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ABSTRACT

The liver is a key organ for the catabolism ofamino acids in mammals. However,the

processes for the catabolism of arginine and ornithine 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 10 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 distributed homogeneously throughout the liver, but are contained within a specific

region. Funhennore. the catabolism ofamino acids such as glycine and glutamine in

liver is known to be regulated by various dietary and hormonal stimuli; the rates of

catabolism ofarginine and ornithine may also respond to such stimuli.

It was discovered lIlat the catabolism of both ornithine and arginine could be carried

out, in their entirety, in the perivenous cells or the liver (those cells lining the central

vein. where blood normally exits lhe liver). Also, the rates ofcatabolism ofornithine and

arginine are subjetl 10 regulation by the amount ofdietary protein. Rats fed a high

protein diet over a period ofdays showed increased rates ofcatabolism ofthesc amino

acids, when compared wilh rats fed a diet wilh normal protein content. With respect to

the effects of hormones. it was demonstrated that the catabolism of arginine, but not of

ornithine. is subject 10 acute stimulation by glucagon. whereas insulin was without effect.
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CHAPTER I

INTRODUCTION

THE METABOLISM OF ARGININE AND ORNITHINE



THE DIETARY REQUIREMENT FOR ARGININE IN MAMMALS

The basic amino acid arginine (2...mno-S-guanidinovalaic acid), first isolaled in the late

nineteenth century, is shown in Fipn 1.1. It is present in human and rat plasma at

concentrations between O.lmM and O.2mM (BNSilow and Horwich. 1989; RCmCsy {t II.

1918), The dietary requirement for arginine dift'cn among mammals mel may vary

during the development of individual members ofa species. In adult humans. arginine

was defined as a •non-csscntial' amino acid (Rose Ill!. 1954). This is to say that

endogenous de novo synthesis ofarginine proceeds at a rate sufficient to meet the demand

for arginine in humans. This study, in common with all the piooccring experimmts of

Rose. used the parameters ofgrowth and nifroBen balance to assess the dietary

requirement. In the same decade it was demonstrated that arginine was not required for

growth or maintenan« ofnitrosen balance in human infants (Snydennan ~ I!. 1959). In

the immature rat arginine is required for optimum growth, but not for mainlmlUK:e of

nitrogenbalance(Rose~l!l.1948;Milner U I!. 1974). (nspeciessucbaseats{Morris.

1985) and ferrets (Deshmukh and Shope:, 1983) Ihere is an absolute requirement for this

amino acid. The tenn 'condirionallyessential' (CbippooiClIL. 1982) is most often

applied when discussing the requirement for lI'Iininc (for allemltive nomenelature. sec

Laidlaw and Kopple, 1987; Young and ElaKboury, 1995). Arginine's ~uimnent is

conditional upon the species in question as well as the developmental stage under

investigation. In this respm. it was acknowledged by Rose in his earlier studies thIt

arginine may be<:ome an essential amino ac:id in humans under certain conditions (Rose ~

!!.. 1948).
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Figure 1.1. Chemi.al stru.tures of arginine and ornithine.



De novo synthesis ofqiniDe is adUeved priocCpeJJy by the toatmed actioD of the

intestine and kidney. Trivial amouncs oftbe ciIn&lliDc, produced from &hdamiDr ill the

intestine (Windmutlkr and Speeth, 1981), are aabolizcd in the liver aviaa the

majority to proceed co the kidney where it isCOll'Va1cd, sIOiebiometricalIy.1O qiniDc:

(Featherston ~!l. 1973; Dbanakoti l!!!. 1990). Arginine production trom. citrulline also

OC:CUJS in endothelial ceUs (Sessa d!!. 1990) aDd macropbages (WU aDd BfOSDIIl, 1992).

This second and quanritari'Vely minor route serves 10 m:ycle citrulline which is gmerated

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

Considerable debate continues u to whclhcr criteria based solely on the panmden of

growth and nitrostn baIancc arc adequate forthe accunIc assessment of the ctidary

"'luirem<nl Co< uginine (V0ck, 1986; YOUIIIlIlld EI-Khoury. 1995). Arising fn>m Ibis

discussion is the prtJI)OS&I that orotic Kid exa'dioD should abo be mooitorcd, as Ibis is a

more sensitive indicator ofatJiniDe stIlUs (MilDer lI; Il. 1974). Briclly, as the urea c:yde

becomes depleted of arginine ~1-pbosphaIcaccumw.es withiD the

mitochondria, the excess ofwbich IbcD teaks iDeo tbe C)'IOpI&sm. This cart.moyt-.

phosphate is consumed in the production oforotic Kid, III inIamediue in pyrimidine

biosynthesis. Orotic Kid levels quicldy exceed the renal cbresbold for this molecule IDd

that amount excreted in the urine can be routinely quantifitd (Kesner, 1965). Orotic Kid

excretion is a more sensitive indicaaor, as the minimum qinine requin:ment to ensure

basal orotic acid excretion is pater than thai requiml for optimum growth (MilDer It Il.

1974). On a moregcncn1 note, it isplaatsibletbata wide I'InIt ofspecific mmboIiccs



may be used in the assessmeot of tile optimal requimncnts for the individual Imino acm

at some point in the future.

