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Abstract

Administration of high concentrations of oxygen (hyperoxia) is
one of few available options to treat acute hypoxemia-related
respiratory failure, as seen in the current coronavirus disease
(COVID-19) pandemic. Although hyperoxia can cause acute lung
injury through increased production of superoxide anion (O2

�2),
the choice of high-concentration oxygen administration has
become a necessity in critical care. The objective of this study was
to test the hypothesis that UCP2 (uncoupling protein 2) has a
major function of reducing O2

�2 generation in the lung in ambient
air or in hyperoxia. Lung epithelial cells and wild-type;UCP22/2;
or transgenic, hTrx overexpression–bearing mice (Trx-Tg) were
exposed to hyperoxia and O2

�2 generation was measured by using
electron paramagnetic resonance, and lung injury was measured by
using histopathologic analysis. UCP2 expression was analyzed by
using RT-PCR analysis, Western blotting analysis, and RNA
interference. The signal transduction pathways leading to loss of
UCP2 expression were analyzed by using IP, phosphoprotein
analysis, and specific inhibitors. UCP2mRNA and protein
expression were acutely decreased in hyperoxia, and these
decreases were associated with a significant increase in O2

�2

production in the lung. Treatment of cells with rhTrx
(recombinant human thioredoxin) or exposure of Trx-Tgmice
prevented the loss of UCP2 protein and decreased O2

�2 generation

in the lung. Trx is also required to maintain UCP2 expression in
normoxia. Loss of UCP2 inUCP22/2mice accentuated lung injury
in hyperoxia. Trx activates the MKK4–p38MAPK (p38mitogen-
activated protein kinase)–PGC1a (PPARg [peroxisome
proliferator–activated receptor g] coactivator 1a) pathway, leading
to rescue of UCP2 and decreased O2

�2 generation in hyperoxia.
Loss of UCP2 in hyperoxia is a major mechanism of O2

�2

production in the lung in hyperoxia. rhTrx can protect against lung
injury in hyperoxia due to rescue of the loss of UCP2.
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Clinical Relevance

Hyperoxia-mediated acute lung injury is a major
impediment to much-needed oxygen therapy to treat
respiratory distress. Here, we have shown that loss of UCP2
(uncoupling protein 2) is a major mechanism in the
hyperoxia-mediated increase in reactive oxygen species
generation. Rescue of UCP2 by thiol reductants or other
agents would decrease reactive oxygen species and reduce
lung injury due to hyperoxia.
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High concentrations of oxygen (hyperoxia)
are routinely administered to patients with
acute hypoxemia to counter respiratory
distress (1–3). However, prolonged breathing
of high concentrations of oxygen can cause
acute lung injury (ALI) and thereby increase
morbidity and mortality. Although
hyperoxia can cause ALI (4, 5), no medicinal
treatment exists to alleviate hyperoxia-
mediated damage. Therefore, pulmonary
toxicity remains a potential complication of
supplemental oxygen therapy. Although
mitochondria are major producers of
reactive oxygen species (ROS) in hyperoxia,
the precise mechanism remains unclear.
Hence, better understanding the exact
mechanism by which hyperoxia induces
superoxide anion (O2

�2) generation in the
mitochondria could facilitate our therapeutic
approach to acute respiratory distress and
might decrease the necessity of our use of
more aggressive therapies such as
extracorporeal membrane oxygenation.

UCPs (uncoupling proteins) are
expressed in the inner mitochondrial
membrane (IMM) and are involved in
uncoupling respiration from ATP synthesis
by inducing regulated proton leaks (6, 7).
Leakage of protons to the matrix disrupts the
proton gradient, causing increased
respiration to compensate for energy
demand. Increased oxygen use to pump
protons to the IMM space decreases oxygen
tension in the mitochondria and therefore
decreases electron acceptance by oxygen,
resulting in decreased O2

�2 production
(7, 8). UCP2 is a member of the anion
transporter proteins, and it differs from the
thermogenic UCP1 but is similar to the
UCP3 expressed in other tissues (7).
Although UCP2 is expressed in many
organs, it is the only UCP expressed in the
lung (9). The exact function of UCP2 in the
lung remains incompletely understood.
Breathing of ambient air (20–21% oxygen) is
known to generate significant amounts of
O2

�2 during oxidative phosphorylation in
the mitochondria. Therefore, robust
antioxidant enzymes, such as superoxide
dismutase 2, exist in the mitochondrial
matrix, where the O2

�2 is produced as a
result of normal electron leakage from
respiratory electron transfer. In addition,
UCP2 in the IMM could also decrease O2

�2

generation by slightly uncoupling the proton
gradient from ATP production (8). However,
the role of UCP2 in pulmonary oxygen
toxicity remains unclear.

