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ABSTRACT
A continuous turnover of protein (synthesis and breakdown) maintains the func-
tional integrity and quality of skeletal muscle. Hormones are important regulators
of this remodeling process. Anabolic hormones stimulate human muscle growth
mainly by increasing protein synthesis (growth hormone, insulin-like growth fac-
tors, and testosterone) or by decreasing protein breakdown (insulin). Unlike in
growing animals, insulin’s main anabolic effect on muscle protein in adult hu-
mans is an inhibition of protein breakdown. Protein synthesis is stimulated only in
the presence of a high amino acid supply. A combination of the stress hormones
(glucagon, glucocorticoids, and catecholamines) cause muscle catabolism, but
the effects of the individual hormones on human muscle and their mechanisms of
action remain to be clearly defined. Although thyroid hormone is essential during
growth, both an excess and a deficiency cause muscle wasting by yet unknown
mechanisms. A greater understanding of the regulation of human muscle protein
metabolism is essential to elucidate mechanisms of muscle wasting.
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INTRODUCTION

Skeletal muscle is the largest tissue of the human body. Its mass comprises
approximately 40-45% of the total body weight. However, it accounts for
about 70—-80% of the cell mass, since adipose tissue, bone, and the extracellular
fluid compartment make up approximately 55% of body weight, with the rest of
the cell mass compromising only about 10% of body weight (104). The main
function of skeletal muscle is to provide power for locomotion. In addition,

it has an important metabolic role. Skeletal muscle is the major repository
of protein (£50% of total body protein) and free amino acids in the body.
Muscle protein is a source of precursors for glucose (via gluconeogenesis) and
for conditionally essential protein synthesis in other tissues. During starvation,
gluconeogenic amino acids (mainly glutamine and alanine) are released from
muscle for glucose production in the liver and kidneys and, subsequently, to
provide fuel for the brain (28). Muscle wasting during catabolic diseases, such as
cancer, severe trauma, and sepsis, may have the beneficial purpose of supplying
amino acids for gluconeogenesis, wound healing, and synthesis of antibodies
and acute phase proteins (127).

Net loss or gain of muscle protein is determined by the balance between
protein synthesis and protein breakdown. There is a continuous turnover (syn-
thesis and breakdown) of proteins in the human body for the purpose of repair
and adaptation. During gain of muscle protein (e.g. growth and after feed-
ing), synthesis exceeds breakdown, whereas during loss of muscle protein (e.g.
starvation and disease), breakdown exceeds synthesis.

Muscle turnover rates are affected by many physiological conditions such as
fasting (33), feeding (132), disease (130), and aging (159, 168). Hormones are
likely to be major regulators of protein turnover in these conditions. Many of the
endocrinopathies are characterized by muscle wasting and loss of muscle func-
tion (138). The influence of hormones on skeletal muscle protein metabolism
has been studied extensively in animals (reviewed in 87, 146), incubated mus-
cles (49), and cell cultures (49, 50). Advances in tracer technology and molec-
ular biology have enabled the study of human protein metabolism over the last
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15 years and have enhanced our knowledge of the hormonal regulation of hu-
man skeletal muscle protein metabolism. From these studies it appears that the
hormonal regulation of protein metabolism varies between species. A classic
example is the effect of insulin on skeletal muscle protein synthesis rates.

In this review, we focus on the action of hormones on human skeletal mus-
cle protein metabolism. We discuss the limitations of the different techniques
utilized to measure muscle protein metabolism in humans, since many of the
controversies may be related to methodological issues.

METHODS TO STUDY SKELETAL MUSCLE PROTEIN
METABOLISM IN HUMANS

Measurement of both muscle protein mass and protein dynamics is an important
aspect when studying muscle protein metabolism. Because of methodological
limitations, information on muscle mass is scarce. In vivo protein dynam-
ics (protein synthesis and breakdown) regulate both the quantity and quality
of muscle protein, and their measurement is of great importance to elucidate
mechanisms involved in changes of muscle mass and function.

Muscle Mass and Protein

Methods to quantify total body skeletal muscle mass remain limited. Although
muscle makes up a large part of the fat-free mass or lean body mass, body
composition measurements (52, 83,164) can approximate muscle mass only
roughly.

The technique that measures muscle mass more directly is use of urinary
creatinine excretion (78). Creatine is almost exclusively confined to muscle
(>98% of the total body pool), and after its irreversible conversion to creatinine,
it is excreted quantitatively in urine. However, for a reliable measurement, the
subjects have to take a meat-free diet for 5 days (95) and 72-h urine should be
collected. During renal failure, acute infections, and muscle injury, creatinine
excretion measurements should be interpreted with caution (78). Dual energy
X-ray absoptiometry allows measurement of whole body bone, fat, and fat-free
mass (FFM) but not specifically muscle mass. However, since FFM (minus
bone) in arms and legs is almost exclusively muscle, whole body muscle mass
can be estimated based on the assumption that 75% of the muscle is located in
the four extremities (79). Although not a direct measurement of muscle mass,
it is a technique easily done (10—-30 min) and highly reproducible (coefficient
of variation,<5%).

