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ABSTRACT

The biological availability of sixteen amino acids
from pure wheat to male Wistar rats weighing 80 g or 300 g
was determined, These amiﬁo acids were 90-98% available
with glutamic acid and proline the most available and aspar-
tic acid, alanine or lysine the least available, Among
essential amino acids, however, lysine was the least avail-
able while histidine and phenylalanine were the most avail-
able, The prevention of coprophagy had no effect on the
availability of amino acids,

In addition, male weanling rats of Wistar strain
were fed diets, that varied in amino acid and protein con-
tent, for 28, 56 and 84 days, The protein content of casein
diets, C-1, C-2, and C-3 was 6%, 11.5% and 21% while that of
the wheat diet (W) and modified wheat diet supplemented with
protein (mod, SW), was 11.9% and 19,9% respectively, All
tissues analyzed responded to dietary intake but there were
less changes in the amino acid concentration of serum than
of liver or gastrocnemii, Generally, the essential amino
acids were less concentrated in tissue of rats fed either
the C-1 or mod, SW diets but were most concentrated in tis-
sues of rats fed the C~3 diet, Non-essential amino acids
were higher in tissues of rats fed the C-1, C-2 and W diets,
and lowest in rats fed the (-3 and mod, SW diets,

With age, moust changes occurred between the start of



the experiment and 28 days later., These changes were
exhibited mostly as decreases, the greatest number taking
place in the liver; most incfeases, however, occurred in the
free amino acid concentrations of the serum, Though a con-
stancy of concentration was found for most amino acids in
tissues of rats fed the C-3 and mod, SW diets from 28 to 84
days, variation was most evident in rats fed the low protein
diets, W, C-2 and C-1,

" The findings of this study show that intracellular
free amino acids are as sensitive as extracellular free amino
acids to fluctuations of amino acid intake; in fact, certaiﬂ
intracellular amino acids were more sensitive to excesses
and deficiencies of amino acids in the diet than were extra-
cellular amino acids, While the Free;methionine and taurine
contents of liver reflected more acchrately than other tis-
sues the variation in the methionine content of the diets,
most marked was the response of the gastrocnemii to the
lysine content of the diets, Weanling rats fed the W diet,
containing only 35% of their requirement of lysine, for 28,
56 and 84 days, had 20, 16 and 19 umoles lysine/100 ml serum,
139, 98 and 110 Hmoles/?DD g liver, 83, 27 and 70 pmoles/1DD
g thigh and leg muscle, respectively; there was, however, no
detectable amount of lysine in the gastrocnemii, The need
for further investigation into the specific amino acid needs

of various intracellular pools is indicated,
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INTRODUCTION

Skeletal muscle is the largest tissue in the body;
it makes up 45% of the total body weight, Its metabolism,
therefore, is of great importance, especially its protein
metabolism during growth and development,

Metabolically, muscle tissue has been considered to
be relatively inert compared with liver tissue. _Recently,
however, the lability of skeletal muscle has been receiving
more attention, and, since muscle and its functions are
related to the body as a whole, Young (1970) has emphasized
the significant qualitative and quantitative interactions of
its protein metabolism with other tissues of the body,

Numerous incorporation studies using labeled amino
acids have indicated the sensitivity of the protein synthe-
tic and degradative machinery of muscle to dietary amino
acid supplies, Though considerable experimentation has
sought to establish the relationship of dietary amino acids
\to the extracellular free amino acids of the blood, only
limited attention has been given to how the intracellular
free amino acids, especially those of skeletal muscle,
relate to amino acid intake and to other tissues of the body,
Some of the more comprehensive studies have been reviewed by
Rogers and Harper (1968),

However, most bf these studies have been conducted

on a relatively short term basis, ranging from results



obtained after a twelve-hour fast (Schurr gt al., 1950b) to
a seven-day fast (Thompson et al., 1950) and after ingestion
of one meal,‘balanced or imbalanced with respect to amino

acid composition (Leung gt al., 1968b), to consumption of a

—

protein free diet for a period of three weeks (Thompson et
al., 1950), The purpose of this study, therefore, was to
observe the changes that take place‘in free amino acid pools
of serum, liver and skeletal muscle over a period of time,
Since Miller (1969), in his review of protein metabolism
during early growth and development stressed tHe metabolic
differences between the neonate and the adult, it was

decided that a 12-week period, from weanling to maturity of

the rat, would be used to determine adaptive changes in amino
acid pools of tissues,

Amino acid metabolism, however, depends not only on
the quantity and quality of'amino acids supplied in the diet
but also on their.absdrption from the intestinal tract,
Generally, the biological availability of amino acids from
proteins of animal origin is much higher than that from veg-
etable origin, Consequently, in this study, attention was
given to the quality and quantity of aminoc acids that were
not absorbed from wheat, the'chief constituent in two of the

diets,



REVIEW OF THE LITERATURE

Protein metabolism is‘essentially amino acid metab-
olism so consideration of one must include the other, Nor
can growth or development be considered without inclusion of‘
the nucleic acids, deoxyribonucleic acid (DNA) and ribo-
nucleic acid (RNA), Thus, DNA, RNA, protein and free amino
acid metabolism will be considered in this review, in
connection with growth and development of the metabolically
active organ, the liver, énd the less metabolically active
skeletal muscle, Since these parameters possibly reflect
the nutritive value of the diet, consideration_of the avail-
ability of amino acids as well as their content and balance
of essential amino acids, is justified, Also, certain
aspects of free amino acids in serum will be included in
this review since the blood is the main carrier of nutrients

to tissues of the body.

Availabilitv of Amino Acids

The availability of amino acids from proteins is a
measure of their abscrption and utilization by a biological
system, Different criteria have been used to determine the

extent that amino acids are available from intact protein,

Measurement of Availability

Two in vitro and three in vivo assays have been




developed, In vitro methods give 1) a relative measure of
the amino N or free amino acid(s) released from various pro-
teins incubated with proteoclytic enzymes (Riesen gt al.,

1947; Melnick and Oser, 1948; Mauron gt al,, 1955; Sheffner

l., 1956), or 2) a quantitative measure of lysine in the

———

et
protein reacting with 1-fluoro-2:4 dinitrobenzene, FDNB
(Carpenter and Ellinger, 1955; Carpenter, 1960), In vivo
methods assess 1) the digestibility of a specific amino acid,
the unabsorbed amino acid (Kuiken and Lyman, 1948; Kuiken,
1952), 2) the efficiency of utilization as well as digest-
ibility by measuring a) the ability of a protein with known
amino acid composition to replace a specific amino acid in
supporting growth (Schweigert, 1948; Gupta st al,, 1958;
Ousterhaut et al., 1959) or repletion of the intact animal
(Schweigert and Guthneck, 1953 and 1954) and b) in maintain-

ing N balance in a mature subject (Linkswiler gt al., 1958a,

1958b, 1960a, 1960b; Watts gt al., 1959a, 1959b),

The in vivo methods are of particular importance
since the degree of availability of amino acids from protein
is influenced by 1) resistance.to hydrolysis by digestive
enzymes, 2) presence of enzyme inhibitors, 3) competitiaon
among amino acids for transport across intestinal mucosa
and into cells (Adibi, 1969; Annegers, 1969), 4) absorption

rates of individual amino acids (Geiger, 1948:; Williams,

1969), and 5) decreased solubility (Mecham and Olcott, 1947)



in some instances, In vitro assays, however, are useful
in estimating the effect of processing foods on the rate

of release of amino acids by proteolytic enzymes and in
quantitating the available lysine content of intact cereal

protein by the FDNB method,

Comparison of Methods Measuring Availability

The various methods have been compared to note the
sources of error and tao estihafe the significance of the
differences observed, .

1. In vitro methods

Szmelcman and Guggenheim (1967) digested processed
cereals with proteolytic enzymes and then determined the
microbiological availability of six essential amino acids;
they found the type of proteolytic enzyme used for in vitro

digestion generally determined the extent of availability of

1) a particular amino acid to a specific micro-organism,
or 2) lysine by the FDNB method., Dvo¥ik (1968a, 1968b), in
-efforts to simulate the digestive milieu of the gut, has
shown that it was possible to achieve complete hydrolysis of
all g-amino peptide bonds with papain, leucine amino pepti-~
dase and prolidase so that the microbiologically available
amino.acids corresponded with theoretical values irrespective
of the micro-organisms used.

In all in vitro determinations on the availability

of essential amino acids in the proteins, the assumptions



have been that 1) endopeptidases and exopeptidases split

all bonds as do the proteolytic enzymes of the digestive
tract, and 2) the micro-organisms use only free amino acids
of the digest for growth, Melnick and Oser (1948), however,
found evidence for the utilization of peptides by micro-
organisms, as estimates of enzymatic digestion based on for-
mol titration were lower than that based on microbiological
analysis of specific amino acids, Geiger et al, (1952)
compared the amino acids liberated during acid and enzymatic
hydrolysis of zein using paper chromatographic techniques
and showed that certain amino acids liberated during acid
hydrolysis were absent in the enzymatic digest; Work by
Ford (1965) also showed that in the papain digest of heat~-
treated proteins, peptides of "larger molecular size" were
present and that in these the availability of amino acids
was low, DvoXak (1968b) used L-leucinamide, L-leucyl-glycyl~-
glycine and glycyl-lL-leucine substrates for leucine amino
peptidase and glycyl-leucine dipeptidase, and found that the
availability of leucine was more than 50% after 72 hours
incubation, with all the micro;organisms examined, Results
by Kuiken et al, (1943) for the availability of leucine from

glycyl-L-leucine with Lactobacillus arabinosis agree with

these findings and suggest that the micro-organisms used had
exopeptidases by which they utilized amino acids of peptides

previously released from the proteins by hydrolysis with



endopeptidases, Kinetic studies to measure the uptake of
amino acids and dipeptides by micro-organisms (Brock and

l,, 1965; Mayshak et al,, 1966;

——i ——

Wooley, 1964; Yoder et
Yoder gt al., 1967), however, support the concept of separ-
ate transport sites for amino acids and related dipeptides,
2, 1n vitro versus in vivo methods

Although in vitre studies are of value in determining
the release of amino acids from proteins, the need for an
index for measuring the availability of amino acids in the
intact animal has also received much attention, Determin-

ations on the availability of lysine (Stott and Smith, 1966)

from meat meals to Ietrahymena pyriformis W, the protozoa

requiring the same essential amino acids as the growing rat,
showed lower values than those obtained by the FDNB method,
Similarily, Ford (1964) and Henry and Ford (1965)
found the lysine values from leaf protein were more avail-
able by the FDNB method than by microbioclogical or rat
growth assays after enzymatic digestion. Boctor and Harper
(1968) showed similar differences between the gain in weight
of the rat and the FDNB determination of available lysine in
autoclaved egg albumin, beef protein and casein; there was
high correlation, however, between the values obtained by
both methods for the untreated proteins, These findings
further point to the fact that essential amino acid moieties

from autoclaved protein preparations were less available to



the rat than they were to micro-organisms,

In connection with this, Ford (1964), who iﬁproved
the availability of amino acids to micro-organisms by increas-
ing the rate of digestion with grinding and more rigorous
pre-digestion, wondered if amino acids locked up in indigest-
ible peptide residues could pass into body fluids and still
remain unutilized in the intact animal, Horn et al, (1968)
found little of the synthetic fructose-methionine complex
available to the rat although microbiologically it exhibited
BG% of the growth-stimulating ability of ﬁethionine. To study

the mechanism by which amino acids are made unavailable in .

1, (1970) chose to

carbohydrate~containing foods, Hagen gt
complex fructose with glycine, an essential amino acid for

Leuconostoc mesenterocides P-60 but a non-essential for the

growing rat, When assayed microbiologically, the compound
had only 68% of the growth-stimulating ability of glycine,
but it produced comparable weight gains when fed to nitro-
gen deprived rats fed an esquivalent amount of glycine, Anal-
yses of sera from rats fed fructose-glycine by ion-exchange
chromatography revealed .a smaller increase in the glycine
peak and a larger increase in the unidentified pre-threonine
peak than when glycine was fed, These findings suggestéd to
Hagen gt al. (1970) that fructose amino acids may be metab-
olized in the rat in such a way that nitrogen but little or

none of the amino acid itself can be utilized,



Criteria, other than weight gain, have been used to
measure animal growth as the index of amino acids évailable
from foodstuffs, Calhoun gg‘gi. (1966) determined the
availability of lysine in wheat, flour, bread, and gluten by
rat growth studies using gain in weight, gain in empty car-
cass weight (gastrointestinal contents removed) and gain in
nitrogen content of the carcass over a three week period,
and found a high degree of correlation between lysine and
growth, fhis agrees with results obtained by de Muelenaere
et al. (1967a) and Boctor and Harper (1958). In the assess-
ment of the availability of lysine when purified proteins 5r
proteins from cereal and milk powder were supplements to a
wheat gluten diet low in lysine, Gupta et g;..(1958) obtain-
ed evidence that amino acid availability values calculated
from weight gain per unit of food consumed for two weeks,
were more accurate than values obtained from growth data

alone,

3, In vivo methods

Studies were conducted by de Muelenaere et al.
(1967a, 1967b) to determine the availability of lysine,
threonine, isoleucine and valine from corn and rice proteins
by the growth and fecal analysis methods, Besides consider-
ing weight gain and weight of empty carcass as criteria of
growth, the content of carcass water, nitrogen and the

amine acid being assessed, were also considered with the
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availability being calculated in three ways for each crite-
rion, The lysine of rice and corn was found highly‘available,
but threonine, isoleucine and valine were less available in
corn products than in rice products, These findings indica-
ted that availability of an amino acid from one particular
source of protein may vary greatly depending on the criteria
of measurement used, The most reliable and sensitive method
of calculation was that based on plotting the total change
in criterion against the total amount of amino-acid consumed
since growth is a function of amino acid intake. An inverse
relationship was found between the availability of an amino
acid and the protein and/or carbohydrate content of the

diet, it being more marked in determinations by the growth
method than by fecal analyéis method;'this was also previous-
ly observed (Gupta and Elvehjem, 1957) when apparent trypto-
phan availability decreased as tryptophan was supplemented
in the diet., A discrepancy existed between true protein
digestibility values and values for availability of amino
acids by the fecal analysis method as found for lysine and
threonine from rice and.corn, respecﬁively, by de Muelenaere
et al, (1967a, 1967b), Ford et al, (1967), however, sug-
gested that factors such as the pattern of available amino
acids released during digestion may be responsible for the
differences sometimes noted between the availability of

amino acids and the digestibility of protein, Although
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values obtained by the fecal analysis method are higher

than those obtained by the growth method, Ford et al, (1967)
found close correlations between results obtained by fecal
analysis method, as applied to four whale meat meals and
dried skim milk samples having a wide range of nutritive
quality, and those predicted from chemical and microbiolog-
ical tests, Results of Gupta and Elvehjem (1957) from rat
bio-assays on the availability of tryptophan in beef, pork,
casein, eég albumin, beef fibrin, purified soybean protein
and milk powders checked well with those obtained from tryp-
tophan determinations in the feces, with beef being similar
to the findings of Kuiken and Lyman (1948) using different
experimental techniques, Only lysine from corn was reported

by de Muelenaere gt al. (1967a) to be lower by the fecal

analysis method than by the growth method,

Summary
The term "availability" has been defined by de

Muelenaere gt al. (1967b) as "that portion of an amino acid
present in a protein which is used for growth, development
and maintenance of an animal in so far as it is dependent on
the digestibility of the protein; presence of enzyme-
resistant peptide linkages, enzyme~inhibiting substances and
rate of release of the amino acid in the intestinal tract",

In conducting in yvive studies to assess the avail-

ability of amino acids, it seems imperative that when using
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the growth method consideration be given to possible exist-
ence of amino acid deficiencies, imbalances or antagonisms
for de Muelenaere et al, (1967b) found isoleucine and valine
were more available to rats when the leucine-isoleucine
antagonism was eliminated, by omitting leucine and half of
the isoleucine or all of the leucine from the zein-simulated
diet, in growth studies, Also, the scurce of carbohydrate,
and the levels of protein, calories and cellulose should
receive attention for they are influencing factors in both
the growth and fecal analysis methods, If processed foods
are being assayed, the possibility of amino acid destruction,
the formation of unavailable compounds containing amino
acids and peptide bonds resistant to enzyﬁatic.hydrolysis
should not be overlooked, Since the total metabolism of the
intact body as well as the method of measurement, determine
the outcome of growth assays, availabilities determined by
this method are time-consuming, vary by as much as 15-20%,
and probably are only semi-quantitative, On the other hand,
amino acid availabilities determined by the fecal analysis
method are less varied but higher in some instances than
those obtained by growth methods, possibly because some amino
acids are reieased into the gut at a slow rate, The for-
mer method, however, has been criticized because 1) the
digest itself may influence the secretion of protein~rich

materials into the intestinal tract to increase the apparent



13

undigested residue, and 2) the microfleora of the lower
intestine may alter the concentrations of the different
amino acids in the feces, Aithough no consideration has
been given to the effect of coprophagy on biolegical avail-
ability of amino acids, Kuiken (1952) added sulfathiozole to
the diet and found that bacterial synthesis and degradation
in the intestinal tract had no significant effect on the
levels of available amino acids, It would seem, therefore,
that if endogenous amino acids could be more accurately
measured, fecal analysis may serve to measure the unre-
leased amino acids,

An vitro assays'using proteolytic enzymes to hydro-
lyse food protein may never precisely simulate the environ-
ment of the gut but they may serve as:guides to the amount
of amino acids released by .enzymatic digestion in the intes-
tine, On the other hand, the FDNB method gives at its best
only a crude quantitation of lysine as acids used in this
procedure can split enzyme-resistant bonds, It may serve
the useful purpose of determining if changes in the lysine
content occurred during the processing of a foﬁd,

Introduction of automated ion-exchange chromatog-
raphy for the determination of free amino acids may possibly
offset discrepancies incurred when peptides as well as

available amino acids enhance growth of micro-organisms

(as noted above, pages 6 and 7),
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Extracellular Free Amino Acids of the Blood

Evidence has been accumulating that extracellular
essential amino acid levels in rats (Mcbtaughlan, 1964; Clark
t al., 1966; Harker et al,, 1968; Anderson et al., 1968),

——

poultry (Richardson gt al., 1953; Tonkinson et al., 1959;

Hill and Olsen, 1967; Zimmerman and Scott, 1967), pigs

(Puchal et al.,, 1962; Richardson et al,, 1965; Braude gt al.,

1969) and man (MclLaughlan gt al,, 1963; Swendseid et al,,
1966; Adibi, 1968; Young gt al., 1970) are rapidly affected
by dietary changes in amino acid levels, In fact, several
investigators (Denton and Elvehjem, 1954; Longnecker and

Hause, 1959; Mclaughlan gt al.,, 1963; Sanchez, 1969; and

Buraczewski gt al,, 1967) have shown plasma amino acids were
proportional to the amount of the amino acids supplied by
ingested protein, but Harker gt al., (1968) found only the
concentration of lysine in plasma related to the dietary
intake of amino acids at four different levels, While Alm-

quist (1954), Gray et al. (1960), MclLaughlan (1964), and

Clark gt al. (1966) reported that dietary deficiencies of
single essential amino acids may result in depressed plasma
levels of that essential amino acid, a low plasma amino
acid level need not always indicate a dietary amino acid
deficiency; in fact, plasma levels of essential amino acids

were not elevated until dietary intake exceeded that found

necessary for maximum growth (Morrison et al,, 1961; Zimmerman
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and Scott, 1967), On the other Band, Peng et al, (1969) have
pointed out that accumulation of some essential amino acids
in plasma could be a false Signal of adequacy if an imbal-
anced diet had been ingested, Nevertheless, much confidence
has been placed in Almquist's suggestion that the amino acid
levels of plasma might be considered an indicator of dietgry
amino acid adequacy in establishing amino acid requirements,
for a plasma amino-acid ratio was developed by Loﬁgnecker
and Hause (1961) and a plasma amino acid score by Mclaughlan
(1964) for the detection of the limiting aietary amino acid,
The determination of extracellular free amino acids has beeﬁ
used clinically, also, in the nutritional assessment of