Cytosolic Trx or Trx1 or TXN1
(thioredoxin) is a 12-kDmultifunctional
antioxidant protein with a redox-active
disulfide/dithiol within the conserved active
site Cys32–Gly–Pro–Cys35. The Trx system
composed of Trx and TrxR1 (Trx reductase)
is an effective protein disulfide reductase that
regulates the redox status of the cell in
normoxia as well as hyperoxia. Because UCPs
decrease mitochondrial O2

�2 production (7,
8), we hypothesized that modulation of UCP2
expression in hyperoxia may regulate O2

�2

generation in the mitochondria. PGC1a
(PPARg [peroxisome proliferator–activated
receptor g] coactivator 1a) is themaster
regulator of mitochondrial oxidative
metabolism and is involved inmitochondrial
biogenesis (10, 11). PGC1a is a strong inducer
of UCP2; however, the exact mechanism of
the PGC1a-mediated increase in UCP2
remains unclear. In this report, we
demonstrate that exposure of lung cells
in vitro ormice in vivo to hyperoxia severely
decreased UCP2 expression. Furthermore,
loss of UCP2 expression resulted in significant
O2

�2 generation during hyperoxia in the lung.
We show that Trx is required for maintaining
baseline UCP2 expression in the lung during
normoxia. In addition, overexpression of Trx
in transgenic, hTrx overexpression–bearing
(Trx-Tg) mice or treatment of cells with rhTrx
(recombinant human Trx) rescued UCP2
expression in hyperoxia. Trx inducedMKK4
activation, which, in turn, phosphorylated p38
MAPK (p38mitogen-activated protein
kinase), resulting in activation of p38MAPK
in hyperoxia that phosphorylated PGC1a,
promoting its nuclear translocation and
resulting in PPARg-mediated UCP2
expression and rescue of UCP2 in hyperoxia.

Experimental Procedure

Cell Culture and Oxygen Exposure
MLE-12 cells were cultured in
hydrocortisone, insulin, transferrin, estradiol,
and seleniummedium (12) supplemented
with 2% FBS. Actively growingMLE-12 cells
were exposed to normoxia (21% oxygen,
room air) or hyperoxia (95% oxygen) in a
modular incubator chamber (Billups-
Rothenberg, Inc.).

Exposure of Mice to Hyperoxia
C57BL/6J UCP22/2 (stock number 005934)
(12–14 wk old) and C57BL/6J wild-type
(WT) mice were purchased from Charles
River Laboratories and used in this study.

Trx-Tg mice were bred andmaintained in
the animal facility of Texas Tech University
Health Sciences Center and have been
described previously (4, 13). All procedures
were approved by the Institutional Animal
Care and Use Committee at the Texas Tech
University Health Sciences Center, Lubbock,
and were consistent with theGuide for the
Care and Use of Laboratory Animals
published by the National Institutes of
Health. Mice were exposed to 21% O2 or
90% O2 for 24–72 hours, followed by
thoracotomy. The lungs were perfused with
PBS via right ventricular puncture, dissected
free, and processed immediately.

Antibodies and Reagents
Anti-UCP2 (catalog number [cat. no.]
89326), anti–phospho–p38MAPK (Thr180/
Tyr182) (cat. no. 4511), anti–p38MAPK
(cat. no. 9212), anti–phospho-ERK1/2
(Thr202/Tyr204) (cat. no. 9101), phospho-
SAPK/JNK (Thr183/Tyr185) (cat. no. 9251),
phospho-SEK1/MKK4 (Thr261) (cat. no.
9151), SEK1/MKK4 (cat. no. 9152), MKK7
(cat. no. 4172), anti-PARP (cat. no. 9542),
anti–cleaved caspase 3 (Asp175), and Trx1
(cat. no. 2298) antibodies were procured
from Cell Signaling Technology.
Antiphosphoserine antibodies (cat. no.
P5747), antiphosphothreonine antibodies
(cat. no. P6623),N5,N6-bis(2-
fluorophenyl)[1,2,5]oxadiazolo[3,4-b]pyra-
zine-5,6-diamine (BAM15) (cat. no.
SML1760), and deferoxamine mesylate salt
(cat no. D9533) were purchased from Sigma.
Anti–nuclear matrix protein p84 (cat. no.
GTX70220), JNK1/3 (sc-474), NRF-1
(sc-33771), ERK 2 (sc-153), and Tom40
(sc-11414) antibodies were purchased from
Santa Cruz Biotechnology. PGC1a
antibodies (NBP1-04676) were purchased
fromNovus Biologicals. Anti-Sirt1
antibodies (09-844) were obtained from
Millipore. Niclosamide and ethanolamine
(cat no. AG-CR1-3644-M025) were obtained
from AdipoGen. rhTrx protein was obtained
from Thermo Fisher Scientific. siRNA with a
concentration of 100 nMwas transfected by
using lipofectamine RNAiMAX reagent
obtained from Thermo Fisher Scientific.
Anti–phospho–PGC1a–Ser571 (cat. no.
AF6650) was obtained from R&D Systems.

IP and Western Blotting Analysis
Immunoprecipitates and protein extracts
were analyzed forWestern blotting by using
their specific antibodies as previously
described (14–17).
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Figure 1. Hyperoxia decreases UCP2 (uncoupling protein 2) expression, and loss of UCP2 increases superoxide anion (O2
�2) generation and

apoptosis in lung cells. (A) MLE-12 cells (n=3) were exposed to 21% or 95% O2 for the indicated time, and total RNA was isolated and
analyzed for UCP2 and Tom40 (mitochondrial protein control) expression and normalized for b-actin. (B) Densitometry of A. *P,0.05, hyperoxia
versus normoxia (ANOVA). (C) Extracts from MLE-12 cells (n=3) were exposed to normoxia or hyperoxia and analyzed for UCP2 expression
through Western blotting using its specific antibody. (D) Densitometry of C. *P, 0.05, hyperoxia versus normoxia (ANOVA). (E) MLE-12 cells
(n=3) were exposed to 21% O2 or 95% O2 for the indicated periods, and O2

