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2017.—Mitochondria are hypothesized to display a biphasic response
to reactive oxygen species (ROS) exposure. In this study, we evalu-
ated the time course changes in mitochondrial performance and
oxidative stress in house mice following X-irradiation. Forty-eight
mice were equally divided among six groups, including a nonirradi-
ated control and five experimental groups that varied in time between
X-ray exposure and euthanasia (1 h and 1, 4, 7, and 10 days after
X-irradiation). We measured parameters associated with mitochon-
drial respiratory function and ROS emission from isolated liver and
skeletal muscle mitochondria and levels of oxidative damage and
antioxidants in liver, skeletal muscle, and heart tissues. Mitochondrial
function dropped initially after X-irradiation but recovered quickly
and was elevated 10 days after the exposure. Hydrogen peroxide
production, lipid peroxidation, and protein carbonylation showed
inverse U-shaped curves, with levels returning to control or lower than
control, 10 days after X-irradiation. Enzymatic antioxidants and
markers for mitochondrial biogenesis exhibited a tissue-specific re-
sponse after irradiation. These data provide the first chronological
description of the mitohormetic response after a mild dose of irradi-
ation and highlight the protective response that cells display to ROS
exposure. This study also provides valuable information and applica-
tion for future mitochondrial and oxidative stress studies in numerous
physiological settings.

mitohormesis; mitochondrial function; oxidative stress

INTRODUCTION

In eukaryotic cells, mitochondria are important intracellular
organelles that support both the energetic demands of the body
and exert regulatory control over many physiological pro-
cesses. Reactive oxygen species (ROS) have been proposed
to be an inevitable by-product of oxidative phosphorylation
(OXPHOS), with OXPHOS contributing the majority of ROS
(i.e., superoxide) production that occurs within cells (2). Much
of the ROS that are produced are quickly quenched by antiox-
idants (46, 55). When ROS production exceeds the capacity of
cells to reduce their reactivity, cells are said to experience oxida-
tive stress (51). When cells experience oxidative stress, lipids,
proteins, and DNA become damaged, and this damage may
ultimately reduce cellular performance and contribute to senes-
cence (11). As a result, there has been growing interest in oxida-
tive stress in diverse fields of biology and physiology (11, 38).
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Despite its popularity, the notion that oxidative stress is
always harmful is controversial (1, 16, 36, 53). The major
criticisms include the point that ROS act as signaling mole-
cules that mediate cellular and systemic physiological changes
(50). For example, many transcriptional factors or proteins,
such as nuclear factor E2-related factor 2 (NFE2I2), microtu-
bule-associated proteins 1A/1B light chain 3B (LC3B), nuclear
respiratory factor (Nrfl), and peroxisome proliferator-activated
receptor gamma coactivator 1-a (PGC-la), are regulated by
ROS. These pathways regulate, among others, antioxidant
defense systems, cell cycle, survival and metabolism, and
inflammation (40, 57). In addition, damage from ROS does not
consistently have a negative impact on cell function and
bioenergetic capacity. A number of studies indicated that
oxidative damage to protein, lipid, or DNA can be repaired,
and damaged molecules can be recycled (7, 9, 12). As a result,
modest levels of oxidative stress can be associated with dam-
age that is ephemeral (62), whereas signaling processes can
improve mitochondria and cellular function (15). Since high
levels of uncontrolled ROS remain harmful (47), one must
conclude that elevated ROS can have a positive or negative
impact on physiological processes. Just as exposure to some
toxins can have beneficial effects at low levels, whereas high
levels could be damaging (i.e., hormesis) (4, 34), the same
principle appears to apply to ROS exposure (47). Mitohormesis
is the biphasic reaction that is predicted to occur in response to
free-radical accumulation in the cell (47, 61). Low levels of
free-radical production are expected to stimulate resistance to
ROS damage and increase longevity (47). Conversely, high
levels of free-radical production are expected to contribute to
the accumulation of damage that ultimately reduces longevity.
Whereas the mitohormetic response has been supported by
several studies, the mechanisms responsible for mitohormesis
are poorly understood.

