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The causative relationship between specific mitochondrial molecular
structure and reactive oxygen species (ROS) generation has
attracted much attention. NDUFA13 is a newly identified accessory
subunit of mitochondria complex I with a unique molecular
structure and a location that is very close to the subunits of complex
I of low electrochemical potentials. It has been reported that down-
regulated NDUFA13 rendered tumor cells more resistant to apopto-
sis. Thus, this molecule might provide an ideal opportunity for us to
investigate the profile of ROS generation and its role in cell
protection against apoptosis. In the present study, we generated
cardiac-specific tamoxifen-inducible NDUFA13 knockout mice and
demonstrated that cardiac-specific heterozygous knockout (cHet) mice
exhibited normal cardiac morphology and function in the basal state
but were more resistant to apoptosis when exposed to ischemia-
reperfusion (I/R) injury. cHet mice showed a preserved capacity of
oxygen consumption rate by complex I and II, which can match
the oxygen consumption driven by electron donors of N,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD)+ascorbate. Interestingly,
at basal state, cHet mice exhibited a higher H2O2 level in the cytosol,
but not in the mitochondria. Importantly, increased H2O2 served as a
second messenger and led to the STAT3 dimerization and, hence,
activation of antiapoptotic signaling, which eventually significantly
suppressed the superoxide burst and decreased the infarct size dur-
ing the I/R process in cHet mice.
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Mitochondria are the powerhouses of living cells, with gen-
erating ATP through oxidative phosphorylation as their

main duty (1). However, mitochondria can become the major sites
of reactive oxygen species (ROS) generation in the pathological
process, causing significant cell damage, for example, in the pro-
cess of ischemia-reperfusion (I/R) injury (2). Studies have shown
that both complex I (3) and complex III (4) are the two important
sites for ROS generation. There is mounting evidence that com-
plex I might be the main source of ROS generation in intact
mammalian mitochondria in vitro (5, 6). As the first segment of
the electron transfer chain, complex I can be functionally dissected
into several components, including a flavin mononucleotide (FMN)
moiety, iron-sulfur clusters, and a ubiquinone-binding domain (7);
each segment has a special structure and unique electrochemical
potentials (7). Of note, the unique electrochemical potential per-
taining to these components can determine the specific species of
ROS generated through the related components of complex I (8).
However, ROS are also important signaling molecules. Moderate
levels of ROS have been reported to promote cell proliferation and
survival (9, 10). Interestingly, inhibition of complex I activity could
offer significant protection against I/R injury (2, 11), which can be
attributed to decreased ROS generation during the reperfusion
period (11). Given that knockdown of any component of the core
subunit, such as NDUFS and NDUFV within complex I, in genetic

mouse models can be lethal (7), it is tempting to determine to what
extent a decrease in complex I activity can offer protection against
stress by generating an appropriate amount of ROS without com-
promising energy transduction and the generation of ATP.
Studies have shown decreased expression of NDUFA13, a su-

pernumerary subunit of complex I, in various tumors (12). As an
accessory subunit of complex I, NDUFA13 (GRIM-19) is, to the
best of our knowledge, the only protein that contains a transmem-
brane helix (TMH) structure that can penetrate both Iα and Iλ, two
important structures situated within complex I (13). Importantly,
down-regulation of NDUFA13 expression can render the tumor
cells more resistant to chemotherapy (14). In addition, monoallelic
loss of NDUFA13 promotes tumorigenesis in mice, which is asso-
ciated with decreased apoptosis (14). In contrast, administration of
IFN/retinol can induce NDUFA13 expression in MCF-7 cells, which
resulted in a 50% increase in apoptotic cells (15), indicating its
proapoptotic effects (14). Despite an association between NDUFA13
expression and apoptosis level, it remains unknown whether ROS
generation is involved in changes in tumor apoptosis activity when
NDUFA13 is expressed at low levels. Of note, the location of
NDUFA13 within complex I is very close to segments with lower
electromechanical potentials (7); this special location might offer
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an opportunity to establish a unique profile of ROS generation
within the mitochondria when NDUFA13 is down-regulated. It has
also been reported that decreased NDUFA13 expression is asso-
ciated with enhanced STAT3 signaling, which may also account for
the augmented survival in tumor cells (14, 16–18). Again, it remains
largely unknown whether and how STAT3 activation is related to
ROS generation induced by down-regulated NDUFA13.
In the present study, we generated cardiac-specific NDUFA13

knockout mice, which would allow us to investigate the profile
of ROS generation when NDUFA13 was moderately down-
regulated and how resultant ROS offer the protection for
cells, specifically for the myocardium against I/R injury. Fur-
ther, we aimed to elucidate whether and how the activated
STAT3 signaling was also responsible for the protection of
the heart.

