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Abstract

Obese older adults are particularly susceptible to sarcopenia and have a higher prevalence of disability than their
peers of normal weight. Interventions to improve body composition in late life are crucial to maintaining
independence. The main mechanisms underlying sarcopenia have not been determined conclusively, but chronic
inflammation, apoptosis, and impaired mitochondrial function are believed to play important roles. It has yet to
be determined whether impaired cellular quality control mechanisms contribute to this process. The objective of
this study was to assess the effects of a 6-month weight loss program combined with moderate-intensity exercise
on the cellular quality control mechanisms autophagy and ubiquitin-proteasome, as well as on inflammation,
apoptosis, and mitochondrial function, in the skeletal muscle of older obese women. The intervention resulted in
significant weight loss (8.0� 3.9 % vs. 0.4� 3.1% of baseline weight, p¼ 0.002) and improvements in walking
speed (reduced time to walk 400 meters,� 20.4� 16% vs.� 2.5� 12%, p¼ 0.03). In the intervention group, we
observed a three-fold increase in messenger RNA (mRNA) levels of the autophagy regulators LC3B, Atg7, and
lysosome-associated membrane protein-2 (LAMP-2) compared to controls. Changes in mRNA levels of FoxO3A
and its targets MuRF1, MAFBx, and BNIP3 were on average seven-fold higher in the intervention group
compared to controls, but these differences were not statistically significant. Tumor necrosis factor-a (TNF-a)
mRNA levels were elevated after the intervention, but we did not detect significant changes in the downstream
apoptosis markers caspase 8 and 3. Mitochondrial biogenesis markers (PGC1a and TFAm) were increased by the
intervention, but this was not accompanied by significant changes in mitochondrial complex content and ac-
tivity. In conclusion, although exploratory in nature, this study is among the first to report the stimulation of
cellular quality control mechanisms elicited by a weight loss and exercise program in older obese women.

Introduction

Over the past decade, the prevalence of obesity in older
adults in the United States has doubled.1 Recent esti-

mates indicate that more than 35% of Americans over the age
of 60 are obese,1 and therefore are at increased risk for a
number of health conditions, including cardiovascular dis-
ease (CVD), diabetes, hypertension, dyslipidemia, asthma,
osteoarthritis, and several cancers.2–6 In addition, obese
elderly are particularly susceptible to sarcopenia (the

involuntary loss of muscle mass and function), and the
combination of muscle loss and fat gain may act synergisti-
cally to increase the risk of adverse health outcomes, in-
cluding disability7 and mortality.8 The pathogenesis of
sarcopenic obesity is probably linked to the progressive de-
cline in total energy expenditure resulting from the ‘‘physi-
ologic’’ age-related muscle mass decline, decreased physical
activity, and reduced basal metabolic rate, in the face of in-
creased or stable caloric intake.9 The accumulation of adi-
pose tissue, in turn, aggravates muscle wasting via increased
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secretion of catabolic cytokines (e.g., tumor necrosis factor-a
[TNF-a] and interleukin-6 [IL-6]), reduced insulin sensitivity
and decreased incretion of anabolic hormones (e.g., growth
hormone [GH], insulin-like growth factor-1 [IGF-1], and
testosterone). In addition, intermuscular fat infiltration may
distort muscle architecture, further contributing to the loss of
muscle strength.10

Lifestyle-based interventions may attenuate muscle loss
and improve body composition in obese, older adults, but an
optimal method has yet to be established. Caloric restriction
(i.e., a caloric deficit of 500–1,000 kcal/day below the steady
state) is generally required to achieve significant weight loss.
Diet-induced weight loss, however, typically leads to a de-
crease of fat-free mass, a significant concern for older adults.
In contrast, exercise interventions may increase muscle mass,
improve muscle quality,11,12 and increase muscle protein
synthesis,13 but rarely produce significant weight loss unless
individuals engage in very high amounts of moderate or
vigorous activity.14 Therefore, the challenge for clinicians
and researchers working with overweight elderly is to design
lifestyle-based interventions that can produce significant
weight loss while avoiding (or limiting) the loss of fat-free
mass.15

It is generally believed that weight loss improves physical
function by indirectly benefiting the musculoskeletal sys-
tem.2,16 Additional biological processes, however, may in-
fluence the relationship between weight loss and
improvements in physical function in late life. The impor-
tance of cellular quality control, accomplished by the inter-
play between autophagy and the ubiquitin–proteasome
system (UPS), has recently been reviewed.17,18 The decline in
autophagic and proteasomal activity observed during aging
has been proposed to contribute to different aspects of age-
related phenotypes, such as neurodegeneration, osteoarthri-
tis, declining liver and T cell function, as well as age-related
muscle loss.19–23 It is noteworthy that caloric restriction and
exercise increase the activity and effectiveness of autophagy
and the UPS.24,25 Recently, we conducted a preclinical study
in which autophagy was assessed in the skeletal muscle of
young and old rats that were either fed ad libitum and sed-
entary or mildly calorie restricted and exercised. Markers of
autophagy were decreased in the old, sedentary, ad libitum-
fed rats, but were upregulated in the old, calorie-restricted,
and exercising rats. This increase was accompanied by an
attenuation of skeletal muscle apoptosis.22 However, the ef-
fects of a moderate weight loss plus exercise intervention in
overweight older adults on cellular quality control mecha-
nisms in skeletal muscle have yet to be elucidated.

