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Abstract: Though effective in treating various types of cancer, the chemotherapeutic doxorubicin
(DOX) is associated with skeletal muscle wasting and fatigue. The purpose of this study was to assess
muscle function in situ following DOX administration in mice. Furthermore, pre-treatments with
exercise (EX) or metformin (MET) were used in an attempt to preserve muscle function following
DOX. Mice were assigned to the following groups: control, DOX, DOX + EX, or DOX + MET, and
were given a single injection of DOX (15 mg/kg) or saline 3 days prior to sacrifice. Preceding the
DOX injection, DOX + EX mice performed 60 min/day of running for 5 days, while DOX + MET mice
received 5 daily oral doses of 500 mg/kg MET. Gastrocnemius–plantaris–soleus complex function
was assessed in situ via direct stimulation of the sciatic nerve. DOX treatment increased time to
half-relaxation following contractions, indicating impaired recovery (p < 0.05). Interestingly, EX
prevented any increase in half-relaxation time, while MET did not. An impaired relaxation rate
was associated with a reduction in SERCA1 protein content (p = 0.07) and AMPK phosphorylation
(p < 0.05). There were no differences between groups in force production or mitochondrial respiration.
These results suggest that EX, but not MET may be an effective strategy for the prevention of muscle
fatigue following DOX administration in mice.

Keywords: skeletal muscle; chemotherapy; metformin; exercise; mitochondria; muscle contractions

1. Introduction

The chemotherapeutic doxorubicin (DOX) is used clinically to treat a variety of solid
tumor and leukemia cancers by intercalating DNA and inhibiting replication [1]. DOX use
is known to cause cardiomyopathy, which can lead to acute left ventricular failure and
congestive heart failure. In addition to the effects on cardiac muscle, DOX accumulates in
skeletal and smooth muscle causing long-term side effects including severe fatigue and
muscle loss [2–4]. Additional research into the mechanism of action of DOX on muscle
function and potential strategies to mitigate toxicity is therefore warranted.

To date, most of the research on the effect of DOX on muscle has focused on issues
related to cardiomyopathy [5–12]. However, maintaining skeletal muscle function is
imperative for maintaining strength and mobility and improving functional ability during
and after chemotherapy treatment. Strategies that mitigate the damaging side effects of
DOX on muscle without interfering with its chemotherapeutic properties could improve
overall patient quality of life.

Nearly 90% of patients receiving chemotherapy experience significant fatigue which
impacts their ability to complete daily activities [2,13]. DOX is known to increase oxidative
stress and activate proteolytic pathways within skeletal muscle in a rat model, suggest-
ing that DOX accumulation in skeletal muscle contributes to overall fatigue and muscle
weakness [14–16]. Additionally, ex vivo experiments show that DOX causes a decrease in
muscle force production in rats [2,8,9,17–20]. In this study, we analyzed muscle function of
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the gastrocnemius–plantaris–soleus (GPS) complex in mice using an in situ approach. This
method allows muscle function to be evaluated under intact blood flow conditions while
muscle contractions are maximally activated via sciatic nerve stimulation [21]. Very little
research has been done on evaluating muscle function following DOX treatment using an
in situ approach.

Employing strategies such as exercise or the anti-diabetic drug metformin (MET)
may limit skeletal muscle damage and promote improved quality of life for patients re-
ceiving DOX treatment. Patients with breast cancer that performed aerobic or resistance
exercise while receiving adjuvant chemotherapy had reduced fatigue levels, improved
aerobic capacity, improved muscle strength, and attenuated loss of bone mineral density
compared to controls [22,23]. Recent studies in animal models show that exercise (EX)
with DOX treatment limits skeletal muscle proteolysis [14,15,24], maintains mitochondrial
respiration [25,26], and preserves muscle function [18]. The anti-diabetic drug metformin
(MET) has also been investigated as a potential co-treatment to enhance the effectiveness
of chemotherapy regimens [27]. Emerging literature in cell culture and animal models
suggests that MET may decrease the toxic side effects of DOX in cardiac cells [28–34]. Fur-
thermore, the effectiveness of MET in enhancing the chemotherapeutic effects of DOX and
other chemotherapeutic agents has been the subject of recent clinical trials [35,36]. However,
the effects of MET and DOX on skeletal muscle function have not yet been studied.

The purpose of this study is to determine if EX or MET treatment can limit skeletal
muscle dysfunction due to DOX treatment. The negative effects of DOX treatment on
skeletal muscle function were analyzed with or without EX or MET treatments in the GPS
complex using an in situ approach. In addition, we investigated the potential protective
mechanisms of action of EX or MET by analyzing mitochondrial respiratory capacity,
hydrogen peroxide production, 5′ AMP-activated protein kinase (AMPK) phosphorylation,
and sarco/endoplasmic reticulum Ca2+-ATPase 1 (SERCA1) protein levels.

