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E Aurousseau, L Combaret, L Voisin

INRA-Theix, Centre de Recherche en Nutrition Humaine de Clermont-Ferrand,
63122 Saint Genés-Champanelle, France

Summary — Protein breakdown plays a major role in muscle growth and atrophy. However, the reg-
ulation of muscle proteolysis by nutritional, hormonal and mechanical factors remains poorly understood.
In this review, the methods available to study skeletal muscle protein breakdown, and our current
understanding of the role of 3 major proteolytic systems that are well characterized in this tissue (ie the
lysosomal, Ca2+-dependent and ATP-ubiquitin-dependent proteolytic pathways) are critically ana-
lyzed. ATP-ubiquitin-dependent proteolysis is discussed in particular since recent data strongly sug-
gest that this pathway may be responsible for the loss of myofibrillar proteins in many muscle-wasting
conditions in rodents. In striking contrast to either the lysosomal or the Ca2+-dependent processes,
ATP-ubiquitin-dependent protein breakdown is systematically influenced by nutritional manipulation (fast-
ing and dietary protein deficiency), muscle activity and disuse (denervation atrophy and simulated
weightlessness), as well as pathological conditions (sepsis, cancer, trauma and acidosis). The hormonal
control of this pathway, its possible substrates, rate-limiting step, and functional associations with
other proteolytic systems are discussed.

skeletal muscle / protein breakdown / ubiquitin / proteasome

Résumé — Régulation de la protéolyse musculaire ATP-ubiquitine-dépendante au cours des
états cataboliques. La protéolyse joue un réle majeur dans le contréle de la croissance ou de l'atro-
phie musculaire. Cependant, ses mécanismes de réguiation par les nutriments, les facteurs hormonaux
ou l'activité musculaire sont encore peu connus. Cette revue analyse de fagon critique les différentes
techniques disponibles pour étudier la dégradation des protéines musculaires, et le réle des 3 systémes
protéolytiques majeurs bien caractérisés dans ce tissu, c'est-a-dire la voie lysosomale, Ca2+-dépen-
dante et ATP-ubiquitine-dépendante. La protéolyse ATP—-ubiquitine-dépendante est plus particulierement
évoquée, car des travaux récents suggeérent que cette voie serait responsable de la dégradation des
protéines contractiles majeures au cours de multiples états cataboliques chez les rongeurs. Contrai-
rement aux systémes protéolytiques lysosomal et Ca?+-dépendant, la protéolyse ATP-ubiquitine-
dépendante est systématiquement influencée par les manipulations nutritionnelles (jeine, régime
déficient en protéines), l'activité et l'inactivité musculaire (dénervation, apesanteur simulée), et de
nombreux états pathologiques (infections, cancers, traumatismes, acidose). La régulation hormonale,
les substrats possibles, I'étape limilante et la coordination fonctionnelle de cette voie de la protéo-
lyse avec les autres systémes protéolytiques sont discutés.

muscle squelettique / protéolyse / ubiquitine /protéasome
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INTRODUCTION

Proteins in skeletal muscle, as in other mam-
malian tissues, undergo a continuous pro-
cess of degradation and resynthesis (Water-
low et al, 1978). Rates of protein turnover
regulate the levels of specific muscle pro-
teins. In addition, changes in skeletal mus-
cle protein mass during growth and atrophy
depend on the overall balance between
rates of protein synthesis and breakdown.
For example, increased proteolysis con-
tributes to the muscle atrophy seen with
starvation and many pathological states (eg,
sepsis, trauma, and cancer). However,
despite its importance in growth and human
disease, the regulation of muscle proteo-
lysis by nutritional, hormonal and mechan-
ical factors remains poorly understood (Ket-
telhut et al, 1988; Sugden and Fuller, 1991;
Tawa and Goldberg, 1994). The purpose of
this review is: (i) to outline the limitations of
the in vivo and in vitro methods that are
used to study muscle protein breakdown;
(i) to analyse the role of the major prote-
olytic pathways; and (iii} to discuss the reg-
ulation of the ATP-ubiquitin-dependent pro-
teolytic process, which is presumably
involved in the breakdown of contractile
components.

METHODS FOR MEASURING
SKELETAL MUSCLE
PROTEIN BREAKDOWN

Studying skeletal muscle proteolysis is dif-
ficult because myofibrillar proteins repre-
sent approximately 60-70% of the proteins
and turn over rather slowly under normal
conditions (Waterlow et al, 1978). Even in
severe catabolic conditions, measured
changes in protein turnover are difficult to
quantify reliably and affect muscle protein
mass relatively slowly.

In vivo methods

In vivo measurements of skeletal muscle
protein breakdown are indirect and provide
little if any information on intracellular regu-
latory mechanisms. In young, growing
rodents the average rate of protein break-
down is often calculated as the difference
between the rate of protein synthesis and
the rate of protein deposition (or loss) in a
given muscle (Waterlow et al, 1978). Such
estimations are imprecise because the rate
of protein deposition must be estimated over
several days; the rate of protein synthesis is
measured within a few minutes or hours fol-
lowing the administration of a labeled amino
acid. However, rates of protein deposition
and synthesis are not necessarily constant
over the period of measurement.

Another method is based on the loss of
radioactivity from prelabeled proteins.
Amino-acid reutilization, however, results
in artificially low rates of protein breakdown
(Waterlow et al, 1978).