Energy production by healthy mitochondria is equally as
important as cellular quality control processes for upholding
cellular function. However, mitochondrial function declines
with age and dysfunctional mitochondria accumulate, caus-
ing further cellular damage (for review, see refs. 26 and 27).
Therefore, autophagic removal and degradation of damaged
mitochondria balanced with mitochondrial biogenesis are
essential to prevent or attenuate the age-related decline in
cellular function. In younger adults, exercise and caloric re-
striction stimulate mitochondrial biogenesis in the skeletal
muscle.11,12 In addition, the number of cristae per mito-
chondrion as well as components of the mitochondrial elec-
tron transport chain increase.14 However, whether these
same effects are observed in older adults following an exer-

cise and diet intervention has yet to be determined. If similar
biological changes occur in older adults, then improvements
in mitochondrial function may be another mechanism
through which weight loss plus exercise interventions may
ameliorate physical function and reduce functional decline in
the overweight elderly.

Therefore, the purpose of the present study was to assess
in the skeletal muscle of older, overweight women the im-
pact of a weight loss plus exercise intervention on markers of
autophagy, components of the UPS, as well as markers of
inflammation, apoptosis, and mitochondrial biogenesis and
function. We hypothesized that the combination of dietary
restriction and exercise would stimulate cellular quality
control processes (specifically autophagy and components of
the ubiquitin proteasome pathway), attenuate inflammation
and apoptosis, and improve mitochondrial function. We also
hypothesized that the physical performance of individuals
participating in the weight loss plus exercise intervention
would be improved.

Materials and Methods

Participants

This study was approved by the University of Florida’s
Institutional Review Board. Participants selected for this
exploratory study were a subset of a larger-scale, random-
ized, controlled trial. Participants of this larger randomized
controlled trial were community-dwelling, sedentary, over-
weight, African-American and Caucasian women with mild
to moderate functional limitations. Eligibility requirements
included: age between 55 and 79 years, body mass index
(BMI) >29 kg/m2, sedentary lifestyle (defined as <20 min/
week of aerobic exercise), and mild to moderate functional
impairment, as defined by a Short Physical Performance
Battery (SPPB) summary score of 4–10.28 Eligible individuals
were excluded if their medical history, clinical examination,
or laboratory results revealed any of the following condi-
tions: Weight >300 pounds (136 kg), weight loss >10
pounds (4.5 kg) in the past 6 months, history of surgery for
weight loss, hospitalization within the past 6 months, sig-
nificant diseases likely to limit life span and/or increase risk
of intervention (i.e., coronary heart disease; chronic or re-
current respiratory or gastrointestinal conditions; cancer
[except nonmelanoma skin cancer] within 5 years or active
cancer treatment, fasting blood glucose >110 mg/dL, rest-
ing blood pressure >160/90 mmHg), or musculoskeletal or
neurological conditions that would preclude walking on a
regular basis. Potential participants were also excluded if
they reported taking any of the following medications:
Antipsychotic agents, monoamine oxidase inhibitors, sys-
temic corticosteroids, medications for human immunodefi-
ciency virus (HIV) or tuberculosis (TB), or weight-loss
drugs.

For the present exploratory study, a total of 13 participants
were included who agreed to undergo a percutaneous
muscle biopsy before (pre) and after (post) intervention. Of
these participants, 7 had been randomized to the educational
control group and 6 to the weight loss plus exercise (WLþE)
group. Note that the muscle biopsies did not yield sufficient
amounts of tissue to perform all analyses on all participants.
The number of participants included in each of the analyses
conducted is indicated in the respective graphs or tables.
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Study design and interventions

The larger randomized controlled study, from which the
subset for this exploratory study was drawn, comprised a
single-blinded study, in which personnel responsible for
testing were blinded to participant’s assigned intervention
group. Eligible participants were randomized to either the
WLþE intervention or an educational control group. SAS’s
PROC PLAN was used for computerized randomization.29

The WLþE intervention targeted a 6% or greater weight
loss through moderate reductions in energy intake (i.e., a
reduction of 500–1,000 kcal/day) coupled with exercise ses-
sions during which participants engaged in both aerobic
activities (i.e., walking) and lower-body moderate intensity
resistance training. Participants attended a weekly, group-
based weight management session, led by a registered die-
tician and a doctoral student with training in behavior
science. Each participant’s caloric assignment represented an
*750 kcal/day deficit from her estimated energy intake at
baseline, determined through analysis of food records. Such
caloric restriction was intended to promote weight loss at a
rate of 1.5 pounds (0.7 kg)/week. In line with the American
Heart Association’s dietary recommendations,30 the diet
contained 55%, 30%, and 15% of energy intake from carbo-
hydrates, fats, and proteins, respectively. Food was self-se-
lected under the supervision of a registered dietitian.
Participants were instructed to complete daily food records,
which they brought to each group session. During these
group sessions, each participant’s food record was reviewed
by the registered dietitian, who provided specific sugges-
tions about dietary changes to help participants achieve their
calorie goal.