Muscle protein content can be measured only by analyzing the protein in
muscle biopsies and by assuming that the protein content in the entire muscle
is the same as in the biopsy. On average, 18-20% of muscle mass is protein.
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Balance Studies

Amino acid balance across a leg or a forearm may provide estimates on net gain
orloss of proteinin muscle tissue. Amino acid balance across anorganis derived
by multiplying the arteriovenous difference of the amino acid concentrations
by the blood flow. For amino acids such as phenylalanine, tyrosine, and lysine,
which have no other fates than protein synthesis and breakdown in skeletal
muscle, the net uptake or release reflects net gain or loss of muscle protein.
However, alterations in protein turnover (synthesis or breakdown) rates cannot
be defined with this method.

Protein Turnover

Protein turnover is the overall rate at which protein is synthesized or degraded.
Whole body protein turnover (18, 155, 156) represents the average turnover
rates of all proteins of all the individual tissues in the body (Figure 1). There-
fore, to study muscle protein metabolism, it is important to apply techniques
specifically designed to measure skeletal muscle protein synthesis or break-
down.

AMINO ACID INCORPORATION TECHNIQUES Amino acid incorporation tech-
niques measure fractional synthesis rates (percentage of protein renewed per
hour) of specific proteins or tissue protein based on the incorporation rate of
an isotopically labeled amino acid from the precursor pool into the protein(s)
of interest. Details and limitations of this technique are discussed elsewhere
(65,113,134, 156).

Two approaches to administration of the tracer and to achieve an isotopic
equilibrium in the precursor pool are used: the primed continuous infusion and
the flooding dose. The continuous infusion technique involves an intravenous
infusion of the tracer, which is often preceded by a priming dose of the tracer
to reach an early plateau (98, 132). The limitation of this approach is that the
precursor pool for protein synthesis (amino acyl-tRNA) is technically difficult
to measure, and therefore, various surrogate measures are used to calculate
fractional synthesis rates (97,142). Studies addressing this issue in a swine
model (10, 157) and in human subjects during surgical anesthesia (158) provide
conflicting results on the validity of plasma measurements of the keto acid
of leucine (-ketoisocaproic acid) as a surrogate measure of leucyl-tRNA in
muscle. Experimental validation of this surrogate measure in a human subject
in the normal physiological state has not been reported.

The flooding dose technique has been introduced to eliminate the problem
of the precursor pool enrichments (65, 66,101). The rationale is that all the
precursor pools are flooded with the large dose of tracee injected with the
tracer and that they all achieve the same isotopic enrichment within a couple of
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Figure 1 (top) Percentage contribution of skeletal muscle to whole body protein content and
turnover (adapted from 113). Although skeletal muscle determines a large part of the whole body
protein mass=#50%), its contribution to whole body protein turnover is less than 3086ttgm)

The low contribution of skeletal muscle to whole body protein turnover is the result of other
tissues having much higher protein turnover rates, as is illustrated by the protein synthesis rates of
different pig tissue (adapted from 10). The fractional synthesis rates (FSR) were obtained utilizing
incorporation of }3C]leucine in tissue proteins using leucyl-tRNA enrichment as precursor pool.

minutes. However, it has been noted that the flooding dose of amino acids itself
or the concomitant metabolic changes may stimulate protein synthesis, since
higher rates have been measured in comparison with the continuous infusion
technique (134, 144).

ARTERIOVENOUS BALANCE TECHNIQUE Simultaneous measurements of arteri-
ovenous fluxes of tracee and tracer across a tissue allow estimation of both pro-
tein breakdown and synthesis rates (9, 32,67, 111, 115). For an amino acid with
a constant intracellular concentration, the net uptake or release is the difference
between production and utilization. For amino acids, such as phenylalanine,
tyrosine, and lysine, which are neither synthesized nor catabolized in skele-
tal muscle, the rate of disappearance in the leg or forearm represents protein
synthesis and the rate of appearance represents protein breakdown. Leucine
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has also been used for these measurements, but interpretation of the results
is more complicated, since transamination and oxidation of leucine should
be subtracted from the rate of disappearance to obtain protein synthesis rates
(32).

These calculations do not take into account the reutilization of amino acids
derived from protein breakdown, and therefore, synthesis and breakdown rates
are minimal estimations. Recently, a modification of this method has been
described that also takes the reutilization of amino acids into account (19).

3-METHYLHISTIDINE MEASUREMENTS  3-Methylhistidine (MeHis) is a consti-
tuent of actin and myosin. After release from protein breakdown it is neither
reutilized for protein synthesis nor catabolized, and it is rapidly excreted in the
urine (171). Since-90% of the total human body MeHis is located in skeletal
muscle, urinary MeHis has been used to estimate skeletal muscle myofibrillar
protein breakdown. However, smooth muscle in the gut may also contribute to
excretion of MeHis, especially since the gut has a high turnover (138)inSj~
and coworkers (143) found a relatively small release of MeHis from the splanch-
nic region in patients during infection, but this may vary under different study
conditions. Measurements of arteriovenous differences of MeHis across the
leg or forearm may be used to measure skeletal muscle myofibrillar protein
breakdown (126, 131), but the low plasma MeHis concentrations and espe-
cially arteriovenous concentration differences result in a low accuracy using
the current techniques.