2. Results
2.1. DOX Treatment Causes Severe Body Weight Loss at 3 Days

To determine the effects of DOX on muscle function and the potential benefit of
exercise or metformin as co-treatments, a single bolus of DOX was administered to 6-week-
old mice. Mice were euthanized 3 days post-DOX treatment. Consistent with previous
studies, DOX treatment caused a significant reduction in body weight (Table 1). All groups
had similar starting body weight (BW), and groups that received DOX lost a significant
amount of weight (p < 0.0001). Exercise with DOX tended to limit the loss of body weight
compared to DOX alone (p = 0.08). DOX treatment also had a significant effect on GPS
muscle weight (Control 135.6 ± 4.7 mg vs. all DOX groups 116.4 ± 2.5 mg; p < 0.001).
When calf weight was expressed as a percent of BW, there wasn’t a significant benefit of EX
or MET with DOX compared to DOX alone. If anything, there may have been additional
muscle loss relative to body weight in the DOX + MET compared to DOX alone (Table 1).

Table 1. Average mouse body weight (BW) and calf weight (CW).

CON (n = 23) DOX (n = 20) DOX + EX (n = 25) DOX + MET (n = 19)

Starting BW (g) 19.8 ± 0.3 20.0 ± 0.3 20.3 ± 0.3 19.7 ± 0.4

Final BW (g) 20.2 ± 0.4 a 16.7 ± 0.3 b* 17.7 ± 0.4 b* 17.0 ± 0.3 b*

% Change in BW 2.2 ± 0.8 a −16.4 ± 0.9 b* −12.6 ± 1.4 b* −13.6 ± 1.1 b*

Final CW (mg) 135.6 ± 4.7 a 123.6 ± 5.7 ab 119.5 ± 2.6 b 108.5 ± 3.2 b

CW as % of BW 0.65 ± 0.02 ab 0.71 ± 0.02 a 0.71 ± 0.02 a 0.62 ± 0.02 b

Average weights ± SEM. Values with different letters are significantly different (p < 0.05). An asterisk (*) indicates a difference from control
with a p-value of <0.0001.
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2.2. DOX Treatment and Muscle Function of the GPS Complex

Maximal force production of the GPS complex over a 6 min fatigue protocol is shown
in Figure 1A. DOX treatment did not cause a change in force production at any time point
during the fatiguing protocol. Likewise, we did not observe a benefit on maximal force
production with either EX or MET treatments in combination with DOX. Representations of
force produced are shown at time 0 s (Figure 1B) and time 360 s (Figure 1C). The integrated
force was also measured as the sum of the force produced in each contraction over the
6 min fatiguing protocol, and no differences were found (not shown).

Figure 1. The force Production of GPS complex over 6 min fatiguing protocol. (A) the force over 6 min protocol. (B) The
force at time point 0 s. (C) The force at time point 360 s. Data are represented as mean ± SEM (n = 7–10). No statistical
differences were reported.

In addition to fatigue and max force production, we evaluated muscle relaxation
times to better understand the effect of DOX on muscle energetics and recovery. DOX
increased the time for half-relaxation, indicating slower muscle recovery (Figure 2). DOX
slowed half-relaxation time by an average of 17% compared to CON (p < 0.05 averaged
over the whole contraction period). The combination of EX with DOX treatment resulted
in relaxation times that were not different from CON (Figure 2B). The combination of MET
with DOX did not result in an improvement in relaxation times compared to DOX and was
15% slower than control (p < 0.05). These results indicate that EX, but not MET may have
provided some protection against DOX-induced slowing of half-relaxation time.

2.3. DOX Treatment Does Not Impair Mitochondrial Respiration

High-resolution respirometry was used to investigate if the DOX-induced impairment
in half-relaxation time was associated with a change in mitochondrial respiratory capacity
and hydrogen peroxide production. There was no difference in respiration rates or hydro-
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gen peroxide production among any groups (Figure 3). Complex I supported respiration
was measured after the addition of glutamate, malate, and ADP. Complex I + II measure-
ments were taken after the addition of succinate. FCCP was added to uncouple respiration,
and uncoupled complex II was measured after adding the complex I inhibitor rotenone.
No differences in either respiration or hydrogen peroxide measurements suggest that
mitochondrial function is not disrupted at this time point in response to DOX treatment.

Figure 2. The half-relaxation time of GPS complex over 6 min fatiguing protocol. (A) Half-relaxation time over 6 min
protocol. (B) The average half-relaxation time over the entire 6 min fatiguing protocol. Data are represented as mean ± SEM
(n = 7–10). Statistical differences (p < 0.05) from CON are indicated by an asterisk (*).

Figure 3. The respiratory capacity and H2O2 production using permeabilized fibers from red gastrocnemius muscle. (A)
The respiratory capacity of fibers following the addition of glutamate, malate, and ADP (CI), succinate (CI + CII), FCCP
(Uncoupled) and rotenone (CII (uncoupled)) (n = 6–9). (B) H2O2 production under the same conditions as respiratory
capacity measurements (n = 3–6). No statistical differences are reported.

