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The urinary output of Nr-methylhistidine (3-methylhistidine: 3-Mehis) and total hy
droxy proline (OH-pro) were evaluated to assess the effect of a low-protein diet (low-P)
or a low-energy diet (low-E), given for 21 days, on the rales of myofibrillar protein and
collagen breakdown in mature male rats. As compared to the control rats, the animals
fed the deficient diets showed a significant reduction in the rate of growth and plasma
insulin. No major changes were found in the weight of several muscles excised from the
animals at the end of the experiment. Total OH-pro was significantly reduced in the
low-P rats and 3-Mehis was unchanged when results were normalized to either muscle
weight or creatinine output. In conclusion, collagen breakdown was found to be
very sensitive to protein depletion in the mature rat, but myofibrillar protein breakdown
was not notably affected by protein or calorie malnutrition.

It is now generally acknowledged that
skeletal muscle is a major tissue in whole
body protein metabolism (27) and that
both dietary and hormonal factors play
an important role in the regulation of the
rates of muscle protein development and
metabolism (17, 18, 23). Waterlow and
Stephen (21) showed a large reduction
in protein synthesis in skeletal muscle
when rats were fed low-protein or protein-
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free diets. Refeeding an adequate diet to
protein-depleted rats restored greatly the
rates of muscle protein synthesis and
catabolism (7). Analogous results have
been reported by other investigators (27).
In a recent study (17) we have shown
that the rate of myofibrillar protein break
down, as measured by the urinary output
of Nr-methylhistidine. was transiently in
creased in young rats fed an energy-de
pleted diet; this increase was immediately
followed by a continuous and progressive
reduction in the excretion of the amino
acid throughout the experimental period.
On the other hand, it has been reported 
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that diets can act as modulators of aging
and longevity (28) and several investigators
have studied the effects of aging and nu
trient requirements on the rate of muscle
protein metabolism (26).

The purpose of this study was to in
vestigate further the effect of both protein
and energy malnutrition on the rate of
myofibrillar protein breakdown in mature
rats. Furthermore, since dietary factors
can also affect the rate of collagen metab
olism (20), we will report data on the
effect of protein and calorie malnutrition
on the rate of collagen metabolism by
monitoring the urinary excretion of total
hydroxyproline (17). Myofibrillar protein
breakdown was estimated by measuring
the rates of urinary output of Nr-methyl-
histidine (3-methyIhistidine). The vast ma
jority of the Nr-methylhistidine formed
in the body is present in skeletal muscle;
methylation of histidine occurs after its
incorporation into the peptide chains of
actin and myosin, and after catabolism
of these proteins, the liberated bF-methyl-
histidine is not recycled or metabolized,
but quantitatively excreted from the body
chiefly via urine both in rats and humans.
The total amount of Nr-methylhistidine
excreted in the urine has, therefore, been
proposed as an in vivo index of muscle
protein catabolism rates (2, 6, 13, 27).

Materials and Methods

Animals and experimental design.
Sprague-Dawley intact mature male rats
(Charles River Breeding Laboratories,
Wilmington, Ma., USA), weighing about
370 g were housed in non-metabolic cages.
For three days they were allowed to eat
ad libitum a purified diet containing 18 %
lactalbumin, so that the animals could
adapt to the new diet and sorroundings.
Then, animals were randomly assigned
into three dietary groups of five rats each,
and placed into metabolic cages. These 

groups were arranged as follows: a con
trol group was fed the adequate diet
mentioned above; a second group was fed
a low-protein diet (1 % lactalbumin), but
adequate in energy; and the last group
was fed a low-energy diet (half of the
carbohydrate content of the adequate
diet), but adequate in protein (36 % lact
albumin).

Both adequate and low-protein diets
were given ad libitum. The energy de
ficient diet was fed half the amount con
sumed by rats on the adequate diet; since
the low-energy diet has 36% of pro
tein, the total protein intake in this group
was the same as on the control group fed
the adequate diet. Composition of diets is
given in table I. All rats were fed on the
respective experimental diet for 21 days.
Body weight changes and food intake
were recorded daily.

Complete 24 h urine collections (under
0.1 ml of toluene as preservative) were
obtained throughout the experiment, but
analyses were performed in samples taken
each three days and pooled within each
dietary group. At the termination of the
experiment, rats were killed by decapita
tion. A sample of blood was then taken
from the decapitated body in chilled hep
arinized tubes. Immediately, livers and
gastrocnemius, soleus, tibialis anterior and
extensor digitorum longus muscles from
hind limbs were carefully excised and
weighed.

