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Abstract
The combined loss of muscle strength and constant fatigue are disabling symptoms for cancer
patients undergoing chemotherapy. Doxorubicin, a standard chemotherapy drug used in the clinic,
causes skeletal muscle dysfunction and premature fatigue along with an increase in reactive
oxygen species (ROS). As mitochondria represent a primary source of oxidant generation in
muscle, we hypothesized doxorubicin could negatively effect mitochondria by inhibiting
respiratory capacity, leading to an increase in H2O2 emitting potential. Here we demonstrate a
biphasic response of skeletal muscle mitochondria to a single doxorubicin injection (20 mg/kg).
Initially at 2 h doxorubicin inhibits both complex I- and II-supported respiration and increases
H2O2 emission, both of which are partially restored after 24 h. The relationship between oxygen
consumption and membrane potential (Δψ) is shifted to the right at 24 h, indicating elevated
reducing pressure within the electron transport system (ETS). Respiratory capacity is further
decreased at a later timepoint (72 h) along with H2O2 emitting potential and an increased
sensitivity to mitochondrial permeability transition pore (mPTP) opening. These novel findings
suggest a role for skeletal muscle mitochondria as a potential underlying cause of doxorubicin-
induced muscle dysfunction.

Keywords
chemotherapy; mitochondria; skeletal muscle; reactive oxygen species, ROS; metabolism

INTRODUCTION
Doxorubicin is a potent anthracycline antibiotic used to treat numerous human malignancies
[1]. A severe side effect of doxorubicin is cardiotoxicity characterized by a dose-dependent
decline in cardiac function with prolonged exposure [2]. Clinicians manage this side effect
by limiting the dosage patients receive; however even on a limited dose patients can
experience disabling muscle weakness and fatigue [3, 4]. In the clinic, fatigue is generally
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documented as perceived fatigue, or a sense of tiredness, which is difficult to distinguish
from physiological fatigue [5]. Physiological fatigue involves muscle specific peripheral
fatigue, which includes two components: muscle fatigue and muscle weakness. Our previous
work suggests the decline in muscle function observed in patients could be due to an effect
specifically on skeletal muscle. Healthy rodents exposed to a clinical dose of doxorubicin
exhibit a decrease in both hindlimb and respiratory muscle strength, along with an
accelerated rate of fatigue [6-8]. The loss of strength in combination with constant fatigue
can burden patients, not only during therapy, but up to ten years following the cessation of
therapy [9].

Potential mediators of doxorubicin-induced muscle weakness and fatigue are reactive
oxygen species (ROS). In cardiac muscle, doxorubicin is known to increase ROS by
localizing to the mitochondria [10] where it is reduced by complex I to form a semiquinone
radical [11]. In addition, indirect ROS production can occur with doxorubicin through
inhibition of the mitochondrial electron transport system (ETS). Previous reports
demonstrate doxorubicin inhibits the ETS in isolated heart mitochondria, specifically
complexes I and II [12, 13]. An overproduction of oxidants due to a block in the ETS can
lead to redox modifications of cell macromolecules (e.g. proteins, lipids, DNA, etc.) with
detrimental downstream effects on whole organ function [14, 15].

In skeletal muscle, cytosolic oxidant activity and markers of protein oxidation are elevated
following doxorubicin exposure [7, 16]. Mitochondria represent a primary source of oxidant
generation in skeletal muscle [17, 18]. Doxorubicin-induced oxidants are blunted in C2C12
myotubes following incubation with Bendavia™ (Stealth Peptides, Newton, MA; formerly
known as SS31) [19], a cell-permeable peptide that localizes to the mitochondria and lessens
ROS production. These findings suggest doxorubicin could be affecting skeletal muscle
mitochondrial function, leading to ROS production.

The objective of this study was to determine the exact nature and extent to which
mitochondrial function is impacted by doxorubicin treatment, specifically in skeletal muscle.
It was hypothesized doxorubicin would inhibit skeletal muscle mitochondrial respiration,
leading to an increase in ROS emitting potential. To test this hypothesis mitochondrial
function was evaluated in permeabilized fiber bundles (PmFBs) 2, 24, and 72 h following a
single doxorubicin injection (20 mg/kg). The results indicated a biphasic response.
Doxorubicin initially (2 h) induced an increase in H2O2 emission and membrane potential
with a decline in respiratory function that was reversed after 24 h. After 72 h, respiratory
capacity was again decreased along with H2O2 emitting potential and membrane potential,
indicative of a decline in overall mitochondrial function.

