
Doxorubicin causes lesions in the electron transport system
of skeletal muscle mitochondria that are associated with a
loss of contractile function
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Doxorubicin is an anthracycline-based chemotherapeutic
that causes myotoxicity with symptoms persisting beyond treat-
ment. Patients experience muscle pain, weakness, fatigue, and
atrophy, but the underlying mechanisms are poorly understood.
Studies investigating doxorubicin-induced myotoxicity have
reported disrupted mitochondrial function. Mitochondria are
responsible for regulating both cellular energy status and Ca2�

handling, both of which impact contractile function. Moreover,
loss of mitochondrial integrity may initiate muscle atrophy.
Skeletal muscle mitochondrial dysregulation may therefore
contribute to an overall loss of skeletal muscle quality and per-
formance that may be mitigated by appropriately targeted mito-
chondrial therapies. We therefore assessed the impact of doxo-
rubicin on muscle performance and applied a multiplexed assay
platform to diagnose alterations in mitochondrial respiratory
control. Mice received a clinically relevant dose of doxorubicin
delivered systemically and were euthanized 72 h later. We mea-
sured extensor digitorum longus and soleus muscle forces,
fatigue, and contractile kinetics in vitro, along with Ca2� uptake
in isolated sarcoplasmic reticulum. Isolated skeletal muscle
mitochondria were used for real-time respirometry or frozen
for protein content and activity assays. Doxorubicin impaired
muscle performance, which was indicated by reduced force pro-
duction, fatigue resistance, and sarcoplasmic reticulum–Ca2�

uptake, which were associated with a substrate-independent
reduction in respiration and membrane potential but no
changes in the NAD(P)H/NAD(P)� redox state. Protein content
and dehydrogenase activity results corroborated these findings,
indicating that doxorubicin-induced mitochondrial impair-
ments are located upstream of ATP synthase within the electron
transport system. Collectively, doxorubicin-induced lesions
likely span mitochondrial complexes I–IV, providing potential
targets for alleviating doxorubicin myotoxicity.

Doxorubicin is member of the anthracycline drug class com-
monly used to treat a range of cancers and has attracted con-
siderable attention because of its cardiotoxic side effects. Doxo-
rubicin and its metabolite, doxorubicinol, also accumulate in
skeletal muscle (1, 2), resulting in a myotoxicity, which can
persist long beyond the cessation of treatment (3). Patients
treated with doxorubicin frequently experience muscle atrophy
(4, 5), as well as symptoms of muscle weakness and fatigue (6, 7).
Reduced force production and fatigue resistance may be a by-
product of muscle degradation; however, performance declines
have been reported in the absence of changes in muscle mass (8)
and when accounting for muscle cross-sectional area (CSA)2

(9), and thus muscle atrophy does not entirely account for the
decline in muscle quality. Studies investigating doxorubicin
myotoxicity are limited and contain considerable variability in
experimental design, such as treatment dose and time course.
In addition, some studies have assessed the effects of doxorubi-
cin on contractile function via acute in vitro exposures (9 –11),
as opposed to systemic exposure, which more accurately
reflects clinical practice. Meanwhile, studies using systemic
exposure designs have produced contradictory results in the
extensor digitorum longus and soleus (8, 12, 13) and in some
instances have not accounted for muscle CSA (8, 12). Together,
these variations limit the ability to discern the mechanism of
doxorubicin-induced contractile disruption and to what extent
these effects are fiber type–specific.

The concomitant emergence of dysregulated mitochondria
following doxorubicin exposure (3, 13, 14) may explain the
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reduction in skeletal muscle performance, which depends upon
mitochondrial regulation of cellular energy status and Ca2�

handling (15–17). Additionally, doxorubicin-exposed mito-
chondria up-regulate apoptosis (18, 19), leading to an elevation
in skeletal muscle proteolysis (19), which may result in atrophy.
Loss of mitochondrial quality may therefore be central to
understanding doxorubicin-induced myotoxicity. Several stud-
ies have reported reduced skeletal muscle mitochondrial respi-
ration and membrane potential (3, 13, 14), as well as time- and
dose-dependent increases (3, 13, 14) or decreases (14) in reac-
tive oxygen species (ROS) emission. However, only a limited
number of studies have been reported in skeletal muscle mito-
chondria and were conducted under maximal ADP-stimulated
conditions, which do not accurately reflect physiological
thermodynamics and thus confound the findings. Additionally,
mitochondrial respiratory function is a complex multifaceted
process that incorporates mitochondrial dehydrogenases/
enzymes, oxygen consumption (JO2), membrane potential,
redox status, and ATP production, but studies have tradi-
tionally focused on only one or two of these elements
limiting their diagnostic potential (3, 13, 14). Meanwhile,
attempts to identify the source of doxorubicin-induced
mitochondriopathy have focused on oxidative damage.
Although acute treatment with the reducing agent DTT has
been shown to attenuate H2O2 emissions, respiratory defects
were not mitigated (14). Thus, the relationship between
doxorubicin and loss of skeletal muscle mitochondrial qual-
ity remains to be fully understood.

The present study was designed to determine the functional
impact of acute systemic doxorubicin exposure on skeletal
muscle. Measures were conducted 72 h post-treatment to
study the initial phase of dysfunction, prior to extensive
muscle wasting and oxidative damage to proteins and DNA.
Fiber type–specific effects were assessed using the predom-
inantly type IIx and IIb, and type I and IIa myofiber contain-
ing extensor digitorum longus (EDL) and soleus muscles,
respectively. In addition, we employed a novel protocol for
the assessment of isolated sarcoplasmic reticulum Ca2�

uptake across a physiologically relevant span of free energies
of ATP hydrolysis. The study also applied a multiplexed
diagnostic assay platform to assess doxorubicin-induced
mitochondrial dysfunction under physiological energetic
states, which has not previously been explored. Doxorubicin
impaired force production regardless of fiber type, but spe-
cific force and half-relaxation defects were unique to the
soleus, whereas a decline in fatigue resistance was notable in
the EDL. Mitochondria exhibited notable declines in oxygen
consumption and membrane potential; together, these are
indicative of declining respiratory efficiency. In addition, we
found no change to minor hyper-reductions in NAD(P)H/
NAD(P)� redox status, as well as similar protein content and
dehydrogenase enzyme activities between groups. Together,
the present data indicated that doxorubicin-induced mito-
chondrial damage was largely confined to the electron trans-
port system and was located upstream of ATP synthase,
likely spanning complexes I–IV.

