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Abstract

Hypogonadism contributes to limb skeletal muscle atrophy by increasing rates of muscle protein breakdown. Androgen deple-
tion increases markers of the autophagy protein breakdown pathway in the limb muscle that persist throughout the diurnal
cycle. However, the regulatory signals underpinning the increase in autophagy markers remain ill-defined. The purpose of
this study was to characterize changes to autophagy regulatory signals in the limb skeletal muscle following androgen deple-
tion. Male mice were subjected to a castration surgery or a sham surgery as a control. Seven weeks post-surgery, a subset
of mice from each group was sacrificed every 4 hr over a 24 hr period. Protein and mRNA from the Tibialis Anterior (TA)
were subjected to Western blot and RT-PCR. Consistent with an overall increase in autophagy, the phosphorylation pattern
of Uncoordinated Like Kinase 1 (ULK1) (Ser555) was elevated throughout the diurnal cycle in the TA of castrated mice.
Factors that induce the progression of autophagy were also increased in the TA following androgen depletion including an
increase in the phosphorylation of c-Jun N-terminal Kinase (JNK) (Thr183/Tyr185) and an increase in the ratio of BCL-2
Associated X (BAX) to B-cell lymphoma 2 (BCL-2). Moreover, we observed an increase in the protein expression pattern
of p53 and the mRNA of the p53 target genes Cyclin-Dependent Kinase Inhibitor 1A (p27) and Growth Arrest and DNA
Damage Alpha (Gadd45a), which are known to increase autophagy and induce muscle atrophy. These data characterize novel
changes to autophagy regulatory signals in the limb skeletal muscle following androgen deprivation.
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Introduction hypogonadism is particularly important as they comprise

most of the total muscle mass [11], and they are the pri-

Maintaining a critical amount of skeletal muscle mass is
important to sustain physical function and reduce the risk of
morbidity and mortality [1-4]. In males, testicular derived
androgens are a key factor regulating muscle mass [5-7].
This mode of regulation is critical when endogenous produc-
tion is compromised (termed hypogonadism) as muscle mass
is decreased [8—10]. Atrophy of the limb muscles during
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mary contributors to physical function. Although androgen
replacement therapy blunts limb muscle atrophy in hypo-
gonadal males in part by reducing rates of skeletal muscle
protein breakdown to normal levels [9], this treatment has
been associated with undesirable side effects (e.g., malignant
tumor growth) [12—-15]. This requires a full understanding
of the reasons underpinning the elevated rates of muscle
protein breakdown in the limb muscle so that clinicians
can safely and effectively treat limb muscle atrophy during
hypogonadism.

We and others have shown that markers of the autophagy
protein breakdown process are elevated in the atrophied
limb muscle following androgen depletion [16-20]. These
markers of autophagy were elevated across the diurnal
cycle [18], supporting a leading role for this degradative
process in the limb muscle atrophy during hypogonadism.
Autophagy is the process of bulk clearance of misfolded/
aggregate proteins and dysfunctional/damaged organelles
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(e.g., mitochondria via mitophagy) [21]. Upon activation
of autophagy, proteins and organelles are delivered to the
lysosome via a double membrane bound vesicle known as
the autophagosome, ultimately resulting in proteolytic deg-
radation of the cargo [21]. Various external stimuli (e.g.,
nutrients & exercise) activate/repress a number of cellular
signaling events that regulate the initiation and progression
of autophagy [19, 22-27]. For example, activation of unco-
ordinated 51 like kinase 1 (ULK1) recruits the PI3k class III
complex containing BECLIN1 (a.k.a. ATG6), which initi-
ates formation and maturation of a double membrane struc-
ture called a phagophore (immature autophagosome) [21].
When the phagophore nears maturity, Microtubule Associ-
ated Protein 1 Light Chain 3 Beta (LC3B) is lipidated to
allow closure of the autophagosome and subsequent delivery
of the cargo to the lysosome [21].

