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ARTICLE INFO ABSTRACT

Keywords: It has been clinically documented that maduramicin (Mad), a polyether ionophore antibiotic widely used in the
Maduramicin control of coccidiosis in poultry worldwide, can elicit skeletal muscle degeneration, heart failure, and even death
Apoptosis in animals and humans, if improperly used. Here, we show that Mad induced apoptosis dose-dependently, which
ii:of’hagosome was associated with impaired autophagic flux in skeletal myoblast (C2C12 and L6) cells. This is supported by the

findings that Mad treatment resulted in increase of autophagosomes with a concomitant elevation of LC3-1I and
p62 in the cells. Also, Mad increased co-localization of mCherry and GFP tandem-tagged LC3 puncta in the cells,
suggesting a blockage of autophagic flux. Furthermore, addition of chloroquine (CQ) strengthened the basic and
Mad-enhanced LC3-II and p62 levels, autophagosome formation and cell apoptosis, whereas pretreatment with
rapamycin alleviated the effects in the cells exposed to Mad. Moreover, we noticed that Mad treatment in-
activated Akt dose-dependently. Inhibition of Akt with inhibitor X potentiated Mad-induced decrease in phos-
phorylated Akt, and increases in LC3-1I and p62 levels, autophagosome formation and cell apoptosis, whereas
ectopic expression of constitutively active Akt rendered resistance to these events. Collectively, these results
indicate that Mad inactivation of Akt impairs autophagic flux leading to accumulated autophagosomes-depen-
dent apoptosis in skeletal myoblast cells. Our findings suggest that manipulation of Akt activity to improve
autophagic flux is a promising strategy against Mad-induced myotoxicity.

Autophagic flux

1. Introduction (Singh and Gupta, 2003), suggesting that Mad has a very narrow safe
dose range and very strong toxicity. Chickens and turkeys discharge
Mad prototypes, causing environmental pollution (Gutierrez-Lugo

et al., 1999). Moreover, extensive use of Mad on farms may lead to

Maduramicin (Mad) is a monovalent glycoside polyether ionophore
antibiotic, produced by aerobic fermentation of Actinomadura yumaensis

bacteria originally isolated from soil samples in Yuma County, Arizona,
USA (Liu et al., 1983). It was first used to control coccidiosis in poultry
(Dorne et al., 2013; Liu et al., 1983). The safe dose of Mad is 5 mg/kg,
which is comparable to the efficacy of monensin against coccidiosis of
120 mg/kg (Dorne et al., 2013; Singh and Gupta, 2003). However,
when the dose increases to 7-9 mg/kg, Mad can cause broiler poisoning

residues in livestock and some ruminants (Kozarova et al., 2011;
Olejnik et al., 2013, 2011; Rokka et al., 2005; Spisso et al., 2010). When
a human consumes Mad-contaminated food, Mad can be excreted in the
feces. However, studies have shown that Mad cannot be excreted
completely, and some residual Mad remains in the human body (Wang
et al., 2008). Mad poisoning, such as rhabdomyolysis, skeletal muscle
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degeneration, heart failure, and even death, has been documented in
humans (Jayashree and Singhi, 2011; Sharma et al., 2005). However,
how Mad induces myotoxicity is not well understood.

Autophagy, as one of the major pathways for protein degradation, is
a multistep process involving the formation of double-membrane au-
tophagosomes that engulf cytosolic components and deliver cargo to
lysosomes for digestion and nutrient recycling (Bruntz et al., 2014;
Mizushima and Klionsky, 2007; Mizushima et al., 2008). Overwhelming
evidence has demonstrated that autophagy is required for the devel-
opment, differentiation, tissue remodeling, and immune regulation of
various organisms (Deretic et al., 2013; Levine and Klionsky, 2004;
Levine and Kroemer, 2008; Mizushima and Levine, 2010). So, autop-
hagic dysfunction or impaired autophagic degradation is associated
with the pathogenesis of many human diseases including infections,
cancer, neurodegeneration, aging, heart disease, and muscle disease
(Levine and Kroemer, 2008; Mizushima et al., 2008). The microtubule-
associated protein 1 light chain 3 (LC3) includes two molecular forms,
LC3-I and LC3-II. LC3-1 is the unconjugated form in the cytosol, whereas
LC3-II is the conjugated form that binds to autophagosomes and di-
rectly correlates with the number of autophagosomes (Kabeya et al.,
2000; Ni et al., 2011). Thus, the manifestation of LC3-II or GFP-LC3-II is
considered as a marker for monitoring the status of autophagy. How-
ever, of note, the overall activity of the autophagy pathway can be
robustly measured by autophagic flux (Mizushima et al., 2010). When
the function of lysosomes is impaired or autophagosomes cannot fuse
with lysosomes to form autolysosomes and the contents of autolyso-
somes cannot be degraded, the status is called autophagic flux im-
pairment (Yin et al., 2017; Zhang et al., 2013). The p62 protein, also
called sequestosome 1 (SQSTM1), is a ubiquitin-binding scaffold pro-
tein and itself degraded along with its cargo by autophagy (Yin et al.,
2017; Zhang et al., 2013). Inhibition of autophagy is associated with a
lessened p62 degradation leading to p62 accumulation in the cytosol
(Zhang et al., 2013). In contrast, intact autophagic flux promotes p62
degradation, showing decreased p62 protein level in the cells (Zhang
et al., 2013). Our group has recently shown that Mad inhibits autop-
hagic flux involved in apoptosis in myocardial H9¢2 cells (Chen et al.,
2018). This prompts us to explore and clarify the relationship between
autophagy and apoptosis in skeletal myoblast cells induced by Mad, as
well as the underlying mechanisms.

