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ABSTRACT

The liver is a key organ for the catabolism of amino acids in mammals. However, the
processes for the catabolism of arginine and onithine in liver have not been studied in
great detail. Neither the extent to which these amino acids are catabolized, nor the
location within the liver of this catabolism is known. With respect to the localization of
these processes, certain metabolic pathways are restricted to specific regions within the

liver. Thus, it is possible that the processes for catabolizing ornithine and arginine are

not distril the liver, but are contained within a specific
region. Furthermore, the catabolism of amino acids such as glycine and glutamine in
liver is known to be regulated by various dietary and hormonal stimuli; the rates of

catabolism of arginine and omnithine may also respond to such stimuli.

It was discovered that the catabolism of both omnithine and arginine could be carried
out, in their entirety, in the perivenous cells of the liver (those cells lining the central
vein, where blood normally exits the liver). Also, the rates of catabolism of ornithine and
arginine are subject to regulation by the amount of dietary protein. Rats fed a high
protein diet over a period of days showed increased rates of catabolism of these amino
acids, when compared with rats fed a diet with normal protein content. With respect to

the effects of h it was d that the catabolism of arginine, but not of

ornithine, is subject to acute stimulation by glucagon, whereas insulin was without effect.
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CHAPTER 1

INTRODUCTION

THE METABOLISM OF ARGININE AND ORNITHINE



THE DIETARY REQUIREMENT FOR ARGININE IN MAMMALS

The basic amino acid arginine (2-amino-5-guanidinovaleric acid), first isolated in the late
nineteenth century, is shown in Figure 1.1. It is present in human and rat plasma at
concentrations between 0.1mM and 0.2mM (Brusilow and Horwich, 1989; Rémésy et al,
1978). The dietary requirement for arginine differs among mammals and may vary
during the development of individual members of a species. In adult humans, arginine
was defined as a ‘non-essential’ amino acid (Rose et al, 1954). This is to say that
endogenous de novo synthesis of arginine proceeds at a rate sufficient to meet the demand
for arginine in humans. This study, in common with all the pioneering experiments of
Rose, used the parameters of growth and nitrogen balance to assess the dietary
requirement. In the same decade it was demonstrated that arginine was not required for
growth or maintenance of nitrogen balance in human infants (Snyderman et al, 1959). In
the immature rat arginine is required for optimum growth, but not for maintenance of
nitrogen balance (Rose et al, 1948; Milner et al, 1974). In species such as cats (Morris,
1985) and ferrets (Deshmukh and Shope, 1983) there is an absolute requirement for this
amino acid. The term ‘conditionally essential’ (Chipponi et al, 1982) is most often
applied when discussing the requirement for arginine (for alternative nomenclature, see
Laidlaw and Kopple, 1987; Young and El-Khoury, 1995). Arginine’s requirement is
conditional upon the species in question as well as the developmental stage under
investigation. In this respect, it was acknowledged by Rose in his earlier studies that
arginine may become an essential amino acid in humans under certain conditions (Rose et

al, 1948).
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Figure 1.1. Chemical structures of arginine and ornithine.



De novo synthesis of arginine is achieved principally by the concerted action of the
intestine and kidney. Trivial amounts of the citrulline, produced from glutamine in the
intestine (Windmueller and Spaeth, 1981), are catabolized in the liver leaving the
majority to proceed to the kidney where it is converted, stoichiometrically, to arginine
(Featherston et al, 1973; Dhanakoti et al, 1990). Arginine production from citrulline also
occurs in endothelial cells (Sessa et al, 1990) and macrophages (Wu and Brosnan, 1992).
This second and quantitatively minor route serves to recycle citrulline which is generated

in the production of nitric oxide (NO) from arginine.

Considerable debate continues as to whether criteria based solely on the parameters of
growth and nitrogen balance are adequate for the accurate assessment of the dietary
requirement for arginine (Visek, 1986; Young and El-Khoury, 1995). Arising from this
discussion is the proposal that orotic acid excretion should also be monitored, as this is a
more sensitive indicator of arginine status (Milner et al, 1974). Briefly, as the urea cycle
becomes depleted of arginine carbamoyl-phosphate accumulates within the
mitochondria, the excess of which then leaks into the cytoplasm. This carbamoyl-

hosphate is d in the production of orotic acid, an i diate in

biosynthesis. Orotic acid levels quickly exceed the renal threshold for this molecule and
that amount excreted in the urine can be routinely quantified (Kesner, 1965). Orotic acid
excretion is a more sensitive indicator, as the minimum arginine requirement to ensure
basal orotic acid excretion is greater than that required for optimum growth (Milner et al,
1974). On a more general note, it is plausible that a wide range of specific metabolites

4



may be used in the assessment of the optimal requirements for the individual amino acids

at some point in the future.