The exercise intervention consisted of aerobic, strength
training, and flexibility exercises. Walking was the primary
aerobic activity encouraged, but other forms of activity (e.g.,
stationary cycling) were also employed if participants were
unable to walk due to injury. After the third week, partici-
pants were encouraged to meet a weekly walking goal of
150 min. Throughout the intervention, three supervised ex-
ercise sessions were provided each week. Blood pressure and
heart rate were monitored before and after each exercise
session, which was preceded by a brief warm up and fol-
lowed by a cool-down period. Participants completed two
15-min bouts of walking during each session. Following the
first walking bout, participants were guided to complete a
set of five lower body exercises (i.e., wide leg squat, standing
leg curl, knee extension, side hip raise, and toe stand) during
a 15-min strength training routine. For each exercise, par-
ticipants were encouraged to perform one set of 10 repeti-
tions, rest for 1 min, and then perform a second set. Ankle
weights were used to provide increasing levels of resistance.
Following their second walking bout, participants engaged
in a 5-min cool-down period, during which they completed a
series of flexibility exercises.

Participants were gradually introduced to the intervention
exercises, starting with lighter-intensity exercise and gradu-
ally increasing the intensity level over the first 2–3 weeks of
the intervention. Following the initial adaptation phase,
participants were instructed to begin walking at a moderate
intensity level, as determined by the Borg Perceived Exertion
scale.31 Participants were asked to walk at an intensity level
of 13 (activity perception ‘‘somewhat hard’’), and they were

discouraged from exercising at levels above 15 (‘‘hard’’) or at
level 11 (‘‘fairly hard’’) and below. For the strength-training
component, participants were encouraged to complete each
exercise at an intensity level of 15–16 (‘‘hard’’).

Participants in the educational control group were asked
to maintain their usual eating and physical activity patterns
and not to engage in any intentional effort aimed at losing
weight for 6 months. During the intervention, participants in
this group attended monthly health education lectures on
topics relevant to older adults that were not related to weight
loss, diet, or physical activity (e.g., skin protection, sleep
hygiene). Following their 6-month assessments, participants
in this group were offered the opportunity to receive the full
24-week WLþE intervention.

Anthropometric and physical function
outcome measures

Body weight was measured in a fasting state and after
voiding in the morning before the intervention began and
again following its completion. Physical function was assessed
by determining walking speed over 400 meters. Participants
were asked to complete a standard walking course at their
usual pace. During the walk, participants were permitted to
stop but were not allowed to sit or receive help from others and
were required to complete the course within 15 min.

Muscle biopsy

Biopsies were obtained from the vastus lateralis muscle
percutaneously, before (pre) and after 6 months (post) of in-
tervention. Muscle specimens were cleaned of blood and fat
and immediately snap-frozen in liquid nitrogen for bio-
chemical analyses. A separate piece of tissue was immersed in
RNAlater (Ambion, Austin, TX) and frozen in liquid nitrogen
for gene expression studies. The number of participants per
group in the respective analysis is noted in the graphs or ta-
bles. Note that we could not perform all analyses on all
samples due to tissue limitations from some participants.

Protein expression: Subcellular fractionation
and immunoblotting

Subcellular fractionation of muscle samples was performed
as previously described.32 Cytosolic fractions were used to
detect cleaved caspase 3 (Millipore, Temecula, CA), and active
caspase 8 (Abcam, Cambridge, MA). Cytochrome c oxidase
subunit 4 (Cox4; Cell Signaling, Danvers, MA), Cytochrome c
oxidase subunit 1 (Cox1; Mitosciences, Eugene, OR), and
mitochondrial transcription factor A (TFAm; Santa Cruz Bio-
technology, Santa Cruz, CA) were measured in the mito-
chondrial fraction, while endonuclease G (EndoG; Abcam,
Cambridge, MA) and apoptosis-inducing factor (AIF; BD
Biosciences, San Jose, CA) were assayed in both the mito-
chondrial and nuclear fraction. Electrophoresis and immuno-
blotting were performed as detailed elsewhere.32 Digital
images were captured with an Alpha Innotech Fluorchem SP
imager (Alpha Innotech, San Leandro, CA) and analyzed us-
ing the AlphaEase FC software (Alpha Innotech). Spot density
of the target bands (arbitrary optical density [OD] units) was
normalized to the total amount of protein loaded in each lane,
as determined by densitometric analysis of the corresponding
Ponceau S–stained membranes.33
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Gene expression: Quantitative real-time PCR