Despite evidence that autophagy is overactive across the
diurnal cycle in the limb muscle following androgen deple-
tion, the regulatory signals that stimulate overactivation
remain poorly defined. Thus, the purpose of this study was
to characterize the diurnal changes to autophagy regulatory
signals in the limb muscle following androgen depletion.
Using a novel analytical approach, we provide evidence
that androgen depletion alters the diurnal patterns of key
autophagy regulatory signals in the limb muscle, including
those that are known to induce limb muscle atrophy. These
findings represent a significant step toward mapping the
pathways that link hypogonadism to limb muscle atrophy.

Materials and methods

Animals, castration surgery, and experimental
design

The muscle samples used in the current study were gen-
erated from a previous study conducted by our labora-
tory[18]. Briefly, physically mature male, C57Bl/6NHsd
mice (14 weeks of age) were randomized into two groups
of equal body weight. One group was subjected to a castra-
tion surgery to effectively stop testicular androgen produc-
tion, while the other group was subjected to a sham surgery
where the testicles were left intact. Animals recovered for
seven weeks prior to sacrifice. At sacrifice, the TA mus-
cles were harvested from a subset of mice from each group
(sham or castrated) every 4 hr, starting at the onset of the
dark cycle (1900 hr). Animals were allowed ad libitum food
and water throughout data collection, and physical activity
was not monitored or regulated. Our previous work suggests
that autophagy markers are elevated independent of both
nutrient consumption and/or activity [16, 17, 19], suggesting
that changes in nutrient consumption and/or physical activity
are not likely altering the autophagy regulatory processes
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following androgen depletion. For animals sacrificed dur-
ing the dark cycle (1900-0300 hr), the mouse cage was
placed into an opaque Tupperware container for transport
to the surgical suite to prevent light exposure. In the sur-
gical suite, mice were anesthetized with isoflurane (~3%)
and then euthanized via cervical dislocation under dim red
light. Lights were then turned on and the TA muscles were
harvested and frozen in liquid nitrogen. The efficacy of the
castration surgery was supported by a ~16% decrease in
mean TA mass (50.98 mg vs. 42.6 mg) and a substantial
decrease in the mean mass of the androgen-sensitive seminal
vesicle (364.4 mg vs. 11.0 mg) in sham and castrated mice,
respectively [18].

RNA extraction, cDNA synthesis, and RT-PCR

TA muscles (~20 mg) were homogenized in 600 pl of Zymo
Tri Reagent (Irvine, CA), and RNA was isolated using a
Zymo RNA Miniprep extraction kit (cat. #R2071) with on
column DNase treatment (Irvine, CA). RNA quantity was
determined spectrophotometrically by the 260-to-280 nm
ratio. Following this, cDNA was synthesized from 1.5 pg of
total RNA using a High Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific, Waltham, MA). RT-PCR
was conducted on a QuantStudio3 (Thermo Fisher Scien-
tific) RT-PCR thermal cycler using PowerUp Sybr Green
Master Mix (Thermo Fisher Scientific). The conditions for
RT-PCR with Sybr Green included an initial 2 min at 50 °C
and 2 min at 95 °C, followed by 40 cycles which included
a 15 sec denature step at 95 °C, a 15 sec annealing step at
55 °C, and a 1 min extension step at 72 °C within each cycle.
A melt curve analysis was performed for each primer pair to
ensure that a single product was efficiently amplified, and
the product sizes for each primer pair were verified via aga-
rose gel electrophoresis prior to experimentation. Relative
expression levels of all genes were normalized using the
delta Ct method. Ribosomal Protein Lateral Stalk Subunit
PO (Rplp0) was used as the internal control as Rplp0 expres-
sion was not affected by either time or castration. Primer
sequences for all Sybr Green RT-PCR reactions are listed
in Table 1.

