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(Bacl(ground: Mitochondrial health is difficult to assess in vivo.

conditions.
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Results: We have generated a reporter gene, MitoTimer, which targets mitochondria, and fluoresces green and shifts to red
when oxidized, for assessment of mitochondrial content, structure, stress, and damage under physiological and pathological

Conclusion: MitoTimer is useful for assessment of mitochondrial health in vivo.
Significance: MitoTimer could advance mitochondrial research in multiple disciplines.

N

J

Mitochondrial dysfunction plays important roles in many dis-
eases, but there is no satisfactory method to assess mitochondrial
health in vivo. Here, we engineered a MitoTimer reporter gene
from the existing Timer reporter gene. MitoTimer encodes a mito-
chondria-targeted green fluorescent protein when newly synthe-
sized, which shifts irreversibly to red fluorescence when oxidized.
Confocal microscopy confirmed targeting of the MitoTimer pro-
tein to mitochondria in cultured cells, Caenorhabditis elegans
touch receptor neurons, Drosophila melanogaster heart and indi-
rect flight muscle, and mouse skeletal muscle. A ratiometric algo-
rithm revealed that conditions that cause mitochondrial stress led
to a significant shift toward red fluorescence as well as accumula-
tion of pure red fluorescent puncta of damaged mitochondria tar-
geted for mitophagy. Long term voluntary exercise resulted in a
significant fluorescence shift toward green, in mice and D. melano-
gaster, as well as significantly improved structure and increased
content in mouse FDB muscle. In contrast, high-fat feeding in mice
resulted in a significant shift toward red fluorescence and accumu-
lation of pure red puncta in skeletal muscle, which were completely
ameliorated by voluntary wheel running. Hence, MitoTimer allows
for robust analysis of multiple parameters of mitochondrial health
under both physiological and pathological conditions and will be
highly useful for future research of mitochondrial health in multi-
ple disciplines in vivo.

Mitochondrial dysfunction, e.g. reduced respiratory function
and increased production of reactive oxygen species (ROS),?
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features prominently in cardiovascular, metabolic, and neuro-
degenerative diseases, and other pathological conditions (1-9).
Despite the importance of mitochondrial dysfunction in a myr-
iad of pathological conditions, very few effective drugs and
interventions are available for their prevention and treatment.
One effective intervention to improve mitochondrial quality
and quantity is healthy lifestyle interventions, in particular reg-
ular exercise (10-13). Our understanding of the mechanisms
underlying the pathologies of the diseases and the benefits of
exercise is obscure due to a lack of a reliable technology for a
robust assessment of mitochondrial health in vivo.

Several fluorescence-based reporter genes have recently
been developed for monitoring mitochondrial ROS production
and redox state (14—17). Wolf et al. (14) developed mitochon-
dria-targeted roGFP for assessing changes of redox state, which
has been used in Drosophila (15). Two other reporter genes,
HyPer and mt-cpYFP, have also been developed to detect H,O,
and superoxide in mitochondria, respectively (16, 17). These
reagents are extremely useful for real-time measurement in cul-
tured cells as they report instant changes in ROS production
and redox state, but cannot be readily used for in vivo measure-
ments because the readouts change instantaneously. Transmis-
sion electron microscopy is currently used for assessing mito-
chondrial quantity and structural integrity in whole organisms;
however, the use of transmission electron microscopy is limited
due to the high monetary and labor costs and the contingency
on specialized equipment. It is therefore of great value to
develop tools for assessing mitochondrial health with the ability
to trace their history.

To this end we engineered a pMitoTimer reporter gene by
targeting a fluorescent Timer protein to mitochondria by add-
ing the mitochondrial targeting sequence of the cytochrome c

diet; OCR, oxygen consumption rate; DsRed, Discosoma red fluorescent
protein.
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oxidase subunit VIII gene to the N terminus of the coding
region of Timer, under control of the constitutive CMV pro-
moter. Timer encodes a DsRed mutant (DsRed1-E5) that fluo-
resces like green fluorescence protein when newly synthesized,
and shifts the fluorescent spectrum irreversibly to red (18) fol-
lowing a form of oxidation (dehydrogenization) of the Tyr-67
residue (19, 20). This physical property in a biological environ-
ment makes it suitable for reporting the age of proteins and cells
(18), and thus was named “Timer.” Recently, Ferree et al. (21)
and Hernandez et al. (22) have used inducible MitoTimer
reporter to show its usefulness in cell culture to report changes
in mitochondrial turnover and transport. Because the fluores-
cence spectrum shifts upon oxidation, we predicted that
MitoTimer driven by a constitutively active promoter would
report cumulative redox history of the labeled mitochondria.
We also provide additional value by using MitoTimer in vivo in
transgenic Caenorhabditis elegans and Drosophila melano-
gaster as well as following somatic gene transfer in adult mouse
skeletal muscle.

Here we have validated the reporter properties and con-
firmed that MitoTimer could be used to report mitochondrial
content, structure, stress, and damage iz vivo under physiolog-
ical and pathological conditions. We also used MitoTimer to
address a biological question of whether exercise training was
protective against HFD-induced mitochondrial damage in
mouse skeletal muscle. Our findings provide morphological
evidence demonstrating HFD-induced mitochondrial defects
in vivo using two independent methods (transmission electron
microscopy and MitoTimer fluorescence), and the benefits of
exercise training for mitochondrial health. This reporter gene
can be potentially used in multiple disease models, and its appli-
cations, beyond this study, will likely lead to advancement in
multiple disciplines of mitochondrial health research.