The currently recommended iDtake of protein (FAOIWHOIUNU. 1985) of0.88

proteinlkg body weight/day meets the requimnent for growtb and developmenl in Ihe

human population at large and, as such, argues apinst the case for reanalysis ofme

dietary requirement ofamino acids in hunwlS. However. known pathophysiological

situations exist in which arginine becomes an essential nutrient for humans. For example.

patients with inborn errors oftbc urea cycle require dietary supplemmtation with arginine

(BrusHow. 1984). Also. supplcmmtation ofdiets with arginine has been shown to

improve wound healing in nits (Seifter~ I!. 1978). and immune system function in

humans (Barbul ~M. 1981). Therapeutic administration ofsupra-diewy amounts of

arginine is made feasible by the low toxicity associated with this amino acid. In hwnan

studies 30gtday ofarginine-Hel have bcal. adminiSlCrtd orally over a period of7 days

(Barbul ~!l. 1981), or by a single Lv. injection over a 30 minute period (Goodner and

Porte. 1972), the patients incurring only minor side effects. A key distinc:lion should be

made between the issue of requirement for the population II large, which appears to be

adequate, from that ofspecialised needs which is at the heartofmuc:h of the current

debate. Those processes which fonn the basis ofa demand for arginine arc DOW

discussed.



..o.RGININE'S ROLES IN MAMMALIAN METABQUSM

The metabolic processes in which arginine participates are outlined in FiI;_re 1.1. The

reaction catalyzed by arginase (EC 3.5.3.1) provides the principal link between arginiDe

and ornithine. As a protein or common amino acid., arginine serves as a substrate for.

specific tRNA-synthetase. In contrast, arginine can also fum:tion in the degradation of

certain proteins; arginine is conjugated to the acidic N-terminal residues ofproteins. in

the fonn ofan amin<*yl-tRNA, as a preparalory skp in a ubiquitin«pcodenl protein

degradation pathway (Cicthanovcr and Schwartz. 1989). Thus, competition for available

arginyl-tRNA between these opposing processes may occur within the ccU (Sivanm and

Deutscher, 1990). Arginine is an intermediate ofthc urea cycle, a process forthe

detoxification ofammonia (Krm and Hcnseleit, 1932) carried OUI in the livers of

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

the product, N-acetyl glutamate. can stimulate carbamoyl-phosphate synthesis (Meijer ~

!L 1990). In addition. increasing dietary protein which increases cimllating arginine

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

experiments. increasing dietary protem increased the mitochondrial content ofN-acet)'1

glutamate (Morimoto g!L 1990).

Arginine can be convened 10 agmatine in a reaction e:ataJyzed by arginine dew'boxylase

(EC 4.1.1.19). This reaction is quantitatively minor in terms ofdaily arginine

consumption. The recenl isolarionofagmarine in bovine btain (Li~'" 1994) is the first

demonstration of this substance in mammals. This molccule is capable ofdisplacing d1c
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Figure 1.2. The metabolic roles of arginine and ornithine in
mammals.



anti-hypertensive drug clonidinc by bindina; to bolb a2-adrenergK: receptors as well as

both classes of imidazoline recepcors O. and 12). Agmatine stimulates Ibc production of

epinephrine and norepinephrine in adrenal chromaffm cells via an inlenlcrion with the h

class ofimidazoline ~eptors (Li ~ II. 1994). A further study R'pOrts the presence of

agmatine (I0·12M_IO-~ in rat brain, kidney and liver as well as plasma (Raasch ~lIL

1995). Agmatine production may occur within the tissues as arginine decarboxylase

mRNA nas been found in rat kidney, brain. gut, adrenal gland and liver (Morrissey tt I!.

1995). However, the prcsenc:e ofa particular mRNA species is not definitive evKlcnce

for the existence ofme corresponding protein. Particular atlention ttas focused upon the

role ofthis molecule in the regulation of kidney function; agmatine: increases the single

nephron glomelular filtration rate and absolute proximal reabsorption vja independent

mechanisms (Lortie f! I!. 1996). In bacteria, agmatine serves as precursor to the

polyamines, however, ~ent evidence suggests that this molecule reduces the production

of the polyamines in mammals (Sabiano ~!L 1998).

Arginine is consumed in the production of nitric: oxide (NO). Cumntty, this is one of

the most actively resean:hed areas in the field ofamino acid meu.bolism. QriairWly

known as the "endotheliwn derived relaxing factor" (FurtbgoU and zawadski, 1980) this

gas has been shown to be an important rqulator of blood pressure (palmcr~!1. 1987),

neurotransmission (Bredt and Snyder, 1989) and is 3150 raponsible for the cytotoxic:

activity of macrophages (Hibbs ~!L 1988). Nitric: oxide synthase, which reqUlres the

cofactors tetrahydrobiopterin. FMN, NADPH and FAD (Stuehr, 1997), catalyzes the



reaction in which arginine aDd moIcc:ular oxygea. are COQvened to citrulline IDd NO. NO

production appears to be a tabft olmost DIUDIDa1ian cell types (NatbaD aDd Xie., 1~).

The three isofonns ofnitric: oxide synthase wbic:h hive been c:bIracteriz:ed to dIle.-e

endothelial (type I) and""",,) (type 3), IbeeoIc:~I"depeadent

constitutively expressed isoforms.lDd the iDduc:ible (type 2) wbic:h is c:akium

independent (Stuehr. 1997). NO production may not always be benefICial. For example,

NO plays a protective role in a model ofac:ute kidney dysfunction (Waddinstoo g Il.

1996) as well as natural killer cell activity (Hibbs IlIL 1988) whereas excessive NO

production may be a key factor in the developmml of. number ofncurodegeoentive

diseases (Hantraye nil. 1996).

NO production, in the normal rat liver. is below the level ofdetec:tion in bocb a

rcc:ircuJating perfusion (Pastor II J1. 1995) and • sinaJc1las pcTf\Lsion model (Wettstein

~ jJ. 1994). (The lower limit ofdelectioll of the staDdIrd USI)'S f«NO is between 10"

M and 10·' MJ. Thus, 1lepotK: NO producOoa boo little impoct on Ibe daily C<lIISlIIIIpIio

ofarginine in the nomW liver. However, hepWc NO producOoa does iDcrease cIurins a

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

production is also stimulated by cytokines, and by traaneDt of rats with killed

Coryncbactcriwn-parvum (Pastor Cl J!, 1995) or bM:teria1 endoIoxin (Wctlslein a tI.