The currently recommended intake of protein (FAO/WHO/UNU, 1985) of 0.8g

protein/kg body weigh meets the i for growth and development in the
human population at large and, as such, argues against the case for reanalysis of the
dietary requirement of amino acids in humans. However, known pathophysiological
situations exist in which arginine becomes an essential nutrient for humans. For example,
patients with inborn errors of the urea cycle require dietary supplementation with arginine
(Brusilow, 1984). Also, supplementation of diets with arginine has been shown to
improve wound healing in rats (Seifter et al, 1978), and immune system function in

humans (Barbul et al, 1981). Th i inistration of supra-dietary amounts of

arginine is made feasible by the low toxicity associated with this amino acid. In human
studies 30g/day of arginine-HCI have been administered orally over a period of 7 days
(Barbul et al, 1981), or by a single i.v. injection over a 30 minute period (Goodner and
Porte, 1972), the patients incurring only minor side effects. A key distinction should be
made between the issue of requirement for the population at large, which appears to be
adequate, from that of specialised needs which is at the heart of much of the current
debate. Those processes which form the basis of a demand for arginine are now

discussed.



ARGININE’S ROLES IN MAMMALIAN METABOLISM

The metabolic processes in which arginine participates are outlined in Figure 1.2. The
reaction catalyzed by arginase (EC 3.5.3.1) provides the principal link between arginine
and ornithine. As a protein or common amino acid, arginine serves as a substrate for a
specific tRNA-synthetase. In contrast, arginine can also function in the degradation of

certain proteins; arginine is conjugated to the acidic N-terminal residues of proteins, in

the form of an ami tRNA, as a step in a ubiquiti protein

degradation pathway (Ciech: and 1989). Thus, ition for available
arginyl-tRNA between these opposing processes may occur within the cell (Sivaram and
Deutscher, 1990). Arginine is an intermediate of the urea cycle, a process for the
detoxification of ammonia (Krebs and Henseleit, 1932) carried out in the livers of

animals. In vitro, arginine is an activator of N-acetyl glutamate synthase (EC 6.2.3.11),

the product, N-acetyl can stimulate synthesis (Meijer et
al, 1990). In addition, increasing dietary protein which increases circulating arginine

levels results in increased citrulline synthesis in isolated rat liver mitochondria. In these

dietary protein i d the mitochondrial content of N-acetyl

glutamate (Morimoto et al, 1990).

Arginine can be converted to agmatine in a reaction catalyzed by arginine decarboxylase
(EC 4.1.1.19). This reaction is quantitatively minor in terms of daily arginine
consumption. The recent isolation of agmatine in bovine brain (Li et al, 1994) is the first

of this in ‘This molecule is capable of displacing the

6
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Figure 1.2. The metabolic roles of arginine and ornithine in

mammals. 7



anti-hypertensive drug clonidine by binding to both a2-adrenergic receptors as well as
both classes of imidazoline receptors (I; and I;). Agmatine stimulates the production of

epinephrine and inephrine in adrenal ch cells via an i ion with the I,

class of imidazoline receptors (Li et al, 1994). A further study reports the presence of
agmatine (10'?M-10°M) in rat brain, kidney and liver as well as plasma (Raasch et al,
1995). Agmatine production may occur within the tissues as arginine decarboxylase
mRNA has been found in rat kidney, brain, gut, adrenal gland and liver (Morrissey et al,
1995). However, the presence of a particular mRNA species is not definitive evidence
for the existence of the corresponding protein. Particular attention has focused upon the
réle of this molecule in the regulation of kidney function; agmatine increases the single
nephron glomelular filtration rate and absolute proximal reabsorption via independent
mechanisms (Lortie et al, 1996). In bacteria, agmatine serves as precursor to the
polyamines, however, recent evidence suggests that this molecule reduces the production

of the polyamines in mammals (Satriano et al, 1998).

Arginine is consumed in the production of nitric oxide (NO). Currently, this is one of
the most actively researched areas in the field of amino acid metabolism. Originally
known as the “endothelium derived relaxing factor” (Furchgott and Zawadski, 1980) this
gas has been shown to be an important regulator of blood pressure (Palmer et al, 1987),
neurotransmission (Bredt and Snyder, 1989) and is also responsible for the cytotoxic
activity of macrophages (Hibbs et al, 1988). Nitric oxide synthase, which requires the
cofactors tetrahydrobiopterin, FMN, NADPH and FAD (Stuehr, 1997), catalyzes the

8



reaction in which arginine and molecular oxygen are converted to citrulline and NO. NO
production appears to be a feature of most mammalian cell types (Nathan and Xie, 1994).
The three isoforms of nitric oxide synthase which have been characterized to date are
endothelial (type 1) and neuronal (type 3), the calcium-calmodulin dependent
constitutively expressed isoforms, and the inducible (type 2) which is calcium
independent (Stuehr, 1997). NO production may not always be beneficial. For example,
NO plays a protective role in a model of acute kidney dysfunction (Waddington et al,
1996) as well as natural killer cell activity (Hibbs et al, 1988) whereas excessive NO
production may be a key factor in the development of a number of neurodegenerative
diseases (Hantraye et al, 1996).