To study mitohormesis, it is important to choose an appro-
priate pro-oxidant for experimental studies. A variety of tech-
niques have been used to increase ROS production in experi-
mental studies. Yet, many methods, particularly that rely on the
use of toxic chemicals, such as paraquat or diquat, have
negative impacts on cells that extend beyond simply increasing
in ROS and localize in select tissues, resulting in broad-
spectrum tissue damage and a significant risk of death for
experimental subjects (25). In contrast, radiation induces a
systemic increase in ROS in animals by the direct ionization of
water found in cells and organs throughout the body (55).
Radiation induces oxidative stress both directly (e.g., ioniza-
tion of water) and indirectly (e.g., causing mitochondria dam-
age, leading to increased mitochondrial ROS emission). Spe-
cifically, X-irradiation has been shown to stimulate oxidative
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stress in cell culture (28, 48), laboratory rodents (45), and wild
animals (13). The use of radiation as a pro-oxidant generator
has many advantages (3). Irradiation can generate a system-
wide increased ROS when the whole organism is exposed
uniformly or a tissue- or organ-specific increase when exposure
is focused and targeted (44). In addition, the level of ROS
generated can be controlled by adjustment of the dosage (27).

METHODS

Basic care and ethical approval. Adult (4—6 mo old), female,
wild-derived house mice (Mus musculus) were used in this experi-
ment. These mice are descended from individuals that were obtained
from Dr. Wayne Potts at the University of Utah and were 19 gener-
ations removed from the wild. Wild-derived animals have many
advantages compared with laboratory counterparts; most importantly,
wild-derived animals are more responsive and sensitive to stressors
compared with laboratory animals (14, 17). The experiment was
conducted in May 2016, when animals were maintained on a natural
light-dark cycle (~17-7) and temperature (average 30/17°C). Standard
rodent chow (Teklad Global Diet 2019; Envigo, Somerset, NJ) and
water were provided ad libitum throughout the experimental period,
and all animals were provided with a running wheel as enrichment.
All husbandry and experimental procedures were approved by the
Auburn University Institutional Animal Care and Use Committee
(PRN 2016-2903).

Experimental design, X-irradiation, and dissection. Mice were
randomly assigned to one of six groups (n = 8/group) under the
condition that mice in each group were from different parental
lineages to ensure genetic diversity. Group was defined by time
euthanized relative to the X-irradiation. All mice, excluding the
controls, were X-irradiated in a rodent plastic transport cage (37.3 X
23.4 X 14.0 cm; Innovive, San Diego, CA) using the PRIMUS linear
accelerator (Siemens, Munich, Germany) at the Radiology Laboratory
in the Auburn University College of Veterinary Medicine. During
irradiation, a thin layer of plastic was taped in place, just above the
backs of the mice, to ensure an even dosage of radiation throughout
whole animal’s body. Irradiation schedules were staggered to ensure
that all mice were age matched throughout groups. All X-irradiated
mice were irradiated at a dose rate of 2 Gy/min for 2% min to achieve
a total dosage of 5 Gy. Dosage of X-irradiation was chosen by
information from literature and preliminary studies in the laboratory.
Commonly used laboratory mouse strains display levels of tolerance
to radiation—50% lethal dose of an exposed population within 30
days range from 6.5 to 9 Gy (58). Preliminary studies using 1, 2, and
5 Gy of X-irradiation indicated that the dosage of 5 Gy resulted in
better mitochondrial function, 7 days postirradiation, and thus, 5 Gy
was deemed most appropriate for this investigation. After irradiation,
mice were euthanized 1 h and 1, 4, 7, and 10 days later.

At each time point, mice were anesthetized with an overdose of
isoflurane vapors and then swiftly decapitated with a rodent guillotine.
The left lateral and right medial lobe of the liver and the skeletal
muscle of the right hindlimb (including major muscle groups tibialis
anterior, soleus, gastrocnemius, quadriceps, and hamstrings; hereaf-
ter, “muscle”) were dissected for immediate mitochondria isolation.
At the same time, the rest of the liver, left hindlimb muscle, and heart
were quickly removed, placed into a microcentrifuge tube, and flash
frozen in liquid nitrogen before being moved to a —80°C freezer for
future analyses.

