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Abstract — Insulin plays a major role in the regulation of skeletal muscle protein turnover but its mech-
anism of action is not fully understood, especially in vivo during catabolic states. These aspects are
presently reviewed. Insulin inhibits the ATP-ubiquitin proteasome proteolytic pathway which is
presumably the predominant pathway involved in the breakdown of muscle protein. Evidence of
the ability of insulin to stimulate muscle protein synthesis in vivo was also presented. Many catabolic
states in rats, e.g. streptozotocin diabetes, glucocorticoid excess or sepsis-induced cytokines, resulted
in a decrease in insulin action on protein synthesis or degradation. The effect of catabolic factors would
therefore be facilitated. In contrast, the antiproteolytic action of insulin was improved during hyper-
thyroidism in man and early lactation in goats. Excessive muscle protein breakdown should therefore
be prevented. In other words, the anabolic hormone insulin partly controlled the ‘catabolic drive’.
Advances in the understanding of insulin signalling pathways and targets should provide information
on the interactions between insulin action, muscle protein turnover and catabolic factors. © Inra/
Elsevier, Paris.
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Résumé — Action de I’insuline sur le métabolisme protéique musculaire au cours des états
cataboliques. L’insuline joue un réle majeur dans la régulation du métabolisme protéique musculaire
mais son mécanisme d’action n’est pas complétement connu, notamment in vivo durant les états
cataboliques. Nous avons rapporté dans cette revue les données récentes qui démontrent que 1’insu-
line inhibe la protéolyse ATP-ubiquitine-protéasome dépendante dans le muscle. Cette voie protéo-
lytique joue un role fondamental dans la dégradation des protéines musculaires. Nous avons aussi
apporté la preuve que 'insuline est capable de stimuler la synthése des protéines musculaires in
vivo. Dans de nombreux états cataboliques comme le diabéte induit par la streptozotocine, 1"hyper-
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glucocorticoidémie et le sepsis chez le rat, il y a une réduction de I’effet de ’insuline sur la syn-
thése ou la dégradation des protéines musculaires. Cela pourrait faciliter I’action des facteurs cata-
boliques. Au contraire, pour I’hyperthyroidie chez I’homme et le début de la lactation chez les rumi-
nants, ’action antiprotéolytique de ’insuline est renforcée. Cela pourrait éviter une mobilisation
excessive de protéines musculaires. L’ induction du catabolisme serait donc toujours contrblée par une
hormone a action anabolique, I’insuline. Le développement des connaissances sur les voies de signa-
lisation intracellulaires de I’insuline et ses cibles, devrait considérablement accroitre la compréhen-
sion des interactions entre I’insuline, le métabolisme protéique musculaire et les facteurs catabo-

liques. © Inra/Elsevier, Paris.
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1. INTRODUCTION

There is considerable evidence that
insulin plays a major role in the regulation of
muscle protein metabolism, but its mecha-
nism of action is not fully understood [37,
51, 56, 671. The purpose of the present
review is: i) to analyse the action of the hor-
mone on muscle protein synthesis and degra-
dation in vivo; ii) to determine whether
changes in insulin action could modulate
muscle wasting during catabolic states (e.g
elderly and lactation); and iii) to understand
the mechanism of changes in insulin action
at the level of signalling and targets.

2. INSULIN ACTION ON MUSCLE
PROTEIN TURNOVER

2.1. Protein synthesis

As summarised by Kimball et al. [47]
synthesis of new protein in eukaryotic cells
is achieved via a complex series of discrete
reactions that occur in the nucleus, cytosol
and various subcellular locations. In the
nucleus, transcription of specific genes by
three classes of RNA polymerases results
in the production of mRNA, tRNA, 55 RNA
and 458 preribosomal RNA. The RNA
products are processed and, in the case of
mRNA and tRNA, are transported to the
cytoplasm. The 45S preribosomal RNA is
processed to yield the mature 18S, 5.8S and