2.4. DOX Treatment Causes a Reduction in AMPK Phosphorylation

5′ AMP-activated protein kinase (AMPK) is a cellular energy sensor that responds to
changes in energy state and is active in its phosphorylated state [37]. Therefore, we sought
to determine if we could observe differences in AMPK activation by measuring AMPK
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phosphorylation. Though there were no changes in mitochondrial respiration following
DOX treatment, we observed a decrease in AMPK phosphorylation following DOX. All
animals treated with DOX had lower AMPK phosphorylation (~40%) compared to control
animals (p < 0.05). Neither EX nor MET interventions were able to prevent the effect of
DOX (Figure 4A). Thus, the observed improvement in relaxation following exercise does
not appear to be associated with an improvement in the energy state of the muscle, as
reflected by AMPK phosphorylation.

Figure 4. AMPK phosphorylation and SERCA1 protein expression measured in gastrocnemius muscle via Western blot. (A)
AMPK phosphorylation (Thr172) (n = 5). (B) SERCA1 protein expression (n = 5). (C) Representative Western blots. Main
effect of DOX (p < 0.05) is indicated by #.

2.5. DOX Treatment Causes a Reduction in SERCA1 Protein Expression

The sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) is responsible for the trans-
port of Ca2+ into the sarcoplasmic reticulum following muscle fiber contractions. Because
SERCA is responsible for the clearance of Ca2+ from the cytosol and is necessary for muscle
relaxation, we sought to evaluate SERCA protein expression in the gastrocnemius mus-
cle. In mice, the calf muscle complex is predominantly composed of fast-twitch muscle
fibers (~93% fast-twitch and 7% slow-twitch [38]), which express the SERCA1 isoform [39].
Following DOX treatment, SERCA1 protein expression tended to be reduced in the gas-
trocnemius muscle (p = 0.07). SERCA1 expression was not different from control with
the combination of EX or MET with DOX (Figure 4B). The apparent changes in SERCA1
expression with DOX are consistent with the observed slowing of muscle relaxation. In
addition, EX or MET seems to have prevented a decline in SERCA1 expression, though
only the combination of EX with DOX was associated with an improvement in relaxation
rates compared to DOX treatment alone.

3. Discussion

The purpose of this study was to characterize skeletal muscle dysfunction following
DOX treatment and to determine if EX or MET treatment can prevent DOX-induced impair-
ments in skeletal muscle function. The one indication of muscle dysfunction we observed
with DOX treatment was an increase in GPS complex half-relaxation time. The slowing
of relaxation time was associated with a decrease in SERCA1 protein expression. Interest-
ingly, there was no effect of DOX on maximal muscle twitch force, or on mitochondrial
respiration and hydrogen peroxide production. EX pre-treatment prevented a slowing of
half-relaxation time following DOX treatment, but MET treatment had no effect. These
results suggest that EX, but not MET, may provide some protection against the damaging
effects of DOX treatment.

To our knowledge, this study is the first to determine the effects of DOX treatment on
muscle function using in situ force measurements. The benefit of using an in situ method
to measure force production is that the muscle is left intact, allowing for continual blood
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flow during muscle contractions and full contractions are elicited via direct stimulation of
the sciatic nerve. The measurements of force production made in our study indicate that
DOX treatment did not cause a decrease in specific force production, which is different
from previous reports [9,17,20]. One possible explanation for this discrepancy is that
muscle dysfunction has been shown to progress continually until at least 5 days post-DOX
treatment [8]. Therefore, at the 3-day time point used in this study, it is possible that
skeletal muscle dysfunction may not have fully developed. Despite the lack of a reduction
in muscle force production, the dose and length of DOX treatment used are still relevant
to DOX-induced muscle atrophy as indicated by a reduction in muscle size and overall
body weight.

A second possible explanation is that DOX has been shown to have a greater effect on
slow-twitch, highly oxidative type I muscle fibers than on fast-twitch, glycolytic type II
muscle fibers. In this study, we analyzed the GPS complex in the mouse, which is composed
of about 93% fast-twitch fibers [38]. Most of the other muscle function studies with DOX
treatment have been carried out in a rat model [8,9,17–19] using the soleus (SOL) and
extensor digitorum longus (EDL). The SOL in rats is composed of ~80% slow-twitch fibers,
while the EDL is composed of ~5% slow-twitch fibers [40]. In these studies, DOX treatment
has been shown to have a more profound effect on the slow-twitch SOL muscle than the
fast-twitch EDL muscle [8,9,17,18]. The only functional impairment due to DOX treatment
we observed was a slowing of GPS muscle relaxation. This is consistent with the milder
effects of DOX on muscle composed of predominantly fast-twitch muscle fibers.

A third potential explanation for why we did not observe a reduction in muscle force
following DOX treatment, in contrast to other studies, could be that there are differences in
oxygen delivery between in situ and ex vivo muscle preparations. Previous reports suggest
that differences in maximal isometric force may be observed between in situ and ex vivo
preparations, and that these differences can be attributed to the size of muscle strips used
in ex vivo methods, with larger strips exhibiting greater fatigue due to increased oxygen
diffusion distance and hypoxia [41]. Therefore, it is possible that DOX-induced changes in
muscle force production over a fatiguing protocol could be influenced by the method of
muscle preparation and that an in situ method may be preferable because blood flow is
still intact.