1., 1963a; Whitehead and Dean,

——

human subjects (Swendseid gt
1964) for usually excesses or deficiencies in the dietary
intake are exaggerated in the plasma (Almquist, 1954; Dean
and Scott, 1966), In a review of the relationship between
protein quality and plasma amino acid levels, McLaughlan
(1963) concluded "plasma amino acid levels cannot be used
directly to compare the protein quality of one protein with
another" but suggests they may be useful in evaluating the
availability of amino acids in processed foods,
Extracellular amino acid concentrations, however,
are not only influenced by the aminc acid pattern of inges-
ted protein, but also by many other factors: 1) the type of

protein consumed prior to the test period (Anderson et al,,
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l,, 1969), 2) the amount of amino acids

——

1969; Peng et
consumed during the test (Peraino and Harper, 1962; Alam et
gi.; 1966; Peng gt al, 1969), 3) consumption of other nut-
rients, such as sugars and vitamins (Richardson gt al., 1953:
Charkey gt al.,, 1954; Swendseid et al,, 1967), 4) rate and
extent of amino acids released during digestion and their
rate of absorption (Nasset and Ju, 1961; Goldberg and
Guggenheih, 1962; Snook, 1965; Smith, 1966; Bergen and Pur-
ser, 1968), 5) the synthetic and degradative capacity of the

animal - (Anderson et al., 1968; Anderson et al,, 1969; Peng

1., 1969), 6) the amount of amino acids required for

et
protein synthesis, 7) hormones (Leung et al,, 1968a; Laudau
and Lugibihl, 1967), B) time of sampling the blood (Long-
necker and Hause, 1961; MclLaughlan gt al., 1963; Clark et
al., 1966; Boomgardt and McDonald, 1969); and 9) source of
blood, whether arterial or venous (Denton and Elvehjem,
1954; Peraino and Harper, 1962), Peng et al, (1969) have
suggested that food intake regulation is an important homeo-
static mechanism for the control of plasmé concentrations of

essential amino acids, low levels of the latter stimulating

appetite and high levels depressing appetite,

Growth, Development and Tissue Protein
Metabolism

That protein is fundamental to life itself was first
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demonstrated when Magendie (1816) showed that dogs fed diets
containing only carbohydrate and fat, did not survive,
Almost a hundred years later; Van Slyke and Meyer (1913)
found that protein entered the blood from the intestine in
the form of amino acids which were taken up by the tissues
within thirty minutes and retained as protein., In analyt-
ical studies, Moulton (1923) compared developmental changes
of several different mammalian species with man; he defined
chemical maturity as the stage of development at which con-
centration of water, proteins and salts bécame comparatively
. constant, and he related chemical development to the degreé
of physical development at birth, Decades later, confirma-
tion of this relationship was presented by Widdowson and
Dickerson (1964) for eight mammalian species. A recent
review (Miller, 1969) focuses on the cellular changes
related to protein metabolism during the immediate post-

natal pericd,

Changes in Cellular Constituents during Growth

In an extensive experiment, Enesco and Leblond
(1962) weighed each organ and determined the‘DNA content of
rats during different periods from birth to 160 days, They
reported that three periods of development exist, as follows:
1) from birth to seventeen days, rapid growth of tissues
is due almost exclusively to nuclear mitosis resulting

in cell addition, hyperplasia; 2) from seventeen to about
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34-48 days growth continues by cytoplasmic enlargement of
cells as well as by increase in the number of cells, the
latter at a reduced rate; 3)kfrom 48 days on, growth is now
mostly due to an increase in the size of cells, hypertrophy.
When Winick and Noble (1965) studied growth and development
of rats from ten days after conception to maturity (99 days)
they also found an increase in DNA content that corresponded
with the first stage of growth; in addition, an increase in
protein per nucleus as well as a continuing increase in DNA
at a slower rate reflected the second period of growth while
- the third period showed an increase in protein until a con-
stant level was reached and growth ceased, In all organs
and tissues studied, levels of RNA increased proportionately
with DNA concentration, a high RNA/DNA ratio occurring
earlier in development than the protein increase in the same
tissues, The data of Enesco and Leblond (1962) and Winick
and Noble (1965) also showed that while the sequence of
events is similar, the extent of hyperplasia varies from one
tissue to another,
1, Liver

Hyperplasia occurs at the cellular level in liver,
according to Goss (1966), Evidence for this was supplied by
Enesco and Leblond (1962) who found the number of nuclei
increased markedly with age; this was reflected also in DNA

content of liver which ranged from 1,41-12,18 mg/liver from
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7-35 days and then increased more slowly to 25,22 mg/liver
by maturity., Histological liver sections showed consider-
able increase in the size of parenchymal cells between 7-34
days followed by a small increase up to 95 days. The data
of Winick and Noble (1965) showed 1) rapid cell division
from about 16 days after conception to 44 days post-natally
followed by a declining increase up to 99 days, as indicated
by DNA cohtent‘of liver and incorperation of 14C-—thymidine
during normal growth in the rat, and 2) an increase in pro-
tein content from 28,2-121,8 mg/liver from 17 days after
conception to 14 days post-partum pfeceding a rapid increase
up to 4240 mg of protein/liver by 99 days, This retardation
of liver growth in the neonate was evident also in Enesco
and Leblond's work (1962) for the mean weight of rat liver
by the seventeenth day after birth was only three times
greater than that at 7 days but 37 times greater by maturity,
Unlike other tissues, Winick and Noble (1965) found an
increase in RNA/DNA ratio in liver between birth and 4 days
of age with no increase in the concentration of RNA beyond
14 days, so they assumed that RNA reached its final content
per cell during early growth when cells were dividing rapid-
ly. The work of Geschwind and Li (1949) indicated that RNA
continued to increase up to 40 days,

2. Skeletal muscle

Goss (1966) indicated that hyperplasia takes place
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in skeletal muscle by regeneration or increase in myofibril
number but only within the confines of the muscle fiber, A
steady increase in weight of the muscle was observed by
Enesco and Leblond (1962) when they examined gastrocnemius
muscle at 17, 34 and 80-95 days, The increase lessened
somewhat, however, after 34 days of age, In fact, as a per-
cent of total body weight, skeletal muscle weight rose from
23% at birth to.45.5% at 140 days, indicating a more rapid
increase in weight than that of the body, A steady increase
in DNA content was also found from birth onward for the
number of nuclei rose steadily throughout and weight per
nucleus rose steeply between 17 and 34 days and to a lesser
extent between 34 and 95 days. Gordon gt al, (1966) also
found a linear increase of DNA in quadriceps from 43 to 90
days but no increase during the 50 days that followed, His-
tological sections of Enesco and Leblond (1962) as well as
the increase in protein concentration noted by Gordon gt al.
(1966) indicated progressive hypertrophy of muscle fibers
with age, Winick and Noble (1961) found a high RNA/DNA
ratio long before the high protein/DNA ratio was evident so
tissues active in protein synthesis also have a high concen-
tration of RNA, Howarth (1969), also, cbserved that rates
of protein synthesis, measured by in vive and in vitro tech-
niques, were closely associated with rates of RNA and DNA

synthesis,
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In terms of concentration per 100 g of tissue,
Miller (1969) graphicallyb(Fig. 1) indicated that 1) DNA
reached its highest peak at birth in both liver and skeletal
muscle but declined rapidly in the former compared with the
slow levelling off .in the latter; 2) liver RNA attained its
highest concentration from 7-14 days of age declined at a
similar rate up to twenty days before declining at a
much slower rate; but, in muscle, RNA was at its maximum at
birth and gradually tapered off at a slow rate up to and
beyond 25 days; 3) protein synthesis in the liver was at its
highest between 15 and 25 days, but in skeletal muscle after
a definite neonatal decrease, protein synthesis increased
temporarily until the twelfth day when a rapid increase

continued until maturity,

Nutritional Implications

For normal growth and development, adequate supplies
of nucleic acids and protein are a necessity, De novo bio-
synthesis of precursors such as nucleotides and nucleosides
are easily synthesized from several small molecules, -Thus
various components of the purine ring can be derived from
formate, carbon dioxide, glutamine, aspartic acid and gly-
cine while pyrimidine bases start with carbamyl phosphate
and aspartate, O0Of far more importance, however, are the
enzymes required for these synthetic processes, Thus, even

without consideration of the protein synthesis necessary for
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cytoplasmic enlargement of cells, protein metabolism with
its requlation by synthetic and degradative enzymes, hor-
mones and free amino acid pools, is implicated, There is
evidence for these involvements in most organs and tissues
of the body,

In fact, the literature abounds with studies showing
the speed at which liver responded to change in dietary
protein, For example, Addis et al, (1936) demonstrated that
liver protein was reduced by 20% after two days on a protein
free diet and Kosterlitz (1947) showed that there was also a
reduction in phospholipids and RNA in the liver when the
amino acid supply from the diet was reduced, This quick
response of the liver indicated to Munro (1968) that 1) it
was related to the immediate amino acid supply to the liver,
and 2) there was an integration in metabolic responses since
protein, RNA and phospholipid concentrations were affected
by intake of protein, In studies with dogs weighing 16.0,
20,4 and 28.3 kg, Elwyn (1970) found 57% of absorbed amino N
was converted into urea as it passed through the liver, 6%
left the liver as plasma protein, and only 23% entered the
general circulation as free amino acids; the remaining 14%
possibly was retained as hepatic protein, Although research
on skeletal muscle, has not been as extensive as on liver,
Allison gt al, (1963) found that the adaptive reactions in

both liver and muscle play an important role in the
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utilization of dietary protein,
1. DNA

The effect of diet oﬁ DNA content of the rat is
most critical at the post-natal preweaning stage., Work by
Winick and Noble (1961) related the state of nutrition dur-
ing the neonatal period to the rate of cell division and the
final number of cells in the organs of the rat, They found
rats from small-sized litters had a greater growth rate and
a greater number of normal sized cells than less adequately
nursed neonatal rats from litters three times the size of
the former, Recently, Howarth (1970) found that under-
nutrition and protein deficiency retarded protein and DNA
accumulation in the skeletal muséle of weanling rats and
young chicks, the effect on‘DNA being more severe; repletion
of the rats resulted in DNA but not protein being accumula-
ted at a faster rate than was normally found. During
calorie restriction (Winick and Noble, 1966) from 1) birth
to weaning, 2) weaning to 42 days of age,vand 3) 65-85 days of
age, there was a corfesbonding decreése in DNA, RNA, protein
and weight of all organs in 1), in 2) except for DNA content
of brain and lung, and in 3) except for DNA other than in
spleen and thymus, The lung and brain in 2) and all organs
in 3) except thymus attained normal size upon refeeding an
adequéte diet, Thus, recovery depended.on the age of onset

of the malnutrition, the earlier it occurred the more drastic
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the effect and less chance for repletion, hyperplasia being
the forerunner of hypertrophy.

The DNA content of diploid nuclei in interphase has
often been used as a point of reference in analysis of
tissue (Thomson et al., 1953) because of its constancy in
"mature" organs, Among the investigators who questioned
this constancy of DNA concentration were Mendes and Water-
low (1958), Umana (1965) and Haider and Tarver (1969) who
found increased DNA content of isolated cell nuclei and DNA
concentration per gram of liver weight when rats were
starved or fed diets ranging in protein content from 0-6,4%,
However, a 50% dietary restriction (Elliott and Cheek, 1968)
resulted in a significant loss of DNA per gram of liver and
muscle, Ubviously, further research is necessary to deter-
mine mechanisms connected with a DNA increase in liver cells,
supposedly no longer susceptible to mitosis, in some instan-
ces when protein intake is greatly reduced,

2. RNA

The RNA content of normal liver cells varies with
the level of ingested protein, The nutritional requlation
of protein and RNA metabolism in liver cells has been
studied extensively by Munro and co-workers, Changes in RNA
content, as noted by Munro and Clark (1960) seemed to be

associated with the endoplasmic reticulum in the normal

liver cell as no changes were observed in malignant cells
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devoid of endoplasmic reticulum, Protein intake found to
affect the nucleolar RNA of rat livers (Munro gt al., 1965),

however, was considered of little importance; but of concern
was the 20% loss of liver RNA during protein depletion as

possibly it represented ribosomal RNA which makes up 80% of
the total RNA, Studies (Clark gt al,, 1957) to determine

whether this was the result of decreased synthesis or in-
creased degradation of RNA suggested that withdrawal of the
dietary supply of amino acids accelerated RNA breakdown in
liver cells.‘ Accordingly, research at thé ribosomal level
- by Wunner et al. (1966) showed that when rats were fed a
tryptophan-deficient mixture, there was a change in the
polysome profile, Polysomes disaggregated while the popu-
lation of monosomes and free ribosomal sub-units increased,
the latter event causing activation of latent ribosomal
ribonuclease which degraded the RNA thét was no longer
combined with ribosomes to form polyéomes. Indeed, ribo-
nﬁclease which apparently is resistant to depletion has been
shown (Zigman and Allison, 19593 Allison et al,, 1962) to
have an inverse relationship to both quantity and quality of
amino acids supplied in the diet,

Some of the more pertinent facts on protein syn-
thesis in skeletal muscle as pelated to nucleic acids and
brought out in a review by Young (1970) may be summarized as

follows: 1) While a large proportion of the DNA of muscle
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is present in the non-contractile cells, RNA is thought to
derive mainly from contractile cells, 2) There are more
free ribosomes in skeletal muscle than in liver but bound
ribosomes are more plentiful in the liver, 3) During pro-
tein synthesis in muscle cells, polysomes containing as many
as 50 ribosomes aggregate on messenger RNA, 4) Proteins,
such as actin and tropomyosin are not synthesized simultan-
eously,
3. Protein

In light of the full array of essential amino acids
required for polysomal formation, adequate supply of RNA,
and eventual protein synthesis, it is perhaps redundant to
consider the effect of diet on the protein content of
tissues and organs since it has been reviewed by Waterlow
(1969)., Nevertheless, there is a great deal of interest in
the synthesis (reviewed by Korner, 1964) and degradation
(reviewed by Neuberger and Richards, 1964) of protein in
estimating the turnover rate of protein in the various tis-
sues, Such attempts, whether by the method of 1) San Pietro
and Rittenberg (1953), 2) cumulative excretion of 12N-labeled
compounds (Olesen gt al., 1954; Wu and Bishop, 1959), 3) rate
of disappearance of labeled free amino acid from the blood
after single injection (Grumer et al,, 1961) and 4) constant
infusion (Waterlow and Stephen, 1967; Waterlow, 1967; Gan

and Jeffay, 1967; Waterlow and Stephen, 1968) are dependent
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on the acceptance of certain assumptions and approximations.
Such experimentation, however, does serve a purpose, espec-
ially if used as the basis of comparison,

Work by Widdowson and McCance (1956) indicated that
there may be a specific species response to dietary intake,
Recognizing the possibility that each organ or tissue of a
particular species may have a characteristic way of adapting
to a situation, researchers studied the effect of dietary
protein concentration on the various organs, Mendes and
Waterlow (1958) found weanling rats maintained on a 6.4%
protein 'Jamaican diet' for 28 days did not grow; the liver,
muscle and body weights remained constant even though pro- |
tein per gram of tissue decreased slightly in muscle, A
similar effect was noted by Allison et al. (1963) for DL-
methionine-33§ concentrated more in the liver than in the
muscle after rats had been fed a protéin—free diet or starv-
ed, On the other hand, Waterlow ana Stephen (1966) found
that while liver contributed 7.8% to the total nitrogen
losses of rats fed a protein-free diet for three days muscle
showed no loss of nitrogen, The liver of rats fed a 6%
casein diet from 5-8 weeks or from 5-8 weeks followed by a
protein~free diet for three days, however, did not contrib-
ute as much to the total N deficit as it did in acute
depletion, for liver losses were 4% of the total N lost in

each instance; muscle over this 5-8 week period of depletion
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lost considerably more N than the liver for 26 and 30% of
total body nitrogen losses, were contributed by muscle of
rats fed the low protein and protein-free diets, respective-
ly, muscle N depletion being fairly proportional to total
body N, It is evident, therefore, that the amount of pro-
tein lost as a result of malnutrition varies in different
tissues and over a period of time, Numerous other studies
have shown that the protein content of the liver changed
rapidly in proportion to the protéin content of the diet,
whike muscle response was much slower, Using various tech-
niques, many investigators have made an attempt to determine
the adaptive reactions of a bioclogical system and/or its
component parts to variation of protein intake, While the
results are overlapping in scope, they might best be cat-
egorized under the following subheadings:
a) Synthesis

Evidence indicates that the distribution of a label-
ed free amino acid is dependent on the dietary state of the
biological system, the needs of the most crucial metabolic
proc;sses being satisfied first, This was observed by Water-
low (1959) for three days after he injected DL-methionine-
355 into adequately fed rats and protein-depleted rats, he
found 75% of the label in the carcass and 25% in the visera
of the. former, but 50% in the internal organs of the latter,

Also, repletion of the rats depleted on the 'Jamaican diet!
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(Mendes and Waterlow, 1968) was rapid in the liver but not
so in the muscle, The rate of protein synthesis 4 hours
after injection of DL-lysine—1—14C in rats fed a high, nor-
mal or low protein diet was similar but it was slightly
higher for rats on a protein-free diet (Haider and Tarver,
1969), Waterlow and Stephen (1966) again found depleted
rats retained a higher ratio of activity in the internal
organs and less in the carcass than normal rats, At the
ribosomal level, Cooper gt al., (1968) observed no difference
between uptake in the liver and muscle, possibly because of
the method used to prepare the ribosomes., Although Short
(1969) found labeled methionine incorporation into protein
was more rapid in red muscle containing mostly stromal pro-
tein, than in white muscle containing mostly sarcoplasmic
protein, Waterlow and Stephen (1966) noted no significant
difference in muscular uptake of labeled lysine between the
sarcoplasmic and fibrillar fractions of the muscle even
though there was a difference in the well-nourished and
protein-deprived rats, Consequently, Waterlow's group
(1966, 1967, 1968) concluded that low protein diets resulted
in a real decrease in the rate of amino acid uptake into
muscle protein generally, and that rats adapted to dietary
protein intake by change in the synthetic pattern,

Other factors influencing the uptake of labeled

amino acid into cellular protein were: 1) age, for Waterlow
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and Stephen (1966) and Srivastava and Chaudhary (1969)
fouﬁd less incorporation of L—lysine-14E inte the various
fractions of muscle with incfeasing age of the rat, paral-
leling a decrease noted in muscle RNA by Waterlow and Ste-
phen and reduction in polysomal content found by Srivastava
and Chaudhary; 2) hormones, for both growth hormone and
insulin are needed not only to transport amino acids into
cells but possibly to stimulate more than one step in the
activation of amino acids into cellular proteins (Snipes,
1968; Waterlow and Stephen, 1968; Short, 1969); 3)-membrane
permeability for Henriques gt al,. (1955) postulated that
there is a barrier to the entry of amino acids into muscle
cells and Waterlow and Stephen (1967) found some evidence to
indicate lysine penetrated muscle tissues more slowly than
other amino acids,

Consideration of the mechanigm(s) that may control
protein synthesis has implicated factors at the subcellular
level, also, for incorporation of a labeled amino acid was
32-54% less into microsomes prepared from perfused and non-
perfused livers of fasted rats (Rothschild et al,, 1968),
and about 50% less into ribosomes of rats _on a low protein
diet six days (Young and Alexis, 1968), Young and Huang (1969)
also found reduced amino acid incorporation by ribosomes of

right thigh muscles of rats with a 3~day old fracture in left

femur and fed a 25% casein diet for 14 days; iﬁcorporation
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in the liver was similar for injured and uninjured rats,
The attachment of mRNA to ribosomes can be inhibited by
antibiotics such as chlorampﬁenicol (Murthy, 1966), Enzymes
of protein metabolism have been implicated also for Mariani
et al, (1963), Gaetani et al. (1964) noted an increase in
the activity of the amino-acid activating enzymes in the
liver of protein-depleted rats while Stephen (1968) found a
similar increase in the liver of twenty-two malnourished in-
fants. Mariani et al. (1963) and Gaetani gt al. (1964) also
found activity of. the amino acid activating.enzymes was less
than normal in the gastrocnemicus of protein-deprived rats,
thus suggesting that the amount of protein synthesis is
regulated through modifications in the level of amino acid
activating enzymes, On the other hand, Schimke (1962a, 1962b)
observed a decrease in the .urea cycle enzymes under similar
conditions but there was an increasg in activity upon re-
feeding.
b) Catagolism

Most of our knowledge on protein catabolism is based
on what has been known for years, OUnce proteins are synthe-
sized in mammalian cells they are degraded at their own
characteristic rates (Sprinson and Rittenberg, 1950; Velick,
1956), Well-known is the fact that when protein intake is
decreased ‘a fall in urinary nitrogenous products follows..

