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The urinary excretion of N'-methylhistidine (3-methylhistidine, 3-MH, an index
related to myofibrillar protein breakdown), as well as the rate of L-[14C]-tyrosine
incorporation into gastrocnemius muscle (ks, fractional rate of muscle protein syn
thesis, evaluated by the constant infusion method) have been measured to assess the
effect of aging on the rate of skeletal muscle protein turnover. In addition, nucleic
acids, muscle protein and serum corticosterone levels were determined. Weaning rats
were fed a 10 % lactalbumin diet and killed in groups of seven when they were 35,
60, 120 and 300 days old. Apart from the rate of growth, no major differences were
found between 35- and 60-day old animals. However, as compared to the youngest
rats, 120-day old rats showed a significant reduction in the relative weight of the four
muscles excised. Plasma corticosterone levels increased as the animals became older.
Finally, in the 300-day old rats, the reduced rate of growth was accompanied by a sig
nificant reduction in the relative organ weight (with the exception of soleus), 3-MH
and ks. It is concluded that aging caused a reduction in the rates of both protein
breakdown and synthesis. The reduced muscle breakdown may not be due to a rela
tive reduced muscle mass in elder rats since urinary 3-MH remained low even when
expressed per creatinine output.
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Investigations on the effect of aging on
protein metabolism are quite extensive
and show that there is a progressive loss of
lean body mass throughout middle and
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old ages, with tendencies for the rate of
loss of lean body mass to increase in later
life (12). Aging is associated with a slow
but continual change in body composi
tion. These changes can be characterized
by an increasing amount of body fat and a 
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concomitant decline in lean body mass
(10). Reviews on this subject have been
frequently published (e.g., 11, 22, 34). In
humans, these losses are largely accounted
for by skeletal musculature which can
shrink as much as 40 % between the ages
of 20 and 80 years (8). This has been con
firmed by the reduced urinary output
of bT-methylhistidine (3-methylhistidine,
3-MH) in elderly people (26), reduced
number of contractile fibers in humans
(29), and reduced fractional rates of mus
cle protein synthesis and degradation as
measured by the administration of a
flooded dose of radioactive labeled
aminoacids (13).

The main specific goal of this work was
first to report data on the effect of aging
on myofibrillar protein breakdown in
Wistar male rats as measured by the uri
nary output of 3-MH. And secondly, to
evaluate the effect of aging on the rates of
skeletal muscle protein synthesis as mea
sured by the constant infusion method.
The study was longitudinally conducted
and showed that aging in rats brings about
a noteworthy reduction in the rate of
muscle protein turnover, degradation
rates being slightly faster than synthesis
reduction. This effect seems to be inde
pendent of the reduced muscle mass
observed in the older animals since uri
nary excretion of 3-MH remains low even
when expressed per unit of creatinine out
put.

Materials and Methods

Animals and experimental design-
Intact and immediately-post-weaning
Wistar male rats were obtained from Pan
lab Breeding Center (Barcelona, Spain)
and housed in individual, suspended, wire
bottomed cages. The animal room was
equipped with a 12-h light:dark cycle
timer and maintained at 20-23 °C and 45-