HORMONES

Hormones are important regulators of metabolism. Some obvious examples
are growth, reproduction, and the handling of nutrients. Hormones also play
a pivotal role in the metabolic derangements during disease. Some hormones
have well-known anabolic effects (e.g. insulin, growth hormone, insulin-like
growth factor-1, and testosterone), while others are considered as catabolic
(glucagon, glucocorticoids, and catecholamines). The role of other hormones
is less clearly defined. Thyroid hormones, for instance, are essential for growth
of children, but hyperthyroidism is characterized by muscle wasting and weak-
ness. Although not considered classical hormones, both prostaglandins and
cytokines are discussed because of their hormone-like role in the regulation
of protein metabolism, especially during many pathological conditions. Un-
like the controlled environment in in vitro studies, levels of various hormones
change simultaneously in many in vivo situations. Interactions of these various
hormones make investigation of hormonal effects in human subjects complex.
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ANABOLIC HORMONES

Insulin

A large number of studies of insulin’s effects on muscle protein metabolism
have been performed with cell cultures, muscle incubations, perfused muscle
preparations, and animal models. These studies showed an anabolic effect of
insulin on muscle by stimulating amino acid uptake and protein synthesis and
by inhibiting protein breakdown (for reviews see 49, 63, 86, 87, 146).

That there is muscle wasting in insulin-deficient diabetic patients has been
known for centuries, and reversal of it with insulin treatment is a clear demon-
stration of the anabolic effect of insulin. Initial studies on insulin’s regulation
of human protein metabolism have been performed in type 1 diabetic patients
(110,112,136, 150, 151). These studies demonstrated that during insulin-depri-
vation both whole body protein breakdown and synthesis were elevated. Net
whole body protein loss occurred because protein breakdown exceeded protein
synthesis. Later studies also failed to demonstrate any effect of insulin treat-
ment on fractional synthesis rates of muscle protein in type 1 diabetic patients
(Table 1).

The first study performed with human skeletal muscle showed a decreased
amino acid release from the forearm when insulin was infused intra-arterially
during the postabsorptive state (122). This confirmed that the anabolic effect
of insulin on skeletal muscle in man was the same as was found in animals,
but the mechanism of the effect remained unclear. In vitro experiments, using
human skeletal muscle, showed an increase in protein synthesis with no effect
on protein breakdown when incubated with insulin (93, 94).

In contrast to the data based on animal and in vitro studies, most in vivo hu-
man studies using tracer methodology showed an inhibition of muscle protein
breakdown but no effect on muscle protein synthesis by insulin (Table 1). These
latter experiments are complicated by insulin-induced hypoaminoacidemia,
which may influence protein metabolism. To overcome this problem, exper-
iments have been performed using intra-arterial infusion of insulin, so as to
prevent any decline in systemic amino acid concentrations. Alternatively, hy-
poaminoacidemia was prevented by a simultaneous infusion of amino acids.

Most studies performed in both healthy volunteers (5, 13, 20,43, 44,58, 61,
67,77,91,102,105,116,162) and type 1 diabetic patients (12,13, 110, 111,
117,119, 147) showed an insulin-induced decrease in protein breakdown ir-
respective of any change in amino acid concentrations. In most of the other
studies, the decrease in protein breakdown failed to reach statistical signifi-
cance (Table 1). In healthy human subjects, insulin did not change MeHis
fluxes across either the leg or the forearm (5, 105). These studies suggest that
the insulin-induced reduction in skeletal muscle protein breakdown occurs in
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nonmyofibrillar proteins. Against the above observation, an increase in urinary
MeHis excretion was observed in diabetic patients (both type 1 and type 2) in
a poorly controlled state (96). This discrepancy may be related to the lack of a
reliable technique to measure MeHis concentrations in blood and urine.

Skeletal muscle protein synthesis seems to be insensitive to insulin in hu-
mans. The few studies that show an increase are those with substantial increases
in amino acid concentrations following amino acid infusion (Table 1). How-
ever, these studies do not confirm or exclude the possibility that normal levels
of intracellular amino acid levels limit insulin’s ability to stimulate protein
synthesis. Local infusion of insulin is likely to decrease intracellular amino
acid concentrations (4) despite normal systemic levels. Also, the decrease in
protein breakdown reduces the supply of amino acids, and this may influence
protein synthesis and its sensitivity to insulin. Even during simultaneous infu-
sion of insulin and amino acids, intracellular amino acid levels may fall (14) and
thereby modulate the insulin effect on protein synthesis. One study reported
an increased protein synthesis and unchanged breakdown rate during a local
insulin infusion (20). In this study, a modified mathematical model was used,
taking into account the amino acids coming from breakdown and reutilized for
protein synthesis. The authors explain the different results in their study by a
possible larger reutilization of amino acids during insulin infusion. However,
they also reported increased synthesis and unchanged protein breakdown when
the traditional model was used. The difference between this and other studies
remains to be resolved

