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The Metabolism of 5SMethyltetrahydrofolic Acid and Related 

Compomds in the Rat 

by 

James Cornelius Kennelly 

For the dezree of Doctor of Philosophy 1980 

SUMMARY 

The metebolisn of SMethyltetrahydrofolic acid (5ieTIF) 

and its oxidation products were investisated in the rat using 

(14¢ methyl) end mixed label (214¢)(3" 5',7,9,5H) species. 

  

The 5(14¢)Memar preparetion is a racemic mixture of 

the Cg epimers, however, they are absorbed from the gut 

without discrimination. The methyl group is removed from 

one active epimer forming various metabolites hav: the sane 

chromatographic behaviour as those produced from (14cmethy1) 

methionine. Wo evidence was observed for the oxidation of 

SMeT=F methyl to -CH2- or the formation of 5(14¢)Metar 

ntamate types. 

  

   A 

Mixed label (2! "c)(3! 5557499 °H)SMeTP is metabolised 

ous compounds including the formyl foletes and 

polyzlutamates. 
to va 

  

The compound is cleaved to produce urinary 

abelled scission products, which demonstrates that 

on veactionspreviously observed with folic acid are 

a function of normal folate metabolism. 
   

  

-5MeT#F was oxidised to produce its triazine oxidation 

+ and SMethyl 5,6, dihydrofolate (5Me 5,6,D5"). The 

ne is biologically inactive, not bei metabolised to 

other compounds by the rat. 5Ne 5,5,DaF is metabolised 

in a similar manner to SiMe F after I.P. dosage, however, 

ion metaboli are‘observed in urine after oral 

dosing. In vitro ification was observed to result in 

several 5 Me 5,6,DHF, including saminotenzoyl- 

      

      

     

    

  

    

    

   
   

dation products are unlikely to contribute 

In rats bearing the Walker 256 carcinosarcoma the 

production of non-folate compounds from 5(14C)MeTF is 

creased, possibly due to the increased mass of the tumour, 

or because of s tumour's specific demand for methionine. 

less scission of mixed label SieM™F and diminished 

retion of radioactivity. The scission products 

    

  

   

   

  

   
   

   

sm of 5 MeT"F is discussed with reference 

othesis', the role of vitamin C, and 

rior studies using folic acid. The 
rat is contrasted
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1.1 Folate Metabolism 

The folates are a ubiquitous group of pterin based 

coenzymes involved in the intermediate metabolism of 

one-carbon moeities (reviewed by Blakley 1969, Rowe 1978). 

The naturally oceuring folate coenzymes are derivatives of 

tetrahydrofolic acid (fig. 4.1) with one-carbon substituents 

a0 atoms which are interconverted on or between the wm and N 

and donated during the course of folate-catalysed reactions. 

Mammals, including man, are unable to synthesise these 

compounds de novo, and thus they are required as vitamins, 

(Rodriguez 1978). In therapeutic supblements folate is 

usually supplied as folic acid, an oxidised synthetic derivative 

of the naturally occuring folates (Fig 1.2). 

One carbon units enter the folate pool as the Cy 

atom of serine, which is ultimatelyderived from carbohydrate 

and quantitatively the most important source (Blakley 1969 

p289, Newman et al 1974). ‘The C, atom of histidine and 

formate are also sources (Blakley 1969 vp. 291). These 

one carbon units are consumed in reactions producing the 

Cy and C, atoms of the purine ring, the methyl groups of 
8 

deoxythymidylate and methionine, and C05 with recycling 

of THF (fig. 1.3). 

In fig 1.3 the coenzyme donating the og atom of 

purines is given as 5, 10,methenyl THF . and shown in more 

detail in fig 1.4. 

However, Dev and Harvey (197S8a) have shown that this 

reaction in B,coli requires 10CHO THF rather than 5)10CH=THF



Fig.1,1. 5,6,7,8,Tetrahydrofolic acid (THF) 

a H 
CH;=—NH 

HN 

he ‘ 
HN N 

22amino'4-hydroxy 6-methyl p-aminobenzoate 
5,6,7,8, tetrahydropterin residue 

Fig.1.2 Folic acid (FA) 

-10- 

glutamate 
residue
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Fig.1.3. Key + Enzymes of Folate and Qne-Carbon Reactions 

Enzyme (1) Thymidylate Synthetase - 5,10,Methylene THF ; dUMP 
C Methyltransferase EC 2.1.1.6 

(2) Dihydrofolate Reductase - 5,6,7,8,THF s NAD(P) 
Oxidoreductase EC 1.5.1.3 

(3) Serine Transhydroxymethylase - 5,10,Methylene THF + 
Glycine Hydroxymethyltransferase EC 2.1.2.1 

(4) Formiminotransferase - N-formimino-L-glutamate : 
THF 5-formiminotransferase EC 2.1.2.5 

(5) 10 a THF Synthetase - Formate : THF ligase (ADP) 
EC 6.3.4.3 

(6) 10 Formyl THF Dehydrogenase - 10 Formyl THF Napp* 
Oxidoreductase EC 1.5.1:6 

(7) 10 formyl THF AICAR Transformylase - 10 formyl THF : 
5-amino 1 ribosyl 4 imidazolecarboxamide 5' phosphate 

Transforylase 

(8) 5 formimino THF cyclodeaminase - 5f6rmimino THF 3 
Ammonia lyase (cyclising) EC ¥.3.1.4 

(9) 5,10,Metheneyl THF cyclohydrase - 5,10,CH=THF 
5 Hydrolase (decyclising) EC 3.5.4.9 

(10) 5 formyl THF : 10 formyl THF mutase 

(11) 5 formyl THF cyclohydrase - 5 formyl THF cyclo-ligase 
(ADP forming) EC 6.3.3.2 

(12) Methylene THF dehydrogenase - 5,10,Methylene THF 
NADP oxidoreductase EC 1.5.1.5 

(13) Glycinamide riboside transformylase EC 2.1.2.21 

(14) 5,10,Methylene THF reductase - 5MeTHF: (acceptor) 
oxidoreductase EC 1.1.99.16 

(15) Methionine synthetase-- 5SMeTHF 1 L-homocysteine 
S-methyltransferase EC 2.1.1.13 

(16) Betaine-homocysteine methyltransferase - Betaine 3 
I-homocysteine S-methyltransferase 

EC 2.1.1.5 

Note: 

      

itamates, however, it is 
e mainly polyglutamates 

-12-



Fig.1.4. Formation of Purine Cg 
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5,10,CH=THF 
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: neat eee 
N-formyl glycinamide 

Fig.2e5.(0formylTHF tetraglutamate (lOformyl tetrahydropteroyl 
pentaglutamate) 
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by the use of enzyme preparations which are free of 

cyclohydrase (enzyme 9 fig. 1.3) which catalyses the 

hydrolysis of 5,10fH = THF to 10CHOTHF, and under pH 

conditions which precludes their non-enzymic inter- 

conversion. They suggest that previous experiments which 

reported 5,19CH = THF as the required coenzyme, without 

these precautions result in 5,10CH = THF being rapidly 

converted to 10CHOT™7, the active donor. Tuey also report 

(Dev and Harvey 19785) that methylene T!F dehydrogenase 

(enzyme 12 fig. 1.3) and cyclohydrase activities are 

present on a single protein, such that 5,10CH=THF would 

have only a transient existence during the conversion of 

5,100H, THF to 1OCHOTER, and this would be unlikely to have 

a donor role in vivo for transformylations. Since these 

two enzyme activities are also on a single protéin. together 

with 10 CHOTEF synthetase (enzyme 5 fig 1.3) in pig (Tan 

et al 1977, Tan and Mackenzie 1979) and sheep liver (Paubert 

1976) which suggests 10CHOTHF may also be the exclusive 

formyl donor in mammalian purine biosynthesis. | 

The flow of onecarbon units through the folate pool 

is branched at the formation of 5 MeTHF, the reduction of 

99 100H THF having an‘equilibrium position (Keq = 10") which 

precludes substantial .formation: of 5,10, CH, THY from 5MeTHF 

under physiological redox conditions (Kutzbach and 

Stokstad 1971). As a result 5MeTHF, unlike the bridged 

and formyl forms, cannot be directly converted to bther 

folate types without loss of its one-carbon substitusnt, 

and does not directly provide any one carbon species for 

-14-



thymidylate and purine synthesis. The methyl group of 

5 MeT3F is donated to honocysteing catalysed by the 

cobalamin (vitamin B requiring methionine synthetase 
12) 

(enzyme 15 fig 3) in mammals (Dickerman et al 1964). The 

adenyl derivative of methionine, S-adenosyl methionine (SAM). 

is the methyl donor in numerous biosynthetic reactions 

(Cantoni 1975, see chapter 3). Some labile methyl groups 

are provided in the diet as methionine and choline which 

may furnish SAM (fig. 1.3), with the rest of the body methyl 

group requirements being synthesised de novo from the folate 

pool. Mudd and Pool (1975) calculate that human volunteers 

on a nitrogen equilibrium diet synthesised approximately 

24% of their methyl requirement de novo which rose to 

67% when the labile methyl content of their diet was 

reduced by 62%, Regulation of methyl biosynthesis with 

dietary - methyl is achieved at two points; control of 

methionine synthetase production and regulation of 

methylene THF reductase activity. The synthesis of 

methionine synthetase is repressed’ by methionine (Kutzbach 

et al 1967 Winkelstein et al 1971) and stimulated by homo- 

cysteine (Kamely et al 1973). Methylene THF reductase 

activity is allosterically inhibited by SAM (Kutzbarch and 

Stokstad 4971) and stimulated by S-adenosyl homocysteine 

(SAH) (Osifo 1978). Thus the rate of de novo methyl synthesis 

will be modulated by the levels of the methyl donor SAM 

and its precursor methionine, versus that of the methyl 

acceptor homocysteine and its precusor SAH. 

-15-



The level of one carbon units in the folate pool is 

regulated by the high activity of 10CHOTHF reductase 

(Krebs et al 1976, Scrutton and Beis 1979). Should an 

increase occur in the formyl or bridged folate forms which 

are in equilibrium with 10CHOTHF, due to a decreased rate 

of purine synthesis or by inhibition of methylene THF 

reductase by increased SAM, the concomitant rise of 

1OCHOTHF results in ‘the loss of c, units as COys This 

mechanism may explain the constancy of 10CHOTHF levels 

compared to 5MeT3F observed in human serum by Ratanasthein 

et al (1974). 

Extraction of folates from cellular material under | 

conditions which preclude significant enzymatic degradation 

produces folate species with supernumerary glutamate residues 

(Pfiffner et al 1946 Connor et al 1977, Connor and Blair 1980) 

termed folylpolyglutamates. Numerous other reports have 

been given of extraction of tissue folates which have high 

molecylar weight and either chromatograph with synthetic poly- 

glutamates with Yiinkea glutamate peptide chains, or support 

the growth of folate - requiring bacteria after treatment 

by glutamate Ycarboxypeptidase (conjugase) e.g. Bird et 

al(1965), Shane et al (1977), Baugh and Kromdiek (1971) Perry 

and Chanarin (1977). Fig 1.5 gives a typical polyglutamate 

structure. 