Results
Moderate NDUFA13 Down-Regulation Confers Protection Against
Hypoxia/Reoxygenation-Induced Cell Injury. To test the roles of
NDUFA13 in cardiomyocytes, we transfected H9C2 cells with
NDUFA13-targeting siRNA and showed that a 100 μmol/L con-
centration of siRNA-NDUFA13 resulted in a 30% decrease and a
200 μmol/L siRNA-NDUFA13 resulted in a 60% decrease in
NDUFA13 expression (Fig. 1A). Note that mitochondrial membrane
potential (MMP) was impaired at the high (200 μmol/L) dose of
siRNA-NDUFA13, but not at the low dose (100 μmol/L) (Fig. S1A).
Interestingly, the resultant-moderate decrease in NDUFA13 expres-
sion was associated with a decrease in TUNEL-positive cells when
these cells were exposed to hypoxia for 6 h followed by reoxygenation
for 18 h (Fig. 1B). However, a severe decrease in NDUFA13 ex-
pression failed to elicit any protection against hypoxia/reoxygenation
(H/R)-induced apoptosis (Fig. 1B). Consistent with TUNEL staining,
the same pattern of changes was observed in cleaved caspase-3 and
caspase-9 expression, with the protective effects being present only
when NDUFA13 was moderately down-regulated (Fig. 1A). How-
ever, cleaved caspase-8, which is involved in the extrinsic apoptotic
pathway, did not show significant changes (Fig. 1A). Meanwhile,
phosphorylation level of apoptosis signal-regulating kinase at thre-
onine 845 (pASK1Thr845) and its downstream target p-JNK level
were not affected (Fig. S1B). In summary, the data suggested that
a moderate decrease in NDUFA13 expression conferred a sig-
nificant protection against apoptosis obtained from H9C2 cells.

Characterization of Tamoxifen-Inducible Cardiac-Specific NDUFA13
Transgenic Mice. To further investigate how a slight decrease in
NDUFA13 offers cardiac protection against apoptosis in vivo,
we generated a cardiac-specific conditional NDUFA13 knock-
out mouse model (see details in Methods). Eight-week-old
Myh6Cre+NDUFA13flox/flox (cHomo) mice and age-matched
Myh6Cre+NDUFA13flox/- (cHet) mice were studied, and
Myh6Cre−NDUFA13flox/- mice were used as controls (CON).
i.p. injections of tamoxifen (see Methods for detailed information)
were administered to each mouse. To evaluate the time course of
changes in NDUFA13 expression after tamoxifen treatment, on
days 1, 4, 7, 10, 13, and 16 after tamoxifen administration, three
mice from each group were killed, respectively, and the hearts were
obtained to test the relationship between NDUFA13 expression
and the ATP level. Tamoxifen time-dependently down-regulated
NDUFA13 expression in both cHomo and cHet mice. A moderate
decrease in NDUFA13 expression was observed on day 16 in cHet
mice, whereas a moderate decrease was detected as early as day
1 in cHomo mice, and an almost 80% decrease was observed on
day 16 after tamoxifen treatment (Fig. 2A). Interestingly, cHet mice
did not exhibit any changes in ATP level in the heart compared
with CON mice (Fig. 2B), whereas cHomo exhibited a significant
time-dependent decrease in ATP content in the heart, with a sig-
nificant change detected as early as 4 d after tamoxifen adminis-
tration (Fig. 2B). Being consistent with quantification of ATP levels
in the heart tissue, cHomo mice experienced sudden death,
whereas cHet and CON mice shared a similar survival rate as
demonstrated by Kaplan–Meyer’s survival curves (Fig. 2C). Based
on these data, we used only cHet mice to test whether a moderate
NDUFA13 down-regulation had cardioprotective effects against
I/R-induced stress. To further confirm that cHet mice did not ex-
hibit any abnormalities in cardiac structure and function, echo-
cardiographic examinations were performed on nine cHet and nine
CON mice on day 28 after tamoxifen administration, and the re-
sults demonstrated that normal cardiac structure and function were
observed in the cHet mice compared with the CON mice (Fig. 2D,
Fig. S2A, and Table S1). The mice were then killed for further
analysis. Compared with CON mice, cHet mice did not exhibit any
significant changes in cardiac ultrastructure as demonstrated by
transmission electronic microscopy (TEM) examination (Fig. 2E),
and mitochondrial morphology (Fig. 2E) was similar between cHet
and CON mice. Protein expression of several key mitochondrial
components, including ATP2A2, NDUFB8, and SDHC (for ATP
generation); ATP5A (for ATP consumption); and PGC-1α (a key
transcription factor that orchestrates mitochondrial biogenesis)
were not altered (Fig. 2F and Fig. S2B). NDUFA13 expression in
other tissues, such as the brain, lung, and liver, was similar between
cHet and CON mice (Fig. 2F and Fig. S2B), further confirming a
reliable cardiac-specific NDUFA13 knock-down mouse model.
Using freshly isolated mitochondria from the hearts, substrate-
driven mitochondrial respiratory function was analyzed. With the
presence of ADP, substrate-driven oxygen consumption rate (OCR)
was measured for complex I (addition of pyruvate and malate fol-
lowed by rotenone, an inhibitor of complex I), complex II (succi-
nate), and complex IV [N,N,N′,N′-tetramethyl-p-phenylenediamine
(TMPD)/ascorbate followed by azide, an inhibitor of complex IV].
The data showed a decrease in substrate-driven OCR of complex I
in cHet mice; however, OCR by combination of complex I and II
could, in compensation, match OCR driven by the electron donor
(TMPD/ascorbate) through complex IV (Fig. 2G and Fig. S2C). In
summary, we generated a conditional cardiac-specific NDUFA13
knockout mouse model; cHet mice exhibit normal cardiac structure
and function at baseline, which was associated with a compensatory
normal mitochondrial function and ATP production.