Protein kinase B (PKB, also known as Akt), a serine/threonine
protein kinase, plays a critical role in the regulation of cell survival
(Degtyarev et al., 2008; Dudek et al., 1997). Akt inactivation is neces-
sary for the autophagic process (Arico et al., 2001; Bruntz et al., 2014;
Degtyarev et al., 2008; Kuo et al., 2006). For example, inactivation of
Akt leads to cell viability reduction and death in glioblastoma cells by
specifically inhibiting autophagic flux (Bruntz et al., 2014). The de-
phosphorylation of Akt at Thr308 and Ser473 is associated with the
reduction of autophagic flux and an additional upregulation of caspase-
3 activity in liver cancer cells in response to sorafenib (Rodriguez-
Hernandez et al., 2018). Here, for the first time, we show that Mad
inactivation of Akt impairs autophagic flux leading to accumulated
autophagosomes-dependent apoptosis in skeletal myoblast (C2C12 and
L6) cells. Our findings suggest that manipulation of Akt activity to
improve autophagic flux may be a promising strategy against Mad-in-
duced myotoxicity.

2. Materials and methods
2.1. Materials

Maduramicin ammonium and Akt inhibitor X were provided by
Santa Cruz Biotechnology (Santa Cruz, CA, USA), whereas chloroquine
diphosphate (CQ), monodansylcadaverine (MDC), 4’,6-diamidino-2-
phenylindole (DAPI) and protease inhibitor cocktail were purchased
from Sigma (St Louis, MO, USA). Rapamycin were from ALEXIS
Biochemicals Corporation (San Diego, CA, USA). Dulbecco’s modified

International Journal of Biochemistry and Cell Biology 114 (2019) 105573

Eagle medium (DMEM) and 0.05% Trypsin-EDTA were purchased from
Invitrogen (Grand Island, NY, USA). Fetal bovine serum (FBS) was
supplied by Hyclone (Logan, UT, USA). Enhanced chemiluminescence
solution was from Sciben Biotech Company (Nanjing, China). Other
chemicals were purchased from local commercial sources and were of
analytical grade.

2.2. Cell culture

Mouse C2C12 myoblast cells (C2C12 cells) (#CRL-1772) and rat L6
myoblast cells (L6 cells) (#CRL-1458) were obtained from American
Type Culture Collection (Manassas, VA, USA). For culture, cells, seeded
in a 6-well or 96-well plate, were maintained in 4.5 mg/ml high glucose
DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml
streptomycin and 2 mM 1-glutamine, and incubated at 37 °C in a hu-
midified incubator containing 5% CO,.

2.3. Recombinant adenoviral constructs and infection of cells

Recombinant adenoviral vector encoding HA-tagged constitutively
active Akt (Ad-myr-Akt) was generously provided by Dr. Kenneth Walsh
(Boston University, Boston, MA), and the control virus expressing p-
galactosidase (Ad-LacZ) was described previously (Liu et al., 2010).
Adenoviruses expressing GFP-tagged LC3 fusion protein (Ad-GFP-LC3),
GFP-tagged p62 fusion protein (Ad-GFP-p62), and mCherry-GFP
tandem-tagged LC3 fusion protein (Ad-mCherry-GFP-LC3) were pur-
chased from Sciben Biotech Company (Nanjing, China). For experi-
ments, C2C12 and L6 cells were grown in the growth medium and in-
fected with the individual adenovirus for 24h at 5 of multiplicity of
infection (MOI = 5). Subsequently, the infected cells were used for
further experiments. Ad-LacZ served as a control. Expression of HA-
tagged myr-Akt was determined by Western blotting with an antibody
to HA.