In vitro studies have shown synthetic polyglutamate 

folates to be superior to monoglutamates as coenzymes 

in a number of folate requiring reactions viz: thymidylate 

synthetase (Kisluik et al 1974), methionine synthetase 

~-l6=-



(Coward et al 1975), dihydrofolate reductase (Coward et al 

1974) and AICAR formyl transferase (Baggot and Krumdiek 

1979). Also the polyglutamates of dihydrofolate and 

19 formylfolate are more effective inhibitors of thymidylate 

Synthetase compared with the monoglutamate (Kisluik et al 

1974, Friedkin 1973) this, together with their cosubstrate 

activity varies with chain length, from which it is possible 

to speculate that the ratio of intracellular polyglutanyl 

types may exert a controlling function on folate metabolism. 

Hilton et al (1979) showed that cultured cells showed a 

higher ratio of polyglu:monoglu during log growth phase 

than confluent cells, however, the ratios of various 

polyglutamates was not investigated. The importance of 

polyglutamates. to folate metabolism is illustrated by 

a mutant strain of baby hamster kidney cells (BRK) 

described by MacBurney and Whitmore (1974) which were 

found to be auxotrophic for glycine, thymine and adenine. 

Taylor and Hanna (1977) showed that these cells were unable 

to synthesise polyglutamate which resulted in the observed 

deficiencies. It was determined that the deficiency was 

due to a lack of appropriate folyl polyglutamate coenzymes 

by that fact that these metabolic defects persist even 

when the cells are provided with excess folate in the medium. 

In liver there is an observed turnover of stored polyglutamates 

to extracellular folate (Shane et al 1977), thus there 

would be a net loss of tissue folate should the rate of 

polyglutamate synthesis decrease. 

-17-



Work on the polyglutamates is hampered by their 

_ complexity. Bauch and Krumdiek (1971) estimated that with 

varying states of oxidation, one-carbon ‘substituents and 

up to seven glutamate residues, the possible number of folates 

is 150. These present a considerable challenge to analysis. 

In earlier studies (reviewed by Blakley 1969 p.34) tissues 

were allowed to autolyse, endogerdy,, conjugase liberating 

folates as monoglutamate, chromatography and microbiological 

assay used to estimate the various folate types. Besides 

the problems associated with microbiological assay methods 

(see section 1.4), under autolysis there is likely to be 

interconversion of folate types. Similarily Norohana 

and Aboobaker (1963) showed that freezing and thawing of 

tissue samples results in a greater proportion of formyl 

folates and a decrease in 5MeTHF. The method of Bird et 

al (1965) prevents autolysis by enzyme inactivation in 

boiling ascorbate, with use of conjugase to facilitate 

microbiological assay of the chromatographed polyglutamate 

peaks. However, conjugase has only recently been extracted, 

purified to homogeniety and characterised (Rao and Norohana 

1977), previous use of impure preparations suggests the 

possibility of folate interconversions during analysis 

(Connor and Blair 1980). Thus there are discrepancies 

between the reported tissue folates depending on the methods 

of extraction and analysis viz: Norohana and Silverman (1962), 

Bird et al (1965) report that 5MeTHF polyglutamates are 

-18-



the major liver folates, Shin et al (1972) extracted a mixture 

of formyl and methyl polyglutamates with up to six 

glutamate residues, while Connor et al(1977), Connor and 

Blair(1980) showed only polyglutamates of 10 formyl folic 

acid. The polyglutamyl folates do not elute from gel 

filtration or ion-exchange in a pattern consistent with 

either their one-carbon substituents or polyglutamate 

chain length (Beuch and Xrumdiek 1971). Attempts have been 

made to simplyfy the species derived from tissue by cleaving 

the co - yi? bond of polyglutamates producing a series of 

Pp aminobenzoyl glutamyl - ( ¥ glutanyl),, peptides which may 

be chromatographed with relative ease. Recently, however, 

it has been demonstrated that reductive (Lewis and Rowe 

1979) and oxidative (Marayama et al 1978; Lewis and Rowe 

1979) '‘cleavage' techniques, although able to produce amino 

benzoyl glutamates from synthetic folic acid polyslutanates, 

cannot do so consistently from reduced folate types. 

Connor (1979) was unable to demonstrate the presence 

of 5MeTHF polyglutamates, under extraction conditions 

where they would be expected to be stable, in rat liver, 

The high molecular weight folate was shown to be mainly 

4OCHOFA glu 4 PY chemical analysis (presumably the oxidation 

product of 10CHO THF glu 4) with some 10CHOFA glu, which might 

be an artifact of extraction (Connor et al 1977, Connor 

and Blair 1980). From this result Connor (1979) suggests 

that the polyglutamate tissue pool consists of formyl and 

bridgedfolates providing the coenzymes for purine and 

-19-



thymidylate synthesis: with methionine synthesis the exclusive 

domain of monoglutamate 5MeTHF. In support of this hypothesis 

it is observed that the BHK mutant strain reported by 

MacBurney and Whitmore (1974) while auxotrophic for glycine 

purines and thymine, the products of bridged and formyl 

types, shows no requirement for methionine, product of 

5MeTHF. As the requirements are associated with polyglutamate 

deficiency (Taylor and Hanna 1977) this would indicate only 

SMeTHF coenzyme activity is independent of polyglutamate 

synthesis. Similarly, rat intestine lacks methionine 

synthetase (Fincelstein et el 1971, 1978) yet apparently 

forms polyglutamates (Connor 1979) and synthesises 5MeTEF 

(Blakley 1969 p. 370). Should SMeTHF polyglutamates be 

formed, they would be unable to be demethylated in the gut, 

effectively trapping folate and Stopping one carbon transfer 

reactions. 

The apparent primacy of 10CHOTHF polyglutamate as 

tissue folates invites speculation about the control 

mechanism of folate metabolism wnich distributes folate 

between the mono - and polyglutamate pool (Connor 1979). 

The work of Krebs et al (1976) and Serutton and Beis (1979) 

proposed a role for 10 formyl THF dehydrogenase in controlling 

the level of one carbon wits in the folate pool, releasing 

excess units as 00, (fig 1.3). If as is found with other 

enzymes, the polyglutamyl folate is the preferred substrate 

(see above) 10CHOTHF polyglutamate would be the primary 

substrate of the pathway, competing with monogluteamyl 
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1OCHOTHF. When the demand for 10CHOTHF polyglutamate 

is increased during phases of nucleotide~syiithesis,. a greater 

proportion of monoglutamyl 1OCHOTHF will be utilised by the 

dehydrogenase, generating THF. The increase in THF concentration 

would result in enhanced polygutamate synthesis, as in vitro 

studies (Sakami et al 1973, Spronk 1973 McGuire et al 1979) 

have indicated that this folate is the optimal substrate for 

polyglutamate synthetase (fig 1.6). This mechanism would 

enable nucleotide synthesis to modulate folate conjugation 

and provide a ‘rationale for the observation of Hilton et al 

(1979) that the polyglutamate to monoglutamate ratio is 

increased in cultured cells during their logarithmic growth 

phase. 

The oxidation of 10CHOTHF ey may have physiological 

consequences as its oxidation product 10CHOFA glu, is 

found to be a powerful inhibitor of dihydrofolate neductase 

(Friedkin et al 1975). Thus on ocecasions oe the oxidation 

of 10CHOTHF types is increased, as observed in Vitamin C 

deficiency (Stokes et al 1975) increased dihydrofolate 

rednetase ‘ inhibition may interfere with cell division 

contributing to anaemia. Conversely bell division is 

likely to be enhanced by thymidylate synthetase activity 

when 10CHOTHF oxidation is diminished, as may occur in 

tumour cells which are observed to have a higher redox 

potential then normal (Schwartz et al 1974, Schwartz and 

Johnson 1976). 

Rigorous investigation of these postulates awaits a 

technique for the routine examination of cellular folates 

without the ambiguities of present analytic methods. 
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Fig.1.6. Relationship between the Mono- and Polyglutamate 
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1.2 Folates in Physiology 

The folate coenzymes are involved at three points in 

the synthesis of nucleic acids; purine and thymidylate synthesis 

and the de novo production of modifying methyl groups (Nau 

1976). ‘This, and possibly their role in amino acid metabolism 

makes them essential to cell division. Lack of folate in 

man results in a disease vrimarily characterised by deranged 

red bload cell formation, :megaloblastic anaemia. the 

circulating red cells become macrocytic and their bone 

marrow precursors megaloblastic. These cells, together 

with transformed lymphocytes and dividing epithelial cells 

show chromosome anomalies. -As a result of decreased erythro- 

poesis anaemia occurs. The decreased proliferation of the 

epithelial surfaces may, in acute cases, result in the 

ulceration of the mouth and upper intestinal mucosa, and 

the impairment of gonadial cell division cause male and 

female sterility(Hoffbrand 1977). — 

Deficiency of vitamin By also gives rise to megaloblastic 

anaemia, histologically and heematologically .indistinguishable 

from that produce by folate deficiency (Blakely 1969 p439). 

Their interrelationship is shown by the fact that Bao 

deficient anaemia may be alleviated by pharmacological 

doses of folic acid and folate deficient megalobastosis 

by vitamin B,,, However, neurological disturbances and 

dezeneration associated with Bio deficiency are not treated 

by folate therapy and may even be exacerbated by it (Rowe 

1978). To explain the relationship of 3,5 and folate 
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deficient anaemias, Herbert and Zalusky (1962) and Norohana 

and Silverman (1962) proposed the methyl tetrahydrofolate 

trap' hypothesis. Noting that Bro is required as a 

cofactor for methionine synthetase (fig 1.3) they suggest 

that during Bio deficiency the rate of methionine synthesis 

thus 5MeTHF demethylation, falls. This results in 

available folate being trapped as 5MeTHF at the expense of 

the purine and thymidylate forming types, this functional 

folate deficiency gives rise to the observed megaloblastosis. 

That the anaemia is not immediately fatal is possibly 

due to residual methionine synthetase activity, or as a result of the 

diet compensating for the block by provision of folates 

other than 5MeTHF which would enable vital folate functions 

to continue at a low level, yet not prevent the development 

of anaemia. 

Evidence for the 'methyl'trap' hypothesis has been provided 

by Thenen et al (1973) who reported that the serum of 

pernicious (Bio deficient) anaemia patients showed elevated 

5MeTHF, Blakely in his review (1969 p. 456) considered the 

evidence to,date for increased serum 5MeTHF to be equivocal . 

However, Rowe (1978) suggested that the majority of serum 

folate being normally 5MeTHF (Ratanasthein et al 1977), the 

proportional increase may not be readily detected. This is 

especially true should microbiological methods be used 

which may show high variability (Rothenberg et al 1972). 

More directly Lavoie et al (1974) showed a decreased 

incorporation of 140 activity from 5MeTEF into proteins 

in cobalamin deficient human cells and Sakamoto et al (1975) 

observed a decreased synthesis of thymidylate in cultured 
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Bay deficient lymphocytes. The hypothesis has been extended 

by the observation that 5(140)Merar is not incorporated into 

polyglutamates with its methyl group intact (Lavoie et al 

1974, Blair et al 1976). 