285 RNA constituents of the ribosome.
These three products along with the 5S RNA
and ~5 ribosomal proteins move to the
nucleolus where they are assembled into the
40S and 60S preribosomal particles which
are then transported to the cytoplasm. In the
cytoplasm, the ribosomal particles bind to
mRNA to form polysomes, which can exist
free or bound to the endoplasmic reticulum,
cytokeleton, and perhaps other subcellular
structures. Protein synthesis in the cyto-
plasm begins with the aminoacylation of
tRNA and ends with the release of a com-
pleted peptide chain from a polysome.
Translation of mRNA into protein by ribo-
somes is usually divided into three phases:
a) initiation, in which the initiator methionyl-
tRNA is bound to mRNA, which in turn
binds first to a 40S ribosomal subunit and
subsequently to a 60S subunit, thus form-
ing a translationally competent ribo-
some [62]; b) elongation, during which
tRNA bound amino acids are incorporated
into a growing peptide chain in the order
specified by the mRNA to which the ribo-
some is bound; and ¢) termination, the phase
when the completed peptide chain is
released from the ribosome. Each of these
steps requires the intervention of protein
factors known collectively as eukaryotic ini-
tiation factors (eIF), elongation factors (¢EF)
and releasing factors [66].

Experimental studies at the cellular level
or in incubated muscles from young adult
organisms have generally demonstrated that
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insulin stimulates protein synthesis [17].
Surprisingly, insulin fails to stimulate protein
synthesis in vivo [23, 54, 78]. Because insulin
administration results in a decline in plasma
amino acid concentrations, more recent stud-
ies have examined insulin-related responses
when amino acid availability was main-
tained by exogenous amino acid infusion or
in experiments with local administration of
small doses of the hormone. However, these
experiments did not reveal any increase in
whole body amino acid disposal [13, 27,
33, 41, 77, 79], muscle amino acid uptake
(29, 32,41, 52, 57] or protein synthesis rates
[76].

Some authors recorded a significant
effect of insulin in adult humans but we feel
that their effect was artefactual. For exam-
ple, the strong stimulation of muscle pro-
tein synthesis recently observed in the fore-
arm [42] could be related to an IGF1
receptor signalling owing to the extreme
hyperinsulinemia. The study by Bennett et
al. [8] compared the effect of amino acid
infusion and of insulin infusion combined
with amino acids on protein synthesis. The
latter group was observed to have a greater
rate of protein synthesis than the former.
However, the assay was not matched for
amino acid concentrations. Indeed, the group
receiving insulin with amino acids included
higher amino acid infusion rates and sub-
stantially higher plasma concentrations of
amino acids. The difference between the
two groups could therefore be related to
amino acids. The publication of Biolo et al.
[9] is more questionable. It included both
tracer-balance measurements and tissue
biopsies. Good internal agreement was
obtained between results seen with the arte-
rio-venous difference method and the biopsy
technique, both showing an enhancement
of muscle protein synthesis by physiologic
hyperinsulinemia. However a specific amino
acid kinetics model was used which did not
reveal any insulin-inhibited proteolysis. The
Biolo paper stands alone in reporting such
findings.

In fact, the only published evidence of a
significant increase in muscle protein syn-
thesis under physiological hyperinsuline-
mia was reported in growing rats after a
short period of fasting [30, 31]. These young
animals showed a very high insulin sensi-
tivity, especially when branched chain amino
acids were present. Accordingly, looking at
the relationship between insulin and mus-
cle protein synthesis, Millward and Rivers
[56] reported that parallel changes in the
two parameters were only observable in the
low insulin range because additional provi-
sion of insulin to fed rats failed to further
stimulate muscle protein synthesis [6]. The
maximum insulin effect may be already
obtained at postprandial insulin levels. All
studies indicated that the stimulatory effect
of insulin on muscle protein synthesis
observed in young rats was blunted in adults
[7, 53, 58] except following resistance exer-
cise [28]. The same concepts were drawn
from recent experiments in young pigs [21].

