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Abstract

Sepsis is associated with muscle catabolism, mainly reflecting increased protein breakdown,
in particular myofibrillar protein breakdown, although reduced protein synthesis and inhibited
amino acid uptake contribute to the metabolic response. There is evidence to suggest that both
hormones and cytokines. participate in the regulation of muscle proteolysis during sepsis.
Among the various hormones, glucocorticoids are probably the most important group of
regulators that stimulate muscle proteolysis. There is evidence that thyroid hormones may
regulate both increased protein breakdown and reduced protein synthesis in skeletal muscle
during sepsis. Insulin resistance of protein breakdown demonstrated in muscle from septic rats
may contribute to the catabolic response during sepsis. Cytokines, in particular interleukin-1
(IL-1) and tumor necrosis factor (TNF) are also important for the regulation of muscle
proteolysis during sepsis. Whereas the effect of TNF on muscle proteolysis is mediated by
glucocorticoids, the IL-1 induced muscle proteolysis is independent of glucocorticoids. The
two groups of substances, i.e., hormones and cytokines, interact in different ways in their
regulation of muscle proteolysis. Cytokines stimulate the release of glucocorticoids, whereas
glucocorticoids block the release of cytokines in a negative feedback manner. In addition, there
is evidence for an interaction at the cellular level between cytokines and hormones, in
particular glucocorticoids, to induce changes in protein metabolism.
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Severe injury and sepsis are associated with pronounced
changes in protein metabolism in various organs and tis-
sues, including liver [43], lungs [82], intestine [97] and
skeletal muscle [12, 44]. Whereas protein synthesis is
stimulated during sepsis in liver and intestine [43, 97], the
metabolic response in lungs and skeletal muscle is that of
catabolism [12, 44, 82].

In previous studies, evidence was found that muscle
catabolism during sepsis is mainly caused by increased
protein breakdown, in particular myofibrillar protein
breakdown [44], but reduced protein synthesis [37, 54] and
inhibited amino acid uptake [46, 47, 56] contribute to the
metabolic response in skeletal muscle. It may be argued
from a teleological standpoint that the catabolic response
in muscle (and lungs as well) is beneficial to the organism
since it results in an increased efflux of amino acids from
the periphery; a large portion of these amino acids is taken
up by the liver for the synthesis of acute phase proteins
[87]; other amino acids, glutamine in particular, are
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utilized by the gut [51, 102] and cells in the immune system
[77]. Thus, muscle catabolism is probably an important
part of the overall metabolic response to sepsis, providing
substrates for acute phase proteins and glutamine for the
support of intestinal mucosa and cells in the immune
system. It should be noted, however, that during prolonged
and severe sepsis, continued and uncontrolled muscle cata-
bolism may become deleterious to the patient, resulting in
muscle weakness and fatigue, delayed recovery and life-
threatening pulmonary complications if respiratory mus-
cles are affected.

Because of the clinical significance of the metabolic
response to sepsis in skeletal muscle, much research has
been devoted over the last few years to better understand
regulatory mechanisms of muscle proteolysis. There is
evidence to suggest that muscle proteolysis during sepsis
isregulated by both hormones and cytokines, both individ-
ually and by an interaction between these substances.
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Hormones

Glucocorticoids ‘

There are several lines of evidence to support a role of
glucocorticoids in the regulation of muscle proteolysis
during sepsis and severe injury. Increased plasma concen-
trations of cortisol and corticotrophin in severely burned
patients [96] and elevated corticosterone levels in septic
rats [36] support the concept of a stimulated hypothalamic-
pituitary-adrenal axis in these conditions. Stimulated
muscle protein breakdown following the administration of
glucocorticoids in man [13] or rats [61] are also consistent
with a regulatory role of these hormones in the metabolic
response to sepsis.

In previous studies, the administration of a combination
of the catabolic hormones glucagon, epinephrine and glu-
cocorticoids resulted in several metabolic changes, char-
acteristic of severe injury and sepsis [6]. When a similar
"triple hormone infusion" was performed in rats, muscle
protein breakdown increased [100]. Because in that report,
only the combined effects of the catabolic hormones were
tested it is not known which of the three hormones was
most important for the increased muscle proteolysis. Con-
sidering the strong indications that glucocorticoids regu-
late muscle protein degradation [13, 61], however, it is
likely that corticosterone was the most important compo-
nent in the "triple hormone infusion" with respect to
muscle proteolysis.