Urinary analyses. The urines were
centrifuged after collection to remove food
particles and occasional pellets. Urinary
Nr-methylhstidine was determined with
the aid of a Beckman 121 amino acid
analyzer as previously described by
Bilmazes et al. (1). Urinary urea-N and
creatinine were determined by the meth
ods of Foster and Hocholzer (4) and
Owen et al. (14) respectively. Total hy
droxyproline was determined by the meth
od of Kivirikko et al. (9) as described
in detail by Ibbott (8).
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Plasma insulin determination. Once
blood was collected, it was allowed to
clot for 1 h, and then centrifuged for
15 min at 2000 rpm. The separated plasma
was stored at —20° C until analysis. Plas
ma insulin concentration was determined
by radioimmunoassay method using a kit
purchased from Bio-Rad, Louisville, KY.,
USA.

Statistical procedures. Statistical eval
uations were carried out by conventional
one- and two-way analysis of variance.
Least significant differences were calculat
ed in order to identify differences be
tween means and are given in tables IL
and III and in figure 1.

Results and Discussion

As pointed out earlier in this study, the
urinary output of Nr-methylhistidine is
attractive because it reflects the average
response of the whole musculature, in

Table I. Diet constituents: entries are g %
dry diet.

Adequate and low-protein diet were fed ad li
bitum. The low-energy diet was fed at one half
the amount of adequate diet consumed by the
control animals. The mineral mix was purchased
from General Biochemicals, Chagrin Falls,
Ohio, USA. Composition of mineral and vita
min mixtures is as described by Rogers and
Harper (15). Choline was added to the diets as
an aqueous solution containing 1 g of choline
hydrochloride/5 ml. The corn oil was obtained
from Wesson Oil Co., Fullerton, Calif., USA.

Component Adequate Low-protein Low-energy

Dextrine 44.2 55.5 28.4
Sucrose 22.1 27.8 14.2
Lactalbumin 18.0 1.0 36.0
Mineral mix 5.0 5.0 5.0
Vitamin mix 0.5 0.5 0.5
Choline 0.2 0.2 0.2
Corn oil 10.0 10.0 10.0
Agar 4.0 4.0 4.0
Water 100.0 100.0 100.0

contrast with techniques which rely on
one or a few muscles (27). However, it
has been claimed (12) that non-muscle
sources may contribute to a major part
of the Nr-methylhistidine excreted in the
urine.

Elsewhere, we (4, 20) have concluded
from a detailed analysis of the literature
on muscle protein turnover and from new
experimental data that urinary Nr-methyl-
histidine is indeed largely derived from
skeletal muscle. Furthermore, in a recent
paper, Harris (6) reported data support
ing the validity of Nr-methylhistidine as
an in vivo index of the rate of myofibrillar
protein breakdown in the rat, pointing
out serious doubts on the conclusions
reached by Millward et al. (12) on the
turnover rate of muscle protein actin and
myosin. These rates have been consid
erably underestimated by those investiga
tors, and when realistic rates of myofibril
lar protein turnover were used, muscle
tissue does remain the major contributor
of Nr-methylhistidine in urine. Although
a considerable amount of evidence (2, 7,
13, 16, 17) confirms the strong relation
ship between alterations in Nr-methylhis-
lidine output and changes in the rate of
myofibrillar protein breakdown, a defini
tive conclusion about the sources of uri
nary Nr-methylhistidine may require es
timates of release from various individual
tissues (specially skin and intestine) by
measuring arterio-venous differences. In
this paper, the data on Nr-methylhistidine
are reported as a total output per animal,
and per 100 g body weight (table III,
fig. 1). The latter parameter allows for
differences in size due to effects of growth,
but does not correct for changes in the
composition of the body as a whole, or
the proportion of muscle to other tissues.
Accordingly, the data are also expressed
per 100 g weight of the four muscles
dissected out at the termination of the
experiment and taken to represent the rel
ative size of total skeletal musculature.
To provide another index of metabolism
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Fig. 1. Urinary output of NT-methylhistidine
(3-methylhistidine) and total hydroxyproline
by mature male rats fed either an adequate
diet (9), or a low-protein diet (&) or a low-

energy diet (O) for 21 days.
Each point represents results of analyses of
pooled samples of urine from 5 rats. Least
significant differences for Nr-methylhistidine
and total hydroxyproline are 0.12 and 0.35
respectively (two-way ANOVA) for p < 0.05.

related specifically with muscle and to
minimize variability from daily urine ex
cretion, creatinine output was measured.