�2 generation was determined through electron paramagnetic
resonance (EPR) by using 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine hydrochloride (CMH) as described in the METHODS.
(F) Superoxide production (CM*, nitroxide radical) over time in hyperoxia (spin counts over time). (G) MLE-12 cells (n=3) were transfected with
100-nM nontargeted (NT) siRNA or UCP2 siRNA and exposed to 21% O2 or 95% O2 for 24 hours. The O2

�2 level was determined by using EPR.
(H) Total spin counts from G are plotted as a bar graph. *P, 0.01, 95% O21NT siRNA versus 21% O21NT siRNA; and **P, 0.01, 95%
O21UCP2 siRNA versus 21% O21UCP2 siRNA. (I) MLE-12 cells (n=3) were transfected with 100-nM NT siRNA or UCP2 siRNA and exposed
to 21% or 95% O2 for 24 hours, and apoptosis was determined by using an annexin V binding assay. *P, 0.05, 21% O21NT siRNA versus
95% O21NT siRNA; and **P, 0.05, 21% O21UCP2 siRNA versus 95% O21UCP2 siRNA.
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Flow Cytometry and Annexin V
Apoptosis Assay
MLE-12 cells were exposed to 21% or 95%
O2 for 24 hours, and an apoptosis assay was
performed as described previously (16).

Detection of O2
�2 by Using Electron

Paramagnetic Resonance
Spectrometry
Superoxide generation in MLE-12 cells
was detected through electron

paramagnetic resonance spectrometry by
using spin-probe 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrroli-
dine hydrochloride as described in our
previous publication (16).
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Figure 2. rhTrx (recombinant human thioredoxin) rescues loss of UCP2 expression in hyperoxia, and depletion of endogenous Trx decreases
UCP2 expression in normoxia. (A) MLE-12 cells (n=3) were pretreated with rhTrx (2 mg/ml) and exposed to 21% O2 or 95% O2 for 24 hours. RNA
was isolated and mRNA was analyzed by using RT-PCR analysis to determine UCP2 and Tom40 expression. (B) Densitometry of A. *P, 0.05, 21%
O2 versus 95% O2; and **P,0.05, 95% O21 no treatment versus 95% O21 rhTrx. (C) MLE-12 cells (n=3) were pretreated with rhTrx (2 mg/ml)
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by using annexin V–FITC labeling. (J) Percentage of apoptosis. *P,0.01, 95% O2 versus 21% O2; and **P, 0.05, 95% O2 versus 95% O21 rhTrx.
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Statistical Analysis
Data are expressed as the mean6 SEM.
Multiple experimental groups were
compared by using ANOVAwith a Tukey
post hoc test comparison of means in
GraphPad Prism software. The Student’s t
test was used when comparing means from
two experimental groups. A value of P< 0.05
was considered to indicate statistical
significance. Unless otherwise stated, the
figures represent a minimum ofN=3 for cell
culture as well as mouse experiments.

Results

Hyperoxia Decreases UCP2
Expression, and Loss of UCP2
Increases O2

�2 Generation in
Lung Cells
Although hyperoxia generates O2

�2 in the
mitochondria, the exact mechanism of O2

�2

production by hyperoxia remains unclear.
Because UCP2 decreases O2

�2 generation by
partial uncoupling due to proton
conductance to the matrix without coupling
(7, 8), we speculated that hyperoxia may
modulate UCP2 expression. As shown in
Figures 1A and 1B, we observed a time-
dependent hyperoxia-induced decrease in
UCP2mRNA expression in mouse lung

alveolar epithelial cells (MLE-12 cells). In
addition, the expression of UCP2 protein
was also decreased in a time-dependent
manner (Figures 1C and 1D). However, the
expression of Tom40, another mitochondrial
protein, did not change, indicating a specific
effect of hyperoxia on UCP2 expression. Loss
of UCP2 expression was correlated with
increased O2

�2 generation in a time-
dependent manner, as determined by using
electron paramagnetic resonance
spectrometry (Figures 1E and 1F). To further
understand the role of UCP2 in hyperoxia-
mediated O2

�2 generation, we
downregulated UCP2 by using siRNA and
determined O2

�2 generation in normoxia or
hyperoxia. As shown in Figures 1G and 1H,
O2

�2 was significantly increased in UCP2-
depleted cells in normoxia; however, cells
depleted of UCP2 and exposed to hyperoxia
had significantly increased amount of O2

�2

compared with cells depleted of UCP2 in
normoxia, establishing that loss of UCP2
caused increased O2

�2 generation in the lung
cells during normoxia and potentiated O2

�2

generation during hyperoxia. In addition,
depletion of UCP2 caused a significant
increase in the apoptosis of lung cells in
normoxia that was potentiated in hyperoxia
(Figure 1I; see Figure E1 in the data
supplement).