In other experiments, we further tested the role of corti-
costerone (the predominant glucocorticoid in rats) in the
regulation of muscle proteolysis [36]. Sepsis induced by
cecal ligation and puncture (CLP) in rats resulted in an
almost three-fold increase in plasma corticosterone levels.
When administration of the hormone to normal rats re-
sulted in similar plasma corticosterone levels as seen in
septic rats, muscle protein turnover rates were not affected.
However, when plasma corticosterone levels were further
increased, muscle protein breakdown, in particular myofi-
brillar protein breakdown, was increased [36]. This was an
important observation since sepsis as well mainly stimu-
lates degradation of myofibrillar protein in skeletal muscle
[44]. Other studies as well, have found evidence that
myofibrillar proteins are particularly sensitive to the ef-
fects of glucocorticoids [61]. The results in our report [36],
directly comparing plasma corticosterone levels and
muscle protein breakdown rates in septic and hormone-
treated rats, suggest that although corticosterone can in-
duce muscle proteolysis in normal rats, increased muscle
protein breakdown during sepsis is probably not caused by
glucocorticoids alone.

The glucocorticoid receptor blocker RU 38486 offers
another tool to test the role of glucocorticoids in sepsis-in-
duced metabolic changes. RU 38486 is the first known
antiglucocorticoid that can fully block the hormonal ef-
fects in vivo and in vitro in different tissues without agonist

activity even at high concentrations [81]. In recent experi-
ments [39], we examined the role of glucocorticoids in the
regulation of muscle proteolysis by treating septic rats with

RU 38486 (5 mg/kg administered by gavage 2 h before
CLP). This treatment resulted in a 28% reduction of total
protein breakdown, measured as release of tyrosine from

- incubated extensor digitorum longus muscles, and a 44%

inhibition of myofibrillar protein breakdown, measured as
release of 3-methylhistidine (3-MH) in muscles from sep-
tic rats but did not affect protein breakdown in muscles

" from sham-operated control rats (Fig. 1). These results

strongly support a role of glucocorticoids in the regulation
of muscle proteolysis during sepsis. The finding that the
increase in muscle protein breakdown observed in septic
rats was blunted, but not normalized, following treatment
with RU 38486 is consistent with the concept that sepsis-
induced muscle proteolysis is not regulated by glucocorti-
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Figure 1. Total (upper panel) and myofibrillar (lower
panel) protein breakdown rates in incubated exten-
sor digitorum longus muscles from sham-operated
and septic rats (16 h after CLP). Groups of rats
were treated with 5 mglkg of the glucocorticoid
receptor antagonist RU 38486 (RU, filled bars) by
gavage 2 h before sham-operation or CLP; control
rats received corresponding volumes of solvent by
gavage at the same time point (C, open bars). *p <
0.05 vs CLP/C. The number of rats in each groups
was 7. From Ref. #39.
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coids alone. In the same experiments [39], the reduced
muscle protein synthesis in septic rats, measured as incor-
poration of MC-phenylalanine into protein in incubated
extensor digitorum longus muscles, was not affected by
RU 38486 (Fig. 2), suggesting that muscle protein syn-
thesis and breakdown are regulated by different mechan-
isms during sepsis.

Thyroid Hormone

There is evidence that thyroid hormones regulate muscle
protein turnover, both ir vitro and in vivo [64]. Interesting-
ly, thyroid hormones have opposite effects at low and high
concentrations; physiological concentrations of thyroid
hormone are necessary for normal growth of muscle and
other tissues whereas high hormone concentrations result
in muscle catabolism. During hyperthyroidism, muscle
catabolism is mainly caused by increased protein break-
down [1] whereas protein synthesis in the hyperthyroid
state has been reported to be unchanged [1, 40], increased
[9], or reduced [25]. Previous studies suggest that thyroid
hormones regulate both the lysosomal and nonlysosomal,
ATP-dependent proteolytic pathways in muscle [63].

