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Adenine nucleotide translocator (ANT) is a mitochondrial protein involved in the exchange of
ADP and ATP across the mitochondrial inner membrane. It plays a crucial role in cellular energy
metabolism by facilitating the transport of ATP synthesized within the mitochondria to the
cytoplasm. The isoform ANT1 predominately expresses in cardiac and skeletal muscles. Muta-
tions or dysregulation in ANT1 have been implicated in various mitochondrial disorders and
neuromuscular diseases. We aimed to examine whether ANT1 deletion may affect mitochondrial
redox state in our established ANT1-deficient mice. Hearts and quadriceps resected from
age-matched wild type (WT) and ANT1-deficient mice were snap-frozen in liquid nitrogen.
The Chance redox scanner was utilized to perform 3D optical redox imaging. Each sample
underwent scanning across 3—5 sections. Global averaging analysis showed no significant differ-
ences in the redox indices (NADH, flavin adenine dinucleotide containing-flavoproteins Fp, and
the redox ratio Fp/(NADH+Fp) between WT and ANT1-deficient groups. However, quadriceps
had higher Fp than hearts in both groups (p = 0.0004 and 0.01, respectively). Furthermore, the
quadriceps were also more oxidized (a higher redox ratio) than hearts in WT group (p = 0.004).
NADH levels were similar in all cases. Our data suggest that under non-stressful physical con-
dition, the ANT1-deficient muscle cells were in the same mitochondrial state as WT ones and
that the significant difference in the mitochondrial redox state between quadriceps and hearts
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found in WT might be diminished in ANT1-deficient ones. Redox imaging of muscles under

physical stress can be conducted in future.

Keywords: ANT1; redox ratio; flavoproteins.

1. Introduction

Adenine nucleotide translocator (ANT) is a protein
found in the mitochondria that facilitates the
exchange of adenosine diphosphate (ADP) and
adenosine triphosphate (ATP) across the inner
membrane. This crucial function supports cellular
energy metabolism by transporting cytoplasmic
ADP into mitochondria and ATP synthesized
within the mitochondria to the cytoplasm. ANT has
four isoforms in human, ANT1, ANT2, ANT3, and
ANT4,"? but only three in mice, i.e., ANT1, ANT2,
and ANT4.*° ANT1 is primarily expressed in car-
diac, skeletal muscles, and brain, with detectable low
levels in other tissues. Dysregulation or mutations in
ANT1 have been associated with a range of mito-
chondrial disorders and neuromuscular diseases, such
as autosomal dominant progressive external oph-
thalmoplegia, mitochondrial myopathy, and cardio-
myopathy as well as exercise intolerance.”®
Previously, we created a global ANT1 “knockout”
mice model to study the relevant mitochondrial dis-
eases.” This model showed ragged-red muscle fibers, a
dramatic proliferation of mitochondria in skeletal
muscle, and cardiac hypertrophy with mitochondrial
proliferation. Mitochondria isolates from mutant
skeletal muscle exhibited a severe defect in coupled
respiration. However, the mitochondrial redox state
of ANT1 mutant muscles has not been characterized.
The present optical redox imaging study aimed to
examine at the tissue level whether ANT1 deficiency
may significantly alter the mitochondrial redox state
that regulates ATP generation. The redox pairs
nicotinamide adenine dinucleotide (NAD*/NADH)
and flavin adenine dinucleotide (FAD/FADH,) are
essential co-enzymes in mitochondria that facilitate
ATP generation thus regulating energy metabolism
and mitochondrial reactive oxygen species (ROS)
balance. FAD-containing flavoproteins (Fp) and
protein-bound NADH are mainly found in mito-
chondria and are intrinsically fluorescent and emit
green and blue photons, respectively, upon excitation
at proper wavelengths; whereas NAD* and FADH,
do not emit fluorescence. By imaging the intrinsic
fluorescence of NADH and Fp, the optical redox

