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In the evaluation of nitrogen metabolism, many investigators
use urinary urea excretion as a measure of amino acid
oxidation. However, this does not take into account the
proportion of urea production which passes to the colon where
it is hydrolysed into ammonia by the colonic bacteria which
contain the urease enzyme. The nitrogen may then either be
reincorporated into the body pool as ammonia or as bacterially
derived amino acids. This process is termed urea salvage and
can be measured quantitatively using the stable isotope NN
urea.

Enhanced urea salvage is an adaptation to protein
restriction. As protein intakes falls, urea salvage increases
in order to make up for the shortfall in nitrogen intake.
However, there is a critical point at 35g protein/day intake
in man below which the salvage system fails and this is
recognised as the minimum protein requirement. Hence, above
this intake, urea salvage is switched on and contributes to the
maintenance of nitrogen balance.

The aim of this thesis was to examine the influence that
nitrogen intake has on the control of urea salvage. A series
of experiments determined that the primary influence on the
rate of urea salvage is the appearance of urea in the body pool
which, in turn, is related to the total nitrogen intake in the
diet. Nitrogen balance can be improved on a low protein intake
by addition of non-specific nitrogen, as urea, to the diet
which is incorporated into the body by colonic hydrolysis. With
supplemental glycine, nitrogen balance was improved by
replacing the deficit in glycine directly without an increase
in urea salvage. Urea salvage has also been shown to respond
to nitrogen intake on a diurnal basis, increasing during the
overnight fast, despite a constant rate of urea production over
a 24 hour period.

These experiments were carried out at the boundary of
successful adaptation and relatively large amounts of urea were
required to improve nitrogen balance, suggesting that there may
be other limiting factors for urea salvage. The influence of
sulphur amino acids was investigated; however, under these
conditions, methionine did not improve nitrogen status and
reduced the salvage of a urea supplement. This may have been
due to the nitrogen intake level, an inability of the colonic
bacteria to utilise the methionine or toxic effects of excess
methionine.

Urea salvage is an integral process in nitrogen metabolism,
particularly when protein intake is restricted. Recycled
nitrogen should be included in models of protein turnover when
considering protein recommendations for populations.



The Pobble who has no toes

Had once as many as we;

When they said, ‘Some day you may loose them all’;-
He replied,- ‘Fish fiddle de-dee!’

His Aunt Jobiska made him drink

Lavender water tinged with pink,

For she said, ‘The world in general knows

There’s nothing so good for a Pobble’s toes!’

Edward Lear, 1871
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CHAPTER 1
INTRODUCTION

Our bodies are composed of the elements which surround us in
the planetary ecosystem. In order to replace substances lost
from metabolism, our diet contains the basic compounds for
life. Nitrogen is especially crucial as it can be found in the
functional molecules in the body. Protein is the major dietary
source for nitrogen and sulphur, but nitrogen can also be

derived from other sources such as nucleic acids and vitamins.

In order for a healthy functional state to be maintained,
substrate supply must balance metabolic demands. The nature of
the demand for nitrogen 1is governed at different levels by
genetic disposition, physical activity, pathology and dietary
supply. Physiological requirement, and hence the functional
demand, 1s necessary for maintenance of the protein
synthesis/oxidation c¢ycle, to balance obligatory nitrogen
losses and to account for any net deposition in tissue during
growth, pregnancy or lactation. There are also intrinsic
requirements for amino acids in non-protein pathways and for

metabolic regulation.

It 1s dimportant to distinguish between the concepts of
protein, amino acids and nitrogen when discussing requirements.
In simple terms, protein, amino acids and nitrogen are
different supplies of the substrate ultimately required to meet
metabolic demand. Proteins comprise of combinations of the
twenty amino acids important in nutrition, some of which are,
under certain metabolic states, unable to be synthesized in the
body and hence, must be supplied in the diet. Estimations of
protein requirements are mostly considered in terms of the
essential amino acids. However, it may be more prudent to think
in terms of total nitrogen requirements. Nitrogen intake
consists of two components; the essential amino acids and non-
essential nitrogen. Non-essentilial nitrogen is defined as

additional sources of nitrogen to that from the essential amino



acids and includes non-essential amino acids, excess essential
amino acids after reguirements have been met and other non-

proteinous sources such as urea or ammonium salts.

Substrate supply does not simply come from dietary intake.
In the case of nitrogen there are three potential sites of
supply. The majority of nitrogen comes from the degradation of
body or dietary protein and amino acids. However, a further
input comes from the urea-nitrogen salvaging system. It has
been recognised since the 1950’s that urea produced from amino
acid degradation 1is not all excreted via the wurine. A
proportion passes to the colon where it is hydrolysed to
ammonia by the bacterial microflora which contain the urease
enzyme. This nitrogen source is incorporated into the body’s
nitrogen pool as amino acids or reformed into urea in the urea
cycle. The system can be measured quantitatively using stable
isotopic labelling and this can give an insight into the

mechanisms behind nitrogen handling in the body.

The salvage of nitrogen by the colonic microflora is an
adaptive mechanism in the face of dietary nitrogen restriction,
increasing in order to compensate for a deficiency of nitrogen
intake. Hence, the urea salvage may reflect the essentiality
of different nitrogen sources in the diet. The aim of this
thesis 1is to investigate the interaction of non-essential
nitrogen sources in the diet with the urea-nitrogen salvaging
system and hence, add some understanding to the dilemmas still
surrounding the determination of nitrogen requirements in

humans.



CHAPTER 2
LITERATURE REVIEW

Nitrogen metabolism 1is a fundamental aspect of one of the
body’s main aims - to maintain the internal milieu. The
ultimate product of nitrogen metabolism, ammonia, is toxic and
hence has to be removed i1if the system 1is to function
efficiently. As the balance between the body’s demand for
nitrogen can be met over a range of differing dietary intakes,

the absolute minimal requirement remains unclear.

2.1 Historical Developments in Nitrogen Metabolism

As protein is the most abundant nitrogenous compound, the
history of nitrogen metabolism is bound to the distribution of
proteins in nature and ultimately to the discovery of amino
acids.

Out of the scientific revolution in the second half of the
eighteenth century came the classification of nitrogen as an
independent element by Rutherford in 1772 (Munro 1964). It was
given the name ‘nitrogen’ by Chaptal in 1790 in a french text
on chemistry. In the same year Lavoisier carried out the first
metabolic experiment on nitrogen from which he concluded that
gaseous nitrogen plays no part in nitrogen metabolism.

Dietary studies were first carried out by Francois Magendie
in 1816. He concluded that nitrogenous constituents of the body
are derived from food and thus dietary nitrogen is essential
for survival; his enquiring mind also led him to state
fundamental views on the dynamic state of body tissues. The
next advance in nitrogen metabolism came from Justus von Liebig
who, taking a concept developed by Gerald Maulder in 1839,
explored the field of protein chemistry and ascribed a general
formula to protein structure. He had no concept, however, of
the possibility of digestion and reconstruction of dietary
protein.

From the school of biochemical studies set up by Liebig in
1852 came Carl Voit who took the idea of nitrogen intake and

output studies published by Boussingault in 1844 and developed



the concept of nitrogen balance as a method of studying the
body ‘s nitrogen status. Along with Bischoff, he determined that
in healthy subjects input and output were equal, giving a state
of nitrogen equilibrium. Following the refutation of Liebigs
hypothesis that protein was the source of muscle energy, Voit
developed the concept of a labile pool of body protein.

The recognition of amino acids as structural components of
proteins opened the way for new concepts of the nutritional
value of proteins. Although Branncot had observed amino acids
to be products of acid hydrolysis of proteins in 1820, it was
not wuntil Kossel and Kutcher developed the analysis of
individual amino acids in 1900 that the study of protein
quality could begin. The establishment of a link between
defects in nutritional value and amino acid composition of
proteins was determined in 1906 by Willcock and Hopkins, to be
confirmed by Osborne and Mendel in 1914. Both groups added
tryptophan and lysine to a corn protein which made it capable
of sustaining growth. This had limitations which existed until
the classical feeding experiments of Rose in 1938 which led to
the classification of amino acids as essential or non-
essential. In 1909 Karl Thomas established a procedure for
measuring biological values of proteins by nitrogen balance
determination which ultimately resulted in the indication of
quality known as ’‘chemical score’ by Mitchell and Block in
1946.

The present chapter in the history of nitrogen metabolism
began with the discovery of isotopes. This allowed Schoenheimer
to disprove the theories of Folin who postulated that protein
metabolism was separated into endogenous and exogenous
components. He extensively used stable i1sotopes to solve
metabolic problems which culminated with the technique of using
the isotope "N, usually incorporated into an amino acid, to

give an insight into nitrogen metabolism in the body.



2.2 Demand for Nitrogen in the Body

When considering the body’s reguirements for nitrogen, it must
be understood that elemental nitrogen cannot be handled by the
body’s metabolism which deals with nitrogen containing
compounds. Although a wide range of these are fundamental
components of the body, the nitrogen pool is quantitatively
dominated by body proteins. Furthermore, virtually all of the
body'’s nitrogenous compounds can be derived from amino acids.
Hence the body’s nitrogen demand is centralised around protein
function.

Proteing are amongst the most important compounds in
metabolism and without them life would be impossible. The name
itself underlines this, being derived from the greek word
proteios, meaning ‘of the first rank’. They play essential
roles controlling metabolism as enzymes and hormones,
maintaining fluid and acid-base balance, protecting the body
as antibodies and clotting agents, playing important roles in
transport, structure and mobility, and even contribute to
senses as visual pigments. With an appreciation of the
diversity and importance of proteins, it brings into
significance the essentiality of protein as a dietary
component .

Other nitrogenous compounds are egually vital to existence.
Nucleic acids, made up of purines and pyrimidines, contain the
information for our composition and function and there are
numerous small nitrogenous compounds which regulate metabolism,
for example, adenosine triphospate, choline and porphyrins.

Hence, the body’s demand for nitrogen is of primary importance.

Demand for nitrogen 1s dominated by the demand for protein.
However, the body’s protein is in a dynamic state, continually
being synthesized and degraded - a process known as protein
turnover, necessary because of the small amounts of free amino
acids available. Hence body protein pools are mobilised as
different amino acids are required for a diversity of proteins.

The process of protein turnover 1s sensitive to influences such



as dietary intake and activity (Waterlow & Jackson 1981,
Waterlow 1984). The overall effect 1s the turnover of each
individual amino acid in proportion to its occurrence in
protein. Ultimately this leads to the loss of amino acids freed
from one protein but not required for another and i1is termed the
‘obligatory oxidative loss’ (OOL) (Millward & Rivers 1988).

This 1s one component of the ‘obligatory nitrogen loss’
(ONL), defined as the amount of nitrogen lost from the body (in
urine, faeces, sweat, etc) when foods with essentially no
protein (but otherwise adequate) are consumed. This 1is
equivalent to about 0.55mgN/kJ basal metabolic rate in adults
(FAO 1985) and is remarkably consistent in the literature
(Bodwell et al 1979, Uauy et al 1978, Scrimshaw et al 1972,
Young & Scrimshaw 1968). The ratio of obligatory nitrogen
losses to BMR 1is significantly lower in infants and young
children (Fomon et al 1965, Huang et al 1980). The obligatory
nitrogen loss forms the basis of the factorial method for
estimating nitrogen requirements; ie. the requirement was
considered to be the amount needed to replace individually
variable endogenous losses, after adjustments for the
inefficiency of dietary protein utilisation and the biological
quality of the dietary supply.

Minimum nitrogen intakes required to maintain the bodies
nitrogen equilibrium are greater than the obligatory nitrogen
loss. Other demands for nitrogen account for net deposition of
tissue in growth, pregnancy and lactation, nitrogen required
for other non-protein pathways (such as nucleic acid
metabolism) and for what 1is termed the ‘anabolic drive’
(Millward & Rivers 1988). This is the regulatory influence that
amino acids have on the organism. The magnitude of this 1is
unknown but it can be seen to be involved in the hormonal
control of growth and immunocompetence.

The nature of the demand i1s most closely influenced by the
rate of protein synthesis which, in turn, is established by a
combination of genetic regulation and state of maturation.
There are also several variable elements controlling an

individual’s demand such as dietary intake, the general



environment and the habitual level of activity (often
summarised as ‘lifestyle’). With dietary intake, satisfaction
of metabolic demand for protein is greatly influenced by energy
intake and the interactions of the two have been studied at
length (Scrimshaw & Schurch 1991). However, intake of food in
general has to be handled and this also contributes to the

metabolic demand.

One approach to estimating the requirements for nitrogen is
the ‘nitrogen balance technique’. Nitrogen balance studies have
proved useful and provided important data regarding
requirements but this widely used technique does appear to have
limitations (Hegsted 1976, Young 1986). Estimation of balance
involves the determination of the difference between the intake
of nitrogen and that lost from the body wvia urine and faeces.
Allowances are made for losses by other routes on the basis of
a limited number of published studies (FAO 1985): however,
total nitrogen losses are extremely difficult to assess and
there are compounding effects on nitrogen balance due to the
influence of dietary energy. Experimentally, dietary periods
are often short term and it is relatively unclear how long is
required for the body to reach an equilibrium in nitrogen
excretion when intake is altered. Nitrogen equilibrium can be
achieved over a range of protein intakes, however, at higher
protein intakes apparent nitrogen balance appears to reach
unrealistic positive balances. It is also qguestioned that
dietary nitrogen is completely available for metabolism, and
studies claim that the efficiency of utilisation maybe only
somewhere in the order of 70% (Calloway & Margen 1971, Young
et al 1971). Hence, nitrogen balance data does not necessarily
provide an adeguate measure of the status of body nitrogen nor
does it offer a sole means for establishing requirements. In
view of these limitations in the conduct and interpretation of
this technique, i1t is important that alternative methods are
applied. The answer undoubtedly lies 1in the use of stable
isotopes.

Whatever the method used to estimate regquirements, the demand



for nitrogen is undeniably linked to the loss of nitrogen from
the body.

2.3 Elimination of Nitrogen from the Body

In order to maintain optimal function the composition of the
body fluids must be kept within a restricted range. The kidneys
are the chief organs of the body operating to maintain constant
homeostasis of the internal environment through the excretion
of a water solution, the composition of which helps to correct
tendencies toward abnormal changes in the body fluids. Hence,
the kidneys excrete substances present in excessive quantities,
waste products and toxic chemicals. In comparison, they can
also act to conserve valuable materials such as glucose. The
study of urine therefore contributes greatly to our
understanding of metabolism (Allison & Bird 1964).

In the case of nitrogen metabolism, this is particularly
relevant as the majority of the end products of nitrogen
metabolism are lost in the urine, although some is lost through
the faeces or dermally. The major nitrogenous excretion product
is urea which is lost totally in the urine and accounts for

87.5% of nitrogen output.

In addition to the analysis of organic materials for
nitrogen, the nineteenth century also saw the isolation of
several compounds of considerable interest in the study of
nitrogen metabolism (Munro 1964). In 1773 Rouelle identified
urea in the urine; in 1823 Prevost and Dumas showed that urea
accumulated in the blood when the kidneys of rabbits or cats
were removed. This demonstrated that urea was not synthesised
in the kidneys, and the liver was suggested as the site of
formation. Liebig later contributed by drawing attention to
urea as an end product of protein metabolism. He further
developed his misconceived view that muscle protein was the
fuel for exercise by concluding that the nitrogenous components
of the diet were first converted into tissue before being



broken down to form urea. Voit took up this point and tried to
improve methods of measuring nitrogen output in the urine. In
1860 he published results of feeding experiments where he found
that, with increased feeding, less nitrogen was lost from the
body. He also published data that showed exercise was not
associated with a significant increase in urea output. In 1882
Schroeder showed that urea was formed on perfusing the liver
with ammonium salts; however, the exclusive synthesis of urea
in the 1liver remained inconclusive for some time. When a
procedure for total Thepatecomy was developed, Bollman
demonstrated in 1924 that removal of the liver results in a
complete suppression of urea synthesis. This was followed in
1932 by the revolutionary studies of Krebs and Henseleit which
led to the formulation of the arginine-ornithine cycle as a
mechanism of urea synthesis. This was the first cyclic
metabolic pathway to be described. The problem of the mechanism
by which the amino groups were obtained was solved in 1937 when

Braunstein and Kritzman discovered transaminases.

Amino acids in excess of those needed for protein synthesis
cannot be stored, nor are they excreted; rather, the a-amino
group 1is removed and the resulting carbon skeletons are
converted into major metabolic intermediates, such as acetyl
CoA or pyruvate. The o-amino groups are converted to ammonium
ions by oxidative deaminations of glutamate either directly or
after transmination to o-ketoglutarate. Serine and threonine
can be converted directly into ammonium ions by deamination by
dehydratases because these amino acids contain a hydroxyl group
attached to a f8-carbon.

An alternative source of ammonium 1ions may be from
deamination of AMP to IMP in the purine nucleotide cycle
(McGiven & Chappell 1975). Hepatic ammonia 1is also regulated
by a third pathway. Glutamate has two fates, either the
formation of aspartate by transamination with oxaloacetate or
production of ammonia by deamination. It has been concluded
that the activity of glutamate dehydrogenase in the liver may

not necessarily be a primary source of ammonia (Jahoor et al



1988). Circulating ammonium ions and glutamine may be more
important sources of hepatic ammonia.

Ammonia is produced in significant amounts in the liver and
kidney and is readily diffusible; however, circulating levels
must be kept low due to its toxic effects. Hyperammonaemia is
relatively rare, occurring only in patients with liver disease
(Hsia 1974) or due to errors of urea biosynthesis (Jackson, M
et al 1986, Walter & Leonard 1987). Toxic effects are
manifested in altered cerebral metabolism as in hepatic
encephalopathy (Phillips et al 1952) and dysfunctions in
regulatory enzymes such as phosphofructokinase and pyruvate

kinase (Passonneau & Lowry 1964, Pogson 1968).

Some of the ammonia formed is consumed in the biosynthesis
of nitrogenous compounds; however, in most terrestrial
vertebrates, the excess ammonia is converted into urea via the
urea cycle (Figure 2.1) and then excreted.

One of the nitrogen atoms of the urea synthesised by this
pathway is transferred from an amino acid, aspartate. The other
nitrogen atom and carbon atom are derived from the ammonium ion
and carbon dioxide. Ornithine is the carrier of the carbon and
nitrogen atoms and the intermediate precursor of urea is
arginine. This process is also a device by which the liver can
contribute to the maintenance of pH homeostasis by balancing
the conversion of ammonium ion and bicarbonate ions into urea
(Atkinson & Bourke 1984, Haussinger 1990).
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Hence, the majority of nitrogen lost from the body is as
urea, formed directly from ammonium ions produced by amino acid
deamination and transmination. The second largest body
component consisting of nitrogen, the nucleic acids, also
contributes ammonia for the urea cycle. Some free ammonia 1is
also lost in the urine. In the degradation of purines, uric
acid is formed in an oxidative reaction; this is another source
of nitrogen loss in the kidney. In terrestrial reptiles and
birds, this is the major nitrogenous excretion product, as it
requires less water loss than the highly soluble urea (Bender
1985). Creatinine is also excreted in the urine in relatively
constant amounts. It arises non-enzymatically by the
cyclization of creatine and creatine phosphate in muscle, and
the amount formed depends largely on muscle mass. Other
nitrogenous losses 1in the urine include: small amounts of
creatine in children, post-menstrual women and in muscle
wasting disorders; trace amounts of low molecular weight
proteins and amino acids; small quantities of the catabolic

products of vitamins.