Stephen (1968) found there was a reduction in urinary
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excretion of N products as great as 33-50%, And, since
there was no change in catabolism between adequately-~fed

and nutritionally-deprived réts, Waterlow (1968) suggested
that a large proportion of the amino acids liberated by
éatabolism are re-synthesized into protein within the same
cell, Gan and Je%fay (1967) found re-utilization of endog-
enoué amino acids varied with nutritional status, as much

as 50% in the liver and 30% in the muscle for normally-fed
rats, with 90% in the liver early in a fast and 65% in
muscle after a period of fasting, Sidransky and Verney
(1970), found skeletal muscle protein breakdown contributed
amino acids to the blood from which they were incorporated
into hepatic protein when animals were force-fed a threonine-
deficient diet for only one day. Unlike protein synthesis,
a missing amino acid did not influence degradation of a
protein for when Fashakin and Hegsted (1970) varied lysine
in the diet of rats and then infusea L-valine='4C or vice
versa, the loss of activity observed was not affected by the
degree of an amino acid deficiendy.

Goldberg (1969a, 1969b) conducted studies to deter-
mine rates of protein catabolism in non-growing skeletal
muscle of hypophysectomized rats. He found protein catab-
olism more decreased in sarcoplasmic than in myofibrillar
muscle, as well as an increase in synthesis of new protein

when hypertrophy was induced by sectioning the tendon of the
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gastrocnemius muscle two days after injection of 3H—leucine,
Under similar circumstances, two hormones were injected sep-~
varately and the response to each was noted as follows: ten
days after the administration of growth hormone, there was
an increase in protein synthesis in the muscle but no change
in the catabolic rate; cortisol acetate, on the other hand,
increased protein degradation of sarcoplasmic and myofib-
rillar muscle, similarily, but decreased protein synthesis.

g) Turnover

- From isotope studies on muscle proteins, Velick
(1956) concluded that individual muscle proteins turnover at
different rates, However, turnover of the total proteins
making up a tissue or organ does not decrease during adap-
tation of a rat to lower protein intakes (Waterlow and
Stephen, 1968) as the fractional liver turnover rate was
0.80/day for rats starved two days, 0.86/day for rats fed a
protein-free diet 3 days, 0.96/day for rats fed a low protein
diet for 10 days and 0,61/day for rats fed a low protein diet
for 5 weeks, all within the statistically non-significant
range of 0,76/day for the control rats., In other turhover
studies by Waterlow and Stephen, lysine flux 1) decreased
significantly with advancing age (Waterlow and Stephen,
1967) in both liver and muscle protein (Waterlow and Stephen,
1968), 2) was lower for female rats than male rats (Waterlow

and Stephen, 1967 and 1968) and for alloxan-induced diabetic
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rats compared with normal rats (Hay and Waterlow, 1957).
4, Intracellular free amino acids

Retention of intracellular free amino acids requires
a balance between the production and utilization of amino
acids, Amino acids are supplied by a release of amino acids
during protein catabolism in the tissues, synthesis of non-
essential amino acids from suitable precursors, and accept-
ance of essentiai‘as well as non-essential amino acids from
the circulatory system., On the other hand, the free amino
acids of intracellular spaces are utilized in the synthesis
of protein and non;nitrogenous compounds, released to extra-
cellular spaces, or degraded for energy purposes,

That intracellular free amino acid pools are receive-
ing a constant supply of free amino acids from breakdown of
tissue protein has been demonstrated by Gan and Jgffay (1967).
When labeled lysine was infused into normally fed rats, the
intracellular specific activity in the liver reached a = 57
plateau within 60 minutes but never attained the high levels
of the extracellular specific activity, This indicated an
intracellular dilution, which in the case of lysine or other
essential aminoc acids could not result from synthesis, if
the assumption is that free amino acid pools are homogenous.

If pools are not homogenous, as indeed Waterlow and Stephen
(1968) have indicated they are not, then consideration must

be given to the presence of non-essential amino acids as
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contributing to the dilution of the sﬁecific_activity in

the intracellular pool, In fact, when labeled lysine was
infused at a constant rate iﬁto rats fed normally for
periods up to 20 hours (Gan and Jeffay, 1967), the ratio,
liver lysine/plasma lysine specific activities rose to a
plateau at a value of about 0.4-0,45 after 45 minutes and
remained essentially constant for at least 10 hours before
gradually increasing to 0,6 by 20 hours, this last increase
indicating that there was an increase in the labeled intra-
cellular pool as a result of degradation of labeled proteins
in the cell, Uptake of amino acids by thigh muscle cells '
was much slower for it took at least ten hours to plateau at
a muscle lysine/plasma lysine specific activity ratio of
0.65-0.75., A similar study with the non-essential amino
acid, tyrosine, indicated that during the three hour period
of the study, results were similar to those found for lysine,
Thus, it was concluded that 40-45% of liver lysine and 70%
of muscle lyéine came directly from the plasma., In addition,
a reverse type of experiment showed that protein catabolism
continued even in the presence of a more than adequate sup-
ply of plasma amino acids., Twenty hours after intra-
peritoneal injection of labeled lysine when Gan and Jeffay
(1967) infused unlabeled lysine for periods up to two hours,
the specific activities of bcth intracellular liver lysine

and muscle lysine were reduced 28% and 43%, respectively, by
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the end of the infusion period.

Gan and Jeffay (1967) also considered the influence
of the size of intake on the.amount of intracellular free
amino acids contributed by cellular protein catabolism,
When large amounts of labeled lysine were infused for one
hour, there was an increase in lysine concentration, above
perfusion levels, of 66% in plasma, 179% in liver and 100%
in muscle, Since the infusion rate was greater than the
utilization rate, the size of the intracellular pool was
enlarged with the contribution from the plasma to the liver
being increased to 90%, When rats, fasted for varying per-
iods of time, were infused with trace quantities of labeled
lysine for ten hours, liver lysine pools that remained
essentially constant throughout a seven-day fast feceived
about 90% of their lysine from breakdown of protein by the
second day; degradation then gradually decreaged to about
50% until a normal Uptake of free aaino acids was attained
from the plasma; the ratio of muscle lysine: plasma lysine,
on the other hand, gradually decreased from 60% to 40% over
the period of the seven day fast, These findings suggest
that amino acid intracellular levels were maintained by
breakdown of the more labile protein of liver and other
viseral organs during the first days of a fast and by degra-
dation of the less labile protein of muscle in the later

stages of the fast (Munro, 1964),
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Elucidation of the precise mechanisms involving
amino acid metabolism will require, however, more than in
vivo and in vitro incorporation studies using labeled amino
acids, Indeed, Scharff and Wool (1964) have questioned the
reliability of what they called these "black box" investi-
gations which may or may not accurately reflect the concen-
tration ratio of uﬁlabeled amino acidsj; they argued that
chemical analyses are needed to determine the exact amount
of free amino acids in tissues, Considerable extracellular
and intracellular determinations were made previously, how-
ever, by Elvehjem's group using microbiological methods,

1, (1950a, 1950b) and Thompson et al. (1950)

Schurr gt
compared free amino acid levels in the tissues of the mature
rat fasted from 1/2-7 days and then fed a nitrogen-free diet
from 1-21 days or an 18% casein diet for 15 days (Table 1).
The short term study of Schurr gt al, (1950b)

indicated that regardless of the diétary regimen followed

1) leucine, phenylalanine, tryptophan, valine and isoleucine
were 2-4 times higher in liver than in muscle, 2) histidine,
lysine and tyrosine were slightly higher in liver than in
muscle, while 3) proline, methionine, threonine and arginine
were similar in both tissues, Comparison of treatments for
each tissue showed 1) no consistent trend in liver except

that the total values for the fasting rats, regardless of

size, were higﬁer than for fed rats, 2) the total amino acid
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Table 1, "Summary of studies determining intracellular concen-

tration of amino acids of

muscle and liver as influenced

by diet
Weight of Test diet Time an
Author rats (g) (ad libitum) diet
Schurr 300-350 (5)% 18% casein’ 12 hours
et al, (1950) 350-400 (9)x None1 12 hours
i 200-250 (9)Y None! 12 hours

Thompson
et al, (1950)

Ryan and
Carver (1963)

~Allison

et al, (1963)

Scharff and
Wool (1964)

250-300 (9)%
250-300 (9)%

- 250-300 (9)%

90-120 (5)%

Weanling (7)%
Weanling (7)7

“Weanling (7)Z

400 (3)%

18% casein

None1

Nitrogen-—free1

None

18% casein2

Nitrogen—-free2

None2

1, 3, 5 and 7 days
1, 3, 5 and 7 days

1, 3, 5, 7, 14 and
. 21 days

12 hours

3 days
3 days

3 days

No, in bracket indicates number of rats on treatment
1Pretest diet of 18% casein for 2 weeks
2Prasumed rats fed lab chow previous to experiment

xSprague-—Dawley rats; YHoltzman rats; *Wistar rats
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values for muscle of fed rats was slightly higher than that
of 200-250 g fasted rats, 3) all values were larger for
muscle of the 350-400 g fasted rats than either of the other
two groups, - Relative concentrations of free amino acids in
tissues of fed rats were highest 1) in plasma for tryptophan,
lysine, tyrosine and methionine, 2) in liver for leucine,
phenylalanine, valine, histidine and iscleucine, and 3) in
ﬁuscle fof proline, threonine and arginine,

The data of Thompson et al, (1950) indicated similar
treads in the concentration of free amino acids in the liver
and muscle of rats, regardless of the diet or the length of
time on the diet, except for histidine, lysine and arginine
which were higher in muscle than in iiver. When rats were
fasted seven days, 1) the concentration of most amino acids
in liver decreased within 24 hours and approached or exceed-
ed normal levels of control rats by the end of the fast,

2) in muscle, there was an increase in the concentration of
most amino acids during the first twenty-four hours, with
approximately normal levels being reached by the seventh day
of fasting, Changes in the free amino acids in the tissues
of rats fed a nitrogen-free diet were different than those
of fasted rats for 1) the concentration of most amino acids
of liver and muscle increased the first day and then most
amino acids other than arginine, histidine and threonine

tended to decrease, 2) the amino acid concentration in both
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muscle and liver reached a minimum value by the end of the
2nd week and then remained more or less constant, In all
cases, proline was significantly decreased by the dietary
conditions imposed, The sum of the concentrations of the
twelve amino acids for the fasted rats was less than that
for the rats on the nitrogen-free diet, possibly because
protein catabolism was less rapid in the latter instance,
Since the weight loss of the rats on the nitrogen-free diet
averaged 17% as compared with 25% for fasted rats over the
7-day period, less degradation of protein in rats fed the
nitrogen~free diet is a definite possibility.

More recently, amino acid analyses of tissues have
been accomplished by the use of automated ion-exchange
chromatography, Scharff aﬁd Wool (1964) studied the plasma
and muscle (diaphragm and heart) free aminb acids of rats
(Table 1). A comparison of essential amino acids from
plasma, the only tissue analysis common to the studies of
Schurr gt al., (1950), Ryan and Carver (1963) and Scharff and
Wool (1964) has been made (Table 2), . The findings of Schurr
et al. (1950) and Scharff and Wool (1964) were similar in
spite of age differences of. the rats and the rations con-
sumed; determinations made microbiologically were higher by
4,9-48% than those obtained by ion-exchange chromatography,

possibly because small peptides that may have been in the

tissue extract, were utilized by micro-organisms, Values
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Table 2, Comparison of essential amino acid concentrations
of plasma as determined microbiologically (Schurr
et al., 1950) and by ion-exchange chromatography
(Ryan and Carver, 1963; Scharff and Wool, 1964)

Essential - Plasma (umoles/100 ml)
amino acids

Schurr et Ryan and Scharff and

al. (1950) Carver (1963) Wool (1964)
Arginine 18.4 7.5 17.5
Histidine 6,2 4,5 7.3
Isoleucine 10.1 6.7 8.8
Leucine 20.3 9.6 15.2
Lysine 39.7 26.6 34,6
Methionine 6.4 - 3.7 4.5
Phenylalanine 8.3 4,9 7.6
Threonine 37.3 16.7 25,2
Tryptophan 8.2 0.4 6.9

Valine 22,8 12.3 18.8
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found by Ryan and Carver (1963) are much lower (21,6-133,3%)
than those of Scharff and Wool (1964), no doubt because the
younger rats were in a fasting state in the Ryan and Carver
(1963) study, Scharff and Wool (1964) also found their
values for alanine, aspartic acid, glutamic acid, glycine
and serine from muscle were similar to those of Kaplan and
Shimizu (1963) as well as those of Ryan and Carver (1963)
for they ﬁade up about 75-79% of the amino acids of the
muscles which had most of its ninhydrin-reacting substances
in %he form of ammonia and taurine,

When Allison gt al. (1963, Table 1) compared intra-
cellular free amino acid concentrations from liver and
skeletal muscle as related to DNA, they found 1) the five
non-essential amino acids mentioned above, were also the
most highly concentrated in liver and skeletal muscle of
rats fed an 18% casein diet, with the exception of aspartic
acid in muscle, 2) alanine was most highly concentrated in
the liver and muscle followed by glycine in liver, and tau-
rine and glycine in muscle, 3) lysine of liver and muscle as
well as threonine, leucine and valine of liver were the most
highly concentrated among the essential amino acids, Rats
fed a protein free diet for three days had lower concentra-
tions of both essential and non-essential amino acids in
liver and muscle except far tyrosine, phenylalanine, glycine

and taurine in liver, With the exception of lysine, rats
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fasted three days contained even less free amino acids in
the liver and muscle but more lysine and taurine, More rec-

1, (1969) shdwed that intracellular levels

—

ently, Noda gt
of free amino acids in liver and muscle initially decreased
after feeding a 15% balanced amino acid mixture to rats for
one hour after a 23 hour fast; then, they returmed to orig-
inal levels,

Pawlak and Pion (1967, 1968a, 1968b) have looked at
the effect that.an inadequate intake of one amino acid has
on thé tissues of the body. In a preliminary experiment
(Pawlak and Pion, 1967), when 100 g Wistar rats were fed
herring meal supplemented with methionine and wheat flour
supplemented with tryptophan for 18 and 35 days, the lysine
level in blood and muscle of rats fed the herring meal was
about four and fifteen times higher, respectively, than that
of rats fed the wheat flour., Also noted were the threonine
levels: 1) for blood, 3,9 and 3.6\mg/1DO ml in rats fed the
herring meal 18 and 35 days compared with 1,9 and 1.7 for
those fed the wheat flour for a similar period, and 2) for
muscle, 12.9 and 12,0 mg/100 g wet tissue for the herring-
meal fed rats compared'with.7.2 and 6,9 for the wheat flour-
fed rats, the latter suggesting that the lack of lysine in
the wheat flour limited the utilization of threonine for
protein synthesis in muscle., In later experiments (Pawlak

and Pion, 1968a, 1968b), rats were fed wheat diets
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supplemented with graded levels of lysine or threonine for
two weeks only, The concentration of amino acids other than
lysine and threonine were siﬁilar whether the limiting amino
acid was lysine or threonine, The threonine levels of blood
and muscle increased more slowly in rats fed the lower lev—
els of threonine supplementing a wheat diet but began to
accumulate in these tissues when 4,2 g of threonine/kg dry
diet was consumed, Unlike lysine, however, the percent of
increase of thféonine in blood and muscle was augmented
three and seven times, respectively, while the threocnine
content of both blood and muscle rose 10 times higher than
that of unsupplemented wheat, Figure 2 shows that free
lysine became more concentrated in tissues, particularly in
muscle, for upon consumption of approximately 8.5 g and 12,5
g of lysine/kg dry matter, there was a large increase of
free lysine in muscle with a constant concentration when
animals were fed approximately 9.5 to 11,5 g of lysine/kg
dry matter,

The effect of imbalanced diets on concentration of
amino acids has also been studied, When adult rats (Sanchez,
1969; Sanchez and Swendseid, 1969) were force-fed either a
complete amino acid mixture, a mixture devoid of methionine
and cystine or a mixture containing 4% methionine, an
inverse relationship was found between the amount of meth-

ionine in the diet and the concentration of serine and
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glycine in plasma and liver for the activity of threonine
dehydrase in the liver was influenced by the amount of
sulphur-containing amino acids ingested, The effect of
these diets on plasma and liver free amino acids was similar
whether the study was 2-8 hours after rats ingested a single
meal or eight hours after the last meal, following 3 days on
the diets,

In a study by Leung gt

1, (1966b), 100-120 g rats
trained to eat a single meal for 1 hour daily, were fed a
basal diet consisting of a 6% casein diet supplemented with
0.3% DL-methionine or an imbalanced diet that contained the
basal diet plus 5.4% of an amino acid mixture devoid of
threonine, Rats were sacrificed at 1,5, 3, 5, 8, 13, 19 and
24 hours after feeding. Analysis of tissues revealed 1) the
concentrations of all the essential and non-essential amino
acids were higher at 3 and 5 hours in the livers of rats fed
the imbalanced diet than in those of the rats on the basal
diet, 2) most of the free amino acid concentrations in the
muscle of rats on the imbalanced diet were either similar or
lower than rats on the basal diet except for higher levels
of lysine at B, 13, 19 and 24 hours and 2 to 3 times the
concentration of valine at 1 1/2, 3 and 5 hours in the mus-

1.

s,

cular tissue of rats fed the imbalanced diet, Leung et

(1968) reported the pattern of amino acids in the muscle

more closely reflected those of the systemic plasma than did



48

the liver,

Young (1970), in his current summary of findings on
free amino acids, reports that while there is little differ-
ence in concentration of most amino acids found in the
plasma and in the muscle, threonine, histidine and all non-
essential amino acids other than tyrosine are more concen-
trated in the muscle than in the plasma and that taurine has
been noted by many (Awapara, 1956; Stern and Stim, 1959;
Ryan and Carver, 1963; Boquet and Fromageot, 1965; a review
by Jécobsen and Smith, 1968) to be exceedingly high in
skeletal muscle, its slow turnbver in muscle no doubt con-
tributing to its concentration (Boquet and Fromageot, 1965).
The high concentration of taurine in muscle probably is
related also to inadequafe essential amino acids for protein
synthesis for Allison gt al, (1953) found high levels of
taurine in the muscle of rats fed a'protein free diet or
fasted, for three days, Further evidence of taurine sSyn-
thesis has been reported by Fallon et al, (1968) for a 2%
cystine or methionine supplement to a 2% casein diet result-

ed in increased levels of taurine in the liver,

Summary

Many investigators have shown that man and rat can
adjust to a low protein intake by altering and diversifying
metabolic pathways, There is no reduction in over-all

nitrogen turnover but a smaller proportion of the available
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nitrogen is excreted and a larger amount is recycled for
protein synthesis, To a great extent, the latter is accom-
plished by a decrease in the.synthetic rate of muscle pro-
tein as evidenced by a reduced concentration of muscle RNA
and decreased synthetic activity of ribosomes isoclated from
muscle of rats, No data are available to indicate the role
of free amino acids in skeletal muscle during these periods

of adaptation to prolonged restriction of protein intake.

