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ABsTRACT

The biologicaJ- avaitability of sixteen amino acids

from pure wheat to male \¡üistar rats weighing B0 g or 300 g

was dete¡mined, These amino acids \^/ere 9O-9 B% availab-l-e

with glutanric acid and proJ-ine the most available and aspar-

tic acid, aJ-anine or lysine the l-east available, Among

essential amino acids, however, lysine was the .l-east avail--

able whí1e histidine and phenyj-aJ-anine were the most avail--

abl-e. The prevention of coprophagy had no effect on the

availabitity of amino acids,

I n addition, ma.l-e weanJ-ing ¡ats of !ilistar strain

were fed diets, that varied in amino acid and protein con-

tent, for 28r 56 and 84 days, The protein content of casein

diets, C-1 , C-2, and C-3 \¡/as 6%, 11 ,St/o and 21ú/" whíIe that of

the wheat diet (tv) and modified wheat diet supplemented with

prot,ein (mod.SlV), was 11.91" and 19.91" respec'LiveIy, All

tissues arra-ì-yzed 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. 5tt/ diets but were most concentrated in tis-

sues of rats fed the C-3 diet. Non-essentia-l- amino acids

wera higher in tissues of rats fed the f-1 r C-2 and W diets,

and ,Lowest in rats f ed the C-3 and mod, 5l¡/ diets.

Vi/ith age, most changes occur¡ed between the start of



the experiment and 28 days l-ater. ïhese changes were

exhibited rnostly as dec¡eases, the greatest.number taking

place in the liver; most increases, 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 f ed the C-3 and mod. Sl,J diets f ¡om 28 to 84

days, variation was most evident in rats fed the l-ow protein

diets, l,V, C-2 and D-1.

The findings of this study show that int¡ace1l-ular

free amino acids are as sensitive as extracellul-ar free arnino

acids to fluctuations of amino acid intake; in fact, certain

intrace-l-l-ul-ar amino acids werfe more sensitive to excesses

and deficiencies of amino acids in the diet than \^rere extra-

cel-l-ura¡ amino acids. \¡Jhile the f ree methionine and taurine

contents of .l-iver reflected more accurately 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. tdeanling rats f ed the VJ diet,

containing onJ-y 351" of their requirement of -ì-ysine, for 28,

56 and 84 days, had 2D, 16 and 19 prnoles lysine/1oa mr- serum,

139, 9B and 110 ¡rnoles/100 g liver, 83, 27 and 7O pmol-es/100

g thigh and log muscJ-e, respectiveJ-y; there was, however, no

detectabre anrount of .lysine in the gastrocnenrii. The need

for further investigation into the specific arnino acid needs

of various intracel-1ul-ar pools is indicated.
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INTRODUCTION

5keÌetal muscl_e is the largest tissue in the body;

it makes up 45/" of the totar body weight. Its metabolism,

therefore, is of great importance, especiarJ-y its protein

metabol-ism during growth and development.

Metabolicarly, muscle tissue has been considered to
be reratively ine¡t compared with liver tissue. Recentry,

however, the labiJ-ity of skeletal muscl-e has been receiving
more attention, and, since muscLe and its functions are

rerated to the body as a whoJ-e, Young (tgzo) has emphasized

the significant qualitative and quantitative interactions of
its protein metabolísm with other tissues of the body.

Numerous incorporation studies using J-abel-ed amino

acids have indicated the sensitivity of the protein synthe-

tic and degradative machinery of muscl-e to dietary amino

acid supplies. Though considerable expe¡imentation has

sought to estabrish the reLationship of dietary amino acids

to the extracerl-ular f ree amino acids of the blood, onJ.y

limited attention has been given to how the intraceJ_l-u1a¡

f¡ee amino acids, especially those of skel-etal muscÌe,

rel-ate to amino acid intake and to othe¡ tissues of the body.

some of the more comp¡elrensive studies have been reviewed by

Rogers and Harper (1968).

However, most of these studies have been conducted

on a ¡elatively short term basis, ranging f¡om results
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obtained after a twelve-hour fast (Schurr et €-L., 1950b) to

a seven-day fast (Thompson gf êJ., 1950) and after ingestion

of one meal, baJ-anced or imbalanced with respect to amino

acid composition (Leung et e¿., 1968b), to consumption of a

protein free diet for a period of three weeks (Thompson g!

ê!., 1950). The purpose of this study, therefore, was to

obse¡ve the changes that take place in free amino acid pools

of serum, liver and.skel-etal muscl-e over a period of time.

Since Mil-1er (1969), in his review of protein metabol-ism

during earry 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, u¡ould be used to dete¡mine adaptive changes in amino

acid pools of tissues.
Amino acid metabolism, however, depends not onJ.y orl

the quantity and quality of amino acids supplied in the diet

but also on their absorption from the intestinai- tract.
GeneralIy, the biological avail-ability of amino acids f¡om

proteins of animal- origin is much higher than that f¡om veg-

etabl-e origin, Consequently, in this study, attention was

given to the quality and quantity of amino acids that were

not abso¡bed from wheat, the chief constituent in two of the

diets -



REViEIV OF THE LITERATURE

Protein metabol-ism is essentiarry amino acid metal¡-

olism so conside¡ation of one must include the other. Nor

can growth or deveJ-opment be considered without incl-usion of
the nucLeic acids, deoxyribonucreic acid (DNA) and ¡ibo-
nucl-eic acid (RNA), Thus, DNA, RNA, protein and free amino

acid rnetabo]-ism will be conside¡ed in this review, in
connection with growth and deveLopment of the metabolically
active organ, the river, and the r-ess metaboricarly active
skeletal- muscle. Since these parameters possibry 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 incl_uded in
this review since the blood. is the main ca¡¡ier Df nutrients
to tissues of the body.

Aygil-ability of Amino Acids

ïhe avail_ability of

measure of their absorption

system. Different criteria

extent that amino acids are

amino acids f¡om proteins is a

and utilization by a biologicaJ-

have been used to determine the

available from intact protein.

MeasHrement of Availabilitv

Two in vit::o and th¡ee in vivq assays have been
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developed, In vitro methods give 1) a relative measure of

the amino ÀJ or free amino acid(s) released from va¡ious pro-

teins incubated with proteolytic enzymes (Riesen gl..g!.,

1947; Me.ì-nick and 0se¡, 1948i lviauron .q! .ê-L., 1955; Sheffner

et al-. , 1956) , or Ð a quantitative measure of J-ysine in the

protein reacting with 1-fluaro-224 dinitrobenzene, FDNB

( Carpente¡ and EIIinger, 1 955; Carpenter, 1 960). In vivg

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 we.l-I as digest-

ibility by measuring a) the ability of a protein with known

amino acid composition to replace a sp.ecific amino acid in

supporting growth (Schweigert , 1948 i Gupta et 4. , 1 958;

0usterhaut et g-].., 1959 ) or repJ-etion of the intact animal-

(Schweigert and Guthneck, 1,953 and 1954) and b) in maintain-

ing N bal-ance in a mature subject (Linkswiler et ê.f.., 1958a,

1958b, 1960a, 1960b; VJatts et 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) competition

among amino acids for transport acrûss intestinal mucosa

and into cel-l-s (Adibi , 1969 t Annegers , 1g69) , 4) absorption

rates of individual- amino acids ( Geiger, 1948; I'Jilliams ,

1969), and 5) decreased solubility (Mecham and 0l-cott, 1g4T)



in some instances, rn vil¡o assays, however, are useful
in estimating the effect of processing foods on the rate
of re-l-ease of amino acids by proteoJ-ytic enzymes and in
quantitating the available lysine content of intact cerea-l_

protein by the FIINB method,

Comoarison of Fiethods fvieasuring Avail_abifitv

The various methods have been compared to note the
sources of error and to estimate the significance of the

differences observed.

1 " In vitro methods

Szmel-cman and Guggenheim (lgsl) oigestecl processed

cereal-s with proteorytic enzymes unj then determined the
microbiol-ogicaJ- availability of six essential_ arnino acids;
they found the typu of proteolytic en zyme used for in vit¡o
digestion generalry determi,ned the extent of avai.labiJ.ity r:f
1 ) a particul-ar amino acid to a specific mic¡o-organism,

or 2) lysine by the FDNB method. Ðvoiák (t96ea, 1968b), in
efforts to simulate the digestive mirieu of the gut, has

shown that it h/as possibre to achieve compJ.ete hydroJ_ysis of
all- ¡¿-amino peptide bonds with papain, reucine amino pepti-
dase and prolidase so that the microbiologicaJ-ry avail_able

amino acids corresponded v¡ith theoretical values irrespective
of the mic¡o-organisms used.

in all- in vi!ro dete¡minations on the avairability
of essential arnino acids in the proteins, the assumptions
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have been that 1) endopeptidases and exopepti-rJases sprit
alÌ bonds as do the proteorytic enzymes of the digestive
tract, and 2) the micro-organisms use only free amino acids
of the digest for growth. Melnicl< and 0ser (lgaa), however,

found evidence for the utii-ization of peptides by micro-
organisms, as estimates of enzymatic digestion based on for-
mol- titration were forr.rer than that based on microbiologÍca1
anal-ysis of specific amino acids. Geiger et al_. (1gsz)

compared the amino acids liberated dLlring acid and enzymatic
hydrolysis of zein using paper ch¡omatographic techniques
and showed that certain amino acids r-iberated cluring acid
hydrolysis ì¡/ere absent i n the enzymatic di gest. tdo¡k by

Ford (lges) al-so shou¡ed that in the papain digest of heat-
treated proteins, peptides of ttrarge¡ morecul-ar size, were

present and tlrat in these t,he avairabiLity of amino acids
was Lor¡¡, Dvoíák ( 1968b ) used L-reucinamide, L-1eucyl-gJ_ycyl-
grycine and glycyr-L--r-eucine substrates for reucine amino

peptidase and gtycyr-J-eucine dipeptidase, and found that the
avail- abi]-i ty of leuci ne was mo¡e than 50% af ter Tz hours
incubation , with aIl the micro-organisms examined. Resu-l_ts

by Kuiken e! ar-, (lgrl) fo¡ the availabirity of reucine from

91ycyl-L-l-eucine with L¿rctobaci.r lus ar.:binosis agree with
these findings and suqcrest that the micro-organisms used hacr

exopeptidases by wlrich they utilized amino acids of peptides
previously rel-eased from the proteins by hydrolysis with
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endopeptidases, Kinetic studies to mBasure the uptake of
amino acids and dipeptides by micro-organisms (B¡ock and

VJoofeV, 1964i Yoder et êf-., 1g65; Mayshak et Fl., 1966;

Yoder et a1,, 1967), however, support the concept of separ-

ate transport sites for amino acj-ds and related dipeptides.

2o In vitro versus in vivo methods

Al-though in vitro studies are of val-ue in determining

the ¡el-ease of amino acids from proteins, the need for an

index for measuring the avaitability of amino acids in the

intact animar has al-so ¡eceived much attention. Determin-

ations on the avail-ability of l-ysine (stott and smith, 1g66')

f ¡om meat mears to Tetrahvmena pvrjf ormis ì,{, the protozoa

requiring the same essential amino acids as the growing rat,

showed -l-owe¡ val-ues than those obtained by the FDNB method.

5imilarily, Ford (l,gSa ) and Henry and Fo¡d ( 1 96S )

found the rysine val-ues from l-eaf protein wexe more avail--

able by the FDNB method than by microbiologicaJ_ 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 avail-able lysine in

autoclaved "gg albumin, beef protein and casein; the¡e was

high corre.lation, howevero between the val.ues obtained by

both methods for the untreated proteins. These findings

fu¡ther point to the fact that essential- amino acid moieties

from autocl-aved protein prepa¡ations ì^rere less avail-able to



the rat than they were to mic¡o-organisms.

In connection with this, Ford (1964), who improved

the availability of amino aci ds to rnicro-or:ganisms by increas-

ing the ¡ate of digestion with grinding and more rigorous

pre-digestion, wonde¡ed if amino acids l-ocked up in indigest-

ible peptide residues coul-d pass into body fluids and still

remain unutiLized in the intact animal-. Horn et al-. (1968)

found little of the synthetic fructose-methionine complex

avai-l-able to the rat although microbiologically it exhibited

Bo/, of the growth-stimuiating abirity of meilrionine. To study

the mechanisnl by whicl'r amino acids are marle unavailable in,

ca¡bohydrate-containing foods, Hagen gf al-, (lglo) chose to

complex fructose with gJ-ycine, an essentiat amino acid for
Leuconostoc mesenteroides P-60 but a non-essentiar for the

growing rat. IlJhen assayed .ricrobiologicaJ-J-y, the compound

had only 68l" of the growth-stimu.l-ating ability of glycine,

but it produced comparabÌe weight gains when fed to nitro-

gen deprived rais fed an equivalent anount of glycine. Anar--

yses of sera from rats fed fructose-glycine by ion-exchange

chromatography revea-l-ed.a smaller increase in the gJ-ycine

peak and a larger increase in the unidentified pre-threonine

peak than when gl-ycine was fed, These findings suggested to

Hagen et a.l. ( t gZO ) tnat f ructose amino acids may be metab-

ol-ized in the rat in such a way that nitrogen but little or

none of the amino acid itsel-f can be util-ized,
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Criteria, other than weight gain, have been used to

measure anima-l growth as the index of amino acirjs avai. l.ab,le

from foodstuffs, carhoun et al-. (lges) determined the

avail-ability of J-ysine in wheat, f lour, bread, and gruten 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 puriod,
and found a high degree of correlation between rysine and

growth" This agrees with ¡esul-ts obtained by de Muelenaere

et a1. (lgs7a) and Boctor and Harper ( 1 968 ). In the assess-

ment of the availability of lysine when purified proteins or
proteins from cereal- and milk powder.were supprements to a

wheat gluten diet l-ow in lysine, Gupta et e-f,.. (1 958 ) obtain-
ed evidence that amino acid availability val-ues cal-cuLated

from weight gain per unit of food consumed for two weeks,

r^tere more accurate than values obtained from growth data

alone.

3. In vivo methods

Studies were conducted by de Muelenaere et al.
(lg6la, 1967b) to dete¡mine the avaitabitity of rysine,
threonine, isol-eucine and valine from corn and ¡ice proteins
by the growth and fecal analysis methods. Besides conside¡-
ing weight gain and weight of empty carcass as criteria of
growth, the content of carcass water, nitrogen and the

amino acid being assessecJ, were al-so considered with the
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availability being calculated in th¡ee ways for each crite-

rion. Ïhe J-ysine of rice and corn hras f ound highry avaiJ-abre,

but threonine, isoJ-eucine and valine were l-ess availabre in
corn products than in rice products" These findings indica-
ted that avai-ì-ability of an amino acid frcm one particular

source of protein may vary greatly depending on the criteria
of measurement used. The most reliabl-e and sensitive method

of calcul-ation was that based on plotting the totar change

in criterion against the total amount of amino acid consumed

since growth is a function of amino acid intake, An inverse
rel-ationship was found between the availabiJ.ity of an aminr:

acid and the protein and/or carbohydrate content of the

diet, it being more marked in dete¡minatiàns by the growth

method than by f ecal- anatysis method; this h/as al-so previou s-

1y obser:ved (Gupta and Elvehjem, 1gs7 ) when apparent trypto-
phan availability decreased as ttyptophan \Á/as suppremented

in the diet. A discrepancy existed between true protein
digestibility values and values for availability of amino

acids by the feca.L anarysis method as found for lysine and

threonine from rice and.corn, respectively, bv de Muelenaere

et a]. (1967a, 1967b). Ford gL al. (1g67), however, sug-

gested that facto::s such as the pattern of avail-abl-e amino

acids reLeased during digestion may be responsibre for the

differences sometimes noted between the availability of
amino acids and the digestibility of protein. Although
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val-ues obtained by the fecal anarysís method are higher
than those obtained by ilre growth method, Ford gl. al, (1g67)

found cl-ose correl-ations between results obtained by fecal-

analysis method, as appried to four whale meat meals and

dried skim milk sampres having a wide range of nutritive
quality, and those predicted from chemical and mic¡obiorog-
ical tests. Resurts of Gupta and EJ-vehjem (1gsT) f¡o, rat
bío-assays on the availability of tryptophan in beef, pork,

casein, egg albumin, beef fibrin, purified soybean protein
and milk powders checked wel.r-. with those obtained f rom tryp-
tophan dete¡minations in the feces, with beef being simirar
to the findings of Kuiken and Lyman (lgag) using diffe¡ent
experimental techniques. 0nly lysine from corn was reported
by de Muerenaere .e.!. eÀ. (1967a) to be rower by the f ecal
analysis method than by the growth method.

Sglnma rV

The termttavairabirityt'has been defined by de

MueJ-enaere et a1. (1967b) as frthat portion of an amino acid
present in a protein which is used for growth, deveropment

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

¡ate of rel-ease of the amino acid in the intestinal tractrr.
In conducting in vivo studies to assess the avair-

abiJ-ity of amino acids, it seems imperative that when using
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the growth method conside¡ation be given to possible exist_
ence of amino acid deficiencies, imbaLances or antagonisms

for de MueLenaere gf aI. (1g6Tb) found isoleucine and valine
ì¡/ere more avail-abre to ¡ats when the Leucine-isol-eucine
antagonism was eriminated, by omitting r-eucine and har_f of
the isoleucine or arr- of the reucine from the zein-simurated
diet, in growth studieso Also, the source of carborrydrate,
and the leve-rs of protein, calories and cell_ulose should
receive attention for they are influencing factors in both
the growth and fecar anaJ-ysis methods. If processed foods
axe being assayed, the possibility of amino acid destruction,
the formation of unavailabr-e compounds containing amino

acids and peptide bonds ¡esistant to enzyiatic hydrorysis
shoul-d not be overlooked. since the total metabolism of the
intact body as welr- as the,method of measurement, dete¡mine
the outcome of growth assays, availabilities dete¡mined by

this method are time-consuming, vary by as much as 1s-zo/",
and probabry are only semi-quantitative. 0n the othe¡ hand,

amino acid availabilities determined by the fecal_ anaJ_ysis

method a¡e l-ess va¡ied but higher in some instances than
those obtained by grorvth methods, possibi-y because some amino

acids are rel-eased into the gut at a slow rate. The for-
mer method, however, has been criticized because 1 ) the
digest itself may infl-uence the secretion of protein-¡ich
materiars into the intestinaL t¡act to inc¡ease the appa¡ent
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undigested residue, and z) the mic¡oflora of the lower
intestine may a-l-ter the concent¡ations of the different
amino acids in the feces. Afthough no consideration has

been given to the effect of coproph.gy on bioJ_ogieal avail-
ability of amino acids, Kuiken (lgsz) added sulfathiozor_e to
the diet and found that bacterial- synthesis and degradation
in the intestinal- tract had no significant effect on the
l-evel-s of availabre amino acids, It would seem, therefore,
that if endogenous amino acids could be more accurateJ-y

measured, fecal anarysis may serve to measure the unre-
leased amino acids

In vitro assays using proteolytic enzymes to hydro-
lyse food protein may never precisely simul-ate 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. CIn the other hand, the FDNB method gives at its best
onry a crude quantitation of lysine as acids used in this
procedure can split enzyme-resistant bonds, It may serve
the usefur purpose of determining if changes ín the lysine
content occL.rrred du¡ing'the processing of a food,

lntroduction of automated ion-exchange chromatog-

raphy for the determination of free amino aci_ds may possibly
offset discrepancies incurred when peptides as weÌr as

avail-abl-e arninc acids enhance gror,rth of micro-organisms

(as noted above, pages 6 and T).
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ExJracetlular Free Amino Acids of the Blood

Evidence has been accurnulating that extracellul-ar

essential amino acid l-evels in rats (McLaughJ-an, 1964; crark

et al. , 1966; Ha¡ker el 4., 1968; Anderson et al. , 1968),

poultry (Richardson gf êÀ., 1953; Tonkinson et a1., 1959i

Hill and 01sen, 1967; Zimmexman and 5cott, 1967), pigs

(Puchal et ê!., 1962; Richardson eg ê-!,, 1965; Braude et -e-f..,

1969) and man (McLaughlan et al., 1963¡ Swendseid et af,,

1966; Adibi , 1968; Young et êf,.. , 197D ) are ra¡ridly af f ected

by dietary changes in amino acid leve1s. In fact, several

investigators (Denton and EIvehjem, 1954; Longnecker and

Hause, 1959; McLaughlan et .e.!. , 1963; Sgnchez , 1969; and

Buraczewski et g.!,, 1967) have shol.rn plasma amino acids were

proportional to the amount of the amino acids supplied by

ingested protein, but Harkér et al, (1968) found only the

concentration of lysine in plasma related to the dietary

intake of amino aeids at fou¡ different level-s" t¡Jhile Atm-

quist (1954), Gra! et êr. (1960), Mclaughlan (1964), and

Cl-ark et a1. (lgSA) rrported that dietary deficiencies of

singJ-e essential amino acids may result in depressed plasma

level-s of that essentia-l- amino acid, a low p-Iasma amino

acid level need not aJ-v.,ays inciicate a dietary amino acid

deficiency; in fact, plasrna l-evels of essential- amino acids

trere not el,evated until diet.:r¡r intake exceeded that found

necessary for maximum groivth ([ìo¡rison et ar,, 1961 ; Zinrmerman
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and Sco tt , 1g67) , 0n the other hancl, Peng et af , (1()69) have

pointed out that accumu-l-ation of some essential amino acids

in p-ì-asma coul-d be a false signal of adequacy if an imbar-

anced diet had been ingested. Nevertheless, much confidence

has been placed in Armquistrs suggestion that the amino acid
levels of plasma might be conside¡ed an indicator of dietary
amino acid adequacy in establ-ishing amino acid requirements,

for a prasma amino acid ratio was deveroped by Longnecker

and Hause (1961 ) and a prasma amino acid sDore by Mclaughlan

(1964 ) for the detection of the l-imiting dietary amino acid,
The determination of extracerlula¡ free amino acids has been

used cl-inicalJ-y, also, in the nutritional assessment of
human subjects (Swendseid et a-f-or 1963a; ì¡úhitehead and Ðean,

1964) for usually excesses or deficiencies in the dietary
intake are exaggerated in t,he plasma (Almquist, 1954; Dean

and scott, 1966). In a review of the relationship between

protein quality and plasma amino acid l_evels, McLaughlan

(1963 ) concluded "plasma amino acid l-evel-s cannot be used

directJ.y to compare the protein quality of one protein with
anothert'but suggests they may be useful in eval_uating the

availability of amino acids in processed foods.