Mitochondria isolation. Mitochondria were isolated following a
protocol detailed in Hyatt et al. (19) and Mowry et al. (39). Briefly, the
combined left lateral and right medial lobe of the liver was weighed
and put into a liver isolation solution (250 mM sucrose, 5 mM
HEPES, 1 mM EGTA) at a ratio of 1:10 and minced with scissors.
This minced tissue was further homogenized with a Potter-Elvehjem
PTFE pestle and glass tube. The resulting homogenate was centri-
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fuged for 10 min at 500 g at 4°C, pelleting the cellular debris. The
supernatant was then decanted through a cheesecloth filter and cen-
trifuged for 10 min at 3,500 g at 4°C, pelleting the mitochondrial
fraction. The supernatant was removed and the pellet resuspended in
the liver isolation solution. This solution was centrifuged for 10 min
at 3,500 g at 4°C, the supernatant discarded, and the final mitochon-
drial pellet suspended in mannitol-sucrose solution (220 mM manni-
tol, 70 mM sucrose, 10 mM Tris-HCI, and 1 mM EGTA, pH 7.4).
Muscle was also weighed and put in a muscle isolation solution
(100 mM KCl, 40 mM Tris-HCI, 10 mM Tris base, | mM MgSO4, 0.1
mM EDTA, 0.2 mM ATP, and 2% free fatty acid BSA, pH 7.40) at
a ratio of 1:10. Muscles were minced with scissors and then homog-
enized for 5 s with a VIRTUS polytron at 12,000 rpm. Trypsin (5
mg/g wet muscle) was added and mixed continually for 7 min to
digest the minced muscle. This reaction was terminated with the
addition of another 1:10 ratio of muscle-to-muscle isolation solution.
The homogenate was centrifuged at 500 g for 10 min at 4°C, pelleting
down cellular debris. The supernatant was decanted through cheese-
cloth and centrifuged at 3,500 g for 10 min to pellet the mitochondrial
fraction. The supernatant was discarded and the remaining mitochon-
drial pellet resuspended in muscle isolation solution. This was then
centrifuged at 3,500 g for 10 min. The supernatant was discarded, and
the pellet was resuspended in non-BSA solution (same as muscle
isolation solution but without BSA) at a ratio of 1:10. This resus-
pended pellet was centrifuged at 3,500 g for 10 min. Finally, the
mitochondrial pellet was suspended in a mannitol-sucrose solution.
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Fig. 1. Hydrogen peroxide emission by isolated mitochondria collected from
(A) liver and (B) muscle of mice. Tissues were collected from nonirradiated
control mice and from mice, 1 h and 1, 4, 7, and 10 days postirradiation. SD
bars are given (n = 8/group). Bars with different superscripts are significantly
different.
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Mitochondrial respiration. Isolated mitochondria (20 wl) were
incubated in 1 ml respiration buffer (100 mM KCI, 50 mM MOPS, 10
mM KH>PO4, 20 mM glucose, 10 mM MgCl,, 1 mM EGTA, and
0.2% free fatty acid BSA, pH 7.0) at 37°C, and respiration rates were
determined polarographically (Oxytherm; Hansatech Instruments,
Norfolk, UK). In chamber 1, mitochondrial respiration was measured
using 2 mM pyruvate, 2 mM malate, and 2 mM glutamate (hereafter,
complex I substrate). In chamber 2, mitochondrial respiration was
measured using 5 mM succinate with 5 wM rotenone to inhibit
complex I (hereafter, complex II substrate). The state 3 respiration
was initiated by the addition of 0.25 mM ADP to the respiration
chamber containing mitochondria and respiratory substrates. State 4
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TEMPORAL CHANGE IN MITOCHONDRIA UNDER MITOHORMESIS

respiration was recorded following the phosphorylation of ADP.
States 3 and 4 respiration rates were normalized to mitochondrial
citrate synthase (CS) activity. The respiratory control ratio (RCR) was
calculated by dividing state 3 by state 4. The presence of mitochon-
drial hexokinases during our state 4 measurements could have allowed
for some cycling of ATP—ADP, resulting in a slightly elevated state 4
and thus slightly lower RCR values.

ROS emission. ROS emission, in isolated mitochondria, was deter-
mined using Amplex Red (catalog number A22188; Thermo Fisher
Scientific, Waltham, MA). Details of this assay have been described
previously (21, 29). Briefly, this assay is based on the concept that
horseradish peroxidase catalyzes the hydrogen peroxide-dependent
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Fig. 2. Relative levels of 4-hydroxynonenal (4-HNE)-conjugated proteins, indicating lipid peroxidation, and protein carbonyls, indicating oxidative damage to
proteins, in liver (A and B, respectively), muscle (C and D, respectively), and heart (£ and F, respectively) of mice. Tissues were collected from nonirradiated
control mice and from mice, 1 h and 1, 4, 7, and 10 days postirradiation. SD bars are given (n = 8/group). Bars with different superscripts are significantly
different. Representative Western blot images are shown to the right of the graphs.
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Table 1. Respiration rate from isolated mitochondria in liver and muscle collected from mice

