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The estimated incidence of mitochondrial diseases in humans is approximately 1:5000 to 1:10,000,
whereas the molecular mechanisms for more than 50% of human mitochondrial disease cases still
remain unclear. Here we report that mice lacking testicular nuclear receptor 4 (TR4�/�) suffered
mitochondrial myopathy, and histological examination of TR4�/� soleus muscle revealed abnor-
mal mitochondrial accumulation. In addition, increased serum lactate levels, decreased mitochon-
drial ATP production, and decreased electron transport chain complex I activity were found in
TR4�/� mice. Restoration of TR4 into TR4�/� myoblasts rescued mitochondrial ATP generation
capacity and complex I activity. Further real-time PCR quantification and promoter studies found
TR4 could modulate complex I activity via transcriptionally regulating the complex I assembly
factor NDUFAF1, and restoration of NDUFAF1 level in TR4�/� myoblasts increased mitochondrial
ATP generation capacity and complex I activity. Together, these results suggest that TR4 plays vital
roles in mitochondrial function, which may help us to better understand the pathogenesis of
mitochondrial myopathy, and targeting TR4 via its ligands/activators may allow us to develop
better therapeutic approaches. (Molecular Endocrinology 25: 1301–1310, 2011)

NURSA Molecule Pages†: Nuclear Receptors: TR4.

The mitochondrion is the powerhouse of the cell. It gen-
erates the majority of ATP to support cellular function

through the oxidative phosphorylation (OXPHOS) system,
which consists of five multiprotein enzymatic complexes:
complex I–V (1). Each individual complex is encoded by
both the mitochondrial and nuclear genomes, except for
complex II, which is exclusively nuclear encoded (2). De-
fects in the OXPHOS system in humans result in disas-
trous diseases with an estimated incidence of approxi-
mately 1:5000 to 1:10,000 (3).

Among all mitochondrial disorders, deficiency in
complex I [reduced nicotinamide adenine dinucleotide
(NADH):ubiquinone oxidoreductase; EC 1.6.5.3] is the
most common cause. Composed of at least 45 different
subunits, complex I is the largest and most intricate com-
ponent in the mitochondria (4). Like cases in other mito-
chondrial diseases, the clinic presentations and genetic
etiologies of complex I deficiency are highly diverse due to
its genetic and biochemical complexity, which adds to the
difficulties for proper diagnosis and treatment. Some typ-
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ical clinical manifestations of complex I deficiency in-
clude progressive encephalomyopathy, leukodystrophy,
Leigh syndrome, or mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (5–7). The iden-
tified genetic causes of complex I deficiency range from
mutations in structure component encoding genes, such
as NDUFS1 (8), NDUFV1 (5); to assembly factor encod-
ing genes, such as B17.2L (9), C20orf7 (10); or various
enzymes involved in production of electron carriers or
maintenance of mitochondrial DNA integrity (11). De-
spite the improved characterization of its genetic defects
in the past decade, the pathogenetic mechanisms of com-
plex I deficiency are still not well understood.

Testicular nuclear receptor 4 (TR4) belongs to the nu-
clear receptor superfamily and is a key transcriptional
regulator of many signaling pathways (12–14). Mice
lacking TR4 (TR4KO, TR4�/�) display various pheno-
types, including growth retardation, reduced fat mass,
reduced fertility (15), and neurological abnormalities
(16). TR4 is rhythmically expressed in skeletal muscles
with the peak at Zeitgeber Time 12 (17), which is the time
when mice start to be active, suggesting that TR4 is cru-
cial for muscle function. Here we reported that TR4�/�

mice developed mitochondrial myopathy with exercise
intolerance, ragged red fibers in skeletal muscles, elevated

serum lactate levels, impaired mitochondrial ATP genera-
tion capacity, and reduced complex I activity. We further
demonstrated that TR4 regulates mitochondrial function
through a complex I assembly factor NDUFAF1. Thus, our
study provides a novel link between TR4 and mitochondrial
function that may shed light on the pathogenesis and treat-
ment of mitochondrial myopathy.

Results

Muscle weakness and impaired sustainable
exercise capacity in TR4�/� mice

TR4�/� mice exhibited a variety of motor abnormali-
ties, such as mild trembling, unsteady gait, and classical
hind limb contractures upon tail suspension, suggesting
that loss of TR4 might lead to abnormal motor function
(16). To examine whether muscle weakness is one of the
causes behind the abnormal motor function in TR4�/�

mice, we carried out several tests. We first confirmed that
TR4 expression was completely knocked out from skele-
tal muscle tissues in TR4�/� mice (Supplemental Fig. 1
published on The Endocrine Society’s Journals Online
website at http://mend.endojournals.org). Results from
the rotarod test (18) showed the mean latency to fall in
TR4�/� mice was significantly shorter than that found in
littermate TR4�/� mice. All TR4�/� mice fell off the rod
within 20 sec, whereas TR4�/� mice had no difficulty in
hanging on for more than 90 sec (Fig. 1A).