NO production, in the normal rat liver, is below the level of detection in both a

recirculating perfusion (Pastor et al, 1995) and a single-pass perfusion model (Wettstein
etal, 1994). (The lower limit of detection of the standard assays for NO is between 10”
M and 107 M). Thus, hepatic NO production has little impact on the daily consumption
of arginine in the normal liver. However, hepatic NO production does increase during a

septic insult, principally due to the action of the inducible NO-synthase isoform. NO

is also sti by cytokines, and by treatment of rats with killed
Corynebacterium-parvum (Pastor et al, 1995) or bacterial endotoxin (Wettstein et al,
1994; Pastor et al, 1995). Under these conditions, NO production assumes a more

significant role in terms of daily arginine consumption.



Arginine is a secretagogue, stimulating the secretion of insulin (Mulloy et al, 1982),
glucagon (Assan et al, 1977) and growth hormone (Alba-Roth et al, 1988). Endogenous
steroid secretion also increases with increased arginine supply (Barbul et al, 1983).
Arginine serves as the sole source of amidino groups for the synthesis of creatine, a

molecule important in muscle and energy metabolism. A fraction of this creatine

degrades to inine (in clinical bi i inine is the most
widely used indicator of kidney function). Visek contends that the currently accepted
daily requirement for arginine is barely sufficient to replace daily obligatory losses of this
molecule (Visek, 1986). However, for every molecule of creatine formed from arginine,
there is a concomitant production of an omithine molecule in this process which may then
be recycled to arginine. Dietary arginine is the chief source of the amino acid omithine
and thus arginine must be viewed as a primary precursor to the processes of ornithine

bolism. These are now di

THE ROLE OF ORNITHINE IN MAMMALIAN METABOLISM:

The non-protein amino acid omnithine (2,5-diamino-pentanoic acid, Figure 1.1), derived
principally from dietary arginine, is present in human and rat plasma at concentrations of
approximately 0.1mM (Valle and Simmell, 1995; Rémésy et al, 1978). Omnithine is an
intermediate of the urea cycle (Krebs and Henseleit, 1932). Reactions which consume

ornithine are catalyzed by omithine ami (EC 2.6.1.13; OAT) and omithine

decarboxylase (EC 4.1.1.17), the former being the major catabolic enzyme of ornithine

and the latter an enzyme required for i ion, a itatively minor route




for disposal of the daily omithine load. Polyamines function in cell growth and
differentiation, but much remains unknown concerning the physiological roles of these
polycationic molecules (Tabor and Tabor, 1984). Omithine may be converted to proline
or glutamate, these three amino acids are all linked via the intermediate pyrroline-5-
carboxylate (Jones, 1985; Herzfeld et al, 1977). Based on the distribution of the enzymes
PSC-reductase and omithine aminotransferase the capacity to produce proline from
ornithine is common in rat tissues, particularly in rat fetal tissues (Herzfeld et al, 1977)
and in the lactating rat mammary gland (Mezl and Knox, 1977; Jones, 1985). In addition,
production of proline from PSC, catalyzed by PSC-reductase in cells such as human
erythrocytes may function to regulate the ratio of oxidized to reduced nucleotide pyridines
i.e. NADP/NADPH. This is based on the enzymes preferential use of NADPH within
these celis and the observation that NADP, but not proline, can inhibit this enzyme
(Merrill et al, 1989). As emphasized in Figure 1.2 arginine may be oxidized through

ornithine amis after its ion to omithine. This process is the primary

concern of this thesis.

INBORN ERRORS OF METABOLISM OF ARGININE AND ORNITHINE IN
HUMANS

F clues ing the physiological rdle of a parti process arise from the

situations in which the process malfunctions. Studies investigating the genetic disorders

of arginine and omnithine metabolism have provided answers to two questions that are of

particular relevance to this thesis. These deal with the presence of isoforms of arginase
11



within mammalian tissues, and the importance of the OAT reaction to the disposal of the

daily loads of arginine.

Argininemia, a deficiency of the liver-type arginase (Al type), is the least common of the
inborn errors of urea cycle metabolism (Prasad et al, 1997; Brusilow and Horwich, 1989),
with 27 cases reported in the literature to date. It is an autosomal recessive disease
produced by a variety of mutations in the Al arginase gene (Uchino et al, 1995; Uchino et
al, 1992); this heterogeneity at the gene level results in clinical symptoms of varying

severity among sufferers. In addition to greatly elevated plasma arginine concentrations

(400-1500pM), clinical include progressive mental ion, spasticity,

decreased motor function and episodic h ja. Ne l urea
persists due to the functioning of the kidney-type arginase (AII type), an important factor
in the relatively mild clinical course of the disease. The limited human biopsy samples
available to date show elevated All arginase activity; the range of this increase is from 2-
30 fold, relative to normal individuals (Spector et al, 1980; Grody et al, 1993 ). Raised
circulating levels of arginine may be responsible for the induction of All; in vitro studies
with a human embryonic kidney cell line show that elevated arginine concentrations in
the medium cause an induction of the AIl enzyme (Grody et al, 1989). The presence of a
substantial kidney arginase activity in these patients, concomitant with the complete
absence of the Al isozyme, was, at the time, a substantive piece of evidence in favour of
the presence within humans of at least two independently regulated arginase genes. The
human genes for the AI (Ohtake et al, 1988) and AIl (Vockley et al, 1996) arginase genes
12



have since been cloned.