State 3 State 4
Liver Muscle Liver Muscle
Complex II Complex II Complex II Complex II
Complex I substrate substrate Complex I substrate substrate Complex I substrate substrate Complex I substrate substrate
Control 133.17 = 59.47  214.62 = 70.38 83.22 £ 1338 113.35 £ 72.81 17.49 = 6.87 33.08 £ 17.34 19.25 = 4.34 60.21 = 43.77
lh 84.22 £40.90 166.13 £43.18 92.98 =29.10  157.16 = 90.49 13.99 = 2.69 29.36 = 5.90 24.82 = 7.86 87.18 £ 56.64
1 Day 111.04 = 4296 160.64 = 74.31 140.65 = 31.05  248.06 = 99.74 13.91 = 5.82 31.03 £ 14.44 28.19 = 9.54 129.58 = 44.32
4 Days 108.23 = 33.67 17433 £ 66.43 12420 = 81.56  114.46 = 59.25 16.32 = 6.15 28.89 = 13.99 32.58 =£20.97 50.27 £ 25.99
7 Days 110.72 = 4488  204.94 = 73.27 97.55 = 54.13  101.45 = 40.02 14.94 = 4.56 29.71 £ 8.27 24.86 = 17.16 55.15 £ 33.61
10 Days 119.74 =28.97 206.58 =27.08 13522 +92.53  153.95 = 57.39 13.77 = 2.24 29.13 = 8.70 29.02 = 24.70 61.30 = 32.02

Means =+ SD are given (n = 8/group). Respiration rate (pmol O - min~!

- citrate synthase unit—!). Tissues include those collected from nonirradiated control

mice and from mice, 1 h and 1, 4, 7, and 10 days postirradiation. No significant differences were observed.

oxidation of nonfluorescent Amplex Red to fluorescent resorufin red.
Approximately 1 wg/pl mitochondria was added in the assay buffer
containing 100 mM KCl, 5 mM KH,PO4, 1 mM EGTA, 10 mM
MgCl,, 50 mM MOPS, and 0.2% free fatty acid BSA in the presence
of exogenous SOD (40 U/ml), horseradish peroxidase (10 U/ml), and
Amplex Red (0.05 mM). We monitored resorufin formation at an
excitation wavelength of 545 nm and an emission wavelength of 590
nm using the Synergy H1 Hybrid plate reader (BioTek; Winooski,
VT). We recorded readings of resorufin formation every 5 min for 30
min, and a slope (i.e., rate of formation) was produced. The slope
obtained was converted into the rate of hydrogen peroxide production
with a standard curve and normalized to mitochondrial CS activity.
Western blot. We used Western blot to quantify the relative
expression of the proteins listed below in the liver, muscle, and heart
samples. We followed the protocol of the Western blot described in
Mowry et al. (39). Briefly, these measures included the protein-bound
4-hydroxynonenal (4-HNE), a marker of lipid peroxidation (ab46545;
Abcam, Cambridge, MA), and protein carbonyls, a marker of protein
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damage (OxyBlot s7150; EMD Millipore, Billerica, MA). Further-
more, the relative protein levels of the enzymatic antioxidants copper-
zinc SOD (CuZnSOD; GTX100554; GeneTex, Irvine, CA), manga-
nese SOD (MnSOD; GTX116093; GeneTex), glutathione peroxidase
1 (GPX-1; GTX116040; GeneTex), and catalase (GTX110704; Gene-
Tex) were determined. In addition, the relative protein levels of Nrfl
(GTX103179; GeneTex), NFE2I2 (GTX103322; GeneTex), PGC-1a
(GTX37356; GeneTex), and microtubule-associated proteins 1A/1B
LC3B (GTX127375; GeneTex) were determined. Each Western mem-
brane was stained by ponceau, and protein content of these blots was
normalized to ponceau stain levels (the loading and transfer con-
trol). A chemiluminescent system was used to visualize marked
proteins (GE Healthcare Life Sciences, Pittsburgh, PA). Images
were taken and analyzed with the ChemiDoc-It Imaging System
(UVP, Upland, CA).

Mitochondrial complex activity. The activity of electron transport
system complexes was quantified using an enzymatic assay, as de-
scribed by Kavazis et al. (21). Mitochondria, isolated from liver and

Complex | substrate - Muscle

Fig. 3. Respiratory control ratio for mitochondria
isolated from liver using glutamate, pyruvate, and
malate (complex I) (A) or succinate (complex II) (C)
as substrate and from muscle using glutamate, pyru-
vate, and malate (complex I) (B) or succinate (com-
plex II) (D) of mice. Tissues were collected from
nonirradiated control mice and from mice, 1 h and 1,
4, 7, and 10 days postirradiation. SD bars are given
(n = 8/group). Bars with different superscripts are
significantly different.
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muscle, were subjected to three cycles of freezing and thawing to lyse
membranes before analysis. Complex I (NADH dehydrogenase) en-
zyme activity was measured as a function of the decrease in absor-
bance from NADH oxidation by decylubiquinone, before and after the
addition of rotenone. Complex II (succinate dehydrogenase) activity
was measured as a function of the decrease in absorbance from
2,6-dichloroindophenol reduction. Complex III (ubiquinol cyto-
chrome ¢ oxidoreductase) activity was determined as a function of the
increase in absorbance from cytochrome c¢ reduction. Complex IV