Relative gene expression assessment was performed as
previously described.22 TaqMan Universal PCR Master Mix
(2x) (Roche, Branchburg, NJ), as well as 0.2 mM primers and
TaqMan probe mix (Applied Biosystems, Foster City, CA)
were used for each 25-mL reaction. Amplification of the fol-
lowing targets was achieved using the ABI 7300 real-time
PCR system and universal cycling conditions: Forkhead box
O3 (FOXO3; NM_201559), Atrogin1/MAFbx or muscle-
specific F-box protein (MAFbx; NM_148177), Muscle RING-
finger protein-1 (MuRF1; NM_032588), BCL2/adenovirus
E1B 19 kDa. protein-interacting protein 3 (BNIP3;
NM_004052), Microtubule-associated proteins 1A/1B light
chain 3B (LC3B; NM_022818), lysosome-associated membrane
protein-2 (LAMP-2); NM_013995), Atg7 (NM_006395), Tu-
mor Necrosis Factor alpha (TNFa; NM_000594), TFAM
(NM_003201), peroxisome proliferator-activated receptor
gamma co-activator 1 alpha (PGC1a; NM_013261), and 18S
(X03205) as the housekeeping gene. All samples were ex-
amined in triplicate and negative controls (i.e., no template
and no reverse transcriptase) included. Differences in ex-
pression of the target genes are determined by the 2�DDCT

method34 with 18S as the housekeeping gene.

Activity and content of mitochondrial respiratory
complexes: Blue Native polyacrylamide gel electrophoresis

Mitochondrial extraction. Approximately 40 mg of muscle
was homogenized in 1 mL of extraction buffer (20 mM 3-(N-
morpholino)propanesulfonic acid [MOPS], 440 mM sucrose,
1 mM EDTA, and 0.5 mM phenylmethylsulfonyl fluoride
[PMSF], pH 7.2 at 48C) and centrifuged at 500�g for 10 min.
The supernatant was collected and centrifuged at 20,000�g for
20 min. The resulting pellet was resuspended in 30mL of
buffer (1 M aminocaproic acid, 50 mM Bis-Tris and 0.2 mM
PMSF, pH 7.0 at 48C), and solubilization of the membranes
was achieved with 30% n-dodecylmaltoside. The suspension
was incubated on ice for 30 min with vortexing every 5 min
and then centrifuged at 100,000�g for 30 min (Beckmann
Optima LE-80K ultracentrifuge, rotor 50.2 Ti, 28,300 rpm). The
resulting supernatant was collected and stored at �808C.

Native electrophoresis. Samples were prepared with
10% wt/vol Coomassie Brilliant Blue G-250 in aminocaproic
acid (1 M) and glycerol. Approximately 40 mg of sample
protein and 15mg of control protein (bovine heart mito-
chondria, Mitosciences) were loaded onto 3–12% gradient
precast gels (Invitrogen, Carlsbad, CA). Running buffers in-
cluded ice-cold cathode buffer (50 mM Tricine, 15 mM Bis-
Tris, pH 7.0 at 48C) and anode buffer (50 mM Bis-Tris, pH 7.0
at 48C). Finally 10 mL of cathode buffer containing 0.5%
Coomassie Brilliant Blue G-250 was added and mixed with
the cathode buffer in the gel apparatus. Electrophoresis was
performed at 48C as follows: 70 V for 30 min, then 170 V for
approximately 1 hr. The cathode buffer was removed and
replaced with cathode buffer without Coomassie stain. The
gel was then run at 170 V for about 2 hr.

In-gel activity assay. Immediately following electropho-
resis, in-gel enzymatic colorimetric reactions were performed
for complexes I, II, IV, and V, according to Zerbetto et al.35

Activity buffers were as follows: complex I (nicotinamide

adenine dinucleotide [NADH] dehydrogenase), 2 mM
Tris �HCl, 0.1 mg/mL NADH and 2.5 mg/mL NBT (nitro
blue tetrazolium), diluted 1:10 (wt/vol); complex II (succi-
nate dehydrogenase), 1.5 mM phosphate buffer containing
4.5 mM EDTA, 10 mM potassium cyanide, 0.2 mM phenazine
methosulfate, 84 mM sodium succinate, 10 mM nitroblue
tetrazolium chloride; complex IV (cytochrome c oxidase,
COX), 5 mg of 3.3 diaminobenzidine dissolved in 9 mL
50 mM phosphate buffer, 10 mg cytochrome c, 0.05 mL cata-
lase (20 mg/mL), and 0.75 mg sucrose; complex V (adenosine
triphosphate [ATP] synthase), 35 mM Tris, 270 mM glycine,
14 mM MgSO4, 0.2% Pb(NO3)2, and 8 mM ATP. All buffers
were pH 7.4. Enzymatic reactions were allowed to continue
until optimum color was observed. Images were captured
with an Alpha Innotech Fluorchem SP imager (Alpha In-
notech) and quantitation performed using the AlphaEase FC
software (Alpha Innotech). Spot density of target bands
(arbitrary OD units) was normalized to complex content.

