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Doxorubicin (Dox) is a potent chemotherapeutic drug known for its dose-dependent and serious adverse eﬀects, such as
cardiotoxicity and myotoxicity. Dox-induced cardiotoxicity (DIC) and muscle toxicity (DIMT) have been studied; however,
the mechanisms of Dox-induced apoptosis in soleus muscle are not well deﬁned. Our data shows that with Dox treatment,
there is a signiﬁcant increase in oxidative stress, apoptosis, proapoptotic protein BAX, pPTEN levels, and wnt3a and βcatenin activity (p < 0 05). Moreover, Dox treatment also resulted in decreased antioxidant levels, antiapoptotic BCL2,
pAKT, p-mTOR, and endogenous levels of sFRP2 in the soleus muscle tissue (p < 0 05). Secreted frizzled-related protein 2
(sFRP2) treatment attenuated the adverse eﬀects of DIMT and apoptosis in the soleus muscle, evidenced by a decrease in
oxidative stress, apoptosis, BAX, pPTEN, and wnt3a and β-catenin activity, as well as an increase in antioxidants, BCL2,
pAKT, p-MTOR, and sFRP2 levels (p < 0 05). This data suggests that Dox-induced oxidative stress and apoptosis is
mediated through both the Akt-mTOR and wnt/β-catenin pathways. Moreover, the data also shows that sFRP2 modulates
these two pathways by increasing signaling of Akt-mTOR and decreased signaling of the wnt/β-catenin pathway.
Therefore, our data suggests that sFRP2 has valuable therapeutic potential in reversing Dox-induced oxidative stress and
apoptosis in soleus muscle mediated through the Akt-mTOR pathway.

1. Introduction
Doxorubicin (Dox) is a well-known medication used to treat
various types of cancer, including those related to the breast,
lung, stomach, and blood [1]. Though it is eﬀective as an
antimalignancy agent, there are multiple serious side eﬀects
associated with its use, including damage to the heart (cardiotoxicity), skeletal tissue (myotoxicity), hair loss, and
arrhythmia [2]. Therefore, the use of doxorubicin has been
limited, and various alternative strategies have been planned.
Dox has been found to induce both acute and late-onset
dysfunction of the heart, eventually leading to heart failure
and potentially death [3, 4]. Dox-induced muscle toxicity
(DIMT) can also cause dose-dependent muscle dysfunction;

however, DIMT is associated with adverse changes to skeletal
muscle tissue, leading to eﬀects such as fatigue, atrophy, and
eventually muscle cell death [5–8]. Signiﬁcant loss in muscle
can result in decreased response to treatment, worsening of
prognosis, and a reduction in quality of life [5, 7]. Although
the mechanism of Dox-induced cardiotoxicity has been studied extensively, the exact mechanism responsible for DIMT
in soleus muscle has yet to be fully understood.
Dox treatment causes cardiac toxicity and involves multiple mechanisms, such as induced oxidative stress, inﬂammation, necrosis, apoptosis, and ﬁbrosis [1, 2]. However, it
remains unknown whether Dox toxicity in skeletal muscle
involves these mechanisms or if it adopts a diﬀerent pathway.
Therefore, we proposed an investigation of oxidative stress-
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induced apoptosis in soleus muscle. Furthermore, these studies were extended to investigate mechanisms of apoptosis
mediated by the Akt-mTOR pathway.
Moreover, the wnt/β-catenin pathway was traditionally
viewed to serve a role in development [9]. However, the heart
is now known to activate various pathways such as the wnt/
β-catenin signaling pathway under states of stress [10]. During cardiac remodeling, inhibition of the wnt-signaling pathway at the soluble frizzled receptor level has been shown to be
beneﬁcial in repairing the damaged tissue [10]. This pathway
has also been shown to have involvement in skeletal muscle
remodeling [11]. A recent study showed a shift in skeletal
muscle ﬁber type of both the quadriceps and soleus muscles
in the dilated cardiomyopathy (DCM) mouse model, leading
to skeletal myopathy [11]. Induction of tissue damage and
repair also depends on speciﬁc activation of wnts. For example, wnt3a activation has been shown to induce apoptosis in
the heart [12]. Therefore, we also designed the study to investigate if Dox-induced apoptosis of the skeletal muscle
involves the wnt3a pathway.
Secreted frizzled-related proteins (sFRP) are considered
to be antagonists of the wnt-signaling pathway [9, 13]. Therefore, these proteins can be used to inhibit the wnt signaling
pathway and have been shown to be beneﬁcial in disease
states [12, 14–16]. sFRP2 is a part of the sFRP family and
has been previously shown to reduce ﬁbrosis and improve
the left ventricular functionality of the heart in the rat myocardial infarction model [15]. Furthermore, sFRP2 has been
shown to be a signiﬁcant paracrine factor for stem cells, aiding in repair of the myocardium [16]. This suggests that if
wnt signaling is involved in DIMT, this potentially could be
a treatment option that is clinically signiﬁcant in muscle
tissue in addition to the heart.
The signiﬁcant side eﬀects of Dox give rise to an
urgent need to understand the molecular mechanisms of
the disease state in order to generate new treatment
options and improve patients’ quality of life. To the best
of our knowledge, there are no studies on the role of
sFRP2 in doxorubicin-induced toxicity of the soleus muscle mediated through the Akt-mTOR and wnt3a/β-catenin
pathways. Therefore, this study was designed to investigate
if oxidative stress-induced apoptosis is mediated through
the Akt-mTOR and wnt3a/β-catenin pathways in the
soleus muscle as well as to understand whether this process can be inhibited by sFRP2.