Extracellurar amino acid concentrations, however,

are not onry influenced by the amino acid pattern of inges-
ted protein, but aÌso by many other factors: 1 ) the type of
protein consumed prior to the test period (Anderson et al.,
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1969; Peng et êf.., 1969) , 2) the amount of amino acids

consumed during the test (Peraino and Harper, 1g62; AIam g[

EÀ., 1966; Peng et a1. 1969), 3) consumption of othe¡ nut-

rients, such as sugars and vitamins (Ricnardson gl, âl.r 1953;

Charkey et êf.., 1954; Swendseid et Ê,,Io, 1967), 4) rate end

extent of amino acids released during digestion and their

rate of absorption (Nasset and Ju, 1961i Goldberg and

Guggenheim, 1962e 5nook, 1g65; Smith, 1g66; Bergen and Pur-

se.r, 1968) , 5 ) the synthetic and degradative capacity of the

animaJ-(Anderson et al-. , 1968; Ande¡son et gf,., 1g69; Peng

et al. , 1969) , 6) the amount of amino acids required fo¡

protein synthesis, 7) hormones (Leung et 4,, 1968a; Laudau

and Lugibihl , 1967), B) time of sampling the bl-ood (Long-

necker and Hause, 1961; McLaughlan et al., 1963; Clark et

gf.,, 1966; Boomgardt and McDonal-d, 1969)i and 9) source of

blood, whether arterial or venous (Denton and El-vehjem,

1954; Peraino and Harper, 1962). Peng g! al. (lgSg) have

suggested that food intake reguJ-ation is an important homeo-

static mechanism fo¡ the control of plasma concentrations of

essential- amino acids, low levels of the latter stimulating

appetite and high level-s depressing apperite,

Growth. Development and T.issue Plcoteí!
Metab olism

That protein is fundamental- to Iife itsel-f was first
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demonstrated when Magendie (tale) showed that dogs fecj diets

containing only carbohydrate and fat, did not survive,

Almost a hund¡ed years J-ater, van 51yke and tvleyer (t gt ¡ )

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 ¡etained as protein. In analyt-
ical- studies, Mourton (lgzl ) compared deve-ì.opmentar changes

of seve¡al diffe¡ent mammalian species with man; he defined

chemicar maturity as the stage of development at which con-

centration of water, proteins and salts became comparatively

constant, and he rel-ated chemical deveropme.nt to the degree

of physicar development at birtho 
.Decades J-ater, confixma-

tion of this relationship was presented by Vúiddowson and

Dickerson (1964) for eight mammalian species. A recent

review (Mi-l-1er, 1g69 ) f ocus,es on the cellul_ar changes

rel-ated 'bo p rotein metabol-ism during the immediate post-
natal- period,

Chanqes in Cel-l-ular ConStituents dUring.Growth

In an extensive experiment, Enesco and Lebl_ond

(lgsz) weighed each organ and deiermined the DNA content of
rats during different periods from bi¡th to i60 days. They

repo¡ted that three periods of development exist, as foÌlows:
1 ) f¡om bi¡th to seventeen days, rapid growth of tissues
is due alrnost excJ-usivel-y to nucl-ear mitosis resu-lting
in cerl- addition, hyperpJ-asia; 2) fronr seventeen to about
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34-48 days g::owth continues by cytoplasmic enl-argement of

cel-ls as wel-1 as by increase in the number of cells, the

latter at a reduced rate; 3) from 48 days oRr growth is noh,

mostly due to an increase in the size of cel-ls, hypertrophy,

llühen l,/inick and Noble (l ge S ) studied growth and deveJ-opment

of rats from ten days after conception to maturity (gg days)

they also found an inc¡ease in DNA content that corresponded

with the fi¡st stage of growth; in addition, an inc¡ease in

protein per nucleus as wel-l as a continuing increase in DNA

at a sl-ower rate ¡ef lected the second peri od of growth whil-e

the third period showed an increase in protein until a con-

stant level- hras reached and growth 
. 
ceased. ïn all organs

and tissues studied, level-s of RNA increased proportionately

with DNA concentration, a high RNA/DNA ratio occurrirrg

earlier in deve.Iopment than the protein increase in the same

tissues. The data of Enesco and Leblcrnd (lgSZ ) and !'/inick

and Noble (tg6S) also showed that while the sequence of

events is similar, the extent of hypurplasia varies from one

tissue to another.

Liver

Hyp"rplasia occurs at the cellular level- in -liver,

according to Goss (1g66), Evidence for this was supp-lied by

Enesco and Lebl-ond (lgeZ) who found the number of nucl-ei

increased markedly with age; this was refl-ected also in DNA

content of i-iver which ranged from 1,A1-12,18 ng/Iiver from

t,
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7-35 days and then increased more slowÌy to 25,22 ng/Iiver

by maturity. Histological l-iver 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 Vúinick and Nobl-e (1965) showed 1 ) rapid cel-l_ division

f rom abou't 16 days af ter conception to 44 days post-natal-J-y

folLowed by a declining increase up to 99 days o as indicated

by DNA content of l-iver and incorporation of 1 4C-thyridine

during ngrmal 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 preceding a rapid increase

up to 4240 mg of protein/l-iver by 99 days. This reta¡dation

of Liver growth in the neonate was evident also in Enesco

and Leblondts work (lgeZ) for the mean weight of rat live¡

by the seventeenth d.y after birth was only three times

greater than that at 7 days but 37 times greater by maturity.

Unlike other tissues, I¡,/inick and Nobl-e (lgeS ) found an

increase in RNA/DNA ¡atio in liver between bi¡th 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 cel-l- during early growth when cel-Is were dividing rapid-

ly. ïhe work of Geschwind and Li (lgag) in¿i.cated that RNA

continued to increase up to 40 days.

2, Skel-etal- muscl-e

Goss (1966) i.,¿icated that hyperplasia takes place
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in skeletal- muscle by regeneration or increase in myofibril

number but onJ-y within the confines of the muscLe fiber. A

steady inc¡ease in weight of the muscle b/as observed by

Enesco and Lebfond (1962) when they examined gastrocnemius

muscJ-e at 17, 34 and B0-95 days. The increase lessened

somewhat, however, after 34 days of âgeo In fact, âs a per-

cent of total body weight, skeletal muscl_e weight rose from

23% at bi¡th to 45.5% at 14O days, indicating a more rapid

increase in weight than that of the body. A steady increase

in DNA -content was also found from bi¡th 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 et al-. (1966) also

found a linear increase of DNA in quadriceps from 43 to 90

days but no increase during the 58 days that followed. His-

tologica]- sections of Enesco and Lebrond (1962) as werl as

the increase in protein concentration noted by Gordon et a1.

(lgSS) inaicated progressive hypertrophy of muscle fibe¡s

with age. l{inick and NobIe (lgAl) found a high RNA/DNA

ratio long befo¡e the high protein/DNA ratio was evident so

tissues active in protein synthesis al-so have a high concen-

tration of RNA. Howa¡th (1969), also, observed that rates

of protein synthesis, measured by in viv.o and in vitro tech-
niques, were cJ-osely associated with rates of RNA and DNA

synthesis.
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ïn terms of concentration per 100 g of tissue,
Miller (lgøg) gruphicatJ-y (Fig, 1 ) indicated that I ) DNA

reached its highest peak at birth in both liver and skeletal_

muscle but decfined rapidly in the former compared with the

slow leveJ-Ìing off in the latter; z) liver RNA attained its
highest concentration from 7-14 days of age declined at a

similar ¡ate up to twenty days before decl-ining at a

much srower rate; but, in muscle, RNA was at íts maximum at

birth and gradualJ-y tapered off at a sLow rate up to and

beyond 25 days; 3 ) protein synthesis in the r-iver hras at its
highest between 15 and 25 days, but in skeletal- muscle after
a definite neonataL decrease, protein synthesis inc¡eased

temporarily until the twelfth duy when a rapid increase

continued until- maturity,

Nut ritio¡a1 I rnpl- j.cations

For normal- growth and development, adequate suppJ-ies

of nuc.l-eic acids and protein are ã necessity. De novo bio-
synthesis of precursors such as nuc-l-eotides and nucl_eosides

are easily synthesized f rom severa-r- smal-r- mor-ecur-es, Thus

various components of the purine ring can be derived from

formate, carbon dioxide, grutamine, aspartjc acid and gÌy-
cine whil-e pyrimidine bases start with carbamyl phosphate

and aspartate. 0f far more irnportance, however, are the

enzymes required for these synthetic processes. Thus, everì

without consideration of the protein synthesis necessary for
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cytopLasmic enlargement of ceJ-Is, protein metabol-ism with

its regulation 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 lite¡ature abounds with studies showing

the speed at which liver responded to change in dietary

protein, For example, Addis gf al-. (tg¡e) deronstrated that

liver protein ì^,as reduced by 2t/" after two days on a protein

free diet and Kosterlitz (lga7) 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 (lgea ) tnat 1 ) it

was related to the immediate amino acid suppJ_y to the 1iver,

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.O,

20.4 and 28.3 kg, Elwyn (tgZ0) found 571" of absorbed amino N

was converted into urea as it passed through the liver, 6/"

left the fiver as plasma protein, and only 23Ío enLered the

general circulation as free amino acids; the remaining j4/"

possibJ-y was retained as hepatic protein. Although research

on skel-etaI muscJ-e, has not been as extensive as on liver,

Al-lison et a1. (tgg¡) found that the adaptive reactions in

both liver and muscle pJ-ay an important roLe in the
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util-ization of dietary protein.

1o DNA

The effect of diet on DNA content of the rat is

most critical at the post-natal preweaning stage. l{o¡k by

lvinick and NobÌe (lgel) ¡elated the state of nutrition dur-

ing the neonatal- period to the rate of cell division and the

f inai- number of cel-l-s in the organs of the rat. They f ound

¡ats from smal-1-sized l-itters had a greater growth rate and

a greater numbe¡ of normal sized cel-1s than less adequately

nursed neonatal- rats from litters three times the size of

the former, RecentIy, Howarth (lglO) found that under-

nutrition and protein deficiency.retarded protein and DNA

accumul-ation in the skel-eta1 muscle of weanting ¡ats and

young chicks, the effect on DNA being more severe; repJ-etion

of the rats resulted in DNA but not protein being accumula-

ted at a faster rate than was normaÌ.Iy found. During

calorie rest¡iction (\¡'linick and NobJ_e, 1966 ) f rom 1 ) birth
to weaning, 2) weaning to 42 days of age, and 3) 65-85 days of

age, there was a corresponding decrease in DtrJA, RNA, protein

and weight of all organs in 1 ), in 2) except for DNA content

of brain and l-ung, and in 3) except for D\A other than in

spleen and thymus, The lung and brain in 2) and alt organs

in 3) except thymus attained normal size upon refeeding an

adequate diet. Thus, recovery depended on the age of onset

of the mal-nutrition, the ea¡1ie¡ it occurred the mo.re drastic
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the effect and less chance for repJ-etion, hyperplasia being

the forerunner of hypurtrophy,

The DNA content of dipj-oid nucl-ei in interphase has

often been used as a point of ¡eference in analysis of

tissue (Thomson et af., 1953) because of its constancy in
trmaturerr organs. Among the investigators who questioned

this constancy of DNA concentration were Mendes and l,later-

Jow (1958), Umana (lgeS) and Haider and Tarve¡ (1g69) who

found inc¡eased DNA content of isol-ated ce11 nuclei and DNA

concent¡ation per gram of live¡ weight when rats were

starved or fed diets ranging in protein content from 0-6,4%.

However, a 50% dietary ¡estriction (Etliott and Cheek, 1968)

resulted in a significant loss of DNA per gram of l-iver and

muscle, ObviousJ-y, further research is necessary to deter-

mine mechanisms connected with a DNA inc¡ease in liver celJ-s,

supposedly no longer susceptible to mitosis, in some instan-

ces when protein intake is greatly reduced.

2, RNA

The RNA content of normal liver cel-ls varies with

the level- of ingested protein. The nutritional regul-ation

of protein and RNA metabol-ism in liver cel-ls has been

studied extensively by Munro and co-workers. Changes in RNA

content, as noted by Munro and Cla¡k (lgAO) seemed to be

associated with the endoplasmic reticul-um in the normal

liver ceLL as no changes were observed in mal-ignant cells
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devoid of endopJ-asmic reticulum, Protein intake found to

af f ect the nucleo.l-a¡ RNA of rat live¡s (f\4un¡o et al. , 1g65) ,

however, ì.vas considered of littre importance; but of concern

was the 2o/" ross of -l-iver RÀlA du¡ing protein depJ-etion as

possibly it represented ril¡osomal RNA which makes up Bu% of
the total RNA. Studies (CÌark g! al., 1957) to determine

whether this was the ¡esult of dec¡eased synthesis or in-

creased degradation of RNA suggested that withdrawal- of the

dietary supply of amino acids accel-erated RNA breakdown in

liver ce1-l-s. Accordingly, research at the ribosomal- revel

by V/unner -q[ e¿., (lgee) showed that, when rats were fed a

tryptophan-deficient mixture, there was a change in the

polysome profile. Polysomes disaggregated whiLe the popu-

ration of monosomes and free ribosomal sub-units increased,

the latter event causing activation of latent ribosomal

ribonuclease which degraded the RNA that was

combined with ¡ibosomes to form polysomes,

nucl-ease which apparentry is resistant to depletion has been

shown (Zigman and Allison, 1959; AIlison et g-L,, 1962) to

have an inverse rel-ationship to both quantity and quarity of

amino acids supplied in the diet

Some of the more pertinent facts on protein syn-

thesis in skeletal muscl-e as rerated to nucleic acids and

brought out in a review by Young (lglo) muy be summarized as

foll-ows: 1 ) t,úhiJ_e a rarge proportion of the DI{A of muscre

no longer

ï ndeed, ribo-
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is present in the non-contractile cel-ls, RNA is thought to

derive mainly from cont¡actile ceLIs. 2) There are more

free ribosomes in skeletal- musc-l-e than in l-ive¡ but bound

ribosomes are more pJ-entif ul in the l-iver, 3 ) During pro-

tein synthesis in muscle cetls, polysomes containing as many

as 50 ribosomes aggregate on messenger RNA. 4) Proteins,

such as actin and tropomyosin are not synthesized simultan-

eou sly

3.. P ¡ot ei n

- In light of the fult 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 l¡r/aterlow

(1969). Nevertheless, there is a great deal of interest in

tlre synthesis (¡eviewed by Korner, 1964) and degradation

(reviewed by Neuberger and Richards, 1964) of protein in

estimating the turnover rate of protein in the va¡ious tis-

sues" Such attempts, whether by the method of 1) San Piet¡o

and Rittenberg (1 953 ) , 2) cumurative exc¡etion of 1 5tr]-trbel-ed

compounds (01esen et êf., , 1954; I,üu and Eishop, 1959), 3) rate

of disappearance of labeled free amino acid from the blood

after single injection (Gril'me¡.et gf-., 1961) and 4) constant

inf usion (vr/aterlow and Stephen, 1967; llaterlow , 1967 i Gan

and Jef f ay , 1967 i lVaterl-ow and Stephen, 1968 ) are dependent



2B

on the acceptance of certain assumptions and approximations.

Such expe¡imentation, however, does serve a purpose, espec-

ialJ-y if used as the basis of comparison.

VJork by lr/jddowson and McCance (t gSg ) in¿icated 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

ldaterl-ow (1 9 5B ) f ound weanling ¡ats maintained on a 6. A/"

protein rJamaican dietr fo¡ 28 days did not grow; the liver,
muscl-e and body weights ¡emained constant even thou.gh pro-
tein per g,ram of tissue dec¡eased srighti-y in muscle. A

similar effect was noted by Allison et ar. (1963) for DL-

methioninu-355 concentrated more in the river than in the

muscle after rats had been fed a protein-free diet or starv-
ed. 0n the othe¡ hand, VúaterLow and Stephen (lgSS) found

that while l-iver contributed 7. B /, to the totaÌ nitrogen
losses of rats fed a protein-free diet for three days muscle

showed no l-oss of nitrogen, The live¡ of rats fed a 6%

casein di et f rom 5-B weeks or f rom 5-B u.reeks f ol-Ìowed by a

protein-f¡ee diet fo¡ three days, _however, did not contrib-
ute as much to the total- N deficit as it did in acute

depretion, for river losses were 4/" of the total N lost in
each instance; muscLe over this 5-B week period of depletion
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lost considerabJ-y more N than the liver for 26 and 30% of

total body nitrogen losses, were contributed by muscle of

rats fed tlre 1ow protein and protein-free diets, respective-

fy, muscle N depletion being fairly propo¡tional- 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 l-iver changed

rapidly in proportion to the protein content of the diet,

while muscl-e response was much slower. Using various tech-

niques, many investigators have made an attempt to determine

the adaptive reactions of a biological system and/or its

component parts to variation of protein intake. Vúhil_e the

resul-ts are overl-apping in scope, they might best be cat-

egorized under the foJ-lowing subheadings:

a ) Synthesis

Evidence indicates that the dist¡ibution of a label--

ed free amino acid is dependent on the dietary state of the

biological system, the needs of the most crucial metabolic

processes being satisfied fi¡st. This was observed by hlater-

low (tgSg) for three days after he injected DL-methionine-
35S into adequatel-y f ed ¡ats and protein-depì-eted rats, he

found 75/" of the labe1 in the carcass and 25% ín the vise¡a

of the former, but stf" ín the internal organs of the r-atter,

ALso, repletion of the rats depteted on the rJamaícan diett
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(lulendes and Vúaterl-ow , 1968) \^/as rapid in the liver but not

so in the musc.ì-e. The rate of protein synthesis 4 hours

after injection of DL-Iysin"-1-14C in rats fed a high, nor-

mal or Ìow protein diet was simil-ar but it was slightty

higher for ¡ats on a protein-free diet (Haide¡ and Tarver,

1969), Vr/aterlow and Stephen (1966) again found depleted

rats retained a higher ratio of activity in the inte¡naL

organs and less in the carcass than normal rats. At the

ribosomal Ieve1, Cooper e! 4. (t ge A ) observed no dif f erence

between uptake in the liver and muscle, possibly because of

the methcrd used to prepare the ribosomes. Although 5ho¡t
(1969) found l-abeled methionine incorporation into protein

\¡ras more rapid in red muscle containing mostry stromal pro-

tein, than in white muscl-e containing mostly sarcopJ-asmic

protein, bJaterl-ow and Stephen (lge s ) noted no signif icant

difference in muscular uptake of labeled lysine between the

sarcopl-asmic and fib¡i11ar fractions of the muscl-e even

though there was a difference in the well_-nourished and

protein-deprived rats. Consequentì-y, Waterl-owrs group

(lgSS, 1967, 1968) concluded that low protein diets resulted

in a rea-l- decrease in the rate of amino acid uptake into

muscle protein generally, and that ¡ats adapted to dietary
protein intake by change in the synthetic pattern.

Dther factors influencing the uptake of l_abel_ed

amino acid into cel-l-ul-ar protein were: 1 ) agp, f or \¡Jaterlow
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and stephen (lgs6) and Srivastava and chaudhary (1969)

found l-ess incorporation of L-tysin"-14c into the various

fractions of muscl-e with increasíng age of the rat, paral-

leling a decrease noted in muscle RNA by V/aterlow 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
cell-s but possibly to stimurate more than one step in the

activation of amino acids into cellular proteins ( snipes,

1g6Bi waterrow and Stephen, 1g68; 5hort, 1969) ; 3 ) membrane

permeability f or Henriques .p.! .e.!. (t gss ) postuÌated that
there is a barrier to the entry of amino acids into muscle

ce-l-1s and Id¿¡"rl-ow and Stephen (lgn) found some evidence to
indicate J-ysine penetrated muscl-e tissues more srowJ-y than

other amino acids. ,

Consideration of the mechanism(s) that may control
protein synthesis has implicated.factors at the subcerLurar

1eveI, arso, for incorporation of a l-abeled amino acid was

32-541" ress into microsomes prepared from perfused and non-

perfused l-ivers of fasted rats (Rothschird et al; , 1g68),

and about 50% l-ess into ribosomes of rats-on a low protein

diet six days (Young and Alexis, ig68). Young and Huang (1969)

al-so found reduced alrino acid incorporation by::ibosomes of
right thigh rnusc-l-es of ¡ats rvith a 3-day olct fractu¡e in lcft
fernur ancl fed a 25i" casein diet for jA days; irrcorporation
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in the liver was similar fo¡ injured and uninjured rats.