We then performed the whole animal strength and fa-
tigability test (19) that tests the ability of the mice to pull
themselves on top of a suspended rod by their forelimbs.
The average success rate of 15 trials in a 3-min period, as
an indication of whole-body strength, was less than 30%
in TR4�/� mice as compared with 93% in TR4�/� mice
(Fig. 1B), indicating a potential muscle weakness in
TR4�/� mice.

We also performed treadmill tests that were designed
to determine the sustained exercise capacity (20), and a
significant difference was found between TR4�/� and
TR4�/� mice with respect to the cumulative running dis-
tance and the total aerobic workload. TR4�/� mice ran
an average total distance of 330.68 � 73.225 m with an
average aerobic workload of 1.42 � 0.4885 kJ, whereas
TR4�/� mice ran an average total distance of 249.69 �

FIG. 1. Muscle weakness and exercise intolerance in TR4�/ � mice. A,
Determination of muscle strength by rotarod test. Four pairs of TR4�/�

vs. TR4�/� mice were tested, and the mean latency for TR4�/� mice to
fall off the rod was significantly shorter than that for TR4�/� mice.
**, P � 0.01. B, Determination of muscle strength by whole-animal
muscle strength and fatigability test. Three pairs of TR4�/� vs. TR4�/�

mice were used, and the percentage of passes over 15 trials of the test
in a 3-min period in TR4�/ � mice was significantly reduced. **, P �
0.01. KO, Knockout; WT, wild type.

TABLE 1. Treadmill test results in six pairs of TR4�/� and TR4�/� mice

WT (n � 6) KO (n � 6)
Total distance (m) 330.68 � 73.225 249.69 � 64.45 (P � 0.01)
Aerobic workload (kJ) 1.42 � 0.4885 0.58 � 0.321 (P � 0.005)

The aerobic workload is the product of the vertical running distance to exhaustion and body weight: Work performed (J) � body weight (kg) �
running speed (m/min) � running time (min) � grade � 9.8 (J/kg � m). WT, Wild type; KO, knockout.
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64.45 m with an average aerobic workload of 0.58 �
0.321 kJ (Table 1).

Together, results of Fig. 1 and Table 1 from three dif-
ferent assays suggested that TR4�/� mice might have im-
paired sustainable exercise capacity with a likely muscle
weakness.

Abnormal mitochondrial accumulation in the
skeletal muscle tissues of TR4�/� mice

We then performed skeletal muscle histological exam-
ination to further validate the possible muscle deficiency
in TR4�/� mice. First, we found that soleus muscle fibers
in TR4�/� tissues showed a greater variety of sizes as
compared with those in TR4�/� tissues by hematoxylin
and eosin (H&E) staining, in which we also found baso-
philic bands at the periphery of muscle fibers possibly due

to the abnormal deposits of mitochondria only in TR4�/�

tissues (Fig. 2, A and B). The abnormal mitochondrial
deposits were confirmed by the moderate increase of the
ragged red fibers in TR4�/� skeletal muscle samples (Fig.
2, C and D) by the modified Gomori trichrome staining.
Ragged red fibers, the red staining in the peripheral rim of
muscle fibers, consisting of abnormal subsarcolemmal ag-
gregates of mitochondria, is a common feature in human
mitochondrial disease patients (21). The succinate dehy-
drogenase (SDH) staining also revealed an increase of
SDH reactivity in the same area of muscle fibers of
TR4�/� mice (Fig. 2, E and F). The histological diagnosis
of mitochondria abnormity in TR4�/� mice skeletal mus-
cle was further supported by electron microscopy where
we found subsarcolemmal aggregates of enlarged mito-
chondria with a high content of cristae in TR4�/� skeletal
muscle (Fig. 2, G and H, and Supplemental Fig. 2).

Together, muscle histological examination from Fig. 2
suggested that loss of TR4 might lead to mitochondrial
myopathy that might explain the muscle weakness dem-
onstrated in Fig. 1.