2. Materials and Methods
2.1. Study Groups. C57BL/6 mice were divided into three
treatment groups: control (saline), Dox, and Dox + sFRP2,
with n = 8 in each group. The Institutional Animal Care
and Use Committee of the University of Central Florida
approved the animal protocol used in this study.
2.2. Doxorubicin and sFRP2 Treatment. C57BL/6 male and
female mice of eight to ten weeks of age were administered
a dose of 4 mg/kg doxorubicin (Fisher Scientiﬁc, cat. number
BP 2516-50) one time every other day (M, W, and F) via
intraperitoneal (IP) injection, resulting in a cumulative dose
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of 12 mg/kg. Recombinant mouse sFRP2 (Sino Biological
Inc., cat. number 50028-M08H) was reconstituted according
to the manufacturer’s instructions and injected via the tail
vein at day one (D1) and day six (D6) after the ﬁnal Dox
injection at a dose of 40 μg/kg, for a cumulative dose of
80 μg/kg.
2.3. Tissue Harvest and Paraﬃnization. Mice were sacriﬁced,
and bilateral soleus muscle was harvested at day 14 (D14).
The left soleus was kept in RNA later, and the right soleus
was kept in 10% paraformaldehyde (PFA) for storage. Parafﬁn blocks were made of the samples, and blocks were sectioned (5 μm) and placed on ColorFrost Plus microscope
slides (Fisher Scientiﬁc, cat. number 12-550-17).
2.4. Catalase, MnSOD, and Lipid Peroxide Assays. Catalase
activity was measured as previously reported [3] using a
colorimetric assay kit (Abcam, cat. number ab83464). The
colorimetric assay was measured at 570 nm, and these were
adjusted for total protein concentration.
Manganese-containing mitochondrial superoxide dismutase (MnSOD) levels were analyzed as previously reported
[3] using an assay kit (Applied Bioanalytical Labs, cat. number SOD-560). The manufacturer’s protocol was followed,
and the absorbance of the sample was measured at 560 nm,
using a plate reader.
Lipid peroxides were analyzed following the LPO-CC
assay kit per the manufacturer’s instructions (Kamiya Biomedical Co., cat. number CC-004) and as previously reported
by this lab [3]. This sample was analyzed at 675 nm with a
Bio-Rad plate reader.
2.5. Dihydroethidium Staining. Dihydroethidium (DHE)
(Invitrogen cat. number D23107) staining was performed as
previously reported [17]. The samples were deparaﬃnized
and incubated with DHE (1 μm/mL) for 15–25 minutes at
room temperature in the dark. The samples were then
washed with phosphate-buﬀered saline (PBS) and counterstained with DAPI in order to determine total nuclei count.
Confocal microscopy was used for representative imaging.
2.6. Myosin Staining. Myosin staining was performed to show
the soleus muscle tissue. Before staining, the sections were
deparaﬃnized and rehydrated using sequential decreasing
alcohol concentration. They were then blocked in 10% normal goat serum (NGS) for one hour and decanted thereafter.
Antimyosin (raised in rabbit, Sigma-Aldrich, cat. number
M7523) was added in 10% NGS at a 1 : 50 concentration. This
was incubated overnight at 4°C. The sections were then
washed with 1x PBS, and Alexa Fluor 488 goat anti-rabbit
(Invitrogen, cat. number A11008) was added in 1x PBS for
1 hour at room temperature. Finally, the sections were
washed with 1x PBS.
2.7. TUNEL Staining. TUNEL staining was performed to
determine the percentage of apoptotic nuclei (TMR Red,
Roche, cat. number 12156792910). Slides prepared with
soleus muscle tissue sections were deparaﬃnized and
permeabilized with proteinase K (25 μg/mL in 100 mM
Tris-HCl), as previously described [17]. The sections were
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counterstained and mounted with Antifade Mounting
Medium with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, cat. number H-1200) to show the total
nuclei. The percentage of apoptotic cells was quantiﬁed
by dividing the number of TUNEL-positive cells by the
total nuclei. Confocal microscopy was used to obtain representative images of the muscle tissue.
2.8. Caspase-3 Immunohistochemistry and ELISA. Caspase-3
staining utilizing anti-caspase-3 (Rabbit, Abcam, cat. number
ab13847) was performed to corroborate apoptosis’ involvement in DIMT. This stain was carried out following standard
staining procedures, as published previously [2]. In brief, the
samples were blocked with NGS and washed with 1x PBS,
and the primary antibody, anti-caspase-3 (1 : 50), was diluted
