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Abstract

Apoptosis and autophagy are critical in normal skeletal muscle homeostasis; however, dysregulation can lead to muscle atrophy
and dysfunction. Lipotoxicity and/or lipid accumulation may promote apoptosis, as well as directly or indirectly influence autop-
hagic signaling. Therefore, the purpose of this study was to examine the effect of a 16-week high-fat diet on morphological,
apoptotic, and autophagic indices in oxidative and glycolytic skeletal muscle of female rats. High-fat feeding resulted in increased
fat pad mass, altered glucose tolerance, and lower muscle pAKT levels, as well as lipid accumulation and reactive oxygen species
generation in soleus muscle; however, muscle weights, fiber type-specific cross-sectional area, and fiber type distribution were
not affected. Moreover, DNA fragmentation and LC3 lipidation as well as several apoptotic (ARC, Bax, Bid, tBid, Hsp70, pBcl-2)
and autophagic (ATG7, ATG4B, Beclin 1, BNIP3, p70 s6k, cathepsin activity) indices were not altered in soleus or plantaris
following high-fat diet. Interestingly, soleus muscle displayed small increases in caspase-3, caspase-8, and caspase-9 activity,
as well as higher ATG12-5 and p62 protein, while both soleus and plantaris muscle showed dramatically reduced Bcl-2 and
X-linked inhibitor of apoptosis protein (XIAP) levels. In conclusion, this work demonstrates that 16 weeks of high-fat feeding does
not affect tissue morphology or induce a global autophagic or apoptotic phenotype in skeletal muscle of female rats. However,
high-fat feeding selectively influenced a number of apoptotic and autophagic indices which could have implications during periods
of enhanced muscle stress.
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Introduction processes may have a role during lipotoxicity in skeletal

muscle.

Autophagy plays a key role in tissue homeostasis.
During autophagy, an expanding double membrane called
the phagophore targets and sequesters cellular components
(i.e., proteins and organelles), ultimately maturing into a
double membranous vesicle called the autophagosome.
Fusion of the autophagosome with a lysosome subsequently
degrades these components.'® During periods of starvation,
activation of autophagy provides an important source of
metabolic substrates."* In addition to its metabolic role,
autophagy is critical in removing damaged organelles and
proteins, which may decrease stress signaling and help to
prevent cell death.'® As such, alterations in autophagic pro-
cesses are now well established in the pathogenesis of
muscle dysfunction and atrophy.'

Given the sensitivity of autophagic activation to meta-

Apoptosis is an essential part of skeletal muscle develop-
ment and homeostasis;! however, dysregulation is asso-
ciated with muscle atrophy” and contractile dysfunction.’
Excess lipid intake can lead to “spill over” of fatty acids into
non-adipose tissues resulting in “lipotoxicity,”* ultimately
promoting glucose intolerance, insulin resistance, and
tissue damage.’ In vitro studies have demonstrated that
exposure of myotubes to a high-fat (HF) environment
results in increased caspase-3 activity® and DNA fragmen-
tation.”” Similarly, MCK(m)-hLPL mice (which accumulate
muscle lipids) have a higher percentage of apoptotic nuclei
in muscle,® while triacylglycerol infusion into lean mice
increases muscle caspase-3 activation.’® Additionally, 16
weeks of HF feeding has been shown to increase caspase-3
activity in mouse muscle."" In contrast, several reports
found few apoptotic changes in muscle of obese Zucker