Restatement of the Problem

Studies to date indicate that adaptation to a change
in quantity and‘quality of dietary protein is accomplished
by a change in the protein synthesis, Most attention has
centered on adaptation 1) during fésting and 2) diets that
contain either no protein or low protein, In the latter
case, the rate of synthesis in the liver remains normal or
increases above normal but the synthetic rate in the skeletal
muscle is greatly reduced, possibly ﬁaking more aminoc acids
available for synthesis in other tissues, How intracellular
amino acids react and adapt to changes in the quantitative
and qualitative intake of brbtein during development, needs
further attention,

The objectives of this study, therefore, were 1) to
determine, if and how, intracellular free amino acid concen-

tration of skeletal muscle vary with ingestion of protein
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differing in quantity and quality; 2) to find out a) the
relationship between possible changes in free amino acid
concentrations of skeletal muscle and those of liver and
plasma, b) if the gastrocnemius is truly representative of
most skeletal muscle; 3) to investigate the long term effect
of a particular diet on a) the extracellular free amino acid
levels of the blood and intracellular free amino acids of
other tissues, h) the DNA, RNA levels of liver and skeletal
muscle, and the extent of adaptation to the diets,

However, since the effect of protein intake is
dependent on actual release and absorption of amino acids
within a certain period, the biological availability of
wheat waé determined as it made up the greater part of two
diets. The questionable influence of the microflora on the
amino acids of the gastrointestinal tract suggested inves-
tigation to see if coprophagy prevention had an effect on

amino acid availability,



MATERIALS AND METHODS

Male weanling rats of Wistar strain were housed
individually in suspended wire bottom cages, in an environ-
hentally controlled room at a temperature of 23°C, Diets
used were made into pellets of 0,8 cm in diameter, The diet
and water were fed ad libitum up to the time of sacrifice.
During the adjustment period, twenty-three day old rats were
fed wheat supplemented (SW) with soybean meal and fishmeal
(Table 3)., This diet met or exceeded the National Reséarch

Council (1964) recommendations in all required nutrients,

Availabilitv Study

Twenty-four rats, weighing 30-42 g at the start of

the adjustment period, were used in a study to determine the

biological availability of amino acids from pure wheat, Four

days later, the rats were divided at random into three groups

of eight rats each, two groups being fitted with tail cups

(similar to those described by Barnes et al., 1963) as fol-

Et adl.,
lows: 1) to cover the anus and prevent coprophagy, 2) to
act as a sham tail cup further down the tail but allowing
coprophagy, while the controls wore no tail cups, The test
period was begun four days after placement of tail cups when

rats weighed approximately 80 g,

Rats were fasted the first day of the test period to
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Table 3, Formulation and composition of diets for avail-
ability of amino acid study

Supplemented Unsupplemented Nitrogen-
Diets wheat wheat free
(SW) (W)

Ingredients (%):

Wheat 69.0 91.3
Soybean meal 18,0
Fishmeal 5.0
Alfalfa : 2,0 2,0
Dextrose 75.0
Alphacel 20,0
Vegetable o0il 3.0 3.0 ' 5.0
Defluorinated rock
phosphate 1.5 2,2
Vitamin premix” 1.0 1.0
Mineral premixy D.5 0.5
Chemical analysis (%):
Nitrogen 4,21 2,45

“Contains per kg diet: vitamin A (7150 IU), vitamin
D3 (818 ICU), vitamin E (5.5 IU), vitamin By, (11 pgl), vita-
min Bgg premix (5,5 mg riboflavin, 11,0 mg pantothenic acid,
16,5 mg nicotinic acid, 275 mg choline chloride), DL-
methionine (0.5 g), menadione (1,1 mg), Santoquin (1,1 mg)
and penicillin - streptomycin (26,4 mgs

YContains per kg diet: manganese oxide (81,4 mg Mn),
zinc oxide (11 mg Zn), ferrous sulfate (35,2 mg Fe), copper
sulfate (6,6 mg Cu) and iodized salt (4,719 g)



induce normal consumption of the nitrogen-free diet (Table
3) on the second day, Thé test diet, pure wheat, was fed on
the third day, Fecal collection was facilitated by includ-
ing a marker, ferric oxide, in the wheat diets (unsupple-
mented and supplemented with protein, that is, W and SW
diets, respectively, as listed in Table 3), each of which
was fed to twelve rats on the fourth day, Rats were fed
these diets throughbut the remainder of the experiment, A
similar availability study was conducted when rats weighed
approximately 300 g, Rats wearing tail éups did so through-
out the entire experimental period, The feeding schedule,
the amount of diet consumed and feces produced are indicated
in Table 4,

Fecal samples from any two rats within a specific
group were pooled on the basis of similar consumption of
food, Feces and diets were ground in a Glencreston micro-
mill before drying of a two-gram sample in a vacuum oven at
90°C for three hours, The moisture content of both diets
and fecal samples was considered when calculating the dry
matter consumption of diet and the production of feces,

While N content of diets and feces was determined by
the macro-Kjeldahl method (Horowitz, 1965), samples for
amino acid analyses were hydrolyzed according to the method
of Bragg gt al. (1966), Modifications included a hydrolysis

period of 15 hours and reconstitution to a volume of 100
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milliliters (ml) with a sodium citrate buffer at pH 2.2,
One half ml of each pooled sample was analyzed on a model
116 Beckman aminoc acid analyéer.

Tissue Study

Environmental conditions were similar for the tis-
sue studies as those noted above, In addition, controlled
lighting of 12 hours light and 12 hours darkness was used,
for daily rhythm in some metabolic activities has been

1., 1966a,

observed (Halberg and Barnum, 1961; Potter et
1966b, 1967; Baril and Potter, 1968; Elwyn, 1970; Wurtman,
1970). In the following experiments, after a 2-day adjust-
ment period on laboratory chow, base~line controls were sac-
rificed and 12 of the 25~day old rats were randomly assigned
to each diet (Tables 5 and 6): 1) experiment I, rats weigh-
ing 58-92 g were fed diets varying in casein content (C-1,
C-2, or C-3) or modified wheat—supplemented—wifh—protein
diet (mod, SW); 2) experiment II, rats weighing 40~70 g were
fed a 10,5% casein diet (C-2, see footnote x, Table 5) or a
wheat diet not supplemented with protein (W, Table 5); 3)
experiment III, rats weighing 40-70 g were fed the modified
C-2

! 9

SW diet (mod, SW, Table 5) or the casein diets (C-1
C-3, see footnote x, Table 5). After rats had been fed
these diets 4, 8 and 12 weeks, 4 rats from each diet were

sacrificed, They were anaesthetized by intra-peritoneal
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Table 5, Formulation and comparison of casein (C~1, C-2, C-3)
and modified supplemented and unsupplemented wheat
diets (mod, SW and W) used for tissue studies

Diets C-1 La2 C-3  Mod., SW W

Ingredients.(%):

Casein 5,2 10.5 21,0

Wheat (Pitic 62) 64,0 B88.8

Soyﬁean meal ' 13.0

Fishmeal . 5.0

Alfalfa . 2,0 2,0 2,0 2,0 2.0

Sucrose : 70.3 65,6 56,2 9.3

Alphacel 13.1 12.6 11.5

Vegetable oil 5,6- 5.6 5,6 3.0 5.5

Defluorinated rock

phosphate 2.2 2,2 2,2 2.2 2.2

Vitamin premix™’ 1.0 1.0 1.0 1.0 1.0

Mineral premixY 0.5 0.5 0.5 0.5 0.5
Chemical analysis: ‘

Nitrogen (%) | 0.95 1,81 3,29 3,32 1,97

Crude fat 6.0 5.8 6.1 5.3 6.8

Gross energy (cals/g) 4347 4355 4510 4695 4632

XContains per kg diet: vitamin A (7150 IU), vitamin D, (818 ICU),
vitamin £ (5,5 IU), vitamin Byo (11 pg), vitamin Bgg premix (575 mg ribo-
flavin, 11.0 mg pantothenic acid, 16.5 mg nicotinic acid, 275 mg choline
chloride), DL-methionine (0.5 g), menadione (1.1 mg), Santoquin (1,1 mg)
and penicillin - streptomycin (26,4 mg)., In addition, the following
supplements were added to the C~1, C-2 or C-3 diets fed to rats after the
8th week for experiment I, the 2nd week for experiment II and for all of
experiment I1II: thiamin (1.25 mg), pyridoxine (1.20 mg), choline chloride
(750 mg), potassium diphosphate. (4,1 g) and magnesium sulfate (20 g)

YContains per kg diet: manganese oxide (81,4 mg Mn
(11 mg Zn), ferrous sulfate (35,2 mg Fe), copper sulfate (6
iodized salt (4,719 g)

), zinc oxide
.6 mg Cu) and



Table 6,

Percent essential amino acid requirements of

. growing rat and content of diets used for

tissue studies

"Amino acid Requir‘ement1 Diets
C-1 Cw2 C-3 Mod, SW W
Esssntial:

Arginine .26 .49 1.01 1.48 .62
Histidine .30 .16 .28 .63 .44 .24
Isoleucine .50 .29 .57 1,08 .76 .40
Leucine .80 .54 .98 1.97 1,42 .91
Lysine .90 .50 .87 1.79 1.09 .32
Methionine® .60 AT .30 .52 .35 .22
Phenylalanine .90 .29 .54 1,17 .67 .61
Threonine .50 .25 .43 .90 .12 .40
Valine .70 .35 .69 1{28 .90 .56

Total 2.83 5,15 10,35 8,03 4,28

Non-essential:

Alanine . .22 .36 .68 .98 .54
Aspartic acid .48 1.24 1,49 1.90 .82
Cystine? o .10
Glutamic acid 1.38 2.60 5,00 4,46 3.74
Glycine .14 .24 .43 1.00 .60
Proline .33 .54 2,13 .72 1.30
Serine .27 .41 1.16 1.00 .61
Tyrosine .25 .52 1.08 .62 .38

Total 3.07 5,91 11,97 10,68 8.09
Amino nitrogen (%): 0,76 1,41 2,88 2.57 1,54
% total nitrogen: 80,0 79.9 87.5 17.4 78,2

{1962)

1Required essential amino acids according to National Research Council

2Partially destroyed by acid hydrolysis; cystine may supply 1/3 to 1/2 of

"methionine

3Tyro§ine may spare 1/3 of requirement

57
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injection of pentophenobarbital, At least 5 ml of blood
were taken by syringe from the posterior vena cava and
immediately centrifuged to oBtain serum, Liver and gastroc-
nemii from both hind legs, ‘as well as all.other leg and
thigh muscles were excised, immediately freed of all'visible
fat and connective tissue, dipped in physiological saline,
blotted dry and frozen on dry ice, The weight of each

sample was recorded,

Preparation of Samples

Deionized water was used in the preparation of all
homogenates and in the isoclation of nucleic acids, One gram
of the recently thawed gastrocnemii, leg and thigh muscles
or liver of each rat was homogenized in 6 ml of water by a
polytron (Brinkman Instruments, model PT-10) homogenizer,
This homogenate was further diluted to 20 ml with water and
used in the isclation of RNA and DNA according to the modi-
fied Schmidt-Tannhauser method as described by Fleck and
Munro (1962) and Wannemacher gt al., (1965), respectively.
The samples were prepared for analysis of free amino acids
by precipitating the protein of the supernatant of 2 ml of
the original homogenate with 1 ml of 10% sulfosalicylic acid,
centrifuginé at 39,000 x g for 20 minutes and bringing
supernatant to volume of 6 ml with sodium citrate buffer at

pH 1.8. A previous investigation indicated there was no

appreciable difference in the levels of free amino acids
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Free amino acid means of a single liver homogenate

after precipitation of protein by 3, 10, or 20%

sulfosalicylic acid (SSA)

Amino acids

(umoles/100 g) 3% SSA 10% SSA 20% SSA
Essential:
Histidine 11.2%0,09 11.5%0.07 10.5%0.06
Isoleucine 10.2%0.00 9,9%0,06 10.5%0, 00
Leucine 22.4%0,11 22,8%0.10 22.6%0.02
Lysine 27.8%0, 25 27.1%0,10 26.4%0,15
Methionine 8,7%0.02 9,2%0,00 8,5%0,07
~ Phenylalanine 7.1%0.21 9.3%0,07 8.8%0.09
Threonine 17.7%0. 40 23.3%0, 40 16,3%0. 35
Valine 16.9%0,09 17.0%0. 11 18.0%0.08
Total 122,1 133.2 121, 7
Non-essential:
Alanine 93.9%1,02 97.4%0.42 98.0%0,43
Aspartic acid 36.8%0. 31 46.7%0,52 39.7%0,37
Cystine 1.910.05 10,920, 43 5.2%0.52
Glutamic acid 75,720, 51 76.7X0.16 81.1%0, 20
Glycine 52,2%0. 60 54,120.12 57.2%0, 30
Proline 6.8%0,08 7.7%0,06 6.6%0,02
Serine 29,9%0, 11 32,2%0, 28 34,4%0, 24
Tyrosine 7.5%0.07 8.2%0,04 8.4%0,02
Total 305, 2 339.3 330.8
Total amino acids: 427,3 469,5 452,5
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obtained from a single homogenate precipitated with 3, 10
or 20% sulfosalicylic acid (Table 7). Samples precipitated
with 10% sulfosalicylic acid, however, were slightly higher
than those obtained when the other two concentrations of
éulfosalicylic acid were used,

Serum was prepared for free amino acid analysis by
precipitating the protein in 1 ml of serum with 0,5 ml of
10% sulfosalicylic acid, centrifuging at 37,000 x g for 30
minutes and freezing the supernatant, Prior to analysis,
the thawed serum was centrifuged again to remove any remain-
ing precipitate,

The gastrocnemii of each individual rat were
prepared for RNA, DNA, protein and free amino acid analysis
as outlined for all tissue (except serum) in Fig. 3. Equal
quantities of liver homogenate for every two out of four
rats fed the various diets for a period of 4, 8 and 12 weeks
were pooled before carrying out isqlation procedures; sim-
ilarily, serum samples were pooled, An equal guantity of
each leg and thigh homogenate of all four ra£s on-a specific

diet for a specific period of time, also, was pooled,

Analyses

Determinations were carried out in duplicate on all
samples, Ribonucleic acid and deoxyribonucleic acid were
quantitated in experiments 1 and II by the orcinol (Dische,

1955) and diphenylamine (Giles and Myers, 1965) assays,
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Tissue homogenate

| !

Acid precipitation Cold dilution
Amino acid l Tissue homogenate l
analysis Acid digestion Cold dilution
Nitrogen analysis | Protein analysis
by micro-Kjeldahl by folin assay

Cold acid extraction

Precipitate digested in Acid soluble fraction
alkali followed by acid {(nucleotides)
fraction
Precipitate (DNA and protein) Acid soluble Ffraction (RNA)

Hot acid extraction ‘

RNA analysis by orcinol assay or
UV absorption

Acid soluble fraction Precipitate (Protein)
(DRA)

Alkali solubilization

. Protein analysis
DNA analysis by by biuret assay
diphenylamine

assay or UV
absorption

Fig, 3. Outline of methods used in tissue analysis
for RNA, DNA, protein and free amino acids
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respectively, as well as by ultraviolet absorption using a
Unicam 5P B00 spectophotometer., There was less variation
between duplicates using the‘latter method so this was the
only method used in the determinations of RNA and DNA in
experiment III, In experiments I and II, protein deéermin-
ations were made on 1) 1:50 homogenate by phenol procedure
(Lowry et al., 1951), 2) 1:20 homogenate by micro-Kjeldahl
(Horowitz, 1965) and 3) pellet left after isolation of DNA

1., 1949); only the micro-

P4

by buiret assay (Gornall et
Kjeldahl method was used for protein determinations in
experiment III,

Free amino acid concentrations were determined by
the automated amino acid analyzer (Beckman, Model 116), All
amino acids except arginine (see chromatogram, Appendix A,
Fig. 1) were elutedvfrom a 56 cm column of UR-30 resin over
a period of 5 hours; arginine was eluted from a 6.3 cm col-
umn of PA-35 resin over a period of 1 hour,"Threg sodium
citrate_buffers were used as follows: pH 3.17 (0,2N), pH
4,25 (0,2N) at 79 minutes and pH 6.3'(0.4N) at 139 minutes
for the 56 cm column, and pH 5,28 (0,35N) for the 6,3 cm
column, with a flow rate of 70 ml/min, Temperature was
maintained at 55,3°C,

A chromatogram of the physiological fluids, serum
and gastrocnemii (Appendix A, Figs, 2 and 3), indicate

definite resoclution of most aminoc acids and non-amino
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acids1, The aspartic acid peak, however, caontains an
unidentifiable compound (possibly methyl sulfoxide) while
the serine peak contains asparagine and glutamine, The
large peak before ornithine in muscle tissue (Appendix A,
Fig. 3) probably contains all three methyl histidineg_

Although elution of a lysine standard on both the
56 cm and 6.3 cm columns varied from 1-2%, a similar compar-
ison for a tryptophan standard resulted in a higher value
(6.9%) of this compound being eluted from the 56 cm column
than from thé 6.3 cm column, Determination of the amino
acids from physiological fluids, however, gave higher lysine
values when eluted from the 6.3 cm column than from the 56
cm column as other compounds were eluted at the éame time as
lysine on the 6.3 cm column, The lysine concentration,
therefore, was calculated from values obtained when samples
were analyzed on the 56 cm column,

All data was statistically analyzedf Methods des-

cribed by Steel and Torrie (1960) were used,

"Includes ornithine and citrulline (as well as
ammonia and taurine) as they are not of nutritional signi-
ficance even though classified biochemically as amino acids



RESULTS

The rats adjusted reasonably well to the use of
tail cups within a day or two after their introduction,
Because the sham tail cup was not as securely placed as the
real tail cup held firmly over the anus, the sham tail cup
was a source of annoyance to some of the rats.

Prevention of coprophagy in rats consuming a sup-
plemented wheat (SW) diet or pure wheat (W) diet had no
significant effect on the weight gain of rats over a period
of 35 days, or on nitrogen balances at the two different
stages of growth, Nor were the apparent and true amino
acid availabilities from a pure wheat diet affected when
consumed by 80 g and 300 g male rats, except in one instance.
In the lighter, younger rats, a significant difference
(Table 8) occurred in the true availability of lysine: B89%
for rats with sham tail cups, 94% for control rats and 96%
for those with real tail cups, This depression in the true
availability of lysine (P<0,01) and that of tyrosine and
phenylalanine (P<0,10) to the younger rats fitted with sham
tail cups suggests that these rats possibly needed more time
to adjust to the sham tail cups., Otherwise, these results
indicate that the practice of coprophagy in control rats was
not great enough to cause adverse effects when prevented,
possibly because the diets were adequate in nutrients nor-

mally synthesized by the microflora,
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Availability Study

The availability of only 16 amino acids was
determined as tryptophan was destroyed completely and S~
containing amino acids were partially destroyed during acid
hydrolysis, True amino acid availability from pure wheat
fed to 80 g and 300 g rats was calculated according to the
equation: % amino acid availability = [amino acid intake
- (fecal amino acids - metabolic amino acids in feces from
N-free diet) x 100]/amino acid intake, Metabolic amino
acids were not considered in the calculation of apbarent
availability of amino acids, The resulting means and stan-
dard errors of trug and apparent availability, as influenced

by use of tail cups, are presented (Tables 8, 9).