A third widely used technique is the mea-
surement of urinary 3-methylhistidine excre-
tion. 3-Methylhistidine is formed by a post-
translational methylation of specific histidine
residues in actin (and also in myosin heavy
chains of fast-twitch skeletal muscles). This
amino acid is neither reutilized for protein
synthesis nor significantly metabolized, and
is quantitatively excreted in urine in rats and
humans (Young and Munro, 1978). There-
fore, the urinary excretion of 3-methylhisti-
dine provides an index of myofibrillar pro-
tein breakdown. However, the visceral
muscles of the gastrointestinal tract and
some other tissues (eg, skin) contain sig-
nificant amounts of actin. These tissues con-
tribute disproportionately for their size to 3-
methylhistidine excretion, because of their
rapid rates of protein turnover (Wassner and
Li, 1982). In addition, changes in renal clear-
ance of 3-methylhistidine may complicate
the interpretation of such experiments. Con-
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sequently, the use of 3-methylhistidine
excretion as a valid and specific index of
skeletal muscle protein breakdown is still
controversial (Millward et al, 1980; Wass-
ner and Li, 1982).

A fourth method involves selective
catheterization of an artery and a vein drain-
ing a muscle bed, and is based on the iso-
topic dilution of infused [3H]phenylalanine,
an amino acid that is not significantly
degraded or synthesized in muscle. An
index of both the rates of protein breakdown
and synthesis is calculated by measuring
blood flow as well as the phenylalanine con-
centration and specific radioactivity in arte-
rial and venous blood (Barrett and Gelfand,
1989). Although particularly useful in
humans (or in large animal species), this
method provides only a minimal estimate
of the rate of protein breakdown because
of the reutilization of the label.

Finally, another approach based on the
measurements of mRNA levels for pro-
teases or proteins involved in proteolysis
has been developed in the past few years
(Medina et al, 1991; Attaix, 1993; Wing and
Goldberg, 1993). These mRNA levels
increased in skeletal muscle in many
catabolic conditions, and may provide infor-
mation about specific proteases or prote-
olytic pathways activated in muscle-wasting
conditions, as described in detail below.
However, the significance of variation in
mRNA levels for almost all proteases is still
totally unclear. mRNA levels do not neces-
sarily reflect protein levels or protease activ-
ity. For example, tlian and Forsberg (1992)
reported increased mRNA levels for u- and
m-calpains in muscles from fasted rabbits,
but no variation in protease activities.
Changes in either the rate of protease
turnover or in endogenous protease
inhibitors levels or activity may explain dis-
crepancies between levels of protease
mRNA and actual protease activity. There-
fore, this approach is useful when combined
with other techniques such as in vitro meth-

ods and/or measurements of protease activ-
ities, but its theoretical limitations must be
kept clearly in mind.

In vitro methods

In vitro muscle preparations have been
widely used to study protein breakdown.
Most studies employ thin muscles incubated
in vitro. The slow-twitch oxidative soleus,
the fast-twitch glycolytic extensor digitorum
longus or the diaphragm muscle from young
rats (< 80 g) or mice, and the epithrochlearis
muscle from adult and old rats have been
extensively used. Alternatively, the hindlimbs
and hindquarters of rats have been perfused
(see Kettelhut et al, 1988 for a review). Net
tyrosine or phenylalanine release in the
medium or the perfusate reflects the abso-
lute rate of protein breakdown under con-
ditions where protein synthesis is blocked
by cycloheximide, since neither amino acid
is significantly metabolized in muscle. Tyro-
sine release is widely used because it is
easily measured fluorometrically. Alterna-
tively, absolute rates of protein breakdown
can be obtained from simultaneous mea-
surements of net tyrosine release and of
protein synthesis within the same prepara-
tion. The rate of protein synthesis is mea-
sured by following the incorporation of
[4C]phenylalanine, corrected by the aver-
age Tyr/Phe ratio in muscle proteins. The
absolute rate of protein breakdown is then
calculated by adding the net tyrosine release
to the rate of tyrosine incorporation into pro-
teins (Tischler et al, 1982). Rates of tyro-
sine release reflect the breakdown of all
classes of proteins. Approaches have been
developed to estimate the breakdown of
myofibrillar proteins (eg, actin and some
myosins) by following the rate of 3-methyl-
histidine release (Lowell et al, 1986).

It should be pointed out that muscle
preparations are always in a catabolic state.
Therefore, observations in vitro may not
necessarily reflect the in vivo situation, and
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caution must be exercised in interpreting
such data. On the other hand, if incubated
muscles are catabolic, this is in large part
due to abnormally low rates of protein syn-
thesis, and not just to elevated proteolysis.
Furthermore, muscle preparations are highly
responsive to nutrient and hormone supply
as occurs in vivo. Many groups using iso-
lated muscles incubated in the less possible
negative conditions of nitrogen balance (with
oxygen supply, tension, insulin and amino
acids, especially the branched-chain
residues) have reported variations in both
rates of protein synthesis and breakdown
that generally closely mimic observations
reported in intact animals. Finally, this
approach is particularly important, since
incubated muscles are the only system
where selective inhibition may be used to
identify the contribution of different proteo-
lytic systems to overall skeletal muscle pro-
tein breakdown (see below).

PROTEOLYTIC PATHWAYS IN MUSCLE

Major proteolytic systems

Like other mammalian tissues, skeletal mus-
cle contains multiple proteolytic systems
that are presumably responsible for the
breakdown of specific proteins, although
this is probably a gross oversimplification.