Results

Doxorubicin reduced body mass but was not associated with
EDL or soleus muscle atrophy

Mice were administered equal volumes of PBS (n � 8) or
doxorubicin (Doxo; n � 9) at a dose of 20 mg/kg body mass
and euthanized 72 h postinjection. Consistent with previous
reports, Doxo exposure decreased total body mass compared
with PBS-treated controls (Fig. 1A; �15.6 � 1.2%). Reductions
in body mass were associated with relatively small changes in
absolute EDL and soleus muscle mass, resulting in increases in
relative muscle mass (Fig. 1B). However, the individual fiber
CSA of the EDL and soleus were unaffected by Doxo treatment
(Fig. 1, C and D), indicating that decreases in muscle mass did
not contribute to Doxo-induced loss of body mass. Muscle fiber
type of the EDL and soleus were unaffected by Doxo treatment,
indicating that a shift in myofiber type was not responsible for
any measured functional decline (Fig. 1E).

Doxorubicin caused skeletal muscle contractile dysfunction

To determine the impact of Doxo on contractile function, in
vitro force production and fatigue protocols were performed
using EDL and soleus muscles from PBS- and Doxo-treated
mice. Absolute force (mN) production from both EDL and
soleus muscles was reduced following Doxo treatment (Fig.
2A). This was accompanied by reductions in specific force (i.e.
absolute force normalized to physiological CSA) in Doxo-ex-
posed EDL and soleus muscles (Fig. 2B). Muscle fatigue (per-
cent drop in initial force produced) was reduced by Doxo in
EDL but unchanged in soleus muscles (Fig. 2C). Analysis of
contractile kinetics revealed that reduced force production in
the soleus was associated with a greater half-relaxation time but
not in the EDL (Fig. 2D). Collectively, these findings suggest
that impairments in contractile function are fiber type–specific
and are not dependent on muscle atrophy, following acute sys-
temic Doxo exposure.

Doxorubicin reduces the rate of sarcoplasmic reticulum Ca2�

uptake but does not alter muscle iron content

To address doxorubicin-induced contractile dysfunction,
sarcoplasmic reticulum (SR) Ca2� uptake rates were measured
across a physiologic range of ATP free energies of hydrolysis
(�GATP) using a creatine kinase (CK) clamp and additions of
creatine phosphate (PCr). Importantly, the rate of Ca2� uptake
was greater in the presence of �GATP �14.70 versus �12.94
kcal/mol, demonstrating that SERCA-dependent Ca2� uptake
retains responsiveness to ATP free energy in vitro (Fig. 3A).
Within group Ca2� uptake rates also demonstrated significant
sensitivity to �GATP �14.70 versus �12.94 kcal/mol (Fig. 3, B
and C). With respect to Doxo exposure, Ca2� uptake was
depressed in SR isolated from Doxo-treated mice across all
energetic states (Fig. 3D). Finally, measures of Fe2�, Fe3�, and
total iron (Fe2� � Fe3�) were similar in gastrocnemius muscles
between groups (Fig. 3E).

Doxorubicin alters bioenergetic efficiency in skeletal muscle
mitochondria by impairing respiratory complex function

A mitochondrial diagnostics platform was leveraged to unbi-
asedly assess the impact of Doxo on skeletal muscle bioener-
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getic fluxes. To perform the assays, mitochondria were isolated
from skeletal muscle of PBS- and Doxo-treated mice, and res-
piratory control was assessed across the same thermodynamic
conditions as those used to measure SR–Ca2� uptake. All
assays were done using multiple substrate conditions (P/M,
G/M, Pc/M, and R/S), each of which activates a unique set of
matrix dehydrogenases and respiratory complexes.

Exposure to Doxo lowered mitochondrial JO2, independent
of �GATP or substrate condition (Fig. 4A). Although not con-
clusive using respirometry alone, the identical JO2 effects
induced by Doxo across multiple substrate conditions argues
against bioenergetic lesions being localized to the matrix dehy-
drogenase network. With the exception of Pc/M, maximal
uncoupled JO2, assessed via the addition of FCCP at the end of
the �GATP titration, remained lower in Doxo exposed mito-
chondria (Fig. 4B), suggesting that Doxo-mediated respiratory
impairments are not caused by lesions in the phosphorylation
system (e.g. ATP synthesis, ADP/ATP transport). Interestingly,
although absolute respiratory sensitivity (i.e. the linear change
in JO2 for a given �GATP shift) was generally depressed by Doxo
(Fig. 4C), normalization to the starting JO2 eliminated respira-
tory sensitivity differences for all substrates but R/S (Fig. 4D).
Collective analysis of all respirometry data suggests that doxo-

rubicin impairs skeletal muscle bioenergetics via impinging on
the respiratory complexes.

Parallel measurements of membrane potential (��m) and
NAD(P)H/NAD(P)� redox state were performed to localize
Doxo-mediated differences in respiratory control into one of
three energy transduction control nodes: 1) ATP synthesis, 2)
electron transport system (ETS), and 3) matrix dehydroge-
nases. Across all substrate conditions, ��m was decreased in
Doxo-exposed mitochondria at each �GATP (Fig. 4E), as well
as following normalization to JO2 (Fig. 4F). In contrast,
NAD(P)H/NAD(P)� redox was largely unaffected by Doxo
exposure, except for hyper-reduction in the presence of R/S at
the lowest ATP free energy (Fig. 4, G and H). Taken together,
these data corroborate the respirometry data and suggest that
bioenergetic impairments induced by doxorubicin are caused
by ETS alterations.