METHODS
Overview of experimental design

Male Sprague-Dawley rats (Charles River Laboratories) 8-10 weeks old (~250 g) received
an intraperitoneal injection of doxorubicin (20 mg/kg in phosphate buffered saline), a
clinically applicable dose that is equivalent to what patients with hematological
malignancies receive [20], based on the conversion factor established by Freireich [21].
Control animals received the same volume of vehicle (PBS). Following injection, rats were
housed in metabolic chambers for 72 h for indirect open circuit calorimetry measurements.
Rats were monitored and weighed daily. PmFBs were prepared from the red gastrocnemius
muscle at three different time points post-injection: 2 h (n= 8 for CTRL; n=8 for DOX), 24 h
(n=10 for CTRL; n=6 for DOX), and 72 h (n=15 for CTRL; n=13 for DOX).
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Rodent care and reagents
All rodents were housed in the Department of Comparative Medicine at East Carolina
University in a temperature- and light-controlled room and given free access to food and
water. All procedures were approved by the Institutional Animal Care and Use Committee.
Skeletal muscle was obtained from anesthetized rats (100 mg/kg intraperitoneal ketamine-
xylazine). Following surgery, rats were euthanized by cervical dislocation under anesthesia.
Doxorubicin was purchased from Bedford Laboratories (Bedford, OH). All other chemicals
were purchased from Sigma-Aldrich (St. Louis, MO). The Total OxPhos Complex Kit used
to measure mitochondrial content was purchased from Invitrogen (Frederick, MD).
Fluorescence-conjugated secondary antibodies were purchased from LI-COR (Lincoln, NE).

Determination of body composition
Pre- and post-injection (72 h) measurements of fat and lean body mass were determined
using the EchoMRI-500 (Houston, TX) in accordance with the manufacturer’s instructions.

Indirect in vivo metabolic parameters
The TSE LabMaster System (TSE Systems, Chesterfield, MO) was used to determine rates
of oxygen consumption (VO2) and carbon dioxide production (VCO2), respiratory exchange
ratio, food and water intake, and energy expenditure. Energy expenditure was calculated by
the system using the equation ((CVO2 * VO2) + (CVCO2 * VCO2)/1000). Constants of the
equation include: CVO2 = 3.941 [ml/h] and CVCO2 = 1.106 [ml/h]. All rates are expressed
per g of body weight determined every 24 h. Infrared sensors were used to record
ambulatory activity in three-dimensional axes (X, Y, Z). Counts across all three axes were
summed to give total ambulatory activity.

Permeabilized fiber bundle preparation
Procedures were performed as described previously [22-24]. In brief, fiber bundles from the
red portion of the gastrocnemius muscle were separated with fine forceps in ice-cold Buffer
X (in mM: 50 K-MES, 35 KCl, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 20 taurine,
5.7 ATP, 14.3 PCr, 6.56 MgCl2-6H2O; pH 7.1). After separation, fiber bundles were
permeabilized in Buffer X with 40 μg/ml saponin for 30 min and then washed in ice-cold
Buffer Z (in mM: 105 K-MES, 30 KCl, 1 EGTA, 10 K2HPO4, 5 MgCl2-6H2O, 0.5 mg/ml
BSA; pH 7.1) until analysis. A subset of fibers were exposed (15 min) to dithiothreitol
(DTT, 1 mM in Buffer Z) following permeabilization before mitochondrial function
analysis.