70 % relative humidity. Animals were fed
ad libitum a purified adequate free-meat
protein diet containing 10 % lactalbumin
(Dyets Inc., Bethlehem, PA, USA) that
followed the recommendations of the
American Institute of Nutrition Ad Hoc
Committee (33). Mineral and vitamin
mixtures were purchased from Dyets Inc.
and added to de diet, as well as the other
ingredients, according to the aforemen
tioned criteria. Diet was prepared as pre
viously published (38). The animals were
fed by giving them the same amount of
diet at different daily intervals (four times
every 24 h). This feeding procedure was
applied to avoid differences in the daily
repartition of meals occurring among
freely fed rats. Water supply was offered
ad libitum. Animals were adquired, cared
for and handled in conformance with the
Public Health Service’s Guide for the
Care and Use of Laboratory Animals and
the Guiding Principles for Research
Involving Animals and Humans approved
by the Council of the American Physio
logical Society. Animals were randomly
assigned into four age-groups of seven
animals each so that at the killing time
they were 35, 60, 120 and 300 day-old.
Body weight changes were recorded daily
(during the first month of the experiment)
or weekly (from that time on). Within
each age-group, five days prior to sacri
fice, the rats were transferred to individual
metabolic cages. Daily urine excretion
was collected under 0.1 mL of 0.1 N HC1
as preservative and pooled for subsequent
determination of creatine, creatinine and
3-MH. At the end of each age-period, rats
were killed by decapitation. A sample of
blood was taken directly from the decapi
tated body in chilled heparinized tubes.
Immediately, livers as well as total gas
trocnemius, soleus, tibialis anterior and
extensor digitorum longus muscles from
rear hindlimbs were carefully excised and
weighed.
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Measurement of the fractional rate of
muscle protein synthesis- Rates of skeletal
muscle protein synthesis were determined
by the constant infusion method of [14C]-
tyrosine into one of the tail veins as
described by GARLICK et al. (14, 15). The
gastrocnemius muscle was chosen since it
is reasonable large and easy to dissect out
and, above all because it may be consid
ered as a representative of the mixture of
fibre types (I, slow oxidative, and II, fast
glycolytic) present in the rodent
(2, 23, 30). Protein and protein-free super
natant fractions were prepared from mus
cle tissue (7). The specific radioactivity of
L-tyrosine in protein hydrolysates
(radioactivity of the amino acid bound to
protein, Sb) and in the protein free super
natant (radioactivity of the amino acid
free in the intracellular pool, Si) fractions
were measured by the procedure of Gar
lick et al., (15). Details of the method and
procedure have been repeatedly reported
(16). In addition, muscle DNA, RNA and
protein were determined according to the
methods of Burton (6), Eisemann et al.
(9) and BRADFORD et al. (5), respectively.

Urinary analysis.- After hydrolysis of
the 3-MH N-acetyl derivative with 2 N
HC1 in boiling water for 2 h and subse
quent desalting in a cation exchange col
umn (Dowex AG50-X8), the urinary con

centration of 3-MH was determined by
HPLC (Model Waters 441) reverse phase
with fluorescence detection as previously
described (1). Urinary creatine and creati
nine were evaluated by the method of
Heinegar and TiderstrOm (21).

Plasma analysis.- Plasma cortico
sterone was determined by radioim
munoassay procedure using a kit pur
chased from Interscience Institute (Los
Angeles CA, USA). The hormone was
extracted from the plasma with
dichloromethane; then, the organic phase
was separated from the aqueous one by
centrifugation and evaporated to dryness
in a vacuum oven at room temperature as
previously described (38).

Statistical treatment of the data.- Data
are expressed as mean±SEM. Statistical
evaluations were carried out by conven
tional one-way analysis of the variance
(ANOVA). Student’s t test was applied
for unpaired data in order to assess intra
group comparisons. Least significance dif
ferences between means were computed
and accepted as significant at p < 0.05.

Results

Tables I and II show that no major dif
ferences were observed apart from the

Table I. Effect of aging on body weight gain and liver and hindlimb muscles weights in male rats.
Values are means ± SEMI from 7 rats in each group. G, gastrocnemius; S, soleus; T, tibialis anterior;

EDL, extensor digitorum longus.

Age
(days)

Body
weight

(g)

Weight
gain

(g/day)
Organs weight/100 g body weight

Liver (g) G(g) S (mg) T (mg) EDL (mg)

35 110±17a 6.8±1.7a 3.8±0.8a 1.10±0.03a 70±5a 328±17a 90±8a
60 215±8b 3.6±0.5b 4.6±0.7b 1.12±0.07a 75±7a 340±17a 92±11a

120 350±9c 2.7±0.3c 3.1±0.3a,c 1.26±0.11b 92±3b 370±22b 103±8b
300 700±13d 2.1±0.5d 2.9±0.5c 0.81±0.09c 73±3a 251*20c 74±6a
Values not sharing the same superscript are statistically significant (p<0.05, one-way ANOVA).
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Values not sharing the same superscript are statistically significant (p<0.05, one-way ANOVA).