Trx Is Required to Maintain Baseline
UCP2 Expression in Normoxia,
Rescues the Loss of UCP2, and
Decreases Lung-Cell Apoptosis
in Hyperoxia
We have previously demonstrated that
increased amount of Trx protect against
hyperoxic lung injury in mice (4); however,
the mechanism remains unclear. We
hypothesized that Trx-mediated rescue of
UCP2 loss might account for the protection
afforded by Trx. We treatedMLE-12 cells
with rhTrx and exposed these cells to
normoxia or hyperoxia, as rhTrx is known to
be internalized into cells and exerts its
biological actions (13, 15, 17). Treatment of
cells with rhTrx rescued the loss of UCP2
mRNA (Figures 2A and 2B) and protein
(Figures 2C and 2D) expression during
hyperoxia in MLE-12 cells. To further
understand the role of Trx in UCP2
expression in normoxia, we downregulated
Trx inMLE-12 cells and evaluated its effect
on UCP2 expression. Intriguingly, as shown
in Figures 2E and 2F, UCP2 expression was
acutely decreased in Trx-depleted cells
during normoxia, indicating that cellular Trx
is required for the baseline expression of
UCP2 in normoxia. In addition, UCP2
expression was decreased in hyperoxia;
however, Trx-depleted cells exposed to
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hyperoxia showed complete loss of UCP2. As
shown in Figures 2G and 2H, the hyperoxia-
mediated increase in O2

�2 was significantly
decreased in rhTrx-treated cells. In addition,
as shown in Figures 2I and 2J, rhTrx
treatment significantly decreased lung-cell
apoptosis in hyperoxia. These data
demonstrate that a hyperoxia-mediated
decrease in UCP2 is a major contributor to
O2

�2 generation, leading to increased
apoptosis. Trx is not a direct O2

�2 scavenger
(18); however, it could indirectly decrease
O2

�2 by restoring UCP2 expression in
hyperoxia. Our data also suggest that Trx is
required for basal UCP2 expression, which
could reduce the ROS load during normal
mitochondrial oxidative phosphorylation at
ambient oxygen tension.

Trx Induces PGC1a Phosphorylation
and Nuclear Translocation
in Hyperoxia
Because loss of UCP2 expression is rescued
by Trx in hyperoxia, we speculated that Trx
may induce PGC1a expression and its
translocation to the nucleus in hyperoxia. As
shown in Figures 3A and 3B, PCG1a
expression was significantly increased in
hyperoxia by rhTrx, as compared with
normoxia or hyperoxia alone. Furthermore,
PGC1a phosphorylation was increased in
hyperoxia in rhTrx-treated cells
(Figures 3C and 3D).We also evaluated
whether Trx would promote PGC1a
translocation to the nucleus. As shown in
Figures 3E and 3F, rhTrx significantly
induced PGC1a translocation to the nucleus
in normoxia, which was further increased in
hyperoxia. Collectively, these data
demonstrate that Trx promotes PGC1a
expression and its translocation to the
nucleus in normoxia, with a further increase
being shown in hyperoxia. To better
delineate the specific role of Trx in PGC1a
translocation, we downregulated endogenous

Trx by using an siRNA approach and
evaluated the level of PGC1a in the nuclear
extracts. As shown in Figures 3G and 3H,
depletion of endogenous Trx abrogated
PGC1a nuclear translocation in normoxia
and in hyperoxia, indicating a crucial role of
endogenous Trx in nuclear transport of
PGC1a.

We also determined whether rhTrx
would induce UCP2 expression without
PGC1a mediation. We found that
depletion of PGC1a by siRNA abolished
UCP2 expression even in the presence of
rhTrx, indicating that PGC1a is critically
required for UCP2 induction by rhTrx
(Figures 3I and 3J). Although the level of
PGC1a was comparable in cells exposed to
hyperoxia, normoxia plus rhTrx, or
hyperoxia plus rhTrx, the expression of
UCP2 was significantly decreased only in
hyperoxia-exposed cells, indicating that
additional factors may play a role in
PGC1a-mediated UCP2 expression.
Because expression of UCP2 modulates the
O2

�2 generation in hyperoxia, we
determined O2

�2 amounts in hyperoxia in
PGC1a-depleted cells. Hyperoxia
significantly increased O2

�2 generation in
nontargeted (NT) siRNA–transfected cells,
but PGC1a depletion potentiated O2

�2

generation in normoxic cells (Figure 3K).
In addition, PGC1a-depleted cells treated
with rhTrx and exposed to hyperoxia had
a significant increase in O2

�2 compared
with NT siRNA–treated cells with or
without rhTrx treatment (Figures 3K and
E2), demonstrating that PGC1a is required
for the UCP2-dependent decrease of O2

�2

in hyperoxia to occur.

Trx-mediated Activation of MKK4 and
p38 MAPK Induces PGC1a and
UCP2 Expression
Because PGC1a phosphorylation and
translocation to the nucleus were increased