2.4. Analysis for cell viability

C2C12 and L6 cells, or C2C12 cells infected with Ad-myr-Akt or Ad-
LacZ, respectively, were seeded in a 96-well plate (1 X 10* cells/well).
The next day, cells were treated with/without Mad (0.5 and 1 uM) for
24 h, or with/without Mad (0.5 and 1 pM) for 24 h following pretreat-
ment with/without Akt inhibitor X (10 uM) for 2 h, with 5 replicates of
each treatment. Subsequently, cell viability, after incubation with MTS
reagent (one solution reagent) (20 ul/well) for 3h, was evaluated by
measuring the optical density (OD) at 490 nm using a Victor X3 Light
Plate Reader (PerkinElmer, Waltham, MA, USA).

2.5. MDC-labeled autophagic vacuoles

Intracellular autophagic status was evaluated using a selective
marker MDC for autophagic vacuoles, as described (Biederbick et al.,
1995; Munafo and Colombo, 2001). In brief, C2C12 and L6 cells were
seeded at a density of 5 X 10° cells/well in a 6-well plate containing a
glass coverslip per well. The next day, cells were treated with/without
Mad (0.05, 0.1, 0.2, 0.5 and 1 uM) for 24 h, or treated with/without
Mad (0.5 and 1 uM) for 24 h following pretreatment with/without CQ
(5uM) for 1h, with 5 replicates of each treatment. Subsequently, the
cells were labeled with 0.05mM MDC in PBS for 10 min at 37 °C and
then washed 3 times with PBS, followed by cell imaging under a
fluorescence microscopy (Leica DMi8, Wetzlar, Germany) equipped
with a digital camera. At least five independent fields per well were
photographed. For quantitative analysis of the fluorescence intensity
for MDC staining, the integral optical density (IOD) was measured by
Image-Pro Plus 6.0 software (Media Cybernetics Inc., Newburyport,
MA, USA).
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2.6. GFP-LC3, GFP-p62 or mCherry-GFP-LC3 assay

C2C12 and L6 cells, or C2C12 cells infected with Ad-myr-Akt or Ad-
LacZ, respectively, were infected with Ad-GFP-LC3, Ad-GFP-p62 or Ad-
mCherry-GFP-LC3 and seeded at a density of 5 X 10° cells/well in a 6-
well plate containing a glass coverslip per well. The next day, cells were
treated with/without Mad (0.05, 0.1, 0.2, 0.5 and/or 1 uM) for 24 h, or
with/without Mad (0.5 and 1pM) for 24h following pretreatment
with/without CQ (5 uM) for 1 h, rapamycin (0.2 pg/ml) for 24 h or Akt
inhibitor X (10uM) for 2h, with 5 replicates of each treatment.
Afterwards, the cells were fixed with 4% paraformaldehyde in PBS for
30 min at 4°C, followed by washing 3 times with PBS. For the cells
infected with Ad-mCherry-GFP-LC3, after treatments, the cells were
stained with DAPI (4 pug/ml in deionized water) as described (Chen
et al.,, 2008). Finally, photographs were taken under a fluorescence
microscopy (Leica DMi8, Wetzlar, Germany) equipped with a digital
camera, followed by counting the numbers of GFP-LC3 puncta (green)
and GFP-p62 (green) per cell to estimate autophagosome formation and
autophagic flux manifestation, respectively. In mCherry-GFP tandem-
tagged LC3 assay, autophagosome and autolysome status was evaluated
by counting cells with GFP*/mCherry* (yellow) puncta. Induction of
autophagy causes punctate localization of LC3 on autophagosomes,
which exhibits both GFP (green) and mCherry (red) fluorescence (Ma
et al., 2012). Because of the different pH stabilities of the green and red
fluorescent proteins, the GFP-LC3 loses its fluorescent signal within the
acidic intralysosomal environment, but the mCherry-LC3 signal persists
(Ma et al., 2012). Therefore, when an autophagosome has not yet fused
with a lysosome or when the degradation’s function of lysosome with
acidification is impaired, co-localization of both GFP and mCherry
fluorescence shows GFP*/mCherry*-LC3 (yellow) puncta, which are
indicative of autophagosomes, in the merged image. In contrast,
mCherry alone (without GFP) fluorescence presents GFP~/mCherry*-
LC3 (red) puncta, which are indicative of autolysosomes.