NDUFA13 Down-Regulation Protected Mouse Hearts from I/R Injury.
To test whether a moderate down-regulation of NDUFA13 could
protect the heart from I/R injury, we generated an in vivo cardiac I/R
injury model in both cHet and CON mice, by coronary artery liga-
tion for 45 min followed by 3 h of reperfusion. Interestingly, we
observed a significant decrease in the infarct size (IS) in cHet mice

Fig. 1. (A) H9C2 cells tr insulintransferrin-selenium ansfected with different
concentrations of siRNA targeting rat NDUFA13 were exposed to normoxia
or H/R. NDUFA13 and cleaved caspase-3, caspase-9, and caspase-8 expression
levels were detected by Western blot, with β-actin as the loading control (n =
4 per group). (B) The percentage of TUNEL-positive cells (marked by white
arrow) quantified and shown in the bar graph, **P < 0.01 vs. scramble (SCR)
transfection (n = 3 per group). (Scale bars: 100 μm.)
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compared with CON mice (Fig. 3A). Quantification of apoptotic
level at the peri-infarct area showed that TUNEL-positive
cardiomyocytes were significantly decreased in cHet mice that un-
derwent I/R intervention compared with CON mice that experi-
enced the same I/R insult (Fig. 3B). The decrease in apoptosis was
also confirmed when peri-infarct heart tissue was used for Western
blot analysis, showing a significant decrease in cleaved caspase-3 ex-
pression in cHet mice compared with CON mice (Fig. 3C). The
same pattern of changes was also seen in cytochrome C (cytoC)
release into the cytosol, showing much less leak in cHet mice fol-
lowing an I/R injury compared with CON mice that were exposed to
I/R injury (Fig. 3D). Taken together, these results strongly supported
that moderate NDUFA13 down-regulation confers protection
against I/R injury through the suppression of apoptosis.

