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Exercise preconditioning attenuates atrophic mediators and preserves 
muscle mass in acute sepsis
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Abstract. Sepsis is an inflammatory condition that causes a severe and rapid loss of body proteins, 
especially skeletal muscles. The ubiquitin-proteasome system plays a major role in skeletal muscle 
proteolysis. Understanding the effects of exercise preconditioning on septic-induced ubiquitin-
proteasome activation plays a pivotal role in planning rehabilitation strategies for patients who are 
susceptible for developing cachexia. In this study, we applied mild preconditioning exercises in the 
form of treadmill running for adult mice for a period of two weeks, before they were injected with 
lipopolysaccharide to induce sepsis. Our results show that the body weight and cross-sectional area 
(CSA) of muscle fibers were preserved in the pre-exercised mice. The main finding in our study was 
that pre-exercised mice maintained a low level of tumor necrosis factor-alpha in the gastrocnemius 
muscle, which resulted in a down-regulated profile of main atrophic mediators: p38, FOXO3A, and 
multi-ubiquitin proteins. By these findings, we conclude that a mild program of preconditioning 
exercises can prevent atrophy and preserve muscle mass in acute sepsis. This provides further evi-
dence to the importance of rehabilitation planning in acute illness.
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Introduction

Muscle wasting is a major feature of the cachexia associated 
with diseases such as sepsis, cancer, AIDS, diabetes, uremia, 
congestive heart failure, and chronic obstructive pulmonary 
disease (Hasselgren 1995; Tisdale 1997). Muscle dysfunction 
occurs in 40–70% of septic patients (Bolton 2000). Studies 
in septic patients and experimental animals have provided 
evidence that the myofibrillar proteins are particularly sensi-
tive to the effects of sepsis (Hasselgren and Fischer 1998), 
and the increased myofibrillar protein breakdown in sepsis, 
is thought to be mediated essentially through the activation 
of the ubiquitin-proteasome proteolytic system (Dehoux et 
al. 2003). When the ubiquitin is activated by an ubiquitin-
activating enzyme (E1 family) (Hershko et al. 1983), and 

conjugated through the ubiquitin-conjugating enzymes 
(E2 family) (Jentsch 1992), the ubiquitin is stabilized by the 
two known ubiquitin ligases (E3 family) namely Atrogin-1 
and Murf1 (Hershko and Ciechanover 1998), and attach 
ubiquitin to protein substrates according to the “N-end rule” 
(Lecker et al. 1999). Endotoxin or lipopolysaccharide (LPS) is 
a major component of the cell wall of Gram-negative bacteria 
recognized by Toll-like receptors (TLR4) of innate immune 
cells (Holececk 2012). LPS administration induces a number 
of catabolic factors in sepsis, including tumor necrosis factor-
alpha (TNF-α), which promotes muscle wasting in diseased 
states (Ahmad et al. 1994; Jackman and Kandarian 2004). 
Studies have shown that TNF-α directly stimulates muscle 
loss through activation of the p38 mitogen-activated protein 
kinase (MAPK) pathway, which mediates the ubiquitin li-
gases (Li et al. 2005). P38 is a stress-activated protein kinase 
that responds to a  variety of stimuli, including oxidative 
stress and TNF-α (Obata et al. 2000), and has been identified 
as a likely mediator of catabolic signaling in skeletal muscle 
(Tracey 2002). Not only the p38 MAPK pathway is activated 
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by TNF-α in muscle proteolysis, it was also shown that the 
Akt/FOXO pathway plays a potential role in muscle protein 
degradation when mediated by elevated TNF-α as a result of 
LPS-induced endotoxaemia (Crossland et al. 2008). 