in 10% NGS and incubated at 4°C overnight. The slides were
washed with 1x PBS, and the secondary antibody, Alexa
Fluor 568 goat anti-rabbit, was added and allowed to incubate for one hour at room temperature. The slides were
washed one more time and ﬁnally were mounted and stained
with DAPI.
Caspase-3 activity was analyzed using an ELISA kit from
BioVision according to the manufacturer’s instructions and
as previously reported [17]. Soleus muscle was washed with
1x PBS and homogenized in cell lysis buﬀer. The sample
was then centrifuged to isolate the supernatant. Then, the
sample was analyzed to determine protein concentration at
405 nm using a plate reader.
2.9. pPTEN, pAKT, Wnt3A, and β-Catenin ELISA Analyses.
pPTEN was analyzed using the PathScan Phospho-PTEN
(Ser380) Sandwich ELISA kit (Cell Signaling Technology,
cat. number 7285), as previously reported [3]. In brief, the
soleus muscle tissue was homogenized. Then, protein concentration was estimated using the Bradford Assay, and the
tissue was incubated for 2 hours at 37°C. Next, a colorimetric
assay was performed following the manufacturer’s instructions. Once complete, stop solution was added, and the samples were read at 450 nm using the ELISA plate reader. Data
was expressed in arbitrary units (AU).
pAKT activity was measured using a commercially available kit (Exalpha Biologicals Inc., cat. number X1844K), as
previously reported [3]. In brief, soleus muscle tissue was
homogenized, and protein estimation was performed. The
sample was incubated for 2 hours, and a colorimetric assay
was performed per the manufacturer’s instructions. Using a
Bio-Rad plate reader, samples were analyzed at 450 nm. Data
was expressed in AU.
A WNT3A ELISA kit (USCN Life Sciences Inc., cat.
number E83155Hu) was used to determine WNT3A activity per the manufacturer’s instructions. In brief, the kit’s
detection reagent A was added to the samples and they
were incubated at 37°C for 1 hour. The solution was
washed, and then detection reagent B was added and incubated for another 30 minutes at 37°C. The samples were
washed again, and the substrate solution was added to
the samples and incubated for 10–15 minutes at 37°C.
Finally, stop solution was added, and the samples were
analyzed at 450 nm using a plate reader.
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β-Catenin was analyzed using a commercially available
ELISA kit (Enzo Life Sciences, cat. number ADI-900-135)
following the manufacturer’s instructions. In brief, the samples were added to the assay buﬀer and allowed to sit at room
temperature for 1 hour on a shaker. The primary antibody
was added to each well and incubated for another hour on
the shaker. The plate was washed 5 times, and 100 μL of blue
conjugate was added. The plate was washed 5 more times,
and 100 μL of soluble substrate was added and incubated
for another 30 minutes at room temperature on the shaker.
Finally, stop solution was added, and the samples were analyzed using a plate reader at 450 nm.
2.10. Western Blot Analysis of p-mTOR, sFRP2, BCL2, and
BAX. sFRP2 presence was conﬁrmed with Western blot analysis, using a standard Western blotting procedure. In brief,
sFRP2 antibody (Abcam, cat. number ab111874) at a 1 : 250
concentration was analyzed with β-actin (1 : 1000) as a loading control. The secondary antibody was anti-rabbit at a
concentration of 1 : 1000 for both.
Analysis of p-mTOR over total mTOR was performed
using Western blot, following standard technique. Primary
antibodies, p-mTOR and mTOR, were used at concentrations 1 : 1000 and 1 : 750, respectively (Cell Signaling, cat.
number 2971L and 2972S). The secondary antibody for both
was HRP-conjugated anti-rabbit, at concentrations of
1 : 1000 and 1 : 750, respectively.
Western blot analysis was performed to analyze BCL2, an
antiapoptotic protein, and BAX, a proapoptotic protein, following a standard Western blotting procedure (Cell Signaling
Technology, cat. numbers SC-492 and 2772, resp.). The primary antibodies were BCL2 and BAX, both at a 1 : 100 concentration. The secondary antibody was HRP-conjugated
anti-rabbit for both BCL2 and BAX, at a concentration of
1 : 1000. Quantitative densitometry analysis of Western
blotting was performed using ImageJ software (NIH).
2.11. Statistical Analysis. The data is expressed as mean ± SE.
Statistical signiﬁcance was determined when p < 0 05, using
one-way ANOVA and Tukey’s test.