The best known proteolytic system is the
lysosomal pathway. Lysosomes are partic-
ularly abundant in the liver, and 2 lysoso-
mal vacuolar processes (macro and
microautophagy) play a major role in the
degradation of hepatic long-lived proteins
(Mortimore et al, 1992). By contrast, skele-
tal muscle contains few lysosomes. Several
observations suggest that the major lyso-
somal proteases (cathepsins B, H, L and
D) do not contribute significantly to overall
protein breakdown in muscles incubated
under optimal conditions (eg, with tension

and in the presence of insulin and amino
acids) (Furuno et al, 1990; Wing and Gold-
berg, 1993; Taillandier et al, 1994; Tem-
paris et al, 1994). In addition, lysosomes
are not involved in the degradation of
myofibrillar proteins (Lowell et al, 1986;
Furuno et al, 1990). Increased cathepsin
activities have been reported in some
instances of muscle wasting (eg, cathepsin
B during denervation atrophy; Furuno et al,
1990). By contrast, in starvation, cathepsin
B, H and L activities actually fell below the
values obtained in fed rats (Belkhou et al,
1994). Cathepsin B or B + L activities were
also unchanged in the atrophying muscles of
rats bearing a Yoshida sarcoma (Temparis
et al, 1994). A small (16%) and transient
increase in cathepsin H activity, but no
change or decreased cathepsin Band B + L
activities, were recently observed in mus-
cle during the progressive cachexia induced
in rats by the Yoshida AH-130 ascites hep-
atoma (Llovera et al, 1994). Gene expres-
sion of cathepsins is also not systematically
modified in several muscle-wasting condi-
tions. We recently found no variation in
cathepsin D mRNA level in septic rats
(Voisin et al, 1994), or in cathepsin B mRNA
level in tumor-bearing animals (Temparis
et al, 1994). By contrast, Taillandier et a/
(1994) observed significant increases in
mRNA levels for cathepsins B, L and D in
the soleus muscle of hindlimb suspended
rats. llian and Forsberg (1992) also recently
reported a large increase in cathepsin D
expression in fasted rabbits. Lysosomal pro-
teolysis is widely believed to be non-selec-
tive. However, experiments by Dice and
coworkers demonstrated that a 70 kDa heat
shock protein binds to peptide sequences
related to KFERQ (Lys-Phe-Glu-Arg-GIn)
that specifically target proteins for lysoso-
mal degradation (Chiang et al, 1989). Pro-
teins containing KFERQ sequences were
selectively depleted in the liver and heart
but not skeletal muscle of fasted rats, sug-
gesting again that lysosomal proteolysis
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plays a minor role in muscle-protein break-
down (Wing et al, 1991).

The best characterized nonlysosomal
proteases are two Ca?+-dependent
enzymes, p-calpain and m-calpain, which
differ in their affinities for Ca2+ (Goll et al,
1992). The Ca2+-dependent proteolytic pro-
cess does not appear to contribute signifi-
cantly to overall proteolysis in muscles from
normal animals incubated under tension
(Wing and Goldberg, 1993; Taillandier et
al, 1994; Tawa and Goldberg, 1994; Tem-
paris et al, 1994). The contribution of Ca2+-
dependent proteolysis to overall protein
breakdown remains small in stretched incu-
bated muscles from fasted (Wing and Gold-
berg, 1993), non-weight bearing (Taillandier
et al, 1994), and tumor-bearing (Temparis et
al, 1994) rats. There are few biological mod-
els in which significant changes in calpain
activities occur (llian and Forsberg, 1992).
Furthermore, an activation of Ca2+-depen-
dent proteolysis in tumor-bearing (Baracos
et al, 1992) and fasted (Wing and Goldberg,
1993) rats seems very unlikely. Evidence
that calpains may initiate myofibrillar pro-
tein breakdown was presented by Goll et al
(1992). However, inhibitors of calpains do
not affect myofibrillar protein breakdown in
vitro (Lowell et al, 1986; Kettelhut et al,
1988). Transcription of genes encoding cal-
pains may be increased in skeletal muscles
of fasted rabbits (llian and Forsberg, 1992),
and mRNA levels for m-calpain increased
in several catabolic conditions (eg, sepsis,
Voisin et al, 1994; cancer, Temparis et al,
1994; and simulated weightlessness, Tail-
landier et al, 1994). Enhanced expression of
m-calpain was correlated with increased
activity in non-weight-bearing rats (Tail-
landier, 1993), but not in fasted rabbits (llian
and Forsberg, 1992). In fact, there is now
growing evidence that calpains do not play
a major role in general intracellular protein
turnover, but are involved in limited prote-
olysis of some specific target proteins, eg,
processing of protein kinase C (Johnson,

1990; Melloni and Pontremoli, 1991). Many
short-lived proteins contain PEST (Pro, Glu,
Ser, Thr) sequences (Rogers et al, 1986).
Such sequences, very negatively charged,
may bind Ca2+, and this increased local
Ca?2+ concentration may activate calpains.
Recent evidence suggests that the insulin
receptor substrate (IRS-1) is a PEST pro-
tein susceptible to calpain degradation in
vitro (Smith et al, 1993). A third calpain, p94,
which is expressed abundantly only in skele-
tal muscle, has been recently isolated, and
its gene cloned and sequenced (Sorimachi
and Suzuki, 1992). However its role and
physiological importance are still unknown.