Down-Regulated NDUFA13 Expression Is Associated with Increased Basal
ROS Generation. To investigated the profile of ROS generation by a
partial loss of NDUFA13, we freshly isolated mitochondria from
both cHet and CON mice that were treated with tamoxifen. We
measured OCR and H2O2 levels simultaneously with the Oroboros

O2k system. Using different substrates and blockers specific for
complex I and complex III, we demonstrated that succinate caused
a significant amount of H2O2 through reverse electron transport
(RET) in the mitochondria from CON mice, this RET-induced
ROS generation can be blocked by rotenone. In contrast, mito-
chondria from cHet mice exhibited a much smaller RET-induced
H2O2, indicating an interrupted RET process. Importantly, however,
further addition of pyruvate and malate resulted in an unexpected
increase in H2O2 level in cHet mice, which was not observed in
CON mice. A final addition of antimycin A resulted in a similar
degree of increment in H2O2 in both CON and cHet mice (Fig. 4A
and Fig. S3A).
To confirm cHet mice mainly generated H2O2, we used mito-

SOX red to detect the superoxide levels within the mitochondria.
We cross-bred cHomo (NDUFA13flox/flox) mice with wild-type
littermates (NDUFA13WT) to generate NDUFA13 heterozygous
(NDUFA13flox/-) mice. The neonatal cardiomyocytes (NMCMs)
were then obtained from these mice and transfected with
adenovirus-containing Cre recombinase (Ad-Cre) or an empty
vector as a normal control (Ad-NC). The effect of Cre recombi-
nase on NDUFA13 expression in NMCMs was confirmed (Fig.
S3B). Using mitoSOX Red as a probe, we showed that at basal
state, NMCMs treated with Ad-Cre or Ad-NC had a similar level
of superoxide (Fig. 4B), importantly, Ad-Cre–treated NMCMs
exhibited much lower superoxide levels compared with Ad-NC–
treated NMCMs when exposed to H/R (Fig. 4B).
NMCMs obtained from NDUFA13flox/- mice that had been

treated with Ad-Cre or Ad-NC as described above were infected
adenovirus containing mitochondrial targeting HyPer (mito-Hyper)
or cytoplasm-targeting HyPer (cyto-HyPer) for measuring H2O2 in
the mitochondria and in the cytoplasm, respectively (Fig. S3C). At
basal state, H2O2 level detected by cyto-HyPer was higher in Ad-
Cre–treated NMCMs than that in Ad-NC–treated cells; however, the
differences between the two cell groups were absent when measuring
H2O2 levels in the mitochondria, further confirming that a leak was
present within complex I when NDUFA13 was down-regulated.
Interestingly, following H/R, a burst of H2O2 was present in both
cytosol and mitochondria of Ad-NC–treated NMCMs, which was
much less in the mitochondria in Ad-Cre–treated cells (Fig. 4C).

The Molecular Structure of NDUFA13 in Maintaining the Integrity of
Mitochondrial Membrane. We then designed several adenoviruses
that contained different truncated NDUFA13 mutants, including
Ad-1 (with a deletion of amino acid 40–50), Ad-2 (a deletion of
amino acids 70–80), Ad-3 (a deletion of amino acids 110–120),
Ad-NDUFA13 (a wild-type full-length NDUFA13 as a normal
control), and Ad-Vector (an empty vector as a negative control)
(Fig. S4A). By transfecting these various vectors respec-
tively back into NDUFA13-depleted NMCMs (isolated from
NDUFA13flox/flox mice and pretreated with Ad-Cre with the effi-
ciency confirmed in Fig. S4B), we can measure both MMP and
H2O2 generation to test the role of the TMH in NDUFA13. The
NMCMs transfected with Ad-Cre exhibited a significant de-
crease in MMP compared with NMCMs transfected with Ad-
NC, as shown by measuring the fluorescence intensity (Fig. S4C)
or by flow cytometry (Fig. S4D) following TMRM staining. Ad-
NDUFA13, Ad-1, Ad-2, Ad-3, or Ad-Vector was then trans-
fected into endogenous NDUFA13-depleted NMCMs (with the
efficiency of transfection confirmed in Fig. S4E). Ad-1 failed to
colocalize with the mitochondria (Fig. S4F) to maintain the
MMP (Fig. S4G), whereas Ad-2 and Ad-3 could fully mimic and
compensate for wild-type NDUFA13 (Fig. S4 F and G). Impor-
tantly, the same pattern of changes was seen when cyto-Hyper
was cotransfected into NDUFA13-depleted NMCMs to test if
increased cytosolic H2O2 level in Ad-Cre–treated NMCMs was
abolished by putting back different truncated NDUFA13 mu-
tants (Fig. S4H). These results strongly supported an essential
role for TMH domain in maintaining the MMP, which also might
serve as a main source of H2O2 generation.