The data from our study show that DOX slowed half-relaxation time, an effect that
was prevented in the DOX + EX group but not the DOX + MET group. Half-relaxation time
is the time required for the muscle to relax by 50% following the completion of contraction.
As the muscle fatigues, the time to half-relaxation increases. Because the muscle was given
time to recover between contractions, the impaired relaxation rate did not affect the peak
force production of the muscle. Previous work done by Hancock et al. and others [21,42,43]
suggests that the half-relaxation time is closely associated with changes to the energy state
of the muscle. This is due to the energetically expensive process of calcium sequestration
from the cytosol to the sarcoplasmic reticulum. To better understand the mechanism
behind how half-relaxation time was impaired, we evaluated mitochondrial respiration
and SERCA protein expression.

In the present study, DOX did not affect mitochondrial respiratory capacity, which
is different from previous reports [25,26,44]. Specifically, Gilliam et al. reported an acute
effect of DOX on mitochondrial function (2 h post-treatment), followed by a recovery
period (24 h post-treatment) and an eventual reduction of respiratory function (3 days
post-treatment) [25]. In the present study, there was no change in mitochondrial respiration
at the 3 day time point, which may suggest that mice have a different period of recovery
from DOX treatment than rats do. We anticipate that we might observe the impact of
DOX on respiratory function with a more acute treatment or a longer one in a mouse
model. Interestingly, Tarpey et al. reported decrements in mitochondrial respiration in
mice at the 3-day time point, which is different from our results. It should be noted,
however, that they used a higher dose of DOX (20 mg/kg) than that used in our study
(15 mg/kg) [44]. Our data suggest that mitochondrial dysfunction may not be required
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to induce impairment in muscle function, as shown with slowed half-relaxation time.
However, it should be noted that we did not evaluate respiratory kinetics, such as ADP
sensitivity and electron conductance through the electron transport system, which has been
previously reported to be affected by DOX treatment [44]. It is possible that respiratory
kinetics were altered and that these changes could have affected skeletal muscle energy
status and half-relaxation time.

Though there was no apparent change in mitochondrial respiration, suggesting that
the bioenergetic status of the muscle was intact, we observed a reduction in AMPK phos-
phorylation following DOX treatment, as well as a reduction in SERCA1 protein expression.
It is important to consider that the gastrocnemius muscle used for the measurement of
AMPK phosphorylation was excised immediately following the metabolic stress induced
by a fatiguing stimulation protocol. Thus, the reduction in AMPK phosphorylation may
suggest that DOX impairs the ability of the muscle to respond to energetic stress. These
results are consistent with a previous study in rats where DOX was given in the same
dose (15 mg/kg) and for the same length of time (3 days), which resulted in a reduction
in AMPK phosphorylation in skeletal muscle [45]. Furthermore, it has been shown in
cardiac tissue that DOX can induce metabolic stress and a rise in AMP:ATP ratios, while
still inhibiting AMPK phosphorylation [46], though there are admittedly mixed results
that may depend on the dose and length of treatment [47]. Regardless, several studies
suggest that AMPK activation is impaired by DOX, and that AMPK activation may be a
potential therapeutic target for protecting cardiac muscle, as discussed in a recent review
by Timm and Tyler [47]. To our knowledge, the mechanism for how AMPK activation
may be suppressed following DOX treatment has not been characterized. The reduction in
phosphorylated AMPK was not rescued by exercise or metformin treatment.

Another interesting finding in our study was that SERCA1 protein expression was de-
creased 3 days after DOX administration but was no different from control when combined
with EX or MET, indicating that SERCA1 expression may be protected by EX or MET. Due
to the role that SERCA1 plays in regulating relaxation rates in fast-twitch skeletal muscle,
it is possible that this decrease in protein was responsible for the increase in half-relaxation
time observed in situ. Previous research has shown that SERCA2 protein expression, the
isoform found in slow-twitch and heart muscle, is decreased in rat and rabbit cardiac mus-
cle following DOX administration [10,48]. Our results suggest that future research should
investigate the effects of DOX on SERCA protein expression, as well as other regulators of
Ca2+ homeostasis.

Our study presents the finding that DOX induces a slowing of muscle relaxation time
in the GPS complex of mice, which is prevented by EX but not MET. Interestingly, this
slowing of relaxation time was not associated with a change in muscle force production or
mitochondrial function but was associated with a reduction in SERCA1 protein expression
and AMPK phosphorylation. This study is valuable because it adds to the understand-
ing of how DOX treatment can impact skeletal muscle function. In addition, exercise
may improve functional outcomes following DOX treatment by preventing disruption in
calcium homeostasis.