Mitochondrial respiration
High-resolution O2 consumption measurements were conducted using the OROBOROS
Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) at 37°C with an initial chamber
concentration of 300-350 μM oxygen. This concentration does not alter respiratory kinetics
[22] and maximizes the duration of experiments before oxygen becomes rate limiting. All
experiments were run in Buffer Z containing 20 mM creatine monohydrate and 25 μM
blebbistatin (myosin II ATPase inhibitor). Individual protocols included: (1) 2 mM malate +
4 mM ADP followed by sequential additions of glutamate up to 16 mM; (2) 15 mM
glutamate + 2 mM malate followed by sequential additions of ADP up to 4 mM; (3) 2 mM
malate + 4 mM ADP followed by sequential additions of pyruvate up to 4 mM; (4) 5 mM
pyruvate + 2 mM malate followed by sequential additions of ADP up to 4 mM; (5) 10 μM
rotenone + 4 mM ADP followed by sequential additions of succinate up to 14 mM; (6) 2
mM malate + 4 mM ADP followed by sequential additions of palmitoylcarnitine up to 75
μM. The Km was determined through the Michaelis-Menten enzyme kinetics using Prism
Graphpad (La Jolla, CA). At the end of each protocol cytochrome c was added to test for
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mitochondrial membrane integrity. Any PmFB that generated a >10 % increase in
respiration following the addition of cytochrome c was not included in the data analysis. At
the conclusion of each experiment, PmFBs were washed in dH2O and dried via freeze-
drying (Labconco, Kansas City, MO). Polarographic oxygen measurements are expressed as
pmol• s−1 • mg−1 dry weight.

Mitochondrial H2O2 emission
H2O2 emission was measured at 37°C in Buffer Z containing 5000 U/mL CuZn-SOD, 25
μM blebbistatin, 50 μM Amplex UltraRed (AUR), and 6 U/mL horseradish peroxidase.
Resorufin fluorescence (peroxidation product of AUR) was monitored by the Fluorolog-3
spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) at excitation/emission 568/581 nm.
Individual protocols included: (1) 9 mM succinate; (2) 10 mM pyruvate + 2 mM malate + 10
mM glutamate; (3) 25 μM palmitoyl-L-carnitine + 10 mM glycerol-3-phosphate + 10 mM
Antimycin A. For each protocol a background fluorescence rate was established in the
presence of the PmFB, followed by the addition of subsequent substrates. After correcting
for the rate of change in background fluorescence, the concentration of H2O2(pmol) was
calculated from previously established resorufin fluorescence intensity standard curves with
known concentrations of H2O2 for each individual protocol. Following each experiment,
PmFBs were dried and weighed (as described above) and mitochondrial H2O2 emission
expressed as pmol• min−1 • mg−1 dry weight.

Mitochondrial calcium retention capacity
To determine susceptibility to opening of the permeability transition pore (PTP), PmFBs
were exposed to progressive calcium loading (20-60 μM) in the presence of (in mM): 5
malate, 10 glycerol-3-phosphate, 10 glutamate, 10 succinate, 15 pyruvate, 0.025 ADP, and
0.002 thapsigargin, to inhibit calcium uptake via the sarco/endoplasmic reticulum Ca-
ATPase (SERCA). Changes in extramitochondrial calcium concentration were monitored
fluorometrically using Calcium Green (1 μM, excitation/emission 506/532 nm, Invitrogen).
All experiments were run at 37°C in Buffer Z containing 2 U/mL hexokinase and 5 mM 2-
deoxyglucose (to clamp respiration), and 25 μM blebbistatin. At the conclusion of each
experiment, PmFBs were dried and weighed (as described above) and total calcium uptake
expressed as pmol • mg−1 dry weight.

Mitochondrial Membrane Potential (Δψ)
Δψ and respiration rates of PmFBs were measured simultaneously using the OROBOROS
Oxygraph-2k (Oroboros Instruments) combined with electrodes sensitive to TPP+

(tetraphenylphosponium, a membrane-potential dependent probe) and oxygen at 25°C, as
developed by Lin, et al [25]. All experiments were run in Buffer Z containing 20 mM
creatine monohydrate and 25 μM blebbistatin. The protocol included: (in mM) 2 malate, 10
glutamate, 15 pyruvate, 10 succinate, 10 glycerol-3-phosphate, 5 2-deoxyglucose, 2 U/mL
hexokinase + ADP titration (25, 50, 100, 250, 500, 1000, 2000 μM) + 2 μM FCCP. During
the protocol the TPP+ electrode was calibrated by a 5 point titration (1.1-1.5 μM TPP+) for
quantifying the concentration of TPP+.

The calculation of Δψ is based on the Nernst equation with binding correction factors and
estimated mitochondrial protein content to PmFB freeze-dried weight. The Oroboros TPP+-
Δψ calculation template (www.oroboros.at) was used with the following equation:
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Variables and constants of the equation include: nadd = total amount of ions added to system;
cext,free = free concentration of probe ion outside mitochondria; Vext = volume of external
solution outside mitochondria; Vmt = volume of mitochondrial matrix (1 μl/mg [26]); Ki’ =
internal partition coefficient of TPP+ (7.9 μl/mg [26]); Ko’ = external partition coefficient of
TPP+ (14.3 μl/mg [26]); Pmt = total mitochondria protein content (7.5% of mg dry weight)
[27, 28]; Pc = total cellular protein content (equivalent to PmFB mg dry weight).