With respect to ornithine metabolism, gyrate atrophy of the choroid and retina is an
autosomal recessive disease, characterized by a deficiency of OAT, in which plasma
omithine levels reach 400-1400uM (Valle and Simell, 1995) and 0.5 to 10 mmoles of
omithine may be excreted daily. There have been 150 cases documented, with a
particularly high prevalence among Finnish people. Clinical symptoms include myopia
and night blindness leading to tunnel vision in the second decade of life. Cataracts may
also occur with retinal damage usually resulting in complete blindness by the fourth
decade. Tubular aggregates are also apparent in type-Il muscle fibers. Creatine
administration is effective in dealing with the tubular aggregates in type-II fibres. The

most ious of the i to date has been the provision of

an arginine-restricted diet since OAT is a major consumer of the daily arginine, and thus,
omithine load. In cases in which residual OAT activity exists supra-physiological doses
of pyridoxine and pyridoxal phosphate (the cofactor for this enzyme) have shown promise

in reducing circulating levels of omithine. The non-uniformity of response to the various

is a reflection of the ity of this disease at the level of the OAT gene

(Park et al, 1992). The other inbom error of lism i ing omithine
which has so far been described in only 40 patients (Valle and Simell, 1995) is thought to
occur as a result of a defective mitochondrial transporter for omithine. This autosomal

recessive disease is known as ithinemia-h ia-h itrullinuria.




THE RATIONALE FOR THIS THESIS

Adult mammals in nitrogen balance must oxidize an amount of protein equal to that
which is absorbed from the diet. A balance is achieved between the supply and the
consumption of protein. Arginine balance could, in principle, be achieved by altering the
metabolic processes which produce or consume this amino acid. In this regard, the
existing studies show that the catabolic, rather than the synthetic, processes fluctuate
under conditions of varying arginine intake in humans (Castillo et al, 1994a; Castillo et al,
1994b), rats (Dhanakoti et al, 1990) and pigs (Prior and Gross, 1995). The processes
involved in the catabolism of arginine are the subject of this thesis.

Quantitati the most i pathway for the ism of arginine and omithine

in rats and humans occurs through OAT. In patients with the genetic disease gyrate
atrophy OAT deficiency leads to immense increases in blood and tissue levels of
omithine as well as a substantial omithinuria (Valle and Simell, 1995). As discussed
earlier, one of the most effective treatments for this disease is restriction of dietary
arginine. Inhibition of OAT in mice leads to substantial increases in the levels of
omithine in all tissues studied (Alonso and Rubio, 1989; Seiler et al, 1989). In addition,
in adult mice in which the OAT gene has been deleted similar increases in omithine are
seen (Wang et al, 1995). The other processes in which these amino acids are consumed,
as discussed earlier, are quantitatively either minor or result in the production of a
substrate which may be recycled back to arginine. The catabolism of arginine and
ornithine through OAT is the focus of this thesis.



Liver contains all the enzymes necessary for the complete catabolism of arginine and
ornithine to CO; through OAT and is the key organ for post-prandial amino acid

clearance (Jungas et al, 1992). This work was with the goal of und

more fully the factors (nutritional and hormonal) which regulate these processes in the rat
liver, and to determine their localization within rat liver. The oxidation of arginine and
omithine through OAT is now discussed as well as the localization of metabolic

processes within the mammalian liver and possible sites of regulation.

THE OXIDATIVE CATABOLISM OF ARGININE AND ORNITHINE IN
MAMMALIAN LIVER

Transport of the cationic amino acids into the liver

In liver the y* is ible for the transport of the cationic

amino acids (White, 1985). This Na'-i 1 ic, amino acid

first described by Christensen in the 1960’s (Christensen, 1964), is a low affinity
transporter for arginine, omithine, histidine and lysine. This transporter was shown to be
specific for the L-amino acids, subject to trans-stimulation, and, in the presence of Na*,

may also carry neutral amino acids (Chri 1984). They" has since been

cloned (Kim et al, 1991), a serendipitous discovery arising from the study of murine
retrovirus receptors. One of these viruses subverts this transporter to gain access to the
cell interior. This transporter/viral receptor was named the murine cationic amino acid

transporter-1 (MCAT1). This gene codes for a protein with 622 amino acid residues