Western blot analysis

Western blotting was conducted as previously described
with slight modifications [18]. Whole-muscle protein from
the TA was extracted via glass on glass homogenization
in 10 volumes of buffer (10 pl/mg) consisting of 50 mM
HEPES (pH 7.4), 0.1% Triton-X 100, 4 mM EGTA, 10 mM
EDTA, 15 mM Na4P207, 100 mM B-glycerophosphate,
25 mM NaF, 5 mM Na3VO4, and 10 pl/ml protease inhibi-
tor cocktail (cat. no. P8340, Sigma-Aldrich). The extract
was centrifuged for 10 min at 10,000 g at 4 °C, and the
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Table 1 Primer sequences for Gene symbol Forward (5'-3") Reverse (5'-3") Amplicon
RT-PCR using Sybr Green size (BP)
Atf4 TCGATGCTCTGTTTCGAATG GGCAACCTGGTCGACTTTTA 179
Bax CGAGCTGATCAGAACCATCAT GAGTCCAGCCACAAAGA 154
Bcl-2 TGGTGGAGGAACTCTTCAGG CAGATGCCGGTTCAGGTACT 158
Beclinl TCACCATCCAGGAACTCACA CCCCGATCAGAGTGAAGCTA 192
Gadd45a CAGAGCAGAAGACCGAAAGG GCAGGCACAGTACCACGTTA 150
p21 ACGGTGGAACTTTGACTTCG CAGGGCAGAGGAAGTACTGG 160
p53 CACAGCGTGGTGGTACCTTA CAGGCACAAACACGAACCTC 191
Redd] TGGTGCCCACCTTTCAGTTG GTCAGGGACTGGCTGTAACC 121
Rplp0 CAACCCAGCTCTGGAGAAAC GTTCTGAGCTGGCACAGTGA 169
Tfeb AACAGTGCTCCCAACAGTCC CATCTGCATCTCAGGGTTGA 132

Bradford method was used to quantify the soluble protein
content in the supernatant fraction. After quantification,
all samples were diluted to the same concentration in 2X
Laemmli buffer. Samples were fractionated on 4-20% Bio-
Rad Criterion precast gels (Hercules, CA) and transferred to
PVDF membranes. Effective transfer and equal protein load-
ing were verified by Ponceau-S staining. Membranes were
then blocked with 5% nonfat dried milk in Tris-buffered
saline (TBS) + 0.1% Tween 20 (TBST). Membranes were
then incubated overnight at 4 °C with antibodies against
mTOR (Ser2481) (cat. #2974), mTOR (cat. #2972), BAX
(cat. #14796), BCL-2 (cat. #3498), BECLIN1 (cat. #3738),
p53 (cat. #2524), p38 (Thr180/Tyr182) (cat. #9211), p38
(cat. #9212), JNK (Thr183/Tyr185) (cat. #9251), total
INK (cat. #9252), 4E-BP1 (Ser65) (cat. #9451), AMPKa
(Thr172) (cat. #2531), total AMPKa (cat. #2532), PP2Ac
(cat. #2259), Histone H2B (cat. #8135), ULK1 (Ser555) (cat.
#5869), and ULK1 (Ser757) (cat. #6888), and total ULK1
(cat. #8054), which were all obtained from Cell Signaling
Technology (Danvers, MA). Antibodies against GAPDH
(cat. #sc-32233) were obtained from Santa Cruz Biotech-
nology (Dallas TX). Antibodies against total 4E-BP1 were
custom made by Bethyl Laboratories (Montgomery, TX) and
kindly provided by Dr. Scot Kimball (Pennsylvania State
University College of Medicine, Hershey, PA). The next
morning, membranes were incubated with the appropriate
secondary antibodies (Bethyl Laboratories, cat. #A120-101P
or A90-116P, Montgomery, TX), and the antigen-antibody
complex was visualized by enhanced chemiluminescence
using Clarity reagent (Bio-Rad) on a Bio-Rad ChemiDoc
Touch imaging system. Pixel density from all blots were
quantified using Image J software (NIH, Bethesda, MD),
and expression of total protein was normalized to a pre-
defined region around the 45 kD band of the Ponceau-S
stained membrane. Because of the logistical limitations for
Western blotting a single data set containing 36 samples,
and a small N per group per time point, we used a modified
analysis previously conducted by us and others [18, 28]. For