During sepsis and other critical illness, circulating levels
of triiodothyronine (T,) are reduced, a condition usually
referred to as the "low T; syndrome” [101]. Although
altered peripheral metabolism of thyroxine (T,) is prob-
ably the principal mechanism of low T, levels in critical
illness, increased uptake by different tissues, including
skeletal muscle, may contribute to reduced serum levels
[16, 34]. There is evidence that intracellular uptake of T,
by different tissues is regulated by specific and concentra-
tive transport systems [78].

In a recent study, we tested the role of T, in sepsis-in-
duced changes in muscle protein turnover by inducing
sepsis in thyroidectomized rats and by measuring T, levels
in muscle tissue [41]. The increase in muscle protein
breakdown observed in septic, thyroidectomized rats was
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Figure 2. Protein synthesis, measured as incorporation of
radiolabeled phenylalanine into protein, in incu-
bated extensor digitorum longus muscles from
sham-operated and septic rats, treated with RU
38486 or control gavage as described in Fig. 1.

less pronounced than that in septic, sham-thyroidec-
tomized rats (Fig. 3). This effect of thyroidectomy on the
response to sepsis was more pronounced in white, fast-
twitch than in red, slow-twitch muscle. The reduction in
muscle protein synthesis observed in septic rats was com-
pletely abolished in thyroidectomized animals (Fig. 3).
These results support the concept that thyroid hormone
may participate in the regulation of muscle protein meta-
bolism during sepsis.

In the same study [41], we measured T, concentration in
muscle tissue during sepsis. Despite reduced serum levels
of the hormone, consistent with the "low T, syndrome",
muscle levels of T, were increased (although not signifi-
cantly so) during sepsis. The results demonstrated that
reduced serum levels of T; during sepsis do not necessarily
reflect tissue levels. From a metabolic standpoint it is, of
course, the tissue levels that are important. Thus, it is
possible that uptake of T, by skeletal muscle is increased
during sepsis and that this phenomenon may contribute to
bothreduced circulating levels of the hormone and reduced
synthesis and stimulated breakdown of muscle protein. It
will be important in future studies to measure actual uptake
rates of T, by muscle to test that hypothesis.

Insulin

Insulin is an important regulator of muscle protein meta-
bolism and exerts its anabolic effect by stimulating protein
synthesis and inhibiting protein breakdown [58]. The roles
of these components in the in vivo effects of the hormone
are not completely understood. Systemic administration of
insulin in humans increased whole body protein synthesis
and reduced protein breakdown [10, 30, 93] but results
from such experiments must be interpreted with caution
since whole body protein turnover rates are influenced by
protein metabolism in tissues other than skeletal muscle.
When insulin was infused directly into the brachial artery
and forearm amino acid flux studies were performed,
evidence was found that in healthy humans, physiological
elevations of insulin promote net muscle protein anabolism
primarily by inhibiting protein breakdown, rather than by
stimulating protein synthesis [32]. The importance of
maintaining normal plasma amino acid concentrations
during hormone infusion was demonstrated in several
studies [10, 31, 93]. When hypoaminoacidemia was
allowed to develop, the anabolic effect of insulin was
prevented and protein synthesis could even be reduced.

The mechanisms by which insulin regulates muscle pro-
tein turnover were reviewed previously [57, 58, 64, 65,91].
The hormone stimulates protein synthesis mainly at the
translational level by enhancing peptide-chain initiation
but may also increase the capacity for protein synthesis by
increasing the concentration of ribosomes [2, 57]. Previous
studies suggest that the effect of insulin on protein syn-
thesis is not dependent on the influence of the hormone on
amino acid and glucose transport [24, 84]. The mechanism
(s) by which insulin blocks protein breakdown are less well
understood but inhibition of the lysosomal proteolytic
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Figure 3. Protein synthesis (upper panel) and breakdown
(lower panel) in incubated muscles from control
and septic rats that had undergone either sham
thyroidectomy (sham Tx) or thyroidectomy (Tx) 5
days before induction of sepsis by CLP. *p < 0.05
vs control; + p < 0.05 vs corresponding sham Tx
group. Based on data in Ref. # 41.

pathway and reduced formation of autophagosomes have
been reported [58, 64, 68]. st

In previous reports there was evidence for reduced in-
sulin sensitivity in skeletal muscle during various catabolic
conditions. Thus, regulation of muscle protein synthesis
and/or degradation became resistant to the hormone after
burn injury [76], blunt trauma [94] and denervation [14].