Complex content. Western blot analysis was performed
to determine complex content. Mitochondrial extracts were
electrophoresed as described above. Membranes were then
incubated overnight with primary antibodies against each of
the complexes (1:200) (Mitosciences). Secondary antibody
incubation, generation of the chemoluminescent signal, dig-
ital acquisition, and densitometry of the bands were per-
formed as described above. The total amount of protein
loaded in each lane was determined via Ponceau S staining
and used as the loading control.

Statistical analysis

All data are reported as group mean� standard error of the
mean (SEM) (or� standard deviation [SD], as noted in Tables
1–3). Protein and gene expression data are expressed as fold
change from pre- to posttreatment. Statistical analysis was
performed using SigmaPlot vs. 11.0 (Systat Software, Inc.,
Chicago, IL). Nonparametric Mann–Whitney Rank Sum Tests
were used to compare groups, and the exact p value is re-
ported. For all tests the significance level was set at p< 0.05.

Results

Descriptive characteristics of the study sample

Baseline characteristics of participants included in this
study are depicted in Table 1. The 13 participants included in
this exploratory study did not differ from the larger study
population (N¼ 34; data not shown) on any demographic
characteristic. Differences between controls and WLþE
participants at baseline were not statistically significant for
age, body weight, BMI, SPPB score, and time to walk 400
meters (Table 1).

Body weight and physical performance

After 6 months of treatment, participants in the WLþE
group lost significantly more weight than those in the educa-
tional control group (8.0� 1.6% vs. 0.3� 1.3%; or 7.4� 1.4 kg
vs. 0.6� 1.2 kg; p< 0.002). Participants in the WLþE inter-
vention experienced an improvement in physical performance
as determined by time to walk 400 meters (change in WLþE
group: �20.4� 6.6% or �103� 44.4 sec, versus change in con-
trol group: �3.2� 4.9% or �16.0� 17.6 sec; p¼ 0.05).
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Cellular quality control

Autophagy. Transcript levels of the autophagy regula-
tory proteins Atg7 and LC3B, both involved in formation
and expansion of the autophagosome, were both signifi-
cantly increased by three-fold in the WLþE group compared
to controls (Fig. 1; p¼ 0.036 for both). We also analyzed the
transcript levels of LAMP-2, a protein that is essential for the
fusion of the autophagosome with the lysosome. LAMP-2
transcript level was also upregulated by three-fold, but this
change did not reach statistical significance (Fig. 1; p¼ 0.07).

FoxO3A transcription factor and its downstream targets.
mRNA content of the transcription factor FoxO3A was eight-
fold higher in the WLþE group after 6 months of inter-

vention compared to the educational control group, but this
difference did not reach statistical significance (Fig. 2;
p¼ 0.057). Concomitantly, gene expression of FoxO3A
downstream targets MuRF1, atrogin-1/MAFBx, and BNIP3
showed the same tendency (Fig. 2; 11-, 5.6-, 4.7-fold differ-
ence, respectively, between the WLþE and control group
with p¼ 0.057 for MuRF1, MAFBx, and BNIP3).

Inflammation and apoptosis

The expression of TNF-a mRNA in the skeletal muscle was
elevated after 6 months of WLþE treatment compared with
controls (fold-change in WLþE group: 1.43� 0.37, vs. fold-
change in control group: 0.40� 0.02; p¼ 0.036). We observed
no statistically significant differences between groups in
changes in protein expression levels of active caspase-8 and
cleaved caspase-3 (Table 2). Protein contents of AIF and
EndoG in either the mitochondrial or nuclear fraction were
also not significantly affected by the WLþE intervention
(Table 2).

Mitochondrial biogenesis and function

Expression of PGC1a gene and TFAm gene and protein.
The weight loss plus exercise (WLþE) treatment signifi-
cantly increased the gene expression of PGC-1a and TFAm
(Fig. 3A; p¼ 0.036 for both), and protein levels of TFAm (Fig.
3B; p¼ 0.024).

Mitochondrial respiratory complex content and activity.
Blue-Native polyacrymamide gel electrophoresis (BN-PAGE)
and in-gel enzyme activity assays were used to assess the
content and activity of isolated mitochondrial respiratory
complexes I, II, IV, and V. Results are summarized in Table 3.
Neither content nor activity of any of the complexes was

Table 1. Baseline Characteristics

of Study Participants

Educational
control group

WLþE
group

(n¼ 7)
Mean� SD

(n¼ 6)
Mean� SD p valuea

Age (years) 67.1� 8.8 65.8� 6.2 0.765
Weight (kg) 90.5� 18.9 93.6� 14.5 0.753
SPPB Score 9.0� 1.2 9.2� 0.8 0.768
400-meter walk

(sec)
407.1� 77.8 449.3� 106.9 0.428

Body mass
index (kg/m2)

37� 7.8 36.1� 4.7 0.80

ap value based on group comparison: WLþE vs. educational
control group.
WLþE, Weight loss plus exercise; SD, standard deviation; SPPB,
Short Physical Performance Battery.28

FIG. 1. Changes in gene expression of Atg7, LC3B, and
LAMP-2 determined by quantitative real-time PCR in muscle
biopsy samples from participants in the weight loss plus
exercise (WLþE) intervention (WLþE, black circles) and the
educational control group (open circles). Data represent the
fold change of gene expression between samples from the
same subject taken before and after 6 months of intervention.
The line at y¼ 1 represents baseline. Individual data, group
mean, and standard error of the mean (SEM) are displayed.
(*) Significant difference of change between groups. Number
of participants: Controls, 3; WLþE, 5. LAMP-2, lysosome-
associated membrane protein-2.