In order to have a better understanding
of the ability of insulin to regulate skeletal
muscle protein synthesis in vivo, we inves-
tigated the effect of a postprandial acute
insulin deficiency after diazoxide injection
on rat skeletal muscle protein synthesis [72].
Diazoxide administration lowered plasma
insulin over 85 % within 3 h after injection
whereas other hormones (IGF-I, glucagon,
corticosterone) involved in the regulation
of muscle protein synthesis were not sig-
nificantly altered compared to control ani-
mals. The fractional rate of muscle protein
synthesis, measured in vivo, was signifi-
cantly reduced in epitrochlearis (-46 %)
gastrocnemius (—41 %) and soleus (—35 %)
(P <0.05). The protein synthesis reduction
did not result from a reduced total RNA
content but was associated with diminished
translation efficiency. Analysis of riboso-
mal subunits revealed that the decreased
translation efficiency resulted from an
impairment in the initiation phase of pro-
tein synthesis.

One of the most regulated steps in trans-
lation initiation is the binding of mRNA to
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the 40S subunit [62] (figure I). This step
involves several initiation factors constitut-
ing elF4F which catalyse the association.
The component of elF4F that binds to the
m’GTP cap at the 5’ end of the mRNA is
elF4E. The subsequent binding of the
elFAE'mRNA complex to another initiation

factor, elF4G, is a critical step in the for-
mation of the 48S preinitiation complex.
Regulation of the binding of eIF4E to e[F4G
involves protein, 4E-BP1 (also called
PHASI). In vivo, eIF4E can bind to either
4E-BP1 or eIF4G but not simultaneously
[40]. This finding, in combination with the
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Figure 1. Mechanism of protein synthesis initiation. Stage 1, 80S ribosomes dissociate, and 40S
subunits are captured for initiation by binding eIF1A and eIF3; the size of the latter causes the par-
ticle to sediment at 43S. Initiation tRNA (Met-tRNA,) binds, in the form of a ternary complex with
elF2 and GTP, to give the 43S preinitiation complex. Stage 2, the 43S preinitiation complex binds to
mRNA at the 5’ terminal m’GTP cap structure, and then migrates along the mRNA towards the
AUG initiation codon. The initial binding involves the factors eIF4E, eIF4G and elF4A, which
assemble at the 5’-end of mRNA, creating conditions that allow the melting of intramolecular secondary
structures within the mRNA that would otherwise prevent the binding of the 43S preinitiation com-
plex. In the vast majority of cases the most 5> AUG codon is used for initiation. The term 48S preini-
tiation complex is frequently used, and refers to the 43S globin-mRNA complex. Stage 3, when the
43S preinitiation complex stops at the initiation codon, the GTP molecule introduced as part of the
elF2 complex is hydrolysed to GDP, and this powers the ejection of the initiation factors bound to the
408 ribosomal subunit. The initiation factor eIF5 is involved in this process. The release of these fac-
tors permits the association of a native 60S ribosomal subunit, to reconstitute an 80S ribosome at the
initiation codon poised to commence the elongation stage of translation. The continuity of initia-
tion events requires the recycling of initiation factor molecules. eIF2 is released as a binary complex
with GDP and requires a guanine nucleotide exchange factor, eIF2B, to catalyse the regeneration of
the eIF2. GTP complex required to recruit the next Met-tRNA, molecule (see [62] for more details).
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observation that the amino acid sequence
of the eIFAE binding domain of the two pro-
teins is homologous, suggests that eIF4G
and 4E-BP1 compete for binding to elF4E.
Diazoxide-induced insulin deficiency was
associated with a dramatic decrease in
elF4G bound to eIF4E and a 2.5-fold
increase in the amount of the e]IF4E-4E-BP1
complex [72]. In contrast, diazoxide did not
change either the relative amount of eIF4E
present in gastrocnemius nor its phospho-
rylation state. These results indicate that
insulin is directly involved in the associa-
tion of e[F-4E with either 4E-BP1 or elF-
4G to regulate the initiation of protein syn-
thesis. Phosphorylation of 4E-BP1 is
presumably a key in insulin action [48, 49,
89] (figure 2).