in hyperoxia in the presence of rhTrx, we
reasoned that rhTrx might activate a kinase
that phosphorylates PGC1a in hyperoxia.
p38MAPK (p38) activation increases the
expression of PGC1a (19). Therefore, we
determined whether rhTrx treatment would
activate p38MAPK in hyperoxia, resulting in
phosphorylation of PGC1a. p38MAPK was
activated within 1 hour of exposure to
hyperoxia, as detected by its phosphorylation
inMLE-12 cells, but the expression began to
decline in a time-dependent manner, with
complete loss of activation being
demonstrated at 24 hours of exposure to
hyperoxia (Figures 4A and 4B). In addition,
Erk1/2 was phosphorylated and activated in
a sustained manner that peaked at 24 hours,
but as shown in Figures 4C and 4D, there
was no effect of rhTrx in the activation.
Likewise, maximal activation of JNK was also
noted at 24 hours (Figures 4A and 4B), but
rhTrx had no effect in hyperoxia-mediated
JNK activation. However, rhTrx treatment
increased p38MAPK phosphorylation in
hyperoxia in contrast to JNK or ERK
(Figure 4C and 4D). Therefore, we
determined whether SB203580, a specific
inhibitor of p38MAPK, would inhibit UCP2
expression and PGC1a phosphorylation. We
found that p38 inhibition by SB203580
significantly attenuated the hyperoxia-
mediated increase in PGC1a
phosphorylation and UCP2 expression
(Figures 4E and 4F). However, rhTrx
treatment had no effect on UCP2 expression
or PGC1a phosphorylation in the presence
of SB202580 in normoxia or hyperoxia,
indicating that p38MAPK activation is
required for UCP2 expression via PGC1a
phosphorylation (Figures 4E and 4G).
Because SB203580 is a chemical inhibitor of
p38MAPK activity, we used a genetic
approach to downregulate p38 by using RNA
interference (siRNA) and evaluated its effect
on UCP2 and PGC1a expression. As shown

Figure 3. (Continued). antibodies, and the immunocomplexes were analyzed by using Western blotting for PGC1a phosphorylation.
(D) Densitometry of C. *P,0.05, 95% O2 versus 21% O2; and *P,0.05, 95%1 rhTrx versus 21% O21 rhTrx. (E) Nuclear and cytosolic extracts
from MLE-12 cells pretreated with or without rhTrx (2 mg/ml) and exposed to normoxia or hyperoxia for 24 hours were analyzed for PGC1a levels
through Western blotting using their specific antibodies; p84 was used as nuclear protein control, and b-actin was used as a cytosolic protein
control. (F) Densitometry of E. *P,0.05, 95% O2 versus 21% O21 nuclear extract; and **P, 0.05, 95% O2 versus 95% O21 nuclear
extract1 rhTrx. (G) MLE-12 cells were transfected with 100-nM NT or Trx siRNA and were exposed to 21% or 95% O2 for 16 hours. Nuclear and
cytoplasmic extracts were analyzed for PGC1a expression. Readers may view the uncut gels for G in the data supplement. (H) Densitometry of G.
*P, 0.05, 95% O21NT siRNA versus 21% O21NT siRNA; and **P, 0.05, Trx siRNA1 95% O2 versus Trx siRNA121% O2. (I) MLE-12 cells were
transfected with 100-nM NT siRNA or PGC1a siRNA, pretreated with rhTrx (2 mg/ml), and exposed to 21% or 95% O2 for 24 hours and were
analyzed for UCP2 expression. (J) The same lysate was used for analysis to determine PGC1a, Tom40, and b-actin expression. *P,0.05, NT
siRNA195% O2 versus NT siRNA1 21% O2; and **P,0.05, NT siRNA1 21% O2 versus NT siRNA195% O2. (K) MLE-12 cells were transfected
with 100-nM NT siRNA or PGC1a siRNA, pretreated with rhTrx (2 mg/ml), and exposed to 21% O2 or 95% O2 for 24 hours, and superoxide
generation was determined through EPR using CMH. Total spin counts are shown. *P,0.01, PGC1a siRNA1 21% O2 versus NT siRNA121% O2;
**P,0.01, PGC1a siRNA1 rhTrx1 95% O2 versus NT siRNA195% O2; and

†P,0.05, versus NT siRNA1 rhTrx1hyperoxia (95% O2).
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Figure 4. The hyperoxia-mediated increase in p38–MKK4 activation induces PGC1a and UCP2 expression. (A) MLE-12 cells were exposed to
normoxia or hyperoxia, and cell lysates were analyzed for p-p38 (T180/Y182), Erk (T202/Y204), and Jnk (T183/Y185) phosphorylation through
Western blotting using phosphospecific antibodies. (B) Densitometry of A. *P,0.05, 95% O2 versus 21% O2 (ANOVA). (C) MLE-12 cells were
pretreated with rhTrx (2 mg/ml) and exposed to 21% O2 or 95% O2 for 24 hours and were analyzed for p-p38 (T180/Y182), Erk (T202/Y204), and
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in Figure E3A, the expression of p38 was
significantly decreased inMLE-12 cells
treated with siRNA and exposed to normoxia
or hyperoxia (Figures E3A and E3B). The
expression of PGC1a was significantly
decreased in p38-downregulatedMLE-12
cells exposed to hyperoxia or normoxia,
indicating that p38MAPK is required for
PGC1a expression. In addition, the
expression of UCP2 was also significantly
decreased in p38MAPK-depleted cells
exposed to normoxia or hyperoxia
(Figures E3A and E3D). A study has
reported that phosphorylation of Ser-570 in
PGC1a by angiotensin II–mediated AKT
causes PGC1a protein degradation (20).
Therefore, we evaluated whether hyperoxia-
mediated PGC1a–Ser570 phosphorylation
could result in decreased expression of
PGC1a. As shown in Figures E3A and E3E,
the level of Ser-570 remined unchanged in
hyperoxia or normoxia with or without
p38MAPK downregulation. These data
indicate that PGC1a–Ser-570
phosphorylation does not modulate PGC1a
expression in hyperoxia. Previously, we
reported the activation of MKK4 by Trx in
lung endothelial cells (15). Therefore, we
evaluated the activation of MKK4 in
hyperoxia in the presence or absence of
rhTrx. Hyperoxia inducedMKK4
phosphorylation maximally after 1 hour,
which was decreased in a time-dependent
manner with further exposure to hyperoxia
(Figures 4H and 4I). We also found that
hyperoxia-inducedMKK4
phosphorylation was potentiated by rhTrx
(Figures 4J and 4K). In addition, rhTrx