EXPERIMENTAL PROCEDURES

Plasmid DNA Construct—We constructed pMitoTimer by
inserting the BamHI-NotI fragments of pTimer-1 (Clontech)
into pDsRed2-Mito (Clontech) vector digested with BamHI and
NotI using T4 ligase (New England Biolabs) following DNA
isolation by using the Qiaex II gel extraction kit (Qiagen). The
mitochondrial targeting sequence of the human cytochrome ¢
oxidase subunit VIII gene from pDsRed2-Mito was then fused
to the mutant DsRed1-E5 on the N terminus. Bacterial colonies
were screened using a Qiaprep Spin Miniprep Kit (Qiagen) with
restriction mapping and transfection in C2C12 myoblasts to
confirm the correct construction of the plasmid DNA. Plasmid
DNA pLamp1-YFP was purchased (Addgene).

Mpyoblast Transfection—Mouse C2C12 myoblasts were cul-
tured on glass coverslips in normal growth medium (Dulbecco’s
modified Eagle’s medium with high glucose containing 20%
fetal bovine serum) and maintained at 37 °C with 5% CO,. The
cells were transfected with pMito Timer, p Timer, pDsRed-Mito,
PpGFP3, or the empty vector, pCl-neo (Promega). Briefly, the
cells were incubated with a mixture of 1 ug of plasmid DNA and
3 ul of Lipofectamine (Invitrogen) in Opti-MEM media for 5 h
at 37 °C before changing to normal growth medium with an
overnight incubation. The cells were washed with PBS twice
and fixed with 4% paraformaldhyde for 15 min on ice followed
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by 2 X 5-min washes with ice-cold phosphate-buffered saline
(PBS). The coverslips were mounted on glass slides, and images
were acquired by confocal microscopy (Olympus) for both
green (excitation/emission 488/518 nm) and red (excitation/
emission 543/572 nm) channels.

Western Blotting—Mitochondrial and cytosolic fractions
were isolated from transfected C2C12 myoblasts using a mito-
chondrial isolation kit (Thermo Fisher Scientific Inc.). These
fractions were subjected to SDS-PAGE and transferred onto
PVDF membrane. The membrane was probed with the follow-
ing primary antibodies: rabbit anti-DsRed (Clontech), mouse
anti-COX IV (Invitrogen), and mouse anti-GAPDH (Cell Sig-
naling). Secondary antibodies were goat anti-mouse IR680 and
goat anti-rabbit IR800 (LICOR). Membranes were scanned
using the Odyssey infrared imaging system (LICOR).

Drug Treatment of Transfected Cells—pMitoTimer-trans-
fected C2C12 myoblasts were treated with 10 um rotenone
(electron transport chain complex I inhibitor; Sigma), 100 nm
antimycin A (complex I inhibitor; Sigma), or 100 uMm paraquat
(mitochondrial ROS producer primarily through complex I) in
normal growth medium for 6 h. In experiments using diethyl-
enetriamine-nitric oxide, cells were pre-treated with 200 um
diethylenetriamine-NO for 1 h prior to co-treatment with
either antimycin A or dimethyl sulfoxide for 6 h. Cells were
fixed and mounted immediately following drug treatment for
confocal microscopy analysis. To assess the effect of the drug
treatment to mitochondrial function, C2C12 myoblasts were
treated with the same drugs for 6 h prior to measurement of the
oxygen consumption rate (OCR) using a Seahorse XF-24 Flux
Analyzer (Seahorse Biosciences, Billerica, MA). Briefly, prior to
the assay, the media was changed to 5 mm HEPES-buffered
Seahorse medium (Invitrogen) (pH 7.4) and equilibrated for 30
min at 37 °C. Oligomycin (Oligo, 1 um), BAM15 (23) (2 um),
and rotenone and antimycin A (1 and 10 uM, respectively) were
injected sequentially during the assay, whereas OCR was mea-
sured at 3-min intervals. OCR was normalized to «-Tubulin
protein abundance in harvested cells following completion of
the assay. Basal mitochondrial OCR, ATP-linked OCR, and
reserve capacity were calculated.

D. melanogaster Strains and Drug Treatment—Wild type
(w''®) and Mef2-Gal4 fly lines were obtained from the Bloom-
ington Drosophila Stock Center (Indiana University, IN). Flies
were housed in a humidified, temperature-controlled incuba-
tor at 25°C on a 12:12-h light-dark cycle. To generate the
MitoTimer transgenic fly line, the coding region of MitoTimer
was subcloned into pUAS vector. A UAS-MitoTimer transgenic
fly line was established commercially (Genetic Services, Inc.).
UAS-MitoTimer flies were crossed with Mef2-Gal4 to obtain
Mef2-Gal4d>UAS-MitoTimer flies. Adult female flies were col-
lected under light CO, anesthesia and transferred to fresh
medium every 2—-3 days (20 per vial). To induce oxidative stress
in Drosophila, we prepared the drugs as following. Antimycin A
was dissolved in 100% ethanol at 1 mm and then added to 5%
sucrose at 0.1 mM. Paraquat was dissolved in water at 100 mm
and added to 5% sucrose at 10 mm. These two drugs were
administered to adult flies (20 days old) 24 h after 6 h of fasting
as described by Lee et al. (24). Rotenone was first dissolved in
dimethyl sulfoxide at 4 mm, added to freshly made fly food at
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60 °C at 0.4 mm, and used to feed the flies for 4 days after 6 h of
fasting (25).