Sepsis is a leading cause of death in intensive care units 
(ICU) (Annane et al. 2003, 2005). The rapid and severe loss 
of muscle proteins as a result of the inflammatory condi-
tion plays a major role in the increased mortality and mor-
bidity in septic patients. Pharmacological interventions 
targeting the cachectic agents, mainly TNF-α and other 
pro-inflammatory cytokines aiming to mediate muscle 
protein loss have equivocal results (Gould et al. 2013). 
Regular exercise appears to induce anti-inflammatory ef-
fects (Brandt and Pedersen 2010); these anti-inflammatory 
effects of exercise may offer protection against TNF-α 
induced insulin resistance (Petersen and Pedersen 2005). 
There is limited but promising evidence that early exercise 
can attenuate myopathy and muscle wasting in patients 
with sepsis (Paratz and Kayambu 2011; Coelho et al. 2013), 
however, studies on the effect of electrical muscle stimu-
lation (EMS) on muscles of septic patients have shown 
controversial results (Gervasili et al. 2009; Poulsen et al. 
2011). We have conducted this study to further explore 
the exercise preconditioning effect on muscle wasting key 
mediators prior to septic stimulus. Our hypothesis was that 
a moderate program of exercise could guard the muscles of 
mice against septic-induced wasting, through attenuation 
of main catabolic mediators.

Materials and Methods

Animal model and experimental design

Twenty-four adult male ICR mice weighing 30~32 g (Japan 
SLC, Shizuoka) were used in our study. The animals were 
housed in a temperature-controlled room at 22 ± 2°C with 
a light-dark cycle of 12 h and maintained on mice chow and 
water ad libitum. Initially, the animals were randomly as-
signed to sedentary and exercised groups (n = 12 per group). 
Body weights of animals in all groups were checked twice; 
once after the first week of exercise protocol, and once again 
prior to LPS or PBS injections. The exercised animals had an 
increase in body weight of 1.6 ± 0.5 g at the end of the exercise 
protocol. After 24 h from completing the last exercise session, 
animals in the exercised group were randomly subdivided 
into two groups: Ex+LPS group (n = 6), which received single 
injection of E. coli lipopolysaccharide (LPS; 20 mg/kg, i.p., 
serotype O111:B4, Sigma-Aldrich, Saint Louis, Missouri, 
USA), and Ex+PBS group (n  =  6), which received equal 
volume i.p. injections of phosphate-buffered saline (PBS). 
The sedentary group animals were also subdivided into two 
groups: control sedentary (Con, n = 6), and LPS sedentary 

(LPS, n = 6). Animals in the LPS group received single i.p. 
LPS injections, equal in concentration to those injected 
into the Ex+LPS group animals. This study was approved 
by the Institution of Animal Care and Use Committee and 
carried out according to Animal Experimentation Regula-
tion of Kobe University. All experiments were conducted 
in accordance with the principles of laboratory animal care 
(NIH publication No. 85-23, revised 1985).

Exercise preconditioning protocol 

Upon initial assignment of animals into sedentary or ex-
ercised groups, animals in the trained group received 3 fa-
miliarization sessions over a period of 3 days, on a rodent 
treadmill (Osaka Micro System, Osaka, Japan), with a speed 
intensity ranging between 10~15 m/min, for 30~45 min 
a day, to get accustomed to the treadmill and to the exercise 
protocol. The actual protocol consisted of running for 60 min 
a day, with an intensity of 18 m/min, six days a week, for two 
weeks. The blood lactate level in the trained group animals 
was measured from blood collected from tail vein by using 
a blood lactate test meter (Lactate Pro; Arkray, Kyoto, Japan) 
pre and post exercise. Levels of blood lactate did not change 
significantly, remaining below 2 mmol/l. 

Muscle sample preparation

All animals were euthanized with sodium pentobarbital 
24 h after final LPS or PBS injections. The gastrocnemius 
(GAS) muscle was rapidly excised and weighed, then im-
mediately flash-frozen in pre-cooled acetone to be stored at 
−80°C until the histological and immunological analyses. 