inducedMKK4 phosphorylation in
normoxia (Figures 4J and 4K). Depletion of
MKK4 by siRNA significantly inhibited
PGC1a expression and nuclear translocation
(Figures 4L and 4M), as well as PGC1a
phosphorylation (Figures 4N and 4O).
MKK4 is known to activate p38MAPK
(21–23). Therefore, if p38MAPK is activated
byMKK4 and this activation is required for
UCP2 expression in hyperoxia, then
depletion of MKK4 would result in p38
MAPK inactivation and would abrogate
UCP2 expression. On the basis of this
reasoning, we depletedMKK4 by using
siRNA and evaluated PGC1a
phosphorylation and UCP2 expression. As
shown in Figures 4P and 4Q, depletion of
MKK4 decreased p38 phosphorylation and
UCP2 expression (Figures 4P and 4Q). This
finding is in agreement with our data
presented in Figures 4E and 4F, confirming
the results with treatment of cells with
SB203580. Collectively, our data demonstrate
that activation of MKK4–p38 signaling by
Trx induces PGC1a-dependent UCP2
expression.

Hyperoxia-induced O2
�2 Generation in

UCP2-Knockout Mice Is Decreased by
Chemical Uncouplers
Because UCP2 regulates mitochondrial O2

�2

by limiting uncoupling, we speculated that a
significant increase in O2

�2 generation
would occur in the lungs of UCP2-knockout
(KO) mice exposed to hyperoxia. As shown
in Figures 5A and 5B, UCP2-KOmice
showed an increase in O2

�2 during
normoxia as well as during hyperoxia

compared withWTmice. However, this
increase was only 30% higher for O2

�2

generation in UCP2-KOmice compared
withWTmice. BecauseWTmice showed
almost complete loss of UCP2 after 48 hours
of exposure to hyperoxia, UCP22/2 andWT
mice generated increased amounts of O2

�2

in hyperoxia, with UCP2-KOmice
producing significantly higher amounts of
O2

�2 thanWTmice. If uncoupling is the key
mechanism of attenuation of ROS in
hyperoxia in UCP2-KO orWTmice, then
chemical uncouplers should decrease ROS
generation in the lungs in hyperoxia. In
Figures 5C–5E, we show that the chemical
uncouplers BAM15 and niclosamide
ethanolamine significantly decreased O2

�2 in
the lungs ofWT or UCP2-KOmice exposed
to hyperoxia (Figure 5E), indicating that
uncoupling by UCP2 can play a significant
role in decreasing O2

�2 in mammalian
lungs.

Trx Protects against Hyperoxia-
mediated Lung Injury via Rescue of
UCP2 Expression
We next evaluated whether restoration of
UCP2 expression in hyperoxia would
prevent lung injury in vivo. We determined
the levels of PGC1a and UCP2 expression in
the lungs ofWT or Trx-Tgmice exposed to
normoxia or hyperoxia. PGC1a
phosphorylation was increased after
48-hour exposure of mice to hyperoxia
(Figures 6A and 6B). However, UCP2
expression was decreased at 48 hours in
hyperoxia. In contrast, UCP2 expression did
not decrease in the lungs of Trx-Tgmice