2.7. DAPI and TUNEL staining

C2C12 and L6 cells, or C2C12 cells infected with Ad-myr-Akt or Ad-
LacZ, respectively, were seeded at a density of 5 x 10° cells/well in a 6-
well plate containing a glass coverslip per well. The next day, cells were
treated with/without Mad (0.05, 0.1, 0.2, 0.5 and/or 1 uM) for 24 h, or
with/without Mad (0.5 and 1puM) for 24h following pretreatment
with/without CQ (5 uM) for 1 h, rapamycin (0.2 pg/ml) for 24 h or Akt
inhibitor X (10uM) for 2h, with 5 replicates of each treatment.
Subsequently, the cells with fragmented and condensed nuclei were
stained with DAPI (4 pg/ml in deionized water) as described (Chen
et al., 2008). For the cells exposed to 0-1 uM of Mad for 24 h, after DAPI
staining, the following staining was performed by adding terminal
deoxynucleotidyl transferase (TdT)-mediated deoxyuridine tripho-
sphate (dUTP) nick-end labeling (TUNEL) reaction mixture (TdT en-
zyme solution and labeling solution) according to the manufacturer’s
protocols of in situ Cell Death Detection Kit® (Roche, Mannheim, Ger-
many). Finally, photographs were taken under a fluorescence micro-
scope (Leica DMi8, Wetzlar, Germany) equipped with a digital camera.
10D for fluorescence intensity was quantitatively analyzed by Image-
Pro Plus 6.0 software as described above.

2.8. Western blot analysis

Western blot analysis was performed in three independent experi-
ments, as described previously (Chen et al., 2008). Briefly, the indicated
cells, after treatments, were washed with cold PBS, and then on ice,
lysed in the radioimmunoprecipitation assay buffer. After that, lysates
containing equivalent amounts of protein were separated on 7-12%
SDS-polyacrylamide gel and transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA, USA). Membranes were incubated
with PBS containing 0.05% Tween 20 and 5% nonfat dry milk to block
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nonspecific binding, and then with primary antibodies against phos-
phorylated Akt (p-Akt) (Ser473), p-Akt (Thr308), p-glycogen synthase
kinase3 (GSK3[3)(Ser9), cleaved-caspase-3, poly (ADP-ribose) poly-
merase (PARP) (Cell Signaling Technology, Danvers, MA, USA), Akt,
GSK3p, LC3, SQSTM1/p62, B-tubulin (Sciben Biotech Company), HA
(Sigma) overnight at 4°C, respectively, followed by incubating with
appropriate secondary antibodies including horseradish peroxidase-
coupled goat anti-rabbit IgG, goat anti-mouse IgG, or rabbit anti-goat
IgG (Pierce, Rockford, IL, USA) overnight at 4 °C. Immunoreactive
bands were visualized by using enhanced chemiluminescence solution
(Sciben Biotech Company). The blots for detected proteins were semi-
quantified using NIH Image J software (National Institutes of Health,
Bethesda, MD, USA).

2.9. Statistical analysis

Results were expressed as means = standard error of the mean
(SEM). Student’s t-test for non-paired replicates was used to identify
statistically significant differences between treatment means. Group
variability and interaction were compared using either one-way or two-
way ANOVA followed by Bonferroni’s post-tests to compare replicate
means. p-value of < 0.05 was considered significant.

3. Results
3.1. Mad induces apoptosis in skeletal myoblast cells

C2C12 and L6 cells, the two skeletal myoblast cell lines were chosen
as models to study how Mad induces apoptosis of skeletal muscle cells.
To determine the effect of Mad on the cell apoptosis, we first evaluated
the cell nuclear fragmentation and condensation, a hallmark of apop-
tosis (Hao et al., 2013), using DAPI staining, and concurrently ex-
amined DNA strand breaks in the cells by TUNEL staining. As shown in
Fig. 1A and B, treatment with Mad for 24 h obviously elicited a con-
centration-dependent increase of nuclear fragmentation and con-
densation (arrows) in C2C12 and L6 cells. Consistently, Mad sub-
stantially increased the number of TUNEL-positive cells with
fragmented DNA (in green), compared to the vehicle control (Fig. 1 A
and B). Subsequently, we analyzed the cleavages of caspase-3 and PARP
in the cells. The results revealed that Mad resulted in robust cleavages
of caspase-3 and PARP in a concentration-dependent manner in the
cells (Fig. 1C and D). In line with the increased level of cleaved-caspase-
3, Mad profoundly evoked the activation of caspases-3/7 in the cells as
well (Fig. 1E). These findings clearly indicate that Mad induces caspase-
dependent apoptosis in skeletal myoblast cells.