14 putative panning regions, a motif prevalent

15



among nutrient transporters. Subsequent studies revealed the presence of a related gene,
with high sequence homology to MCAT], that is differentially transcribed to produce the
MCAT2A and MCAT2B transporters (Closs et al, 1993). MCAT! is expressed in all cell
types studied to date with the exception of adult hepatocytes (Maillard et al, 1995). Only
the low affinity MCAT2A transporter is expressed in normal adult hepatocytes (Kakuda
etal, 1993). This may explain the low uptake of the cationic amino acids in the perfused
rat liver (Pardridge and Jefferson, 1975). This transporter has an apparent Km between 2-
SmM and, thus, is not saturated at the physiological concentrations of the cationic amino
acids (cumulative concentration for arginine, ornithine and lysine in humans is 0.25mM).
Net movement of arginine via the Na™-independent y* transporter is made possible by the
decreasing concentration gradient of this amino acid which exists between extracellular
and intracellular compartments of the liver, due to the high arginase activity within

hepatocytes. Also, since the cell interior is i negative

potential for cells are typically -70mV) relative to the cells exterior, arginine flow would
be attracted inwards to achieve electrical neutrality. Unlike the MCAT1 and MCAT2B
transporters, MCAT2A is a low affinity transporter that is not subject to regulation by
trans-stimulation. Most of the studies concemed with the transport of the cationic amino
acids measure the cumulative action of all MCAT gene products expressed in a particular
tissue (designated y" transporter activity). In the cases where a particular MCAT gene
product has been studied I will refer to the specific transporter in question (MCAT1,

MCAT2A or MCAT2B), otherwise the transporter activity will be referred to as y*.



Key enzymes involved in the catabolism of arginine ornithine

Arginase (L-arginine ureohydrolase EC 3.5.3.1), Figure 1.3., best known for its
participation in the urea cycle, carries out the irreversible reaction converting arginine to
omithine. Arginase activity is present in kidney, mammary gland, intestine, brain,
submaxillary gland, as well as a variety of other tissues (Reddi et al, 1975; Aminlari and
Vaseghi, 1992). The extra-hepatic arginases must function in processes other than the
urea cycle as the liver is the only tissue in which this process is fully functional (Meijer
etal, 1990). Arginase requires Mn®* for activity and the crystal structure for trimeric rat
liver arginase has been refined to a 2.1 A° resolution (Kanyo et al, 1996). Early
comparisons made between rat liver arginase and partially purified preparations from rat
mammary gland (Glass and Knox, 1973) and rat kidney (Kaysen and Strecker, 1973;
Reddi et al, 1975) demonstrated differences in kinetic parameters, charge properties,

inhibition profiles, cofactor i i logical

mobility, subcellular location and solubility characteristics. Marked differences in the
properties of hepatic versus non-hepatic arginases were also demonstrated in humans
(Spector et al, 1982). These studies lended credance to an earlier speculation (Cabello et
al, 1965) that mammalian tissues contained different forms of this enzyme.

The number of isozymes of arginase present in human and rat tissues has since been
reported to be between two and five (Spector et al, 1994; Zamecka and Porembska,
1988). It is clear that at least two isozymes of arginase exist, and that the activity of these
accounts for the vast majority of the arginase activity within mammalian tissues (Kaysen
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Figure 1.3. The metabolic pathway for the catabolism of arginine and ornithine through
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and Strecker, 1973; Reddi et al, 1975). However, current evidence does not preclude the
possibility of the presence of still minor forms. Quantitatively, the two principal
isozymes are Al (‘liver type’) and AII (‘kidney type’). Al, expressed in liver and in
erythrocytes, is cytoplasmic while AlI, present in many other tissues, is mitochondrial

(Spector et al, 1994). Ced 's group, using i d evidence for

the presence of Al arginase in the kidney (Spector et al, 1994) but in recent studies, using
in situ hybridization, the same group showed only the presence of the All isozyme
(Vockley et al, 1996); this result is in agreement with data produced by other groups
(Kaysen and Strecker, 1973; Glass and Knox, 1973). Based on the distinct characteristics
and differential regulation of these isozymes, it was predicted that the two arginases were

the products of separate genes.

The cloning of distinct genes for the Al and Al arginases confirmed this view. The Al

gene was cloned from rats (Kawamoto et al, 1986) and humans (Haraguchi et al, 1987)

to its assi to ch band 6q23 in humans (Sparkes et al, 1986).
The deduced amino acid sequence for the human and rat gene products both contain 322
amino acids (M.W. 35,000 daltons) and share high sequence homology. Previous
protocols for purification of human liver and erythrocyte Al arginase yielded a

homotrimer (Lkemoto et al, 1989). Interestingly, expression of the human Al gene in E-

coli yielded a apart from this di inq 'y structure it
many of the characteristic properties of the Al arginase (Tkemoto et al, 1990). However,

when concentrated in an alkaline envis this monomer iated to form dimeric
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and trimeric protein species. Standard purification procedures for liver arginase based on

that developed by Schimke (Schimke, 1964) involve jon in an alkaline

A newly P ification scheme for the isolation of human hepatic
arginase also yielded a monomer (Kuhn et al, 1995). Thus, it is possible that the
quaternary conformation of arginase is an experimental artefact and that in vivo this
protein exists as a monomer. The gene for AIl has been cloned recently (Vockley et al,
1996); this gene codes for a protein of 355 amino acids and contains a mitochondrial
signal sequence. In humans, the gene has been assigned to chromosome position

14q24.1-24.3 (Gotoh et al, 1997).