Intype 1 diabetic patients, muscle protein synthesis seems to be relatively in-
sensitive to both insulin and increased amino acid concentrations. In one study,
insulin administration with a profound increase in systemic amino acid con-
centrations failed to stimulate muscle protein synthesis in type 1 diabetics (12).
Also, when synthesis rates of the main contractile protein in skeletal muscle—
myosin heavy chain—were studied, no stimulatory effect of insulin was ob-
served in type 1 diabetic patients (31). Muscle protein metabolism in type 2
diabetic patients has been investigated in only one study (43). Despite intensive
insulintreatment, no effect on skeletal muscle protein metabolism was observed.

The increased whole body protein synthesis rates observed during insulin
deprivation in type 1 diabetic patients do not occur in skeletal muscle but in
the splanchnic bed (Figure 2) (111). However, the decreased whole body
protein breakdown is largely the result of the decrease in skeletal muscle protein
breakdown. The relative contribution of muscle to whole body protein synthesis
is higher during insulin treatment than during insulin deprivation, although the
absolute protein synthesis did not change.

The discrepancy between the insulin effect on skeletal muscle protein syn-
thesis between humans and animals could be related to differences in age (63).
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Figure 2 Changes in whole body, splanchnic region, and skeletal muscle protein metabolism in
type 1 diabetic patients during insulin deprivation-{){ and insulin treatment [})] (adapted

from 111). The numbers represent the percentage contribution to whole body protein synthesis and
breakdown. Whole body skeletal muscle protein kinetics are estimated using the assumption that
one leg is 25% of the whole body skeletal muscle mass. The entire decrease in whole body protein
synthesis is accounted for by the reduction in splanchnic region protein synthesis. A decline in
protein breakdown in the splanchnic region with insulin treatment is matched by a similar decline
in protein synthesis. The reduction in whole body protein breakdown with insulin treatment is
largely the result of a decrease in skeletal muscle protein breakdown. *, Significantly different
from insulin-deprived state.

The insulin-induced increase in protein synthesis rates in growing rats is re-
ported to be attenuated by age (7), indicating that adult rats responded similarly
to adult humans.

In addition, human heart muscle seems to respond to insulin treatment the
same as skeletal muscle does. Hyperinsulinemia in patients with cardiovascular
disease and insulin resistance reduced myocardial protein breakdown rates by
80% and had no effect on protein synthesis rates (100).

Not only an insulin deficiency but also insulin resistance may influence skele-
tal muscle protein metabolism. It has been suggested that insulin resistance dur-
ing severe catabolic diseases (e.g. severe trauma, major surgery, sepsis, burn
injury, cancer), which occurs mainly in the peripheral tissues, may contribute to
the muscle wasting observed in these conditions (22). The increased levels of
the catabolic hormones in these conditions and their potential effect on muscle
proteins (161) make it difficult to draw a definitive conclusion. Two studies
reported a beneficial effect of insulin infusion in catabolic patients sufficiently
fed with formulas, including amino acids (121, 139). In both studies, the pre-
dominant results were a positive protein balance from increased muscle protein
synthesis.
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In conclusion, it seems that in adult human subjects insulin reduces muscle
protein breakdown without any effect on protein synthesis. The latter may be
related to lack of a sufficient amino acid supply for increased protein synthesis.
An additional problem with these measurements is that none of these techniques
utilizes the true precursor pool for protein synthesis. Insulin and the related
changes in amino acid levels may influence the tracer enrichment in the tRNA
pool. With the recent improvements in tRNA extraction and sensitivity of mass
spectrometers (10,157, 158), it is possible to measure tRNA enrichments in
human muscle samples and determine the effect of insulin on muscle protein
synthesis using the most reliable approach.

Growth Hormone and Insulin-Like Growth Factor-1

The anabolic effect of growth hormone (GH) replacement in GH-deficient
children and adults is well established (34, 40, 84, 85, 140). All these stud-
ies showed an increase in lean body mass or muscle mass and a decrease in fat
mass. In addition to the increase in muscle mass, an improvement in muscle
function has also been reported (40, 84, 85). This improved muscle function
involved both muscle strength and exercise capacity. In the elderly, in whom
GH secretion is diminished, increases in lean body mass and muscle mass have
been reported during GH supplementation (141).

In vitro and animal studies have demonstrated that GH increases protein
synthesis rates and, in most instances, decreases protein breakdown in muscle
tissue (49,50, 57,87,146). These results are much more pronounced in GH-
deficient than in normal animals.