Increased serum lactate levels, decreased
mitochondrial ATP production, and decreased
electron transport chain complex I activity
in TR4�/� mice

Defects of the oxidative phosphorylation in mitochon-
drial disorders usually lead to an accumulation of serum
lactate (22, 23). We examined the resting serum lactate
level in TR4�/� mice and their TR4�/� littermates and
found that TR4�/� mice displayed hyperlactatemia with
2.5-fold higher serum lactate levels as compared with
TR4�/� mice (Fig. 3A), supporting the above findings
that TR4�/� mice may suffer mitochondrial myopathy.

The defects of oxidative phosphorylation may lead to
alteration of ATP production (24). We therefore com-
pared ATP production capacity of the isolated mitochon-
dria from TR4�/� and TR4�/�skeletal muscle tissues. As
shown in Fig. 3B, the mitochondrial ATP generation ca-
pacity declined 50% in tissues from TR4�/� mice as com-
pared with TR4�/� mice.

OXPHOS enzyme deficiency is a common cause for
impaired ATP generation (25); therefore we examined the
respiratory chain OXPHOS enzyme activities in isolated
skeletal muscle mitochondria from both TR4�/� and
TR4�/� mice. Among all five complexes, we found com-
plex I activity was reduced most significantly (near 45%)
in skeletal muscles of TR4�/� mice (Fig. 3C) as compared
with TR4�/� mice. A mild reduction in complex V activ-
ity was also found in TR4�/� mice, whereas little change
was seen in other enzyme complexes (Fig. 3C). Together,
results from Fig. 3, A–C, indicated that the mitochondrial

FIG. 2. Abnormal mitochondrial accumulation in TR4�/� mice muscle.
Histological examination of frozen soleus muscle tissues from 1-yr-old
TR4�/� and TR4�/� mice (A–F). The cryostat sections were subjected to
several staining procedures including H&E staining (A and B),
Trichrome staining (C and D), and SDH staining (E and F). The typical
ragged red fibers, which represent higher staining activities of
mitochondria, are indicated by red arrows. The photos were taken
under �400 magnification. G and H, Electron microscopy (EM)
examination of soleus muscle from 1-yr-old TR4�/� and TR4�/� male
mice. The abnormal subsarcolemmal aggregates of mitochondria in
TR4�/� samples are indicated by red arrows. The soleus muscle tissues
from the TR4�/� and TR4�/� mice were fixed, embedded, and
examined by electron microscopy. Examinations were carried out in
three pairs of wild-type (WT) and TR4 knockout (KO) mice, and
representative pictures are shown.
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dysfunction in the skeletal muscle of TR4�/� mice could
be due to the complex I or V deficiency. In addition to
OXPHOS system, the proper function of tricarboxylic
acid cycle (TCA cycle) is also essential for mitochondrial
ATP generation. We also examined one of TCA enzymes,
citrate synthase, in the skeletal muscle of TR4�/� mice
and found no significant change in activity (data not
shown). Further characterization in TCA activity will be
necessary to fully understand the mitochondrial myop-
athy in TR4�/� mice.

Using primary myoblast cells to confirm the role
of TR4 in mitochondrial function

We then established the in vitro culture of primary
myoblast cells from TR4�/� and TR4�/� mice to further
investigate the role of TR4 in mitochondrial functions. As
shown in Fig. 4, A and B, TR4�/� myoblast cells showed
a decreased mitochondrial ATP generation capacity and a
declined complex I activity as compared with TR4�/�

myoblast cells. More importantly, reconstitution of TR4
in TR4�/� myoblast cells by retroviral infection of pBabe-
EGFP-TR4 improved both the mitochondrial ATP gener-
ation capacity and complex I activity to a level compara-

ble to those of TR4�/� cells (Fig. 4, A and B), whereas it
did not change complex IV activity (Fig. 4).

Together, results from primary cultured myoblast cells
in Fig. 4 strengthened our in vivo data from TR4�/� mice
showing that TR4 might regulate mitochondrial function
by modulating complex I activity.

Determination of complex I gene expressions in
TR4�/� skeletal muscles

To dissect the molecular mechanisms through which
TR4 modulates complex I functions, we next applied the
real-time PCR quantification (Q-PCR) assay to compare
the expression levels of complex I encoding genes between
TR4�/� and TR4�/� mice. Due to the relatively large
numbers of the candidate genes, we started with the genes
the mutation of which has been identified in human mi-
tochondrial disease. We examined three groups of genes
that could contribute to complex I activity: complex I
structural components (Supplemental Fig. 3A), complex I
assembly factors (Supplemental Fig. 3B), and mitochon-
drial DNA transcription factors (Supplemental Fig. 3C).
Among all the genes we screened, we only found the mRNA
level of NDUFAF1 (CIA30), one of the complex I assembly
factors (26), was significantly decreased in TR4�/� muscles
(Fig. 5A). We also found that the protein expression of
NDUFAF1 was reduced in TR4�/� muscles (Fig. 5B).