>
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(cytochrome ¢ oxidoreductase) activity was determined as a function
of the decrease in absorbance from cytochrome ¢ oxidation. Specific-
ity of complex IV activity was determined by the monitoring of
changes in absorbance in the presence of potassium cyanide. CS was
measured in isolated mitochondria as a function of the increase in
absorbance from 35,5’-dithiobis-2-nitrobenzoic acid reduction. En-
zyme activities were normalized to mitochondrial CS activity.
Tissues were homogenized, and protein content was determined by
the method of Bradford. Then, the CS activity of the liver, muscle, and
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heart was measured in tissue homogenates, and it was normalized to
tissue protein content.

Statistical analyses. All statistical tests were completed using
SigmaStat 3.5 (Systat Software, San Jose, CA). ANOVA was used to
compare treatment groups. When appropriate, a Tukey honest signif-
icant difference post hoc test was performed to identify differences
among groups. Significance was established at P < 0.05.

RESULTS

ROS emission. We measured H>O, levels as a proxy for
ROS emission by the mitochondria. Our data showed that
X-irradiation resulted in significant changes in isolated liver
and muscle mitochondrial ROS emission. In both tissues,
relative H,O, emission levels were higher than the control, 1 h
after irradiation. Liver mitochondrial ROS emission returned to
control values at day I but dropped even lower at day 10
(Fsa47 = 11.9, P <0.001; Fig. 1A). Muscle mitochondrial ROS
emission returned to control levels at day 1 but then dropped
below control values at day 4 and remained at these new levels
until day 10 (Fs47 = 16.2, P < 0.001; Fig. 1B).

Oxidative damage. The protein levels for markers for lipid
oxidative damage (4-HNE) and protein oxidative damage (pro-
tein carbonyl) were measured in liver, muscle, and heart. All
showed similar trends but varied in the day of maximum
expression. Liver, muscle, and heart 4-HNE levels were higher
than control on day I (liver: Fs47 = 9.02, P < 0.001, Fig. 24;
muscle: Fs 47 = 5.02, P = 0.001, Fig. 2C; heart: F's 47 = 6.12,
P < 0.001, Fig. 2F). 4-HNE levels started to dropped and
reached controls levels by day 4 (liver and muscle) or day 7
(heart).

Liver, muscle, and heart protein levels were higher than
control on day I in liver and heart, and by day 10, these levels
were lower than control (liver: Fs47 = 6.12, P < 0.001, Fig.
2B; heart: Fs 47 = 8.89, P < 0.001, Fig. 2F). In muscle, protein
carbonyl levels increased above control values (albeit not
significant) and dropped below control values by day 10
(muscle: Fs47 = 10.7, P < 0.001; Fig. 2D).

Mitochondrial respiratory function and complex activity.
The RCR is a representative measure of the functional and
coupled state of mitochondria and represents the ability of the
electron transport system to respond to available ADP. States 3
and 4, using both complexes I and II substrates, did not vary
among groups (Table 1). Liver RCR displayed a U-shape
relationship with complex I substrate, with the lowest point
occurring 1 day after irradiation and highest point occurring 10
days after irradiation (Fs 47 = 3.23, P = 0.014; Fig. 3A). The
pattern for muscle RCR with complex II substrate was not
significant (Fs47 = 1.838, P = 0.126; Fig. 3C). In muscle,
RCR with complexes I and II substrates displayed similar
patterns, but neither was significant (complex 1 substrate:
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Fs47 =2.15, P = 0.080, Fig. 3B; complex II substrate:
F5’47 = 226, P = 0066, Flg 3D)

The enzymatic activities of complexes I, II, III, and IV were
measured in isolated mitochondria. In liver, complexes I, III,
and IV all displayed an increase in activity following irradia-
tion. Specifically, complex I activity increased above control at
day 7 (Fsa6 = 9.54, P < 0.001; Fig. 4A), complex III activity
increased above control at day 10 (Fs47 = 8.59, P < 0.001;
Fig. 4F), and complex IV activity increased above control at
day 1 (Fsa7 =233, P < 0.001; Fig. 4G). In muscle, the
pattern for complex I mirrored that of the liver (Fs47 = 11.0,
P < 0.001; Fig. 4B), but no other significant changes were
observed (Fig. 4, D, F, and H).