Citrate synthase activity and mitochondrial dehydrogenases
are minimally impacted by doxorubicin

Citrate synthase and ATP synthase (CV) activities were unaf-
fected by Doxo exposure, suggesting mitochondrial content
(20) per mitochondrial isolation was similar between PBS and
Doxo groups (Fig. 5A). With one exception (pyruvate dehydro-

Figure 1. Doxorubicin causes loss of body mass but does not significantly reduce muscle mass and fiber CSA of EDL and soleus muscles. A, changes in
body mass following treatment with PBS (n � 10) or Doxo (n � 11). B, muscle masses of the EDL and soleus corrected for body mass (PBS, n � 8; Doxo, n � 9).
C, representative images of EDL and soleus muscle cross-sections. D, EDL and soleus muscle fiber CSA (PBS, n � 4; Doxo, n � 4). E, muscle fiber type composition
of EDL and soleus muscle (PBS, n � 4; Doxo, n � 4). **, p � 0.01; ***, p � 0.001. The data are means � S.E.
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genase kinase (PDH)), no differences were observed across
groups for various NAD(P)-linked dehydrogenases (IDH3),
�-ketoglutarate dehydrogenase complex (�KGDH), branched-
chain keto-acid dehydrogenase complex (BCKDH), glutamate
dehydrogenase (GDH), malate dehydrogenase (MDH2), NADP�-
linked isocitrate dehydrogenase (IDH2), malic enzyme (ME),
hydroxyacyl CoA (HADHA)), and GOT2 activity, although
there was an upward trend for MDH2 activity in the Doxo
group (Fig. 5B).

ETS supercomplexes, ATP synthase content, and
mitochondrial iron content are unaltered following
doxorubicin treatment

Using isolated mitochondria prepared from PBS- and Doxo-
treated mice, blue native PAGE experiments were carried out to
quantify the combined content of the mitochondrial supercom-
plexes I � III2 � IV2, I � III2 � IV1, and I � III2 � IIn, as well as
CV. Exposure to Doxo did not alter the skeletal muscle content

Figure 2. Doxorubicin causes skeletal muscle contractile dysfunction. A, force–frequency curve of absolute force (mN) production by EDL and soleus
muscles. B, force–frequency curve of specific force (N/cm2) production by EDL and soleus muscles. C, muscle fatigue (% change) in the EDL and soleus. D,
half-relaxation time (seconds) of EDL and soleus muscles undergoing a 10-Hz stimulation. For all measures: PBS, n � 8; and Doxo, n � 9. *, p � 0.05; **, p � 0.01;
***, p � 0.001. The data are means � S.E.
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of either mitochondrial supercomplexes or CV (Fig. 5, C–E).
Finally, iron content was similar in mitochondria isolated from
PBS- and Doxo-treated mice (Fig. 5F).

Soleus muscle more susceptible to doxorubicin-induced
mitochondrial respiratory deficits

Mitochondrial JO2 was reduced independent of �GATP in
soleus permeabilized muscle fiber bundles (PMFBs) energized
with G/M but remained unchanged when energized with R/S
(Fig. 6, A and B). Respiration rates were unchanged in EDL fiber
bundles regardless of substrate condition (Fig. 6, A and B).
Together, these data suggest a divergent susceptibility to Doxo-
induced mitochondrial defects between EDL and soleus mus-
cle, with the primary deficit localized to complex I of the ETS.
Maximal complex IV JO2 was unhindered in the EDL and
soleus (Fig. 6C), suggesting no loss of functional complex IV
units and that any intrinsic lesions are not sensitive to �GATP
fluxes outside the physiological range.

Discussion

Loss of skeletal muscle quality is a consistent feature of doxo-
rubicin myotoxicity. In the current study, this was manifest
as impaired muscle force, fatigue, and contractile properties,
including reduced rates or SR Ca2� uptake, as well as the devel-
opment of a mitochondriopathy. The extent of body mass lost
in the current study was appreciable to that previously reported
using a similar study design (9, 14), causing a relative increase in
EDL and soleus muscle mass. Similar individual fiber CSAs
between groups confirm that this was an artifact of significant
loss of body mass and not hypertrophy. The collective muscle
anthropometric and force data from the current study find that

reductions in muscle performance precede the onset of any
measurable muscle atrophy. As such, muscle atrophy following
doxorubicin exposure is likely a consequence rather than a
cause of the doxorubicin-induced myopathy. The significant
reduction in EDL and soleus specific force agrees with previous
studies showing EDL contractile decline in the absence of mus-
cle atrophy markers (8, 9) and provides evidence that acute
doxorubicin exposure diminishes EDL and soleus contractile
function prior to the onset of measurable muscle atrophy.
Additionally, EDL and soleus contractile decline was not asso-
ciated with muscle fiber–type shifts, which were unaffected by
Doxo treatment.

Both the EDL and soleus were impacted, with the extent
of impairment different across the muscles, demonstrating a
degree of muscle or fiber-type specificity to doxorubicin myo-
toxicity. The main fiber type–specific differences were the
decline in EDL fatigue resistance and the increase in soleus
half-relaxation time. That the EDL demonstrated a sharp
decline in fatigue resistance and the soleus did not may be due
to their respective myofiber type characteristics. For example,
the soleus possesses a significantly greater fatigue resistance
compared with the EDL (21). Doxorubicin has previously been
shown to impair soleus fatigue resistance 5 days post-treatment
in rat soleus (8, 12), but not EDL (12), using a more strenuous
fatigue protocol compared with the current study. Doxorubi-
cin-induced increases in fatigability are therefore specific to the
study time course, species, and fatigue protocol employed. The
soleus-specific increase in half-relaxation time may be due to
differences in SR machinery compared with the EDL. Contract-
ile kinetics are substantially faster in the EDL compared with

Figure 3. Doxorubicin reduces sarcoplasmic reticulum calcium uptake. A1, graphic illustrating the relationship between shifts in the ATP/ADP ratio and
�GATP. A2, PBS and Doxo Ca2� uptake rates data combined and plotted against �GATP, demonstrating SR–Ca2� uptake rate sensitivity to changes in �GATP. B,
tracing of percentage of Ca2� uptake across time by isolated SR under different free energies of ATP hydrolysis (�GATP). The box outlines the data used to
calculate Ca2� uptake rates. C, Ca2� uptake rate in isolated SR at high (�14.70) and low (�12.94) negative �GATP. D, overall Ca2� uptake rate averaged across
all five �GATP tested. E, ferrous (Fe2�), ferric (Fe3�), and total iron (Fe2� � Fe3�) content of gastrocnemius muscles from PBS- and Doxo-treated mice. For all
measures: PBS, n � 5; and Doxo, n � 5. *, p � 0.05; ***, p � 0.001. The data are means � S.E.
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the soleus, aided by greater calsequestrin content (22) and
SERCA activity (23), which may protect against doxorubicin-
related damage or inhibition. Increases in half-relaxation
time were limited to low frequency stimulation (10 Hz), sug-
gesting that any doxorubicin impairment or inhibition was
mild under the acute dose and time course assessed. The
underlying causes of changes in half-relaxation are likely the
noted reductions in SR-dependent Ca2� uptake following
doxorubicin treatment.

