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Abstract
Doxorubicin remains one of the most widely used chemotherapeutic agents however its

effect on healthy tissue, such as skeletal muscle, remains poorly understood. The purpose

of the current study was to examine the accumulation of doxorubicin (DOX) and its

metabolite doxorubicinol (DOXol) in skeletal muscle of the rat up to 8 days after the adminis-

tration of a 1.5 or 4.5 mg kg-1 i.p. dose. Subsequent to either dose, DOX and DOXol were

observed in skeletal muscle throughout the length of the experiment. Interestingly an efflux

of DOX was examined after 96 hours, followed by an apparent re-uptake of the drug which

coincided with a spike and rapid decrease of plasma DOX concentrations. The interstitial

space within the muscle did not appear to play a significant rate limiting compartment for the

uptake or release of DOX or DOXol from the tissue to the circulation. Furthermore, there

was no evidence that DOX preferentially accumulated in a specific muscle group with either

dose. It appears that the sequestering of drug in skeletal muscle plays an acute and impor-

tant role in the systemic availability and metabolism of DOX which may have a greater

impact on the clinical outcome than previously considered.

Introduction
Doxorubicin (DOX) is one of the most widely used chemotherapeutic agents for the treatment
of solid tumors and hematological malignancies. DOX induced cytotoxicity has been attributed
to the inhibition of DNA replication and RNA transcription via DNA intercalation, inhibition
of topoisomerase II (TOP2A) resulting in TOP2-mediated DNA damage, the formation of
reactive oxygen species and hydrogen peroxide [1–3]. Although effective, DOX is strongly lim-
ited by a dose-dependent and cumulative cardiotoxic side effect which has been primarily
attributed to its metabolite Doxorubicinol (DOXol) [4, 5]. DOXol is ten times more cytotoxic
than DOX and highly cardiotoxic as a result of its potent inhibition of the sarcoplasmic reticu-
lum calcium pump, the sarcolemmal Na+/K+ pump and the mitochondrial F0F1 proton pump
[4, 6]

PLOSONE | DOI:10.1371/journal.pone.0139070 September 24, 2015 1 / 16

OPEN ACCESS

Citation: Fabris S, MacLean DA (2015) Skeletal
Muscle an Active Compartment in the Sequestering
and Metabolism of Doxorubicin Chemotherapy. PLoS
ONE 10(9): e0139070. doi:10.1371/journal.
pone.0139070

Editor: Ashok Kumar, University of Louisville School
of Medicine, UNITED STATES

Received: July 14, 2015

Accepted: September 7, 2015

Published: September 24, 2015

Copyright: © 2015 Fabris, MacLean. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by the Natural
Sciences and Engineering Research Council of
Canada (NSERC, http://www.nserc-crsng.gc.ca/
index_eng.asp) to DAM. The funder had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0139070&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.nserc-crsng.gc.ca/index_eng.asp
http://www.nserc-crsng.gc.ca/index_eng.asp


To date, much of the research remains focused on reducing the cardiotoxic effect related to
the use of DOX. However, recent studies have reported that the exposure of skeletal muscle to
DOX causes significant physiological effects including a progressive decline in muscular func-
tion [7], a decline in maximal twitch force and rate of force generation [8] as well as increased
muscular fatigue [9]. Cellular dysfunction has been shown to be related to a significant increase
in mitochondrial reactive oxygen species [10]. In addition, upregulated autophagy and apopto-
tic pathways are believed to be primarily responsible for the DOX-induced decrease in muscle
mass [8, 11, 12]. Despite the growing evidence suggesting a DOX related myotoxicity, the effect
of DOX on skeletal muscle metabolism and function has received little attention.

In skeletal muscle, the interstitial space represents an important compartment located
between the vasculature and the tissue. It has been shown to play a functional role in the regu-
lation and integration of various metabolic substances [13–15]. Microdialysis is used to directly
measure these substances in the interstitial space in vivo. The microdialysis technique, first
described by Delgado et al. [16], is based on the principle of simple diffusion through a semi-
permeable membrane which allows for the direct measurement of compounds, including DOX
and DOXol, located within the interstitial space directly at the tissue level. To date, not only
has DOX and DOXol not been thoroughly examined in the vascular, interstitial and muscular
compartments, but the relationship between these compartments has never been investigated.
Therefore, the purpose of the current study was to investigate the accumulation of DOX and
DOXol in skeletal muscle and examine the relationship between the muscular, interstitial and
vascular compartments following administration of DOX in the rat. Overall, our results clearly
indicate that DOX and DOXol is sequestered in the skeletal muscle and that there were no dif-
ferences in the sequestering of the drug or its metabolite in muscle groups containing predomi-
nantly fast or slow muscle fibers. Therefore, it appears that skeletal muscle plays an acute and
important role in the systemic availability and metabolism of DOX.