Recent experiments in our laboratory suggest that the
response toinsulin of muscle protein breakdown is reduced
during sepsis [42, 44, 48]. When muscles from non septic
rats were incubated in the presence of different concentra-
tions of insulin, total protein breakdown, measured as
release of tyrosine, was inhibited by up to 20%. The lowest
concentration at which insulin inhibited protein break-
down in these muscles was 100 wU/ml (Fig. 4). In contrast,
protein breakdown in muscle from septic rats (16 h after
CLP) was not significantly affected by insulin until the
hormone concentration was increased to 10* uwU/ml and
even at this high concentration, the reduction of proteolysis
was less than half of that observed in non-septic muscles
(Fig. 4).

Previous studies suggest that the breakdown of myofi-
brillar proteins is not regulated by insulin in normal muscle
[68,91], although this is somewhat controversial [88]. We
recently tested the effect of insulin on myofibrillar protein
breakdown, measured as release of 3-MH, in muscle from
septic rats [44] and found that the hormone significantly
inhibited 3-MH release (Fig. 5). In line with previous
reports [68], insulin did not regulate myofibrillar protein
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Figure 4. Relationship between insulin concentration in
incubation medium and inhibition of protein degra-
dation, measured as release of tyrosine, in extensor
digitorum longus muscles from untreated (0),
sham-operated (A), and septic (A) rats. From Ref.
#48.

Figure 5. Effect of insulin on myofibrillar protein break-
down (3-MH release) in incubated extensor digito-
rum longus muscles from sham-operated and septic
(16 h after CLP) rats. Muscles were incubated in
the absence (open bars) or presence (hatched bars)
of insulin (10° WU/ml). Results are from 7 paired
muscles from each group of animals. *p < 0.05 vs
no insulin. Based on data in Ref. #44.
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breakdown in muscle from non-septic rats. The mechan-
ism of insulin inhibition of myofibrillar proteolysis in
septic muscle is unclear. Interestingly, a previous study
suggests that the hormone inhibits myofibrillar protein
breakdown in muscle from rats with diabetes, another
catabolic condition associated with stimulated myofibril-
lar protein breakdown [88].

In the same muscles from septic rats in which total
protein breakdown was resistant to insulin, protein syn-
thesis and amino acid uptake were stimulated by the hor-
mone [48]. This finding of a selective impairment of
insulin responsiveness in different metabolic pathways
suggests that insulin resistance of total protein breakdown
in septic muscle is at the postreceptor level [60].

Previous studies suggest that insulin resistance of muscle
glucose disposal observed after injury and sepsis is medi-
ated by B-adrenoreceptor activity [7, 11]. We recently
found evidence that the same mechanism may be respon-
sible for insulin resistance of total protein breakdown in
septic muscle [42]. When muscles from non-septic rats
were incubated in the presence of 1 uM isoproterenol, the
dose-response curve for insulin concentration and inhibi-
tion of protein degradation was shifted downward and to
the right, thus mimicking the situation in septic muscle.
Conversely, when septic muscles were incubated in the
presence of 1 pM propranolol, the dose-response curve
was shifted upward and to the left, suggesting that the
insulin resistance was reversed by B-adrenoreceptor bloc-
kade [42].

It should be noted that although there is evidence that
muscle protein breakdown becomes refractory to insulin
during sepsis, it is not known if this phenomenon is a
mechanism of sepsis-induced muscle proteolysis. In pre-
vious studies, whole-body or forearm protein catabolism
was inhibited by the administration of insulin to injured
patients [103] or animals [92], and the use of insulin to
reduce the catabolic response to trauma was suggested.
Improved nitrogen balance following treatment with in-
sulin in patients with trauma, however, has been short-last-
ing [69, 103], possibly reflecting insulin resistance of
protein metabolism. The effect of in vivo administration
of insulin on muscle catabolism during sepsis remains to
be determined.