This could result either from demethylation of the 

5(14¢) methyl THF proceeding at a much faster rate compared 

to its rate of conjugation, so that (4c methyl) labellea 

polyglutamates are not readily observed by this technique, 

or that 5MeTHF is a poor direct substrate for polyglutamate 

synthetase. In vitro studies of bacterial and rat liver 

polyglutamate sythetase (a’Urso - Scott and Malaku 1973 

Spronk 1973) show that the enzyme is unable to utilise 

SMeTHF, A later report (McGuire et al 1979) observed some 

in vitro 5MeTHF conjugation but at a rate some 20% of 

that observed with THF. Thus accumulation of 5MeTHF 

during By deficiency would result in decreased polyglutamate 

synthesis and reduced tissue folate eg. in liver (Thenen 

et 211973). Perry and Chanarin (1977) report that the folates 

of red blood cells from pernicious anaemia patients 

show a different spectrum of polyglutamyl chain lengths 

from normal which could have consequences for folate 

enzyme regulation. However, the detailed analysis of 

chain lengths should be treatedwith caution, as their 

analysis was based on cochromatography with synthetic 

SMeTHF polyglutamates which may be inappropriate markers 

for tissue folates (see sectiont1). In a later report (Perry 

et al 1979a)they observe that By5 deficient rats show a 

marked decrease in incorporation -of folate into polyglutamate 

when the source is 5MeTHF, compared to formyl and methylene 
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THR, 

The methyletrahydrofolate trap thus explains the haemato- 

logical effeéts of Bio deficiency as a consequence of 

@isturbed folate metabolism, yet Rowe (1978) suggests 

the hypothesis is limited in that with congenital methyl- 

malonicacidurie there is defective cobalamin metabolism 

and methionine synthetase activity (Mahoney et al 1971, 

Dillen et al 1974) but those affected do not automatically 

show the expected megaloblastic anaemia. 

Folate deficiency may arise due to 4 variety of 

causes. Blakely (1969 p.411) described nutritional folate 

deficiency as possibly the commonest example of vitamin 

deficiency in man. However, human folate requirements are 

not as yet well characterised (Rodrigues 1978); although 

estimates have been made of the minimum amount of folate, 

as folic acid, required to forestall the appearance of 

deficiency symptoms. Hansen and Weinfield (1962) gave a 

value of 10Qug daily, Zalusky and Herbert (1961) of the order 

of 50mg and Banerjee et al (1975) 75pe. However, it has 

to be noted that these values are obtained from populations 

of ill defined nutritional status. Folate deficiency is 

also observed in malabsorbtion syndromes (Rodrigues 1978), 

during the clinical use of folate antagonists (Blakely 1969 

p 484, Waxman et al 1970) and anticonvulsants (Chien et al 

1974). Folate deficiency is commonly associated with 

conditions characterised by inereased cell proliferation 

vi23 Haemolytic anaemia, myosclerosis,inflammatory disease 

and malignant neoplasia (Zoffbrand 1977), and especially 
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pregnancy. 

It has been estimated that the folate requirements of 

a pregnant woman is in the order of 400: jxg/day some 4 to 

8 times that of the non pregnant adult woman(Lowenstein 

et al 1966) The association of folate deficient anaemia 

with pregnancy has been studied since the 1930's and the 

observations of Wills (1931). “Chanarin-et al (1958) reported 

that the majority of women in pregnancy and all mothers of 

multiple births show folate deficiency. Cooper gst al 

(1970) reported that studies to date had showed that 50% 

of pregnant women had low serum folate and studies in 

Britain, Canada and South Africa showed 25% of women with 

‘megaloblastic changes in the boné marrow during pregnancy. 

Reports differ as to the effects of maternal folate deficiency 

on the foetus, for it is apparently able to avail itself 

of folate at the expense of the mother even when the 

maternal stores are depleted (Rowe 1978). Gatenby and 

Lillie (1960), Hibbard and Hibbard (1968) report an increase 

in prematurity and congenital defects in the children of 

folate deficient mothers, while Pritchard et al (1970), 

Varadi et al (1966), Giles (1966) and Cooper et al (1970) 

could not show any increase in perinatal mortality or 

morbidity with maternal folate deficiency. This question 

will be difficult to resolve now that folic acid supplements 

are given routinely during pregnancy. Folic acid supplements 

have been shown “to result in a significant decrease in premature 

births to Black South African mothers while no significant 

difference was observed among white women with a more 
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substantial diet (Braunsleg et al 1970). ‘The study indicates that 

one cannot study folate deprivation amongst human populations in 

isolation from other dietary factors. 

Folates have an important role in mental development 

evidenced by the congenital folate metabolic diseases. 

In his review Rowe (1978) cites several folate enzyme deficiencies 

viz congenital malabsorbtion; dihydrofolate reductase 

formiminotransferase/cyclodeaminase, methylene THF reductase 

and methionine synthetase deficiencies. Although slowing 

of physical growth was an occasional feature, mental deficiency 

was almost invariably present to some degree. From animal 

studies folate deficiency in early life may be associated 

with abnormal mental development; Arakawa (1970) reported that 

induced folate deficiency in the neonate rat causes a 

delayin the maturation of brain electrical activity. 

Possibly deranged folate activity affects brain development 

by decreesing nucleic.aéid synthesis during a phase of nerve 

proliferation. However, folate and one-carbon metabolism 

also have a role in mature brain activity where growth 

is minimal. 

Both folate deficiency and excess have been observed 

to cause neuropsychiatric disturbances in adults. Folate 

deficiency in man is associated with neuropathy (Manzoor 

ana Runcie 1976) and mild depression and fatigue (Botez 

et al 1978) Pharmacological deses of FA (15mg/day) are 

observed to cause gastrointestinal disorders, sleep diffi- 

culties, vivid dreams and irritability which ean interfere 

with normal working life (Hunter et al 1970). Further work 
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Fig.1.7. Tetra- and Dihydrobiopterins 

Hi e 

et as 

Tetrahydrobiopterin (BH, ) 

- OH OH 
| 

CH—CH—CH, 
HN Ee : : 

ke Ni H 

H 

Quininoid Dihydrobiopterin (qBH,) 

HN 

Z 

xm
rz
 = 

7,8,Dihydrobiopterin (7,8,BH,) 

=-29-



Fig.1.8. Role of Biovterin in Neurotransmitter Synthesis 
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on humans (Hunter et al 1971) showed that 30 mg FA by 

mouth resulted in a significant fall in cerebrospinal fluid 

levels of hydroxyvanillic acid, a dopamine breakdown product 

indicating a decreased turnover of the neurotransmitter. 

In rats Botez et al (1979) report a decrease in brain levels 

of the neurotransmitter 5 hydroxtryptamine (5HT) in animals 

maintained on a folate excess or folate deficient diet. 

They postulate that in folate depletion an associated 

thiamine def ciency (Thomson et al 1971) results in the 

decreased 5HT production. Spector et al (1978) report that 

dihydrofolate reductase (DHFR) is required for the reduction 

of 7,8. dihydrobiopterin in the de novo synthesis of 

tetrahydropterin (fig 1.7) the pterin redox cofactor in 

tryptophan (Lovenberg et al 1967), phenylalanine ee tyrosine 

hydroxylation (Costa and Meck 1974) in the synthesis of 

5HT and dopamine (fig 1.3). Botez at al (1979) proposed 

that when high doses of FA are administered the preferential 

reduction of FA to DHF and THF decreases the rate of 

tetrahydrobiopterin (BE 4) by DHFR, consequently decreasing 

subséquent 5HT production as BEY concentration is thought 

to be rate-limiting in hydroxylating systems (Costa and 

Meck 1974). Another possible interaction of FA with biopterin 

metabolism is via dihydropteridine reductase (DMPR) the enzyme 

which recycles the quinoid dihydrobiopterin product of Hy 

requiring hydroxylations {Lund 1972) fig 1.8. Folic acid 

is observed to be an in vitro inhibitor of this enzyme 

(Cheema et, al 1973), thus the high transient body concentrations 

of FA after a pharmacological dose would be expected to result 

in DHPR inhibition. Thus it is possible’ to envisage folates 

interacting both with the de novo synthesis and salvage 
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pathways for BE ye These postulates are still to be tested 

by experiment, however, the biopterin hypothesis suggests 

an interesting association between the two areas of mammalian 

pterin metabolism. 

Folates and one carbon metabolism are involved in the 

two commonest chronic mental disorders, epilepsy and 

schizophrenia. Zpileptics treated with anticonvulsant 

drugs often develop folate deficiency and megaloblastic 

anaemia (Klipstein 1964, Waxman et al 1970). It has not 

been established whether anti-convulsant drug action is 

primarily due to antifolate activity, however, Ch'ien et 

al (1975) note that seizures and EEG abnormalities may be 

induced in some drug treated epileptics by high (75mg) 

intravenous folic acid doses. 

Schizophrenia is of interest in that 40% of chronic 

schizophrenics when given methiénine dosés of 20g/aay (normal 

adult requirement = 10mg/day) suffer acute psychotic brtanks 

(Smythies 1975). Opinions as to the mechanism of this 

effect differ, Osmond and Smythies (1952) proposed the 

  

transméthylation hypothesis where abnormal methylation of 

neurotransmitters occurs in schizophrenia to produce natural 

analogues of N= and 0- methylated psychomimetic substances 

such as dimethyl tryptamine (DMP), bufotenine 5 methoxy 

DMT, and mescaline (Rosengarten and Friedhoff 1976). 

However, Smythies (1976) reported that there is little evidence 

that schizophrenics produce greater amounts of methyl 

modified neurotransmitters than normals, and suggested 

the methionine effect may be due to action on 5HT metabolism, 
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by competing with tryptophan uptake and or by psychotoxic 

effects of homocysteine. They note the schizophrenia~like 

symptoms associated with methylene THF reductase deficiency 

(Freedman et al 1975) which gives rise to homocysteinuria, 

and that administration of serine a source of one carbon 

units for homocysteine methylation abolishes some of the 

methionine effect symptoms in schizophrenics (Beaton et 

al 1975). However, conversely simple homocysteine 

accumulation is not observed to cause schizophrenia-like 

effects in subjects with cyst thionine synthetase deficiency 

(Laster et al 1965). In contrast to the transmethylation 

hypothesis, Levi and Wassnan (1975) proposed that the bio- 

chemical lesion of schizophrenia is under methylation of 

neurotransmitters. Reynolds (4968a) noted schizophrenic 

episodes in epileptics undergoing anticonvulsant drug 

treatment, which lowers folate, thus presumably trans- 

methylation. Levi and Waxman also note the methylene THF 

reductase deficient schizophreniform syndrome (Freedman 

et al 1975) where there would be diminished de novo synthesis 
  

of methyl groups. They propose that schigophrenics are 

deficient in activating methionine for transmethylation. 

14, 
Leukocytes from schizophrenics produce less C0, from 

(*4¢ methyl) methionine than normal, suggesting a general 

abnormality of transmethylation or exidation of methionine 

methyl (Latife et al 1978). Measurement of one carbon 

pathway enzymes (Carl et 21 1978) shows blood cells of 

schizophrenics to have diminishedserine hydroxymethyl- 

transferase (enzyme 3 fig 4.3) and methionine adenosyl 

transferase (SAM synthetase). Deficiency of the former 

would result in less de novo methyl group farmation, the 
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latter less SAM production. However, Levi and Waxman (1975) 

do not account for the effect of methionine load, which 

simplistically, should allieviate schizophrenia psychosis 

caused by under-methylation rather than potentiate it. 

However, schizophrenia is a complex disease state which is 

diagnosed by behaviouraland psychiatric criteria rather 

than physiology and may have several biochemical mechanismg 

involved in its aetiology (Smithies 1975, 1976). Folate 

and one carbon metabolism are demonstrably altered in 

at least some affected patients, and thus further research 

in this field would be valuable. 