Results

Plasma DOX
The administration of 1.5 mg kg-1 DOX elevated (P<0.05) arterial concentrations of DOX
throughout the experiment, with the highest concentration observed after 96 (41.4±17.9 nM)
and 192 hours (20.3±7.5 nM) post injection as compared to baseline. Similarly, circulating con-
centrations were elevated (P<0.05) throughout the experiment following the administration of
4.5 mg kg-1 DOX. When compared to the 1.5 mg kg-1 dose, the concentration of DOX was
greater (P<0.05) following the 4.5 mg kg-1 dose after 24 (300±77%), 72 (609±119%), 120 (288
±0%) and 144 (845±147%) hours (Fig 1A).

Plasma DOXol
Following the administration of 1.5 mg/kg, DOXol was measurable (P<0.05) after 24 hours
(1.24±0.25 nM) and remained measurable throughout the experiment. In comparison to the
initial concentration observed after 24 hours, the levels were decreased (P<0.05) by 51±10%,
49±11% and 48±12% after 72, 120 and 144 hours respectively. The 4.5 mg kg-1 dose resulted in
an initial DOXol increase (P<0.05) after 24 hours (1.26±0.17 nM) which remained stable for
the remainder of the experiment. Despite the fluctuation difference of DOXol in both doses,
the 4.5 mg kg-1 dose was observed to be elevated (P<0.05) after 48 (213±7%) and 72 (157±6%)
hours as compared to the 1.5 mg kg-1 dose (Fig 1B).
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Skeletal Muscle DOX
Following the 1.5 mg kg-1 dose, DOX was detectable in the WG at each time point (P<0.05)
with the exception of 96 and 168 hours. Additionally, these concentrations were elevated
(P<0.05) after 48 (0.78±0.24 μmol/kg), 72 (0.32±0.1 μmol/kg) and 120 (1.23±0.56 μmol/
kg) hours post-injection (Fig 2A). The administration of 4.5 mg kg-1 dose resulted in measur-
able (P<0.05) DOX concentrations at each time point. When compared to 48 hours (1.62±
0.61 μmol/kg), 10 and 20-fold decreases (P<0.05) were observed after 24 and 96 hours, respec-
tively (Fig 2B).

With the exception of the 96 hour time point, the concentration of DOX was measurable
(P<0.05) RG at each time point of the experiment following the administration of 1.5 mg kg-1
dose with an initial tissue concentration of 0.90±0.43 μmol/kg after 24 hours (Fig 2A). DOX
was measurable (P<0.05) at the 48, 72, 120, 144, 168 and 192 hour time points following the
administration of the 4.5 mg kg-1 dose. The concentration of DOX significantly decreased
200-fold after 168 hours and 26-fold after 192 hours when compared to the 72 hour (4.13±
2.16 μmol/kg) time point (Fig 2B).

Fig 1. Doxorubicin (A) and Doxorubicinol (B) concentrations in the arterial plasma following the IP
administration of 1.5 or 4.5 mg kg-1 Doxorubicin. (A) Significance compared to baseline for the 1.5 mg kg-
1 dose is denoted by ✝ and 4.5 mg kg-1 by *. α Denotes an increase (P<0.05) compared to 24, 48, 72, 120,
144 and 168 hours as a result of the 1.5 mg kg-1 dose. β Denotes difference (P<0.05) between administered
doses. (B) Significance compared to baseline for the 1.5 mg kg-1 dose is denoted by ✝ and 4.5 mg kg-1 by *.
αDenotes a decrease (P<0.05) compared to 24 hours. β Denotes difference (P<0.05) between administered
doses.

doi:10.1371/journal.pone.0139070.g001
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Subsequent to the 1.5 mg kg-1 dose, DOX concentrations in the PL were measurable at each
time point and were elevated (P<0.05) to 1.38±0.44 μmol/kg after 48 hours. Concentrations
subsequently decreased (P<0.05) after 120 (726±0%), 144 (690±6%), 168 (575±0.2%) and 192
hour (675±1%) in comparison to the 48 hour time-point (Fig 2A). The administration of 4.5
mg kg-1 resulted in measurable concentrations of DOX after 72 hours (0.14±0.06 μmol/kg,
P<0.05) which remained consistent for the remainder of the experiment (Fig 2B).