mATPase staining for fiber type differentiation and fiber 
cross-sectional area 

The mid-belly portion of frozen GAS muscle was attached 
to cryostat chuck, and transverse sections (11 μm in thick-
ness) were cut on a cryostat microtome (CM1510S, Leica 
Instruments, Heidelberg, Germany) at −20°C. The sections 
were then stained for myofibrillar adenosine triphosphatase 
(mATPase) at pH 4.45 pre-incubation to differentiate the 
muscle fibers as types I, IIA, IID, or IIB as described by 
Punkt (Punkt et al. 2004). The sections were pre-incubated 
in barbital acetate buffer (pH 4.45) for 5 min at room 
temperature. Following wash by 0.1 M barbital buffer con-
taining 0.18 M CaCl2 (pH 9.4) for 30 s, the sections were 
incubated in 0.1 M barbital buffer containing 0.18 M CaCl2 
and 4m M ATP (pH 9.4) for 45 min at room temperature. 
The sections were then washed in 1% CaCl2 and 2% CoCl2 
for 3 min, and washed by 0.01 M sodium barbital. Follow-
ing distilled water wash, the sections were visualized by 1% 
ammonium sulfide. The myosin ATPase reaction was used to 
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identify the muscle fiber type and to measure cross-sectional 
area of each type. Images were visualized with a light micro-
scope and photographed by an attached CCD camera (BX51, 
Olympus, Tokyo, Japan). Cross-sectional areas from at least 
100 muscle fibers per type were measured using the ImageJ 
software program (NIH, Bethesda, MD).

ELISA for TNF-α

A portion of approximately 25 mg of GAS muscle was ho-
mogenized in ice-cooled homogenization buffer (10 mM 
NaCl and 10 mM Tris-HCL, pH 7.4), containing a protease 
inhibitor cocktail (1:200, Sigma, MO). The homogenate was 
centrifuged at 15000 × g for 15 min at 4°C. The supernatant 
was saved, and protein concentration was determined using 
a protein assay kit (Bio-Rad Laboratories, Hercules, CA) with 
bovine serum albumin as a standard. Quantitative assess-
ment of TNF-α protein in GAS muscle was carried out using 
a  commercially available enzyme-linked immunosorbent 
assay (ELISA) kit according to manufacturer’s instruction 
(eBioscience, San Diego, CA). 

Western blotting for atrophic mediators

Total protein concentration was determined by the use of 
a protein determination kit (Bio-Rad Laboratories, Her-
cules, CA). Western blotting was conducted by loading 
20 μg of sample protein into 10–12.5% SDS-PAGE, then 
transferred into PVDF membrane. Following 1 h blocking 
in 5% skimmed milk, membranes were incubated over-
night with anti-p38, anti-phospho-p38, anti-FOXO3A, 
anti-phospho-FOXO3A, or anti-multi-ubiquitin at 4°C. 
All antibodies except mutli-ubiquitin (Enzo Life sciences, 
NY, USA) were obtained from Cell Signaling Technol-
ogy (MA, USA). PVDF membranes were then washed 
and incubated with horseradish peroxidase-conjugated 
secondary antibodies (Jackson ImmunoResearch Inc. PA, 
USA). Equal loading of proteins was confirmed by strip-
ping membranes and re-probing with anti-GAPDH anti-
body (Biochain Institute, Hayward, CA). The images were 
analyzed with the LAS-1000 (Fujifilm, Tokyo, Japan) using 
a chemiluminscent image analyzer. The digitized signals 
were quantified using the Multi-Gauge Analysis Software 
program (Fujifilm) against the relative concentration of 
GAPDH as an internal control.

Statistical analyses

The data are expressed as means ± SE. Overall differences 
were determined using a  one-way analysis of variance 
(ANOVA). When ANOVA was significant, group differ-
ences were determined using the Tukey’s post-hoc test. The 
statistically significant level was set at p < 0.05

Results

Muscle wet weight and fiber cross-sectional area

Body weight, muscle wet weight, and ratio of muscle wet 
weight to body weight are shown in Table 1. Post 24 h from 
LPS injections, the mean body weight value of LPS group 
showed a significant decrease of 12.3% from Con, and 17% 
from Ex+PBS group, while the mean body weight in Ex+LPS 
group dropped only by 2%, and 7% from Con, and Ex+PBS; 
respectively. Mean muscle wet weight value of LPS group 
showed a significant decrease of 23% from mean value of 
Con group, while both exercised groups values were sig-
nificantly higher than the LPS group. Ratios of muscle wet 
weights to body weights were significantly higher in both 
exercised groups compared to LPS. 