3. Results
3.1. Eﬀects of sFRP2 on Oxidative Stress (Lipid Peroxidases)
and Antioxidants (MnSOD and Catalase). Figure 1(a) shows
quantitative ELISA analysis of an oxidative stress marker,
lipid peroxidase. Dox treatment shows a signiﬁcant increase
of lipid peroxidases; however, this increase was signiﬁcantly
decreased by sFRP2 treatment (Figure 1(a), p < 0 05).
Furthermore, we performed ELISAs to detect the levels of
antioxidants, MnSOD and catalase. Following Dox treatment, there was a decrease in antioxidants signiﬁcantly,
whereas sFRP2 treatment signiﬁcantly increased MnSOD
and catalase (Figures 1(b) and 1(c), p < 0 05). This data suggests that sFRP2 treatment improves antioxidant levels in
Dox-treated soleus muscle (Figures 1(b) and 1(c), p < 0 05).
3.2. Eﬀects of sFRP2 Treatment on Oxidative Stress Marker
DHE. Figure 2(a) shows staining for total nuclei in blue with
DAPI (A, D, and G), DHE stain in red to determine
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Figure 1: Eﬀect of sFRP2 treatment on lipid peroxides, superoxide dismutase, and catalase activity. Figure 1 shows quantitative data from the
ELISA kits for lipid peroxides (a) to determine oxidative injury to the muscle, MnSOD (b) to determine the presence of the antioxidant
superoxide dismutase, and (c) to determine the presence of the antioxidant, catalase. Units represented in arbitrary units. ∗ p < 0 05
compared to control, and # p < 0 05 compared to the Dox group. n = 4-5 for lipid peroxides, n = 5-6 for MnSOD, and n = 6 for
catalase activity.
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Figure 2: Signiﬁcant decrease in DHE-positive cells post-sFRP2 treatment. (a) shows DAPI staining to determine the total number of nuclei
in (A, D, and G), DHE staining to measure oxidative stress levels in (B, E, and H), and the merged photomicrographs (C, F, and I). (b) shows
the quantitative immunohistochemistry data for the DHE staining. Units represented in arbitrary units. ∗ p < 0 05 compared to control, and
#
p < 0 05 compared to the Dox group. Scale for A is 100 μm. n = 4-5.