An adequate supply of folate, Bio and one carbon 

donors pleys an important role in the maintenance of an 

effective immune response (Newberne 1977). Although immune 

deficiency is observed with protein calozié (Chandra 1975) 

and other vitamin deficiencies(Axelrod 1971), that of 

folate deficiency may be especially important due to its 

widespread incidence. Folate deficient women have a 

decreased cell-mediated immune response as measured by 

dinitrochlorobenzene skin tests and depressed phytohaema- 

glutinin (PHA) stimulation of peripheral lymphocytes 

(Gross et al 1975). In animal experiments damage occurs to 

the rat immune reponse following subclinical deprivation 

of folate, B,, and methyl donors (choline and methionine) 

in the mother (Newterne 1977). The offspring, in adult life, 

show significantly greater mortality when challenged with 

Salmonella typhimurum infection, low sexu protein and white 

well counts, and a reduced leukocyte response to PEA 
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stimulation. In the same series of experiments pre- and 

post-natal B49 depletion also supresses the rat immune 

response , however, excess Bio improves the*immune_ response 

above normal, and the cytotoxic ability of challenged 

lymphocytes from post-weaning folate depleted animals 

was correlated with their serum folate levels. In the later 

experimepts of Williams et al (1979) rats were marginally 

deprived of methionine and choline during various growth 

and devopmental stages, and it was found that the severest 

immmological impairment was associated with deprivation ‘during 

gestation and lactation, the period of maximal lymphoid pro- 

liferation. If these studies are extrapolated to humans, 

  

they indicete tnat folate deficiency should be avoided 

guring the early stages of life, as even subclinfeal deficiency 

of folate,B,, and one carbon donors may lead to long term 

immune system impairment. 

The requirement of folate for cell division is 

exploited therapeutically to destroy invasive or malignant 

cells. ‘The sulphonamides, structural analogues of 

p.aminobenzoic acid, have antibiotic activity by competi- 

tively inhibiting bacterial synthesis of dihydrofolate 

(Brown 1962), 2-diaminopyrimidines are antimalarials which 

function by inhibiting Plasmodium dihydrofolate reductase 

(Blakely 1969 p.466). Methotrexate (IK), fig. 1.9 is 

widely used in the treatment of neoplastic disease and can 

give complete remission of Burkitts lymphoma and choriocarcinoma 

with substantial remission of acute lymophoblastic leukaemia 

(Condit 1971).
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Methotrexate is a phase specific cancer chemotherapiutic 

halting the synthesis of nucleic acids in 'S' phase of the 

cell cycle by DHFR inhibition. The recycling of folate 

coenzymes ceases with the result that the cell undergoes 

'Shymineless death' (‘Cohen 1971). Methotrexate eytoxicity 

is proliferation dependent, the kill rate obtained with 

cell cultures in log growth phase is 6.7 times that obtained 

with resting cell cultures (Hrynuik et al 1969). In mouse 

fibroblasts 4075 MTX is observed to give a 95% kill of 

cells passing through the cell cycle after 24 hours, 

whereas contact inhibited non-dividing cells are immune 

(Johnson et al 1978a). In theraputic use the differential 

kill between normal 4 malignant cells is enhanced by 

folate rescue treatment. Tumours are observed to have 

a smaller fraction of cells in Go or 'resting' with respect 

to the mitctic cycle (Valenote and Van Putten. 1975) which 

are thus not subject to S phase inhibition by MTX. 

Methotmexate is administered at high dose to destroy all 

mitotically active cells. Provision of 5CHOTHF or 

occasionally 5MeTHF after the period of a cell cycle will 

act as an antidote for those cells in Gg ,especially those 

which can repopulate the gut epithelium and the haemopoetic 

system, as they reenter the mitotic cycle. 

Thas folates are seen to be involved in several major 

areas of normal and diseased human physiology.



1.3 5 Methylietrahydrofolic acid 

5 MeTHF(fig. 1.10) since its discovery as prefolic A 

by Donaldson and Keresztisy(1959) has been recognised as 

\ quantitatively the most important folate of serum (Herbert 

1961, Ratanasthein et al 1974), cerebrospinal fluid 

(Levitt et al 1971) of autolysed or stored mammalian 

tissues (Bird et al 1965, Shin et al 1972), various 

foodstuffs (Rodriguez 1978) and the conjugase treated 

folate content of a typical British diet (Perry 1971). 

Since 5MeTHF would be the major exogenous folate form - 

available to humans, this would suggest it as the most 

appropriate folate for investigations of folate metabolism. 

However, 5MeTHF and its radiotracers have only relatively 

recently become commercially available for widespread 

research use. Previously most studies have used folic 

acid or occasionally 5CHOTHF the most chemically stable 

and readily available forms. Folic acid is not a 

natumally occuring folate and it is only by the fortuitous 

ability of dihydrofolate reductase (DHFR) to catalyse 

its reductiont DHF which enables the compound to enter the 

folate pool. This unusual reaction however, is slow, 

proceeding at 2-19% of the rate observed with DEF (Blakley 

1969 p.146) and is the rate limiting step for the incoporation 

of folic aéid into the pool. Interestingly the orientation 

of folic acid on the active site of DHFR is inverted with 

respect to DEF yet the enzyme is able to utilise both as 

substrates(Gready 1979). So the use of folic acid tracers 

may not give valid observations of the normal activities of 

of the folate ccenzymes. A similar reservation applies to 
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SCHOTHF which although reported to be present in foodstuffs 

(Butterworth and Santini 1963, Perry 1971) it has not been 

confirmed to have any one carbon donor role in mammals 

(Rowe 1978). 

5MeTHF has only one characterised metabolic reaction, 

that of donation of its methyl group to homocysteine forming 

methionine (Sakami and Uskins 1961). This is the major 

  

methionine synthesis route, although there is a betaine: 

homocysteine methyltransferase (fig. 13) this is confined 

to the liver in rats (Finkelstein et al 1971, 1978, Cantoni 

1977, Balinska and Grzelakowska-Sztabert 1978). The 

deficiency of cobalamin (vitamin B,)) in pernicious 

megaloblastic acacia is thought to result in the decreased 

rate of “SMeTHF demethylation, with the result that folate 

accumulates as 5MeTHF which is ‘unable to participate in 

polyglutamate or purine and thymidylate synthesis (the 

methyltetrahydrofolate trap see section 1.2). Underpinning 

this hypothesis is the assumption that the reduction of 

5,10CH,THF is irreversible in vivo as calculated by 

Kutzbachlen] Stokstad (1971). foweverseveral reports were 

published suggesting 5MeTHF might have a direct methylating 

role in neurotransmitter metabolism (Laduron 1972, Hsu and 

Mandel 1973, Banerjee and Snyder 1974). It was later 

shown (Meller et al 1975) that the 'methylating' effect was 

due to methylene THF reductase reacting in the reverse 

direction under the oxidising conditions of the assay 

employed which included FAD or menadione. The 5,10,CHo THF 

formed undergoes non-enzymic dissociation producing



formaldehyde which condenses with e.g. tryptamine and dopamine 

to produce compounds which mimic the pharmacological effects 

of methylated biogenic amines (Taylor and Hanna 1975, Pearson 

and Turner 1975, Fuller 1976, Rosengarten and Friedhof 1976) 

Biochemical evidence for the in vivo formaldehyde route 

was strengthened by Burton and Sallach (1975) who showed that 

the distribution of the putative 5MeTHF requiring methyl- 

transferase activity was the same as that of CH THF reductase. 

The physiological sisnificance of this reaction is unclear, 

the isoquindline and B carbolines produced are not known as 

natural products of brain metabolism, and the oxidation 

of SOHZTHF to 5, 10,cHJMF is unlikely (Keq = 107in favour 

of reduction, Kutzbach Bnd Stokstad 1971) at the redox 

potential obse-ved in both normal and transformed eells 

(Williamson et al 1967, Schwartz et al 1974, Schwartz and 

Johnson 1976). Although Stebbins et al (1976) postulated 

that the reaction may occur under special conditions viz: 

the metabolism of typtamine by blood platelets, the 

pathway has not yet been demonstrated in vivo or in cell 

free extracts without added oxidising agents. Were this 

pathway quentitatively important it would provide a route 

to bypass the 'methyltetrahydrofolate trap! releasing 

5 MeTHF one carbon units by means other than methionine 

synthesis. 

A second area of controversy involving 5MeTHF metabolism 

has been in the apparent methionine auxotrophy of tumour 

cells. A methionine deficient diet was observed to inhibit 
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the growth of an implanted Yalker 256 carcinosarcoma in the 

vat ( Sugimura et al 1959 ). Halpern et al (1974) 

showed thet replacement of methionine by homocysteine 

in cell culture did not affect normal cells, however, it 

caused cell death with human monocyte leukaemia cells 

  

(3411), mouse lymphoid carcinoma (11210) and Walker 256. 

They proposed thet there is a functional methionine synthetase 

deficiency in tunour cells (Ashe et al 1975) and that a more 

effective methotrexate regimen would be the simultaneous 

dosage of 5MeTi? with MTX to protect normal cells with 

adeauate methionine synthetase, while the tunour cells 

    would be wguarded against MIX inhibition (Zelpern et al   

these experiments were critised in that not 

  

all tumour cells show the methionine requirement, HEp2 and 

Hela can survive methionine replacement (Magnum et al 

4969) as can mouse lymphoma TLE5 (Tisdale 1979) and humen 

mennaxy carcinoma A146 showing that methionine auxotrophy 

is a poor guide to malignancy (Kries and Goodenow 1978). Pp g y 

   H be (1976) showed ‘tt     an and =: although Walker 256 and 

  

  the SV40 transformed human skin fibroblasts SV80 and W18VA2 

show arequirenent for methionine, both FA and 5MeTHF ere 

equally effective in stimulating the folate depleted cells. 

They are able to take up 5MeTHP normally and use it for 

3 io + a ° 5 y o 3 S ES Dp
 o a is at rates similar to or greater than 

A 
after 26 hours 59-83% of 5(40)nerr activity 

is found as “C methionine. Also if otherwise limiting amounts 
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of methionine are provided in the medium the cells will 

thrive on homocysteine. Peytremann et al (1975) found the 

level of methionine synthetase in human blood cell lines 

to be chronic lymphocytic leukaemia lympocytes ) normal 

lymphocytes» normal granulocytes» chronic myelocytic 

leukaemia granulocytes, and suggested the level of the enzyme 

may be related to the cell's potential for division, 

Goff and Blakley (1978) have criticised the 5MeTHF 

protection experiments of Halpern et al (1975) on the 

grounds of the MTX concentrations used. They showed that 

under conditions more resembling the clinical usage of MXT 

that both 5MeTHF and 5CHOTHF have similar efficacy in 

protecting rescuing normal and tumour cell lines, as they 

have been observed to do so in the whole mouse (Blair 

and Searle 1970). Thus methionine auxotrophy is observed 

as a characteristic of only some tumour cells, although when 

the tumour cells revert to normal methionine independence 

they also show loss of other tumour cell characteristics 

(Hoffman et al 1979), which implies the methionine requirement 

is a function of transformation in those cells. The mechanism 

does not involve methionine synthetase, but presumably some 

as yet unimown function of methionine or change in the 

folate pool. 