rats'? or ob/ob and HF-fed mice.'? Thus, other degradative
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bolic perturbations, it is possible that excess lipid provision
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could inhibit skeletal muscle autophagy due to a surplus of
metabolic substrate. Conversely, excess lipid intake and
accumulation in skeletal muscle could promote autophagy
in an attempt to manage elevated stress signaling due to
lipotoxicity. A previous study found that ob/ob but not
HF-fed mice have elevated Beclin 1 and LC3 mRNA in
mixed gastrocnemius muscle;' however, this work was
limited to only a few autophagy-related markers in pre-
dominantly type II muscle. Although this study investi-
gated morphological (extensor digitorum longus and
soleus), apoptotic (tibialis anterior), and autophagic
(mixed gastrocnemius) indices, these analyses were per-
formed across different muscles. Given that there are
fiber/ muscle differences in apoptotic’” as well as autopha-
gic'®!? signaling and protein expression, a concurrent
evaluation of these pathways within skeletal muscles of dif-
ferent fiber composition would provide novel insight
regarding this relationship following HF feeding.
Additionally, despite evidence that some physiological
responses to HF feeding are sex-dependent,”** much of
the current literature has been conducted using male ani-
mals.'”*™? Recently, calls to eliminate gender bias in
animal research have been made;>** making an examin-
ation of the muscle-specific adaptations to HF feeding in a
female model timely. Therefore, the purpose of this study
was to examine morphological, apoptotic, and autophagic
responses to HF feeding in both predominantly type I (oxi-
dative) and type II (glycolytic) muscles of female rats.

Materials and methods
Animals and diet

Twenty-four female Sprague Dawley rats (199.3+2.8g)
were randomly assigned to receive a control (CTRL,
n=12) or HF (n=12) diet. The CTRL diet (D12450B;
Research Diets, New Brunswick, NJ) was composed of
10% fat, 70% carbohydrate, and 20% protein, while the HF
diet (D12451; Research Diets) was composed of 45% fat,
35% carbohydrate, and 20% protein. Rats were placed on
diet at postnatal day 60+2 days and had access to food
ad libitum for a period of 16 weeks. Food intake was moni-
tored weekly. All animal procedures were approved by the
University of Waterloo Animal Care Committee and were
in accordance with the guidelines established by the
Canadian Council on Animal Care.

Muscle isolation and sample preparation

Rats were anesthetized using carbon dioxide and sacrificed
by decapitation. The soleus and plantaris were removed,
and a portion of the entire circumference from the mid-
belly was covered in Optimal Cutting Temperature (OCT)
compound, frozen in liquid nitrogen-cooled isopentane,
and stored at —80°C. The remaining muscle was frozen in
liquid nitrogen and stored at —80°C for subsequent bio-
chemical analyses.

Immunoblot analyses

Immunoblotting ~ was  performed as  previously
described.'** Briefly, equal protein was loaded on 12%

sodium dodecyl sulfate poly-acrylamide gel electrophoresis
(SDS-PAGE) gels, separated via electrophoresis, and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked in 5% milk-TBS-T, washed with
TBS-T, and incubated with primary antibodies against p62
(Progen; Heidelberg, Germany), Bcl-2, pBcl-2 (Ser®), apop-
tosis repressor with caspase recruitment domain (ARC),
Bax, Bid, ANT, cytochrome ¢, AIF (Santa Cruz
Biotechnology; Dallas, TX), Hsp70, X-linked inhibitor of
apoptosis protein (XIAP), MnSOD, CuZnSOD, Smac
(Enzo Life Sciences; Farmingdale, NY), LC3B, Beclin 1,
ATG7, ATG4B, ATG12-5, AKT, pAKT (Ser*”?), AMPK,
pAMPK (Thr'”?), p70 s6k, BNIP3 (Cell Signaling;
Danvers, MA), and catalase (Sigma-Aldrich, St. Louis,
MO) for 1h at room temperature or overnight at 4°C.
Membranes were then washed with TBS-T and incubated
with the appropriate horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology) for 1h at
room temperature. Immunoreactive bands were visualized
using Clarity Western ECL Substrate (BioRad Laboratories;
Hercules, CA) or ECL Western Blot Substrate (BioVision;
Milpitas, CA) and the ChemiGenius 2 Bio-Imaging System
(Syngene, Cambridge, UK). Band optical densities were
quantified using GeneTools (Syngene) and were normal-
ized to a standard sample loaded on each gel. To ensure
equal loading and quality of protein transfer, membranes
were stained with Ponceau S (Sigma-Aldrich). All immu-
noblot analyses were performed in duplicate.