For fiber CSA based on fiber type (Fig. 1A), the mean val-
ues in type I fibers did not show significant differences among 
the four groups, despite the decreased mean in LPS group. 
However, mean CSAs for types IIA, IID, and IIB, showed 
significant decreases in LPS group when compared to other 
groups, except for type IID, which showed significant de-
creases from Con, and Ex+PBS, but not from Ex+LPS group. 
Changes in total fibers CSA (Fig. 1B), reflected a significant 
decrease of 22% when compared to Con, while the exercised 
groups values were significantly higher than the LPS by 23% 
and 28%, for Ex+LPS and Ex+PBS groups, respectively. The 
total fiber CSA of Ex+LPS group did not show a notable 
change from Con group, while in Ex+PBS group it increased 
only by 6% of Con group. 

Muscle TNF-α protein concentration

The expression level of TNF-α protein concentration in the 
LPS group significantly increased by 2.2-fold from Con, 1.7-
fold from Ex+LPS, and 1.8-fold from Ex+PBS group (Fig. 2). 
In contrast, there were no significant differences between the 
Con, Ex+LPS, and Ex+PBS groups. 

Table 1. Changes in body weight and gastrocnemius weight after 
LPS or PBS injection

Group
Body 

weight
(g)

Muscle wet 
weight
(mg)

Muscle weight/
Body weight

(mg/g)
Con 36.5 ± 0.9 150.5 ± 4.0 4.1 ± 0.1
LPS 32 ± 1.1* 115.2 ± 6.7* 3.6 ± 0.2
Ex+LPS 35.8 ± 0.6 154.3 ± 5.3# 4.3 ± 0.2#

Ex+PBS 38.6 ± 1.3# 165.1 ± 3.6# 4.3 ± 0.1#

Values are means ± SEM (n = 6 mice/group). * p < 0.05 vs. Con 
group; # p < 0.05 vs. LPS group. Con, control; LPS, lipopolysac-
charide; Ex, pre-exercised; PBS, phosphate-buffered saline.
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Atrophic mediator´s protein expressions

The phosphorylated p38 in LPS group showed a  signifi-
cant 3.3-fold increase from Con group, while Ex+LPS and 
Ex+PBS maintained significantly lower expression levels of 
phosphorylated p38 (Fig. 3A). However, expression levels of 
total p38 protein did not show significant changes among 

all groups (Fig. 3B). The ratio of phosphorylated p38/total 
p38 was significantly increased in LPS group compared to 
all other groups (Fig. 3C). Both exercised groups maintained 
an expression ratio similar to Con group level.

While the phosphorylated FOXO3A expression levels 
were not changed significantly in all groups (Fig. 4A), the 
total FOXO3A expression was significantly increased in 
LPS group compared to Con, Ex+LPS, Ex+PBS; by 2-fold, 
1.5-fold, and 1.8-fold, respectively (Fig. 4B). Even though 
a  decreased phospho-FOXO3A/total FOXO3A ratio was 
shown in LPS group (Fig. 4C), the ratio changes among all 
groups were not significant.

The expression level of multi-ubiquitin protein was sig-
nificantly increased in LPS group by 2-fold from Con group, 
1.6-fold from Ex+LPS group, and 1.8-fold from Ex+PBS 
group (Fig. 5A).

Discussion

In our study, a program of exercise preconditioning managed 
to preserve muscles of trained mice from wasting which 
usually occurs as a consequence of sepsis. Our data presents 
a  blunting effect of exercise preconditioning on atrophic 
mediators in cachectic conditions, such as severe sepsis, 

Figure 2. Tumor necrosis factor-alpha (TNF-α) protein concen-
tration in gastrocnemius muscle evaluated by ELISA. Values are 
means ± SEM. *, and # are significantly different from Con, and LPS 
groups, respectively, at p < 0.05. For more abbreviations, see Fig. 1.

A

C

B

Figure 1. Changes in fiber type cross-sectional area (A), and in total fibers cross-sectional area (B). Values are means ± SEM. *, and 
# are significantly different from Con, and LPS groups, respectively, at p < 0.05. C. Light microscopic images of mATPase stain of 
gastrocnemius muscle. 1, type I; 2, type IIA; 3, type IID; 4, type IIB; Con, control; CSA, cross-sectional area; LPS, lipopolysaccharide. 
Scale bar: 100 μm
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adding further evidence to the importance of exercises in 
critical illness. 