1994; Pastor ~jJ. 1995). Under these conditions, NO production assumes a more

significant role in terms ofdaity qinjnc: consumptioo.



Arginine is a setretagogue, stimulating the secretion of insulin (Mulloy ~!L 1982),

gluoagon (Assan <l!ll, 1977) and gruwth hormone (Alba-Roth <l IlL 1989). Endogcooos

steroid secretion also incrcucs with increased arginine supply (BarbuI.c!!I. 1983).

Arginine serves as the sole source ofamidino groups for the' synthesis ofcreatine. a

molecule important in muscle and energy metabolism. A &action of this creaciDe

spontaneously degrades to creatinine (in clinical biochemistry creatinine is the most

widely used indicator of kidney function). Visek contends that the currmtly K<:epted

daily requirement for argininoe is barely sufficient 10 replace daily obligatory losses oflhis

molecule (Visek. 1986). However, for every moiefi:ule ofcreatine formed from arginine,

there is a concomitant production ofan ornithine molecule in this process which may then

be recycled to arginine. Dietary arginine is the t:hiefsource of1he amino add ornithine

and thus arginine must be viewed IS a primary precursor to the procflSCS ofornithine

metabolism. These pnx:esses 1ft now diKussed.

THE ROLE OF ORNITHINE IN MAMMALIAN METABOLISM,

The non·pro1ein amino at:id ornithine (2,'-diamioo-pen18lloic acid, Fiprel.1), derived

principally from dietary arginine, is present in human and rat plasma at l:OOCeOtntions of

approximately O.lmM (Valle and Simmell, 199': Remesy !l!L 1978). Ornithine is ..

intennediate of the urea cyde (Krebs and Henseleit, 1932). Reactions whidt consume

ornithine are catalyzed by ornithine aminotransferase (EC 2.6.1.13; OAn and ornithine

decarboxylase (EC 4.1. I.17), !be former being the major catabolic: enzyme ofornithine

and the [after an enzyme required for polyamine production, a quantitatively minor route

\0



for disposal ofthe dailyornilhiDe bwl. PoIyImiDcs function in ceU growth-.d

differentiarioo, but much rcmaiDs lmImown cooc:erniDa the physiological niles ofmae

polycationic molecu~ (Tabor _ Tabor. 1984). Ornithine may be converted to proline

or glutamate, these duec amifto acids.-e aU linked lIia the lntermediate pyrroJine.S­

carboxylate (Jones, 1985; Herzfdd rill. 1977). Based on the distribution oftbe CbZ)'IDCS

P5C·reductase and ornithine am.inocransferasc the: capecity 10 produce proIiDe &om

ornithine is common in rat tissues, particularly in rat fetal tissues (Herzfeld !!!b 1977)

and in the laclating rat mammary gland (Mez] and Knolt. 1977; Jones, 1985). In addition,

production of proline from P5C, catalyzed by P5C-reducwe in cells such as human

erythrocytes may function to regullte the ratio ofoxidlzcd to reduced nucleotide pyridines

i.e. NADPINADPH. This is baed on the: mzymes preremrtiaJ use ofNADPH within

lhese cells and the obKrvllion that NADP, but not proline, CIa ifthibit this enzyme

(MmiU.U), 1989). Asempbosizod" F1p.. I.2 up,;ne _ bcoxidizod1llrouab

ornithine aminotransfcme, after its conversion to Oftlithinc. This process is tbe primary

conc:emofmisthesis.

INBORN ERRORS or METABOLISM or ARGININE AND ORNITHINE IN

HUMANS

Frequently, clues concerning the physiologieal t61e ora particular process arise &om dw:

situations in which the process malfunctions. Studies tnvestipbng the genetic disordcn

ofarginine and ornithine metabolism have provided answers 10 two questions bt are of

particular relevance to thislbesis. 1bc:se deal with dw: praeoc:e of isoforms ofarJinuc

\I



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

daily loads ofarginine.

Argininemia, a deficiency ofthc liver-type arginase (AI type), is the Ieut common oftbe

inborn errors of urea cycle metabolism (Prasad f!!L 1997; Brusilow and Horwic:h. (989),

with 27 cases reported in the literature to date. II is an autosomal R'CCSSive disease

produced by a variety ofmutations in the AI arginase gene (Uchino ~!L 1995; Uchino d

!l, 1992); this heterogeneity at the gene level results in clinical symptoms of varying

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

(400-1500J.lM), clinical symptOmS include progressive mental retIrdation, spasticity,

decreased mOlor function and episodic hyperammonemia. Ncar-normal urea production

persists due to the functioning ofthe kidney-type arginase (AIl type), an important f.etor

in the relatively mild clinical course of the disease. The limited human biopsy samples

available to date show elevated All arginase ac:tivity; the range afthis inacase is from 2­

30 fold, relative to nonnal individuals(S~ ~!!. 1980; Grady ~ II. 1993). Raised

circulating levels ofarginine may be responsible for the induction of AD; in vitro SNdies

with a human embryonic kidney cell line show that elevated arginine concaltl'8lions in

the medium cause an induction ofthc AIl enzyme (Grady ~ II. 1989). The prneoce ofa

substantial kidney arginase activity in these patients, concomitant with the comptete

absence of the AI isozyme, was, at !be time, a subslantive piecc= ofevidence in favour of

the presence within humans ofat least two independently rqulated arginase genes. The

human genes for the AI (Ohtake ~U!. 1988) and AU (Vocldey ~uL 1996) arginase genes

12



have since been clooed.