Human whole body protein synthesis rates, in general, are increased with
GH administration (15, 35, 81, 166). The main anabolic effect on whole body
protein metabolism seems to be a diminished amino acid oxidation (15, 36, 81).
A recent study showed a stimulating effect of GH on skeletal muscle protein
synthesis with none or only a minor influence on breakdown, if administered to
the artery supplying the muscle bed (Table 2). The effect of systemic infusion
of GH on muscle protein metabolism remains controversial, mainly because
of a wide variety of study designs and subject groups (Table 2). However, all
the studies measuring both protein synthesis and breakdown rates reported a
positive protein balance in skeletal muscle. Since all these studies were per-
formed in the postabsorptive state, the effect of GH during a meal remains to
be investigated.

Three studies that investigated the influence of local insulin-like growth
factor-1 (IGF-1) infusion on human skeletal muscle protein metabolism showed
an increase in protein synthesis (Table 2). This result is in contrast with the lack
of stimulation of whole body protein synthesis when IGF-1 was systemically
infused (45). The stimulatory effect of IGF-1 on muscle protein synthesis can be
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attenuated by inhibiting the concomitant increase in blood flow by a nitric oxide
inhibitor. This indicates that IGF-1 effect on human muscle protein synthesis
depends on nitric oxide production for an increased blood flow or possibly for
a direct effect (55). Muscle protein breakdown seems to be inhibited by IGF-1
only with the higher doses and with a simultaneous decrease in systemic amino
acid concentration (Table 2).

The metabolic action of GH may, in part or fully, be secondary to the produc-
tion of IGF-1. However, this GH-IGF axis is far from understood. Most likely,
GH acts both directly and indirectly via IGF-1, depending on the metabolic
action and tissue (1, 165). IGF-1 seems to affect human skeletal muscle pro-
tein metabolism mainly by increasing protein synthesis. To eliminate an indi-
rect effect on protein metabolism, GH has been infused locally in the brachial
artery (59). No increase in systemic and deep venous IGF concentrations was
measured with this approach. Skeletal muscle protein synthesis rates were in-
creased to a greater extent in this study than when systemic infusion was used
(56). GH is capable of stimulating IGF-1 gene expression in skeletal muscle of
rats (92). Since human muscle expresses IGF-1 and some of the IGF-binding
proteins (152), a possibility of an intramuscular IGF-1 increase following local
GH infusion cannot be excluded in humans. The biological activity of IGF-1
is determined by its interaction with IGF receptors and IGF-binding proteins
(IGFBPs) (6,165). Systemic concentration measurements, therefore, are of
limited use in interpreting these results. Our knowledge of the GH-IGF axis is
rapidly increasing, making it possible to study the regulation of skeletal muscle
growth in more detail.

The results of four studies contradict the other studies (Table 2; 35, 160,
166,169). None of these studies found an effect of GH on skeletal muscle
protein synthesis in humans. However, comparison with the other studies is
difficult since treatment was superimposed on a program of intensive resistance
exercise training (166, 169) or was conducted in human subjects over 60 years
of age (160, 169). Copeland & Nair (35) infused GH for 3.5 h, whereas in
the other acute studies the administration lasted for at Bds(56, 59). If
the effect of GH on skeletal muscle is regulated via IGF-1 and includes a lag
time, 3.5 h may have been too short to observe an effect. In the studies by
Fryburg and coworkers, the increased synthesis rates were observed only after
6 h, not after 3 h, of GH infusion (56, 59). It is possible that IGF-1 production
in skeletal muscle was stimulated by GH during this 6-h infusion. In the study
by Copeland & Nair (35), the confounding effects of other hormones, such as
insulin, were eliminated. By infusing somatostatin and replacement doses for
insulin and glucagon, any additional effects of one of these hormones were
excluded from this study. It is known that insulin-like growth factor binding
proteins (IGFBPs) are secreted under the influence of various physiological
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stimuli (GH, IGF, insulin, feeding). Since the IGFBPs can either potentiate or
inhibit IGF action, different levels of various hormones are likely to influence
GH and IGF-1 action on muscle protein metabolism. Little is known about the
interaction between various hormones and growth factors and possible additive
effects.

The effect of GH on muscle mass in addition to resistance training has been
studied by Yarasheski and coworkers (166, 167,169). In young men, older
men, and experienced weight lifters, GH supplementation had no additional
effect on skeletal muscle protein synthesis over training alone. In the young
and older men, both fat-free mass and whole body protein synthesis rates were,
however, increased (166, 169). This study also supports the data from acute
administration of GH (35) in young subjects showing that tissues other than
muscle may be more sensitive to GH.

When GH and insulin is infused simultaneously into the forearm, increased
protein synthesis and unchanged protein breakdown have been observed (62).
These data indicate that the normally observed insulin-induced decrease in
muscle protein breakdown is blunted by GH.