The administration of 1.5 mg kg-1 DOX resulted in measurable concentrations of DOX
within the SOL at each time point with the highest (P<0.05) concentration (1.23±0.39 μmol/
kg) occurring after 48 hours (Fig 2A). DOX was measurable (P<0.05) in the SOL at each time
point with the exception of the 24, 72 and 96 hour time points following the 4.5 mg kg-1 dose
(Fig 2B).

Interestingly, no consistent differences between intracellular DOX concentrations were
observed throughout the course of the experiment when comparing muscle groups at either the
administration of 1.5 or 4.5 mg kg-1 dose. Furthermore, there were no significant dose-depen-
dent differences in DOX concentrations at any time point when comparing administered doses.

Skeletal Muscle DOXol
DOXol was measurable (P<0.05) in the WG after 72, 144 and 192 hours as a result of the
administered 1.5 mg kg-1 dose (Fig 3A). The administration of 4.5 mg kg-1 dose resulted in
measureable (P<0.05) DOXol concentrations after 48, 72, 120, 144 and 192 hours (Fig 3B).

Fig 2. Doxorubicin concentrations in skeletal muscle groups following the IP administration of (A) 1.5
mg kg-1 or (B) 4.5 mg kg-1 of Doxorubicin. (A) * Denotes significance when compared to baseline for all
muscle groups. α Indicates the highest points of accumulation of DOX (P<0.05) in the white gastrocnemius, β
Indicates the highest point of accumulation (P<0.05) in the plantaris and ε Indicates the point of greatest
accumulation of DOX (P<0.05) in the soleus. (B) * Denotes significance when compared to baseline for all
muscle groups. α Denotes a decrease (P<0.05) compared to 48 hours in the white gastrocnemius and δ
denotes a significant decrease compared to 72 hours in the red gastrocnemius. There are no significant
differences between muscle types at any time point in either administered doses.

doi:10.1371/journal.pone.0139070.g002
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The administration of 1.5 mg kg-1 dose resulted in measurable DOXol concentrations
(P<0.05) in the RG after 48, 72, 120, 144 and 192 hours (Fig 3A). The 4.5 mg kg-1 dose
resulted in measurable (P<0.05) tissue concentrations of DOXol at 48, 72, 144, 168 and 192
hours (Fig 3B).

The 1.5 mg kg-1 dose resulted in measurable (P<0.05) concentrations of DOXol in the PL
after 24, 48, 72, 120 and 192 hours (Fig 3A), whereas the 4.5 mg kg-1 dose resulted in measur-
able (P<0.05) levels of DOXol after 24, 120, 144, 168 and 192 hour (Fig 3B).

DOXol was measurable (P<0.05) in the SOL after 48, 72, 120, 144 and 192 hours following
the 1.5 mg kg-1 dose (Fig 3A). Similarly, DOXol was measurable (P<0.05) after 48, 72, 96, 120
and 144 hours post-injection of the 4.5 mg kg-1 dose (Fig 3B).

Interestingly, there were no consistent differences between DOXol concentrations when
comparing muscle groups following the 1.5 mg kg-1 or 4.5 mg kg-1 dose. Additionally, there
were no significant dose-dependent differences in DOXol concentrations at any time point
when comparing administered doses.

Interstitial DOX
Following the 1.5 mg kg-1 dose, interstitial DOX concentrations were measurable (P<0.05)
after 48 hours (0.58±0.28 nM) then decreased until 120 hours (0.24±0.1 nM; P<0.05) where
levels remained stable for the remainder of the experiment. Similarly, as a result of the 4.5 mg/
kg, DOX was measurable (P<0.05) after 48 hours (0.4±0.18 nM) and decreased until 96 hours
(0.44±0.18 nM; P<0.05) where concentrations remained stable for the remainder of the experi-
ment. There were no significant differences in interstitial DOX concentrations at any time
point when comparing between administered doses (Fig 4A).

Fig 3. Doxorubicinol concentrations in skeletal muscle groups following the IP administration of (A)
1.5 mg kg-1 or (B) 4.5 mg kg-1 of Doxorubicin. * Denotes significance when compared to baseline for all
muscle groups. There are no significant differences between muscle types at any time point in either
administered doses.

doi:10.1371/journal.pone.0139070.g003
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Interstitial DOXol
Interstitial DOXol concentrations were measurable (P<0.05) after 48, 144 and 192 hours post-
administration of the 1.5mg kg-1 dose. Subsequent to the 4.5 mg kg-1 dose, DOXol was mea-
surable after 48 hours (0.16±0.07 nM) and remained stable for the remainder of the experi-
ment. There were no significant differences between interstitial DOXol concentrations between
doses (Fig 4B).