In addition to nitrogen loss via the urine, a smaller amount
is loss in faeces and through dermal losses. The nitrogen lost
in the stool comes from four primary sources: unabsorbed food
nitrogen, cells of the mucosal lining of the intestine,
unabsorbed gastrointestinal secretions and the bacterial
microflora. This source of nitrogen loss can account for
between 8-23mgN/kg daily (Calloway et al 1971, Bodwell et al
1979, Uauy et al 1978). Dermal losses are less easy to measure
but include losses of nitrogen in sweat, hair and nails, and
other secretions, such as menstruation, semen and saliva. In
most cases these losses are taken to be 8mgN/kg daily for
adults (FAO 1985).

In conclusion, the body has a fundamental need for nitrogen
to replace that lost from the numerous nitrogenous metabolic
pathways. The nitrogen status of an individual 1s determined

by the extent of the demand; but the question arises as to how
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the body receives a supply of nitrogen?

2.4 Supply of Nitrogen to the Body

In order to fulfil the body’'s demand for nitrogen, a constant
supply of nitrogen is needed to maintain the nitrogen balance
of the individual. There are three potential sources of
nitrogen available: dietary intake, nitrogen released from
nitrogenous compounds during metabolism ({(ie. amino acids
released from protein turnover), and a third source from

colonic bacterial metabolism.

Dietary nitrogen consists primarily of proteins and their
constituent amino acids. Plants can synthesise all the amino
acids they need from simple inorganic compounds and, in the
case of legumes, from elemental nitrogen. However, animals are
unable to do this because they cannot synthesise the amino
(NH,) group. So in order to obtain the amino acids necessary
for building protein, they must eat plants or other animals
which, in their turn, have lived on plants. The proteins
ingested from these sources go through a process of digestion
and absorption before they are in a form useful to metabolism,
generally as amino acids.

The hydrolysis of proteins begins in the stomach. The cells
lining the stomach secrete a gastric protease 1in its inactive
form (pepsinogen). The hydrochloric acid of the stomach
activates pepsinogen, creating pepsin, which can cleave large
polypeptides. When these small polypeptides enter the small
intestine, pancreatic and intestinal proteases trypsin and
chymotrypsin, and carboxypolypeptidase hydrolyse them into
short oligopeptides, tripeptides, dipeptides and amino acids.
Then peptidases on the surface of the epithelial cells
hydrolyse the tripeptides and dipeptides into amino acids - the
final ©products of protein digestion. Amino acids are
transferred to pumps, which carry them to the interior of the

intestinal cells for passage into the blood.
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The role of protein in food is not to provide body protein
directly but to supply the amino acids from which the body can
make 1its own proteins; however the human body has limited
powers of conversion of one amino acid to another. This 1is
achieved in the liver, by the process of transamination,
whereby an amino group is shifted from one molecule to another
under the influence of amino transferases, the coenzyme of
which is pyridoxal phosphate (a derivative of vitamin B6).
Under different conditions some amino acids cannot be made by
the body itself and therefore must be obtained from the diet.

These amino acids are known as the essential amino acids.

2.5 The Essentiality of Amino Acids.

During the early part of the century, the individual amino
acids were identified and isolated. This enabled preparation
of diets in which protein was replaced by a mixture of amino
acids that could support growth in rats and maintain human
subjects (Rose 1938, 1957). Then by deleting one amino acid
after another from these diets, Rose was able to distinguish
between amino acids that could and those that could not be
synthesised by mammals. This gave rise to the classification
of amino acids into two groups, the essential and non-essential
amino acids. This classification became widely accepted but has
since been revised.

Further research began to show that some amino acids did not
always fit one or other category. For example, histidine 1is
necessary to maintain the pool of carnosine in muscle and,
when removed from the diet, deficiency symptoms such as reduced
plasma albumin, 1increased serum iron and skin lesions became
apparent in normal and uraemic men (Kopple & Swendseid 1975).
Also, arginine 1s not synthesised in sufficient amounts by the
young of most species (Visek 1984). So the differentiation
between essential and non-essential amino acids is not clear
cut and in 1983 Jackson proposed a more flexible approach to

take into account differing requirements in pathology and with
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changing intakes (Jackson 1983). He suggested an alternative
system of classification in which the assessment of the
essentiality of an amino acid is based on dietary availability
of the carbon skeleton and the body’s ability to synthesize
this, along with the body’'s capacity to aminate to available
carbon skeleton. Hence a classification of four types of amino
acid was derived.

In the same year, Harper made the point that non-essential
amino acids need to be obtained in the diet under many
conditions and hence should be termed dispensable amino acids
as this term does not carry the implication that these amino
acids are not required in the diet (Harper 1983). During
protein turnover amino acids interrelate in groups independent
of their essentiality and this may be seen as a nutritional
rather than metabolic concept.

In 1987 Laidlaw and Kopple again questioned the concept of
indispensable amino acids as development of enteral and
parental nutrition prompted reexamination of amino acid
requirements, especially during periods of infection or injury.
In periods of disease, further amino acids become indispensable
and the effect of non-essential nitrogen is also considerable.
In conclusion, a modification of Jackson’s classification is
offered in which a fifth group of acquired indispensable amino
acids is added to include amino acids that become indispensable
in states of metabolic disorder or stress (Table 2.1). These
authors show the need to appreciate that a more open approach
is required to amino acid classification as requirements alter

with differing physiological states.
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Recent observations add another dimension to the question of
amino acid essentiality. Colonic microflora are able to fix
ammonia as bacterial amino acids which are then available for
absorption. The extent to which the human can utilise this
source of nitrogen is currently under investigation but there
is considerable evidence to suggest that this is an intrinsic
part of metabolism. The use of tracer isotope studies has shown
that after administration of labelled urea, !N enrichment is
found in plasma amino acids (Rose 1955, Giordano 1968).
Surprisingly, small amounts of label were found in the
essential amino acids, a result confirmed by the findings of
Tanaka et al in 1980. She showed this to be due to the action
of the microflora, as antibiotics abolished the appearance of
label in all amino acids. Sheng gave subjects !N ammonium
chloride and reported the label in the imidazole ring of the
histidine molecule obtained from plasma proteins; the high
enrichment of N from faecal bacterial cells suggested a
possible bacterial site of histidine synthesis (Sheng et al
1977). More recently, Torrallardona has demonstrated the
movement of N into lysine in the pig and rat when the sole
source of nitrogen was ammonia (Torrallardona et al 1993a,
1993b) . This apparent incorporation of bacterial lysine into
the hosts amino acid pool has now been established in
malnourished children in functionally significant amounts
(Yeboah et al 1995). The question now is philosophical - are
the bacteria an integral part of the host metabolism and hence
the host is synthesising essential amino acids, making them
dispensable; or are the bacteria external to the host as they
are inside the gastrointestinal cavity, merely a tunnel through
the host, and hence not internal. Whichever, this process 1is
another potential source of amino acids, and nitrogen to that
of dietary intake and should not be ignored in questions of

requirement estimations.
The requirements for essential amino acids have been assessed

by measuring nitrogen balance in adults, starting with the
classical work of Rose (Rose 1957) and also by determining the
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amounts needed for normal growth and nitrogen balance in
infants and children, by comparison with observed intakes of
good guality proteins (Holt & Snyderman 1965, FAO 1985). A
different approach involves the use of isotope labelled amino
acids. The theory 1is that an amino acid for which there is
limited availability will be conserved, with a decrease in its
catabolism; thus the rate of amino acid input which leads to
an increase in its oxidation is just above the individuals
minimum requirement for an amino acid. Young has suggested that
the figures currently wused for essential amino acid
requirements based on Roses experiments may be too low when
compared to values he has derived by this technique (Young &
Bier 1987, Young et al 1989, Young & Pellet 1990, Marchini
1993). In answer to this theory, an alternative model was
proposed that not only accounts for oxidative losses, but also
makes provision for demands for maintenance of nitrogen status
and for the regulatory influence termed the ’‘anabolic drive’
(Millward & Rivers 1988, Millward et al 1989). The model also
recognises the influence of diurnal cycling and non-essential
nitrogen towards essential amino acid requirements. Young'’s
model has been criticised as there 1s no allowance for
bacterial contributions to nitrogen metabolism by colonic
recycling (Jackson 1993a, Jackson 1995) and a further simple
model has been proposed (Figure 2.2).From this is can be seen
that, when values for de novo synthesis are ignored and outflow
to other pathways considered too small to be significant, these

can influence the determination of requirements from amino acid

oxidation.
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It is generally assumed that natural food proteins provide
sufficient nitrogen for the synthesis of non-essential amino
acids and requirements are based on the belief that, if
essential amino acids are present in suitable quantities, then
this will guarantee an adequate nitrogen intake. Numerous
studies have, however, demonstrated that in some cases non-
essential nitrogen is the limiting factor.

Early studies in this field (Rose 1949) demonstrated that
growth is reduced in rats fed only essential amino acids at
minimum requirement levels and that supplements of ammonium
salts, wurea and other nitrogen sources showed a striking
acceleration of weight gain. This data shows that with a
minimum essential amino acid intake, the limiting factor is the
inability of cells to synthesise non-essential amino acids due
to a shortage of nitrogen; this is relieved by supplementing
alternative nitrogenous compounds. In a further study, Rose
recognised the importance of non-essential nitrogen in the
human diet, determining that 3.5g of nitrogen is required daily
for the synthesis of non-essential amino acids (Rose & Wixom
1955) . In the same year he looked more specifically at urea as
a nitrogen source and found that growing rats incorporated !*N
from labelled urea into several non-essential amino acids,
enrichment increasing when protein intakes were lower (Rose &
Dekker 1955).

Further to this, Snyderman questioned the theory built up by
Mendel that essential amino acids are the limiting factor in
protein quality (Snyderman et al 1962). Four infants were fed
decreasing quantities of milk protein with constant calories
in order to decide which was the most limiting amino acid of
the diet. It was found that when weight gain and nitrogen
retention was eventually altered, this could be restored to
normal by supplementing non-essential nitrogen in the form of
urea or glycine. Thus non-essential nitrogen appeared to be the
limiting factor. Incorporation of this nitrogen was
demonstrated by the enrichment of "N in haemoglobin and plasma

protein from N urea and "N ammonium chloride.
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Studies then looked extensively at the effects of non-
essential nitrogen on nitrogen balance in human subjects in an
attempt to determine the minimum proportion of essential amino
acids to total dietary nitrogen. Reference proteins were used
(such as egg) which have an ideal balance of essential amino
acids and the metabolic responses to the isonitrogenous
replacement of protein with a non-essential nitrogen source
were examined at low levels of protein intake (Huang et al
1966, Scrimshaw et al 1966, Weller et al 1971). It was
established that the addition of non-essential nitrogen to
diets low in total nitrogen, but with sufficient essential
amino acids, improved nitrogen balance (Giordano 1963, Clarke
et al 1963b, Tripathy et al 1970, Garza et al 1978).

The greatest contribution to this area of research was given
by Constance Kies, who published an interesting series of
papers in the 1960’ and 1970’s. Starting with the idea that the
most important determinant of the nutritional quality of a
protein is its amino acid composition as compared to the amino
acid requirements of the organism consuming 1it, she
investigated the protein quality of cereal proteins. Along with
her colleagues, she was able to determine that non-essential
nitrogen was the limiting factor in corn protein (Kies et al
1963, 1965b, 1967) and conducted a series of supplementary
experiments demonstrating the beneficial effects of non-
essential nitrogen (Kies et al 1967, 1972, Chen et al 1967,
Korsland et al 1977).

Once this phenomenon was established, Kies drew together
results from comparative studies looking at the specific source
of non-essential nitrogen (Swendseid et al 1960, Clarke et al
1963, Anderson et al 1969, Kies 1974). Using these studies it
was possible to derive a rank order of the efficiency of
different sources of non-essential nitrogen (Table 2.2).
Recently this has been characterised as a system of exchanges
(Jackson 1995): 1f there is a metabolic demand for a defined
pattern of amino acids, then the closer the pattern of amino
acids in the diet to the demand, the less the total amount of
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amino acids required for balance; hence, the greater the amount
of nitrogen exchange required, the higher the level of total

nitrogen intake needed to maintain balance.

Table 2.2 Order of efficiency of non-essential nitrogen in

improving nitrogen balance on low protein intakes

Rank Order for Non-Essential Nitrogen

Non-Essential Amino Acids
Glycine/ Glutamate

Glycine/ Diammonium Citrate
Glycine/ Urea

Diammonium Citrate

Urea

The level of non-essential nitrogen supplementation may effect
the requirements for essential amino acids in that they
contribute to the total amount of nitrogen. If total nitrogen
level is low then essential amino acids not only have to fulfil
requirements for essential nitrogen but also for the synthesis
of non-essential amino acids and hence, the requirements for
essential amino acids would be increased. However, essential
amino acids are always required at a minimal level and it is
important to stress that non-essential nitrogen does not lower

this minimum requirement (Hiramatsu et al 1994).

Kies considered the practical implications of the use of
supplemental non-essential nitrogen in humans. Some of the most
important work related to non-essential nitrogen needs in
humans is that concerned with the dietary treatment of uraemic
patients (Giordano et al 1963,1968, Giovannetti & Maggoire
1964) . It indicated that high levels of blood urea nitrogen in
uraemia can be reduced, probably through utilisation for amino
acid synthesis if small amounts of idealized patterns of
essential amino acids are included in protein-free diets or in
intravenous feeds. It appears that non-essential nitrogen is

important in the nutrition of preterm or low birth weight
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infants (Darling et al 1993). Current formulae designed for
feeding premature infants contain a higher proportion of whey
proteins than casein proteins. Whey protein sources have a high
non-essential nitrogen content, predominantly as urea, similar
to that of human breast milk, whereas cows milk only contains
3-5% of total  nitrogen as non-protein nitrogen. The
implications for non-essential nitrogen in the nutrition of
human being are also of concern in meeting the protein needs
of an expanding world population. Requirements stress protein
quality in terms of essential amino acid patterns and without
taking into account total nitrogen intake these may be
incorrect. Potential hazards prohibit the use of urea
supplementation in food products and clinical diets (Visek
1972, 1974); however, urea supplementation does offer a useful
research method for better understanding of the nutritive role

of non-essential nitrogen.

Hence, the essential nature of non-essential nitrogen is an
important consideration for the supply of dietary nitrogen.
Underlying this 1is an alternative source of nitrogen for
metabolism. When the non-essential source of nitrogen is urea,
this can contribute nitrogen to the body by way of the
metabolic activity of the colonic microflora which contain
ureases. Even endogenous urea produced in the urea cycle is

recycled in the colon to provide a further nitrogen source.

2.7 Urea Nitrogen Recycling in the Colon.

Urea was long thought to be the inert metabolic end product of
nitrogen metabolism. A turning point occurred in the 1950’s
when Walser published results from a series of stable isotope
studies which suggested that in fact urea is hydrolysed in the
gut (Walser & Bodenlos 1959). It was also found that the !N
enriched ammonia produced was reincorporated into newly formed

urea. This breakdown was presumed to be due to ureases present
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in the colonic microflora as administration of antibiotics
eliminated the breakdown of urea (Walser & Bodenlos 1959, Long
1978) . Walser estimated that 15-30% of urea synthesised is not
excreted i1n the urine but degraded to ammonia and recycled.

The use of radioactive and stable isotopes was fundamental
to the development of this theory. The classical studies by
Schoenheimer opened the field for their use in more specific
areas of protein metabolism. Studies are carried out with the
assumption that stable isotopes are metabolised in the same way
as the common isotope form. Walser determined that with a
singly labelled isotope of urea (urea 29), it is impossible to
distinguish between newly synthesised urea and the original
dose, and hence it is also impossible to estimate the extent
of urea- nitrogen reutilisation (Walser & Bodenlos 1959) .
Hence, urea metabolism was examined using a urea molecule in
which both nitrogen atoms were '"N. It was demonstrated that
when nitrogen molecules are liberated by the reaction of urea
with hypobromite, both atoms are derived from a single urea
molecule and, by means of mass spectrometry, urea nitrogen
molecules of mass 28, 29 and 30 can be distinguished (Walser
1954) . Further, when isotopic nitrogen is used to label urea,
the majority is formed as doubly labelled '"N'°N urea (urea 30).
In the body the wvast majority (99.24%) of the urea is in the
form of unlabelled urea (urea 28), with trace amounts of the
other isotopic molecules. Therefore, an approach using this
doubly labelled molecule to determine urea kinetics was
established (Walser 1970).

Another approach was to label the carbon atom of the urea
molecule (Walser & Bodenlos 1959, Jones et al 1969, Long et
al 1978); however, these kinetic techniques using )C labelled
urea were unclear as to the endogenous utilisation of urea as
the design meant that the pathway of the carbon skeleton of the
urea molecule was followed, not that of the nitrogen moiety.
The carbon dioxide produced by the hydrolysis of urea is
diluted in the large CO,-bicarbonate pool and is difficult to

trace.



The principles of urea kinetics are described in Figure 2.4,
using the model of Jackson et al 1984. The urea-30 molecule is
administered orally (I=ingestion) and passes into the body’s
urea pool where it mixes with unlabelled urea from endogenous
production (P). The dilution of this doubly labelled isotope
in the pool, ie. the ratio of "N'N urea to MN“N urea excreted
in the urine gives us a value for production. Some label passes
to the colon where bacteria hydrolyse it (T) to labelled !N
ammonia. This reenters metabolism by one of four methods
(Jackson 1993a); it can be absorbed as ammonia and fixed in the
liver through amination of the non-essential amino acids, ie.
as glutamate or glycine/serine; through wider transamination
with the carbon skeleton of transaminating non-essential amino
acids, ie. alanine, aspartate; through wider transamination
with the carbon skeleton of transaminating amino acids; or by
bacterial fixation as essential and non-essential amino acids
which are then available to the host through absorption.
Incorporation of the "N into amino acids is termed S for
synthetic pathways. The labelled ammonia can also combine with
an unlabelled ammonia molecule because of the small proportion
of label in the body pool and form NYN urea (Pr). The
dilution of this molecule shows us the amount of urea-nitrogen

recycled in the colon which returns to urea formation.
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also been derived which measures cumulative excretion (Jackson
et al 1993¢). The cost of analysis 1s reduced with these
methods as there are few samples and hence, it 1s possible to

congider studies in larger groups.

The second technique is the intermittent dose method, whereby
the labelled urea is not administered in a single dose but in
several smaller doses so as to measure eqguilibrium in the urea
pool (Picou & Phillips 1972). This allows a simpler
mathematical model to be derived measuring urea production as
the ratio of label to endogenous urea entering the pool. This
does not require knowledge of the urea pool size or dependence
on interpretation of a decay curve but is more labour intensive
on human subjects.

The urea pool is large and slow to turnover and hence it takes
time to reach the plateau of isotopic enrichment in urine
necessary for calculations of urea kinetics. Experiment time
to reach a steady state 1is reduced by giving a priming dose of
isotope initially (Wolfe 1981). Hence, a two pool model was
developed for measurement of urea kKinetics in man using a non-
invasive, primed, constant infusion of dose (Jackson et al
1984).

All of these methods are non-invasive as they involve the
oral administration of dose. A major assumption underlying the
reliable measurement of urea production is that the dose is
absorbed intact and reaches the body pool of urea
quantitatively. Use of oral methods, however, make the
assumption that no hydrolysis of urea occurs in the upper
gastrointestinal tract. Some individuals do not conform to
normal urea kinetics and using a ’C breath test, (Graham
1987), it can be seen that these people contain spiral gram
negative bacteria attached to the gastric mucosa which have a
high endogenous urease activity. Hence, the presence of
organisms such as Helicobacter pylori means that 1t is not
possible to be confident about the result of urea kinetics when

an oral administration of isotope is used. In describing the
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prime intermittent method, Jackson demonstrated that route of
administration had no effect on isotope recovery with a direct
comparison of oral, intravenous and intragastric dose
administration (Jackson et al 1984). Further evidence that
oral and intravenous administration of dose did not alter
results was given (Hibbert 1992) and suitable limits in intra-
individual were found (Hibbert & Jackson 1991) giving the
conclusion that this method is reliable with good repeatability
(Jahoor & Wolfe 1987). Recent studies have demonstrated
comparable results using a lactose-ureide molecule which aims
to deliver the isotope directly to the colon (Bundy et al
1995).