4. Methods
4.1. Animal Care

All animal care and experimental procedures were approved by the Institutional
Animal Care and Use Committee of Brigham Young University on 10 July 2012 (Protocol
#12-0703). All experiments were carried out in compliance with the Animal Welfare Act.
The animals used in this study were also part of a separate analysis of iron dysregulation
caused by DOX treatment [49]. Five-week-old C57BL/6 mice were fed standard chow
(8064 Harlan Teklad/Envigo, Indianapolis, IN, USA) and water ad libitum and housed in a
temperature-controlled environment (21–22 ◦C) with a 12 h light/dark cycle.

Mice were randomly assigned to 4 groups: control (CON), doxorubicin (DOX), dox-
orubicin + exercise (DOX + EX), or doxorubicin + metformin (DOX + MET). Mice with DOX
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treatments received a single 15 mg/kg intraperitoneal injection 3 days prior to sacrifice.
This dose has previously been shown to be sufficient to cause muscle dysfunction (ex vivo
analysis) in a rodent model [8,18,19]. Though previous studies have used doses as high as
20 mg/kg, this dose has been shown to cause death in 60–70% of wild-type mice within just
one week [50–52]. Thus, we chose to use a dose that was potent enough to induce muscle
wasting and weight loss (16% loss on average) but would not lead to the death of animals.
The mice were sacrificed 3 days after DOX injection. Mice in the exercise treatment groups
were acclimated to the treadmill on days 1–3 (5–10 m/min for 10 min/day), performed a
maximum running test on day 4, and allowed to rest on days 5–6. On days 7–11, mice per-
formed 60 min of running at ~70% max speed. DOX (44583 Sigma-Aldrich, St. Louis, MO,
USA) treatments were given on the final day of exercise, after completion of the exercise
bout. Mice with MET (PHR1084 Sigma-Aldrich, St. Louis, MO, USA) treatments were given
5 daily doses at 500 mg/kg body weight via oral gavage beginning two days before DOX
treatment. Control mice received saline treatments to mimic MET and DOX treatments.

4.2. In Situ Muscle Function

In situ measurements of contractile function and fatigue of the gastrocnemius—
plantaris—soleus (GPS) complex were made as described previously [21,53]. Briefly, mice
were anesthetized with 2.5–3.5% vaporized isoflurane with supplemental oxygen. The calf
muscle complex was isolated by tying off the Achilles tendon with a small portion of the cal-
caneus bone. The Achilles tendon was then attached to the lever arm of a dual-mode lever
system (305C Aurora Scientific, Aurora, ON, Canada) and held in place during the contrac-
tion bout. Tetanic contractions of the GPS were elicited by direct stimulation of the sciatic
nerve (2–4 V) for 6 min using a Grass S88X stimulator (0.5 Hz train frequency, 100 ms train
duration, 150 Hz pulse frequency). Results were analyzed using ASI 610A Dynamic Muscle
Control V5.500 software. Data were analyzed for peak force, and half-relaxation times.

4.3. Mitochondrial Respiration

Mitochondrial respiration was assessed as previously described [54]. Briefly, small
portions of gastrocnemius muscle (~6 mg) were blotted, weighed, and kept in ice-cold
BIOPS buffer (60 mM K-MES, 35 mM KCl, 7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM
imidazole, 0.5 mM DTT, 20 mM taurine, 5.7 mM ATP, 15 mM PCr, and 6.56 mM MgCl2).
Muscle fibers were teased apart using forceps to partially separate fibers without completely
separating them from the fiber bundle. Fibers were then rotated for 30 min at 4 ◦C in BIOPS
buffer supplemented with 20 µg/mL saponin (47036 Sigma-Aldrich, St. Louis, MO, USA)
to permeabilize the cell membranes. Following permeabilization, muscle fibers were rinsed
for 15 min with ice-cold MiR05 buffer (110 mM sucrose, 60 mM potassium lactobionate,
2 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 0.5 mM EGTA, 20 mM HEPES, and 1 g/L
bovine serum albumin). Following this, fibers were placed inside the chambers of the
Oxygraph-2k (OROBOROS INSTRUMENTS, Innsbruck, Austria) to measure respiration.
MiR05 buffer was used in the O2k, and the chamber temperature was set at 25 ◦C, with
stir bars spinning at 750 revolutions/min. Oxygen was added to the chambers prior to
sealing them off, ensuring that the concentration of oxygen in the buffer stayed between
~450 and 200 pmol O2. Substrates were added to the chambers with the following titration
protocol: First, glutamate (2 mM; G1626 Sigma-Aldrich, St. Louis, MO, USA), malate
(10 mM; M1000 Sigma-Aldrich, St. Louis, MO, USA) and ADP (2.5 mM; 117,105 EMD-
Millipore, Burlington, MA, USA) were added to stimulate Complex I-supported respiration
(CI). Second, cytochrome C (10 µM; C3131 Sigma-Aldrich, St. Louis, MO, USA) was
added to ensure mitochondrial membrane integrity, and any data with an increase in
respiration more than 10% were discarded. Third, succinate (10 mM; S2378 Sigma-Aldrich,
St. Louis, MO, USA) was added to stimulate maximal coupled respiration (CI + CII).
Maximum uncoupled respiration was measured using FCCP (0.5 µM steps; C2920 Sigma-
Aldrich, St. Louis, MO, USA). Complex I was then inhibited with rotenone (0.5 µM;
R8875 Sigma-Aldrich, St. Louis, MO, USA). Finally, all respiration was inhibited with
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antimycin A (2.5 µM; A8674 Sigma-Aldrich, St. Louis, MO, USA) and resulting residual
oxygen consumption was subtracted from the data set.

