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Chapter 1

Background
Skeletal muscle is the most abundant tissue in the human body accounting,
for 40-45% of the total body weight. The main function of skeletal muscle is
to provide power for locomotion and to keep posture. A decrease of skeletal
muscle mass can therefore impair human movement, leading to difficulties
in performing the activities of daily living. Moreover, skeletal muscle is the
major site of metabolic activity. It accounts for a large part of glucose
disposal from the circulation (either stored as glycogen or directly oxidized)
and therefore it is a critical organ for regulating blood glucose levels.
Skeletal muscle is also the major reservoir of protein (±50% of total body
protein) and free amino-acids in the body. During periods of food deprivation
muscle is the major source of amino acids (mainly glutamine and alanine)
used for glucose production (gluconeogenesis) in the liver. During catabolic
(inflammatory) diseases, such as sepsis, cancer and severe trauma, the
decrease of muscle mass provides amino acids essential for wound healing
and synthesis of antibodies and acute phase proteins. Although this loss of
muscle protein is necessary to fight the underlying disease, an uncontrolled
decrease of muscle mass can be very detrimental to the body, because of the
essential functions of this tissue in locomotion and metabolism. In addition,
a vital function like respiration is also supported by skeletal muscle
function, making uncontrolled muscle wasting life threatening.
Muscle wasting occurs in several conditions, including sepsis, cancer,
starvation, denervation, disuse, etc. Although the trigger for muscle wasting
can be different in these conditions, muscle wasting always reflects an
imbalance between protein synthesis and protein breakdown. A net loss of
muscle protein will occur when muscle protein breakdown exceeds protein
synthesis. Thus, muscle wasting can be caused by an increased protein
breakdown, a decreased protein synthesis, or a combination of both. It has
been shown that an increased muscle protein breakdown plays a crucial role
in many conditions leading to muscle atrophy. A detailed knowledge of the
cellular mechanisms that are responsible for the increased protein
breakdown is critical to develop interventions for maintaining muscle mass
during these conditions.
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Proteolysis in conditions of muscle atrophy
Muscle proteins, like the proteins in other tissues, are constantly turning
over, meaning that they are continuously degraded and newly synthesized.
The rate of turnover varies greatly between different types of proteins. For
example, some regulatory enzymes can have half-lives as short as 15
minutes, while it may take many weeks for the myofibrillar proteins actin
and myosin to turn over once. It has become clear that the majority of
eukaryotic cell proteins are degraded by the ubiquitin-proteasome (Ub-P)
pathway. Besides the Ub-P pathway, muscle cells contain several other
proteolytic pathways to carry out the degradation of specific classes of
proteins. Lysosomal cathepsins, which mainly degrade membrane proteins
and extracellular proteins (e.g. plasma proteins and hormones), form the
most widely studied proteolytic pathway (1). Another proteolytic pathway
active in skeletal muscle is the Ca2+-dependent calpain system, of which the
exact substrates are unknown (2).
Although a continuous breakdown of muscle proteins is required to ensure a
constant protein turnover, an accelerated proteolysis is the major cause for
muscle wasting in several conditions. In animal models, an increased rate of
proteolysis has been observed in muscles atrophying as a result of sepsis (3,
4), fasting (5, 6), cancer (7, 8), denervation (6, 9) and disuse (10). In these
experiments, proteolysis was measured by monitoring the tyrosine release
from incubated muscles. In all of these catabolic states it was shown that
incubating the muscles with inhibitors of lysosomal proteases and calpains
did not significantly reduce the increased proteolysis. Depletion of ATP,
however, completely normalized or greatly reduced the increased
proteolysis. These studies suggested that an ATP-dependent, non-lysosomal
proteolytic system accounted for a large part of the increased proteolysis in
several conditions of muscle atrophy. It was only after specific inhibitors of
the proteasome (11) became available that it could be demonstrated that
most of the increased proteolysis in several catabolic states indeed occurred
through the ATP-dependent Ub-P pathway (12-14). It must be noted that
most studies in catabolic animal models use the tyrosine-release method,
which gives a measure of the overall muscle proteolysis, as tyrosine occurs
in all muscle proteins. Because the half-lives of muscle proteins vary from
~15 minutes to several weeks, proteolysis rates acquired with this method
do not necessarily reflect the actual muscle protein wasting. The reason for
this is that the rapid degradation of short-lived proteins may have a greater
P
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impact on tyrosine release (typically measured over 2-3 h) than the slower
degradation of long-lived proteins, like the very abundant myofibrillar
proteins. An important observation in this respect was that proteasome
inhibitors, but not inhibitors of other proteases, suppressed the increased 3methylhistidine (3-MH) release from incubated septic muscles (15). The
release of 3-MH reflects the breakdown of the myofibrillar proteins actin
and myosin, as this amino acid only occurs in these two proteins (3-MH is
formed by post-translational modification of histidine residues present in
actin and myosin heavy chains). Therefore, this study demonstrated a major
role for the Ub-P pathway in accelerating proteolysis of myofibrillar proteins
during muscle atrophy (15).
Although there is a universal agreement that an increased activity of the
Ub-P pathway is essential for the development of muscle atrophy, the
important observation that this pathway cannot degrade intact myofibrils
(16) suggests that other proteases have to be activated simultaneously to
release actin and myosin from the myofibrils. There is evidence that both
the calpains and caspase-3 can trigger this release of myofilaments in
conditions of muscle atrophy (17, 18). In septic rats, it was found that the
increased release of myofilaments from the myofibrils was inhibited by
dantrolene (a substance which inhibits the release of calcium from
intracellular stores) and that the gene expression of m-calpain, μ-calpain
and the muscle-specific calpain p94 was increased in the muscles of these
rats (19). Contradicting results have been obtained in muscles atrophying as
a result of insulin deficiency or uremia. In these conditions it was shown
that caspase-3, rather than calpains, accounted for the increased
disassembly of myofibrils and subsequent degradation by the Ub-P pathway
(20). At present, it is unclear whether the discrepancy in results is caused by
the differing experimental conditions, or whether calpains and caspase-3
complement each other in the disassembly of myofibrils during conditions of
muscle atrophy.

Ubiquitin-proteasome-dependent proteolysis
The Ub-P pathway is the major pathway responsible for protein breakdown
in mammalian cells (21). This rather complex pathway can be roughly
divided into two main steps. In the initial step, proteins are targeted for
degradation by the covalent attachment of a chain of ubiquitin molecules.
T
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Figure 1: Sequence of events leading to the ubiquitination and subsequent degradation of
(myofibrillar) proteins to amino acids. Firstly, ubiquitin is activated by a ubiquitin-activating
enzyme (E1) and transferred to a ubiquitin-conjugating enzyme (E2). This E2 enzyme works
together with an E3 ubiquitin protein ligase to bind a chain of ubiquitin molecules
(polyubiquitination) to the target protein. To be degraded in the Ub-P pathway myofibrillar
proteins first have to be released from the myofibrils, possibly through the action of calpains
and/or caspase-3. As a result of polyubiquitination, the target protein is recognized by the 26S
proteasome, which unfolds and degrades the protein to peptides. These peptides are then
degraded to amino acids by several other peptidases (e.g. by TPPII – tripeptidyl peptidase II).
The polyubiquitin chain is recycled to free ubiquitin by deubiquitinating enzymes (DUBs).
T

T

This process, termed ubiquitin conjugation, (or ubiquitination) is controlled
by various ubiquitinating and deubiquitinating enzymes. In the second step,
polyubiquitinated proteins are recognized and degraded by the 26S
proteasome, a large multi-catalytic protein complex. A schematic overview
of the degradation of (myofibrillar) proteins by the Ub-P pathway is given in
Figure 1.

Ubiquitin conjugation
Ubiquitin is a protein comprising 76 amino acids and is extremely conserved
in eukaryotic cells. Ubiquitin conjugation is a post-translational
modification involved in proteolysis, but is also important in several other
cellular processes, e.g. endocytosis of membrane proteins, transcriptional
regulation, DNA repair and replication (22, 23). It has been shown that
11
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proteins must be tagged by a chain of at least four ubiquitin molecules
(polyubiquitination) in order to be recognized and degraded by the 26S
proteasome (24). Although many cellular proteins are known to be
substrates of the Ub-P pathway, the signals that mark these proteins for
polyubiquitination and subsequent degradation are less well-known
(reviewed in (25)). One such recognition signal is the presence of a bulky,
hydrophobic N-terminal amino acid in the protein, leading to proteasomal
degradation of the protein in a process termed the ‘N-end rule pathway’ (26).
Phosphorylation is another important mechanism marking proteins for
polyubiquitination (25). The conjugation of ubiquitin to target proteins is a
complex process requiring action of three different classes of ubiquitinating
enzymes. Firstly, the ubiquitin-activating enzyme (E1) uses ATP to activate
and bind ubiquitin. This step renders ubiquitin active for the complete
downstream ubiquitin conjugation pathway. Secondly, the activated
ubiquitin is transferred to a ubiquitin conjugating enzyme (E2). Thirdly,
ubiquitin protein ligases (E3s) are involved in the selective recognition and
binding of protein substrates. These E3 enzymes also bind to E2 enzymes,
thereby transferring ubiquitin from the E2 enzyme to a lysine residue on
the protein substrate. A polyubiquitin chain is then formed by the binding of
additional activated ubiquitin moieties to the preceding conjugated
ubiquitin moiety. The ubiquitinating enzymes are organized in a
hierarchical fashion, permitting the selective polyubiquitination of specific
proteins. There is only one ubiquitin activating enzyme (E1), which supplies
activated ubiquitin to a family of ubiquitin conjugating enzymes (E2s),
containing approximately fifty members. Each of these E2 enzymes
interacts with a specific subset of ubiquitin protein ligases (E3s), giving the
ubiquitin-proteasome pathway its ability to very selectively target a vast
number of different proteins (27).
The ubiquitin conjugation process is also controlled by the activity of
deubiquitinating enzymes. Analogous to the E3 enzymes there are a lot of
different deubiquitinating enzymes, which are only now beginning to be
identified. Although the exact function of most deubiquitinating enzymes is
unknown at present, several putative functions of these enzymes in
proteasome-dependent proteolysis have been proposed (28). They have been
proposed to help maintain free ubiquitin levels by releasing polyubiquitin
chains from the 26S proteasome after degradation of the protein and by
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recycling ubiquitin from polyubiquitin chains. Moreover, these
enzymes may also deubiquitinate
proteins mistakenly targeted for
degra-dation.

26S Proteasome

Lid
Base
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19S

α
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β
α

20S

The binding of a polyubiquitin
chain marks proteins for degraBase
dation by the 26S proteasome, a
19S
large
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Figure 2: Schematic representation of the
complex (20S proteasome) asso26S proteasome and its subcomplexes. The
ciated with two regulatory 19S
composition of the 26S proteasome is
described in the text.
proteasome complexes (see Figure
2). The 20S proteasome has a
barrel-shaped form, consisting of a stack of four rings. Each ring is made up
of seven subunits, with the α-subunits forming the outer rings and the βsubunits forming the inner rings. The proteolytic active sites of the 20S
proteasome are located inside the cylinder on the β-subunits. The three
main proteolytic activities of the 20S proteasome are the chymotrypsin-,
trypsin- and caspase-like activities, each situated on different β-subunits
(29). These activities cleave proteins after hydrophobic, basic and acidic
amino acid residues, respectively, and hydrolyze proteins to peptides of
typically 4-25 amino acids (30). The activity of additional peptidases is
therefore required to completely degrade proteins to amino acids. By itself,
the 20S proteasome cannot degrade proteins, as they are too large to pass
the narrow opening in the α-subunits. It requires the binding of proteasome
activators to open the catalytic channel by inducing a conformational change
of the α-subunits. The most well known proteasome activator is the 19S
proteasome complex, also called proteasome activator 700 (PA700). Two of
these complexes bind to the 20S proteasome to form the 26S proteasome.
Like the 20S proteasome, the 19S proteasome is composed of at least 18
different subunits (both ATPase and non-ATPase), organized in two
subcomplexes named the base and the lid. The most important functions of
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the 19S proteasome are to recognize polyubiquitinated proteins (24) and to
unfold and translocate these proteins into the 20S proteasome (30-32).

The Ub-P pathway is regulated at different levels during
muscle atrophy
As is shown in Figure 1, the degradation of a protein substrate by the Ub-P
pathway occurs through a cascade of reactions eventually leading to
polyubiquitination and subsequent degradation of the protein by the 26S
proteasome. To gain insight into the role of the Ub-P pathway during
muscle atrophy it is important to identify the components of the pathway
that determine the rate of Ub-P dependent proteolysis. Identifying these
rate-limiting steps is complicated, for they may vary between different
catabolic conditions, and because the pathway contains numerous parallel
Ub-conjugating pathways of different E2 and E3 enzymes to target specific
muscle proteins for degradation. Despite these difficulties, the knowledge on
the regulation of the Ub-P pathway during muscle atrophy has expanded
considerably in the recent years, the most important aspects of which will be
highlighted in this paragraph.

Ubiquitin conjugation
There are several lines of evidence which suggest that the enhanced Ub-P
dependent proteolysis during muscle atrophy results from accelerated
ubiquitin conjugation to protein substrates. Firstly, there are several
studies which revealed that Ub-protein conjugates accumulate in muscles
atrophying as a result of fasting, denervation (33), sepsis (34), cancer (8),
and diabetes (35). These experiments suggest that an increased rate of Ubconjugation to muscle proteins is an important condition for muscle atrophy.
However, ensure that it indeed was an increased activation of the
ubiquitination machinery (E1, E2 and E3 enzymes) and not a compromised
degradation of these conjugates by the proteasome, causing the increased
muscle levels of Ub-protein conjugates, experiments were performed in
muscle extracts to measure the rate of conjugation of exogenous, I125labelled Ub to muscle proteins. These studies clearly showed that rates of
Ub-conjugation were increased during muscle atrophy caused by sepsis,
cancer, thyroid hormone treatment (36), diabetes (35) and burn-injury (37),
P
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suggesting that this is an important mechanism responsible for the
increased proteolysis in many conditions of muscle atrophy. However, the
exact proteins that are ubiquitinated in skeletal muscle remain to be
identified.
An important question still remained as to which specific enzymes of the
very large numbers involved in Ub-conjugation are responsible for the
activation of proteolysis during muscle atrophy. The 14 kDa E2 and E3α
enzymes were the first candidates to be implicated in the atrophy process.
These enzymes work together to ubiquitinate proteins that have bulky,
hydrophobic or basic amino acids at their N-terminus, a process termed the
N-end rule pathway (38, 39). In extracts from muscles atrophying as a
result of cancer, sepsis and diabetes it was shown that the increased Ubconjugation occurred largely through the N-end rule pathway (35, 36, 40). In
addition, increases in the skeletal muscle mRNA expression of both 14 kDa
E2 and E3α have been found in a large variety of catabolic conditions (41,
42), but attempts to correlate these mRNA levels with the levels of their
respective proteins have failed (35, 43). An important role for the N-end rule
pathway is also questioned by findings in 14 kDa E2 knock-out mice, which
show similar rates of muscle atrophy and formation of ubiquitin conjugates
as their wild-type littermates in response to starvation (44). Moreover, E3α
knockouts are viable and only display a small decrease of muscle mass
compared to their wild-type littermates (45).
In a very important study screening for markers of muscle atrophy, two
muscle-specific E3-ligases have been identified, whose expression increased
significantly in multiple models of muscle atrophy (46). These E3-ligases
have been named Muscle Ring Finger1 (MuRF1) and Muscle Atrophy F-box
(MAFbx). The MAFbx gene was simultaneously identified by another group,
who named it atrogin-1 (47). MuRF1 and atrogin-1/MAFbx are considered to
be general markers of muscle atrophy, because an increased expression of
both genes has been shown in as many as 13 distinct models of muscle
atrophy (48), including sepsis (49) and cancer cachexia (47, 50). Although no
good antibodies have been available to determine whether increased MuRF1
and atrogin-1/MAFbx expression is also present at the protein level during
muscle atrophy, strong evidence for a critical role of both genes is obtained
from MuRF1 and MAFbx knock-out mice. These mice show a 36% and 56%
sparing of muscle mass in response to denervation, respectively (46).
Therefore, it is extremely important to identify the substrates of these E3-
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ligases. It has been suggested that MuRF1 may act by targeting components
of the contractile apparatus, because it has been shown to induce
ubiquitination of troponin I in cardiomyocytes (51) and to bind to titin at the
M-line (52). Recently, MyoD (53) and calcineurin (54) have been suggested
as substrates of atrogin-1/MAFbx, but no clear link with muscle atrophy
was made in these papers. Besides identifying the substrates of MuRF1 and
atrogin-1/MAFbx, much effort has also been put in identifying the signaling
routes that are involved in increasing the expression of these genes during
muscle atrophy. However, as MuRF1-/- and MAFbx-/- mice only show a
partial rescue of muscle mass during denervation (46), it is likely that other
candidate genes (probably coding for an E3 Ub-ligase) exist, which are vital
for muscle atrophy to occur.
P

P

P
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The proteasome
The proteasome is another obvious candidate determining the increased
rates of Ub-P dependent proteolysis during conditions of muscle atrophy, as
the actual proteolysis takes place inside this protein complex. The findings
that Ub-conjugates accumulate in muscles atrophying as a result of several
catabolic conditions indicate that the breakdown of Ub-conjugated proteins
by the proteasome may be the step determining the rate of Ub-P dependent
proteolysis during muscle atrophy (42). Indeed, proteasome activities have
been shown to increase in atrophying skeletal muscle in animal models of
sepsis (55) and burn injury (56). In addition, increased proteasome activities
have been observed in skeletal muscle of gastric cancer patients (57). It is
likely that these increased proteasome activities reflect an increased activity
of the proteasome itself and not an increase in the amount of proteasomes,
because the increased muscle proteasome activities during sepsis (55) and
glucocorticoid administration (58) have been found not to be accompanied by
increased protein levels of 20S or 19S proteasome subunits. In contrast,
studies in several catabolic models, including sepsis (4) and cancer cachexia
(7, 8), have shown increased mRNA levels of 19S and 20S proteasome
subunits in atrophying muscles (41, 50, 59). Except for one study reporting
increased muscular protein levels of a proteasome subunit during cancer
cachexia (8), the expression of 19S and 20S proteasome subunits at the
protein level was either unchanged or not measured in studies on muscle
atrophy (41, 55, 58). Together, these data suggest that there are other
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mechanisms for increasing the proteolytic activity of the proteasome during
muscle atrophy conditions. The binding of proteasome activators and
inhibitors, the assembly of 20S and 19S proteasomes and post-translational
modifications (e.g. phosphorylation) of specific proteasome subunits have
been shown to be involved in the regulation of the proteolytic activity of the
26S proteasome (42). The role of these mechanisms during muscle atrophy
conditions is unknown, however.

Signals activating the Ub-P pathway during conditions
of muscle atrophy
Glucocorticoids
Circulating levels of glucocorticoids are increased in sepsis, fasting, insulindependent diabetes and several other catabolic conditions (60).
Administration of glucocorticoids to rodents leads to muscle atrophy, either
by inhibiting muscle protein synthesis (61) or by stimulating muscle protein
breakdown (34, 58, 61). By using inhibitors of specific proteolytic pathways
it was shown that the Ub-P pathway was responsible for the increased
muscle proteolysis after glucocorticoid administration (58). In this study,
stimulation of Ub-P dependent proteolysis by glucocorticoids was
substantiated by increased mRNA levels for 19S and 20S proteasome
subunits, increased Ub-conjugation rates and increased proteasome activity
(58). In addition, treating septic rats with the glucocorticoid antagonist
RU38486 inhibited the ATP-ubiquitin dependent total and myofibrillar
proteolysis, concomitant with a blunted increase of muscle Ub levels (34).
Also, it has been shown that RU38486 prevented the increased expression of
the critical E3-ligases MuRF1 and atrogin-1/MAFbx during sepsis in rats
(49). Likewise, it was shown that adrenalectomy prevented the increased
protein breakdown and activation of the Ub-P pathway during fasting (5),
insulin-dependent diabetes (62) and acidosis (63, 64). Since it was shown in
diabetic and acidotic adrenalectomized rats that giving a high (but
physiologic) dose of glucocorticoids could restore the increased proteolysis
and activation of the Ub-P pathway, it was concluded that glucocorticoids
are necessary but not sufficient to stimulate (Ub-P dependent) proteolysis
during conditions of muscle atrophy (62-64).
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Cytokines
During sepsis several proinflammatory cytokines have been shown to be
involved in the development of muscle atrophy. Cytokines are released by
activated macrophages during phagocytosis of bacteria and endotoxins and
aid in eliciting host defense responses to invading pathogens, including
fever and the production of acute phase proteins. Although the exact origin
is unknown, increased levels of circulating proinflammatory mediators are
also found in cancer patients and have been implicated in the development
of muscle atrophy (65). In rats it has been shown that repeated
administration of TNFα, IL-1 and IL-6 alone induced significant muscle
atrophy (66-69). Although these cytokines can act by decreasing rates of
protein synthesis (70), there is a significant amount of evidence showing
that muscle protein breakdown is stimulated by these cytokines (71, 72).
Moreover, it has been shown in both sepsis and cancer cachexia that the
administration of TNFα antibodies or agents which interfere with TNFα
production (xanthine derivatives) suppressed the increased skeletal muscle
proteolysis, presumably through a suppressed activation of the Ub-P
pathway (73, 74). These observations raise the question as to which are the
signals that activate the Ub-P pathway in response to the binding of these
cytokines to their cell-surface receptors. Although these signals are just
beginning to be identified, both in vitro and in vivo data implicate the
transcription factor NF-κB in stimulating the activity of the Ub-P pathway
(75, 76). NF-κB represents a family of transcription factors that mediate a
variety of cellular processes, including inflammation, apoptosis and
differentiation (77). Under normal conditions NF-κB is inactive and located
in the cytoplasm bound to its inhibitory protein IκBα. When TNFα binds to
its receptor a cascade of events is initiated resulting in the phosphorylation,
ubiquitination and degradation of the inhibitory IκBα protein by the 26S
proteasome. This allows NF-κB to enter the nucleus, where it increases the
transcription of many genes (78), including many inflammatory ones,
making NF-κB a major regulator of inflammatory mediators. Recently,
evidence is accumulating that NF-κB is also involved in regulating muscle
atrophy (79). Studies in muscle cells showed that TNFα inhibits myocyte
differentiation through activation of NF-κB, suggesting that this contributes
to muscle atrophy (80, 81). More direct evidence eminates from studies
showing that NF-κB can interfere with muscle proteolysis, presumably by
regulating the Ub-P pathway. It has been shown in muscle cells that NF-κB
18
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activation is required for the cytokine-induced loss of skeletal muscle
proteins (82, 83) and that NF-κB activation is responsible for an increase in
Ub-conjugating activity and upregulation of the Ub-conjugating E2 enzyme
UbcH2 (76). Recent in vivo evidence shows that NF-κB plays an important
role in the development of muscle atrophy by activating the Ub-P pathway
(75). In this study, NF-κB was selectively activated or inhibited in skeletal
muscle of transgenic mice. It was shown that continuous activation of NFκB caused significant muscle atrophy, partly by increasing the expression of
MuRF1 (75). Moreover, muscle atrophy was shown to be accompanied by
increased rates of Ub-P dependent proteolysis. Continuous inhibition of NFκB reduced the muscle atrophy during denervation and cancer cachexia,
lending further support for a critical role of NF-κB signaling in the
development of muscle atrophy in these models (75).