As LPS is known to rapidly induce muscle protein loss 
within 24 h (Premer et al. 2002), the 23% reduction of GAS 
muscle weight in LPS group is relevant with the study by 
Mofarrahi et al. (2012), which showed significant drops of 
muscle weight with a same dose concentration and at the 
same time of sacrifice. The exercise preconditioning program 
preserved GAS muscle weight in the Ex+LPS group, and did 
not result in significant hypertrophy in the Ex+PBS group. 
The exercise program also maintained the total fiber cross-
sectional area near control values in the Ex+LPS group, while 
the untrained LPS group showed significant decreases in all 
fiber types, except for type I fibers, which are less prone to 
sepsis-induced muscle wasting (Wang and Pessin 2013). In 
accordance with the fiber CSA results, aerobically trained 
septic rats showed significant increases in the CSA of type II 
in plantaris muscle when compared to untrained septic rats 
(Coelho et al. 2013).

Cytokines are produced locally in muscles during endo-
toxemia (Borge et al. 2009), and TNF-α is a key mediator in 
activating proteolytic pathways in response to LPS. In the 
present study, TNF-α protein concentration of GAS muscle 
in the LPS group showed a significant increase in comparison 

with other groups. This is consistent with the work of (Frost 
et al. 2002); as they showed that LPS increases TNF-α in 
GAS muscle, and that local synthesis of pro-inflammatory 
cytokines in skeletal muscle promotes muscle wasting. On 
the other hand, a lesser amount of TNF-α was obtained in the 
exercised LPS group, as contracted muscles release epineph-
rine, which in turn decreases TNF-α (Starkie et al. 2003). 
Neither anti-inflammatory cytokines (e.g., IL-10), nor serum 
TNF-α were detected in this study, as we have focused on the 
pathway involving TNF-α activation of the ubiquitin protea-
some system via p38 MAPK (Li et al. 2005), and its response 
to preconditioning exercises upon septic stimulus. However, 
this does not exclude the role of anti-inflammatory cytokines 
in mediating catabolic pathways. Many studies have shown 
that exercises have anti-inflammatory effects on body tissues 
(Petersen and Pedersen 2005). Cross-sectional studies have 
demonstrated an association between physical inactivity 
and low-grade inflammation in healthy subjects and elderly 
people (Geffken et al. 2001; Abramson and Vaccarino 2002). 
The guarding effects of exercise preconditioning shown by 
the results of TNF-α in the present study are consistent 
with the study of Starkie et al; in which TNF-α response to 
endotoxin was blunted in subjects who performed 3 h of 
ergometer cycling before receiving the endotoxin (Starkie 

Figure 3. Expression levels of phospho-p38 (A), total p38 (B) and phospho-p38/total p38 ratio (C) in the gastrocnemius muscle and 
representative Western blots. Densitometric quantifications were normalized according to GAPDH level. Values (means ± SEM) were 
calculated as the fold changes relative to the Con group. *, and # are significantly different from Con, and LPS groups, respectively, at 
p < 0.05. For abbreviations, see Fig. 1.

A

C

B
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et al. 2003). Also, it was found that exercise normalizes the 
overexpression of TNF-α in TNF-R knockout mice (Keller et 
al. 2004). Although we expected the TNF-α level in muscles 
of Ex+PBS group to be lower than Con group level, the result 
showed a concentration higher than Con group. This result 
is not uncommon as continuous physical exercise, including 

treadmill running, can be a stressful event, and can elicit an 
influx of TNF-α (Pedersen et al. 2000). 

The increased phosphorylated form of p38 and phospho-
p38/total p38 protein expression ratio was detected in the 
LPS group. Thus, the increased level of TNF-α in the inves-
tigated muscle enhanced a catabolic response of p38 protein, 

A

C

B

Figure 4. Expression levels of phospho-FoxO3A (A), total FoxO3A (B) and phospho-FoxO-3A/total FoxO-3A ratio (C) in the gastroc-
nemius muscle and representative Western blots. Densitometric quantifications were normalized according to GAPDH level. Values 
(means ± SEM) were calculated as the fold changes relative to the Con group. *, and # are significantly different from Con, and LPS 
groups, respectively, at p < 0.05. For abbreviations, see Fig. 1.