We assessed Ca2� uptake in isolated SR, with a novel modi-
fication. Similar to our mitochondrial assays, we employed a CK
clamp, allowing us to manipulate the free energy of ATP hydro-
lysis and measure its impact on SR-dependent Ca2� uptake.
This approach allows us to connect components that regulate
skeletal muscle contractile function with cellular energetic sta-
tus, and potentially mitochondrial function, which are respon-

sible for maintaining cellular energetic homeostasis. Our data
support those of previous investigations demonstrating doxo-
rubicin-induced reductions in Ca2� uptake (11, 24, 25). Reduc-
tions in Ca2� uptake were found across the spectra of �GATP
tested, indicating that the mechanism of doxorubicin impair-
ment was not related to abnormal SERCA sensitivity to cellular
�GATP. Oxidation of thiol groups caused by elevated ROS has
been proposed as a potential mechanism of SERCA inhibition
(24) but remains unresolved based on the mix of positive (24,
26) and negative (11) anti-oxidant supplementation studies.
Impaired Ca2� uptake via the SR would be expected to be most
pronounced under high-frequency tetanic contractions, such
as those in which EDL specific force was significantly reduced.
Meanwhile, the soleus demonstrated reduced specific force
across all but the lowest frequency stimulations. The differ-
ences in EDL and soleus muscle response may be due to the

Figure 4. Multiplexed assay platform showing respiratory, membrane potential, and NAD(P)H/NAD(P)� fluxes in response to changing mitochon-
drial free energies following doxorubicin treatment. A, E, and G, relationship between mitochondrial oxygen consumption (JO2) (A), membrane potential
(��m) (E), and redox status (NAD(P)H/NAD(P)�) (G) versus ATP free energy (�GATP) in isolated mitochondria energized with pyruvate/malate (P/M), glutamate/
malate (G/M), palmitoyl-carnitine/malate (Pc/M), and rotenone/succinate (R/S). A1, graphic illustrating the relationship between shifts in the ATP/ADP ratio and
�GATP. B, JO2 following addition of the uncoupling agent, FCCP. C, respiratory conductance calculated from the slopes of the linear range (dashed lines in A) of
JO2 v �GATP. D, respiratory conductance normalized to max JO2. F, data from all substrates was pooled to provide an overview of the relationship between JO2
and ��m. H, data from P/M, G/M, and Pc/M was pooled to provide an overview of the relationship between JO2 and NAD(P)H/NAD(P)�. For all measures: PBS,
n � 8; and Doxo, n � 8. *, p � 0.05; **, p � 0.01. The data are means � S.E.
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significantly higher calsequestrin content (22) and SERCA
activity (23) in the EDL compared with the soleus.

A further explanation may be the occurrence of dysregulated
skeletal muscle mitochondria in response to doxorubicin expo-
sure. Muscle contractile performance and mitochondria are
integrated through a series of phosphotransfer reactions medi-
ated by creatine kinase and adenylate kinase (27, 28). These
coupled reactions relay changes in adenylate flux across the cell,
providing a means of energetic communication between the SR
and mitochondria to regulate Ca2� release and reuptake and
ATP synthesis and hydrolysis (15–17). The bidirectional nature
of this communication means that altered mitochondrial func-
tion may impact Ca2� handling and consequently muscle per-
formance. Findings from the current study in which doxorubi-
cin-induced mitochondriopathy was associated with reduced
Ca2� uptake and contractile dysfunction support such a mech-
anism. Ca2� uptake measures in the current study were made in
isolated SR and thus in the absence of mitochondrial coupling.
However, reduced Ca2� uptake has previously been reported in
permeabilized muscle fiber bundles prepared from doxorubicin
treated rat gastrocnemius muscle in which SR-mitochondrial
excitation coupling remained intact (14). Indeed, impaired
intracellular Ca2� handling has previously been found in mod-
els of skeletal muscle mitochondrial dysregulation (16, 29).
Comparison of mitochondrial respiration in PMFBs found
complex I– dependent JO2 reductions in the soleus following
Doxo, but not the EDL. Complex II was unaffected across all
�GATP in both muscles, and maximal complex IV JO2 was sim-
ilarly unaltered. These data imply an increased susceptibility
within type I/IIa fiber type–rich muscles to complex I-depen-
dent lesions following acute doxorubicin exposure. Whether
and to what extent this contributes to contractile dysfunction in
the soleus is unclear. It may be anticipated that if doxorubicin-

related muscle dysfunction is the result of impaired mitochon-
drial function, muscles in which energetics were most depen-
dent on mitochondria, such as the soleus, would show a more
debilitating phenotype. A comparison of EDL and soleus con-
tractile data, which do not show drastic differences, suggests
this may not be the case in acute doxorubicin exposure, but a
contributing factor cannot be ruled out.

Mitochondria isolated from skeletal muscle 72 h after sys-
temic doxorubicin exposure showed a pronounced decline
in JO2. The substrate-independent nature of the respiratory
decline indicates that the source of respiratory limitation is
likely not caused by dehydrogenase impairments, nor is it lim-
ited to CI (P/M, G/M, and Pc/M) or CII (R/S) exclusively.
Furthermore, that JO2 remained lower with the addition of
FCCP demonstrates a reduction in the maximal respiratory
capacity of the mitochondria following doxorubicin treatment.
Together, these data suggest the presence of biochemical
lesions within the ETS. Conflicting R/S JO2 data between
PMFBs and isolated mitochondria likely reflects differential
responses to doxorubicin exposure across different muscles
groups or potential differences in methodology. Respiratory
sensitivity, which measures the responsiveness of mitochondria
to changes in �GATP, was also lower in the Doxo group,
although with the exception of R/S, this reduction was in line
with the overall depression in absolute respiration. As such, the
respiratory defect is likely not caused by intrinsic limitations to
any one ETS component but rather the result of fewer func-
tional respiratory complexes and/or a multiplexed lesion across
the ETS. In the case of CII, however, normalized respiratory
conductance remained suppressed, implying that a CII-intrin-
sic limitation may be present. Quantification of both mitochon-
drial supercomplexes and ATP synthase imply that neither
depletion of ETS components or ETS complex– complex inter-