imaging technique (ORI) can determine the levels of
mitochondrial NADH and Fp and the mitochondrial
redox state as represented by the redox ratio Fp/
(NADH+Fp). The redox ratio also serves as an in-
dicator of the cellular metabolic state and was found
to correlate linearly with the intracellular redox ratio
NAD*/(NADH+NAD™) in vitro.”'° A lower value
of Fp/(NADH+Fp) suggests a more reduced state,
whereas a higher value suggests a more oxidized
state. The Chance redox scanner uniquely allows the
imaging of NADH and Fp fluorescence in tissues in
3D under liquid nitrogen temperature''™'* and has
found wide applications to study tissue metabolic
state under normal or pathological state.'*'> The
present study employed the Chance redox scanner to
examine snap-frozen heart tissues and quadriceps.
Our study did not identify a significant change in the
mitochondrial redox state associated with ANT1
deletion but did reveal that cardiac muscle cells were
in a more reduced state than skeletal muscle cells in
wild type (WT) mice but not in ANT1-deficient mice.

2. Materials and Methods

Age (3-4 months)-paired in-house bred mice of WT
and ANT1 null on a C57BL background* were pro-
vided by the Wallace lab at the Children’s Hospital
of Philadelphia. The protocols and handling of the
animals were approved by the Institutional Animal
Care and Use Committee at both the Children’s
Hospital of Philadelphia and the University of
Pennsylvania. Within several hours after being re-
ceived, the mice were sacrificed by cervical disloca-
tion immediately followed by open-chest surgery for
obtaining the heart and then the quadriceps. Im-
mediately after removal from the body, the organs/
tissues were snap-frozen using liquid nitrogen.
The period between cervical dislocation and freezing
of the excised heart and quadriceps ranged from
2—4 min to 5-6 min, respectively (Fig. 1(a)).

Sample preparation and redox scanning utilizing
the Chance redox scanner have been described in
our previous works.!”!¢ Briefly, the snap-frozen
tissues were embedded in chilled mounting medium
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Fig. 1. Tissue harvest, cryopreservation, and sample prepa-
ration for ORI. (a) Tissue harvest protocol; (b) Image of a
tissue sample prepared with NADH and FAD reference stan-
dards placed next to it.

with the reference standards of FAD and NADH
(100 uM in PBS) embedded adjacently to the tissue
sample (Fig. 1(b)) and stored in liquid nitrogen
pending redox scanning. For redox scanning with
the Chance redox scanner, the embedded tissue
with adjacent reference standards were first milled
flat and exposed for raster scanning. Each tissue
sample was then scanned 3-5 sections spacing 200—
400 pm with an in-plane resolution of 200 ym.

The raw redox imaging data were first processed
by a customized computer algorithm using Matlab®
to obtain the images of nominal concentrations of
Fp and NADH in reference to the embedded stan-
dards. The redox ratio images were generated pixel-
by-pixel using the Fp and NADH concentration
images. Global averaging was performed to obtain
the mean value and the standard deviation (SD) of
each redox index for each section. The mean values
and the SDs were then averaged across all sections
to obtain the values for the individual mouse and
reported as one independent measurement. The
difference in the redox indices (both mean values
and SDs) between groups was compared via ordi-
nary one-way ANOVA and the p values were ad-
justed by performing Bonferroni’s multiple
comparisons test using Prism 9 (GraphPad). P <
0.05 was considered statistically significant.

3. Results

The representative redox images are shown in
Fig. 2. Imaging quantification shows that there was
no significant change in either Fp, NADH, or the
redox ratio due to ANT1 deletion (Fig. 3). However,
comparing between different tissues of the same
genotype, we found quadriceps had higher Fp levels
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than hearts in both genotypes with p = 0.0004 for
WT and 0.01 for ANT1-deficient group. NADH, on
the other hand, were similar in all cases for both
genotypes. In WT mice, the redox ratio Fp/(NADH
+Fp) was higher in quadriceps than in heart tissues
(p =0.004), indicating a more oxidized state in
skeletal muscles. However, in mutant mice, the
redox ratio difference between heart and quadriceps
tissues was not significant (p = 0.8).

We also analyzed intra-tissue redox heterogene-
ity as represented by the SD of a specific redox
index in the z —y plane. However, we did not
identify a significant difference either between gen-
otypes or between heart and quadriceps within ge-
notype (Fig. 4).