Aims & outline of this thesis
The general aim of this thesis was to get insight into the role and
functioning of the ubiquitin-proteasome pathway in muscle wasting during
sepsis and cancer.
For this purpose we aimed to characterize the time-course of muscle atrophy
and loss of muscle function in the zymosan sepsis-model in chapter 2.
Zymosan injection leads to an acute septic state, characterized by rapid
muscle wasting. This acute phase is followed by a slow recovery. Our next
aim was to study the rate at which two key steps in Ub-P dependent
proteolysis, e.g. ubiquitin-conjugation and protein degradation by the
proteasome, proceeded during the acute septic phase and subsequent
recovery (chapter 3). As there is ample data from animal experiments
suggesting that the Ub-P pathway is involved in muscle atrophy due to
several catabolic conditions, we aimed to translate these findings to the
human setting of non-small cell cancer (NSCLC) patients in chapter 6.
Substantial weight loss occurs in sixty percent of lung cancer patients and
cancer cachexia has been associated with a poor prognosis and lower
responses to chemotherapy and radiation treatment. In experimental
models of cancer cachexia, (pro)inflammatory mediators and the
transcription factor NF-κB have been implicated in the development of
muscle atrophy, at least partly by activating the Ub-P pathway. In muscle
biopsies of a group of newly diagnosed NSCLC patients we investigated
19
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whether critical steps in the Ub-P pathway were activated, and whether this
was related to levels of systemic (pro)inflammatory mediators and a
muscular activation of the transcription factor NF-κB.
Most studies on proteolysis focus on its role during catabolic periods, while
its role during periods of anabolism has not been investigated thoroughly.
For this reason, a unilateral high-resistance exercise protocol was applied to
rats in chapter 5. Similar exercise protocols have been shown to lead to
hypertrophy when applied repeatedly. In this chapter, we aimed to
investigate the acute effect of high-resistance exercise on mixed-muscle
proteolysis and on the activity of the Ub-P pathway.
The uncoupling protein-3 (UCP3) has been implicated in the process of
cachexia due to its presumed role in regulating energy expenditure.
Recently, however, it has been hypothesized that UCP3 is involved in the
modulation of mitochondrial lipotoxicity rather than in the modulation of
energy expenditure. In chapter 4, we aimed to explore this hypothesis in a
cachectic setting, for which purpose we again used the zymosan sepsis
model in rats.
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Abstract
T

We investigated the temporal effects of sepsis on muscle wasting and muscle
function in order to study the contribution of muscle wasting to the decline
in muscle function. Moreover, we studied the fiber type specificity of this
muscle wasting. Sepsis was induced by injecting rats intraperitoneally with
a zymosan suspension. At 2 hours and at 2, 6 and 11 days after injection,
muscle function was measured using in situ electrical stimulation. Zymosan
injection induced severe muscle wasting compared to pair-fed and ad
libitum fed controls. At 6 days, isometric force-generating capacity was
drastically reduced in zymosan-treated rats. We conclude that this was fully
accounted for by the reduction of muscle mass. At day 6 we also observed
increased activity of the 20S proteasome in gastrocnemius but not soleus
muscle from septic rats. In tibialis anterior but not in soleus, muscle
wasting occurred in a fiber-type specific fashion, i.e. the reduction in CSA
was significantly smaller in type 1 than in type 2A and 2B/X fibers. These
findings suggest that both the inherent function of a muscle and the muscle
fiber type distribution affect the responsiveness to catabolic signals.
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Introduction
Patients with severe sepsis frequently develop extensive muscle wasting
and weakness. This weakness may involve the respiratory muscles and can
be life threatening. Skeletal muscle wasting and a loss of muscle excitability
are the most important factors contributing to the development of muscle
weakness (1), but their relative contribution during sepsis is unclear.
In animal models, endotoxin administration elicits a rapid decrease in in
vitro force-generating capacity of both respiratory and limb striated muscles
before a significant loss of muscle mass is present (2-4). Marked reductions
(i.e. less negativity) also occur in the muscle resting membrane potential
(RMP) within 1 hour after endotoxin administration (5). These findings in
animals are consistent with the 25% reduction in RMP observed in critically
ill patients in the intensive care unit (6). A derangement in RMP affects the
excitability of the muscle. Altogether, the acute findings in endotoxin models
of critical illness (decreased RMP and no significant loss of muscle mass)
support an important role for decreased excitability in the observed muscle
weakness.
Experimentally, sepsis can also be induced by injections with zymosan, a
potent stimulator of the alternative pathway of the complement system and
of macrophages. Intraperitoneal injection with zymosan results in an acute
local inflammatory response (peritonitis). This local peritonitis triggers a
systemic response resulting in clinical sepsis, defined as the host response to
invasion of foreign micro-organisms (7, 8). In addition, a septic response can
also be triggered by non-infective stimuli, as is the case following zymosan
injection. As a result, signs traditionally associated with infection (e.g.
tachycardia, fever, increased respiratory rate, hypophagia) are also
apparent in zymosan-injected rats.
As endotoxin studies demonstrated acute changes in contractile
performance, we hypothesized that zymosan injection leads to an acute
phase of sepsis in which contractility is deranged while muscle mass is
unchanged. This acute phase is then followed by a phase in which a
reduction of muscle mass causes a further deterioration of contractile
performance. To investigate this hypothesis we measured contractile
performance (tetanic peak force, force-frequency relation) at several points
(2h, 2d, 6d, and 11d) after zymosan injection. Since zymosan injection
lowers food intake significantly, pair-fed rats were also included.
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Earlier work on muscle wasting in septic or burn-injured rats has shown a
greater increase in both total and myofibrillar protein breakdown in the
extensor digitorum longus muscle (EDL), which contains predominantly fast
glycolytic fibers (type 2A and 2B/X), than in the soleus muscle (SOL), which
contains predominantly slow oxidative, type 1 fibers (9, 10). These results
have been used to conclude that type 2 muscle fibers are more vulnerable to
wasting than type 1 fibers. Therefore, the second aim of this study was to
investigate whether the difference in susceptibility to muscle wasting
between distinct muscle fibers was also present within one muscle. To this
end we examined the individual tibialis anterior (TA) and SOL fiber crosssectional area (CSA) in relation to fiber-type at different times after
zymosan injection.
Muscle wasting during sepsis is mainly caused by increased proteolysis
through the ATP-dependent ubiquitin-proteasome system (11-13). To test
the involvement of the ubiquitin-proteasome system in zymosan-induced
muscle wasting and to test a putative fiber-type specific regulation, we
assessed the 20S proteasome activity in both the “white” gastrocnemius
lateralis muscle (GL) and the “red” SOL. In addition, we determined the
protein level of the 20S proteasome C8 subunit in the GL, SOL and TA
muscles.

Methods
Animals and experimental design
The experiments were approved by the animal experimental committee of
Maastricht University. Rats were individually housed (12h dark-light cycle,
21-22 °C and 50-60% humidity) and were allowed to acclimatize for at least
1 week prior to the experiments. In the experiments we used the zymosan
model as described by Rooyackers et al. (14), which is a modified version of
the original zymosan model (15). Ten-week-old, male Wistar rats with an
average body mass of 300 g were given an aseptic intraperitoneal injection
of zymosan (30 mg/ 100 g body mass) suspended in liquid paraffin (25
mg/ml). Prior to the experiments, a pilot experiment was performed to
determine the desired zymosan dose (2d period of acute illness, mortality ±
20%). A Yellowline homogenizer (IKA Works, Wilmington, NC) was used to
make a homogeneous zymosan suspension, after which the suspension was
sterilized by incubation at 100°C for 90 minutes. Four groups of rats (n = 10)
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were injected with the zymosan suspension. Food intake and body mass
were recorded daily. Rats were tested at 2h, 2d, 6d, and 11d after zymosan
injection. In each group, the muscle force-generating capacity was studied
using in situ electrical stimulation. After this, the TA, EDL, SOL and
gastrocnemius complex (GC) muscles of the non-exercised leg were carefully
dissected, weighed, and frozen in melting 2-methylbutane, after which the
rats were sacrificed by cervical dislocation. Muscles were frozen promptly
after dissection. Since zymosan injection affects food intake, control rats
were pair-fed to the 2, 6, and 11 d zymosan rats. An ad libitum fed control
group, which was sacrificed at day 11, was also included.

Isometric torque measurements
Muscle function data were obtained by inducing isometric contractions of
the dorsiflexor muscles while recording muscle torque (which is proportional
to force). An illustrated description of the experimental arrangement can be
found in Drost et al (16).
Rats were anaesthetized using a subcutaneous injection of ketamine (100
mg/kg body mass) and xylazine (10 mg/kg). A small longitudinal incision
was made about 2 mm dorsal of the head of the fibula to expose the peroneal
nerve. A bipolar, platinum hook electrode was carefully attached to the
nerve to allow for electrical stimulation of the dorsiflexor muscles with the
pulse generator. The rats were placed on the platform in a sideways position
and their left foot was fixed tightly to the footplate. Hip fixation was
achieved with a tail fixation unit. The footplate was fixed at an ankle angle
of 90°, which corresponds to the optimal muscle fiber length (16).
Supramaximal stimulation was defined as the current at which an
increment in current was no longer paralleled by an increment in torque
(typically ~ 1.0 mA). The stimulation protocol consisted of the following
series of consecutive 400 ms pulse trains (pulse duration 0.5 ms, interval 15
s) at different stimulation frequencies: 1, 15, 40, 67, 100, 125, and 167 Hz.

Fiber cross-sectional area quantitation
Frozen TA and SOL tissue was cryosectioned at –20°C using a cryostat
(CM3050, Leica, Nussloch, Germany) and cut midbelly, perpendicular to the
muscle fiber axis. Transverse muscle sections (4 μm) were cut and thaw-
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mounted on uncoated glass slides. The sections were air-dried for 2 h at
room temperature and stored at –80°C until further analysis. Before
staining, the sections were thawed and air-dried for 30 min at room
temperature. Sections were pre-incubated for 5 min in 0.5% Triton X100/PBS, followed by 5 min in phospate-buffered saline (PBS). After each of
the following steps the sections were washed 3 times for 5 min in PBS.
Sections were incubated for 1 h at room temperature with a mix of a rabbit
polyclonal laminin antibody (1:100; Sigma, Zwijndrecht, The Netherlands), a
mouse monoclonal myosin heavy chain (MHC) type 1 antibody (A4.840,
Developmental Studies Hybridoma Bank; IgM subtype; 1:25) and a
monoclonal MHC type 2A antibody (N2.261, Developmental Studies
Hybridoma Bank; IgG subtype; 1:25), diluted in PBS. Subsequently, sections
were incubated for 1 h at room temperature with a mix of an Alexa350conjugated goat anti-rabbit Ig (GARIgG-Alexa350; 1:130; Molecular Probes,
Invitrogen, Breda, The Netherlands), an Alexa555-conjugated goat antimouse IgM (GAMIgM-Alexa 555; 1:400; Molecular Probes) and a fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG (GAMIgGFITC; 1:80;
Southern Biotechnology Associates, Birmingham, AL) antibody, diluted in
PBS. Thereafter, sections were covered with a coverslip using Mowiol
(Hoechst, Frankfurt, Germany).
All sections were examined using a Nikon E800 fluorescence microscope
(Uvikon, Bunnik, The Netherlands). Digitally captured images were
processed and analysed using Lucia 4.8 software (Nikon, Düsseldorf,
Germany). Since we aimed to examine fiber-type specific muscle wasting,
images were captured from the mixed fiber-type portion of TA and from

Figure 2: Representation of a TA muscle at the level of transverse sectioning.
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SOL. The mixed fiber-type portion of TA is the most dorsal part of the
muscle (17) (Figure 1). At least 100 muscle fibers were examined per muscle
using laminin (a basement membrane protein) as a marker for cell
boundary. Hereafter, the fiber CSA and MHC1 and 2A abundance were
quantitated for each fiber. Fibers were classified as MHC type 1, 2A or 2B/X,
based on their MHC (1/2A) content. Since at day 6 the greatest reduction in
muscle mass was present in the zymosan group, muscle fiber-type specific
wasting was analyzed at this time-point.

Isolation of 20S proteasomes and measurement of proteolytic activity
The 20S proteasome proteolytic activity was measured in the control rats,
the 6-d zymosan rats and the 6-d pair-fed rats. Measurements were
performed on both GL (predominantly fast-twitch fibers; n=8-10 per group)
and SOL (predominantly slow-twitch fibers). Soleus muscles (n=8-10) were
pooled in order to get a sufficient yield of muscle to perform the assay. To
isolate the 20S proteasomes, muscles were homogenized in 10 vol of ice-cold
buffer (pH 7.5), containing 50 mM Tris, 5 mM MgCl2, 250 mM sucrose and
protease inhibitors (10 μg/ml antipain, aprotinin, leupeptin and pepstatin A,
1 mM DTT and 0.2 mM PMSF) using a Yellow line homogenizer (IKA
Works, Wilmington, NC). The proteasomes were isolated essentially
according to Dahlmann et al. (18) and Hobler et al. (19). Adding MG132 to
the reaction resulted in complete inhibition of the proteasome proteolytic
activity, indicating succesful isolation of proteasomes without the presence
of significant amounts of other proteases.
The proteolytic activity of the 20S proteasomes was determined
fluorometrically by measuring the activity against the fluorogenic
substrates succinyl-leu-leu-val-tyr-7-amido-4-methylcoumarin (Suc-LLVYAMC; SIGMA) and t-butoxycarbonyl-leu-arg-arg-7-amido-4-methylcoumarin
(Boc-LRR-AMC; Affiniti Research Products, Exeter, UK). These substrates
are preferentially hydrolyzed by the chymotrypsin-like and trypsin-like
activities of the 20S proteasome, respectively.
B

B

Measurement of 20S proteasome C8 subunit protein levels
Protein levels of the 20S proteasome C8 subunit were determined in both
the proteasome preparations of GL and SOL, and in soluble protein
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fractions of TA. Measurements were performed in the control, 6-d zymosan
and 6-d pair-fed rats.
For the preparation of the soluble protein fraction, TA muscles were
homogenized in 4 ml ice-cold buffer (pH 7.5), containing 50 mM Tris, 1 mM
EDTA, 1 mM DTT, 1 mM PMSF, 10 μg/ml pepstatin A and 10 μg/ml
leupeptin, using a Yellow line homogenizer (IKA Works). Homogenates were
centrifuged at 10,000 g, 4 °C for 10 min and the resulting supernatants were
centrifuged at 100,000 g, 4 °C for 1h. The supernatants contain the soluble
proteins. The protein concentration of the soluble protein fraction was
determined using the Bio-Rad protein assay.
Both the proteasome and soluble protein fractions (20 μg) were subjected to
routine Western blotting using 12% SDS-polyacrylamide gels and an
antibody against the 20S proteasome subunit C8 (MCP72; mouse
monoclonal; 1:10,000; Affiniti). Chemiluminescence was performed using a
Super Signal West Dura extended kit (Pierce, Rockford, IL) and the blots
were exposed to Hyperfilm ECL (Amersham Biosciences, Roosendaal, The
Netherlands). Protein bands were quantified using densitometry.

Statistics
Results are presented as means ± SEM. The zymosan, pair-fed, and control
group data were compared using ANOVA. Differences were located using
the Scheffé post-hoc test. Significance was set at P < 0.05.

Results
Body and muscle mass
Zymosan injection induced an acute peritonitis, with symptoms of severe
illness being present in all rats during the first 2 days after injection.
Symptoms included lethargy, hypophagia, hyperventilation, tachycardia,
fever, diarrhea and loss of hemorrhagic fluid from the nose. There was a
mortality of 20% in this acute phase. Zymosan injection significantly
reduced food intake from ~20 g/day to an average of 1 g/day on day 1 and 2,
after which it gradually increased to 75% of normal intake on day 8 (Figure
2A), and then remained constant. Both the zymosan and pair-fed groups
showed a large loss of body mass (Figure 2B). Both groups of rats started to
regain body mass between days 5 and 11. There were no significant
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Figure 2: (A) Food intake of zymosan-treated and ad libitum fed control rats. (B) Cumulative
change in body mass of zymosan treated, pair-fed control and ad libitum fed control rats.
* P<0.05 vs. ad libitum fed control rats, † P<0.05 vs. pair-fed controls.

differences in body mass between the zymosan and the pair-fed group. No
catch-up growth was observed in either group.
Muscle mass of the main dorsiflexor (TA) and plantarflexor (GC) muscles
are shown in Table 1. TA muscle mass significantly declined (compared to
pair-fed and ad libitum fed controls) as soon as 2 days after zymosan
injection and up to 66 ± 2.6 % of control values at day 6. The pair-fed group
showed a similar but less pronounced response. On day 11, TA muscle mass
started to regain in both groups. The observation that on day 11 TA muscle
mass was still considerably lower than in controls corresponds with the
absence of catch-up growth on day 11. In both groups GC muscle mass
follows the same pattern of wasting (and recovery) as the TA muscle.
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Table 1: Initial body mass and lower hindlimb muscle mass in the different experimental
groups.
Initial body mass (g)
control
262 ± 1.2
zymosan
305 ± 3.5*
zymosan
313 ± 11.8*
pair-fed
320 ± 6.1*
6d
zymosan
306 ± 6.5*
pair-fed
295 ± 4.1*
304 ± 5.3
11 d zymosan
pair-fed
301 ± 5.1
* P<0.05 vs. ad libitum fed control rats
† P<0.05 vs. pair-fed rats.
2h
2d

TA muscle mass (mg)
610 ± 9.1
617 ± 19
518 ± 22*†
604 ± 14
444 ± 15*†
545 ± 11*
522 ± 23*†
611 ± 12

GC muscle mass (mg)
1952 ± 27
1891 ± 33
1644 ± 80*†
1961 ± 32
1441 ± 60*†
1736 ± 25*
1680 ± 86*†
1929 ± 55

Contractility
In the experimental groups, dorsiflexor muscle function was determined by
measuring the maximal isometric torque during a tetanic contraction
(tetanic peak force). Maximal isometric torques (stimulation frequency, 167
Hz) are shown in Table 2, where torques are presented both as absolute
values and as values normalized on muscle mass, i.e., maximal torques over
the sum of TA and EDL muscle mass (g). Until day 6, significant differences
in torque between the control, pair-fed, and zymosan groups were absent.
On day 6, zymosan rats showed a marked reduction in torque compared to
the pair-fed and control rats (Figure 3A). On day 11 the torque generated by
the zymosan rats gradually recovered, but still was significantly lower than
in the pair-fed and control rats.
Normalization on muscle mass abolished all differences in maximal torque
between the experimental groups (Table 2). At all timepoints, tetanic
(Figure 3B) as well as submaximal stimulation frequencies (data not shown)
resulted in similar torque traces between the groups.

Muscle wasting and fiber type
Figure 4 shows immunofluorescent stainings of TA and SOL from all
groups, sampled at day 6, with corresponding CSAs shown in Table 3. CSAs
for the zymosan and pair-fed groups are expressed as relative differences
from control values. The reduction in TA fiber CSA was most pronounced
following zymosan (31% reduction) and was almost completely accounted for
by the reduced CSA in the type 2A and 2B fibers. This fiber-type specific
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Table 2: Maximal and normalized isometric torques in the different experimental groups.
Normalized Torque
(Nmm∙g muscle-1)
56.3 ± 1.8
55.0 ± 0.9
60.3 ± 2.3
57.5 ± 2.2
55.4 ± 2.7
56.1 ± 2.0
57.1 ± 2.1
58.4 ± 0.9

Torque (N∙mm)

P

control
43.4 ± 1.7
2h
zymosan
42.4 ± 1.1
2d
zymosan
39.3 ± 2.7
2d
pair-fed
43.7 ± 2.2
6d
zymosan
32.4 ± 1.8*†
6d
pair-fed
38.9 ± 1.2
11 d
zymosan
37.5 ± 1.6*†
11 d
pair-fed
44.8 ± 1.7
* P<0.05 vs. ad libitum fed control rats
† P<0.05 vs. pair-fed controls.
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Figure 3: (A) Maximal isometric torques and (B) normalized isometric torques at day 6 using
a stimulation frequency of 167 Hz in the zymosan (n=7), pair-fed (n=7) and ad libitum fed
control (n=8) groups.
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wasting effect was absent in the pair-fed group. In the SOL muscle, the
reduction in CSA was less prominent than in the TA muscle. Importantly, in
SOL the reduction in CSA in both the zymosan and pair-fed groups did not
occur in a fiber-type specific fashion.

20S proteasome activity and protein level
Figures 5A and 5B show a nearly twofold increase in the 20S proteasome
chymotrypsin-like and trypsin-like activities in GL from the 6-d zymosan
group compared to pair-fed and control GL muscles. Such an effect was not
present in SOL, which supports a fiber-type specific regulation of
proteasome activity by zymosan. Protein levels of the 20S proteasome C8
subunit in proteasome preparations of the GL were similar in all groups,
indicating that increased specific activity of the proteasome and not an
increase in 20S protein content is responsible for the observed differences.
In line with this, C8 subunit protein levels in soluble fractions of the TA
muscle were similar in all groups (Figure 6A).
Table 3: Relative reduction of TA and SOL muscle fiber CSA at day 6.