this modified analysis, an equal amount of protein from the
three samples within a group (sham or castrated) at each
circadian timepoint was pooled together prior to Western
blot analysis. This allowed us to generate diurnal protein
expression patterns for each group on the same gel. Differ-
ences in the protein expression patterns between groups were
initially detected visually if the quantified pixel intensity of
the pooled samples appeared to differ across >3 consecutive
time points. If an expression pattern was visually observed,
differences in the mean pixel intensity obtained from the
>3 time points was assessed statistically by Student’s z-test.
The validity of this method to assess diurnal patterns is sup-
ported by our previous work and others where it properly
identified the expected diurnal patterns of various proteins
and regulatory signals in the TA muscle and liver of wild
type animals [18, 28].

Cytosolic/nuclear fractionation

Whole gastrocnemius muscle samples were homogenized
using glass on glass in 10 volumes (10 pl/mg tissue) of
buffer (referred here after as buffer A) consisting of 10 mM
NaCl, 1.5 mM MgCl,, 20 mM HEPES, 20% glycerol, 0.1%
Triton-X 100, 1 mM DTT, and 10 pl/ml protease inhibitor
cocktail (Sigma-Aldrich #P8340, St. Louis, MO). Samples
were centrifuged for 5 min at 2400 x g at 4 °C. The superna-
tant was collected and saved as the cytosolic enriched frac-
tion. This fraction was further centrifuged three times, each
at 5-min/3500 x g/4 °C, to pellet and remove any remaining
non-cytosolic material. The pellet containing the nuclear-
enriched fraction was then gently washed three times in
buffer A. Between each wash, the nuclear pellet was centri-
fuged for 5 min at 2400 x g at 4 °C. The final nuclear pellet
was then suspended in 400 pl of the protein extraction buffer
described in the Western blot analysis section. The sample
was then centrifuged for 15 min at 21,000 x g at 4 °C. The
supernatant was collected and saved as the nuclear-enriched
fraction. The protein content of each fraction was quantified
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by the Bradford method, and equal quantities of protein were
diluted into 2X Laemmli buffer. At each circadian time
point, an equal amount of protein from each fraction from
the three samples within a group (sham or castrated) was
pooled together prior to Western blot analysis.

Statistical analysis

Protein expression from pooled samples are presented as a
single value at each time point for each condition (sham or
castrated). All gene expression data are presented as mean
+ SEM. Two-way ANOVA was used to assess changes in
mRNA across the sampling period using castration and time
as the two factors. No interactions were observed, thus only
main effects are reported. Differences in protein expression
patterns from >3 consecutive time points were assessed by
Student’s #-test to estimate differences in expression pat-
terns. All analysis was performed using GraphPad Prism
Software (La Jolla, CA). Significance for all analysis was
set at P <0.05.

Results

Signals that regulate autophagy initiation are
increased in the limb muscle following androgen
depletion

We previously showed that markers of macroautophagy
(e.g., LC3B & p62) and microautophagy (e.g., Pink1/Par-
kin, BNIP3) were increased across the diurnal cycle in the
atrophied TA of mice following androgen depletion, with
the greatest increase occurring in the dark cycle (Circadian
Time 12-24/0) [18]. This differed from the TA of eugonadal
sham mice as autophagy markers were suppressed during
the dark cycle (Circadian Time 12-24/0) and elevated only
during the light cycle (Circadian Time 24/0-8) [18]. The
diurnal changes in autophagy markers previously described
in the TA muscles of those sham and castrated mice are sum-
marized in Fig. 1a. The present study used the extracts from
those same muscles to investigate changes to the diurnal
autophagy regulatory signals. Autophagy can be initiated
largely through changes in the phosphorylation of ULK1
[23, 24]. For instance, the mechanistic target of rapamycin
in complex 1 (mTORC1) phosphorylates ULK1 on Ser757
to inhibit activation, while kinases such as 5" AMP Activated
Protein Kinase (AMPK) phosphorylate ULK1 on Ser555 to
induce activation [23, 24]. In the TA of sham mice, the phos-
phorylation pattern of ULK1 (Ser757) was inversely related
to the autophagy patterns previously reported in those mus-
cles (Fig. 1b, i). The ULK1 (Ser757) pattern in the TA of
castrated mice was mostly similar to the pattern observed
in sham mice (Fig. 1b, i). The phosphorylation patterns of
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mTOR (Ser2481) and the mTORCT target, 4E-BP1 (Ser65),
were similar to that observed for ULK1 (Ser757), with slight
elevations occurring in the TA of castrated mice (Fig. lc,
d, i).