Although GH levels are either unchanged or slightly increased in catabolic
patients (including the critically ill), most GH intervention studies show an
increased nitrogen balance, indicating preservation of body protein (for review
see 154). Gore and coworkers observed increased skeletal muscle protein syn-
thesis in burn patients supplied with GH (72). In contrast, no effect of GH
has been observed on skeletal muscle protein synthesis and breakdown rates in
catabolic cancer patients (162). Obviously more research is needed, especially
since these patients seem to be GH resistant, which could only be overcome
by high doses of GH (39). Because of several side effects (negative mineral
balances, water retention and edema, hyperglycemia, carpel-tunnel syndrome),
high doses of GH are not desirable. A combination of GH and IGF with nutri-
tional support has potential for treatment, but well-controlled studies are needed
to confirm this (39). In myotonic dystrophy patients, GH supplementation is
reported to have a positive effect on muscle strength, indicating a possible
beneficial effect on protein metabolism (153).

Both GH and IGF-1 have a stimulating effect on human skeletal muscle
protein synthesis when administered directly, although this effect is not uni-
versally observed when administered systemically. Systemically administered
IGF-1 inhibits whole body protein breakdown (45) and possibly skeletal muscle
protein breakdown at high doses. GH seems not to affect protein breakdown.
IGF-1 alone may cause hypoglycemia, which limits its systemic administra-
tion. Combing with GH may overcome this problem. The metabolic action
and interaction of these hormones is not fully understood, and therefore, more
studies are needed.
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Gonadal Steroids (Testosterone)

Little is known about the effect of estrogen and progesterone on protein meta-
bolism. Menopause in women is associated with accelerated muscle loss (53).
However, it is unclear whether estrogen replacement enhances muscle mass or
not. Because of the lack of information on estrogen and progesterone, only
testosterone is discussed.

From animal studies using castrated rats, an anabolic effect of testosterone on
skeletal muscle involving predominantly hypertrophy is apparent (106). This
anabolic effect was mainly accomplished by increased protein synthesis rates
(48,106). In normal animals, the effect of testosterone was less clear, but some
positive effects on protein metabolism have been described (29).

In human subjects, testosterone increases lean body mass in a dose-dependent
manner (51). Testosterone is undoubtedly able to increase muscle mass in
hypogonadal humans (29). Anabolic steroids have been studied in athletes to
improve muscle gain with training. However, the results are inconsistent (29).
Recentlyithas been demonstrated that supraphysiological doses of testosterone,
especially in combination with strength training, increase muscle mass and
strength in normal men (17).

Several studies measured the effect of testosterone on human skeletal muscle
protein metabolism. A pharmacological dose of testosterone given to healthy
subject for 12 weeks increased muscle mass (both creatinine excretion and
whole body potassium) and increased muscle protein synthesis rates by 27%
(75). Also, in myotonic dystrophy patients, a pharmacological dose of testos-
terone increased muscle mass and protein synthesis rates (74). There was no
improvement in muscle strength in either of the above studies. A recent study
showed a 20% increase in muscle mass and a 56% increase in muscle protein
synthesis in hypogonadal men treated with testosterone for 6 months (Figure 3).
In addition, this study showed a nonsignificant increase in myosin heavy-chain
synthesis rates in skeletal muscle as a result of the testosterone treatment (25).
Testosterone replacement in elderly men to the level of young menresulted in an
almost twofold increase in skeletal muscle protein synthesis (152). In addition,
muscle strength but not endurance capacity was increased in this last study.
Unfortunately, none of these studies measured muscle protein breakdown. The
latter study did not observe an increase in thigh muscle volume, from which
an additional increase in protein breakdown was concluded (152). However, it
appears that the muscles of the pectoral and shoulder regions are more androgen
sensitive in humans. The other studies estimated whole body muscle mass by
creatinine excretion or whole body potassium. The observed increase in mus-
cle mass in these studies indicates that breakdown is not increased. However,
direct measurements are needed to clarify this issue.
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Figure 3 Effect of a 6-month testosterone replacement on muscle ne§sad muscle protein
synthesis ratesriht) in hypogonadal men (adapted from 25). Synthesis rates were measured
using the incorporation method with a primed continuotj$3C]leucine infusion. Muscle mass
was assessed by creatinine excretion. *, Significantly different from baseline.

Testosterone administration increases IGF-1 levels in normal men (80). It
has been suggested that testosterone may have its anabolic effect mediated
via IGF-1, since IGF-1 increases muscle protein synthesis (see above). The
testosterone replacement study in the elderly men did indeed show increased
MRNA levels of IGF-1 in skeletal muscle (152). This, together with decreased
concentrations of IGFBP-4 mRNA, suggests an enhanced intracellular IGF-1
availability with testosterone administration.

Few studies have been performed using testosterone to improve muscle wast-
ing in catabolic patients. Some studies showed an increased nitrogen balance,
while others failed to confirm this (64).

CATABOLIC HORMONES

Glucagon, glucocorticoids, and catecholamines are considered the most im-
portant catabolic hormones. These stress or counter-regulatory hormones are
elevated in clinically stressful situations and are thought to be involved in the
net protein catabolism seen in these situations (3). The elevated levels of these
hormones may counteract the hyperinsulinemia, also present in these situations,
thereby inducing a relative insulin resistance (161). Infusing normal volunteers
with a mixture of these hormones increased nitrogen and MeHis excretion (69),
as well as net release of amino acids from muscle tissue (16, 26). However,
the net amino acid release was smaller than that observed in burn patients (27),
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Figure 4 Effect of a 4-h catabolic hormone infusion (glucagon, 3 ngmin—?; cortisol, 6 ng
kg~ min—1; epinephrine, 15 ng kgt min~2) on leg protein metabolism in healthy volunteers using
[**N]lysine kinetics (adapted from 73). *, Significantly different from basal.

showing that the counter-regulatory hormones contribute, but are not the sole
mediators of, the catabolic response during disease. The net protein loss seems
to be the result of increased muscle protein breakdown in excess of an increased
synthesis (Figure 4).