Figure 5. Dehydrogenase flux capacity and mitochondrial content of subunit supercomplexes and ATP synthase. A, citrate synthase and ATP synthase
(CV) activity rates. B, enzyme activity rates (JNADH/JNADPH) of mitochondrial dehydrogenases. C, whole blue native PAGE gel and magnified inset showing
mitochondrial supercomplex and ATP synthase protein content. D and E, doxorubicin did not alter the protein content of mitochondrial supercomplexes I �
III2 � IV2, I � III2 � IV1, and I � III2 � IIn (D) or ATP synthase (E). F, total iron (Fe2� � Fe3�) content of isolated mitochondria from PBS-treated (n � 4) and
Doxo-treated (n � 3) mice was similar between groups. For all measures: PBS, n � 4; and Doxo, n � 4 unless otherwise stated. **, p � 0.01. The data are means �
S.E.
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actions are the underlying causes of doxorubicin-induced mito-
chondriopathy. That said, future studies will require thorough
interrogation of the respiratory proteome to definitively rule
out ETS complex depletion as the cause of Doxo-mediated bio-
energetic decline.

Similar to JO2, we found substrate-independent reductions
in membrane potential following doxorubicin treatment. Such
a depolarization effect implies that Doxo either impairs proton
pumping or accelerates proton leak, both of which impair
the mitochondrion’s ability to maintain membrane potential.

When considered in the context of respiration, by plotting
��m against JO2, the Doxo group exhibit a distinct leftward
shift relative to the PBS group. This shift is inconsistent with the
depolarization effect being caused by proton leak (i.e. “uncou-
pling”) and thus supports that the respiratory defect resides in
the ETS. To further interrogate the maintenance of mitochon-
drial free energy following doxorubicin exposure, we measured
the NAD(P)H/NAD(P)� reduction state. Similar NAD(P)H/
NAD(P)� levels were observed for both groups under P/M,
G/M, and Pc/M energized conditions. Plotting JO2 against

Figure 6. Respiratory flux changes between EDL and soleus muscle in response to doxorubicin. A and B, relationship between mitochondrial oxygen
consumption and changes in ATP free energy (�GATP) measured in EDL and soleus PMFBs energized with glutamate/malate (G/M) (for EDL: PBS, n � 3; and
Doxo, n � 3; for soleus: PBS, n � 9; and Doxo, n � 6) (A) and rotenone/succinate (R/S) (for EDL: PBS, n � 3; and Doxo, n � 3; for soleus: PBS, n � 8; and Doxo, n �
7) (B). C, maximal complex IV oxygen consumption in EDL and soleus PMFBs (for EDL: PBS, n � 6; and Doxo, n � 6; for soleus: PBS, n � 6; and Doxo, n � 6). *, p �
0.05; **, p � 0.01. The data are means � S.E.
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pooled NAD(P)H/NAD(P)� revealed no shift in the Doxo
group, indicating that the activity of the matrix dehydrogenases
were not rate-limiting and therefore not the cause of depressed
JO2 and ��m. Interestingly, NAD(P)H/NAD(P)� was hyper-
reduced in the presence of R/S. Although the molecular mech-
anism underpinning this observation remains to be deter-
mined, a similar phenotype was recently reported in cardiac
mitochondria from the mitochondrial mutator mouse (30).

Unique among the dehydrogenases tested was PDH, which
showed a greater than 50% reduction in maximal activity fol-
lowing doxorubicin treatment. Phosphorylation via pyruvate
dehydrogenase kinase (PDK) provides a potent inhibitory effect
on PDH. Increased PDK expression in response to doxorubicin
treatment has previously been shown in mouse skeletal muscle
(19) and cardiomyocytes (31). Although subsequent reductions
in PDH activity were only found in cardiomyocytes, discrepan-
cies in PDH activity are likely the result of differences in models,
doxorubicin doses, assays, and the use of whole-tissue/cell
homogenates compared with isolated mitochondrial homoge-
nates. Nevertheless, elevated PDK expression in doxorubicin-
exposed cardiomyocytes was associated with increased PDH
phosphorylation (31). In light of this, it is likely that reduced
PDH activity in the current study was the result of PDK-regu-
lated phosphorylation of PDH. The absence of a difference in
NAD(P)H/NAD(P)� under P/M conditions suggests that
any phosphorylation-mediated declines in PDH activity were
reversed in intact mitochondria upon energization with excess
pyruvate under physiological ATP free energy (32, 33). In addi-
tion to dehydrogenase activity, we measured the activity and
protein content of ATP synthase (CV). The similar activities
and protein content of ATP synthase between PBS and Doxo
groups indicate that the doxorubicin-associated defects in
mitochondrial respiration are upstream of CV. These data in
conjunction with those of the multiplexed assay reveal that
doxorubicin causes lesions in the ETS. The primary candidates
of which are CI, CII, CIII, and/or CIV. This concept is summa-
rized in the Fig. 7 diagnostic tree. Comparison with muscle fiber
JO2 data suggests that the major lesions reside within complex
I and are most prevalent within oxidative muscle fiber groups.
Whether the source of ETS limitation involves the stoichiom-
etry of the individual complexes and/or post-translational con-
trol (e.g. cysteine oxidation) requires further investigation.