TA 6 d

control
zymosan
pair-fed

Type 1 fiber
CSA
901 ± 37 μm2
21 ± 1.9 %A,B
14 ± 4.1 %
P

P

P

Type 2A fiber
CSA
1138 ± 78 μm2
34 ± 3.5 %
27 ± 4.6 %
P

P

P

Type 2B/X
fiber CSA
1898 ± 97 μm2
34 ± 4.7 %†
14 ± 7.1 %
P

P

Mean fiber
CSA
1469 ± 70 μm2
31 ± 4.2 %†
14 ± 5.6 %
P

P

control
2010 ± 97 μm2
2548 ± 90 μm2
2445 ± 93 μm2
SOL 6 d
zymosan 22 ± 4.0 %
28 ± 4.8 %†
22 ± 3.8 %
pair-fed
13 ± 3.7 %
3.4 ± 4.7 %
12 ± 4.1 %
Zymosan and pair-fed control values are presented as % reduction compared to control
fibers. As a reference, control values are presented as absolute values.
A P<0.05 vs. type 2A fibers
B P<0.05 vs. type 2B/X fibers
† P<0.05 vs. pair-fed controls
P

P

P

P

P

P

P

P

P

P

Discussion
In the present study, zymosan injection induced massive muscle wasting,
with the most prominent loss of mass at 6 days after injection in the TA and
GC. At all time points, muscle wasting was more severe in the zymosan
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than in the pair-fed group, indicating that food restriction only partially
explains the sepsis-induced wasting.
At 2 h and 2 d, maximal isometric torque was similar in all groups. From
this we conclude that zymosan injection does not lead to an acute
deterioration of muscle function. This observation is in contrast with studies
in endotoxin models reporting an acute endotoxin- induced decrease of
maximum force upon in vitro electrical stimulation of chemically skinned
muscle fibers or muscle strips (2-4, 20, 21). Increased production of oxygenderived free radicals was proposed to cause alterations in the muscle
contractile properties, but the precise mechanism has not been elucidated.
In addition, a reduced RMP has been linked to a decline in contractile
performance, as it was shown in dogs that endotoxins lower the muscle RMP
within several hours after administration (5). In an in vitro study with
healthy rat muscles, adding TNFα to the incubation medium indeed lowered
the RMP, hence affecting muscle contractility (22). In vivo, however, we
failed to identify any signs pointing towards an alteration of the RMP.
There were no differences in time to peak-force across all conditions, and
muscles responded similarly to the different stimulation frequencies
applied.
Six days after zymosan administration, dorsiflexor muscle torque was
decreased in the zymosan and pair-fed rats, with a significantly greater
effect in the zymosan group. Normalization of torques on muscle mass
indicated that the decrease in muscle torque in both the zymosan and pairfed rats is accounted for by the loss of muscle mass. The same is true for the
11-d groups. Eleven days after injection, zymosan rats still generated lower
torques than pair-fed controls, but this effect again disappeared after
normalization. The discrepancy of these findings with those of an earlier
study from our laboratory (23), in which plantarflexor muscle function was
studied in the zymosan model, is not clear. A significant decline of muscle
function was reported 6 d after zymosan injection, of which only a small part
could be explained by a loss of muscle mass. In that study (23) the mortality
rate, food intake, body mass, and muscle mass showed a similar response to
zymosan as in our study. At present, we cannot exclude the possibility that
the difference in muscle group studied accounts for the discrepancy. We feel,
however, that other, as of yet unidentified factors may account for the
conflicting results. It should also be noted that this is a short-term model
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Figure 4: Staining of laminin (blue), MHC type 1 (red) and MHC type 2A (green) in samples of
TA (left panels) and SOL (right panels) taken at day 6. Control sections are shown in A and D,
zymosan-treated rats in B and E, and pair-fed controls in C and F. Non-stained fibers in the TA
sections were classified as type 2B/X.

and that exposure to sepsis for longer than 11 days may result in
neuropathy and concomitant alterations in excitability.
Muscle wasting during sepsis is mainly caused by an increased ubiquitinproteasome dependent proteolysis. Both human and animal studies
provided considerable evidence that sepsis results in an endogenous
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increase in glucocorticoids, which is (partly) responsible for the activation of
the ubiquitin-proteasome pathway (24-27), where proteins are targeted for
degradation by covalent attachment of a chain of ubiquitin molecules
(ubiquitin conjugation), with subsequent recognition and degradation by the
26S proteasome, a large multi-catalytic protein complex. The central core of
this complex is referred to as the 20S proteasome and contains the actual
proteolytic activity. Many components of this pathway have been implicated
in its activation during sepsis, including increased ubiquitin conjugation
rates, increased levels of mRNAs encoding for multiple components of the
system (e.g., ubiquitin, 14 kDa-E2 and 19S and 20S subunits) and increased
proteasome activity (11, 13, 19, 24, 28). Our finding of an increased 20S
proteasome activity in GL 6 days after zymosan treatment supports a role
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Figure 5: Chymotrypsin-like (CtL) proteasome activity and trypsin-like (TL) proteasome
activity in 20S proteasome preparations from GL (A and B) and SOL (C and D). Activities
against Suc-LLVY-AMC (chymotrypsin-like) and Boc-LRR-AMC (trypsin-like) are presented as
pmol of AMC/μg protein/min. Values are presented for the control group (open bar), 6d zymosan
group (black bars) and 6d pair-fed group (grey bars). Data on the soleus activities are based on
pooled muscles (8-10 muscles per pool).
* P<0.05 vs. ad libitum fed control rats, † P<0.05 vs. pair-fed controls.
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for the ubiquitin-proteasome system in the muscle wasting induced by
zymosan. Because 20S proteasome subunit C8 protein levels are unchanged,
it is highly likely that it is the specific activity of the 20S proteasome that is
upregulated by zymosan.
The CSA of fibers from the mixed fiber-type portion of TA and from SOL
was examined after classification of fibers as either MHC1, 2A, or 2B/X.
Muscle samples from the 6-d experimental groups were analyzed, because
the largest reduction of muscle mass was present at this time. These data
show that muscle wasting during sepsis occurs in a fiber-type specific
fashion in TA but not in SOL. Our finding of a differential regulation of 20S
proteasome activity supports this fiber-type specific effect of zymosan. Six
days after zymosan injection, 20S proteasome activity was significantly
increased in GL (predominantly fast-twitch fibers), whereas no changes
were found in SOL (predominantly slow-twitch fibers). Slow-twitch muscles
indeed have been reported to be more resistant to wasting induced by sepsis
(9, 10, 29-32) or fasting (33, 34) than fast-twitch muscles. Most of these
observations point to differential regulation of proteolysis during sepsis,
although there is also evidence for differentially regulated protein synthesis.
It was shown that sepsis (9, 31) and burn injury (10, 32) stimulated total
and myofibrillar protein breakdown to a greater extent in muscles primarily
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Figure 6: (A) 20S proteasome C8 subunit protein levels determined in soluble protein fractions
of the TA of control (n=10), 6 d zymosan (n=8) and 6 d pair-fed (n=8) rats. (B) Representative
20S proteasome C8 subunit immunoblots from proteasome preparations of the GL and SOL. No
statistical significant differences were detected.
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composed of fast-twitch fibers (EDL) than slow-twitch fibers (SOL). Reverse
observations were made for protein synthesis, showing that sepsis caused a
greater inhibition of protein synthesis in fast glycolytic muscles than in slow
oxidative muscles (29). This was attributed to a reduced translational
efficiency in fast muscles (29, 30). A difference in the sensitivity to
glucocorticoids between “red” and “white” muscles has also been suggested
as a mechanism for the differential regulation of muscle protein turnover, as
dexamethasone (a glucocorticoid) stimulated proteolysis to a greater extent
in fast-twitch than in slow-twitch muscle (35).
In contrast with sepsis, unloading results in a greater muscle wasting in the
slow SOL, compared to the faster EDL and GC (36, 37). The fact that the
anti-gravity SOL responds to a greater extent to unloading suggests that
the function of a muscle greatly influences the wasting response to a
catabolic stimulus. In addition to previous reports, we show a fiber-type
specific response to a catabolic condition even within one muscle. This
demonstrates that, besides muscle function, muscle fiber-type is an
important factor that should be taken into account when studying muscle
protein metabolism.
In conclusion, this study shows that zymosan injection has no acute effects
on muscle contractile performance. At six days after injection a pronounced
decline in muscle force-generating capacity is present, which is totally
accounted for by loss of muscle mass. The increased activity of the 20S
proteasome at this time point parallels the loss of muscle mass. Finally, our
results show that in the TA muscle, sepsis-induced muscle wasting is more
pronounced in both type 2A and type 2B/X MHC fibers than in type 1 MHC
fibers. This fiber-type specific wasting effect is not present in the soleus
muscle, nor did we observe increased activity of the 20S proteasome in the
soleus muscle.
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Abstract
We studied the role of the ubiquitin-proteasome system in rat skeletal
muscle during sepsis and subsequent recovery. Sepsis was induced with
intraperitoneal zymosan injections. This model allows one to study a
sustained and reversible catabolic phase, and mimics the events that prevail
in septic and subsequently recovering patients. In addition, the role of the
ubiquitin-proteasome system during muscle recovery is poorly documented.
There was a trend for increased ubiquitin-conjugate formation in the muscle
wasting phase, which was abolished during the recovery phase. The trypsinand chymotrypsin-like peptidase activities of the 20S proteasome peaked at
day 6 following zymosan injection (i.e. when both muscle mass and muscle
fiber cross-sectional area were reduced the most), but remained elevated
when muscle mass and muscle fiber cross sectional area were recovering
(11d). This clearly suggests a role for the ubiquitin-proteasome pathway in
the muscle remodeling and/or recovery process. Protein levels of 19S
complex and 20S proteasome subunits did not increase throughout the
study, pointing to alternative mechanisms regulating proteasome activities.
Overall these data support a role for ubiquitin-proteasome dependent
proteolysis in the zymosan septic model, in both the catabolic and muscle
recovery phases.
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Introduction
In many catabolic conditions exhibiting extensive muscle wasting (e.g.
starvation, cancer, sepsis, renal failure, etc.) increased proteolysis occurs
largely through the ubiquitin-proteasome (Ub-P) pathway (1, 2). This ATPdependent proteolytic pathway can be divided into two major steps. In the
first step, proteins are targeted for degradation by covalent attachment of a
polyubiquitin chain (ubiquitin conjugation). Ubiquitin conjugation is
achieved by the combined action of the Ub-activating enzyme (E1), Ubconjugating enzymes (E2), and Ub-ligases (E3) (3). In the second step,
ubiquitinated proteins are recognized and degraded by the 26S proteasome,
a large multi-catalytic protein complex, which comprises two 19S regulatory
complexes and a 20S proteolytic core. Multiple catabolic conditions, such as
sepsis, cancer and diabetes, are typified by activation of a series of Ub-P
related events, like increased ubiquitin conjugation rates (4, 5), increased
levels of mRNA encoding for key components of the system (1, 6, 7) and
increased proteasome activity (8, 9).
Acute models of sepsis like cecal ligation and puncture (CLP) and endotoxin
injections, commonly used to induce experimental sepsis in animals, result
either in premature death or in a very transient catabolic state. As a
consequence, most of the information on the regulation of the Ub-P system
during sepsis applies only to the acute phase. Therefore, it is not possible to
investigate the period of recovery following acute sepsis. Intraperitoneal
zymosan injections have been used in rats to investigate the effects of an
acute sepsis followed by a recovery period that includes a restoration of food
intake and muscle mass (10). As the muscle atrophy in this model is more
sustained and reversible, this model better resembles the events that
prevail in septic and subsequently recovering patients than the CLP and
endotoxin models. Zymosan is a potent stimulator of the alternative
pathway of the complement system and of macrophages. Intraperitoneal
injections with zymosan result in an acute local inflammatory response
(peritonitis), triggering a systemic response resulting in clinical sepsis.
Zymosan injection results in acute sepsis followed by a prolonged recovery.
Signs of catabolism (reduction of body and muscle mass) are present until 6
days after zymosan injection. For a full comprehension of the role of the UbP pathway during acute sepsis-induced atrophy and subsequent muscle
mass recovery, it is of importance to study the time-course of the Ub-P
pathway response. Therefore, the aim of this study was to measure changes
49

Chapter 3
in protein content of key components of the Ub-P pathway, ubiquitinconjugate formation and proteasome activities both during the acute
wasting phase of sepsis and the subsequent recovery period.
It was anticipated that increased formation of ubiquitin-conjugates,
increased (specific) proteasome activity and increased protein levels of the
19S and 20S proteasome subunits would be most prominent in the period of
rapid muscle wasting in the first days after zymosan injection and would
return to control levels in the period of muscle mass recovery. Comparisons
were made with pair-fed control rats to discriminate between the effects of
sepsis on the one hand and of reduced food-intake on the other hand.

Materials and Methods
Animals and experimental design
The experiments were approved by the institutional animal experimental
committee. Rats were individually housed (12h dark-light cycle, 21-22 °C
and 50-60% humidity). Zymosan was used according to Rooyackers et al.
(10). In the present chapter, the same rats were used as in chapter 2. Tenweek-old, male Wistar rats with a body mass of 300 ± 24 g were randomly
assigned to a zymosan-injected, a pair-fed or an ad libitum fed control
group. Rats assigned to the zymosan group were given an aseptic
intraperitoneal injection of zymosan (30 mg/ 100 g body mass,
homogeneously suspended in liquid paraffin (25 mg/ml)), based on pilot
studies with a mortality rate of approximately 20%. Pilot experiments
testing the effect of an i.p. injection with sterile paraffin did not show any
effect on food intake and body weight during an 11-day follow-up. We
interpreted this as the absence of a ‘vehicle’ effect. Four groups of rats (n =
10) were injected with a zymosan suspension. Food intake and body mass
were recorded daily. At 2h, 2d, 6d and 11d after zymosan injection rats were
anaesthetized using a subcutaneous injection of ketamine (100 mg/kg body
mass) and xylazine (10 mg/kg) and the main dorsal and plantar flexor
muscles of the hindlimb (tibialis anterior (TA) and gastrocnemius,
respectively) were carefully dissected, weighed (wet weight) and frozen in
melting 2-methylbutane, after which rats were sacrificed by cervical
dislocation. Since zymosan injection affects food intake, control rats were
pair-fed to the 2, 6 and 11d zymosan rats. An ad libitum fed control group,
which was sacrificed at day 11, was also included.
50

Ub-P pathway during sepsis
Muscle fiber cross-sectional area quantitation
The mean TA muscle fiber cross-sectional area (CSA) was determined as
described recently (11). Briefly, transverse muscle sections were cut and
incubated with a rabbit polyclonal laminin antibody (Sigma, Zwijndrecht,
The Netherlands), followed by incubation with an Alexa350-conjugated goat
antirabbit Ig antibody (Molecular Probes, Invitrogen, Breda, The
Netherlands). Muscle fiber CSA was quantitated using a fluorescence
microscope (Uvikon, Bunnik, The Netherlands) and Lucia 4.8 software
(Nikon, Düsseldorf, Germany) using the laminin signal as a marker for cell
boundary.

Western blot analysis
Individual tibialis anterior muscles were homogenized in 4 ml ice-cold buffer
(pH 7.5), containing 50 mM Tris, 1mM EDTA, 1 mM DTT, 1 mM PMSF, 10
μg/ml pepstatin A and 10 μg/ml leupeptin. Homogenates were centrifuged at
10,000 x g, 4 °C for 10 min. and the resulting supernatants were centrifuged
at 100,000 x g, 4 °C for 1h. The soluble protein concentration was
determined in the supernatant using the Bio-Rad protein assay. Soluble
proteins (20 μg) were subjected to routine Western blotting using 12%
polyacrylamide SDS-gels and antibodies against the 14 kDa-E2 (polyclonal
rabbit antibody; 1:5,000), the 19S complex subunit S6a (TBP1-19;
monoclonal mouse antibody; 1:10,000; Affiniti Research Products, Exeter,
UK) and the 20S proteasome subunit C8 (MCP72; mouse monoclonal;
1:10,000; Affiniti). After washing, blots were incubated with either a
horseradish peroxidase-conjugated swine anti-rabbit Ig (SwARPO, DAKO,
Glostrup, Denmark) or a horseradish peroxidase-conjugated rabbit antimouse Ig (DAKO), both diluted 1:10,000. Chemiluminescence was performed
using a Super Signal West Dura extended kit (Pierce, Rockford, IL) and the
blots were exposed to CL-Xposure Film (Pierce). Protein bands were
quantified using optical densitometry.

Ubiquitin-conjugate formation
Soluble proteins were prepared from individual TA muscles as described in
the Western blot section, after which they were pooled (n=10 per group). The
ubiquitin conjugate formation was determined by incubating 50 μg of
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soluble proteins for 1h at 37 °C with 5 μM [125I]-labelled ubiquitin (specific
activity ~3000 c.p.m. pmol-1), 50 mM Tris-HCl (pH7.5), 1 mM DTT, 2 mM
MgCl2 and 2 mM AMP-PNP, in a total volume of 20 μl. The reactions were
stopped by adding 1x sample buffer according to Laemmli (12) (62.5 mM
Tris-HCl (pH 6.8), 5% β-mercaptoethanol, 2% SDS, 0.1% bromophenol blue
and 10% glycerol). It has been shown that conjugation rates are linear for
these 60 minutes and that exogenous labelled ubiquitin was present in
significant excess of any endogenous ubiquitin (i.e. addition of higher
amounts of labelled ubiquitin did not increase rates of ubiquitin
conjugation) (13). After stopping the reaction, the ubiquitin-conjugated
proteins were separated from free ubiquitin by electrophoresis on 12%
polyacrylamide SDS-gels. Subsequently, gels were dried and exposed to
Hyperfilm MP (Amersham Biosciences, Roosendaal, The Netherlands). The
film was scanned and both the high molecular weight conjugate band and
the 70 kDa ubiquitin-conjugate band were quantified by optical
densitometry.
P

B

P

B

Isolation of 20S proteasomes and measurement of peptidase activities
In all groups the 20S proteasome activities were determined in the
gastrocnemius lateralis muscle, essentially according to Hobler et al. (8).
Briefly, muscles were homogenized and proteasomes were isolated by
sequential (ultra)centrifugation steps. Proteasome fractionation yielded
similar amounts of protein (determined with the Bio-Rad protein assay)
across the different experimental groups. The peptidase activities of the 20S
proteasome were determined fluorometrically by measuring the hydrolysis
of the fluorogenic substrates Succinyl-Leu-Leu-Val-Tyr-7-amido-4methylcoumarin (Suc-LLVY-AMC, Sigma) and t-Butoxycarbonyl-Leu-ArgArg-7-amido-4-methylcoumarin (Boc-LRR-AMC, Affiniti). These substrates
are preferentially hydrolyzed by the chymotrypsin-like and trypsin-like
activities of the 20S proteasome, respectively. Standard curves were
established for AMC, which permitted the expression of the proteasome
activity as pmol AMC ∙ μg protein-1 ∙ min-1. Adding the proteasome inhibitor
MG132 to the reaction resulted in complete inhibition of the proteasome
peptidase activities.
P
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Statistics
Results are presented as means ± SEM. To study the effects of zymosan
injection and pair-feeding on the measured parameters in time a one-way
ANOVA was performed using ad libitum fed control data as t=0 data.
Differences were located using the Scheffé post-hoc test. Two-way ANOVA
was performed to examine the interaction between intervention (zymosan
treatment or pair-feeding) and time. Significance was set at P < 0.05.
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Figure 1: (A) Food intake of zymosan-treated and ad libitum fed control rats. (B) Cumulative
change in body mass of zymosan treated, pair-fed control and ad libitum fed control rats.
* P<0.05 vs. ad libitum fed control rats, † P<0.05 vs. pair-fed controls.
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Results
Characterization of the zymosan model
Zymosan injection induced an acute peritonitis, with symptoms of severe
illness being present in all rats during the first 2 days after injection.
Symptoms included lethargy, hypophagia, hyperventilation, tachycardia,
fever, diarrhea and loss of hemorrhagic fluid from the nose. As anticipated,
zymosan injection resulted in 20% mortality. Figure 1A shows a reduction in
food intake of approximately 90% until 2 days post-injection with a gradual
increase of food intake towards day 7. Hereafter, food intake remained
stable, but at a significantly lower level (~18%) than in controls. The
reduced food intake was almost instantaneously reflected in a decreased
body mass, with a similar response being present in the zymosan and pairfed control rats (Figure 1B).
As soon as 2 days after zymosan injection, the mass (Figure 2) and fiber
CSA (Table 1) of the TA muscle declined significantly compared to both pairfed and ad libitum fed controls. The most prominent decline was observed at
day 6. The pair-fed group showed similar, albeit less pronounced responses
for both muscle mass and fiber CSA. On day 11 TA muscle mass was
increased compared to day 6 in both the zymosan-treated (P=0.008) and
pair-fed groups (P=0.016). The TA fiber CSA showed the same trends in
both the zymosan-treated and pair-fed groups, although the 6 day and 11
day values were not significantly different. The same pattern of wasting and
recovery was observed in the gastrocnemius muscle (data not shown).
Table 1. Muscle fiber cross-sectional area (CSA) in the tibialis anterior muscle.
Mean fiber CSA (μm2)
P

control
1469 ±70
2d
zymosan
1108 ± 69 (-25%)*†
2d
pair-fed
1351 ± 81 (-8%)
6d
zymosan
1009 ± 62 (-31%) *†
6d
pair-fed
1264 ± 83 (-14%)*
11 d
zymosan
1163 ± 70 (-21%)*†
11 d
pair-fed
1363 ± 59 (-7%)
Values between brackets indicate the relative reduction of CSA vs. ad libitum fed controls.
* P<0.05 vs. ad libitum fed control rats
† P<0.05 vs. pair-fed controls.
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TA muscle mass (% of control)
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Figure 2: Tibialis anterior muscle mass (% of control absolute muscle mass) at different time
points in zymosan (black bars), pair-fed (grey bars) and ad libitum fed control (white bars) rats.
* P<0.05 vs. ad libitum fed control rats. † P<0.05 vs. pair-fed rats. No intervention*time effect
was detected. The bracket indicates a significant difference between the 6d and 11d zymosantreated groups.