Trye Availability

The average availability from wheat for each weight
‘group was 90-98% (Table 8) of each amino acid considered,
There were no significant-differences in the average avail-
ability of each amino acid between weight groups, ‘In both,
glutamic acid and proline were the most available, They
were followed closely by histidine, phenylalanine and serine
in the lighter, younger rats and by histidine, serine and
phenylalanine in the heavier, older rats, Aspartic acid
followed by alanine and lysine were the least available to
younger rats, while lysine followed by alanine and aspartic

acid were the least available to the older rats,
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The type of diet (SW or W) consumed, prior to the
availability study, by older rats had no significant effect
on the availability of amino acids in pure wheat, There
were significant differences, however, among the essential
amino acids; -lysine was the least available with histidine
and phenylalanine the most available to both younger and
older rats, Likewise, significant differences among the
availabilities of non-essential amino acids were found:
glutamic acid, proline and serine were more available than

the other amino acids considered,

Apparent Availability

Apparent availability averages ranged from 83, 8-
96.6% (Table 9). Findings showed 1) the most and least
available amino acids were the same as those for the true
availability, 2) differences among essential and non-
essential amino acids were similar to those for true avail-
ability values, 3) there were no significant differences
between apparent availability values of the 80 g or 300 g
rats for any particular amino acid, True availability
values, however, were higher than apparent availability
values by 1.4-8.3% (Table 10). The differences were great-
est for lysine and other amino acids having the lowest true
and apparent availability values; least differences were
found for glutamic acid, proline and other amino acids

having the higher values for both methods of measurement,
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Table 10, Differences between the mean values (%) obtained
for true and apparent availability of amino acids
from pure wheat fed to younger (80 g) and older
(300 g) rats

Amino acids True availability - apparent availability
(highest to T3 : 55
lowest values) Younger rats (80 g) Older rats (300 g)

Glutamic acid

[Y

Mo N D DN WA DS NN DS W W = -
L Y
O D U= W W ON WU YO -0 S B O

Proline

Histidine

°
(Y

»
.

Phenylalanine

Serine

°
.

Arginine

°
[y

Leucine

LY
.

Threonine

LY
.

Isoleucine

Valine

Tyrosine

(3
a

Methionine

i

a
.

Glycine

°
.

Lysine

[
-

Alanine

(Y
N

~N A~ O b W s DWW U W
-
O O 1 N N = 0 O B N -~ WU

Aspartic acid

LY
-

8Feces of every two rats were pooled

19 pooled samples; 212 pooled samples
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Generally, differences were greatest for the heavier, older
rats - especially lysine, aspartic acid and threonine, pos-
sibly reflecting their resisfénce to proteolysis, their
slower rate of absorption or an increase in the metabolic
fecal output of these amino acids, For both groups éf rats,
however, the apparent digestibility of protein was 4% lower
than the average apparent availability, A discrepancy in
digestibility and availability values has been reported by
de Muelenaere (1967a, 1967b), also. Nevertheless, apparent
availability values reflect the true availability of many

amino acids,

Tissue Study

The average weight of rats fed casein (C-1, C-2,

C-3) or wheat (mod, SW, W) diets are presented (Figs, 4, 5
and 6). Although little gain in weight was expected by rats
fed the (-1 diet, lack of weight gain by rats fed the C-2
and (-3 diets (experiment I)‘became evident after 4 weeks
(Fig, 4). By the end of the sixth week, a rat fed the C-2
diet had poor gait; subsequent sacrifice and hiétological
examination of a brain section showed small haemorrhages,
Continued lack of weight gain by rats fed the casein diets
for seven weeks confirmed suspected dietary inadequacies,

It was found the vitamin mixture used lacked thiamin and was

inadequate in pyridoxine, choline, potassium, magnesium,
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Accordingly, supplementation in the dfinking water for the
first few days and later in the food (Table 5), produced
dramatic results by more balanced physical activity within
an hour and by weight gain over a period of time (Fig, 4),
In experiment II, rats were fed the inadequate C-2 diet for
10 days, only, On the basis of weight gain, rats fed the
inadequate casein diets did not attain full recovery: 1)
rats fed the (-3 diet for 12 weeks gained 281 g in experiment
I compared with 385 g in experiment III, 2) rats fed C-2
diets gained 250 g, 274 g and 348 g in experiments I, II and
III, respectively (Fig, 7), and 3) rats fed the C-1 diet
gained 70 g in experiment I while a similar group in experi-
ment III gained 115 g during the 12-week experimental
period,

Weight gain of rats fed the other diets over the
12-week period were: 1) mod, SW diet, 421 g and 425 g in
experiments I and III, respectively, 2) W diet, 276 g in
experiment II, An average gain of 184 g by rats fed the W
diet for 5 weeks was similar to the 170 g previously repor-
ted (Giovannetti et al,, 1970), There was no significant
difference in the weight gain of rats fed the C-2 or W diets
in experiment II, Rats fed the C-1 diet in experiment III
gainéd significantly less than rats.fed the other diets,

The weight gain of rats fed the mod, SW, C-2 and C-3 diets

was greater than that of rats fed the C-1 diet for 84
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days, but the weight gain of rats fed the mod, SW and
C-3 diets was greater than C-2 as well as C-1 diets for
56 and 2B days, The means aﬁd standard errors for the
weight of tissues in rats fed a casein (C-1, C-2, C-3) or
wheat (mod, SW or W) diet are presented (Appendix B, Tables
I and 1I),

Other parameters were used to measure the effect of

diets consumed 4, B8 or 12 weeks,

Nucleic Acids and Protein

The summary of mean values for DNA and RNA (Table
11) shows that the concentration of each nucleic acid in
liver was at least twice that in the gastrocnemiij; thigh and
leg muscles of zero-time control rats.and those fed the var-
ious diets 4 weeks, generally had slightly higher concentra-
tions of DNA and RNA than did the gastrocnemii, In most
instances, DNA and RNA of all tissues decreased over the 12-
week period, The greatest decrease occurred between tissues
of zero-time control rats (li&er in experimeﬁt IT but all
tissues of experiment III) and that of rats fed the various
diets for four weeks; generally, DNA and RNA concentrations
in the tissues of rats fed the C-1 diet decreased the fast-
est, Remarkable, however, was the constancy of DNA concen-
trations after 12 weeks regardless of the diet consumed;
values were 263-266 mg/100 g, 72-89 mg/100 g and 60-70 mg/

100 g for liver, gastrocnemii, thigh and leg muscle,




96°0 99 69 90"t €8 8L Ly*z 959 992 LA
26°0 vl 08 viTl L6 08 6v°2 52l 162 ™M g
Lo zLL 571 1271 EL g0l 06°2 otg 6L2 Moy MS *Pop
82"t 8. L9 2E" L 56 zL vL°z oL 992 AM 21
0E" | 26 1L vLlL oot 8s 8y e oL 28z Mo
08°0 13 Sl 6L°1 9e L vit v9°e 99. 062 AM v £-2
€21 vl 09 €E0" 1 26 68 9r°2 059 v9z AM Z
0t 26 L 10" L 201 201 252 699 992 AM g
59°0 Lz 961 90" L 8zl ¥4} 2972 vel g8z M v z~3
vty 08 oL Vil 68 8L 2s°e €99 €92 Aoz
SL°l L6 ve €z°1 56 9L 9v°2 L9 152 EL:|
26°0 ZLt 2zl 00"} €0} €01 62 €65 ave AM p -2
€071 vel 8Ll 06°0 Lyt 651 vy°2 €26 6LE STOT3U0D BWT}-0I37
111 3uawrxadxy
bt lg €L oot 06 06 iv°e 1oL 162 AM Z)
LET L 601 €8 v0°L 96 26 292 969 052 Mg
98°0 9¢) 851 or‘y 44 101 §5°2 9€L 962 AM n
16°0 v8 26 gz°t 86 28 bv-e 852 SlE Moz
£8°0 86 8Ll 20" €zl izl 89°2 61L 892 I og
68°0 921t 2vl 20"t 591 291 85°2 S8.L v0E Aoy z-2
0s°2 v88 rSE STOI3U0D BuT3-0137
" 11 3uawrzadxy
¥NG (6 00L/Buw) yna (B 001/Buw) yNG (6 001/6w) 33Tp uo
OTIeT vy vy vng OF¥ET vy VY vNT OT¥ET yng VY ¥Na auT3 pue 33rg
it N9 I8ATT

S3aam Z| I0 g ‘p 104 S38TP (pn5 “pou ‘M) 3E3YM IO
uUtssea pajg siex jo arasnw (7)) bay pue ybryz “(N9Y)

(E-3 ‘2-3 ‘1-3)

TTwauooxgzseh

‘xantT

YT SOTIBI yNQ / ¥YNY PUB SPTOB OT3TONU 40 UOT3EIZUSIUOD UBBW 4O Azewung 1| atqe}



78

respectively, The RNA/DNA ratios were lower in the tissues
of rats sacrificed at the start of the experiment than they
were for rats fed the diets 4, B8 or 12 weeks except for the
liver of rats fed the C-2 and W diets for 12 weeks (experi-
ment II) as well as rats fed the C-1 diet for 4 weeks and

most thigh and leg muscle (experiment III), i,e, the thigh

and leg muscle of rats fed the C-2 and C-3 diets for 4 weeks

'and rats fed the mod, SW diet 4, 8 and 12 weeks had ratios
below those of control rats, Otherwise, there waé no
apparent trend upward or downward over the 12-week period
in tissues of rats on a specificvdiet or in a particular
tissue of rats fed a variety of diets, |

A greater number of statistically significant de-

creases were apparent in gastrocnemii than in liver (Tables
13 and 14b), Since DNA decreases with age in terms of tis-
sue weight (Miller, 1966), there is no explanation for the
increase in DNA content in the liver of rats fed the C-2
diet from 8 to 12 weeks (Table 13)., Nor are the DNA con-
centrations in gastrocnemii at 8 and 12 weeks (Table 15) in
keeping with the constancy of DNA concentration (Thomson
et al., 1953) regardless of diet, Liver concentration of

RNA (Table 15), however, was influenced more by diet than

was the gastrocnemii, for the livers of rats fed the mod, SV,

C-3 and (-2 diets (4 weeks) and the mod, SW and C-3 diets

(8 weeks) had significantly higher levels than did rats fed
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Table 13, Summary of significant decreases and increases in
concentration of DNA, RNA and pretein in liver and
gastrocnemii of rats fed casein (C-2) or wheat (W)

diet for 4, B or 12 weeks - experiment II
Diet and time DNA RNA Protein
on diet C G C e’ C GN
Decreases
L2
0-4 wk * * *
0-8 wk * ¥ ¥ *
0-12 wk * ¥
4-8 wk *x *x
4-12 wk *% *%
8~12 wk ** **
W
0-4 wk * * **
0-8 wk * * **
0-12 wk * *
4-8 wk * * **
4-12 wk * % *%
Increases
C-2
8-12 wk * *
W
4-12 wk ** *

1No zero-time control samples available for analysis

* * ¥
Different at P<0,05; Different at P<0,01
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Table 14a, Summary of significant increases in concentration
of RNA and protein in liver and gastrocnemii of
rats fed casein (C-1, C-2, C-3) or wheat (mod, SW)
diet for 4, 8 or 12 weeks - experiment III

Diet and time RNA Protein
on diet TGN TN
C~1
0-8 wk *
0-12 wk *
4_12 Wk * * %
C-2
0-8 wk *
0-12 wk *
4-12 wk *
€-3
0-8 wk * %
0-12 wk *x
4-8 wk *
4-12 wk *
Mod, SW
0-4 wk *x
0_8 Wk * %
0-12 wk **

*

¥* *
Different at P<0,05; Different at P<0,01
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Table 14b, Summary of significant decreases in concentration
of DNA, RNA and protein in liver and gastrocnemii
of rats fed casein (CL-1, C-2, C-3) or wheat (mod,
SW) diet for 4, B or 12 weeks - experiment III

Diet and time DNA : RNA Protein
on diet L GN L GN L GN
C-1

0-4: wk * * ¥ *% * % * %
0-8 wk * * % *% * % * %
0-12. wk * * % * ¥ * ¥ * %
4-8 wk *
4-12 wk *
C-2
0-4 wk + * % * % * % *%
0-8 wk * % *% * % *x
0-12 wk * % * % * % %
4-8 wk * *
4-12 wk ** * *%
C-3
0-4 'wk + * % * %
0-8 wk * % * % * ¥
0-12 wk * % *% * %
4-8 wk * % * %
4-12 wk * % * %
8-12 ‘wk *
Mod, SW
-4 wk * * % * %
0-8 'wk * * % * % * %
0~12 wk * *% * % *%
4-8 wk * % * % *%
4-12 wk * % *% * %

8-12 wk **

¥ ¥* *
Different at P<0,05; Different at P<0,01
4 Different at P<0,10



Table 15, Summary of significant changes in DNA, RNA and
protein concentrations in liver and gastrocnemii
of rats fed casein (C-1, C-2, C-3) or wheat (mod,

SW) diets for 4, 8 or 12 weeks - experiment II11I

83

Diet and time DNA RNA Protein
on diet E—————EN T 5 B &
4 weeks
Mod, SW>C-1 * % * * %
Moad, SW>C-2 * * %
C-3>C~1 * % * * %
C-3>C~2 * %
C-2-C-1 * % * * %
B weeks
Mod, SW>C-1 * *%
L~3>C~1 * * %
C-2>C~1 * % *
C-2>Mad, SW *x
12 weeks
Mod, SW>C-1 * %
L-3>C=1 * %
L-2>C~1 * * %
C-2>C=3 * %
C-2>Mod, SW *
*
Different at P<0,05

T x

#*
Different at

P<0, 01
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the C-1 diet,

Protein content (determined by micre-Kjeldahl)
expressed as mg/100 g tissue or mg/mg DNA or mg/mg RNA (Table
12) was lower in liver than in muscle tissue; it was similar
in the two types of skeletal muscle analyzed, The extent of
protein lost from the liver after the start of the experi-
ment varied with the nutritive value of the diet (Tables 13
and 14b), the greatest loss occurring in the livers of rats
fed the (-1 diet. Although there was a consistenf increase
in the protein content of liver tissue (Tébles 13 and 14a)
from 4 weeks on, not all rats achieved levels as high as
those of the zero—time control rats, Thevprotein content of
muscle rose significantly over control levels with highest
levels being attained by rats fed the C-3 and mod, SW diets,
These findings support the thesis of Waterlow and Stephen
(1966) that low protein intake promotes loss of protein from

the liver and decrease of protein synthesis in muscle tissue,

Free Amino Acids

Date for all identifiable ninhydrin-reacting sub-
stances extracted from the non-protein fraction of tissues
obtained in experiments II and IIl are presented in Appendix
L, The mean concentrations (mg/100 ml or 100 g) as well as
the standard errors for all unpooled samples are included,
Summaries of this data, converted to pmoles/100 ml or 100 g

are found in Tables 16 and 17,
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Generally the free amino acid concentrations (on
basis of wet weight), like DNA and RNA, were much higher in
liver than in skeletal muscle (Tables 16 and 17), with com-
parisons between liver and muscle similar +o those of Schurr
et al. (1950); levels in thigh and leg muscle, however,
usually were slightly higher than in gastrocnemii, With the
exception of tryptophan, most ninhydrin-reacting substances
were lower in serum than in other tissues, In many instan-
ces, however, the higher concentrations of tryptophan were
found in serum, Although no measurable amount of cystine
was detected in skeletal muscle (Appendix A, Fig, 3), it was
present in serum (Appendix A, Fig, 2) and highest in liver,
High levels of ornithine were found in the liver also but
arginine and citrulline were not in sufficiently high con-
centration for detection, Taurine and ammonia were highly
concentrated in skeletal muscle, These differences are most
evident when depicted as bar graphs (Figs, 8 and 9), with
liver and tissue values interpreted on the basis of mg of
DNA, Concentration changes for diets consumed 4, 8 or 12
weeks are also noticeable,

In serum (Figs, B8a and 9a), most obvious are the
high concentrations of the three essential amino acids -
lysine, threonine and valine, During the 12 week period,
values for lysine and threonine were more variable for rats

fed the C~1, C-2 and W diets than they were for those fed
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the C-3 and mod, SW diets, Alanine, glutamic acid and

serine were the most highly concentrated of the non-essential
amino acids of serum, while ahmonia was the most concentra-
ted for non-amino acids, Lowest in concentration were his-
tidine, methionine, phenylalanine and tryptophan of the
essential amino acids and either ornithine or citrulline of
the non-amino acids,

Evaluation of liver (Figs, 8b and 9b) and skeletal
muscle (Figs, Bc, 8d and 9c, 9d) concentration values for
free amino acids and non-amino acids on the basis of pmoles/
mg DNA, generally showed liver values less concentrated than
either gastrocnemii or thigh and leg muscle. Tryptophan in
liver was present in only trace amounts but levels of aspar-
tic acid were higher than found in muscle, Glycine values
were much higher in muscle, however, than those.found in
liver, Like free amino acids in serum, the intracellular
free amino acids and non-amino acids were most highly con-
centrated as 1) lysine, threonine, leucine and valine of the
essential amino acids, 2) alanine, glutamic acid and serine
of the non-essential amino acids, and 3) ammonia. of the non-
amino acids, In addition, 1) histidine values were higher
or as high as those for valine in the liver and even higher
than valine in the muscle, 2) high glycine values of muscle
varied greatly with diet, and 3) taurine was markedly

higher in muscle than in any other tissue,
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The results of statistical analysis 1) to determine
how diet affected the concentrations of ninhydrin-reacting
substances in serum, liver, gastrocnemii, thigh and leg mus-
cle, 2) to note changes resulting from consumption of diets
over a period of time, 3) to detect differences existing
between the three types of tissue, are included in Appendix
D, A summary showing the effect of diet is presented
(Tables 19 and 20), also.