In contrast to what was observed for ULK1 Ser757, the
phosphorylation pattern for ULK1 Ser555 peaked in the
TA of sham mice when autophagy markers exhibited their
greatest suppression (CT 12-24/0) (Fig. le, i). While this
was unexpected, the phosphorylation pattern (and presumed
activation) of AMPK (Thr172) in the TA of sham mice
was nearly identical to that of ULK1 (Ser555) (Fig. 1f, 1),
implying a certain level of autophagy may normally per-
sist throughout the diurnal cycle, and this may be mediated,
at least in part, by AMPK. In contrast, the phosphoryla-
tion pattern of ULK1 (Ser555) was elevated throughout the
entire sampling period in the TA of castrated mice (Fig. le,
i). However, the ULK1 (Ser555) pattern in the TA of cas-
trated mice did not correspond with the pattern of AMPK
(Thr172), as it was actually slightly lower than sham values
throughout much of the sampling period (Fig. 1f, i). The
Ser555 residue is within the RXXS consensus sequence,
which can also be phosphorylated by the p38 MAPK in
skeletal muscle to induce autophagy [29, 30]. However,
the p38 phosphorylation pattern was not different between
groups (Fig. 1g, 1). The phosphatase(s) that target the Ser555
residue on ULK1 are ill-defined, but Protein Phosphatase
2A (PP2A) is known to dephosphorylate other residues on
ULKI to promote autophagy in an mTORC]1-independent
manner [31]. This was an unlikely source of activation as the
expression pattern of the catalytic subunit of PP2A (PP2Ac)
was slightly lower in the TA of castrated mice (Fig. 1h, i).
Thus, the kinases/phosphatases responsible for activating
ULK1 following androgen depletion remain ill-defined.

Expression patterns of key regulatory components
involved with BECLIN1 activation are altered
in the limb muscle following androgen depletion

BECLINI is a component of the PI3K class complex that
promotes autophagosome formation/maturation [21]. BEC-
LINT1 activity is inhibited by interaction with B-cell lym-
phoma 2 (BCL-2) [32], which can occur through changes in
BCL-2 expression, changes in expression of other BCL-2
family proteins, or BCL-2 phosphorylation [33-36]. For
instance, the interaction of BCL-2 and BECLIN1 and sub-
sequent activation state of BECLIN1 can be altered through
phosphorylation by active c-Jun N-terminal Kinase (JNK)
[34]. In addition, BCL-2 can also be inactivated by increas-
ing expression of the pro apoptotic protein, BCL-2 Associ-
ated X (BAX) [35, 36]. Interestingly, there was no overt
diurnal pattern for BECLIN1 protein in sham animals, and
this pattern was only minimally affected by androgen deple-
tion (Fig. 2a, g). In the TA of sham mice, the expression
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Fig.1 The diurnal pattern of factors regulating initiation of
autophagy in the TA following androgen depletion. (a) Summary of
previously identified castration-induced changes in diurnal autophagy
markers in the TA muscles analyzed in the present study. The diur-
nal pattern of phosphorylated to total protein for (b) ULK1 (Ser757),
(¢) mTOR (Ser2481), (d) 4E-BP1 (Ser65), (e) ULK1 (Ser555), (f)
AMPK (Thr172), (g) p38 (Thr180/Tyr182) were determined in the
TA of sham and castrated mice by Western blot analysis. (h) The
diurnal pattern of PP2Ac protein was determined by Western blot
analysis. (i) Western blot. Dotted line on blot is used to visually sepa-