Western blot analysis
PmFBs were homogenized in lysis buffer (120 mM Tris, 200 mM DTT, 20% glycerol, 6%
SDS, and 0.002% bromophenol blue, pH 7.2) and western blot procedures performed as
described previously [7, 8]. Results were normalized for total protein using MemCode
Reversible Protein Stain (Pierce, Rockford, IL).

Statistics
Data are presented as mean ± SEM. Statistical analyses were performed using commercial
software (Prism GraphPad, La Jolla, CA). Types of tests included Student’s t-test for the
comparison of two means or ANOVA for comparisons of multiple means. When an overall
difference was detected by an ANOVA, a post hoc Bonferroni’s test was performed.
Statistical significance was accepted when p<0.05. Time point experimental groups were
compared to their respective time-matched controls. No significant differences existed
between control groups from various time point experimental groups; thus for clarity graphs
including time-course data display a combined control group for all three time points (2, 24,
and 72 h).

RESULTS
Whole-body effects of doxorubicin

In agreement with our previous work [6, 7] and other reports [29], a single doxorubicin
injection caused a significant decline in body weight 48-72 h following exposure (% change
from CTRL, 24 h: −5 ± 5; 48 hrs: −9 ± 5, p<0.01; 72 h: −15 ± 6, p<0.01). Whole-body fat
(21.3 ± 0.8 g CTRL; 18.9 ± 0.9 g DOX, p<0.05) and lean mass (250 ± 5 g CTRL; 207 ± 5 g
DOX, p<0.01) were reduced 72 h following doxorubicin exposure.

Figure 1 illustrates whole-body metabolism and ambulatory activity measured by indirect
calorimetry. Just 24 h following exposure, doxorubicin-treated rats exhibited a 14% decrease
in whole-body oxygen consumption that remained depressed during the dark phases of the
72 h experimental period (Fig 1A). Corresponding with the decline in oxygen consumption,
ambulatory activity was decreased during the dark phase for the entire 72 h experimental
period (Fig 1C). Consistent with a decrease in activity, total energy expenditure was
decreased 48-72 h following doxorubicin administration. Respiratory exchange ratios (RER)
were lower in doxorubicin-treated rats, implying a greater reliance on lipid metabolism (24
h: 0.82 ± 0.01 CTRL, 0.78 ± 0.01 DOX; 48 h: 0.82 ± 0.01 CTRL, 0.74 ± 0.02 DOX, p<0.01;
72 h: 0.82 ± 0.02 CTRL, 0.71 ± 0.02 DOX, p<0.01).

Skeletal muscle mitochondrial respiration following doxorubicin administration
To investigate both a short- and long-term effect of doxorubicin on skeletal muscle
mitochondrial function, PmFBs were isolated from the red gastrocnemius muscle at three
different time points post-injection. Individual protocols tested the kinetics of various
complexes in the ETS.
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NADH-supported respiration—Maximal state 3 respiration supported with glutamate/
malate was depressed just 2 h following doxorubicin exposure, an effect that was reversed at
the 24 h time point (Fig 2A). ADP-supported respiration in the presence of maximal
glutamate/malate was not altered 2-24 h following administration (Fig 2B). Both state 3
respiration supported with glutamate/malate and the opposite condition, ADP-supported
respiration with maximal glutamate/malate, were depressed at all substrate concentrations 72
h following a single doxorubicin injection (Fig 2A & B). Doxorubicin also depressed
pyruvate-supported respiration at the 72 h time point. Maximal state 3 respiration supported
with pyruvate/malate was depressed following doxorubicin administration (CTRL: 1021 ±
80 pmol• s−1 • mg−1 dry weight, DOX: 804 ± 67 pmol• s−1 • mg−1 dry weight, p<0.05). In
addition, ADP-stimulated respiration supported with pyruvate/malate was significantly
reduced (CTRL: 766 ± 49 pmol• s−1 • mg−1 dry weight, DOX: 478 ± 100 pmol• s−1 • mg−1

dry weight, p<0.05).