DNA fragmentation

Cytoplasmic histone-associated mono- and oligonucleo-
somes were determined using the Cell Death Detection
ELISATMYS Kit (Roche Diagnostics; Mississauga, Canada)
as previously reported."” Absorbance was measured at
405nm and 490 nm using a SPECTRAmax Plus spectropho-
tometer (Molecular Devices; Sunnyvale, CA). A positive
control for DNA fragmentation (DNA-histone-complex)
was included with each assay. Absorbance was normalized
to total protein content and expressed as arbitrary units
(AU) per mg protein.

Caspase and cathepsin enzyme activity

Caspase-3, caspase-8, caspase-9, and cathepsin enzymatic
activity in muscle homogenates was determined as previ-
ously described'” using the substrates Ac-DEVD-AMC
(Enzo Life Sciences), Ac-IETD-AMC (Sigma-Aldrich),
Ac-LEHD-AMC (Enzo Life Sciences), and z-FR-AFC
(Enzo Life Sciences), respectively. Briefly, samples were
homogenized in ice-cold lysis buffer without protease
inhibitors using a glass homogenizer and incubated in
duplicate at room temperature (in the dark) with the appro-
priate substrate. Fluorescence was measured using a
SPECTRAmax Gemini XS microplate spectrofluorometer
(Molecular Devices) with excitation and emission wave-
lengths of 360nm and 440nm (caspases) or 400nm and
505nm (cathepsin), respectively. Activity was normalized
to the total protein content and expressed as fluorescence
intensity in AU per mg protein.
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Immunofluorescence and immunohistochemical
analysis

Soleus and plantaris muscle embedded in OCT compound
was cut into 10 pm cross sections using a cryostat (Thermo
Scientific, Waltham, MA) maintained at —20°C.
Identification of myosin heavy chain (MHC) expression
and fiber cross-sectional area (CSA) was performed as pre-
viously described®® using primary antibodies against
MHCI (BA-F8), MHCIla (SC-71), and MHCIIb (BF-F3)
(Developmental Studies Hybridoma Bank; Iowa City, 1A),
and appropriate anti-mouse isotype-specific Alexa Fluor
secondary antibodies (Life Technologies; Carlsbad, CA).
Imaging was performed using an Axio Observer Z1 fluor-
escent microscope equipped with an AxioCam HRm
camera and associated AxioVision software (Carl Zeiss;
Oberkochen, Germany). Quantitative data for fiber type
composition were obtained by counting all fibers within a
muscle section, and CSA was determined by outlining
fibers from five separate regions of each cross section
(~50 fibers per muscle fiber type).

Intramuscular lipid content

Intramuscular lipid content was determined by Oil Red O
staining, as adapted from Koopman et al.¥” Briefly, soleus
and plantaris sections were air dried and fixed for 1h in
3.7% formaldehyde solution in deionized water. Sections
were then washed three times in deionized water and
immersed in warm Oil Red O solution (Cayman Chemical
Company; Ann Arbor, MI) prepared in 60% triethyl-
phosphate (Sigma-Aldrich) for 30 min. After three add-
itional washes, coverslips were mounted with ProLong
Gold antifade reagent (Life Technologies). Slides were
imaged with an Axio Observer Z1 microscope.
Fluorescence was determined in 20 fibers of each fiber
type for each muscle.

Reactive oxygen species generation

Reactive oxygen species (ROS) production in whole muscle
was determined wusing dichlorofluorescein-diacetate
(DCFH-DA) as previously described.'”® Briefly, samples
were homogenized using a glass homogenizer in ice-cold
buffer with protease inhibitors. Muscle homogenates (in
duplicate) were incubated with 5uM DCFH-DA (Life
Technologies) at 37°C in the dark. Fluorescence was quan-
tified using a SPECTRAmax Gemini XS microplate spectro-
fluorometer (Molecular Devices) with excitation and
emission wavelengths of 490 nm and 525nm, respectively.
Fluorescence intensity was normalized to total protein con-
tent and expressed as AU per mg of protein.