4.4. Hydrogen Peroxide Production

Rates of H2O2 emission were assessed using the O2k fluorimetry module. Prior
to introducing tissue into the chamber and titrating the previously mentioned complex-
stimulating substrates, Amplex Red (10 µM; A12222 Invitrogen, Waltham, MA, USA) and
horseradish peroxidase (1 U/mL; P8250 Sigma-Aldrich, St. Louis, MO, USA) were added to
each chamber. H2O2 (stabilized by 10 µM HCl) was then titrated into the chamber in 0.1 µM
steps (final concentration) to create a standard curve. During the oxygen consumption
analysis, H2O2 production was measured. Amplex Red reacted with H2O2 to form resorufin
using horseradish peroxidase as the catalyst. Resorufin concentration was measured via
fluorescence with 563 nm excitation and 587 nm emission wavelengths.

4.5. Western Blotting

Gastrocnemius muscle was homogenized at a ratio of 19 µL homogenization buffer
(50 mM Tris-HCl, 250 mM mannitol, 1% triton x-100, 50 mM β-glycerophosphate, 1 mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 5 µg/mL soybean trypsin inhibitor, 1 µL/mL aprotinin, 1 µL/mL
pepstatin; pH 7.4) to 1 mg tissue. Cell membranes were disrupted with 3 freeze-thaw
cycles, and total protein content was quantified using a bicinchoninic acid protein as-
say (786-571 G-Biosciences, St. Louis, MO, USA). Samples were made with equal protein
concentrations in Laemmli buffer and resolved on SDS-polyacrylamide gels. Following
electrophoresis, the proteins were transferred to nitrocellulose membranes (#1620112 BIO-
RAD, Hercules, CA, USA) in ice-cold transfer buffer. Each membrane was then stained
for total protein using Ponceau S BioReagent (P3504 Sigma-Aldrich, St. Louis, MO, USA)
and quantified using Image-J software to ensure equal protein loading. The membranes
were blocked for 60 min in either 5% non-fat dry milk or bovine serum albumin (BSA) in
tris-buffered saline, 0.1% TWEEN 20 (TBST). Following blocking, the membranes were in-
cubated overnight with primary antibodies at 4 ◦C. The following primary antibodies were
diluted in TBST with 1% BSA: AMPKα (1:4000; #2532 Cell-Signaling Technology Inc., Dan-
vers, MA, USA), Phospho-AMPKα (Thr 172) (1:4000; #2535 Cell-Signaling Technology Inc.,
Danvers, MA, USA), and ATP2A1/SERCA1 (1:500; #12293 Cell-Signaling Technology, Inc.,
Danvers, MA, USA). Membranes were washed in TBST 4 times for 5 min, and then incu-
bated for 1 h at ambient temperature in the following secondary antibodies diluted in TBST
with 1% BSA: Anti-mouse IgG secondary antibody (1:10,000; 629–65,010; IRDye, Lincoln,
NE, USA) and Anti-rabbit IgG secondary antibody (1:10,000; 629–32,213; IRDye, Lincoln,
NE, USA). Membranes were washed again in TBST 4 times for 5 min and imaged using
direct infrared imaging (Odyssey CLx, LICOR Biosciences, Lincoln, NE, USA). Samples
from each group were averaged and normalized to control samples.

4.6. Statistics

Differences between treatment groups were determined via one-way ANOVA and a
Tukey HSD post hoc analysis. Additionally, a main effect of DOX treatment is reported for
change in body weight and AMPK phosphorylation, which was determined by a student’s
t-test, with all mice receiving DOX compared to control. All significant differences were
tested with an alpha level of 0.05. Animals that were assigned to receive DOX treatment but
did not lose more than about 3% of body weight during the study were excluded because
this was evidence that they did receive a proper DOX injection (the average body weight
loss following DOX was about 14% and there were four animals excluded because they
had an average of 4.1% increase in body weight). Furthermore, if animals from the control
group lost more than about 3% of body weight over the course of the study, they were
excluded from analysis because this indicated a systemic stress that was not consistent
with the assigned group.
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Cardioprotective effect of metformin against doxorubicin cardiotoxicity in rats. Anatol. J. Cardiol. 2016, 16, 234–241. [CrossRef]

35. Pimentel, I.; Lohmann, A.E.; Ennis, M.; Dowling, R.J.O.; Cescon, D.; Elser, C.; Potvin, K.R.; Haq, R.; Hamm, C.; Chang, M.C.;
et al. A phase II randomized clinical trial of the effect of metformin versus placebo on progression-free survival in women with
metastatic breast cancer receiving standard chemotherapy. Breast 2019, 48, 17–23. [CrossRef] [PubMed]