Ubiquitin-conjugate formation
The in vitro formation of ubiquitin-conjugates increased (+50%) within 2 h
after zymosan injection (Figure 3), transiently decreased at day 2, peaked
again at day 6 (+49%) and was totally normalized at day 11. Except for day
2 (+35%), there was no increased accumulation of ubiquitin conjugates in
the pair-fed rats.
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Figure 3: (A) Accumulation of soluble muscle [125I]Ub-conjugates in the control, zymosaninjected (zym), and pair-fed (pf) groups. HMW denotes high molecular weight proteins. (B)
Quantitation of [125I]Ub-conjugation (% of controls) in zymosan-injected (black bars), pair-fed
(grey bars) and ad libitum fed control (white bars) rats. Values are averages of three separate
measurements.
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Protein levels of components of the ubiquitin-proteasome pathway
To examine if changes in ubiquitin conjugation rates and proteasome
activity can be explained by changes in protein levels of key components of
the Ub-P system, we determined protein levels of the 14-kDa E2 ubiquitin
conjugating enzyme, the 19S complex S6a subunit and the 20S proteasome
C8 subunit at days 2, 6 and 11. A significant increase in 14-kDaE2 protein
levels (compared to controls) was only observed 2 days after zymosan
injection (Figure 4A). The protein levels of the 19S complex subunit S6a
(Figure 4B) and 20S proteasome subunit C8 (Figure 4C) did not change in
either the zymosan-injected or pair-fed rats.
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Figure 4: Protein levels (% of control) of (A) 14-kDa E2 ubiquitin-conjugating enzyme, (B) 20S
proteasome subunit C8, and (C) subunit S6a of the 19S complex, at several time points in
zymosan-injected (black bars), pair-fed (grey bars) and ad libitum fed (white bars) rats.
* P<0.05 vs. ad libitum fed control rats. No treatment*time effect was detected.
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20S Proteasome activities
The trypsin-like (+47%) peptidase activity of the 20S proteasome markedly
increased as early as 2 h after zymosan injection and remained elevated
throughout the study (Figure 5B). The chymotrypsin- and trypsin-like
peptidase activities of the 20S proteasome increased by 82% and 100% at
day 6 after zymosan injection, respectively, when the decline in muscle mass
was most prominent. The trypsin-like activity was markedly and
significantly higher in the zymosan than in the pair-fed group at all timepoints, while the chymotrypsin-like activity was markedly higher at days
and 11. Notably, the peptidase activities of the 20S proteasome (either
trypsin- or chymotrypsin-like) did not exceed control values in the pair-fed
groups, except for the trypsin-like activity at day 11. While at day 11 muscle
mass was increased in comparison to day 6 (P=0.008), the 20S proteasome
peptidase activities remained high in the zymosan-injected group at this
time point.
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Figure 5: (A) Chymotrypsin- and (B) trypsin-like peptidase activities of the 20S proteasome
(expressed as pmol AMC generated/μg protein/min) at several time points in zymosan-injected
(black bars), pair-fed (grey bars) and ad libitum fed (white bars) rats. * P<0.05 vs. ad libitum
fed control rats. † P<0.05 vs. pair-fed rats. A significant treatment*time effect was detected for
the chymotrypsin (P=0.045) and trypsin-like (P=0.012) peptidase activities of the 20S
proteasome. The brackets denote significant differences between the respective zymosaninjected groups.
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Discussion
In the present study, sepsis-induced muscle wasting was achieved by
intraperitoneal injection with zymosan, resulting in a period of acute sepsis.
Although zymosan-induced sepsis is primarily caused by a non-infective
stimulus rather than by the actual presence of bacteria, classical infectious
responses (e.g., tachycardia, fever, increased respiratory rate, and
hypophagia) were observed. Throughout the 11-day period of investigation
body and muscle mass of the zymosan-injected rats had not yet returned to
control values. Using this model we observed both acute (within 2 h) and
prolonged effects on the Ub-P pathway, i.e. trends for increased ubiquitinconjugate formation for up to 6 days, increased chymotrypsin-like activity at
days 6 and 11, and increased trypsin-like activities of the 20S proteasome
throughout the study. Notably, these changes were not paralleled by
increased protein levels of subunits of both the 19S complex and 20S
proteasome. These data suggest that proteasome activities may be
upregulated by alternative mechanisms. At day 11, when muscle mass was
clearly recovering, the 20S proteasome peptidase activities were still
significantly elevated. This observation is remarkable and clearly suggests
that in the recovery period, when muscle mass recovers, the degradation
rate of at least a number of proteins is upregulated. Another striking
observation was that the decreased muscle mass in the pair-fed rats did not
require significant increases in peptidase activities of the 20S proteasome.
Thus, muscle wasting during periods of reduced food intake in otherwise
healthy rats was not accompanied by marked effects on the Ub-P system.
The increased ubiquitin-conjugate formation in the zymosan septic model is
in agreement with previous observations in other catabolic conditions,
including fasting (13), cancer (4), diabetes (14), and dexamethasone
treatment (9). However, care should be taken in interpreting our results, as
we measured the accumulation of Ub-conjugates at a single time point and
not the rate of ubiquitination. Whereas it had been shown that following
CLP rates of ubiquitin conjugation were increased within 16 hours after
induction of sepsis (4), the present data suggest that the formation of
ubiquitin-conjugates increased as early as 2 hours after inducing sepsis.
Increased mRNA levels of subunits of the 20S proteasome are commonly
observed in multiple catabolic conditions, including sepsis, in both rat (8, 1517) and human muscles (18). Similar observations also prevailed for 19S
proteasome subunits in other catabolic conditions (6). In contrast, this study
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clearly shows that changes at the protein level were absent in response to
zymosan injection, suggesting that it is premature to link increased mRNA
levels of proteasome subunits directly to increased proteasome activity and
increased rates of proteolysis. In line with this, administering
glucocorticoids to induce muscle atrophy in rats increased proteasome
activity and mRNA levels of five 19S proteasome subunits, while protein
levels of these subunits did not change (9). Also, CLP-induced sepsis in rats
upregulated the 20S proteasome C9 subunit mRNA level without a
concomitant change in protein content (8). A putative explanation for the
apparent discrepancy between the response of proteasome subunits at the
mRNA level and at the protein level could be an increased rate of turnover
of the proteasome subunits. Alternatively, it has also been hypothesized
that increased mRNA levels of proteasome subunits are required for the
increased biogenesis of muscle proteasomes in acute diabetes to change the
proteasome subtype pattern and modulate peptidase activities (19).
The 20S proteasome contains at least 3 peptidase activities, i.e. the trypsinlike, chymotrypsin-like and caspase-like activities (20, 21). In vivo, the
peptidase activities of the 20S proteasome are regulated by the 19S
proteasome, which serves to recognize, unfold and inject polyubiquitinated
proteins into the catalytic chamber of the 20S proteasome (22). In the
present study we measured peptidase activities of the 20S proteasome with
established methods (23, 24). To the best of our knowledge, 20S proteasome
activities measured in identical or similar conditions were always in good
agreement with rates of proteolysis. These activities increased when rates of
total and/or proteasome-dependent proteolysis were increased (8, 9, 23, 25).
Conversely peptidase activities decreased when proteolysis was attenuated
after a catabolic event (25-27), or when proteolysis decreased below basal
levels (26). Increased 20S proteasome peptidase activities have been
previously reported in septic muscles within 4 h after CLP (8). Within a
shorter time frame (i.e. 2 h after zymosan injection) we observed a
significant increase in the trypsin-like 20S proteasome peptidase activity.
This very fast response suggests the involvement of a rapidly acting
regulatory mechanism such as (de)phosporylation of proteasome subunits.
Indeed, the proteasome has multiple phosphorylation sites with
dephosphorylation reducing proteasome activity (28, 29).
While the increased proteasome activity in the acute phase was anticipated,
we observed the highest activities at days 6 and 11 after zymosan injection.
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This prolonged increase in 20S proteasome activity is remarkable, especially
at day 11, when muscle mass and CSA were clearly improving. Assuming
that the high proteasome activities during recovery indeed reflect high rates
of proteolysis, protein synthesis rates must be simultaneously increased to
ensure net protein anabolism. Increased protein breakdown has been
previously reported during muscle hypertrophy in the fowl (30) and during
compensatory growth in response to muscle overloading in the rat (31). The
high proteasome activity during recovery may suggest a role for Ub-P
dependent proteolysis in the remodeling of skeletal muscle. An increased
proteasome activity may be needed to remove or replace remnant proteins or
atrophy-related protein isoforms during recovery. A role of the Ub-P
pathway in muscle remodeling has been reported previously during
reloading of the unweighted soleus muscle (32, 33). Therefore, contrasting
with the established role of the Ub-P system in catabolic phases, high
proteasome activities may also contribute to accelerate muscle recovery. If
this is the case, blocking proteasome activity for sustained periods of time
could be deleterious as this may impede muscle recovery after a catabolic
event.
Despite the presence of muscle atrophy, the proteasome peptidase activities
and formation of ubiquitin-conjugates (except for day 2) were not increased
in the pair-fed rats. This is presumably due to the stage of maturation of the
rats used in this study (10 weeks at the onset of the study). Young rats
exhibit a pronounced activation of the Ub-P system upon starvation (13), but
this catabolic response is strongly attenuated or delayed in older (young)adult animals (34-36).
In summary, the present study clearly shows an activation of the Ub-P
pathway during the long-lasting muscle wasting in zymosan-injected septic
rats. More interestingly, 20S proteasome peptidase activities remained
elevated when muscle mass and CSA improved during the subsequent
recovery period. This suggests that increased proteolysis plays a role in
muscle recovery and/or remodeling.
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Abstract
Increased muscle UCP3 gene and protein expression has been reported in
several models of cachexia, suggesting that this may contribute to muscle
atrophy by modulating energy expenditure. In contrast to UCP1, however,
UCP3 has not been shown to be involved in mitochondrial uncoupling, and
hence energy expenditure, under physiological circumstances. Therefore, an
alternative role for UCP3 has been hypothesized, implicating UCP3 in the
defense against lipid-induced oxidative damage (lipotoxicity) by exporting
free fatty acid (FFA) anions and derived lipid peroxide products from the
mitochondrial matrix to maintain mitochondrial integrity. Indeed, UCP3
protein has been shown to be upregulated in situations of increased
oxidative stress or increased supply of fatty acids to the muscle, conditions
which are present in many cachectic diseases. We aimed to explore the
hypothesized role for UCP3 in cachectic rats (zymosan-induced sepsis).
Zymosan-treated rats lose muscle mass very rapidly, up to 35% at day 6,
after which muscle mass slowly recovers. UCP3 protein content (relative to
cytochrome c content) was increased 2, 6 and 11 days after zymosan
injection. Interestingly, this was only accompanied by increased plasma
FFA levels at day 2, while FFA levels dropped below control levels on day 6
and 11. Rats pair-fed to the zymosan rats did show increased FFA levels
throughout the study, probably accounting for the increased UCP3 levels
present in these rats. The increase in UCP3 protein content was smaller
than in the zymosan-treated rats, however. Muscular levels of the lipid
peroxidation byproduct 4-hydroxy-2-nonenal (4-HNE) were increased at
days 6 and 11 in zymosan-treated rats, supporting the idea that UCP3 may
serve to modulate lipotoxicity during cachexia.

66

UCP3 and muscle wasting

Introduction
The catabolic state present in multiple models of cachexia results in a
profound and massive loss of muscle mass, and reduced cellular energy
charge (for review see e.g. (1)). Upon its discovery in 1997 and based on its
homology with the bona fide uncoupling protein UCP1, UCP3 has been
implicated in the regulation of energy expenditure and has thus been
studied as a putative contributor to muscle wasting under cachectic
conditions. Increased gene and protein expression of UCP3 has been
reported in several cachectic diseases, including cancer (2-4), sepsis (5),
burn-injury (6), and rheumatoid arthritis (7, 8), indeed suggesting a role of
UCP3 in facilitating, or contributing to, the muscle wasting observed. In
contrast, a study in pancreatic cancer patients (9) and studies in COPD
patients (10, 11) reported unchanged or even decreased UCP3 levels.
If UCP3 is indeed involved in the regulation of energy expenditure,
increased muscle UCP3 content under cachectic conditions could be viewed
as an unjustifiable adaptive response. UCP3 knockout mice have a similar
whole body energy expenditure compared to wild-type littermates, despite a
4-fold increase of in vivo ATP synthesis rates (12). Moreover, the lack of an
apparent phenotype in UCP3 ablated mice (13), and the inability of UCP3 to
affect mitochondrial coupling in humans despite a 44% high-fat diet-induced
increase in UCP3 (14), have raised serious doubts on whether UCP3 has the
ability to function as a native uncoupling protein under physiological
circumstances (15).
Thus, the modulation of energy expenditure may not be the main
physiological role of UCP3 (15). More recently, an alternative function of
UCP3 has been proposed, implicating a role for UCP3 in modulating
lipotoxicity (16, 17) through the efflux of mitochondrial matrix bound fatty
acids and derived lipid peroxidation products (17-19). The matrix is the
major site of mitochondrial reactive oxygen species (ROS) production, and
matrix bound fatty acids are especially prone to lipid peroxidation. Thus,
highly reactive lipid peroxides can be formed, which in turn may damage
mtDNA and important electron transport protein complexes in the matrix in
a process termed lipotoxicity. As mitochondrial DNA repair mechanisms are
limited (20, 21) and electron transport complexes are vital to mitochondrial
life, it is important to prevent the accumulation of lipid peroxides in the
matrix. In this respect, increased UCP3 content and activation of UCP3 by
the lipid peroxidation byproduct 4-HNE (22) could be considered important
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adaptive responses to conditions of increased oxidative stress and disturbed
fat oxidation. Increased oxidative stress in combination with increased
UCP3 protein levels have indeed been found in experimental cancer
cachexia (23, 24).
Interestingly, the cachectic state is often accompanied by increased rates of
adipose tissue lipolysis (25), a reduced mitochondrial volume and
aberrations in mitochondrial protein synthesis rate (26), a combination
typically resulting in increased levels of UCP3 (19).
We hypothesize that a cachexia-related increased UCP3 protein content
serves to modulate lipotoxicity. To investigate this, we examined UCP3
protein content in a cachectic rat model (zymosan-induced sepsis), known to
induce hypophagia (27), decrease fat oxidative capacity (28) and compromise
mitochondrial protein synthesis rates (26). Pair-fed controls were included
to differentiate between the effects of (semi)starvation and the effect of
zymosan-induced cachexia.

Methods
Animals and experimental design
Experiments were approved by the institutional animal experimental
committee. Rats were individually housed (12h dark-light cycle, 21-22 °C
and 50-60% humidity). The zymosan model was applied to induce a
transient septic shock, as described previously (27). Ten-week-old, male
Wistar rats with an average body mass of 300 g were given an aseptic
intraperitoneal injection of zymosan (30 mg/ 100 g body mass) suspended in
liquid paraffin (25 mg/ml). A homogeneous zymosan suspension was
sterilized by incubation at 100°C for 90 minutes. Four groups of rats (n = 10)
were injected with the zymosan suspension.
Food intake and body mass were recorded daily. Rats were sacrificed at 2d,
6d, and 11d after zymosan injection. Since zymosan-induced sepsis is
associated with profound decreases in food intake, age-matched control rats
were pair-fed to the 2, 6, and 11 d zymosan rats. An age-matched ad libitum
fed control group, which was sacrificed at day 11, served to provide control
levels of all parameters assessed.
In all groups blood was sampled by cardiac punction after 2 hours of food
withdrawal and prior to dissecting the tibialis anterior muscle (TA), which
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was promptly frozen in melting 2-methylbutane, after which the rats were
sacrificed by cervical dislocation.

Muscle UCP3 protein content and lipid peroxidation
Skeletal muscle UCP3 protein content was determined as described
previously (14). Briefly, from each sample an equal amount of protein was
loaded on a polyacrylamide gel and western blotting was performed against
rat UCP3 using a rabbit polyclonal UCP3 antibody (code 1338; kindly
provided by LJ Slieker, Eli Lilly). Blotting was also performed for
cytochrome c (CytC) as a marker of mitochondrial content. For valid inter
gel comparison a standard sample was loaded on each gel and UCP3 levels
were expressed relative to this standard. Values were expressed as
UCP3/CytC ratios and as percentages of control values.
As marker of lipid peroxidation, protein adducts of the lipid peroxidation
byproduct
4-hydroxy-2-nonenal
(4-HNE)
were
examined
by
immunofluorescence using a rabbit polyclonal antibody against 4-HNEprotein adducts (Calbiochem, San Diego, CA, USA). In the present paper,
protein adducts of 4-HNE are referred to as 4-HNE content or levels. Only
images in which the entire field of view comprised muscle fibers were
processed for quantification. Upon conversion to 8 bits grayscale, the 4-HNE
derived staining was measured as integral optical density and expressed as
percentage of control values. Using this approach we ensured the
examination of 4-HNE in muscle cells and avoided contamination of other
cell-types, as may occur in muscle homogenates.

Plasma analyses
Blood samples were collected in tubes containing EDTA and immediately
centrifuged at 4,000 rpm for 10 min at 4°C. Plasma was frozen in liquid
nitrogen and stored at -80°C until further analysis of free fatty acids (FFA)
(Wako NEFA C test kit; Wako chemicals, Neuss, Germany) and
triglycerides (glycerol kinase-lipase method Boehringer, Mannheim,
Germany) was undertaken. All analyses were performed on an automated
centrifugal spectrophotometer (Cobas Fara, La Roche, Basel, Switzerland).
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Statistics
Results are presented as means ± SEM. For each time-point, the zymosan,
pair-fed, and control group data were compared using one-way ANOVA
analysis. Differences were located using the Scheffé post-hoc test.
Significance was set at P < 0.05. For UCP3 protein analyses, three muscle
pools were made per zymosan group and compared to the corresponding
pair-fed and control muscle pools. The effect of zymosan on UCP3 protein
was compared to the effect of pair-feeding using mixed model analysis with
zymosan and time as factors.
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Figure 1: (A) Food intake of zymosan-treated and ad libitum fed control rats. (B) Cumulative
change in body mass of zymosan-treated, pair-fed control and ad libitum fed control rats.
* P<0.05 vs. ad libitum fed control rats, † P<0.05 vs. pair-fed controls.
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Results
Food intake, body mass and muscle mass
Acute peritonitis was observed during the first 2 days after zymosan
injection, along with symptoms of severe illness including lethargy,
hypophagia, hyperventilation, tachycardia, fever, diarrhea and loss of
hemorrhagic fluid from the nose. There was a mortality of 20% in this acute
phase. Food intake reduced significantly from ~20 g/day to an average of 1
g/day on day 1 and 2, after which it gradually increased to 75% of normal
intake on day 8 (Figure 1A), and remained constant from then onward. Both
the zymosan and pair-fed groups showed a large loss of body mass (Figure
1B); rats started to regain body mass between days 5-11. There were no
significant differences in body mass between the zymosan and the pair-fed
group. No catch-up growth was observed in either group.
Table 1: Tibialis anterior (TA) muscle mass in the experimental groups.
TA muscle mass (mg)
control
2d
zymosan
2d
pair-fed
6d
zymosan
6d
pair-fed
11 d
zymosan
11 d
pair-fed
* P<0.05 vs. ad libitum fed control rats
† P<0.05 vs. pair-fed controls.

610 ± 9
518 ± 22*†
604 ± 14
444 ± 15*†
545 ± 11*
522 ± 23*†
611 ± 12

Plasma analyses
In control rats, plasma triglyceride (TG) levels equaled 1142±94 μmol/l
(Figure 2A). In line with the declined food intake the first 2 days after
zymosan injection, plasma TG levels dropped profoundly in both zymosantreated (230±34 μmol/l, p<0.01) and pair-fed control (301±36 μmol/l, p<0.01)
rats. Six days after zymosan injection plasma TG levels (976±118 μmol/l)
had restored to levels insignificantly different from control values (1142±94
μmol/l), while in pair-fed rats (492±67 μmol/l) TG content remained
decreased compared to zymosan-treated (P<0.01) and ad libitum fed control
rats (P<0.001). At day 11, when food-intake partly normalized and body
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mass had started to regain, no significant differences in plasma TG levels
were detected between groups (Figure 2A).
At day 2 both zymosan-treated (Figure 2B; 290±19 μmol/l) and pair-fed rats
(298±27 μmol/l) showed significantly increased plasma free fatty acid (FFA)
levels compared to ad libitum fed rats (215±189 μmol/l). At six days after
zymosan injection a remarkable drop in plasma FFA was observed in
zymosan-treated rats (143±7 μmol/l), whereas in pair-fed rats (350±17
μmol/l) FFA levels were significantly (P<0.01) higher compared to both
zymosan-treated and control rats. At day 11, plasma FFA levels in zymosantreated rats (171±9 μmol/l) did not differ from control values, while in pairfed rats (295±23 μmol/l) plasma FFA levels were still significantly higher
than both zymosan-treated and control levels.
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Figure 2: Plasma levels of (A) triglycerides (TG) and (B) free fatty acids (FFA) in zymosantreated, pair-fed and ad libitum fed control rats (t=0 days). * P<0.05 vs. ad libitum fed rats.
† P<0.05 vs. pair-fed rats.
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Muscle UCP3 protein content and lipid peroxidation
Compared to control values (100±14%) UCP3 protein content relative to
mitochondrial density, as measured by cytochrome C content, was increased
in zymosan-injected rats (224±54%) as in pair-fed controls (197±32%), as
shown in Figure 3. At all time points measured, UCP3/CytC content was
higher in zymosan injected rats than in pair-fed controls. After an initial
rise, UCP3/CytC levels seemed to stabilize at approximately 200% at days 6
and 11 in pair-feds, whereas in the zymosan condition UCP3/CytC content
increased towards 262±25% at day 6 and 256±26% at day 11.
Lipid peroxidation was measured by immunofluorescence (representative 4HNE stainings for control and zymosan-treated rats at day 11 are shown in
Figure 4A and B, respectively). In control rats, 4-HNE content was set at
100 percent. In zymosan-treated rats, 4-HNE was not increased at day 2,
but 4-HNE content was significantly elevated at day 6 (117±4%) and
remained significantly elevated at day 11 (119±4%). Interestingly, 4-HNE
was increased at day 2 in pair-fed rats (118±5 %; P<0.05), but the initial rise
in 4-HNE returned to control values at days 6 and 11.
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Figure 3: UCP3/Cytc protein ratios in tibialis anterior muscles from zymosan-treated (black
bars), pair-fed (grey bars) and ad libitum fed control (white bar) rats. Ratios are expressed as
percentages of control levels. When compared to pair-fed rats, mixed model analysis showed a
significant zymosan effect on UCP3/CytC ratios (P=0.026) and no time (P=0.927) or
time*zymosan effect (P=0.603).
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Figure 4: 4-hydroxy-2-nonenal (4-HNE) protein adduct levels in tibialis anterior muscles.
(A-B) Representative examples of 4-HNE immunofluorescence stainings performed on tibialis
anterior muscle sections of a control (panel A) and 11-day zymosan-treated (panel B) rat.
(C) Quantification of 4-HNE protein adducts in muscles of zymosan-treated (black bars), pairfed (grey bars) and ad libitum fed control (white bar) rats. * P<0.05 vs. ad libitum fed rats.
† P<0.05 vs. pair-fed rats.