5 MeTHF is oxidised by air to 5Methyl 5,6, dihydrofolate 

(Donaldson and Teresatesy 1962, Serimgeour and Vitrols 1966) 

the rate of oxidation is increased by the presence of cuet 

and the polarity of the solvent (Blair et al 1975). Further 
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oxidation of this compound by 1405 gives rise to a species 

originally designed as 4a hydroxy- 5 methyltetrahydrofolate 

(4a0H5MeTHF) by Gapski et al (1971) later reformulated as 

a pyrazino-s-triazine by Jongejan et al (1979). As the 

folate content of foodstuffs is likely to undergo oxidation 

in storage (Blair 1976) these 5 MeTHF oxidation products may 

be significant in the diet, and their metabolism in mammals 

pears investigation to asses their physiological importance. 
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1.4. Research Objectives and Methods 

There are two major methods commonly used in folate 

metabolism studies, microbiological assay and radiotracezs. 

The low concentration of folates in physiological fluids 

does not lend them to spectral analysis without lengthy 

purification and concentration proceedures which may 

cause degradrmtion. The folates are involatile which 

renders them unsuitable for mass spectrometry or gas 

chromatography. Wicrobiological assay, although a sensitive 

technique, may be criticised on the grounds of high 

variability (Rothenberg et al 1972),In one study 

(Butterfield and Calloway 1972) a coefficient of variation 

of 25% was obtained for total folate determination. The 

technique relies on an assumed 'all or nothing' response by 

each test orsanism to a particular folate monoglutamate 

which will sive a differential estimate of the sample 

under investigation when organisms with different folate 

requirements are used viz: Lactobacillus casei responds 

to FA and the reduced folates, Streptococcus faecalis 

to all L casei folates except 5MeTHF, and Pediococcus cervisiae. 

to the formyl THF's and THF (Baugh snd Krumdtek 1971) 

They are also assumed to have no response to polyglutamates 

higher than the triglutamate. 

Pollock and Kaufman (1978) showed that on the contrary, 

different folates elicit varying growth responses from test 

organisms assumed to be equally sensitive to them. Also 

L. Casei does show some response to synthetic polyglutamates; 

folic acid and TA glu and FA sluo showing an equal response 
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with Fagluz 65.6% Fa growth), FA aly, (19.9%), FA glus (3.5%) 

and FA glug (2.4%) elso giving a response (Tamura et al 

1972). Thus determination of individual folate monoglutamates 

and studies attempting to assay the proportion of monoglutamate 

to polyglutamates in tissue which rely on the microbiclogical 

activity before and after conjugase treatment are likely to 

be suspect. 

In this project radiochemical methods are used to 

investigate folate metabolism. Both (3', 5’, 7, 9, 2H) 

and (214¢) labelled folic acid are commercially available, 

but their use has been criticised on the grounds of possible 

3H exchange reactions (Blair 1976) for the former, and 

difficulties in distinguishing intact (2'4c) folates from 

their pterin scission products (Murphy et al 1976). In 

this study a mixture of the two folic acid tracers was used 

to produce mixed lebel 5MeTHF from the rat, which in use 

avoids most of the problems associated with the single 

labels. 5(14¢) MeTHF is available commercially and may be 

used to follow the metabolism of the methyl group, although 

caution has to be observed as this compound is provided 

as a mixture of the natural and unnatural C, @Pimers 

After administration tothe rat, radiolabelled species 

from urine and tissue were separated by sequential ion exchange 

and gel filtration chrommatography which enables substantially 

greater amounts of fluid to be analysed than would be possible 

with alternative chromatography methods e.g. thin layer 

(Beavon 1973). Experiments were wmertaken with suitable 

radiolabels to a) determine the role of 5MeTHF as a one 

carbon donor in comparison with methionine, b) by use of dual 

ah 5m



labelled 5MeTHF to trace the normal disposition, metabolism 

and excretion of a naturally occuring folate. c)the synthesis 

of dual and methyl labelled oxidation products of 5MeTHF to 

determine their bioavailability and metabolism in the rat 

a) comparison studies on rats with an implanted Valker 256 

tumour to observe changes in 5MeTHF metabolism which might 

be exploited diagnostically or therapeutically. 
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    The experimental animals used were 200g male “listar 

albino rats maintained on rat breeding diet (table 2.1). 

Experiments concerned with tumour metabolism used mele 

Yistars obteined from the Chester-Beatty Institute, 

Londen, which had been implented under the skin of the 

right flank with 40° cells of Walker 256 carcinosarcoma 

in suspension. These enimals were kept for seven days 

after implent prior to dosing with radiotracer, by which 

time the tumour mass was palpable. B 

202 Chemicals 

The reagents used routinely during experiments were 

of "Anala R! grade or equivalent obtained from various 

commercial sources. S5Methyltetrahydrofolic acid (Magnesium 

   
salt) was obtained from Eprova Research Laboratories 

(Basle, Switzerland), Radiolabelled, non-radioactive folates 

and related compounds were either bought, extracted or 

  

synthes 

  

sed; 5(140)uemE? (Ca salt 58 poi/aut)\('4c metny2) 

methionine (5@ci/sM), (214c) folic acia (55,kCi/mM), 

(3',5'47:9.-8 folic acid(45Ci/m") were obtained from 

the Radiochemical Centre, (Anershen, Bucks). The following 

A noe 

  

were each dissoly+d in 50mM Na phosphate buffer pH7 

containing 2 Na ascortate and mixed to give a solution 

4 5 
containing 19 sci ¥ C, 25~eCi “4, and 80.5rg folic acid 

    

as described below (Section 2.3). ( 3) 

re chromatographed by DE52 ion- 

    

fraction was pooled,



Table 2(1) Composition of Rat Diet 
(Rat and Mouse Breeding Diet, Pilsbury's Ltd.) 

   

Crude oil 9 3.26 
Crude protein % 21.25 
Crude fibre % 3.48 
Digestible Crude Oil % 2.48 
Digestible Crude Frotein % 17.60 
Digestible Crude Fibre of 2.10 
Digestible Carbohydrates % 46.80 
Gross Bnergy Cals/X¢ 4072.00 
Metabolisable Energy Cals/kg 3666.00 

Saturated Fatty Acid % 0.73 
Linoleic Acid he 0.99 
Other Unsaturated Acids % 1654. 
Calciun % 1.30 
Phosphorus % 1.00 
Sodium Chloride 9% 0.635 
Magnesiun of 0.24 
Potassium %. 0,80 
Sulphur % 0.23 
Iron mgiKe 171.60 
Copper mg/Kg 14,50 
Manganese mg/K¢ 86.60 
Cobalt pe/Ke 404.70 
Zinc mg/Kg 39.60 
Iodine Ae/ke 600.00 

Arginine % 1.31 
Lysine % qth 
Methionine % ‘ 0.36 
Cystine % 0.33 
Tryptophan °% 0.23 
Glycine % Toor 
Histidine % 0.51 
Threonine % 0.71 
Isoleucine % 0.84 

Leucine % 1.49 
Phenylalanine 4 0.89 

Valine % 1.07 
Tyrosine % 0.69 

Aspartic Acid % 1.64 
Glutamic Acid % » 3.96 
Proline os 1.53 
Serine 6 41,00 
Vitamin 'A' i.u./Ke 1, 1587.00 

Carotene mg/Ke 0.79 
Vitamin B1 (Thiamine) mg/X¢ 9.10 
Vitamin B2 (Riboflavine) mg/Ke 3.90 
Vitamin B6 (Pyridoxin) mg/%g 40.10 
Vitamin B12 BEES 17.00 
Vitamin 'E' mg/Kg 77.00 
Vitamin '<' mg/Kg 3.00 
Police Acid mg/Kg 0.70 

Wieotinic Acid mg/Kg. 78.00 
Pantothenic Acid mg/Kg 27.80 
Choline Chloride me/Kg 2.22 
Biotin me/Ke 0.12 
Vitamin D3 i.u./%e 859.00 
Vitamin '0' me/Ke - 
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@esalted by passage through a G15 colum 

  

equilibrated with 0.2 Ascorbate. After freeze drying 

the compound was stored as the solid prior to use. An 

aliquot of the stored compommd was chromatographed with = 

authentic wmlcbelled SieTH? to ensure its identity. 

5 Methyl 5,6 Dihydrofolate (see fig 5.2, Chapter 5) 

s$ compound was prepared by a modification of the method     

of Capski et al (1971). 50mg SMe™m (for unlabelled 

compomd) or 25 Ci 140, 62.5 acl 32 (for mixed label prepara- 

tions) was dissolved in 200m" 0.511 phosphate buffer py5.6 

previously gaSsed with nitrogen. 100 mg potassium 

ferricyanide wae added, and the mixture left to react for     

ction mixture was diluted   30 minutes under nitrogen. The r 

with Ty gassed water to a conductivity of less than 307! 

mhos Gia and chromatogravhed on DE52 (section 2.5). ‘The 

reaction product was detected by its UV absorbance or 

radioactivity as it eluted from the column, collected and 

freeze dried. The unlabelled compound was observed to give 

the DV spectrum of 5ife,5,6,DEF as published by Gapski 

    et al (1971). ITF was held as the solid at -20°C 

until required for dosing, when it was made up in rlitrogen 

gassed water. 

Pyracino-s-tri 

  

rine oxidation product of SMeTHY "4a0W SMe THR" 

  

(see 

This compound is described as 4e0H 5MeTHF by Gapski 

  

et al (1971) but this structure was revised by Jongejan 

et al (1979) as a 

  

rrazino-s-triazine. ‘The compound 
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was prepared as in 

  

proceedure given by Capski et al 

(1971). 50mg of Svemm=P or 10 uci 5('4a)iemF was diesolved   

= z 
in 10 om’ of 0.1M sodium acetate. 0.5em” of 30° v/v 

H,0 25 added to 10cm” of 9.1” sodium acetate, followed 
qe 

by the 5SMeTEP solution. The pH of the solution was 

  

adjusted to 6 with 1M acetic acid, and the reaction proceeded 

for 1 hour at room temperature. ‘The compound was then purified 

by DEB52 ion exchanse (section 2.5) and desalted by passage 

through a G15 column equilibrated with water. The UV 

spectrum of the wmlabelled compound agreed with that given 

ty Gaspki et al (1971) for 4a0HSMeTHF, and the 146 

labelled species was chromatographically inseparable 

from it on G15 and DE52 columns. 

The radiolabelled species was stored at =20°C; the non- 

labelled compomd was recrystallised, after addition 

of excess bariun nitrate, ‘rom methanol as the berium salt. 

Soi



235 Experimental 

The radiotracer solutions were made up in 50mM 

Na phosphate buffer pH7 containing 2% sodium ascorbate, 

with the exception of 5Me 5, 6, DHF solutions, and the 

animals were lightly anaesthetised with ether prior to oral 

or intraperitoneal (IP) dosege. The animals were usually 

dosed with 0.2 emof solution with a maximum volume of 

0.4 om for oral dosing. The oral dose was via a modified 

steel horse sero needle, mede curved with a bulbous tip 

to enable it to be introduced down the animal's oesophagus 

without damage. IP dosage was via a short hypodermic 

needle, inserted at a shallow angle through the spread skin , 

into the abdomen to one side of the mid-line to avoid the 

bladder. 

The animals were pleced in wire-floored class 

tmetabowl' metabolism cages (Jencons Lid. Herts), which 

enabled collection of urine and faeces in separcte flasks. 

Carbon dioxide was collected by passing a stream of air 

through the apparatus and trapping the expired CO) in 

100 em? of 2M NaOH. The flasks for urine collection were 

3 
covered with silver foil and contained 5cem°of 50mM Na 

phosphate buffer pH7 plus 100 mg of sodium ascorbate to 

minimise photolysis and oxidetion of urinary folates. 

