temperature for 1 h. After stained en bloc
with 2% aqueous uranyl acetate for 30 min, cells were dehy-
drated in a graded series of ethanol to 100% and finally em-
bedded in EMbed 812 resin. Blocks were then polymerized in
60�C oven for 24 h. Thin sections (60 nm) were cut by a Leica
ultramicrotome and poststained with 2% uranyl acetate and
lead citrate. Sample grids were examined with a FEI Tecnai
transmission electron microscope at 80 kV of accelerating
voltage; digital images were recorded with an Olympus Mor-
ada CCD camera and iTEM imaging software. TEM analysis
was performed by the Electron Microscopy Core Facility in the
Center for Cellular and Molecular Imaging (CCMI) at the Yale
Medical School. Quantification of the mitochondrial width, the
number of cristae per 500 nm of mitochondrial length, and the
length of cristae mitochondrial ultrastructure organization
were obtained using the ImageJ software (21).

Immunogold labeling of STC1

MLECs were fixed in a mixture of 2% paraformaldehyde
and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4),
sucrose protected, and plunge frozen in liquid nitrogen.
The frozen sections (60 nm) were cut with a Leica cryo-
ultramicrotome, sections were labeled with STC1 antibody
(sc-30183; Santa Cruz), then with secondary antibody
conjugated to 10 nm protein A-gold particles, and im-
munolabeled sections were examined with a FEI Tecnai
BioTwin electron microscope that is equipped with a
Morada CCD camera (Olympus). TEM analysis was per-
formed by Electron Microscopy Core Facility in the CCMI
at the Yale Medical School.

Statistics

Statistical analyses of data were conducted with two-way
analysis of variance. Bonferroni’s multiple comparisons test
was used for pairwise comparisons. The Tukey honestly
significant difference post hoc test calculator was applied to
the multiple comparisons. The one factor comparison was
analyzed by the Mann–Whitney test. Data are expressed as
mean – standard deviation. Significant difference was accepted

at p < 0.05. Survival curves were produced with the Prism
software (GraphPad, San Diego, CA). Statistical comparisons
for survival curves were performed with the log-rank (Mantel-
Cox) test. Affymetrix microarray data are expressed as mean
fold change and p values; the data processing, normalization,
and statistical analyses were described in the Microarray data
processing section.
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HSD¼ honestly significant difference

Hsp70¼ heat-shock protein 70
LDH¼ lactate dehydrogenase

MLEC¼mouse lung endothelial cell
NFjB¼ nuclear factor kappa-light-chain-

enhancer of activated B cells
OCR¼ oxygen consumption rate
PBS¼ phosphate-buffered saline
PER¼ proton efflux rate
RA¼ room air

ROS¼ reactive oxygen species
RT-PCR¼ reverse transcription–polymerase

chain reaction
SD¼ standard deviation
sh¼ silencing RNA

shRNA¼ small hairpin RNA
siRNA¼ small interfering RNA

SP-C¼ surfactant protein C
STC1¼ stanniocalcin 1
TEM¼ transmission electron

microscopy
TLR4¼ toll-like receptor 4

Trif¼TIR-domain-containing adapter-
inducing interferon-b

UCP2¼ uncoupling protein 2
WT¼wild type
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