FADH2-supported respiration—A similar trend was evident for Complex II-supported
respiration; 2 h following doxorubicin exposure, maximal state 3 respiration supported with
succinate was reduced (Fig 2C), but then returned to control levels at the 24 h time point.
However, 72 h post-injection succinate-supported respiration was depressed compared to
controls (Fig 2C).

Doxorubicin is known to depress fatty acid oxidation in cardiac muscle [30], affecting both
Complex I- and Complex II-supported respiration. 72 h post-injection doxorubicin depressed
maximal state 3 palmitoylcarnitine-supported respiration in skeletal muscle (CTRL: 233 ±
20 pmol• s−1 • mg−1 dry weight, DOX: 165 ± 16 pmol• s−1 • mg−1 dry weight, p<0.05).
There was no change in Km values for any of the substrates evaluated (data not shown).

Doxorubicin-induced mitochondrial H2O2 emitting potential
Doxorubicin is known to increase oxidant activity in skeletal muscle [7], along with
downstream protein markers of oxidation [7, 16]. However, the source of ROS is unknown.
We evaluated the mitochondria as a potential source, measuring H2O2 emitting potential in
PmFBs following a single doxorubicin injection.

Doxorubicin increased the rate of mitochondrial H2O2 emitting potential 2 h post injection
by ~52% (Fig 3A). After 24 h, mitochondrial H2O2 emission decreased but was still
elevated over controls, then continued to decline after 72 h below control levels. The effect
of doxorubicin on mitochondrial H2O2 emission was determined during respiration
supported with the substrate succinate, which elicits reverse electron flow-mediated
superoxide production at complex I [31].

To determine if the changes in mitochondrial function induced by doxorubicin may be
related to a general oxidation of the mitochondrial matrix, a subset of fibers from the 2 h
experimental group were pre-treated with DTT, a strong reducing agent, during the final 15
min of the wash step. Interestingly, mitochondrial H2O2 emitting potential increased in the
control fibers following DTT exposure, highlighting the numerous mitochondrial proteins
that contain reactive thiols and are sensitive to the redox state [32]. Despite the basal
increase in control fibers, exposure to DTT did reduce the doxorubicin-induced increase in
mitochondrial H2O2 emission during respiration supported by succinate (Fig 3B). However,
DTT treatment did not restore state 3 glutamate/malate-supported respiration (Fig 3C). Thus,
these findings suggest doxorubicin-induced changes in H2O2 emitting potential, but not
respiratory function, may be mediated by oxidative changes in the mitochondrial matrix,
although clearly more targeted experiments are needed to determine the specific components
of the redox system involved.
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Rates of mitochondrial H2O2 emitting potential supported with maximal pyruvate, malate,
and glutamate were not different at any time point following doxorubicin exposure (data not
shown). Consistent with data obtained during succinate supported respiration, 72 h post-
injection palmitoylcarnitine + glycerol-3-phosphate-supported H2O2 emission, which also
feeds electrons into the ETS beyond complex I, was increased (CTRL: 2.93 ± 0.56 pmol•
min−1 • mg−1 dry weight, DOX: 5.77 ± 1.29 pmol• min−1 • mg−1 dry weight, p=0.05).

Mitochondrial calcium retention following doxorubicin exposure
The mitochondrial permeability transition pore (mPTP) is sensitive to ROS and regulated by
electron flux through complex I in skeletal muscle [33, 34]. Previous reports in cardiac
muscle show doxorubicin impairs calcium uptake into the mitochondria and increases
susceptibility of the mPTP to calcium-induced opening [35, 36]. Fig 4A illustrates a
representative trace of calcium uptake in a PmFB of a control and doxorubicin treated rat at
the 72 h time point. The mPTP opened relatively quickly compared to control, requiring
only two calcium pulses, indicative of reduced calcium retention capacity and/or increased
sensitivity of the mPTP to calcium as a consequence of doxorubicin treatment. Total
calcium uptake under state 3 conditions was not impaired at any of the earlier time points
following doxorubicin exposure (Fig 4B).