Complex I assembly factor NDUFAF1 is a TR4
target gene

The sequence analysis of human NDUFAF1 promoter
revealed several putative TR4-hormone response ele-
ments. We then cloned human NDUFAF1 5�-promoter
and constructed it into the pGL3-luciferase reporter plas-
mid. When we cotransfected the NDUFAF1-Luc with ei-
ther the pCMX vector or increasing amounts of pCMX-
TR4 into CV-1 cells, we found that TR4 activated

FIG. 3. Increased serum lactate level, decreased mitochondrial ATP
production, and decreased electron transport chain complex I activity
in TR4�/ � mice. A, Lactate content in the serum from seven pairs of
TR4�/� and TR4�/� mice was determined by measuring the oxidized
DCPIP as described in Materials and Methods. TR4�/ � mice display
elevated serum lactate levels as compared with TR4�/� mice. B,
Determination of ATP generation by a firefly luciferase-based assay.
Mitochondria isolated from three pairs of TR4�/� and TR4�/� skeletal
muscle were subjected to ATP generation assay. TR4�/ � mice muscle
exhibited markedly lower ATP production rate per gram mitochondrial
protein compared with mitochondria from TR4�/� mice. C, Determi-
nation of respiratory chain enzyme activity between TR4�/� and TR4�/�.
Mitochondria isolated from four pairs of TR4�/� and TR4�/� skeletal
muscle were applied to respiratory chain enzyme activity assays as
described in Materials and Methods. Three independent experiments
were carried out, and the mean � SD was shown. **, P � 0.01. KO,
Knockout; WT, wild type.

FIG. 4. Introduction of TR4 into TR4�/� myoblast cells partially
restored mitochondrial ATP generation capacity and complex I activity.
A, Examination of mitochondrial ATP generation capacity in wild-type
(WT) myoblasts and TR4 knockout (KO) myoblasts infected with either
pBabe-EGFP vector (KO�Vector) or pBabe-EGFP-TR4 (KO�TR4). B,
Examination of complex I and IV activities by spectrometry assay in WT
myoblasts and TR4KO myoblasts infected with either pBabe-EGFP
vector (KO�Vector) or pBabe-EGFP-TR4 (KO�TR4). Three independent
experiments were carried out, and the mean � SD was shown. *, P �
0.05. **, P � 0.01.
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NDUFAF1-Luc transcription up to 3.5-fold in a dose-
dependent manner (Fig. 5C). We then applied a chroma-
tin immunoprecipitation (ChIP) assay to test whether
TR4 binds directly to the NDUFAF1 promoter and found
that the NDUFAF1 promoter was recovered from immuno-
precipitates using TR4 antibodies but not from immunopre-
cipitates using control IgG (Fig. 5D), indicating that TR4 di-
rectlybindstothe5�-promoterregionofNDUFAF1.Together,
results from Fig. 5, C and D, suggest that NDUFAF1 is a direct
target gene of TR4.

Regulation of NDUFAF1 activity by modulating
TR4 transactivation with AICAR and metformin

Because TR4 phosphorylation on S351 by AMP-acti-
vated protein kinase leads to suppression of TR4 trans-
activation (27), we then tested whether suppression of
TR4 activity by AMP-activated protein kinase activators,
AICAR and metformin, could affect NDUFAF1 tran-
scription. As shown in Fig. 5E, both AICAR and met-
formin almost completely abolished TR4-induced NDU-
FAF1-Luc activity in CV-1 cells, whereas neither of them

had significant effects on the basal level of NDUFAF1-
Luc activity, indicating their effects on NDUFAF1 tran-
scription are through modulation of TR4 transactivation.
These results further demonstrate that TR4 modulates
NDUFAF1 gene expression and suggest a possible way to
regulate mitochondrial function by modulating TR4 ac-
tivity via TR4 upstream signals.

Restoration of NDUFAF1 in TR4�/� primary
myoblasts restored complex I activity

To prove that the reduction of NDUFAF1 is responsi-
ble for mitochondria defects found in TR4�/� mice, we
restored NDUFAF1 level in TR4�/� primary mouse der-
mal fibroblasts and then examined the mitochondria
function. We found when we reconstituted NDUFAF1
into TR4�/� cells by lentiviral infection of pWPI-NDU-
FAF1, both the mitochondrial ATP generation capacity
and complex I activity increased to a comparable level of
that in TR4�/� cells (Fig. 5, F and G), implying that the TR4
mediates mitochondrial function through NDUFAF1.