Many ninhydrin-reacting substances were not affected
by either diet or the length of time rats consumed the diet,
In experiment II (Table 18), the diets had no significant
effect on 3, 3 and 2 essential amino acids and 4, 4 and 3
non-essential amino acids of serum, liver and gastrocnemii,
respectively; the duration of time rats were fed these diets
had even less effect on the serum for B8 of the essential
amino acids, and all of the non-essential amino acids except
cystine remained statistically unchanged regardless of the
diets consumed by the rats, Findings for experiment III
(Table 18) also indicate that serum is less affected by the
type of diet consumed and the extent of the feeding period
than are liver and gastrocnemii, In both experiments, the
diets used had the greatest influence on the free amino acid
and non-amino acid concentrations of the gastrocnemii, How-
ever, the liver caoncentrations (experiment III) were greatly

influenced by diet, also,
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1, Dietary effects

The summary for experiment II (Appendix D, Table 1
or Table 19) shows rats fed the C~2 diets had higher concen-
trations of 1) six essential amino acids in serum, 2) eight
essential amino acids in gastrocnemii than did rats fed the
W diet, The latter rats, however, showed higher levels for
all but one essential amino acid (lysine) in the liver than
did the group of rats fed the C-2 diet, Lysine, also, was
higher in the serum and gastrocnemii of rats fed the C-2
diets than in those consuming the W diet for 4, 8 and 12
weeks; in fact, no lysine was detectable in the gastrocnemii
of rats fed the W diet, Significantly higher, too, were the
levels of methionine in gastrocnemii of rats fed the C-2
diet 4 and 8 weeks but not after 12 weeks, Actually, fewer
differences in the free aminc acid content of liver and gas-
trocnemii ﬁccurred after consumption of diets for 12 weeks,
as the ninhydrin-reacting substance levels in similar tis-
sues of rats fed the W diet increased more than those of
rats fed the C-2 diet (Table 16 or 19),

0f the non-essential amino acids, rats fed the C-2
diet had higher levels of aspartic acid and cystine in serum
(8 weeks), alanine and glutamic acid in liver (12 weeks) and
alanine, serine and threonine in gastrocnemii (4 and 8 weeks)

than did the W diet-fed rats, All glycine concentrations,

however, were higher in the serum, liver and gastrocnemii of
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rats fed the W diets than those fed the C-2 diets, Proline
was also higher in serum and liver of the rats fed the W
diet, Most of the non-amino écids, especially taurine, were
more highly concentrated in the serum and gastrocnemii than
tﬁe liver of rats fed the W diet,

Within the various tissues analyzed (experiment IIT,
Appendix D, Tables II or Table 20a), significant differences
in free essential amino acid concentrations also resulted
when four different diets were fed to rats 4, B or 12 weeks,
As in experiment II, response to the diets fed varied within
a particular tissue over a period of time, A particular
effect often persisted throughout the 12-week period, i,e,
valine in the serum of rats fed the C-3 diet for 4 and 12
weeks was more highly concentrated than that of rats fed the
other diets even though there was no difference between serum
levels of valine.in rats fed (-2 and C-3 diets (12 weeks),
On the other hand, the essential amino acid, threonine,
showed the greatest variation in gastrocnemii as rats fed
the (-3 diets for 4 weeks had significantly higher levels of
this amino acid than did rats fed the other diets; however,
after 8 weeks rats fed the C-2 diet had the highest levels
and by 12 weeks a similar concentration of threonine was
found in the gastrocnemii of rats fed C-1, C~2 and C-3 diets
which were all significantly higher than rats fed the mod,

SW diets, More commonly, however, similar responses to diet
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were reflected as a low concentration of an amino acid, i.e,
rats fed the mod, SW diet for 4, 8 and 12 weeks had lowest
levels of threonine in the liQer and histidine in gastroc-
nemii; the lowest level of threonine.in rats fed the mod, SW
diet, however, was found in gastrocnemii (12 weeks). In
general, the lower concentrations of essential amino acids
were found in tissues of rats fed either the C-1 or mod. SW
diets, except for arginine in gastrocnemii and histidine and
lysine in the serum and gastrocnemii of rats cansuming the
C-1 diet for 4, 8 or 12 weeks, In many instances, higher
levels of essential amino acids were found in the tissues of
rats fed the (-3 diet but often there were no significant
differences in these concentrations compared to rats consum-
ing the C-2 or mod, SW diets, ;

Loncentration values for non-essential amino acids
(Appendix D, Tables II or Table 20b) showed a preponderance
of high levels in-the tissues of rats fed the C=1 or C-2
diets, e,qg, alanine, cystine, serine, tyrosine (except at 8
weeks in liver) and glutamic acid in serum at 4 weeks and in
gastrocnemii at 8 weeks; usually lowest values were found in
rats fed the mod, SW diet, Aspartic acid, glutamic acid and
proline were most highly concentrated in gastrocnemii of
rats fed the (-3 diet 4 weeks, Highest levels of glycine
were found in the serum and gastrocnemii'of rats; fed

the mod, SW diets for 4, 8 or 12 weeks, No significant
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difference in concentraﬁion of glutamic acid or glycine was
found in the liver of rats fed.the four diets used in ex-
periment III (Table 18 or ZUb).

The summary of non-amino acids (Appendix D, Tables
Ii or Table 20c) shows the ornithine levels in serum were
also similar regardless of the diet consumed, Citfulline
and ammonia, however, were highest in rats fed the C-1 diet,
with ammonia showing higher levels in the serum, liver and
gastrocnemii after 4, 8 and 12 weeks consumption, respec-
tively; again, lowest values were found in rats fed the mod,
SW diet, Taurine was most prominent in the serum, liver and
gastrocnemii of rats fed either the mod, SW or C-3 diets,
mostly after 8 or 12 weeks,

2, Effect of diet with age

The data (Appendix D, Tables III and IV) indicate
that 1) more significant changes occurred in the liver and
gastrocnemii than in thé serum, 2) most of these significant
changes occurred between the start of the experiment and
after rats had consumed the diets 4 weeks, and 3) in liver
and muscle the significant changes mostly involved a decrease
in concentration of the various amino acids, Most of the
significant increases, however, were exhibited in the serum
of rats studied in experiments II and III (Appendix D, Tables
I1Ta, IVa),

Unfortunately, no data for serum were available to
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determine the changes that probably took place between the
start of the experiment and after consumption of the C-2 and
W diets (experiment II), In éxperiment I11, in the serum of
rats fed the C-1 diet, 1) only cystiﬁe{ gserine and ammonia
increased after consumption of the diet for 4 weeks, 2) thre-
onine, alanine and serine after 8 weeks and 3) threonine,
alanine, cystine, serine and ammonia after 12 weeks. ' Con-
centration increases in threonine, valine, alanine, cystine,
glutamic acid, serine and tyrosine in the serum of rats fed
the C-2 diet for 4 weeks ﬁersisted throughout the experiment,
Similar serum increases were noted for histidine, lysine,
methionine, threonine of (-3 fed rats as well as histidine,
lysine, threonine and valine in rats fed the mod, SW diet,
There Qas an increase in the Concentrétion of serum alanine,
regardless of the diet fed, ©OSignificant increases in serum
of rats from 4-6 weeks, 4-12 weeks and 8-12 weeks occurred
in 1) the arginine, cystine and taurine values of rats fed
the C-2 diets (experiment I1), 2) the threonine and alanine
values of rats fed the C-1 diet, as well as the valine, meth-
ionine and histidine values of the rats fed ﬁhe C-2, C-3 or
mod, SW diets, respectively. (experiment III), Only lysine
and ornithine decreased between 4, 8 or 12 weeks in rats fed
the C-2 diet (experiment II); similar decrease in serum
lysine did not occur in rats fed the C-2 diet although orni-

thine followed the same pattern, Decreases, however, were
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more prominent in the serum of rats of experiment 111,

In liver (experiments II and III, Appendix D, Tables
IT1Ib,- IVb) most of the significant changes consisted of de-
creases from the start of the experiment to 4, 8 or 12
weeks later, Consistent decreases occurred in most essen-
tial amino acids of experiment II, with the exception of
tryptophan and threonine as well as aspartic acid and glu-
tamic acid; not all essential aminoc acid concentrations in
experiment III, however, showed a decrease but leucine,
phenylalanine and valine in most rat livérs decreased,
Between 4-8 or 4-12 weeks most decreases in essential aminé
acids occurred in the liver of rats fed the C-2 diet in
experiment Il and in the liver of rats fed the C=3 and mod,
SW diets as well as the C-2 diet in experiment III, Among
the non-amino acids, most significant decreases occurred
between 0-4, 8 or 12 weeks f0r>1) ornithine for all rats,
2) ammornia in rats fedlthe mod, SW diet, and 3) taurine for
rats fed the C-1 and C-2 diets,

Concentration of ninhydrin-reacting substances in
the gastrocnemii did not have as many increases as Serum or
as many decreases as liver, Nor were the essential amino
acid concentrations in experiment III involved in as many
changes from period to period as they were in other tissues,
In experiment II (Appendix D, Table IlIc), éignificant

increases occurred in 4 and 6 essential amino acids of rats



fed the W diet between 4-12 weeks and B-12 weeks, respec-
tively; decreases, however, included 4 or 5 essential amino
acids in rats fed the (-2 diet and B8 in rats fed the W diet
for various periods after the start of the experiment to 4,
8 or 12 weeks later, Between 4-8 weeks and 4-12 weeks,
lysine and histidine decreased in rats fed the C-2 diet
while arginine, histidine and threonine decreased between
4-8 weeks in rats fed the W diet, Most of the non-essential
amino acids decreased throughout the experiment, especially
aspartic acid, glutamic acid, glycine and serine. The con-
centration of the non-aminc acids, ornithine and citrulline,
also were reduced, mostly in rats fed the C=2 diet.-

Only the concentrations of two essential amino acids,
threonine and valine, increased in the gastrocnemii of rats
in experiment III (Appendix D, Table IVc); alanine, proline,
serine and tyrosine increased, also, mostly between 0-4
weeks or 0-8 weeks, There was a persistent increase in the
taurine content of gastrocnemii in rats fed the C-2 and/or
C-3 diets, Arginine decreased significantly for all rats
except those fed the C-1 diet between the start of the exp-
eriment and after four weeks on the diet; lysine decreased
between 0-4 weeks, 0-8 weeks and 0-12 weeks in rats fed the
mod, SW diets and between 4-12 weeks and 8-12 weecks in rats
fed the C-1 diet, Glutamic acid, glycine and all the non-

amino acids decreased almost without exception for all diets
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throughout most of the experimental period. These exten-
sive changes, as significant increases or decreases, indi-
cate that the gastrocnemii is indeed a metabolically active
tissue, |
3. Comparison of tissues

When serum, liver and gastrocnemii were analyzed
statistically (Appendix D, Tables V and VI), all free amino
acids except three, and ornithine were more highly concentra-
ted in the liver than the serum of zero-time control rats,
In addition, the essential amino acids - arginine, histidine,
leucine, phenylalanine and valine, non-essential amino
acids - aspartic acid, glutamic acid,. tyrosine and ornithine
were in higher concentration in the liver than in the gas-
trocnemii of zero-time control rats., There was a highly
significant difference (P<0,01) between histidine, leucine,
glutamic acid, glycine and serine of serum and gastrocnemii
of these rats, with concentrations of lysine, threonine,
tyrosine, ornithine, citrulline and ﬁaﬁrine being higher in
the gastrocnemii than in the serum, at a less significant
level (P<0,05), The highest concentration of arginine was
found in the gastrocnemii of control rats., There was no
difference in the tryptophan or ammonia content of tissues,

Tryptophan, however, was higher 1) in the serum than
in the liver of rats fed the C-2 diet (4 weeks, experiment

IT; 8 and 12 weeks, experiment ITI), C-3 diet (4, 8 and 12
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weeks) and W diet (12 weeks); 2) in the serum than in gas-
trocnemii of rats fed the C-2 diet (4 weeks, experiment II;
12 weeks, experiment III), the C-3 diet (8 weeks) and W diet
(12 weeks); 3) in the gastrocnemii than the liver of rats
fed the C-2 (12 weeks, experiment III) and C-3 diets (8
weeks), Of particular interest also are.the higher lysine
values for serum than for gastrocnemii of rats fed the W diet
(4 and 8 weeks), While the arginine content of serum and
gastrocnemii was higher than that of the almost arginine-
devoid liver, the serum content of rats féd the W (8 weeks)
and mod, SW diets (12 weeks) was higher than that found in
the gastrocnemii, with the latter being higher than the
serum for rats fed the C-1 and C-2 diets (4 weeks) as well
as the W diet (12 weeks),

Cysfine, also, was higher in the serum than in the
1) liver of rats fed the C-2 diet (8 weeks), C-B.(A weeks),
W diet (8 weeks), 2) géstrocnemii in rats fed the C-3 diet
(4 weeks), W diet (B and 12 weeks). Although citrulline
levels in serum were higher than the trace amounts found in
liver, citrulline was most highly concentrated in skeletal
muscle, In fact, all the degradative products of protein
metabolism in the tissues analyzed, were more highly concen-
trated in the gastrocnemii than in either the liver or serum,
By far the greatest concentrations of free amino acids per

gram of tissue, however, were found in the livers of most



rats,
4, Overall status of free amino acids in tissues

The total amino acid.content of tissues other than‘
serum was lower for the rats consuming‘the various diets
over a period of time than it was for the rats sacrificed at
the start of the experiment (Tables 21 and 22)., The lower
concentrations of most individual amino acids in serum and
the higher concentrations in the liver noted previously,
were reflected in the total amino acid content of tissues.
The slightly higher individual amino acid level for thigh
and leg muscle than for gastrocnemii was found also in the
total amino acid content, except for rats consuming the C-1
diet (12 weeks), The total amino acid concentration of
tissues decreased over a period of tiﬁe with the exception
of levels of amino acids in the serum and liver.of rats fed
the C-1 diet, This increase in total amino acids was found
as an increase in both the essential and non-essential amino
acids, the essential to nonhessentiai émino acid ratio (E/N
ratio) indicating that the increasé in the essential amino
acids was not as great as in the non-essential amino acids,

The higher E/N ratiq of serum than other.tissues
of rats fed the various diets indicate serum contained a
higher proportion of essential amino acids than any other
tissue, Data for E/N ratios of zero-time control rat livers

(0.42, experiment II and 0.34, experiment III) suggest a
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higher concentration of essential amino acids in the liver
than either gastrocnemii or thigh and leq muscle which had
similar ratios, Most of the fatios for livers of rats con-
suming the diets 4, 8 or 12 weeks were more like those for
skeletal muscle than they were for control rats. The ratios
for serum of rats fed the less nutritionally-adequate C-1
and W diets remained consistently lower than ratios for
serum of other rats; usually, the higher E/N ;atios_applied
to the rats fed the more adequate diets, C-2, C-3 and mod,
SW, also, On the whole, however, the non-essential amino
acids account for a greater part of the total amino acids
and ninhydrin~reacting substances found free in tissues.
Alanine, aspartic acid, glutamic acid, glycine and
serine (AAGGS) account for over 50% of the total amino acids,
In this study, AAGGS values were gimilar to those of Ryan
and Carver (1963), Kaplan and Shimizu (1963), Scharff and
Wool (1964) and made up 75,6% of the total amino acid con-
tent of gastrocnemii in control rats sacrificed at the start
of experiment II, In controls for experiment II1, 78,8% of
total amino acids in thigh and leg muscle consisted of AAGGS,
values for serum and liver were 55,0% and 70, 8%, respective-
ly, The lowest percentages of these amino acids were found
in most tissue analyses of rats fed the C-3 diet; the highest
percentages were found in the liver of C-2 diet-fed rats and

in the skeletal muscle of W diet-fed rats (experiment II),



Non-amino acids contributed about 25-33% of the
total ninhydrin-reacting substances in all tissues of zero-
time control rats except for the gastrocnemii in experiment
IIl which contained approximately 66% of the total ninhydrin-
reacting substances, The non-amino acid content contained
high levels of taurine, Taurine in control rats contributed
the following to the total ninhydrin-reacting substances:

5% in serum, 2,7-5,0% in liver, 12,4-18,0% in.gastrocnemii,
and 17.8% in thigh and leg muscle, Concentrations in the
livers of rats fed the C-1 and C-2 diets, however, were low-
er than the taurine content of the serum for the same rats,
but the taurine éontent in liver of rats fed the C-3 and
mod, SW diets exceeded the serum values for the same rats,
Liver values for rats fed the C-2 and W diets (experi-

ment II)_were lower than those.o; serum and were highest in
skeletal muscle. In experiment III, taurine content of
gastrocnemii and thigh.and leg muscle of rats fed the C-1
and (-2 diets was half that of controls while rats fed the
C-3 and mod, SW diets had a taurine content about twice as
large as that found in zero-time control rats,

On the whole, data obtained for tissue of rats fed
the C-2 diet in experiment III agree well (Table 23)
with that found for rats fed the C-2 diet in experiment II,

despite some of the differences noted asove.
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DISCUSSION

This discussion deals with some controversial
aspects in the determination of amino acid availabilities by
the fecal analysis method, In addition, emphasis is placed
on interpretation of the tissue study data, No attempt is
made, however, to compare serum and liver free amino acid
values found on this long term study (i,e, 28, 56 and 84
days) with the many short term studies (i,e, several hours
to seven days duration) found in the literature; but where
applicable, similar changes in levels of free amino acids,
especially with reference to the limited number of longer-
term studies of 28 days duration, will be noted, Rather,
the aim is to determine whether free amino acids of develop-
ing tissue, i,e., serum, liver or skeietal muscle, reflect
- the amino acid intake; and if so, to what extent are defic-

iencies and excesses reflected in these tissues,

Availability Study

Determination of the availability of amino acids
from protein is a measure of their potential utilization in
a biological system, In vitro assays measure the rates at
which amino acids are released by proteolytic enzymes
whereas in vivo assays determine the amino acid levels of

undigested protein in relation to that of ingested protein.
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To date, all methods used give only an estimate of the true
availability of amino acids, In particular, the fecal
analysis method has been criticized because the role of the
gastrointestinal tract in mammalian protein metabolism is
not well understood,

Accurate measurement of the metabolic fecal amino
acids has been a problem; many techniques have been used to
determine its importance, Mitchell and Bert (1954) showed
metabolic fecal nitrogen was independent of the level of
dietary protein by extrapolatioﬁ of a series of nitrogen
levels to zero-protein intake level. This concept has been
upheld by Nasset (1965) also, for the mixture resulting from
the approximate seven-fold dilution of ingested labeled pro-
tein by endogenous protein (Nasset and Ju, 1961) was hydro-
lyzed in the lumen to yield an amino acid pool with a
relatively constant molar ratio regardless of the type and
amount of protein ingested., Other findings, however, indi-
cate that endogenous nitrogen secretions increased or de-
creased with the level of protein in the diet (Albanese,
1959; Twombly and Meyer, 1961; Snook, 1965),

The contribution of the microflora as such and their
influence on the fecal amino acid concentrations has also
been questioned. Since Kuiken (1952) did not find a signif-
icant change in the aVaiiability of amino acids to sulfa-

thiozole~fed rats, he concluded that bacterial synthesis and
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degradation had little effect on endogenous levels of amino
acids and proteins, Gustaffson and Fitzgerald (1960), how=-
ever, found the numbers of lacto-bacilli and possibly other
micro-organisms in intestinal contents and feces of rats
were simultaneously reduced by coprophagy, In this study,
no significant difference was observed in the level of amino
acids available whether or not the rats wore tail cups,

Uf greater importance perhaps is the release into
the lumen of desquamated cells (Nasset, 1965), No doubt,
this is promoted by the amount of dry matter in the diet.
Mitchell (1924) found incorporation of fiber in the diet
increased the proportion of metabolic fecal nitrogen to dry
matter consumed., Maynard and Loosli (1969) determined the
relationship to be approximately 100 mg of metabolic fecal N
per 100 g of dry matter consumed by rat, pig and man. In
the present study, the N-free diet consumed at an average
level of 9.5 g daily by the 80 g rats and 23 g by the 300 g
rats, resulted in an average daily metabolic fecal N produc-
tion of 13 mg and 32 mg, respectively, Whereas the observed
mean level of metabolic fecal N was higher (39% for 80 g
rats and 50% for 300 g rats) than predicted by Maynard and
Loosli, a linear relationship (Fig, 10) occurred between the
amount of diet consumed and the amount of metabolic fecal N
excreted by the rats in all three tail cup treatments,

Though the amount of metabolic fecal N excreted by the three
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groups did not differ statistically, that excreted by rats
with real tail cups was essentially the same as the average
level -predicted from the amount of diet consumed, The low
intake of N-free diet accounts for low estimates of fecal N
and about a 3% depression in the calculated availability of
amino acids, An increase in metabolic fecal N results,
however, when indigestible material in the diet is high,
Meyer (1956) found a linear relationship betwgen the cellu-
lose content of diet and the metabolic fecal N, A signifi-
cant difference in production of metabolié fecal N resulted
when diets containing 15% to 30% cellulose were compared with
those containing no cellulose. On this basis, the use of a
N-free diet containing a cellulose content of 20% in this
study would give & higher fecal N excretion than wheat and
an estimated 3% increase in the calculated availability of
amino acids, Despite these problems in establishing precise
true availabilities,‘éomparisons of the availability of
different amino acids are unchanged,

The availability of essential amino acids from wheat
in this study compares favorably with values.obtained by
Kuiken and Lyman (1948) although methods for defermining
metabolic fecal N and amino acids differed, The values for
all of the essential amino acids except threonine (3.2% low-
er) were from 0,4% to 1,3% higher than found in this study.