With respect to omithioe metabolism.1)TIIIC IIrOpby of the choroid IDd retina is III

autosomal recessi~ disease, ctwKtrriz:ccl by. defICiency ofOAT, in whic:b plasma

ornithine levels reach 400-1COO~ (Valle and SimeU. 1995) and O.s to 10 mmoksof

ornithine may be excreted daily. There have been ISO c:asa docutnelltQt, with.

particularly high prevalence among Finnish people. Cliniul symptOms include myopia

and night blindness leading to tunnel vision in the second dcadc of life. CatIncts may

also occur with retinal damage usually resulting in complete blindness by the fourth

decade. Tubular aggregates are also apparent in type-U muscle' fibers. Creatine

administration is effmive in dealing with the tubular qgrqateS in type-n fibres. The

most efficacious ofthc thenpeutic mcuurcs employed to dIlc bas been the provision of

an arginine-restricted did since OAT is a majorcoasumer oflbe daily lrJiniDe. and thus,

ornithine load. In cascs in whK::h rniduaJ. OAT ICtivity exists supra-physioJop doses

of pyridoxine and pyridoxal pbospIwe (!be ..fOcIor for dlis enzyme) bave shown pn>mise

in reducing circulating levels ofomichinc. Tbc non.-uDiformity of respoasc 10 tbc: v.-ious

treattnents is a reflection oftbc: beterogeoeity oftbis dtseue at the level of the OAT JCDC

(Park ~ iL 1992). The other inborn cnor of metabolism invOMnlornithine mNbolism

which has so far been described in only 40 patients (Valle and SirDeD, 1995) is thoughl to

occur as a result ofa defective mitoeboodrial transporter for omilhinc. This autosomal

recessive disease is known as bypcromiIhlnemia-byperammoaania-bomocilrullmuria..

13



THE RATIONALE FOR THIS THESIS

Adult mammals in nitroam baIanee must oxid.iz:e au amount of proteiD cquallO chit

which is absorbed from thed~ A baImcc is achieved between tbe supply IDd the

consumption ofprottin. ArJinine bmDce could, ill princip&e, be achieved by alt.erin& the

metabolic: processes which~ or consume this amino acid. In Ibis rc:prd.. the

existing studies show that the CIlabolic. nther than the synlbetk. processes ftucnwe

under conditions of varying arginine intake in humans (Castillo ell!. 1994a; Cutillo a!l.

1994b). ralS (DhanakOli nII. 1990) ond pigs (Prior and G..... 1995). The prooesscs

involved in the catabolism ofarginine are the subject olthis thesis.

Quantitatively, the most important plthway for Ihe acabolism ofarginine and omitbiDe

in rats and humans occurs through OAT. In pllients with the genetic disease gynlte

atrophy OAT defICiency leads to immeDse increases in biood and tissue levels of

ornithine as well as a substantial omithinuria (Valle IDd SimelL, 1995). As discussed

earlter. one ofthc most effective tzarmcots for this diseue is resbiction ofdietlly

arginine. Inhibition orOAT in IIlice ads to substaDtiai increases in the levels of

ornithine in all tissues studied (AIcxtso IDd Rubio. 1919; Seila' U Il. 1989). I.D Idditioa,

in adult mice in which the OAT gcoc bas bcco deftd similar intft:ases in omithiDe_

seen (Wang ~ BL 1995). The ocher processes in which Ibcsc amino acids are consw:ncd..

as discussed earlier, are quantiwiveiy eilher minor or result in the productioo ofa

substrate which may be m:yc:1cd blc:k 10 arginine. The catabolism ofqinine aDd

ornithine through OAT is the focus of this thesis.
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Liver contains all the enzymes necessary for the complete catabolism ofarginine and

ornithine to C<h through OAT and is the key orgaD for post·pnmdial amino acid

clearance (loogas n!l. 1992). This work was undertaken with the goal ofuodcrstanding

more fully the factors (nutritional and bonnonal) which regulate these processes in the rat

liver, and to detennine their localization within rat liver. The oKidatton ofargiDine and

ornithine 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 ARGINlNE AND ORNITHINE IN

MAMMALIAN LIVER

TnDsport of the catio.k ....in .dd. late tM liver

In mammaJian liver the y' transporter is responsible for the transport of the cationic:

amino acids (White, 1985). This Na··independent, electrogenic:, amino acid transporter,

first described by Christensen in the 1960's (Chriscensm, 1964), is. low atrmity

transporter for arginine, ornithine, histidine and lysine. This transpOrter WIS shown 10 be

specific for the L·amino Kids, subject to trans--stimulation, and, in the pmence ofNa',

may also carty neutral amino acids (Christensen, 1984). The y' transporter has since bceD.

cloned (Kim ~!!. 1991), a serendipitous discovery arising &om the study of murine

retrovirus receptors. One oftMse viruses subverts this transporter to gain KCCSS to the

cell interior. This lransporter/vinl rtteptor was MJtlt'd the mwe cationic amino acid

transporter-I (MCATI). This gene codes for a protein with 622 amino Kid residues

containing 14 putative hydrophobic membrane--spmming regions, a motifprevalent
IS



among nutrient transporters. Subsequent studies revealed the presence of. related sene,

with high sequence homology to MCATI, tbIt is differentially transcribed to produce the

MCAT2AandMCAT28_(CIOSS<lIl.I99l). MeAT! ~.llJl"S'Odino1l ..11

types studied to date with the exception ofadult hcpatocytes (Maillard f! II. 1995). Only

the low affmity MCAT2A transporter is expressed in normal adult bepaIoeytes (Kakuda

~!L 1993). This may explain the low uptake of the cationic amino &CHis in the perfused

rat liver (pardridge and Jefferson. 1975). This tran5pOIU1' bas an apparent Km between 2­

5mM and, thus, is not saturated at the physiolosical concentrations ofme cationic amino

acids (cumulative concentration for qinine, ornithine and lysine in humans is O.2SmM).