FIG. 5. Complex I assembly factor NDUFAF1 is a TR4 target gene. A, The mRNA expression level of complex I assembly factor NDUFAF1 was
reduced in skeletal muscle tissues from TR4�/� mice. The mRNA was extracted from skeletal muscle tissues from TR4�/� and TR4�/� mice and
subsequently subjected to Q-PCR. B, The protein expression level of NDUFAF1 in skeletal muscle tissues from TR4�/� and TR4�/� mice were
detected by Western blot. Tublin level was used as an internal control. C, TR4 transactivates NDUFAF-1-Luc in a dose-dependent manner.
Increasing amounts of pCMX-TR4 expression plasmid were cotransfected with pGL3-NDUFAF1-Luc reporter into CV-1 cells. After 48 h, cells were
harvested and Luc activities were measured. D, Modulation of TR4 activity affects TR4-mediated Ndufaf1-luc activity. pGL3-NDUFAF1-Luc reporter
(250 ng) and 750 ng of pCMX-TR4 expression plasmid or vector control were cotransfected into CV-1 cells. After 24 h, cells were treated with
vehicle control or TR4 upstream inhibitors metformin or aminoimidazole carboxamide ribonucleotide (AICAR). After treatment for 24 h, cells were
harvested and Luc activities were measured. E, TR4 binds to Ndufaf1 promoter by ChIP assay. The protein-DNA complex was pulled down using
TR4-specific antibody from H1299 cells, and specific binding between TR4 and TR4 response elements in Ndufaf1 promoter was PCR amplified
using primers that cover the regions approximately �1073 to �904 and �340 to �150 in Ndufaf1 promoter. PCR amplification using primers
that cover the region approximately �2702 to �2579, which contains no TR4-binding site in Ndufaf1 promoter was used as a negative control. F,
Determination of the mitochondrial ATP generation capacity in wild-type (WT) myoblasts, knockout (KO) myoblasts infected with either pWPI
vector (KO�Vector), or pWPI-Ndufaf1 (KO�Ndufaf1). Mitochondria of myoblasts from different cells were extracted, and examined for their ATP
generation capacity as described in Materials and Methods. G, Examination of complex I activity by spectrometry assays. Mitochondria of
myoblasts from WT myoblasts, KO myoblasts infected with either pWPI vector (KO�Vector), or pWPI-Ndufaf1 (KO�Ndufaf1) were extracted and
assayed for complex I activitiy. Shown were the mean � SD. *, P � 0.05.
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Discussion

We first found interesting abnormalities in TR4�/� mice
that resemble some pathological features observed in pa-
tients with mitochondrial OXPHOS disorders, including
muscle weakness, exercise intolerance, ragged-red fibers
in skeletal muscles, and hyperlactatemia (28). Although
suggestive of a mitochondrial respiratory chain disease,
these features alone are not sufficient enough to lead to an
accurate diagnosis, because they are not very specific (29).
The diagnosis of mitochondrial disorder in TR4�/� mice
was further confirmed by the findings that both mito-
chondrial ATP production and respiratory chain complex
I and V activity were decreased in TR4�/� skeletal muscle
tissues.

Although it is still unclear whether other tissues, such
as nervous system (16), also contribute to muscle weak-
ness in TR4�/� mice, we are now sure that local defects do
play roles here because we observed defects from in vitro
culture of TR4�/� myoblasts, which was not under neu-
ronal influence. The partial rescue of mitochondrial ATP
generation capacity and complex I enzyme activity by
reconstitution of TR4 into TR4�/� myoblast cells further
supported our argument.

Interestingly, from electron microscopic examination
of the soleus muscle from TR4�/� mice, we also found
tubular aggregates (Supplemental Fig. 2) that have been
found in muscle disorders in human and aged mice (30–
32), and in some cases been linked to mitochondrial de-
fects. It will be interesting in the future to dissect detailed
mechanisms by which loss of TR4 may also lead to the
tubular aggregates.

Other than abnormal mitochondrial accumulation and
tubular aggregates, we also observed abnormal deposits
of electron-dense granules that we suspected might be
calcium in TR4�/� skeletal muscles (Supplemental Fig. 2),
although further investigation is needed for the final iden-
tification of these particles. Calcium is an important mod-
ulator of skeletal muscle function (33) that contributes to
the coordination of mitochondrial ATP production and
local energy demand (34). Treatment of MERRF cells
with drugs affecting calcium transport mostly restored
both the agonist-dependent mitochondrial calcium up-
take and the ensuing stimulation of ATP production (35).
It will be interesting in the future to determine whether
there is a linkage between mitochondrial calcium trans-
port and TR4 function in the mitochondria.