By using other animal models (e.g. strep-
tozotocin diabetic rats), it has been shown
that insulin may also control the initiation of
protein synthesis by altering the phospho-
rylation of eIF-2B, which is a guanine
nucleotide exchange factor required for recy-
cling eIF2 by exchanging elF-2-bound
guanosine 5’-diphosphate (GDP) for GTP.
The regulation of eIF-2B activity and protein

PHAS1

synthesis seems to be closely linked [45,
82]. Insulin has been shown to also act on
other steps of translation (ribosomal pro-
teins, elongation factors) and gene tran-
scription [47].

2.2. Protein degradation

Skeletal muscles, like other mammalian
tissues, contain several proteolytic systems.
The best known proteolytic pathway is the
lysosomal process. Muscles also contain
two major cytosolic proteolytic pathways,
a Ca**-dependent [44] and an ATP-ubiqui-
tin-dependent pathway [25]. The major lyso-
somal proteinases (cathepsins B, H, L and
D) and the Ca?*-dependent proteinases
(u- and m-calpains that differ in their affini-
ties for Ca*), do not contribute significantly
to increased skeletal muscle proteolysis in
many muscle wasting conditions, and do
not play a major role in the degradation of
myofibrillar proteins [55]. In contrast, the
ATP-ubiquitin-dependent proteolytic path-
way, which was previously believed to
degrade abnormal and short-lived proteins

| Translation initiation

Figure 2. Possible insulin action on the initiation of protein synthesis. Insulin promotes the phos-
phorylation of 4E-BP1 (PHAS-1) and therefore the dissociation of eIF-4E (4E). The eIF-4E then
binds to elF-4G (4G) to give the complex elF-4E/eIF-4G/eIF-4A (4F). This complex allows initia-

tion of protein synthesis.
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[16, 65], is presumably the critical system
responsible for the breakdown of the long-
lived contractile components [81]. In this
pathway, ubiquitin first covalently binds to
protein substrates in a multistep process
requiring ATP, and serves as a signal for
degradation [16]. Ubiquitin-protein conju-
gates are then preferentially degraded by a
very large 1 500 kDa (26 S) proteolytic com-
plex that also requires ATP for activation
and substrate hydrolysis [36]. The 26 S com-
plex consists of the 20 S proteasome core, a
multicatalytic proteinase composed of
14 different subunits, plus regulatory com-
ponents containing several proteins includ-
ing APTases [1-3].

Insulin has a well-known antiproteolytic
effect in muscle preparations [46]. The hor-
mone downregulated mRNA levels for the
14 kDa E, in cultured myoblasts, suggesting
inhibition of the ubiquitin-proteasome path-
way [86]. Although it is well documented
that insulin inhibits in vivo protein break-
down at the whole body level, neither the
tissues nor the proteolytic pathways on
which insulin exerts its antiproteolytic effect
are well characterized. The effects of insulin
on mRNA levels for cathepsin D, m-calpain
and ubiquitin were determined in vivo, in
skeletal muscle, skin, liver and intestine
[50]. A 6-h hyperinsulinemic, euglycemic
and hyper aminoacidemic clamp was per-
formed in goats, a species in which insulin
markedly inhibited whole-body protein
breakdown under similar conditions [79].
Hyperinsulinemia and hyper aminoacidemia
only depressed ubiquitin mRNA levels in
fast-twitch and mixed skeletal muscles with-
out any concomitant reduction in mRNA
levels for the 14 kDa E, and 20S protea-
some subunits. The reduced ubiquitin
mRNA levels in skeletal muscle may rep-
resent a possible mechanism explaining the
antiproteolytic effect of insulin in vivo.