Net movement ofarginine via the Na*-independent y"lraDspOrIet is made possible by the

decreasing concentration gradient of this amino Kid which exists between excncellulu

and inlI'acellular compartments of the liver. due to the high arginase activity within

hepatocytes. Also. since the cell iDtmor is clectrochemically negativc (membrane

potential for cclls are typically·7OmV) relativc to the cells exterior. qininc flow would

be attracted inwards to achieve elettricaJ neutrality. Unlike the MCATl and MCAna

transporters, MeAT2A is a low affinity transporter that is not subject to reguJarion by

trans-stimulation. Most ohhc studies conccmed with lhc transport of the cationic amino

acids measure the cumulative action of all MCAT gene produw exPRSSCd in a particular

tissue (designated y' transporter activity). In the cases where a pIIlticular MCAT gene

product has been studied I will refer to the 5pC(:ific transportcT in question (MCATI,

MCAT2A or MeAT2S), otherwise the transporter activity will be refmed 10 as y".
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Key euylMS dvolved ill tIte rata....of UJiaiM onidMM

Arginase (L-arginine ureoby_ EC 3.5.3.1~ F1pn 1.3. bcsllalown fo< i1s

participation in the urea eyde, CIrries out the irrevenib&e rac:tioIl convatiDg qinine to

ornithine. Arginase activity is pmatl in 1ridney,IMI'DI'DII)' aJand, intestine. brain.

submaxillary gland, as well as a VIriecy ofocher tissues (Rcddi nil. 1975; Aminilri IDd

Vaseghi. 1992). The exua-hepltic wginases must fUnctioa in processes otbcrtban the

urea cycle as the liver is the only tissue: in wbk:b this process is fully fun<:tionaI (Meijer

g it. 1990). Arginase requires Mn1
+ for activity and the crystal structure for trimeric m.

liver arginase has been refmed 10 a 2.1 A0 resolution (Kanyo Cl!l. 1996). Early

comparisons made between rae liver arginase and partially purified preparatioIlS from til

marnm"Y 81and (Glass and Knox. 1973) and ... 1Udney (Kay... and SoockCT. 1973;

Reddi g!b 1975) demonstnIed differma:s in kiDdie puameten. cbarge properties.

inhibition profiles., cofactor requirements. immunological cbIrKtcristic:se~

mobility. subcellular location and solubility charactcrislk:s. Marked cliffcrences in the

properties ofhepatk: veP'SKf oon-bcpItic arginases were abo demorlscraII:d in bumms

(Spector <! >1 1982). These SlUd;es Iended ...... 10 Ift..roc. specuIarioo (Cabello ..

!!. 1965) that mammalian lissues contained differenl forms ofdlis enzyme.

The number of isozymes ofqinue presenl in buman and ratlissues has since been

reported 10 be between two and five (SpcctorClIL 199<4; Zamec:ka aDd Pomnbska,

1988). It is dear thai allast two isozymes ofqioue exist, aDd dw the activity of1hcK

accounts for the vast rtlIjority ohbc arginase activity within rDIIDIIII.lia tissues (Kayscn
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and Strecker, 1973; Reddi~J!, 1975). However, cwmltevideoce docs not preclude me

possibility of the presence ofstill milIor fonDS. Quantitatively, the two priDcipaJ

isozymes are AI ('liver type') and AIl ('kidney type'). AI. expressed in liver and in

erythrocytes. is cytoplasmic while AIl, present in many other tissues, is mitochondrial

(Spector~!1 1994). Cederbawu's group, using immunoassays, produc:ed eviden« for

the presence of AI arginase in the kidney (SpectOr t! I!. 1994) but in recent studies, using

in situ hybridization. the same group showed only the presence of the AIl isozyme

(Vackley ~!l. 1996); this resuk is in agreement with data produced by other groups

(Kaysen and Strecker, 1973; Glass and Knox, 1973). Based on the distinct cbarac:teristics

and differential regulation of these isozymes, it was predicted dw the two arginases were

the products ofseparate genes.

The cloning ofdistinct genes for the AI and AIl arginases confmned this view. The AI

gene was cloned from rats (Kawamoto t! Ii. 1986) and humans (HlU1IgUChi ~ II. 1987)

subsequent to its assignment 10 chromosome band 6q23 in humans (Sparkes a!L 1986).

The deduced amino acid sequence for the human and rat sene products both contain 322

amino acids (M.W. 35,000 daltons) aDd sIuft high sequence homology. Previous

protocols for purification ofhwnanliver and erytbrocyte AI arginase yielded a

homotrimer (lkemoto ~!b 1989). lnterestinaly, expression of tile human AI gene in li·

£2li yielded a monomer; apart &om this diffnence in quaternary structure it possessed

many of the characteristic properties ofdtc AI arginase (lkemoto ~Ul. 1990). However,

when concentrated in an alkaline environment, chis monomer associated to form dimeric
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and trimeric protein species. StaDdard puriftCation proccd~ for liver arginase based on

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

environment. A newly developcd purificalion scheme for the isolation ofhuman hepatic

arginase also yielded a monomer (Kuhn ~!!. 1995). Thus. it is possible that the

quaternary confonnation ofargi.nasc is an experimental ancfact and that in vivo this

protein ex.ists as a monomer. The gmc for All bas been cloned recently (Yeckley Ill&.

1996); this gene codes for a protein of3SS amino acids and contains a mitochondrial

signal sequence. In humans. the gcne has been assigned to chromosome position

14q24.1-24.3 (Gotoh<!l!b 1997).

Several functions have been proposed for the All uginase, including proline and

glutamate production. arginine and ornithine catabolism as well as a rille in the regulation

of NO production. In the mammary gland ofa lactating Rl, uginase All functions in the

production of proline and glutamate for milk production (Yip and Knox., 1972; MezI and

Knox. 1977). With increased milk production there is a c:o-ordinate increase in the

activity ofarginase. OAT and PSC·rcductasc (tbcsc enzymes, operaring in c:onc:crt, are

capable ofcatalyzing the conversion of..loine to proline). These studies dcmoosttatcd

that in tissue minces and homogeutes ofmammary gland thcR was. significant

labelling of both proline and glutamate &om (U_14C] qininc. whereas incubation with

[U.l4C] proline showed thai the production ofargininc from proline was negligible:.