Typically urines were collected from 0-6hr, 6-24hr, 

24-48hr, and 48-72 hr.,with faeces and C0, collected daily. 

During the period of the experiment the animals had access 

to food and water ad libitum. Throughout the experiment’ 
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the metabowls were housed in a constant temperature 

ventilated, windowless animal room which was illuminated from 

above on a 12 hour light/12 hour dark cycle. This was to 

avoid the differences in folate excretion between animals 

under differing light conditions (Beavon 1973). Furthermore 

the time of dosing was kept within the period 9.30 to 10.30 a.m 

to avoid any interexperimental differences due to the 

effects of circadian rhythn. . 

After three days the animals were killed by stunning 

and cervical dislocation. Various organs were excised, 

typically liver, kidney, muscle (from hind leg), brain, 

spleen, small intestine and tumour. 

Some tissue, usually liver and tumour was extracted 

by the method of Barford et al (1977),4 modification of the 

proceedure of Bird et al (1965). ‘The excised tissue was 

diced. into 2mm cubes and dropped immediately into boiling 

50mM phosphate buffer pH7 containing 2% ascorbate. After 

cooling, the extract was homogenised and spun down, the 

supernatant being retained for chromatography.



2.4 Estimation of Radioactivity 

@he individual rat urines were collected and made up 

to a kmown volume (usually 25m?) with phosphate buffer. 

Aliquots (0.5em) in duplicateyvere diluted with an equal 

volume of water and 40cm? of scintillant (1 litre of 

toluene containing 5g PFO 0.1g POPOP plus 500 ca of 

Pisons emulsifier mix no 1) added. Tissue extracts were 

similarly prepared. he scintillation. vials were counted 

in an NE 63/0 scintillation coumter (Nuclear Enterprises, 

Hdinburgh) with the windows set for similtaneous estimation 

of 14¢ ana 3r activity. Corrections for quenching and 14C 

overlap were made by the extermal standard method. These 

settings gave an efficiency of counting of 74% for 14g and 

31% 34y, Na0H CO, traps were counted by taking 201 - aliquots, 

diluting to Nom? and estimated in the same manner es urines. 

The individual rat urines were pooled,after sampling,for 

chromatographic analysis. For counting of strips ‘from 

paper chromatographs, the paper was added to 400m? of 

scintillation cocktail from which the emulsifier had been 

omitted. 

Paeces and tissue were freeze dried and ground up 

for radiactivity estimation. Samples, = 190 mg, of the 

tissue or faece were weighed out into quartz boats and 

purned catalytically in the stream of oxygen of a biological 

materials oxidiser (Beckman Ltda). ‘The resultant gases 

passed through two traps; the firét in a dry ice/acetone 

e 
bath to freeze water vapour, the second eontaining 15¢em 
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of alkaline absorber (Absorber P; Fisons , Loughborogh , Leics.) 

to trap CO, . The first trap was washed out with 100m? of 
2 

Fison's Absorber H, which contains dimethyl sulphoxide to 

take up water, into a scintillation vial. These two scintillant 

solutions were counted in the NE 8300 set wide open to give 

2 91% efficiency for ‘4c and 35” for 7H, 

2.5 Cyomatography ; 

Ion exchange : Urines were fractionated (25 to 450cm?) on 

diethylaminoethyl cellulose (DE52 ; Whatman Ltd., Maidstone, Kent) 

ion exchange gel. The gel was equilibrated with several changes of 

50mM phosphate buffer pH7 until the filtrate had the same conductivity 

as the equilibrating buffer. The gel was allowed to stand and the 

suspended fines decanted off, degassed, and typically, 

packed in a 50 x 2 cm glass column plugged with glass wool. 

Non radioactive markers e.g. 5MeTHF and 10CHOFA were added 

to the urine and its conductivity adjusted to that of 

50mM Na phosphate with water, The Bolueton was loaded onto 

the colum by peristaltic pump and the effluent collected 

for counting to ensure that the capacity of the colwm was 

not exceeded. The adsorbed substances were eluted by a 

linear salt gradient (0 to 1.2M NaCl in 50mM Na phosphate 

pH7) provided by a mixer system (Ultragrad gradient maker, 

LEK instruments, Croydon). The eluant Ves passed through 

a scintillation detector flow cell (Nuclear Mnterprises) 

to follow radioactivity,and an ultraviolet monitor, 

(Uveord II LEX instruments) set to 254mm. to detect the



folate markers. The eluant was automatically collected 

in Sem? aliquots, usually 100, by an ULTRARAC fraction 

collector (LEK instruments). ‘The gradient was set to mm 

for eight hours overnight. Occasionally gel of the opposite 

charge was used, carboxymethyl cellulose (CM 52: Whatman Ltd., 

Maidstone, Kent) for fractionation of positively charged 

urinary metabolites derived from 5(\4c)nem, the non- 

folate fraction (NFF). The gel was prepared and elution 

carried out using the same buffer systems and apparatus 

as DE52. 

0.5em> of each aliquot were diluted with an equal 

volume of water and counted in the same manner as urine 

samples. The salt gradient was determined by pooling every 

70th and 11th sample and determing its electrical conductivity 

compared to the initial and final buffers. 

Gel Filtration: Routinely G15 and occasionally G75 

Sephadex (Pharmacia, Uppsala, Sweden) were used. Chromatography 

on G15 was used to further fractionate the peaks from DE52 

columns and for primary fractionation of hot ascorbate 

tissue extracts, separating early eluting high molecular 

weight polyglutamate from later eluting monoglutamate. 

G75 columns were used to resolve cold tissue extracts into 

protein bound (eluting at the void volume) and non-protein 

bound (later eluting) fractions. (4 flow diagram of the 

course of a typical folate metabolic experiment is given 

in figure 2.1) 

The Sephadex: gel was-swollen in 50mM phosphate 

buffer pU7 for three hours, degassed, and packed under pressure 

meee



Fig.2.1. Protocol of Folate Metabolism Study 
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in purpose designed Perspex columns (Wright Scientific Ltd., 

Surrey) 1.5em x 60cm. ‘The sample, 25em? or less, was 

loaded and eluted with degassed phosphate buffer. The 

eluant was monitored and collected by the same system as for 

DE52 colums, or by a UVeora II and REDTRAC automatic fraction 

collector (LEK instruments). Usually 60 5 ee fractions 

were collected, of which tomPof each was taken undiluted 

for scintillation counting. 

Paper chromatography: Paper chromatograms were used to 

resolve 33 scission products from mixed label folate experi- 

ments. The freeze dried sample was dissolved in a minimum 

volume of methanol /H,0 (95:5 by volume) and standards 

(p.aminobenzoyl glutamate, p.aminobenzoic acid and their 

acetyl derivates) added, The resulting solution was 

spotted onto 3MM paper (Whatman Ltd, Maidstone, Kent.) 

as were the individual standards as markers. The paper was 

developed overnight in a tank pre equilibrated with the 

appropriate solvent, either propanol /0.880" ammonia/water 

(200:1:99) or butanol/ethanol/0.880 ammonia/water (10:10:1:4). 

The paper was dried and the position of the markers noted. 

The paper was then cut into 1com wide strips for scintillation 

counting. 

Detection of Chromatography markers: Unlabelled standard 

folates were located in the chromatography column eluants 

by their UV absorbance trace from the UVcord II. Their 

identity was confirmed by determinine their UV spectrum in 

an SP 1700 spectrophotometer (Tnicaa Instruments, Cambridge. 

* 
Specific gravity 
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Creatine and creatinine markers were detected via the 

Jaffe, reaction for creatinine as described by Selgison 

(1961). To 3cmof the column effluent tem’of picrate 

reagent (16¢/1 picrie acid heated to 80°C, cooled and 

690 ne of the saturated supernatant made up to 11 with water) 

and dom? of ether were added with shaking for 30 seconds. 

3 D 
3em” of the clear lower phase were drawn off and 0.5 cm 

of 0.75M NaOH added. After 20 minutes the absorbance of 

the solution was read at 520mm. For determination of creatine 

5 
0.5cm? of picrate solution was added to 3cm~ of colum 

effluent and boiled for 14 hours. A further 0.5 one 

of picrate was added to the cooled solution its volume 

adjusted to don? and then treated in the same manner 

as creatinine solutions. 

The positions of standard compounds on paper 

chromatographs were marked by their fluoresence or absorbance 

under ultraviolet light. 
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3.1 Introduction: S-Aijenosyl methionine (SAM) fig 3.1 

is the major methylating agent in biological systems, 

the widespread occurence of methylation reactions in 

metabolic pathways results in SAM being second only to 

ATP in the variety of reactions in which it is a cofactor 

(Salvatore et al 1977). SAM provides methyl groups for the 

synthesis of choline, steroids, creatine, carnitine, 

fatty acids, biogenic amines and Palate acids (Cantoni 

1975) fig 3.2. The methylation of catechol amine neurotrasmitter 

substances, noradrenalinand. dopamine plays an important 

role in nerve transmission (Axelrod 1957) and disturbances 

of methylation reactions in the brain has been’ implicated in 

the aetiology of mental disease (see chapter 1(2)). The 

specific methylation of nucleic acids is susgested to have 

a function in éetermiining the tertiary, structure of tRNA's 

(Nau 1976) and as a protection mechanism for bacterial DNA 

where a ‘restriction endonuclease' catalyses the lysis of 

isiappropriately methylated f3zeign- DNA (Mesélgon et al 

1972). In higher animals DNA methylation had been proposed 

as a mechanism involved in cell differentiation (Scarano et 

al 1977). 

There are only two other characterised methylating systens 

in mammals, both of which synthesise methionine from homo- 

cysteine. he betaine: L homocysteine’ methyltransferase 

(ZC 2.1.1.5) system is a salvage pathway for preformed methyl 

groups, ehetene it is restricted to the liver in the rat 

(chapter 1(3)). The other, 5-methyltetrahy¢ropteroyl 

L-slutamate; L homocysteine 5-methyltransferase (TC 2.1.1.13 

  

ionine synthetase') donates denovo synthesised methyl 

-61-



Fig.3.1. S-Adenosyl Methionine and S-Adenosyl Homocysteine 
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Fig.3.2. Methyl Reactions of SAM 
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groups furnished from the folate one carbon pool (fig 3.3) 

The work of Mudd and Poole (1975) (Chapter 1.1) indicates 

that the entry of folate one carbon into the labile methyl 

pool is regulated by the body requirements for transmethylation, 

aenovo synthesis contributing from 24 to 67% of the body 

methyl turnover depending on the labile methyl (methionine 

and choline) present in the food intake. 

In animal systems cobalamin, vitamin By,,, is required 

as a cofactor in the methionine synthetase reaction (Amstein 

and Neuberger 1953). In E.coli a non-cobalamin requiring 

pathway using 5MeT'F triglutamate as the methyl donor is > 

reported (Salem end Foster 1972) in addition: to the. cobalamin 

requiring route. Non-cobalamin requiring pathways have 

been observed in Aerobacter aerogenes (Morningstar et al 

1965), Salmonella typhimurium (Cauthen et al 1966), 

Sacchromyces cerevisiae (Botsford and Park 1967) and the 

higher plants (Guest et al 1964), however, such pathways 

have not been reported in animals. 

Deficiency of cobalamin in man, which may occasionally 

arise due to nutritional deficiency, or more usually, by 

lack of the cobalamin transport protein the ‘intrinsic 

factor'in the gut may result in pernicious anaemia which 

is haematologically indistinguishable from megaloblastic 

anaemia caused by folate deficiency (Blakley 1969 P.439). 