patterns for BCL-2 and the ratio of BCL-2 to BECLIN1 were
inversely related to the diurnal autophagy pattern (Figs. 1a
and 2b, c, g). Ironically, the induction of autophagy markers
in the TA of castrated mice from CT 24/0 to 8 (Fig. 1a) coin-
cided with increased patterns for both BCL-2 and the ratio
of BCL-2 to BECLINI1 (Fig. 2b, ¢, g), implying a minimal
role for changes in expression of BCL-2 in the autophagy
induction at those time points. While the phosphorylation
pattern (and presumed activation) of JNK (Thr183/Tyr185)
was directly related to autophagy markers in the TA of sham
mice (Figs. la and 2d, g), it was elevated from Circadian
Time 12-20 following androgen depletion (Fig. 2d, g),
implying a potential role for this kinase to inhibit BCL-2 at
those sampling time points.

In the TA of sham mice, the expression patterns of BAX
and the ratio of BAX to BCL-2 were directly related to diur-
nal changes in autophagy markers (Figs. 1a and 2e, f, g).
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rate sham and castrated groups. For Western blot analysis, an equal
amount of protein was pooled together from each sample within a
group (N=3) at each time point for analysis. If a visual difference in
the expression patterns was observed across three or more consecu-
tive time points, differences in the mean pixel intensity obtained from
those time points were assessed statistically. Student’s #-test was used
to assess differences in pixel intensity of >3 consecutive time points.
N=3 pooled samples/group/time point. *Significant difference from
>3 consecutive time points under the solid black line. p <0.05 for all
analysis

Alternatively, the expression pattern of BAX protein and
the ratio of BAX to BCL-2 were elevated across much of the
diurnal cycle following androgen depletion (Fig. 2). These
observed changes in BECLIN1, BCL-2, and BAX proteins
following androgen depletion were not likely mediated at
the transcriptional level as there were no differences in the
relative transcript abundances of each gene (Fig. 3a—c).
Together, these data suggest that changes to the BCL-2/
BECLINI regulatory process via JNK and/or BAX coin-
cide with induction of diurnal autophagy markers following
androgen depletion.

Androgen depletion increases markers of p53
pathway activation in the limb skeletal muscle

In addition to the previously described modes of autophagy
regulation, other pathways also induce autophagy, though
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Fig.2 The diurnal pattern of
factors regulating BECLIN1
activity in the TA follow-

ing androgen depletion. The
circadian expression patterns
of (a) BECLINI, (b) BCL-2,
(c) the BCL-2 to BECLIN1
ratio, (d) the phosphorylated
to total protein ratio of JNK
(Thr183/Tyr185), (e) BAX,
and (f) the BAX to BCL-2
ratio were assessed by Western
blot analysis. (g) Western blot.
Dotted line on blot is used to
visually separate sham and
castrated groups. For Western
blot analysis, an equal amount
of protein was pooled together
from each sample within a
group (N=3) at each time
point for analysis. If a visual
difference in the expression
patterns was observed across
three or more consecutive time
points, differences in the mean
pixel intensity obtained from
those time points were assessed
statistically. Student’s #-test was
used to assess differences in
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the mechanism(s) of their actions remain ill-defined. Acti-
vation of the p53 transcriptional pathway was a potential
candidate because it induces both autophagy and muscle
atrophy [37, 38]. This was also a likely candidate as the
p53 protein can be stabilized by the core clock suppres-
sor Period2 (PER2), which prevents p53 degradation by
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inhibiting interaction with the E3 ligase mouse double
minute 2 homolog (MDM2) [39]. This was relevant to
the current study as we previously showed that the PER2
expression pattern was elevated in the TA muscle follow-
ing androgen depletion [18]. Accordingly, the expression
pattern of pS3 protein was elevated throughout the diurnal
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cycle in the TA of castrated mice (Fig. 4a, c). Consistent
with a possible role for PER2 in mediating this effect, the
elevated p53 pattern occurred independent of a change in
the corresponding transcript (Fig. 4b), and the p53 protein
pattern was strikingly similar to the PER2 protein pattern
previously observed in those muscles [18]. Nuclear p53 is
associated with autophagy activation [40], and p53 must
enter the nucleus to induce skeletal muscle atrophy [37].
Accordingly, it appeared that p53 expression was higher in
the nuclear-enriched fractions at the time points when the
pS53 protein pattern was highest (Fig. 4d). Previous work
showed that the p53 target genes Cyclin-Dependent Kinase
Inhibitor 1A (p217) and Growth Arrest and DNA Damage
Inducible Alpha (Gadd45a), induce autophagy and muscle
atrophy [37, 41-43]. The mRNA expression of both p2]