Neither was there a significant proline oMtase or PSC dehydrogenase activity within this

tissue, enzymes responsible for the degradation ofprolinc (Adams and Frank, 1980).
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Several studies indicate that the All qiDase is more sensitive to inhibition by proliDe

than the AI isozyme (Kay... Uld S_. 1973; Carjaval Uldc-.... 1986),.

property which may enab5e feedbKk iJIhibitioD ofprolioe synthesis at the tint step of Ibis

process.

The pyridoxal-phosphale dependent enzyme Ol1Iithioe aminocnnsfense (L-omithine:.2·

oxoglutarate aminotransfenase. EC 2.6.1.13) catalyzes the convcnion ofomi1bine and 2­

oxoglutarate to pyrroline--5~xylate and g1uWJWe. This reaction was first described in

mammals in studin using rat liver preparations (Meister. 19n). OAT is a mitochondrial

matrix. protein in mammalian tissues (Peraino and Pitot, 1962; StlUker. 1965). The K.,.

for this reaction in rat liver. using. putially purified prepIt'Itton wu cakulaled to be 11;

thus the forward reaction is somewhat favoured (Strecker. 1965). However. earlier

attempts to reverse this reaction using pWaily purifted prcpuations showed negligible

reverse reaction (Meister. (953). The productioa ofcitrulline from aluaamine within

enterocyte5 means that the revcnc raction proceeds in vivo In rats (WiDdmucUer aMI

Spaeth. 1981). G1........ (fanned from g1_ in dle _ emIy20d by

glutaminase) and pyrroline·5-c:arboxyLa1e are converted to 2-ox.oglutanlc IDd omithlne;

the ornithine is then converted to citrulline in a rcM:tion invotvinlomidtine

transcarbamoylasc. In addition.,. SNdy using pNculioe (3·amino. 2.3,4ibydrobcazoic

acid) to inhibit OAT demonstnted that the rcactioo ca1aJyz.ed by OAT is involved in boch

the synthesis ofornithine as wcllas its dqradatioa. Infusion ofI·C~to mice

resulted in the re<:Overy ofsignificalt IIDlQI1S of the radioKtive label in the ammo acicb
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arginine and ornithine; pblculinc admini.stntion rahac:cd signil\cantly the ina:wpontioo

Of(I~CJ into arginine and omithine in mouse tissues. lnfusion Of(14C~ithiDe ~ltcd

in the production of 14C~;pbKu1inc: Idministration reduced sipi6cantly the

production of I~CO:1 in these mice (Alonso IDd Rubio. 1989). It is likely Ibat OAT

functions in diffcTt'ln dim:tions in the diffamt tissues. The pi was dctcnniDcd 10 be S.38

indicating that this protein is ac:idK: at the physiotogicaJ pH (Pttaino n!L 1969). The

gene for rat OAT has bml sequenced (Shull g!l. 1992) IS has the human (Dougherty ~

!!. 1992). In humans the OAT gene has becD mapped 10 IOq26 {but several pscudogenes

are also p,esent in the genome (Gffaghly g!L 1993». Crystal 5ttUCtUteS for native

human OAT (Shen tilL 1998) and OAT ~plexed with the inhibitors pb&culine and

canaline (Shah g il. 1997) hive been determined Te«lrtly.

Relatively less is known conccming the cbaractcristics of pyrollinc-XaTboxylale

dehydrogenase (PSCOH). The eDNA sequence for hwun PSCOH is known (Hu n!L

1996). This enzyme is • mitocbonlbia1 matrix procciD and has heal purified from rat liver

mitochondria (smaU and Jones. 1990).

HEPATOCYTE HETEROGENEITY: "METABOLIC ZONATION" ACROSS

THE LIVER

This section deals with the loca1izatioo ofme processes for the catabolism ofornithine

and arginine within the liver. The most widely accepced model describing the functiona1

unit of mammalian liver is the 'hepatic acinus' model first described by Rappeport
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(Rappaport. 1954; Rappaport. 1973). In this model blood is supplied to tbe liver via a

dual afferent system, comprised oftbc portal vein and the hepatic artery, the blood then

flows through the sinusoidal system ofchannels and leaves the liver tfttough the terminal

hepatic vein. The acinus describes. miCfOoCirculatory unit in which the bepatocytes are

classified based on their position relative to the blood supply. Those bepatocytes

proximal to the affi~nt portal vein are tcnncd 'periportal' while those surrounding the

effluent hepatic vein are called 'perivenous.' The term 'metabolic zonarion' originated

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

carbohydrate matabolism produced evidence for a noo-unifonn 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. Subsequcot studies

demonstrated that in regard to hepatic metabolism, zonation is the rule rather than the

exception.

Experiments using a vaneI)' oftecbniqUl:S demonstrated the differential distributions of

enzymes, amino acid transportcn, hormone receptorS etc. across the hqmic acinus (for

reviews sec Jungermann and KeilZmarlrl. 1996; Gebhardt, 1992; Hlussinser ct!l. 1992;

Jungennann and Thurman, 1992; Katz. 1992 ; Hlussingcr. 1990; Juogcrmaon and Katz,

1989). There is no strict anatomical dcmaramon of periportal &om perivenous cells,

rather the dimensions of these zooes are specifIC to the individual metabolic process

under consideration. Distribution patterns across the acinus follow two basic designs for
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companmentation. These are 'strict companmentarioo' and 'gradient compattmentatioo.'