Growth Hormone and Insulin-like Growth Factor 1

The anabolic effects of growth hormone are well recog-
nized. Previous studies suggest that the hormone promotes
muscle protein synthesis but does not prevent muscle
protein breakdown [19, 50, 59, 70, 99]. In several reports,
administration of recombinant growth hormone improved
nitrogen balance in patients with catabolic conditions, such
as burn injury [50], surgical trauma [59, 99], critical illness
[19], and in patients receiving parenteral nutrition [83] or
healthy volunteers treated with glucocorticoids [53].

There is evidence that growth hormone exerts its ana-
bolic effects via the production in the liver of insulin-like
growth factor I (IGF-I) [18]. Abundant receptors for IGF-I
are present in muscle [27]. IGF-I promotes protein balance

in cultured myoblasts [3] and stimulates protein synthesis
and inhibits protein breakdown in incubated rat muscles
[64]. A protein sparing effect following the in vivo admin-
istration of IGF-I has also been demonstrated [18].

The effect of IGF-I on muscle protein balance is of
particular interest since during sepsis and other catabolic
conditions, plasma levels of the hormone are reduced,
concomitantly with increased concentrations of growth
hormone [85]. Thus, it is possible that reduced IGF-I levels
contribute to muscle catabolism during sepsis. Recent
studies in animals suggest that IGF-I prevents weight loss
after burn injury [90], inhibits protein degradation during
starvation [79] and reduces protein loss during infusion of
tumor necrosis factor (TNF) [18]. These observations sug-
gest that IGF-I may have arole in the treatment of patients
with sepsis and other catabolic conditions.

Cytokines

Cytokines are regulatory proteins released from a variety
of cells although in trauma and sepsis, macrophages are
the most important source. The role of cytokines as medi-
ators of metabolic changes during inflammation, severe
injury and sepsis was reviewed recently [15, 22, 29].
Cytokines primarily act locally in a paracrine fashion but
increased plasma levels of the cytokines have been ob-
served in septic patients [98], suggesting that they may also
have a hormone-like function.

Among the cytokines, interleukin-1 (IL-1) and TNF have
been most extensively studied with respect to regulation of
muscle protein breakdown. Other cytokines are more im-
portant for the regulation of protein metabolism in other
organs and tissues. For example, it is well established that
IL-6 is the principle regulator of acute-phase protein syn-
thesis in the liver during sepsis [49]. Although previous
reports on the influence of cytokines on muscle protein
breakdown were contradictory [62, 73], recent studies in
our laboratory suggest that both IL-1 and TNF regulate
muscle protein degradation [104-108]. In other experi-
ments we have found evidence that these substances in-
fluence muscle proteolysis through different mechanisms
(see below).

Interleukin-1 (IL-1)

In experiments reported approximately 10 years ago,
Clowes et al [12] found evidence that muscle proteolysis
during sepsis is mediated by a circulating factor. Addition
of plasma from septic or injured patients to incubated
human muscle or rat soleus muscles stimulated protein
breakdown, measured as release of tyrosine. Isolation and
purification of the factor in septic plasma that caused
increased muscle protein degradation provided evidence
that the "Proteolysis Inducing Factor”, or PIF, was a pep-
tide with a molecular weight of approximately 4,200 dal-
tons and it was suggested that PIF was a cleavage product
of IL-1. In similar experiments in our laboratory, plasma
from septic rats stimulated protein breakdown when added
to incubated muscles from nonseptic rats but this phe-
nomenon was observed only under very specific in vitro
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conditions and was not characterized by the typical septic
response of a predominant increase in myofibrillar protein
breakdown [45]. Thus, the role of PIF in sepsis-induced
muscle proteolysis remains controversial.