Glucose tolerance

Glucoregulation was measured in non-anesthetized ani-
mals on a monthly basis. Following an overnight fast lasting
approximately 12h, animals were weighed and blood glu-
cose levels measured with a portable glucose meter
(Glucometer Elite, Bayer; Toronto, Canada) using a drop
of blood obtained via a tail poke. An oral bolus of a glucose
solution was then administered (2g glucose/kg body
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weight), and blood glucose levels measured 30, 60, 90,
and 120 min later.

Statistical analyses

Results are presented as mean+SEM. All data (except
where noted below) were analyzed using a Student’s
t-test to determine difference between CTRL and HF
groups. Muscle fiber CSA and Oil Red O data were ana-
lyzed using a two-way analysis of variance, with Tukey’s
post hoc test used to determine differences between groups.
P <0.05 was considered statistically significant.

Results
Biometric data

No statistically significant differences were found in
terminal body mass, soleus muscle mass, or plantaris
muscle mass (Table 1); however, retroperitoneal fat pad
mass was higher (P <0.01) in HF animals. Food intake
was significantly lower (P <0.001) in the HF compared to
CTRL group. Conversely, energy intake was higher
(P <0.01) in the HF group (Table 1). At four weeks of the
dietary period, no differences in glucose levels were
detected following an oral glucose tolerance test (OGTT)
(Figure 1(a)). In contrast, at eight and 12 weeks, the HF
group exhibited higher (P < 0.05) blood glucose levels com-
pared to the CTRL group following an OGTT (Figure 1(a)).
Interestingly, no differences in glucose levels were observed
between groups following an OGTT at 16 weeks (Figure
1(a)). There were no group differences in terminal fasting
blood glucose (Figure 1(b)).

Muscle fiber composition, CSA, fiber lipid content, and
mitochondrial protein content

Fiber type distribution and the total number of fibers (data
not shown) in soleus (Figure 2(a) and (c)) and plantaris
(Figure 2(b) and (d)) were not different between groups.
Muscle fiber CSA was not statistically different between
groups in soleus (Figure 2(e)) or plantaris (Figure 2(f)).
Fiber lipid content was higher (P < 0.05) in soleus of the
HF compared to CTRL animals. Post hoc analysis revealed
that this was primarily due to elevated lipid deposition in
type IIA fibers (P < 0.05) of HF animals (Figure 3(a) and (c)).

Table 1 Biometric data from rats receiving a control (CTRL) or high-fat
(HF) diet for 16 weeks

CTRL HF
Terminal body mass (g) 275.8+4.0 287.1+8.4
Soleus mass (mg) 113.4+£3.0 120.8£5.3
Plantaris mass (mg) 337.0+5.7 344.7+121
Retroperitoneal fat pad mass (g) 1.3+0.1 2.0+0.2§
Food intake (g) 273.3+4.2 237.2+3.8¢
Energy intake (kcal) 1052.4+16.2 1121.8+17.9§

SP <0.01 vs. CTRL; ¢P <0.001 vs. CTRL
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Figure 1 Oral glucose tolerance test (OGTT) and fasting glucose. OGTT average area under the curve (AUC; mmol/L*min) for the CTRL and HF group at each
four-week interval of the dietary intervention (a). Terminal fasting blood glucose (mmol/L) (b). *P < 0.05 vs. CTRL
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Figure 2 Skeletal muscle fiber type and cross-sectional area (CSA). Representative images of MHC staining in soleus (a) and plantaris (b) showing type | (I; blue), type
IIA (I1A; green), type IIX (IIX; unstained), and type IIB (IIB; red) fibers. Quantification of fiber type distribution (c and d) and fiber cross-sectional area in soleus and plantaris
(e and f), respectively. Bars represent 100 um. (A color version of this figure is available in the online journal.)