Figure 4. (Continued). Jnk (T183/Y185) phosphorylation through Western blotting using phosphospecific antibodies. (D) Densitometry of C.
*P, 0.05, 21% O2 versus 95% O2; and **P,0.05, 95% O21 rhTrx versus 21% O21 rhTrx. (E) MLE-12 cells were pretreated with or without
SB203580 (5 mM) or rhTrx (2 mg/ml) before being subjected to hyperoxia treatment for 24 hours. Cell lysates were prepared and
immunoprecipitated with pSer/pThr antibodies, and the immunocomplexes were analyzed by using Western blotting for PGC1a, UCP2, Tom40,
and b-actin. (F) Densitometry of E. *P,0.05, 95% O2 versus 21% O2; and **P,0.05, 21% O2 versus 95% O2 with or without Trx.
(G) Densitometry of the expression of pPGC1a–Ser or pPGC1a–Thr in the experiment in E. *P,0.05, 95% O2 versus 21% O2; **P,0.05, 95%
O21 rhTrx versus 95% O21 rhTrx1SB203580; and **P, 0.05, 95% O21SB203580 versus 95% O2. (H) Lysates of normoxia- or hyperoxia-
treated MLE-12 cells were analyzed for MKK4 (S257) phosphorylation through Western blotting using phosphospecific antibodies.
(I) Densitometry of H. *P, 0.05, 95% O2 versus 21% O2. (J) MLE-12 cells were pretreated with rhTrx (2 mg/ml) and exposed to 21% O2 or 95%
O2 for 24 hours and were analyzed for MKK4 (S257) phosphorylation through Western blotting using phosphospecific antibodies.
(K) Densitometry of K. *P, 0.05, 95% O2 versus 21% O2; and **P, 0.05, 21% O21 rhTrx versus 95% O21 rhTrx. (L) Cells were transfected with
100-nM NT or MKK4 siRNA, pretreated with rhTrx (2 mg/ml), and then treated with and without hyperoxia for 24 hours. Protein was analyzed for
p-p38 (T180/Y182) phosphorylation and UCP2 expression by using specific antibodies. (M) Densitometry of L. *P, 0.05, 95% O21NT siRNA
versus 21% O21NT siRNA; **P, 0.05, 95% O21 rhTrx1NT siRNA versus 95% O21 rhTrx; ***P,0.05, 95% O21NT siRNA versus 95%
O21MKK4 siRNA; and #P,0.05, 95% O21 rhTrx1NT siRNA versus 95% O21 rhTrx1MKK4 siRNA. (N) All the conditions were same as in L,
except that an equal amount of cell lysates was immunoprecipitated with pSer/pThr antibodies and that the immunocomplexes were analyzed
by using Western blotting for PGC1a phosphorylation. (O) Densitometry of N. *P, 0.05, 21% O21NT siRNA versus 95% O21NT siRNA;
**P,0.05, 95% O2 versus 95% O21 rhTrx; and #P, 0.05, 95% O21 rhTrx versus 95% O21 rhTrx1MKK4 siRNA. (P) MLE-12 cells were
transfected with 100-nM NT siRNA or MKK4 siRNA, pretreated with rhTrx (2 mg/ml), and exposed to 21% O2 or 95% O2 for 24 hours, and total
cell extracts were analyzed for PGC1a expression. (Q) Densitometry of P. *P,0.05, 95% O21NT siRNA versus 21% O21NT siRNA; and
**P,0.005, 95% O21 rhTrx1MKK4 siRNA versus 95% O21 rhTrx1NT siRNA.
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for 30 minutes and exposed to normoxia or 90% O2 for 48 hours, which was followed by superoxide detection. The CMH EPR spectra are
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exposed to hyperoxia for 48 hours, indicating
that Trx facilitated the expression of UCP2 in
hyperoxia. In addition, the expression and
phosphorylation of PGC1a was increased in
the lungs of Trx-Tg mice compared withWT
mice in normoxia (Figures 6A and 6B). We
further evaluated the lung histopathology in
WT,UCP22/2, and Trx-Tgmice exposed to
hyperoxia to assess relative lung injury in
these mice. As shown in Figure 6C,WT and
UCP22/2 mice had significant lung injury in
hyperoxia in contrast to Trx-Tgmice, which
did not demonstrate histopathological
markers of lung injury in hyperoxia,
demonstrating that loss of UCP2 is an
important regulator of hyperoxic lung injury
in mice.

Discussion

In the present investigation, we have shown
that 1) hyperoxia-mediated loss of UCP2
expression is restored by Trx; 2) steady-state
expression of UCP2 are maintained by Trx,
as depletion of Trx results in loss of UCP2
expression in normoxia; 3) loss of UCP2 is a
major mechanism of O2

�2 generation in
hyperoxia in the lung; 4) Trx-mediated
MKK4 phosphorylation is required to
maintain steady-state expression of UCP2 in
the lung in normoxia; 5) PGC1a
phosphorylation by Trx-mediated
MKK4–p38MAPK induces its translocation
to the nucleus and promotes UCP2
expression; and 6) UCP22/2 mice andWT
mice exposed to hyperoxia show significant
lung injury in contrast to Trx-Tg mice,
demonstrating that loss of UCP2 in
hyperoxia potentially very important
mechanism of lung injury.

Although hyperoxia is known to cause
ALI due to ROS, elimination of antioxidant
enzymes in KOmouse models may not
sensitize them to ALI (24–26). Likewise, high
amounts of exogenous antioxidants often do
not provide protection against the lung
injury hyperoxia brings about (27). We have
recently reported that mice overexpressing
human Trx are resistant to hyperoxia-
induced ALI; in contrast, mice deficient in

endogenous Trx are sensitive to ALI due to
hyperoxia (4). We have previously shown
that hyperoxia induces the expression of Trx
TrxR1 in the lungs of nonhuman primates
(28). In addition, we have shown that
overexpression of human Trx in mice
(Trx-Tgmice) protects against Trx oxidation
and prevents lung injury (4). However, the
molecular mechanism(s) of Trx-mediated
protection of lung injury remain(s) poorly
understood. Our study provides a
compelling mechanism by which loss of
UCP2 in hyperoxia induces the generation of
O2

�2 in the mitochondria. Consistent with
these findings, chemical uncouplers were
able to decrease production of ROS in the
lungs ofWT and UCP22/2 mice,
establishing an important role of UCP2 in
protection against lung injury. Because
depletion of Trx promoted loss of UCP2 in
normoxia, UCP2 is also critically required for
normal lung function, as established by
elimination of physiological ROS in
mitochondrial respiration in normoxia. This
could be an additional mechanism besides
the presence of Sod2 in the mitochondria,
together with other mitochondrial
antioxidant enzymes.