Doxorubicin alters mitochondrial membrane potential
The electron carriers of the mitochondrial ETS drive the translocation of protons across the
inner membrane, creating a proton motive force composed of both a chemical and electrical
gradient [37]. The electrical potential (Δψ) is the dominant component of the proton motive
force that drives the synthesis of ATP, and any alterations can provide insight into overall
mitochondrial function. As depicted in the control trace (Fig 5, open circles), Δψ decreases
(i.e., becomes positive) as ADP is added, indicative of a progressive reduction in proton
build up across the inner membrane, higher electron flow through the ETS, and increased
oxygen consumption. Just 2 h following doxorubicin exposure, a slight rightward shift in the
JO2/Δψ curve was observed and became more pronounced at 24 h, indicative of a greater
reductive pressure within the ETS. This situation increases the potential for electron leak,
particularly under basal respiratory conditions, and thereby increases the potential for ROS
production. At the 72 h time point, the JO2/Δψ curve is shifted markedly to the left (Fig 5,
closed circles), potentially reflecting an adaptive increase in proton conductance and/or a
compromise in respiratory function.

Mitochondrial content in skeletal muscle following doxorubicin exposure
Maximal respiratory capacity (FCCP-stimulated) was determined in the presence of
maximal glutamate, pyruvate, malate, glycerol-3-phosphate, succinate, and ADP at the end
of the JO2/Δψ protocol. There was no difference in maximal respiratory capacity between
control and doxorubicin treated PmFBs (Fig 6A). In addition, no changes in protein content
were detected for any of the complexes (I-V) 72 h following doxorubicin administration (Fig
6B), suggesting mitochondrial content was not altered by doxorubicin treatment.

DISCUSSION
Our novel findings demonstrate that the anticancer agent doxorubicin causes skeletal muscle
mitochondrial dysfunction in a time-course dependent manner. Initially, doxorubicin induces
a demonstrable inhibition in mitochondrial respiration and a marked increase in H2O2
emission, both of which surprisingly are at least partially restored to control levels within 24
h after doxorubicin exposure. However, the relationship between oxygen consumption and
Δψ is clearly shifted to the right at 24 h, indicative of elevated reducing pressure within the
ETS. By 72 h, this relationship is now shifted to the left, overall respiratory capacity is
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compromised, and susceptibility to loss of function is evident (i.e., increased sensitivity to
mPTP opening and collapse of proton motive force). These findings at the molecular level
provide potential insight into the mechanisms by which doxorubicin causes debilitating
muscle weakness and fatigue in cancer patients undergoing chemotherapy.

The biphasic response of skeletal muscle following a single doxorubicin injection is
interesting. Initially (2 h) mitochondrial respiratory capacity is decreased in response to both
NADH- and FADH2-supported respiration. Very few studies have evaluated the short-term
effects of systemic doxorubicin administration on muscle, focusing more on the direct
effects following exposure in vitro. Despite the difference in methods of exposure, the
results correspond. Permeabilized fibers isolated from rat hearts perfused with doxorubicin
for 1 hour show a significant decline in state 3 complex I-supported mitochondrial
respiration [38]. Parallel findings have also been reported in isolated cardiac mitochondria
[11].

Mitochondrial H2O2 emission is markedly increased 2 h after doxorubicin administration
and remains elevated at 24 h, despite the restored respiratory capacity. Kavazis et al [39]
reported no change in respiration (complex I- or II-supported) of cardiac mitochondria 24 h
following a single doxorubicin injection. Further experiments from the same study showed a
marked increase in mitochondrial H2O2 emitting potential during succinate-supported
respiration. Additional evidence for increased reducing pressure within the ETS is provided
by the JO2/Δψ curve, with a prominent rightward shift at 24 h. Despite a rescue in the
respiratory capacity at 24 h, persistent reducing pressure and elevated H2O2 emission can
disrupt the normal redox balance within the cell, leading to oxidative damage. Indeed,
prolonged doxorubicin exposure depletes vital redox buffering systems, such as glutathione,
in striated muscle [40, 41], significantly compromising the ability of the antioxidant
buffering system to maintain a proper cellular redox environment.

By 72 h after doxorubicin treatment, respiratory capacity is clearly reduced in skeletal
muscle. Isolated mitochondria from cardiac muscle following doxorubicin administration
show similar declines in respiratory capacity at later time points. Activity of Complex I and
II are dramatically decreased, as well as respiration, both 3 days [13] and 5 days [35] after a
single doxorubicin injection. A unique characteristic of this later phase is increased
sensitivity to mPTP opening, which results in uncoupling of the respiratory chain and
membrane potential collapse [38, 42]. In isolated cardiac mitochondria, doxorubicin
promotes the opening of the mPTP 4-7 days after an injection [43, 44]. In skeletal muscle,
total calcium uptake was impaired 72 h following doxorubicin exposure, resulting in a rapid
opening of the mPTP.