Discussion
Here we examined the hypothesis that cachexia related increased UCP3
protein content serves to modulate lipotoxicity. Compared to controls, rats
rendered cachectic by injection of zymosan possessed increased muscular
UCP3 protein content lasting for at least 11 days. Pair-fed control rats
showed a more modest increase in UCP3 levels than cachectic rats. In
zymosan-treated rats we observed an increase of the lipid peroxidation
byproduct 4-hydroxy-2-nonenal (4-HNE) in TA muscle both 6 and 11 days
after injection. Interestingly, after 2 days of pair-feeding, increased 4-HNE
content was observed which returned to control values at days 6 and 11.
This may suggest that in food restricted but otherwise healthy animals, the
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increase in UCP3 protein content suffices to modulate the increased lipid
peroxidation observed after 2 days of pair-feeding. In contrast to pair-fed
rats, 4-HNE content was elevated in rats rendered cachectic by zymosan
injection from day 6 onward, despite an increased UCP3 content. If UCP3
indeed serves to modulate lipotoxicity during cachexia, this indicates that in
critically ill rats increased UCP3 protein content or its state of activation is
inadequate to deal with the increased oxidative stress and concomitant lipid
peroxidation products present during cachexia.
During the first 2 days after zymosan injection or pair-feeding, when food
intake had reduced to virtually zero, we observed a sharp decline in plasma
triglyceride levels paralleled by increased plasma FFA levels in both groups;
the classical response to acute food restriction. Increased plasma FFA levels
are potent activators of UCP3 gene expression (29). Conversely, the use of
anti-lipolytic agents resulted in a blunted increase in UCP3 (30), even under
conditions of β-adrenergic stimulated energy expenditure (31). Increased
FFA levels in both zymosan-treated and pair-fed rats may trigger the initial
rise in UCP3 protein content observed at day 2. In pair-fed rats, plasma
FFA levels remained elevated at days 6 and 11, potentially explaining why
UCP3 protein levels remained relatively high in this condition (albeit lower
than in zymosan-injected rats). In contrast to pair-fed rats, plasma FFA
levels of zymosan-treated rats at days 6 and 11 were lower than control and
pair-fed levels. The decreased FFA levels in zymosan-treated rats are most
likely accounted for by reduced tissue lipoprotein lipase (LPL) activity (32,
33). This notion is substantiated by the normalization of plasma triglyceride
levels observed in zymosan-treated animals at days 6 and 11. Strikingly, in
zymosan-treated rats UCP3 content remained elevated despite significant
reductions in FFA levels, but in the presence of increased 4-HNE levels.
Thus, although elevated plasma FFA levels may explain the relatively high
UCP3 levels in pair-fed rats, high FFA levels are not involved in increasing
UCP3 content in zymosan-treated rats. Interestingly, an increased UCP3
protein content in the absence of increased plasma FFA levels has
previously been observed in cancer cachexia (23). This indicates that under
conditions of cachectic stress other processes are involved which induce
maintenance of high UCP3 levels. One such process may be an increased
production of ROS and 4-HNE, although so far it has not been examined if
4-HNE is able to increase UCP3 protein content.
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Not only has increased oxidative stress been reported in cachexia, but the
resultant ROS have also been shown to result in lipid peroxidation products,
as indicated by increased adducts of the lipid peroxidation byproduct 4-HNE
in tumour-bearing cachectic rats (24). This is in line with our present
observation of increased 4-HNE in zymosan-treated rats. Interestingly, 4HNE has recently been identified as one of the few UCP3 activators (22)
resulting in a reduced mitochondrial proton gradient. Reduction of the
proton gradient in a process referred to as mild uncoupling results in
lowered production of ROS (34). Thus, a unifying physiological role for
increased UCP3 content in cachectic conditions can be hypothesized; UCP3
increases in a process at least partly driven by increased plasma FFA levels
during early cachexia to deal with increased ROS and lipid peroxides. In a
feed-forward loop, 4-HNE may activate and possibly upregulate UCP3 to
facilitate efflux of fatty acid anions or lipid peroxides from the mitochondrial
matrix. This process has a dual effect; lowering of the proton gradient serves
to reduce ROS production and efflux of fatty acid anions and/or lipid
peroxides serves to preserve mitochondrial integrity and mitochondrial
function. In the present model, where zymosan injection induces critical
illness with a 20% mortality rate during the first 2 days after injection (35),
the increase in UCP3 protein content seems inadequate to properly deal
with the rise in lipid peroxidation observed at days 6 and 11 after zymosan
injection. This may indicate that under these extreme conditions, the rise in
lipid peroxides exceeds the capacity of UCP3 to deal with this appropriately,
possibly resulting in increased mitochondrial damage. In line with this, a
previous study using the same model has shown mitochondrial
morphological abnormalities and decreased mitochondrial protein synthesis
(26).
In conclusion, the present study shows increased UCP3 protein content
along with increased 4-HNE adducts in skeletal muscle of cachectic rats.
These observations support the idea that increased UCP3 in cachectic
conditions helps to modulate the cachexia related oxidative stress and
ameliorates lipotoxicity.
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Abstract
Many studies have shown that muscle protein synthesis rates are increased
acutely after a high-resistance exercise bout. Very little is known about the
effect of high-resistance exercise on muscle protein breakdown and the
activity of the ubiquitin-proteasome (Ub-P) pathway, the major proteolytic
pathway in skeletal muscle. To test this, rats were subjected to a unilateral
high-resistance electrical stimulation protocol, and total protein breakdown
rates of the extensor digitorum longus (EDL) and soleus muscles were
measured in both legs at 2h and 4h post-exercise. Ubiquitin-conjugation
rates and 20S proteasome peptidase activities were determined in the
gastrocnemius muscle. We show a small decrease of total muscle protein
breakdown at 2h post-exercise in the EDL muscle (-16%), but no change at
4h post-exercise. Post-exercise protein breakdown rates were not different
from control in the soleus muscle. Consistent with these data, post-exercise
chymotrypsin- and caspase-like 20S proteasome activities were also not
different from control in the gastrocnemius muscle. Interestingly, Ubconjugation rates were significantly increased (+73%) at 4h post-exercise,
while a trend for an increase was present at 2h post-exercise (+47%). These
results suggest that a specific set of muscle proteins is increasingly targeted
for breakdown acutely after a high-resistance exercise bout. In conclusion,
total muscle protein breakdown rates and 20S proteasome peptidase
activities remained largely unchanged acutely after a high-resistance
exercise bout. Ub-conjugation rates were increased acutely post-exercise,
suggesting that this may be an important mechanism involved in the muscle
remodeling response to high-resistance exercise.
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Introduction
Skeletal muscle is a tissue with a recognized ability to adapt to mechanical
(un)loading. This is exemplified by the rapid loss of muscle mass upon
unloading/disuse following limb casting (1), space flight (2, 3) or in animal
models of unloading, such as hindlimb suspension (4). On the other hand,
frequent muscle use can bring about muscle hypertrophy and remodeling. It
is the mode, duration and frequency of the exercise that determines the
amount of hypertrophy and the type of proteins involved in the remodeling
process. Although an increased protein synthesis is an established event
occurring in response to high-resistance exercise (5-8), an increased
breakdown of damaged or redundant proteins has also been suggested to be
required to ensure proper muscle function and remodeling (9, 10). An
example of remodeling is the change in myosin heavy chain (MHC) isoform
that was reported in the medial gastrocnemius muscle in response to the
repeated administration of a high-resistance electrical stimulation protocol
in rats (11, 12). In these experiments it was consistently shown that
resistance exercise training in rats resulted in a decreased expression of
type 2B MHC and an increased expression of type 2X MHC. This isoform
change may not only depend on an altered synthesis of the involved
isoforms, but may also require an increased degradation of the redundant
isoform.
The degradation of (myofibrillar) proteins in eukaryotic cells is believed to
occur largely via the ubiquitin-proteasome (Ub-P) pathway (13, 14). An
initial and obligatory step in this pathway is the covalent binding of a chain
of ubiquitin molecules to target proteins, a process catalyzed by a cascade of
E1, E2 and E3 enzymes. Subsequently, proteins containing a polyubiquitin
chain are recognized by the 19S proteasome, which unfolds the proteins and
allows them to enter the 20S proteasome, where they are degraded (14, 15).
Despite the putative importance of muscle proteolysis in remodeling and in
contrast to the many studies showing increases in protein synthesis after
resistance exercise (16), the acute response of muscle protein breakdown to
high-resistance exercise has not been studied in detail. The available data
on muscle proteolysis after exercise are mainly based on stable isotope
methods. Muscle protein breakdown has been reported to increase (+31% vs.
resting levels) 3 hours after a high-resistance exercise bout, with the
increase persisting for at least 24 hours (18%) (17). In addition, using a
different stable isotope method, muscle protein breakdown was found to
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increase ~50% 3 hours post-exercise (8). Although elegant, these stable
isotope models do not allow the investigation of the role of the Ub-P
pathway in exercise-induced remodeling. Hints for an important role of the
Ub-P pathway in exercise-induced remodeling of skeletal muscle are derived
from a study showing that 28 days of chronic low-frequency stimulation
(CLFS) of the rabbit tibialis anterior muscle increased the muscle
proteasome concentration and activity 2-3 fold during the course of the
stimulation period (18). These data suggest that after high-resistance
exercise the Ub-P pathway may be an interesting target to optimize the
adaptive response of the muscle. Additional data implicating the Ub-P
pathway in the proteolytic response to exercise are derived from exercise
protocols using eccentric contractions (recognized to induce muscle damage
(19)), showing increases in several markers of Ub-P pathway activity in the
exercised muscles (20-22). There are no reports, however, measuring the
response of the Ub-P pathway to a non-damaging high-resistance exercise
bout.
Thus, the main aim of the present study was to investigate the short term
(<6 h) effect of a high-resistance exercise bout on post-exercise proteolysis in
rat skeletal muscle, and the involvement of the Ub-P pathway herein. To
test this, hindlimb muscles of young male Wistar rats were electrically
stimulated to perform non-damaging isometric contractions in situ, after
which proteolysis was measured in vitro. In addition, we determined postexercise 20S proteasome peptidase activities against multiple substrates,
and the rate of ubiquitin conjugation to muscle proteins. Based on the
chosen exercise protocol, we anticipated to observe post-exercise increases in
muscle proteolysis with activation of the Ub-P pathway (10).

Materials and methods
Animals
The experiments were approved by the animal experimental committee of
the Maastricht University. Four-week-old male Wistar rats, weighing ~100
g, were housed in a humidity- (50%-60%), light- (12-h dark-light cycle) and
temperature-controlled (21-22 °C) environment and were allowed to
acclimatize for one week prior to the experiments. In a pilot study used to
validate the in vitro proteolysis assay, two rats were subjected to unilateral
denervation. The remaining rats underwent the following experimental
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conditions. One hour prior to the experiments food was removed from their
cages. All experiments were started at 9.00 a.m. Rats were subjected to a
single-leg exercise protocol, and were sacrificed either 2 hours (n=4) or 4
hours (n=5) after completing the exercise protocol to determine the in vitro
proteolytic rates in the extensor digitorum longus (EDL) and soleus muscles.
Young rats were used, because of their thin muscles which are easily
diffusible, preventing the formation of a hypoxic core during muscle
incubations. Denervation, exercise and muscle dissection were all performed
under isofluorane anesthesia.

Denervation
To expose the sciatic nerve, a small longitudinal incision was made in the
skin of the dorsal part of the left hindleg, just below the knee. Rats were
denervated by excising a segment (~2 mm) from the sciatic nerve proximal
to the anatomical branching point. The incision was carefully closed with
sutures, and the rats were left to recover from the anesthesia. Forty-eight
hours after denervation, the EDL, soleus and gastrocnemius muscles were
excised bilaterally and processed for either in vitro analyses of proteolysis
(EDL and soleus; for details see below) or frozen in liquid nitrogen and
stored at -80 °C until further analysis.

Exercise Protocol
To perform the electrical stimulation, a small longitudinal incision was
made in the skin of the dorsal part of the left hindleg, just below the knee. A
bipolar, platinum hook electrode was carefully attached to the sciatic nerve,
proximal to anatomical branching point, to permit simultaneous stimulation
of both the plantar and dorsal flexor muscle groups. To prevent dehydration
of the muscles during the exercise protocol, the incision was closed with one
suture. The rats were placed in a custom built rat isometric dynamometer
(23). Briefly, rats were placed on a heated-platform in a sideways position
with their left foot tightly fixed to the footplate. Rats were fixated at the hip
using a tail fixation unit. The footplate was fixed at an ankle angle of 90°,
resulting in an optimal fiber length of the dorsiflexor muscles, while
approaching the resting length for the plantar flexor muscles (23).
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The exercise protocol was designed based on previous protocols, proven to
result in hypertrophy when applied repeatedly (24, 25). To avoid damage
induced by eccentric exercise we chose isometric resistance exercise, which
is also known to result in hypertrophy in humans (26). In rats we have
previously shown that an intense electrical stimulation protocol involving
isometric contractions does not result in muscle damage (19). After
optimization of the stimulation parameters (typically 3V and 100 Hz, pulse
duration 5 ms) resulting in maximal torque (representing force), rats were
subjected to a supramaximal stimulation protocol. The protocol comprised 5
sets of 12 contractions (5 sec contraction, 10 sec rest) with a 5 min rest
between successive sets. Upon completing the exercise protocol, the
electrode was carefully removed, the incision closed with sutures, and the
rats were left to recover from the anesthesia. After terminating the
isofluorane anesthesia all rats regained consciousness within 5 minutes.

In vitro proteolysis assay
Either 2 or 4 hours post-exercise the muscles of both lower hindlimbs were
dissected, and the tibialis anterior and gastrocnemius muscles were frozen
in liquid nitrogen and stored at -80 °C until further analysis. Care was
taken to dissect the EDL and soleus muscles from tendon to tendon,
carefully removing any excess fascia. Directly after dissection, the EDL and
soleus muscles were weighed and attached to stainless steel supports at
resting length, and placed in a standard Krebs-Henseleit medium (120 mM
NaCl, 25 mM NaHCO3, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5
mM CaCl2, pH 7.4), supplemented with 5 mM D-(+)-glucose, 5 mM HEPES,
0.1% BSA, 0.5 mM cycloheximide, and equilibrated with O2:CO2 (19:1).
Cycloheximide was used to block protein synthesis. After 30 min of
preincubation at 37 °C, the muscles were transferred to fresh media and
incubated for another 2 h. The total rate of protein breakdown was
determined by measuring the rate of tyrosine release into the medium.
Tyrosine was assayed by the fluorometric method of Waalkes and
Udenfriend (27), as modified by Tischler et al. (28). As tyrosine is not
synthesized or metabolized in the muscle, tyrosine release, in the presence
of the protein synthesis blocker cycloheximide, is a measure of the total
muscle protein breakdown.
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20S Proteasome peptidase activity
The method used to determine 20S proteasome peptidase activities has been
previously described (29, 30). Briefly, gastrocnemius lateralis muscles (GL)
were homogenized and proteasomes were isolated by sequential
(ultra)centrifugation steps. The protein content of the proteasome fractions
was determined with the Bio-Rad protein assay, using bovine serum
albumine as a standard. Proteasome fractionation yielded similar amounts
of protein in all muscle fractions. The 20S proteasome peptidase activity
was determined fluorometrically by measuring the activity against the
fluorogenic substrates Succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin
(Suc-LLVY-AMC,
Sigma,
Zwijndrecht,
The
Netherlands)
and
Benzyloxycarbonyl-Leu-Leu-Glu-7-amido-4-methylcoumarin (Z-LLE-AMC,
BIOMOL, Exeter, UK). These substrates are preferentially hydrolyzed by
the chymotrypsin-like and caspase-like peptidase activities of the 20S
proteasome, respectively. Standard curves were established for AMC, which
permitted the expression of the proteasome activity as pmol AMC ∙ μg
protein-1 ∙ min-1. Adding the proteasome inhibitor MG132 to the reaction
resulted in complete inhibition of the proteasome proteolytic activity.
P

P

P

P

Ubiquitin conjugation rates
Gastrocnemius medialis muscles (GM) from both stimulated and control
legs were homogenized in ice-cold buffer (pH 7.5), containing 50 mM Tris, 1
mM EDTA, 1 mM PMSF, 1 mM DTT, 10 μg/ml pepstatin A and 10 μg/ml
leupeptin). Homogenates were centrifuged at 10,000 x g, 4 °C for 10 min and
the resulting supernatants were centrifuged at 100,000 x g, 4 °C for 1h. The
soluble protein concentration was determined in the supernatants using the
Bio-Rad protein assay.
Ubiquitin (Sigma) was labeled with an infrared dye using the IRDye 800CW
antibody labeling kit (LICOR Biosciences, Lincoln, NB) according to the
manufacturers’ instructions. Briefly, 1 mg of ubiquitin was dissolved in 1 ml
PBS, after which the reactive IRDye 800CW (dissolved in 50 μl of DMSO)
was added. The labeling reaction was performed in the dark for 2h at 4 °C,
while continuously rotating the vial end-over-end. Subsequently, the
mixture was dialyzed against PBS for 24h at 4 °C using a Slide-A-Lyzer
dialysis cassette with a 7,000 MW cut-off (Pierce, Rockford, IL) to remove
unbound dye from the solution. The solution containing the IRDye 800CW
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labeled ubiquitin was removed from the cassette, aliquoted and stored at -20
°C. Ub-conjugation rates were determined by incubating 50 μg of soluble
proteins for 15, 30, 45 and 60 min at 37 °C with 10 μM IRDye 800CWlabeled ubiquitin, 50 mM Tris-HCl (pH 7.5), 1 mM DTT, 2 mM MgCl2 and 2
mM AMP-PNP, in a total volume of 20 μl. The reactions were stopped by
adding 1x sample buffer according to Laemmli (31) (62.5 mM Tris-HCl (pH
6.8), 5% β-mercaptoethanol, 2% SDS, 0.1% bromophenol blue and 10%
glycerol). In pilot experiments using muscles from both healthy control rats
(n=4) and zymosan-treated rats (n=4) we confirmed that Ub-conjugation
rates were linear for these 60 min. After stopping the reaction, ubiquitinconjugated proteins were separated from free ubiquitin by electrophoresis
on 12% polyacrylamide SDS-gels. Directly after electrophoresis the gels
were scanned using a two-colour (700 and 800 nm) Odyssey Infrared
Imaging System (LICOR Biosciences). The IRDye 800CW dye is detected in
the green 800 nm channel, while the All-Blue molecular weight marker
(BioRad) is detected in the red 700 nm channel. The total amount of Ubconjugation was quantified in each lane (bands ranging from ~30 kDa to
high molecular weight) using Odyssey application software v1.2. Ubconjugation rates were determined by calculating the slope of Ubconjugation for each muscle. After scanning, the gels were stained with
Coomassie Brilliant Blue to confirm an equal protein loading of the gel.
B

B

Statistics
Results are represented as means ± standard deviation. Data were
compared between the exercised and non-exercised legs using a paired ttest. Significance was set at P < 0.05.
Table 1: Body and muscle mass 48h after denervation.

rat 1

Body mass
t=0h (g)
86

Body mass
t=48h (g)
94

rat 2
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control
denervated

Soleus
mass (mg)
42.5
30.5

EDL
mass (mg)
43.9
40.6

control
denervated

39.8
33.2

47.3
46.8

Leg
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Results
Denervation
Denervation is a recognized method to induce muscle atrophy, which has
pronounced and rapid effects on the soleus muscle in particular, while these
effects are much slower in the EDL muscle. Denervation atrophy is known
to be accompanied by large increases in proteolysis in the soleus muscle (32,
33). In our hands, 48 hours of denervation decreased the soleus muscle mass
by an average 23%, while the EDL muscle mass was not yet affected (Table
1). Corresponding with the effects on muscle mass, denervation caused a
massive increase in protein breakdown in the soleus muscle, without
affecting protein breakdown in the EDL muscle (Figure 1).

A

control
denervated

0.7

B
Tyrosine release
(nmol/mg muscle/2h)

Tyrosine release
(nmol/mg muscle/2h)

0.8
0.6
0.5
0.4
0.3
0.2
0.1
0

control
denervated

0.4
0.3
0.2
0.1
0

Rat 1

Rat 1

Rat 2

Rat 2

Figure 1: Total protein breakdown (nmol tyrosine∙mg muscle-1∙2h-1) measured in incubated
soleus (A) and EDL (B) muscles from both legs in two unilaterally denervated rats.
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Exercise
The EDL and soleus muscles responded differentially to exercise with
respect to total protein breakdown rates (measured as the amount of
tyrosine released into the incubation medium). Two hours post-exercise
there was a 16 ± 1.0% decrease of muscle protein breakdown in the EDL
muscle (Figure 2A). Of note, in every single animal at this time-point
protein breakdown rates were lower in the exercised EDL muscle compared
to the control EDL muscle (Figure 2B). Four hours post-exercise, however,
no differences between the exercised leg and the non-exercised leg were
observed (Figure 2A), with individual rats responding with either an
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Figure 2: Total protein breakdown (nmol tyrosine∙mg muscle-1∙2h-1) in incubated EDL (A) and
soleus (C) muscles from both legs, measured 2h (n=4) and 4h (n=5) after completing a
unilateral, isometric resistance exercise bout (stimulated). * P<0.05 vs. the non-exercised
control leg. Individual protein breakdown rates for each rat are displayed for the EDL (B) and
soleus (D) muscles. Data represented by similar symbols are obtained from the same rat.
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increased or a decreased proteolytic rate (Figure 2B). In the soleus muscle,
however, protein breakdown was not affected by the exercise bout at either
time-point (Figure 2C and 2D).
Overall, protein degradation in the muscles of both legs was higher in the
rats sacrificed 2h post-exercise compared to those sacrificed 4h post-exercise
(Figure 2).
The peptidase activities of proteasome preparations from both stimulated
and control gastrocnemius lateralis muscles (GL) are shown in Figure 3.
Exercise did not affect the chymotrypsin-like (Figure 3A) and caspase-like
(Figure 3C) proteasome peptidase activities, either 2h or 4h post-exercise.
Note that, in correspondence with protein breakdown in the EDL and soleus
muscles, the proteasome peptidase activities in the GL muscles from either
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2.5

stim

2h

control

stim

4h

2.3
2.1
1.9
1.7
1.5
control

stim

control

stim

Figure 3: Chymotrypsin-like (A) and Caspase-like (C) 20S proteasome peptidase activities in
gastrocnemius lateralis muscles from both legs, measured 2h (n=4) and 4h (n=5) after
completing a unilateral, isometric resistance exercise bout (stimulated). Individual 20S
proteasome peptidase activities are displayed in B (chymotrypsin-like) and D (caspase-like),
and are expressed as the release of AMC in pmol/μg protein/min. Data represented by similar
symbols are obtained from the same rat.

leg are higher in the rats sacrificed 2h post-exercise, compared to those
sacrificed at 4h.
Interestingly, although we did not observe a difference in proteasome
activities between exercised and control GL, Figure 4 shows a significant
73% increase in ubiquitin-conjugation rates in the gastrocnemius medialis
muscle (GM) at 4h postexercise, and a trend for increased rates (+49%) at 2h
postexercise. Figure 4C shows that increased Ub-conjugation rates were
observed in stimulated vs. control GM in every single rat at 4h postexercise. Although different Ub-conjugation rates were observed between
specific bands (representing distinct proteins) within one muscle, an
increased rate of Ub-conjugation is observed in various proteins in response
to exercise (Figure 4A).
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Figure 4: Ubiquitin-conjugation rates in gastrocnemius medialis muscles are increased 2h and
4h post-exercise. A representative scanned gel is shown in A, in which the Ub-conjugated
proteins of both a stimulated and control muscle are shown in green and the molecular weight
marker in red. The bracket indicates the area of each lane that is used for quantification. Ubconjugation rates are quantified in panel B (* P<0.05 vs. the non-exercised control leg).
Individual Ub-conjugation rates are displayed in C.