superoxide levels (B, E, and H), and the merged images
(C, F, and I). Quantitative analysis of DHE-positive cells
shows that with treatment of Dox, superoxide levels significantly increased (Figure 2(b), p < 0 05). This signiﬁcant
increase was attenuated with sFRP2 treatment, further suggesting that sFRP2 treatment inhibits increased oxidative

stress (Figure 2(b), p < 0 05), in a similar fashion observed
with lipid peroxidase in Figure 1(a).
3.3. Eﬀects of sFRP2 on Apoptosis and Caspase-3 Activity.
Figure 3(a) shows detection of apoptosis by TUNEL staining.
The muscle tissue is stained for myosin in green in A, E, and
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Figure 3: sFRP2 treatment decreases caspase-3 activity and inhibits apoptosis. (a) shows representative imaging of soleus muscle. The muscle
has been stained with antimyosin (A, E and I), TUNEL to conﬁrm apoptosis (B, F, and J), and DAPI to determine total nuclei (C, G, and K),
and the merged images of all staining can be seen (with enlargements, denoted by a red arrow) in (D, H, and L). (b) shows a graph of the
quantitative data from immunohistochemistry for the percentage of apoptotic nuclei. (c) shows a stain of the soleus muscle using
antimyosin, caspase-3, TUNEL, and DAPI, from left to right. (d) shows the quantitative results from an ELISA kit for caspase-3
activity, a key mediator in apoptosis. Units represented in percentage of apoptotic nuclei in (b) and in arbitrary units for caspase-3
activity in (d). ∗ p < 0 05 compared to control, and # p < 0 05 compared to the Dox group. Scale for (a) is 100 μm. Scale for (c) is
50 μm. n = 5-6 for apoptotic nucleus percentage, and n = 7-8 for caspase-3 activity.

I; the apoptotic nuclei are stained in red as seen in B, F, and J;
total nuclei are stained in C, G, and K; and the merged images
are seen in D, H, and L (Figure 3(a)).
Quantitative analysis of the apoptotic nuclei was
obtained. Figure 3(b) shows a graph of the percentage of apoptotic nuclei. Our data shows a signiﬁcant increase in the
number of apoptotic nuclei in the Dox treatment group compared to the control; however, this increase was signiﬁcantly
decreased following treatment with sFRP2 (p < 0 05).
An additional staining was performed to determine the
presence of caspase-3 in apoptotic muscle, as seen in
Figure 3(c). From left to right, myosin, caspase-3, TUNEL,
DAPI, and merged images show that the TUNEL-positive
soleus muscle is also positive with caspase-3, suggesting that
Dox-induced apoptosis does occur in the soleus muscle.
Moreover, we performed a caspase-3 ELISA to quantify

apoptosis in these soleus muscle cells (Figure 3(d)).
Figure 3(d) shows a signiﬁcant increase in caspase-3 activity
following treatment with Dox; however, this increase in
caspase-3 activity was attenuated with sFRP2 treatment (p
< 0 05). Noticeably, our TUNEL staining corresponds with
the additional method of caspase-3 activity ELISA analysis,
suggesting that apoptosis is occurring in soleus muscle and
that this apoptosis is attenuated by sFRP2.
3.4. Eﬀects of sFRP2 on Proapoptotic Protein BAX and
Antiapoptotic BCL2. Figure 4(a) shows the Western blot on
BAX and BCL2, with β-actin as the loading control. The
quantitative Western blot analysis shows that Dox induces
an increase in proapoptotic protein BAX and a decrease in
antiapoptotic protein BCL2 (p < 0 05). The BAX levels significantly decreased after sFRP2 treatment, and BCL2 level
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Figure 4: sFRP2 treatment post-administration of Dox decreases proapoptotic protein BAX and increases antiapoptotic protein BCL2.
Figure 4 shows a Western blot analysis of BAX (proapoptotic), BCL2 (antiapoptotic), and β-actin as the control. Qualitative data can be
seen in (a), and quantitative data in the form of graphs can be seen below for BAX in (b) and BCL2 in (c). Units represented in arbitrary
units. ∗ p < 0 05 compared to control, and # p < 0 05 compared to the Dox group. n = 3 for both BAX and BCL2.