Deficiencies in complex I is the most frequently en-
countered among all mitochondrial diseases. It has di-
verse clinical features ranging from single to multiple tis-
sue involvement and has also been implicated in more
common neurological diseases or impaired apoptotic sig-

naling (4, 7, 36, 37). Clinical features associated with
individual complex I deficiency also include encephalo-
myopathy, cardiomyopathy, cataracts, dementia, hepa-
topathy, and renal tubulopathy (38). We have not exam-
ined the impact of complex I deficiency in other organs,
which remains an interesting issue for us to explore. The
assembly process of complex I is poorly understood (39),
although a number of recent studies have increased our
understanding of the assembly of complex I in humans (9,
40). The only reported case of NDUFAF1 mutation in
human harbors two heterozygous mutations in exon 3 of
the NDUFAF1 gene, 1001A�C and 1140A�G (41). The
NDUFAF1 level in this patient was decreased to approx-
imately 10% of control values, and the level of steady-
state complex I was also reduced to about 30% of control
values. The activities of complexes II–IV were all normal.
The patient displayed cardioencephalomyopathy, visual
impairment, kyphoscoliosis, and mild intellectual handi-
caps. Interestingly, we did not observe any severe defects
in the heart of TR4�/ � mice from histological examina-
tion or echocardiography (data not shown). The discrep-
ancy might be explained by the fact that several other
complex I structure genes also show severe decreases in
this patient.

We also found reduced activity of the complex V in
TR4�/� mice, although further investigation is needed to
fully understand the molecular mechanism and the con-
sequence of this defect in TR4�/� mice. Complex V defi-
ciency in humans is mainly associated with the neurogenic
weakness, ataxia, and retinitis pigmentosa syndrome
(42), and Leigh syndrome (11). Are the skeletal muscle
defects in TR4�/� mice the combinational results of both
complex I and V defects? Further examination is needed
to clarify this issue.

We previously found increased oxidative stress in
TR4�/� mice (43). Considering that the election transport
chain is the major site generating oxidative species in cells
(44), the complex I defect we found here might account
for the increased oxidative stress in TR4�/� mice. Con-
sistent with our findings, patients with complex I defects
also showed higher oxidative stress (45). The higher ox-
idative stress could in turn hamper complex I activity
because mitochondria are susceptible to oxidative dam-
age (46), thus forming a vicious circle in the function of
complex I in TR4�/� mice.

In conclusion, our findings indicate that TR4 plays
important roles in the regulation of mitochondrial func-
tion via complex I assembly factor NDUFAF1. The loss of
TR4 results in defective skeletal muscle function due to
impaired mitochondrial function. Considering that the
genetic causes for more than 50% of human mitochon-
drial disease cases have not been identified, our finding
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suggests it might be necessary to also include TR4 in
future genetic screening for human mitochondrial disor-
ders. Targeting TR4 via small molecules to regulate mi-
tochondrial function may provide a potential direction in
the development of new therapeutic approaches for mi-
tochondrial disorders.

Materials and Methods

Mice care and sample collection
Generation, breeding, and genotyping of TR4�/� mice were

previously described (15). The original TR4�/� mice were of
C57/BL6/129 mixed background. TR4�/�mice were back-
crossed to C57/BL6 mice for five generations and used in this
paper. Continuous backcross to C57/BL6 background over ap-
proximately six to seven generations caused embryonic lethality
in TR4�/� mice. Unless specifically stated, male mice approxi-
mately 1 y old were used in this study. All blood and tissue
samples were taken from mice under resting stage in the morn-
ing. All experimental protocols were approved by the University
of Rochester University Committee on Animal Resources.

Cell culture, transfections, and luciferase assays
Primary myoblasts were isolated from 5-d-old pups. MEF

cells were isolated from embryonic d 14.5 (E14.5) embryos after
removal of the heads and all the internal organs, rinsed with
PBS, added 5 ml of DMEM, and passed through a 22-gauge
needle a few times to mince tissues. Cells were cultured in
DMEM supplemented with 10% fetal bovine serum and 100 U
ml�1 of penicillin-streptomycin mixture at 37 C in 5% CO2.
CV1 cells were cultured in 24-well plates (BD Falcon, Bedford,
MA), at a concentration of 105 cells per well, transfected with
1.2 �g DNA/well using SuperFect (QIAGEN, Chatsworth, CA).
The internal control plasmid pRL-TK (Promega Corp., Madi-
son, WI) was cotransfected in all transfection experiments. After
48 h transfection, the cells were harvested, and luciferase assays
were performed using the Dual-Luciferase kit (Promega). For
knockdown of TR4 in cells, we used retroviral delivery system
(pRetro-H1G; Cellogenetics, Ijamsville, MD), with AACGG-
GAGAAACCAAGCAATT as the targeted sequence.