Discussion
T

The present study does not show evidence for an increased protein
breakdown in the hours following a heavy resistance exercise protocol. This
observation is not in line with our hypothesis and seems to contrast with
observations made in man with stable isotopes, suggesting that mixed
muscle protein degradation was increased after resistance exercise. Our
data actually show a small decrease of protein breakdown in isolated EDL
muscle 2h post-exercise, while no difference was present 4h post-exercise. At
both time-points, total protein breakdown rates were not affected by
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exercise in the soleus muscle. In contrast with the data on total proteolysis
in the EDL and soleus muscles, we do show evidence for a regulation of the
Ub-P pathway after high-resistance exercise in the gastrocnemius medialis
muscle. Ub-conjugation rates were significantly higher in exercised vs.
control muscles at 4h post-exercise, while a trend for increased rates was
present at 2h post-exercise. 20S proteasome peptidase activities were not
different between exercised and control gastrocnemius lateralis muscles,
however. These data suggest that in the hours following a high-resistance
exercise bout certain muscle proteins are increasingly targeted for
breakdown by the Ub-P pathway without a concomitant increase in mixed
muscle protein breakdown. Increasing the rate at which Ub-conjugation
proceeds may be an important mechanism involved in the remodeling
response of muscle to a high-resistance exercise bout.
Two studies reported increased mixed-muscle protein breakdown rates in
humans ~3h after a standard high-resistance exercise bout (8, 17). These
studies used different stable-isotope techniques to calculate muscle protein
breakdown, i.e. a three pool model and an intracellular tracer-dilution
technique. Both methods rely on several assumptions, which have been
explained and commented upon in previous reviews (34, 35). The main
concerns were that the three pool model includes more tissues than muscle
only (e.g. tendon, bone and skin protein turnover), and that both methods
use sets of equations for calculating protein synthesis and protein
degradation that are mutually dependent. Our data in isolated rat muscles
also fail to show increased total protein breakdown levels after an intense
stimulation protocol, previously proven to result in muscle hypertrophy
when administered repeatedly (24, 25). In fact, we even show a small
decrease of total protein breakdown 2h post-exercise in the EDL muscle.
The discrepancy between our results and those obtained in humans with
tracer methodology may be explained by the different methods used to
measure protein breakdown. Incubated muscles are always in a net negative
protein balance, and therefore it may be argued that our proteolysis
measurements do not accurately reflect the in vivo situation in humans.
Another study using a microdialysis approach also found no increase in 3methylhistidine (3-MH) release from human skeletal muscle during a 24h
period after a high-resistance exercise bout (36). These findings suggested
that either total protein breakdown did not change after exercise or that
myosin and actin proteolysis was not a significant component of total
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proteolysis after a high-resistance exercise bout. Increased in vitro rates of
mixed muscle but not myofibrillar proteolysis in rat soleus muscle have been
described in the hours following a treadmill-running protocol (37). However,
as this experiment used an endurance exercise protocol, these data cannot
easily be compared to our findings in response to resistance exercise. Thus,
the increase of protein breakdown after high-resistance exercise still
remains to be firmly established.
Since degradation of (myofibrillar) proteins in eukaryotic cells is believed to
occur largely via the ubiquitin-proteasome (Ub-P) pathway (13, 14), it is of
great interest to study the acute response of this pathway to a highresistance exercise bout. There are no reports studying the influence of highresistance exercise (either isometric or shortening contractions) on
parameters of Ub-P pathway activity, however. The only evidence
implicating the Ub-P pathway in the proteolytic response to exercise is
provided by studies using eccentric exercise protocols, which are known to
induce muscle damage, and hence require active removal of these damaged
proteins. Increased muscle levels of Ub-conjugated proteins (22), as well as
increased protein levels of Ub, Ub-conjugating enzyme E2 and 20S
proteasome (21) have been reported 24h after performing a bout of eccentric
exercise.
Highly increased activities of the Ub-P pathway have also been observed in
rabbit tibialis anterior muscles during the course of a 28-day chronic lowfrequency electrical stimulation (CLFS) protocol (18). This increased activity
was underpinned by increased proteasome subunit mRNA and protein
levels, increased proteasome activity and increased Ub-ATP-dependent
hydrolysis of the exogenous protein substrate casein (18). CLFS results in a
completely different pattern of muscle activation than any mode of human
exercise. This form of stimulation is a potent stimulus for the muscle to
remodel its protein composition, necessary to optimize muscle function for
this new type of activity. The highly increased activity of the Ub-P pathway
in the present experiment implies an important role for this pathway in
muscle remodeling therefore suggesting that this pathway may also be
implicated in the muscle remodeling response to a bout of high-resistance
exercise. The increased rates of Ub-conjugation that we observed in the
hours following electrical stimulation suggest that increasing the speed of
the ubiquitination process may be an early adaptive response required for
muscle remodeling. Although it is unclear which proteins are specifically
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ubiquitinated in our assay, increased Ub-conjugation rates are observed in
various proteins of different molecular weights. This suggests that at least a
subset of muscle proteins is increasingly conjugated with ubiquitin, and
therefore is increasingly targeted for breakdown by the 26S proteasome.
Thus, increased rates of Ub-conjugation may be necessary to facilitate the
increased breakdown of certain muscle proteins after a high-resistance
exercise bout. In order to gain more knowledge on the adaptive response of
muscle to high-resistance exercise, it will be of great importance for future
studies to identify the specific proteins that are increasingly ubiquitinated
following exercise. Our data suggest that an increased proteasome activity
is not implicated in the post-exercise muscle remodeling at the chosen timepoints. The present study, however, does not rule out a possible involvement
of increased proteasome activity at a later time-point. The discrepancy in
proteasome activities between CLFS and our stimulation protocol may also
be explained by the fact that the former is a more potent and prolonged
trigger for muscle remodeling.
In conclusion, our data do not indicate that an increased rate of muscle
protein breakdown is present in the first 4 hours following a high-resistance
exercise bout. Total protein breakdown rates did not increase in the EDL
and soleus muscles, both 2h and 4h post-exercise. Interestingly, we show
that Ub-conjugation rates are increased post-exercise, suggesting that this
may be an important early event in the muscle remodeling response to highresistance exercise. In contrast, our data do not implicate increased
proteasome activities in this remodeling. Clearly, additional work needs to
be done to identify the specific proteins that are increasingly targeted for
breakdown by the Ub-P pathway after high-resistance exercise.
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Abstract
Cancer cachexia, characterized by weight loss and a disproportionate loss of
muscle mass, is a common phenomenon in non-small cell lung cancer
(NSCLC), which has been associated with a systemic inflammatory
response. In experimental cancer cachexia an increased proteolysis through
the ubiquitin-proteasome (Ub-P) pathway has been shown to be responsible
for muscle atrophy. The aim of this study was to investigate whether the
Ub-P pathway was activated in newly-diagnosed NSCLC patients, and to
evaluate whether this was associated with systemic inflammation and
skeletal muscle NF-κB activation. For this purpose 20S proteasome
peptidase activities, as well as the mRNA expression of two critical E3 Ubligases, MuRF1 and atrogin-1/MAFbx, and two markers of NF-κB activity
(IκBα and TNFα) were determined in muscle biopsies of newly diagnosed
NSCLC patients (n=11) and compared to age-matched controls (n=8).
Patients were characterized by systemic inflammation and a weight loss of
4.2%, mainly reflecting a loss of fat mass. A trend towards increased mRNA
levels of MuRF1 (P=0.076), but not of atrogin-1/MAFbx, was found in
NSCLC patient vs. control muscle. 20S proteasome peptidase activities were
not different in patient vs. control muscle. Importantly, in NSCLC patient
muscle but not in control muscle mRNA levels of IκBα, an NF-κB target
gene, correlated strongly with circulatory soluble TNF receptor-55 (R=0.82,
P=0.002) and C-reactive protein (R=0.73, P=0.011) levels. Our data suggest
that MuRF1 may be involved in initiating Ub-P dependent muscle wasting
in NSCLC patients, and that systemic inflammation may induce skeletal
muscle NF-κB activity in NSCLC patients.
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Introduction
Cachexia reflects a progressive body weight loss, characterized by wasting of
adipose and skeletal muscle tissue, and is a common complication associated
with cancer, especially cancer of the upper gastrointestinal tract and the
lungs. Substantial weight loss occurs in more than 60% of lung cancer
patients (1). Cancer cachexia has been associated with a poor prognosis and
lower responses to chemotherapy and radiation treatment (2, 3). The
reduction of muscle mass hampers the patients’ ability to perform activities
of daily living (ADL), and contributes to increased morbidity and mortality.
Muscle wasting reflects a net loss of muscle protein, caused by an imbalance
between rates of protein synthesis and degradation. In human cancer (4-6)
and animal models (7-11) there is evidence for decreased muscle protein
synthesis and/or increased muscle protein degradation being responsible for
muscle atrophy. Because an increased proteolysis has been implicated in
muscle atrophy associated with many forms of cancer (12), it is important to
study early factors contributing to and mechanisms underlying muscle
proteolysis. This in order to develop targeted nutritional or pharmacological
strategies to prevent or reverse cancer cachexia.
In the Ub-P pathway, proteins are targeted for degradation by the covalent
attachment of a polyubiquitin chain (Ub-conjugation), after which proteins
are recognized and degraded by the 26S proteasome, a large multi-catalytic
protein complex, which comprises two 19S regulatory complexes and a 20S
proteolytic core (13). Ubiquitin conjugation occurs through a cascade of E1
(Ub-activating), E2 (Ub-conjugating) and E3 (Ub-ligating) enzymes (14). In
this process the muscle-specific Ub-ligases atrogin-1/MAFbx and MuRF1 are
considered rate-limiting for muscle protein degradation (15). Moreover, both
ligases are consistently induced in muscles atrophying as a result of
different catabolic stimuli, including cancer (15-17). Several animal studies
show that an increased proteolysis through the Ub-P pathway is responsible
for the bulk of muscle atrophy during cancer cachexia (9, 18, 19). In human
cancer, however, there are only a few studies providing evidence for a
muscular activation of the Ub-P pathway. Increased proteasome activities,
as well as increased expression of certain components of the Ub-P pathway,
including Ub, the 14 kDa-E2 Ub-conjugating enzyme and several
proteasome subunits, have been reported (20-22). Although atrogin1/MAFbx and MuRF1 play critical roles in determining the rate of Ub-P
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dependent proteolysis, no reports have evaluated their expression in muscle
of cancer patients.
Proinflammatory mediators have been implicated in the regulation of
muscle proteolysis during cancer cachexia. Lung cancer patients frequently
develop a systemic inflammatory response, characterized by increased
circulatory proinflammatory cytokines, such as tumor necrosis factor
α (TNFα), interleukin-1 (IL-1) and interleukin-6 (IL-6), and the presence of
an acute phase response (23). In animal models it has been shown that
repeated administration of TNFα, IL-1 and IL-6 alone is sufficient to induce
skeletal muscle atrophy (24, 25). From studies using muscle cell systems or
rodents it is known that cytokines like TNFα elicit a local inflammatory
response in skeletal muscle by activating the transcription factor NF-κB (26,
27). In cancer patients, however, it has not been studied whether systemic
inflammation is related to skeletal muscle NF-κB activity and to the
expression of its target genes.
Apart from its role as an integrator of proinflammatory signals, recent
experimental work shows that NF-κB activation alone is sufficient to cause
skeletal muscle atrophy (28). Continuous activation of NF-κB induced
profound muscle atrophy in mice, whereas an inhibition of NF-κB activity
prevented muscle atrophy in several catabolic mouse models, including
cancer cachexia (28). The latter study also demonstrated a continuous
activation of NF-κB induced muscle atrophy by accelerating protein
breakdown through the Ub-P pathway. Moreover, the findings of this study
suggested that inflammatory cytokines can directly impact muscle
proteolysis by activating the Ub-P pathway through an NF-κB dependent
induction of MuRF1 gene expression (28).
Until now no definite intervention strategy is known to prevent or reverse
cancer cachexia. A few studies have investigated molecular markers of
muscle atrophy in patients with cancer. These patients varied in cancer type
and nutritional status, however, making these studies difficult to compare.
To understand more of the triggers and mechanisms initiating muscle
wasting in lung cancer patients we considered it important to investigate if
the Ub-P pathway is activated in skeletal muscle of a group of newly
diagnosed non-treated NSCLC patients without evident weight loss and if
this is associated with a systemic inflammatory response and muscular NFκB activation.
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Materials and methods
Patients
Twenty-one newly diagnosed and previously untreated NSCLC patients
were included. All patients had histologically or cytologically proven
NSCLC. At the time of inclusion all patients were expected to be eligible for
lung cancer surgery. Tumor stage was assessed using the TNM
international staging system for lung cancer (29). ECOG performance
status was assessed at time of inclusion (30). Ten healthy, age-matched
volunteers were recruited as controls from advertisements in local
newspapers. Prior to inclusion, volunteers received a physical examination.
This study was approved by the medical ethical committee of the Maastricht
University hospital and written informed consent was obtained from all
subjects.

Muscle biopsy and plasma samples
Biopsies of the m. vastus lateralis were taken from 11 patients; 8 under
general anaesthesia prior to thoracic surgery and 3 under local anaesthesia.
Muscle biopsies from 8 healthy individuals were taken under local
anaesthesia. Muscle biopsies were immediately frozen in liquid nitrogen and
stored at -80 °C until analysis.
After an overnight fast, blood was collected from an antecubital vein in
evacuated EDTA blood collection tubes (Sherwood Medical, Ballymoney, N.
Ireland). After collection, the EDTA tubes were placed on ice and were
centrifuged for 5 minutes at 3000 g, 4 °C. Plasma samples were stored at -80
°C until analysis.

Body composition
Dual energy X-ray absorptiometry (DEXA; DPX-L, Lunar Radiation Corp.,
Madison, WI) was used to determine whole-body composition, i.e. bone
mineral content (BMC), fat mass (FM) and lean body mass (LBM;
comprising muscle, inner organs and body water) (23). DEXA measurements
were performed in the morning, in the fasted state. The principles of
measuring body composition with DEXA have been described extensively
elsewhere (31, 32).
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Plasma inflammatory markers
Plasma soluble TNF receptor 55 (sTNF-R55) and 75 (sTNF-R75) were
measured by sandwich ELISA, as described elsewhere (33). Briefly, for the
measurement of sTNF-R55 and sTNF-R75, the monoclonal antibodies MR11 and MR2-2 (33) were used for coating the ELISA plates. Specific biotinlabeled polyclonal rabbit anti-human sTNF-R IgGs were used as detector
reagents. Recombinant human sTNF-R55 and sTNF-R75 were used as
standards. For both assays, the detection limit was 100 pg/ml.
Albumin and pre-albumin were measured using the Bromocresol Purple
method with a Synchron CX-7 instrument (Beckman, Mijdrecht, The
Netherlands). C-reactive protein (CRP) was measured by turbidimetry.

20S Proteasome peptidase activities
The method used to determine 20S proteasome peptidase activities has been
described previously (34, 35). This protocol was modified slightly to allow
analysis of small human muscle biopsies. To isolate 20S proteasomes,
muscle biopsies were homogenized in 10 vol of ice-cold buffer (pH 7.5),
containing 50 mM Tris, 5 mM MgCl2, 250 mM sucrose, 1 mM DTT, and
protease inhibitors (10 μg/ml antipain, aprotinin, leupeptin and pepstatin A,
0.2 mM PMSF) using a Yellowline homogenizer (IKA Works, Wilmington,
NC). Proteasomes were isolated by sequential (ultra)centrifugation steps
and the protein concentration in the proteasome fractions was measured
with the Bio-Rad protein assay (Bio-Rad, Veenendaal, The Netherlands),
using bovine serum albumin as standard. The peptidase activities of the 20S
proteasome were determined fluorometrically by measuring the hydrolysis
of the fluorogenic substrates Succinyl-Leu-Leu-Val-Tyr-7-amido-4methylcoumarin (Suc-LLVY-AMC, Sigma, Zwijndrecht, The Netherlands)
and Benzyloxycarbonyl-Leu-Leu-Glu-7-amido-4-methylcoumarin (Z-LLEAMC, BIOMOL, Exeter, UK). These substrates are preferentially
hydrolyzed by the chymotrypsin-like and caspase-like peptidase activities of
the 20S proteasome, respectively. Adding the proteasome inhibitor MG132
to the reaction resulted in complete inhibition of the proteasome peptidase
activities.
B
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RNA isolation and assessment of mRNA abundance
Muscle biopsies were homogenized using a Polytron PT1600E homogenizer
(Kinematica, Littau-Lucerne, Switzerland). Total RNA was isolated using
the Totally RNATM kit (Ambion, Austin, TX) according to the manufacturer’s
instructions. Isolated RNA was dissolved in TE buffer and stored at -80°C.
One μg of RNA was reverse transcribed to cDNA using the Reverse iT First
Strand Synthesis kit (ABgene, Epsom, UK) with oligo-dT primers.
Human MuRF1, Atrogin-1, TNFα, IκBα, and β-actin mRNA were
determined by quantitative RT-PCR (Q-PCR). Q-PCR primers were
designed using Primer Express 2.0 software (Applied Biosystems, Foster
City, CA) and obtained from Sigma Genosys (Haverhill, UK). Primers are
outlined in Table 1. PCR reactions (25 μl total volume) contained 1x qPCR
MasterMix Plus for SYBR green I (Eurogentec, Seraing, Belgium) and
primers (300 nM). Standard curves were made in duplicate by performing
serial dilutions of pooled cDNA aliquots. Real-time PCR reactions were
performed in an ABI PRISMTM 7700 Sequence Detector (Applied
Biosystems). Ct values were obtained for each sample and the relative DNA
concentrations were derived from the standard curve. The expression of the
genes of interest was normalized to β-actin (primers obtained from Ambion).
Murine TNFα and IκBα mRNA abundance were determined by semiquantitative RT-PCR. Primers were designed using primer3 software
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and obtained
from Sigma Genosys (Haverhill, UK). Primers are outlined in Table 1. PCR
reactions were performed using Thermostart PCR Mastermix (ABgene).
TNFα or IκBα mRNA abundance was normalized to β-actin within each
individual reaction using QuantumRNATM technology (Ambion) according to
manufacturers’ instructions.
P

P

P

P

P

P

Statistics
The subject characteristics (Table 2) and inflammatory mediators (Table 3)
are presented as means ± SD. Proteasome activities and PCR data are
presented as means ± SEM. Data are compared using a two-sided
independent samples t-test. Relationships between parameters were
evaluated using Pearson’s correlation coefficient (R). Significance was set at
P<0.05.
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Table 1. Q-PCR and RT-PCR primer info.
Genebank
Acc. nr.

Gene

Forward
Primer

Reverse
Primer

Q-PCR
hAtrogin-1*1
P

P

hMuRF1

NM_148177.1
AJ291713

5’-GAAGAAACTCTGCCAGTACCAC

5’- CCCTTTGTCTGACAGAATTAA

TTC-3’

TCG-3’

5’-GCGAGGTGGCCCCATT-3’

5’-GATGGTCTGCACACGGTCATT-3’

hIκBα

NM_020529

5’-CTACACCTTGCCTGTGAGCA-3’

5’-TCCTGAGCATTGACATCAGC-3’

hTNFα

NM_000594

5’-CTCGAACCCCGAGTGACAA-3’

5’-AGCTGCCCCTCAGCTTGA-3’

Semi-quantitative RT-PCR
mIκBα*2

U36277

5’-GACTCCATGAAGGACGAGGA-3’

5’-GTCTCCCTTCACCTGACCAA-3’

mTNFα

X02611

5’-ATGCACCACCATCAAGGACT-3’

5’-GCACCTCAGGGAAGAGTCTG-3’

P

P

*1 h = human
*2 m = murine

Results
Subject characteristics
Subject characteristics of the NSCLC patients and healthy controls are
summarized in Table 2. At the time of inclusion all patients were expected
to be eligible for surgery, however upon further staging by mediastinoscopy
or thoracotomy 8 patients proved inoperable.
All NSCLC patients and 80% of the healthy subjects were current or former
smokers. Both groups were similar with respect to age, sex, usual body
weight and height. Mean weight loss in the patient group was 4.2 ± 5.9%,
which was significantly higher than in the control subjects. Nineteen
patients had a weight loss ≤10% and 2 patients >10%. Muscle biopsies were
taken in a subpopulation (n=11), which represented the entire population.
All patients in this subpopulation had a weight loss ≤10% (mean 4.1 ±
4.8%). The patients (n=21) showed trends towards a decreased body mass
index (patients 24.6 ± 3.7 kg/m2 vs. controls 27.1 ± 3.7 kg/m2; p=0.092) and
fat mass index (p=0.068) but not lean body mass index (p=0.28). This
suggests that in this early stage wasting is more prominent in the fat
compartment and precedes the loss of muscle mass. Although the NSCLC
patient group varied in disease stage, we did not observe a relationship
between weight loss and disease stage (R=-0.006, P=0.98). Table 3 shows the
plasma levels of inflammatory mediators. NSCLC patients clearly showed
an elevated systemic (pro)-inflammatory status, evidenced by an increased
plasma sTNF-R55 level, and elevated plasma levels of the positive acutephase reactants C-reactive protein (CRP) and fibrinogen.
P
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Table 2. Clinical characteristics of patients with NSCLC and healthy control subjects.