The attachment of rnRNA to::ibosornes can be inhibited by

antibiotics such as chloramphenicoJ- (Murthy, ig66), Enzymes

of protein metabolì,sm have been implicated also for Mariani

et al-, (1963) , Gaetani g-!. eÀ. (lge a ) noted an increase in
the activity of the amino-acid activating enzymes in the

l,åver of protein-depJ-eted rats whil_e stephen (lgag) found a

simi-l-ar increase in the liver of twenty-two rnalnourishecl in-
fants. lulariani et a-l-, (lgel) and Gaetani et g.!, (lgaa) arso

found activity of the arnino acid activating enzymes was less

than normar in the gastrocnemicus of protein-deprived rats,

thus suggesting that the amount of protein synthesis is

regurated through modifications in the level- of amino acid

activating enzymes, 0n the other hand, Schimke (1962a, 1g6zb)

observed a decrease in the -urea cycle enzymes under simil_ar

conditions but there h/as an increase in activity upon re-

feeding,

b ) Catabol-ism

Most of our knowLedge on protein catabolism is based

on what has been known for years, Once proteins are synthe-

sized in nlammaJ-ian cells they are degradefl at their own

characteristic rates ( Sprinson and Rittenberg, 1 950; velick,

1956), l./e1-l-known is the fact that when protein intake is
decreased a fall in urinary nit¡ogenous products foll_ows.

Stephen (lgsa) found there was a reduction in urinary
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excretion of N products as great as 33-5t%, And, since

there was no change in catabol-ism between adequately-fed

and nutritionally-deprived rats, V,/aterLow (l ge A ) suggested

that a Ìarge proportion of the amino acids liberated by

catabol-ism are re-synthesized into protein within the same

cel-1. Gan and Jeffay (1g67) found re-utilization of endog-

enous amino acids varied with nutritional status, as much

as 50% in the l-iver and 3t/" in the muscle for normaÌly-fed

rats, with 9O/" in the live¡ early in a fast and 65/" ín

musc-Ie after a period of fasting. Sidransky and Verney

(1970), found skeletal musc.le protein breakdown contributed

amino acids to the bLood from which they were incorporated

into hepatic protein when animals h,ere force-fed a th¡eonine-

deficient diet for only one day. Unlike protein synthesis,

a missing amino acid did n?t influence degradation of a

protein for when Fashakin and Hegsted (tgZ0) varied lysine

in the diet of rats and then infused L-val-in"-1 4C or vice

versa, the l-oss of activity observed was not af f ected by tlre

degree of an amino acid deficiency,

Goldberg (1969a, 1969b) conducted studies to deter-

mine rates of protein catabol-ism in non-growing skeletal

muscle of hypophysectomized rats, He found protein catab-

orism more decreased in sarcoplasrnic than in myofibr-il.tar

muscle, as wel-l- as an inc¡ease in synthesis of new protein

when hyp"rtrophy was induced by sectioning the tendon of the
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gastrocnemius muscle two days after injection of 3H-lurcine.

Under simila¡ circumstanceso two hormones were injected sep-

arately and the response to each was noted as fol-lows: ten

days af ter 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-

rill-ar musc.Ie , similarily, but decreased p rotein synthesis 
"

c ) Tu¡nove¡

- From isotope studies on muscle proteins, Vefick

(lgSS) concl-uded that individual muscl-e 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 (tdate::Iow 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 l-ow protein

diet for 10 days and O,61 /day for rats fed a lor^/ protein diet

f or 5 weeks, all within the statistica.l-1y non-significant

xange of O,76/day for the control ¡ats. fn other turhover

studies by h/aterf ow and Stephen, J-ysine f lux 1 ) dec¡eased

significantly with advancing age (\^JaterIow and Stephen,

1967) in both liver and musc.l-e protein (1,üaterl-ow and Stephen,

1968), 2) was lower for female rats than male ¡ats (ldatettow

and Stephen, 1967 and 1968) and for alloxan-induced diabetic
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rats compared h/ith normal rats ( Hay and flaterlol , 1957 ) ,

4 " I ntracellul-a¡ f ¡ee amino acids

Retention of int¡acel-lular free amino acids requires

a baLance between the production and util-ization of amino

acids. Amino acids are supplied by a release of amino acids

during protein catabolj.sm in the tissues, synthesis of non-

essential- amino acids from suitable precursors, and accept-

ance of essential-'as well as non-essential amino acids from

the ci¡culatory system. 0n the other hand, the free amino

acids of intracellul-a¡ spaces are util-ized in the synthesis

of protein and non-nitrogenous compounds, rel-eased to extra-

celLular spaces, or degraded fo¡ energy purposes.

That intracellular free amino acid pools are receiv-

ing a constant supply of free amino acids f¡om breakdown of
tissue protein has been demonstrated by Gan and Jeffay (1967).

when l-abered lysine was infused into. normarly fed rats, the

int¡acell-ular specific activity in the liver ¡eached a

plateau within 60 minutes but never attained the high l-evers

of the extracerluLar specific activity, This indicated an

int¡acel-l-urar dirution, which in the case of rysine or othe¡

essentiaÌ amino acids coul-d not resurt f¡om synthesis, if

the assumption is that f¡ee amino acid pools are homogenous.

I f pools are not homogenous, as indeed ldater-l-ow and Stephen

(lgea) have indicated they are not, then consideration must

be given to the presEnce of non-essentiar- arnino acids as
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contributing to the dilution of the specific activity r-n

the intracel-l-ul-ar pooJ-, I n f act, when l-abeled Iysine was

infused at a constant rate into rats fed normally for

periods up to 2O hours (Gan and Jeffay, 1967), the ratio,

liver lysiner/plasma Iysine specific activities rose to a

plateau at a value of abcrut 0.4-0.45 after 45 minutes and

remained essentialJ-y constant for at l.east 10 hours before

gradually increasing to 0.6 by 2o hours, this last increase

indicating that there was an increase in the labeled intra-

cel-lular pool as a resu-l-t of degradation of labeled proteins

in the cel-l-, Uptake of amino acids by thigh muscl-e 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 simila¡ to those found for lysine.

Thus, it was concl-uded that 40-45/" of liver J-ysine and 1O/"

of muscl-e lysine came di¡ectIy from the plasma. fn addition,

a reverse type of experiment showed that protein catabol-ism

continued even in the p.resence of a more than adequate sup-

pIy of plasma amino acids, Trrrenty hours after intra-

peritoneal in j ec i;ion of Labeled J-ysine when Gan and Jef f ay

(1967 ) inf used unlabe-l-ed Iysine f or periods up to two hours,

the speci'fic activities of bcth intracel--lul-ar river J-ysine

and muscl-e lysine were reduced ZBi,, and 4'37", respectively, by
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tl-re end of the infusion period.

Gan and Jeffay (ig6T) al-so conside¡ed the influence
of the size of intake on the amount of intracelrul-ar free
amino acids contributed by cel-lular protein catabolism.
vJhen large amounts of rabel-ed lysine \^/ere infused for one

hour, there was an increase in Ìysine concentration, above

perfusion 1eve1s, of 66% ín prasma, 179y', in liver and 1tof"
in muscle. Since the infusion ¡ate was greater than the

utilization rate, the size of the intracell-ul-ar poor was

enl-arged with the contribution from the pJ.asma to the l_ive¡
being increased to 9oÍo, when rats, fasted for varying per-
iods of time, were inf used with trace quantities of labe.l-ed

lysine for ten hou¡s, liver lysine pooJ-s that remained

essentiaJ-]y constant throughout a seven-day fast received
about 9ol' of their tysine f¡om breakdown of protein by the

second day; degradation then gradually decreased to about
5o% until a normal uptake of f¡ee amino acids was attained
f rom the plasma; the ratio of muscle J-ysine: pJ_asma lysine,
on the other hand, graduarJ-y decreased from 6D/" to Ao% over

the period of the seven day fast. These findings suggest

that amino acid int¡acel-lurar revels were maintained by

breakdorvn of the more rabil-e protein of live¡ and other
viseral organs during the first days of a fast and by degra-
dation of the less labil-e protein of muscle j-n the later
stages of the fast (Munro, 1g64),
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Elucidation of the precise mechanisms invotving

amino acid metabol-ism will require, however, more than in

vivo and in Vitro incorporation studies using J-abeled amino

acids. Indeed, Scharff and VJool- (lgSa ) have questioned the

rel-iability of what they cal-l-ed these I'b-Lack boxil investi-

gations which may or may not accurately reflect the concen-

tration ratio of unLabeled amino acids; they argued that

chemica-l- analyses are needed to dete¡mine the exact amount

of free amino acids in tissues. Considerable extracellular

and intracellular determinations were made previously, how-

ever, by Elvehjemrs group using microbiologicaJ. methods,

Schurr g! .e¿, (t 9S0a, 1950b) and Thompson g[ g!. (t gSO)

compared free ar¡ino acid leve1s 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 qn 1\y'" casein diet for 15 days (Tabl-e 1 ).

The short term study of Schurr g.!. -e.f.. (1950b )

indicated that regardless of the dietary regimen foll-owed

1 ) leucine, phenylalanine, tryptophan, vaJ-ine and isoleucine

were 2-4 times higher in liver than in muscle, 2) histidine,

J-ysine and tyrosine were sJ-ightly higher in live.r than in

muscì-e, while 3) proline, methionine, threonine and arginine

were simil.ar in both tissues. comparison of treatments for

each tissue showed 1) no consistent t¡end in liver except

that the total- v.:lues for the fasting rats, regardl-ess of

size, were higher than for fed rats,2) the total amino acid



39

Table 1. Surnmary of studies determining intracell-ul-ar concen-
tration of amino acids of muscl-e and liver as influenced
by diet

Aut ho r
t'/eight of
rats ( 

S ).

Test diet
(ad libitum)

Time on
diet

Schu rr
et aI, (r9s0)

Thomp son
et af. (1950)

Ryan and
carve¡ (1963)

ALlison
et at. (1963)

300-3s0 (5)x
3s0-400 (g)*
200-2s0 (9)v

2s0-300 (9)x
250-300 (g)t
250-300 (g)x

go-120 (s)x

lúeanlíng (7)z
hleanì.ing Q )z
lfeanling ft)z

400 (¡)x

1 8% caseinl
Non" 1

None 1

1 8% caseinl
Nonu I

Nitro g en- fre e

Nonr2

1 8% casein2
Nitrogen- f t""2
Non" 2

1 2 hours
I 2 hours
I 2 hours

I 2 hours

3 days

3 days

3 days

1

I
1t

, 3, 5 and 7 days

, 3, 5 and 7 days

, 3, 5, 7, 14 and
21 days

Scharff and
lr/ool_ (196A)

No" in bracket indicates number of ¡ats
lPretest diet of 18% casein fo¡ 2 weeks
ZP¡e"u*"d rats fed 1ab chow previous to
xspr.gru-Dawley rats; VHolt.*u., rats;

on treatment

e xp e rime nt
zWistar rats
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val-ues fo¡ muscle of fed rats was sJ-ightly lrigher than that
of 2DD-25O g fasted rats, 3) alt values were larger fo¡
muscle of the 350-400 g fasted ¡ats than either of the other
two groups. Rel-ative concentrations of free amino acids in
tissues of fed rats were highest 1) in plasma for tryptophan,

lysine, tyrosine and methionine, z) in liver for r-eucine,

p.henyla-l-anine, valine, histidine and issl_eucine, and 3 ) in
muscLe for proline, threonine and arginine.

' The data of Thompson g!. a1. (tgso) inai.cated simirar
trends in the concentration of free amino acids in the liver

and muscle of rats, regardless of the diet or the rength of
time on the diet, except for histidine, rysine and arginine
which were higher in muscle than in rive¡. lqr/hen rats wexe

fasted seven days, 1) the concentration of most amino acids

in l-iver 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
approximatery normal- 1eve1s 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 river and muscre inc¡eased the first day and then most

amino acids other: than arginine, histicline and threonine

tended to decrease, 2) the amino acid concentration in both
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musc-l-e and liver reached a minimum value by the end of the

Znd week and then remained more or l-ess constant. In all_

cases, proline was significantly dec¡eased by the dietary

conditions imposed. The sum of the concentrations of the

twelve amino acids for the fasted rats ì^,as less than that

fo¡ the rats on the nit¡ogen-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, l-ess degradation of protein in rats fed the

nit¡ogen-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 and tdoor (lgea) studied the plasma

and muscle (Uiaphragm and heart) f¡ee amino acids of rats
(Table 1). A comparison of essential amino acids from

plasma, the only tissue analysis common to the studies of

Schurr gL .ef, (195û), Ryan and Carver (lgeZ) and Scharff and

l¡üoo.l- (lgSa ) has been made (TabIe z) , , The findings of Schurr

et a1. (t gs0) and scharff and bJool- (lgaa) were simila¡ in

spite of age differences of the rats and the raticrns con-

sumed; determinations made microbioJ-ogicarry h,ere higher by

4,9-48% than those obtained by ion-exchange chrc¡matography,

possibJ-y because smaLl peptides that may have been in the

tissue extract, were utilized by mic¡o-organisms" Vafues
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Tabl- e 2 , Compa¡ison of essentÍaJ- amino acid concentrations
of pJ.asma as.dete¡mined microbiologically (Schu¡r
gå .1,, 1950) and by ion-exchange ðhtornriography
(Ryan and Carver, 1963; Scha¡f f and [dool , íge'A)"

Essential-
amino acids

PLasma (,umoIes /lOO ml )

Schurr et
al-. ( t g5-0')

Ryan and
Ca¡ve¡ (1963)

Scharff and
l,Voot_ (1964)

Arginin e

Histidine

I soJ-eucine

Leucine

Lysi n e

Methionine

P h e ny1aJ-a ni ne

Threonine

Tryptop han

Vali n e

1B .4

6.2

10.1

20. 3

39 ,7

6.4

8.3

37, 3

8"2

22, B

7,5

4,5

6,7

9.6

26"6

3,7

4,9

16,7

o.4

12.3

17,5

7,3

B. B

15,2

34 ,6

4.5

7,6

25,2

6,9

1B.B
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found by Ryan and carve¡ (1963) u¡e much rower (21"6-1lJ,3y")

than those of Scharff and Vúoo1 (lg6A), no doubt because the
younger ¡ats were in a fasting state in the Ryan and carver
(lgeZ) study, Scha¡ff and VúooL (lgSa) atso found their
values for alanine, aspartic acid, glutamic acid, glycine
and serine f¡om muscl-e \^/ere simil-ar to those of Kaplan and

Shimizu (t96¡) as wel-r as those of Ryan and carver (1963)

for they made up about 15-791" of the amino acids of the
muscles which had most of its ninhydrin-reacting substances
in the form of ammonia and taurine,

ìn/hen Arr-ison et aJ. ( 1 963, TabJ_e 1 ) compared int¡a-
cellura¡ free amino acid concentrations from l_iver and

skel-etal muscre as related to DNA, they found 1 ) the five
non-essential amino acids mentioned above, were alsc the
most highly concent¡ated in liver and skeretal muscl-e of
rats fed an 1B% casein diet, with the exception of aspartic
acid in muscle, z) alanine was most highly concent¡ated in
the liver and muscle foll-owed by grycine in l_iver, and tau-
rine and grycine in muscJ-e, 3 ) Ìysine of r-iver and muscre as

weLl as th¡eonine, leucine and valine of river were the most

highl-y concentrated among the essentiar amino acids. Rats

fed a protein free diet fo¡ three days had r-ower concent¡a-
tions of both essentiar- and non-essentiar- amino acids in
l-iver and muscle except for tyrosine, phenylaranine, grycine
and taurine in J-ive¡. UJith the exception of J-ysíne, rats
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fasted three days contained even less free amino acids in

the l-iver and muscle but more J-ysine and taurine. More rec-

entIy, NocJa et aJ. (lgSg ) shov¡ed that intrace.I.Iular l-evel-s

of free amino acids in Liver and muscle initially decreased

after feeding a 15/" balanced amino acid mixture to ¡ats for

one hour after a 23 hour fast; then, they returned to orig-

ina-l- l-eve1s.

PawJak and Pion (1967,1968a,1968b) have looked at

the effect that an inadequate intake of one amino acid has

on the tissues of the body, In a preliminary experiment

(Pawlak and Pion, 1967), when 100 g Wistar rats were fed

herring meal suppì-emented with methionine and wheat fl-our

supplemented with tryptophan for 1 B and 35 days, the lysine

l-evel in blood and muscle of rats fed the herring meal was

about four and fifteen times higher, respectively, than that

of ¡ats fed the wheat flour. Also noted were the threonine

levels: 1) for blood, 3.9 and 3.6 mg/100 ml in rats fed the

herring meal- 1B and 35 days cornpared with 1.9 and 1.1 for

those f ed the wheat fl-our f or a simil-ar period, and 2) f or

muscle, 12.9 and 12.O mg/t0C g wet tissue for the herring-

meaL fed rats comparecl with 7.2 and 6,g for the wheat fl-our-

fed rats, the Iatte¡ suggesting that the facl< crf J-ysine in

the wheat flour limited the utilization of threonine for

protein synthesis in muscle. 1n l-ate¡ expe¡iments (Pawlak

and Pion, 1968a, 1968b), rats were fed wheat diets
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suppl-emented v\,ith graded level.s of tysine or threonine for
two weeks onJ-y. The concentration of amino acids othe¡ than

lysine and threonine were simil-ar whether the l-imiting amino

acid was J-ysine or threonine. The th¡eonine l-evel-s of bl_ood

and muscre increased more srowly in rats fed the lower l-ev-

eLs of threonine supprementing a wheat diet but began to
accumurate in these tissues when A.z g of th¡eoni ne/kg d¡y
diet was consumed, unrike lysine, however, the percent of
increase of th¡eonine in b-rood and muscl-e h,as augmented

th¡ee and seven times, respectiveryn while the threonine
content of both bLood and muscle rose 1 0 times higher than

that of unsupplemented wheat. Figure 2 shows that f¡ee
lysine became more concentrated in tissues, particurarly in
muscre, for upon consumption of approximately 8.5 g and 1z,s
g of lysine/kg dry matter, the¡e was a large increase of
free lysine in muscl,e with a constant concentration when

anima-l-s we re f ed approximately g . s to 11 .5 g of lysi ne/kg
d"y matter,

ïhe effect of imbalanced diets on concent¡ation of
amino acids has al-so been studied, vúhen adurt rats (sanchez,

1969; Sanchez and swendseid, 1g69 ) wrtu force-fed eithe¡ a

compl-e t,e amino acid mixture, a mixtu¡e devoid of methionine
and cystine or a mixture containinrJ 4/" methionine, an

inverse rel-ationship was found between the amount of meth-

ionine in the diet and the concentration of serine and
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glycine in prasma and liver for the activity of threonine

dehydrase in the liver was inf-l-uenced by the amount of
suJ.phur-containing amino acids j-ngested, The effect of

these diets on plasma and liver f¡ee amino acids was simila¡
whether the study was 2-B hou¡s after ¡ats ingested a singJ_e

meal- or eight hours af ter the l-ast meal, following 3 days on

the diets.

ïn a study by Leung et aI, (1968b), 100_120 g rats
trained to eat a single meal- for t hour dairy, were fed a

basà1 diet consisting of a 6/" casein diet suppremented with

o,3% DL-methionine or an imbalanced diet that contained the

basaL diet pJ-us 5"41" of an amino acid mixtu¡e devoid of
threonine. Rats were sacrificed at 1 . 5, 3, 5, B , 1 3, 19 and

24 hou¡s after feeding, AnaJ_ysis of tissues revealed 1) the

concentrations of aLl the essential and non-essential amino

acids were higher at 3 and 5 hou¡s in the livers of rats fed

the imbal-anced diet than in those of the ¡ats on the basal_

diet,2) most of the free amino acid concentrations in the

muscl-e of rats on the irnbalanced diet r^/ere either simila.r or
lower than rats on the basal diet except for higher Ìevers
of J-ysine at B, 1 3, 19 and 24 hours and z to 3 times ilre

concentration of val-ine at 1 1/2, 3 and 5 hours in the mus-

cular tissue of ¡ats fed the imbal-anced diet. Leung et al,
(1968) reported the pattern of amino acids in the muscLe

more closely ref.l-ected those of the systemic prasma than did
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the liver.

Young (t970), in his current summary of findings on

f ree amino acids, reports that whil-e there is l-ittle dif f e¡-
ence in concentration of most amino acids found in the

plasma and in the muscl-e, threonine, histidine and al-l_ non-

essential amino acids other than tyrosine are more concen-

trated in the muscle than in the pJ.asma and that taurine has

been noted by many (Awapara, 1956; Stern and Stim, 1959i

Ryan Carv'', 1963; Boquet and Fromageot, 1965i a review

by Jucobsen and Smith, 1968) to be exceedingly high in
skel-etal- muscl-e, its sl-ow tu¡nover in muscl-e no doubt con-

tributing to its concent¡ation (Boquet and Fromageot, 1g6s).

The high concentration of taurine in muscle probably is
related a.l-so to inadequate essentiaL amino acids for protein
synthesis for Allison et al, (tgs¡) found high revers of
taurine in the muscle of rats fed a protein free diet or

fasted, fo¡ three days. Further evidence of tauríne syn-

thesis has been reported by Farlon et al-. (tgga) for a 21"

cystine or methionine supplement to a 2/" casein diet resuLt-
ed in inc¡eased levels of taurine in the 1iver.

Summa rv

l'lany investigato¡s have shown that man and rat can

adjust to a low proteín intake by artering and diversifying
metaboric pathways. There is no reduction in over-al1
nitrogen turnover but a sma.l-rer proportion of the availabl_e
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nitrogen is excreted and a rarger amount is recycred for
protein synthesis, To a great extent, the ratter is accom-
prished by a dec¡ease in the synthetic ¡ate of muscr-e pro-
tein as evidenced by a reduced concentration of muscl_e R*A

and decreased synthetic activity of ribosomes isol-ated f¡om
muscle of rats. No data are available to indicate the ror_e

of free amino acids in skeretar muscre during these pe¡iods
of adaptation to proronged ¡est¡iction of protein intake.