In strict comparnncntation the individual process or enzyme is present in certain cells

across the acinus while is absent in otben, and there is a clearly defiDed boundary

separating these two cell types. In the aduk rat. glutamine synthetase and~I

phosphate synthetase I follow a strict compartmentation pattern, the fonner's distribution

being restricted to a small population of hepat<q1eS surrounding the central vein

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

(Gaasbeek·Jansen ~!l. 1984). A recent mRNA in situ hybridization study

simultaneously investigated the localization ofall five urea cycle enzymes and showed

that the transcripts predominated in the periportal region (Dingcmanse I!!l. 1996); thus,

the urea cycle is a periportal process. Gradient companmentarion is characterized by a

gradual increase or decrease in the abundance ofan enzyme across the acinus. It is likely

that a combination of factors operates to maintain the pattern ofgene expression. such as

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

synthetase may be restricted to the perivenous region through a transcriptional regulalOf

interaction with an upstream enhancer element (Lie·Venema. 1995); in tnmsgenic rats in

which a DNA construct CODtaining this e~en.t and a reporter gene (chknmphenicol

acetyltransferase) were integnted into the host DNA the expression ofthe reporter Sene

was limited to cells oflhe perivenous rqion. The co-ordinate regulation of1he urea cycle

enzymes may be achieved by the presence ofsuch elements in the genome (Morris,

1992).
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The distribution pattern ofa putiadar enzyme or mctIbolic process in the liver may

alter during oonnaI developnmt or with varyina physiological status (a process kDowD as

'dynamic zonation'). The pattrm and CXlCnt ofcxprc:ssion of the various ureacyc:ke

enzymes changes across the hepatic:: acinus during development, puticularty duriD& the

perinatal period (Ding........"lb 1996). In .... subjected 10 told "'J'OSUl" (4"C for IS

hours) the periponatlperiVC00U5 ratio oflong cbain: fatty acid oxidation changed from 1.4

to 0.5 in enriched populations of perivenous and periportal hcpIIocytes (GU2'JIWt ctll.

1995). The localization ofother enzymes appears 10 be refractory to such changes in the

studies carried out to date i,e. these exhibit a static type ofzonation e.g. glutamine

synthetase (Matsuzawa n 11. 1994).

With respect 10 amino acid metabolism HlussmgCf brilliantly elucidated the paUcm of

distribution of the processes for ammonia daoxification across the he1-tic:: leinus

(Hlussinger. 1983). lD this study, in which rat livers WU'C perfused in a llClInCiradalina

manner, he demonsnted a reeipocal distrfbution of the activities of the um cycle and

glutamine synthetase to the periportal and perivenous regions, respectively. The key to

the success ofthese experiments lay in the abiJity to perfUse ral livCf in both the normal

physiological direction (antqrade) and in the direction opposite to this (teIr'ognde). see

Figure 1.4. The sinusoidal system for carryi.na blood throup the liver is valveless. The

urea synthesizing periportal rqion is much Iaraer than the glutamine producing

perivenous region. Hluss. demoostraIed that the principal nitrogcoous product

fanned in antegrade perfustoas was urea while in the teIr'ognde pcrfusioDs g1lamiDe
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production predominated. In 1'81 livers in which glutamine synthesis was inhibited., using

methionine sulfoximine. urea production was identical in anlegrade and retrograde

perfusions. (In all experiments, corx;:entrations ofammonia (O.2mM) were used which

were not saturating for either urea prodU(:lion or glutamine synthesis). This proved that

the processes were physically sepamted and that urea production occurs in the pcriponal

region while glutamine synthesis is a function ofthe perivenous region.

Panicularly relevant to this thesis is that OAT was found to be stric:dy compartmented to

a cell population surrounding the hepatic vein by mRNA in s;"" hybridiution (Kuo ~!!.

1991). An earlier study bad shown OAT to be prefl:mltiaUy expressed in a particular

subpopulation ofhepatic mitochondria, c:baractcrized by a smaller diameler and thought

to be localized to a small region surroundinS the central vein (Swick ~!l. 1970).

Immunohistochemical studies also localized OAT to this subpopulatioo ofhepatoc:ytes

(Matsuzawa ~!!. 1994). The separation ofOAT from the urea c:y<:1e enzymes

(Dingemanse C!!!. 1996) precludes the possibility ofOAT deplelina: the urea cycle of

ornithine. thus giving primacy to the vital function of the urea cycle. The distribution of

OAT within the liver. therefore. deflMS ornithine catabolism as a perivenous process.

Whether or not arginine catabolism throop OATis a perivenous process ckpeods on the

presence or absence ofan ugi.nase in this rqion. PSC debydrosense distribution within

the liver has not yet been studied.
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The Ioalliution Of.raiUR witliialtlteUnr: b dMn. perin..........1

It has been held that the arginase in liver is cyto5Olic and restricted in location to the

periportal cells. The sole function ofhcpatic uginase, it is widely believed., is as a

catalyst in the urea cycle. Raijman, however, has tq)Orted that there is a small amount of

arginase, with properties resembling those oftbe AD isozyme, which is mitochondrially

associated (Cheung and Rajman, 1981). Recent studies show dw !he mRNA for the All

isozyme is present in human and mouse liver (Gocoh C!!L 1997; Monis ~!L 1997). One

proposal is that this mitoe:hondrially-associated arginase, due to the magnitude of its

activity and its IlXation, could provide a mechanism by whicb the arginine that is

produced in the cytosolic reactions of the urea cycle could "channel" (for a review on

metabolic chanoelling see Srerc. 1987) ornithine back into the mitlXhondria to participate

in the urea cycle reactions of this compartment (Cheung~!L 1989; Watford, 1991).

Experimental evidence suggests that there is channelling ofbodl the cyI050li<: and the

mitochondrial reactions of the u.rea cycle, as well as the transport ofomithine back into

the mitochondria (Cheungn IL 1989; Cohen aII. 1987). Whether or not this

mitlXhondriatly-associated arginase functions in this manner has not been proven.