Table II. Plasma corticosterone (Cort., mmol/100 ml) and urinary of creatine, creatinine and 3-methylhis-
tidine (3-MH).

Within each age-group, 24-h urine excretion was collected from individual rats during five successive
days before sacrifice. Collection were pooled in each group and then analyzed. Means (±SEM) corre

spond to these five days determinations.

Age
days

Creatine Creatinine 3-MH
Cortico
sterone (mg/100 g b.wt.) (mmole/100 g

b.wt.)
(mmole/mg
creatinine)

(mmole/100 g
muscle)

35 23±6a 0.17±0.01a 1.50±0.04a 0.91 ±0.01a 0.61 ±0.015a 58.1 ±2.5a
60 26±8a 0.22±0.01b 1.47±0.06a 0.90±0.02a 0.61 ±0.015a 56.2±3.1a

120 33±5a 0.18±0.01a 2.30±0.18b 0.82±0.01b 0.37±0.02b 20.1±2.3b
300 47±8b 0.11±0.01a 2.62±0.19c 0.67±0.02c 0.26±0.01c 21.5±3.1b

growth rate, between 35- and 60-day old
rats. Only creatine output was significant
ly higher in the 60-day old animals as
compared to the youngest rats. Total uri
nary output of creatinine was significant
ly reduced especially in the two oldest
groups of rats which reflects losses in the
skeletal muscle compartment of lean body
mass

Nevertheless, when creatinine output is
expressed per 100 g of body weight it
became significantly increased in these
two groups as compared to the younger
animals. However, 120-day old rats, while
displaying a significant reduction in both
growth rate and relative liver weight, had
a significant increase in the relative weight
of the four muscles excised, as well as a
reduction in the urinary output of crea
tine. Nevertheless, in this group urinary
3-MH (expressed per 100 g body weight,
creatinine output and the sum of the four
hindlimb muscles weight) were signifi
cantly lower than those of younger ani
mals. 300-d old rats, which grew only at
the rate of about 2 g/day showed, as com
pared to younger animals, a significant
reduction both in the relative weight of
liver, gastrocnemius, tibialis and extensor
digitorum longus (but not in soleus
weight) and 3-MH output, whatever way 

expressed. However, creatinine output
was significantly increased in the oldest
rats as compared to any of the younger
animals. The same table shows that plasma
corticosterone levels significantly in
creased as the animals grew older. Table
III shows that total RNA concentration
(mostly ribosomal RNA), expressed as
the ratio RNA/DNA, remains relatively
unchanged throughout the experimental
period with a tendency to increase in the
oldest animals. The ratio protein/DNA
progressively increased along the different
age-groups, this being increased almost

Table III. Gastrocnemius RNA/DNA ratio and pro
tein/DNA and ks, fractional rate of muscle protein
synthesis (expressed as % of newly synthesized

protein/24h).
Entries are means (±SEM) from seven rats in each
group. Values not sharing the same superscript
are statistically significant (p<0.05, one-way

ANOVA).

Age
(days) RNA/DNA Protein/DNA ks

35 2.5±0.2a 120±15a 14.3±2.0a
60 2.4±0.1a 260±19b 15.6±1.9a

120 2.3±0.2a 440±30c 10.2±1.3b
300 2.5±0.5a 590±75d 8.9±0.9b
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fivefold in the 300-day old rats as com
pared to 30-day old animals. Finally, the
fractional rate of muscle protein synthesis,
ks (i.e., amount of newly synthesized pro
tein per day), was significantly lower in
the older animals.