Studies to date indicate that adaptation to a change
in quantity and quarity of dietary protein is accompJ-ished

by a change in the protein synthesis. Most attention has

centered on adaptation 1) during fasting and z) diets that
contain eithe¡ no protein o¡ r-ow protein. In the ratte¡
case, the rate of synthesis in the liver remains normal_ o.r

increases above normar- but the synthetic rate in the skeretar.
muscl-e is greatly reduced, possibry making more amino acids
availabl-e f o¡ synthesis in other tissues. How intracer_.r_uLar
amino acids react and adapt to changes in the quantitative
and quaritative intake of protein during deveropment, needs
furthe¡ attention,

The objectives of this
deternri¡e, if and how, int::aceI
tration of skeleta-l- muscle vary

study, therefore, were 1 ) to
lular f¡ee amino acid concen_

with ingestion crf protein
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differing in quantity and quarity; z) to find out a) the

¡elationship between possible changes in free amino acid
concentrations of skeretal muscre and those of river and

prasma, b) if the gastrocnemius is trury representative of
most skeletal muscre; 3 ) tcr investigate the J_ong te¡m ef f ect
of a pa¡ticular diet on a ) the extracel_l_ular f ree amino acid
leveÌs of the blood and intracel-r-ula¡ free amino acids of
other tissues, b) the DNA, RNA levels of liver and skel-etal-

muscl-e, 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 biotogical availability of
wheat was determined as it made up the greater part of two

diets. ïhe questionable influence of the mícroflora on tlre
amino acids of the gastrointestinar tract suggested inves-
tigation to see if coproph.gy pxevention had an effect on

amino acid availability,
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MATERiALS AND fqETHi]DS

Male weanling rats of llistar strain were housed

individualJ-y in suspended v¡ire bottom cages, in an environ-

menta-lJ-y controll-ed room at a temperature of 23DC. Diets

used were rnade into peJ-Iets of 0.8 cnì in diamete¡. The diet

and water were fed ad lj-bitum up to the time of sacrifice.

During the adjustment period, twenty-three d.y oId rats were

f ed wheat supplemented (SW¡ with soybean mea-l- and f.ishmeal-

(Tabl-e 3 ) , This diet rnet or exceeded the National Research

council- (1964) recommendations in al-l- required nutrients.

Availabil itr, Studv

Twenty-four rats, weighing 3O-42 g at the start of

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

biological- avail-abirity 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

(s.i.rnilal to those described by Ba¡nes g! al, , 1 963 ) as f ol-

-li:ws: 1 ) to cover the anus and prevent coprophagy, 2 ) to

act as a sham tail cup further down the tail- but alì.owing

coproplrag5l, while the contro.ls wore no tai,i. cups, The test

period was begun four days after pracenrent of tair cups when

rats weiglred approximateJ.y B0 g.

Rats h/are fasted the fi¡st day of the test period to
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Tabl-e 3. Forrnul-ation and
ability of amino

composition of diets for avail-
acid study

Diets
Supplemented

whea t
(sl,ú )

Unsupplemented
whea t

(t.r/)

Nitrogen-
fre e

I ngredients (1") z

Vüheat

Soybean rneal-

Fi s hm eal-

Al-falfa
Dextrose
Alphacel
Vegetable oiI
DefLuo¡inated ¡ock
phosphate
Vitamin premixx
Mineral premixY

Chemical analysis (%):
Nítrogen

69,t
18.0
5.0
2,t

3.0

1.5
1.0
0.5

4 .21

91.3

2,O

3.0

2,45

75. 0

2D.O

5.0

2.2
1.0
0.5

xContuil? p?r !U. diet: vitamin A ( 71 50 ïU ) , vitaminD3 (B1B ICU), vitamin E"(s,s rui;-;;;;rï" 812 (rr ,rq). vita_

iË,:i;e :i:iii"ji' i"î:,'å?;'*;":i¿,l1;0.ilï":í:f:';i1; acid,
methionine (0.S g), men¿rdione"(1,1 mg), Santoquin (1.1 mg)and peniciltin - streptomyci" iZS,¿ i"â\

VContains
zinc oxide (t t rng
sul-fate (6.6 rng Cu

pe: kg diet: manganese
Zn), ferrous su-l-iate (

) and iodized sal-t (4,

81.4 mg Mn),
Fe ) , copper

oxide (

35,2 nrg

719 s)
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induce normal- consumption of the nitrogen-free diet (Tabre

3) on the second d"y, The test diet, pure wheat, was fed on

the third d.y, Fecal- col-lection was faciritated by includ-

ing a marker, ferric oxide, in the wheat diets (unsupple-

mented and supplemented with protein, that i=, I,il and Sr,lr/

di.ets, respectively, as l-isted in Tabte 3 ) , each of which

was fed to twelve rats on the fou¡th day. Rats were fed

these diets throughout the remainder of the experiment, A

simil-ar availability study was conducted when rats weighed

approximately 300 g. Rats wearing tail cups did so through-

out the entire experimental- period. The f eeding scheclure,

the amount of diet consumed and feces produced are indicated
in Tabl-e 4 o

Fecal sanrples from any two rats within a specific
group were poored on the basis of similar consumption of
food, Feces and diets \¡Jere grouncl in a Gl-encreston micro-

mi]] before drying of a turo-gram sample in a vacuum oven at

90oc fo¡ three hourso The moisture content both diets
and fecal- sampJ-es was considered when cal-cul.ating the dry

matter corìsumption of diet and the production of feces.
l'Jhil e N content of diets ancl f eces h,as determined by

t,he macro-Kjel-dahl rnethoa (Horowitz, j965), sampts5 for
amino acid anaryses \^/ere hydroryzed according to the methocj

of 13ragg çl a l , (1966) , I'iodif ications incr-udecJ a hyclroLysis

pe::iot of 15 hou¡s ancJ reccrnstitution to a vol-ume of 100
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rnilLiliters (nrl- ) with a sodium citrate buf f e¡ at pH 2.2.

0ne half ml of each poo-led sampre was analyzed on a mode-r-

116 Beckman amino acid anaJ-yzer.

Ïissue Studv

Environmental conditions were simil_ar for the tis-
sue studies as those noted above, In addition, controlled
lighting of 12 hours j.ight and 12 hours darkness hras used,

for dairy rhythm in some metabolic activities has been

obse¡ved (Hatberg and Barflum, 1961 ; PottBr g!. e-L. , 1966a,

1966b, 1967; Bari.l- and Potter, 1g68; Elwyn , 197O; ldurtman,

197o). In the folrowing experiments, after a 2-day adjust-
nlent period on laboratory chow, base-line controLs were sac-

rificed and 12 of the 25-day ol-d rats were randomry assigned

to each diet (Tabl-es 5 and 6) z 1 ) experirnent I , ¡ats weigh-

ing 58-92 g were fed diets varying in casein content (c-1,

c-2, o-r D-3) or modified wheat-supplemented-with-protein

diet (mod, 5V/); 2) experiment II, rats weighing 4O-TO g were

fed a 10,51o casein diet (C-2, see footnote x, Table 5) or a

wheat diet not suppJ-emented with protein (u/, Tabre 5 ) ; 3 )

experiment III, rats weighing 40-70 g h/ere fed the modified
51il diet (roi, 5w, Table 5) or the casein diets (c-1 , ç-2,
¡-3r sae footnote x, Tabl-e 5). After rats had been fed

these diets 4 , B an d 12 weeks, 4 rats f ¡om each diet we.re

sacri'Ficed. They we.re anaesthetized by intra-pe¡itoneal
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Table 5, Formul-ation
and modified
diets ( mod.

and cornparison of
supplemented and

SW and \d) used for

casein (C-1, C-2, C-3)
unsupplemented wheat
tissue studies

Diets c-1 c-2 c-3 Mod,51,/ I'J

Ingredients . (%) :

Casei n
l¡lheat (Pitic 62)

Soybean meaJ-

FishnreaL
Al- f al-f a
5u c¡os e

AlphaceI
Vegetable oil
DefLuorinated rock
p hos pha te
Vitamin premixx'
Mineral premixy

Chemical- analysis:
Nitrogen $)
Crude fat.
Gross ene¡gy (cals/g)

5.2 10.5 21 ,O

64.O

13.0
5.0
2,O

9.3

2.2
1.0
0,5

2,D

70. 3

13.1
5.6.

2.2
1.0
0,5

0.9s
6.0

4347

2,O

65,6
12,6
5.6

2,2
1.0
0.5

1,81
5.8

4355

88. I

2.O2,O

56,2
't1.s
s.6

2,2
1.0

3,29
6,1

4510

3.0 5.5

2.2
1.0
0.5

3.32 1.97
5..3 6.8

469s 4632

xContairrs per kg diet: vitamin A (7150 IU), vitamin D" (818 ICU),
vitamin E (S.5 IU), vitamin 812 (tt ¡g), vitamin 856 premix (515 mg ribo-
fJavin, 11.0 mg pantothenic acÍd, 16.5 mg nicotiniõ-acid, 275 mg choline
chJ.oride), DL-methionine (o.s g), menadione (1.1 mg), santoquin (l,l ms)
and penicillin - streptomycin (26,a ng). In addition. the followino
supplements were added to the C-1, C-2 or C-3 diets ted to rats aftËr the
8th week for experiment I,'the 2nd week for experiment II and for al-I of
experiment III: thiamin (1.25 mg), pyr:idoxine (1.20 mg), choline chloride
(750 m9), potassium diphosphate.(4,1 g) and magnesium èulfate (ZO g)

V0ontains per kg diet: manganese oxide (gl.¿ mg Mn), zinc oxide(tt mg Zn), fer¡ous suLfate (35,2 mg Fe), copper sul-fatè (6.6 mg Cu) and
iodÍzed sal-t (4,719 g)
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Table 6. Percent essential- amino acid requirements of
growing rat and content of diets used fo¡
tissue studies

'Amino acid Requirementl Ili ets

c-1 c-2 c-3 Mod. 5W

Es santial:
Arginine
Histidine
I soleucine
Leucine
Lysine
Hethionine2
Phenylalanine3
Th¡eonine
VaIine

Total

Non-essential:
Alanine
Aspartié acid
Cystine2
Glutamic acid
Glycine.
P¡oline
5e¡ine

' Tyrosine

TotaI

.Anrino nitrogen (%):

Í totut nitrogen:

't.48 .62
.aa .24
.76 .40

1,42 .91
r.09 .32
.35 .22
,a7 .61

.72 .40

.98 .56

8.03 4.28

.98 .54
1.90 .82

.10
4.â6 3.74
I .00 .60
,72 1 .30

1.00 .61

,62 .38

I 0. 68 8.09

2,57 1.s4
77,4 78.2

.30

.50

.80

.90

.60

.go

,70

.26

.16

.29

.54

.50

.17

.29

.25
?c

2.83

,22
.Á8

I .38
.14
.33
.27
.25

3.07

o.76
80.0

.49

.28

.s7
'.98
.87
.30
.54
.43
,69

5.1s

.36
1.24

2.60
.24
.54
.41

.52

5.9r

1.41

79.9

1 .01

,63
| .06
1.97
I ,79

q?

1 .17
.90

1..28

10.35

.68
1 .49

5. 00

.43
2,13
1.16
I .08

't1.97

2 .88
87.5

lRequired essential anino acids eccording to NationaL
ß9621

2Partia1J.y destroyed by acid hydrotysis; cystine nay
me thi onine

3Tyrouin" may spare 1/3 of requirenent

Resea¡ch Council

suppLy 1/3 lo 1/2 of
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in j ection of pentophenobarbita.l. At Least 5 ml of bl-ood

were taken by syringe f¡om the posterior vena cava and

irnrnediatety centrifuged to obtain serum, Liver and gastroc-

nemii f rom both hind J-egs, as well- as a.l-1 .other leg and

thigh muscl-es were excised, immediateJ-y f reed of al-l visible

fat and connective tissue, dipped in physiotogical saline,

bl-otted dry and frozen on dry ice. The weight of each

sampJ-e was recorded.

Preoaration of Samp1es

Deionized water was used in the preparation of all

honrogenates and in the isolation of nucl-eic acids. 0ne grani

of the recently t,hawed gastrocnemii, leg and thigh muscles

or J-iver of each rat was homogenized.ín 6 ml- of water by a

polytron ( Brinkman Instruments, modeL PT-1 0 ) homogenizer.

Ïhis homogenate was further diluted to 20 ml- with water and

used in the isol-ation of RNA and DNA according to the modi-

fied Schmidt-Tannhause¡ method as described by Fleck and

Munro (lgSZ) and V/annemacher et g!. (1965 ) , respectiveJ-y.

The samples were prepared for anal-ysis of free amino acids

by precipitating the protein of the supernatant of 2 ml- of
'the originaJ- homogenate with 1 nrl- of 1D% sul-f osalicylic acid,

centrifuging at 39,000 x g fo¡ 20 minutes and b¡inging

supernatant to vol-ume of 6 mI with sodium citrate buffer at

pH 1,8, A previous investigation indicated there was no

appreciabl-e difference in the leveLs of free amino acids
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Tabl-e 7, Free amino acid means of a single
after precipitation of protein by
sul,f osalicylic acid (554 )

Iive¡ homogenate
3, 10, or 2DÍ"

Amino acids
(¡moles,/100 g )

31" 5SA 1Dl" SSA 20% ssA

Essential-:
Histidine
I soleucine
Leucine
Lysi n e

Me'thionine
Phenyla-l-anine
Threonin e

Vali n e

ïo t al_

Non-essential:
Al-anine
Aspartic acid
Cystine
GÌutamic acid
Glycine
Proline
Serine
Tyrosi n e

Total_

TotaL amino acids:

11,2!a,og
1 o, zjo. oo

22,410.11
z7 " 

glo. zs
e.7jo.oz
7 ,1lo.21

17 .7!o. ao

16,glt,og
122.1

gz.g!1 ,oz
36.810.31

t . gln. os

7s,710. sl
s2.2!A . 60

6.B10.oB
zg,glo.11

a
7, 5:0.07

305.2

427,3

11.s1¡.¡7
g , glo .o6

zz, BlD,1D

27 ,1!t,1o
9, 2jo. oo

9. 310. o7

23.3tCI,40
1 7.010. 1 1

133 .2

g7 .4!n. az

a6.7!o. sz

10.910.43
7 6.7!o.16
54.1!t.12

f

7 "7:o.o6
32. zlo . zB

¿
8.2:D "O4

339.3

469 ,5

1 0. s10. 06

1 o. s1o. co

zz.6!a.oz
za. alo. t s

B. s1o. o7

B. Bjo. o9

16. ¡10.:s
1 B. ûjo. oB

121 ,7

9e. ojo. ¿:
3s .7!a.37

s. zls. sz
g1.11o.zo

57. z1o. 3o

s. alo.oz
34 , Alo,24
B.4to.c2

330. B

452,5
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obtained from a single homogenate precipitated with 3, 10

or Z}th sulfosa-l-icylic acid (Table 7), Samples precipitated

with 1D% sul-fosalicylic acid, however, were slightJ-y higher

than those obtained when the other two concentrations of

sul-fosaÌicylic acid we¡e used.

5e::um was prepared for free amino acid anal_ysis by

precipitating the protein in 1 ml- of serum with 0.5 ml of

1Dl" sul-fosalicylic acid, centrifuging at 37,U00 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 individua_l- rat were

prepared f or RNA, Dl'JA, protein and f ree amino acid analysis

as outl-ined for all tissue (except serum) in Fig. 3. EquaI

quantities of live¡ homogenate for every two out of four

rats fed the various diets for a period of 4, B and 12 weeks

were poo-l-ed bef ore carrying out isol-ation procedures; sirn-

iJ-arily, se.rum sampJ-es were pooled, An equaJ- quantity of
each leg and thigh homogenate of al-l four rats on a specific
diet for a specific period c¡f time, also, was pooled,

AnaIvsFs

Deternlinations vJe.re carried out in dupricate on arl-

sarnpì-es, Ribonucleic acid and deoxyribonucl-eic acid were

quantitated in experiments J and Ii by the orcino.L (Dische,

1 9 55 ) and dipherryJ-amine (Giles and Myers , 1g6s) assays ,
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Tissue homogenate

I
Acid precipitation

I

Amino acid
anElysis Acid

I

CoId ditution

CoÌd diJ.ution

I

Acid soluble f¡action
( Dr\¡A )

used in tissue analysis
amino acids

I

I Ti"ru" homogenate I

digestion
I

Nitrogen anal.ysis Protein analysis
by micro-KjeJ.dahl bY folin assay

Cold acid extraction
I

I

I

Precipitate digested in
alkali foLLowed by acid

Precipitate (DNA and protein)
I

DNA analysis by
di ph enyJ. ami n e

assay or UV
ebso rp tion

Fig. 3. 0utline of methods
for RNA, DNA, protein and free

Precipitate (P¡otein)

I

AIkaLi solubilization
I
I

P¡otein analysis
by biuret assay

I

Acid solubl.e fraction
( nucleotides )

Acid soLubÌe îÌaction (RNA)

I
I

RNA analysis by orcinol assay or
UV absorption

frac tio n

Hot acid extraction
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respectivel-y, as wel-l- as by ul-tr-aviol-et absorption using a

unicarn sP u00 spectopho tometer. There was l-ess variation

between dupJ-icates using the l-atter method so this was the

only method used in the determinations of RNA and DNA in

experiment III. In experiments I and II, protein determin-

ations were made on 1 ) 1 :50 homogenate by phenor procedure
(Lowry et al., 1 951 ), Z) 1:ZO homogenate by micro-Kjeldahl
(Horowitz, 1965 ) and 3 ) peJ-1et l-ef t after isolation of DNA

by buiret assay (GornaLl- et a],, 19a9); only the micro-

Kjeldahl method was used for protein determinations in

experiment I I I.

Free amino acid concentrations we.re determinecl by

the automated amino acid analyzer (Beckman, Model- 116), All

amino acids except arginine (see chromatogram, Appendix A,

Fig. 1 ) were el-uted f rom a 56 cm co-Lumn of u R-30 ¡esin over

a period of 5 hours; arginine ì¡/as el-uted f¡om a 6.3 cm col-
umn of PA-35 resin over a period of t hour,. Three sodium

citrate.buffe¡s were used as follows, pH 3,17 (0.2N¡, plJ

4,25 (0,Zttl) ut 79 minutes and pH 6,3 (0.4trJ) at 139 minutes

for the 56 crn coJ-umn, and pH S,ZB (0,35N) for the 6,3 cnì

coJ-umn, with a flow ¡ate of 7D ml-,/min. Ternperature was

maintained at 55,3oC.

A chromatogram of the physio-logicaJ- fluids, serum

and gastrocnerr¡ii (AppencJix A, Figs. 2 and 3), indicate
definite resoLution of rnost amino acids and non-amino
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Iacids'. The aspartic acid peak, however, contains an

unidentifiabl-e compound (possibJ.y methyl sulf oxide ) wh:._l-e

the se¡ine peak contains asparagine and glutamine. The

large peak befo¡e ornithine in muscre tissue (Appendix A,

Fig. 3 ) probabJ-y contains a-l-l- th¡ee methyl histidines.
Although el-ution of a lysine standard on both the

56 cm and 6,3 cm co-l_umns va¡ied from 1-Zlo, a similar compar_

ison fo¡ a tryptophan standard resulted in a higher value
(6,9/") of this compound being eruted f¡om the 56 cm column

than fro¡n the 6"3 cm col-umn. Dete¡mirration of the amino

acids f¡om physiologicar fluids, however, gave higher l-ysine
varues when el-uted from the 6.3 cm column than from the 56

cm corumn as othe¡ compounds were el-uted at the same time as

lysine on the 6.3 crn col-umn. The rysine concentration,
theref ore, was ca-l-curated f rom values obtained when samples

were analyzed on the 56 cm col_umn

Alt data was statisticaJ-J_y analyzed. Methods des_

c¡ibed by SteeI and Torrie (tg6A) were usedn

1 I ncl-udes orrrithine and citrutr-ine (as werr- as
anrnlr:nia and taurine) as they are not of nuL¡itional- signi-ficance even though cj-assified biochenlicarJ-y as amino acicls
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The rats ad j usted reasonabi-y wel-1 to the use of

tail cups within a dry or two after their int¡oduction.
Eecause the sham tail- cup r^/as not as securely praced as the

real- tail cup herd fi rmì-y over the anus , the sham tail cup

was a source of annoyance to some of the rats.

Prevention of coprophugy in rats consuming a sup-

plemented wheat (sì,/) aiet o¡ pure wheat (t{) diet had no

significant effect on the weight gain of rats over a pe¡iod

of 35 daysr or on nitrogen barances at the two diffe¡ent

stages of growth, Nor wer_e the apparent and true amino

acid availabiJ.ities f¡om a pure wheat diet affected wlren

consumed by B0 g and 300 g male rats, except in one instance.
In the Iighter, younger rats, a significant difference
(Table B) occurred in the true avairability of lysine: Bg%

for rats with sham tail cups , 94/o for control rats and g6/"

for those with real tail- cups. This depression in the t¡ue
availabiJ-ity 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 tair cups. 0therwise, these results
indicate that the practice of coproph"gy in control rats was

not great enough to cause adverse effects when prevented,

possibly because the diets were ade.quate in nutrients nor-

ma1J-y synthesized by the mic¡of l-ora.
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Availabilitv_5tudv

ïhe avail-abiJ-ity of only 16 amino acids was

determined as tryptophan was destroyed completely and 5-

containing amino acids were partially destroyed during acid

hydrolysis. True amino acid avai j-abiJ-ity f rom pure wheat

fed to B0 g and 300 g rats was carculated according to the

equation: l" amino acid availability = famino 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 if'r calculation of apparent

avail-ability of amino acids. The resurting means and stan-

da¡d errors of true and apparent avaiLabirity, as influenced

by use of tail- cups r are presented (Tabj-es B , 9) .