2.8 The Role of the Colon in Urea Nitrogen Salvage

One important consideration in the urea-nitrogen salvage
system 1is the role of the colon and its permeability to the
bacteria nitrogenous products. In many species, the large
intestine provides a chamber for the final stages of digestion.
However, this was not the traditional view in man where the
colon was thought of as an organ that conserves salt and water,
and disposes of waste material. The gut is inhabited by a
colony of bacteria which are in intimate contact with their
host and take part in numerous metabolic processes. The
microflora <consists of approximately 400 species, the
composition of which depends mainly on diet (Hill & Draser
1975). Intestinal bacteria produce ammonia by deamination of
amino acids, from dietary residues or intestinal secretions and
cells with the principle route of ammonia production suggested
as urea hydrolysis to ammonia and carbonic acid by bacterial
ureases in the colon (Summerskill & Wolpert 1970, Cummings &
MacFarlane 1991).

Between 6-9g of urea, about 20% of urea production, 1is
catabolized in the c¢olon each day. Hardly any urea is

detectable in the faeces and only 1-3mmol of ammonia; virtually
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all of the urea entering the colon is hydrolysed and the
metabolic products absorbed (Wrong et al 1965). Urea hydrolysis
occurs in a juxtamucosal situation, as very little colonic
mucosal urease activity is present in man (Aoyagi et al 1966)
and intravenously administered urea is metabolised more rapidly
than urea perfused through the colonic lumen (Wolpert et al
1971).

One problem to the theory of urea kinetics was that it was
unclear how the urea passed into the colon for hydrolysis. 2
small proportion (10%) of urea in the colon can be said to
derive from the ileum, leading to the conclusion that
substantial quantities must diffuse into the colon from the
blood (Gibson et al 1976, Chadwick et al 1977). However,
investigators thought that the colon was impermeable to urea
diffusion (Levitan & Billich 1968, Wolpert et al 1971). This
was based on the fact that concentrations of urea in the large
intestine are relatively low. It has been demonstrated,
however, that when di-labelled urea was placed into the colon,
a significant proportion of the dose was recovered as urea-30
in the urine, showing that the colon was permeable to the
intact urea molecule (Moran & Jackson 1990a, 1990b). It was
seen 1in very early samples because of rapid diffusion,
suggesting why earlier perfusion studies had reaches a
different conclusion. Approximately 15% of the dose was found
in the wurine as urea-29 which represented urea that was
hydrolysed and absorbed as ammonia. Less than 4% was found in
stool and, hence, the majority could not be accounted for and
was presumed to have entered the metabolic nitrogen pool,
although 3juxtaluminal hydrolysis and retention cannot be

discounted.

Ammonia 1is potentially harmful to the host and is rapidly
absorbed from the gut and detoxified by urea formation in the
liver. Ammonia concentrations in the gut lumen can be reduced
by active carbohydrate fermentation which stimulates the

bacterial requirement for nitrogen due to increased growth in



bacterial numbers. Nitrogen is incorporated into bacterial
amino acids which can be absorbed across the mucosa of the
colon wall and are retained in the protein pool at an
efficiency of approximately 90% (Heine et al 1987). This
suggests that the colon wall is permeable to intact amino acids
in infants but, in adults, it was suggested that the large
intestine lacks the absorption mechanism (Wrong et al 1981) and
the free amino acids are fully utilised by the bacteria
(Macfarlane & Allison 1986). There is now evidence, however,
for a dipeptide transporter in the colon and this could provide
a method for bacterially produced amino acids to be available
to the host (Fei et al 1994).

2.9 The Functional Significance of Urea Nitrogen Salvage

At the time when recommendations for protein intakes were
debated (FAO 1985), it was considered that evidence for urea
salvage playing a significant role in nitrogen metabolism was
not strong. Even recently, the following statement was made:
"“our findings lead us to conclude that the major fate of
the ammonia that is released via urea hydrolysis is its
return to the urea cycle, effectively resulting in a
‘futile’ cycle, although this is not to rule out a
physiological purpose of such a process in certain

circumstance." (Young 1994).

However, there 1s unmistakable evidence to demonstrate that
urea nitrogen is salvaged and made available to metabolism
under normal physiological conditions (Jackson et al 1984,
Hibbert & Jackson 1991, Jackson 1993c). Urea nitrogen salvage
becomes a fundamental mechanism for maintaining nitrogen
balance in situations of metabolic stress. For a fixed demand,
salvage increases as intake falls and for a fixed intake,

salvage increases as demand increases (Jackson & Wootton 1990) .

One of the most important conditions which results in an
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increased demand for nitrogen is growth. The most rapid period
of growth in an individual‘s lifetime is in utero. Demand for
nitrogen is not distributed evenly throughout pregnancy; it
increases in relation to the accretion of placental and foetal
tissues, as well as the deposition of maternal tissue which may
be utilised in later pregnancy or lactation (deBenoist 1985).
It appears that the increased demand for nitrogen is met by an
increase in urea salvage in the colon (Forrester et al 1994,
McClelland 1994) .

Demand for nitrogen 1s also great 1in the newborn but
surprisingly, the nitrogen content of human milk is low and not
all of the protein in milk is digested or absorbed. About 25%
of nitrogen in human milk is non-proteinous, the majority being
in the form of urea. It also appears that the foetus and infant
have much increased demands for non-essential nitrogen as
glycine (Widdowson et al 1979), which ties in with the
demonstration that nitrogen balance could be restored by
addition of glycine or urea to a low protein diet in infants
(Snyderman et al 1962). The mechanism by which infants deal
with this increased demand is to have a high level of urea
salvage in the colon (Jackson 1989). Studies have shown that,
in infants, approximately 75% of urea production in the body
is hydrolysed in the colon and 90% of this nitrogen is retained
in the body pool (Wheeler et al 1991, Steinbrecher 1994).
Another reason suggested for an enhancement in urea salvage is
that in the foetus urea production appears to be driven by the
oxidation of amino acids as an energy source (Jackson 1994a).
Whereas the foetus can clear the large amounts of urea formed
by diffusion across the placenta, in the newborn urea salvage
is an important mechanism for handling urea production without
overwhelming renal function.

Urea nitrogen recycling is also important during childhood
growth and, 1in particular, in catch-up growth following
malnutrition or disease (Jackson et al 1990a, Jackson 1990b,
Jackson & Forrester 1993b) where demand for nitrogen 1is

increased.
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As well as growth, the other situation of increased nitrogen

demand is during pathological insult. Urea salvage increases
in the immediate post-operative period, and following major
surgery a convalescent increase in salvage may last for up to
six months (Jackson & Moran 1992). In homozygous sickle cell
disease there is a marked difference in urea kinetics, probably
due to an increased demand for red blood cell synthesis
(Jackson et al 1988).

Another case where colonic salvaging is important is chronic
renal failure. It has been shown in renal failure that urea
recycling is increased compared to in normal individuals
(Giordano 1963); ie. these patients seem able to utilise the
increased circulating urea whilst on a low protein intake
(Giovannetti & Maggoire 1964, Richards 1967, Varcoe et al 1976,
Hou et al 1985, Ihle et al 1989). One possible solution to the
damage caused by the oncotic pressure of protein on the
glomerulus would be to feed diets restricted in protein
(Giovannetti & Maggoire 1964, Brenner et al 1982, Rosman et al
1984) but containing the keto analogues of essential amino
acids which could combine with the recycled nitrogen to form
amino acids and further nitrogen in a non-proteinous form
(Wrong et al 1970). Hence, careful nutritional management
(Kopple 1978, Brocklebank & Wolfe 1993) and nitrogen recycling
in the colon become fundamental components in the treatment of
chronic renal disease.

However, the most important contribution of nitrogen
recycling appears to be a fundamental aspect of the body’s

adaptation mechanism to differing nitrogen intakes.

2.10 Adaptation to Changing Nitrogen Supply

The changes in wurea nitrogen recycling quoted above show
examples of the body’s mechanism of dealing with conditions
where demand for nitrogen is increased; however, this system
is also vitally important when the supply of nitrogen for a

given demand is altered.
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Requirements for total nitrogen can be influenced by the
process of adaptation. If nitrogen intake is reduced below the
natural requirement level, it does not mean that the individual
dies; it would be expected that in time they would arrive at
a new stable state but with a smaller lean body mass.
Adaptation represents a steady state which can be maintained
and this implies a long duration in time. This distinguishes
an adaptation from a response which is immediate and often
short lived, such as homeostatic controls. This is often an
on/off response, whereas adaptation is a resetting of metabolic
function. Adaptation is also reversible with the possibility,
when conditions change, of moving from one point to another
within the preferred range. If lowering of intake is too great,
this process will not be established and death will ensue;
hence, there is a limit to adaptation.

Adaptation is generally thought of as a process which has a
successful outcome and is beneficial to the organism; however,
there should be no assumption that all the functions of the
individual are maintained. Beyond the range of homeostasis,
adaptation involves a necessary selection among body functions
to preserve those that are most essential. As intake falls
there is a progressive sacrificing of function and a reduction
in homeostatic reserve. The cost is an increasingly stressed
metabolic state with a progressive decrease in the ability to
cope with any challenge from the environment. The risk of
disease and inability to maintain function increases:; hence the
mobilisation of the labile protein pool to allow the body to
adapt to decreased intake 1s not without functional
significance.

It is often necessary to distinguish between different levels
of adaptation; genetic, physiological and behavioral.
Mechanisms of adaptation occur at all three levels. In the case
of nitrogen metabolism, adaptation can occur at the level of
translation by phosphorylating initiation factors and at a
physiological level with hormonal control altering protein
turnover. In the context of this study, the body can adapt to

altered nitrogen intake by conserving nitrogen losses from the
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body, ie. by decreased urinary excretion, and by increasing the

recycling of nitrogen in the colon.

Adaptation to varying nitrogen intake alters tissue protein
and amino acid metabolism to produce more efficient utilisation
of endogenous amino acids (Young et al 1985, 1990) . These
changes involve reduction of urea cycle enzymes (Schimke 1962)
and of enzymes associated with degradation of amino acids
(Harper 1968) and with a shift in the distribution of body
protein synthesis (Waterlow 1968). The physical indication of
these processes occurs at the level of nitrogen excretion.

It has long been recognised that the amount of nitrogen lost
in the urine reflects the nitrogen balance of the subject under
study. Nitrogen excretion falls exponentially with a reduction
in nitrogen intake until a new equilibrium is reached after 4-5
days (Gopolan & Narasinga Roa 1966, Rand et al 1976, Price et
al 1994). Waterlow developed a model based on a single pool
of metabolic nitrogen receiving input from diet and protein
catabolism, while nitrogen is lost by excretion or protein
synthesis (Waterlow 1968). Using labelled amino acids to look
at whether the turnover of body protein is linked to dietary
protein or redistribution of the flow of amino nitrogen is
preserved, he showed that the response is due to a reduction
in excretion of nitrogen accompanied by a greater utilisation
of amino acids for protein synthesis. Total protein turnover
patterns became altered with peripheral tissues decreasing
their metabolic demand to enable the restricted nitrogen
supplies to be channelled to vital organs such as the liver.
This is a phenomenon seen in many systems of malnutrition.
Faecal nitrogen output appears to be unaffected by nitrogen
intake (Weller et al 1971, Hounslow 1995) and although dermal
losses may change in proportion to intake (Calloway et al
1971), compared to urinary excretion these losses are
insignificant.

The mechanism by which urinary nitrogen output is adjusted
with alterations in intake partly involves the control urea

production by the urea cycle enzymes. The enzymes responsible

35



for this system are compartmentalised in the hepatocyte
(Watford 1991) and open to regulation. In mammalian liver, the
cycle 1is subject to both short-term (changes in specific
activity of existing enzyme protein) and long-term regulation
(changes in the amount of enzyme protein). The first real
evidence of this came from the experiments by Folin who, by
feeding himself a low-protein diet of arrowroot starch and
cream, showed that urea production was related to dietary
protein load (Folin 1905). This was followed in the 1930°'s by
the demonstration that arginase activity varied with dietary
protein level and later, with the co-ordinate regulation of the
five urea cycle enzymes in response to dietary protein intake
and during starvation (Schimke 1962). Although changes in the
activity of all five enzymes appear to be co-ordinately
regulated, the molecular mechanisms are not always the same for
each enzyme. Regulation occurs at one or more of a number of
sites, from protein synthesis and degradation to changes in
gene transcription. In the short term, Carbomoyl phosphate
synthetase is allosterically activated by N-acetylglutamate
which is known to be increased under conditions of raised urea
production (Shigesada et al 1978). Also the concentration of
ornithine in the mitochondria may play an important role in the
regulation of carbamoyl phosphate synthetase activity and flux
through the cycle (Lund & Wiggins 1986). The system is not
fully wunderstood, however, as it has been shown that urea
production can increase without a rise in the amounts of urea
cycle enzymes, because the potential capacity of the enzyme
system is not normally fully utilised (Das & Waterlow 1974).
It was proposed that this system does not work in isolation but
nitrogen supply will also affect the activity of enzymes
involved in protein synthesis. Cohen also made the point that
endocrine control mechanisms play a role in the regulation of
protein metabolism and can more specifically affect the urea
cycle enzymes (Cohen et al 1981).

Hence, changes 1in urea cycle enzymes and amino acid
metabolism control the rate of urea production with altered

nitrogen intake; however, adaptation can also occur by altering



the proportions of urea production which are excreted or

recycled in the colon.

2.11 Adaptation by Urea Nitrogen Salvage

So how do the colonic bacteria contribute to the adaptive
response to changes in protein intake? The answer was first
alluded to in studies of uraemic patients, a group who have
long term lowered protein intakes. Due to limitations regarding
the nitrogen balance technique, the incorporation of N from
urea into amino acids was investigated in patients with chronic
renal failure (Giordano et al 1968). It was found that this
incorporation into non-essential amino acids occurred to a
greater extent in the uraemic patient; in fact, up to three
times more. Suppression of intestinal microflora with
antibiotics greatly reduced urea utilisation, suggesting a role
for the colonic microflora. Utilisation of urea nitrogen for
albumin synthesis was found to be higher in uraemic patients
than in normal subjects, and also in patients on a lower
protein intake compared to those on a normal intake (Varcoe et
al 1976).

Further evidence for the importance of urea salvage in
lowered nitrogen intake came from examination of urea kinetics
in malnourished children in the Tropical Metabolism Research
Unit, Jamaica. It was found that on a low protein diet, the
rate of urea production fell (Picou & Phillips 1972). The
amount of urea excreted in the urine was much reduced, meaning
that the amount of urea nitrogen utilised for protein
metabolism was increased to 69%. It was also found that
malnourished children were able to adapt to a reduced protein
intake as easily as the well nourished child. It was found that
during catch-up growth, nitrogen is a limiting factor and urea
recycling alters to accommodate this (Jackson et al 1990a).
Once again, the pattern of increased urea hydrolysis and
reincorporation of this nitrogen into the body pool occurs when

nitrogen intake 1s reduced. Hence, the approach of urea
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kinetics could be useful in defining the adegquacy of nitrogen

in the diet.

The same responses are seen in normal adults. Urea metabolism
was followed during low protein intake in man and dog using the
N isotope and it was concluded that although urea production
is decreased on low protein diets, the rate of urea degradation
is sustained (Murdaugh 1970). In the same year, utilisation of
exogenous urea was found to improve nitrogen balance in
malnourished subjects (Tripathy et al 1970), tying in with the
experimental findings of Kies (Kies et al 1965b, 1965¢c, 1978).
The fact that this response was suppressed by antibiotics was
an indication that the colonic bacteria were involved in this
utilisation. Following these studies, the relationship of urea
production to dietary intake of nitrogen was examined (Jackson
et al 198la). It was shown that on a normal diet, urea nitrogen
production was greater than nitrogen provided in the diet; the
difference being obtained from recycling to urea after colonic
hydrolysis. As nitrogen intake fell there was a decrease in
urea production, but a larger proportion is degraded in the
bowel and reutilised into metabolism rather than urea

synthesis.

A great body of evidence to support this theory that urea
salvaging is increasingly important when protein intakes are
reduced comes from numerous Japanese studies on the highlanders
of Papua New Guinea (Koishi et al 1990). These people have
adapted to a long term reduced protein intake of less than
40g/day. Three possible mechanisms were suggested; a slow rate
of growth and small physique, a high level of urea nitrogen and
fixation of gaseous nitrogen in the intestinal flora. The PNG
highlanders were, in fact, 10% shorter in stature and 5%
lighter in weight than people 1living in a rural Japanese
community (Ueda et al 1979). It was suggested that the PNG
highlanders may be capable of gaseous nitrogen fixation (Oomen
1970), similar to that found in leguminous plants, but no

bacteria capable of this were found in faeces. However, an
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It was found that on a 70-74g protein/day diet, a reflection
of the average intake of males in the U.K, the majority of urea
produced was excreted in the urine whilst 40% was salvaged in
the colon. However, when intake was lowered to 35g protein/day,
only 36% of the urea produced was excreted with the majority,
64%, being salvaged. Hence, as protein intake falls, urea
salvage increases to recycle the limited nitrogen available,
and therefore excretion of urea falls. This data reinforced the
conclusions drawn from earlier studies that urea nitrogen
utilisation in the colon is an integral part of the process of
adaptation. The sum of intake and salvaged nitrogen did not
alter, implying quantitative control over urea salvaging rates.

Nitrogen balance was no longer maintained when the intake was
reduced to 30g protein\day as this adaptive system failed. Urea
production and salvaging both fell, with a net increase in
nitrogen loss in the urine. These changes in urea kinetics can
be used to determine that the minimum physiological requirement
for protein in the normal adult male lies between 30-35g/day
(4.8-5.6gN/day) . Between these intakes, a switch point occurs
which enables the body to maintain nitrogen balance despite low
protein intakes by nitrogen recycling in the colon. However,
the factors which control this switch point and the rate of

urea salvage over a range of intakes remain unclear.

2.12 Control of Urea Nitrogen Salvage

Urea salvaging appears to have all the characteristics of a
controlled process, but the nature of the control still needs
to be resolved. It 1is clear that salvage 1is not simply a
clearance phenomenon determined by plasma concentration of urea
(Walser 1974, Jackson 1995). The extent of salvage appears to
relate to a balance between the metabolic demand for nitrogen
and the provision of protein or nitrogen in the diet. However,
this determinant does not work in isolation from the body ‘s

metabolism.
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The source of nitrogen may be important. The nitrogen balance
studies of Kies demonstrated that the varying nitrogen source
had different effects on nitrogen balance. Protein sources do
not appear to influence urea salvage, as when comparable
amounts of protein are fed from vegetable sources there is no
change in nitrogen balance (Gattas et al 1990) or urea salvage
(Bundy et al 1994).

The interactions of protein and energy metabolism are well
established with excess energy intake enhancing nitrogen
balance (Calloway 1975, Motil et al 198la), so it is not
unrealistic to assume that urea salvage is influenced.by enerqgy
balance. Indeed, faecal output was reduced on a low energy
intake, suggesting a modulation of gastrointestinal function
(Kennedy et al 1990). The utilisation of non-essential nitrogen
to improve nitrogen balance is enhanced by raising calorie
intake (Anderson et al 1969) and shortening time required to
adapt to a lowered protein intake (Inoue et al 1973). Demand
for energy has also been shown to influence urea salvage in
that salvage may be related to lean body mass and, hence, basal
metabolic rate (Child 1995). Exercise does not stimulate urea
production but may accelerate the reincorporation of urea
nitrogen back into body protein (Carraro et al 1993).