It has been proposed that the mechanism underlying the
decline in muscle and mitochondrial quality is the excessive
production of ROS caused by doxorubicin cycling. Briefly,
the quinone moiety, aglycone, within doxorubicin produces a
semiquinone through a readily reversible reaction, via the
transfer of an electron from O2, in turn producing superoxide
and subsequently H2O2 (34, 35). When in the vicinity of heavy
metals such as iron, which as a curious by-product of doxoru-
bicin exposure accumulates in mitochondria (36), is converted
to potent hydroxyl radicals (37, 38). Extensive oxidant damage
may trigger the release of cytochrome c from mitochondria and
subsequent activation of proteases, leading to the onset of atro-
phy (19, 39) and ultimately the loss of skeletal muscle quality.
Doxorubicin not only disrupts iron homeostasis through redox
cycling and iron accumulation but can interact directly with
iron to form a Doxo–iron complex (36, 38, 40). It is interesting

therefore that all four ETS complex candidates for doxorubi-
cin-induced lesion loci contain heme and/or iron–sulfur clus-
ters, which are required for electron transport (41). Interfer-
ence with iron homeostasis across complexes I–IV could
potentially inhibit electron flow and reduce JO2 and �m. Iron
content analysis revealed that neither cellular nor mitochon-
drial free iron accumulation was a contributing factor to
the myopathy and mitochondriopathy developed herein in
response to acute doxorubicin exposure. That said, transgenic
and pharmacological interventions aimed at reducing mito-
chondrial iron content in mice were found to alleviate and
reverse doxorubicin-induced cardiotoxicity (36), suggesting
that iron accumulation may be a contributing factor in long-
term, multidose doxorubicin treatments but not short-term
doxorubicin treatments. Future work will be required to deter-
mine whether doxorubicin-mediated impairments in bioener-
getic efficiency proceed through a direct interaction between
doxorubicin and respiratory complex iron-containing pros-
thetic groups.

Experimental procedures

Animal use and care

The mice were purchased from the Jackson Laboratory and
housed in a temperature (22 °C) and 12 h light/dark cycle-con-
trolled facility with ad libitum access to food and water. The
mice were euthanized via isoflurane overdose and cervical dis-
location. All animal procedures and usage were approved by the
Institutional Review Committee at East Carolina University
(animal usage protocol no. Q332a). Animal care complied with
the Guide for the Care and Use of Laboratory Animals, Institute
of Laboratory Animal Resources, Commission on Life Sciences,
National Research Council (42).

Procedures

A total of 41 C57BL/6NJ male mice, aged 10 –24 weeks were
euthanized during the study. The mice received an intraperito-
neal injection of either 1	 PBS or Doxo at a clinically equivalent
dose of 20 mg/kg body mass based on the established Freireich
conversion factor (43). PBS and Doxo treatments were admin-
istered in equal volumes. Following injections, the mice were
monitored daily and then euthanized 72 h postinjection. The
mice were weighed pre- and postinjection for calculation of
injection volume and changes in body. EDL and soleus muscles
were tied and extracted for isometric force measures and mus-
cle fiber CSA. Quadracep, gastrocnemius, and tibialis anterior
(TA) muscles were extracted for mitochondrial isolation. Mito-
chondria were isolated into three pellets, an intact pellet for
conductance measures (respiration, membrane potential, and
redox), a homogenate for enzyme activity assays, and an intact
pellet for assessment of supercomplexes. Finally, mitochondrial
respiration was measured in PMFBs prepared from EDL and
soleus muscles to compare tissue specific differences.

Muscle fiber size and type

Muscle fiber CSA was measured in EDL and soleus muscles
(PBS, n � 4; Doxo, n � 4), as described previously (21). Images
of muscle cross-sections were taken by a blinded investigator
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from six different locations across the belly of the muscle sec-
tion and were probed with an anti-dystrophin primary anti-
body (Rb-9024; Thermo Fisher). Dystrophin protein was
stained with a secondary fluorescent 647 probe (A-21244;
Thermo Fisher). Muscle fiber type was assessed as previously
described (21). Stained cross-sections were imaged using
an EVOS FL auto microscope and accompanying software
(Life Technologies, Inc.). CSA was assessed using ImageJ
(National Institutes of Health) as previously described (44).
The images were coded and randomized to allow for blinded
analyses.

Muscle force production

Isometric force production and fatigue were assessed in vitro
for EDL and soleus muscle (PBS, n � 8; Doxo, n � 9), as previ-
ously described (21) with slight modifications. Briefly, EDL and
soleus muscles were equilibrated in oxygenated Krebs buffer at
room temperature for 10 min prior to setting optimal resting
tension. Force–frequency curves were generated by stimulating
muscles at 10, 20, 40, 60, 80, 100, and 120 Hz every 60 s. To
ensure maximal stimulation, an optimal voltage of 20 V was
determined for EDL and soleus muscles prior to experiments.
Following the force–frequency curve, the muscles were allowed

Figure 7. Summary diagnostic workflow of mitochondria from doxorubicin-treated mice. The summary displays the analytical process of determining
potential lesion targets. Overlaying the findings of the current study onto the workflow reveals that decreased respiratory flux, in conjunction with depolarized
membrane potential and reduced/no change in NAD(P)H/NAD(P)� redox state, is symptomatic of lesions to the ETS. Specific targets and supporting evidence
are listed in the diagnostic report box.
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to rest for 60 s before a 150-contraction fatigue resistance pro-
tocol was initiated. The protocol stimulated muscles at 30 Hz
every 2 s for 300 s. Upon completion of the protocol, optimal
muscle length was measured, and muscles were blotted, dried,
and weighed. Absolute muscle force data (mN) were converted
to specific force (N/cm2) using an equation for the estimation of
physiological CSA (45).

Sarcoplasmic reticulum calcium uptake

SR was isolated from PBS-treated (n � 5) and Doxo-treated
(n � 5) mice as previously described (46), with modifications.
An enriched SR fraction was isolated from quadriceps, gastro-
cnemius, and TA muscles placed in 10 ml of ice-cold isolation
buffer (20 mM HEPES, 0.2% sodium azide, 0.2 mM phenylmeth-
ylsulfonyl fluoride, pH 6.8). The muscles were chopped prior to
mechanical homogenization with a Polytron homogenizer. The
samples were centrifuged at 8,000 	 g for 15 min at 4 °C to remove
debris. Supernatant was removed and filtered through a 100-�m
nylon filter into a clean tube. KCl was added to a final concentra-
tion of 600 mM to dissolve cytoskeleton proteins. The samples
were centrifuged at 12,000 	 g for 45 min at 4 °C. Supernatent was
discarded, and pellets were dislodged via a rubber policeman into
storage buffer (20 mM HEPES, 0.2% sodium azide, 0.2 mM phenyl-
methylsulfonyl fluoride, 300 mM sucrose, 150 mM KCl, pH 6.8).
Protein concentration was determined using a BCA assay
(Pierce BCA protein assay kit; Thermo Fisher).