Plasmid constructs
The construction of plasmid pCMX and pCMX-TR4 has

been described previously (47). pRL-TK (TK Renilla luciferase)
was purchased from Promega. For the NDUFAF1 promoter
luciferase (Luc) reporter, a total of 1001 bp human NDUFAF1
promoter sequence was amplified by PCR from human genomic
DNA using Pfx DNA polymerase (Invitrogen, Carlsbad, CA)
and put into pGL3 basic plasmid (Promega). The full-length
NDUFAF1 cDNA was cloned from human WPMY-1 cells and
constructed into pWPI vector.

Rotarod test
For determination of muscle weakness, a rotarod test was

performed. Mice at the age of 3 months were put on an accel-
erating rotarod, and their ability to remain on the rotating rod
was recorded. Each mouse was tested three times (18).

Strength and fatigability test
In brief, this test required the mice to pull themselves on top

of a suspended rod. The measurement of muscle weakness was
based on the mean percentage of passes over 15 trials of the test
in a 3-min period. Fatigability was assessed as the average pass
rate over time for each group of mice (19).

Treadmill test
Male wild-type (WT, TR4�/�) and TR4�/� mice were tread-

mill tested to measure their exercise capacity. All mice were
familiarized to run on a motorized rodent treadmill with an
electric grid at the rear of the treadmill (Exer-6M treadmill,
Columbus Instruments, Columbus, OH) 2 d before completing
an exercise performance test. For the performance test, the
treadmill was started at a speed of 9 m/min with a 0° incline.
After 9 min, the speed and incline were raised to 10 m/min and
5°, respectively, for the second stage of the test. Speed was then
increased by 2.5 m/min every 3 min to a maximum of 40 m/min,
and the incline progressively increased 5° every 9 min to a max-
imum of 15°. Exercise continued until exhaustion, defined as an
inability to maintain running speed despite repeated contact
with the electric grid (20). The exercise capacity for each mouse
was evaluated by cumulative running distance and aerobic
workload. The aerobic workload is the product of the vertical
running distance to exhaustion and body weight: Work per-
formed (J) � body weight (kg) � running speed (m/min) �
running time (min) � grade � 9.8 (J/kg � m) (48).

Muscle histological staining
The fresh muscle specimen was mounted on cork using

gum tragacanth with proper orientation. The specimen
was frozen by immersion into the isopentane cooled to liq-
uid nitrogen temperature. Tissues were sectioned using a
cryostat for cross-sections. H&E stain, modified Gomori
trichrome stain, SDH stain, and cytochrome c oxidase stain,
were performed for each sample following protocols from
http://neuromuscular.wustl.edu/lab/mbiopsy.htm#stain.

Electron microscopy
For electron-microscopic analysis, skeletal muscle tissues

from TR4�/� and TR4�/� mice were dissected in ice-cold fixa-
tive (4% glutaraldehyde in 0.1 M phosphate buffer;pH 7.4) and
fixed in 2.5% glutaraldehyde for 1 h and then in 0.6% glutar-
aldehyde in PBS. Tissues were then postfixed in 1% OsO4 in PBS
and embedded in Epon resin. Ultrathin sections were prepared
and stained with uranyl/lead using standard methods. Sections
(100 nm) were examined with a transmission electron micro-
scope for mitochondrial abnormalities and accumulation of fu-
sion vesicles on the subsarcolemmal membrane (49).

Plasma lactic acid determinations
Lactate content in plasma was determined by measuring the

oxidized 2,6-dichlorophenol-indophenol (DCPIP), which is re-
duced by phenazine methosulfate, which in turn is reduced by
NADH produced by lactate dehydrogenase, which oxidizes at
the same time lactate to pyruvate. The plasma were analyzed in
buffer S (10 mM KH2PO4, pH 7.8; 2 mM EDTA; 1 mg/ml BSA;
0.06 mM DCPIP; 0.5 mM phenazine methosulfate; 0.8 mM

NAD�; 1.5 mM glutamate; 10 U/ml glutamate-pyruvate-
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transaminase, and 25 U/ml lactate dehydrogenase) and DCPIP
oxidation was spectrophotometrically measured at 600 nm (50).