UCP2 is the only UCP in the lung,
whereas other organs may have UCP2 and
UCP3 with overlapping functions (7).
Therefore, lung UCP2 is uniquely important
in the removal of the mitochondrial O2

�2

generated during oxidative phosphorylation.
Because the lung is the only organ that
experiences 21% oxygen in normal
breathing, it is important to decrease the
oxidative burden in the lung in a normal
physiological state. In addition, in hyperoxia
exposure, uncoupling by UCP2 is further
important to decrease pathological ROS
generation. UCP2 attenuates mitochondrial
ROS production due to mild uncoupling
with a limited increase in proton
conductance, which lowers the protonmotive
force (7). Surprisingly, depletion of Trx
resulted in a severe decrease in UCP2
expression in normoxia, indicating a pivotal
role of Trx in maintaining a steady-state level
of UCP2 in cells. In addition, the lungs of
Trx-Tgmice showed a significant level of

PGC1a and phosphorylated PGC1a in
normoxia, suggesting a baseline activating
role of Trx in PGC1a phosphorylation.
Therefore, it is likely that Trx regulates UCP2
basal expression due to redox signaling. We
have previously reported that Trx activates
MKK4 due to autophosphorylation of
cysteine residues (15). Because MKK4
activates p38MAPK, which phosphorylates
PGC1a and facilitates its nuclear
translocation, we believe that depletion of
Trx in normoxia inactivates MKK4, resulting
in inactivation of p38MAPK and the
consequent cytosolic retention of PGC1a
and decrease in UCP2 transcription.
Therefore, a steady-state level of MKK4
phosphorylation by Trx is required to
maintain the UCP2 level in normoxia. In
addition, because p38 siRNA is specific to
p38a, as per the manufacturer, and the
antibody is reactive to p38a and p38b
isoforms, as per the manufacturer, we believe
that the p38MAPK a isotype is specifically
involved in PGC1a phosphorylation.
Furthermore, ERK and JNK are activated in
hyperoxia, but they do not contribute to
downstream signaling to activate PGC1a, as
they remain unaltered in rhTrx treatment.
Although we have shown loss of UCP2
expression in hyperoxia, the mechanism of
this loss is not fully understood. In addition,
the loss of expression of UCP2 in hyperoxia
is due to transcription rather than RNA
stability, as most of the genes that are
downregulated or upregulated in hyperoxia
are known to be regulated by transcription
(29, 30). Because both mRNA and protein
expression were severely decreased in
hyperoxia, we speculate that oxidative stress
in hyperoxia may inactivate
MKK4–p38MAPK signaling due to
oxidation of critical cysteines onMKK4 (15).
PGC1a contains a negative regulatory
domain—Thr261, Ser 265, and Thr298—
which is known to bind to p160 myc binding
protein as a repressor of PGC1a (31).
Phosphorylation of these residues on PGC1a
by p38MAPK prevents p160 binding,
resulting in translocation of PGC1a to the
nucleus and its interaction with PPARg and
the transcription of genes. We have

Figure 5. (Continued). shown for WT mice. (D) UCP22/2 mice were treated with 1.5-mM BAM15 or 1-mM NEN for 30 minutes and exposed to
normoxia or 90% O2 for 48 hours. Superoxide generation in the lungs was determined through EPR using a CMH spin probe as described in the
METHODS. EPR spectra were simulated with nitroxide radical signals. (E) Absolute spin counts were obtained by using Xenon nano version 1.2
software, and the mean6SEM was plotted in a bar graph. *P, 0.01, 90% O2–exposed WT mice versus normoxia (21% O2)–exposed WT mice;
**P,0.01, BAM15- or NEN-treated mice in 90% O2 versus WT in hyperoxia (90% O2);

†P, 0.05, WT mice treated with BAM15 or NEN and
exposed to 21% O2 versus WT mice in 21% O2; and

††P,0.01, UCP22/2 mice in normoxia versus UCP22/2 mice treated with BAM15 and NEN
and exposed to hyperoxia (90% O2).
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previously shown that the level of PPARg
was decreased in mice lacking redox-active
Trx (mice deficient in endogenous Trx).
However, mice overexpressing Trx (Trx-Tg
mice) showed a significant increase in
PPARg during hyperoxia (4). Therefore, it is
likely that Trx facilitates the interaction of
PGC1a and PPARg in a redox-dependent
manner by increasing PPARg expression
and inducing the transcription of UCP2 in
hyperoxia.

A previous study by others has
demonstrated an early increase (1–8 h) of
UCP2 in the lung in response to hyperoxia,
but the UCP2 expression was decreased after
8 hours, with further decline being shown in
24 hours (32). Furthermore, in the same
study, it was shown that in primary bone

marrow–derived monocyte and
macrophages and RAW164.7 macrophage
cell lines, the UCP2 expression was slightly
increased at 1 hour, which was followed by a
decrease to the basal level at 4 hours.
However, mRNA expression did not increase
during this time course. Thus, the effect of
this minor increase for a very short period of
time is relatively small compared with the
significant decrease in UCP2 expression and
the consequent ROS generation in the lung
reported in this study.

Hyperoxia-mediated lung injury is a
major impediment to the clinical use of high
concentrations of oxygen in respiratory
disorders and in critical care units. Our
present findings suggest that maintaining
UCP2 expression in hyperoxia would

decrease oxygen toxicity, which could better
enable prolonged hyperoxic ventilation of
patients with respiratory deficiency in
situations such as the current coronavirus
disease (COVID-19) pandemic. Loss of
UCP2 due to hyperoxia may cause
overwhelming oxidative stress in the lung,
which may not be controlled by antioxidants,
as the source of O2

�2 generation would still
exist in the lung. Because hyperoxia is also
implicated in various lung diseases,
understanding the functional state of UCP2
could advance our understanding of
therapeutic interventions in lung diseases in
which hyperoxia is implicated.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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