signiﬁcantly increased compared to the Dox group
(Figures 4(b) and 4(c), resp., p < 0 05), suggesting that sFRP2
inhibits apoptosis in the soleus muscle induced by Dox.
3.5. sFRP2 Treatment on PTEN, AKT, and mTOR. Figure 5
shows the quantitative data for ELISAs performed on pPTEN
and pAKT, whereas Western blot analysis was performed to
detect p-mTOR. When treated with Dox, the pPTEN levels
signiﬁcantly increased; however, this increase was mitigated
by the addition of sFRP2 (Figure 5(a), p < 0 05). In contrast,
when treated with Dox, the pAKT levels signiﬁcantly
decreased, and this decrease was then attenuated by the addition of sFRP2 (Figure 5(b), p < 0 05). The Western blot in
Figure 5(c) shows a signiﬁcant decrease in p-mTOR, whereas
total mTOR was used as a loading control. Densitometry
quantiﬁcation shows a signiﬁcant decrease in p-mTOR with
Dox treatment; however, this decrease in p-mTOR was signiﬁcantly increased following sFRP2 treatment (p < 0 05).
This data suggests involvement of the Akt-mTOR pathway
in Dox-induced apoptosis in the soleus muscle.
3.6. Eﬀects of sFRP2 Treatment on Wnt3a and β-Catenin.
Figure 6 shows quantitative ELISA analysis of wnt3a and
β-catenin. Our data shows a signiﬁcant increase in both
wnt3a and β-catenin with Dox treatment; however, this
increase was reduced with sFRP2 treatment (Figures 6(a)
and 6(b), resp., p < 0 05). This is indicative of the wnt3a/βcatenin pathway’s involvement in Dox-induced cytotoxicity

of the soleus muscle and that sFRP2 attenuates the wnt3a/
β-catenin pathway.
3.7. Determining Levels of sFRP2 in Soleus Muscle.
Figure 7(a) shows Western blot analysis of sFRP2’s presence in the soleus muscle tissue, with and without Dox
treatment, with β-actin as the loading control. Our data
shows a decrease in sFRP2 in the Dox treatment group
compared to the control (Figure 7(b), p < 0 05). This
decrease in sFRP2 was attenuated following administration
of sFRP2 (Figure 7(b), p < 0 05).
We have also developed a ﬂow chart to demonstrate that
the wnt3a and Akt-mTOR pathways are involved in Doxinduced apoptosis of the soleus muscle.

4. Discussion
Doxorubicin is a chemotherapeutic drug known to induce
cardiotoxicity and myotoxicity as major side eﬀects [2, 18,
19]. A previous study has reported that when treated with
Dox, the skeletal muscle gives rise to increased muscle fatigue
and reduced blood ﬂow, interferes with actin-myosin interaction and contractile alterations, and results in overall lower
functionality [19]. The aforementioned adverse eﬀects warrant study for potential therapeutics to attenuate muscle toxicity induced by doxorubicin. The major new and important
information in the present work, following Dox toxicity in
the soleus muscle and protective eﬀects of sFRP2 treatment,
includes (1) a decrease in oxidative stress markers, lipid
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Figure 6: Wnt3a and β-catenin decrease with sFRP2 administration. Figure 6 shows graphs for the quantitative data from the ELISA assay
kits for wnt3a to determine the involvement of the wnt signaling pathway and β-catenin to determine levels of this signaling molecule (a and
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peroxide, and DHE; (2) an increase in antioxidant levels of
MnSOD and catalase; (3) a decrease in soleus muscle cell
apoptosis; (4) a decrease in proapoptotic protein BAX and
an increase in antiapoptotic protein BCL2; (5) a decrease in
the negative regulation of PTEN and an increase in cell
survival proteins pAKT and p-mTOR; (6) eﬀects on the
wnt3a/β-catenin pathway by decreasing wnt3a and β-catenin
activity; (7) and, ﬁnally, an improvement of the decrease seen
in endogenous sFPR2 in Dox-treated animals. The ﬁndings
that sFRP2 inhibits oxidative stress and improves antioxidant
levels in the soleus muscle are consistent with other
published studies on decreased oxidative stress and apoptosis
in skeletal muscle following exercise, as reported by
Smuder et al. [20, 21]. Moreover, the role of increased oxidative stress and decreased antioxidant reserve following
muscle injury in Duchenne muscular dystrophy (DMD)

has also been reported, which is in agreement on the alteration of oxidative and antioxidant defense following Dox
toxicity in muscle [22–25]. It has been shown in muscle
atrophy and muscle inactivity studies that there is an
increase in reactive oxygen species (ROS) and a decrease
in antioxidants [26–29]. In contrast, recent data in a
denervation study shows that antioxidant genes increase
immediately as a result of increased ROS, suggesting that
muscular atrophy and weakness is independent of the
oxidative stress pathway [28]. Moreover, they further conﬁrmed that the process is not mediated through oxidative
stress, as antioxidants trolox and resveratrol were shown
not to have an eﬀect on oxidative stress-induced atrophy
and muscle weakness [28]. Our data diﬀered with this
denervation study with respect to antioxidants and lipid
peroxidase determination. For example, in their study,
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Figure 7: Endogenous presence of sFRP2 in soleus muscle. (a) shows a qualitative Western blot of sFPR2 with β-actin as the loading control.
To the right of this Western blot picture in (b) is the quantitative results from the sFRP2 densitometry analysis using ImageJ software (NIH),
conﬁrming its presence in the soleus muscle. Units represented in arbitrary units. ∗ p < 0 05 compared to control, and # p < 0 05 compared to
the Dox group. n = 4-5 for sFRP2.