True Availabi]itv

The average availabiJ-ity from wheat for each weight

group was 9o-981" (Table B) of each amino acid consiclered.

The¡e were no significant differences ín the average avail--

ability of each amino acíd between weight groups. rn both,

glutamic acid and proline were the.most available. They

were fol-lowed cJ-crsely by histidine, phenyralanine and serine

in the lighter, Vounger rats and by histidine, seline and

phenylalanine in the heavier, older rats, Aspartic acid

followed by al-anine and lysine h/ere the least available to
younger rats, while lysine followed by aLanine and aspartic
acid were the least available to the older ratso
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The type of diet (SW or W) consumed, prior to the

avaiÌability study, by ol-de¡ 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 availabl-e with histidine

and phenylalanine the most availabl_e to both younger and

older ¡ats, Likewise, significant differences among the

availabilities of non-essential amino acids were found;

glutamic acid, proÌine and serine were more available than

the othe¡ amino acids considered.

Annarent AvailabilitJ

App.rent availability averages ranged from B3.B-

96.6/" (Table g). Findings showed 1 ) the most and least

avail-abre amino acids we.re the same as those for the true

avail-abiIity, 2) differences among essential_ and non-

essential amino acids were si-milar to those for true avail-
ability values, 3) there were no significant differences

between apparent availability values of the B0 g or 300 g

rats for any particular amino acid. True availabiJ_ity

values, however, were higher than apparent avaiLabirity
values by 1.4-8.31" (Table 10). The differences ì^,ere great-
est for J-ysine and other amino acids having the l-owest true

and apparent avairabil-ity vaJ-ues; l-east dif f erences were

found for glutamic acid, proline and other amino acids

having the higher values for both methods of measurement,
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Table 1 0. Differences between the mean values
for true and apparent availability
f¡om pure wheat fed to younger (90
(¡oo g) rats

(/") obtained
of amino acids
g) and older

Amino acids
( highest to
lowest values )

True avail-abiJ-ity apparent availabitity
Younger rats (go g)1" ûl-der rats (¡oo g)Zu

Glutamic acid
P rol-i n e

Histidine
Phenyj-alanine
Serine
Argi ni n e

Leucine
Threo ni ne

I soi-eucine
VaLi n e

Tyrosine
Met hio ni n e

Glyci n e

Lysi n e

Al-ani ne

Aspartic acid

1,6
1 .4'
3.4
3.0
4.1
2.5
2,9
5.9
4.2
4.t
3.9
4,3
4,1
6,5
5.4
5.9

1.5
2.O

2.4
3.1

5.5
3.1

3.6
8.4
4.5
3,9
5.1

4.2
s.7
8.5
4,6
7,8

.Fu"u" of every two

1g pooJ-ed sampJ-es;

¡ats were pooled
2lZ pooled sampJ-es
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GeneralJ-y, differences were greatest for the heavier, olde¡
¡ats especiaJ-1y lysine, aspartic acid and th¡eonine, pos-

sibJ-y ref lecting thei¡ resistance to proteoJ-ysis, their
s-l-ower rate of absorption or an increase in the metabolic

fecal- output of these amino acids. For both group= of rats,
however, the apparent digestibirity of protein was 4Í" rower

than the average apparent availability, A discrepancy in
digestibility and availability values has been reported by

de Muelenaere (1g67a, 1967b), also. Nevertheless, apparent

availability val-ues ¡efJ-ect the true availability of many

amino acids,

Tissue Studv

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

C-3) or wheat (mod. 5W, llú) diets are presente¿ (Figs, 4, s

and 6). AJ-though littre gain in weight was expected by ¡ats
fed the C-1 diet, lack of weight gain by rats fed the C-z

and c-3 diets (experiment I) became evident afte¡ 4 weeks

(Fig, 4), Ey the end of the sixth week, a ¡at fed the C-z

diet had poor gait; subsequent sacrifice and histo-l-ogical
examination of a b¡ain section showed srnaLl- haemorrhages.

cont.inued l-ack of weight gain by rats fed the casein diets
for seven lveeks confirmed suspected dietary inadequacies.
It was found the vitamin mixtu¡e used lacked tlriamin and was

inadequate in pyridoxine, chorine, potassium, magnesium.
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SVJ) diets for 12 weeksr experi-
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AccordingJ-y, suppJ-enìentation in the drinking water for the
first few days and Ìater in the food (Iable 5), produced

dramatic resuJ-ts by more balanced physical activity within
an hour and by r^reight gain over a period Òf time (Fig. 4) ,
In experiment iI, ¡ats were fed the inadequate C_Z diet for
10 days, onJ-y, 0n the basis of weigrrt gain, rats fed the
inadequate casein diets did not attain furl recovery: 1 )

rats fed the c-3 diet for 12 weeks gained zB1 g in expe¡iment
I compared with 385 g in experiment IIr, z) rats fed c-z
diets gained 25D g, 274 g and 348 g in experiments I, II ald
ïIï, .respectively (Fig. 7) , and 3) rats fed the C_1 diet
gained 7D g in BXperíment I whil_e a simil_ar group in experi_
ment ïII gained 115 g during the 1z-week experimenta.r-

pe riod,

iveight gain of rats fed the other diets ove, the
12-week period were: 1 ) mod, Std diet, 421 g and 425 g in
experirnents I and IiI, respectiveJ-y, 2) iv dietr zl6 g in
expe¡iment I ï, An average gain of 184 g by rats f ed the Id

diet for 5 weeks was simir-ar to the 1 70 g previously repor-
ted (Giovannetti et al-. , 197o), There was no significant
difference in the weight gain of rats fed the c-z or Id cliets
in experi¡nent II. Rats fed the C-1 diet in experiment III
gained significantry l-ess than rats Fecl the othe¡ dj.ets,
The weight gain of rats fecl the mocl. Slnv, C_Z and [_3 diets
was g::eater than that of rats fed the C_1 diet for g4
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¿¡0

----- Experiment I

Experiment I I

- 

Experiment III

Tlme on diet (weeks)
10 12

o

{Jr
o

, .¡l
o

t

Fig. 1. Comparison of the mean weights
of rats f ed a casein (C-2 ) diet, r¿lith and
without supplementation (footnote, TabIe 5)
for 12 weeks, experiments I, II and IiI
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days, but the weight gain of rats f ed the mod, Sì¡/ and

C-3 diets was greater than C-Z as wel_l as C-1 diets for
56 and 28 days. The means and standard errors for the

vreight of tissues in rats fed a casein (C..1, C-2, C-3) or
rr¡heat (mod. 5ll or ld) aiet are presented (Appendix B, Tables

J and II).

Othe¡ parameters were used to measure the effect of
diets consumed 4, B or 12 weeks.

Nu_cl,eic Acids and P.rotein

The summarly of mean varues fo¡ DNA and RNA (Tabre

11) shows that the concent¡ation of each nucl-eic acid in
liver was at least trvice that in the gastrocnemii; thigh and

leg muscres of zero-time control ¡ats and those fed the var-
ious diets 4 weeks, generalry had slightly higher concent¡a-
tions of IINA and RNA than did the gast¡ocnemiin In most

instances, DNA and RNA of aÌl tissues dec¡eased over the 1z-
week period. The greatest decrease occur¡ed between tissues
of zero-time control- ¡ats ( l-iver in experiment i I but all-
tissues of experiment IiI) and that of rats fed the various
diets for four weeks; generally, DNA and RAIA concentrations
in the tissues of rats fed the C-1 diet decreased the fast-
est. Remarkabl-e, however, was the constancy of DNA concen-

t¡ations afte¡ 12 weeks regardless of the diet consumed;

values were 263-266 mg/100 9, 72-89 ng/loo g ancJ 60-70 ng/
100 g for liver, gastrocnemii, thigh and lug muscle,
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respectivel-y. The RNA/DNA ¡atios we¡e lower in the tissues

of rats sac¡ificed at the start of the experiment than they

h/e.re fo¡ rats fed the diets 4, B 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 feg muscl-e (experiment IiI), i.e. the thigh

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

and rats f ed the mod, SVi/ diet 4, B and 12 weeks had ratios

bel-ow those of control rats. 0therwise, there bras no

apparent trend upward o¡ downwa¡d over the 12-week period

in tissues of rats on a specific diet or in a particul-ar

tissue of rats fed a variety of diets.

A greater number of statisticaJ-1y significant de-

creases were appa¡'ent j-n gastrocnenrii than in live¡ (TabÌes

13 and 14b), since DNA decreases with age in terms of tis-

sue weight (Mi11er, 1966), there is no explanation for the

inc¡ease in DNA content in the live¡ of rats fed the C-z

diet from B to 12 weeks (Table 13). Nor a¡e the DNA con-

centrations in gast¡ocnemii at B and 1z weeks (Tab-le 1 s ) in
keeping with the constancy of DNA concentration (Thomson

g! af,, 1953) rega¡dIess of diet. Liver concentration of
RÍ\lA (Table 1 5 ) , however, ,¡/as inf luenced more by diet than

was the gastrocnemii , f or the l-ivers of ¡ats f ed the mod. slJ,

c-3 and c-2 diets (4 weeks) and the mod. 5!ú and c-3 diets
(g weeks) na¿ significantly higher l-evels than did rats fed
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Table 13. Summary of significant decreases and increases in
concentration of DNA, RNA and protein in l_iver and
gastrocnemii of ¡ats fed casein (c-2) ot wheat (l,J)
diet for 4, B o¡ 12 weeks - experiment I I

Diet and time DNA RNA protein
on diet L- GN1 f-- e rv1 r-Em

Decreases
c_2

O-4 wk rÉ

0-B wk r+

O-12 wk rÉ

4-B wk

4-12 wk

B-12 wk

!t

JÉ

-Ì+ J(

l+*

JÉ *.

.)É J+

,É lÉ

JÉ +(

tF+

*)É

O-4 wk * J+

0-B wk r( *

O'12 wk )É rç

4-8 wk * JÉ ,e+É

4-12 wk r(JÉ JÉ+

ïncreases
c_2

B-12 wk *

f'/

4-12 wk

*lÉ

tÉ*

JÉ

*lÉ +Ë

1 No zero-time control sampJ-es availabre for anarysis
t( xr(Diffe¡ent at PcD.05; Diffe¡ent at p<0.01



B1

Tabl- e 14a, Summary of significant increases in concentration
of RNA and protein in l-iver and gastrocnemii of
¡ats f ed casein (C-1 , C-2, C-3) o¡ wheat (mod. Sl,V)
diet fo¡ 4, B or 12 weeks - experiment IiI

Diet and time
on diet

RNA P¡otein
L GN GN

c-1

c-2

c-3

Mo d . 514/

0-B wk

O-12 wk

4-12 wk

0-B wk

O-12 wk

4-12 wk

0-B wk

O-12 wk

4-B wk

4-12 wk

O-4 wk

0-B wk

O-12 wk

J( t+

tÊ Jt

v

tê

J+ tç

JÉ JÉ

,É JÉ

Ðiffe¡ent at P<0. 05; Different at P<0.01



Tabl- e 1 4b, Surnrna ry
of Dl'JA 

'of rats
Slr) diet

of significant
RNA and protein
f ed casein (C-'t
for 4, B or 12

B2

decreases in concentration
in i,ive.r and gastrocnemii

, C-2, C-3) o¡ wheat (mod.
weeks - expe¡iment IIi

DNA RNA P¡oteinDiet and tirne
on diet Gf\J L GN GN

c-1
0-4 wk

0-B 'wk

D-12. wk

4-B wk

4-12 wk

c-2
O-4 wk

0-B wk

0-1 2 wk

4-B wk

4-12 wk

c-3
0-4 wk

0-B wk

0-12 'wk

4-B wk

4-12 wk

B-1 2 wk

Mod, 5lJ

0-4 wk

0-B 'wk

0-1 2 wk

4-B wk

4-12 wk

B-12 wk

lÉ

lÉ

+É .,É

J( +É

J( lÉ

.)f

J+

lÉ J(

ì( t(

*
**

* .tÉ

JÉ IÉ

.**

JF*

*.rÉ

*

.ì( l(

*l(

l<*

*rÉ

lÊ ì+

JÉ.*

*ìÉ

JÉ IT

lÉ l(

*x
JÉ J+

**

lÉ*

'F 
J(

JÉ J+

**
J( tÊ

*JÉ

*

J( iÉ

ìÉ J+

.)É )É

JÉ*

lÉ J(

te*

lÉ

*

*
.x

tÉ )É

J( J(

)f lÉ

l+ +(

+)ç

l(.)+

l+ +(

+(- .rê

+.tr

JÉ*

ìÉ*

**
J+ ìF

*tÉ
Different at

* Different at
P<0.01
P<0.10

Different at P<0. 05;



B3

Tabl-e 1 5, Summary of significant
protein concentrations
of rats fed casein ( C-t
Sl{) diets for 4, B or 1

changes in DÀJA, RNA and
in l-iver and gastrocnemii
, C-2, C-3) oi wheat (mod,
2 weeks experiment I I I

Diet and time
on diet

DNA RNA Protein
GN GN Gf!

4 weeks

B weeks

Mod, Slt>C-1

F1o d . SbJ >C- 2

c-3>c-1
c-3 >c-2

c-2 >c- 
1

Mod. Sb/>C-1

c-3>c-1
c-2>c-1
C-2>Mod. Sl{

weeks
Mo d , 5l¡i >C- 1

c-3 >c-1

c-7>c-1
c-2 >c_3

C-2 >llîod " 5!ìi

J(*

.,(.

*.)+

l+*

J( lÉ

lç l(

J( J+

.)É *
*-+(-

tÉ lÉ

**
+,e+

l( J*

12
It +s

.'É lÉ

)É.*+

JÉ +(

Different

Di ffe re nt

P<0. 0 5

P<0,01

at

at
a-*



B4

the C-1 diet

Protein content (determined by micro-Kjel-dahJ_ )

exp.res.sed as mg,/tOO g tissue or ng/ng DNA or mg/mg RNA (Tai:le

12) was lower in river than in muscle tissue; it was similar

in the two types of skeletar musc.Le analyzed. The extent of
protein lost from the liver after the start of the experi-

nrent varied with the nutritive value of the diet (TabIes 13

and 14b), the greatest loss occurring in the live¡s of rats

fed the C-1 diet, Although tlrere was a consistent increase

in the protein content of liver tissue (Tabres 13 and 14a)

f rom 4 weeks ofl r not all- rats achieved -l-evers as high as

those of the zero-time cont¡ol- rats. The protein content of
muscre rose significantry over control revels with highest

level-s being attained by ¡ats fed the C-3 and mod. SlrJ diets.
These findings support the thesis of llaterLow and Stephen

(lgss) that low protein intake promotes l-oss of protein from

the liver and decrease of protein synthesis in muscle tissue,

Free Årnino Acids

Data fo¡ all identifiabre ninhycirin-reacting sub-

stances extrac'ted from the non-protein fractjon of tissues
obtained in experiments II and IiI are presented in App"ndix

c o ïhe mean concent¡ations (mg,/1 0D mr- o.r 1 u0 g ) as werl_ as

the s L¿lndard erlors for al-r unpool-ed sampJ-es are includecj,

Surnmaries of this data, converted to ¡_.rmol es/1Dt rnl_ or 100 g

are found in Tables 16 and 17.
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BB

GeneraJ-ly the free amino acid concentrations (on

basis of wet weight), Iike DNA and RNA, were much highe¡ in
liver than in skel-etal muscle (Tabl-es 16 and 17), with Dom-

parisons between l-iver and muscr.e simira¡ to those of schu¡r
et eÀ, ( t q so ) ; Levers in thigh and r"g muscle, rrowever,

usuaIJ_y were slightly higher than in gastrocnemii. UJith the
exception of tryptophan, most ninhydrin-reacting substances
were lower in serurn than in other tissues-.ç In many instan_
ces' however, the higher concentrations of tryptophan were

found in serum, Arthough no measurabre amount of cystine
tdas detected in sker-etar- muscr-e (Appendix A, Fig. 3), it was

present in serum (Appendix A, Fig, z) and highest in liver.
High levers of ornithine were found in the rive¡ also but
arginine and cit¡ur-rine were not in sufficientry high con-
centration for detection. Taurine and amnronia were highly
concentrated in skel-etal nruscle. These differences are most
evident when depicted as bar graphs (Figs, B and 9), with
live¡ and tissue var-ues interpreted on the basis of mg of
DNA, concentration changes for diets consumed 4, B or 1z
.weeks are al_so noticeabl_e.

In serum (Figs. Ba and 9a), most obvious are the
high concent¡ations of the three essential amino acids
Iysine, threonine and val-ine. Du¡ing the 1Z week period,
val'ues for lysine and threonine were. more variabre for rats
fed the ç-1 , C-2 and i,/ diets th.rn they were fo¡ those fed
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Fig. Bb. l'1ean concentration of ninhydrin-reacting
substances in l-iver of ra'bs fed a casein (C-Z) or lvheat
(VJ) diet 4, B or 12 weeks, expe¡iment II
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97

the C-3 and mod, Sld diets, Alanine, glutamic acid and

serine were the most highly concentrated of the non-essential
amino acids of serum, whire ammonia was the most concentra-
ted for non-amino acids, Lowest in concentration were his_

tidine, methionine, phenyralanine and tryptophan of the

essential- amino acids and either o¡nithine o¡ citruJline of
the non-amino acids,

Evaruation of r-iver (Figs. Bb and 9b) and skeretal
muscle (Figs, Bc, Bd and 9c, 9d) concentration varues for
f¡ee amino acids and non-amino acids on the basis of ¡molesr/
mg DNA, generally showed liver val-ues less concentrated than
either gastrocnemii or thigh and lrg muscre. Tryptophan in
live¡ r^/as present in only trace amounts but l-evers of aspar-
tic acid vrere higher than found in muscle. Glycine values
u/ere much higher in muscle, however, than those found in
l-ive¡. Like f ree amino acids i' serum, the int¡ace_l_Ìular
free amino acids and non-amino acids we¡e most highly con-

cent¡ated as 1 ) lysine, threonine, leucine and varine of the
essential- amino acids, 2) alanine, glutamic acid and serine
of the non-essential amino acids, and 3) ammonia. of the nDn-

amino acids, In addition, 1 ) histidine varues were higher
or as high as those fo¡ valine in the liver and even higher
than varine in the muscle, z) high glycine val-ues of muscLe

va¡ied greatry with diet, and 3) tau¡ine was markedry

highe¡ in muscle than in any other tissue.



9B

ïhe results of statisticar analysis 1 ) to determine

how diet affected the concentrations of ninhydrin-reacting
substances in serum, liver, gastrocnemii, thigh and Irg mus-

cle o 2) to note changes resutting from consumption of diets
over a period of time, 3) to detect differences existing
between the three types of tissue, are incl_uded 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 J-ength of time rats consumed the diet,
In experiment ii (TabIe 1B), the diets had no significant
effect on 3, 3 and 2 essentiar amino acids and 4r 4 and 3

non-essentiar amino acids of serum, Iiver and gastrocnemii,
respectively; the duration of time rats h/ere fed these diets
had even less effect on the serum for B of the essential_

amino acids, and a1l" of the non-essential- amino acids except

cystine remained statisticarry unchanged rega¡dless of the

diets consumed by the rats. Findings fo¡ expe¡iment III
(Tabte 1B) al-so indicate that serum is ress affected by the

type of diet consumed and the extent of the feeding period
than are l-iver and gastrocnemii. In both experiments, the
diets used had the greatest infl-uence on the free amino acid
and non-amino acid concent¡ations of the gastrocnemii. How-

ever, the l-iver.onr"ntrations (experiment III) were greatly
infl-uenced by diet, alsoo
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1 o Dietary effects

The summary for experiment II (Appendix D, Table I

or Ïabl-e 19) shows rats fed the c-z diets had higher concen-

trations of 1 ) six essential amino acids in serum, 2) eight
essentiar amino acids in gastrocnemii than did rats fed the
!V diet. The l-atter rats, however, showed higher levers for
all but one essential amino acid (lysine) in the liver than
did the group of ¡ats fed the C-Z diet. Lysine, also, was

higher in the serum and gastrocnemii of ¡ats fed the c-2
diets than in those consuming the l,l diet for 4, B and jz
weeks; in factr flo J-ysíne was detectabre in the gastrocnemii
of rats f ed the ì,,/ diet. Significantly higher, too, were the
levers of methionine in gastrocnemii of rats fed the c-2
diet 4 and B weeks but not after 1z weeks, ActualJ.y, fewer
differences in the free amino acid content of r_iver and gas-
trocnemii occur¡ed after consumption of diets for 1z weeks,

as the ninhydrin-reacting substance levers in simirar tis_
sues of rats fed the h/ diet increased more than those of
rats fed the C-Z diet (Table 16 or 1g),

0f the non-essentiar- amino acids, rats fecr the c-z
diet had higher levers of aspartic acid and cystine in se¡um
( g weeks ) , a-l-anine and glutamic acid in liver (lZ weeks ) and

aJ-anine, se¡ine and threonine in gastrocnemii (q and B weeks)

than did the !V diet-fed rats. AII- glycine concentrations,
however, were higlrer in the serum, river and gastrocnemii of
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rats fed the ì¡J diets than those fed the c-z diets. p¡ol-ine

was also higher in serum and r-iver of the ¡ats fed the Vü

diet. Most of the non-amino acids, especiarly taurine, were

more highly concent¡ated in the serum and gast¡ocnemii than
the.l-ive¡ of rats fed the \,ú diet

fvithin the various tissues analyzed (expe¡iment III,
App"ndix D, Tables TI or Tabre 20a), significant differences
in f¡ee essential amino acid concentrations also ¡esurted
when four different diets were fed to ¡ats 4, B o¡ 12 weeks.