Other evidence for the antiproteolytic
action of insulin in skeletal muscle in vivo
was recently obtained in growing rats. Incu-
bated muscles taken from diazoxide-treated
animals (i.e. with an acute hypoinsulinemia

during the postprandial state, see above)
exhibited higher rates of proteolysis than
their controls (S. Sinaud, M. Balage and
J. Grizard, unpublished results). Conversely,
muscles in vitro showed a lower rate of pro-
teolysis when taken in postabsorptive ani-
mals under hyperinsulinemic-euglycemic
clamp (D. Larbaud and D. Attaix, unpub-
lished results). This decrease was abolished
in the presence of specific proteasome
inhibitors in the incubation medium. More-
over, studies on the expression of factors
and cofactors involved in the proteolytic
pathways correlated with results obtained
in goats. The ATP-ubiquitin-proteasome
dependent is, no doubt, a target for insulin in
vivo. This does not preclude that insulin
may have an inhibitory effect on muscle
proteolysis by alternative mechanisms [24].

2.3. Insulin signalling

Binding of insulin to its receptors results
in phosphorylation of specific intracellular
proteins that are thought to act as transduc-
ers of the hormone signal [4, 15, 59, 87].
Upon insulin binding and its autophospho-
rylation, the insulin receptor (IR) phospho-
rylates various endogenous substrates such
as IRS-1 (insulin receptor substrate-1) and
Shc (Stc homology and collagen protein).
IRS-1 is considered as the major IR sub-
strate in mammalian species. The tyrosine
phosphorylation on specific motifs (YXXM,
YMXM) allows IRS-1 to interact with sev-
eral proteins through their SH2 domains
such as PI 3’kinase, Grb2, SHPTP2. Grb2 is
thought to be linked to the activation of Ras,
which subsequently activates the mitogen-
activated-protein (MAP) kinase pathway.
Wortmannin and 1.Y294002 (inhibitors of PI
3’kinase) abolished the stimulation of pro-
tein synthesis by insulin in epitrochlearis
muscle incubated in vitro [19]. LY294002
also totally reversed the antiproteolytic
action of this hormone. Although p70S¢K
activation by insulin may be mediated by
PI 3’kinase in epitrochlearis muscle, the



Insulin and catabolic states 67

inhibition of the pathway including this
kinase by rapamycin (blockage of the mam-
malian target of rapamycin mTOR) only
diminished but did not abolish the stimula-
tion of protein synthesis by the hormone.
Rapamycin had no effect on proteolysis.
These observations provide evidence that
PI 3’kinase and p705%K play a role in the
regulation of muscle protein turnover by
insulin in epitrochlearis muscle (figure 3)
and that some mTOR-independent elements
are also involved in this regulation.

In contrast, the MAP-kinase pathway
does not seem to be involved in the insulin-
regulated muscle protein turnover. Indeed
insulin did not modify the phosphorylation
status of both p42mapk and p44m2pk jsoforms
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Figure 3. Possible insulin signalling pathways
in the regulation of skeletal muscle protein
turnover. Only major known pathways are indi-
cated. Inhibitors (LY294002, wortmanin,
rapamycin, PD98059) are useful for studying
insulin signalling.

nor their activities. An inhibition of this
pathway (PD 98059) failed to change insulin
actions on both protein synthesis and degra-
dation. In our experiments, insulin stimu-
lated the activity of p9ORSK independently
of MAP-kinase. This is surprising since
p9ORSK is more often considered as a down-
stream element of MAP-kinases.

Although considerable advances have
been made in recent years in the area of sig-
nalling pathways and the regulation of pro-
tein turnover in skeletal muscle, it is clear
that much remains to be investigated. The
links between kinases and targets of insulin
have to be established. For example insulin
may stimulate phosphorylation of 4E-BP1
through multiple signal transduction path-
ways, including the p70%% pathway. Insulin
may also stimulate phosphorylation of eIF-
2B through the p9ORSK/GSK-3 pathway. The
involvement of other pathways (protein
kinases A, B and C; PKA, PKB and PKC,
respectively) has yet to be determined [11,
47, 48, 62, 66, 80].