Fagan et al (1987) demonstrated that
skeletal muscle also contains a soluble
ATP-ubiquitin-dependent proteolytic sys-
tem, that is widely believed to catalyze the
selective breakdown of short-lived and
abnormal proteins (Rechsteiner, 1991).
Ubiquitin (a 76-amino-acid protein highly
conserved present in all eukaryotes) is first
activated in an ATP-dependent fashion and
then covalently binds to protein substrates
via an isopeptide bond between the C ter-
minal residue of ubiquitin and e-amino
groups of lysine residues of proteins (see
Finley and Chau, 1991; Hershko and
Ciechanover, 1992; Jentsch, 1992 for recent
reviews). Ubiquitination of proteins always
requires the ubiquitin-activating enzyme,
E, and one of the ubiquitin carrier proteins,
E,s, to generate the first attachment of a
single ubiquitin moiety to a substrate. Some
conjugation reactions also require a third
enzyme, known as ubiquitin protein ligases,
Egs, for substrate recognition. Multiubiquiti-
nation of the substrate is always observed in
Es-dependent reactions, but also occurs in
some Eg-independent reactions. The 14 kDa
E, species is one of the mammalian E,s
that best supports Ez-dependent conjugate
formation and protein breakdown (Hershko
and Ciechanover, 1992; Wing and Banwille,
1994). Substrates can be multiubiquitinated
by the attachment of ubiquitin chains or
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trees. While ubiquitination is clearly depen-
dent on the N-terminal amino-acid residue
of some substrates (reviewed by Var-
shavsky, 1992), many proteins degraded
by the ubiquitin system are recognized by
different signals (Hershko and Ciechanover,
1992). Polyubiquitinated proteins are pref-
erentially degraded by a very large 1 500
kDa (26 S) proteolytic complex that requires
ATP for activation and substrate hydrolysis
(Goldberg, 1992; Hershko and Ciechanover,
1992). The 26 S complex contains the 20
S proteasome with proteolytic function
(reviewed by Hoffman et al, 1992), and mul-
tiple other components. Although the 20 S
proteasome has been shown to be an
essential component of the ATP-ubiquitin-
dependent proteolytic pathway (Hoffman et
al, 1992), skeletal muscle proteasome can
degrade proteins in an ATP-dependent pro-
cess that does not require ubiquitin (Driscoll
and Goldberg, 1989). The 20 S proteasome
(also called multicatalytic proteinase com-
plex, high-molecular-weight protease or pro-
some) constitutes up to 1% of the soluble
proteins in eukaryotic cells (Tanaka et al,
1986). This cylindrical particle is organized
as a stack of 4 rings of 6 (Orlowski, 1990) or
7 (Rivett, 1993) subunits and exists in both
the cytoplasm and the nucleus. The rat-liver
proteasome contains 13—15 subunits with
molecular masses of 21 to 31 kDa (Tanaka
et al, 1992), but up to 25 different subunits
have been identified in eukaryotes (Rivett,
1993). Proteasomes contain at least 5 types
of endopeptidase activities (Orlowski, 1990;
Rivett, 1993). The genes of multiple pro-
teasome subunits have been cloned and
sequenced from rat and humans (reviewed
by Tanaka et al, 1992). No region in their
predicted amino-acid sequences was found
to be homologous to the primary structure of
the active sites in other known proteases,
suggesting that proteasomes may corre-
spond to a novel class of proteolytic
enzymes. However, it has been recently
suggested that the rat proteasome subunit
RC10-1l was necessary for the expression of

trypsin-like catalytic activity (Nishimura et
al, 1993).

As described in detail below, multiple
observations indicate that the ATP-ubiqui-
tin-dependent proteolytic process plays a
major role in skeletal muscle-protein break-
down.

Estimation of the contribution
of different proteolytic pathways
to overall protein breakdown

Rates of protein degradation attributable to
different proteases or proteolytic systems
must be measured in an unambiguous way.
Incubated muscles offer unique advantages
to study the regulation of a given proteolytic
pathway. Inhibitors of either lysosomal acid-
ification (eg, methylamine, chioroquine, and
propylamine) or function (eg, E64 and leu-
peptin, which inhibit the cysteine proteases
cathepsins B, H and L) have been used to
estimate the contribution of the lysosomal
proteolytic process to overall rates of protein
breakdown. E64 and leupeptin also inhibit
the calpains, as well as a Ca2+-free
medium. More recently, a non-lysosomal
Ca2+-independent, but ATP-dependent,
proteolytic process has also been quanti-
fied in incubated muscles (Kettelhut et al,
1988; Tawa et al, 1992; Wing and Gold-
berg, 1993). ATP depletion (up to 95%) is
performed using 2-deoxyglucose and dini-
trophenol that block glycolysis and oxidative
phosphorylation, respectively. However,
the quantification of the ATP-dependent
process must be performed following the
inhibition of Ca2+-dependent proteases (by
E64 and using a Ca2?+-free medium),
because ATP depietion actually stimulates
Ca2+-dependent proteolysis (Kettelhut et
al, 1988; Fagan et al, 1992). Since E64
inhibits cysteine lysosomal proteases,
methylamine is added to the medium to
maximally suppress lysosomal proteolysis
in such conditions.
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Another approach is based on the stimu-
lation of the lysosomal process (in the
absence of insulin and amino acids, which
block the formation of autophagic vacuoles)
or of Ca2+-dependent proteolysis (in the
presence of Ca2+ ionophores in muscles
incubated without tension). Such experi-
ments give an estimation of the maximal
capacity of the muscles to carry out either
lysosomal or Ca2+-dependent proteolysis in
a particular condition.

In conclusion, in vitro preparations are
the only system where selective inhibi-
tion/activation may be used to identify the
contribution of the different proteolytic sys-
tems to overall proteolysis. Since the avail-
able inhibitors have limitations, other indi-
cations of levels or activity of proteolytic
systems are a useful adjunct to inhibitor
studies. However, measures of protease
activity require specific substrates and are
confounded by the presence of endogenous
inhibitors. In addition, most proteolytic
assays utilize artificial and not physiological
radiolabeled or peptide substrates. The
hydrolysis of such substrates by a given
protease may not reflect the in vivo degra-
dation of physiological substrates. Protease
activity is also regulated by rates of pro-
tease synthesis (to which protease mRNA
levels may be related) and protease degra-
dation. Thus, whenever possible, it is highly
advisable to combine multiple approaches to
elucidate the precise role of any proteolytic
process.