Exercise Training and Negative Geotaxis Assays in Flies—Ex-
ercise training of UAS-MitoTimer:Mef2-Gal4 flies were per-
formed according to a previously reported method (26). Nega-
tive geotaxis was assessed in Rapid Negative Geotaxis (RING)
assays in groups of 100 flies as described (27). Flies were tested
5 times per week for 5 weeks to assess the decline in negative
geotaxis speed with age. Climbing endurance was measured
using the fatigue assay as previously described (28).

Imaging Acquisition of Adult Fly Heart—Adult fly hearts

were dissected according to an established method (29) and
fixed in 4% paraformaldehyde for 20 min. Confocal Z-stack
images were obtained within abdominal segment A1 with a set
of fixed acquisition parameters. One set of images per heart,
both green (excitation/emission 488/518 nm) and red (excita-
tion/emission 543/572 nm) channels, were selected for analysis
that was 6 —8 nm from the top section.
C. elegans Experiments—P,,. ;MitoTimer was constructed
by digesting pPD57.56 with BamHI and Nhel and inserting a
PCR fragment that contained the DsRed-2 mitochondrial por-
tion of pTimer-1 also cut with BamHI and Nhel. The sequence-
confirmed plasmid was injected into wild type C. elegans to gener-
ate strain ZB4043 bzEx217[P,,, smCherry; P, ;MitoTimer] in
which MitoTimer was expressed in 10 neurons including the
touch receptor neurons. We imaged using a Zeiss Axoivert
200M upright microscope with deconvolution.

Mouse Model—Male C57BL/6] mice (7—8 weeks old) were
obtained commercially (Jackson Laboratory) and housed in
temperature-controlled (21 °C) quarters with a 12:12-h light-
dark cycle and water and chow (Purina) provided ad libitum.
All experimental protocols were approved by the University of
Virginia, Institutional Animal Care and Use Committee.
pMitoTimer and pLampI-YFP transfection by somatic gene trans-
fer in the adult mouse FDB muscle was performed as previously
published (30). Briefly, the mice were anesthetized (isofluorane)
and the base of each hind limb foot, where the flexor digitorum
brevis (FDB) muscle is located, was injected with 10 ul of hya-
luronidase (0.36 mg/ml; Sigma) subcutaneously. One h later,
the mice were anesthetized a second time and the FDB injected
with 20 ug of pMitoTimer in saline. In the case of co-transfec-
tion, pMitoTimer and pLampI-YFP were mixed in a 1:1 ratio,
and 20 ug of plasmid DNA was injected. Following another 10
min, a pair of gold-plated acupuncture needles were inserted
under the skin at the heel of the foot and the base of the toes
parallel to each other and perpendicular to the long axis of the
foot. Ten pulses with 20 ms duration at 1 Hz and 75 V/cm were
applied to each foot.

Diet and Exercise Interventions—Following somatic gene
transfer, the mice were allowed to recover for 10 days and were
then allocated to one of the following groups (n = 6); sedentary
normal chow (NC-Sed), sedentary with 60% high-fat diet
(HFD-Sed); Research Diets Inc.), voluntary wheel running with
NC (NC-Ex), or voluntary wheel running with 60% HFD (HFD-
Ex) for 3 weeks. In a separate experiment, the mice (n = 6) were
allocated to either sedentary (Sed) or voluntary wheel running
(Ex) for 6 weeks. All mice were housed individually in cages
with running wheels, and the running wheels were locked for
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the mice allocated to the sedentary groups. At the end of the
studies, all mice were humanely sacrificed under anesthesia,
and FDB muscles were carefully excised and immediately fixed
in 4% paraformaldehyde for 20 min.

Immunofluorescence—For detection of Cox4, pMitoTimer-
transfected FDB muscles were processed for paraffin embed-
dingas described (31). Briefly, harvested muscles were placed in
10% formalin at room temperature overnight. Samples were
transferred to 70% ethanol before being paraffin-embedded and
sectioned by a microtome. The sections were incubated in a dry
37 °C incubator overnight before being deparaffinized and
rehydrated in a series of xylene and ethanol washes. Muscle
sections (5 wm) were then washed for 10 min in Tris-buffered
saline (TBS) with 0.1% Tween 20, followed by incubating with
blocking buffer (10% normal goat serum in TBS) for 2 h at room
temperature. Sections were incubated with mouse anti-Cox4
antibody (Invitrogen A21348, 1:100) in TBS overnight at 4 °C,
washed for 10 min in 0.1% Tween 20 TBS, and incubated for 1 h
at room temperature with goat anti-mouse Cy5 antibody (Jack-
son 115-175-146, 1:50) followed by mounting with Pro-Long
Gold Antifade Reagent (Invitrogen) for confocal microscopy.

For detections of LC3, pMito Timer-transfected FDB muscles
were immediately fixed in 4% paraformaldehyde for 20 min and
incubated overnight in PBS with 0.2% saponin at 4 °C. Muscles
were then incubated in blocking solution (PBS with 0.5% BSA,
0.2% saponin, 3% normal goat serum, and 3% normal rat serum)
for 1 h at room temperature, followed by overnight incubation
with rabbit anit-LC3 (Novus Biologics, NB100-2220; 1:300) in
blocking solution at 4 °C. Following 5 X 20-min washes in PBS
with 0.2% saponin, muscles were incubated with goat anti-
rabbit Cy5 antibody (Jackson 111-175-144, 1:200) for 2 h at
room temperature and washes were repeated. Muscles were
then whole mounted and imaged by confocal microscopy as
described.