Glucagon

Glucagon’s effect has been considered to be mainly in the liver. However,
incubating rat muscles with high concentrations of glucagon and infusing rats
with a pharmacological dose of glucagon resulted in decreased skeletal muscle
protein synthesis rates (123, 124).

From whole body studies in humans it appeared that glucagon stimulates
protein breakdown in the insulin-deficient state, although the main effect was
a stimulation of leucine oxidation (114). Insulin, with its known inhibitory
effect on protein breakdown, eliminated the glucagon-induced enhancement of
protein breakdown when present at normal concentrations (37). In addition,
glucagon’s catabolic effect on whole body level was clearly demonstrated in
a recent study where glucagon infused with amino acids attenuated the amino
acid—induced increase in whole body protein synthesis (30).

Glucagon appears to have no effect on human skeletal muscle protein, based
on MeHis excretion and net amino acid balance across the forearm (46, 163).
Pacy and coworkers showed a reduced leucine balance across the forearm, but
no changes in either muscle protein synthesis or breakdown were observed
(118). This latter study was performed during insulin deficiency, and since
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insulin has a major effect on muscle protein metabolism, these results are dif-
ficult to interpret in the context of normal human physiology. The catabolic
effect of glucagon is mostly relevant in type 1 diabetic patients during insulin
deficiency.

Glucocorticoids

Animal studies showed a loss of muscle protein induced by decreased protein
synthesis rates and possibly increased protein breakdown rates in response to
glucocorticoid treatment (49, 64, 146).

That glucocorticoids have an effect on human muscle is known from marked
muscle wasting and weakness in Cushing’s syndrome (increased glucocorticoid
production) and during intensive cortisol administration in a variety of clinical
situations (82). Whole body protein breakdown is increased in healthy human
subjects infused with high physiological and pharmacological doses of gluco-
corticoid (11, 41,81, 90). Itis intriguing that an increased protein breakdown
was associated with a smaller increase in protein synthesis with cortisol ad-
ministration (24). This increased whole body protein turnover may reflect an
increased breakdown in skeletal muscle to supply amino acids for an increased
synthesis of proteins in more vital organs. In patients with Cushing’s syn-
drome, the results are conflicting: decreased whole body protein synthesis and
increased protein breakdown (23) in contrast to no changes (148). However,
if the results are expressed per kilogram of lean body mass, then no change in
protein breakdown was found in this first study.

Dexamethasone (a synthetic glucocorticoid) had no effect on skeletal muscle
protein synthesis or breakdown if infused in healthy subjects. It did, however,
blunt the insulin-induced anticatabolic effect during hyperinsulinemia (90).
This may lead to a daily net loss of muscle protein if the insulin-induced an-
abolism after a meal is blunted as well. Glucocorticoid treatment in patients
with rheumatoid arthritis decreased skeletal muscle protein synthesis (70). No
information on protein breakdown was available from this study. In contrast
to this is an increased muscle mass with no changes in skeletal muscle protein
synthesis rates in Duchenne dystrophy patients treated with a synthetic glu-
cocorticoids (prednisone) for 6-8 weeks (135). The increase in muscle mass
is likely to be related to a glucocorticoid-induced decrease in muscle protein
breakdown, as indicated by a decreased excretion of MeHis. These results are
in agreement with the known effect of prednisone on improving muscle strength
and function in Duchenne dystrophy (135).

Insufficient information is available to draw a definitive conclusion on the
effect of glucocorticoids on human muscle protein metabolism. Part of the
problem may arise from concomitant changes in other hormones, especially
hyperinsulinemia, occurring during glucocorticoids administration.
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Figure 5 Effect of local intra-arterial epinephrine infusion (0.45 ng-kgnin—1) on forearm

protein metabolism in healthy volunteers as estimated uskifphenylalanine kinetics (adapted

from 60). Protein synthesis, breakdown, and balance were measured at baseline and at 2 and 4 h
during the epinephrine infusion. *, Significantly different from baseline.

Catecholamines

Although catecholamines (epinephrine and norepinephrine) are listed as cata-
bolic hormones, most in vivo human studies show an opposite effect. Whole
body protein metabolic studies showed that epinephrine infusion for a short
duration decreased whole body protein breakdown (89, 103) and had no effect
if infused for a longer period (99).