36. Morgillo, F.; Fasano, M.; Della Corte, C.M.; Sasso, F.C.; Papaccio, F.; Viscardi, G.; Esposito, G.; Di Liello, R.; Normanno, N.;
Capuano, A.; et al. Results of the safety run-in part of the METAL (METformin in Advanced Lung cancer) study: A multicentre,
open-label phase I–II study of metformin with erlotinib in second-line therapy of patients with stage IV non-small-cell lung
cancer. ESMO Open 2017, 2, e000132. [CrossRef] [PubMed]

37. Winder, W.W.; Hardie, D.G. Inactivation of acetyl-CoA carboxylase and activation of AMP-activated protein kinase in muscle
during exercise. Am. J. Physiol. 1996, 270, E299–E304. [CrossRef] [PubMed]

38. Burkholder, T.J.; Fingado, B.; Baron, S.; Lieber, R.L. Relationship between muscle fiber types and sizes and muscle architectural
properties in the mouse hindlimb. J. Morphol. 1994, 221, 177–190. [CrossRef]

39. Wu, K.D.; Lytton, J. Molecular cloning and quantification of sarcoplasmic reticulum Ca(2+)-ATPase isoforms in rat muscles. Am.
J. Physiol. 1993, 264, C333–C341. [CrossRef]

40. Punkt, K.; Naupert, A.; Asmussen, G. Differentiation of rat skeletal muscle fibres during development and ageing. Acta Histochem.
2004, 106, 145–154. [CrossRef]

41. Kristensen, A.M.; MacDougall, K.B.; MacIntosh, B.R.; Overgaard, K. Is curvature of the force-velocity relationship affected by
oxygen availability? Evidence from studies in ex vivo and in situ rat muscles. Pflügers Arch.-Eur. J. Physiol. 2020, 472, 597–608.
[CrossRef]

42. Hancock, C.R.; Brault, J.J.; Wiseman, R.W.; Terjung, R.L.; Meyer, R.A. 31P-NMR observation of free ADP during fatiguing,
repetitive contractions of murine skeletal muscle lacking AK1. Am. J. Physiol. Cell Physiol. 2005, 288, C1298–C1304. [CrossRef]
[PubMed]

43. Dawson, M.J.; Gadian, D.G.; Wilkie, D.R. Mechanical relaxation rate and metabolism studied in fatiguing muscle by phosphorus
nuclear magnetic resonance. J. Physiol. 1980, 299, 465–484. [CrossRef] [PubMed]

44. Tarpey, M.D.; Amorese, A.J.; Balestrieri, N.P.; Fisher-Wellman, K.H.; Spangenburg, E.E. Doxorubicin causes lesions in the electron
transport system of skeletal muscle mitochondria that are associated with a loss of contractile function. J. Biol. Chem. 2019, 294,
19709–19722. [CrossRef]

45. De Lima Junior, E.A.; Yamashita, A.S.; Pimentel, G.D.; De Sousa, L.G.; Santos, R.V.; Goncalves, C.L.; Streck, E.L.; de Lira, F.S.;
Rosa Neto, J.C. Doxorubicin caused severe hyperglycaemia and insulin resistance, mediated by inhibition in AMPk signalling in
skeletal muscle. J. Cachexia Sarcopenia Muscle 2016, 7, 615–625. [CrossRef]

http://doi.org/10.1188/07.ONF.627-633
http://doi.org/10.1046/j.1523-5394.2000.81003.x
http://doi.org/10.1152/japplphysiol.00210.2014
http://doi.org/10.1016/j.freeradbiomed.2013.08.191
http://doi.org/10.1016/j.mito.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25446396
http://doi.org/10.1177/1010428317692235
http://www.ncbi.nlm.nih.gov/pubmed/28459206
http://doi.org/10.1016/j.freeradbiomed.2013.11.003
http://doi.org/10.1016/j.freeradbiomed.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23000260
http://doi.org/10.1016/j.freeradbiomed.2011.08.015
http://doi.org/10.1371/journal.pone.0104888
http://doi.org/10.1177/0960327115627685
http://www.ncbi.nlm.nih.gov/pubmed/26818447
http://doi.org/10.1155/2015/424813
http://doi.org/10.5152/akd.2015.6185
http://doi.org/10.1016/j.breast.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31472446
http://doi.org/10.1136/esmoopen-2016-000132
http://www.ncbi.nlm.nih.gov/pubmed/28761738
http://doi.org/10.1152/ajpendo.1996.270.2.E299
http://www.ncbi.nlm.nih.gov/pubmed/8779952
http://doi.org/10.1002/jmor.1052210207
http://doi.org/10.1152/ajpcell.1993.264.2.C333
http://doi.org/10.1016/j.acthis.2003.11.005
http://doi.org/10.1007/s00424-020-02390-5
http://doi.org/10.1152/ajpcell.00621.2004
http://www.ncbi.nlm.nih.gov/pubmed/15689408
http://doi.org/10.1113/jphysiol.1980.sp013137
http://www.ncbi.nlm.nih.gov/pubmed/6966688
http://doi.org/10.1074/jbc.RA119.008426
http://doi.org/10.1002/jcsm.12104