Figure 5. Expression level of multi-ubiquitin protein in the gastrocnemius muscle and representative Western blot. Densitometric quan-
tifications were normalized according to GAPDH level. Values (means ± SEM) were calculated as the fold changes relative to the Con 
group. *, and # are significantly different from Con, and LPS groups, respectively, at p < 0.05. For abbreviations, see Fig. 1.
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whereas this enhancement was attenuated in muscles of the 
Ex+LPS group, reflecting a blunting effect of exercise pre-
conditioning on such a key mediating catabolic factor. It has 
been shown in several studies that pathologic elevation of 
p38 activity favors protein degradation and muscle atrophy 
(Li et al. 2005). This response is elicited not only in case of 
sepsis, but also in other pro-catabolic conditions including 
acute quadriplegic myopathy, cast immobilization, type 2 
diabetes, and ageing (Childs et al. 2003; Koistinen et al. 2003; 
Williamson et al. 2003; Di Giovanni et al. 2004). Vichaiwong 
et al. (2009) showed that phospho-p38 level in the muscles of 
pre-exercised rats was reduced in comparison to sedentary 
rat´s level upon triggering by hydrogen peroxide. Another 
study also reported that peritoneal macrophages isolated 
from exercised mice and exposed to LPS showed reduced 
levels of TNF-α and p38 activity (Chen et al. 2010). In the 
present study, the p38 levels in pre-exercised group showed 
no significant difference from the Con group. These results 
can be explained by the nature of preconditioning program 
in terms of intensity, frequency, and duration, which did not 
elicit changes from healthy controls.

During LPS-induced endotoxemia, Akt-1 is predomi-
nantly inactivated, possibly due to elevated cytokine level 
such as TNF-α, enabling FOXO factors to up-regulate E3 
ligases (MAFbx and MuRF-1) and promote muscle protein 
degradation through the ubiquitin-proteasome pathway 
(Crossland et al. 2008). In the LPS group, total FOXO-3A 
protein level was significantly higher compared to other 
groups in the present study. This is consistent, in part, with 
the results of Smith et al. (2010).

The phospho-FOXO-3A protein level showed no sig-
nificant differences among the four groups in the present 
study. FOXO-3A is notably involved in both atrophy and 
autophagy (Zhao et al. 2007; Mammucari et al. 2008), and 
it has been shown that a decrease in phsopho-FOXO-3A/
total FOXO-3A ratio is in correlation with decreased Akt-
1 activity in muscles of septic rats (Crossland et al. 2008). 
Although Akt-1 was not investigated in the present study, 
we believe that elevated TNF-α has mediated Akt-1/FOXO 
signaling in the sedentary LPS group, and this promoted 
protein ubquitination and degradation, leading to muscle 
atrophy. The program of exercise preconditioning has man-
aged to maintain muscle homeostasis, and attenuate muscle 
atrophy in septic mice. The down-regulated levels of TNF-α, 
and p38 in the Ex+LPS group have played a direct role in 
down-regulation of multi-ubiquitin expression, which re-
sembles the conjugating part of protein degradation via the 
ubiquitin-proteasome pathway (Glickman and Ciechanover 
2002). In a study by Kavazis et al. (2014), exercise training 
protected against doxorubicin-induced myopathy in rat 
skeletal muscle, through preventing the rise of FOXO-3. 
Thus, this mechanism is consistent with our findings of the 
ability of moderate exercise training on down-regulating 

FOXO mediation of the downstream targets of the ubiquitin-
proteasome pathway. 

The results from this study demonstrate an attenuating 
effect of exercise preconditioning on muscles of septic mice 
by keeping a down-regulated level of key atrophic media-
tors, and preserving muscle homeostasis and mass. Sepsis 
and systemic inflammation may lead to multiple organ 
failure, which is associated with loss of muscle mass and/
or onset of ICU-acquired weakness syndrome (Schefold et 
al. 2010). This has urged scientists to find pharmacological 
and non-pharmacological approaches to countermeasure 
this problem. Our findings emphasize the role of early and 
proper rehabilitation planning for patients susceptible to 
undergo a cachectic condition such as sepsis. We also con-
tributed evidence that being physically active promotes the 
immune system and guards one of the body’s largest systems, 
the muscular system, against illness-induced deterioration. 
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