No differences in lipid content were observed between DNA fragmentation and caspase enzymatic activity

groups in the plantaris (Figure 3(b) and (d)). The level of DNA fragmentation was not significantly dif-

Mitochondrial content was estimated through immunoblot
analyses of the mitochondrial proteins ANT, AIF, cyto-
chrome ¢, and Smac.'” There were no significant differences
in these mitochondrial proteins across groups in either
soleus (Figure 4(a)) or plantaris (Figure 4(b)).

ferent between groups in soleus or plantaris (Figure 5(c)).
However, there was a trend toward elevated caspase-3
enzymatic activity (P=0.06) in soleus of HF rats.
Consistent with this finding, soleus of HF animals had ele-
vated caspase-8 (P<0.01) and caspase-9 (P <0.05)
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Figure 3 Skeletal muscle intramuscular lipid content. Quantification of fiber type-specific Oil Red O staining in soleus (a) and plantaris (b), where values are
normalized to the fluorescence measured in type | fibers of CTRL soleus. Representative images of MHC staining and corresponding serial cross sections showing
Oil Red O staining in soleus (c) and plantaris (d). Shown are type I (I; blue), type lIA (llA; green), type IIX (IIX; unstained), and type IIB (IIB; red) fibers. *P < 0.05 vs. CTRL.
Bars represent 100 um. (A color version of this figure is available in the online journal.)
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Figure 4 Skeletal muscle markers of mitochondrial content. Quantitative analysis and representative immunoblots of ANT, cytochrome c, AIF, and Smac protein
in soleus (a) and plantaris (b). Also shown are corresponding Ponceau-stained membranes

enzymatic activity (Figure 5(a)). In contrast, caspase-3 and Apoptosis-related protein content

caspase-9 activity were not different between groups in  There were trends toward lower Bcl-2 (P =0.08) and higher
plantaris muscle. Interestingly, caspase-8 activity was  pBcl-2 (P =0.08) protein in soleus of HF animals, resulting
lower (P < 0.05) in plantaris of the HF animals (Figure 5(b)). in a higher (P <0.05) pBcl-2/Bcl-2 ratio (Figure 6(c)).
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Figure 5 Proteolytic enzyme activity and DNA fragmentation. Caspase-3, -8, and -9 activity in soleus (a) and plantaris (b). DNA fragmentation in soleus and plantaris
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Similarly, Bcl-2 protein was lower (P < 0.05) in plantaris of
the HF group; however, no differences in pBcl-2 or the pBcl-
2/Bcl-2 ratio were observed (Figure 6(d)). In addition, XIAP
protein was lower (P <0.05) in soleus (Figure 6(c)) and
plantaris (Figure 6(d)) of HF animals. No significant differ-
ences were found in Bid, tBid, the tBid/Bid ratio, Bax, the
Bax/Bcl-2 ratio, Hsp70, and ARC protein between
groups in soleus (Figure 6(a) and (c)) or plantaris
(Figure 6(b) and (d)).

Autophagy-related protein markers and cathepsin
enzymatic activity

There were no differences in AMPK and pAMPK protein, or
the pAMPK/AMPK ratio between groups in soleus (Figure
7(a)) or plantaris (Figure 7(b)). There were no significant
differences in AKT or pAKT protein in soleus; however,
there was a lower (P<0.01) pAKT/AKT ratio in the
soleus of HF animals (Figure 7(a)). In plantaris, lower
(P <0.01) pAKT protein and pAKT/AKT ratio was found
in the HF group (Figure 7(b)). There was no difference in
p70 s6k protein content in soleus (Figure 7(a)) or plantaris
between groups (Figure 7(b)).

Protein levels of ATGI12-5 were higher (P <0.05) in
soleus of HF animals (Figure 7(c)), but not in plantaris
(Figure 7(d)). There were no differences in Beclin 1,
BNIP3, ATG4B, and ATG7 protein between groups in
soleus (Figure 7(c)) or plantaris (Figure 7(d)). Levels of
p62 protein were higher (P <0.05) in soleus of HF animals
(Figure 8(a)), but not different in plantaris (Figure 8(b)).
There were no differences in LC3B-I and LC3B-II protein,
or the LC3B-II/I ratio between groups in soleus (Figure
8(a)) or plantaris (Figure 8(b)). Cathepsin enzymatic activity
was also not different between groups in soleus or plantaris
(Figure 8(c)).