3.2. Mad triggers an increase in autophagosomes with a concomitant
elevation of LC3-II and p62 in skeletal myoblast cells

Autophagy, a lysosomal degradation pathway, is essential for cell
survival, differentiation, and homeostasis (Levine and Kroemer, 2008).
Numerous studies have documented that autophagic dysfunction is
associated with cell apoptosis (Levine and Kroemer, 2008; Mizushima
et al., 2008). Recently, we have shown that Mad-induced apoptosis is
related to increased autophagosomes, LC3-II and p62 in H9c2 cells
(Chen et al., 2018). Here, we also observed that Mad treatment sub-
stantially elevated the protein levels of LC3-II and p62 in a concentra-
tion-dependent manner in C2C12 and L6 cells (Fig. 2 A and B), as de-
tected by Western blot analysis. Subsequently, the autofluorescent drug
MDC, a specific autophagolysosome marker (Biederbick et al., 1995;
Munafo and Colombo, 2001), was utilized. We revealed that the accu-
mulation of MDC was significantly induced by Mad dose-dependently in
C2C12 and L6 cells, as evidenced by the fluorescence intensity (in
green) and quantification based on the incorporation of MDC (Fig. 2C
and D). To corroborate the finding, we extended the studies by ana-
lyzing autophagic vacuoles with GFP-LC3 localization. The results
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showed that when C2C12 and L6 cells, infected with Ad-GFP-LC3, were
treated with Mad (0-1 uM) for 24 h, the number of LC3 puncta per cell
markedly increased compared to that of the vehicle-treated cells in a
concentration-dependent fashion (Fig. 2E and F). These data are con-
sistent with the finding that Mad induced cell apoptosis (Fig. 1). Taken
together, the above results indicate that Mad triggers an increase in
autophagosomes with a concomitant elevation of LC3-II and p62 in
skeletal myoblast cells, suggesting that Mad might impair autophagic
flux, leading to expansion of abnormal autophagsomes and subsequent
cell apoptosis.

3.3. Mad impairs autophagic flux contributing to accumulated
autophagosomes-dependent apoptosis in skeletal myoblast cells

Multiple data have demonstrated that increase of autophagosomes
may be either indicative of autophagy induction or inhibitive of au-
tophagosome clearance (Lau et al., 2013). Autophagic flux impairment
has been implicated as a mechanism for promotion of cell death with
autophagosome accumulation (Gonzalez-Rodriguez et al., 2014; Ma
et al., 2012; Qiu et al., 2014; Yi et al., 2018). Next, we asked whether
Mad-induced autophagosome accumulation was due to autophagic flux
impairment, thus leading to apoptosis in skeletal myoblast cells. Firstly,
we measured autophagic flux in C2C12 and L6 cells infected with
adenovirus expressing mCherry-GFP tandem-tagged-LC3 (Ad-mCherry-
GFP-LC3). As shown in Fig. 3A (merged), the cells in the vehicle (0 uM
Mad)-treated group exhibited only red puncta (autolysosomes),
whereas the cells in the Mad (0.5 and 1 pM)-treated groups had both
yellow (autophagosomes) and red puncta (autolysosomes). When
mCherry-GFP-LC3 was overexpressed in the cells treated with Mad (0.5
and 1 uM), we detected more autophagosomes (GFP* /mCherry *-LC3)
than autolysosomes (GFP/mCherry "-LC3) (Fig. 3A). Concentration-
dependent increase of GFP*/mCherry *-LC3 (yellow) puncta (Fig. 3B)
per cell in response to Mad was quantified. These results point out that
Mad inhibits autophagic flux, resulting in accumulation of

autophagosomes in skeletal myoblast cells.

To demonstrate the role of impaired autophagic flux in Mad-in-
duced apoptosis in skeletal myoblast cells, C2C12 and L6 cells were
subjected to pretreatment with/without CQ (5 uM), an agent capable of
effectively inhibiting the fusion of autophagosomes and lysosomes
(Klionsky et al., 2008), for 1h, followed by exposure to Mad (0.5 and
1 uM) for 24 h. As shown in Fig. 3C-G, treatment with CQ substantially
potentiated the basic and Mad-enhanced LC3-II, p62, and cleaved-cas-
pase-3 levels (Fig. 3C and D), autophagosome formation (Fig. 3E and F)
and cell apoptosis (Fig. 3G). The results suggest that Mad treatment
causes accumulation of autophagosomes and consequential cell apop-
tosis by impairing autophagic flux in skeletal myoblast cells.