Discussion

The rational and validation of measur
ing 3-MH as an index of myofibrillar pro
tein breakdown have been extensively
investigated (41). 3-MH arises from the
carcass, 22 % from skin and 2 % from
small intestine. 3-MH is not reutilized for
protein synthesis and both in rodents and
humans it is quantitatively excreted in the
urine after its release (partly, as its acetyl
derivative) from actin and myosin during
protein breakdown. Therefore, it is possi
ble to reasonably estimate in vivo degra
dation rates of the myosin-actin pool of
skeletal musculature from the urinary
excretion of 3-MH by taking into account
the contribution of skin and intestine (27,
41, 42). Validation of the constant infu
sion method as a means of evaluating frac
tional rates of protein synthesis is well
established (43).

The results obtained in this study
showed that the excretion of this amino
acid derivative, expressed per unit of body
weight was markedly reduced as the ani
mals became older. This could indicate
possible age-dependent differences in the
fractional rate of muscle protein break
down, or simply, differences in the size of
muscle mass, this being especially relevant
in 300-day old animals. The urinary excre
tion of creatinine was evaluated both to
provide an index of muscle mass and to
express the output of 3-MH, trying thus
to minimize variabilities from daily excre
tion. When the 3-MH output was
expressed per unit of creatinine excreted,
still the same qualitative differences per
sisted. Furthermore, in the almost one- 

year old rats, the marked reduction in the
relative weight of liver and three of the
four muscles excised (gastrocnemius and
tibialis anterior, representing predominat-
ly mixed fibers and extensor digitorum
longus, containing almost exclusively
white fibers), suggests that the observed
reduction in rate of myofibrillar protein
breakdown may be accompanied by a par
allel reduction in the rates of liver and
muscle protein synthesis.

It is known that the main difficulty, in
the evaluation of the rate of muscle pro
tein synthesis in tracer constant infusion
experiments is the uncertainty on the spe
cific radioactivity of the precursor (31).
Former investigators showed that the
direct estimation based on lysine data
allows for better estimates of body pro
tein turnover as compared to other meth
ods (32). In our study the fractional rate
of grastrocnemius protein synthesis
decreased from 14.3 % /day to 8.9 %/day
between 110 and 700 g of body weight,
somewhat less than the observations
reported by other investigators who
assessed protein synthesis by different
procedures (17, 24, 32). Such differences
may be attributed to the fact that a single
muscle is under study here and not the
whole skeletal musculature while the
experiments conducted by some of the
cited investigators began with rats weigh
ing 60 g. Besides, it must be pointed out
that data obtained on protein turnover
may be markedly depending on the strain
of rats used in the metabolic studies (32).

On the other hand, whole body
myofibrillar protein breakdown as quali
tatively assessed by 3-MH urinary output,
and expressed per unit of body mass
decreased at a lesser rate (0.91 vs 0.67,
approximately, 26 %) than synthesis (14.3
vs 8.9, about 38 %). Again, it must be
borne in mind that a single-mixed-fiber
type muscle is assumed to be representa
tive in the evaluation of whole body mus
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cular protein synthesis. Taking these con
ditions into account, the present data seem
to indicate that the aging process produces
a decrease in the rate of protein deposi
tion. Analogous observations have been
reported by others (35, 43) In at least one
of these reports (32) the efficiency of pro
tein deposition has been demonstrated to
decrease as the animals grew larger. The
reduced muscle protein turnover dis
played by old rats may be in correlation
with the observation of Narici et aL (28)
who showed that aged human adductor
pollicis is weaker, slower and tetanized at
lower fusion frequencies than younger
muscles, but paradoxically is more resis
tant to static fatigue, which suggests that
changes in muscle composition, turnover
and function could be the consequence of
alterations of the endocrine system. Skele
tal muscle metabolism is known to be
under hormonal control as well as that
glucocorticoids play an outstanding role
in muscle protein metabolism. Elevated
doses of these hormones seem to produce
an increase in skeletal muscle protein
degradation during the first days of
administration; however, maintained high
glucorticoid levels have been repeatedly
reported to induce a marked decreased in
muscle protein synthesis, which might be
in agreement with the results found in this
study (30, 38, 43). On the other hand,
androgens and growth hormone (GH)
secretion decrease with age (36), whereas
insulin increases. Administration of
testosterone to elderly men has been
demonstrated to produce an increase in
strength as well as a greater proportion of
type II fibers in guinea pigs (39), whereas
GH administration increase body mass
(37). A progressively reduced action of
these hormones may enhance muscle dis
use in the elderly (20). The age-related
reduction in skeletal muscle mass has been
ascribed as well to other different factors,
some of which cannot be modified while 