As in expe¡iment II, response to the diets fed varied within
a particul-a¡ tissue over a period of time. A particul-ar
effect often pe¡sisted th¡oughout the 1Z-week p"riod, i.e.
valine in the serum of rats fed the c-3 diet for 4 and 12

weeks was more highl-y concentrated than that of rats fed the
other diets even though the¡e hras no difference.between serum

l-eveLs of val-ine in rats f ed c-z and [-3 diets (lz weeks ) ,

0n the othe¡ hand, the essential amino acid, threonine,
showed the greatest variation .in gastrocnemii as ¡ats fed
the c-3 diets for 4 weeks had sÍgnificantly highe¡ levels of
this amino acid than did rats fed the other diets; however,

afte¡ B weeks rats fed the c-2 diet had the highest leveLs
and by 12 ureeks a simirar concentration of threonine was

found in the gast¡ocnemii of rats fed C-j , C_Z and C_3 diets
which were al-1 significantly higher than ¡ats fed the mod.

5l'{ diets. More commonry, however, simirar responses to diet
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were reflected as a l-ow concent¡ation of an amino acid, í.e.
¡ats fed the modo Stil diet for 4, B ancl jZ weeks had l_owest

l-evers of threonine in the river and histidine in gastroc-
nemii ; the l-owest l-eveL of threonine in ¡ats f ed the mod, sld

diet, however, was found in gast¡ocnemii (lZ weeks). In
general, the lower.concentrations of essentiaL amino acids
h/ere found in tissues of rats fed either the C_1 or mod, Sl,,/

diets, except fo¡ arginine in gastrocnemii and histidine and

lysine in the serum and gastrocnemii of rats consuming the
c-1 diet for 4, B o¡ 1z weekso In many instances, higher
level-s of essential- amino acids were found in the tissues of
rats fed the C-3 diet but often there were no significant
differences in these concentrations compared to rats consum-

ing the C-2 or mod. 5V,/ diets .

concentration val-ues fo¡ non-essential amino acids
(Appendix D, Tables II or Table 20b) showed a preponderance

of high l-evels in.the tissues of rats fed the c-,1 or c-z
diets ¡ E,g, alanine, cVStine, s.erine, tyrosine (except at B

weeks in Liver) and glutamic acid in serum at 4 weeks and in
gastrocnemii at B weeks; usuaJ-J y l-owest val_ues were f ound in
rats fed the mod. Sld diet, Aspa¡tic acid, glutamic acid and

proline were most highJ-y cDncentrated in gastrocnemii of
rats fed the c-3 diet 4 weeks. Highest Levels of grycine
were found in the serum and gastrocnemii of rats, fed
the mod. 5ll diets for 4, B or 12 weeks. No significant
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difference in concent¡ation of grutamic acid or glycine was

found in the l-ive¡ of rats fed the four diets used in ex-
periment Iii (Tabl-e 1B or 2ûb),

The summary of non-amino acids ( Appendix D, Tab_l_es

Ii or labl-e 20c) shows the ornithine revels in serum were

arso simiÌar regardl-ess of the diet consumed. citruÌline
and amnronia, however, were highest in rats fed the c-1 diet,
with a¡rrmonia showing highe¡ l-evel-s in the serum, liver and

gastrocnemii after 4, B and 1z weeks consumption, respec-
tiveJ-y; again, lowest val-ues were f ound in ¡ats f ecl the mod,

si¡/ diet, Taurine was most prominent in the serum, J_iver and

gastrocnerni:'- of ¡ats f ed eithe¡ the mod. SVì/ or C_3 diets,
mostly afte¡ B or lZ weeks.

2. Effect of diet with age

The data (Appendix D, Tables iII and IV) indicate
that 1 ) rnore significant changes occurred in the liver and

gast-rocnemii than in the serum, 2 ) most of these signif icant
changes occurred betv¡een the sta¡t of the expg¡iment and

after rats had consumed the diets 4 weeks, and 3) in liver
and muscle the significant changes mostly invol_ved a decrease
in concentration of the various amino acids, Flost of the
significant increases, however, were exhibited in the serum

of rats studied in experiments I I and T I I (Appendix Il, TaÌ:les
IIIa, IVa),

Unf crtunateJ-y, nD data f or serum wel:e available to
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deterrnine the changes that probably took place between the

start of the experitnent and after consumption of tlre C-Z and

tl diets (experiment Ii), In experiment III, in the serum of

rats fed the C-1 diet, 1 ) onJ-y cystine, serine and ammonia

increased after consumption of the diet for 4 weeks, 2) thre-

onine, afanine and se¡ine after B weeks and 3) th¡eonine,

alanine, cystine, serine and ammonia after 12 weeks. Con-

centration increases in threonine, valine, aJ-anine, cystine,

gJ-utanric acid, serine and tyrosine in the serum of rats f ed

the C-2 diet for 4 weeks persisted throughout the experiment,

Similar se.rum increases were noted for histidine, lysine,

methionine, threonine of C-3 fed ¡ats as well- as histidine,

lysine, threonine and val-ine in rats f ed the mod, SVJ diet,

There was an increase in the concentration of serum alanine,

regardless of the diet fed. Significant increases in serum

of rats fronr 4-B weeks , 4-12 weeks and B-1 2 weeks occurred

in 1 ) the arginine, cystine and taurine val-ues of rats fed

the C-2 diets (experiment II), 2) the threonine and alanine

va.Iues of rats f ed the C-1 diet, as well as the vaì-ine, meth-

ionine ancl histidine val-ues of the rats f ed lhu ç-2, C-3 or

r,rod, 5l'/ diets, respectiveJ-y (expe¡iment I I I ) " 0nty lysine

and ornithine dec::eased between 4, B or 12 weeks in rats fed

tlre C-Z diet (experiment i I ) ; simil-ar decrease in se.rum

lysine did not occur in rats fed the C-2 cliet although orni-

thine follovled the same pattern. Dec¡eases, however, were
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nìore prorninent in the serum of rats of axperiment I i I.
In live¡ (experirnents II arrcJ iII, Appendix D, Tabres

IIIb, IVb) most of tlre significant changes consisted of cle-

creases f¡om the sta¡t of the experiment to 4, B or 1z

weeks Ìater, consistent dec¡eases occu¡red in nrost essen-

tial amino acids of experiment II, wi.th the exception of
tryptophan and threonine as wer-l- as aspartic acid and gru-
tamic acid; not al-l essential- amino acid concentrations in
expe¡iment ïII, however, showed a dec¡ease but leucine,
phenylalanine and val-ine in most rat livers decreased.
Between 4-B o.r 4-12 weeks most decreases in essential amino

acids occurred in the liver of rats fed the C_Z diet in
experiment ïl and in the river of rats fed the c-3 and mod.

St"J diets as well as the C-Z diet in experiment I I I, Among

the non-anrino acids, most significant decreases occurred
between 0-4, B or iz weeks fo¡ 1 ) ornithine for aLr rats,
2) ammonia in ¡ats fed the mod. StV diet, and 3) taurine for
rats fed the C-1 and C-Z diets.

concentration of ninhydrin-reacting substances in
the gastrocnemii did not have ãs many inc¡eases as serum or
as many decreases as r-iver. Nor were the essentiar_ amino

acid ccJncentrations in experiment I i I invor_ved in as nìany

cÌr3¡-1 gss f¡ont period to period as they were in other tissues.
In experinrent II (Appendix D, Table IIIc), significant
increases occurred in 4 and 6 essential amino acids of rats
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fed the t{ diet between 4-12 weeks and B-12 weeks, rBspec-

tivery; decreases, however, incr-uded 4 or 5 essential amino

acids in ¡ats fed the C-z diet and B in rats fed the l,/ diet
for va¡ious periods after the start of the experiment to 4,
B or 12 weeks later. Between 4-B weeks and 4-12 weeks,

lysine and histidine decreased in rats fed the c-2 diet
while arginine, histidine and threonine dec¡eased between

4-B weeks in ¡ats fed the ld diet. Most of the non-essentiaÌ
amino acids dec¡eased throughout the experiment, especially
aspartic acid, glutamic acid, glycine and serine. The con-
centration of the non-amino acids, ornithine and citrulline,
aJ-so were reduced, mostly in ¡ats fed the C-Z diet.

0nry the concent¡ations of two essential amino acids,
threonine and vaJ-ine, increased in the gastrocnemii of ¡ats
in experiment I I I ( Appendix D, Table IVc ) ; aranine, proÌine,
se¡ine and tyrosine increased, arso, mostly between 0-4

weeks or D-B weeks. There was a persistent increase in the
tau¡ine content of gastrocnemii in rats fed the c-z and/o¡
c-3 diets, Arginine decreased significantly fo¡ arr ¡ats
except those fed the c-1 diet between the start of the exp-
e¡iment and after four weeks on the diet; i_ysine decreased

between o-4 weeks, 0-B weeks and a-12 weeks in rats fed the
mod, sb/ diets and between A-12 weeks ànd B-12 wer:ks in rats
f ed the c-1 diet. GJ-utamic acid, glycine and ar-1 the non-

amino acids decreased almost without exception for al-l- diets
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tlrroughout most ofl the experimental period, These exten-
sive changes, as significant increases or decreases, indi-
cate that the gastrocnemii is indeed a metabolicarly active
tissue,

3, Compa¡ison of tissues

idhen serum, river and gastrocnemii we.re anaryzed

statisticalty (Appendix D, Tabl_es V and VI), atl_ free amino

acid.s except three, and ornithine vúere more highly concentra-
ted in the l-iver than the serum of ze¡o-time control rats.
In addition, the essential amino acids arginine, histidine,
leucine, phenylaranine and valine, non-essential amino

acids aspartic acid, gfutanic aci.d, tyrosine and ornithine
were in higher concent¡ation in the 1ive¡ than in flre gas_

trocnernii of zero-ti¡ne cont¡oÌ rats, There was a highry
significant difference (p<0.01 ) between histidine, leucine,
glutamic acid, glycine and serine of serum and gastrocnemii
of these rats, with concentrations of J-ysine, threonine,
tyrosine, o¡nithine, citruJ-rine and taurine being higher in
the gastrocnemii than in the serum, at a ress significant
level (P<0,05). The highest concent¡ation of arginine was

found in the gastrocnemii of contror- ¡ats. There was no

difference in the tryptophan or ammonia content of tissues.
Tryptophan, however, was higher 1) in the serum than

n the Live¡ of rats fed ilre C-Z diet (a weeks, expe¡iment
ri B and 12 weeks, BXperiment iII), c-3 diet (4, B and 1z

i

I
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weeks ) and l'/ diet (lz weeks ) ; z) in the serurn than in gas-
t¡ocnemii of rats fed the C-Z diet (A weeks, experiment II;
12 wee.ks, experiment I I I ) , the C-3 diet (g weeks ) and l,r/ diet
(lz weeks); 3) in the gastrocnemii than the liver of rats
fed the C-2 (lZ weeks, expe¡iment III) and C_3 diets (g

weeks ). 0f particu-r-ar interest a.r-so are. the higher lysine
val-ues for serum than for gastrocnemii of ¡ats fed the ld diet
(l and B weeks). ldhile the arginine content of serum and

gastrocnemii \^/as higher than that of the ar-most arginine-
devoid -liver, the serum content of rats f ed the t¡/ ( A weeks )

and mod, Slv diets (tz weeks) was higher than that found in
the gastrocnemii, with the r-atter beíng higher than the
serum for rats fed the C-1 and C_Z diets (q weeks) as weÌl-
as the lur/ diet (lZ weeks).

Cystine, also, was highe¡ in
1) Liver of rats fed the C-Z diet (e

VJ diet (A weeks), Z) gast¡ocnemii in

the serum than in the

weeks ) , C-3 (l weeks ) ,

rats fed the C-3 diet
(a weeks ) , lrü diet (e and 1z weeks ) , Arthough cit¡uÌrine
J-evel-s in serum were higher than the t¡ace amounts found in
1iver, citrul.l-ine was most highly concent¡ate.d in skeleta_r-
muscle, 1n fact, arr the degradative products of protein
metabolisrn in the tissues analyzed, were more highly concen-
trated in the gast¡ocnemii than in either the liver or se.rum.

By far the greatest concent¡ations of f¡ee amino acids per
gram of tissue, however, were found in the rivers of most
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rats,

4, 0veraLl- 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 pe¡iod of time than it was for the rats sacrificed at
the sta¡t of the experiment (Tabj-es 21 and zz) , The l_ower

concentrations of most individual amino acids in serum and

the higher concent¡ations in the l-ive¡ noted previousry,
were reflected in the total amino acid content of tissues.
The slightly highe¡ individuar amino acid level- for thigh
and feg muscle than for gastrocnemii was found arso in the
total amino acid content, except for rats consuming the c-1

diet (12 weeks), The total amino acid concentraticrn of
tissues decreased over a pe¡iod of time with the exception
of l-evels of amino acids in the serum and l_iver 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 essentiar to non;essential amino acid ¡atio (E7w

ratio) indicating that the increase in the essential. amino

acids was not as great as in the non-essential amino acids.
The higher E/N ratio of serum than other tissues

of rats fed the va¡ious diets inclicate serum contained a

higher proportion of esserrtiar- amino acids,bhan any other
tissue, Data for E/N ¡atios of zero-time controJ. rat Livers
(D,a2, eXpe::iment II and O,34 r expe¡iment III ) suggest a
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higher concentration of essentiar amino acids in the liver
than either gastrocnemii or thigh and feg muscl-e which had

simila¡ ratios, Most of the ratios for l-ivers of ¡ats con-

suming the diets 4, B o¡ 12 weeks were more like those for
skel-etal- muscl-e than they were f or control rats. The ratios
for serum of ¡ats fed the less nutriLionalry-adequate c-1

and l,/ diets remained consistentty.l-ower than ratios for
serum of othe¡ rats; usualty, the higher E/N ratios appJ.ied

to the rats fed the more adequate diets , C-2, C-3 and mod.

5W, a.l-so. 0n the whoIe, however, the non-essential amino

acids account for a greater part of the totar amino acids

and ninhydrin-reacting substances found free in tissues,
Alanine, aspartic acid, gfutamic acid, glycine and

serine (AAGGS) account for over SO/" of the total_ amino acids.
In this study, AAGGS val-ues riiere similar to those of Ryan

and ca¡ver (1963), KapJ-an and shimizu (1963), scharff and

llool- (lgsa) and made up 75.6% of the total- amino acid con-

tent of gastrocnemii in control rats sacrificed at the sta¡t
of experiment II. In cont¡ol-s fo¡ experiment III, 7B,B/" of
total- amino acids in thigh and 1eg muscle corìsisterj of AAGGSî

values fo¡ serum and liver were 55.0% and 70.Bth, respective-
l-y, The lowest percentages of these amino acicl s ì/!'ere f ound

in most tissue ana-lyses of rats f ed .Lhe c-3 diet; the highest
percentages were found in the live¡ of C-Z diet-fed rats and

in the ske-l-etal- muscle of Ì^/ diet-f ed rats (expe.rirnent I I ) .



118

Non-amino acids contributed abou t zs-33'ß of the

totai- ninhydrin-reacting substances in al-l tissues of zera-
time cont¡ol- rats except fo¡ the gastrocnemii in experiment
III which contained approximatery 66/" of the total ninhydrin-
reacting substances, The non-amino acid content contained
high levels of taurine. Taurine in control rats contributed
the forJ-owing to the totar- ninhydrin-reacting substances:
5% ¡.n serum , 2,7-s,ol' in river, 12.4-18,o/" in gastrocnemii,
and 17,8% in thigh and r=g muscre. concent¡ations in the
l-ivers of rats f ed the C-1 and C-Z diets, however, h/ere l_ow-

er than the tau¡ine content of the serum for the same rats,
but the taurine content in r.iver of rats fed the c-3 and

mod, sÌd diets exceeded the serum varues for the same rats.
Liver val-ues for rats f ed the c-z and id diets (experi-

ment II) were lower than those.of serum and h,ere highest in.'
skeletar muscl-e. In experiment III, taurine content of
gast¡ocnemii and thigh and lug muscre of ¡ats fed the c-1

and c-2 diets was hal-f that of control-s whire rats fed the
C-3 and mod. 5ll,/ diets had a taurine content about twj.ce as

Iarge as that found in ze¡o-time control_ ¡ats.
0n the whoJ-e, data obtained for tissue of rats fed

Lhe c-2 die t in experirnent I I I agree wer-l (Tabr- e 23)

with that found for rats fed the c-z diet in expe¡iment I I ,

despite some of the differences noted aËove,
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DI 5CU5SI ON

This discussion deals with soms controversial

aspects in the dete¡mination of amino acid availabiÌities by

the fecal- anarysis 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. ZB,56 and 84

days) with the many short term studies (i"e. several- hou¡s

to seven days du¡ation) found in the literature; but where

applicable, similar changes in level-s of f¡ee amino acids,
especially with reference to the limited number of longer-

term studies of 28 days duration, wi1l be noted. Rather,

the aim is to determine whether free amino acids of devetop-

ing tissue, i.e, serum, liver or skeletaL muscle, reflect

the amino acid intake; and if so, to what extent are defic-
iencies and excesses refl-ected in these tissues.

Availabil:L:tv Studv

Determination of the availabil-ity of amino acids

from protein is a measure of their potential utirization in
a biorogical- system. J-!. vit¡o assays measure the rates at
which amino acids are ¡el-eased by proteoJ-ytic enzymes

whereas in vivo assays dete¡mine the arnino acid leve-l_s of
undigested protein in reration to that of ingested protein.



ïo date, aJ-l methods used give onJ-y an esti
availability of amino acids. ln particu-l_a¡

analysis method has been c¡iticized because

gastrointestinal_ tract in mammal-ian protein
not well- understood.

121

mate of the true

, the fecal

the ¡ol-e of the

metabolism is

Accurate measurement of the metabor_ic fecar arnino

acids has been a probrem; many techniques have been used to
dete¡mine its importance, Mitcrrer-r- and Bert (lgsa) showed

metabol-ic fecal nitrogen was independent of the r-ever_ of
dietary protein by extrapor-ation of a se¡ies of nitrogen
l-evel-s to zero-p¡otein intake l-evel_. This concept has been

upheld by Nasset (196s) also, for the mixture resurting from
the approximate seven-ford dilution of ingested Label_ed pro-
tein by endogenous protein (Nasset and Ju, 1g61) was hydro-
lyzed in the l-umen to yield an amino acid poor with a

¡elativeJ-y constant mor-ar ratio regardress of the type and

amount of protein ingested. 0ther findings, however, indi-
cate that endogenous nitrogen secretions increased or de-
c¡eased with the level 0f protein in the diet (Arbanese,

1959; TwombJ_y and Meyer, 1961 i Snook , 1g65),

ïhe contribution of the mic¡ofrora as such and their
infl-uence on the fecar- amino acid concentrations has ar-so

been questioned. since Kuiken (1gsz) aiu not find a signif_
icant change in the availabirity of amino acids to sur_fa-
thiozore-fed rats, he concruded that bacte¡iar_ synthesis and
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degradation had l-ittle effect on endogenous l-evel-s of amino

acids and proteins. Gustaffson and FitzgeraÌd (1960), how-

ever, found the numbe¡s of lacto-bacil-ri and possibry other

mic¡o-o¡ganisms in intestinal contents and feces of rats
were simuLtaneousry reduced by coproph-gy. In this study,
no significant difference was observed in the leve1 of amino

acids available whethe¡ or not the rats h/ore tait cups.

0f greater importance perhaps is the ¡elease into
the lumen of desquamated cel-ls (f'Jasset, lg6s) . No doubt,

this is promoted by the amount of dry matter in the diet.
Mitchel-l- (lgzl) found incorporation of fiber in the diet
increased the proportion of metabor-ic fecal nitrogen to dty
matter consumed. Flaynard and Loosl-i (lgeg) deterrnined the

rel-ationship to be approximateJ-y 100 mg of metabolic f ecar N

per 100 g of d¡y 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 Bû g rats and 23 g by the 300 g

rats, resulted in an average daiJ-y metabol-ic f ecal N produc-

tion of 13 mg and 32 mg, respectively, lvhereas the observed

mean level of metabolic fecar N was higher (lgl" tor B0 g

rats and 5o/" for 300 g rats ) tr,an predicted by Maynard and

Loosli, a linear rel-ationship (Fig, 1o) occur¡ed between the

amount of diet consumed and the amount of metabolic fecar N

exc¡eted by the rats in al-l- 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 essentialJ-y the same as the average

l-evel.predicted from the amount of diet consumed, The Iow

intake of N-free diet accounts for low estimates of fecal N

and about a 3% depression in the cal-cul-ated availability of

amino acids" An increase in metabolic fecal- N results,

however, when indigestible mate¡ial in the diet is high.

Meye.r (lgSS) found a linear relationship between the cel-1u-

lose content of diet and the metabol-ic fecal_ N. A signifi-

cant difference in production of metabol-ic fecal N resulted

when diets containing 15/" to 3Dl" cell-ulose brere compared with

those containing no cel-1u1ose. 0n this basis, the use of a

N-free diet containing a cellul-ose content of zt/" ín this

study woul-d give a higher fecal- N excretion than wheat and

an estimated l/" ¡ncrease in the calculated availability of

amino acids" Despite these problems in establishing precise

true availabilitiesr. comparisons of the availability of

different amino acids are unchanged.