Rapamycin, a well-known inducer of autophagy, has been reported
to stimulate autophagy with enhanced autophagic flux and accelerate
the fusion of autophagosomes and lysosomes in various cells (Ma et al.,
2012; Qiu et al., 2014; Yi et al., 2018; Zhang et al., 2015). To corro-
borate the association of impaired autophagic flux with accumulated
autophagosomes-dependent cell apoptosis, C2C12 and L6 cells were
pretreated with/without rapamycin (0.2 ug /ml) for 24 h and then ex-
posed to Mad (0.5 and 1uM) for 24 h. As expected, treatment with
rapamycin alone increased LC3-II but reduced p62 protein level, com-
pared with the vehicle treatment (Fig. 4A and B), indicating intact
autophagic flux. Of importance, pretreatment with rapamycin ob-
viously mitigated Mad-increased LC3-II protein level and especially
profoundly attenuated Mad-induced p62 accumulation, implying a re-
covery of the authophagic flux (Fig. 4A and B). This effect was in
parallel to the decreased numbers of GFP-p62 and GFP-LC3 puncta per
cell in Mad-treated cells in the presence of rapamycin, although there
was an obviously increased GFP-LC3 puncta per cell pretreated with
rapamycin alone, as visualized by images and quantification using GFP-
p62 and GFP-LC3 assay, respectively (Fig. 4C-E). Additionally, as pre-
dicted, we also observed that rapamycin alleviated cleaved caspase-3
(Fig. 4A and B) and apoptosis (Fig. 4F) in the cells exposed to Mad.
Collectively, our findings support the concept that Mad impairs
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Fig. 2. Mad triggers an increase in autophagosomes with a concomitant elevation of LC3-II and p62 in skeletal myoblast cells. C2C12 and L6 cells, or C2C12 and L6
cells infected with Ad-GFP-LC3, respectively, were treated with Mad (0-1 uM) for 24 h. (A) Total cell lysates were subjected to Western blotting using indicated
antibodies. The blots were probed for B-tubulin as a loading control. Similar results were observed in at least three independent experiments. (B) The blots for LC3-1I
and p62 were semi-quantified. (C and D) The cells were labeled using a specific autophagolysosome marker MDC staining and then the fluorescence intensity (in
green) for MDC-labeled vacuoles was imaged (C) and quantified (D) as described in Materials and Methods. Scale bar: 20 um. (E and F) Shown are representative
GFP-LC3 fluorescence images (in green) (E) and quantified number for GFP-LC3 puncta (F) in the cells. Scale bar: 2 um. Results are presented as mean = SEM

(n=3-5). p < 0.05, "p < 0.01, difference with control group.

autophagic flux contributing to accumulated autophagosomes-depen-
dent apoptosis in skeletal myoblast cells.

3.4. Mad inactivation of Akt impairs autophagic flux leading to
accumulated autophagosomes-dependent apoptosis in skeletal myoblast cells

It is known that Akt plays a critical role in cell survival (Degtyarev
et al., 2008; Dudek et al., 1997). Akt can mediate autophagy, and its
inactivation is closely related to dysfunction of autophagic flux and cell
death in various cells (Arico et al., 2001; Bruntz et al., 2014; Degtyarev
et al.,, 2008; Kuo et al., 2006; Rodriguez-Hernandez et al., 2018).
Therefore, we hypothesized that Akt signaling may be involved in Mad-
impaired autophagic flux, leading to accumulated autophagosomes-
dependent apoptosis in skeletal myoblast cells. To test this hypothesis,
firstly, we examined the phosphorylation status of Akt and its substrate
GSK3p in C2C12 and L6 cells exposed to Mad. The results showed that
Mad inhibited the phosphorylation of Akt (Thr308 and Ser473) and
GSK3p (Ser9) in the cells dose-dependently (Fig. 5A and B), indicating
that Mad indeed inactivates the Akt pathway. Next, C2C12 and L6 cells
were pretreated with/without Akt inhibitor X (10 uM) for 2 h, and then
exposed to Mad (0.5 and 1 pM) for 24 h. We found that pretreatment
with Akt inhibitor X profoundly reduced the basal p-Akt and p-GSK3p
and further potentiated Mad’s inhibitory effects on p-Akt and p-GSK3f
(Fig. 5C and D). Accordingly, Akt inhibitor X not only further enhanced
the basal and Mad-induced LC3-II and p62 levels (Fig. 5C and D), but

also increased the number of GFP-LC3 puncta (Fig. 5E), reflecting a
more severe deterioration of autophagic flux in Mad-treated cells in the
presence of Akt inhibitor X. In addition, Akt inhibitor X also showed
more potent enhancement of Mad-elicited cleaved-caspase-3 (Fig. 5C
and D), cell viability reduction (Fig. 5F) and apoptosis (Fig. 5G). These
data suggest that Mad inactivation of Akt links impaired autophagic
flux to accumulated autophagosomes-dependent apoptosis in skeletal
myoblast cells.