ROS generation and antioxidant protein content

Soleus muscle of HF animals had elevated (P < 0.001) cata-
lase protein; however, CuZnSOD and MnSOD protein
levels were not different between groups (Figure 9(a)). In
addition, muscle ROS generation was higher (P <0.05) in
soleus of HF animals (Figure 9(c)). Catalase, CuZnSOD, and
MnSOD protein, as well as ROS generation were not differ-
ent between groups in the plantaris (Figure 9(b) and (c)).

Discussion

In the present study, we characterized the morphological,
autophagic, and apoptotic responses to a chronic HF diet in
oxidative (soleus) and glycolytic (plantaris) skeletal mus-
cles. Animals displayed several common HF diet-induced
changes including increased fat pad mass and increased
lipid accumulation, as well as significantly altered glucose
tolerance for part of the dietary intervention. However, we
found no significant differences in soleus and plantaris
mass, fiber type-specific cross-sectional area, or fiber type
distribution. In addition, although HF feeding resulted in
elevated ROS generation as well as alterations to a number
of apoptotic and autophagic factors in soleus, we found no
clear evidence of down-stream autophagic activation or
apoptosis.

As expected, HF animals displayed increased skeletal
muscle lipid deposi’cion,zg'24 but interestingly, this result
was isolated to the soleus. A similar muscle-type accumu-
lation was also observed by Kim et al.*® who reported
increased triglyceride content in soleus but not in epitro-
chlearis (glycolytic muscle) after a HF diet. These dispari-
ties in muscle lipid deposition could be due to higher fatty
acid transport®*® and/or higher rates of triacylglycerol
(TAG) synthesis in oxidative compared to glycolytic
muscle.*! Indeed, TAG pools have been shown to be
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Figure 6 Apoptosis-related protein expression. Quantitative analysis and representative immunoblots of Bax, Bid, and tBid (as well as calculated Bax/Bcl-2 and tBid/
Bid ratios) in soleus (a) and plantaris (b). Quantitative analysis and representative immunoblots of Bcl-2, pBcl-2, Hsp70, ARC, and XIAP (as well as calculated pBcl-2/
Bcl-2 ratio) in soleus (c) and plantaris (d). Also shown are corresponding Ponceau-stained membranes. *P < 0.05 vs. CTRL

higher in oxidative compared to glycolytic muscle.*>*> Of
further interest was that the increased lipid deposition in
the soleus was specific to type IIA fibers. Although this
finding may appear contradictory, it is important to note
that oxidative capacity is higher in type IIA than type I
fibers of rat muscle.”® This raises the possibility that lipid
accumulation is related to muscle/fiber oxidative capacity.

Similar to previous work, our HF animals demonstrated
increased ROS generation,26 which was also consistent with
the observed higher levels of catalase protein. Interestingly,
these effects were limited to soleus muscle. Given that the
mitochondria is a major site of ROS generation in skeletal
muscle, it is possible that this increased ROS is due to
greater lipid handling®*’ and metabolism in oxidative
muscle*** following a HF diet. Non-mitochondrial sources
such as xanthine oxidase may also be responsible; an

enzyme with greater activity in soleus compared to plan-
taris®® which is important in muscle ROS production fol-
lowing a HF diet”” We also found a reduction in the
pAKT/AKT ratio in both soleus and plantaris of HF ani-
mals; a key player in insulin signaling and glucose metab-
olism.*® These data are consistent with previous reports
demonstrating altered insulin-stimulated glucose transport
in both oxidative and glycolytic muscle of HF fed rats**
and support our OGTT data, as well as a general phenotype
toward altered muscle substrate reliance/availability fol-
lowing a HF diet. Together, these data suggest that HF feed-
ing induced several metabolic and stress signaling
alterations in skeletal muscle.