Discussion
The focus of the current study was to investigate the accumulation of DOX and DOXol in skel-
etal muscle and examine the relationship between the muscular, interstitial and vascular com-
partments following the administration of DOX in the rat. A major finding in this study was
the apparent role that skeletal muscle plays in the sequestering of DOX following its adminis-
tration. This was made evident as plasma DOX levels were inversely proportional to skeletal
muscle concentrations (data presented Figs 1 and 2). A static pool of DOX was established in
the interstitial space which maintained in dynamic equilibrium between the vasculature and
skeletal muscle which did not change over time or with an increase in dose. As such, the inter-
stitial space does not appear to represent a rate limiting factor in the diffusion kinetics of the
drug. Furthermore, the relationship between the three compartments was impartial to muscle

Fig 4. Doxorubicin (A) and Doxorubicinol (B) concentrations in the interstitial space of skeletal
muscle following the IP administration of 1.5 or 4.5 mg kg-1 Doxorubicin. ✝ Designates significance
compared to baseline for the 1.5 mg kg-1 dose. * Designates significance compared to baseline for the 4.5
mg kg-1 dose.

doi:10.1371/journal.pone.0139070.g004
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groups predominantly composed of different fiber types. Hence, it appears that skeletal muscle
plays an acute and important role in the systemic distribution of DOX and may have a greater
impact on drug availability than previously considered.

DOX was administered IP in order to simulate previous studies that have examined the car-
diotoxic effects of DOX in the rat [17–20]. A single low dose of DOX was used in order to min-
imize the drug-induced risk of cardiotoxicity. For example, previous studies have utilized a
variety of concentrations and treatment regimens documenting significant cardiomyocyte
damage. Iqbal et al. [21] administered a single 20 mg kg-1 dose IP and observed the induction
of acute cardiotoxicity after 48 hours and up to 7 days post administration. A study by Nagi
et al. [22] reported that a single dose of 15 mg kg-1 IP induced cardiotoxicity after 24 and 48
hours and Jensen et al. [18] noted that a 10 mg kg-1 or less total dosage did not cause cardiac
failure. Although Arola et al. [23] reported minor cardiomyocyte apoptosis after 3 days follow-
ing the injection of 1.5 mg kg-1 and 5 mg/kg, it remains unclear whether this significantly
altered cardiac performance. Cumulative doses have been studied where 1 mg kg-1 (IP) was
administered 15 times over 3 weeks resulted in cardiac dysfunction [17] and 1.5 mg kg-1
weekly for 9 weeks resulted in severe cardiomyopathy [20]. What these studies have in com-
mon is the focus on the long term effects of DOX where, to our knowledge, little or no attention
has been given to the early stages of DOX accumulation in skeletal muscle. As such the current
study investigated DOX concentrations 24 hours sequentially up to 192 hours. With the afore-
mentioned factors taken into consideration, the concentrations used in this study provided a
dose-related experimental contrast while minimizing the drug-induced risk of cardiac dysfunc-
tion associated with the higher doses. Additionally, the time frame allows for the examination
of acute DOX accumulation in skeletal muscle as well as the dynamic between the circulation
and the interstitial space within the skeletal muscle.

This study represents the first time that sequential measurements of plasma DOX concen-
trations have been made for 8 days (192 hours) after IP administration. Despite the threefold
increase in administered dose from 1.5 mg kg-1 to 4.5 mg/kg, a stable circulating concentration
of DOX was maintained throughout the 8 days with the exception of a spike in concentration
after 4 days (96 hours). This stable concentration may be attributed to the enzymatic break-
down of DOX once in the circulation. It is well known that DOX is enzymatically reduced to a
number of metabolites [24]. The reduction of DOX to its major metabolite, DOXol [25] by
way of carbonyl reductase-1 [26], carbonyl reductase-3 [27] or aldo-keto reductases [28] is of
particular clinical importance as it is 10 times more cytotoxic than DOX [29] and has been
identified to be responsible for the cardiotoxic effect related to DOX therapy [4]. DOXol con-
centrations in the plasma did not have the same degree of variability within the dose groups or
degree of dose response as that observed in the DOX concentrations. What is interesting, how-
ever, is that despite the increase in DOXol concentrations between doses after 48 and 72 hours,
concentrations remained constant for the remainder of the experiment indicating that the
breakdown of DOX to DOXol does not complement the increase in administered dose. This
would indicate that a threshold in the enzymatic breakdown of DOX to DOXol may exist and a
maximal rate was achieved 24 hours after drug administration which resulted in a constant cir-
culating concentration of the cytotoxic metabolite. The persistent circulation of DOX repre-
sents a significant clinical importance as the repeated administration of DOX may further
increase circulating concentrations of the drug and its toxic metabolite above that established
by the initial dose. While this may be beneficial in assuring the delivery to the tumor, increasing
the drug and, as a result, its toxic metabolite may have a greater impact on healthy tissue.