Confocal Microscopy—Immediately following fixation (de-
scribed above) the muscles were whole mounted on gelatin-
coated glass slides with 50% glycerol in PBS with a coverslip.
MitoTimer images were acquired at X100 magnification under
a confocal microscope (Olympus Fluoview FV1000) using the
green (excitation/emission 488/518 nm) and red (excitation/
emission 543/572 nm) channels with identical predetermined
acquisition parameters for all samples to ensure no saturation
of the signals and similar intensity of the green and red channels
in control samples. Lamp1-YFP images were acquired using the
yellow channel (excitation/emission 515/527 nm), whereas
LC3 and Cox4 immunofluorescence (Cy5) was detected in the
far-red spectrum (excitation/emission 635/672 nm).

Ratiometric Analysis—MitoTimer signals were analyzed
using our custom-designed Matlab-based algorithm. Briefly,
positive pixels were thresholded at a value of 1.5 times the mean
gray value of the above background pixels for each channel.
This made the threshold robust against differences in fiber size
between images. Saturated pixels (gray level = 255) were
removed from analysis. In addition, the pixels with a red to
green ratio of >2.5 were removed for the ratiometric analysis.
The ratio of red to green was calculated as a mean value of
red to green ratio for all the remaining positive pixels in the
image (Fig. 2¢). The number of red dots in the images was
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calculated by counting areas with clusters of =5 pixels with
high fluorescence signal (>175) and a red to green ratio of
>2.5. The red dot counting was done on images including
saturated pixels (Fig. 2d).

Transmission Electron Microscopy—Transmission electron
microscopy was performed as previously described (32).

Statistical Analysis—The data were analyzed using a t test or
one-way analysis of variance with Student’s Newman-Kuels
post hoc where appropriate. Data are presented as mean *+ S.E.
and statistical significance was set at p < 0.05.

RESULTS

MitoTimer Protein Targets to Mitochondria and Displays
Heterogeneous Green and Red Fluorescence—We engineered
the MitoTimer reporter gene to target the oxidation-sensitive
Timer protein to mitochondria. To confirm the subcellular
location, we transiently transfected C2C12 myoblasts with
plasmid pMitoTimer (Fig. 1a) and compared the expression
pattern with those of pGFP3, pDsRed-Mito, and p Timer-1 (Fig.
1b). Cells transfected with pMito Timer showed typical mitochon-
drial network structures (Fig. 1a) identical to those transfected
with pDsRed-Mito (Fig. 1b). Cells transfected with pMitoTimer
also showed heterogeneous green and red fluorescence (Fig. 1a,
panel labeled Merge), similar to that of p Timer-1 (Fig. 1b). Mito-
chondrial targeting of the protein was further confirmed by
Western blot of the mitochondrial and cytosolic fractions of
C2C12 myoblasts transiently transfected with pMitoTimer
compared with cells transfected with an empty vector, pCI-neo
(Fig. 1c). MitoTimer protein was highly enriched in the mito-
chondrial fraction as probed by anti-DsRed antibodies (Fig. 1c).
To validate these findings in vivo, we generated transgenic C.
elegans with touch neuron-specific expression under control of
the neuron-specific promoter mec-4 and observed green and
red mitochondria in the soma and distributed through the sen-
sory neuron process (Fig. 1d), which is similar to mitochondrial
targeted standard GFP as reported previously (33). We also
generated UAS-MitoTimer transgenic flies and crossed with
Mef2-Gal4 transgenic flies to generate Mef2-Gal4>UAS-Mito-
Timer flies with muscle expression (34). Confocal microscopy
showed mitochondrial structure identical to that obtained in
Mef2-Gal4>UAS-Mito-GFP flies not only in adult heart tube
(Fig. 1, e and f), but also in other muscles, such as indirect flight
muscle and larval body wall muscle (Fig. 1, gand /). There were
variable green and red fluorescence in different regions of the
heart tube. In addition, we detected pure red fluorescent
puncta, which were often disconnected from, but in close prox-
imity to, the mitochondrial reticulum (Fig. le).