Other nutrients may influence the rate of urea salvage but
there have been few experiments in this area. When nitrogen and
energy intakes are low, urea kinetics can be influenced by the
relative proportion of fat and carbohydrate in the diet
(Jackson et al 1990a). However, complex carbohydrates do not
change urea salvage on low protein intakes when energy 1is not
limited (Langran et al 1992, Doherty & Jackson 1992). Hence,
whether fat and carbohydrate metabolism imposes any control

over urea salvage remalns to be shown.

Urea metabolism is not purely a mechanism involved in amino
acid turnover. Urea has other roles in the body and these may
influence the rate of urea hydrolysed in the colon.
Fluctuations in acid-base balance may alter the proportion of

urea passing the colon as the formation of urea from two
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ammonia molecules and a bicarbonate and its subsequent
excretion is central to the control of pH (Atkinson & Bourke
1984, Haussinger 1990) .Urea also plays an important role in the
conservation of body water. Transport of urea across the
nephron, the ‘counter current mechanism’, is essential for the
ability of the kidney to concentrate urine. Urea transport in
the collecting duct is stimulated by vasopressin regulated urea
transporters (Gillin & Sands 1993). Vasopressin, or
antidiuretic hormone, stimulates urea permeability by
increasing the number of functional urea transporters. These
transporters have also been found in the colon (You et al
1993), an organ of water reabsorption, and hence urea

concentrations in the colon may play a role in fluid balance.

Protein metabolism is also influenced by diurnal and circadian
rhythms. It has been demonstrated that protein turnover has a
diurnal cycle with the rate of protein synthesis being lower
during the night (Garlick et al 1980, Grove 1993) and a diurnal
variation of urea excretion (Steffee et al 1981). It has been
calculated that urea salvage may also be subject to changes
between day and night (Jackson 1994b). Changes in protein
turnover (Grove & Jackson 1992) occur during the menstrual
cycle. Urea salvage only appears to be altered through the
menstrual cycle in women taking oral contraceptives (McClelland
1994) .

Hence, the rate at which urea nitrogen is salvaged 1is
determined by the dietary intake of protein in relation to the
metabolic demand for protein synthesis and net protein
accretion. For a fixed demand, salvage increases as intake
falls. For a fixed intake, salvage increases as the demand
increases. This is a fundamental aspect of the body’s ability
to adapt to changing nutritional intakes. However, this process
of adaptation is one of the reasons why understanding of

requirement levels in human populations remains unclear.
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Although still wunder constant criticism, there is now
undeniable evidence for this system and its fundamental
importance in the physiology and nutrition of individuals.

By examining the response of the colonic bacteria to low
protein intakes supplemented with sources of non-essential
nitrogen, the relative contributions of protein and total
nitrogen intake can be assessed. By drawing together the two
lines of research it may be possible to examine the
essentiality of non-essential nitrogen from various sources
using the technique of urea kinetics, ie. is the improvement
in nitrogen balance when a low protein diet is supplemented
with non-essential nitrogen due to the ’‘switching on’ of urea
salvage mechanism? This will hopefully further the insight into
nitrogen and protein nutrition and continue the engaging
debate.
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CHAPTER 3
METHODOLOGY

3.1 The Prime Intermittent Dose Model of Urea Kinetics

Urea is the end product of nitrogen metabolism and hence, urea
excretion is frequently used as a measure of net protein and
amino acid catabolism. This approach applies the assunmption
that urinary urea excretion directly reflects endogenous urea
production. However, a proportion of urea produced passes to
the colon and undergoes bacterial hydrolysis so a method which
measures urea production directly is more appropriate when

considering the components of nitrogen metabolism.

Urea kinetics were calculated using an adaptation of the
model of Jackson et al 1984 (Figure 3.1). The model assumes the
existence of two pools, a urea pool and a nitrogen pool, within
which nitrogen derived from degraded urea moves freely. It
assumes a metabolic steady state, ie. constant pool size with
constant input to and output from the pool.

Urea can enter the urea pool from one of three inputs. The
first is via amino acid oxidation. The ammonia produced is
detoxified in the liver by combining with CO, to form a urea
molecule via the urea cycle. In a number of supplemental
studies in this thesis, non-essential nitrogen is ingested as
urea (Iu). Hence, the appearance (Au) of urea in the body pool
1s taken to be the sum of ingested urea and that produced
endogenously, ie. Au=Iu+Pu. A third source of urea for the urea
pool is the urea formed from nitrogen recycled in the colon
(Pr) . As will be described, the use of di-labelled urea allows,
urea produced in this way to be measured separately from
endogenous production.

Urea in the pool has two possible fates. It can pass to the
colon, be hydrolysed by bacterial urease and the nitrogen
incorporated into the nitrogen pool, or, is excreted in the

urine.
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A further assumption of the model is that the dose of N!°N
urea 1s presumed to enter the large bowel intact after being
absorbed in the upper gastrointestinal tract and entering the
colon by diffusing through the colonic wall. Evidence from
different routes of administration, ie oral or intravenous,
give comparable results (Hibbert et al 1992). However, in
individuals with Helicobacter pylori infection, part of the
label may be hydrolysed in the stomach and the model for urea
kinetics would not hold under these circumstances. In order to
have confidence this is not occurring, a °C breath test can be
performed (Graham 1987). Another indication would be an
unrealistically high rate of '"N'"N urea excretion in the urine
(Hibbert et al 1992). Studies are currently being carried out
using lactose ureide to deliver the label to the colon directly
(Bundy 1995) .

The protocol in this thesis uses a prime intermittent dose
technique administered orally so as to be non-invasive. A
priming dose is given in order to shorten the time taken to
reach isotopic equilibrium in the pool.

Urea has a slow turnover rate and hence, when a priming dose
of tracer is administered into the large substrate pool, the
priming dose will disappear slowly (Matthews & Downey 1984).
Therefore, if the size of the dose is incorrect, the tracer
enrichment plateau may artificially reflect the priming dose
and not the true metabolic production rate. Calculations are
based on the single pool model of Shipley and Clarke (1972).
This states that turnover rate is equivalent to the input-
output ratio of material through a pool in a steady state
system. When an 1isotope 1is infused continually into an
unlabelled substrate pool, the relative concentration of the
isotope to unlabelled substrate is the same as the proportion
of infused tracer to the endogenous input of unlabelled
substrate in the pool and as long as input rates remain
constant, the substrate enrichment will reach a steady state
and a plateau of enrichment is reached. The effect of a priming

dose is to reach plateau enrichment in a shortened time.






3.2 Determination of Ammonia and Urea Nitrogen

3.2.1 Ammonia Nitrogen in Urine

Ammonia in the urine was determined using the Berthelot method
(Kaplan 1965). The concentration of ammonia is estimated by
reaction with phenol and alkaline hypochlorite to form p-
gquinone chloroimine. The p-quinone imine reacts with another
molecule of phenol to form indophenol which then dissolves to
vield a blue indophenol dye. The reaction is catalysed by

sodium nitroprusside.

The reaction was adapted to take place in a microtitre plate,
enabling it to be read in a biotek EL340 microplate biokinetics
reader. Hence it was necessary to scale down from a volume of
10ml to 200u1.

After calculating volumes and testing varying dilutions to
ensure that there was sufficient reagent to complete the
reaction, the results were found to be comparable to those
obtained using the test tube method currently used. The time
course of the reaction was followed and it was found that after
20 minutes incubation at 37°C, the reaction was completed.
Coefficients of variation were estimated by running a plate
with 12 wells of each sample and was found that intra
individual variation had a mean CV of 7.28%. Standard curves
were also very repeatable with a mean r value of 0.997. The
reaction also used far less reagent which improved accuracy and

reduced cost. Many more samples could be assayed at once.

The method was as follows:-
1. Urine samples and standards (500mg NH,-N\100ml diluted

to form four standards of 1.0, 2.0, 3.0, 4.04g NH,-N\10ul)
were diluted 1:10.
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2. 10ul of these diluted samples and standards were taken
and added to individual wells of a microtitre plate, each
sample in triplicate.

3. Then 1004l of phenol nitroprusside solution (PNP) was
added to each well.

PNP = 25g phenol in 250ml deionised water plus 125mg

sodium nitroprusside in 50ml deionised water
(dissolved separately) made up to 0.5 litres.

4. 100pl alkaline hypochlorite solution was then added to
each well.

HYPO = 12.5 mg sodium hydroxide pellets in 400ml
deionised water plus 20ml domestos household
bleach (5%NaOCl) made up to 0.5 litres.

5. The microtitre plate was then incubated at 37°C for 20
minutes in the plate reader which then read the
absorbance of each well at 550nm. From the standard
curve, the concentration of the ammonia N in the urine

was then calculated.

3.2.2 VUrea Nitrogen in Urine

Urea in the urine is hydrolysed by the specific enzyme urease
and is converted to ammonia and carbon dioxide, with carbamic
acid as a probable intermediate stage. The reaction is buffered
with EDTA which also serves to chelate any heavy metal ions
that might otherwise inactivate the urease. The ammonia is
estimated by the Berthelot reaction as already described in
section 3.2.1. The final dilution of the urine sample 1is so

great that precipitation of proteins is unnecessary.

This reaction was again adapted for the biotek plate reader.
However, it was not possible to simply work out volumes
necessary from 10ml to 20041 as the enzyme reaction did not
follow expected patterns. Several dilutions of stock enzyme

were tested but no pattern in the results allowed calculation



of a suitable concentration. This may have been due to the fact
that the working enzyme contained EDTA whereas the stock enzyme
does not. Hence the first part of the reaction, the hydrolysis
of urea, was still carried out in a test tube. In future, work
needs to be carried out to determine whether the total reaction

can be converted to the microtitre plate.
The method was as follows:-
1. Samples were diluted 1:20. Standards of 2.5, 5.0, 7.5,

10.0pg urea N/25ul were made from a solution of 500mg
urea N/100ml with 100mg sodium azide as a preservative.

2. 25u1 of standards and diluted urine were then added to
labelled test tubes in duplicate (standards in
triplicate).

3. To each tube 1ml working urease was added and incubated
at 37°C for 20 minutes.

STOCK UREASE - (30units\ml) 200mg Jack Bean Urease

Type III in 100ml deionised water and
100ml glycerol.

WORKING UREASE - 1lml stock urease to 100ml EDTA buffer
(10.0g Na,-EDTA in 100ml deionised
water at pH 6.5.

4. 20ul of each solution in the test tubes was added to
wells in the microtitre plate and reacted with 100ul PNP
and 1004l alkaline hypochlorite. The plate was then
incubated at 37.,C for 20 minutes and then the absorbance
read at 550nm. The concentration of urea N in the urine
was then calculated by subtracting the ammonia N results

from the ammonia N obtained from urea hydrolysis.



3.2.3 Urea Nitrogen in Plasma

Urea was determined in plasma taken from subjects and treated

in the following way:

1. 20mls of blood was taken from the subject by venesection
of the ante cubital vein.

2. The blood was placed into a universal containing 2ml of
EDTA buffer (o.1M EDTA + 0.4M saline at pH7.4) and then
spun in a centrifuge at 4°C at 3000rpm for 10 minutes to
separate the plasma from red cells.

3. The plasma was then pipetted as 1ml alliquots into
cyrovials containing 0.2ml of an enzyme inhibitor to
prevent plasma protein degradation.

4. The plasma samples were then stored at -70°C until

analysis.

The plasma samples were thawed and then analyzed for urea
nitrogen using the Berthelot method as described in section
3.2.2, except that 2541 of undiluted plasma or standard was
added to the urease for incubation. The enzyme inhibitor added
to plasma to prevent protein degradation was shown to have no
effect on the assay by performing a direct comparison of

samples with or without the inhibitor.
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3.3 Determination of Total Nitrogen in Urine

The total nitrogen content of urine was measured using the
Kjeldahl method devised by the Danish chemist Johann Kjeldahl
(1849-1900) for estimating the nitrogen content of cereals
(Fleck & Munro 1965). The substance for nitrogen analysis is
digested by oxidation of the organic matter with sulphuric acid
to reduce nitrogen to ammonium sulphate. This is then distilled
with sodium hydroxide to liberate ammonia which is trapped in
an acidic buffer with indicator and titrated with standardised
sulphuric acid. The process was carried out using a Tecator
Kjeltec semi-automated system (Perstorp Analytical, Bristol,
U.K.)

1. To 1ml of wurine or standard (3.3% (NH,).,SO, = 700mg
Nitrogen) in a large distillation tube, 2 CuSO, Kjeltabs,
4 drops of antifoam and 12ml of concentrated sulphuric
acid were added.

2. The distillation tubes were placed in a preheated block
at 420°C for 10 minutes until the solution had been
digested and turned green.

3. After leaving to cool, 70ml deionised water was added to
each tube.

4. The digested sample was then steam distilled in a semi-
automated system for three minutes after addition of 40%
NaOH and the distillate collected into a conical flask
containing 25ml boric acid indicator.

5. The dissolved ammonia solution was then titrated against
0.1M HCI until a colour change from blue to orange was
observed. This allowed calculation of the nitrogen

content of the urine sample.
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3.4 Isolation of Urea from Urine

Urea was isolated from the urine samples using an ion-exchange
resin 1in preparation for Isotope Ratio Mass Spectrometry
(Jackson et al 1980).

1. A sample of wurine containing approx. 3mg urea was
brought to pH2 using cresol red as an indicator.

2. The resin (Dowex 50WX8-200 mesh H* form) was loaded
onto a column to a height of 2cm and washed with
deionised water.

3. The sample was loaded onto the column and washed through
with 2ml deionised water when the last drop remained on
the column.

4. The urea was then eluted from the column with 5ml volumes
of disodium citrate buffer (21.01g citric acid and 8.0g
sodium hydroxide made up to 1.0 litre at pH 3.41).

5. Before performing the assay on samples, the columns were
validated to determine the volume of eluate which
contained the eluted urea. A standard solution of 2mg
urea-N was added to each column and eluted as above. A
25ul sample from each 5ml volume of buffer eluted was
assayed for wurea-N in triplicate using the Berthelot
method (section 3.2.1). Results are shown in Table 3.1.
Hence from this wvalidation, volumes of 20-50ml were

collected into a conical flask.

6. Using cresol red indicator the contents of the flask were
adjusted to pH12 with 40% NaOH.
7. After adding anti-bumping granules, the eluate was

reduced to 1lml on a hot plate and then immediately deep

frozen at -20°C until ready for analysis.
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1. The samples were transferred to clean acid washed glass
tubes and frozen in a dry ice/propanol mixture.

2. Samples were evacuated in a low pressure system which
allowed addition of 1 ml Lithium Hypobromite (4ml
Bromine added to 120ml 10% LiOH on ice). This assumes
that 1ml of the LiOBr solution is sufficient to liberate
5mg of N,.

3. Test tubes were heated to react samples with the LiOBr
solution and then refrozen. The liberated gas was
collected through a liqguid N, trap into gas containers.

3.6 Measurement of Isotopic Enrichment

The mass spectrometer measures the relative amounts of N, gas
of different mass and allows assessment of the enrichment of
the urea excreted in urine. Enrichment is a wvalue which
expresses the number of atoms of any particular isotope of an
element in a sample as a fraction of the total number of atoms

of that element present.

ATOMS & = number of 15-N atoms x 100

number of 15-N atoms+number of 14-N atoms

From the LiOBr reaction, N, gas is liberated from urea in a
monomolecular reaction (Walser 1954). Hence, the relative
proportions of 'N'"N urea, NN urea and YN!N urea can be
determined. Enrichment of the gas sample was measured in a
triple collector isotope ratio mass spectrometer ( SIRA 10, VG

Isogas, Winsford, Cheshire, UK ).

58



3.7 Inorganic Sulphate in Urine

Inorganic sulphate can be quantified by a method based on the
turbimetry of sulphate as barium sulphate in the presence of
a small amount of preformed barium sulphate. Polyethylene
glycol (PEG) is used to stabilise the precipitate (Lundgquist
et al 1980).

1. A 0.02ml aligquot of sample or standard was diluted to
3.0ml with de-ionised water.

Standards: 1.42g Na,S0,/100ml diluted to make standards
of 0.5, 1.0, 1.5, 2.0, 2.5umol/ml.

2. A 1lml aliguot of dilute HCL was then added followed by

Iml of Barium-PEG reagent.

Barium-PEG reagent: 150g of PEG-6000 and 9.77g barium
chloride dihydrate were made up to 1 litre in De-
ionised water. A 0.2ml aliquot of 50mmol sodium
sulphate (0.71g Na,S0,/100ml DIW) was then added to
100ml of the barium-PEG solution with efficient
stirring. Stable for one week.

3. The solution was vortex mixed and left to stand for 5
minutes before determining the absorbance at 600nm with

a spectrophotometer.

3.8 5-Oxoproline in Urine

The analysis of this marker of glycine status in the
individuals studied was carried out by Dr. C. Persaud using the
method described in his PhD Thesis (Persaud 1995). In this
assay, b5-oxoproline isolated from free glutamate is first
converted to glutamate by acid hydrolysis and then measured

enzymatically with glutamate dehydrogenase.
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2ml of acidified urine or standard was applied to a small

column containing Dowex 2 (chloride form) resin. The

column was eluted with 3ml of 0.2M HCl, and the eluate
applied to the top of a second column, filled with Dowex

50 (hydrogen form) resin. The second column was eluted

with 3ml deionised water.

To this eluate, 3ml of 6M HCl was added and the solution

placed in a water bath at 100°C for 2 hours. The solution

was evaporated, and the dried residue resuspended in 2ml
of Tris-hydrazine buffer pH9. The solution was mixed and
filtered. This is referred to as the ‘test’ solution.

Tris-hydrazine buffer - 4ml 2M Tris + 4ml Hydrazine +
2ml 0.1M EDTA/Na dissolved in 60ml deionised H,0, pH
adjusted to 9 using 1M HCl and final volume made up
to 80ml with deionised H,0.

The glutamate content was measured using glutamate
dehydrogenase and the increase of NADH, as measured by
the absorbance at 340nm, being proportional to the amount
of L-glutamate converted to 2 oxoglutarate.For the assay,
200ul of the test solution was added to 800ul of the
common medium.

Common Medium - 0.5ml Tris-hydrazine buffer + 3.3ul
0.1M ADP + 3.3ul1 2% NAD + 6.7l GDH in glycerol
(10mg protein/ml, Boeringer Mannhein) + 3ml H,0.

Tubes were incubated at 37°C for 30 minutes and then read

at 340nm in a spectrophotometer. Each solution was read

against its own blank containing the reagents and
solution without the enzyme. A standard curve was plotted
which allowed estimation of the S5-oxoproline content of

the urine samples.
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3.9 BMR and Anthropometry

Anthropometrical measurements were taken by Mrs. Sarah Bond.
Height, weight, mid arm circumference and skinfold measurements
were recorded. From the four skinfold readings, taken with
Harpenden calipers, the lean body mass can be calculated for
both men and women using the equations of Durnin & Rahaman
(1967) .

Equations: -~
% Body Fat = [ 4.95/D - 4.5 ] x 100
where D = 1.1610 - 0.0632 ( x log! sum of skinfolds)
for men
and D = 1.1581 - 0.0720 ( x log!® sum of skinfolds)

for women

Basal metabolic rates were measured by indirect calorimetry
(Datex Deltatrac) at an average time of 07.30 hours and after
a 12 hour fast. Measurements of VCO, and VO, were taken over a
30 minute period after a five minute rest period to allow the
subject to become relaxed in the hood. From these readings RQ

and resting energy expenditure were derived.