REGULATION OF THE ATP-UBIQUITIN-
DEPENDENT PROTEOLYTIC
SYSTEM IN MUSCLE

Regulation by nutrients

Short-term fasting leads to a mobilization of
muscle protein, resulting from a decrease
in protein synthesis and from an increase in

non-myofibrillar and myofibrillar protein
breakdown (Li and Goldberg, 1976; Li et
al, 1979; Lowell et al, 1986). Increased
protein breakdown of non-myofibrillar pro-
teins is presumably mediated by the lyso-
somal pathway (Lowell et al, 1986; Wing
and Goldberg, 1993). The decreased avail-
ability of amino acids and the low level of
circulating insulin may contribute to
increased proteolysis. Both insulin and
amino acids inhibit the formation of
autophagic vacuoles in liver (Mortimore et
al, 1992), and protein breakdown in skele-
tal muscle (Kettelhut et a/, 1988). However,
Lowell et al (1986) reported that the large
increase in myofibrillar protein breakdown
observed in perfused hindquarters of fasted
rats does not occur by the lysosomal or
the Ca2+-dependent pathways. In these
experiments, agents that block lysosomal
acidification (chloroquine, NH,CI) or the
autophagic pathway (insulin, amino acids),
and an inhibitor of cathepsins B, H and L
and calpains (leupeptin) do not affect 3-
methylhistidine release. The first evidence
that the skeletal muscle ATP-ubiquitin-
dependent proteolytic pathway is activated
upon starvation was obtained by Goldberg
and coworkers (Kettelhut et al, 1988; Med-
ina et al, 1991). Most of the increased pro-
teolysis observed in the muscies from
fasted rats was not affected by inhibitors
of the lysosomal and Ca2+-dependent path-
ways. By contrast, incubation of these mus-
cles under conditions where intracellular
ATP was depleted almost totally sup-
pressed increased proteolysis due to fast-
ing (Medina et al, 1991; Medina et al, 1992;
Wing and Goldberg, 1993). The rise in
ATP-dependent proteolysis observed dur-
ing starvation was associated with
increased mMRNA levels for ubiquitin (Med-
ina et al, 1991; Medina et al, 1992; Wing
and Goldberg, 1993) and the 14 kDa ubig-
uitin-conjugating enzyme (14 kDa Ej),
which mediates the formation of ubiquitin-
protein conjugates (Wing and Banville,
1994), accumulation of ubiquitinated pro-
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teins, and increased expression of sub-
units of the 20S proteasome (Medina et al,
1992). Upon refeeding, total and ATP-
dependent proteolysis, levels of ubiqui-
tin—protein conjugates, and expression of
ubiquitin (Medina et al, 1992), 14 kDa E,
(Wing and Banville, 1994), or proteasome
subunits (Medina et al, 1992) returned to
normal. ATP-ubiquitin-stimulated proteo-
lysis was also enhanced in the soluble
extracts of skeletal muscle from fasted rab-
bits (Medina et al, 1992), in accordance
with an increased mRNA level for the C2
proteasome subunit reported by llian and
Forsberg (1992) in similar conditions.

In young animals fed an inadequate
dietary intake both rates of muscle protein
synthesis and breakdown fell (Tawa and
Goldberg, 1994). In contrast with starvation,
these changes in protein turnover appear
to preserve muscle mass and protein con-
tent. Tawa et al (1992) have shown that the
suppression of skeletal muscle-protein
breakdown observed in rats fed a protein-
deficient diet is accompanied by reduced
lysosomal proteolysis. Protein deficiency
lowered the levels of many lysosomal pro-
teases (cathepsins B, H, C, and car-
boxypeptidases A and C) without any effect
on cathepsin D. However, following the inhi-
bition of the lysosomal proteolytic pathway,
proteolysis remained lower in protein defi-
cient animals than in control rats. In fact,
the reduction in protein breakdown observed
in these animals was due to a marked
reduction in ATP-dependent proteolysis that
explained the fall in overall proteolysis.
Accordingly, the muscle content of protea-
some fell significantly in animals fed a pro-
tein-deficient diet (Tawa and Goldberg,
1994).

Therefore, the stimulation or inhibition of
the ATP-ubiquitin-dependent proteolytic
pathway following nutritional manipulation
is clearly correlated with either muscle pro-
tein loss or preservation in starvation and
protein deprivation, respectively.

ATP-ubiquitin-dependent proteolysis in
experimental models of muscle atrophy

Disuse

Muscle mass and protein content are
extremely sensitive to disuse. In rats, mus-
cle atrophy seen after section of the sciatic
nerve results primarily from increased pro-
tein breakdown (Furuno et al, 1990). Treat-
ments that maximally activate either the
lysosomal or the Ca2+ -dependent pathway
were more effective in stimulating overall
protein breakdown in the denervated mus-
cles than in controls, but did not affect the
breakdown of myofibrillar components
(Furuno et al, 1990). By contrast, ATP deple-
tion in denervated muscles suppressed the
overall increase in total proteolysis and inhib-
ited 3-methylhistidine release by 56% (Med-
ina et al, 1991). Enhancement of ATP-
dependent proteolysis observed in
atrophying muscles from denervated ani-
mals was associated with a rise in mRNA
level for polyubiquitin (Medina et al, 1991)
and proteasome subunits (Medina et al,
1992), suggesting that this pathway was
responsible for the loss of contractile pro-
teins.