Fig. 2. Three groups of mice, including cHet (Cre+flox/-), cHomo (Cre+flox/
flox), and CON (Cre-flox/-), were studied. (A) The time course of changes in
NDUFA13 expression in the heart were evaluated at the indicated time
points by Western blot (representative bands shown with its expression level
relative to that in Cre-flox/- mice. β-Actin as a loading control, n = 3 mice per
group). (B) ATP levels (micromoles per liter) quantified at the indicated time
points (*P < 0.05; #P < 0.05 vs. Cre-flox/- group, respectively); (C) Kaplan–
Meier survival curves were generated for the three groups of mice over a
prospective observation period of 240 d (n = 10 mice per group. *P < 0.05 vs.
Cre-flox6/- group). “Injection” indicates the date of the completion of ta-
moxifen administration. (D) Echocardiography performed for both cHet and
CON mice on day 28 after tamoxifen administration; ejection fraction (EF)
and LVIDd quantified in the bar graphs (n = 9 mice per group). (E) TEM
performed on samples from Cre+flox/- and Cre-flox/- mice on day 28 after
tamoxifen administration. (Scale bars: Left, 5 μm; Center, 2 μm; Right,
0.5 μm.) (F) Different components of the mitochondrial respiratory com-
plexes were quantified by Western blot in both group mice with represen-
tative bands shown (n = 3 per group). NDUFA13 expression levels were
quantified in other tissue with β-actin as a loading control (n = 3 mice per
group). (G) OCR was measured by O2k-Fluorometry (*P < 0.05 vs. Cre-flox/-
mice; #P < 0.05, comparison within Cre-flox/- group mice).
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STAT3 Is Responsible for the Cardioprotective Effects Caused by
Moderate NDUFA13 Down-Regulation. To test the role of STAT3,
NMCMs were isolated from the following mice: NDUFA13WT

STAT3WT (wild-type), NDUFA13flox/-STAT3WT (NDUFA13
heterozygous), and NDUFA13flox/-STAT3flox/- (double heterozy-
gous) knock-down mice (for mice cross-breeding, see SI Materials
and Methods) and then transfected with Ad-Cre. Native blue
PAGE followed by Western blot analysis detected the formation
of STAT3 dimers in NMCMs obtained from NDUFA13 hetero-
zygous mice, which was absent when NMCMs were treated with
N-acetyl-L-cysteine (NAC) or when STAT3 was simultaneously
down-regulated (Fig. 5). The expression of peroxiredoxin 2
(PRX2), which can cause STAT3 dimerization (19), was increased
in NMCMs from NDUFA13 heterozygous mice. The increased
PRX2 expression can be attenuated by NAC, indicating the es-
sential roles of ROS. In contrast, no changes in GPX expression
levels were detected in these NMCMs (Fig. 5). STAT3 dimer-
ization was responsible for up-regulated Bcl-2 expression as at-
tenuation of STAT3 dimerization abolished the Bcl2 up-regulation
(Fig. 5). Of note, the Ad-Cre–treated NMCMs isolated from
STAT3flox/- mice exhibited a moderate decrease in STAT3 ex-
pression; however, it did not affect the dimerized level of STAT3
(Fig. S5) compared with Ad-Cre–treated NMCMs isolated from
STAT3WT mice (Fig. S5). The same were true with the levels of
Bcl2 and PRX2 expression (Fig. S5).

Both cardiac-specific NDUFA13 heterozygous (Myh6Cre+
NDUFA13flox/-STAT3WT) and cardiac-specific double heterozygous
(Myh6Cre+NDUFA13flox/-STAT3flox/-) mice were treated with
tamoxifen the same way as described above. Two weeks later, these
mice were exposed to I/R injury. The cardiac protection against I/R
injury offered by a moderate NDUFA13 was abolished when
STAT3 was simultaneously down-regulated in mice as evidenced by
an increase in IS (Fig. 6A), which also resulted in a reversal in
TUNEL-positive cells in the peri-infarct area (Fig. 6B), as well as
the cleaved caspase-3 expression (Fig. 6C). Of note, cardiac-specific
STAT3 heterozygous knockout (Myh6Cre+ERtamSTAT3flox/-) and
Myh6Cre+ERtamSTAT3WT mice that received tamoxifen treatment
exhibited a similar degree of I/R injury as evidenced by IS (Fig.
S6A), percentage of TUNEL staining-positive cells at peri-infarct
area, and levels of cleaved caspase-3 (Fig. S6 B and C). Taken to-
gether, these data suggest that STAT3 is responsible for the car-
dioprotective effects against I/R injury when NDUFA13 expression
is moderately down-regulated.