others are susceptible to change. Apart
from the hormonal impact, it has been
proposed that as a result of age-related
changes in the nervous system, there may
be a long-term denervation process result
ing in deficient neural input to the muscle.
Other hypotheses include changes in
skeletal muscle, such as decreased capaci
ty to regenerate new muscle fibers and
reduced oxygen diffusion to muscular
mitochondria due to a loss of intracellular
water (10).

In terms of cellular growth, the rat
muscle growth for this colony was charac
teristic, especially during the first 120 days
of age. In this sense, and in agreement
with previously reported data (25), the
results of this study show an increase in
cell size (hypertrophy), or more correctly,
in DNA/unit size (muscle fibers are
polynucleated and, therefore, the parame
ter protein/DNA correlates to the amount
of cytoplasm controlled by or related to a
single nucleus). These measurements
would have included various non-con-
tractile cell types such as connective tis
sue, adipocytes, etc., but it has long been
assumed that these tissues account for no
more than a small percentage of the total
(44). Finally, it must be pointed out that
muscle mass increased in rats from 30 to
120 days of age and that a marked reduc
tion in muscle mass (with the exception of
soleus) was observed only in the almost
one-year old animals. This finding corre
lates with the classical observations of
Gordon et al. (19) and Short (40) who
indicated that both sarcoplasmic and
myofibrillar protein concentration of rat
skeletal muscle continues to increase until
140 days of age, accelerating at 60-65 days
and then slowing down at 110-115 days of
age. The fact that the soleus weight was
the same in both young and relatively old
rats may be explained by the following
considerations. It is well known that
skeletal musculature is not homogeneous 
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in terms of metabolic activity (18, 23). As
mentioned above, muscles are usually a
mixture of red-oxidative-type I fibers
(slow-contractile and predominantly
related to the positional and equilibrium
movements of the medial-proximal motor
system) and white-glycolytic-type Ila and
lib fibers (predominatly related to fast
well coordinated movements of the later
al-distal motor system). Red muscles,
such as the soleus, have higher synthesis
rates than white muscles (3,42). However,
both type of muscles have basically the
same protein concentration, with the dif
ference that type-I fiber muscles contain a
higher proportion of myofibrillar and
stromal proteins than type II, making the
former more resistant to changes in exper
imental treatments. In fact the overall syn
thesis rate of myofibrillar proteins has
been reported in rat skeletal muscle to be
slower than that of sarcoplasmic proteins
(4, 10). In this sense, it may be useful to
consider that human in vivo studies, in
which computerized tomography was
used, revealed that aging is associated with
a reduced cross-sectional area, as well as
with a decrease in muscle density, associ
ated, in turn, with increased intramuscular
fat. These studies, in addition showed a
decrease in both type I (red) and type II
(white) fibers, but with the existence of a
disproportionate earlier loss in type II
fibers with age (10). All this correlates
well with the soleus weight found in this
study.

It is concluded that aging brings about
a noteworthy reduction in the rate of
muscle protein turnover in male rats,
degradation rates being slightly faster than
synthesis reduction. It seems that this
effect is somehow independent of the
reduced muscle mass observed in the
older animals, since urinary output of 3-
MH remains low even when expressed per
unit of creatinine excreted.
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G. FRUBECK, B. MUGUERZA, I. CAS-
TILLA-CORTAZAR y S. SANTIDRlAN.
Efecto del envejecimiento sobre el turnover
de proteinas musculares en rata. J. Physiol.
Biochem. (Rev. esp. Fisiol.), 52 (4), 207-214,
1996.