As judged by changes in body weight
(table II), results showed that both pro
tein and calorie malnutrition caused a
significant impairment (p < 0.05) in the
slow rate of growth displayed by the
mature rat. However, per unit of body
weight, the weight of the four muscles
excised at the end of the experiment,
representing predominantly red (soleus),
white (extensor digitorum longus) and
mixed (gastrocnemius and tibialis) fibers,
were unchanged among the three dietary 

groups. This fact indicated that the net
reduction of weight shown by those mus
cles paralleled the reduction of the whole
animal, and, as a consequence, their rel
ative weight remained unchanged. The
urinary output of Nr-methylhistidine was
significantly increased (p < 0.05) in the
energy-depleted animals, and slightly re
duced in the rats fed the low-protein diet.
These facts could indicate that in the
mature rat protein and energy malnutri
tion have opposite effects on the rate of
myofibrillar protein breakdown, which
would be in agreement with previously
reported data on muscle protein turnover
in young rats (7, 20). However, when
Nr-methylhistidine output was expressed
per unit of either the sum of the four
excised muscles weight or per unit of
creatinine, no significant differences were
found among the experimental groups.
This effect indicated that the rate of myo
fibrillar protein breakdown was similar
in the three dietary groups, and, therefore,
mature rats have a different response to
protein and calorie malnutrition to that
seen in the young rat. This finding points
out to the fact that one should be careful
in interpreting data from Nr-methyl-
histidine output, in the sense that this
parameter must be expressed in relation
with a proper muscle reference such as
creatinine output or the weight of specific
muscles, and not only to total body
weight.

In addition, we reported data on the
calculation of fractional rates of myo
fibrillar protein breakdown from urinary
output of Nr-methylhistidine in the three
dietary groups. These calculations are ap
proximations and based on data previous
ly reported (7) for both young and mature
rats (table IV). On the other hand, it
should be emphasized that in the present
experiment body composition of the rats
did not change dramatically, an important
assumption in order to apply the calcula
tions described in table IV, with the ex
ception of liver in the energy-depleted
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rats. An analogous approach has been
recently published (20). Results (table IV)
correlated with those of other investiga
tors (7, 20) and showed that as compared
to the well-nourished animals, no major
differences were appreciated in the ma
ture rats fed either depleted diet. How-

Table IV. Estimation of myofibrillar protein
turnover from urinary N~-methylhistidine ex
cretion for well-nourished (control), protein-
depleted (Low-P) and energy-depleted (Low-

E) mature rats.
Muscle mass was taken to be 45 % of body
weight (11), and muscle protein was taken as
17 % of muscle mass (27). Myofibrillar protein
was considered to be 60 % of total muscle
protein, and actin and myosin were 30 and
60 % respectively of myofibrillar protein (24).
Values for Nr-methylhistidine content of actin
(19 /tmol/g) and myosin (2 jumol/g) are taken

from a previous study (27).

Body weight (average
value for the entire

Control Low-P Low-E

experiment) (g) 396.5 341.0 338.5
Muscle mass (g/rat) 178.4 153.4 152.3
Muscle protein (g/rat)
Myofibrillar protein

30.3 26.1 25.9

(g/rat) 18.1 15.7 15.5
Myosin (g/rat) 10.9 9.4 9.4
Actin (g/rat)
Total Nr-methylhlsti-

5.4 4.7 4.7

dine (/unol/rat) in:
Actin 102.6 89.3 89.3
Myosin 21.8 18.8 18.8
Skeletal muscle 124.4 108.1 108.1

Daily excretion of
Nr-methylhistidine
(//mol/rat) 3.40 2.64 3.49

Daily proportion of
Nr-methylhistidine
pool excreted (frac
tional rate of myofi
brillar protein break
down A’j) (% day) 2.7 2.4 3.2

Half-life for myofibril- •
lar protein (tj,» =
In 2/fo) (days)* 25.7 28.9 21.7

a Timo required- for a given amount of protein to turn
over ha‘f of tills amount. 

ever, a slight increase in the fractional
rate of myofibrillar protein breakdown
(and therefore, a slight reduction in half
life) was found in the energy-depleted rats
as compared to the control ones, in agree
ment with data reported by other investi
gators (7,17,20) that measured Nr-methyl-
nistidine as an in vivo index of myo
fibrillar protein breakdown. This observa
tion also agreed with in vitro studies on
muscle protein turnover (10).

This mild increase in the fractional rate
of myofibrillar protein breakdown in the
energy-depleted rats could be interpret
ed in the sense that after protein degrada
tion the resulting amino acids can be uti
lized for resynthesis of protein, converted
into other metabolites or oxidized as a
source of energy. It seems possible that
amino acids derived from protein break
down in muscle could be used as an
energy source to compensate the reduced
energy intake in the rats fed the low
carbohydrate diet. However, as judged by
the significant reduction in liver weight
(p < 0.05), as well as by the dramatic
rise (p<0.05) in urea-N excretion (ta
ble III), it appears clear that the liver
was affected by the shortage of energy to
a greater extent than skeletal muscle.
Similar observations have been reported
in a recent paper from this laboratory (2).