Although the role of PIF in the regulation of muscle
protein breakdown is unclear, there are several lines of
evidence to suggest that IL-1 is a mediator of sepsis-in-
duced muscle proteolysis. In recent studies in our labora-
tory, administration of recombinant IL-1ot (rIL- 1) to rats
(300 pg/kg divided into three i.p. doses over 16 h) resulted
in increased muscle protein breakdown, in particular an
increase in myofibrillar proteolysis [104, 107, 108], simi-
lar to the metabolic response to sepsis (Fig. 6). Other
studies as well have found evidence that administration of
IL-1 results in muscle catabolism. Fong et al [28] reported
decreased muscle protein content and mRNA levels for
myofibrillar proteins following chronic administration of
rIL-1a in rats. In another report, 6 h infusion of rIL-18 in
rats augmented the catabolic effect of rTNFa., assessed as
changes in the specific radioactivity in the precursor pool
following infusion of 1*C-leucine [26].

To further test the role of IL-1 in the regulation of muscle
proteolysis, we recently treated septic or endotoxemic rats
with recombinant IL- 1 receptor antagonist (rIL-1ra) [106].
When endotoxemic rats were treated with a total dose of
105 mg/kg of IL-1ra, the increase in muscle total protein
breakdown was blocked (Fig. 7). The increase in myofi-
brillar proteolysis during endotoxemia was inhibited by an
even smaller dose of rIL-1ra, i.e., 45 mg/kg [106]. Similar
results were observed when rats with sepsis, induced by
CLP, were treated with IL-1ra (unpublished observations).
These results support the concept that IL-1 participates in
the regulation of muscle proteolysis during sepsis and
endotoxemia. They do not, however, clarify whether IL-1
is the only mediator of muscle proteolysis in these condi-
tions (in fact, other studies discussed in this article suggest
that IL-1 is not the only mediator of muscle proteolysis
during sepsis). It is also not known from the experiments
described above whether IL-1 has a direct effect on muscle
or acts through other substances. In vitro experiments, in
which various concentrations of rIL-1o were added to
incubated muscles, failed to demonstrate a direct effect of
this cytokine on muscle protein breakdown [45, 55, 73].

Tumor Necrosis Factor (TNF)

TNF plays a central role in the development of the sepsis
syndrome [95]. Several studies have shown improved sur-
vival in sepsis and endotoxemia following treatment with
anti-TNF antibodies [8, 52, 71] but conflicting results have
also been reported [21]. TNF is usually considered to be a
proximal mediator in the cascade of proinflammatory cy-
tokines released during sepsis, and there is evidence of
TNF-induced production of IL-1,IL-6, IL-8 and TNF itself
[951. .

Although earlier studies indicated that TNF does not
-regulate muscle protein metabolism [62, 73], more recent
experiments, both in our [104, 105] and other laboratories
[26, 33] suggest that TNF stimulates muscle proteolysis
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Figure 6. Effect of rIL-10 injected intraperitoneally in rats
at a dose of 100 \glkg three times over 16 h on
protein synthesis (a), total protein breakdown (b),
and myofibrillar protein breakdown (c) in incu-
bated extensor digitorum longus muscles. Control
rats, open bars, rIL-10 treated rats, hatched bars.
*p <0.05; **p < 0.01. From Ref. # 108.

and may participate in the regulation of the catabolic
response in muscle during sepsis. Following administra-
tion of rTNFo to rats (100 pg/kg intraperitoneally, re-
peated three times over 16 h), protein breakdown in
incubated EDL muscles, dissected 2 h after the last cyto-
kine injection, was increased with a marked stimulation of
myofibrillar protein breakdown [105] (Fig. 8), similar to
the metabolic pattern seen in sepsis. In the same study,
muscle protein synthesis was not affected by the cytokine.

- 148 -



Muscle proteolysis in sepsis

* %
350 - D Solvent
Bl IL-1ra
35mg/kg q2h *
300 | ( g/kg q2h)
£ I
N 250
=
g 200 |
£
o 150
E
(%]
° 100}
2
50 |-
0
Control Endotoxin

Figure 7. Total protein breakdown rates in incubated
extensor digitorum longus muscles from control
and endotoxin (1 mglkg) injected rats. Muscles
were incubated 4 h after control or endotoxin in-
Jection. Groups of rats were treated with recombi-
nant IL-1 receptor antagonist (rIL-1ra; 35 mglkg
every2 h) or corresponding volumes of solvent. The
number of rats in each group was 7. *p < 0.05 vs
endotoxin/solvent; **p < 0.05 vs all other groups.
FromRef. #106.