Raijman'5 group report that the cytosolic enzymes oftbe umI cycle are concentraled

around the mitochondrion rather than being hornosenously distributed throughout the

cytosol (Coben and Kuda. 1996; Cohen, 1996). Ahematively, this mitoehondrially

associated arginase may be involved in some other process within the liver. In this thesis

we investigate whether an arginase is prnetIt in the pcriVCDOUS rqion which may be

involved in the catabolism ofarginine.
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NUTRITIONAL AND HORMONAL REGULATION OF THE CATABOLISM OF

ARGININE AND ORNITHINE IN THE PERFUSED RAT LIVER: POSSIBLES

SITES FOR REGULATION.

Regulation by honnoaa.l and dietary factors is a common farwe ofamino acid

metabolism. Alterations may occur at the lc:vel ofsubsttatc availability, alklstcric or

covalent modification ofenzymes. or by enzyme induction or degradation. As one ofthe

foci afthis thesis is the regulation oCtile proc;:esses for the embolism. oflllinine and

ornithine the following section deals with possible sites Cordle regulation oftbese

processes.

Rtgulltio. of traasport

Mammalian amino acid transporters art: SUbj«1 to regulation by a range ofdifferent of

factors (for reviews see MacluJd. 1996; McGivan. 1996; MaiIJ.d rlll. t99S; Kilbcrz a

!l,1993;Whilc.198S). Alterations in subsn1e supply may reau1ale tnDSpOrter activity.

The portal vein conttntrll:ioos for many amino at" 1ft bekJw the K.s for their

respective transporters (Meiju rt tL 1990). ~fore. fluctuations in the leveb ofchnc

amino Kids in this vessel will attertbe I'I1es aCmeir IranSpOI1 into thc cell. The

concentration ofarginine in the portal vein ofnannal rats and hwnIns is O.I.Q.2mM

(Brusilow and Horwich, 1989; Remesy ~!L 1978) aod the K,. for the MeAnA

transporter (the only MeAT gene expressed in nannal bepltocytcs) is between 2 and

5mM (Closs~!L 1993). Thus. any aheTation in the concentntion ofarginine in this

vessel. within the physiologtca1 range. will result in cbaoan in !be rate of its trmspon by

the MCATIAtransporter.
29



In rats that were fed either a hip carbobydrIIIc aDainin& diet (79% wlw sIardt; 13%

wfw casein) or a high proccin CCXlWning diet (42% wlw stwth; SO% wfwc:acin) fora

period of 10 days the rat portal vein CODCalb'atioa ofqiniDc iDaascd &on O.•4mM to

O.27mM in the "" fed the high _in diet (RbnCsy 1111. 1978). The dID &om 11>;'

experiment would lead one 10 predict iDcmtsed transport ofqiniDc by the MeAnA

transporter in the rats fed the hi&b proIein did. ID pIlients with hypcrarginiDcmia and

gyrate atrophy (discussed carner') one would also expect altered transport ofargininc and

omithine into the liver, and the etTetts oflhis increased supply ofsubstrate on processes

such as NO production and polyamine production would make an interesting study,

In the strepto:zotexin·induced diabetic nt, y. transpoftCf activity in primary rat

hepatocyte cultures is increased five fold when c:orIlJ*'td to ttUS iso1aled from n0n­

diabetic controls; ip adminisvation ofglucaaon (2ms'1oo& prior to kiUin&) also

increased y' transpoftCf Ktiviry by five fokl in mcsc ttUS when CODII*'Cd to saline

trealed n", (HU>dlogten and Kilbo<g, 1984). A ,ingIe hiP _in meal, and Iftdin&.

high protein diet ovtt a period ofdays, raises the cittulating levels of ghacIaon (Robinson

n II. 1981). Thus, it is possible tIw feeding rats a high protein dtct could iDcrcue y.

transpontt in the short-tmn by increasing subsnle supply (direct mechanism) and in the

long-tenn by inducing the: yo. transporter (indiftctty by incttasing the concentralioo of

circulating glucagon).

Increasing the arginine content akJne in the ctiet may iDcrase y. trmsporter activity; in
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rats and humans fed supradict:ary amounts ofarginine and alutamine, the activities of tile

transporters system N and y~ increases in bepatie plasma membrane vesicles (Espat ~Il.

1996). There is a discriminate induction ofthe transporters for the cationic amino acids;

in rat brain astroglial cultures, induction ofy~ transporter activity by endotoxin and

interferon.y is effected via an increase in the hiJ,h affinity CAT28 transporter without

altering the expression ofeither CATI or CAT2A (SteVens ~!L 1996). In untmued

hepatocytes. where the low atrmity MCAT2A transporter is expressed, any stimulus

which could induce either the MCATI ofMCAT28 would, by virtue oftbe higher

affmities of these transporters, aller dramatically the transport characteristics of these

cells at the physiological concentrations ofthe cationac amino acids. It is plausibie that

alterations in the delivery ofarginine and ornithine inlD liver. by the y. transporter, could

affect the rate ofcatabolism oftbese amino acids. The rumt diKovery of the MeAT

genes, and the current interest in the rqulation ofNO biosynthesis by the y. transporter

provide the impetus for rapid advances in this area.

Reeulatioa at tlte Inel of l.dhid..1euymes

Arginase catalyses the fU'St n~ilibrium reaction in the pathway outlined in Fipre

1.1. and, thus. regulation at this step would be an efficient means of regulaling arginine:

catabolism. Previous studies investigating the regulation ofrat liver arginase would

have, necessarily, been primarily concerned with the regulation of tile AI isozyme; any

AIl activity present in the lwer wouJd be quantitatively minor when compared to the AI

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

3\
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