Age
Sex (M:F)
Usual body weight (kg)
Current body weight (kg)
Weight loss (kg)
Weight loss (%)
Height (cm)
Body mass index (kg/m2)
Lean body mass (kg)
Lean body mass index (kg/m2)
Fat mass (kg)
Fat mass index (kg/m2)
Muscle biopsy performed (n)
ECOG performance status
(0 (fully active) – 5 (dead))
Survival (months, 95% CI)
Tumor stage
(I-II : IIIA : IIIB : IV)
* P<0.05 vs. control subjects
P

P

P

P

P

P

NSCLC patients
(n=21)
66 ± 8
17 : 4
76.0 ± 14.1
73.0 ± 15.3
3.0 ± 3.9*
4.2 ± 5.9*
172 ± 8
24.6 ± 3.7
49.5 ± 9.3
16.8 ± 2.2
18.2 ± 7.4
6.2 ± 2.3
11
0 (n=15), 1(n=5),
2 (n=1)
23 (5-42)

Healthy controls
(n=10)
64 ± 6
7:3
76.5 ± 12.0
77.0 ± 12.2
-0.50 ± 1.6
-0.63 ± 2.0
169 ± 10
27.1 ± 3.7
50.9 ± 10.2
17.8 ± 2.2
22.9 ± 7.6
8.2 ± 3.2
8

P-value
0.48
0.93
0.49
0.012
0.019
0.35
0.092
0.70
0.27
0.13
0.068

12 : 2 : 4 : 3

Table 3. Plasma inflammatory mediators in NSCLC patients and healthy controls
NSCLC patients

Healthy controls

(n=21)

(n=10)

sTNF-R55 (ng/ml)

1.05 ± 0.31*

0.77 ± 0.16

0.016

sTNF-R75 (ng/ml)

1.87 ± 0.73

1.40 ± 0.60

0.088

P-value

CRP (μg/ml)

70 ± 57*

7.2 ± 5.9

0.002

Fibrinogen (g/l)

6.3 ± 1.7*

3.8 ± 0.7

< 0.001

Albumin (mg/ml)

33.1 ± 3.3*

40.1 ± 2.6

< 0.001

* P<0.05 vs. control subjects

Ubiquitin-Proteasome Pathway
To investigate ubiquitin-proteasome pathway activity in skeletal muscle of
NSCLC patients, we measured 20S proteasome peptidase activities, as well
as the gene expression of the critical E3-ligases atrogin-1/MAFbx and
MuRF1. As is shown in Figure 1, no differences in 20S proteasome
chymotrypsin-like and caspase-like peptidase activities were observed
between proteasome preparations of patient and control muscles. Figure 2A
shows a trend for an increase in MuRF1 mRNA in patient vs. control muscle
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(+102%, p=0.076), while levels of atrogin-1/MAFbx mRNA were not
significantly different (+31%, P=0.42). Our data did not show any significant
correlation between skeletal muscle Ub-P pathway activity (proteasome
activity and E3-ligase mRNA) and systemic inflammatory mediators (sTNFR55, sTNF-R75, CRP and fibrinogen) in the NSCLC patients.

20S Proteasome activity
(pmol AMC/mg protein/min)

1.8
1.6
1.4

Control
Cancer

1.2
1
0.8
0.6
0.4
0.2
0
Chymotrypsin-like

Caspase-like

Figure 1: 20S proteasome chymotrypsin-like and caspase-like peptidase activities do not differ
between NSCLC patient and healthy control muscle biopsies. 20S proteasome chymotrypsinlike and caspase-like peptidase activities were measured in muscle proteasome preparations
against the fluorogenic substrates Suc-LLVY-AMC and Z-LLE-AMC, respectively. Activities
are expressed as the release of AMC in pmol/μg protein/min.

B
20
18
16
14
12
10
8
6
4
2
0

Atrogin-1/MAFbx mRNA
(AU relative to β-actin)

MuRF1 mRNA
(AU relative to β-actin)

A

Control

Cancer

16
14
12
10
8
6
4
2
0
Control

Cancer

Figure 2: (A) MuRF1 and (B) Atrogin-1/MAFbx mRNA levels in muscles from NSCLC
patients and control subjects. A trend for an increased MuRF1 mRNA level was observed in
muscle biopsies of NSCLC patients vs. control subjects (P=0.076).
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Inflammatory signaling in skeletal muscle
To determine if the elevated levels of systemic inflammatory mediators were
associated with inflammatory signaling in skeletal muscle we investigated
whether there was evidence of NF-κB activation in the patients. For this
purpose we measured the muscle mRNA expression of IκBα and TNFα, two
NF-κB target genes (36). However, to verify whether inflammatory stimuli
are able to activate these NF-κB regulated genes in skeletal muscle,
cultured myotubes were incubated with a prototypical inducer of NF-κB,
TNFα (36, 37). Indeed, Figure 3 shows that treating fully differentiated
muscle cells with TNFα for 2 hours resulted in a dramatic increase in both
IκBα and TNFα mRNA expression, illustrating that an inflammatory
stimulus can trigger muscular NF-κB activation. Despite an evident
systemic inflammation in the patients, the mRNA expressions of both IκBα
and TNFα were not significantly different in patient vs. control muscle (data
not shown). Interestingly, in patient muscle IκBα mRNA levels, but not
TNFα mRNA, correlated strongly with circulatory sTNF-R55 (R=0.82,
p=0.002) and CRP (R=0.73, p=0.011) levels, as shown in Figure 4. In
contrast, IκBα mRNA levels in control muscle did not correlate with
circulatory sTNF-R55 and CRP levels.

A

control

TNFα 2h

B

control

TNFα 2h

β-actin

β-actin
IκBα

4

*

TNFα mRNA (fold increase)

IκBα mRNA (fold increase)

IκBα

3
2
1
0
Control

*

10
8
6
4
2
0
Control

TNF 2h

TNF 2h

Figure 3: TNFα stimulates IκBα (A) and TNFα (B) mRNA expression in cultured skeletal muscle cells.
Mouse skeletal muscle cells (C2C12, ATCC# CRL1772, Manassas, VA) were cultured as described previously
(45). Murine TNFα (Calbiochem, La Jolla, CA) was added once to fully (5 day) differentiated myotubes (the in
vitro equivalents of muscle fibers). Two hours following TNFα treatment, cells were washed, lysed and RNA
was extracted as desribed previously (46). One μg of total RNA was reverse transcribed to cDNA using
Superscript II RT and oligo dT primers (Invitrogen, Carlsbad, CA) according to the manufacturers’
instructions. PCR reactions were performed using 2xThermo-Start PCR Master Mix (ABgene). Murine
IκBα and mTNFα were amplified using the primers, outlined in Table 1. Murine mRNA abundance was
normalized to a β-actin internal standard (QuantumRNATM technology, Ambion).* P<0.05 vs. untreated
C2C12 cells.
P
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Figure 4: Skeletal muscle IκBα mRNA levels correlate strongly with circulating levels of (A)
sTNF-R55 (R=0.82, P=0.002) and (B) CRP (R=0.73, P=0.011) in NSCLC patients. No
correlation between muscle IκBα mRNA levels and both sTNF-R55 (R=-0.36, p=0.38) and CRP
(R=0.63, P=0.097) levels was present in control subjects.

Discussion
The aim of this work was to investigate the early events that mediate cancer
cachexia, and therefore a group of newly-diagnosed NSCLC patients, who
were eligible for surgery, was studied. These patients had a limited body
weight loss, mainly originating from a loss of fat mass. We show that the E3
Ub-ligase MuRF1 may be involved in initiating Ub-P dependent muscle
wasting in NSCLC patients. In contrast, the mRNA expression of atrogin1/MAFbx, another critical E3 Ub-ligase, as well as the chymotrypsin-like
and caspase-like peptidase activities of the 20S proteasome were not
significantly different. Importantly, in NSCLC patients, but not in healthy
control subjects, circulating levels of the systemic inflammatory mediators
sTNF-R55 and CRP correlated strongly and positively with skeletal muscle
mRNA levels of IκBα, an NF-κB target gene. Since IκBα expression is
controlled by the transcription factor NF-κB, these data provide a link
between systemic inflammation and skeletal muscle NF-κB activity in
NSCLC patients. In support of this association, we show that stimulating
fully differentiated C2C12 muscle cells with TNFα induces mRNA
expression of IκBα and TNFα, indicating NF-κB activation (Figure 3A).
We report no difference in 20S proteasome peptidase activities between
fractions of patient and control muscle. This lack of response corresponds
with a modest loss of body weight in the patients, which mainly comprises
loss of fat mass and not muscle mass. Previous work in gastric cancer
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patients displaying 5% weight loss, revealed an activation of the 20S
proteasome in the rectus abdominis muscles (21). Notwithstanding the
absence of quantitative changes in Ub-P dependent proteolysis, qualitative
changes may also be important during cancer cachexia. This notion is
supported by data in a mouse model of cancer cachexia, showing that
myosin heavy chains were specifically targeted by the Ub-P pathway (38).
These data suggested that muscle wasting during cancer cachexia does not
result from a general downregulation of muscle proteins, but rather involves
the targeting of specific muscle proteins.
The E3 Ub-ligases MuRF1 and atrogin-1/MAFbx have been shown to be
invariably induced in experimental cancer cachexia, and many other
catabolic conditions (15-17). There are no data on the expression of these
ligases in muscle of cancer patients, however. In human muscle atrophy due
to limb immobilization, a 4.7% decrease of quadriceps muscle mass occurred
in parallel with a 67% increase in atrogin-1/MAFbx mRNA, while a trend for
an increased MuRF1 mRNA level (+31%) was present (39). These findings
suggest a more prominent role for atrogin-1/MAFbx in disuse atrophy.
Because all patients in the present study scored well on the ECOG
performance questionnaire, disuse atrophy is unlikely to play an important
role, possibly explaining the lack of response in atrogin-1/MAFbx.
Conversely, an increased expression of MuRF1 in the patients is in line with
findings of a recent study in mice, suggesting that proinflammatory
cytokines can directly impact muscle proteolysis by upregulating MuRF1
expression in an NF-κB dependent manner (28).
Several factors produced by the tumor and/or host tissues have been
implicated in the regulation of muscle wasting (40). These factors include
several circulating pro-inflammatory cytokines, such as TNFα, interleukin-1
(IL-1) and interleukin-6 (IL-6) (41-43), which can be produced by both the
tumor and host tissues, and tumor-produced factors such as proteolysis
inducing factor (PIF) (44). Interestingly, both inflammatory cytokines (26)
and PIF (44) have been shown to activate NF-κB in skeletal muscle,
suggesting that they share a common pathway for inducing their cachectic
effects. In recent experimental work, continuous activation of NF-κB in
genetically manipulated mice induced extensive muscle atrophy, whereas an
inhibition of NF-κB activity prevented muscle atrophy in several catabolic
models, including cancer (28). Thus, there is evidence for a pivotal role of
NF-κB activation in inducing muscle atrophy. However, there is no data
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available on the activity status of NF-κB in skeletal muscle of cancer
patients. In the present study, we showed that skeletal muscle mRNA levels
of IκBα, a target gene of NF-κB, correlated strongly with circulating CRP
and sTNF-R55 levels. These correlations provide evidence for an association
between systemic inflammation and skeletal muscle NF-κB activity in
cancer patients. Although it is presently unknown whether these
relationships are causal, they support the experimental data that
proinflammatory cytokines trigger muscle atrophy through an NF-κB
dependent pathway. Although we did not measure skeletal muscle NF-κB
activity directly, the use of IκBα gene expression as a marker of NF-κB
activity was justified by an experiment using muscle cells. In this
experiment, we verified that incubation with TNFα, a prototypical activator
of NF-κB, induced the gene expression of IκBα in skeletal muscle.
In summary, we show a trend towards increased mRNA levels of the critical
E3 Ub-ligase MuRF1 in skeletal muscle of a group of newly diagnosed
NSCLC patients. This suggests that in NSCLC patients MuRF1 may
initiate an increased Ub-P pathway activity, which is known to be
responsible for muscle atrophy in experimental cancer cachexia. No
differences were observed in the mRNA levels of atrogin-1/MAFbx and 20S
proteasome activities in patient skeletal muscle compared to control muscle.
This indicates that in these patients, in contrast to common clinical practice,
weight loss may be reversible and associated muscle atrophy may be
delayed with nutritional and anabolic interventions. In addition, our data
support an association between systemic inflammation and skeletal muscle
NF-κB activity in NSCLC patients, which suggests that also in human
skeletal muscle NF-κB may play a central role in causing a local
inflammatory response and in inducing muscle atrophy during cancer
cachexia. Longitudinal studies are however indicated involving different
stages of cachexia to confirm this hypothesis in search for targeted
interventions aimed at preventing or reversing muscle atrophy.
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General Discussion
In this thesis we investigated the mechanisms that underlie muscle wasting
during sepsis and cancer. During the acute phase of sepsis muscle wasting
is beneficial, because it supplies amino acids for gluconeogenesis and for the
production of acute phase proteins and antibodies. However, if muscle
wasting is sustained during later stages the negative effects of muscle
atrophy outweigh the beneficial effects most of the time. Extensive muscle
wasting delays the ambulation of septic patients and, when the respiratory
muscles are affected, leads to an increased risk of pulmonary complications
and prolonged ventilatory support. While it is evident that an increased
production of inflammatory mediators is necessary to fight invading
pathogens during sepsis, cancer patients also frequently have increased
levels of circulating (pro)inflammatory mediators. These (pro)inflammatory
mediators are implicated in the development of cancer cachexia, a common
complication in cancer patients. Cancer cachexia reflects a loss of both fat
and muscle mass, and is associated with an increased mortality and
morbidity.
Muscle atrophy during both sepsis and cancer has been shown to occur
mainly through an increased proteolysis by the ubiquitin-proteasome
pathway. Therefore, this thesis aimed to investigate the regulation and
activation of this pathway during sepsis and cancer.

Muscle atrophy during sepsis
In our experiments we used zymosan injections to induce sepsis in rats.
Zymosan injection rendered these rats catabolic for a period of 5-6 days,
evidenced by the decrease of body and muscle mass during this period. This
could be partly ascribed to a decreased food intake, as was evidenced by the
apparent muscle wasting in pair-fed rats. However, muscle wasting
occurred to a significantly smaller degree in these rats than in the zymosantreated rats (chapter 2). The catabolic phase is followed by a prolonged
recovery phase, during which body and muscle mass slowly recover. A
decrease of the mean muscle fiber cross-sectional area (CSA) after zymosan
injection nicely matched the observed muscle wasting. Interestingly, we
showed less of a decrease in muscle fiber CSA in slow-twitch type 1 fibers
compared to faster type 2A and 2B fibers. It is known that muscles
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composed of fast-twitch fibers (e.g. EDL muscle) atrophy more rapidly in
response to sepsis than muscles composed of slow-twitch fibers (e.g. soleus
muscle) (1-3). We showed that this is a true fiber-type specific effect, present
within one muscle, and suggested a differential response of proteasome
activity as a potential explanation.
Because it is important for septic patients to preserve their muscle function,
we addressed the question of whether zymosan injections can hamper
muscle function by other mechanisms than a reduction of muscle mass. This
question is based on findings in critically ill patients, suggesting that
muscle weakness in these patients reflects neuropathy (critical illness
neuropathy) or myopathy (critical illness, thick filament and necrotizing
myopathy) in addition to muscle atrophy (4). Moreover, it has been shown in
rats that endotoxin administration induces a rapid decrease of in vitro force
generating capacity, potentially through free radical induced damage (5-7).
In chapter 2, we indeed showed that the dorsal flexor muscles of zymosantreated rats produced less force upon electrical stimulation. However, the
lower force output was completely accounted for by the reduction of muscle
mass. Thus, during the observed time-course neuropathy or a deranged
excitation-contraction coupling plays a negligible role in the development of
muscle weakness after zymosan injection.
In critically ill patients
neuropathies and myopathies have been associated with the use of steroids
and muscle relaxants, possibly explaining the discrepancy with our findings
(4, 8). Thus, irrespective of the presence of neuropathy or myopathy, muscle
atrophy is a major factor in the development of muscle weakness and
therefore it is crucial to understand the mechanisms underlying sepsisinduced muscle atrophy in order to develop interventions to preserve muscle
function.

Activation of the ubiquitin-proteasome pathway in
skeletal muscle during sepsis
From experiments using animal models of sepsis it is known that mainly an
increased proteolysis through the ubiquitin-proteasome (Ub-P) pathway is
responsible for the observed muscle atrophy, although a decreased protein
synthesis also contributed in some studies (9-11). In chapter 3 we focused
on the skeletal muscle activity of the Ub-P pathway after zymosan injection.
Theoretically, the rate of proteolysis can be regulated at many levels in the
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pathway, because it is a complex cascade of reactions. We investigated the
rate at which the two main steps in Ub-P dependent proteolysis, i.e.
ubiquitin-conjugation (or ubiquitination) and actual protein degradation by
the proteasome, proceeded upon zymosan injection. As most studies only
investigated the Ub-P pathway during the acute catabolic phase of sepsis,
we considered it important to include measurements during recovery. The
zymosan model is suitable for this purpose, because in contrast to the
commonly used CLP (cecal ligation and puncture) model of sepsis it
produces a prolonged recovery phase (12). We showed that both an increased
ubiquitination and proteasome activity are implicated in muscle atrophy
during the catabolic phase after zymosan injection. However, it cannot be
concluded from our experiments which process is rate-limiting for Ub-P
dependent proteolysis during sepsis. Several steps in the Ub-P pathway
have been suggested to be rate-limiting in various catabolic conditions. Data
from mice lacking any of two crucial Ub-ligases (MuRF1 and MAFbx)
support a rate-limiting role for the ubiquitination machinery (13). Ablation
of these muscle-specific E3 Ub-ligases partially rescued muscles from
denervation-induced muscle atrophy, suggesting a crucial role of these
ligases in regulating Ub-P dependent proteolysis. For this reason, and
because MuRF1 and atrogin-1/MAFbx have been shown to be invariably
induced in many catabolic animal models, MuRF1 and atrogin-1/MAFbx are
considered key mediators of muscle atrophy (13-15). In contrast, the
accumulation of Ub-conjugates in muscles of septic and tumor-bearing rats
suggested that the degradation of these conjugates by the proteasome was
the limiting factor (16, 17). Our findings of increased proteasome peptidase
activities upon zymosan injection support, but do not prove, this notion. The
increased proteasome activities probably reflect increased specific activities,
rather than increased amounts of proteasomes, for we observed no change in
the protein level of a 20S proteasome subunit. Although the regulation of
the proteasome active sites is largely unknown, allosteric changes and
(de)phosphorylation of proteasome subunits have been suggested as
potential mechanisms (18, 19). Our findings of increased proteasome
peptidase activities as early as 2h after zymosan injection support the
involvement of such a fast-acting regulatory mechanism. Perhaps the most
striking observation was, however, that proteasome peptidase activities
remained at a high level during recovery from the zymosan challenge (11d).
Assuming that the increased proteasome activities reflect increased rates of
P
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muscle proteolysis, muscle protein synthesis must be simultaneously
increased to bring about the partial restoration of muscle mass at this time
point. This observation may also indicate a role for the Ub-P pathway in
muscle remodeling after recovery from a septic challenge.
A role for the Ub-P pathway has not only been suggested in muscle
remodeling during recovery from sepsis, but may also be involved in the
adaptive response of skeletal muscle to contractile activity (or exercise).
Muscle fiber typology is known to adapt to periods of use and disuse.
Chronic low frequency stimulation has been proven a potent model to induce
shifts in muscle myosin heavy chain isoforms towards predominantly slow
oxidative fibers. It has been shown that this shift is accompanied by a sharp
activation of the Ub-P pathway, suggesting a role for the pathway in muscle
remodeling (20). Apart from its effect on protein mass, resistance exercise
also affects muscle fiber typology in rats (21, 22). In both processes, the role
of proteolysis, and Ub-P dependent proteolysis in particular, has not been
investigated in great detail. Thus, in chapter 5 we aimed to explore the role
of the Ub-P pathway in skeletal muscle after high-intensity activity. To this
end, rat muscles were unilaterally stimulated using an isometric, highintensity training protocol, and total protein breakdown, ubiquitinconjugation rates and proteasome activities were measured both 2h and 4h
post-exercise. Overall, we showed that protein breakdown rates, measured
in vitro using muscle incubations, were largely unchanged in the EDL and
soleus muscles post-exercise, except for a small decrease at 2h in the soleus
muscle. Accordingly, proteasome activities (in the gastrocnemius lateralis
muscle) were not affected by the exercise bout. Interestingly, ubiquitinconjugation rates were increased both 2h and 4h post-exercise, indicating
that at least a specific set of muscle proteins is increasingly targeted for
breakdown. Our data suggest that increasing the rate of ubiquitinconjugation to muscle proteins may be involved in muscle remodeling upon
high-resistance exercise. Although our data are not conclusive because of
the limited number of rats they identify the ubiquitination process as an
important target for future investigations into muscle remodeling.

Mechanisms regulating muscle atrophy during cancer
Proinflammatory cytokines (TNFα most notably) have been implicated in
the activation of the Ub-P pathway during muscle atrophy in both sepsis
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and cancer. In addition, experimental work provided evidence for a crucial
role of the transcription factor NF-κB in the intracellular signaling of Ub-P
pathway activation (23, 24). In chapter 6 we aimed to translate these
findings to the human patient setting. In this chapter we investigated if the
Ub-P pathway was activated in muscle biopsies of newly-diagnosed nonsmall cell lung cancer (NSCLC) patients, and if this was associated with an
activation of muscular NF-κB and systemic inflammation. The NSCLC
patients had a mean weight loss of 4%, mainly reflected in a decreased fat
mass. Because of the limited weight loss of the patients, this study describes
the early events that may lead to Ub-P pathway activation and muscle
atrophy. From a therapeutical standpoint it is important to identify markers
or triggers of muscle atrophy at this stage, because muscle atrophy may still
be reversed or prevented. We showed an association between plasma
inflammatory mediators and a marker of skeletal muscle NF-κB activity in
the NSCLC patients. These data are the first to link systemic inflammation
to muscular NF-κB activity in cancer patients, and therefore support the
idea that also in patients pro-inflammatory cytokines trigger muscle
atrophy in an NF-κB dependent manner. The other major finding in the
NSCLC patients was a trend towards increased MuRF1 mRNA levels, while
no change was observed in atrogin-1/MAFbx mRNA and proteasome
activities. This suggests that MuRF1 may be involved in initiating skeletal
muscle Ub-P pathway activation in an early stage of weight loss.
Interestingly, in a recent paper it was shown that a continuous muscular
activation of NF-κB in mice caused an upregulation of MuRF1 mRNA and
no change in atrogin-1/MAFbx (24). The authors proposed a signalling
scheme in which cachectic factors such as cytokines and the tumor-derived
proteolysis inducing factor (PIF) induce MuRF1 expression through NF-κB
activation, resulting in increased Ub-P dependent proteolysis and muscle
atrophy. Our findings support the presence of this cytokine signaling
scheme in NSCLC patients. However, it is unlikely that this is the only
signaling route for increasing Ub-P pathway activity, because atrogin1/MAFbx has been shown to be induced in skeletal muscle in several models
of cancer cachexia (14). In addition, p38 MAPK has recently been proposed
as the trigger for upregulation of MAFbx in skeletal muscle upon
stimulation with TNFα (25).
Although the mechanisms that cause muscle atrophy during cancer
cachexia are beginning to be unraveled in studies using animals or cell
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systems, it is still a challenge to translate these findings to the patient
setting. Our data contribute to this translation by showing an association
between systemic inflammation and muscular markers of NF-κB, and by
showing that the upregulation of MuRF1 may be an early event involved in
muscle atrophy in NSCLC patients. A pitfall of including a group with no
apparent cachexia is that it is not known which of these patients will
actually develop cachexia when the disease progresses. Sixty percent of
NSCLC patients eventually develop substantial weight loss (26).
Longitudinal studies, involving different stages of cachexia, are therefore
indicated to confirm the role of NF-κB and the Ub-P pathway in the
development of muscle atrophy during NSCLC. An understanding of these
fundamental processes can then be used to design targeted interventions to
prevent or reverse muscle atrophy in cancer patients.