FIG. 2. Changes in gene expression of FoxO3A and its
targets MuRF1, MAFbx, and BNIP3 determined by quanti-
tative real-time PCR in muscle biopsy samples from partici-
pants in the weight loss plus exercise (WLþE) intervention
(WLþE, black circles) and the educational control group
(open circles). Data represent the fold change of gene ex-
pression between samples from the same subject taken be-
fore and after 6 months of intervention. The line at y¼ 1
represents baseline. Individual data, group mean and stan-
dard error of the mean (SEM) are displayed. (*) Significant
difference of change between groups. Number of partici-
pants: Controls, 3; WLþE, 4–5.
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significantly affected by the WLþE intervention (for p val-
ues, see Table 3). We also measured the protein expression of
subunits 1 and 4 of COX in the mitochondrial fraction, but
we did not observe statistically significant changes following
the WLþE treatment (COX-IV subunit 1, fold-change in
WLþE group, 1.65� 0.59, vs. fold-change in control group,
1.21� 0.0.31; p¼ 0.54; COX-IV subunit 4, fold-change in
WLþE group, 1.35� 0.47, vs. fold-change in control group,
2.07� 0.4, p¼ 0.18).

Discussion

The major findings of the present study are that 6-month
WLþE intervention, which produced significant weight loss
and improvements in physical performance, stimulated
pathways of cellular quality control (autophagy, FOXO3A
and its targets), increased myocyte TNF-a gene expression,
and enhanced markers of mitochondrial biogenesis (PGC1a
and TFAm). However, we did not observe a statistically
significant effect of the WLþE intervention on function or
content of mitochondrial complexes, or the expression of
several apoptosis markers. Thus, our findings suggest that
weight loss plus exercise regimens may stimulate specific
cellular quality control mechanisms (i.e., autophagy, com-
ponents of the UPS), without affecting other cellular com-
ponents and pathways to the same degree (mitochondrial
respiratory complexes, apoptosis).

Autophagy

Our data suggest that weight loss combined with exercise
stimulated gene expression of autophagy-associated genes
Atg7 and LC3B in skeletal muscle. Gene expression levels of
BNIP3 and LAMP-2 were higher in the WLþE group when
compared to the control group, but the differences between
groups were not statistically significant. However, all ob-
servations for BNIP3 and all but one observation for LAMP-2
in the WLþE group were higher (i.e., greater change in gene
expression) than the observations in the control group. The
autophagic markers assessed in this study are essential for
the autophagic process. Specifically, BCL2/adenovirus E1B
19-kDa protein-interacting protein 3 (BNIP3) and LC3B
(microtubule-associated protein light chain) control early
autophagosome formation36,37; autophagy protein 7 (Atg7) is
required for the formation and expansion of the autopha-
gosome,38,39 and lysosome-associated membrane protein 2
(LAMP-2) is essential for the efficient fusion of autophago-
somes and lysosomes.40 Deficiencies in Atg7 or LAMP-2 are
lethal or lead to tissue degeneration, emphasizing the im-
portance of these regulators and the process of autophagy
itself for cellular homeostasis.38,41–43

Our findings suggest that autophagy may play an impor-
tant part in WLþE–induced improvement of physical per-
formance through enhanced cellular quality control. Indeed,
mice deficient in muscle-specific Atg7 demonstrate profound
skeletal muscle atrophy, reduced muscle strength, and accu-
mulation of abnormal mitochondria, protein aggregates, as
well as increased oxidative stress and apoptosis.44 Our results
are in agreement with our earlier findings,22 in which we
observed increased expression of autophagy-regulatory pro-
teins (Atg7 and LAMP-2) in the skeletal muscle of aged, cal-
orie-restricted, and exercising rats compared with sedentary,
ad libitum–fed controls. Importantly, the increase in these au-
tophagy markers was concurrent with a mitigation of skeletal
muscle apoptosis and oxidative damage.22

FoxO3A and downstream targets

Concomitant with the stimulation of the autophagic
pathway, the WLþE treatment also enhanced the gene ex-
pression of the forkhead transcription factor FoxO3A and its
downstream targets, the ubiquitin ligases muscle-specific
RING dinger protein 1 (MuRF1) and atrogin-1, or muscle-