Int. J. Mol. Sci. 2021, 22, 9163 12 of 12

46. Gratia, S.; Kay, L.; Potenza, L.; Seffouh, A.; Novel-Chate, V.; Schnebelen, C.; Sestili, P.; Schlattner, U.; Tokarska-Schlattner, M.
Inhibition of AMPK signalling by doxorubicin: At the crossroads of the cardiac responses to energetic, oxidative, and genotoxic
stress. Cardiovasc. Res. 2012, 95, 290–299. [CrossRef]

47. Timm, K.N.; Tyler, D.J. The Role of AMPK Activation for Cardioprotection in Doxorubicin-Induced Cardiotoxicity. Cardiovasc.
Drugs 2020, 34, 255–269. [CrossRef]

48. Arai, M.; Yoguchi, A.; Takizawa, T.; Yokoyama, T.; Kanda, T.; Kurabayashi, M.; Nagai, R. Mechanism of doxorubicin-induced
inhibition of sarcoplasmic reticulum Ca(2+)-ATPase gene transcription. Circ. Res. 2000, 86, 8–14. [CrossRef] [PubMed]

49. Mackay, A.D.; Marchant, E.D.; Munk, D.J.; Watt, R.K.; Hansen, J.M.; Thomson, D.M.; Hancock, C.R. Multitissue analysis of
exercise and metformin on doxorubicin-induced iron dysregulation. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E922–E930.
[CrossRef]

50. Fu, X.; Kong, L.; Tang, M.; Zhang, J.; Zhou, X.; Li, G.; Wang, H.; Fu, F. Protective effect of ocotillol against doxorubicininduced
acute and chronic cardiac injury. Mol. Med. Rep. 2014, 9, 360–364. [CrossRef] [PubMed]

51. Liu, F.F.; Stone, J.R.; Schuldt, A.J.; Okoshi, K.; Okoshi, M.P.; Nakayama, M.; Ho, K.K.; Manning, W.J.; Marchionni, M.A.; Lorell,
B.H.; et al. Heterozygous knockout of neuregulin-1 gene in mice exacerbates doxorubicin-induced heart failure. Am. J. Physiol.
Heart Circ. Physiol. 2005, 289, H660–H666. [CrossRef] [PubMed]

52. Bian, Y.; Sun, M.; Silver, M.; Ho, K.K.; Marchionni, M.A.; Caggiano, A.O.; Stone, J.R.; Amende, I.; Hampton, T.G.; Morgan, J.P.;
et al. Neuregulin-1 attenuated doxorubicin-induced decrease in cardiac troponins. Am. J. Physiol. Heart Circ. Physiol. 2009, 297,
H1974–H1983. [CrossRef] [PubMed]

53. Hardman, S.E.; Hall, D.E.; Cabrera, A.J.; Hancock, C.R.; Thomson, D.M. The effects of age and muscle contraction on AMPK
activity and heterotrimer composition. Exp. Gerontol. 2014, 55, 120–128. [CrossRef] [PubMed]

54. Marchant, E.D.; Marchant, N.D.; Hyldahl, R.D.; Gifford, J.R.; Smith, M.W.; Hancock, C.R. Skeletal Muscle Mitochondrial Function
following a 100-km Ultramarathon: A Case Study in Monozygotic Twins. Med. Sci. Sports Exerc. 2021. [CrossRef] [PubMed]

http://doi.org/10.1093/cvr/cvs134
http://doi.org/10.1007/s10557-020-06941-x
http://doi.org/10.1161/01.RES.86.1.8
http://www.ncbi.nlm.nih.gov/pubmed/10625299
http://doi.org/10.1152/ajpendo.00140.2018
http://doi.org/10.3892/mmr.2013.1791
http://www.ncbi.nlm.nih.gov/pubmed/24220651
http://doi.org/10.1152/ajpheart.00268.2005
http://www.ncbi.nlm.nih.gov/pubmed/15833803
http://doi.org/10.1152/ajpheart.01010.2008
http://www.ncbi.nlm.nih.gov/pubmed/19801490
http://doi.org/10.1016/j.exger.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24747582
http://doi.org/10.1249/MSS.0000000000002715
http://www.ncbi.nlm.nih.gov/pubmed/34107508

	Introduction 
	Results 
	DOX Treatment Causes Severe Body Weight Loss at 3 Days 
	DOX Treatment and Muscle Function of the GPS Complex 
	DOX Treatment Does Not Impair Mitochondrial Respiration 
	DOX Treatment Causes a Reduction in AMPK Phosphorylation 
	DOX Treatment Causes a Reduction in SERCA1 Protein Expression 

	Discussion 
	Methods 
	Animal Care 
	In Situ Muscle Function 
	Mitochondrial Respiration 
	Hydrogen Peroxide Production 
	Western Blotting 
	Statistics 

	References