Future directions
Many issues still remain to be addressed regarding the role of the Ub-P
pathway in muscle atrophy. Probably the most important issue is to
translate the findings from experiments using cell systems or animals to the
human catabolic patient. While there is some evidence associating an
activation of the Ub-P pathway with muscle atrophy in patients, a key role
of this pathway in human muscle atrophy still remains to be firmly
established. In addition to this, there are several mechanistic issues that
need to be solved. Insight into the precise mechanisms of ubiquitination and
proteasomal degradation is necessary to invent new drugs or therapies to
prevent or reverse muscle atrophy during several catabolic diseases.
Because the Ub-P pathway is also involved in other important processes
such as cell-cycle regulation, antigen presentation and transcriptional
regulation, these therapies should be aimed at specific sites of the pathway
or at specific protein targets to prevent toxicity. The first important
mechanistic issue regards the specificity of the Ub-P pathway. Although the
E3 Ub-ligases are thought to confer the pathway its specificity, their target
proteins remain largely unknown. With respect to muscle atrophy, it would
be very important to know which E3 ligases are responsible for the
degradation of the major myofibrillar and cytoskeletal proteins, but also of
important growth and transcription factors. Moreover, identifying the
substrates of MuRF1 and atrogin-1/MAFbx will provide crucial information,
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because these E3 ligases have been implicated in many conditions of muscle
atrophy. In contrast to the key role of these ubiquitinating enzymes,
relatively little is known about the role of deubiquitinating enzymes in
muscle atrophy. More information is also needed about the signals that
mark proteins for degradation and the mechanisms that increase
proteasome activity during conditions of muscle atrophy.
It should also be emphasized that Ub-P associated muscle wasting not only
occurs in diseases classically related to loss of muscle mass (sepsis, cancer
cachexia, COPD, quadriplegia, etc.), but also in, for instance, type 2
diabetes. In type 2 diabetes maintenance of muscle mass is critical as
muscle is the major organ for post-prandial glucose uptake, the defective
process in type 2 diabetes. Hence, it is also of importance for type 2 diabetics
to do the utmost to maintain muscle mass. So far, little is known about the
involvement of the Ub-P pathway in the slow but progressive loss of muscle
mass in type 2 diabetic patients. As this population of patients is readily
growing, further studies are required to identify powerful targets for
intervention with the aim to prevent the loss of muscle mass. The elderly
constitute another large population characterized by slow but progressive
muscle wasting, and therefore it is also critical to study the role of the Ub-P
pathway in aging-induced muscle atrophy.
It has been emphasized many times in this thesis that several conditions of
muscle atrophy share common mechanisms for activating the Ub-P
pathway. However, to be able to develop targeted interventions, it is
important to identify the triggers and signaling routes that are specific for
each catabolic condition.
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Muscle wasting occurs as a result of several diseases, including sepsis and
cancer. When this loss of muscle mass is extensive it is very detrimental to
the patient. Extensive muscle wasting is associated with an impaired
prognosis and increased mortality rates. Moreover, muscle wasting limits
patients in performing the activities of daily living and prolongs recovery.
Since muscles are mainly built from proteins, it is the muscle protein mass
that determines muscle mass and function. Muscle proteins are
continuously synthesized and degraded (protein turnover). A continuous
turnover is necessary to replace damaged or dysfunctional proteins. In
healthy persons, muscle protein synthesis and breakdown are balanced and
muscle protein mass does not change. During disease, muscle protein
degradation can become larger than protein synthesis, causing the muscle
protein mass to decrease. It is now known that during several diseases an
increased protein breakdown is largely responsible for the observed muscle
wasting. Although several molecular mechanisms exist to degrade proteins,
muscle proteins are mainly degraded by the ubiquitin-proteasome (Ub-P)
pathway. This pathway is an intricate network of different enzymes and
protein structures that work together to specifically degrade many different
muscle proteins. Basically, protein degradation by this pathway can be
divided in two main steps. Firstly, muscle proteins are bound with a chain of
ubiquitin molecules, ‘marking’ them for degradation. A large protein
structure called the proteasome recognizes the ‘marked’ proteins, after
which the proteins enter the proteasome where they are degraded to small
pieces (peptides). This pathway of protein breakdown is active in muscle
continuously, providing a constant rate of protein breakdown. However,
during for example infectious diseases (like sepsis) or cancer the Ub-P
pathway is activated beyond the normal level, leading to an increased
protein breakdown and muscle wasting. Thus, to develop interventions to
prevent muscle wasting during these diseases, it is crucial to understand
the exact mechanisms activating the Ub-P pathway. In this thesis we
therefore aimed to study the regulation and activation of the Ub-P pathway
during sepsis and cancer, two diseases in which muscle wasting is a
common problem.
In our experiments we used zymosan injections in rats as an experimental
model of sepsis. In chapter 2 we characterized the zymosan sepsis model
with respect to muscle wasting and function. Zymosan injection caused a
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large drop in both body and muscle mass in these rats, 5-6 days after which
body and muscle mass slowly started to recover. Muscle wasting occurred
very rapidly after zymosan injection with a maximum loss of 35-40%
measured on day 6 in both the tibialis anterior and gasctrocnemius muscles
(two lower leg muscles). Not surprisingly, we found that these muscles had a
lower functional capacity. Strikingly, muscle quality did not change as a
result of sepsis, an observation which has been described during sepsis. In
chapter 2, we also studied the effect of sepsis on muscle fibers. Muscles are
composed of bundles of these small fibers. Several types of muscle fibers
exist, each with different functional capacities. Roughly, type 1 fibers are
slow, develop a low maximal force, but have great endurance, whereas type
2 fibers are fast, develop a high maximum force, but fatigue rapidly. As
expected, we found that muscle wasting led to a decrease of cross-sectional
area in both fiber types. In type 2 fibers, this decrease was much larger than
in type 1 fibers. Thus, type 1 fibers are more resistant to muscle wasting
during sepsis than type 2 fibers. To explain this phenomenon we compared
the activity of the proteasome during sepsis between muscles with mainly
type 1 fibers and muscles with mainly type 2 fibers. We showed an
increased activity during sepsis in the type 2 fiber muscle but not in the
type 1 fiber muscle, showing that probably sepsis increases protein
breakdown more in type 2 muscle fibers than in type 1 muscle fibers.
In chapter 3, we studied the activation of the Ub-P pathway in rat skeletal
muscle after zymosan injection. As explained above, the two main steps in
muscle protein degradation by the Ub-P pathway are the binding of
ubiquitin molecules to muscle proteins, and the degradation of these
proteins by the proteasome. We found that after zymosan injection, both
processes were activated. Muscle proteins were increasingly bound with
ubiquitin, implying an activation of the cascade of ‘ubiquitination’-enzymes
after zymosan injection. In addition, muscle proteasomes were more active
(faster protein degradation) after zymosan injection. Our experiments
showed that an increased Ub-P pathway activity is likely to play a role in
causing muscle wasting during sepsis and that this pathway is activated at
different levels.
Several animal studies show that the Ub-P pathway is also involved in
muscle wasting observed during cancer. The condition in which cancer
patients lose body weight (both muscle mass and fat mass) very rapidly is
called cachexia. In animal experiments it has been suggested that the
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transcription factor NF-κB is activated in the muscle and that this triggers
muscle wasting by activating muscle protein breakdown by the Ub-P
pathway. In chapter 6, we aimed to study this hypothesis in muscle
biopsies of lung cancer patients. Cachexia is a common problem in lung
cancer patients and therefore it is crucial to understand the underlying
mechanisms to develop interventions to prevent this condition. We showed
that one of the key ubiquitinating enzymes, Muscle Ring-Finger protein 1
(MuRF1), may be involved in muscle wasting at an early stage. A limited
decrease of body and muscle mass is likely to explain why we did not
observe additional evidence for an activation of the Ub-P pathway in the
lung cancer patients. Cancer patients commonly show a low-grade systemic
inflammation, which has been implicated as a cause of cachexia.
Interestingly, we showed an association between markers of NF-κB activity
and the inflammatory state of the patients. This observation provides the
first link between inflammation and muscle NF-κB activity in cancer
patients, and suggests that also in humans NF-κB may play a central role in
causing muscle wasting during cancer.
Another factor that has been implicated in causing cachexia is an increased
energy expenditure. The uncoupling protein 3 (UCP3) has been studied for
its effect on energy expenditure. However, it is now clear that UCP3 is not
involved in regulating energy expenditure during cachexia, and alternative
hypotheses about its role have been postulated. In chapter 4, we
investigated the hypothesized role for UCP3 in the defense against oxidative
damage during muscle wasting. We show that during muscle wasting
induced by zymosan injections UCP3 protein content in the muscle is
increased together with an increased abundance of the highly reactive
substance 4-hydroxy-2-nonenal (4-HNE). 4-HNE is a highly reactive
substance which can cause muscle damage. This shows that UCP3 indeed
may fulfill the hypothesized function during periods of muscle wasting and
oxidative stress.
A lot of research has been done on the role of protein breakdown and the
Ub-P pathway during periods of muscle wasting. In contrast, protein
breakdown has been hardly investigated during periods of gain of muscle
mass. Resistance exercise has been shown to lead to an increase of muscle
mass. There is a lot of evidence showing that an increased rate of protein
synthesis in the muscle after this type of exercise is the main cause for the
increased muscle mass. However, to get a complete picture more should be
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known about the response of protein breakdown. In chapter 5, we therefore
investigated the short-term effect of high-resistance exercise on protein
breakdown and the activity of the Ub-P pathway in rat muscles. We showed
that protein breakdown was largely unchanged shortly after a highresistance exercise protocol, as was the activity of the proteasome.
Interestingly, however, we showed that the binding of ubiquitin to muscle
proteins was increased after the exercise bout. This implicates that at least
some muscle proteins are increasingly ‘tagged’ to be broken down by the
proteasome. We suggest that this may be a mechanism of the muscle to
adapt its protein composition to the exercise.
To summarize, our data show that the Ub-P pathway is involved in muscle
wasting during sepsis and cancer and that this pathway can be activated at
different levels in the cascade of reactions leading to protein degradation by
the proteasome. In future studies, however, more information is needed
about the triggers activating the Ub-P pathway in each disease. Moreover,
to be able to develop targeted interventions more effort is needed to identify
the exact muscle proteins that are targeted by the Ub-P pathway during
conditions of muscle wasting.
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Spiermassaverlies kan optreden als gevolg van verschillende ziektes,
waaronder sepsis en kanker. Als dit massaverlies grote vormen aanneemt,
heeft dit ernstige gevolgen voor de patiënt. Deze patiënten hebben een
slechtere prognose en een hogere mortaliteit als gevolg van hun ziekte.
Spiermassaverlies leidt tot problemen in het uitvoeren van de activiteiten
van het dagelijkse leven en vertraagt het herstel van de patiënt.
Omdat spieren hoofdzakelijk opgebouwd zijn uit eiwitten, is het de
eiwitmassa van de spier die de totale spiermassa en -functie bepaalt. In de
spier is er sprake van een constante aanmaak en afbraak van eiwitten (eiwit
turnover). Deze constante turnover houdt de spier als het ware ‘gezond’ door
ervoor te zorgen dat beschadigde of niet functionele eiwitten vervangen
worden. In gezonde personen houden de eiwitaanmaak en -afbraak in de
spier elkaar in balans, wat betekent dat de spiermassa constant blijft. In
geval van ziekte kan de eiwitafbraak groter worden dan de eiwitaanmaak,
waardoor de spiermassa afneemt. Uit verschillende studies is gebleken dat
dit spiermassaverlies voornamelijk veroorzaakt wordt door een toename van
de eiwitafbraak in de spier. Hoewel de spier beschikt over verschillende
moleculaire mechanismen om eiwitten af te breken, wordt kwantitatief de
grootste hoeveelheid eiwitten afgebroken via het ubiquitine-proteasome (UbP) systeem. Dit systeem is een ingewikkelde cascade van enzymen en
andere eiwitstructuren die samenwerken om specifiek een groot aantal
eiwitten af te breken. Ruwweg kan het Ub-P systeem onderverdeeld worden
in 2 stappen. In de eerste stap wordt er een keten van ubiquitine moleculen
gebonden aan een spiereiwit, waardoor dit eiwit gemarkeerd wordt om
afgebroken te worden. Een grote eiwitstructuur genaamd het proteasoom
herkent de gemerkte eiwitten, waarna de eiwitten opgenomen worden in het
proteasoom, waar ze vervolgens afgebroken worden tot kleine stukken
(peptiden). Het Ub-P systeem is continu actief in de spier, waardoor er een
constante afbraak van eiwitten plaatsvindt. Tijdens infecties (sepsis) of
kanker wordt dit systeem geactiveerd, waardoor de spiereiwitafbraak
verhoogd wordt en er spiermassaverlies optreedt. Om dit spiermassaverlies
tegen te gaan, is het daarom cruciaal om de exacte mechanismen te
begrijpen die leiden tot een activatie van het Ub-P systeem tijdens deze
aandoeningen. De studies beschreven in dit proefschrift hebben daarom als
doel de regulatie en de activatie van het Ub-P systeem te bestuderen tijdens
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sepsis en kanker, twee aandoeningen waarin spiermassaverlies een veel
voorkomend probleem is.
In de studies beschreven in dit proefschrift is gebruik gemaakt van een
proefdiermodel voor sepsis, namelijk het injecteren van ratten met een
zymosan-suspensie. In hoofdstuk 2 wordt beschreven wat het effect van
sepsis is op de spiermassa en -functie van deze ratten. Injectie met zymosan
had een groot verlies van lichaamsgewicht en spiermassa tot gevolg, gevolgd
door een langzaam herstel hiervan vanaf dag 5-6 na injectie. Een maximaal
verlies van 35-40% van de spiermassa werd gemeten in de tibialis anterior
en gastrocnemius spieren, 2 onderbeenspieren, op dag 6 na injectie. Tevens
werd een groot verlies van functie gemeten in deze spieren. Opvallend
echter was dat de spierkwaliteit intact bleef na zymosan injectie. Een
verlies van spierkwaliteit en problemen met de aansturing van de spier zijn
namelijk beschreven tijdens sepsis. In hoofdstuk 2 zijn ook de effecten van
sepsis op afzonderlijke spiervezels bestudeerd. Spieren zijn opgebouwd uit
bundels van deze kleine vezels. Spiervezels zijn onder te verdelen in
verschillende types, elk met verschillende kenmerken. In het algemeen zijn
type 1 spiervezels langzaam, ontwikkelen een geringe maximale kracht,
maar hebben een groot uithoudingsvermogen, terwijl type 2 spiervezels snel
zijn, een grote maximale kracht ontwikkelen, maar een gering
uithoudingsvermogen hebben. Zoals verwacht leidde het spiermassaverlies
na zymosan injectie tot een afname van de dwarsdoorsnede van de
spiervezels. Deze afname bleek echter veel groter in type 2 spiervezels, wat
er op duidt dat type 1 vezels meer bestand zijn tegen spiermassaverlies
tijdens sepsis dan type 2 vezels. Als verklaring voor dit fenomeen laten we
zien dat in type 2 spiervezels de activiteit van het proteasoom toeneemt
tijdens sepsis, terwijl dit niet het geval lijkt in type 1 spiervezels.
Vervolgens wordt in hoofdstuk 3 dieper ingegaan op de manier waarop het
Ub-P systeem geactiveerd wordt in de spier tijdens sepsis. Zoals hierboven
beschreven staat, zijn de twee belangrijkste stappen in de eiwitafbraak door
het Ub-P systeem de binding van ubiquitine moleculen aan spiereiwitten,
gevolgd door de afbraak van deze eiwitten door het proteasoom. We laten
zien dat tijdens sepsis beide processen versneld worden. Tijdens sepsis
werden ubiquitine moleculen in grotere mate gebonden aan spiereiwitten,
wat betekent dat de cascade van ‘ubiquitinatie’-enzymen verhoogd actief is.
Ook bleek dat het proteasoom geactiveerd werd (snellere eiwitafbraak)
tijdens sepsis. Onze experimenten laten zien dat het Ub-P systeem een
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belangrijke rol speelt in het spiermassaverlies tijdens sepsis en dat dit
systeem op verschillende niveaus geactiveerd wordt.
Proefdierstudies laten zien dat het Ub-P systeem ook betrokken is bij het
spiermassaverlies dat optreedt als gevolg van kanker. Het proces waarin
kankerpatiënten als het ware uitgemergeld raken als gevolg van een groot
verlies van lichaamsgewicht (zowel spier- als vetmassa) wordt cachexie
genoemd. In proefdierstudies wordt gesuggereerd dat de transcriptiefactor
NF-κB geactiveerd wordt in de spier tijdens kanker, dat op zijn beurt het
Ub-P systeem activeert en zodoende spiermassaverlies veroorzaakt. In
hoofdstuk 6 hebben we deze hypothese getest in een groep
longkankerpatiënten. Cachexia is een veelvoorkomend probleem bij
longkanker en daarom is het cruciaal om de achterliggende mechanismen
hiervan te bestuderen, teneinde interventies ter preventie van cachexie te
ontwikkelen. We laten zien dat één van de sleutelenzymen in de
ubiquitinatie van spiereiwitten, genaamd Muscle Ring-Finger protein 1
(MuRF1), mogelijk in een vroeg stadium betrokken is bij het
spiermassaverlies. Een gering verlies van lichaamsgewicht en spiermassa
verklaart waarschijnlijk waarom we geen additionele bewijzen vonden voor
een activatie van het Ub-P systeem in de patiënten. Onderzoek heeft
aangetoond dat bij kankerpatiënten bepaalde ontstekingsstoffen vrijkomen,
die een rol spelen bij de ontwikkeling van spiermassaverlies. Interessant in
dit opzicht is de aanwezigheid van een associatie tussen de aanwezigheid
van deze ontstekingsstoffen in de patiëntengroep en de activiteit van NF-κB
in de spier. Dit verband suggereert dat NF-κB mogelijk ook in
kankerpatiënten een centrale rol speelt in het ontwikkelen van
spiermassverlies.
Een toename van het energiegebruik is ook een factor die een rol speelt bij
de ontwikkeling van cachexie. Het uncoupling protein 3 (UCP3) eiwit werd
in eerste instantie een rol toebedeeld in het veroorzaken van het hoge
energiegebruik tijdens cachexie. Uit experimenten bleek echter dat UCP3
niet betrokken is in de regulatie van het energiegebruik en daarom zijn er
alternatieve hypotheses opgesteld die de rol van UCP3 beschrijven. In
hoofdstuk 4 hebben we de hypothese getest waarin UCP3 een belangrijke
functie heeft in de bescherming tegen oxidatieve schade tijdens
spiermassaverlies. We laten zien dat tijdens spiermassaverlies als gevolg
van sepsis de hoeveelheid UCP3 eiwit in de spier toeneemt, samen met een
toename van de stof 4-hydroxy-2-nonenal (4-HNE). 4-HNE is een stof met
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een grote reactiviteit die spierschade kan veroorzaken. Onze experimenten
sluiten aan bij de gehypothetiseerde functie van UCP3 tijdens
spiermassaverlies en oxidatieve stress.
Veel onderzoek is verricht naar de rol van eiwitafbraak en het Ub-P systeem
tijdens condities die gekarakteriseerd worden door spiermassaverlies.
Eiwitafbraak is echter nauwelijks bestudeerd tijdens condities waarin de
spiermassa juist toeneemt. Van krachttraining is bekend dat het de
spieraanwas stimuleert. Tevens blijkt uit vele studies dat een stimulatie
van de spiereiwitaanmaak grotendeels verantwoordelijk is voor deze
toename van spiermassa. Het effect van krachttraining op de eiwitafbraak
is echter nauwelijks bestudeerd. In hoofdstuk 5 beschrijven we daarom het
korte termijn effect van krachttraining op eiwitafbraak en activiteit van het
Ub-P systeem in de rattenspier. De resultaten van deze studie laten zien dat
kort na een enkele krachttrainingsinspanning er geen toename van de
eiwitafbraak in de spier is. Overeenkomstig hiermee vonden we ook geen
effect van krachttraining op de activiteit van het proteasoom in de spier.
Een interessante bevinding in deze studie was dat één enkele
krachttraining leidt tot een toename van de binding van ubiquitine aan
spiereiwitten. Dit impliceert dat tenminste een aantal spiereiwitten
verhoogd ‘gemerkt’ wordt om afgebroken te worden door het proteasoom. Dit
gegeven suggereert mogelijk dat dit een mechanisme van de spier is om zijn
eiwitcompositie aan te passen aan de gevraagde belasting.
Samenvattend kan gesteld worden dat het Ub-P systeem betrokken is bij
spiermassaverlies tijdens sepsis en kanker en dat dit systeem geactiveerd
wordt op meerdere punten in de cascade van reacties die leidt tot afbraak
van spiereiwitten door het proteasoom. Om gerichte interventies te
ontwikkelen om dit spiermassaverlies tegen te gaan, is meer kennis nodig
over de specifieke triggers die het Ub-P systeem activeren in verschillende
aandoeningen. In dit opzicht is het ook cruciaal dat geïdentificeerd wordt
welke spiereiwitten doelwit zijn van het Ub-P systeem tijdens
spiermassaverlies.
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