Increased apoptotic signaling contributes to wasting and
functional decline in skeletal muscle.>*’ A variety of signal-
ing events can activate apoptosis in skeletal muscle,



664 Experimental Biology and Medicine Volume 240 May 2015

(a) SOL —1CTRL
_ 150 I HF
g1.25
21.00
[7]
$ 0.75
[=]
= 0.50
9
5025
o
0.00¢
AKT pAKT  pAKT/AKT  AMPK PAMPK pAMPK/AMPK p70 s6k
CTRL HF CTRL HF
| | Akt
e - | pAKT
|— -_————— —l AMPK
| — - | pamPK
| | p70 sk
R D — S——
Ponceau
SOL
(c)
150 .
31.25-
2 1.00
[7]
5 0.75-
o
= 0.50
k)
B 0.25-
0
Beclin1  ATG7  ATG4B ATG12-5 BNIP3

CTRL HF CTRL HF

| Bectin 1

[ e e | ATG7

| ATGaB

|
[ | ATG125
[ . mes s | BNIP3

Ponceau

(b) PLANT
1.25
E)
< 1.00
2
% 075 5
Q
9 o.50: §
8
£ 025
o
0.00
AKT PAKT  pAKT/AKT AMPK  pAMPK pAMPK/AMPK p70 s6k
CTRL HF CTRL HF
|—-. —— — _l AKT
[— — | pAKT
|— — e _l AMPK
| . | pAMPK
| - | p70 s6k
B Ponceau

PLANT
(d)
1.25+

=)

< 1.00-

2

G 0.754

c

[T

9 0.50

[+]

2

#6_0.25'

© 000

Beclin1  ATG7  ATG4B ATG125  BNIP3

CTRL HF CTRL HF
|--—- S c— —lBecIin1
| | ATa7
[ == == =] ATG4B
[ | ATG12-5

|- — — -lBNIPS

- v

Ponceau

Figure 7 Autophagy-related signaling protein expression. Quantitative analysis and representative immunoblots of p70 s6k, AKT, pAKT, AMPK, and pAMPK (as well
as calculated pAKT/AKT and pAMPK/AMPK ratios) in soleus (a) and plantaris (b). Quantitative analysis and representative immunoblots of Beclin 1, ATG7, ATG4B,
ATG12-5, and BNIP3 in soleus (c) and plantaris (d). Also shown are corresponding Ponceau-stained membranes. *P < 0.05 vs. CTRL. §P <0.01 vs. CTRL

including ROS.*® We found increased caspase-3, caspase-8,
and caspase-9 activity in soleus muscle of HF-fed rats which
may be due to the elevated ROS generation observed in this
muscle. In further support of these data, we found dramat-
ically reduced XIAP and Bcl-2 protein in soleus; two anti-
apoptotic proteins critical in regulating caspase activation.”
Although these proteins were also depressed in plantaris,
subsequent activation of caspases was likely limited to the
soleus due to the presence of an initiating apoptotic stress
(i.e., ROS generation). Despite these changes in key apop-
totic molecules, there were no down-stream effects on DNA
fragmentation; a hallmark of apoptosis. In addition to DNA
fragmentation, increased apoptotic signaling and caspase
activation can contribute to wasting by cleaving muscle-
specific substrates such as actin.** However, we did not
observe changes in muscle weight or fiber CSA. Although

muscle cell culture experiments”® and transgenic animals
with extreme muscle lipid overload® demonstrate signs of
elevated apoptosis such as DNA fragmentation, few apop-
totic differences are observed in obese Zucker rats'” as well
as ob/ob and HF-fed mice.'® Thus, this raises the likelihood
that under most physiological and pathological “high-fat”
conditions, skeletal muscle is generally capable of mitigat-
ing apoptosis. Aside from inducing apoptosis, caspases
have “non-lethal” roles given their ability to cleave numer-
ous cellular substrates;®" effects which are directed by their
level of activation. For example, caspase levels observed
during apoptosis exceed those occurring during differenti-
ation.”? Thus, the small level of caspase activation we
observed in soleus of high-fat fed animals may not be suf-
ficient to induce an apoptotic phenotype, but could be
involved in alternative cellular functions. In fact, several
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caspases have metabolic roles®™> and are able to cleave

enzymes involved in metabolism.*** Taken together, our
data suggest that HF feeding is able to induce changes to
several key apoptotic signaling and regulatory factors in
muscle, but not to a level that is sufficient to result in a
global apoptotic phenotype. Importantly, changes to key
antiapoptotic proteins (Bcl-2, XIAP) following a HF diet
may leave skeletal muscle more susceptible to apoptosis
during additional cellular stress. A possible non-lethal
role of caspase activation following HF feeding requires
further investigation.