The current study proposes that the persistent circulating concentration of DOX is attrib-
uted to the acute sequestering of the drug in the skeletal muscle which is primarily responsible
for the timely release of the drug back into the circulation. Previous studies have focused on the
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accumulation of DOX in the heart, liver, spleen, lung, brain and kidney [30–34]. However very
few have investigated the accumulation in skeletal muscle [7, 35, 36]. The accumulation of
DOX was observed in the muscle at each time point regardless of the administered dose. What
was most surprising was the consistent efflux of DOX at 96 hours which was quickly followed
by a re-accumulation after 120 hours with both doses. The rapid elimination of DOX from the
skeletal muscle coincides with the notable increases seen in plasma as previously discussed. To
our knowledge no mechanisms to date have been identified that may explain these results,
although these data may indicate an active survival mechanism by the skeletal muscle in order
to export DOX from the cytosol once a toxic concentration has been attained. As previously
mentioned, a constant rate of DOX breakdown from the circulation may have been established
after 24 hours of drug administration. As such, the sequestering of DOX in skeletal muscle may
occur to assist in minimizing the toxic circulating concentrations while being subjected to the
rate limiting enzymatic breakdown by the liver. It is also possible that after approximately 72
hours the sequestration of DOX into the skeletal muscle by way of passive diffusion [37], a
threshold limit may have been achieved. The subsequent transcription of transport proteins
such as RALBP1 [38] and/or P-glycoprotein [39] required for the active export of DOX may be
initiated resulting in the efflux of DOX back into the circulation. The opportunistic release of
drug back into the circulation and subsequent breakdown reduces toxicity both at tissue and
systemic level. The apparent re-uptake of DOX into the skeletal muscle tissue may be a func-
tion of the rapid reintroduction of DOX into the circulation and resulting diffusion back into
the tissue. DOXol was measurable in skeletal muscle up to 8 days, regardless of the adminis-
tered dose. Although quantifiable, the accumulation of DOXol was minimal up to 96 hours
which corresponds to the aforementioned metabolic breakdown of DOX. To our knowledge,
data regarding the accumulation of DOXol in skeletal muscle remains limited [40–42] and the
mechanisms involved in the apparent accumulation of DOXol in the skeletal muscle remains
poorly understood. It may be possible that DOXol enters the cell by passive diffusion, in a simi-
lar process as that of DOX. In support of this notion, the constant circulating concentration of
DOXol that was established after 96 hours would explain the increased accumulation in skeletal
muscle. It is also possible that the accumulated concentration of DOX in skeletal muscle is bro-
ken down to DOXol at a steady rate by the presence of carbonyl reductase-1 resulting in a con-
stant rate within the tissue [26, 43]. Given the well-established cytotoxic nature of DOXol,
more research is necessary to understand the role that skeletal muscle plays in the accumula-
tion and metabolism of this metabolite. It should be noted that the route of administration as
well as the inherent individual differences of drug uptake from the gut may have contributed to
these results. Alternative routes such as IV may yield a distinct contrast in concentrations
between doses. Furthermore, as a limitation of the experimental procedures, these data are not
paired as the same measurements were not made from the same rat over the course of the
experiment (192 hours). Skeletal muscle represents approximately 40% of the body mass and
constitutes an important compartment which appears to play a major role in the sequestering
of DOX. The resulting accumulation of the drug in the muscle may have a more immediate
impact on the tissue than previously believed. More concerningly, the apparent sequestering
may significantly limit the amount of drug intended for the target tissue (i.e. tumor) upon
repeated administration while inadvertently increasing concentrations while unnecessarily ele-
vating DOXol in the healthy tissue.The interstitial space within the skeletal muscle did not
appear to represent a significant rate limiting compartment for the uptake or release of DOX
or DOXol from the tissue to the circulation irrespective of the dose. Interstitial DOX and
DOXol concentrations were stable throughout the experiment as well as comparable between
the two doses. This suggests that the rate of appearance of DOX and DOXol in the interstitial
space from the vasculature appears to be matched by the rate of disappearance of the drug and
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its metabolite from the interstitial space into the muscle. A dynamic equilibrium appears to
form resulting in no net accumulation in the interstitial space. This is further supported by the
finding that the reciprocal efflux of DOX and DOXol from the muscle back into the plasma at
96 hours did not result in any significant accumulation of these compounds in the interstitial
space, suggesting that the dynamic equilibrium is sustained in both directions. Additionally,
these data demonstrate that the microdialysis technique is an effective tool for the in vivo anal-
ysis of drug concentrations within the extracellular fluid of skeletal muscle, and as such, may
be an important tool in the assessment of drug delivery kinetics.