Several functions have been proposed for the All arginase, including proline and
glutamate production, arginine and ornithine catabolism as well as a rdle in the regulation

of NO production. In the mammary gland of a lactating rat, arginase All functions in the

of proline and for milk ion (Yip and Knox, 1972; Mezl and

Knox, 1977). With i milk ion there is a co-ordinate increase in the

activity of arginase, OAT and P5C-reductase (these enzymes, operating in concert, are
capable of catalyzing the conversion of arginine to proline). These studies demonstrated
that in tissue minces and homogenates of mammary gland there was a significant
labelling of both proline and glutamate from [U-'*C} arginine, whereas incubation with
[U-C] proline showed that the production of arginine from proline was negligible.
Neither was there a significant proline oxidase or PSC dehydrogenase activity within this
tissue, enzymes responsible for the degradation of proline (Adams and Frank, 1980).
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Several studies indicate that the All arginase is more sensitive to inhibition by proline
than the Al isozyme (Kaysen and Strecker, 1973; Carjaval and Cederbaum, 1986), a
property which may enable feedback inhibition of proline synthesis at the first step of this

process.

The pyridoxal-phosphate dependent enzyme omithine aminotransferase (L-omithine:2-

oxoglutarate aminotransferase, EC 2.6.1.13) catalyzes the conversion of omithine and 2-

to pyrroline-5. and gl This reaction was first described in

mammals in studies using rat liver preparations (Meister, 1953). OAT is a mitochondrial
matrix protein in mammalian tissues (Peraino and Pitot, 1962; Strecker, 1965). The Keq
for this reaction in rat liver, using a partially purified preparation was calculated to be 71;
thus the forward reaction is somewhat favoured (Strecker, 1965). However, earlier
attempts to reverse this reaction using partially purified preparations showed negligible
reverse reaction (Meister, 1953). The production of citrulline from glutamine within
enterocytes means that the reverse reaction proceeds in vivo in rats (Windmueller and
Spaeth, 1981). Glutamate (formed from giutamine in the reaction catalyzed by

and pyrroline-5. are to 2: and omithis
the omithine is then converted to citrulline in a reaction involving omithine

transcarbamoylase. In addition, a study using ine (3-amino, 2,3,

acid) to inhibit OAT that the reaction catalyzed by OAT is involved in both

the synthesis of omithine as well as its degradation. Infusion of '*C-glutamate to mice
resulted in the recovery of significant amounts of the radioactive label in the amino acids
21



arginine and omithine; gabaculine administration reduced significantly the incorporation
of ['“C] into arginine and omithine in mouse tissues. Infusion of ['*C]-omithine resulted

in the ion of “CO; i inistration reduced significantly the

production of “CO; in these mice (Alonso and Rubio, 1989). It is likely that OAT
functions in different directions in the different tissues. The pl was determined to be 5.38
indicating that this protein is acidic at the physiological pH (Peraino et al, 1969). The
gene for rat OAT has been sequenced (Shull et al, 1992) as has the human (Dougherty et
al, 1992). In humans the OAT gene has been mapped to 10926 (but several pseudogenes
are also present in the genome (Geraghty et al, 1993)). Crystal structures for native

human OAT (Shen et al, 1998) and OAT with the inhibif ine and

canaline (Shah et al, 1997) have been determined recently.

less is known ing the istics of pyrolline-5-
dehydrogenase (PSCDH). The cDNA sequence for human PSCDH is known (Hu et al,
1996). This enzyme is a mitochondrial matrix protein and has been purified from rat liver
mitochondria (Small and Jones, 1990).

HEPATOCYTE HETEROGENEITY: “METABOLIC ZONATION” ACROSS
THE LIVER

This section deals with the localization of the for the ism of ornithine

and arginine within the liver. The most widely accepted model describing the functional
unit of mammalian liver is the ‘hepatic acinus’ model first described by Rappaport
2



(Rappaport, 1954; Rappaport, 1973). In this model blood is supplied to the liver viaa
dual afferent system, comprised of the portal vein and the hepatic artery, the blood then
flows through the sinusoidal system of channels and leaves the liver through the terminal
hepatic vein. The acinus describes a micro-circulatory unit in which the hepatocytes are
classified based on their position relative to the blood supply. Those hepatocytes
proximal to the affluent portal vein are termed ‘periportal’ while those surrounding the

effluent hepatic vein are called ‘peri * The term bolic zonation’

with Jungermann (Katz and Jungermann, 1976). Seminal studies in the field of hepatic

duced evidence fora iform distribution of the
enzymes for gluconeogenesis and glycolysis across the hepatic acinus. The processes of
gluconeogenesis and glycogenolysis are known to be primarily periportal in location
while glycolytic activity is more abundant in the perivenous region. Subsequent studies
demonstrated that in regard to hepatic metabolism, zonation is the rule rather than the

exception.