3. EFFECT OF CATABOLIC
FACTORS

3.1. Streptozotocin diabetes

The diabetes-associated muscle atrophy
is a consequence of both decreased protein
synthesis and increased protein degradation.
Several lines of evidence showed that mus-
cle protein synthesis in diabetic rats is
markedly reduced, especially in fast-twitch
muscle, and that this effect is attributed to an
impairment of peptide chain initiation [26,
61]. Elevated proteolysis has already been
claimed in skeletal muscle of diabetic rats [5,
63]. It appeared that enhanced protein break-
down in skeletal muscle observed during
the acute phase of diabetes results from an
activation of the ATP-ubiquitin-dependent
proteolytic system [5, 63].

Insulin resistance in 3-day-streptozotocin
(STZ)-treated rats was manifested by the
lack of antiproteolytic action of insulin as
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well as by a reduction of its stimulatory
effect on protein synthesis in epitrochlearis
muscle incubated in vitro (-60 % in com-
parison to control group) [39]. Until now,
the mechanism underlying the insulin resis-
tance was not completely understood. The
STZ diabetes is accompanied by an
increased insulin binding but alters insulin
receptor tyrosine kinase in skeletal muscle
[12]. After acute insulin stimulation in vivo,
IRS-1 phosphorylation is several-fold higher
and markedly prolonged, compared to the
controls [34, 69].

We have investigated the diabetes-asso-
ciated alterations in the insulin signalling
cascade. LY 294002, a specific inhibitor of
PI 3’kinase, markedly decreased the basal
rate of protein synthesis and completely pre-
vented insulin-mediated stimulation of this
process both in control and diabetic rats.
Thus, PI 3’kinase is required for insulin-
stimulated muscle protein synthesis in dia-
betic rats as in the controls. Rapamycin, an
inhibitor of mTOR, had no effect on the
basal rate of protein synthesis in either
experimental group or control group. In con-
trol rats, the stimulatory action of insulin
on muscle protein synthesis was diminished
by 36 % in the presence of rapamycin,
whereas in diabetic muscles this reduction
amounted to 68 %. In diabetic rats, the rapa-
mycin-sensitive pathway makes a relatively
greater contribution to the stimulatory effect
of insulin on muscle protein synthesis than
in the controls, presumably due to the pref-
erential decrease in the rapamycin-insensi-
tive component of protein synthesis. Both
basal and insulin-stimulated p7056K activ-
ity, a signalling element lying downstream
of mTOR, were not modified by STZ dia-
betes [39].

It is important to note that STZ diabetic
rats show high levels of plasma glucagon,
corticosterone and cytokines along with
depressed IGF1. No direct relationship could
therefore be established between the effects
of diabetes and insulin deprivation per se.

3.2. Glucocorticoid excess

Muscle protein turnover was investigated
in dexamethasone-treated rats (approxi-
mately 500 pg/kg/day in drinking water for
5-6 days) and their pair-fed controls both
in vivo and in vitro. The glucocorticoid treat-
ment of adult rats significantly decreased
protein synthesis in glycolytic and oxido-
glycolytic muscles in vivo. The effect was
even greater in old rats [70, 71]. Similar
results were observed when protein synthe-
sis was measured in epitrochlearis muscle
incubated in the presence of insulin. In con-
trast, in the absence of insulin, in vitro pro-
tein synthesis only showed a significant
decrease in old dexamethasone-treated rats
but not in adults. This difference between
results in the presence and in the absence
of insulin was explained by: i) a lower
responsiveness to insulin in glucocorticoid-
treated rats rather than in controls; and ii)
this insulin-resistant state after glucocorti-
coids was greater in old rather than adult
rats [20, 38, 71].

Regarding proteolysis in vitro in the
absence of insulin, the glucocorticoid treat-
ment only stimulated this pathway in adult
but not in old rats. The target of glucocorti-
coids was the ATP-ubiquitin proteasome
system [18]. An increase in proteolysis was
visible in both groups in the presence of
insulin (although of minor importance in
old rats) because the glucocorticoid treat-
ment always blunted the antiproteolytic
action of insulin [20].