Discussion
In the present study, we generated a conditional cardiac-specific
moderately down-regulated NDUFA13 mice, which were more
tolerant to I/R injury, exhibited a smaller IS, and lower apoptotic
activity. We then investigated ROS profile induced by mitochon-
dria NDUFA13 down-regulation and detected a moderate increase
in the levels of hydrogen peroxide, but not superoxide, in these
mice. We have provided strong evidence to show that partial loss of
NDUFA13 constitutes a structural substrate allowing for an elec-
tron leak such that a small amount of H2O2 would be continuously
generated. As a result of a mild increase in hydrogen peroxide, up-
regulated PRX2 expression occurred, leading to STAT3 dimerization
and, hence, enhanced Bcl-2 expression, which were responsible for
the protection offered by NDUFA13 down-regulation. Thus, we have
not only elucidated a novel molecular mechanism of cardiac

Fig. 3. (A) Both cHet (Cre+flox/-) and CON (Cre-flox/-) mice underwent either
the I/R injury or the sham operation. IS was analyzed for both groups of mice
with a representative 2,3,5-triphenyltetrazolium chloride (TTC) staining image
and quantified in bar graph (n = 5 mice per group. **P < 0.01 vs. Cre-flox/-
mice). (B) TUNEL staining performed (white arrow indicates TUNEL-positive
nucleus) and the quantification is shown in the bar graph (**P < 0.01 vs. Cre-
flox/- group). (C) Cleaved caspase-3 was also detected by Western blot with
representative bands (α-tubulin was used as a loading control; **P < 0.01 vs.
Cre-flox/- I/R group, n = 3 mice per group). (D) Cytochrome c release was
quantified by Western blot; VDAC, a mitochondrial marker was used as a
quality control for the cytosol isolation, and α-tubulin used as a cytosol loading
control (n = 3 mice per group. *P < 0.05 vs. Cre-flox/- I/R mice).

Fig. 4. (A) H2O2 measured in freshly isolated mitochondria from Cre+
ERtamNDUFA13flox/- or Cre-ERtamNDUFA13flox/- mice using Amplex Red as an
indicator of fluorescence. Different substrates and blockers were used to
differentiate the origin or mechanism of ROS generation induced by
NDUFA13 down-regulation (*P < 0.05). (B) NMCMs isolated from NDU-
FA13flox/- mice were treated with either Ad-NC or Ad-Cre and then used for
quantification of superoxide generation at both the basal state and after an
exposure to the H/R injury. The fluorescence intensity by mitoSOX red was
measured by a microplate reader (**P < 0.01, vs. Ad-NC–treated NMCMs
exposed to H/R). (C) The same NMCMs used in B were infected with ade-
novirus containing either cyto-HyPer or mito-HyPer to measure H2O2 levels
either at the basal state or after the H/R insult (**P < 0.01, vs. Ad-NC–treated
NMCMs at the same condition).

Hu et al. PNAS | November 7, 2017 | vol. 114 | no. 45 | 11911

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
14

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704723114/-/DCSupplemental/pnas.201704723SI.pdf?targetid=nameddest=SF6


www.manaraa.com

protection for which H2O2 functions as an important second
messenger, more importantly we also have linked a unique profile
of ROS to the specific molecule, NDUFA13, with its own molecular
structure situated within the mitochondrial complex I.
Electron transfer across the different segments of mitochondrial

complexes serves as a form of energy transduction, creating an
electrochemical gradient across the inner membrane. It also dictates
the form of ROS generated in both physiological and pathological
states, such as the procession of I/R injury, due to the different
electrochemical potentials pertaining to the different respiratory
moieties (2, 3, 11). With normal oxygen supply, the short electronic
effect of FMN is usually surpassed by the strong electron-with-
drawing ability of its downstream FeS clusters (7). However, under
oxygen deprivation conditions, the failure of electrons to react with
their acceptor, oxygen, within complex IV sequentially saturates the
FeS clusters and the FMN of complex I with electrons. Once the
oxygen supply is restored, O2 then can react with FMNH2/FSQ,
which is filled with electrons, to generate superoxides (in the form
of •O2