The interval between cytokine administration and muscle
incubation in these experiments was probably critical since
in another study from our laboratory no changes in protein
turnover rates were noted in muscles harvested 8 h after
TNF injection [38]. The timing between TNF administra-
tion and measurement of protein breakdown may also
explain why previous studies from other laboratories were
negative. In a study by Kettelhut and Goldberg [62], in
which no changes in protein turn over rates were noted,
muscles were harvested up to 6 h after injection of 4 mg/kg
of TNF.

To test the role of TNF in sepsis-induced muscle prote-
olysis, we treated septic rats with TNF-antiserum [105].
Administration of TNF-antiserum (1 ml/100 g b.w. intra-
peritoneally 2 h before CLP) significantly blunted, but did
not normalize, the increased muscle protein breakdown
rates seen in septic rats (Fig. 9). These results suggest that
TNF is a mediator of muscle proteolysis during sepsis but
do not answer the question whether TNF has a direct effect
on muscle or acts through other mediators. In the same
experiments, the reduced muscle protein synthesis, ob-
served in septic rats, was not significantly affected by
TNF-antiserum (Fig. 9). This finding supports the concept
that increased protein breakdown and reduced protein
synthesis during sepsis are mediated by different regula-
tors.

It should be noted that although muscle protein break-
down was inhibited in septic rats treated with TNF-antise-
rum, proteolytic rates were not normalized (Fig. 9). Thus,
TNF is probably only one of several metabolic mediators
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Figure 8. Protein synthesis (a), total protein breakdown
(b), and myofibrillar protein breakdown (c) in in-
cubated extensor digitorum longus muscles from
rats that had been treated with three i.p. doses of
100 uglkg of rTNFo. over 16 h (filled bars) or
corresponding volumes of saline (open bars). *p <
0.05; **p < 0.01. From Ref. #105.

that work in concert during sepsis. Evidence of a synerg-
istic effect between TNF and IL-1 [26] and between TNF
and glucocorticoids [38] in the regulation of muscle pro-
tein turnover supports that concept.

Thus, our studies provide evidence that both TNF and
IL-1 participate in the regulation of muscle proteolysis
during sepsis. Because TNF induces the release of IL-1
[17, 74] it is possible that the effects caused by injection
of TNF in normal rats or by TNF-antiserum in septic rats
reflect the regulatory effect of IL-1. It is also possible that
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both cytokines exert their effects through other mediators,
for example cytokines such as IL-6 [ 75], or hormones, such
as glucocorticoids. The interaction between the different
cytokines is further complicated by the fact that endogen-
ous inhibitors of the cytokines, such as IL-1ra and TNF

receptors, are released into the circulation during sepsis
and endotoxemia [23].

Interaction between hormones and cytokines

There is evidence that various hormones interact in the
metabolic response to sepsis. Metabolic changes induced
by the simultaneous administration of glucagon, epine-

- phrine and cortisol suggest that the catabolic hormones

interact to give rise to the metabolic changes seen in sepsis
and other critical illness [6], although, as discussed above,
glucocorticoids may be most important for the induction
of muscle proteolysis. The various proinflammatory cyto-
kines also interact; the production of IL-1 and other cyto-
kines is stimulated by TNF [17, 74, 95]; IL-1 and TNF act
synergistically on muscle [26] and the interaction between
various cytokines is important for metabolic alterations in
other tissues as well, such as liver [4].

Perhaps even more interesting is the interaction between
the two types of substances, i.e. hormones and cytokines.
Both TNF and IL-1 stimulate the hypothalamic-pituitary-
adrenal axis with release of corticotropin and glucocorti-
coids [35, 86]. Glucocorticoids, in turn, inhibit the release
of cytokines in a negative feed back like fashion [5]. There
is also evidence of an interaction between thyroid hor-
mones and cytokines; administration of TNF or IL-1 re-
sults in low serum levels of thyroid hormone [20, 80],
similar to the "low T; syndrome" in sepsis [101].