Isolation of mitochondria from skeletal
muscle tissues

Mitochondria were isolated from skeletal muscle tissues us-
ing a MITOISO1 Mitochondria Isolation Kit (Sigma-Aldrich,
St. Louis, MO) and following the manufacturer’s instructions.
In brief, the sample was quickly minced with scissors in isolation
buffer (200 mM mannitol; 70 mM sucrose; 1 mM EGTA; in 10
mM HEPES, pH 7.5). After suspension in buffer with 0.25
mg/ml trypsin, the minced samples were homogenized. The ho-
mogenate was centrifuged at 600 � g for 5 min. The supernatant
was recentrifuged at 11,000 � g for 10 min to obtain the final
mitochondrial pellet. The pellet was suspended in 100 �l of
storage buffer (250 mM sucrose, 1 mM ATP, 80 �M ADP, 5 mM

sodium succinate, 2 mM K2HPO4, and 1 mM dithiothreitol in 10
mM HEPES, pH 7.5).

Mitochondrial ATP generation assay
Mitochondrial ATP generation rate was determined right

after the isolation of mitochondria using a bioluminescence as-
say (Molecular Probes, Inc., Eugene, OR) and following the
manufacturer’s instructions. The luminescence change was cal-
culated from the difference between the readings at 0 min and 1
min in a TD-20/20 luminometer (Turner Designs, Mountain
View, CA), with the time of adding mitochondria as 0 min. The
ATP values were calculated using an ATP standard curve. The
mitochondrial protein concentrations were estimated using
the Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA).

Enzymatic activities of the respiratory complexes
Enzymatic activities of the respiratory complexes were mea-

sured following published literatures (51–53). NADH-ubiqui-
none oxidoreductase activity was assayed in 50 mmol/liter po-
tassium phosphate buffer (pH 7.7), 200 �mol/liter NADH, 2
mmol/liter KCN, and 90 �mol/liter decylubiquinone. Oxidation
of NADH was monitored at 340 nm with a mmol/liter extinc-
tion coefficient of 6.2 for NADH. After 4 min, 1.0 �l 1 mmol/
liter rotenone was added, and the absorbance was measured
again at 30-sec intervals for 4 min. Succinate ubiquinone oxi-
doreductase activity was assayed in 80 �M DCPIP, 4 �M rote-
none, 0.2 mM ATP, 10 mM succinate, and 80 �M decylubiqui-
none. The decrease in absorbance resulting from the reduction
of DCPIP was monitored at 600 nm. Ubiquinol cytochrome c
reductase was assayed in 80 mM decylubiquinol, 240 �M KCN,
4 �M rotenone, 200 �M ATP, and 40 �M oxidized cytochrome c.
The increase in absorbance resulting from the reduction of cy-
tochrome c was monitored at 550 nm. Complex V activity (ATP
hydrolysis) can be measured spectrophotometrically by a cou-
pled assay using lactate dehydrogenase and pyruvate kinase as
the coupling enzyme. Reaction was started by adding mitochon-
dria into 200 �l 50 mM Tris, pH 8.0; 5 mg/ml BSA; 20 mM

MgCl2; 50 mM KCl; 15 �M carbonyl cyanide m-chlorophenyl
hydrazone; 5 �M antimycin A; 10 mM phosphoenol pyruvate;
2.5 mM ATP; 4 U of lactate dehydrogenase and pyruvate kinase;
and 1 mM NADH. Oligomycin (3 �M) was added and the reac-
tion was followed for an additional 3 min to distinguish the
ATPase activity coupled to the respiratory chain, after which the
increase in absorbance at 340 nm resulting from NADH oxida-
tion was determined. Citrate synthase activity was measured as

described previously (54). Each measurement was performed
three times.

ChIP assay
ChIP assays were performed in H1299 cells as previously

described (55). Immunoprecipitations were performed at 4 C
overnight, with 2 �g monoclonal antibody no. 15, which were
generated using NH2 termini of TR4 as an antigen (AndroSci-
ence, San Diego, CA).

Real-time PCR quantification (Q-PCR) of gene
expression

For RT-PCR and Q-PCR analysis of the mRNA expression
of TR4 and mitochondrial disease-related genes, total RNA was
isolated from TR4�/� and TR4�/� mouse skeletal muscles, and
from primary myoblast cultures using TRIzol reagent (Invitro-
gen). Q-PCR amplifications of reverse-transcribed first-strand
DNA samples were performed using the iCycler iQ PCR cycler
(Bio-Rad Laboratories). The relative abundance of target
mRNA was quantified relative to the control GAPDH gene
expression from the same reaction.

Statistical analysis
The data are presented as mean � SD. Student’s t test was

used for comparisons between experimental groups. P � 0.05
was considered statistically significant.
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