3.5. Ectopic expression of constitutively active Akt rescues Mad-impaired
autophagic flux from accumulated autophagosomes-dependent apoptosis in
skeletal myoblast cells

To verify the above finding, C2C12 cells, infected with recombinant
adenovirus encoding HA-tagged constitutively active Akt (Ad-myr-Akt)
or LacZ (Ad-LacZ) (as control), were treated with/without Mad (0.5 or
1uM) for 24 h. As expected, infection with Ad-myr-Akt, but not Ad-
LacZ, evoked expression of high levels of HA-tagged Akt mutant in the
cells (Fig. 6A and B). The basal and/or Mad-inhibited Akt and GSK3f
phosphorylation levels were significantly elevated by the infection with
Ad-myr-Akt, compared to the control infection with Ad-LacZ (Fig. 6A
and B). Of note, overexpression of myr-Akt dramatically attenuated
Mad-induced increase of LC3-II and p62 as well as activation of caspase-
3 (Fig. 6A and B). Consistently, we also observed that the number of
LC3 puncta was reduced in Mad-treated C2C12 cells infected with Ad-
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Fig. 4. Rapamycin rescues Mad-impaired autophagic flux from accumulated autophagosomes-dependent apoptosis in skeletal myoblast cells. C2C12 and L6 cells, or
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difference with 1 yM Mad group.

myr-Akt (Fig. 6C and D). Using MTS assay and DAPI staining, we re-
vealed that ectopic expression of myr-Akt partially prevented Mad-in-
duced cell viability reduction (Fig. 6E) and apoptosis (Fig. 6F). In ad-
dition, using mCherry-GFP tandem-tagged LC3 assay, we found that
there existed fewer GFP*/mCherry *-LC3 (yellow) puncta in the cells
expressing myr-Akt than in the cells expressing LacZ (as control)
(Fig. 6G and H). These findings exhibit that Mad inactivation of Akt
plays an essential role in impaired autophagic flux, accumulated au-
tophagosomes and apoptotic cell death in skeletal myoblast cells.

4. Discussion

It has been widely reported that Mad, a polyether ionophore anti-
biotic, is extensively used to prevent chicken and turkey coccidiosis
(Dorne et al., 2013; Jayashree and Singhi, 2011; Sharma et al., 2005;
Shimshoni et al., 2014; Singh and Gupta, 2003). Mad can be absorbed
through the digestive tract and metabolized in the liver and kidney,
finally excreted in urine and feces (Wang et al., 2008). In addition, Mad

is mainly excreted as a prototype drug and stable in excrement for 3
days, which makes it possible to contaminate soil and water, and finally
get into the food chain (Brown and Rajan, 1986; Singh and Gupta,
2003). Comparing to other polyether antibiotics, Mad is more toxic to
mice and rats (Oehme and Pickrell, 1999). There have been a number of
reports of Mad poisoning, mainly on skeletal muscle and myocardial
lesions (Dorne et al., 2013; Jayashree and Singhi, 2011; Sharma et al.,
2005; Shimshoni et al., 2014), but little is known about its toxic me-
chanism in the cells. Recently, our group has shown that Mad evokes
increases of autophagosomes, accumulation of LC3-II and p62, con-
tributing to apoptosis in H9¢2 cells (Chen et al., 2018). In the current
study, we also found that Mad-induced apoptosis was associated with
accumulation of autophagosomes with a concomitant elevation of LC3-
IT and p62 in skeletal myoblast cells. Further, we noticed that Mad in-
activation of Akt impaired autophagic flux, resulting in accumulated
autophagosomes-dependent cell apoptosis.

Autophagy is a highly conserved lysosomal degradation process that
is required for cells to maintain homeostasis (Mizushima et al., 2008). It
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Fig. 5. Mad inactivation of Akt links impaired autophagic flux to accumulated autophagosomes-dependent apoptosis in skeletal myoblast cells. C2C12 and L6 cells, or
C2C12 and L6 cells infected with Ad-GFP-LC3, respectively, were treated with Mad (0-1 uM) for 24 h, or pretreated with/without Akt inhibitor X (10 uM) for 2h and
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staining. Results are presented as mean =
difference with 1 uM Mad group.

is well-known that the occurrence of autophagy is a double-edged
sword for the physiological activity of cells (Mizushima et al., 2008;
Zhang et al., 2016). Autophagosomes that failed to fuse with lysosomes
might result in autophagosome accumulation and subsequent cell death
(Button and Luo, 2017). The level of conversion of LC3-I to LC3-II, an
indicator for autophagic activity, correlates with the number of au-
tophagosomes formed (Mizushima et al., 2010). The p62 protein is
selectively incorporated into autophagosomes through direct binding to
LC3-II and efficiently degraded in the autolysosome. Accordingly, the
total cellular protein level of p62 is negatively correlated with autop-
hagic flux (Mizushima et al., 2010). Accumulation of LC3-II and au-
tophagosomes, an event previously interpreted as induction of autop-
hagy, is in fact a consequence of a blocked autophagic flux (Gonzalez-
Rodriguez et al., 2014). The combination of elevated p62 and punctuate
LC3-II could be reflecting an inhibition of autophagosome degradation
(Gonzalez-Rodriguez et al., 2014). In the current study, we observed
that Mad-induced apoptosis was associated with increase of autopha-
gosomes in skeletal myoblast (C2C12 and L6) cells (Figs. 1 and 2). The
results from Western blot analysis revealed that the protein levels of
both LC3-II and p62 were significantly higher in Mad-treated C2C12
and L6 cells (Fig. 2E and F). In another word, accumulation of p62 was
paralleled to an increase in the LC3-II, hinting that accumulation of
autophagosomes by Mad is a secondary effect of the impaired autop-
hagic flux. Similar evidence was gained when autophagic flux was
evaluated using mCherry-GFP-LC3 assay, which can generate a LC3
construct tandem tagged with mCherry and GFP probes (Ma et al.,
2012). In line with the immunoblotting results, C2C12 and L6 cells
treated with Mad exhibited a decline in autophagic flux, as shown by
the increase in the number of yellow puncta (autophagosomes) without
the concomitant increase in the number of red LC3 puncta