To further validate the use of the MitoTimer reporter gene in
vivo, we performed electric pulse-mediated gene transfer in
adult mouse FDB muscle followed by whole mount confocal
microscopy. FDB muscle fibers transfected with pMitoTimer
showed a striking sarcomeric striation pattern at low magnifi-
cation (Fig. 17) identical to that in FDB muscle transfected with
pDsRed-Mito (Fig. 1j). High magnification images showed
labeling of inter myofibrillar mitochondria on each side of the
Z-line as well as subsarcolemmal mitochondria with streaking
patterns (Fig. 1i). These patterns have also been shown by the
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mitochondria-targeted reporter gene mt-cpYFP (35). Mito-
chondria targeting of the MitoTimer protein was further con-
firmed by co-localization of fluorescence with immunofluores-
cence staining of Cox4 (Fig. 1k). Similar to the fly heart tube, we
also detected pure red puncta in mouse skeletal muscle trans-
fected with pMitoTimer and confirmed that they were often
positive for Cox4, suggesting that they are of mitochondrial
origin and are likely degenerative mitochondria (Fig. 1k). In
addition we found that some red puncta and yellow fluorescent
subsarcolemmal mitochondria co-localized with LC3 immuno-
fluorescence, a marker for autophagasome (Fig. 1/), as well as a
YEP signal from pLamp1-YFP transfection (Fig. 1m), a maker of
lysosome. The findings strongly suggest that red puncta were
mitochondria targeted for removal from the cell via autophagy.
Quantification of Fluorescence Spectrum Shift and Pure Red
Puncta—We developed a Matlab-based automated image anal-
ysis platform for quantification of fluorescence of each channel
that was acquired with the same parameters of laser intensity
and scanning speed for all samples under the confocal micro-
scope. In the case of transfected FDB muscles, this Matlab-
based computer algorithm segmented the muscle fiber and
identified MitoTimer positive pixels within the fiber using a
threshold value of 1.5 times the mean gray value above back-
ground pixels for each channel (Fig. 2, 2 and b). This processing
controlled for differences in fiber number and size between
images. The shift of the fluorescence spectrum was calculated
by taking the ratio of red to green fluorescence intensity of each
of the positive pixels (Fig. 2¢). The algorithm also quantified the
number of pure red puncta (Fig. 2d), which were defined as
more than 5 pixels in contact with each other with a high fluo-
rescence signal (>175) and a red to green ratio of >2.5. With
this automated image analysis algorithm we were able to quan-
titatively characterize the fluorescent properties of MitoTimer
signals in various model systems quickly and reproducibly. The
algorithm can process 100 pairs of images in ~30 s.
MitoTimer Protein Changes Fluorescence from Green to Red
under Conditions of Mitochondrial Stress—To determine
whether mitochondrial stress promotes a shift of the fluores-
cent spectrum from green to red, we treated pMitoTimer-
transfected C2C12 myoblasts with rotenone (10 M), antimycin
A (100 nm), or paraquat (100 um) for 6 h. These drugs are
known to induce mitochondrial ROS production from complex
I or complex III of the electron transport chain. A ratiometric
algorithm showed that treatment with any of these drugs
resulted in a significant (p < 0.05) shift of mitochondrial fluo-
rescence toward red (Fig. 3, 2 and d). The drug treatments sig-
nificantly reduced mitochondrial respiratory function as mea-
sured by a mitochondrial stress test using a Seahorse oxygen flux
analyzer. Specifically, these three drug treatments all resulted in
reduced basal mitochondrial respiration and reserve capacity
along with a trend of reduced ATP-linked respiration (Fig. 3, b
and ¢). To further confirm that the change in MitoTimer fluo-
rescence in cells is due to ROS production we showed that
pre-treatment with diethylenetriamine-NO (200 um) was suf-
ficient to prevent the antimycin A-induced fluorescence shift
(Fig. 3, e and f). When adult Mef2-Gal4>UAS-MitoTimer
transgenic flies (20 days of age) were treated with these drugs
supplemented in feed, there was also a significant shift toward
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FIGURE 1. Genetic engineering and expression of the MitoTimer reporter gene and mitochondrial targeting of the MitoTimer protein. Confocal
microscopy analysis of MitoTimer reporter gene expression was performed for transiently transfected C2C12 myoblasts, transgenic C. elegans, Drosophila, and
transfected adult mouse FDB muscle by somatic gene transfer. g, diagram of the pMitoTimer construct (top) and its expression (bottom) by transient transfec-
tion of C2C12 myoblasts showing heterogeneous intensities of green and red fluorescence. An enlarged image (right lower corner) shows a cell with mitochon-
drial network-like structure. MTS, mitochondrial targeting sequence. Scale bar = 10 um. b, expression patterns in C2C12 cells transfected with pGFP3, pDsRed-
Mito, pTimer-1, and pMitoTimer. Note the cytosolic expression pattern of pGFP3 and pTimer-1 and mitochondrial expression pattern of pDsRed-Mito and
pMitoTimer. Scale bar = 10 um. ¢, Western blot of cytosolic (Cyt) and mitochondrial (Mito) fractions of cells transfected with pMitoTimer or pCl-neo probed with
anti-DsRed showing mitochondria-specific expression in cells transfected with pMitoTimer. Cox4 enrichment in the mitochondrial fraction and Gapdh in the
cytosolic fraction indicate successful cell fractionation. d, expression of MitoTimer in a C. elegans touch neuron with mitochondria concentrated in the cell body
(bracket) and individual mitochondria along the process (arrows) in ZB4043 bzEx217[Py,.smCherry; P,,....sMitoTimer] transgenic C. elegans (top panel). The cell
body has higher green content of mitochondria (yellow composite color for MitoTimer signal). The bottom panel shows the neuronal cell body and its process
visualized by the cytoplasmic GFP fluorescence in zdlIs5[p,,....GFP] transgenic nematodes. Scale bar = 4 um. e, expression of MitoTimer in A1 segment of heart
tube (a schematic illustration shown above) of Mef2-Gal4>UAS-MitoTimer transgenic Drosophila (merged image of green and red). Scale bar = 10 um.
Mitochondria are indicated by arrows in the enlarged image as an inset. Expression patterns of Mito-GFP and MitoTimer in the A1 segment of adult heart tube
(f), adult indirect flight muscle (g), and larval body wall muscle (h) in transgenic Drosophila. Scale bar = 10 um. i, whole mount-fixed FDB fibers in adult mice 11
weeks after electric pulse-mediated gene transfer of pMitoTimer (merged image of green and red). Sarcomeres are marked, and pure red puncta are indicated
by arrows. Scale bar = 20 wm. Mitochondria are labeled by dashed circles in the enlarged image as an insert on either side of the Z-line. j, somatic gene transfer
of pDsRed-Mito and pMitoTimer in adult mouse FDB fibers. Scale bar = 10 wm. k, Cox4 immunofluorescence of FDB muscle transfected with pMitoTimer showing
co-localization of MitoTimer and Cox4 in some (arrow) but not all red puncta. Scale bar = 2 um. I, LC3 whole mount immunofluorescence of FDB muscle
transfected with pMitoTimer showing co-localization of MitoTimer and LC3 in some (large arrowheads) but not all red puncta and yellow subsarcolemmal
mitochondrial (small arrows). Scale bar = 20 um. m, somatic gene transfer of pLamp 1-YFP with pMitoTimer in adult mouse FDB muscle showing co-localization
of MitoTimer and Lamp1 in red puncta (arrowheads). Scale bar = 20 um.