The higher availability values usually found by the fecal
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analysis method are possibly the result of larger excretions
of metabolic fecal nitrogen (amino acids) from low protein
or nitrogen-free diets than from diets of higher protein
content, Thus, in the use of the best techniques presently
available for the determination of metabolic fecal nitrogen,
there must be acceptance of the questionable assumption that
protein content of the diet does not influence endogenous
nitrogen content,

’The comparison between the apparent and true availe-
ability values in'this study indicate the contribution made
by endogenous amino acids. Despité the discrepancies in
absolute availability values, however, the determination of
apparent digestibility may.serve satisfactorily in the esti-
mation of available amino acids, particularly in the deter-
mination of the least available ones. This suggests a
reassessment of the contribution to animals of the amino
acids from wheat diets, i.e. a reductioﬁ of lysine by 11-14%,
valine and methionine by 6-10%, threénine by 5-11% and so on
in younger rats, and similarily for older rats, if actual

values of the amino acids absorbed are desirable,

Tissue Studv

Without consideration of the availability of amino
acids, however, Table 6 indicates 1) all essential amino

acids of the C-1 diet and all except arginine, leucine and
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possibly phenylalanine in the W diet were inadequate,

2) histidine, lysine, methionine, phenylalanine, threonine
and valine of the C-2 diet as well as the methionine content
of the C-3 diet and mod. SW diet may have been inadequate
for the growing rat, The methionine content, however, prob-
ably was greater than indicated by analysis as S-containing
amino acids are partially destroyed during acid hydrolysis.
Accordingly, the diets rank as follows from the most to the

least nutritionally adequate: C-3, mod., SW, C-2, W, C-1,

Nucleic Acids and Protein in Developing Tissues

In keeping with the findings of Enesco and Leblond
(1962) and Winick and Noble (1965) it might not be erroneous
to suspect hyperplasia was.not complete in all tissues of
rats fed the (-2, W and C-1 diets, especially that of
skeletal muscle sihce the rats were placed on these dietary
regimen at 24 or 25 days of age, However, evidence that
hyperplasia was not restricted to a sigﬁificant extent in
liver or skeletal muscle and that these tissues realized
their full complemeﬁt of cells with each diploid nucleus
containing 6,2 Mg DNA, is indicated by the lack of statis-
tical differences among the DNA content of liver or that
of most gastrocnemii of rats fed the various diets (Table 15),
This is based on the assumption that rats fed the C=3 and
mod, SW diets are adequate or near-adequate in all essential

nutrients for the growing rat, Using these rats as a
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guide-line, less weight gain over the experimental period
and greater protein loss between the start of the experiment
and four weeks later (Table 12) indicate restricted hyper-
trophy in liver of rats fed the C-1 and C-2 diets, The
statistically higher values of DNA (Table 15), however,
obtained in the gastrocnemii of rats fed the P—Z diet for 8
and 12 weeks than that in rats fed the other diets suggests
greater restriction in the size of cells in the gastrocnemii
of rats fed the [-2 diet and consequently more cells and
more DNA per gram of tissue, tven higher DNA levels were
found in gastrocnemii of rats fed the C-2 diet in experiment
IT (Table 11); no doubt, this was partially the result of tHe
diet fed the first ten days of the experiment, The 78, 72
and 78 mg of DNA per 100 g gastrocnemii of rats fed the C-1,
L-3 and mod, SW diets, respectively, ié lower than the 89 mg
of DNA per 100 g gastrocnemii of rats fed the C-2 diet in
experiment III for the same length of time, Thus, although
diet does not affect the DNA content of a cell it indirectly
influences the DNA content of tissues by restricting or
promoting the development of cells,

Since Figure 1 shows DNA content (mg/g tissue) de-
creases with development, a similar decreasse in our study
may indicate less in;rease in cell number than in cell
size, On this basis, the greatest increase in cell size

occurred in the livers of most rats between 24 and 52 days
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of age (Table 11); in most instances, this period of fast-
est cell development in the gastrocnemii, thigh and leg
muscles of réts fed the C-2, C—3, mod, SW diets and to a
limited extent the C-1 diet continued until the rats were 80
days old.

The protein/DNA ratios (Table 12), however, indicate
a reappraisal of such an interpretation for a 10% and 6%
decrease in these ratios of liver for rats fed the C-1 diet
and to a lesser extent rats fed the W diet for 4 weeks, res-
pectively, suggest a loss of protein and an éccgmulation of
1) fat, possibly because of inadequate intake of choline
resulting from reduced consumption of food, or 2) water as a'
result of hypoproteinemia or the retention of the pre-
restricted diet level of extracellular fluid, Lack of
normal development of liver tissue of‘rats fed the C-1 and
W diets for 4 weeks was also reflected in the size of the
organ (Appendix A, Tables I and . II); livers of rats fed
1) the C-1 diet weighed 5.9 g, 2) the W diet weighed 6,2 g
compared with the more normal weight of 11,5 g for rats fed
the (-3 diet 4 weeks, In addition, the livers of rats fed
the C-1 diets for 4 weeks were pinkish in color and fragile
to touch., Rats fed the C-2 diet, however, may be considered
a border-line case as there was only a slight increase in the
protein/DNA ratioc in rats fed from 24 to 52 days of age, The

greatest accumulation of protein (Table 12) occurred in
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livers of rats fed 1) the C-1 and C-2 diets from 52 to 80
days of age and 2) W diets from 80 to 108 days of age; rats
fed the C-3 and mod, SW diets stabilized the protein content
of their liver, at approximately 1700 mg/100 g liver, by the
time they were 52 days old, ‘

No loss of protein (Table 12) during the first four
weeks of the study was evident in the gastrocnemii; in fact,
there was an average increase of 15% over control values
after rats consumed the diets 4 weeks., Rats fed the C-3 and
mod, SW diets, however, accumulated protéin in the gastroc-
nemii faster than did rats fed the C-1, C-2 and W diets,
with a tapering off when rats were 80 days old, The accumu-
lation of protein in the thigh and leg muscle over control
values was much less than that shown by gastrocnemii,

An increase‘in protein content, however, is preceded
by an increase in RNA content (Fig, 11), Like protein, the
synthesis and catabolism of RNA is influenced by the quality
and quantity of protein in the diet., Data (Table 12) indi-
cate the more adequate the diet, the less quickly RNA levels
were reduced; in fact, the RNA liver level of rats fed the
C-1 diet was lowest at 4 weeks (52 days old), This suggests
the possible reduction in RNA by the activation of ribonu-
clease as a result of an inadequate supply of amino acids,
The protein content of muscle, however, as well as the pro-

tein/RNA ratios (Table 12) indicate that there was a more



130

100 .
50t
L GN - RNA - 12 wk
] t 1 [ . ]
100} ..
[:] . Ao GN - RNA - 8 wk
700 L .
q/ 100.‘ ’//_'.—'—-——---\'.
i GN - RNA - 4 wk
i 1 4 | ]
0 C-1 C-2 W "SW C-3

600, Liver - RNA - 12 wk
) it R Protein (%)

100 |-
] c »
700p [:] TR T
o ; 50 |-
o TL -« RNA - 12 wk
o . Ny 3 i) I
> ,
g 600) Liver — RNA - 8 wk .
1 4 11
, 100 |- T T~
800 )
50 |- '
. TL - RNA - B wk
¢ A 1 11 L |
700
200 |- ®
/—\~
8
6001 * .
‘ A Liver - RNA - 4 wk 100 TL - RNA - 4 wk
i L1 : g fa Yod [} [ [H)
0 C-1 C-2 W SW C-3 - L~1 C-2 W SW C-3
Protein (%) Protein (%)

Fig. 11. Effect of protein intake on RNA (mg/100 g)
in a) liver, b) gastrocnemii -GN, ¢) thigh and leg -TL
of rats fed a casein (C-1, C-2, [-3) or wheat (mod, SW,
W) diet 4, B or 12 weeks '



131

normal accumulation of protein in these tissues than there
was in liver, an increase in the ratio with age showing a
greater accumulation of protein than of RNA,

Present evidence, therefore, suggests that the diet
significantly influenced normal development of the tissues.
Hypertrophy was inhibited in rats fed C-1, W and possibly
C-2 diets with rats fed the (-1 diet developing the least.
Although the tissues of rats fed the C-1 diet. decreased in
size, liver was the most affected for there was 1) a decrease
father than increase in protein content, 2) $ore rapid than
normal decrease in DNA and RNA content, and 3) smaller,
pinkish, fragile livers. Data (Table 11) and a more normal-
looking liver after 8 weeks consumption of the diets suggest
some adaptation and/or physiclogical éging.

A better understanding of the mechanisms involved
in the processes of deplefion and repletion indicate more
frequent sampling of rats to determine 1) polysome pattern,
2) ribonuclease activity and 3) concentration of DNA, RNA
and protein, Consideration might also be given to the 1)
fat content of livers and the possible extent of lipogenesis
by measurement of the activity of glucose-~6-dehydrogenase,
acetyl carboxylase or citrate cleavage enzyme, 2) type and
magnitude of edema that may be involved, by analysis of
serum protein and thiocyanate space, 5 g of protein or less

per 100 ml of serum with low albumin/globulin ratio
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indicating a true protein malnutrition edema and a thiocya-
nate space of approximately 30% of body weight indicating a

hunger edema,

Free Amino Acids in Developing Tissues

Protein metabolism is intimately connected with
amino acid metabolism; a change in one, therefore, should be
reflected in the other, As Miller (1969) indicated an in-
crease in amino acid pools during protein synthesis, reduc-
tion in levels of free amino acids might be expected during
protein catabolism, Thus, the effect of diet on free amino
acid levels of tissues possibly reflect fhe protein status
of these tissues, Much emphasis (MclLaughlan and Morrison,
1968; Rogers and Harper, 1968; Snyderman et al,, 1968; Wann-
‘emacher and Allison, 1968) has been placed on the close
relationship of serum aminoc acids and those ingested in a
single meal, Recently, Munro (1970) reported there is evi-
dence that changes in amino acid pools of serum and other
tissues persist when proteins low in one or more essential
amino acid are fed over a period of time.

In this long term study, the various tissues respon-
ded differently to the diets, With few exceptions, changes
in the serum were less extreme than those in the liver, but
usually more extreme than those in skeletal muscle. These
prominent changes in all tissues persisted throughout the

experiment in some instances; but more often, they were
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modified to the extent that significantly different res-
ponses to different diets were minimized or no longer exis-
ted, That some of these changes, however, are not solely
influenced by dietary protein alone, is recognized for the
decline in foad intake by rats fed the deficient diets may
be responsible for some of the changes,
1. Serum

As indicated previously, several investigators have
demonstrated that ingestion by rats of a diet low in one
amino acid results in a reduction of that amino acid alone

1., 1966; Clark et

——

in the serum (Almquist, 1954; Baker et
al., 1966; Gray gt al., 1960; Longnecker, 1961; Mclaughlan,

1964; Steele gt al., 1950; Swendseid gt al., 1963b, 1966;

Wu, 1954), No such effect can be expected in this study for
the inadequate diets, C-1, C-2 and W, had more than one
deficient amino acid; lyéine was the most limiting in the W
diet and methionine in the (-2 diet as well as perhaps in
the more adequate diets, C-3 and mod, SW diets, It is
interesting to note that although analysis of the mod, SW
diet (Table 6) revealed all other amino acids were adequate
as compared with NRC recommended allowances, the lower con-
tent of all essential amino acids except arginine in the
mod, SW diet compared with those of the C-3 diet were re-

flected as such in serum (Table 24a), The average serum

non-essential amino acid pattern also followed closely
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the content of the C-3 and mod, SW diets, For the most
part, levels of most of these amino acids in the serum of
rats fed the C~3 and mod, SW diets are reasonably constant
from 4-12 weeks in relation to those of control levels at
the start of the experiment, This suggests the rate of
protein synthesis and catabolism throughout the period are
also relatively constant,

Most changes with age, however, were seen in rats
fed the lower protein diets, C-1 and W, Although half of
the serum essential amino acids, that decreased initially
below control levels, in rats fed the C-1 diet, progres-
sively increased with age, those higher than control levels
varied greatly, i,e. arginine decreased, histidine remained
-somewhat the same, lysine fluctuated while threonine and
valine continued to increase. This large increase in serum
lysine (*127% to *79% to *145%) and histidine (¥140% to *128%
to +141%) beyond that of controls, also seen by Longnecker
and Hause (1961), Richardson gt al. (1965), Swendseid et al.
(1966), Adibi (1968) when they fed low protein diets, indi-
cate their accumulation beyond that required for the limited
synthesis of protein possible with the feeding of such an
inadequate diet,

Again, some of the amino acids in the serum of rats
fed the W diet increased with time while all others decreas-

ed; arginine, histidine, methionine, threonine and valine
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were consistently higher than control values, In fact, it
was not surprising to find that the most deficient amino
acid of the diet, lysine, constantly about 50% below control
levels, The more depressed the lysine values became, the
higher was the rise in methionine, the second most limiting
amino acid and conversely when lysine became less depressed;
this suggests that protein synthesis was limited by the
amino acid in shortest supply, The non-essential amino acid
pattern of serum in rats fed the C-1 and W diets differed:
the C-1 diet containing lower levels of all non-essential
amino acids than the W diet promoted higher levels of most
non-essential amino acids almost consistently except for
glycine., The increasing alanine levels in both indicate
partial degradation of other amino acids while the varying
glutamic acid levels in the serum of rats on the C-1 and W
diets suggest fluctuétions in the degree of transamination,
Falling mid-way between the adequate and the inade-
quate diets was the (-2 diet, Striking was the similarity
of serum isoleucine, leucine and phenylalanine with those of
the mod, SW diet, even though the content of these amino
acids in the latter diet were about 50% higher than those
found in the C-~2 diet, Still there was a resemblance to the
serum of C-j diet~fed rats as the higher histidine and
lysine levels still persisted;, The non-essential amino

acids in the serum of rats fed the C-1 and C-=2 diets were
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similar,

Common to the serum of all rats was 1) the high arg-
inine level, ranging from 42 to 400% above that of control
rats except in two instances, 2) the higher concentrations
of histidine, especially in the serum of rats fed the C-1
diet, and 3) the similarity of methionine content despite
the great variation of this amino acid in the diet., Tryp-
tophan was the amino acid that varied most, not only in the -
serum of rats fed different diets but also over a period of
time in rats fed the same diet.l No doubt, these changes
were magnified by the difficulty in reading, with accuracy,

- such low levels as 0,7-11.8 Hmoles/1DO ml serum.

The non-amino acids varied greatly from diet to diet
.and from period to period, but only relatively low concen-
trations were found in the serum, "Taurine was‘in highest
concentration in the serum of rats fed the mod, SW diet,
This suggests that the mod, SW diet was not deficient in
S-containing amino acids,

2. Liver and serum

The liver presents a diffgrent picture for all.essen-
tial and non-essential amino acids except tryptophan, alanine,
aspartic acid, cystine and serihe;>were usually less concen-
trated than control levels, It is in the metabolically
active livér that we meet what some refer to as "the first

line of defense" against the post-absorption influx of. serum
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amino acids, The liver might also be looked upon as a pro-
cessing plant; it disposes of a large influx of free amino
acids by degradation into small molecules or synthesis into
protein, A linear relationship exists between the protein
content of the liver (Table 12) and its free amino acid con-
tent (Table 24b); the more inadequate the diet, the greater
was the loss of liver protein and the greater was the de-
crease in free amino acids, i.e, most essential amino acids
in liver of rats fed the C-1 and W diets fell about 50% below
that of control values by 4 weeks except for 1) less depres-
sed levels of lysine and histidine as in the serum of rats
fed the C-1 diet, 2) histidine and threonine in rats fed the
C-1 and C-2 diets, and 3) the more depressed valine level in
-rats fed the W diet, It took rats fed the other diets 12
weeks to reach the same level of réduction, part of which
could be the process of physiological aging when amino acids
are in lower concentration in fhe tissues,

With age, however, and possible adjustment to diet
after 52 days of age, the protein content of the liver in-
creased, In addition, 1) all‘essential amino acids except
arginine and valine in the liver of rats fed the C~1 diet
became less depressed below control levels while in serum
there was an increase in most esséntial and non-essential
amino acids suggesting a mobilization of amino acids.through

protein catabolism elsewhere or an increase in the consumption
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of the diet, 2) most free amina acids of liver and serum
in rats fed the W diet decreased while protein content of
the liver increased by 12 weeks to the level of rats fed the
more adequate diets, even though most of the liver essential.
amino acids were depressed to 65% (78% for valine) below
that of control values, Nevertheless, there was a striking
resemblance between the free amino acids of liver in rats
fed the C-1 and W diets for 4 and 8 weeks except for the
less depressed levels of lysine, methionine,'threonine and
valine in the liver of rats fed the (-1 diet; after 12 weeks
consumption of these diets, there was a greater accumulation
of many free amino acids in the livers of-rats fed the C-1
diet even though protein content was far below that found in
the livers of other rats, | |

Liver levels of free essential amino acids in rats
fed the C-2 diet were more'like those of rats fed the C-3 and
mod, SW diets than were those of rats fed the C-1 and W
diets, Like all rats except those fed the C-1 diet, there
was a decrease in most amino ascids as well as ornithine and
ammonia over a period of time, indicating a more efficient
utilization of amino acids for protein synthesis, Also, the
decreasing content of methionine, lysine and other essential
amino acids and the increasing levels of taurine in the livers
of rats fed the C-3 and mod, SW diets sujgest degradation of

methionine beyond the need for synthesis,
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The levels of free amino acids found in liver
tissue suggest restricted protein synthesis may have been
limited by an inadequate supply of 1) all essential amino
acids in the case of the C-1 diet-fed rats, 2) lysine and
methionine in W diet-fed rats, and 3) methionine chiefly in
the (-2 diet-fed rats; low taurine values in these diets
give further support that methionine was certainly not in
abundant supply in the livers of rats fed the C-1, C-2 and
W diets,

Compared with serum, however, the methionine content
of liver (Table 20a) was significantly different in rats fed
diets 8 weeks, it being highest in livers of rats fed the
C-3 and lowest in those fed the C-1 diet, Thus, while there
were many significant differences in free amino acid content
of liver, they were not always the same as those found in
serum, These differences, however, persisted for a longer
pericd in the liver for after eight weeks of feeding there o
were Six signifiéant differences in essential amino acid
levels in liver of rats fed the variocus diets in experiment
IIl compared to only one in serum, Again, there was great
fluctuation in tryptophan values,

3. Skeletal muscle, liver and serum

The role of skeletal muscle in amino acid metabolism

is a controversial one. Pawlak and Pion (1967) reported

muscle was sensitive to a deficiency as rats fed a wheat
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gluten diet showed a depression in lysine similar to that

of serum aftgr feeding a wheat-flour diet 18 and 35 days,

On the other hand, Sheffner énd Bergeim (1952) fed a high
lysine-containing peptone by stomach tube to fasting rats
and found values for arginine and lysine increased greatly
in the muscle but lysine alone increased significantly in
the liver; supplementation with phenylalanine resulted in no
change in serum liver or muscle levels but methicnine supple-
mentation caused an increase in the plasma and muscle with a
lower increase in the liver, Clark (1966), Bowaver, found
changes in the free amino acids of liver tissue appeared to
have a higher correlation with the alterations observed in
plasma amino acid concentrations than did muscle tissue when
they fed amino acid mixtures lacking éither leucine, isoleu-
cine, valine or threonine for three days,

The critical factbr here may be one of time, It is
not realistic to expect significant changes in skeletal mus-
cle during a short-term study if the liver plays its role in
modifying serum aminoc acid fluctuations; nor should one
expect to find significant changes in metabolically stable
tissues such as brain (Denton et al., 1950),

The only known study'on muscle that was of longer
duration than the present one was that carried out by Wanne-
macher and Allison (1968), They fed rafs; weighing 200-

250 g, 1) a protein-free diet for 1, 3, 7, 21, 42 or
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100 days, or 2) varying levels of casein and wheat gluten
for 28 days,land then determined the free amino acids
of serum, liver and abdominal muscle by automated ion-
exchange chromatography. Generally, the concentration of
sérum free amino acids in our study agree with the findings
of Wannemacher and Allison (1968) for the more inadequate
the diet the more diminished and augmented were the serum
essential and non-essential amino acids, respectively, 1In
Wannemacher and Allison's study, there was an initial
increase in the serum free amino acids of rats fed a 13%
casein diet; most free amino acids in rats fed a wheat glu-
ten diet, however, were lower than those of a protein free
diet, lysine being markedly decreased even when other essen-
tial amino acids increased with increased consumption of the
diet, Although most of the essential amino acids in the
liver of rats fed the C-1 and W diets decreased to 50% of
normal control values, not all individual aminc acids res-
ponded in the same manner as did the free amino acids in the
liver of rats depleted by 10% of their body protein,