Muscle groups which differ in fiber type distribution were examined to further investigate
the factors involved in the accumulation of DOX and DOXol within skeletal muscle. The SOL
predominantly consists of ~97% of Type I fibers whereas the WG is ~88% Type IIB fibers [44].
The RG (~39% Type I, ~30% Type IIA) and PL (~45% Type IIX, ~21% Type IIA) are consid-
ered as a mixed based on the distribution of fiber types [44]. Interestingly, there was no evi-
dence that DOX preferentially accumulated in a specific muscle group at either the 1.5 mg kg-1
or 4.5 mg kg-1 dose. Additionally, no differences in DOX concentrations were observed when
comparing levels between the two doses. It has previously been shown that once in the cytosol
DOX has a high affinity for cardiolipin [45], an important phospholipid expressed in the mito-
chondrial membrane. It would be expected that a preferential accumulation of DOX would
occur in the oxidative Type I muscle as it relies heavily on mitochondrial activity as compared
to the Type II glycolytic muscle. Though, the current data supports the contention proposed by
Anderson et al. [46] who has reported a high degree of variability of the accumulation of DOX
in the mitochondria. It is well known that the capillary network within the skeletal muscle dif-
fers greatly between fiber types where the capillary to fiber ratio is significantly higher in Type I
muscle compared to that of Type II [47, 48]. In the current study, it does not appear that the
difference in perfusion of the tissue plays a role in the accumulation of DOX in the skeletal
muscle. The data in the current study represent basal muscle conditions as there was minimal
muscle exertion over the course of the experiment. Muscle stimulation or exercise may expose
fiber type differences in the accumulation of DOX and, as such, further study is required to bet-
ter explore this possibility. There was some individual variation in DOXol accumulation
amongst the muscle groups but overall there was no difference between muscle groups regard-
less of the administered dose. As previously noted, the mechanisms responsible for the influx
and efflux of DOXol from skeletal muscle has not yet been elucidated and even less is known
about the commonalities shared between fiber types leading to the results seen in this study.
Considering the resemblance of data between DOXol and DOX, it is within reason to believe
that muscle fiber types do not affect DOXol accumulation in basal conditions. Further study is
required to explore the possible role that increased muscle use may have on accumulation.

Overall, this study clearly shows that skeletal muscle plays an important role in the metabo-
lism of DOX and may significantly alter its therapeutic impact. The rapid and sustained accu-
mulation of the drug in the muscle as a result of a single injection may initiate factors leading
to the characteristic dysfunction previously described. Furthermore, the apparent sequestering
of the drug in the muscle effectively reduces systemic concentrations and favors metabolic
breakdown. In turn, this decreases the drug intended for the tumor severely reducing the thera-
peutic impact prompting repeated doses typical of chemotherapy regimens. This represents a
therapeutic and clinical paradox: The repeated administration of the drug increases the expo-
sure of the tumor to the chemotherapy, while the inherent accumulation of the drug in skeletal
muscle exacerbates the initial detrimental effects, ultimately reducing the clinical outcome. The
possible manifestation of skeletal muscle toxicity before that of a cumulative and dose-depen-
dent cardiotoxicity may have serious implications in the clinical assessment and modulation of
Doxorubicin chemotherapy.
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Materials and Methods

Animals
All of the experimental procedures in the study were approved by the Laurentian University
Animal Care Committee. Male Sprague-Dawley rats (n = 102, 434±8 g) were obtained from
Charles River Laboratories (Senneville, QC) and were housed according to Standard Operating
Procedures and Policies for the Housing and Environmental Enrichment of Rodents at the
Laurentian University Animal Care Facility. Experiments began after a one week acclimation
period.