Tissues can also compensate for a decline in mitochondria
function by an increase of the number of mitochondria present
through mitochondrial biogenesis. In our study, mitochondrial
content, as estimated by CS activity, did not differ over time in
the liver, muscle, or heart (Table 2).

Changes in the relative protein expression. NFE212 levels in
the liver and heart were significantly higher for days 4-10
postirradiation, relative to the control, 1 h, and 1 day postirra-
diation (liver: Fs47 =9.67, P < 0.001, Fig. 5A; heart:
Fs47 =744, P < 0.001, Fig. 5E). Muscle displayed a similar
relationship with a more gradual increase in expression from
1 hto 4 days (Fs47 = 9.67, P < 0.001; Fig. 5C). LC3B levels in
the liver and muscle were significantly higher at day I postir-
radiation compared with day 10 (liver: Fsa4; = 2.854, P =
0.025, Fig. 5B; muscle: Fs47 = 7.499, P < 0.001, Fig. 5D). In
the heart, LC3B levels were the highest at 1 h postirradiation
and dropped back to the control level at day 4 (F's 47 = 6.363,
P < 0.001; Fig. 5F). In the muscle, Nrfl levels were higher at
days 7 and 10 compared with 1 h postirradiation (Fs47 =
6.389, P < 0.001; Fig. 6C). In the heart, day 10 mice had
higher Nrfl levels compared with control, 1 h, and 1 day
postirradiation. Furthermore, day 7 mice had higher Nrfl levels
than day I mice (Fs47 = 8.735, P < 0.001; Fig. 6F). In
muscle, day I postirradiation had significantly lower PGC-1a
levels than day 10 (Fsa47 = 3.7, P = 0.007; Fig. 6D). In the
heart, PGC-1a levels dropped after irradiation but returned to
control levels at day 4 (Fs47 = 10.55, P < 0.001; Fig. 6F).

A significant decrease in the relative expression of GPX was
observed at 1 h postirradiation, and that was maintained
through day 10 in both liver and muscle (liver: Fs47 = 11.5,
P < 0.001, Fig. 7A; muscle: Fs 47 = 11.6, P < 0.001, Fig. 7C).
Catalase levels in liver showed a similar pattern to GPX (liver:
Fs47 =5.65, P < 0.001; Fig. 7B), and catalase levels in
muscle were the highest at day 1 but then decreased and were
similar to control levels by day 7 (Fsa7 = 6.91, P < 0.001;
Fig. 7D). GPX (Fig. 7E) and catalase (Fig. 7F) in the heart
stayed relatively constant throughout the time course study.

Table 2. Mitochondrial content in 3 tissues collected from mice tissues

Control 1h 1 Day 4 Days 7 Days 10 Days P
Liver 833 £ 220 771 £ 148 797 £ 162 933 *+ 366 840 =+ 281 1,003 = 184 0.51
Muscle 1,318 = 403 1,523 * 405 1,330 = 409 1,634 = 442 1,482 * 397 1,399 * 258 0.33
Heart 2,368 = 694 1,863 = 599 2,215 = 519 1,960 * 440 2,395 = 803 1,918 = 523 0.29

Means * SD are given (n = 8/group). Tissues include those collected from nonirradiated control mice and from mice, 1 h and 1, 4, 7, and 10 days

postirradiation. Mitochondrial content was based on citrate synthase activity (nmol - min—

for each ANOVA are given.

!~ mg protein~!). No significant differences were observed. P values
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Fig. 5. Relative nuclear factor E2-related factor 2 (NFE212) and microtubule-associated proteins 1A/IB light chain 3B (LC3B) expression in liver (A and B,
respectively), muscle (C and D, respectively), and heart (E and F, respectively) of house mice. Tissues were collected from nonirradiated control mice and from
mice, | hand 1, 4, 7, and 10 days postirradiation. SD bars are given (n = 8/group). Bars with different superscripts are significantly different. Representative

Western blot images are shown to the right of the graphs.

No significant differences were found for CuZnSOD and
MnSOD (Fig. 8).