Experiments using a variety of i the dif ial distributions of

enzymes, amino acid transporters, hormone receptors etc. across the hepatic acinus (for
reviews see Jungermann and Keitzmann, 1996; Gebhardt, 1992; Haussinger et al, 1992;
Jungermann and Thurman, 1992; Katz, 1992 ; Halussinger, 1990; Jungermann and Katz,

1989). There is no strict i ion of peril 1 from

peri cells,
rather the dimensions of these zones are specific to the individual metabolic process
under consideration. Distribution patterns across the acinus follow two basic designs for
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compartmentation. These are ‘strict compartmentation’ and *gradient compartmentation.’
In strict compartmentation the individual process or enzyme is present in certain cells
across the acinus while is absent in others, and there is a clearly defined boundary
separating these two cell types. In the adult rat, glutamine synthetase and carbamoyl
phosphate synthetase 1 follow a strict compartmentation pattern, the former’s distribution

being restricted to a small population of ding the central vein

(Gebhardt and Mecke, 1983) while the latter is present only in the periportal cells

(Gaasbeek-Jansen et al, 1984). A recent mRNA in situ hybridization study

igated the ization of all five urea cycle enzymes and showed

that the ip i in the peri] region (Di et al, 1996); thus,

the urea cycle is a periportal process. Gradient compartmentation is characterized by a
gradual increase or decrease in the abundance of an enzyme across the acinus. It is likely
that a combination of factors operates to maintain the pattern of gene expression, such as

hormone and oxygen gradients, cell to cell interactions etc. At the gene level, glutamine

may be icted to the peri region through a transcriptional regulator
interaction with an upstream enhancer element (Lie-Venema, 1995); in transgenic rats in
which a DNA construct containing this element and a reporter gene (chloramphenicol
acetyltransferase) were integrated into the host DNA the expression of the reporter gene
was limited to cells of the perivenous region. The co-ordinate regulation of the urea cycle
enzymes may be achieved by the presence of such elements in the genome (Morris,
1992).
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The distribution pattern of a partis enzyme or ic process in the liver may
alter during normal development or with varying physiological status (a process known as
“dynamic zonation’). The pattern and extent of expression of the various urea cycle
enzymes changes across the hepatic acinus during development, particularly during the
perinatal period (Dingemanse et al, 1996). In rats subjected to cold exposure (4°C for 15
hours) the periportal/perivenous ratio of long chain fatty acid oxidation changed from 1.4

10 0.5 in enriched p ions of peri and peri| | h (Guzman et al,

1995). The localization of other enzymes appears to be refractory to such changes in the
studies carried out to date i.e. these exhibit a static type of zonation e.g. glutamine

synthetase (Matsuzawa et al, 1994).

With respect to amino acid it i brilliantly eluci the pattern of

of the for ia detoxification across the hepatic acinus

(Haussinger, 1983). In this study, in which rat livers were perfused in a nonrecirculating

manner, he a reci i ion of the activities of the urea cycle and

th to the peri| and peri regions, respectively. The key to
the success of these experiments lay in the ability to perfuse rat liver in both the normal
physiological direction (antegrade) and in the direction opposite to this (retrograde), see
Figure 1.4. The sinusoidal system for carrying blood through the liver is valveless. The
urea synthesizing periportal region is much larger than the glutamine producing
peri region. i that the principal nitrogenous product
formed in antegrade perfusions was urea while in the retrograde perfusions giutamine
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Figure 1.4. The zonation of urea is and in the liver.
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production predominated. In rat livers in which glutamine synthesis was inhibited, using

urea ion was identical in antegrade and retrograde

(Inall i ions of ammonia (0.2mM) were used which
were not saturating for either urea production or glutamine synthesis). This proved that
the processes were physically separated and that urea production occurs in the periportal

region while glutamine synthesis is a function of the perivenous region.

Particularly relevant to this thesis is that OAT was found to be strictly compartmented to
a cell population surrounding the hepatic vein by mRNA in situ hybridization (Kuo et al,
1991). An earlier study had shown OAT to be i dina

of hepatic d by a smaller diameter and thought
to be localized to a small region surrounding the central vein (Swick et al, 1970).
Immunohistochemical studies also localized OAT to this subpopulation of hepatocytes
(Matsuzawa et al, 1994). The separation of OAT from the urea cycle enzymes

(Di et al, 1996) precludes the ibility of OAT depleting the urea cycle of

omithine, thus giving primacy to the vital function of the urea cycle. The distribution of
OAT within the liver, therefore, defines omithine catabolism as a perivenous process.

Whether or not arginine catabolism through OAT is a perivenous process depends on the
presence or absence of an arginase in this region. P5C dehydrogense distribution within

the liver has not yet been studied.
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The localization of arginase within the liver: Is there a perivenous arginase?

It has been held that the arginase in liver is cytosolic and restricted in location to the
periportal cells. The sole function of hepatic arginase, it is widely believed, is as a
catalyst in the urea cycle. Raijman, however, has reported that there is a small amount of
arginase, with properties resembling those of the AII isozyme, which is mitochondrially
associated (Cheung and Rajman, 1981). Recent studies show that the mRNA for the AIl
isozyme is present in human and mouse liver (Gotoh et al, 1997; Morris et al, 1997). One
proposal is that this mitochondrially-associated arginase, due to the magnitude of its
activity and its location, could provide a mechanism by which the arginine that is
produced in the cytosolic reactions of the urea cycle could “channel” (for a review on
metabolic channelling see Srere, 1987) omithine back into the mitochondria to participate
in the urea cycle reactions of this compartment (Cheung et al, 1989; Watford, 1991).
Experimental evidence suggests that there is channelling of both the cytosolic and the
mitochondrial reactions of the urea cycle, as well as the transport of ornithine back into
the mitochondria (Cheung et al, 1989; Cohen et al, 1987). Whether or not this
mitochondrially-associated arginase functions in this manner has not been proven.