The avail-abiJ.ity of essential amino acids from wheat

in this study compares favorabry with values. obtained by

Kuil<en and Lyman (lg¿a) although methods for determining

metaboÌic fecal N and amino acids diffe¡ed. The val-ues for
all- of the essential- amino acids except threonine (l.zl" low-

er) we.re from o,4% to 1,31" higher than found in this study.

The higher availability values usually found by the fecal



125

analysis method are possibry the resul-t of J_arger excretions
of metabo-l-ic f ecal- nitrogen (amino acids ) f ro,n _l_ow protein
or nitrogen-free diets than from diets of higher protein
content, Thus, in the use of the best techniques presentty
avai-l-abJ-e f o¡ the determination of metabol_ic f ecal nitrogen,
the¡e 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 avair-
ability val-ues in this study indicate the contribution made.

by endogenous amino acids. Despite the discrepancies in
absolute availabirity varues, however, the determination of
apparent digestibility may serve satisfactorily in the esti-
mation of availabre amino acids, particurarly in the deter-
mination of the least avairable ones. This suggests a

reassessment of the cont¡ibution to animal_s of the amino

acids from wheat diets, i.e. a reductír:n of lysine by 11-14Í",
va-l-ine and methionine by G-1o/", threonine by 5-111o and so on

in younger rats, and simir-ariJ-y fo¡ or-der rats, if actuar_

val-ues of the amino acids abso¡bed are desi¡ábr-e,

ïissue Studv

!/ithout conside¡ation of the

acids, however, IabIe 6 indicates 1 )

acids of the C-1 diet and a-Ll except

availabiJ-ity of amino

aÌI essential_ amino

arginine, leucine and
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possibty phenyral-anine in the llü diet vrrere inadequate,

2) llistidine, lysine, methionine, phenyJ-aÌanine, threonine

and vaLine of the C-2 diet as wel-l_ 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-

abJ-y was greater than indicated by analysis as S-containing

amino acids are partiaJ-ly destroyed during acid hydrolysis.
Accordingry, the diets rank as f ol-l-ows f rom the most to the

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

In keeping with the findings of Enesco and Lebrond

(1962) and l¡/inick and Noble (1965 ) it might not be erroneous

to suspect hyperplasia was not compl-ete in a1l- tissues of
rats fed the C-2, !l and C-1 diets, especially that of
skeletal- muscl-e since the rats were placed on these dietary
regimen at 24 or 25 days of ãgEo However, evidence that
hyperprasia h,as not ¡estricted to a significant extent in
liver or skeletaL muscle and that these tissues realized
their full- complement of cer-r-s with each diploid nucleus

containing 6,2 ltg DNA, is indicated by the lack of statis-
tical- differences among the DNA content of liver or that
of most gastrocnemii of ¡ats fed the various diets (Table 15).

This is based on the assumption that rats fed the c-3 and

modn st'J diets are adequate o.r near-adequate in atl essential
nutrients for the growi'g rat. using these rats as a
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guide-1ine, less weight gain over the experimental period

and greater protein -l-oss between the start of the experiment

and fou¡ weeks later (Table 12) inaicate restricted hyper-

trophy in l-iver of rats fed the C-1 and C-Z diets. The

statisticalJ-y higher values of DNA (Table 15), however,

obtained in the gastrocnemii of rats fed the c-z diet for B

and 12 weeks than that in rats fed the other diets suggests

greater restriction in the size of cells in tlu gastrocnemii

of rats fed the C-Z diet and consequently more cell_s and

more DflA per gram of tissue. Even higher DNA levels were

found in gastrocnemii of ¡ats fed the c-2 diet in experiment

Ii (Tabre 11 ); no doubt, this was partially the result of the

diet fed the first ten days of the experiment, The 78, Tz

and 78 mg of DNA per 1 00 g gastrocnemii of rats fed the f-1 r

C-3 and mod. 5!t/ diets, respectively, is l-ower than the B9 mg

of DNA per 1 0D g gastrocnemii of rats fed the c-z diet in
experiment iiï for tlr same length of time. Thus, although

diet does not affect the Ðt\A content of a cerl_ it indirectly
infl-uences the DNA content of tissues by ¡estricting or
promoting the development of cel1s,

Since Figure .1 shov;s Dt!A content (ng/g tissue ) cle-

creases with development, a sir¡il-a¡ decrease in our study

may indicate l-ess inc¡ease in cei-l_ number than in cel_l_

síze. 0n this basis, the greatest increase in ce-l-l size
occurred in the Live¡s of most rats between 24 and 52 days
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of age (Table 11 ); in most instances, this period of fast-

est cel-l- development in the gastrocnernii, thigh and leg

muscles of ¡ats fed the C-2, C-3, mod. SW diets and to a

limited extent the C-1 diet continued until the ¡ats were B0

days old.

The pro'tein,/Dl'JA ratios (Tabr-e 12), however, indicate

a reappraisal- of such an interpretation for a 1tl" ancJ 6/"

decrease in these ratios of liver for rats fui the C-1 diet
and to a l-esser extent ¡ats f ed the ìd diet f or 4 weeks, res-
pectivery, suggest a ross of protein and an accumul-ation of

1 ) fat, possibly because of inadequate intake,of choline

resulting from reduced consumption of foodr or z) water as a

result of hypoproteinemia or the retention of the pre-

rest¡icted diet l-eve1 of ext¡acellu.l-a¡ fr-uid. Lack of
normal devel-opment of liver tissue of rats fed the C-1 and

I^/ diets f or 4 weeks was aLso ref {ected in the si ze of ilre
organ (Appendix A, TabLes I and tI); Livers of ¡ats fed

1) the C-1 diet weighed 5.9 g, Z) the l¡J diet weighe d 6.2 g

compared with the more no¡mal weight of 11,5 g for rats fed

the c-3 diet 4 weeks. In addition, the Ìivers of rats fed

the c-1 diets for 4 weeks r{ere pinkish in coror and fragile
to touch. Rats fed the C-2 diet, however, may be conside::ed

a border-line case as there was onJ-y a s.l-ight increase in the

protein/DltlA ratio in rats fed from 24 to 52 days of age, The

greatest accumr.rlation of protein (Tabi-e 1z) occurred in



129

-l-ivers of rats fed 1) the c-1 and c-z diets from 52 to B0

days of age and 2) V/ diets from B0 to 108 days of age; ¡ats

fed the C-3 ancl rnod. 51.'/ diets sbabil-ízed tlre protein content

of their liver, at approxirnately 1700 ng/lCO g Iiver, by the

time they were 52 days old.

No l-oss of protein (Table 1Z) during the first four

weeks of the study was evident in the gastrocnenii; in fact,
there was an average inc¡ease of 15% over con.trol- vaÌues

afte¡ rats consumed the diets 4 weeks. Rats fed the c-3 and

mod n stv diets, holvever, accumul-ated protein in the gast.roc-

nemii f aste¡ than did rats f ed the f - 1 , C-Z and l,'J di ets ,

with a tape¡ing off when rats were B0 days old, The accumu-

lation of protein in the thigh and f"g nruscl-e over control
val-ues was much less than that shown by gastrocnenrii.

Arr increase in protein content, however, is preceded

by an inc¡ease in RNA content (Fig. 11 ). Like protein, the

syntÌresis and catabolisn of RNA is inftuenced by the quality

and quantity of protein in the diet. Data (Tabl-e 12) in¿i-
cate the nìore acJequate the diet, the .l-ess quickry RNA level-s

we.re reduced; in f act, the RNA live¡ lever- of rats f ed the

c-î diet was l-owest at 4 weeks (sz days ord), This suggests

the possible reduction in Rl{A try the activation of ribonu-
c-l-ease as a resul-t of an inadequate supply of amino acids,
The protein content of muscJ-e, houiever, as well asj the pro-

tein/RI{A ¡atios (Tab-re 1z) :.n¿icate that there was a more
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normal accumulation of protein in these tissues than there

was in J-iver, an inc¡ease in the ratio with age showing a

greater accumu-Lation of protein than of RNA.

Present evidence, the¡efore, suggests that the diet

significantly influenced normal devel-opment of the tissues.

Hyprrtrophy was inhibited in rats fed D-1 r t{ and possibly

C-2 diets with rats fed the C-1 diet developing the least.

Although the tissues of ¡ats fed the C-1 diet. decreased in

size, liver was the most af f ected f or there \^/as 1 ) a decrease

rather than increase in protein content, 2) ror- rapid than

normal- decrease in DNA and RNA content, and 3) smaller,

pinkislr, fragile livers. Data (TabIe 11 ) and a more no¡ma1-

looking Liver afte¡ B weeks consumption of the diets suggest

some adaptation and/ar physiological aging.

A better understanding of the mechanisms invol-ved

in the processes of depletion and repletion indicate more

frequent sampling of rats to determine 1) polysome pattern,

2) ribonuc-l-ease activity and 3 ) concent¡ation of ÐNA, RNA

and protein. Consideration might al-so be given to the 1)

fat content of l-ive¡s and the possible extent of tipogenesis

by measurement of the activity of gl-ucose-6-dehydrogenase,

acetyl carboxylase or citrate cJ-eavage enzyme, 2) typ" and

magnitude of edema that may be involved, by analysis of

serum protein and thiocyanate space, 5 g of protein or l-ess

per 100 mJ- of serum with lov¡ alburnin/globulin ratio
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indicating a true protein ma.l-nutrition edema and a thiocya-
nate space of approximately 3o% of body weight indicating a

hunger edema.

F¡ee Amino Aòids in Devel-ooinq Tissues

Protein metabolism is intimately connected with
amino acid metabolism; a change in one, therefore, should be

refrected in the other. As Mirler (lgag) i.noicated an in_
crease in amino acid pools during protein synthesis, reduc-

tion in levels of free amino acids might be expected during
protein catabol-j-sm. Thus, the ef f ect of diet on f ree amino

acid level-s of tissues possib-ì-y refl-ect the protein status
of these tissues. Much emphasis (McLaughì_an and Morrison,

1968; Rogers and Harper, 1g68; snyderman et al. , 1968; r¡Jann-
'"ru.her and AIJ-ison, 1968) has been praced on the crose

rel-ationship of serum amino acids and those ingested in a

single meal, Recently, Munro (197O) reported there is evi_
dence that changes in amino acid pools of serum and other
tissues persist when proteins row in one or more essential_

amino acid are fed over a pe¡iod of time.

In this J-ong te¡m study, the various tissues respon-
ded differently to the diets. l¡üith few exceptions, changes

in the serum were less extreme than those in the river, but
usuarly more extreme than those in skeletal- muscl-e. These

prominent changes in ali- 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 diffe¡ent diets were minimized or no longer exis-

ted. That some of these changes, however, are not soreJ-y

influenced by dietary protein a1one, is recognized for the

decrine in food intake by rats fÞd the deficient diets may

be responsible for some of the changes.

1 . Se¡um

As indicated previously, several investigators have

demonstrated that ingestion by rats r:f a diet row in one

amino acid results in a reduction of that amino acid alone

in the serum (AImquist, 1954; Baker et E.1.., 1966; Clark et

a1., 1966; Gray et a.1., 1960; Longnecker, 1961 ¡ McLaughlan,

1964; SteeI e et .e.f.. , 1 950; Swenciseid et .g_l-., , 1963b , j966i

wu, 1954). lJo such effect can be expected in this study for
the inadequate diets , f-1 r C-2 and V'/, had more than one

deficient amino acid; lysine was the most limiting in the I

diet and methionine in the C-2 diet as well- as perhaps in
the more adequate diets, C-3 and mod. SLV diets. It is
interesting to note that although analysis of the mod, sh/

diet (Table 6) ¡evealed al-r other amino acids were adequate

as compared with À.lRD recommended arlowances, the lower con-

tent of all essential amino acids except arginine in the

mod. Sll die'b compa::ed with those of lho [-3 diet were re-
fl"ectecj as such in serum (Tabte 24a), The average serum

non-essentia-r amino acid pattern also foÌlowed closely
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the content of the c-3 and mod. stl diets. For the most

part, J-evels of most of these amino acids in the serum of
rats fed the C-3 and mod. Stt diets are reasonably constant
f¡om 4-12 weeks in relation to those of control levels at
the start of the experiment. This suggests the ¡ate of
protein synthesis and catabor-ism throughout the period are

also relatively constant.

Most changes with age, however, were seen in rats
fed the lower protein diets, c-1. and l,ü. Atthough half of
the se.rum essential- amino acids, ilrat decreased initiaJ-Iy
below cont¡o1 1eve1s, in rats fed the C-1 diet, progres_

sivery increased with ager those higher than contror l_evels

varied greatry, i.B. arginine decreased, histidine ¡emained

'somewhat the same, lysine fluctuated whire th¡eonine and

valine continued to inc¡ease. This large increase in serum

lysine (+lz7/" to *7g1" to +las/,) and histidine (+laol, to *lza/"

to +lal%) beyond that of control-s, also seen by Longnecker

and Hause (1961), Richardson et a1. (1g6il, swendseid et al.
(1965), Adibi (1968) when they fed low p¡otein diets, indi-
cate their accumul-ation beyond that required for the rimited
synthesis of protein possibre with the feeding of such an

inadequate diet.

Again, some of the amino acids in the serum of rats
fed the h/ diet increased with time while all- others decreas-
ed; arginine, histidine, methionine, th¡eonine and val_ine
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were consístently higher than control va_l_ues. I n f act, it

vras not surprising to find that the most deficient amino

acid of the diet, lysine, constantly abou1- 5o/" below controL

l-evers. The more depressed the lysine values became, the

higher was the rise in methionine, the second most j-imiting

amino acid and conversely when lysine became less depressed;

this suggests that protein synthesis was limited by the

amino acid in shortest suppry, The non-essential amino acid

pattern of serum in ¡ats fed the C-1 and h/ díets differed;
the c-1 diet containing l-ower level-s of a1r non-essential

arnino acids than the h/ diet promoted higher Levels of most

non-essential- amino acids almost consistentÌy except for
glycine. ïhe inc¡easing alanine lever-s in both indicate
partial degradation of other amino acids while the varying
glutamic acid level-s in the serum of rats on the C-1 and \iú

diets suggest fluctuations in the degree of transamination,
Falring mid-way between the adequate and the inade-

quate diets was the c-2 diet. St¡iking was the simílarity
of serum isoleucine, l-eucine and pheny]-al_anine with those of
the mod. 5\^/ diet, even though the content of these amino

acids in the Latter diet were about Zt/" higher than those

found in the C-2 diet, Stij-1 the¡e was a .resembl-ance to the

serum of C-.1 diet-fed rats as the higher histidine and

lysine l-evers sti1l persisted, The non-essentiar amino

acids in the serum of rats fed the C-1 and C-Z diets were
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similar.

Common to the serum of all rats was 1 ) the high arg-

inine Ievel, ranging from 42 to 4AA/" 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 ìdas the amino acid that varied most, not only in the

serum of ¡ats fed different diets but al-so over a pe¡iod of

time in rats fed the same diet. No doubt, these changes

h,ere magnified by the difficui-ty in reading, with accuracy,

such low l-evel-s as O.7-11 . B ¡mo1es,/1 00 ml serum.

The non-amino acids va¡ied greatly from diet to diet

.and from period to period, but only relatively Jow concen-

trations were found in the serum. 'Taurine was in highest

concentration in the serum of rats fed the mod. Sl¡/ diet.

This suggests that the mod. 5l/ diet was not deficient in

5-containing amino acids.

2. Live¡ and serum

The liver presents a different picture for all essen-

tial and non-essential amino acids except tryptophan, alanine,

aspa¡tic acid, cVStine and serine,' brere usually less concen-

trated than. cont¡ol 1evels. It is in the metaboLically

active liver that we meet what some refer to astrtlre first

l-ine of defensettagainst the post-absorption infl-ux of. serum
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amino acids, The liver might also be rooked upon as a pro-

cessing pJ-ant; it disposes of a large influx of free amino

acids by degradation into small- mol-ecules or synthesis into
protein, A linear re.l-ationship exists between the protein
content of the Ìiver (Tabre 12) and its free amino acid con-

tent (Table 24b); the more inadequate the diet, the greater
was the l-oss of l-iver protein and the greater was the de-

crease in free amino acids, i.e. most essential amino acids

in l-iver of rats fed the C-1 and W diets fell about St/" bel-ow

that of control values by 4 weel<s except for 1 ) less depres-

sed levels of lysine and histidine as in the serum of ¡ats
fed the c-1 diet, 2) histidine and threonine in rats fed the
c-1 and c-2 diets, and 3) the more depressed val-ine lever in
-rats fed tlre w diet. It took ¡ats fed the other diets 1z

weeks to reach the same level of reduction, part of which

could be the process of physiological_ aging when amino acids

are in lower concentration in the tissues,
l,./ith ager however, and possibre 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 val_ine in tlre l-iver of ¡ats fed the C_1 diet
became ress depressed below control revel-s whil_e in serum

there bias a.n increase in most essential- and non-essential
amino acids suggesting a mobirization of amino acids through
protein cataboÌism elsewhe¡e or an increase in the consumption
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of the diet, 2) most f¡ee amino acids of river and serum
in rats fed !h" I'd diet decreased whire protein content of
the l-iver increased by 12 weeks to the l-evel- of rats f ed the
more adequate diets, even though most of the r-iver essentiar_
amino acids were depressed to 63/" (7a/" ¡o, val_j.ne ) bel-ow
that of contror varues, Nevertheless, there was a striki-ng
¡esembl-ance between the free amino acids of river in rats
fed the c-1 and l,ú diets fo¡ 4 ancl B weeks except fo¡ the
l-ess depressed r-evers of rysine, methionine, .threonine and
vaLine in the rive¡ of ¡ats fed the c-1 diet; after 12 weeks
consumption of these diets, there was a greater accumur_ation
of many f¡ee amino acids in the rivers of rats fed ilre c_1

diet even though protein content was far below that found in
the l-ivers of othe¡ rats,

Liver rever-s of f¡ee essential amino acids in rats
fed the c-z diet were more rike those of rats fed the c-3 and
mod. S',rr diets tlran were those of rats fed the C_1 and ì,V

diets, Like all ¡ats except ilrose fed the C_1 diet, there
was a decrease in most amino acids as werr_ as ornithine and
ammonia ove' a period of time, indicating a more efficient
utilization of amino acids for protein synthesis, AIso, the
decreasing content of methionine, lysine and other essential
amino acids and the increasing r-ever-s of taurine in the _r-ive¡s
of rats f ed the C-3 and mod, Sl/ diets suggest degracJa bion of
methionine beyond the need for synthesis.
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ïhe level-s of free amino acids found in l_ive¡

tissue suggest restricted protein synthesis may have been

rimited by an inadequate supply of 1 ) arl essential amino

acids in the case of the C-1 diet-fed rats,2) Iysine and

methionine in L/ diet-fed rats, and 3) methionine chiefly in
the c-2 diet-fed rats; row taurine varues in these diets
give fu¡ther support that methionine bras certainly not in
abundant supply in the livers of rats fed the C-1, C-Z and

llú diets.

compared with serum, however, the methionine content

of l_iver (Tabl-e z]a) was significantly different in rats fed

diets B weeks, it being highest in live¡s 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 J-iver, they \¡/ere not arways the same as those found in
serum. These dif f erences, howevel, persisted for a .l-onger

period in the liver fo¡ after eight weeks of feeding the¡e
were six significant differences in essential rrino acid
l-evel-s in liver of rats fed the various diets in experiment
iII compared to only one in serum, Again, there was great
fl-uctuation in tryptophan values.

3. Skel-etal muscle, l_iver and serum

The. role of skeletal muscre in amino acid metaboLism

is a controversial- one. Pawl_ak and Pion (lgSl) reported
muscle \^/as 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 after feeding a wheat-flour diet 1B and 35 days.

0n the other hand, Sheffner and Bergeim (lgsz) tea a high
lysine-containing peptone by stomach tube to fasting rats
and found val-ues for arginine and ì-ysine increased greatJ_y

in the muscl-e but rysine ar-one increased significantly in
the J-iver; supprementation with phenylaJ_anine resul-ted in no

change in serum river Dr muscl-e Levels but methionine supple-
mentation caused an increase in the plasma and muscle with a

rower increase in the l-ivor, clark (1966), however, found

changes in the free amino acids of l-ive¡ tissue appeared to
have a higher corre.l-ation with tlre arterations observed in
pÌasma amino acid concentrations than did muscl_e tissue when

they fed amino acid mixtures racking either reucine, isor-eu-
cine, valine or threonine for three days.

The critical facto¡ 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 l-iver pJ_ays its role in
modifying serum amino acid fluctuations; nor shoul_d one

expect to find significant changes in metaboLicai_ly stabl-e
tissues suclr as brain (Denton et aI,, 19S0),

rhe only krrown study on muscre that was of ronger
duration than the present one was that carriecr out by L{anne-

rnacher and AI-Lison (1968) . They f ed ¡ats, weighing 200_

25A gr 1) a protein-f¡ee cliet for 1r 3, 7r 21 , 42 or
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100 days r or 2) varying -l-evel-s of casein and wheat gluten

for 28 days, and then determined the free amino acids

of serum, l-iver and abdominal- muscle by autonated ion-

exchange ch¡omatography. GeneraJ-ry, the concentration of
serum free amino acids in our study agree with the findings

of \dannemache¡ and Al-lison (lgsa) for the more inadequate

the diet the more diminished and augmented were the serum

essentia-l- a¡rd non-essential amino acids, respectively, In

llannemacher and Allison t s study, there was an initia_I

increase in the serum free amino acids of ¡ats fed a 1 3/"

casein diet; most free amino acids in rats fed a wheat gtu-

ten diet, hor^Jever, were lov¡er than those of a protein f ree
diet, lysine being markedl-y 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 ìJ'/ diets decreased to 5t/" of
norma.l- control vaJ-ues, not atl individual amino acids res-
ponded in the same manner as did the free amino acids in ilre
líver of rats depleted by 1t% of their body protein.