lipid peroxidase levels were not assessed related to oxidative stress and antioxidant levels were not changed [28],
whereas our data in the DIMT model shows a signiﬁcant
increase in lipid peroxide levels as well as a decrease in
the antioxidants in the Dox-treated group. Therefore, it
is anticipated that the role of oxidative stress in muscle
injury is mediated through two independent pathways:
one mediated through increased oxidative stress and
decreased antioxidant reserves as reported in the current
study, and another through nonoxidative stress in the
denervation study, as published previously [28]. Overall,
our data is also consistent with Dox-induced cardiotoxicity
and in various other muscle conditions such as atrophy
that involve changes in oxidative stress and antioxidants
[2–4, 15, 16, 18, 27, 30]. Moreover, we suggest that sFRP2,
which has never been reported before, could be a potential
target to decreasing oxidative stress and increasing antioxidant reserves following Dox treatment.
Apoptosis is a programmed cell death mediated by
mitochondrial proteins, caspase-3 and -9, which has been
reported in various skeletal muscle diseases such as exerciseinduced muscle damage, dystrophinopathies, inﬂammatory
myopathies, ischemic atrophy, and spinal muscular atrophy
[31–36]. The presence of apoptosis is conﬁrmed by TUNEL,
BAX, and BCL2 staining, and this apoptosis signiﬁcantly contributes to the development and progression of these disease
states [32]. Moreover, a recent study shows that Dox induces
apoptosis in rat soleus muscle [20, 21]. Data from another
recent study shows that TNF-α-induced apoptosis in C2C12
myoblast cells involves a decrease in the BCL2 to BAX ratio,
which is consistent with our data [37]. The current study
corroborates the previously published muscle studies on
Dox-induced muscle apoptosis. The presence of apoptosis
in the current study is also conﬁrmed by TUNEL staining,
caspase-3 activity, proapoptotic BAX, and antiapoptotic
BCL2, which is in agreement with other studies published
on muscle apoptosis [32]. Moreover, the presence of apoptosis in muscle cells was further conﬁrmed for caspase-3 and
TUNEL occurring in single muscle cells, as conﬁrmed with

muscle-speciﬁc protein, myosin, and nuclear stain, DAPI
(Figure 3). Therefore, this data conﬁrms that apoptosis is present in injured soleus muscle cells following Dox treatment.
Next, we conﬁrmed whether apoptosis in the soleus muscle is mediated through the Akt-mTOR pathway and/or the
wnt3a/β-catenin pathway. The Akt-mTOR pathway plays a
major role in cell processes such as cell proliferation, survival,
growth, and death [3, 16, 30, 38, 39]. An in vivo study published in Nature Cell Biology suggests that the Akt-mTOR
pathway plays a major role in skeletal muscle hypertrophy,
where an increase in activity of this pathway resulted in
decreased muscle atrophy [38]. Additionally, the role of
Akt-mTOR pathway activation has also been shown to play
a role in decreasing DMD-associated ﬁbrosis and inﬂammation [39]. Additionally, a previous study has shown that the
PI3K/Akt/mTOR pathway is involved in Dox-induced apoptosis in the heart and the process is inhibited by transplantation of embryonic stem cells [3]. However, the role of the
Akt-mTOR pathway in Dox-induced apoptosis in soleus
muscle is not well deﬁned. Therefore, in the present study,
as per the best of our knowledge, we are the ﬁrst to report that
pAKT and p-mTOR decrease signiﬁcantly compared to the
control following Dox treatment, whereas sFRP2 treatment
signiﬁcantly (p < 0 05) increases Akt and mTOR, suggesting
involvement of the Akt-mTOR pathway in DIMT of the
soleus muscle.
PTEN, an endogenous inhibitor of the Akt pathway, has
been shown to be modulated in diﬀerent muscle and cardiac
diseases [3, 40]. A signiﬁcant increase in PTEN and apoptosis was observed in insulin-resistant skeletal muscle cells following insulin stimulation [40]. This increase in PTEN was
suppressed when cells were treated with metformin, a common drug for diabetes, suggesting that PTEN regulates apoptosis in this insulin-resistant muscle model [40]. In
agreement with these studies, PTEN in the current study
was signiﬁcantly increased (p < 0 05) in Dox-treated mice
along with apoptosis, whereas PTEN and apoptotic levels
were signiﬁcantly attenuated following administration of
sFRP2 (p < 0 05). This data suggests that the PTEN pathway
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Figure 8: sFRP2 treatment inhibits oxidative stress induced by doxorubicin. Figure 8 is a ﬂow chart that describes the eﬀects of sFRP2
treatment on the two pathways involved in doxorubicin-induced apoptosis: Akt/mTOR and Wnt/β-catenin.