Fig.4 The diurnal expression
pattern of the p53 pathway. (a)
The diurnal expression pattern
of p53 protein was assessed by
Western blot analysis. The diur-
nal mRNA expression pattern of
(b) p53, (e) p21, (f) Gadd45a,
(g) Tfeb, (h) Atf4, and (i) Redd1
were determined by RT-PCR.
(¢) Western blot. Dotted line on
blot is used to visually separate
sham and castrated groups. For
Western blot analysis, an equal
amount of protein was pooled
together from each sample
within a group (N=3) at each
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and Gadd45a were elevated in the TA following androgen
depletion (Fig. 4e, g). The magnitude of p27 and Gadd45a
induction appeared to be slightly higher than what could be
accounted for by p53 alone, suggesting potential modulation
of other sources. p53 transcriptional activity can be modu-
lated by the Transcription Factor EB (TFEB) [44], which
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in Development and DNA Damage 1 (Reddl) [47], was
lower in the TA of castrated mice (Fig. 4h, i). These data
suggest a possible role for increased p53 signaling as another
source for not only elevated autophagy, but also limb muscle
atrophy following androgen depletion.

Discussion

It has been proposed that hypogonadism induces limb
muscle atrophy in large part by increasing muscle protein
breakdown above normal levels [9, 19]. We and others have
shown that autophagy may be a component of that unfa-
vorable shift in protein balance as classic markers of mac-
roautophagy (e.g., LC3 II/I ratio, LC3 II protein content,
Sequestosome1/p62 protein expression) and microautophagy
were altered in a manner that is consistent with increased
activation [16-20]. Despite this, the signals underlying these
changes remain ill-defined. The findings from the current
study suggest androgen depletion alters the diurnal pattern of
key autophagy regulatory signals involved with the initiation
and progression of this degradative pathway.

Autophagy is initiated in large part by the activity of
ULKI [23, 24], and the results of this study suggest that the
induction of autophagy following androgen depletion may be
due in part to increased ULK1 activation. The initiation fol-
lowing androgen depletion is likely independent of changes
in mTORCI signaling as phosphorylation of ULK1 on the
putative Ser757 inhibitory residue was largely unaffected
by castration. Rather, the initiation was likely mediated by
other factors, including those that target ULK1 (Ser555).
The Ser555 residue on ULKI is a putative AMPK target
[23, 48], but the AMPK (Thr172) phosphorylation pattern
(and presumed activation of the kinase) in the TA from cas-
trated mice did not correspond with the ULK1 (Ser555) pat-
tern as it was actually lower. The AMPK-ULK1-Autophagy
signaling axis has been linked to the overall regulation of
skeletal muscle health including the maintenance of mito-
chondrial quality [48-50]. Since markers of mitochondrial
quality are impaired in the limb muscle following androgen
depletion [16-18, 20, 51], the increase in ULK1 (Ser555)
(and potentially other activation sites on ULK1) in the TA
following androgen depletion may be a compensatory event
to try and reestablish mitochondrial integrity due to a lack
AMPK signaling. Indeed, previous work showed that treat-
ing hypogonadal males with testosterone decreases muscle
protein breakdown while concurrently increasing AMPK
phosphorylation and expression of mitochondrial-related
genes [9, 52, 53].