0ur data, hor,.,ever, do not support the finding of
l,Jannemacher and Al_l_ison (lgeA) tf'at the higher the
dietary protein, the higher the -r.evers of river f ¡ee amino

acids, However, varues for l-iver free amino acids of rats
fed the C-Z arrd lu,r/ diets were in keeping with lVannemaclre¡ and

All-ison t s finding that rats f ed the wheat gJ-uten had a lowe¡
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f¡ee lysine river content than did animals fecj an equiva-

lent amount of casein protein, unfike data on skel-etal-

muscLe in this study, free amino acids of abdominar muscre

h/ere not reduced below control_ l_evel_ untir rats had lost ona_

third of thei¡ body protein when they decreased only by 1s1,,

As in liver, the free amino acids in the abdominal- muscl-e of
rats consuming a 25/" casein diet (\dannemacher and Allison,

1968) increased to their maxÍmar lever-; and, although essen-

tial amino acids inc¡eased as rats consumed: higher l-ever

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 l¡/annemacher

and Allisonrs study did not refrect the lysine deficiency of
the wheat gluten.

ïn this study, generally, the response of skeletal
muscl-e varied with the extent of the inadequacy of the diet,
concentration changes f¡om those of control val-ues in the

gastrocnemii of rats fed the C-1 and C-Z diets (Tables 24c,

24d) were l-ess ext¡eme than those found in the river of the

same ¡ats (Tabl-e zfh) ; the less depressed l-evel-s f or histi-
dine and rysine seen in serum and river persisted through

eight weeks of feeding but lysine decreased consjiderab-ly by

12 weeks. Free amino acids in the muscr.e tissue of rats
fed the more adequate diets, c-3 ancl mod, s\,/, attained thei¡
ext¡emes of concentration more quickry than did l_iver and
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then ¡emained rel-ativel-y constant. In most cases, rats

f ed the ìril diet, like those f ed the C-3 and mod. 5Vü diets,

reached their maximum extremes by 4 weeks; however, they

fluctuated more during the weeks that fol1owed, with the net

effect being an increase in concentration.

0ther than tryptophan, however, lysine ìdas the

essential amino acid that varied most in concentration.

Highest l-evels of lysine were found at four ureeks in the

gastrocnemii of rats fed the C-1 diet while lowest l-evel-s

ìdere shown by rats f ed the wheat diets, mod. SÌ¡ú and \lü. In

fact, no lysine h,as found in the gastrDcnemii of rats fed

the Vü diet for 4, B and 12 weeks. Lysine levels in the mus-

cl-e of ¡ats f ed the C-1 , C-2 and mod, SVt/ diet, hou/ever, u/ere

.reduced to about 7Ol' below control levels after consuming

the diet for 12 weeks.

This, by far, represents the most striking response

to variations in the level-s of absorbed amino acids. It is

atl- the more remarkable because the thigh and leg muscle

did not give a simila¡ response. Although amino acid values

of thigh and frg muscle, in general, were only slightly

higher than those of the gastrocnemii (TabIes 16 and 17c,

17d), the amino acids in the thigh and leg muscl-e of rats

fed the C-1 diet, compared with zero-time level-s, were 1)

more reduced than the gast¡ocnemii and 2) less reduced than

most othe¡ amino acids of rats fed the other diets (TabIes



24c and 24d), For the most part,

for the wheat diets, mod. 5h/ and Vi

depressed in tile gastrocnemii than

muscle, the f ree J-ysine values f or

and 6111 bel-ow those of cont¡o.l-s at

pectively.

l4ö

howeve l, lysine val-ues

, were definiteJ-y more

in the thigh and leg

the latter being 54, B5

4, B and 12 weeks, res-

These findings suggest that the gastrocremii is not

truJ-y representative of skeletal muscr-e. It may have a

greater requirement for rysine than the thigh and lug 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 muscre, As a result of
a preliminary study (Pav;lak and Pion, 1967) showing threon-
ine as well- as lysine in Low concentration of hind-l_eg mus-

cles of rats fed wheat gruten diets fo¡ 1 B days, pawJ_ak and

Pion (1968a, 1968b) fed graded amounts of lysine or threonine
in wheat f l"ou¡ diets to 100 g ldistar rats f or 14 days and

found that only when the diet was inc¡eased to û.8% of lys-
ine or t.42% of threonine was the¡e maximal growth r"rith a

large increase in the threonine content of blood and muscl_e

or a larger inc¡ease in the lysine content of muscle than ol
blood. These hincl--r-eg muscres, tike serum (Fiorrison

et a-l-, , 1951) rnay require suf ficient suppry of an amino

acid to satisfy its needs for protein synthesis before it
shows an increase in concent¡ation. This present study,



hovrever, showed the gast¡ocnemii as

a definite deficiency of onp amino

it was to a gene¡a1 decrease in all

and C-2 diets"
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being more sensitive to

acid in the l¡/ diet than

amino acids, i.e. C-1

Since no known amino acid deficiencies in skel-etal

muscle othe¡ than lysine and threonine have been reported, a

study to determine the gastrocnemii, thigh and leg muscle

response to other amino aeids in anothe¡ grain as wel-I as a

corresponding arnino acid mixtu¡e is suggested, The contror

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 levers of the most rimiting

amino acid and sampling the serum and various muscles as did

Pawl-ak and Pion (1967 , 1968a, '1 96Bb ) may give f urther inf or-
mation on whether present requirements are precise. Fre-

quent sampling during the more acute growth phase, i.e. when

¡ats weigh 50 to 15t g is indicated by the large changes

that occurred from 0 to 28 days in this study, At l_east

five rats per treatment and individual analysis woul-d give

a more statistically accurate picture of the depretion and

repletion process; multipre regression analyses of the res-
ulting effects of 1 ) diet over a period of time, or z) graded

level-s of the diet, might reveal some interesting information
ancl supply some prediction equations.
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Littl-e is known of the rol-e skel-etal muscle plays

in protein metabolism. To determine whether synthesis and

catabcllism vary between feeding and fasting states as they

do in liver tissue, suggests the use of label-led compounds

and incorporation studies at frequent intervals in a Ìong-

te¡m study. ïhis Iabell-ed compound might welr be the amino

acid most l-imiting and if a comparison is made between con-

trol diets and test diets, some J-ight might arso be thrown

on the effects of physioJ-ogical aging,

0f course, erucidation of the detaired mechanisms

invoLved in the growth and deveropment of even one tissue
opens up a neì¡/ frontier requiring many life-times of delving

at the intermediary metabol-ism 1evel. A start could be made

by tracing the metabol-ism of one amino acid at a tinre as

well as the enzymes invol-ved with its synthesis and degrad-

ation as there is lack of information on such in tissues
other than l-ive¡. That ce¡tain hormones such as insulin, are

::equired for incorporation of amino acids into protein as

well as fo¡ transporting amino acids with grucose to supply

the comporìents and energy, respectively, further compJ-icates

the picture,

4 " An overview

Amino acids are addr:d to bocJy f-l-uids by intestinal-

absorpti-on, synthesis r or breakrrown r¡f tissue protein while

they aïe re¡noved fol synthesis of tissue protein and other
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u6es, or degraded via the urea cycIe. The size of the amino

acid pooì- represents the ba.lance between these processes.

Although the total amino acid pool is small-, rÉpresenting

only about O,57L of the total- amino acids in the animal body

(fulunro, 197O), it turns bver very rapidly in serum, l-iver

and other internal organs but more slolvly in muscle proteins.

The significance of f¡ee amino acids in muscle is of utmost

importance since muscle is the single largest tissue of th;

body, making up 45% of its content, It is lnr 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 mo¡e

metabolicaJ-1y active tissues but according to Vúaterlow and

Stephen (lgSe , 1967, 1968) reduced synthesis is xesponsible

for its role as a provider of the missing amino acids,
l¡úhil-e incorporation studies to dete¡mine the rate of

protein synthesis and degradation as well as quantítation of

free amino acids and protein of tissues are perhaps desirable

for an accu¡ate picture, evaluation of the nutritional value

of diets by measurement of tissue amino acid'pools and pro-

tein content is possible, As a readily avail-able criteria

of measurement, amino acid pools of serum have held much

attention with controve¡sial- results. Fo¡ the most part,

however, dietary excesses and deficiencies are reflected in

serum f¡ee amino acids. Generally, it was found in this
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study that most amino acids of adequate diets were refl_ected

accurately in the serum but Ìow protein diets having more

than one amino acid inadequately supplied distorted the pic-

ture considerably with high .levels of histidine, lysine and

non-essential amino acids, Nor vvas methionine in the var-

ious diets accurately represented in the serum for there

were no significantJ.y different levels even though it u/as

the most limiting in the casein diets. Tryptophan, however,

was in highest concentration in serum even though it is in
the live¡ that aromatic transaminases are most active.

Free amino acid patterns of liver .are known to dif-

fe¡ from those of plasma. it is surprising, however, that

in certain instances such as that of methionine, dietary in-

adequacies are better noted in liver than in serum. 0n tlre

whole, however, the changes in the free amino acid pools of

liver are mo.re dramatic than are those of serum, The data

of tlris study suggest there are great reductions with age as

l-evel-s of most arnino acids decreased greatly below zero-time

control rats even with the adequate diets, mod, Sll and C-3.

LeveIs of branched-chain amino acids, isoleucine, l_eucine

and va-Iine are usually highqr in l-iver as there is poor

util-ization in this tissue, being used only f or protuein syn-

thesis as deanrinases for b¡anched-chain amino acids are

confined to muscular tissue.

To date, f ree amino acids of sketetal- muscl-e have
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not been given rnuch attention, Only a f ew of the lirnited

number of studies conducted specify what musc.l-e was used.

This detail may be of importance for whil-e there was much

sirnilarity in the protein content and free amino acid con-

centrations in the muscles of hind regs used in this study,

it was in the gastrocnemii that the most timiting amino acid

showed its most d¡amatic results. 0ur findings, therefore,

agree with those of Rogers and Harper (lgsa) in that free

amino acids of skel-etar muscle refl-ect the serum free amino

acid patterns which in turn are influenced by ilrose in the

dieti in fact, this study showed free amino acids of muscle

as a bette¡ indicator of deficiencies than those of the ser-
um. And, so, in keeping with the findings of pawlak and

'Pion (1969a, 1968b) free amino acid revers of skeletaÌ mus-

c1e, especially those of the gastrncnemíi, act as a sensitive
index of excesses and deficiencies, They might, therefore,
be the most valuabl-e crite¡ia for dete¡mination of require-
ments, evaluation of a diet or the nutritionar status of an

individua-ì-, even though muscl-e biopsies pose more of a prob-

1em than the sampling of blood,



;UMMARY

Male weanling rats of IlJistar strain r¡/ere used to

determine the biologicaJ- avairabirity of amino acids from

pure wheat when coproph.gy was prevented in rats weighing B0

g and 300 g. Simil-ar ¡ats were used to observe the effect
of diets, varying in casein content (C-1, C-Z or C-3) or

wheat content (l,J), one of which was modified by supplementa_

tion with protein (rnod, Sld), for 4, B oï 12 weeks, on the

free amino acid l-eveLs of the serum as well .as the concen-

tration of DNA, RNA, protein and free amino acids of l-ive¡
and skeletal- muscle.

The true and appa¡ent avaiLability of sixteen amino

acids brere not affected by the prevention of coproph-gy ex-
cept for the true availability of rysine in righter, younger

rats, This significant decrease in avairability to younger

rats fitted with sham tail cups r^,as possibly the result of
thei¡ non-adjustment to the tail cup. 0therwise, no adverse

effects f¡om coproph.gy prevention were noted possibly be-

cause coprophagy was not practised to any great extent by

cont¡ol- rats.

The t¡ue avail-ability of amino acids for both weight

groups !,ras simiJ-ar, ranging from 9D-98"/", v;ith gtutamic acid

and prorine being most avail-abl-e and aspa¡tic acid, aranine
or rysine the reast avairabl-e, 0f the essential_ amino acids,
however, lysine was significantly l-ess avai-l-able with
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histidirre and phenyla.lanine tlre nrost available to both

younger and oldcr rats, Although apparent availability

averag'es were lower by 1,4-8.4/" than true availability aver-

ages, the simiiar 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, 121" in C-2 and VJ,

211" in C-3 and zDl" in mod. Sl¡J) had r^reight gains as fol-lows

over the |2-week period: 115 g for C-1, 276.g for V/, 385 g

f or C-3, 348 g f o r C-2, 425 g f or mod, SIrù'. Although the

weight gain of rats fed the mod. S|/, C-2 and C-3 was greater

than that of rats fed the C-1 diet for 12 weeks, only that

f or rats f ed 'bhe mod, 5\d and C-3 diets was greater than the

C-2 and C-1 diets for 4 or B weeks,

VJith age, the rrucJ-eic acid concentrations decreased,

the greatest decrease taking place between the sta¡t of the

experiment and four weeks later; the decrease was fastest in

tissues of rats fed ttle C-1 diet. By 12 weeks, however, DNA

values were 263-266 mg,/1 o0 g liver, 72-89 ng/1Do g gastroc-

nernii and 6D-7D ng/lOO g thiglr and l"g muscle irrespective

of the cliet consumed, 0n the other hand, RNA val-ues \^/ere

inf luence,l by cliet, signif icantty so in the liver, f or rats

f ed the mod, 5l'1, C-3 and C-2 diets f o¡ 4 weeks and those f ed

the nrocl. 5i,J ancl C-3 diets for B weeks lrad hiqher l-iver RNA

ler¡e1s than did rats fed the C-1 diet. Afso influenced by
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diet v',as the protein content of l-iver: the -l_orn¡e¡ ilre
protein content of the diet, the greater was the loss of
protein from the sta¡t of the experiment to 4 weeks J-ater,
a'd the slowe¡ the protein accumul-ation between 4 to 1z

weeks. However, there \^/as no prctein loss in skeleta-r_ muscl_e

but an increase above ze¡o-time control values which was

-l-ess in thigh and l-eg musc-r-e than in gastrocnemii.

Although protein content was r-owe¡ in the liver than

in skel-etal- muscre, the cDncentration of most amino acids,
Like nuc.reic acids, was highe¡ in the live¡, Notable excep-

tions were: 1 ) the higher serum tryptophan and cystine
content, and 2) the non-measurable amounts of arginine and

citrul-line in the l-iver. GeneralJ.y, thigh and Iug muscl_e

free amino acids were higher than those of the gastrocnemii
but cystine was not detectable in either of them; character-
istic of skel-etal- muscle was the high taurine and ammonia

content" Amino acids, whether extracerlul-ar o¡ intracellu-
1a¡ were most highly concentrated as lysine, threonine,
leucine, valine or histidine of the essential amino acids,
and alanine, glutamic acid and se¡ine of the non-essential
amino acids.

ïhe co.cent¡ation of most ninhydrin-reacting

substances v/ere affected by cjiet and by the length of time

rats consumed the diet; statistically, serum was the least
and gastrocnemii the most affected. In general, the essen-
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tial amino acids were less concent¡ated in tissues of rats

f ed either the C-1 or mod. Sfd diets, except f or arginine in
gastrocnemii, histidine and lysine in serum and gastrocnemii

of rats consuming the C-1 diet for 4, B or 12 weeks. 0n the

whole, essential amino acids were more highly concentrated

in the tissues of ¡ats 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. 5ll'/ diets. Non-

essential- amino acids were higher in the tissues of rats fed

the C-l t C-2 and llJ diets and l-owest in rats f ed the mod. Sljl

diet; highest concent¡ations of aspartic acid, glutamic acid

and proline were found in the gastrocnemii of rats fed the

c-3 diet 4 weeks but gJ-ycine was highest in serum and gas-

t¡ocnemii of rats fed the mod. SVü diet 4, B o¡ 12 weeks. 0f

the non-amino acids, ornithine of serum h/as not infruenced

significantJ-y by diet but citrul-rine and ammonia were high-
est in all tissues of rats fed the D-1 diet while taurine
was prominent in the more matu¡e ¡ats fed the mod, Sìrv or c-3

diets"

0ver the 12-week experimental_ period, most changes

occurred between the start of the experiment and fou¡ weeks

later; these changes were exhibited mostly as decreases, the
greatest number of decreases taking pJ-ace in the liver,

Most significant increases, however, occurred in the free

amino acid concentrations of serum. Al-though tlre ninhydrin-
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reactirìg substances o1'gastrocnemii neither showed as many

increases as the serum nor as many decreases as tlre liver,

the l-arge number of significant changes indicate th'is muscle

is indeed metabolically active.

In fact, the findings of this study indicate that

int¡aceflular amino acid pools are as sensitive as extra-

ceI1ula¡ free amino acids to fluctuations in amino acid

intake. Dbserved in l-iver and skel-etal musc.l-e as well as

serum were 1 ) increases in a few essential- and many non-

essentia.L 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 invol.ved with t¡ansamination and increases of

degradative products of urea cycle or taurine when most

amino acids are in more than adequate supply for protein

synthesis¡ ?,g. rats fed the C-3 and mod. Sl¿{ diets, 3) chan-

ges associated with adaptation, over a pBriod of time, to a

diet in which all- b,l* one or two amino acids were adequate

f or the grov;ing rat, i. e. rats f ed the C-2 and llJ diets,

ActualJ.y, the intracellular rather than the extra-

ce-l-lul-ar amino acid pools may be more sensitive to actual

excesses and deficiencies of specific amino acids in the
diet, Free methionine level-s in the live¡ indicated more

accurately than other tissues the methionine content in the

diets; this was al-so reflected in the f¡ee taurine content
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of tlre liver, it being Iowest in rats fed the C-1 diet,

seconri.l-owest in rats fed'L,he hr diet and highest in rats'Fed

the C-3 ancl rnod. SI'/ diets. Altþough the J-ysine content of

diets has been refl-ected in the free amino acid pool-s of

skel-etal- muscl-e its complete absence in the gastrocnenrií of

rats fed the lJ diet 4, B or 12 weeks indicate the sensitiv-

ity of this muscle to the lysine content of the diet. These

stuclies, 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
error of ninhydrin-reacting substances f¡om serunñ of
easein (c-2) or r¡,heat (r.J) ðiot for l, B or 1z u,eeks,

184

and standard
rats fed a
experiment I I

E-2Ninhydrin-
reacting
substances
( mgl1 0c ml )

4z gz gz 122122 4z

AIani ne

Ammoni a

Argi ni n e

Aspartic acid
Citrulline
Cysti n e

GÌutamic acid
Glyci ne

Histidine
I soJ-eucine
Leucine
Lysine
l4ethionine
0¡nithine
Phe nyJ- aJ- a ni n e

ProÌine
5e¡ine
Taurine
Threonine
Tryptophan
Tyro si n e

Valine

s. B:t . so

I ,810.39
1. sjo.oB
2 . zlo .3s
1 , 510.09

o.zlo,oz
1 2.812. Bo

1 , z:o ,12
t,6!o.ta
1. Bjo.30
z.alo.sz

12,3!o.23
o,6!0 ,22
1 .7to. s3

t.zlo.tz
z.z!1.72
7,alo.77
t.olo.rz
s.210.93
0.910.14
z. slo. a¡
z,g1o.¿e

9.410.0s
1.8!o.26
1 . 610.33
t.alo.oz
1 .3j0.1 o

1.ojo.o3
t z . 6!z.oa

1 . 310. oB

r . slo. 07

r.6lo. r I

2.6!0.o1
s .zlo.46
1.3j0.1 1

1.310.30
r . z1o. os

o. 510. o 1

z. eto. ae

1.9j0.32
7,4!o,60
1.4!o,61
z. alo .43
3.4j0.1 9

B. 1 to. oo

I . 6to. oo

3,2!o.oA
1 . s:0.01
1 . 31o. oo

1 . 2:0.00
1 o. s10. oo

t . elo. oo

1 .4:o. oo

r . elo. oo

z. slo. oo

1o.j10.oo
0. B:0.00
o. zjo. oo

1.210.00
o.4Jo.oo
z. e1o. oo

2.3!o.oz
e. z1o. oo

1 .5!o.zg
1.Bjo.o1
3.010. oo

6.1!1,17
r.elo.rl
z. oto. 7 B

z. o1o. ¡¿
1 ,6!0.27

+0.1:0.05
'tz.Blj.86
z. s10. s1

3. ojo. 1 B

1 .4:0. 30

2.o!o,52
3. o1o. 1 B

o. 710. oo

z. zlo . aa

1.310.30
3.2!1.41
6.9!1 .7 6

4.9!o,74
¿.0:1.1.1
o. 610. o s

t . elo.zt
z.zlo.s3

6.811 . oo

1.610.00
3. B1o. oo

1.2!o.o1
t ,6!o,oa
o. B1o. o2
g.l!o,az
2. alo .18
z.olo. s6

1 . 1:0.06
I .610. oe

z, alo,oz
1.110.06
o. 910. oo

1 .010.09
3.2!o.28
s,4!o.27
¡.z1o.ea
3.B1o.oB
1 . 4j0.00
1.410.i3
z.o!o,oa

7 .4!o . zs
I . slo.za
3. 810. s7

1.110.12
1.5:o. oo

z. ojo. s¿

B.110.sB
3. 310. 3 3

1 .zlo.o2
1,2!o.07
t .l!o. t a

z.B!1 ,64
o ,9!D , 26

o. e1o. oe

o. e 
jo. ¿o

3. 3jo. 1 4

6. BJo.33
3. zlo.1 B

3.4t0.30
2,2!o.51
t . z1o, o¿

z.olo.12

xwith four rats per group,
zNumbe¡ of weeks on diet

the tissues of every two rats were pooJ.ed
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