Uur data, however, do not support the finding of
Wannemacher and Allison (1968) that the higher the
dietary protein, the higher the levels of liver free amino
acids, However, values for liver free amino acids of rats
fed the [-2 and W diets were in keeping with Wannemacher and

Allison's finding that rats fed the wheat gluten had a lower
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free lysine liver content than did animals fed an equiva-
lent amount of casein protein, Unlike data on skeletal
muscle in this study, free amino acids of abdominal muscle
were not reduced below control level until rats had lost one-
third of their body protein when they decreased only by 15%,
As in liver, the free amino acids in the abdominal muscle of
rats consuming a 25% casein diet (Wannemacher and Allison,
1968) increased to their maximal level; and, although essen-
tial amino acids increased as rats consumed a higher level
of wheat gluten protein, non-essential amino acids were not
increased beyond those of the protein-free diets. The free
amino acid pattern of the abdominal muscle in Wannemacher
and Allison's study did not reflect the lysine deficiency of
the wheat gluten, '

In this study, generally, the response of skeletal
muscle varied with the exfent of the inadequacy of the diet,
Concentration changes from those of control values in the
gastrocnemii of rats fed the C-1 and C-2 diets (Tables 24c,
24d) were less extreme than those found in the liver of the
same rats (Table 24b); the less depressed levels for histi-
dine and lysine seen in serum and liver persisted through
eight weeks of feed;ng but lysine decreased considerably by
12 weeks. Free aminé acids in the muscle tissue of rats
fed the more adequate diets, C-3 and mod; SW, attained their

extremes of concentration more quickly than did liver and
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then remained relatively constant. In most cases, rats

fed the W diet, like those fed the C-3 and mod, SW diets,
reached their maximum extremes by 4 weeks; however, they
fluctuated more during the weeks that followed, with the net
effect being an increase in concentration,

Other than tryptophan, however, lysine was the
essential amino acid that varied most in concentration,
Highest levels of lysine were found at four weeks in the
gastrocnemii of rats fed the C-1 diet while lowest levels
were shown by rats fed the wheat diets, mod, SW and W, 1In
fact, no lysine was found in the gastrocnemii of rats fed
the W diet for 4, B8 and 12 weeks, Lysine levels in the mus-
cle of rats fed the C-1, (-2 and mod, SW diet, however, were
.reduced to about 70% below control levels after consuming
the diet for 12 weeks,

This, by far, represents the most striking response
to variations in the levels of absorbed amino acids, It is
all the more remarkable beﬁause the thigh and leg muscle
did not give a similar response, Although amino acid values
of thigh and leg muscle, in general, were only slightly
higher than those of the gastrocnemii (Tables 16 and 17c,
17d), the amino acids in the thigh and leg muscle of rats
fed the (-1 diet, compared with zero-time levels, were 1)
more reducéd than the gastrocnemii and 2) less reduced than

most other amino acids of rats fed the other diets (Tables
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24c and 24d), For the most part, however, lysine values
for the wheét diets, mod, SW and W, were definitely more
depressed in the gastrocnemii than in the thigh and leg
muscle, the free lysine values for the latter being 54, 85
énd 61% below those of controls at 4, B8 and 12 weeks, res-
pectively,

These findings suggest that the gastrocnemii is not
truly representative of skeletal muscle., It may have a
greater requirement for lysine than the thiéh and leg muscle
either because there is a greater degree of protein synthe=-
sis or degradation of lysine required for, or resulting
from, a specialized function of this muscle, As a result of
a preliminary study (Pawlak and Pion, 1967) showing threon-
ine as well as lysine in low concentration of hind-leg mus-
cles of rats fed wheat gluten diets for 18 days, Pawlak and
Pion (1968a, 1968b) fed graded amounts of lysine or threcnine
in wheat flour diets to 100 g Wistar rats for 14 days and
found that only when the diet was increased to 0,8% of lys-
ine or 0,42% of threonine was there maximal growth with a
large increase in the threonine content of blood and muscle
or a larger increase in the lysine content of muscle than of
blood, These hind-leg muscles, like serum (Morrison
et al.,, 1961) may require sufficient supply of an amino
acid to satisfy its needs for protein synthesis before it

shows an increase in concentration, This present study,
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however, showed the gastrocnemii as being more sensitive to
a definite deficiency of one amino acid in the W diet than
it was to a general decrease in all amino acids, i,e., C-1
and (-2 diets,

Since no known amino acid deficiencies in skeletal
muscle other than lysine and threonine have been reported, a
study to determine the gastrocnemii, thigh and leq muscle
response to other amino acids in another grain as well as a
corresponding amino acid mixture is suggested, The control
diet might consist of the grain supplemented to the recom-
mended level(s) for growing rats, giving consideration to
the availability of amino acids from the grain, Supplemen=-
tation of the grain with graded levels of the most limiting
amino acid and sampling the serum and various muscles as did
Pawlak and Pion (1967, 1968a, 1968b) may give further infor-
mation on whether present requirements are precise, Fre-
quent sampling during the more acute growth phase, i.e. when
rats weigh 50 to 150 g is indicated by the large changes
that occurred from 0 to 28 days in this study, At least
five rats per treatment and individual analysis would give
a more statistically accurate picture of the depletion and
repletion process; multiple regression analyses of the res-
ulting effects of 1) diet over a period of time, or 2) graded
levels of tﬁe diet, might reveal some interesting information

and supply some prediction equationé.
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Little is known of the role skeletal muscle plays
in protein metabolism, To determine whether synthesis and
catabolism vary between feeding and fasting states as they
do in liver tissue, suggests the use of labelled compounds
and incorporation studies at frequent intervals in a leng-
term study. This labelled compound might well be the amino
acid most limiting and if a comparison is made between con-
trol diets and test diets, some light might also be thrown
on the effects of physioiogical aging,

Of course, elucidation of the detaiied mechanisms
involved in the growth and development of even one tissue
opens up a new frontier requiring many life-times of delving
at the intermediary hetabolism level, A start could be made
by tracing the metabolism of one amino acid at a time as
well as the enzymes involved with its synthesis and degrad-

ation as there is lack of information on such in tissues

other than liver, That certain hormones such as insulin, are

required for incorporation of amino acids into protein as
well as for transporting amino acids with glucose to supply
the components and energy, respectively, further complicates
the picture,
4, An overview
Amino acids are added to body fluids by intestinal

absorption, synthesis, or breakdown of tissue protein while

they are removed for synthesis of tissue protein and other



151

uses, or degraded via the urea cycle, The size of the amino

acid pool represents the balance between these processes,
Although the total amino acia pool is small, representing
only about 0,.5% of the total amino acids in the animal body
(Munro, 1970), it turns over very rapidly in serum, liver
and other internal organs but more slowly in muscle proteins,
The significance of free amino acids in muscle is of utmost
importance since muscle is the single largest tissue of tg;
body, making up 45% of ifs content, It is the free amino
acid pools of muscle that are called upon in time of nutri-
tional stress; it is not by increased degradation of protein
that muscle amino acid pools contribute to the needs of more
metabolically active tissues but according to Waterlow and
Stephen (1966, 1967, 1968) reduced synthesis is responsible
for its role as a provider of the missing amino acids,

While incorporation studies to determine the rate of
protein synthesis and degradation as well as quantitation of
free amino acids and protein of tissues are perhaps desirable
for an accurate picture, evaluation of the nutritional value
of diets by measurement of tissue amino acid pools and pro-
tein content is possible, As a readily available criteria
of measurement, amino acid pbols of serum have held much
attention with controversial results, For the most part,
however, dietary excesses and deficiencies are reflected in

serum free amino acids, Generally, it was found in this
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study that most amino acids of adequate diets were reflected
accurately in the serum but low protein diets having more
than one amino acid inadequatély supplied distorted the pic-
ture considerably with high- levels of histidine, lysine and
non-essential amino acids, Nor was methionine in the var-
icus diets accurately represented in the serum for there
were no significantly different levels even though it was
the most limiting in the casein diets. Tryptophan, however,
was in highest concentration in serum even though it is in
the liver that aromatic transaminases are mast active,

Free amino acid patterns of liver are known to dif-
fer from those of plasma. It is sufprising, however, that
in certain instances such as that of methicnine, dietary in-
adequacies are better noted in liver than in serum, On the
whole, however, the chénges in the free amino acid pools of
liver are more dramatic than are those of serum, The data
of this study suggest there are great reductions with age as
levels of most amino acids decreased greatly below zero-time
control rats even with the adequate diets, mod, SW and C-3,
Levels of branched-chain amino acids, isoleucine, leucine
and valine are usually higher in liver as there is poor
utilization in this tissue, being used only for protéin syn-
thesis as deaminases for branched-chain amino acids are
confined to muscular tissue,

To date, free amino acids of skeletal muscle have
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not been given much attention, Only a few of the limited
number of studies conducted specify what muscle was used,
This detail may be of importance for while there was much
similarity in the protein content and free amino acid con-
centrations in the muscles of hind legs used in this study,
it was in the gastrocnemii that the most limiting amino acid
showed its most dramatic results, Our findings, therefore,
agree with those of Rogers and Harper (1968) in that free
amino acids of skeletal muscle reflect the serum free amino
acid patterns which in turn are influenced by those in the
diet; in fact, this study showed free amino acids of muscle
as a better indicator of deficiencies than those of the ser-
um, And, so, in keeping with the findings of Pawlak and
‘Pion (1968a, 1968b) free amino acid levels of skeletal mus-
cle, especially those of the gastrocnemii, act as a sensitive
index of excesses and deficiencies, They might, therefore,
be the most valuable criteria for determination of require-
ments, evaluation of a diet or the nutritional status of an
individual, even though muscle biopsies pose more of a prob-

lem than the sampling of blood,



SUMMARY

Male weanling rats of Wistar strain were used to
determine the biological availability of amino acids from
pure wheat when coprophagy was prevented in rats weighing 80
g and 300 g, Similar rats were used to observe the effect
of diets, varying in casein content (C-1, C-2 or £-3) or
wheat content (W), one of which was modified by supplementa-
tion with protein (mod,. SW), for 4, 8 or 12 weeks, on the
free amino acid levels of the serum as well as the concen-
tration of DNA, RNA, protein and free amino acids of liver
and skeletal muscle,

The true and apparent availability of sixteen amino
acids were not affected by the prevention of coprophagy ex-
cept for the true availability of lysine in lighter, younger
rats, This significant decrease in availability to younger
rats fitted with sham tail cups was possibly the result of
their non-adjustment to the tail cup, Otherwise, no adverse
effects from coprophagy prevention were noted possibly be-
cause coprophagy was not practised to any great extent by
control rats,

The true availability of amino acids for both weight
groups was similar, ranging from 90-98%, with glutamic acid
and proline being most available and aspartic acid, alanine
or lysine the least available, Of the essential amino acids,

however, lysine was significantly less available with
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histidine and phenylalanine the most available to both
younger and older rats, Although apparent availability
averages were lower by 1.4—8.4% than true availability aver-
ages, the similar trends noted suggest that apparent avail-
ability determinations reflect true availability values,

In the tissue study, rats fed diets that varied in
amino acid and protein content (6% in C-1, 12% in C-2 and W,
21% in C-3 and 20% in mod, SW) had weight gains as follows
over the 12-week period:- 115 g for C-1, 276 g for W, 385 g
for C-3, 348 g for C-2, 425 g for mod, SW, .Although the
weight gain of rats fed the mod, SW, C-2 and (-3 was greate?
than that of rats fed the (-1 diet for 12 weeks, only that
for rats fed the mod, SW and C-3 diets was greater than the
C~2 and C-1 diets for 4 or 8 weeks,

With age, the nucleic acid concentrations decreased,
the greatest decrease taking place between the start of the
experiment and four weeks later; the decrease was fastest in
tissues of rats fed the C-1 diet, By 12 weeks, however, DNA
values were 263-266 mg/100 g liver, 72-89 mg/100 g gastroc-
nemii and 60-70 mg/100 g thigh and leg muscle irrespective
of the diet consumed, On the other hand, RNA values were
influenced by diet, significéntly so in the liver, for rats
fed the mod, SW, C-3 and C-2 diets for 4 weeks and those fed

the mod, SW and C-3 diets for 8 weeks had higher liver RNA

levels than did rats fed the C-{1 diet., Also influenced by
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diet was the protein content of liver: the lower the
protein content of the diet, the greater was the loss of
protein from the start of the experiment to 4 weeks later,
and the slower the protein accumulation between 4 to 12
weeks, However, there was no protein loss in skeletal muscle
but an increase abovg zero-time control values which was

less in thigh and leq muscle than in gastrocnemii,

Although protein contént was lower in theviiver than
in skeletal muscle, the concentration of most amino acids,
like nucleic acids, was higher in the liver, Notable excep-
tions were: 1) the higher serum tryptophan and cystine
content, and 2) the non-measurable amounts of arginine and
citrulline in the liver, Generally, thigh and leg muscle
free amino acids were higher than those of the gastrocnemii
but cystine was not detectable in either of them; character-
istic of skeletal muscle was the high taurine and ammonia
content, Amino acids, whether extracellular or intracellu-
lar were most highly concentrated as lysine, threonine,
leucine, valine or histidine of the essential amino acids,
and alanine, glutamic acid and serine of the non-essential
amino acids,

The concentration of most ninhydrin-reacting
substances were affected by diet and by the iength of time
rats consumed the diet; statistically, serum was the least

and gastrocnemii the most affected, In general, the essen-



tial amino acids were less concentrated in tissugs of rats
fed either the (-1 or mod, SW diets, except for arginine in
gastrocnemii, histidine and lysine in serum and gastrocnemii
of rats consuming the C-1 diet for 4, 8 or 12 weeks, On the
whole, essential amino acids were more highly concentrated
in the tissues of rats that consumed the C-3 diet but often
these concentrations were not statistically different from
those found in rats fed the C-2 or mod. SW diets, Non-
essential amino acids were higher in the tissues of rats fed
the C-1, C-2 and W diets and lowest in rats fed the mod, SW
diet; highest concentrations of aspartic acid, glutamic acid
and proline were found in the gastrocnemii of rats fed the
C-3 diet 4 weeks but glycine was highest in serum and gas-
trocnemii of rats fed the mod, SW diet 4, 8 or 12 weeks, Of
the non-amino acids, ornithine of serum was not influenced
significantly by diet but citrulline and ammonia were high-
est in all tissues of rats fed the C-1 diet while taurine
was prominent in the more mature rats fed the mod, SW or C-3
diets,

Over the 12-week experimental period, most changes
occurred between the start of the experiment and four weeks

later; these changes were exhibited mostly as decreases, the

greatest number of decreases taking place in the liver,
Most significant increases, however, occurred in the free

amino acid concentrations of serum, Although the ninhydrin-



—
w1

o3

reacting substances of gastrocnemii neither showed as many
increases as the serum nor as many decreases as the liver,
the large number of significaht changes indicate this muscle
is indeed metabolically active,

In fact, the findings of this study indicate that
intracellular amino acid pools are as sensitive as extra-
cellular free amino acids to fluctuations in amino acid
intake, Observed in liver and skeletal muscle as well as
serum were 1) increases in a few essential and many non-
essential amino acids as a result of restricted protein syn-

thesis by rats fed an inadequate supply of many essential

amino acids from the C-1 diet, 2) decreases in non-essential

amino acids involved with transamination and increases of
degradative products of urea cycle or taurine when most
amino aclids are in more than_adequate‘supply for protein
synthesis, e.g., rats fed the (-3 and mod. SW diets, 3) chan-
ges associated with adaptation, over a period of time, to a
diet in which all but one or two amino acids were adequate
for the growing rat, i.,e. rats fed the C~2 and VW diets,
Actually, the intracellular rather than the extra-
cellular amino acid pools may be more sensitive to actual

excesses and deficiencies of specific amino acids in the

diet, Ffree methionine levels in the liver indicated more
accurately than other tissues the methionine centent in the

diets; this was also reflected in the free taurine content
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of the liver, it being lowest in rats fed the C-1 diet,
second lowest in rats fed the W diet and highest in rats fed
the C-3 and mod, SW diets, Aithough the lysine content of
diets has been reflected in the free amino acid pools of
skeletal muscle its complete absence in the gastrocnemii of
rats fed the W diet 4, 8 or 12 weeks indicate the sensitiv-
ity of this muscle to the lysine content of the diet. These
studies, therefore, indicate the need for further investiga-

tions into specific tissue requirements for amino acids,
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Appendix C, Table Ia, Summary of concentration means and standard
error of ninhydrin-reacting substances from serum of rats fed a
casein (C~2) or wheat (W) diet for 4, 8 or 12 weeks, experiment II

Ninhydrin- €-2 W
reacting
substances 4z g? 122 4? g2 122

(mg/100 ml)

Alanine 8.8%1.50 9,4%0.05 8.1%0,00 6.1%1,17 6.8%1,00 7.4%0.25
Ammonia 1.8%0,39 1.8%0, 26 1.6%0,00 1.6%0.11 1.6%0,00 1.6%0.28
Arginine 1.5%0,08 1.630,33 3.2%0.04  2.0%0.78 3.8%0.00 3.8%0.57
Aspartic acid 2,2%0,35 1.4%0.02 1.5%0,01  2.0%0.34 1.2%0,01 1.1%0,12
Citrulline 1.5%0.09 1.3%0.10 1.3%0.00  1,6%0.27 1.6%0,04 1.5%0.00
Cystine 0.2%0,02 1.0%0.03 1.2%0.00  0.1%0.05- 0.8%0.02 2.0%0,54
Glutamic acid 12,8%2,80 12,6%2,04 10.5%0.00 12.8%1.86 9.7%0.82 8.1%0, 58
Glycine 1.2%0,12 1.3%0,08 1.620,00  2.8%0.51 2.4%0,18 3.3%0.33
Histidine 1.6%0.14 - 1,s8%g0.07 1.4%0,00 3,0%0.18 2.0%0.56 1.2%0.02
Isoleucine 1,820, 30 1.6%0,11 1.6X0,00 1.4%0.30 1.1%0,06 1.2%0,07
Leucine 2.8%0,52  2.6%0.01 2.5%0.00 2.o0%g,s2  1.6%0.08 1.7%0.14
Lysine 12.3%0,23 9.2%0,46 10.1%0.00 3.0%0,18 2.4%p,02 2,.8%1,64
Methionine 0.6%0,22 1.3%0.11 o.8%0.00 0.7%0.00 1.1%0,06 0.9%0.26
Ornithine 1.7%0.53 1.3%0, 30 0.730.00 2.2%0.44 0.9%0.00 0.6%0.08
Phenylalanine 1,2%0,13 1.2%0.05 1.2%0.00 1.3%0.30 1,0%0.09 0.8%0,40
Proline 2,241,712 0.5%0.01 0.4%0,00  3.2%1,41 3.2%0, 20 3.3%0.14
Serine 7.4%0,77 7.6%0.88 7.6%0.00  6.9%1,76 5.4%0,27 6.8%0.33
Taurine 1.0%0.12 1.9%0,32 2.3%0.02 4.,9%p,74 3.2%0,88 3.2%0.18
Threonine 5,2%0,93 7.4%0,60 6.7%0.00 4.0%1,114 3.8%0.08 3.4%p,30
Tryptophan 0.9%0,14 1.4%0,61 1.5%0,29 0.6%0.05 1.4%0,00 2,2%0. 51
Tyrosine 2.5%0,43 2.4%0,43 1.8%0,01  1,6%0.27  1.4%0.13 1.7%0.04
Valine 2.910,48 3.4%0.19 3.0%0.,00 2.2%p,s3 2.0%0,04 2.0%0.12

*With four rats per group, the tissues of every twa rats were pooled

ZNumber of weeks on diet
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