Vitemin By5 deficiency however, has neurolosical symptoms 

not observed in cases of folate deficiency which may be 

exacerbated by doses of folate. inappropriately administered 

to correct the megaloblastic anaemia (Rowe 1978). 
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Fig.3.3- Synthesis and Metabolism of S-adenosyl Methionine 
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The'methyl tetrahydrofolate trap' proposed by Norohana 

and Silverman (1962) and Herbert and Zalusky (1962) with 

its, later modifications (see chapter 1) explains the 

haematological effects of B42 deficiency as the trapping 

of folate as 5-Methyltetrahydrofolate due to decreased 

methionine synthetase activity, with consequential falls 

in the formyl and pridged monoglutemates and polyglutamates. 

Underlying the theory is the assumed irreversability of 

methylene TIF reduction under normal redox conditions, 

as show by Mutzbach and Stokstad (1971) in vitro. i 

However, Stebbins et al (1976) noting the work in which 

in vitro tissue preparations, under oxidising conditions, 

could generate formaldehyde suggested the reaction may 

have an in vivo role in specific instances viz: the metabolism 

of tryptamine in blood platelets. This reaction if wide- 

spread would invalidate the 'methyltetrahydrofolate trap" 

by enabling one carbon units to be released from 5MeTHP 

other than by methionine synthesis, (fig 3.4) enabling other 

purine and thymidylate forming species to be produced. 

Experiments were undertaken on rats using 5(40)uerar 

to observe the distribution, metabolism and excretion of the 

methyl group and its fate compared to the methyl group of 

(14¢ sethyl) methionine. If, as the ‘methyl trap’ hypothesis 

postulates, methionine synthesis is the sole route of the 

5MeT™IF one carbon, the methyl groups of both methionine and 

5 5} ought to follow the same qualitative pathway. Also 

  

’ ‘ 14a, Be\a 
animals were dosed with a mixture of 5('7C)MeTEF and (AYA 

to simultaneously label the labile methyl and folate pools, 

Seas



Fig.3,4. Possible entry of 5MeTHF methyl into folate one-carbon 
pook 
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' 4 14, rs + 
in order to observe any entry of 45 from 5MeTHF into other 

olates 

3.2 Dosing of Rats with 5('4o)nemm 

Male Wistar rats {200g) were dosed either orally or 
hy
 

intraperitoneally - with 2uci of 5('4c)eTIF in 5¢mit 

Na phosphate buffer pE7 containing 2/ Na Ascorbate (8Qug/Ke oral, 

60ug/Kg I.P.). The collection of urine, faeces, 00,, and tissue 

was as described in Chapter 2, The distribution of radioactivity 

and chromatographic separation of urinary activity is given 

in tables 3(1) to 3(4). 

Results and Diseussion 

The radiotracer 5('40)netEr administered to the animals 

had been synthesised after the method of Keresztesy and Donaldson 

(1961) which produces an equimolar mixture of the epimers 

about G% » only one of which is active for methionine synthetase 

(Blakley 1969). The faecal activity collected 24 hrs. after 

oral administration was low, 2.3% table 3(3), indicating 

absorbtion of 5MeTHF is in excess of 97%, however, the value 

may be nearer 100% as the first day faecal 14q activity after 

I.P. dosage (table 3(1)) is not significantly different (P 0,05 

'Students' + test ). This indicates 5MeTiHF absorbtion from 

the gut proceeds without discrimination between the Cg epimers. 

Chromatography of the pooled urines separated the 

144 activity of the first day urines into two peaks on 

both G15 and DE52 colums (see fig.3.5, table 3(2) I.P. dose, 

table 3(4) oral dose ), The first, minor, fraction eluted 

from DB52 ion exchange columns at salt values of less than 

0.1M NaCl and was termed the non folate fraction (NFF), as 

\



m. able 3(1) 

Distribution of 146 sctivity of Rats IP Dosed with 
60 pte/ve_5(40)MeraR 

    

of dose 140; vlaues meen of 4 rats 2 

  

  

  

Day 1 Day 2 Day 3 Total 

Urine 38.7 2.4 1.1 42.2 

#256 = 0.5 40.15 

Faece dst 1.4 0,5 5e2 

50.4 Slo 20st 

Liver 0.9 0.9 

Kidney 1.1 1.1 

Spleen 0.5 0.5 

40.1 3.8 4.1 47.9           
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Table 3(2) 

Chromatographic separation of urinary 149 activity from 

Rats IP dosed 60 ae/Ke with 5(14¢)Metar 

G15 Colum: 

  

  

            
  

      

  

Fraction Taentity dose of urine 
14¢ 14¢ 

Day 1 r 2.4 6.2 
Ir 35.0 90.5 

Day 2 iT 0.6 24.4 
II 1.6 6541 

Day 3 i 0.2 18.9 

Ti 0.6 50.3 

Total 40.4 

DE52 Column: 

Fraction Identity Saose Urine 
146 14¢ 

Day 1 - 2.6 7.0 

Ir 32.7 88.5 

I NEF 0.5 20.0 

Ir TRIAZ 1.9 7949 

Day 3 I 0.4 32.1 

hed 0.6 46.4 

Total 38.7         
  

*TIAZ: triazine oxidation product of 5 MeTHF, shown to be 

an analylical artifact.



Table 3(3) ji 

Distribution of 145 activity of Rats orally dosed 80 Ale/Kg with 
5(14¢)Merur 

of dose ‘4c activity values mean of 4 Rats ¢ SEM 

  

  

Day 1 Day2 Day 3 Total 

Urine 50.9 1.9 1.2 54.0 

+4.0 40.2 $9.2 

Faeces 205) 0.1 0.02 2.4 

+10 +0.03 40.01 

C05 2.0 0.4 0.4 2.8 

Liver 0.1 0.1 

Muscle 13.2% 43,2 

“idney 0.1 0.1 

Spleen 0.01 0.01 

Total 55-2 2.4 15.0 72.6         
  

*Calculated assuming muscle = 40% body weight. 
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A 
fractionation of 149 urinary activity from 

rats orally dosed 80 mis/fe with 5(14¢)MetaF 

  

4) G15 Column: 

  

  

Fraction Identity dose ayeine 
449 144 

Day 1 r NEF 29 5.0 
gee 5MeTHF 48.0 88.9 

Day 2 2 NEP 0.58 30.4 
II A 0.36 18.8 

TII 5MeTHF 0.65 34. 

Day 3 aa NFP 0.32 24.7 
wei A 0.26 19.6 
TIT 5MeTHF 0.59 4561 

53.5   
  

b) DE52 Colum 

  

  

          
Fraction Identity: ; % ose pinine 

c Cc 

Day 1 r NEF 3-2 D09 
TI 5MeTHF - 43.8 88.5 

Day 2 i 0.52 27.0 
kag 1.07 55.8 

Day 3 ii NEF 0.52 44.7 
ce SMeTHF 9.42 32.3 

53.6 
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Fig.3.5. Typical Chromatograms of u urine activit from rats 
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all lmown folates are observed to elute from DE52 in excess 

of 0.2M. The elution of NFF indicates it did not contain 

the major methylated purines and pyrimidines found in 

human urine (Chheda 1975) fig 3.6, however, both methionine 

and creatine elute at the same position as NFF from DE52 

and G15 colums (fig 3.7a). ‘hen treated with acid (pH1) 

which catalyses the dehydration of creatine to creatinine 

(Hagar and Striver 1925) the day 1 NFF from the orally 

dosed animals showed 38% of 145 eluting with added crea&tinine 

with 56% remaining at the methionine elution position 

fig 3.7b. On days 2 and 3 of the oral dose experiment 

G15 shows a third non-folate peak eluting after the NFF 

and creatinine marker at tube 25 or 26 (Table 3(4)a), 

designated'A'. 

The major urinary fraction observed after oral dosing 

eluted from both G15 (tube 36-39) and DE52 (0.5M-0.6M Nacl) 

with added mlabelled 5 MeTHF table 3(4). In the earlier 

IP dosage experiment, table 3(2), showed the major day 1 

peak eluting with 5MeTHF from G15. However, when chromato- 

graphed on DE52 the major 140 urinary fraction was observed 

to elute at 0.25M NaCl, well below the elution position 

of 5MeTHF. Rechromatography of the 14 peak on G15 and 

DE52 showed it to be inseparable from the peroxide oxidation 

product of 5MeTHF described as 4a0H5MeTHF by Gapski et al 

(1971), later reformulated as a pyrazino-s-triazine by 

Jongejan et al (1979), when used as a marker. Thus the 

difference in chromatographic behaviour of the urine 

radioactivity with time is ascribed to the oxidation of 

  
5MeTHF to its corresponding triazine, possibly resulting from S ? S 

  _=The



Fig.3.6, Elution of Methylated Bases from G25 colums 
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Fig. 3.7. Elution of Non-folate fraction (NFF) from G25 columns 
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the depletion of-ascorbate in the sample while:handling in air. This 

effect also may explain the discrepancy of the 5MeT? 

proportion of the day 2 urine of the orally dosed rats 

between G15 and DB52 colwms (0.65% compared to 1.07” dose 

14¢ table 3(4)), as the triazine elutes at tube 16-22 and 

may coelute with the NFF which elutes at tube 16-18 (fig 3.7). 

Following this observation the level of antioxidant was’ 

maintained by additions of supplementary sodium ascorbate 

whenever the urines were sampled for chromatography. 

This method followed during the oral dose experiment, 

showed only the presence of 5MeTHF in addition to the 

non-folate compounds, with the possible exception of the 

second day urine, suggesting that when observed (Barford 

and Blair 1976) that the triazine is an artifact and not 

a normal metabolite of the folate pool. 

Retention of Stet? '4¢ activity in the liver and 

kidney was low, of the order of 1% (tables 3(1), 3(3))., 

while hot ascorbate extracts of the day 3 liver had no 

146 labelled polyglutamates, the retained activity eluting 

from DE52 at less than 0.1M NaCl, while polyglutamates elute 

in excess of 0.5M. This would be expected as 5MeTuF is 

observed to be a poor direct substrate for polyglutamate 

synthesis(Lavoie et al 1974, Spronk et al 1973, Sakami 

et al 1973, Blair et al 1976, McGuire et al 1979). 

Alternatively, this experiment may be inadequate to 

detect 5(140)ner polyslutamates, should the rate of 

synthesis be slow compared to the rate of demethylation of 

the monoglutamete, or if once formed the demethylation of 

SMetEs glu, proceeds at such a rate to preclude its detection 
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after 3 days. The greatest 14, retention was in the muscle 

(Table 3(3)), 21% of muscle iors high Molecular weight 

compounds and 7%! eluting at the position of urinary NFF 

on G15 (fig 3.8a). The high molecular weight compounds are 

unlikely to consist of negatively charged species such as 

nucleic acids, for the muscle extract radioactivity shows 

little retention on the DE52 ion exchange gel, thus more 

likely they are proteins. Acidification of the low molecular 

weight peak (fig 3.8b) resulted in 93% of the activity 

eluting with creatinine. Thus the majority of retained 

146 fron 5("40)ners? isas creatineythe synthesis of creatine 

being the singlemost consistent demand for methyl groups 

(Mudd and Poole 1975). 

The coincidence that approximately 50% of the oral 

5("46)itenmp activity is recovered in the day 1 urine as 

5MeTEF (table 3(4)) and that half of the dose is biologically 

inactive suggests that the tines) 5MeTUF is as a result of 

preferential excretion of the inactive diastereoisomer. 