Another example of disuse is real or sim-
ulated weightlessness. In such conditions,
increased protein breakdown is the major
determinant of muscle wasting in antigravity
muscles, ie the soleus (Thomason and
Booth, 1990). Experiments by Goldspink et
al (1986) suggested an activation of cathep-
sin D. By contrast, Tischler et al (1990)
reported that enhanced proteolysis observed
in the soleus muscle from suspended ani-
mals occurred by a non-lysosomal mecha-
nism. We have recently found that the lyso-
somal and Ca2+-dependent proteolysis was
greatly enhanced (254%) in the soleus mus-
cle of non-weight-bearing rats (Taillandier
et al, 1994). Accordingly, we also observed
large increases in mRNA levels for lysoso-
mal (cathepsins B, L and D), and Ca2+-
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dependent (m-calpain) proteases. The
enhanced expression of m-calpain was
associated with increased enzyme activity.
By contrast, we were unable to detect any
change in cathepsin B or B + L activities,
as previously reported by Tischler et al
(1990). However, the lysosomal and Ca2+-
dependent proteolysis did not exceed 18%
of total proteolysis in the atrophying mus-
cles, and the inhibition of both processes
did not suppress increased proteolysis in
the unweighted soleus. Haas and Riley
(1988) previously reported significant alter-
ations in the ubiquitin pools within such mus-
cles. Accordingly, we found large increases
in mRNA levels for both ubiquitin and the
14 kDa E, in the soleus muscle of non-
weight-bearing rats, as well as increased
expression of C2 and C9 proteasome sub-
units (Taillandier et al, 1994).

Therefore, the major proteolytic systems
are coordinately activated in skeletal muscle
during disuse, although there are presum-
ably some differences in increased lyso-
somal proteolysis in atrophy induced by den-
ervation or unweighting of rat skeletal
muscle (Tischler et al, 1990). However,
neither the cathepsins nor the calpains
appear to be primarily responsible for mus-
cle wasting.

Pathological conditions

In many pathological states (eg, sepsis,
trauma and cancer) enhanced protein break-
down in skeletal muscle, the major protein
reservoir in the body, is a key metabolic
adaptation providing the organism with free
amino acids for increased gluconeogene-
sis and direct oxidation. In some instances,
for example, in sepsis, net mobilization of
muscle protein also provides free amino
acids for acute phase protein synthesis in
the liver.

Enhanced skeletal muscle proteolysis
was observed within 6—7 h after the injection
of E coli endotoxin into rats, and was mainly

attributable to increased ATP-dependent
proteolysis (Attaix and Goldberg, unpub-
lished observations). This adaptation
occurred primarily in white muscles (eg,
extensor digitorum longus, EDL), but not in
the dark soleus. Accordingly, increased
mRNA levels for polyubiquitin were
observed in EDL or tibialis anterior mus-
cles, but not in the soleus. However, the
effects of endotoxin are extremely transient,
so that muscle wasting is not apparent.
Thus, rates of proteolysis were measured
in muscles from rats injected with live E coli
(Voisin et al, 1994). Two days after infec-
tion, the mass of several leg muscles was
approximately 20% lower in septic rats than
in pair-fed controls. Measurements of rates
of protein turnover in incubated
epitrochlearis muscle of infected animals
confirmed that enhanced proteolysis (rather
than depressed protein synthesis) was
responsible for muscle wasting. mRNA levels
for m-calpain, ubiquitin and the C9 protea-
some subunit were systematically higher in
septic animals than in pair-fed controls, but
no change was apparent in cathepsin D
expression. Interleukin-1 (IL-1) (Baracos et
al, 1983) and tumor necrosis factor-o. (TNF-
o) (Flores et al, 1989) overproduced by acti-
vated macrophages promote muscle
catabolism in sepsis. The subcutaneous
injection of recombinant IL-1(3 together with
tumor necrosis TNF-o (10 pg of each
cytokine/100 g body weight) into rats clearly
reproduced the effect of endotoxin on skele-
tal muscle proteolysis (Attaix and Goldberg,
unpublished observations). Both treatments
resulted in increased ATP-dependent pro-
teolysis and ubiquitin expression. In addi-
tion, pretreatment of rats with either an anti-
TNF antibody or the receptor antagonist of
IL-1 (IL-1 ra) reduced the increased ATP-
dependent proteolysis observed in
endotoxin-treated rats. However, neither
IL-1B nor TNF-o. alone affected the ATP-
dependent proteolytic process. Injecting
IL-1B alone increased ubiquitin mRNA lev-
els to the same extent as injecting the mix-
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ture of IL-1B and TNF-a, but TNF-o alone
was ineffective. Since both cytokines were
required for the increase in muscle proteo-
lysis, the rise in ubiquitin mMRNA by itself did
not cause the enhancement of ATP-depen-
dent proteolysis during infection. The 2
cytokines may synergistically signal
increased protein breakdown via distinct
and indirect mechanisms, since the mixture
of cytokines did not affect ATP-dependent
proteolysis when added in vitro. In contrast
with our observations, Garcia-Martinez et
al (1993) recently reported that a single
intravenous injection of TNF-o alone (10
1g/100 g body weight) resulted in an accu-
mulation of ubiquitin conjugates in rat skele-
tal muscle. These discrepant results may
reflect differences in the mode of adminis-
tration of TNFa (ie, intravenous vs subcu-
taneous).