Pre-experimental procedures
Experimental groups. Rats were injected with Doxorubicin (Doxorubicin Hydrochloride.

Pfizer, Canada) at a dose of 1.5 mg kg-1 (Group 1 to 8) or 4.5 mg kg-1 (Group 9 to 16), admin-
istered intraperitoneally (IP). A sham injection of saline solution was administered to a control
group (IP, n = 6). Once administered, rats were randomly grouped into experimental end-
points (n = 6) of 24, 48, 72, 96, 120, 144, 168 or 192 hours post-injection (Fig 5A). This dose
was selected in order to examine the acute effects of the drug on skeletal muscle while minimiz-
ing the potential for cardiotoxicity.

Microdialysis probes. A complete description of the construction of the microdialysis
probes has previously been outlined [49]. Briefly, microdialysis fibers were constructed using
Spectra Microdialysis fibers (Spectrum, VWR International) with a molecular weight cut-off of
13 kDa and Polyimide-100II tubing (MicroLumen, Tampa FL) cut to 9.5 and 5 cm lengths.
The ends of the fiber were inserted 1 cm into the hollow polyamide tube and glued. The
exposed portion of the fiber (diffusible) between the polyamide tubes measured 1.0 cm in
length.

Experimental procedures
Animals. On the day of the experiment, the rats were placed into an induction chamber

and anaesthetized using an EZ-150 vaporizer unit (EZ-Anesthesia, Euthanex Corporation,
Palmer, PA), which blends oxygen (100% O2 Praxair, Sudbury, ON) and isoflurane (5%). Once
anaesthetized, the rats were removed from the chamber and placed onto a heated pad while its
nose was placed in to a nosepiece supplying a continuous delivery of oxygen and isoflurane (2–
2.5%). The animals remained under anaesthesia throughout the experiment and the plane of
anaesthesia was routinely checked by toe pinches. Heart rate and oxygen saturation were moni-
tored throughout the experiment using a pulse oximeter (SurgiVet) attached to the base of the
tail. Body temperature (between 36–37°C) was maintained using a heated surgical bed (EZ-A-
naesthesia) and a heating lamp. Following the completion of the experiment the animals were
euthanized by decapitation.

Probe insertion. Using curved dissecting scissors, incisions were made at the base of the
leg and the skin was manually pulled back until the entire leg was exposed (Fig 6A) and then
the excess skin was removed. A 21 gauge curved cannula was inserted anteriorly into the mus-
cle along the muscle’s natural fibre orientation (Fig 6B) and acted as a guide for the microdialy-
sis probe. Once the cannula was in place, the 9.5 cm portion of the probe is inserted caudally
through the cannula and extended past the foot (Fig 6C). As soon as the diffusible portion of
the probe was oriented into the muscle, then the 5 cm portion of the probe was held in place
while the cannula was retracted out of the tissue leaving the probe in place (Fig 6D).

Experimental protocol. Two microdialysis probes were inserted into the hind limb, one
in the lateral gastrocnemius and one in the medial gastrocnemius muscle of the same limb
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Fig 5. Organization of experimental groups and experimental procedures. (A) Schematic representation
of the experimental groups receiving an injection of 1.5 mg kg-1 dose (groups 1–8) or 4.5 mg kg-1 (groups
9–16) of DOX IP. A sham injection is administered to the control group (Ctrl). (B) Representation of the
experimental proceedings for dialysate, blood and tissue collection following microdialysis probe insertion
and carotid artery cannulation.

doi:10.1371/journal.pone.0139070.g005

Fig 6. Experimental procedure for microdialysis probe insertion. (A) Exposing the medial and lateral
gastrocnemius muscle. (B) Insertion of 21 gauge cannula. (C) Microdialysis probe insertion guided by the
cannula. (D) Location of the diffusible membrane within the muscle.

doi:10.1371/journal.pone.0139070.g006
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(n = 2 probes per animal) as the opposite limb was used for muscle extraction. Following probe
insertion, the fibers were perfused (model 102, CMA) at a rate of 3 μL/min with Ringer’s solu-
tion. It is recognized that probe insertion results in some cellular disruption therefore tradition-
ally a 60 min. equilibration period prior to the initiation of the experiment was used to ensure
that the external environment surrounding the probes had stabilized and all cellular damage
had dissipated [50]. Subsequently, the skin and tissue covering the left carotid artery was
removed. A 20 gauge cannula was inserted into the exposed artery and sutured in place. Hepa-
rinized saline (100 μL) was injected into the artery to maintain patency in preparation for
blood sampling.