red fluorescence in the heart tube concurrent with increases of MitoTimer Reports the Beneficial Impact of Exercise on Mito-
pure red puncta (Fig. 3, g—i). Similar changes were observed in  chondria in Vivo—It is known that endurance exercise training
aged (70 days old) compared with young (7 days old) flies (Fig. 3, increases mitochondrial quantity and improves mitochondrial
j—1). These findings support the use of the MitoTimer reporter —quality in skeletal muscle (36). To determine whether the
gene to report mitochondrial stress and damage in vitro and in ~ MitoTimer reporter gene could be used for this purpose, we
vivo. performed somatic gene transfer of pMitoTimer in mouse FDB
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a

FIGURE 2. Computational analysis of MitoTimer fluorescence. A Matlab-
based computer algorithm was designed for identification of MitoTimer pos-
itive pixels, quantification of MitoTimer fluorescence spectrum shift between
green and red, and accumulation of pure red puncta. g, a representative con-
focal image (merged image of green and red) of a mouse FDB muscle fiber; b,
the processed confocal image showing background (black), fiber (gray), and
MitoTimer (white) pixels; ¢, corresponding heat map of the red:green ratio of
MitoTimer positive pixels; and d, pure red puncta identified by the MitoTimer
image analysis algorithm.

muscles followed by voluntary wheel running for 6 weeks.
Whole mount confocal microscopy showed that exercise train-
ing promoted a significant increase in mitochondrial content
per fiber area (Fig. 4, 2 and b), as well as a shift of the fluores-
cence toward green (Fig. 4, a and c¢), indicative of reduced mito-
chondrial stress. There was no significant change in the number
of pure red puncta (Fig. 4d). Under higher magnification, we
also observed improved mitochondrial alignment and uniform-
ity of mitochondrial pairs along the Z-line in FDB fibers from
exercised mice compared with those of sedentary mice (Fig.
4a). We then employed exercise training in flies using a unique
training device known as the power tower (26). Exercise train-
ing in male flies resulted in improved exercise capacity (Fig. 4¢)
associated with a significant shift of the MitoTimer fluores-
cence toward green (Fig. 4, fand g) with no significant changes
in pure red puncta in the heart tube (Fig. 4, fand ).
MitoTimer Reports Mitochondrial Stress and Damage under
Physiological and Pathological Conditions in Vivo—To deter-
mine the utility of the Mito Timer reporter gene in a mammalian
model for mitochondrial stress and damage under pathological
conditions, we subjected mice transfected with pMitoTimer in
the FDB muscles to a 60% HFD for up to 10 weeks. Confocal
microscopy of whole mounted fixed muscles showed a consid-
erable shift in fluorescence toward red in mice on the HFD
along with a substantial increase of pure red puncta compared
with mice on normal chow diet (Fig. 5a4). These changes appear
to be time-dependent as shown by increasing severity in a time
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course at 1, 3, 6, and 10 weeks (Fig. 5a4). Transmission electron
microscopy confirmed that the HFD resulted in accumulation
of damaged mitochondria with various degrees of enlargement
and vacuolization in skeletal muscles (Fig. 50). We then set to
determine whether exercise training could prevent these
changes and found that the shift of the fluorescence toward red
with increased pure red puncta following 3 weeks of HFD were
completely prevented by voluntary wheel running (Fig. 5, c—e).
Taken together, we have shown that the MitoTimer reporter
gene encodes an oxidation-sensitive protein that targets to
mitochondria and reports in vitro and in vivo mitochondrial
health under physiological and pathological conditions.

DISCUSSION

Mitochondrial dysfunction is one of the most important fea-
tures of many prevalent diseases (1-9). For example, reduced
mitochondrial content and electron transport chain activity in
skeletal muscles have been reported both in obese, diabetic
patients (37, 38) and in lean, insulin-resistant offspring of type 2
diabetic patients (2, 39), suggesting its importance in the patho-
genesis. Accumulation of damaged mitochondria, due to lipo-
toxicity, in cardiac myocytes has been reported in a rat genetic
model of obesity (4). Mitochondrial DNA damage and dysfunc-
tion are associated with heart failure induced by myocardial
infarction (40). Abnormal regulation of genes essential for
mitochondrial function is sufficient to induce heart failure in
animals (5). Finally, there is accumulating evidence of loss of the
mitochondrial function in the central nervous system in neuro-
degenerative diseases (3, 6, 41). It is clear that mitochondrial
damage and dysfunction is detrimental, if not causal, to the
aforementioned disease conditions. More importantly, mito-
chondrial abnormalities promote excess production of reactive
oxygen species in a vicious cycle leading to further mitochon-
drial damage (42). In light of the importance of mitochondria in
health and disease, there is an urgent need to develop appropri-
ate animal models to improve our understanding of mitochon-
drial pathology and develop interventions to improve mito-
chondrial function.