Skeletal muscle protein wasting is also
commonly observed in cancer patients and
tumor-bearing animals, and results from
impaired protein synthesis and/or enhanced
proteolysis (Pisters and Brennan, 1990). In
rats bearing a Yoshida sarcoma, muscles
close to the tumor underwent atrophy before
generalized muscle wasting was apparent
(Temparis et al, 1994). This local atrophy
resulted from increased protein breakdown,
without any significant change in protein
synthesis. Incubating the atrophying EDL
muscles from tumor-bearing rats in the pres-
ence of inhibitors of the lysosomal and the
Ca2+-dependent proteolytic pathways did
not suppress the enhanced proteolysis. in
contrast, concomitant ATP depletion sup-
pressed the increased protein breakdown.
Accordingly, increased expression of ubi-
quitin, 14 kDa E2 and C8 or C9 proteasome
subunits was observed in atrophying mus-
cles from tumor-bearing rats (Temparis et
al, 1994). A small increase in mRNA level for
m-calpain (but not for cathepsin B) was also
observed in these muscles, suggesting an
activation of both ATP—ubiquitin-dependent
and Ca?+-dependent proteolysis. Baracos

et al (1992) reported that accelerated pro-
teolysis in muscles of cachectic rats bearing
Yoshida ascites hepatoma resulted primar-
ily from activation of ATP-ubiquitin-depen-
dent proteolysis. In addition, these authors
reported increased lysosomal protein degra-
dation, but found no evidence for stimulated
Ca2+-dependent proteolysis. An accumula-
tion of ubiquitin—protein conjugates was also
recently observed in skeletal muscles of
cachectic animals bearing the fast-growing
AH-130 Yoshida ascites hepatoma (Llovera
et al, 1994). However, Llovera et al (1994)
found no evidence for enhanced lysosomal
proteolysis, in contrast with the observa-
tions by Baracos et al (1992).

Evidence for increased expression of
multiple components of the ubiquitin-depen-
dent proteolytic pathway (ubiquitin, 14 kDa
E,, or proteasome subunits) was also
observed in acidotic rats (Mitch ef al, 1994)
and following trauma (Baracos and Attaix,
unpublished observations). Cathepsin B
mRNA level did not change in muscle from
acidotic rats, but increased ubiquitin mMRNA
returned to control levels within 24 h after
cessation of acidosis (Mitch et al, 1994).

Taken together these data strongly sug-
gest that the ubiquitin-dependent proteolytic
pathway may be responsible for degrading
skeletal muscle proteins resulting in the
muscle wasting observed in several patho-
logical conditions. Enhanced ATP-ubiqui-
tin-dependent proteolysis is not due to
anorexia that often prevails in such condi-
tions. Enhanced ATP-dependent proteolysis
occurred in septic (Voisin et al, 1994) and
tumor-bearing (Baracos et al, 1992) rats,
compared to pair-fed controls.

Regulation by hormones

Few experiments have been performed to
identify the hormonal factors that regulate
ATP-dependent proteolysis. Wing and Gold-
berg (1993) reported that adrenalectomy



ATP-ubiquitin-dependent proteolysis in muscle 593

partially prevented the increase in skeletal
muscle proteolysis and totally suppressed
the increase in ubiquitin mRNA level nor-
mally seen in fasted rats. By contrast, injec-
tion of dexamethasone restored both
responses. Glucocorticoids appeared essen-
tial for the activation of the ATP-dependent
process, but not for the rise in lysosomal
proteolysis in fasting. Glucocorticoids may
also be required for increased muscle ATP-
dependent proteolysis in metabolic acido-
sis (Mitch et al, 1994). Furthermore, an injec-
tion of dexamethasone resulted in increased
protein breakdown in epitrochlearis muscle
from adult, but not from aged rats (Dardevet
et al, 1994). Accordingly, mRNA levels for
the 14 kDa E, and proteasome subunits
were increased in dexamethasone-treated
adult animals, but not in aged rats.

Insulin (Wing and Banville, 1994) and
IGF-1 (Wing and Banville, 1992) have been
reported to lower mRNA levels for the
14 kDa E, in rat L6 myotubes, but the sig-
nificance of these observations in vivo is
unciear. Levels of both insulin and IGF-1
fall with fasting and increase upon refeeding.
These variations could be related to
increased and decreased 14 kDa E, expres-
sion seen in muscle upon fasting and
refeeding, respectively (Wing and Banville,
1994). Finally, there is some evidence that
hypothyroidism may result in reduced ATP-
dependent proteolysis by altering the content
of 26 S and 20 S proteasomes in skeletal
muscle (Tawa and Goldberg, 1994).

Substrates of ATP-ubiquitin-dependent
proteolysis in muscle and the rate
limiting step

The best known substrates of the ubiquitin
proteolytic pathway are short-lived or dena-
tured, misfolded, and mislocalized proteins
(Rechsteiner, 1991). However, the degra-
dation of skeletal muscle protein by the
nonlysosomal ATP-ubiquitin-dependent pro-

teolytic pathway appears to be enhanced
under many catabolic conditions (fasting,
denervation atrophy, simulated weightless-
ness, sepsis, cancer, metabolic acidosis,
and trauma), and is reduced when protein
mass is preserved {eg, in protein deficiency)
or improved (eg, upon refeeding following
starvation). These observations strongly
suggest that ATP-ubiquitin-dependent pro-
teolysis plays a major role in myofibrillar
protein breakdown. Other lines of evidence
support this hypothesis. First, ATP deple-
tion inhibits 3-methylhistidine release in vitro
(Kettelhut et al, 1988; Medina et al, 1991;
Tawa and Goldberg, 1994), in striking con-
trast with inhibitors of lysosomal and Ca2+-
dependent proteolysis (Lowell ef al, 1986;
Furuno et al, 1990). Second, the rise in ubi-
quitin—protein conjugates was recently found
in the myofibrillar fraction, suggesting that
long-lived contractile proteins could be
degraded by this pathway (Tawa and Gold-
berg, 1994). Third, purified proteasome
preparations can degrade myofibrillar pro-
teins in certain conditions (Mykles and Haire,
1991).