−). This is a typical hypoxia-reperfusion scenario. •O2
− is

highly reactive, and the unpaired electrons on •O2
− will capture any

available electrons from molecules they may encounter, thus pro-
ducing the relatively more stable H2O2. Although coenzyme Q is
also filled with electrons, its reduction potential is +0.113 (7), which
is insufficient for the production of •O2

− (O2/•O2
− −0.13 V) but not

H2O2 (O2/H2O2 +0.70 V). H2O2 is a milder type of ROS than •O2
−.

Under normal physiological conditions, a low level of H2O2 gener-
ation can mediate a variety of signaling events (20, 21).
Compared with prokaryotic cells, eukaryotic mitochondrial

complex I has more nuclear-encoded subunits, which play essential
roles in ensuring energy transduction along the mitochondria in a
safe and efficient way (22). NDUFA13 is regarded as one of these
accessory subunits and located at the heel position of mitochondrial
complex I, with its helix segment inserted obliquely into hydrophobic
chains ND1 and ND2 of complex I and TMH segment further an-
chored into the mitochondrial inner membrane (13). Using MOE
software and the available database (PDB ID code: 5LDX), we did
further analysis and noticed that the first 33 amino acids of
NDUFA13 extend along the dorsal side of the CoQ binding chamber
after penetrating the inner membrane and are parallel to the last
three FeS clusters (N2, N6b, and N6a), which are ∼31 Å apart. The
enlarged tail of NDUFA13 remains on the intermembrane side of
ND1 and ND2 (Fig. S7). The unique location and structure of
NDUFA13 suggest that it may form a channel within complex I that
interconnects the matrix with membrane interstitium (23). In the
present study, we were mainly focused on elucidating the profile

of ROS generated when NDUFA13 were down-regulated. Our
data showed that moderate NDUFA13 knockdown resulted in
an increase in H2O2 without involving in changes in MMP. We
applied sequential experiments to test this notion that partial
loss of NDUFA13 mainly resulted in an increase in H2O2.
Data obtained from isolated mitochondria with Amplex red
provided direct evidence of H2O2 generation secondary to
NDUFA13 knockdown, which was confirmed by measuring
superoxide within the mitochondria using mitoSOX red,
showing no increase in superoxide generation at the basal state.
Site-specific detection of H2O2 using cyto-HyPer and mito-HyPer
further validated that H2O2 generated by partial loss of NDUFA13
was localized in the cytosol, but not in the mitochondria. Most
importantly, a mild increase in H2O2 at the basal state can prevent
the burst of superoxide generation following I/R injury. Taken to-
gether, we would propose our preliminary idea of a “spillhole
theory” for which NDUFA13 serves as a guardian that gauges
electron flow across the electron transfer chain, which should
be closely related to the location and functional structure
of NDUFA13 within mitochondrial respiratory complex I
(Fig. S7).
Our present study also provided additional evidence that H2O2

promotes the formation of disulfide-linked STAT3 oligomers with the
help of PRX2, which regulates the transcriptional activity of STAT3
to up-regulate Bcl2 expression (24), and renders tumor cells more

Fig. 5. NB-PAGE assay detected STAT3 oligomerization in heterozygous
mice (Myh6Cre+NDUFA13flox/-STAT3WT) that could be abolished by either
NAC (ROS scavenger) or simultaneous STAT3 knockdown (Myh6Cre+NDU-
FA13flox/-STAT3flox/-). NDUFA13, STAT3, GPX, PRX2, and Bcl2 expression levels
were also quantified in each group of mice by Western blot, with β-actin as a
loading control. **P < 0.01 vs. Myh6Cre+NDUFA13WTSTAT3WT mice.