Se midc el efecto del envejecimiento sobre el
turnover proteico muscular en rata, determi-
nando la excrecion urinaria de N‘-metilhistidi-
na (3-metilhistidina, 3-MH), como indicador
de la velocidad de degradacion proteica
miofibrilar, y la velocidad de si'ntesis de pro-
tei'nas (ks) mediante la tecnica de infusion
constante de L-[14C]-tirosina. Se determina
tambien la concentracion de acidos nucleicos
en musculo y de corticosterona en plasma. Las
ratas recien destetadas se alimentan con una
dieta equilibrada (lactalbumina, 10%); posteri-
ormente se sacrifican en grupos de 7 a los 35,
60, 120 y 300 di'as de edad. Aparte del creci-
miento, no se encuentran diferencias significa-
tivas entre los grupos de 35 y 60 di'as de edad.
Sin embargo, comparando con los animales
mas jovenes, las ratas de 120 di'as de edad
muestran una reduccion significativa en el peso
relative de cuatro musculos diseccionados. Los
niveles plasmaticos de corticosterona aumen-
tan a medida que los animales crecen. Final-
mente, en los animales de 300 di'as de edad, la
reduccion de la velocidad de crecimiento se
acompaha de una reduccion significativa del
peso de los musculos diseccionados, (excepto
en soleo), 3-MH y ks. Se concluye que en el
proceso de envejecimiento se produce una
reduccion de las velocidades de sintesis y de
degradacion proteica que no parece estar rela-
cionada con la disminucion de la masa proteica
muscular, ya que la 3-MH urinaria permanecia
baja incluso cuando se expresa con referenda a
crcatinina urinaria.

Palabras clave: Envejecimiento, Turnover proteico,
3-Metilhistidina, Rata.

J. Physiol. Biochem., 52 (4), 1996



214 G. FRUHBECK, B. MUGUERZA, I. CASTILLA-CORT AZAR AND S. SANTIDRiAN

References

1. Ali Querischi, G., Gutierrez, A. and Bergstom,
J. (1984): J. Chromat., 297, 83-89.

2. Ariano, M. A., Armstrong R. B. and Edgerton,
V. R. J. (1973): J. Histochem. Cytochem., 21, 51-
55.

3. Baillie, A. G. S. and Garlick, P. J. (1991): J. Appl.
PhysioL,7\, W20-W24.

4. Bates, P. C. and Millward, D. J. (1983):
Biochem.J., 214; 587-592.

5. Bradford, M. M. (1976): Anal. Biochem., 72,
348-254.

6. Burton, K. A. (1956): Biochem. J., 62, 315-323.
7. Carter, W. J., Benjamin, W. S. and Faas, F. H.

(1984): Biochem.J., 217, 471-476.
8. Cohn, S. H., Vartsky, D., Yasmura, S., Sawitski,

A., Zanzi, I., Vaswani, A. and Ellis, K. J. (1980):
Am. J. Physiol., 239, E524-E530.

9. Eisemann, H. J., Hammond, A. C., Bauman, D.
E., Reynolds, P. J., McCutcheon, S. N., Tyrrel,
H. F. and Haaland, G. L.(1986): J. Nutr., 116,
2504-2515.

10. Evans, W. J. (1986): In “Nutrition and Aging”
(M. L. Hutchinson and H. N. Munro eds.). Aca
demic Press Inc., New York, pp. 179-190.

11. Finch, C. and Schneider E. L. (1985): Handbook
of the Biology of Aging, 2nd ed. (Van Nos-
trand-Rcinhol, eds.). Princeton. N. J.

12. Forbes, G. B. (1976): Hinn. Biol., 303, 130-135.
13. Garlick, P. J, Maltin, C. A., Baillie, A. G., Del-

dav, M. I. and Grubb, D. A. (1989): Am. J. Phys
iol, 257, E828-E832.