Table 2. Apoptosis
a

Marker Mean (SEM) n p value Pb Sb

cl casp-3 (C) 0.88 (0.20) 7

0.902 0.054 1792cl casp-3 (I) 0.81 (0.10) 7
cl casp-8 (C) 1.15 (0.53) 6

0.234 0.161 57cl casp-8 (I) 0.39 (0.08) 7
mtAIF (C) 1.75 (1.67) 5

0.432 0.09 157mtAIF (I) 0.79 (0.17) 7
nucAIF (C) 0.87 (0.19) 6

0.310 0.13 81nucAIF (I) 0.54 (0.15) 6
mtEndoG (C) 1.11 (0.22) 6

0.628 0.17 47mtEndoG (I) 1.26 (0.47) 11
nucEndoG (C) 0.78 (0.17) 6

0.282 0.096 125nucEndoG (I) 1.09 (0.27) 8

Data represent fold-change in expression between before and after
6 months of intervention. Data are displayed as mean, standard error
of the mean (SEM), and p value. None of the changes between pre-
and posttreatment differed significantly between the WLþE and the
control group with the given sample size (significance level was set
at p< 0.05).

aChanges in protein expression of cleaved caspase 3 (cl casp3),
activated caspase 8 (cl casp8) in the cytosolic fraction, and apoptosis-
inducing factor (AIF) and endonuclease G (EndoG) in mitochondrial
(mt) and nuclear (nuc) fractions in muscle biopsy samples from
subjects in the weight loss plus exercise (WLþE) intervention group
(I) and the educational control group (C).

bAdditionally listed are power (P) with a set at 0.05, and sample
size (S) for power set at 0.8.

FIG. 3. Changes in gene expression of PGC1a (peroxisome
proliferator-activated receptor gamma co-activator 1 alpha
and TFAm (mitochondrial transcription factor A)) (A) and
protein expression of TFAm (B) determined by quantitative
real-time PCR and immunoblotting, respectively, in muscle
biopsy samples from participants in the weight loss plus
exercise (WLþE) intervention (WLþE, black circles) and the
educational control group (open circles). Data represent the
fold change of expression between samples from the same
subject taken before and after 6 months of intervention. The
line at y¼ 1 represents baseline. Individual data, group mean
and standard error of the mean (SEM) are displayed. (*) Sig-
nificant difference of change between groups. Number of par-
ticipants for gene expression: Controls, 3; WLþE, 5. Number
of participants for protein expression: controls, 4; WLþE, 7.
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specific F-box protein (MAFBx). The differences observed
in the present study between groups did not reach statisti-
cal significance using the Mann–Whitney rank sum test.
However, for all four response types (FoxO3A, MuRF1,
MAFBx, BNIP3), all of the observations in the WLþE group
were higher (i.e., greater change in gene expression) than in
the control group. This is the most extreme case for the
Mann–Whitney test, which is based on ranks; but given the
small sample size, it was not possible to obtain an exact p
value below 0.05. However, the distribution of data suggests
that the observed difference might be real. The FoxO3A
targets MuRF1 and MAFBx are part of the UPS and have
been implicated as sensitive markers of muscle atrophy.45

However, Leger and co-authors46 proposed that an increase
in the level of UPS components, as observed here in the
WLþE group, could be a mechanism serving exercise-in-
duced elevated muscle protein turnover. Interestingly, Fox-
O3A is also required for lysosomal-dependent protein
breakdown in cell culture and in vivo, possibly through in-
duction of BNIP3.37,47 Therefore, the observed increase in
FoxO3A transcript levels, may be associated with the in-
crease in autophagy markers.

Inflammation

The expression of the ubiquitin ligases MuRF1 and
MAFbx can also be induced by the inflammatory marker
TNF-a.48 We detected a modest but significant increase in
skeletal muscle TNF-a transcript level in the WLþE group
compared with the control group. This low level of local
inflammation in response to exercise might have supported
the elevated expression of the ubiquitin ligases. Plasma TNF-
a levels were unaltered by the intervention (data not shown),
suggesting local rather than systemic inflammation.

Apoptosis

TNF-a is also a central mediator orchestrating apoptotic
signaling pathways.49 However, we did not observe a
significant activation of apoptotic markers downstream of
TNF-a, such as activated caspase 3 and 8. Moreover, no

statistically significant differences in markers of mitochon-
dria-mediated caspase-independent apoptosis (AIF and En-
doG) were detected between groups. Therefore, it is unlikely
that the observed increased muscle TNF-a expression initi-
ated apoptotic signaling in the WLþE participants.

Mitochondria

We observed a significant increase in two markers of mito-
chondrial biogenesis, PGC-1a and TFAm, in the muscle sam-
ples from WLþE participants. Similarly, previous studies also
found an exercise-induced stimulation of mitochondrial bio-
genesis in skeletal muscle.50,51 Interestingly, we did not observe
a concomitant statistically significant increase in the content of
mitochondrial electron transport chain complexes in the
WLþE group. Similarly, Menshikova et al.52 found no change
in mitochondrial (mt) DNA copy number, indicative of mito-
chondrial content, in the vastus lateralis muscle of middle-
aged, overweight participants after a 4-month weight loss
and walking intervention. One explanation for the seemingly
unaltered levels of mitochondrial content after the WLþE
treatment could be an increased mitochondrial turnover con-
comitant with balanced biogenesis and autophagic removal.
This may have provided a mitochondrial quality check and
resulted in a healthier population of mitochondria. Indeed,
Menshikova and co-authors52 found an increase in electron
transport chain activity as well as in cardiolipin content, which
suggested an increase in both oxidative capacity and respira-
tory complex content per mitochondrion. On the contrary,
when we assessed activity of individual, isolated mitochon-
drial complexes, we did not detect any statistically significant
differences between the control and WLþE group.