Our findings also demonstrate marked differences in the
diurnal pattern of factors that regulate BECLIN1 activity in
the TA following androgen depletion (e.g., increased BAX
expression and JNK phosphorylation). Like ULK1, these

@ Springer

changes may also be the consequence of impairments in
mitochondrial quality. For instance, the castration-induced
changes in BECLINI regulatory factors (BAX and JNK)
coincided with the time points where autophagy markers
were reported to be at their greatest (Fig. 1a and [18]), which
interestingly, is the time of day when nutrients are being
consumed (i.e., dark cycle). While this is counter to what
typically occurs when nutrients are consumed [23], our labo-
ratory showed that nutrient consumption initiates mitophagy
in the TA muscle of castrated animals [17, 19]. This implies
that nutrient consumption may induce mitochondrial stress
when androgens are depleted, resulting not only in mito-
chondrial degradation, but potentially the induction of a
pro-survival autophagy response mediated by changes in
BECLINI1 activation (i.e., BAX and JNK). The induction of
pro-survival autophagy by the mitochondria can also occur
in an mTORC1-independent manner [54, 55], which would
be consistent with our current and previous findings that
phosphorylation of mTOR and mTORCT targets are similar
(or even elevated) in the muscle of sham and castrated mice
[56].

In addition to those more well-defined autophagy regula-
tory processes, an increase in p53 signaling may also be a
source of autophagy in the limb muscle following andro-
gen depletion. This finding was of interest not only because
p53 induces autophagy [38], but because increased levels of
p53 are known to induce limb muscle atrophy by transcrib-
ing genes such as p27 and Gadd45a [37, 42]. The changes
in p53 protein occurred at the post transcriptional level as
no difference in p53 mRNA was observed between groups.
Though speculative, it is possible that the increase in p53 is
linked to over accumulation of core molecular clock regula-
tors that occurred following androgen depletion [18]. For
instance, the core clock suppressor, PER2, increases p53
protein expression by preventing its degradation. We showed
that the expression pattern of PER2 was elevated in the TA
muscles of the castrated mice used in the current study in a
manner that was similar to the diurnal expression pattern of
p53 reported herein. Since the Y2 life of the p53 protein is
rather short (~5-20 min) [57], such a mode of regulation via
PER?2 is very feasible. In addition to mitochondrial stress,
another link between androgen depletion and autophagy
activation may be changes in the expression of core clock
regulators, namely PER2.

Hypogonadism promotes acute muscle atrophy that then
reaches a steady state after some time. In rodents, the steady
state is reached within ~4-5 weeks following castration [58].
Thus, the increased autophagy markers and changes to the
underlying regulatory signals that are present after the 4-5
week post castration period [16-20] are maintaining the
steady state atrophy. The androgen-dependent pathways that
initiate muscle atrophy have yet to be fully elucidated, but it
has been proposed that increased Myostatin-Transforming
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Growth Factor Beta (TGFf) signaling is involved [58]. As
this pathway can also induce autophagy in skeletal muscle
[59], autophagy may contribute to both the initiation and
maintenance of atrophy. It is unlikely that the TGFp pathway
contributes to the maintenance of the atrophy as we found
myostatin mRNA levels to be lower in the muscles of cas-
trated mice analyzed herein (Data not shown). Therefore,
if autophagy has a role in both the initiation and mainte-
nance of muscle atrophy, it is likely mediated by different
pathways.

In conclusion, we show that the increase in autophagy
markers in the limb skeletal muscle following androgen
depletion coincides with changes to the diurnal signals that
regulate the initiation and progression of this degradative
process. Changes to these autophagy regulatory factors
may be linked to mitochondrial stress and the core clock,
which provides novel directions for future research regard-
ing the pathways by which androgen depletion induces limb
muscle atrophy. As autophagy is recognized as a process
that contributes to muscle atrophy [60, 61], understanding
changes to the regulatory factors that underpin activation of
this degradative process in the limb muscle provide insight
for novel therapies that safely and effectively prevent limb
muscle atrophy during hypogonadism.
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