The dramatic reduction in XIAP and Bcl-2 protein we
observed across both muscles was of particular interest.
While we are unaware of any studies demonstrating
reduced levels of these proteins in skeletal muscle following
a HF diet, decreased Bcl-2 protein has been demonstrated in
hepatocytes®® and cardiomyocytes® of HF-fed animals.
Interestingly, these studies also found impaired AKT phos-
phorylation,28’57 which is consistent with our data. In fact,
AKT phosphorylation can regulate Bcl-2 gene transcription
and protein content.”®*® Phosphorylated AKT can also sta-
bilize XIAP and prevent its degradation.®” Collectively,
these data suggest that the reduced pAKT levels following
HF feeding may contribute to decreased Bcl-2 and XIAP
protein content; an effect that warrants further
investigation.

Previous reports have demonstrated that a HF diet'” and
alterations to AKT signaling can influence autophagy-
related gene expression and autophagic flux."*> We
found no change in ATG7, ATG4B, Beclin 1, p70 s6k, and
BNIP3 protein content or cathepsin enzymatic activity in
soleus or plantaris of HF-fed rats. Similar to previous
reports,'”* HF feeding did not significantly alter the autop-
hagosomal marker LC3B-II or the LC3B-II/I ratio in skeletal
muscle. In contrast, HF-fed rats had increased ATG12-5 pro-
tein levels in soleus muscle. Considering that autophagy
can increase in response to ROS generation,64 and that
higher ROS was present in soleus following HF feeding, it
is possible that elevated ATG12-5 protein may reflect an
attempt to promote autophagy. Interestingly, HF feeding
elevated p62 protein content in soleus muscle, which is con-
sistent with a previous report.®> An increase in p62 typically
reflects a lower rate or inhibition of autophagic flux;®® how-
ever, this remains to be determined in this context. It is
possible that the elevated p62 in soleus following a HF
diet is required to target caspase substrates or ROS
damaged proteins/organelles for degradation.
Alternatively, p62 may be playing a metabolic role. For
example, genetic knockdown of p62 results in glucose
intolerance, insulin resistance, increased adipogenesis,
and obesity.®®” Interestingly, p62 interacts with IRS-1 to
enhance AKT phosphorylation upon insulin stimulation.®®
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Therefore, the higher p62 levels may be an attempt to
enhance the lower AKT phosphorylation in muscle of HF
fed animals. Collectively, these data are consistent with the
caspase activation and elevated ROS observed in soleus
muscle and provide further support for muscle-specific
responses to HF feeding.

It is important to note that this study was performed in
female rats, while similar work has used male rodents'*"!
or has not specified the gender.’'? Thus, discrepancies
between our work and previous literature may be a result
of gender-related differences. In fact, a number of physio-
logical and metabolic effects of a HF diet have been shown
to be sex-dimorphic. For example, DNA microarray ana-
lysis in skeletal muscle revealed 35 differentially expressed
transcripts between male and female rats following a HF
diet.”! Similarly, compared to their male counterparts,
female rats elevate mitochondrial content to a lesser
extent”® and do not show changes in fiber type®* following
a HF diet. More importantly, gender-related differences in
both apoptosis®’® and autophagy®®”"”? have been noted in
the literature. Thus, sex-dependent cellular responses may
differentially influence apoptotic and autophagic signaling
(directly or indirectly) following HF feeding; however, this
remains to be determined.

In conclusion, this work demonstrates that 16 weeks
of HF feeding in female rats does not alter muscle morph-
ology or phenotype. In addition, although down-stream
autophagic and apoptotic responses were not altered, HF
feeding selectively influenced several autophagic (p62,
ATGI12-5) and apoptotic (Bcl-2, XIAP, caspases) factors.
This work also provides further support for differential
autophagic and apoptotic responses across muscles. Thus,
future research should consider gender and investigate
multiple muscle types to better understand skeletal
muscle apoptotic and autophagic responses to various
perturbations.
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