Fig. 6. (A) The NDUFA13 heterozygous (Myh6Cre+NDUFA13flox/-STAT3WT)
and NDUFA13 and STAT3 double heterozygous (Myh6Cre+NDUFA13flox/-STAT3flox/-)
mice were studied the same way as described in Fig. 3 and IS quantified (**P <
0.01 between the two groups). (B) TUNEL staining performed in the peri-
infarct area and the percentage of TUNEL-positive cells (marked by white
arrows) over total nuclei shown in the bar graph (n = 5 mice per group;
**P < 0.01 vs. NDUFA13 heterozygous I/R group). (C) STAT3 and cleaved cas-
pase-3 expression levels measured byWestern blot using the tissue of peri-infarct
area from both group mice with α-tubulin as a loading control (n = 3 mice per
group).
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resistant to chemotherapy (15). The protection offered by down-
regulated NDUFA13 through STAT3 signaling did not affect the
extrinsic apoptotic pathway, as we did not observe significant
changes in cleaved caspase-8 levels. In addition, the key
components of the upstream molecule of intrinsic mitochondria-
dependent apoptosis signaling pathway, such as ASK and JNK, were not
affected. These changes indicate that the protection was mainly
targeting the mitochondria.
In conclusion, a mild defective structure related to subunits of

mitochondrial complex I, such as N2 with low electrochemical
potential, can produce only H2O2, which can serve as a second
messenger to activate STAT3/Bcl2, an important antiapoptotic
signaling pathway. Thus, our study provided another protective
mechanism against apoptosis induced by I/R injury.

Materials and Methods
Reagents. See Supporting Information for details.

Animals.Mice with a pair of loxP sites flanking exon3 of NDUFA13 (Fig. S8 and
Table S2) were generated at the Shanghai Biomodel Organisms Center using
standard methods and mated with FLP mice to excise the Neo cassette.
MYH6-CreERtam mice (25) (no. 005657) and STAT3flox/flox mice (no. 016923)
from The Jackson Laboratory used for breeding various genotyping mice (see
Supporting Information for detailed procedures). All procedures were approved
by the Zhejiang University Institutional Animal Care and Use Committee and are
in compliance with NIH Publication no. 85-23 (revised 1996). All mice were
housed, bred, and maintained under specific pathogen-free (SPF) conditions.

Animal Model of I/R Injury. In brief, using a surgical approach, I/R injury was
induced with 45 min of ischemia followed by 3 h of reperfusion. Sham
surgical procedures were performed on the control group. IS was expressed as
the percentage of the infarct area compared with the area at risk (for details,
see SI Materials and Methods).

NMCMs with NDUFA13 Knockdown and Putback. NMCMs obtained from
NDUFA13flox/flox mice were transfected with adenovirus containing Myh6-
Cre to deplete endogenous NDUFA13, then infected with recombinant
adenoviruses that expressed truncated mouse NDUFA13 cDNAs. The

overexpression of various NDUFA13 mutants was confirmed by Western
blot (for details, see SI Materials and Methods).

High-Resolution Respirometry. The Oxygraph-2k (O2k; OROBOROS Instru-
ments) was used for measuring mitochondria respiration (26). Substrates and
inhibitors were added sequentially to determine complex I, II, and IV respi-
ration as indicated in the figure (for details, see SI Materials and Methods).

Detection of H2O2 and •O2
− Production. H2O2 flux was measured simulta-

neously with respirometry in the O2k-Fluorometer using the H2O2-sensitive
probe (10 μM Amplex UltraRed; Thermo Fisher A36006). For measurements
of H2O2 production in intact cells, Ad-Cre or Ad-NC were infected with
adenovirus carrying either Cyto-HyPer or Mito-Hyper (27). The intensity of
fluorescence was measured by microplate reader. For superoxide mea-
surements (28), the same designated NMCMs were studied and loaded
with MitoSOX Red (5 mM for 10 min; Thermo Fisher M36008), and the
intensity of fluorescence was measured by microplate reader (for details,
see SI Materials and Methods).

For detailed information regarding Western blot, TUNEL staining, siRNA
transfection mitochondria isolation, immunostaining, echocardiography,
TEM, MMP determination, the quantification of H2O2 and •O2

−, native
blue PAGE, H/R injury NMCM isolation (29), high-resolution respirometry,
and NDUFA13 knockdown and putback, please refer to SI Materials and
Methods.

Statistical Analysis. Data are presented as the mean ± SD. After confirming
that all variables were normally distributed using the Kolmogorov–Smirnov
test, unpaired Student’s t test was used to determine the differences be-
tween two groups. *P < 0.05 was considered as statistically significant.
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