DISCUSSION

Overview of findings. AfterX-irradiation was completed, we
observed an acute increase in liver and muscle mitochondrial
ROS emission, but it dropped below control levels at day 10
postirradiation. Importantly, markers of lipid and protein oxi-
dation increased following X-ray exposure but then returned to
control levels at day 10 postirradiation. In addition, the expres-
sion of NFE2I12 increased after radiation exposure, suggesting
that an upregulation of this protein may have played a regula-
tory role that prevented further damage. The consistency of

these patterns across tissues suggests that an acute and brief
oxidative event has the potential to improve cellular oxidative
status.

ROS emission and oxidative damage. lonizing radiation
causes the immediate ionization of water, leading to the for-
mation of H,O, (44), but it can also cause organelle and cell
damage that can lead to subsequent mitochondrial ROS emis-
sion, mainly due to superoxide production that can readily be
converted to H,O, (60). For example, Yamaguchi and Kashi-
wakura (59) found a sevenfold increase in ROS that was
sustained for 3 days following 4 Gy X-irradiation but dropped
back to control level at day 7. More interestingly, our data
suggest that mitochondrial H>,O, production dropped below
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Fig. 6. Relative nuclear respiratory factor (Nrfl) and peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a) expression in liver (A and B,
respectively), muscle (C and D, respectively), and heart (E and F, respectively) of mice. Tissues were collected from nonirradiated control mice and from mice,
1 hand 1, 4, 7, and 10 days postirradiation. SD bars are given (n = 8/group). Bars with different superscripts are significantly different. Representative Western

blot images are shown to the right of the graphs.

control levels by 7 and 10 days postexposure in the muscle and
liver, respectively. When production of ROS exceeds the
capacity of an antioxidant defense system, then oxidative
damage is inevitable. Oxidative damage can be divided into
oxidative DNA damage, lipid peroxidation, and protein car-
bonylation (9). For this study, we focused on the latter two
variables. Lipid peroxidation and protein carbonylation, in all
four tissues, followed a concave pattern, with damage increas-
ing and then dropping to or below control levels. Long-term
studies have shown sustained damage following high dosages
of irradiation and the return to pre-exposure levels following
low-level X-ray exposure (20, 43). In contrast to this study,
Datta et al. (8) observed an increase of lipid peroxidation in the
intestinal epithelial cells, 1 yr following mild irradiation (2 Gy)

in mice. The reason for the long-lasting effects was not clear,
but it is possible that the cell of older mice does not respond in
the same manner as younger individuals (9).

We can only speculate why protein carbonylation in the liver
and muscle was lower than that of the unexposed controls on
10 days postexposure, which is consistent with other studies
(30, 31). Possible explanations for this finding include the
following: 7) accelerated protein turnover (33) and 2) degra-
dation of oxidized protein by lysosomes/vacuole (autophagy)
(56). In this study, the protein levels of an autophagy marker,
LC3B, was higher after radiation and then dropped back to the
control level at day 10. This observation may suggest that
autophagy plays a role in radiation-induced mitohormesis, but
future experiments must be performed to confirm this response.
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Fig. 7. Relative glutathione peroxidase 1 (GPX-1) and catalase expression in the liver (A and B, respectively), muscle (C and D, respectively), and heart (£ and
F, respectively) of mice. Tissues were collected from nonirradiated control mice and from mice, | h and 1, 4, 7, and 10 days postirradiation. SD bars are given
(n = 8/group). Bars with different superscripts are significantly different. Representative Western blot images are shown to the right of the graphs.

Mitochondrial function and complex activities. Liver mito-
chondria function (i.e., RCR using complex I substrates) dis-
played a convex pattern that was the inverse of oxidative
damage. Similar trends, albeit not significant, were observed in
liver mitochondria with the complex II substrate and in muscle
mitochondria with complex I substrates. It appears that the
liver is more responsive and susceptible to damage than skel-
etal muscles under many conditions (23, 41). Furthermore, as
a postmitotic tissue, skeletal muscles are terminally differenti-
ated and have a relatively slow turnover rate (6, 37). These
patterns imply that the increase in lipid and protein damage can

have a direct effect on mitochondrial respiratory capacity. To
our best knowledge, this study is the first to quantify the
temporal change in RCR following oxidant exposure in mam-
mals. Mitochondrial complex activities have been proposed to
be one of the important indicators for mitochondrial function
(54), and our findings support this notion for liver. The activ-
ities of complexes I, III, and IV in the liver were upregulated,
7 and 10 days post-X-irradiation, and similar findings have
been documented by previous investigators (60). It is not clear
why the function of liver mitochondria with the complex II
substrate was not affected by radiation as much as with the
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Fig. 8. Relative copper-zinc SOD (CuZnSOD) and manganese SOD (MnSOD) expression in the liver (A and B, respectively), muscle (C and D, respectively),
heart (E and F, respectively) of mice. Tissues were collected from nonirradiated control mice and from mice, 1 h and 1, 4, 7, and 10 days postirradiation. SD
bars are given (n = 8/group). Representative Western blot images are shown to the right of the graphs.

complex I substrate. Each substrate uses a different transporter
to cross the mitochondrial membrane, and this may have
contributed to the difference in performance. It is also impor-
tant to note that mitochondrial content, as estimated by CS
activities in liver, muscle, and heart, did not differ at any time
points in the study.