3.10 Statistical Analysis

All results are expressed as mean + SEM. Statistical analysis
was carried out using the ARCUS professional II software.
Paired t tests were used to determine if differences between
studies were statistically significant. However, because of the
small groups sizes, non-parametric statistics, in the form of
the Mann Whitney U or Wilcoxon Signed Ranks test for paired

analysis were also performed.
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CHAPTER 4

DIURNAL CYCLING IN UREA-NITROGEN HYDROLYSIS

4.1 Introduction

Despite homeostasis, many components of the internal
environment can vary within a small range depending on the time
of day. Protein metabolism can be affected by hormones, food
intake, and other factors which display diurnal rhythmicity.
However, the most fundamental influence on the diurnal cycle
is nutritional. That the periodic nature of feeding and fasting
results in changes in body protein and nitrogen balance has
long been recognised. It has been demonstrated in rats (Garlick
et al 1973, Millward et al 1974) and man (Garlick et al 1980,
Clugston & Garlick 1982, Rennie et al 1982), that protein
turnover alters between the fed and fasted states. These
studies illustrate the bodies adaptive mechanism to fasting in
that, during the fed state protein synthesis increases relative
to fasting in order to store the rise in plasma amino acids.
Recent studies have demonstrated that on feeding, insulin
inhibits degradation and amino acids both stimulate synthesis
and oxidation and also further inhibit degradation (Pacy et al
1994) . It has been suggested that the fasting losses of protein
degradation creates the metabolic demand for protein and could
reflect dietary requirements (Millward & Rivers 1988).

So how do these changes affect the three major components of
the urea kinetics model (Figure 4.1)? The daily fluctuations
in protein metabolism are reflected by altering nitrogen losses
from the body. A diurnal cycle in the excretion of urinary urea
has been observed (Steffee et al 1981, Parsons et al 1983).

In two recent comprehensive studies, diurnal alterations in
nitrogen metabolism were measured using isotopically labelled
amino acids (Price et al 1994, Quevedo et al 1994) and the
amplitude of the change found to be primarily influenced by

protein intake.
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4.2 Protocol and Methods
4.2.1 Protocol

The study was carried out in seven normal adult men aged 21-23
vears. The subjects agreed to take part after the nature of the
investigation was explained. They were all in good health at
the time of the study. The study had the approval of the
Southampton Hospitals and South West Hampshire Authority
Ethical Subcommittee. '

The protocol lasted for five days over which all food was
provided in order to supply a controlled intake of 70qg
protein/day. Each subject had his basal metabolic rate measured
along with other anthropometrical data. Complete collections
of urine were collected at three hourly intervals over the
final 27 hours and urea kinetics were calculated over this

period.

4.2.2 The 70g Protein/day Diet

The 70g protein/day diet was a reflection of an adequate daily
intake for adult males in the UK (Gregory et al 1990). Habitual
food was used rather than a liquid formula intake, despite a
lessened sense of accuracy. The diet shown in Table 4.1 was
designed by weight using food composition tables (McCance &
Widdowson 1991). The diets were designed to provide sufficient
energy using the calculation of BMR x 1.4 as advised by the DRV
energy values for a sedentéry lifestyle (HMSO 1991). On the
fifth day, feeding took place at three hourly intervals from
06.00 to 21.00 in as near to i1sonitrogenous amounts as could

be achieved with whole foodstuffs.
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Volume was measured and then, in order to store urine until
analysis, a 60ml alloguot was placed into plastic containers
and frozen at -20°C. Remaining urine was disposed of and the
plastic containers washed with bleach to allow them to be

reused.

4.2.4 Urea kinetics

The protocol used a prime intermittent dose method of urea
kinetics. A known amount of isotope (°N'*N urea, 98% atoms *°N,
Cambridge Isotope Laboratories, Cambridge, MA, U.S.A.),

ie. about 94.5mg was made up in 36ml of sterile water and then
divided into a prime dose of 10ml (containing approx. 27.5mg)
and the remaining for 2ml intermittent doses (containing
approx. 5.5mg). This was stored at 4°C until use.

The prime dose was taken orally at midnight on day 5 in order
reduce time taken to reach a steady state plateau in urinary
urea enrichment. From 06.00 hours, intermittent doses of urea
isotope were administered at 3 hourly intervals. At these three
hourly intervals, urine was collected prior to dose
administration. Food was consumed between 06.00 and 21.00 only,
in order to maintain the normal fasted state overnight. This
protocol was continued until 09.00 the next day, ie. a 27 hour

period.

4.2.5 Analysis

Each urine sample was analysed for ammonia and urea nitrogen
using the Berthelot method (section 3.2). Urine was extracted
from the urine using ion-exchange columns (section 3.3) and the
nitrogen gas liberated from these samples (section 3.4)
analysed in the mass spectrometer for relative intensities of

urea 1isotopes (section 3.5).
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From these data, it can clearly be seen that urea-nitrogen
hydrolysis is significantly higher between 12am-12pm compared
to 12pm-12am and also increased between 3am-3pm when compared
to 3pm-3am. None of the values reached over 12 hourly periods
were significantly different to the average value for a 24 hour
period. However, values gained for urea kinetics appear to be
dependent of the time period over which the measurements are

taken.
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4.4 Discussion

The purpose of this study was to examine by direct measurement
the diurnal alterations in urea-nitrogen salvage, previously
only calculated from ’C leucine studies (Jackson 1994 from El-
khouri et al 1994). The literature describes differences in
protein turnover and urea excretion between day and night,
thought to be due mainly to the absence of food intake over
night. Hence, it is logical that along with these changes in
nitrogen metabolism, the process of nitrogen recycling in the
colon by the colonic microflora would also follow the same

trends.

The experimental design was essentially the standard protocol
used in our laboratory. The primed intermittent infusion was
given three hourly as the subjects were free living and the
method 1s designed to be non-invasive. Although hourly
measurements might have improved the interpretation of results,
this would have seriously encroached on the individuals ability
to carry out their daily tasks. Subjects went about their daily
work and were not restricted to a metabolic unit. This is also
why food and urine was collected three hourly and why plasma

samples were not taken throughout the study.

Urea production was measured directly as the ratio of doubly
labelled isotope !®N'®"N urea to unlabelled N"N urea in the
urine. Despite a daily cycle of food intake and over night
fast, urea production remained remarkably constant with the
maximum variation from the mean value only 10%. This implies
that amino acid oxidation was constant over this period.
Previously, studies measuring amino acid oxidation directly
using !*C or 'C leucine have demonstrated an increase in
oxidation on during the day whilst receiving a protein intake
at similar levels or higher than the 70g protein/day given here
(Garlick et al 1980, Motil et al 198la, Hoffer et al 1985, Pacy
et al 1994, El-Khouri et al 1994a). At levels of protein intake

lower than this, no increase 1n oxidation was demonstrated on
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feeding in some studies (Motil et al 1981, Yang et al 1986) and
an increase demonstrated in others (Price et al 1994). The 70g
protein/day intake may be at the margins of the change in
response and measuring urea production may not indicate any

changes in amino acid oxidation.

Urinary urea excretion was higher during the day, rising
after midday and falling during the evening, in agreement with
other studies (Steffee et al 1981, Parson et al 1983, Grove
1993) and the same as results shown for total urinary nitrogen
excretion (Price et al 1994, Quevedo et al 1994). Garlick was
unable to demonstrate changes 1in excretion which reflected
alterations in protein oxidation and attributed this to the
large size of the body urea pool which ‘smoothed out’
fluctuations in the rate of urea excretion (Garlick et al
1980). If urea production is constant and excretion talls, the
urea must either pass to the colon for hydrolysis or 1is
retained in the body pool. Hence, the importance of urea pool

size should be considered.

The model of urea kinetics assumes a steady state during
administration of isctope ie. that the input and outputs to the
urea pool are constant and therefore pool size is constant.
This ensures that the ratio of urea in the pool to the dose of
label entering the pool are consistent with the ratio of urea
to dose in the pool and leaving the pool ie. the point of
measurement. However, it has been demonstrated that the urea
pool expands during protein intake and contracts on fasting
(Fern et al 1981, Price et al 1994, Quevedo et al 1994). The
magnitude of this expansion is related to protein intake. In
this study, plasma urea was not measured on a three hourly
basis and so the changes in the size of the urea pool over the
24 hour period is unknown. However, from the data given by
Quevedo et al from figure 1 (page 188 of this reference) shown
in Figure 4.5, we estimate that on a 70g protein/day intake,
the extent of this variation is likely to be around +2mg/kg/d.
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produced from the urea cycle and hence, excretion will be an
overestimate of production. Changes in pool size will not
affect the measurement of urea production using *N'°N urea as
this allows direct measurement of production from the ratio of
urea to dose entering the pool.

Using the model shown in Figure 4.1, if urea production is
measured directly and excretion is measured in the urine,
alterations of pool size may only influence the estimation of
the rate of urea hydrolysis. If the pool is expanding during
the day, then the difference between urea production and that
excreted, which is attributed to have been hydrolysed in the
colon (T=Pu-Eu), could have, in fact, been retained in the
pool. In this study, it would have been useful to have the
plasma urea data to enable correction of hydrolysis for
expansion of the urea pool. However, if the value of +2mg/kg/d
is taken to estimate changes in pool size, the results shown
in Figure 4.4 will be altered in the following manner (Figure
4.6). The effect is to accentuate the diurnal changes in urea
hydrolysis.
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As the proportion of urea production which is not accounted
for by urea excretion is assumed to have passed to the colon,
with corrections for changes in pool size, urea-nitrogen
hydrolysis mirrors the diurnal changes in rates of excretion.
These observations are in agreement with those predicted from
the work of El-Khouri (Jackson 1994 from El-khouri 1994).
Hydrolysis and hence, salvage of urea-nitrogen varies between
day and night. Hydrolysis is minimal during the day and rises
to 50% of production overnight. The decrease in the rate of
urea-nitrogen hydrolysis can be seen to occur approximately 6
hours after feeding commenced. As small intestinal transit time
is around 6 hours, these results could support the suggestion
that the rate of salvage is determined by nitrogen substrate
available to the bacteria. Hence, nitrogen intake could be a
primary influence on the salvage system on a diurnal basis. One
way of resolving this theory would be to carry out a further
study in which feeding and fasting periods were varied
throughout the 24 hour period ie. fasting during the habitual
daylight hours.

From this data, it can be confidently concluded that urea
production rates are not reflected in the excretion of urinary
urea. With these observed changes in urea excretion and hence,
hydrolysis, care must be taken when using urea excretion to
calculate other parameters in nitrogen metabolism. If
measurements are not taken over a 24 hour period, results are
likely to be affected by the time period over which
measurements are taken due to the dampening effect of urea pool
size changes, and by the intensity and timing of nitrogen

intake.

80



4.5 Summary

The conclusions drawn by Langran et al (1992) and Danielsen &
Jackson (1992) considered the hydrolysis and consequent salvage
of urea-nitrogen to be a fundamental aspect of metabolic
adaptation to a lowered nitrogen intake over a period of days.
The present study demonstrates that this system could also be
of significance in enabling the body to sustain homeostasis in
the short term, in response to a diurnal cycle of food intake.
During the overnight fast, urea salvage appears to increase to
compensate for a deficit in nitrogen intake. It is demonstrated
that urea excretion rates do not reflect endogenous production
and hence, there are clear implications for the calculation of
non-protein respiratory quotient by indirect calorimetry and
in the derivation of protein degradation in studies of protein

turnover.
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CHAPTER 5

THE INFLUENCE OF NON-ESSENTIAL NITROGEN ON COLONIC SALVAGE

5.1 Introduction

The factors which exert an influence on, or control, the urea
salvage mechanism are of greatest importance 1f an
understanding of nitrogen metabolism is to be reached. Previous
studies have demonstrated an adaptive role for urea salvage
determined by the magnitude of protein intake. On lowering
intake to below 70g/day in men, urea salvage increases in order
to recover the nitrogen deficit until a minimum dietary
requirement of 35g protein/day is reached (Langran et al 1992,
Danielsen & Jackson 1992). It has become increasingly
recognised that estimation of protein requirement should be
considered in terms of total nitrogen. Hence, determining the
influence of nitrogen intake on urea salvage is fundamental.

Nitrogen intake can be visualised as comprising of two
nitrogen sources; essential amino acids and non-essential
nitrogen. The view that only essential amino acids are limiting
factors in the diet requires re-evaluation if studies looking
at non-essential nitrogen are examined. In attempting to define
the minimal requirements of essential amino acids for humans,
both for adults and children, investigators came to the
conclusion that a source of nitrogen for body synthesis of the
non-essential amino acids was needed and maintenance
requirements were influenced by the level of total nitrogen in
the diet.

Early studies by Rose demonstrated in rats that with a
minimum essential amino acid intake, the limiting factor is the
inability of cells to synthesize non-essential amino acids due
to a shortage of total nitrogen, but this is relieved by
supplementing alternative nitrogenous compounds (Rose 1949,
Rose & Wixom 1955). Swendseid discovered that nitrogen balance
was achieved when essential amino acids accounted for only 6.5-

8.5 per cent of total nitrogen in women and 10-13 per cent in
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men {Swenseid et al 1962, 1961). In a fundamental study,
infants were fed decreasing quantities of milk protein in order
to decide which was the most limiting amino acid of the diet
and it was found that weight gain and nitrogen retention could
be restored to normal by supplementing non-essential nitrogen
in the form of urea or glycine (Snyderman et al 1962). Thus

non-essential nitrogen appeared to be the most limiting factor.

There is a substantial body of evidence which shows that the
dietary requirements for essential amino acids can be reduced
if the total nitrogen content of the diet 1is increased.
Numerous studies by Kies using the nitrogen balance technique
have demonstrated this effect and suggest the possibility of
urea as a non-essential nitrogen source for humans (Kies et al
1972a, 1978). Nitrogen retention in men was improved when total
dietary nitrogen was increased but essential amino acid intake
kept constant (Kies 1975). This response was also seen when
a corn diet in which the first limiting factor was non-
essential nitrogen (Kies et al 1963) was supplemented with non-
essential nitrogen (Kies et al 1965a, 1972b, Korsland et al
1977). However, the nature of this response to non-essential
nitrogen has never been adequately explained and no studies
carried out to determine whether this is due to a stimulation
of urea hydrolysis and salvage.

However, there 1s a further question underlying the use of
exogenous urea supplementation. It has been argued that any
functional relevance of urea hydrolysis can only be adequately
demonstrated if there is a deterioration of nitrogen balance
and function when urease activity is inhibited by the use of
antibiotics (Walser 1981). In one study where this approach was
adopted, there was not a dramatic response to antibiotics and
this has been used as the basis for rejecting any functional
relevance of the system (Mitch et al 1977, Mitch & Walser
1977). However, this study was carried out in patients with
severe renal failure in whom the intake of nitrogen as a
mixture which included essential amino acids was between 24-26g

protein, below the level where the salvage system operates
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effectively. In another study, dietary wurea supplements
improved nitrogen balance in malnourished adults, an effect
which was reduced by treatment with neomycin (Tripathy et al
1970). Thus, the alternative approach would be to take
individuals in whom protein intake is too low to sustain
nitrogen balance, and to see whether balance 1s achieved with
the addition of dietary supplements of urea.

The objective of the present study was to address these
questions directly by exploring the effect of dietary urea
supplementation on the urea salvage system in subjects in whom
the dietary protein intake was inadequate to maintain nitrogen
balance.
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5.2.2 Diets

Each subject consumed the diets listed (Tables 5.2 and 5.3).
Two diets were compiled with 70g protein/day intake (the
reference diet, REF) which was considered to be adequate and
a 30g protein/day intake (low protein diet, LP) which was
considered to be marginally inadequate (Danielsen 1992). On
two occasions the low protein diet was supplemented with
urea, at either 6.9g/day (LP-Ul) or 11.2g/day (LP-U2). The
higher supplement brought the total nitrogen intake to a
level which was the same as the REF diet, whilst the lower
supplement gave a total nitrogen intake which was low, but
would have been adequate had the total nitrogen been
provided as protein, 50g/day (Langran 1992).

Despite a lessened sense of accuracy in protein intakes,
it was decided to use habitual food rather than a liquid
diet intake. For each diet three different menus were
designed by weight using food composition tables (McCance &
Widdowson 1991) for variety over the five day study period,
and then checked using the Comp-eat computer analysis to
enable micronutrients and amino acids to be examined
(Appendix 1). Food questionnaires were answered by each
subject to determine personal preferences. The two dietary
intake menus were as similar as possible, ie the same meals
simply altered to a vegetarian version to lower protein
intake. It has been shown that differences in urea kinetics
between vegetarians and omnivores are not likely to be due
to protein quality, but total protein intake (Bundy 1993).
The diets were designed to provide sufficient energy using
the calculation of BMR x 1.4 as advised by the DRV energy
values for a sedentary lifestyle (HMSO 1991). The
supplements of urea in studies 3 and 4 were given as a
flavoured drink at three intervals during the day ie. with

meals.
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Table 5.2 The 70g Protein/day Diet

PORTION PROTEIN ENERGY
SIZE CONTENT | CONTENT
(g) (kJ)
BRANFLAKES 45g 4.6 605
MILK 265ml 8.5 735
ORANGE JUICE 150ml 0.6 210
APPLE 2 0.4 353
BANANA 1 0.9 265
CHEESE/HAM SANDWICH 3 sl 17.9 1999
HULA HOOPS 35¢g 1.2 218
JAFFA CAKES 4 1.4 613
CHOCOLATE DIGESTIVES 4 4.0 1243
MEALS:- CHOICE OF
1. CHICKEN TIKKA MASALA 300g 22.1 1168
BROWN RICE 60g 4.3 1210
CHOCOLATE DESSERT 135g 3.3 1222
2. LASAGNE 300g 20.4 1604
SALAD 150g 1.9 437
YOGHURT 125g 4.0 794
3. CHICKEN DO PIAZA 300g 24.9 903
SPAGHETTI 40g 4.7 1029
PEACHES AND CREAM 145g 1.3 760
TOTAL 68.5 9841
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Table 5.3 The 30g Protein/day Diet
PORTION PROTEIN ENERGY
SIZE CONTENT | CONTENT

(g) (kJ)
RICE KRISPIES 30g 1.8 466
MILK 80ml 2.5 223
ORANGE JUICE 100ml 0.4 139
JAM SANDWICH 2 sl 5.5 1478
HULA HOOPS 35g 1.2 218
APPLE 1 0.2 176
BANANA 1 0.9 265
JAFFA CAKES 2 0.7 307
BOILED SWEETS 65g - 895
CREAM 100g 1.6 1882
LUCOZADE 250ml - 714

MEALS:~- CHOICE OF
1. VEGETABLE CURRY/RICE 300g 7.2 1231
PASTA/SWEETCORN SALAD 140g 5.3 1453
PEACHES AND CREAM 145g 1.0 819
2. VEGETABRLE LASAGNE 300g 8.4 1012
SALAD AND COLESLAW 200g 2.0 374
YOGHURT 125g 4.0 424
3. MUSHROOM DO PIAZA 300g 9.0 1218
SPAGHETTI 40g 4.0 655
SALAD AND COLESLAW 200g 2.0 374
PEARS AND CREAM 145g 1.0 819
TOTAL 29.7 9829
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administration, urine was collected at three hourly
intervals into separate containers to coincide with
intermittent doses. Urine was collected into plastic
bottles, 1 litre for 12 hourly collections and 500ml for 3
hour collections. The bottles contained 2ml 6M HC1/100ml
volume which acted as a preservative.

In order to store urine samples until analysis, the volume
of each sample was noted before 60ml of each urine sample
was pipetted into labelled plastic containers and frozen
at -20°C. Remaining urine was disposed of.

In order to reuse the bottles, they were first rinsed many
times with hot water, soaked over night in bleach before re-
rinsing in a lot of hot water and finally rinsed in
distilled water. The large volume of water used ensured that

no residual isotope remained for the next use.