Also with respect to metabolic changes, there is evidence
for an interaction between hormones and cytokines. In the
hepatocyte, dexamethasone is an important cofactor to
IL-6 in the induction of acute phase protein synthesis [4,
66]. A similar interaction between glucocorticoids and
TNF stimulates muscle proteolysis. In a recent study from
our laboratory [38], administration of 200 pg/kg of rTNFa.
to rats stimulated muscle proteolysis only when the cyto-
kine was given together with corticosterone and when the
treatment resulted in increased plasma corticosterone le-
vels (Fig. 10). When the same protocol was used in adre-
nalectomized rats, plasma corticosterone was not
increased and muscle protein breakdown rates were unaf-
fected by the cytokine, further supporting the concept of
an interaction between glucocorticoids and TNF in the
stimulation of muscle protein breakdown.

A recent study by Mealy et al [72] supports the concept
that glucocorticoids are necessary for the metabolic effects
of TNF. Administration of TNF in normal rats resulted in
increased adrenal weight and plasma corticotropin levels,
concomitant with reduced carcass nitrogen content and
nitrogen balance. In contrast, when TNF was infused in
adrenalectomized rats, the urinary nitrogen loss was less
pronounced than seen in intact, TNF-infused rats. Al-
though protein turnover rates were not measured in that
study, the results were interpreted as indicating that TNF-
stimulated muscle breakdown was mediated by glucocor-

* ticoids [72]. £y

In a recent study in our laboratory, muscle protein turn-
over rates were measured in TNF-treated rats that had also
been treated with the glucocorticoid receptor antagonist
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Figure 10. Total (upper panel) and myofibrillar (lower
panel) protein breakdown rates in incubated exten-
sor digitorum longus muscles from rats that had
been treated with rTNFa., corticosterone (CC) or a
combination of rTNFo and corticosterone. *p <
0.05 vs control rats; +p < 0.05 vs cc. From Ref.
#38.

RU 38486 [104]. The increase in both total and myofibril-
lar protein breakdown induced by TNF was almost com-
pletely abolished by RU 38438 (Fig. 11), supporting the
concept that TNF-induced muscle proteolysis is mediated
by glucocorticoids.

In contrast to TNF, IL-1 seems to induce muscle protein
breakdown through a glucocorticoid-independent path-
way. The IL-1 induced muscle proteolysis was not affected
by RU 38486 [104] (Fig. 12) and IL-1 stimulated muscle
proteolysis both in sham-adrenalectomized and adrenalec-
tomized rats [108]. The finding that IL-1 stimulates muscle
proteolysis independently of glucocorticoids does not
necessarily mean that IL-1 has a direct effect on muscle.
Previous studies in which IL-1 was added to incubated
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Figure 11. Total (upper panel) and myofibrillar- (lower
panel) protein breakdown rates in incubated exten-
sor digitorum longus muscles from rats that had
been treated with three i.p. injections of 100 pglkg
of rTNFa.over 16 h or corresponding injections of
saline (control). Groups of rats were treated with 5
mglkg of RU 38486 by gavage 2 h before each
injection of TNF or saline or received correspond-
ing volumes of solvent by gavage (sham gavage).
*p < 0.05 vs all other groups. From Ref. #104.

muscles at different concentrations failed to demonstrate a
direct effect of the cytokine on muscle protein turnover
[45, 55, 73]. It is possible that IL-1 induces muscle prote-
olysis through some other substance than corticosterone,
perhaps another cytokine. TNF and/or IL-1 may stimulate
therelease of IL-6 and previous studies suggest that several
metabolic effects of IL-1 are mediated by IL-6 [75, 89].
The effect of IL-6 on muscle protein turnover remains to
be determined.

Another possible mechanism by which IL-1 may in-
crease muscle proteolysis could be inhibited release of a
factor that normally promotes muscle anabolism. In a
recent study, acute treatment of mice with IL-1c, but not
TNFa, resulted in a significant decline in free and total
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circulating IGF-I levels [67], offering another example of
interaction between cytokines and hormones. The anabolic
effects of IGF-I were discussed above. Thus, it may be
speculated that during sepsis, TNF contributes to muscle
proteolysis through an interaction with glucocorticoids
whereas IL-1 promotes muscle catabolism by inhibited
release of IGF-1.
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