This study has taken critical steps to advance our ability to
measure mitochondrial stress and damage through validation
of MitoTimer under physiological and pathological conditions
in vitro and in vivo. We believe that the MitoTimer reporter
gene will be highly useful for future in vivo research because it
allows for robust measurement of multiple mitochondrial
parameters. The most significant changes that we observed
with the MitoTimer reporter gene in whole animals were the
overall change of fluorescence spectrum and the abundance of
pure red puncta. These two parameters may reflect two differ-
ent features of mitochondrial health. Within a given region of
mitochondrial network, the MitoTimer fluorescence spectrum
is likely to be determined by a balance between the import of the
newly synthesized protein and its oxidation. Because Mito-
Timer protein in this study is expressed under control of con-
stitutively active promoters, an overall increase of red:green
ratio of the mitochondrial network under the conditions of
mitochondrial stress are likely due to increased oxidation of the
protein rather than altered transcription/translation. This
could be caused by increased reactive oxygen species produc-
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FIGURE 3. MitoTimer shifts fluorescence spectrum in response to mitochondrial stress in C2C12 myoblasts and Drosophila heart tube. Confocal
microscopy analysis of MitoTimer reporter gene expression was performed for transiently transfected C2C12 myoblasts and transgenic Drosophila heart tube
following treatment or feeding, respectively, with drugs that are known to cause mitochondrial stress. g, representative merged images of pMitoTimer-
transfected C2C12 myoblasts (scale bar = 10 um). b, OCR normalized to a-tubulin during a Seahorse mitochondrial stress test. Baseline OCR was measured
twice prior to addition of oligomycin (A) to determine ATP-dependent OCR followed by addition of the mitochondrial uncoupler BAM15 (B) for measurement
of maximal capacity and finally addition of antimycin A and rotenone (C) for non-mitochondrial OCR. ¢, quantification of basal mitochondrial, ATP linked, and
reserve capacity OCR normalized to a-Tubulin protein during a Seahorse mitochondrial stress test. d, quantification of the red:green fluorescence intensities
(n =9)in transfected C2C12 cells following treatment with rotenone (Rot, 10 um), antimycin A (Ant A, 100 nm), or paraquat (PQ, 100 um) for 6 h. e, representative
merged images of pMitoTimer-transfected C2C12 myoblasts (scale bar = 10 um); and f, quantification of red:green fluorescence intensities following treatment
with dimethyl sulfoxide or diethylenetriamine-NO (D-NO, 200 um) for 1 h followed by either dimethyl sulfoxide (Con), antimycin A (Ant A, 100 um), D-NO + Ant
A, or D-NO alone for 6 h. g, representative merged images of Drosophila heart tube MitoTimer signals (scale bar = 10 wm). h, quantification of the red:green
fluorescence intensity. i, quantification of number of pure red puncta in the A1 heart tube segment of Drosophila following treatment with rotenone (0.4 mm
in food for 4 days, n = 39), paraquat (10 mmin 5% sucrose for 24 h, n = 21), or antimycin A (0.1 mm in 5% sucrose for 24 h, n = 25). Controls were either normal
food for 4 days (n = 24) or sucrose for 24 h (n = 23). j, representative images of MitoTimer in Drosophila heart tube (scale bar = 10 um). k, quantification of the
red:green fluorescence intensity. /, quantification of pure red puncta from 7-day-old flies (n = 21) compared with 70-day-old flies (n = 20). Data represent
mean = S.E. ¥, ** and *** denote p < 0.05,0.01, and 0.001, respectively.
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FIGURE 4. MitoTimer reports a beneficial impact of exercise training on mitochondria in vivo. Confocal microscopy analysis of MitoTimer reporter gene
expression was performed for somatic gene transfer-transfected FDB muscle and transgenic Drosophila heart tube following exercise training by voluntary
running exercise and induced negative geotaxis, respectively. g, representative merged images of pMitoTimer-transfected adult mouse FDB fibers following 6
weeks of voluntary wheel running (Ex) with sedentary mice as control (Sed). Scale bar = 20 um. b, quantification of the percent of MitoTimer positive pixels per
fiber area. ¢, quantification of the red:green fluorescence intensity under each condition (n = 6). d, quantification of the number of pure red puncta. Each value
isthe average of 10-15 images per mouse; e, time to fatigue curve of male and female flies following 3 weeks of exercise training on the Power Tower compared
with sedentary controls. f, representative merged images of MitoTimer in Drosophila heart tubes from male flies following exercise training. Scale bar = 10 um.
g, quantification of the red:green fluorescence intensity in male (Sed, n = 27; Ex, n = 32) and female (Sed, n = 30; Ex, n = 26) Drosophila heart tubes; and h,
quantification of pure red puncta. Data represent mean = S.E. ** and *** denote p < 0.01 and 0.001, respectively.