5.2.5 Analyses

The nitrogen content of the urine was measured by Kjeldahl
analysis in 12 hour samples for days 1 and 4, and a pooled
day 5 sample (section 3.3). The concentration of urea and
ammonia in each 3 hour urine sample and the plasma sample
were determined by the Berthelot Method (section 3.2). Urea
nitrogen was isolated from urine for mass spectrometry using
short ion-exchange column chromatography (section 3.4).
Nitrogen gas was liberated from urea by reaction with
alkaline hypobromite (section 3.5). In this reaction, N, is
released from urea in a monomolecular reaction (Walser
1954); hence the relative proportions of [!*N'°N]urea,
[*N¥N]urea and [YN'N]urea can be determined (section 3.6).
Measurements were carried out in a triple collector isotope
ratio mass spectrometer (SIRA 10, VG Isogas, Winsford,
Cheshire, U.K.). Inorganic sulphate (section 3.7) was also

measured in the urinary samples.
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5.3.4 Urea Kinetics

Plateau enrichment of the double labelled urea isotope in
urinary urea was identified by visual inspection and the
average coefficient of variation at plateau was 14% for
[°N?®N] urea and 19% for ["N'°N] urea.

Urea appearance (Au), measured by dilution of [N'’N]urea
in the urea pool, was 209 +27mgN/kg/d on the REF diet. When
intake was reduced to 30g protein/day (LP), appearance was
significantly lower (118 +7mgN/kg/d), a value 40% lower than
that of the higher protein intake. On addition of the two
increasing urea supplements, appearance increased in a
stepwise manner to 166 +13mgN/kg/d with 6.9g urea supplement
and 204 +13mgN/kg/d with 13.7g urea supplement. These
changes were significantly different to the LP diet. The
diet with the 13.7g urea supplement provided the same
quantity of nitrogen as the REF diet and appearance of urea
in the body pool was not significantly different.

If the components Iu and Pu are considered, it can be seen
that endogenous production 1s constant for all studies
containing 30g protein in the diet, as shown in Figure 5.2.
The increase in appearance 1s eqguivalent to Iu in diets
supplemented with exogenous urea. For all low protein diets,
the rate of endogenous urea production was about 60% of that
on the REF diet, a significant difference in each case.
Individual results for urea appearance and production are

shown in Appendix 3d.
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Urea hydrolysis on the LP-U2 diet was significantly
increased compared to the LP and LP-Ul diet, and was not
significantly different to the REF diet. Therefore, urea
hydrolysis was reduced on the LP diet and the addition of
the lower level of urea, LP-Ul, did not change the rate of
hydrolysis. However, with LP-U2, the addition of urea to the
LP diet to bring the level of total nitrogen intake to that
on the REF diet, returned the level of urea hydrolysis to a
rate not different to the REF diet.

The values for the amount of nitrogen from hydrolysis
returning to the body pool via synthetic pathways (S) and
that passing back into urea production (Pr) are shown in
Table 5.9 (Appendix 3g). On each of the diets, about 14% of
the hydrolysed urea-nitrogen returned to the urea pool. The
nitrogen retained in the body via synthetic pathways was
over 80% of the nitrogen arriving in the body pool from urea
hydrolysis. There was no difference in nitrogen retention
between either the REF and the LP-U2 diets, nor between the
LP and LP-Ul diets, and retention on LP-U2 was significantly

greater than on LP-Ul.
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Equations for these calculations are:-

Urea Pool Size Plasma Urea Conc x Total Body Water
(g) (gN/1000ml) (litres)

It

Total Body Water 2.447 - 0.9516 Age +0.1074 Ht +0.3362 Wt
(1) (vrs) (cm) (kg)

1

Renal Clearance Rate of Excretion (urine conc x flow)
(ml/min) Plasma Conc

Bowel Clearance Rate of Hvdrolysis (T)
{(ml/min) Plasma Conc

il

There was no significant difference in the plasma urea
concentration and urea pool between the reference 70g
protein/day diet, REF, and the LP diet with a 30g
protein/day intake. There was a significant increase in pool
size on the LP-Ul diet, and a further significant increase
on the LP-U2 diet. Renal clearance of urea was significantly
lower on the LP and LP-U2 diets than the REF diet. The LP-U1l
diet was significantly different to the LP-U2 diet but did
not reach statistical difference to the LP diet. The
clearance of urea into the bowel was about half of that on
the REF diet on each of the low protein diets, but because
of variability, the only difference of statistical
significance was between the REF and the LP-Ul diet.
Clearance into the bowel was about 66% of clearance into the
urine for the REF diet, whereas it was only about 28-52% for
the LP, LP-Ul and LP-U2 diets. The relative proportions of
urea clearance in the urine or to the bowel are represented

in Figure 5.5.
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5.4 Discussion

The purpose of this study was to determine the response when
a non-essential nitrogen source, in the form of urea, was
supplemented to a diet below minimal requirements for
protein. The method of urea kinetics was utilised to
ascertain whether the microflora inhabiting the colon would
hydrolyse this exogenous supply and make the nitrogen
available for metabolic processes. The results show that
salvaging in the large intestine does increase when a source
of dietary non-essential nitrogen is introduced and that the
overall nitrogen status of the individual improves as the
hydrolysed urea is incorporated into the metabolic nitrogen
pool of the body. However, these changes only occurred when
substantial quantities of exogenous urea were added to the
diet, an amount equivalent to nitrogen available from 40g
protein. This leaves the question of what other factors may

be influencing the control of this salvaging system.

In the past, studies examining the role of non-essential
nitrogen have used the measurement of nitrogen balance
which, although useful, does have its limitations. There is
the possibility of overestimation of nitrogen retention
indicated by unrealistic positive balances and the length of
the study period is important as nitrogen balance can
eventually be achieved over a range of nitrogen intakes.
Urea kinetics provides a quantitative approach which begins
to clarify the mechanism behind the utilisation of non-
essential nitrogen. The prime-intermittent oral dose method
is a simple non-invasive procedure which allows the direct
measurement of the rate of appearance of endogenous urea
with out the susceptibility to error caused by incomplete
urine collection in the single dose method (Jackson et al
1993b) . The four diets in the study were designed to
challenge the hypothesis directly. The 70g protein/day
intake was a reflection of an adequate daily intake for
adult males in the UK (Gregory et al 1990). The 30g
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protein/day intake was purposely below reguirement levels at
a level where, as shown in Danielsen 1992, salvaging fails
to maintain nitrogen balance as adaptive mechanisms
described by Waterlow (1968) are unable to meet the body’s
demand for nitrogen.

The quantity of exogenous urea supplied was calculated
from the amount of nitrogen required to replace half and
then all of the shortfall in nitrogen intake with reduction
to 30g protein/day from 70g protein. It was ensured that
energy requirements were met as it has been shown that when
insufficient calories are present for the synthesis of non-
essential amino acids, then supplementary non-essential
nitrogen has no beneficial effect on nitrogen balance
(Gallina & Dominquez 1971) and if calorie intake is
increased, nitrogen retention is improved (Anderson et al
1969) . It was decided to use habitual food rather than a
liquid diet intake for several reasons. Despite a slight
lowering of confidence in the accuracy of protein intakes, a
solid food diet was preferential to a liquid formula which
may have influenced colonic function, although addition of
non-starch polysaccharide to a liquid feed has been shown
not to influence urea kinetics (Langran et al 1992). Subject
compliance, however, i1s more likely to be enhanced when the
food prepared was enticing and as near to habitual intake as
possible.

In order to be able to measure urea kinetics with
reliability presumes a reasonably steady metabolic state is
achieved. After considering other studies (Rand et al 1976,
Langran et al 1992, Danielsen & Jackson 1992, Quevedo et al
1994), it becomes clear that although it might take some
time to achieve a full adaptive response on moving from one
level of protein intake to another, much of the change has
taken place within three to four days, by which time, a

reasonably steady state has been established.

Nitrogen balance was estimated using nitrogen losses in

the urine and an amount stated in the 1985 FAO report to be
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that lost from faeces and other endogenous losses such as
skin, hair and secretions, based on the data from Calloway
1971. Faecal nitrogen excretion does not alter with
supplemental urea intake (Korsland et al 1977). The data
presented confirm that on a diet which provides 30g
protein/day, normal men are unable to maintain nitrogen
balance. A significant improvement of apparent nitrogen
balance was seen with the addition of the larger supplement
of urea. The results were consistent with numerous
experiments which have demonstrated an improvement in
nitrogen balance with non-essential nitrogen supplements
(Clarke et al 1963, Kies et al 1972b, 1978). However, it was
surprising that there was no improvement with 6.9g urea as
this is still a substantial amount of nitrogen (3.2g 1is
equivalent to 20g of protein). It appears that balance can
only be achieved when total nitrogen intake exceeds a
threshold somewhere between 8-11gN/day. On examination of
the urea kinetics, some insight can be gained into this

observation.

Urea metabolism has two control points. The site of
hepatic production and the proportion of the urea produced
which is excreted compared to the proportion which passes to
the colon where the nitrogen is salvaged (Picou & Phillips
1972) . The most important elements of the study can be
grasped by considering the components of the system.
Appearance was measured directly by dilution of labelled
['°N'®N] urea and is a result in which there is the greatest
confidence. The stepwise rise from the value achieved on the
LP diet to those obtained on the supplemented diets
reflected directly the guantitative intake of exogenous
urea. Appearance of urea in the body pool directly
correlated with nitrogen intake, from whatever source; the
appearance rate from the REF diet resembling that measured
when 30g protein with 13.7g urea was ingested. It is a
conclusive validation of the accuracy of measuring

production. Proportionate amounts of urea are absorbed into
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the bloodstream and are reflected in the appearance of urea
in the urea pool. When appearance due to exogenous urea (Iu)
was removed from the results, this give us the value for
endogenous urea production (Pu), which is similar for all
diets containing 30g protein, showing that all of the
increase in appearance was due to ingestion of urea rather
than an actual increase in hepatic production from amino
acid catabolism. From this, it can be said that whilst
appearance of urea in the body pool is related to the total
nitrogen intake, endogenous urea production is governed by

the intake of protein.

The fate of urea produced by hepatic enzymes, recycled
from the nitrogen pool or ingested in the diet is either
excretion or hydrolysis by bacteria in the colon. The
proportion that goes to each is determined by indefinite
factors. On reduction to the low protein diet urea excretion
fell in order to conserve body nitrogen, but intake was
below minimal and hence, exceeded the limitations of
adaptation. With addition of non-essential nitrogen into the
diet, excretion rose compared to the 30g protein value.
However, when excretion due to this ingested urea (Iu) was
accounted for, a different pattern from that of appearance
in the body pool became obvious. Therefore, excretion is not
simply a reflection of appearance or endogenous production
and other determinants must be influencing this process. The
results show a real decrease in the proportion of urea
excretion estimated to be due to endogenous production on
the LP-U2 intake. However, overall nitrogen excretion did
not fall to such an extent so perhaps other nitrogenous
compounds were excreted in preference. So, when exogenous
urea is removed from the data, production stays equal to
that when 30g protein is ingested but less is excreted. The
answer 1is uncovered when hydrolysis results are considered.
There is a subsequent rise in hydrolysis of urea on the LP-
U2 diet. The body is utilising this non-essential nitrogen

source to improve nitrogen balance and the diet is no longer
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sub-requirement .

Nonsporing anaerobes are the major source of ureases in
man. It has previously been observed that the proportion of
those microorganisms that produce ureases increases with
blood urea concentration (Brown et al 1971). Hence, it was
thought the quantity of nitrogen recycled from urea
hydrolysed in the colon depends on the concentration of urea
in body fluids. However, in this study no correlation was
found between rate of hydrolysis and urea pool size. This
may have been because the system was operating at the
minimum levels for adaptation. However, when 6.9g
supplemental urea was added there was no increase in
hydrolysis for a large expansion of the body’s urea pocol and
so the conclusion could be drawn that the urease containing
colonic bacteria do not hydrolyse urea on a concentration
dependent basis.

The ability to enhance urea hydrolysis as urea
concentration falls on lowering protein intake, therefore
requires further consideration. This study demonstrates a
close relationship between urea clearance into the bowel and
the rates of urea production and appearance. The calculation
of urea clearance to the bowel is based upon two components;
the plasma urea concentration and the rate of urea
hydrolysis. As there was no association between clearance to
the bowel and plasma urea levels, the relationship between
urea hydrolysis and rate of urea appearance in the pool were
examined and found to be very close. Therefore, the higher
the rate of appearance, the greater the clearance, or the
less urea cleared in a given time for a fixed blood flow.
Under these circumstances, it can be concluded that urea

hydrolysis 1s driven by urea appearance.

So what is happening with the 6.9g urea supplement? This
diet is insufficient to alter the deficit in nitrogen
balance and hydrolysis of urea does not increase

significantly above levels found on the low protein diet.
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The body appears unable to respond to this input of nitrogen
and utilize it via colonic salvaging. In order for urea
nitrogen to result in non-essential amino acid synthesis,
both the hydrolysis of urea and the incorporation of ammonia
with carbon skeletons into non-essential amino acids must
take place. Which of these two steps is restricted is
unknown. Energy intake was sufficient at the BMR x 1.4 level
but this may have not been sufficient for those leading a
more active lifestyle, reflected in the marginally negative
nitrogen balance on the REF and LP-U2 diets, and hence
energy could potentially be a limiting factor. For some
reason, it 1s not possible to incorporate this source of
nitrogen into the body proteins. At this level of intake,
the body i1is functioning on the boundaries of adaptational
limitations. Other dietary factors may be limiting in this
circumstance or the function of the microflora may be
compromised. It has also been shown that urea is not the
most efficient source of non-essential nitrogen and other
forms, such as glycine or ammonium salts may have an
increased effect (Rose 1949, Swendseid et al 1960, Kies et
al 1972b, 1974). The influence of glycine on urea-nitrogen

salvage 1is examined in Chapter 7.

On consideration, it seems possible that the limiting
factor in this system may be sulphur. When the amino acid
score of the 30g protein/day (LP) diet is examined (shown in
Appendix 1d), it can be seen that methionine is the limiting
amino acid. Hence, in retrospect, the sulphur excretion in
the urine was measured as inorganic¢ sulphate and results can
be seen in Table 5.11. The results indicate that the
utilisation of urea nitrogen by the colonic bacteria may be
influenced by sulphur in some way. Excretion of sulphate can
be increased just by addition of non-essential nitrogen. The
exploration of this will form the basis of the next chapter

in this thesis.
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to a diet below minimal requirements for protein. However,
the observed increase in hydrolysis by the colonic
microflora i1s restricted until substantial amounts of urea
are present and hence, the next question is to determine the

factors controlling this process.
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5.5 Summary

This study shows that a diet which provides 30g protein/day
is not adequate, but addition of large amounts of nitrogen
in the form of urea can produce improved nitrogen balance,
through the enhanced salvaging of urea nitrogen. As urea
production appeared related to protein intake, but urea
salvage was related to the rate of appearance of urea
nitrogen, we would conclude that the availability of urea is
an important determinant of urea salvage. The urea available
for excretion in urine is that which is not salvaged, thus
the active process appears to be urea salvage and hence, the
ability to maintain urea salvage appears to be a critical
mechanism through which nitrogen balance is maintained.
Therefore, nitrogen from urea can be incorporated into the
body nitrogen pool and may be particularly important when
the dietary intake of nitrogen 1s restricted. At the
boundary of successful adaptation, relatively large amounts
of urea were reqguired to improve apparent nitrogen balance,

suggesting there may be other limiting factors.
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CHAPTER 6

THE INFLUENCE OF SULPHUR AMINO ACIDS ON UREA-NITROGEN
SALVAGE.

In the preceding chapter, it was found that exogenous urea was
utilised by colonic bacteria when dietary protein intake was
below minimal requirement. However, large quantities of this
non-essential nitrogen source were required to produce this
effect, leaving a question as to whether other limiting factors
were important. The purpose of this study was to determine
whether the biocavailability of sulphur amino acids i1s a

contributing factor to this system.

6.1 Introduction

The body does not use sulphur itself as a nutrient but it
occurs in important nutrients such as thiamin and sulphur amino
acids. Sulphur is necessary for protein structure and hence
enzyme function, extracellular matrix composition and removal
of potentially dangerous compounds from the body via
detoxification reactions or quenching of free radicals by
glutathione.

On examination of the experiments looking at the effects of
non-essential nitrogen on essential amino acid requirements,
the importance of the influence of sulphur amino acids and in
particular methionine becomes apparent. Rose’s pioneering
investigations into dietary amino acids led to the
classification of the sulphur containing amino acid methionine
as being indispensable (Rose 1938, 1955). From these
experiments, a series of studies followed in order to determine
the daily requirement for this nutrient (Reynolds et al 1958,
Swendseid et al 1956, Clarke et al 1970). Interactions between
methionine and its derivative cysteine, the total amount of

nitrogen present in the diet provided and inaccuracies of the

116



nitrogen balance technique led to conflicting estimates. The
current accepted value is 900mg methionine per day {(FAO 1985).
Following this criterion, the 30g protein diet used in the
previous study was limiting in methionine, and hence, sulphur.
In fact, the sulphur containing aminc acids have been found to
be the first limiting amino acids in several important food
sources such as potatoes, soy beans and legumes (Kies & Fox
1975). It has also been demonstrated that in milk protein
(Snyderman et al 1962) and corn protein (Kies & Fox 1972b), the
next limiting factor after non-essential nitrogen 1is the
availability of methionine. Of wider implication, methionine
may be the limiting factor of greatest importance in the
nutrition of developing countries.

Nitrogen and sulphur metabolism are inevitably linked, both
being constituents of protein. The level of total dietary
nitrogen influences the order in which amino acids become
limiting in the dietary protein source (Kies & Fox 1970a) and
when protein intake is lowered, the sulphur amino acids become
limiting. Nitrogen balance on these intakes can be improved
using methionine supplements (Kies & Fox 1975, 1978, Korsland
et al 1973, Zezulka & Calloway 1976). However, some
investigators have not seen this beneficial effect, possibly
due to the level of nitrogen intake being relatively high
(Clarke & Woodward 1966, Kaneko et al 1986). Young saw no
improvement in nitrogen balance with additional methionine when
nitrogen intake was 128mgN/kg/d but did at a nitrogen intake
level of 82mgN/kg/d (Young et al 1984). It has also been noted
that fortifying soy based infant formulas with methionine
improved nutritional status in early life (Fomon et al 1979).

Various suggestions have been put forward to explain this
beneficial effect of sulphur amino acids. Methionine
supplementation has been shown to increase whole body protein
synthesis in chicks (Muramatsu et al 1986). The improvement in
nitrogen balance may be due to decreased migration of free
amino acids from peripheral tissues to the liver and the
decreased level of liver ornithine, reducing endogenous urea

formation in rats on a protein free diet supplemented with
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methionine and threonine (Yokogoshi & Yoshida 1977). However,
it is the aim of this study to examine whether this phenomenon
can be explained by the activity of the colonic microflora.
The previous study demonstrated that the nitrogen source
could influence changes 1in urinary sulphur excretion,
indicating an effect on sulphur amino acid metabolism. The
colonic bacteria responsible for recycling of nitrogen from the
large intestine can themselves be influenced by methionine
analogues which appear to increase the urease activity (Smith
et al 1979) and this could be a possible mechanism for

increasing the salvage of urea nitrogen.