SEM (n = 3-5). % < 0.05, difference with control group; °p < 0.05, difference with 0.5 pM Mad group; p < 0.05,

(autolysosomes) per cell. Taken together, these results support the no-
tion that Mad may inhibit the fusion of autophagosomes with lysosomes
and thus impair autophagic flux in the myoblast cells.

In autophagy, the lysosome is the only way to degrade cargos, so
dysfunction of lysosomes elicits serious impairment of autophagic flux
(Qiu et al., 2014). CQ is an alkalizing agent that neutralizes the pH of
lysosomes and destroys the function of lysosomes, thereby inhibiting
the fusion of autophagosomes with lysosomes or degradation of au-
tophagosomes (Klionsky et al., 2008; Mizushima et al., 2010; Wu et al.,
2010). To further confirm the relationship of Mad-impaired autophagic
flux to myoblast cell apoptosis, we extended our studies using CQ. As
expected, addition of CQ potentiated the basic and Mad-enhanced LC3-
IT and p62 levels, autophagosome accumulation and apoptosis in C2C12
and L6 cells (Fig. 3). Rapamycin, a known autophagy inducer, has been
shown to increase autophagy flux and accelerate autophagosome-ly-
sosome fusion (Ma et al., 2012; Qiu et al., 2014; Yi et al., 2018; Zhang
et al., 2015). In this study, we also demonstrated that pretreatment with
rapamycin alleviated the above events in the cells exposed to Mad
(Fig. 4), implying that rapamycin plays a key role in recovering the
autophagic flux. This is consistent with the observation that pretreat-
ment with rapamycin was able to rescue cells from apoptosis induced
by Mad. Collectively, these findings further highlight that Mad causes
accumulation of autophagosome-bound LC3-II and p62, thereby leading
to cell apoptosis via impairment of autophagic flux in skeletal myoblast
cells. A new question that arises from the current work is whether
impairment of autophagic flux is a key mechanism of Mad-induced
myoblast cell apoptosis. More importantly, elucidation of the origin of
dysfunctional autophagic processes may help design new therapeutic
approaches to prevent Mad-induced myotoxicity, such as rhabdomyo-
lysis and skeletal muscle degeneration.
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In this study, we also reveal an underlying mechanism that governs
impairment of autophagic flux in Mad-induced myoblast cells. Akt is an
important regulator of cell survival (Degtyarev et al., 2008; Dudek
et al., 1997). Recently, Akt is also considered to be a“rogue”kinase in
regulating the association of autophagy with apoptosis in various cells
(Bruntz et al., 2014; Degtyarev et al., 2008; Rodriguez-Hernandez et al.,
2018). Especially, Akt deactivation acts as an essential factor for au-
tophagic process (Arico et al., 2001; Bruntz et al., 2014; Degtyarev
et al., 2008; Kuo et al., 2006). For example, Akt inhibition blocks au-
tophagic flux leading to cell viability reduction and death in glio-
blastoma cells (Bruntz et al., 2014) and in liver cancer cells (Rodriguez-
Hernandez et al., 2018). In this study, we demonstrated that Mad
evoked an obvious dose-dependent inactivation of Akt pathway. In-
hibition of Akt with inhibitor X strengthened the basal or Mad-induced
decreases of phosphorylated Akt and GSK3p, increases of LC3-II and
p62 levels, autophagosome formation and cell apoptosis (Fig. 5),
whereas expression of constitutively active Akt rendered resistance to

the events (Fig. 6). Hence, our data support the idea that Mad in-
activation of Akt impairs autophagic flux, leading to accumulation of
autophagosomes, which promotes apoptosis in skeletal myoblast cells.
Further research is needed to elucidate how Mad inactivates Akt.

In summary, we have identified that Mad inactivates Akt, which
impairs autophagic flux, thereby leading to accumulated autophago-
somes-dependent cell apoptosis (Fig. 7). Our data underscore that
manipulation of Akt activity to improve autophagic flux is a promising
strategy against Mad-induced myotoxicity.
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