The effect of the dexamethasone treat-
ment on muscle protein turnover was there-
fore both a reflexion of the action of gluco-
corticoids but also the consequence of an
insulin-resistant state. The glucocorticoid-
induced hyperinsulinemia could not over-
come this insulin resistance [60]. The mech-
anism by which steroids alter insulin action
on skeletal muscle remains unclear. Indeed,
the first cellular events involved in the action
of insulin (i.e. insulin receptor number)
insulin receptor autophosphorylation and
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tyrosine phosphorylation of IRS-1 [10, 35,
68, 69] are not modified by glucocorticoid
treatment. Up to now, the only difference
recorded in these conditions was the
decrease in the association/activation of PI
3’kinase with IRS-1 in response to insulin.
We recently demonstrated that the gluco-
corticoid-associated insulin resistance is
associated with a total blockage of p705¢K
stimulation by insulin without significant
decrease in the amount of the kinase. How-
ever, the effect of rapamycin (inhibitor of
several intracellular pathways including
p708¢% pathways) on muscle protein syn-
thesis was not modified by dexamethasone
in rat muscles. This suggested that ‘rapamy-
cin-sensitive pathways’ associated to the
insulin stimulation of protein synthesis were
not altered by glucocorticoids and thus are
not responsible for the observed insulin
resistance. Glucocorticoids did not alter the
effect of insulin on p9ORSK activity or MAP-
kinase pathways (although the latter is not
involved in the insulin-regulated protein
turnover in intact epitrochlearis muscle)
[19].

3.3. Cytokines

We investigated the ability of insulin to
modify protein metabolism during incuba-
tion of epitrochlearis 2 days following injec-
tion of live E. coli [85]. At that time, skele-
tal muscle exhibited an exacerbated negative
protein balance resulting from both an inhi-
bition in protein synthesis (25 %) and an
enhanced proteolysis (90 %) compared with
pair-fed controls. Insulin or IGF1 stimulated
to the same extent both protein synthesis in
muscles from septic and control rats in vitro.
In contrast, the ability of insulin to limit pro-
tein degradation was severely hindered. This
alteration in insulin action was prevented
by treatment of animals with pentoxifyiline.
Such a treatment markedly decreased the
sepsis-induced secretion of TNFa, IL1 and
IL6.

It was therefore suggested that cytokines
could alter the antiproteolytic action of

insulin on skeletal muscle. This is not sur-
prising since IRS-1 has been shown to be
involved in the signalling pathways of
cytokines. For example, TNFo induces ser-
ine phosphorylation of IRS-1. Consequently,
IRS-1 can now inhibit the insulin receptor
tyrosine kinase activity [64, 88]. Other inter-
actions between insulin and cytokine trans-
duction pathways have also been proposed
[74, 88]. The cytokine-induced insulin resis-
tance is mainly known for glucose in
adipocytes [43, 72]. Our studies extended
this concept to skeletal muscle proteolysis
[84] and lactate production [83].

3.4. Thyroid hormones

The responsiveness of whole body pro-
teolysis (measured by the endogenous
leucine appearance rate in a postabsorptive
state) was investigated in healthy volunteers
[75] and hypothyroidic patients before and
after long-term thyroid hormone therapy.
The protocol therefore allows one to ana-
lyse the effect of both hypothyroidism in
patients and hyperthyroidism in healthy vol-
unteers. The effect of insulin was measured
under the hyperinsulinemic-euglycemic
euaminoacidemic clamp by the slope of a
dose response curve of insulin sensitivity
of leucine appearance rate (in pmol
leucine’kg'min~!/nmol insulin/L). The abil-
ity of insulin to inhibit proteolysis linearly
increased as a function of plasma thyroid
hormones (0.13 £ 0.03 in hypothyroidic
patients, 0.23 + 0.02 in euthyroidic patients,
1.01 + 0.8 in normal subjects and 1.59 £
0.11 in hyperthyroidic subjects; the corre-
sponding T3 levels, in pmol/L, were 1.4
0.15,3.7£0.9,7.7+£ 0.5 and 18.1 £ 1.1)
[76] (Rochon et al., unpublished results).