Hence, the purpose of this study was, firstly, to determine
whether methionine is a limiting factor in our low protein diet
by supplementing this amino acid at levels such that
requirement values are met and to determine the nitrogen status
of the subjects using urea kinetics. Secondly, this technique
will be employed to determine whether the limitations 1in
utilisation of non-essential nitrogen sources by the colonic
microflora are overcome by addition of a supply of bioavailable

sulphur, in the form of methionine.
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6.2.2 Diets

The low protein diet (LP) was fed at a level of 26g
protein/day, as this was 0.42g/kg/d, an eqgquivalent amount to
the 30g protein/day diet in the male subjects in the previous
study. The diet was again whole food intake rather than liquid
formula and calculated using food tables (McCance and Widdowson
1991). The structure of the diet is shown in Table 6.2 and
appendix 1C. The 26g protein diet was found to contain 358mg
methionine, using the Comp-eat computer analysis (appendix 1D).
If it 1s assumed that the methionine is 85% available, then
304mg is delivered to the body. Hence, to make the level of
methionine up to the reqguirement level of 900mg, it 1is
necessary to supplement an extra 600mg/day (LP-M). The smaller
urea dose, 6.9g, as supplemented in the previous study was
supplemented, alone or in addition to methionine, in the third
(LP-U) and fourth (LP-UM) dietary protocols respectively, in
order to see 1f addition of sulphur would improve the
utilisation of this nitrogen source. The supplements were given
in the form of a flavoured drink, taken with meals. Food was
eaten ad libitum on days 1-4, but on day 5, food was eaten at

three hourly intervals to coincide with isotope administration.
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6.2.3 Urea Kinetics

The protocol used the prime intermittent dose method of urea
kinetics (see section 3.1). During the final 24 hours of each
study period, urea kinetics was measured using prime/ intermit-
tent doses of [!°N!°N] urea (99% atoms !°N; Cambridge Isotope
Laboratories, Cambridge, MA, U.S.A.). An accurately measured
amount of isotope was made up in sterile water and stored at
4°C until use. At 00.00 hours, a priming dose of isotopic urea
equivalent to 15 hours of intermittent doses (28.5mg) was given
orally to shorten the time taken to achieve a plateau of
enrichment in urinary urea. From 06.00 hours until 18.00 hours,
intermittent doses of urea (5.5mg) were administered at three
hourly intervals. Urine was collected immediately before the
administration of the prime dose of urea isotope and at three
hourly intervals from 06.00 until 21.00 hours to coincide with
the taking of the intermittent doses of isotope and three

hourly intakes of food.

6.2.4 Urine Collection

Total wurine collection occurred throughout the five day
protocol period. For days 1-4 urine was collected as passed
into a new container every 12 hours. After isotope
administration, urine was collected at three hourly intervals
into separate containers to coincide with intermittent doses.
Urine was collected into plastic bottles, 2 litres for 12
hourly collections and 500ml for 3 hourly collections. The
bottles contained 2ml 6M HC1/100ml volume which acted as a
preservative.

In order to store urine samples until analysis, the volume
of each sample was noted before 60ml of each urine sample was
pipetted into labelled plastic containers and frozen at -20°C.

Remaining urine was disposed of.
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6.2.5 Analyses

The nitrogen content of the urine was measured by Kjeldahl
analysis (section 3.3). The concentration of urea and ammonia
in urine and plasma was determined by the Berthelot Method
(section 3.2). Urea nitrogen was isolated from urine for mass
spectrometry using short ion-exchange column chromatography
(section 3.3). Nitrogen gas was liberated from urea by reaction
with alkaline hypobromite (section 3.4). The relative
proportions of N'"N urea, "N'"N urea and NN urea in the
nitrogen gas evolved can be determined using a triple collector
isotope ratio mass spectrometer (SIRA 10, VG Isogas, Winsford,
Cheshire, U.K.). Inorganic sulphate (section 3.7) was also

measured in the urinary samples.
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6.3.4 Urea Kinetics

Plateau enrichment of the doubly labelled urea isotope in
urinary urea was identified by visual inspection and the
average coefficient of variation at plateau was 16% for [}°N'°N]

urea and 17% for ['"N''N] urea.

Urea appearance (Au), measured by the dilution of [!°N'°N]
urea in the urea pool, was 88 +8 mgN/kg/d on the 26g protein
(LP) diet and did not differ when 600mg of methionine was
supplemented, having a value of 87 +4 mgN/kg/d. Supplementation
of exogenous urea increased urea appearance in the body pool
significantly to 144 +9 mgN/kg/d on the LP-U diet and 135 +14
mgN/kg/d on the LP-UM diet. When the amount of urea ingested
(Iu) was subtracted from the appearance in the urea
supplemented diets, giving the endogenous production (Pu), it
was found to be similar to that of the first two dietary
regimens (ie. 91 +9 and 82 +13 mgN/kg/d respectively). The
increase in appearance was entirely due to ingested urea and
endogenous production was not significantly different in the
four study periods. This is c¢learly shown in Figure 6.2 (and
appendix 4E) and is the same finding as for the previous

chapter.
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6.4 Discussion

This study was designed to examine 1f sulphur amino acids were
limiting the colonic nitrogen salvage system when protein
intake was low. It was demonstrated that addition of methionine
to a low protein intake did not improve nitrogen status and
hence it is unlikely to be the first limiting component under
these conditions. In comparison to the male study described in
chapter 5, women were able to utilise the smaller supplement
of urea by increasing urea hydrolysis in the colon to improve

nitrogen balance.

The study was constructed in order to determine whether
sulphur amino acids were contributing to the ‘switching off’
of urea salvage on protein intakes less than 35g/day. Women
were used instead of men, due to subject availability and the
fact that the majority of our understanding of nitrogen
metabolism has been gained from young male subjects so more
measurements are required in women. However, using women meant
controlling for the cyclic changes throughout the menstrual
cycle. All subjects were taking the oral contraceptive pill
which allowed for increased confidence in the timing of the
measurement. Every study was carried out during week 4 (with
week 1 taken as the commencement of menstruation) in each
subject 1in order to control for known differences in urea
kinetics between ovulation and the luteal phase (McClelland
1994) .

The study protocol followed was as for the previous male
study, except that the low protein intake was lowered to 26g
rather than 30g protein/day. This meant that the intake was
constant at 0.42g/kg/d for both groups of subjects. There is
no evidence as to the lower limit of protein intake for urea
kinetics in women and whether this is the same as for the
35g/day seen in men. However, the failure of the women in this
study to reach nitrogen equilibrium on the LP diet, would
suggest that this intake of 26g protein/day 1is below the

minimal requirement level.
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The sulphur amino acids, in the form of methionine, were
given at a level of 600mg to make the content of the diet up
to the current recommendation of 900mg/day and this provided
only 0.06gN, so any effect would be due to the sulphur, not the
nitrogen content of the supplement. This was given as a
blackcurrant drink in order to disguise the strong flavour of
the sulphur amino acid. L-methionine was used as this 1s more
effective than the other isomers of the amino acid (Kies & Fox
1975, Zezulka & Calloway 1976b). Energy intake was similar to
the male study when considered in terms of intake per kilogram
body weight and was calculated to satisfy BMR x1.4 as
recommended for a sedentary lifestyle. Non-essential nitrogen,
as urea, was supplemented at the lower level seen 1in the
previous study ie. 6.9g urea (3.2gN), in order to see if the
sulphur amino acids could influence the bacterial utilisation
of this nitrogen source and was added to the blackcurrant drink
alone or along with the methionine. However, the results
clearly show that the women were able to utilise the urea
supplement before methionine was added so any beneficial

influence may have been masked.

One conclusion reached in this study is that men and women
differ in their handling of a 6.9g urea supplement on a low
protein diet. Unlike the men, these female subjects were able
to improve their nitrogen balance by utilising the urea-
nitrogen via colonic recycling. There is no evidence to suggest
gender differences in the numbers or types of colonic
microflora but differences are clear in urea kinetics. Rates
for endogenous urea production are lower per kilogram body
weight in women, a result also seen in another study carried
out in our group (Child 1995). Hence, one contributing factor
to the extent of urea salvage may be body composition (ct
general discussion).

The other factor which differed between men and women was the
protein content of the low protein diet. Although similar per
kilogram body weight (0.42g/kg/d), it is not known where the

'switch point’ for failure of urea salvage to maintain nitrogen
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balance lies in women. Hence 26g of protein may be closer to
the switch point in women than the 30g protein in men, allowing
the smaller urea supplement of 6.9g to be utilised by the
colonic bacteria. It was again clear that urea hydrolysis was
not a concentration dependent process as there was an increase
in hydrolysis despite no enlargement in the urea pool with the
LP-U diet.

The main purpose of this series of feeding experiments was
to look at the influence of sulphur amino acids on the colonic
salvage system. Past studies have been unclear as to the
beneficial effect of methionine on low protein diets. Early
animal experiments showed that additional methionine increased
nitrogen retention in dogs and rats (Cox et al 1947, Eckert
1948). Much of the research carried out with supplemental
methionine has involved adding methionine to important protein
sources which are limiting in this amino acid, such as
potatoes, soybeans and other legumes. Human studies by Kies and
fellow workers demonstrated the beneficial effects on nitrogen
balance of additional methionine added to diets at low levels
of nitrogen intake, but at higher nitrogen intakes the effects
were less clear (Kies & Fox 1972b, Kies 1975, 1978, Zezulka &
Calloway 1976). A similar influence of nitrogen intake was
again shown by Young who observed that methionine had a
supplementary effect on soy protein isolate only in subjects
given a low protein diet with an adeqguate concentration of
added methionine (Young et al 1984). Suggestions as to the
underlying mechanism behind this effect range from an increase
in whole body protein synthesis (Muramatsu et al 1986) to an
influence on lipid metabolism (Roth & Allison 1949, Smith et
al 1983). Methionine has also been found to improve growth of
infants fed soy based formulas (Fomon et al 1979). However,
this effect has been difficult to replicate (Koishi et al 1984,
Kaneko et al 1986).

This study was unable to demonstrate any beneficial effects
of methionine on nitrogen balance at nitrogen intakes of this

level. There may be several reasons for this observation. The



first is that the first limiting factor, non-essential nitrogen
does not appear to be limiting in this case, as shown by the
ability of these women to utilise the small urea source. This
may influence any effects seen with supplemental methionine.

Another important consideration is that the requirement level
for methionine may not have been reached, either due to an
incorrect assessment of the dietary methionine content by the
comp-eat computer analysis, which could have limitations when
applied to the actual dietary intake, or that the requirement
level is not as recommended, ie 900mg/day. Requirement levels
for methionine have been investigated on numerous occasions
with varied results ranging from 260mg to 2.0g/day (Rose 1955,
Swendseid et al 1956, Reynolds et al 1958, Clarke et al 1966,
Young et al 1991). The main problem is that the requirement
level is influenced by many other factors such as total
nitrogen intake, nitrogen source, relative abundance of
cysteine and glycine, and even amounts of methyl groups present
(Young et al 1991). A very important factor in this diet was
the abundance of cysteine. Dietary methionine and cysteine
requirements are often grouped together to give a total sulphur
amino acid requirement because of the sparing effect of
cysteine on methionine requirements (Finkelstein & Mudd 1967).
The LP diet contained 280mg cysteine which has been
demonstrated to reduce the requirement for methionine to as
little as 260mg (Clarke et al 1970). Hence, 900mg/day is an
estimated recommendation and may well not be the requirement
level for the females in this study.

More importantly, if the requirement for methionine has been
exceeded then this will have a negative influence on nitrogen
balance. That there is a maximal level to the beneficial
effects of methionine supplementation was shown in a number of
rats studies, with excess methionine reducing growth and
demonstrating toxicity (Brown & Allison 1948, Wretland & Rose
1950, Cohen et al 1958, Klain et al 1963). In the human studies
described earlier, it too was found that supplements above 1.1g
methionine/day to diets containing approximately 4.0gN/day
abolished any improvements in the subjects nitrogen balance



seen on lower additions (Kies & Fox 1975, Young et al 1984).
So any error in estimation of the level of supplementation used
here, ie. 600mg/day which brought levels of this sulphur amino
acid to high levels would in fact be detrimental to the
nitrogen balance of the subjects. The toxicity seen with excess
methionine can be alleviated with supplementary glycine (Roth
& Allison 1949, Benevenga & Harper 1967) and the links of the
urea salvage system with this amino acid will be looked at in
the next chapter.

A final hypothesis as to why the urea salvage system failed
to increase nitrogen recycling with supplemental methionine is
that on these low levels of nitrogen intake, there were
insufficient resources with which to handle the sulphur amino
acids, either by the body or the bacteria themselves. Faecal
sulphate excretion remains constant despite sulphur
supplementation (Eckert 1948, Wright et al 1960), a result that
suggests that all protein sulphur is absorbed. This means that
the methionine supplement may not reach the colonic microflora
and the beneficial effects seen 1in some studies could be
occurring on the whole body level, rather than simply an

influence on the metabolism of colonic bacteria.

So how do supplemental sulphur amino acids influence the
body’s nitrogen balance? In many cases, it appears that there
is a parallelism between nitrogen and sulphur balances. They
occur together in the proteins of food and the body and in
general, excretion of nitrogen follows the same pattern as
urinary sulphate excretion (Eckert 1948, Wright et al 1960,
Scrimshaw et al 1969). However, it has also been demonstrated
that this relationship fails when low protein diets limiting
in the sulphur amino acids are fed, with or without methionine
supplementation (Bressani et al 1965, Clarke et al 1970), or
when calories are limiting (Bressani et al 1965, Jourdan et al
1980) .
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1980). The results from this study agree with this statement
in that sulphur excretion (in the form of urinary inorganic
sulphate excretion), 1s closely related to sulphur intake

but did not demonstrate a relationship with nitrogen excretion,
possibly due to the non-essential nitrogen manipulations.
Previous studies have demonstrated that methionine
supplementation increased nitrogen retention in the body
(Eckert 1948, Bressani et al 1965) but the present studies were
unable to demonstrate this. The results were also in agreement
with observations that show methionine supplementation resulted
in increased 1inorganic sulphate excretion, as all of the
supplemental methionine 1s absorbed and excreted in the form
of inorganic sulphate (Johnson et al 1947, Eckert 1948). The
urinary sulphate excretion was plotted against nitrogen intake
in Figure 6.5 for both the male and female studies. This does

not demonstrate any linear relationship between the two.

In conclusion then, sulphur amino acids, as methionine were
not shown to improve nitrogen balance or enhance the urea
salvage system on protein intakes at this level. This may have
been due to the inability of the colonic bacteria to utilise
the sulphur amino acids or because the level of methionine
exceeded requirement levels. Excess methionine intake has been
shown to be detrimental to nitrogen status and can lead to
toxic effects 1if levels are increased further. Hence, it
appears that under these conditions sulphur amino acids are not
a limiting factor but this may have been masked by the fact
that, in the women, non-essential nitrogen was the primary
limiting factor at this level as they were able to utilise the
smaller urea supplement of 6.9g urea. In the male subjects,
other limiting factors were influential but these conditions

were not replicated in the women at an intake of 26g protein.

142



6.5 Summary

The present study demonstrates that on this margin of protein
intake, women were able to utilise a small amount of urea
nitrogen by recycling in the colon to improve nitrogen balance.
In comparison, male subjects in the previous study {(chapter 5)
were unable to utilise this level of non-essential nitrogen.
However, the addition of methionine to this diet did not
improve nitrogen balance. This may have been due to the
nitrogen intake level, an inability of the colonic bacteria to
handle the 1locad of sulphur amino acids or an excess of
methionine. It is therefore unlikely that methionine plays a
limiting role in the salvage of urea nitrogen under these

conditions.
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CHAPTER 7

THE INFLUENCE OF GLYCINE ON UREA-NITROGEN SALVAGE

It has been demonstrated that the primary influence on urea-
nitrogen salvage 1is the intake of total nitrogen. The
importance of non-essential nitrogen was illustrated by its
ability to enhance urea hydrolysis and improve nitrogen balance
when protein intake was vrestricted. This chapter will
investigate whether the source of non-essential nitrogen is
influential on the salvage system and look more closely at the

role of non-essential amino acids, particularly glycine.

7.1 Introduction

Attention has been focused on the amino acid glycine because
of its central position in mammalian metabolism, with close
ties to the metabolism of serine and the sulphur amino acids.
As well as being a constituent of body proteins, especially
collagen, glycine acts as a precursor for a range of important
metabolites, for example conjugates such as glycocholic acid,
purines, haem, c¢reatinine and glutathione. Each of these
represents a significant daily drain on the availability of
glycine as they are end products with no return to the
metabolic pool (Jackson 1991b).

This considerable demand for glycine is further exacerbated
under certain conditions when it becomes limiting, leading to
its classification as a conditionally essential amino acid
(Jackson 1983). These conditions occur at crucial stages in an
individuals life for nutrition when there is an extra demand
for glycine for rapid growth, such as pregnancy {(Persaud et al
1989), recovery from malnutrition especially in children, and
in the preterm infant (Jackson et al 1981b).

Thus the need for the synthesis of substantial amounts of
non-essential amino acids is apparent. In the past, nitrogen

balance studies have demonstrated that one approach 1is to
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supplement non-essential amino acids in the diet when protein
1s restricted to improve nitrogen balance. In particular,
Snyderman demonstrated that by adding glycine to a low protein
diets, infants regained weight and maintained nitrogen balance
(Snyderman et al 1962). When the source of this non-essential
nitrogen was examined, it was found that glycine was more
efficient at improving nitrogen retention in adults than
diammonium citrate or urea, improving even further when glycine
was supplemented with diammonium citrate or glutamate
(Swendseid et al 1960, Clarke et al 1973, Anderson et al 1970,
Kiegs 1974). Recent stable isotope studies, have demonstrated
that in normal adults on a low amino acid diet (0.6g
protein/kg/d), glycine production in the body was insufficient
to satisfy the normal metabolic demands (Yu et al 1985).
Because of the essentiality of glycine under conditions of
limited protein intake or increased protein demands, 1t is
logical that the adaptive role of urea salvage may be important
in contributing to the satisfaction of these needs. Hence, the
aim of the series of feeding experiments described in this
chapter was to investigate whether glycine is a limiting factor
to urea nitrogen hydrolysis during low protein intake. Also the
relative effectiveness of glycine and urea as non-essential
nitrogen sources were compared using the technigue of urea
kinetics. Further, the influence of the experimental low
protein diets with the varying supplements on glycine
metabolism was looked into using urinary S-oxoproline as a

marker of glycine insufficiency (Jackson et al 1987).
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7.2.2 Diets

The low protein diet (LP) was fed at a level of 26g protein/day
as in the previous chapter. The diet was made of whole food as
shown in Table 6.2 and appendix 1C. The urea dose for the LP-U
diet was 6.9g/d (3.2gN/d), the smaller dose of the two used in
Chapter 5. L-glycine was supplemented along with urea on the
LP-UG diet so that there was a source of urea for the colonic
bacteria to utilise. The supplement was calculated to contain
the same amount of nitrogen as the urea supplement (3.2gN/d),
but having 1.6¢gN as urea and 1.6gN as glycine. The supplements
were given as a blackcurrant drink with meals. Food was eaten
ad libitum on days 1-4, but on day 5, food was eaten at three

hourly intervals to coincide with isotope administration.

7.2.3 Urea Kinetics

The protocol used the prime intermittent dose method of urea
kinetics (see section 3.1). During the final 24 hours of each
study period, urea kinetics was measured as described in
section 6.2.3. An accurately measured prime dose of approx.
28.5mg was given orally at midnight on day 5 and then starting
at 6am, intermittent doses of 5.5mg were given at three hourly

intervals until 6pm.

7.2.4 Urine Collection

Total wurine collection occurred throughout the five day
protocol period as described in section 6.2.4. For days 1-4
urine was collected as twelve hour collections. After isotope
administration, urine was collected at three hourly interval
sin order to coincide with isotope administration. Urine was
collected into plastic contalners contalining 2ml 6M HC1/100ml

volume to act as a preservative.
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7.2.5 Analyses

The nitrogen content of the urine was measured by Kjeldahl
analysis (section 3.3). The concentration of urea and ammonia
in urine and plasma urea were determined by the Berthelot
method (section 3.2). Urea nitrogen was isolated from urine for
mass spectrometry using short ion-exchange column
chromatography (section 3.4) and nitrogen gas liberated from
this urea by reaction with alkaline hypobromite (section 3.5).
The relative proportions of NN urea, NN urea and NN
urea in this nitrogen gas were determined using a triple
collector isotope ratio mass spectrometer. Inorganic sulphate
was measured in the urine (section 3.7). Urinary levels of 5-
oxoproline were measured in samples from both the male and

female feeding experiments by Dr C. Persaud (see section 3.8).
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7.3.3 Urea Kinetics

Urea appearance was measured by the dilution of the doubly
labelled isoteope to unlabelled urea in the body pool and hence,
reflected in urinary excretion of the relative enrichments.
Plateau of enrichment for the calculation of urea kinetics was
identified by visual inspection of a plot of enrichment over
time. Individual data for the six adult females is shown in

appendix 5E.