Oxolate-supported Ca2� uptake was measured using the
duel emission fluorescent probe, Indo-1, as previously described
(46, 47), with modifications. Measurements were made at 1-s
intervals, and changes in the 468:402 emission ratio were nor-
malized to the percentage change for the calculation of Ca2�

uptake rates. All measures were made in duplicate, and the
purity of each SR isolate was confirmed by an additional assay
run including 50 �M of the sarco/endoplasmic reticulum Ca2�-
ATPase (SERCA) inhibitor cyclopiazonic acid.

Measurements were made in 200 �l of Indo-1 assay buffer
(100 mM KCl, 20 mM HEPES, 5 mM oxalate, 1 mM MgCl2, 5 mM

ATP, 5 mM creatine, 20 �g/ml CK, 1.5 �M Indo-1, pH 7.0) using
7.5 �g of isolated SR protein. Assay buffer was supplemented
with 1, 6, 11, 16, and 21 mM PCr to modulate the free energy of
ATP hydrolysis (�G
ATP). Once the 468:402 emission ratio had
plateaued, 40 �M CaCl2 was added to initiate SR Ca2� uptake.

�G
ATP was calculated for each PCr step to account for shifts
in ionic strength and free magnesium, as previously described
(48, 49). �G
ATP was calculated using the formula below,

�G
 ATP � �G
° ATP � RT In
�Cr� �Pi�

�PCr� �K
CK�

where �G
°ATP is the standard apparent transformed Gibbs
energy (at a specified pH, ionic strength, free magnesium, and
pressure), R is the gas constant (8.3145 J/kmol), and T is the
temperature in kelvin (310.15). �G
ATP values were determined
using an online tool (https://dmpio.github.io/bioenergetic-
calculators/) (50).3

Respiratory conductance was determined by plotting the free
energy of ATP hydrolysis (�G
ATP) at each PCr titration step
against oxygen consumption rates (JO2). �G
ATP was calcu-
lated as described above.

Isolation of skeletal muscle mitochondria

Mitochondria were isolated from the quadriceps, gastrocne-
mius, and TA muscles via differential centrifugation, as previ-
ously described (50). Mitochondria were isolated in three buf-
fers: buffer A (PBS and 10 mM EDTA at pH 7.4); buffer B (50 mM

MOPS, 100 mM KCl, 1 mM EGTA, 5 mM MgSO4); and buffer C
(buffer B and 2 g/liter BSA). The muscles were placed in ice-
cold buffer A, minced, and then digested in 0.05% trypsin for 5
min. Trypsin was removed via centrifugation at 300 	 g for 5
min at 4 °C. Muscle pellets were homogenized in buffer C using
a Teflon pestle and borosilicate glass vessel and then centri-
fuged at 600 	 g for 10 min at 4 °C. Supernatants were passed
through a double layer of gauze and centrifuged at 10,000 	 g
for 10 min at 4 °C. Mitochondrial pellets were suspended in 1.4
ml of buffer B and divided into suspensions of 1 ml (pellet 1),
200 �l (pellet 2), and 200 �l (pellet 3) and centrifuged at
10,000 	 g for 10 min at 4 °C. Pellet 1 was suspended in 100 �l
of buffer B for conductance measures, pellet 2 was suspended in
50 �l of buffer B supplemented with protease inhibitors for
enzyme activity assays and flash frozen, and pellet 3 was flash
frozen for mitochondrial supercomplex analysis, respectively.
Protein concentrations were determined using a BCA assay.

Isolated mitochondrial respiratory control (JO2)

High resolution respirometry measures were conducted at
37 °C in 2 ml of assay buffer using the Oroboros Oxygraph-2K
(Oroboros Instruments), as previously described (51). All res-
piratory assays were run in buffer D supplemented with 5 mM

creatine, 5 mM ATP, 1 mM PCr, and 20 units/ml CK. The sub-
strate conditions tested were 5 mM pyruvate and 2.5 mM malate
(P/M), 10 mM glutamate and 2.5 mM malate (G/M), 16 �M

palmitoyl-carnitine and 2.5 mM malate (Pc/M), and 5 �M rote-
none and 10 mM succinate (R/S). A total of 40 �g of mitochon-
drial protein was used for each of the P/M, G/M, and R/S con-
ditions, and 75 �g of mitochondrial protein was used for the
Pc/M condition. Respiratory control was assessed through
sequential additions of PCr to final concentrations of 6, 11, 16,
and 21 mM before addition of 5 �M FCCP and 10 �M cyto-
chrome c.

Mitochondrial membrane potential and redox state

Membrane potential (��m) and redox state (NAD(P)H/
NAD(P)�) measures were made simultaneously at 37 °C in 0.2
ml of assay buffer using a QuantaMaster spectrofluorometer.
The assays were run in buffer D supplemented with 5 mM ATP,
1 mM PCr, 20 units/ml CK, and 0.2 �M tetramethylrhodamine,
methyl ester. Isolated mitochondria (0.1 mg/ml) were added to
cuvettes, followed by P/M, G/M, Pc/M, and R/S substrate con-
ditions (as used in respiratory control experiments). Sequential
additions of PCr were made to final concentrations of 6, 11, 16,
and 21 mM. Following PCr titrations, 10 mM cyanide and 0.03
mg/ml alamethicin were added in sequence to induce a state of
100 and 0% reduction, respectively. �� was determined via

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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tetramethylrhodamine, methyl ester fluorescence using the
excitation/emission parameters: excitation/emission (572/590
nm)/(551/590 nm), as previously described (51). NAD(P)H/
NAD(P)� was calculated via autofluorescence using the ex-
citation/emission parameters 340 nm/450 nm. NAD(P)H/
NAD(P)� was calculated for each �G
ATP value and expressed
as a percentage reduction using the formula below, where F is
the fluorescence signal (340 nm/450 nm).

% reduction �
F � F0%�

F100% � F0%�

Citrate synthase activity assay

Protein content of mitochondrial homogenates were assessed
using a BCA assay. Citrate synthase activity was determined
using a commercially available citrate synthase assay kit (cata-
log no. CS0720; Millipore–Sigma). Citrate synthase activity was
determined using the manufacturer’s instructions.