Raijman’s group report that the cytosolic enzymes of the urea cycle are concentrated

around the mitochondrion rather than being h istri the
cytosol (Cohen and Kuda, 1996; Cohen, 1996). Alternatively, this mitochondrially
associated arginase may be involved in some other process within the liver. In this thesis
we investigate whether an arginase is present in the perivenous region which may be
involved in the catabolism of arginine.

28



NUTRITIONAL AND HORMONAL REGULATION OF THE CATABOLISM OF
ARGININE AND ORNITHINE IN THE PERFUSED RAT LIVER: POSSIBLES
SITES FOR REGULATION.

Regulation by hormonal and dietary factors is a common feature of amino acid
metabolism. Alterations may occur at the level of substrate availability, allosteric or
covalent modification of enzymes, or by enzyme induction or degradation. As one of the

foci of this thesis is the ion of the for the catabolism of arginine and

omithine the following section deals with possible sites for the regulation of these

processes.

Regulation of transport

amino acid p are subject to lation by a range of different of
factors (for reviews see Macleod, 1996; McGivan, 1996; Maillard et al, 1995; Kilberg et
al, 1993; White, 1985). Alterations in substrate supply may regulate transporter activity.
The portal vein concentrations for many amino acids are below the Kqs for their
respective transporters (Meijer et al, 1990). Therefore, fluctuations in the levels of these
amino acids in this vessel will alter the rates of their transport into the cell. The
concentration of arginine in the portal vein of normal rats and humans is 0.1-0.2mM
(Brusilow and Horwich, 1989; Rémésy et al, 1978) and the K, for the MCAT2A
transporter (the only MCAT gene expressed in normal hepatocytes) is between 2 and
SmM (Closs et al, 1993). Thus, any alteration in the concentration of arginine in this
vessel, within the physiological range, will result in changes in the rate of its transport by

the MCAT2A transporter.
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In rats that were fed either a high carbohydrate containing diet (79% w/w starch; 13%
w/w casein) or a high protein containing diet (42% w/w starch; 50% w/w casein) for a
period of 10 days the rat portal vein concentration of arginine increased from 0.14mM to
0.27mM in the rats fed the high protein diet (Rémésy et al, 1978). The data from this
experiment would lead one to predict increased transport of arginine by the MCAT2A
transporter in the rats fed the high protein diet. In patients with hyperargininemia and
gyrate atrophy (discussed earlier) one would also expect altered transport of arginine and
ornithine into the liver, and the effects of this increased supply of substrate on processes

such as NO production and i duction would make an interesting study.

In the streptozotocin-induced diabetic rat, y” transporter activity in primary rat
hepatocyte cultures is increased five fold when compared to cells isolated from non-
diabetic controls ; ip administration of glucagon (2mg/100g prior to killing) also
increased y” transporter activity by five fold in these cells when compared to saline
treated rats (Handlogten and Kilberg, 1984). A single high protein meal, and feeding a
high protein diet over a period of days, raises the circulating levels of glucagon (Robinson
etal, 1981). Thus, it is possible that feeding rats a high protein diet could increase y™

in the sh by i ing substrate supply (direct mechanism) and in the
long-term by inducing the y* transporter (indirectly by increasing the concentration of

circulating glucagon).

Increasing the arginine content alone in the diet may increase y” transporter activity ; in
30



rats and humans fed supradietary amounts of arginine and glutamine, the activities of the

transporters system N and y” increases in hepatic plasma membrane vesicles (Espat et al,

1996). There is a discrimis induction of the for the cationic amino acids;

in rat brain astroglial cultures, induction of y" activity by in and

interferon-y is effected via an increase in the high affinity CAT2B transporter without
altering the expression of either CAT1 or CAT2A (Stevens et al, 1996). In untreated
hepatocytes, where the low affinity MCAT2A transporter is expressed, any stimulus
which could induce either the MCAT1 of MCAT2B would, by virtue of the higher

affinities of these alter ically the transport istics of these

cells at the physiological concentrations of the cationic amino acids. It is plausible that
alterations in the delivery of arginine and omithine into liver, by the y* transporter, could
affect the rate of catabolism of these amino acids. The recent discovery of the MCAT

genes, and the current interest in the regulation of NO bi is by the y*

provide the impetus for rapid advances in this area.

at the level of indi enzymes
Arginase catalyses the first non-equilibrium reaction in the pathway outlined in Figure
1.2. and, thus, regulation at this step would be an efficient means of regulating arginine
catabolism. Previous studies investigating the regulation of rat liver arginase would
have, necessarily, been primarily concemed with the regulation of the Al isozyme; any
Al activity present in the liver would be quantitatively minor when compared to the Al

isozyme (as discussed earlier). Rat liver arginase is subject to regulation by the level of
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