tion and/or reduced antioxidant defense, i.e. oxidative stress. of enlarged mitochondria. We suspected that these pure red
Because MitoTimer is translated in the cytosol and transported  puncta were severely damaged mitochondria, as they were
to mitochondria, increased oxidative stress in the cytosol, often disconnected from, but close to, normal healthy mito-
decreased import (of newly synthesized green MitoTimer), chondria, consistent with a phenomenon of mitochondrial fis-
and/or reduced degradation (of old red MitoTimer) could all ~sion after damage. Furthermore, we found that the pure red
potentially lead to the finding. puncta were similar in size and location to those of enlarged,

In adult fly heart tubes and adult mouse FDB muscles, we partially vacuolated mitochondria with remnant cristae struc-
readily detected pure red puncta that is approximately the size  tures detected by transmission electron microscopy of muscle
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FIGURE 5. MitoTimer reports mitochondrial stress and damage under physiological and pathological conditions in vivo. Confocal microscopy analysis
of the MitoTimer reporter gene was performed for somatic gene transfer-transfected FDB muscle following high-fat diet feeding with/without voluntary
running exercise in mice. g, representative merged images of pMitoTimer-transfected adult mouse FDB fibers following 10 weeks of feeding on normal chow
(NQ), 1,3,6,and 10 weeks of feeding on 60% HFD (n = 2 per time point). Scale bar = 20 um. b, transmission electron microscope images of longitudinal sections
of mouse plantaris muscle following 12 weeks of a high-fat diet showing enlargement and accumulation of damaged mitochondria (arrows), which were
occasionally detected in normal chow fed mice. Scale bar = 1.0 um. ¢, representative merged images of pMitoTimer-transfected adult mouse FDB fibers
following normal chow with sedentary cage activity (NC-Sed), NC with 3 weeks of exercise training (NC-Ex), 60% HFD with sedentary cage activity (HFD-Sed), or
60% HFD with exercise training (HFD-Ex). Scale bar = 20 um. d, quantification of the red:green fluorescence intensity under each condition (n = 6). Each value
is the average of 10-15 images per mouse. e, quantification of number of pure red puncta. Data represent mean = S.E. * and *** denote p < 0.05 and 0.001,

respectively.

sections from mice on a HFD. The direct proof of this specula-
tion came as evidence of co-localization of Cox4 immunofluo-
rescence with the pure red puncta. Some pure red puncta did
not show detectable Cox4 immunofluorescence possibly due to
complete degradation of electron transport chain proteins. It is
likely that severely damaged mitochondria no longer import
new MitoTimer protein, thus appearing as pure red puncta
once the remaining protein is oxidized. Another possibility is
that some of the autophagasome containing degenerating
mitochondria were fused with lysosome to form autolysosome
and display only red fluorescence due to acidic pH as demon-
strated similarly by pmCherry-GEP-LC3B previously (43). In
supporting this notion, we found that some yellow and red
puncta were positive for LC3 and Lampl, suggesting that they
were part of autophagosome and autolysosome, respectively,
targeted for degradation and removal from the cell.
Morphological analysis of the total fluorescent signal of
MitoTimer allows for estimation of mitochondrial content and
examination of structure. As shown in Fig. 45, the % area occu-
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pied by the mitochondrial fluorescence signal of myofibers
increased significantly in response to voluntary wheel running
exercise training. Furthermore, high magnification of the
MitoTimer images showed a typical structure of paired mito-
chondria on either side of the Z-line of the sarcomere. Exercise
training not only increased the density of mitochondria, but
also improved the size uniformity of the mitochondrial pair.
Taken together, we have shown that the MitoTimer reporter
could be used for robust, simultaneous analysis of multiple
parameters, including mitochondrial content, structure, stress,
and damage in vivo. These unique features of MitoTimer will
prove to be valuable for mitochondrial research.

While the current studies were underway, Hernandez et al.
(22) and Ferree et al. (21) published findings using a similar
structural design of MitoTimer with the reporter gene under
control of a doxycycline-inducible promoter for assessment of
mitochondrial turnover in cultured cells. Hernandez et al. (22)
provided evidence in HEK293 cells that MitoTimer targeted to
the mitochondrial matrix and transitioned to red fluorescence
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over time demonstrating the usefulness in assessment of mito-
chondrial turnover and protein import. Ferree et al. (21)
expanded on these findings in other cell types to show that
mitochondrial dynamics and motility could also alter Mito-
Timer fluorescence and would thus be a useful reporter under
conditions where mitochondria turnover and transport is
affected. These findings set an important stage for this novel
reporter gene being used for assessment of mitochondrial
dynamics and health. In the current study, our application of
MitoTimer in various animal models ranging from worms, flies
to mice, allows analysis of mitochondrial content, structure,
stress, and damage. This robust in vivo analysis of mitochon-
drial health adds significant value to the application of this
novel reporter gene.

In summary, we took advantage of cultured cells, transgenic
flies, transgenic worms, and somatic gene transfer in adult mice
to show that the MitoTimer reporter gene in combination with
computer-assisted imaging analysis is an excellent tool for
robust, simultaneous measurements of mitochondrial content,
structure, stress, and damage in vitro and in vivo. We anticipate
that a combination of this technology with other cell and ani-
mal models will aid innovative research and facilitate the devel-
opment of effective interventions to prevent and treat many of
the prevalent diseases related to abnormal mitochondrial struc-
ture and function in various tissue/organ systems.
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