Two potential sources of doxorubicin-induced oxidants are: (1) redox cycling of doxorubicin
with Complex I of the mitochondria, and (2) inactivation of the ETS. A quinone moiety in
doxorubicin’s structure can be transformed into a semiquinone via one-electron reduction by
complex I [45]. The semiquinone then reacts with molecular oxygen to produce a
superoxide anion. Doxorubicin then returns to the quinone form, with the cycle continuing
as long as NADH is present [46]. Elevated H2O2 from this cycling can lead to a variety of
redox modifications of numerous macromolecules. In the presence of redox active iron (e.g.
Fe (II), Fe-O complexes), H2O2 forms hydroxyl radicals leading to lipid peroxidation [17,
47]. Mitochondrial and myofilament proteins are altered with elevated oxidants, extensively
effecting metabolism and contractile function [14, 15].

To determine whether the increase in H2O2 emitting potential in skeletal muscle may be
mediated by an oxidative shift in redox environment, we exposed a subset of PmFBs to
DTT, a strong reducing agent, in vitro. The increase in mitochondrial H2O2 emitting
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potential evident within 2 h following doxorubicin administration was reduced by DTT. This
suggests the mechanism(s) contributing to the elevated H2O2 emitting potential with
doxorubicin are likely due to redox modifications within the matrix (e.g., the ETS, redox
buffering system, etc.). H2O2 emission was assessed in the current study during state 4
respiration supported by succinate, which induces reverse electron flow and superoxide
generation at the ubiquinone binding site of complex I [31]. This suggests Complex I may
be subject to redox modifications that alter its susceptibility to leaking electrons and
generating superoxide. Indeed, numerous pathologies are associated with genetic
deficiencies in Complex I, nearly all of which are redox modulated [48]. Further, more
targeted studies are required to determine the specific components of the redox system that
may be modified by doxorubicin.

The second potential source of oxidants caused by doxorubicin is direct inhibition of the
complexes of the ETS. In isolated heart mitochondria, doxorubicin inhibits the enzyme’s
oxidase (or electron transferring) property by physically inhibiting the active site [46]. Non-
functional ETS complexes lead to the diversion of electrons to form increased amounts of
free-radical superoxide, and ultimately H2O2. Two potential sources of doxorubicin-induced
oxidants doubles the risk for a compromised cellular redox environment, increasing the
susceptibility of damage at the whole organ level.

Whole-body metabolism was significantly affected by doxorubicin exposure. Energy
expenditure was decreased 48-72 h following doxorubicin administration, suggesting a
decrease in overall basal oxidative metabolism. The same decrease in energy expenditure
was seen in cancer patients receiving a doxorubicin-based chemotherapy regimen. Patients
displayed a steady decline in resting energy expenditure over five days while receiving
chemotherapy, with no change in nutritional status or physical activity [49]. In addition to a
disturbance in energy balance due to inhibition of the ETS, energy stores could also be
affected. Mitochondrial creatine kinase activity, an important enzyme for balance of energy
metabolites and regulation of oxidative phosphorylation, is decreased in cardiac muscle 72 h
following doxorubicin administration [13]. These findings suggest an inability of the
organism to maintain energy homeostasis, which is likely a two-part problem: cardiac
insufficiency and skeletal muscle dysfunction.

A deficit in the ability to meet energy demand becomes apparent at the whole-body level
when a person becomes fatigued, a universal symptom in cancer chemotherapy. Cancer
patients that have undergone chemotherapy display physiological fatigue as evidenced by
decreased gait speed, slower chair rise time, and reduced maximal grip strength along with
an accelerated rate of hand-grip fatigue [3, 50-53]. These measurements take into account
both cardiac and skeletal muscle systems that contribute to the overall energy status of the
cell. While the two organ systems cannot be separated for whole-body measurements,
studies that specifically assess muscle strength suggest skeletal muscle is an important factor
in the documented clinical fatigue.