Following the equilibration period the experimental protocol was initiated (Fig 5B) where
dialysate was collected for a period of 75 minutes in order to obtain sufficient volume that was
required for analysis. Dialysate samples were collected in microcentrifuge tubes and immedi-
ately sealed to prevent evaporation and stored at -80°C until analysis. Arterial blood samples
were collected during the collection of dialysate at 0, 35 and 75 minutes. Samples were spun at
15,000 rpm for 25 seconds, plasma was separated and stored at -80°C until analysis. Upon
completion of dialysate and blood collection the plantaris (PL), soleus (SOL), medial gastrocne-
mius (WG) and lateral gastrocnemius (RG) muscles of the opposite leg used for microdialysis
were extracted and inserted into cryogenic vials then flash frozen in liquid nitrogen and stored
at -80°C until analysis.

Sample analysis
HPLC. Quantification of DOX and DOXol were determined by HPLC analysis (Waters

e2695, 2475 Fluorescence Detector, Waters Corporation) with an ACE CN column (Advanced
Chromatography Technologies, UK). The mobile phase was composed of a 10mM sodium
phosphate monobasic (pH 4.0) solution as well as a 100% acetonitrile solution and a volume of
90 μL was used for analysis. Detection was made by fluorescence (2475 Fluorescence Detector,
Waters Corporation) at 480 nm excitation and 560 nm emission.

Interstitial DOX, DOXol. Quantification of interstitial DOX and DOXol concentrations
where determined by HPLC analysis. The collected dialysate samples represent an ultra-clean
filtrate and did not require any pre-analysis preparation. Dialysate and perfusate blanks as well
as dialysate samples from control animals were used to confirm the quality and purity of the
samples analyzed. Compounds were quantified by comparison with a standard curve (Doxoru-
bicin Hydrochloride. Pfizer, CA; Doxorubicinol Citrate. TRC, CA).

Skeletal Muscle DOX, DOXol. Muscle samples were homogenized using a 67 μM potas-
sium phosphate solution containing a 0.625 μMDaunorubicin (Daunorubicin hydrochloride,
Sigma) internal standard, to a concentration of 125 mg muscle/mL of solution. Subsequently,
200 μL of 50:50 (v/v) 40% ZnSO4 and 100% methanol was added to 150 μL homogenate and
vortexed for 2 minutes. Samples were then placed in the centrifuge at 13,000 rpm for 10 min-
utes and supernatant was used for HPLC analysis. Compounds were quantified by comparison
with a standard curve and corrected by internal standard.

Plasma DOX, DOXol. For this analysis, a 133 μL of 50:50 (v/v) 40% ZnSO4 and 100%
methanol containing 0.0625 μMDaunorubicin internal standard was added to 100 μL of
plasma and vortexed for 2 minutes. Samples were then placed in the centrifuge at 13,000 rpm
for 10 minutes and supernatant was used for HPLC analysis. Compounds were quantified by
comparison with a standard curve and corrected by internal standard.

Probe recovery. Probe recovery was determined using an in vitromethod previously
described by Li et al. [51] Probes were immersed in a Petri dish filled with a predetermined
concentration of DOX and DOXol and perfused with Ringer’s solution. Probe recovery was
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determined by dividing the concentration of DOX and DOXol in the recovered dialysate by the
concentrations in the Petri dish. A flow rate of 3 μL/min was used in this experiment, yielding
a 10 and 18% recovery rate of DOX and DOXol, respectively. It is important to note that, for
the scope of this study, the stability of the environment surrounding the probe is critical as it
allows for the constant collection of undisturbed concentrations of the drug and its metabolite.
As such, collections were done in resting conditions and after a 60 minute period of
equilibration.

Statistics. Changes in plasma, interstitial and muscle DOX and DOXol concentrations in
comparison to baseline, which ultimately represents zero drug concentration, were analyzed
using ANOVA and significance was accepted at P<0.05. Similarly, the differences between
doses and each time points were analyzed using ANOVA where significance was accepted at
P<0.05. When significant changes were observed in the comparisons, a Tukey’s post hoc test
for multiple comparisons was used to determine where the significance occurred. All values
used in graphical representations are displayed as mean ± SEM.
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