is involved in regulation of apoptosis mediated through the
Akt-mTOR pathway in soleus muscle.
The wnt family consists of 19 members with discrete
types of cellular functions, such as stem cell diﬀerentiation,
myogenesis, cell survival, muscle ﬁbrosis, and apoptosis, in
organ development [41–44]. The function of wnts depends
on their isoform, type of injury, and organ development
[44]. Wnt3a treatment increases deposition of connective tissue in the muscle [43, 44]. Moreover, mouse embryos that
were deﬁcient in wnt1 and wnt3a demonstrate abnormal
growth and a reduction in expression of muscle protein,
Myf5 [44, 45]. Additionally, wnt3a has been published in
previous studies of myocardial infarction-induced apoptosis, where increased levels of wnt3a were observed after
the infarct was generated, whereas sFRP2 administration
attenuated this wnt3a activity [15]. Noticeably, there is
no published report on wnt3a and sFRP2 in DIMT. Therefore, our data on the increase in apoptosis as well as
wnt3a and β-catenin activity is in agreement with the published myocardial infarction model and provides novel
information in Dox-induced muscle toxicity. Moreover,
the current study shows that an increase in wnt activity
was signiﬁcantly attenuated following treatment with
sFPR2, which is also in agreement with studies published
in the heart, and in some forms of cancer such as medulloblastoma [15, 46].
Next, we examined whether Dox treatment decreases
exogenous levels of sFRP2 in soleus muscle, which may
play a role in the increased oxidative stress and apoptosis
seen in DIMT. Our data in Figure 7 shows that Dox treatment signiﬁcantly decreases sFRP2 in soleus muscle,
whereas treatment with sFRP2 injection brings back levels
of this protein close to control values (p < 0 05). This suggests that baseline levels of sFRP2 are present in healthy
skeletal muscle and play a protective role against various
muscle disorders.

There are published studies that show signiﬁcant
decrease in muscle mass in early and late stages of cancer
progression that ultimately leads to a decrease in muscle
function [47–50]. It has been observed that this process
can be mediated through inﬂammation from presence of
a tumor [47, 48]. Interestingly, a recent study by Yu
et al. report that the compound ghrelin was shown to
inhibit Dox-induced apoptosis in the gastrocnemius muscle, suggesting a therapeutic role in the associated cancer
cachexia [51]. Noticeably, we are suggesting in this study
that sFRP2 inhibits apoptosis in soleus muscle, which
could be a part of induced muscle cachexia as Yu et al.
also report apoptosis in the gastrocnemius muscle. Based
on our data on the decrease of apoptosis in Dox-induced
muscle cachexia, we anticipate that sFRP2 could be a
potential therapeutic target for cancer cachexia that is
formed due to tumor formation.
In conclusion, our data suggests that Dox induces oxidative stress and apoptosis and that the process is mediated through the Akt-mTOR and wnt3a/β-catenin
pathways. We also presented a ﬂow chart in Figure 8 to
depict involvement of two pathways in Dox-induced muscle toxicity and apoptosis: Akt-mTOR and wnt3a/βcatenin. Interestingly, the link of wnt7a binding to frizzled
protein-7 that activates the PI3K-Akt-mTOR pathway has
been reported [44, 52]. However, in the current study we
do not provide a link between wnt3a and the Akt-mTOR
pathway in the regulation of apoptosis, which we propose
as a future study by us or others. Finally, further studies in
large animals are needed to conﬁrm these ﬁndings, so that
sFRP2 can be potentially used in the clinical setting.
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