NFE2I2 is a mediator of the response to irradiation. NFE212
is a transcriptional factor that upregulates genes involved in
mitochondrial integrity, OXPHOS efficiency, mitochondrial
biogenesis, and DNA repair (10, 24, 26). Radiation has been
shown to activate NFE212 previously (35, 49). In this study, the
upregulation of the active form of NFE2I2 was observed in

liver, muscle, and heart, 4 days following irradiation, and
upregulation was maintained at least 10 days postexposure in
all tissue. An increase of NFE212 indicated that the antioxidant
system was upregulated after irradiation to protect cells and
organelles from oxidative stress. 4-HNE is a possible activator
of NFE212 (32). In this study, increased levels of 4-HNE
protein product at day I were likely responsible for the ob-
served upregulation of NFE212, and subsequently, the drop in
lipid and protein oxidative damage could have been a response
to NFE2I2-level upregulation. Given the consistency and
strength of the NFE2I2 response, it is probable that this
regulatory factor plays a important role in the recovery and
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improved performance of mitochondria following radiation.
Moreover, markers for mitochondrial biogenesis were also
upregulated at day /0 compared with 1 h or 1 day postirradi-
ation in muscle and heart but not in liver. However, mitochon-
drial content, indicated by CS activities, did not vary among
groups.

Application and future directions. Oxidative stress has been
proposed to underlie a diverse range of biological phenomena,
including aging, cancer, muscle performance, ornament pro-
duction, and life history evolution (11, 18, 38, 42, 53). Even as
biologists acknowledge the central role of mitochondria as
centers of release and regulation of free radicals, all too often,
mitochondrial processes are characterized as one-dimensional
parameters that can be characterized with measurements taken
at one time point. Here, we show that mitochondrial responses
to ROS production are anything but simple. We show that soon
after X-ray exposure, there is an initial spike in the relative
mitochondrial ROS emission and oxidative damage, but these
values fall at or below pre-exposure levels within 0.5-1.5 wk
after irradiation. These observations provide strong support for
the idea that ROS do not merely cause harm but also signal
changes within the cell that help the system to adapt to a
change in redox conditions.

Many explanations for the role of ROS and oxidative stress
in biological processes lack rigorous testing. This study pro-
vides a framework for understanding how cells respond to an
oxidative event in natural systems. We found that acute ROS
exposure can alter core respiratory processes in a manner that
reduces damage and that should allow an organism to respond
appropriately to future internal and external stressors. In the
field of evolutionary and ecological physiology, many re-
searchers quantify oxidative stress in a single tissue—most
often blood—at a single time point and assume that an increase
in oxidative stress is associated with persistent negative im-
pacts on an individual’s performance (62). This study clearly
shows that assumption can be false. This study also suggests
that mitochondrial respiratory function, ROS production, and
oxidative damage are relatively similar across organs following
acute pro-oxidant exposure. It is also important to note here
that oxidative challenge in this study was brief, and possibly
long-term oxidative challenge might lead to different results.
Whereas this shows that organs throughout the body may
respond in a relatively similar manner when exposed to an
acute oxidant, other studies suggest that different organs may
respond differently to chronic changes in ROS production (5,
52, 53). Thus we urge our readers not to assume that the
changes that occur in one organ are indicative of how other
organs will respond to the same oxidative event.

Perspectives and Significance.

Whereas our study reveals the need for broader character-
ization of responses to pro-oxidant exposure, more studies are
needed to characterize the processes that are involved in the
cellular and organism response to oxidative stress and the
processes that are involved in mitohormesis. Future studies
should consider mitochondrial turnover, mitochondrial DNA
damage and repair, mitophagy, apoptosis, and mitochondrial
biogenesis. Moreover, prolonged oxidative challenges should
be performed to study any potential hormetic effects on mito-
chondrial function, aging, and mortality. In short, the results of

TEMPORAL CHANGE IN MITOCHONDRIA UNDER MITOHORMESIS

this study have important implications for many aspects of
mitochondrial and oxidative stress research.
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