14. Garlick, P. J., Millward, D. J. and James, W. P.
T. (1973): Biochem.J., 136, 935-945.

15. Garlick, P. J., Millward, D. J., James, W. P. T.
and Watcrlow, J. C. (1975): Biochim. Biophys.
Acta, 414, 71-84.

16. Goena, M., Santidrian, S., Cuevillas, F. and La-
rralde, J. (1984): Bev. esp. Fisiol., 40, 123-124.

17. Goldspink, D. F. and Kelly, F. J. (1984):
Biochem. J., 217, 507-516.

18. Goldberg, A. L. (1967): Nature, 216,1219-1220.
19. Gordon, E. E., Kowalski, K. and Fritts, M.

(1966): Amer. J. Physiol.: 210, 721-724.
20. Gutmann, E. and Hanzlikova, V. (1972): Age

Changes in the Neuromuscular System. Scien-
technica, Bristol.

21. Heinegar, D. and Tiderstrbm, G. (1973): Clin.
Chern. Acta, 43, 305-310.

22. Hutchinson, M. L. and Munro, H. N. (1986):
Nutrition and Aging. Academic Press Inc. New
York.

23. Maltin, C. A., Delday, M. I., Baillie, A. G.,
Grubb, D. A. and Garlick, P. J. (1989): Am. J.
PhysioL, 257, E823-E827.

24. Millward, D. J., Bates, P. C. and Rosochacki, S.
(1981): Repr. Nutr. Develop., 21, 265-277.

25. Millward, D. J., Garlick, P. J., Stewart, R. J. C.,
Nnanyclugo, D. O. and Watcrlow, J. C. (1975):
Biochem.J., 150,235-243.

26. Munro, H. N. and Young, V. R. (1978): Am. J
Clin Nutr., 31, 1608-1614.

27. Nagasawa, T. and Funabiki, R. (1981): J.
Biochem., 89, 1155-1161.

28. Narici, M. V., Bordini, M. and Cerrcteli, P.
(1991): J. Appl. Physiol., 71, 1277-1281.

29. Lexel, J., Henriksson-Larsson, K. and Sjostrom,
M. (1983): Acta Physiol. Scand., 117, 115-122.

30. Odcdra, B. R. and Millward, D. J. (1982):
Biochem. J., 204, 663-672.

31. Obled, C., Barre, F., Millward, D. J. and Arnal,
M. (1989): Am J. Physiol., 257, E639-E646.

32. Obled, C. and Arnal, M. (1991): J. Nutr., 121,
1990-1998.

33. Report of the AIN ad hoc Committee on Stan
dards for Nutritional Studies (1987): J. Nutr.,
107, 1340-1348

34. Ratan, S. I. S. (1992): Eur. J. Gerontol., 1, 228-
236.

35. Reeds, P. J. and Lobley, G. E. (1980): Proc.
Nutr. Soc., 39, 43-52.

36. Rudman, D., Kutner, M. H., Rogers, C. M.,
Lubin, M. F., Fleming, G. A. and Bain, R. P.
(1981): J. Clin. Invest., 67, 1361-1368.

37. Rudman, D., Feller, A. G., Nagraj, H. S., Ger-
gans, P. A., Latitha, P. L, Goldberg, A. F.,
Schlenker, R. A., Cohn, L., Rudman, I. W, and
Mattson, D. E. (1990): New. Engl. J. Med., 323,
1-6.

38. Santidrian S., Moreira, M., Munro, H. N. and
Young, V. R. (1982): Metab. Clin. Exptl., 31,
1200-1205.

39. Simonson, E., Kearns, W. M. and Enzer, N.
(1944): J. Clin. Endocrinol., 4, 528-534.

40. Short, F. A. (1969): Amer. J. Physiol., 217, 307-
309.

41. Tomas, F. M., Murray, A. J. and Jones, L. M.
(1984): Brit. J. Nut., 51, 323-337.

42. Tomas, F. M., Ballard, F. R. and Pope, L. M.:
(1979): Clin. Set., 56, 341-346.

43. Watcrlow, J. C., Garlick, P. J. and Millward, D.
J. (1978): in: “Protein Turnover in Mammalian
Tissues and in the Whole Body”, Elsevier North
Holland, Amsterdam, pp. 443-479.

44. Young, V. R. (1974): J. Anim. Sci., 38, 1054-
1070.

J. Physiol. Biochem., 52 (4), 1996