3.5. Lactation

Milk synthesis, especially in high-yield-
ing ruminants, needs large amounts of sub-
strates. To meet their requirements, animals
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improve food intake. Unfortunately, amino
acid supplies from the digestive tract are
clearly not sufficient to support milk pro-
tein synthesis. By an adaptative mechanism,
there is a decrease in the use of amino acids
in the extramammary tissues (which makes
the amino acids available to the mammary
gland). A loss of skeletal muscle protein has
been reported, which may be due to the con-
tribution of both an increase in protein
degradation and a decrease in protein syn-
thesis [14]. By using very similar investi-
gations to those performed in humans (see
above), we demonstrated that the insulin-
inhibited proteolysis was improved during
early lactation. This adaptation originated
from an amino acid deficit during that period
because it was eliminated by hyper-
aminoacidemia [79]. Other factors or hor-
mones associated with the beginning of lac-
tation presumably also play a role. The
phenomenon is consistent with the improve-
ment of the ability of insulin to depress glu-
cose production, which we demonstrated
previously [22]. Both adaptative processes
would lead to saving of body proteins,
amino acids, and gluconeogenic substrates.

4. CONCLUSIONS

Insulin plays an important role in the reg-
ulation of skeletal muscle protein turnover in
vivo. It promotes protein deposition both
by the inhibition of proteolysis and stimu-
lation of protein synthesis. The inhibition
of whole body proteolysis is very well
recognised. Recent studies clearly demon-
strate that insulin acts in skeletal muscle on
the ATP-ubiquitin-proteasome pathway by
decreasing ubiquitin expression. In contrast,
the ability of insulin infusion to stimulate
muscle protein synthesis is only evident in
young growing animals in a postabsorptive
state. Acute postprandial insulin suppres-
sion by diazoxide should now provide a bet-
ter understanding on the direct relationship
between insulin and protein synthesis in
vivo. The cascade of events from the insulin
receptors to the targets (eIF-2B, 4E-BP1,
some specific genes, etc.) also needs to be
elucidated.

To prevent or limit muscle atrophy in
humans, a better knowledge is needed con-
cerning the mechanism of muscle wasting.
Muscle proteins are lost when protein syn-
thesis is low compared to proteolysis. These

Table L. Changes in insulin action during catabolic states.

Catabolic factor

Change in insulin action

Consequence for

(with references)

muscle wasting

On protein synthesis On proteolysis

Streptozotocin diabetes [39] decreased decreased facilitated
Glucocorticold excess [20] d;acreased decreased facilitated
Hypothyroidism

(Rochon and Grizard, unpublished) N.D. decreased facilitated
Cytokine-induced sepsis [84] unchanged decreased facilitated
Hyperthyroidism [77] N.D. improved counteracted
Early lactation in goats [79] N.D. improved counteracted

N.D., not determined.
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pathways are highly regulated by catabolic
factors which either decrease protein syn-
thesis or stimulate proteolysis. Both path-
ways could also be simultaneously targeted.
Glucocorticoids, thyroid hormones, cytokines
and insulin suppression typically represent
catabolic factors.

The present review clearly demonstrates
that the catabolic states induced consistent
changes in insulin action on muscle protein
turnover (table I). Moreover there was a
decrease in insulin action, which facilitates
the effect of catabolic factors. This mecha-
nism, no doubt participates in muscle wast-
ing during ageing since old subjects are
more often exposed to stress, injuries and
neuroendocrine dysfunctions (e.g. diabetes
and decreases in plasma thyroid hormones).
In contrast, insulin may prevent excessive
muscle wasting during hyperthyroidism and
early lactation in ruminants. Indeed, the
antiproteolytic effect of insulin was improved
in these situations. These adaptative changes
in insulin action need to be better under-
stood, based on the knowledge of insulin
signalling pathways and mediators. The
physiological importance of these changes in
the control of skeletal muscle protein
metabolism remains to be established.
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