Our previous work [6-8], along with others [29, 54, 55], demonstrates skeletal muscle from
healthy rodents exposed to doxorubicin show a decrease in muscle strength and an
accelerated rate of fatigue. Muscle weakness can result from impaired membrane
excitability, calcium release/uptake, and/or myofibrillar protein function. All of these
possible endpoints can be dramatically affected by both the energy status and the redox
environment of the myocyte [56, 57]. The combined effect of disrupted metabolism and
redox signaling caused by doxorubicin can negatively affect fundamental muscle function,
and contribute to the disabling whole-body symptoms observed in cancer patients.
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This dilemma of debilitating muscle weakness and fatigue in cancer patients is not
unsolvable. A similar problem existed in the clinic over twenty years ago. At the time,
nausea and vomiting were inevitable adverse events that cancer patients had to manage. In
the early 1990s antiemetic agents were introduced and are now a standard clinical practice to
help patients abolish the distressing side effects, often times leading to improved retention
rates and enhanced quality of life during treatment [58]. It is anticipated that deciphering the
underlying mechanism of chemotherapy-induced muscle weakness and fatigue will provide
the basis for the development of targeted countermeasure strategies.
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HIGHLIGHTS

• Skeletal muscle mitochondria demonstrate a biphasic response to a single
doxorubicin injection.

• Doxorubicin increases mitochondrial H2O2 emission in skeletal muscle

• Elevated reducing pressure in the ETS following doxorubicin administration

• Rats exposed to doxorubicin exhibit decreased whole-body energy expenditure
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Figure 1. Rats exposed to doxorubicin exhibit decreased whole-body energy expenditure
Indirect metabolic calorimetry and ambulatory activity in rats following doxorubicin
administration. (A) Oxygen consumption; (B) carbon dioxide production; (C) ambulatory
activity; and (D) calculated energy expenditure. Data are mean ± SEM; p<0.05 for overall
differences by repeated-measures ANOVA; *p<0.05 vs. CTRL in dark phase
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Figure 2. Doxorubicin inhibits NADH- and FADH2-supported respiration in skeletal muscle
Permeabilized myofibers were prepared 2-72 h following doxorubicin administration, and
mitochondrial respiratory kinetics were measured. State 3 respiration was measured during
(A) glutamate/malate or (C) succinate titration in the presence of maximal ADP (4 mM), and
during (B) ADP titration in the presence of maximal glutamate/malate (15/2 mM). Data are
mean ± SEM; p<0.05 vs. CTRL for 2 h (#) and 72 h (*) for all substrate concentrations
unless otherwise denoted by a horizontal line that signifies differences for concentrations
3-16 mM.
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Figure 3. Doxorubicin effects mitochondrial H2O2 emission
Mitochondrial H2O2 emitting potential of permeabilized myofibers from control (open) and
doxorubicin (closed) treated rats (A) 2-72 h and (B) 2 h (+ 1 mM DTT) following injection.
Substrate conditions were in the presence of maximal succinate. (C) Maximal state 3
respiration with glutamate/malate of fibers from 2 h experimental group exposed to DTT for
15 min in wash. Dotted line represents previous data from 2 h doxorubicin-treated group
(Fig 2A). Data are mean ± SEM; *p<0.05 vs. CTRL.
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Figure 4. Doxorubicin impairs mitochondrial calcium retention in skeletal muscle
(A) Representative fluorescence trace of calcium uptake in control (black) and doxorubicin
(red) myofibers from 72 h experimental group. (B) Total mitochondrial calcium uptake of
permeabilized fibers from control (open) and doxorubicin (closed) treated rats 2-72 h
following administration. Substrate conditions were in the presence of maximal malate,
glycerol-3-phosphate, glutamate, succinate, pyruvate, and 25 μM ADP. Data are mean ±
SEM; *p<0.05 vs. CTRL.
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Figure 5. Fluctuations of mitochondrial membrane potential (Δψ) in skeletal muscle following
doxorubicin administration
Respiration (JO2) and membrane potential (Δψm) monitored simultaneously during ADP-
supported respiration in the presence of maximal glutamate, pyruvate, malate, glycerol-3-
phosphate, and succinate. Data are mean ± SEM.
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Figure 6. Doxorubicin does not alter mitochondrial content in skeletal muscle
Mitochondrial content evaluated in permeabilized myofibers isolated 72 h following
doxorubicin exposure by (A) maximal FCCP-response in the presence of State 3 respiration
supported with maximal glutamate, pyruvate, malate, glycerol-3-phosphate, and succinate
and by (B) western blot of mitochondrial complexes. Data are mean ± SEM
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