On the LP intake, appearance of urea in the urea pool
occurred at the rate of 88 +8 mgN/kg/d. When additional urea
was added to this protein intake in the form of a supplement
(LP-U), appearance rose significantly to 144 +9 mgN/kg/d.
Appearance dropped slightly to 128 +11 mgN/kg/d when a portion
of the supplemental urea was replaced with glycine (LP-UG), but
this difference was not statistically significant. Hence,
appearance of urea in the body pool reflected the intake of
nitrogen in the diet, regardless of source. When the appearance
due to the supplemented urea was taken into account (see Figure
7.2), the endogenous production of urea from body and dietary
amino acids via the urea cycle was seen to be constant,
reflecting the consistent protein intake of all three dietary

regimens.
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With the male subjects, the REF diet containing 70g protein/day
showed a similar level of 5-oxoproline excretion as the
habitual level, 223.8 +25 umol/d compared to the habitual 243.4
+30 pmol/d, indicating that this diet is sufficient in glycine.
When intake was restricted to 30g protein/day, the excretion
of 5-oxoproline rose to 510.7 +97 umol/d. The smaller 6.9g urea
supplement partially reduced this deficit in glycine as
excretion of 5-oxoproline fell to 392.9 434 umol/d, although
this was not significantly different to that on the LP diet.
When the larger 13.7g urea supplement was given, S-oxoproline
excretion fell to 277.7 +16 umol/d, a value similar to that of
the REF dietary intake. This suggests that the urea supplement
was hydrolysed 1in the colon and the recycled nitrogen
contributed to the body’s glycine pool to reduce the dietary
deficit.
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excretion fell to levels equivalent to habitual at 213.0 +38
pmol/d, which backs up the evidence of increased colonic
salvage in the women on this level of urea supplement. When
this non-essential nitrogen supplement was partially as glycine
(LP-UG), excretion of 5-oxoproline fell further to 185.8 +28
pmol/d. This was not significantly different to the LP-U intake
due to the large inter-individual variation and was a similar

level of excretion to that seen habitually.
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7.4 Discussion

In this series of feeding studies, the comparative effects of
urea or glycine as non-essential nitrogen sources for colonic
salvage were investigated, both improving nitrogen balance. The
excretion of 5-oxoproline as a biological marker of glycine
insufficiency gave a further insight into nitrogen metabolism
in the face of protein restriction, demonstrating different
mechanisms for improving nitrogen balance for the two nitrogen

sources.

The experimental design which enabled us to examine the
influence of the non-essential amino acid glycine on urea
kinetics, was to include a further feeding protocol to the four
studies reported in the last chapter. Hence, 1in this chapter,
the LP and LP-U diets reported previocusly have been compared
to one extra feeding study, that including a supplement of urea
and glycine, LP-UG. The protocol used was the same format as
in the previous two chapters and the same group of women
undertook the studies as in chapter 6. The LP diet was a 26g
protein/day intake, as described 1in Table 6.2 and the
supplement was again given 1in a flavoured drink. The LP-UG
supplement was calculated to include 3.2¢gN as given in the 6.9g
urea supplement. Half of the supplement was as urea (3.4g) and
the rest as glycine (8.6g = 1.6gN), in order that there was a

source of urea avallable for the colonic bacteria.

It has already been demonstrated that non-essential nitrogen
can 1improve nitrogen balance when added to a diet low in
protein and that a source of non-essential nitrogen 1is
essential for synthesis of non-essential amino acids when
nitrogen from essential amino acids is limited. However, non-
essential nitrogen sources vary in their effectiveness.
Attempts to compare the effectiveness of sources of non-
essential nitrogen with different amino acid patterns and
different levels of total nitrogen content have led to a

ranking of non-essential nitrogen sources (Swendseid et al
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1960, Clarke et al 1963, Watts et al 1964, Kies et al 1965b,
1972b, 1973a, Jackson 1995). When lower amounts of non-
essential nitrogen are fed the source becomes more significant
(Kies & Fox 1972Db).

In the above studies, it becomes clear that the most effective
source of non-essential nitrogen are the non-essential amino
acids as these are the desired product in the body. Other
sources are less effective as they have to undergo metabolic
exchange to satisfy the bodies demands for non-essential amino
acids. Glycine, in combination with other non-essential
nitrogen sources such as glutamate, diammonium citrate or urea,
is consequently more effective than diammonium citrate or urea
alone. However, some care should be taken with these
conclusions as they are drawn from many studies with differing
conditions and total nitrogen intakes.

Hence, as the previous chapter suggests that methionine is
unlikely to be a limiting factor under our particular
experimental conditions, we then considered if non-essential
amino acids were limiting, especially glycine due to 1its
central role in metabolism. Glycine is also important in the
process of urea salvage. If the hydrolysed nitrogen is taken
back into the body as ammonia, this passes to the liver where
it 1s incorporated into the amino acid pool through amination
of the non-essential amino acids i1e. as glutamate or the
glycine/serine exchange. Hence, glycine is important if ammonia
is to be incorporated into synthetic pathways rather than
simply returning to the urea cycle. The results demonstrated
that supplemental urea at the level of 3.2gN/day was utilised
by the women on the LP-U intake, and an apparent increase in
urea salvage was able to improve nitrogen balance. Only a small
proportion of recycled label is excreted as '"NYN urea so the
possibility of glycine availability limiting the amination of
non-essential amino acids 1s unlikely.

A similar improvement in nitrogen balance was observed with
the LP-UG diet. However, there was no 1ncrease 1in urea
hydrolysis which suggests that a different mechanism 1is

operating. One theory 1s that no increase in hydrolysis 1is
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necessary because the non-essential amino acids are being
replace directly by the glycine supplement and no exchange of
nitrogen is required. The LP-UG supplement did not improve
nitrogen balance to equilibrium and there was no beneficial
influence when compared to urea supplemented alone (LP-U). To
look at these findings more closely, glycine status was

examined using the excretion of 5-oxoproline.

5~oxoproline is an intermediate in the T-glutamyl cycle which
leads to the formation of glutathione (a simplified version is
shown in Figure 7.7) and is the anhydride of glutamic acid. If
there is insufficient glycine present for the formation of
glutathione, there is a release on the feedback inhibition on
the production of glutamylcysteine and this follows the
alternate pathway to form S5-oxoproline. Jackson first suggested
that under certain circumstances, urinary 5-oxoproline might
provide a useful index of glycine insufficiency (Jackson et al
1987). He showed that following a large oral dose of sodium
benzoate in adult humans, there was an increase in urinary 5-
oxoproline over the next four hours as the glycine pool became
depleted. The increase in urine was reduced by supplementary
glycine.

The excretion of 5-oxoproline was measured on day 5 of all
of the dietary protocols in both the male and female studies.
The male data (Figure 7.5) demonstrates that the LP diet was
clearly deficient in glycine as compared to habitual excretion
of 5-oxoproline and that on the REF intake. This is due to a
decrease in glycine synthesis on low protein intakes (Gersovitz
et al 1980). With urea supplements, an increase in urea salvage
decreased the excretion of 5-oxoproline, suggesting that the
non-essential nitrogen was contributing to the bodies glycine
pool via colonic salvage, either as glycine formation in the
body from ammonia or incorporation of glycine produced by the

colonic bacteria.
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In conclusion, it appears that supplemental glycine can
improve nitrogen balance and reduce a deficit in glycine
perhaps by direct replacement rather than recycling the
nitrogen via urea salvage. A supplement of urea and glycine was
no more efficient than one of isonitrogenous urea during the
conditions used in our experiments. These findings appear to
be in contrast to studies described in the literature and
whether this was due to the nitrogen level of the supplement
or the level of nitrogen intake in the low protein diet is
unclear. The 5-oxoproline data shows that in circumstances of
restricted protein intake, the non-essential amino acids,
particularly glycine are limiting and replacement of these

allows the individual to improve nitrogen balance.
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7.5 Summary

The influence of glycine of the urea salvage system was
investigated by comparing the supplementation of two sources
on non-essential nitrogen to a low protein diet in a group of
young adult women. A supplemental source of urea was utilised
to improve nitrogen balance by increasing urea hydrolysis and
reincorporating the nitrogen into the body pool. With
supplemental glycine, nitrogen balance was improved by
replacing the deficit in glycine directly without an increase
in urea salvage. This demonstrates the essentiality of glycine
and a non-essential nitrogen source to the body under
conditions when either the demand is increased or supply is
restricted.
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CHAPTER 8
GENERAL DISCUSSION

The principle aim of this thesis was to gain an understanding
of the controlling factors which allow the body to adapt to low
protein intakes by nitrogen recycling in the colon. The use of
stable isotope labelling enabled the measurement of urea
kinetics in free 1living individuals consuming diets with a
protein content below the minimum requirement. From this basic
experimental model, the effects of supplemental nitrogen

sources could be examined.

It was found that the primary influence on urea salvage was
total nitrogen intake rather than simply the protein content
of the diet. The colonic salvage system responded to the daily
cycles of nitrogen intake. During the overnight fast, urea
hydrolysis increased thereby compensating in part for a
restricted dietary intake.

Addition of dietary urea supplements to an inadequate protein
intake improved nitrogen balance by increasing the rate of urea
hydrolysis in the colon and reincorporating the nitrogen back
into the body. This appeared to be stimulated by an increased
urea appearance in the body urea pool. However, substantial
amounts of this non-essential nitrogen source were required to
boost the start of the urea salvage system and hence, the
possibility of other limiting nutrients was examined.

Based wupon the amino acid pattern of the diet, it was
considered that the sulphur amino acids might be a limiting
factor, being the most limiting amino acids in the experimental
diet. However, the improvements to nitrogen balance shown by
Kies in the 1960’s was not replicated and methionine
supplementation did not improve the nitrogen deficit and in
fact removed any beneficial effect of the supplemental urea.

A further source of non-essential nitrogen, in the form of
glycine, was examined as this had been shown to be a more
efficient source of nitrogen for improving nitrogen balance.

It was found that glycine improved nitrogen balance at a
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similar magnitude to that of |urea, demonstrating the
essentiality of a dietary source of glycine under these
conditions. These conclusions were further reinforced by the
resulting urinary excretion of 5-oxoproline. It appeared,
however, that the improvement in nitrogen balance was achieved
by direct supplementation rather than indirectly via enhanced

urea salvage.

Before any conclusions can be drawn from the results
presented in this thesis, the validity of the data should be
discussed. The results presented in chapter 4 demonstrated the
importance of 24 hour measurements of urea kinetics in order
to take into account diurnal changes in urea excretion and
hydrolysis. The influence on these parameters by expansion and
contraction of the urea pool could also be dispelled if
measurement are taken over a 24 hour period.

Inter~individual variability was considerable amongst the
male and female subjects, demonstrating that different
individuals could respond to varying extent to the changing
nitrogen supplements (Table 8.1). However, these variations
were not beyond those often experienced in studies using humans
subjects (Hibbert & Jackson 1991, McClelland 1994). The rates
of wurea hydrolysis showed the greatest wvariation between
subjects as individuals responded to different degrees to the
non-essential nitrogen supplements. The reasons why individuals
have differing rates of urea salvage under similar conditions
are unknown. All the subjects were free living in their own
homes and limited checks were maintained over their compliance
to the study protocol. All the subjects were highly motivated
and undertook a series of studies. Although, it has been
demonstrated that the order in which studies are carried out
may influence the results obtained (Atinmo et al 1988), there
was no evidence to suggest that variability decreased as more
studies were completed by the individual. Three weeks were left
between studies to allow individuals to return to their
habitual nitrogen status rather than only three days in the

studies of Atinmo.
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When all these studies are considered as a whole then a picture
begins to emerge of the metabolic control on the urea salvage
system and in particular, the switch point which enables
successful adaptation. Availability of urea is an important
determinant for the rate of urea salvage. A primary control is
the appearance of wurea in the body pool (normally from
endogenous production) which, in turn is dependent on the
nitrogen content of the diet. The results from these studies
and those of Kies suggest that nitrogen balance is achieved
only when the total nitrogen intake is above a certain
threshold dependent on essential amino acid intake (Kies et al
1963, 1965b, 1965c, 1972b). This threshold lies between 8.0-
11.2¢gN/day. There is an underlying determinant for urea salvage
in an individual of the level at which urea production and
hydrolysis operate. Below a certain level of urea production,
hydrolysis cannot be maintained at rates which sustain nitrogen
balance. It appears that the critical level for adaptation by
urea salvage is when urea appearance in the pool is about 160
mgN/kg/d. When the rate of urea appearance approaches
200mgN/kg/d, either through intake or urea supplementation, the
individual is in nitrogen balance. The rate of urea salvage
could also be influenced by the factors which set the level of
urea appearance. Appearance 1is maintained above the critical
point by the sum of nitrogen intake and urea hydrolysis. From
the results in Table 8.2, it is clear that nitrogen equilibrium
was only achieved when intake plus hydrolysis exceeded 150
mgN/kg/d. This critical rate of urea appearance is set at a
similar level in the female subjects when expressed per unit
body weight, with urea hydrolysis leading to an improved
nitrogen balance at levels of urea appearance above 150
mgN/kg/d. The most effective supplement in the females is that
seen with the LP-u intake with values for urea appearance at

144 mgN/kg/d, ie. approaching the critical point.
However, urea salvage does not function in isolation. It is

part of a dynamic metabolism and hence, any one of the factors

which control the rate of salvage (Figure 2.4) could have an
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influence. For example, other nutrients rather than nitrogen
may be influential, particularly the energy content of the
experimental diet.

Energy intake has a very strong interaction with nitrogen
metabolism. Nitrogen balance has long been shown to be
influenced by energy balance (Munro 1951, Calloway & Spector
1954) and that at a given level of protein intake, addition of
energy to the diet improves nitrogen balance (Garza et al 1978,
Ivengar et al 1979). Evidence points to the oxidation of amino
acids for energy, which accounts for about 15% of daily energy
requirements, as a major drive for urea production. (Jackson
1994a). Therefore, it is not surprising that the protein:energy
ratio influences urea kinetics (Jackson 1990b). The experiments
shown in this thesis provided energy at a level of approx 130
kJ/kg/d which was sufficient to supply the requirement level
of energy for a sedentary lifestyle, ie. BMR (measured by
indirect calorimetry) x1.4 (DRV, HMSO 1991). However, if this
was not sufficient for some of the more active subjects, who
were free living during the studies and whose exercise was not
regulated, then the salvaging of nitrogen in the colon may have
been influence by the availability of energy. This is an area
which needs further research.

Other controls on the salvage of urea may also have been
influenced by the experimental conditions. In particular,
addition of urea and the expansion of the body urea pool may
have influenced the closely regulated systems for maintaining

acid-base balance and body fluid homeostasis.

Another factor which may account for differences in urea
salvage, both between individuals on comparable intakes and
between the male and female subjects, is body composition. In
the past, 1t has been concluded that body composition can
influence protein metabolism and that obese people can survive
a fast for longer by conserving body nitrogen by excreting less
in the urine (Henry 1991). A recent study found that this
alteration in nitrogen excretion in the obese was reflected in

urea salvage 1in the colon as on a similar intake to normal
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women, obese women had a higher rate of urea production and
hydrolysis (Child 1395). So a number of correlations were
carried out on the data gathered in this thesis from the male
and female subjects to examine the relationship between urea
kinetic parameters and measures of body composition (Figure
8.1). A clear relationship can be seen in these two parameters
of urea kinetics with an increase in body weight even using two
groups of lean individuals and with the various dietary
manipulations. The closest relationship is seen with resting
energy expenditure, again demonstrating the important link
between nitrogen and energy metabolism (Figure 8.2). It also
suggests that the metabolism of the colonic microflora may be
linked to the basal metabolic rate of the host individual.
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By following the ideas of the classical experiments of
Constance Kies, the importance of non-essential nitrogen could
be examined using a more detailed technique than body balance
studies. Kies gave a clear picture of the relationships between
the amount of protein in the diet and the ratio of essential
amino acids to total nitrogen reguired to meet nitrogen balance
in normal adults. From the data generated, conclusions can be
drawn about the relative efficiency of wvarious nitrogen
sources, on the assumption that there is a metabolic demand for
a defined pattern (Jackson 1995). The closer the amino acids
in the diet are to this ideal pattern, the less amino acids are
needed to achieve balance. Nitrogen equilibrium can be achieved
at 3-4g nitrogen/day i1if the diets provides two-three times
Roses minimal requirements (Rose 1957) with a low level of non-
essential amino acids. If large amounts of non-essential
nitrogen are provided in the diet, balance can be achieved at
6-8gN with Roses minimal requirements, as was the case in many
of Kies experiments (Kies et al 1963, 1965b, 1965c, 1972).
Further, non-essential nitrogen can substitute for non-
essential amino acids but the total nitrogen intake may have
to increase to 12 gN/day. This seems to be the case with
studies in this thesis, with balance only being achieved when
nitrogen intake was 11.2 gN/day. Different sources of non-
essential nitrogen substitute with greater efficiency for non-
essential amino acids (see rank order in Table 2.2). The
results from the female subjects in chapter 7 tend to agree
with this ranking with respect to glycine/urea and urea, both
being relatively inefficient but able to improve nitrogen
balance. The technique of urea kinetics using the stable
isotope '"N'"N urea enabled the mechanisms behind these balance

studies to be measured dynamically.

To put the conclusions from these studies in context, they
underline two integral points in nitrogen metabolism. The first
is the importance of non-essential nitrogen in meeting an
individuals requirements for nitrogen. Most recommendations for

protein requirements focus on the pattern of essential amino
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acids necessary in the diet. Although the essential amino acids
are of primary importance, the body’s reguirement for them can
be altered by the content of non-essential nitrogen. Addition
of non-essential nitrogen to a low protein diet can improve the
nitrogen balance of an individual. It may be more appropriate
to consider this nitrogen source as ‘non-sgspecific’ as the term
‘non-essential’ undermines i1ts importance in human nutrition.
Integral to the role of non-specific nitrogen in metabolism
is the urea salvage system in the colon. Nitrogen is recycled
back into the body pool wvia the action of the colonic
microflora. The form of the nitrogen returning to the body is
only now beginning to be examined and there is some evidence
that bacterially formed amino acids are absorbed into the body.
The urea-nitrogen salvage is a part of the body’s adaptive
mechanism to a lowered dietary intake, with an increase in urea
hydrolysis and subsequent nitrogen recycling compensating for
a reduction in intake. The system has a lower limit at 35g
protein/day 1in men which can be taken to be the absolute
minimal requirement level. The factors which set and control
this ‘switch point’ in individuals are complex. However, this
thesis goes some way to examine the influence of nitrogen
intake on this control mechanism. The nitrogen intake from the
diet determines the appearance of urea in the body pool which,
in turn, regulates the rate of urea hydrolysis in the colon.
Urea salvage 1is an integral part of nitrogen metabolism in
all metabolic conditions; being of principle importance during
protein restriction. If the metabolism of amino acids and
nitrogen is to be fully understood in order to give informed
recommendations for protein intakes for populations, then urea
salvage can no longer be considered a ’'futile cycle’ and should

be included in all models for amino acid kinetics.
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