There are at least 2 possible rate limit-
ing steps in the ATP—ubiquitin-dependent
proteolytic pathway, substrate ubiquitina-
tion and/or the degradation of proteins con-
jugated to ubiquitin. Wing and Banville
(1994) suggested that substrate ubiquitina-
tion mediated by the 14 kDa E, may be rate
limiting in the pathway. By contrast, the
accumulation of ubiquitinated proteins
observed in muscles from fasted and den-
ervated (Medina et al, 1992) or tumor-bear-
ing (Llovera et al, 1994) rats suggested that
the proteolytic activities of the proteasome
could be the rate limiting step. In addition,
we have observed increased mRNA levels
for both ubiquitin and the 14 kDa E, in mus-
cles from rats bearing a Yoshida sarcoma
for a few days (Temparis et al, 1994). At
this stage, muscle wasting did not occur.
Accordingly rates of protein breakdown and
mRNA levels for C8 and C9 proteasome
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subunits in these muscles were not signifi-
cantly different from control values. In other
words, a presumable alteration of substrate
ubiquitination did not result in increased pro-
teolysis. An increase in mRNA levels for
proteasome subunits was only detectable
when muscle wasting was apparent.
Although these observations also suggest
that substrate ubiquitination is not the rate
limiting step in the ATP—ubiquitin-depen-
dent pathway, further experiments are
clearly needed to elucidate this point.

Functional associations between
proteolytic systems

A concomitant stimulation of the ATP—ubi-
quitin-dependent proteolytic pathway with
either the Ca2+-dependent (Temparis et al,
1994; Voisin et al, 1994) or the lysosomal
process (Baracos et al, 1992; Wing and
Goldberg, 1993) or both (Furuno et al, 1990;
llian and Forsberg, 1992; Taillandier 1993)
seems to prevail in different types of muscle
wasting. This is not unexpected, assuming
that these pathways may serve to eliminate
different classes of proteins. The lack of
detectable activation of a given proteolytic
system (eg, the Ca?+-dependent proteolytic
process in fasted rats, Wing and Goldberg,
1993) or protease (eg, cathepsin D in sep-
tic rats, Voisin et al, 1994) in a given muscle-
wasting condition is more intriguing. Sev-
eral explanations may account for these
observations. First, it has been suggested
that the breakdown of myofibrillar and non-
myofibrillar proteins could be regulated inde-
pendently (Lowell ef al, 1986; Furuno et al,
1990; Wing and Goldberg, 1993). Second,
the methods used to detect an activation of
the different proteases may not be sensi-
tive enough to detect small variations in pro-
teolysis. Third, the breakdown rate of some
classes of proteins may not be systemati-
cally increased in any catabolic state. Very
different stimuli known to increase muscle

proteolysis, for example, nutrient depriva-
tion and disuse, may differentially affect the
distribution pattern of individual muscle pro-
teins.

Whether the ATP-ubiquitin-dependent
proteolytic pathway may be functionally
associated to the Ca2+-dependent or the
lysosomal proteolytic system is still an open
question. The former hypothesis is not sup-
ported by any experimental data. In addi-
tion, experiments in mdx mice did not sup-
port an alteration of the ATP-dependent
proteolytic pathway (in accordance with the
lack of loss of myofibrillar proteins), but
clearly indicated a selective activation of m-
calpain (Combaret et al, 1994) consistent
with Ca2+-stimulated proteolysis (Turner et
al, 1988; MacLennan et al, 1991). By con-
trast, the lysosomal and the ATP—-depen-
dent proteolytic pathways could constitute a
single entity. Gropper et al (1991) have
shown that ubiquitinated proteins can be
detected in the lysosome and that the ubi-
quitin-activating enzyme, E, was required
for stress-induced lysosomal degradation
of proteins. However, the presence of ubi-
quitin within lysosomes only appears to be
relevant in neurodegenerative diseases
(Mayer et al, 1991).

CONCLUDING REMARKS

In recent years, significant progress has
been made in understanding the mecha-
nisms that regulate ATP—ubiquitin-depen-
dent proteolysis in skeletal muscle. How-
ever, these studies raise many questions.
The precise identification of proteins that
are ubiquitinated in skeletal muscle is of
obvious importance. Equally important is
the identification of signals in proteins that
are involved in the selection of proteins for
ubiquitin ligation and degradation. The sig-
nificance of variations in mMRNA levels for
multiple components of the ATP-ubiquitin-
dependent proteolytic pathway (and for



ATP-ubiquitin-dependent proteolysis in muscle 595

cathepsins and calpains) in muscle atrophy
must be elucidated. It is still totally unclear
whether these variations reflect increased
transcription, alterations in mRNA process-
ing and transport, or in degradation rates.
The role of hormones and specific nutrients
(ie amino acids) in the activation and/or inac-
tivation of the ubiquitin proteolytic pathway
is also poorly defined. A final goal will be to
examine whether mechanisms observed in
animal models are active in cachectic
patients. We have already started to explore
this issue, and recently reported enhanced
whole-body protein breakdown and 3-
methylhistidine urinary excretion in head
trauma patients compared with healthy
human volunteers (Mansoor et al, 1994).
These variations were associated with
increased mRNA levels for ubiquitin, 14 kDa
E,, and HC2 and HC8 proteasome subunits
in muscle biopsies from head trauma
patients (Vincent-Mansoor et al, 1994).
Thus, the ATP-ubiquitin-dependent prote-
olytic pathway could play an important role
in muscle wasting in some human diseases.
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