4. Discussion

We previously showed that ANT1-deficient skeletal
muscles had significant histological and ultrastruc-
tural differences compared to WT.* Furthermore,
ANT1-deficient mice exhibited severe exercise in-
tolerance with striking difference in the respiratory
exchange ratio (VCO,/VO,) whereas WT mice
have constant VCO,/VO, during exercise; ANT1-
deficient mice have a declined VO, resulting in an
increasing VCO,/VO, at increasing levels of work.*
We then found that the ANT1 knockout gastroc-
nemius had increased mitochondrial respiration
compared to WT because the muscle was compen-
sating by over proliferation of mitochondria. Yet,
when oxygen consumption was normalized to mi-
tochondrial citrate synthase activity the respiration
defect in ANT1 mice was severe.” Recently we dis-
covered that exercise intolerance of ANT1-deficient
mice was partially due to NAD™ limitation in
skeletal muscle, which could be alleviated by NAD
supplementation.® In the study, NAD ™ levels in the
gastrocnemius muscle were quantified with NAD
cyclin assay and reduced NAD™ level was revealed
in ANT1-deficient muscle but the NAD+/NADH
ratio was the same between WT and mutant muscle
in either resting or exercise state. This is consistent
with the finding in our present imaging study that
no significant difference was observed in the redox
ratio between WT and ANT1-deficient muscles.
Our imaging results reported here indicate that
under normal non-stressful condition, the mutant
muscle cells of both quadriceps and hearts can
maintain the same mitochondrial redox state as WT
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Fig. 2. The representative redox images of quadriceps (Quad) and hearts from both WT and ANT1-deficient (ANT1~/~) mice.
The color bars of Fp and NADH images indicate the nominal concentrations with red being more concentrated. The small round
spots in the mutant quadricep images are the solution standards of either Fp or NADH. The color bars of the redox ratio images
indicate the values of Fp/(NADH+Fp). The numbers along the z and y axes represent the spatial coordinates in pixels. All images
have a spatial resolution of 200 pm.
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Fig. 3. Quantitative analysis of the redox indices between Fig. 4. The redox heterogeneity indices as represented by the
genotypes and between heart and quadriceps within genotype. SDs in the z — y plane show no significant difference between
Mean + SEM, where n = 8/genotype. *p < 0.05, **p < 0.01, genotypes or between heart and quadriceps within genotype,
***p < 0.001. Mean + SEM, where n = 8/genotype.
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muscle cells. Furthermore, for both genotypes, our
analysis showed that the skeletal muscle had a sig-
nificantly higher Fp level than the heart, suggesting
a higher ROS level and/or more active mitochon-
drial metabolism in the skeletal muscle cells. Our
analysis also showed a significantly larger Fp/
(NADH+Fp) of quadriceps than that of the heart in
WT but not in ANT1-deficient mice, suggesting the
significant difference in the mitochondrial redox
state between quadriceps and hearts found in WT
might be diminished by ANT1 deletion. Redox
imaging of muscles under physical stress can be
carried out in future.

Intra-tissue heterogeneity can be quantified to
reveal important biological/pathological informa-
tion when the mean values quantified by global
averaging fail to do s0.'%7'® For example, in one of
our previous studies, we used the SDs of the redox
indices to represent intra-pancreas redox heteroge-
neity and Gaussian curve fitting analysis of the
redox ratio histograms of pancreatic tissues.'® Both
heterogeneity analyses revealed that the PTEN null
pancreases had significantly higher intra-tissue
heterogeneity in the redox ratio than the control
ones despite that their mean redox ratios were
similar. In this study, as the tissue samples, espe-
cially the quadriceps showed apparent intra-tissue
redox heterogeneity, we used the SD of a specific
redox index in the x —y plane to represent the
intra-tissue redox heterogeneity and performed
statistical analysis, which yielded no significant
difference either between or within genotypes.

5. Conclusions

Our optical redox imaging of the heart and skeletal
muscle did not find a significant difference in the redox
indices (NADH, Fp and the redox ratio Fp/(NADH
+Fp)) between WT and ANT1-deficient mice under
physical stress-free condition. In both genotypes, our
analysis showed higher Fp in the skeletal muscle than
that in the heart. Additionally, WT skeletal muscle
was more oxidized than the heart, but this difference
was diminished due to ANT1 deletion.
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