Enzyme activity assays

All assays were completed as previously described (50) using
isolated mitochondrial homogenates. Enzyme activities were
determined based on rates or NADH/NADPH production or
oxidation measured via autofluorescence (excitation/emission
340/450). The assays were run in 96-well plates using 200 �l of
buffer and 2– 60 �g/well mitochondrial protein. The fluores-
cence values were plotted over time, and the slope for the linear
portion of the curve was calculated. Slope values were back-
ground-corrected and normalized to total number of micro-
grams of mitochondrial protein loaded per assay.

ATP synthase—The activity of ATP synthase (complex V)
was measured via NADH oxidation using buffer D, supple-
mented with 0.005 mM rotenone, 0.2 mM NADH, 10 units/ml
lactate dehydrogenase, and 5 mM phosphoenoyl pyruvate. The
assay was initiated with the addition of 5 mM ATP.

Dehydrogenases—The assays were performed to determine
the activity of the dehydrogenases isocitrate (IDH3: NAD-
linked), PDH complex, �KGDH, BCKDH, GDH, MDH2, isoci-
trate dehydrogenase (IDH2: NADP�), ME, and HADHA. The
following assays were performed using buffer C with the addi-
tion of dehydrogenase-specific supplements. IDH2 and ME was
supplemented with 0.005 mM rotenone and 2 mM NADP�.
IDH3, GDH, and MDH2 were supplemented with 0.005 mM

rotenone and 2 mM NAD�. PDH, �KGDH, and BCKDH were
supplemented with 0.005 mM rotenone, 2 mM NAD�, 0.1 mM

cofactors CoA, and 0.3 mM thiamine pyrophosphate. The activ-
ity of HADHA was measured using buffer D, supplemented
with 0.005 mM rotenone and 0.2 mM NADH with 0.2 mM ace-
toacetyl-CoA added to initiate the reaction.

GOT2—The activity of aspartate aminotransferase (GOT2)
was measured via NADH oxidation using buffer E (20 mM

HEPES, 100 mM KCl, 2.5 mM KH2PO4, 2.5 mM MgCl2, and 1%
glycerol, pH 8.0) supplemented with 200 mM aspartate, 0.1 mM

pyridoxal 5-phosphate, 2 units/ml malate dehydrogenase, 0.005
mM rotenone, and 0.2 mM NADH. The assay was initiated with
the addition of 10 mM �-ketoglutarate.

Blue native PAGE

Mitochondrial pellets were lysed in 1	 native gel electropho-
resis buffer (catalog no. BN2003; Thermo ), supplemented with
10 mM nicotinomide, 1	 protease inhibitor mixture, and 6%
digitonin. Samples were incubated on ice for 20 min and cen-
trifuged at 10,000 	 g for 30 min at 4 °C. Protein content of
supernatants were determined via BCA assay. The samples
were supplemented with G-250 Coomassie additive (catalog
no. BN2004; Thermo), and then 50 �g of mitochondrial protein
was loading onto a 4 –16% BisTris native gel (catalog no.
BN1004; Thermo). Following electrophoresis, the proteins
were fixed and destained in 40% methanol and 10% acetic acid
overnight at room temperature.

Iron content

Iron levels were measured in gastrocnemius homogenates
(PBS, n � 7; Doxo, n � 5) and a subset of isolated mitochondrial
(PBS, n � 4; Doxo, n � 3) homogenates using a commercially
available assay kit (catalog no. K390-100; Biovision) and in
accordance with the manufacturer’s instructions. For gastro-
cnemius homogenates, the ferrous (Fe2�) form and total iron
content were measured, allowing for the calculation of ferric
iron (Fe3�) by subtraction of Fe2� from total iron. Because of
the limited sample, only the total iron content was measured for
isolated mitochondria. Measurements were made in 150 and
120 �g of gastrocnemius and mitochondrial homogenate pro-
tein, respectively.

Permeabilized muscle fiber bundle preparation

PMFBs were prepared from EDL and soleus muscle of PBS-
and Doxo-treated animals 72 h post-treatment. Fiber bundles
were prepared as previously described (52). Briefly, the muscles
were excised and placed in ice-cold buffer X (7.23 mM K2EGTA,
2.77 mM CaK2EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM

ATP, 14.3 mM phosphocreatine, 6.56 mM MgCl2�6H2O, 50 mM

MES, pH 7.1). Connective tissue and fat were removed, and
fibers underwent mechanical separation using a dissecting
microscope and microdissecting tweezers. Fiber bundles were
permeabilized in buffer X containing 30 �g/ml saponin with
continuous rotation for 30 min at 4 °C. Fiber bundles were then
washed in buffer D (105 mM potassium MES, 30 mM KCl, 10 mM

KH2PO4, 5 mM MgCl2�6H2O, 0.5 g/liter BSA, 1 mM EGTA, pH
7.1) for 15 min with continuous rotation at 4 °C.

High-resolution respirometry in PMFBs

High-resolution respiratory measures were conducted as
previously described (50), with minor modifications. Respira-
tory assays were conducted in buffer D, supplemented with 5
mM creatine, 5 mM ATP, 1 mM PCr, 2 units/ml CK, and 25 �M

blebbistatin. Substrate conditions comprised of 10 mM gluta-
mate and 2.5 mM malate (G/M) and 5 �M rotenone and 10 mM

succinate (R/S). Respiratory control was assessed through
sequential additions of PCr to final concentrations of 6, 11, 16,
and 21 mM. The mitochondria were re-energized with the addi-
tion of 20 units/ml hexokinase and 10 mM glucose. Mitochon-
drial membrane integrity was confirmed by the addition of 10
�M cytochrome c before additions of 5 �M antimycin A, 2 mM
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ascorbic acid, and 0.5 mM N,N,N
,N
-tetramethyl-p-phe-
nylenediamine dihydrochloride to assess maximal complex IV
respiration. PMFBs were washed in dH2O, freeze-dried, and
weighed. JO2 was normalized to PMFB mass.

Statistical analyses

Differences between groups were determined using t tests
with Welch’s correction, Mann–Whitney U tests, and multiple
t tests. Statistical analyses and figure generation were com-
pleted using GraphPad Prism (version 7.0). The � level was set
at � � 0.05. The data are presented as means � S.E.
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