In this study, plasma insulin was mea
sured at the termination of the experiment
in all rats. As compared to the control
animals, both protein and energy-depleted
rats exhibited a marked reduction (p <
0.05) in the concentration of this hormone
in plasma (table II). Insulin is a regulator
of muscle protein synthesis and break
down (23), and it has been reported that
an inadequate dietary supply of protein
causes changes in the protein synthesis
apparatus of skeletal muscle in rats similar
to those changes reported to take place
in diabetic rats (22). The reduced plasma
insulin levels found in the two mal
nourished groups in this study agrees with
published evidence both in rats (5, 25) 
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and humans (3). Nevertheless, with the
present results we cannot determine wheth
er this low plasma insulin is due to low
pancreatic insulin reserve, impaired in
sulin release, or to alterations in the
enteric receptor mechanism (25).

Finally, the rate of collagen breakdown
was measured by evaluating the urinary
output of total hydroxyproline. As com
pared to the control animals, protein-
depleted rats had a marked reduction
(p < 0.05) in the output of hydroxypro
line, and, therefore, a reduced rate of
collagen protein breakdown (table III).
However, energy restriction in the mature
rat did not have that outstanding effect
on the rate of collagen breakdown. This
fact was supported by the calculated frac
tional rates of collagen protein turnover
(table V). Collagen protein was taken to

Table V. Estimation of collagen protein turn
over from urinary total hydroxyproline (OH-
proline) excretion for well-nourished (Con
trol), protein-depleted (Low-P) and energy-

depleted (Low-E) mature rats.
Collagen protein was assumed to be 25 % of
total body protein, which is 15 % of body
weight (19). Each //mol of OH-proline in urine
was taken to represent the degradation of 0.1 g

of collagen protein (19).

Body weight (average
value for the entire

Control Low-P Low-E

experiment) (g) 396.5 341.0 338.5
Total body protein (g) 59.5 51.2 50.8
Collagen protein (g/rat) 14.9 12.8 12.7
Daily excretion of
OH-proline (/zmol/rat) 4.4 1.4 4.8

Collagen degraded
(g/day) 0.44 0.14 0.48

Daily proportion of
OH-proline-pool ex
creted (fractional
rate of collagen
breakdown kd)
(% day) 3.0 1.09 3.8

Half-life collagen pro
tein (f)/2 = In 2/ka)
(days) 23.1 63.6 18.2

be 25 % of total body protein, which is
15 % of body weight (19). Each /xmol of '
hydroxyproline in urine was taken to rep
resent the breakdown of 0.1 g of col
lagen protein (19). It should be pointed
out that for the calculation of the frac
tional rates of breakdown in both myo
fibrillar and collagen protein we have
taken as body weight within each experi
mental group the average weight of the
rats for the entire experiment, and not
daily values. On the other hand, frac
tional rates of collagen degradation are
relative and based on a number of as
sumptions made in human studies (19,
20). Nevertheless, from these data it
seems that collagen breakdown is mark
edly reduced by protein malnutrition in
agreement with results published by other
investigators (20).

In conclusion, it appears that in the
mature male rat collagen breakdown was
very sensitive to protein malnutrition.
However, the rate of myofibrillar protein
breakdown was basically unchanged in
either protein or energy-depleted rats, as
compared to the wel-nourished rats, since
no significant differences were found in_
the output of Nr-methylhistidine when
expressed per unit of muscle mass, or
per unit of creatinine output.
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Resumen
Se determinan la excrecion urinaria de Nr-

metilhistidina (3-metilhistidina: 3-Mehis) e hi-
droxiprolina total (OH-pro) con el fin de valo-
rar el efecto causado al alimentar ratas macho 
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adultas con dietas bajas en proteina (b-P) o
en energia (b-E) durante 21 dias sobre las ve-
locidades de degradacion de las proteinas mio-
fibrilares y del colageno. Comparado con los
animates control. las ratas alimentadas con las
dietas experimentales muestran una reduction
significativa en el crecimiento y en la concen-
tracidn de insulina en plasma. No se encuen-
tran cambios significativos en el peso de dife-
rentes mtisculos extraidos de las ratas al final
del experimento. La excretion de OH-pro total
es significativamcnte menor en los animates ali-
mentados con la dieta b-P, mientras que no se
detectan variaciones en la excretion de 3-Mehis
cuando los resultados se normalizan con los
pesos de musculos o con ’.a excretion de crea-
tinina. Se concluye que en la rata adulta, la
degradaci6n del coldgeno es muy sensible a
dietas b-P, mientras que la degradacion de las
proteinas miofibrilares no se afecta por la mal
nutrition proteica o caldrica.
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