Net release of amino acids from muscle has been found to be either in-
creased (89) or decreased (42) in similar epinephrine infusion protocols. The
effect of epinephrine on human skeletal muscle protein metabolism is time
dependent (60). An acute decline in protein breakdown is compensated by
a similar decrease in protein synthesis, while a longer infusion period leads
to an improvement in net balance due to decreased breakdown in combina-
tion with normal synthesis (Figure 5). This anabolic, rather than the expected
catabolic, effect is supported by a potent effecgedigonists, especially clen-
buterol, on muscle growth in farm animals, used to improve meat production
(11a).

OTHER HORMONES AND MEDIATORS

Thyroid Hormone

Thyroid hormone is essential for growth but has, on the other hand, a profound
catabolic effect on skeletal muscle during both hypo- and hyperthyroidism
(88, 125). Both hypothyroidism and hyperthyroidism are also characterized by
muscle weakness. The main reason for this muscle weakness is a decrease in
muscle efficiency rather than loss of muscle mass (172).



Annu. Rev. Nutr. 1997.17:457-485. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

HORMONAL REGULATION OF MUSCLE PROTEIN 477

In animals, thyrotoxic myopathy is associated with muscle atrophy as a
result of increased protein breakdown rates exceeding increased synthesis rates
(8,108). Thyroidectomy in animals generally induces muscle atrophy by both
decreasing protein synthesis and increasing breakdown (64).

MeHis excretion studies suggested that muscle myofibrillar protein break-
down is increased in thyrotoxic patients and that this is reversed with treatment
(2,137,170). Both hyperthyroidism and hypothyroidism reduced whole body
protein mass by a greater decrease in protein synthesis than in protein break-
down (38, 107). However, increased whole body protein breakdown has also
been reported in hyperthyroid patients (68). Only small or no changes in MeHis
release from human muscle observed in the same study suggested a decreased
synthesis rate as the most important mechanism for thyroid hormone—-related
muscle wasting. However, more direct estimations of protein turnover, e.g. in
vitro measurements using muscle biopsies from hyperthyroid patients, showed
a significant correlation between serum thyroid hormone levels and increasing
protein breakdown rates (76).

Prostaglandins and Cytokines

Both prostaglandins and cytokine are important regulators of muscle protein
metabolism in animals (21, 120). Prostaglandins are reported to play an impor-
tant role in the muscle hypertrophy or atrophy related to muscle activity (64).
In rats, prostaglandins seem to modulate the insulin-induced increase in mus-
cle protein synthesis (128, 129) and the influence of glucocorticoids on muscle
protein metabolism (120). However, the influence on insulin action could be
different in humans, since insulin has a different effect in humans and animals.
Distinct prostaglandins have different effects in rats, e.g. prostaglangin F
seems to be anabolic (increased synthesis and no effect on breakdown) while
prostaglandin Ehas a catabolic effect (increases breakdown and no effect on
synthesis) (64).

Cytokines (e.g. tumor necrosis factor and interleukins) are most likely im-
portant mediators in the muscle wasting observed during severe illness (21).
In rats, they generally induce muscle wasting by increasing muscle protein
breakdown (47,71, 87).

In humans, prostaglandin,Eeems to have an anabolic effect on skeletal
muscle (145). The direct effects of prostaglandins and cytokines and their in-
teraction with, or modulation of, hormone actions on muscle protein metabolism
in humans still have to be established.

SUMMARY

Although there is a substantial interaction among hormones in normal physiol-
ogy, our knowledge of the hormonal regulation of human protein metabolism
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Table 3 Summary: Hormonal regulation of human skeletal muscle protein metabolism

Hormone Protein synthesis Protein breakdown Protein balance
Insulin < 1 0
Insulin 4 amino acids 4 l M
GH? ror < » 1
IGF 4 <~ or | 0
Testosterone 1 ? 0
Stress hormonés 4 M !
Glucagon <~ <~ <
Glucocorticoids ? ? )
Epinephrine <~ J 1
Thyroid hormone-hypothyroidism ? ? l
Thyroid hormone-hyperthyroidism 1? +? !

aPossibly mediated through insulin-like growth factor-1. GH, Growth hormone.
b No or not sufficient evidence available.
¢ Glucagon, glucocorticoids, and catecholamines.

has been enhanced considerably by studying the effects of single hormones.
However, the hormonal regulation of protein metabolism may also be mod-
ulated by secondary events. The insulin-induced hypoaminoacidemia and its
impact on protein synthesis rates is a classic example. Insulin levels usually
increase after ameal, but most of the human studies are performed in the postab-
sorptive state. Although postprandial studies are fraught with problems because
of the non-steady state for several hours after a meal, carefully designed stud-
ies may provide information of hormonal regulations in more physiological
conditions.

For most of the hormones, however, our knowledge is limited with regard
to skeletal muscle protein metabolism (Table 3). Many controversies on the
hormonal regulation of muscle protein turnover might be resolved if we could
measure the enrichment of the amino acyl-tRNA and the intracellular pool into
which the amino acids from protein breakdown appear. Much more is known
from animal than from human studies, but the results from animals cannot
always be directly translated to humans because of the species differences in
hormonal effects on protein metabolism.
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