Strengths and limitations

To the best of our knowledge, this is the first study to report
the effect of a weight loss plus exercise intervention on cellular
quality control mechanisms, namely autophagy and the UPS,
in elderly, overweight women. All exercise sessions were
conducted under direct supervision to ensure that participants
exercised at the appropriate intensity and used proper exercise

Table 3. Changes in Mitochondrial Complex (I, II, IV and V) Content (cont), Activity (act),

and Activity/Content (a/c) Determined by BN-PAGE in Muscle Biopsy Samples from Subjects in

the Weight Loss plus Exercise Intervention Group (I) and the Educational Control Group (C)

Complex I Complex II Complex IV Complex V

Mean (SEM) p Pa Sa Mean (SEM) p Pa Sa Mean (SEM) p Pa Sa Mean (SEM) p Pa Sa

cont (C) 0.87 (0.11)

0.548 0.14 41

0.97 (0.15)

1.0 0.05 1380

0.85 (0.13)

1.0 0.05 717

1.04 (0.16)

0.095 0.31 16cont (I) 1.42 (0.40) 1.00 (0.12) 0.80 (0.18) 1.42 (0.16)
act (C) 0.87 (0.18)

0.841 0.05 4254

0.69 (0.18)

0.229 0.17 20

0.69 (0.25)

0.40 0.11 35

0.84 (0.18)

0.056 0.29 17act (I) 0.85 (0.10) 0.97 (0.10) 1.16 (0.34) 2.60 (0.78)
a/c (C) 1.04 (0.21)

0.690 0.08 127

0.72 (0.16)

0.229 0.12 32

0.77 (0.15)

0.40 0.16 21

0.71 (0.09)

0.056 0.21 24a/c (I) 0.86 (0.23) 1.04 (0.22) 1.84 (0.59) 1.98 (0.66)
n(C;I) 5;5 3;4 3;4 5;5

Data represent fold-change of content, activity, and activity/content, respectively, between samples taken before and after 6 months of
intervention. Data are displayed as mean, standard error of the mean (SEM), and p value. None of the changes between pre- and
posttreatment differed significantly between the WL þ E and the control group with the given sample size (significance level was set at
p< 0.05).

aAdditionally listed are power (P) with a set at 0.05, and sample size (S) for power set at 0.8.
SEM, Standard error of the mean; P, power; S, sample size with P set at 0.8; C, educational control group; I, exercise intervention group;

WLþE: weight loss plus exercise group.
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techniques. The results presented here provide preliminary
insights into the potential cellular mechanisms driving the
improvements in skeletal muscle function through diet-
induced weight loss combined with exercise. These data can be
used as a foundation for larger-scale studies to further explore
the mechanisms influencing skeletal muscle function in aged
human participants.

Some aspects of our study deserve further discussion. First
and foremost, our study is of exploratory nature, evident by
the small sample size. From the larger, randomized controlled
trial population (N¼ 34), only 13 participants consented to a
pre- and postintervention muscle biopsy for this exploratory
study. Although the baseline characteristics of this subpopu-
lation did not differ from the study population as a whole, the
randomization might have been compromised. However, this
subset was similar to the entire sample at baseline and dem-
onstrated similar responses to the intervention with regard to
weight loss and physical function. In addition, we were not
able to obtain sufficient muscle tissue from all of the partici-
pants, which limited the scale of the analyses performed. The
small sample size likely affected our ability to detect signifi-
cant differences between groups for certain outcomes. Thus,
we may not have observed statistically significant differences
for some outcomes solely due to the sample size of the present
study. Therefore, we calculated the number of participants
needed to detect significant differences between groups with
alpha set at 0.05 for all study parameters (see Tables 2 and 3).
As displayed in Tables 2 and 3, a larger-scale study would
more adequately test the effect of a WLþE intervention on
some of our study parameters, including mitochondrial re-
spiratory complexes and their content and activity. Im-
portantly, by uncovering limitations with regard to sample
and specimen size for biochemical analyses of human muscle,
this exploratory study provides data that will facilitate the
development and conduct of larger-scale trials investigating
muscle biology in older human participants.

In summary, our pilot data suggest that the WLþE in-
tervention stimulated cellular quality control mechanisms,
which could have contributed to improved overall muscle
health and function. The present exploratory investigation
was not designed to unravel the more proximate causes of
improved cellular quality control mechanisms in the skeletal
muscle. Further in-depth investigations on a larger scale are
warranted to substantiate or refute our findings and identify
cellular mechanisms that are affected by lifestyle interven-
tions aimed at improving physical function in the elderly.
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