To test this possibility the 5MeTHF fraction of the first 

day urine was desalted, collected, freeze dried, and 

readministered to rats. Its fate was compared to that of 

stock 5(4o\tecr orally dosed at a similar level. Table 

3(5) shows that both 5(146)Merar samples are metabolised 

to urinary non folate compounds in comparable animals, 

with a similar 14 retention in tissue, thus indicating 

they have similar bioavailability in the rat. However, 

when the 5MeTHF fraction from the second day urine of the 

80 ws/Xe¢ oral dose experiment was subsequently readministered 

to rats, the high recovery as 5MeTHF (85 dose) in the first 
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Fig.3.8. G.15 fractionation of 50mM phosphate extract of rat 

tuséie after 80se/Ke oral dose 5(" C)MeTHF 
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Table 3(5) 

Distribution and excretion of stock 5(14c)merer and 
readministered urinary 5(14¢)Merar radioactivity 

  

  

  

Urine Stock 
Extract Compound 

Number of animals 3 t 

Dose ye Ke 125 2.0 

% dose activity in 
day 1 Urine 12.1 10.8 

4.0 4.2 
3.9 2.6 

A 2.7 
By 2.3 
= 2.4 

Spleen 1.6 0.1 

Muscle 4.6 6.8 

Widney 2.2 1.6 

Liver 3.0 4.5 

Fractionation of 1st 
day urine; % activity 
as NFF 17.6 22.1 

1.3 68.3 
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day urine with no observed non-folate compounds indicated 

the 5(40)etuP n2a no detectable biological activity. From 

these experiments the mixture of diastereoisomers in the 

first day urine following 80 Ms/Ke of oral SieTH? is due to 

renal overloading, with subsequent excretion of mainly the 

inactive diasteroisomers over the next two days as the active 

form loses its 14, label in methionine synthesis and there 

is no excretory mechanism specific to the unnatural epimer. 

3.3 1('4c Methyl) Methionine 

In order to compare the metabolism of methionine methyl 

with that of 5MeTHF, rets were dosed orally (22 Me/Ke) or 

TP (11alg/Ze) with L(14c methyl)methionine. These doses 

were the molar equivalent of 80 and 40 Ms/Kg Coses of 

5MeTur, however, the diet of the rats (Table 2(1) Chapter 2) 

provided 3200 Me nethionine /g waile only providing 

0.7 digg of folate as folic acid. Thus at these levels, 

2-5 Mg per rat, the (14¢ methyl) methionine is serving to 

label dietary methionine, while 16 wg 5(14¢0)MetEF tracer 

per animal would be a load of folate in addition to the 

diet. 

Table 3(6) gives the recovery of 149 activity from 

(14¢ methyl) methionine dosed rats, fig 3.10 typical 

chromatographs and table 3(7) the G15 separation of urinary 

144, 

The total urinary radioactivity is lower compared 

to 5(14c)Memm experiments, presumably due to the lower 

effective dose with labelled methionine. The retained 

tissue radioactivity shows that after a dose of (é methyl) 

methionine the muscle shows a greater 144 retention than liver. 

Ble



Table 3(6) 

  

Distribution and excretion of '4c activity of (4c methy1) 

  

  

  

methionine dosed vats 41 Me/t 2 IP, 22 Me/Ke oral 

Values as % dose activity 

Day 2 Day 3 

Urines IP 26 0.9 6.0 

Oral 22 0.8 6.1 

Paeces iP 2.3 0.3 ND 2.6 

Oral - - ND = 

COp IP ao) 0.6 nD 4.1 
Oral 3.0 0.9 0.6 5.8 

Liver ney) 0.8 0.8 

Oral NI - 

Muscle IP ND - 

Oral 7.9 729         
  

MD: not determined 

Table 3(7) 

gi5 chromatogrephy of 14¢ activity of urine from (‘4c methyl) 
Methionine dosed rats 

  

  

  

      
  

IP dose Oral dose 
Fraction Tube No. |[°Urine “dose Seurine  S/dose 

Day 1 i 16-19 46.9 1.64 1902 3.24 

II 25-26 43.0 1.51 A7e2 0.73 

Total 89.9 3.15 96.4 3.97 

Day 2 Dy 16-19 52.6 0.84 67.0 0.80 

Ir 25-26 40.9 0.65 28.3 0.34 

Total 93.5 1.49 95.3 4.14 

Total 4.64 5619 
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Fig.3.9. G15 Chromatograph of 50mM phosphate extract of 

muscle from rats dosed 22ue/Ke Mo(methyl) jmethionine 
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Fig.3.10. Typical chromatograms of “"¢ Upine activity from rats 
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Fig.3.11. = 
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Chromatogra of the urinary activity gives a 

single 14, peak on DE52 eluting at the beginning of the 

NaCl gradient, indicating it consists of neutral or positively 

charged species (fig 3.10B). G15 chromatographs give two 

fractions; I eluting at tube. 18 the position of methionine 

and creatine markers and II at tube 25-26 the position at 

which the minor peek 'A' eluted from rats orally dosed with 

5("4c)MetaP (fig 3.104). In both oral end IP dosed animals 
fraction I was the major urinary 14g peak (table 3(7)), the 

oral route differing from the IP in the total excretion of 

fraction II over 0-48 hours; 2.2% dose in urine of IP 

dosed rats, 1.1% in orally dosed animals. 

Hot ascorbate extracts of the third day liver gave 

a single peak at low salt concentrations (0-0.1 NaCl) 

on DE52, with a peak at the void volume and one at tube 

16-18 on G15 (fig 3.118). Similar G15 chromatographs’ are 

obtained from the liver extract of 5('4c)metEF dosed rats 

fig 3.14) « Although 14, methyl activity shows a 

proportionately greater incorporation into high molecular 

weight forms G.75 fractionation of the 14q methyl )methionine 

liver extract, which separates protein fron non-protein 

constituents, shows the high molecular weight 149 liver 

activity is protein bound (fig 3.11C). 4n extract of 

retained muscle activity (fie 3.9) gives a high molecular 

weight fraction and a fraction coeluting with creatine similar 

to that observed with 5(4¢)temm dosed animals (fig 3.8a) 

Thus the 14¢ activity after a dose of 14g methyl 

methionine is observed to produce urinary compounds which 

have the same chromatographic behaviour on DE52 and G15 
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as the non folate products (NFP and 'A') of 5(40)term, 

Tissue extracts of 5(140)Mem and ("4c methyl) methionine 

dosed animals are also similar, although the 146 methyl 

activity of methionine dosed animals shows greater incorpora- 

tion into proteins (fig 3.11). This may be as a result of 

the (14¢)methionine being used directly for protein synthesis 

while the methyl group of 5MeTYF has to be transmethylated 

to homocysteine resulting in a slower labelling of protein. 

yA 5(14¢)metm plus (3',5':7,9,°H) folic acid 

In order to better observe any incorporation of 14, 

methyl activity from 5(140)nernr into the folate pool, 6 rats 

were each dosed orally with 8 me/xe (3', 51,7,9,°2) PA, 80ug /Kg SMeTHF 

Table 3(8) gives the result of sequential DE52 and G15 

fractionation of the urines, fig 3.12 the DE52 chromatographs 

of the 0-6 ana 6-24 hr. urine. the '4q activity is observed 

to coincide with the Pxy from folic acid in the 5MeTHF 

urinary factions, however, 1OCHOFA in the urine shows no 

significant labelling with 4g, the '4¢/2z ratio of the fraction 

being similar to that observed for unmetabolised folic acid 

(Table 3(8)). 

G15 chromatography of the hot ascorbate extract of 

day 3 liver shows a high molecular weight Iu peak with 

minimal 14g labelling (fig 3.13a) further chromatography 

on DE52 gave a peak eluting at 0.5M the position of 

polyglutamate species, and on earlier eluting oy peak which 

may be a breakdown product (fig 3.138). 

While folic acid is readily metabolised into formyl 

folate and polyglutamyl types, no significant entry of methyl 

=a7=
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Table 3(8) 

Recovery and chromatography of urinary radioactivity from 

rats orally dosed with 80 se/Ke 5 5(14¢) MeTHF plus 8" eg/Ke 

(3, 5's 759)7R) RA 

On6 br Trine 25.84 1.4% 140 dose, 29.84 1.6% 7H dose (mean 
of six ratsism 1) 

Fraction % Urine Aogivi ty % Dose Activity Ratig 
14C 140 28 Mo /-a 

NEF 3.3 - 1.01 - ~ 

3H scission 
products - 1.1 - 0.41 - 

1OCHOFA 4.4 34.4 1.4 12.33 0.11 

SMeteP 74.1 32.4 22.7 11.6 1.96 

FA 6.6 5.8 0.2 2.06 9.08 

6-24 hr Urine 11.9 + 1.695 4c aose 15.7 21.0% 7H dose 

“Fraction % Urine Activity % dose activity Ratio 

149 °8 14g a 140 Px 

NFP 9.8 - 1.04 - = 

24 scission " 

products - 2.9 - 0.43 - 

4OCHOFA 652) 555522 0.66 7.92 0.08 

5MeTaP 83.9 32.8 8.89 4.89 1.81 
PA 0.4 1.6 0.04 Awi2 0.04 

Day 2 Urine 2.6 0.5% 14g 5.5t 0.3% Jn 

Fraction ck irvine Activity % Dose Activity Ratio 

ag 146 3q 149 Bq 

NFF 33.6 - 0.84 = ras 

34 seisson ' 
products > °° 41.1 - 1.48 - 

JOCHOFA 6.4 50.8 0.16 1.83 0.09 

SMetar 53.6 22.0 1.34 0.79 1.70 

PA 6 4.4 0 0.16 

Day 3 Urine 0.9% 14q 4.9°/ Fx,



Fig.3.13. Chromatographs of hot ascorbate liver extract from rats 

orally dosed with 8Quz/ke 5(+*c)MeTHR + 84e/Ke 
Sac lke $5!7.9s°H)Folic Aéia 
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group activity into such species in liver and urine could 

be demonstrated, 

3.5 Discussion 

Comparison of the two oral and IP dosagesof 5('40)merae 

indicates that the compound is completely absorbed from 

the rat small intestine, in spite of the radiotracer being 

a mixture of C, epimers. Weir and Scott (1973) report that 

in human subjects absorbtion favours the biologically 

active isomer, in contrast to these results with the rat, 

However, their method involved the collection of urinary 

5MeTHF activity following a ‘flushing dose' of folic acid, 

and comparing results from subjects who had prior oral doses 

with one or other of the different 5MeTHF isomers. “This method 

of 'flushing' retained labelled folate has not however, been 

found to be effective, at least in the rat (Blair and 

Dransfield 19713 Barford et al 1977), and the more direct 

method of comparing faecal radioactivity after oral and 

IP doses would be expected to give a better estimate of 

ebsorbtion. Such a non-discrimination between Cg epimers 

would be expected if the absorbtion of 5MeTHF proceeds 

by the passage of the isctrisally, neutral form across 

the gut wall, the neutralisation teking place within an 

acid microclimate generated at the gut surface (Blair and 

Matty 1974, Coleman et al 1979) where the pKa of both 

epimers is the same, rather than stereospecific carrier 

protein system. | 

On entry into the body active 5MeTHF is demethylated 

to produce a variety of non folate metabolities, the 
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majority of retained activity is present in the muscle as 

creatine. Creatine and methionine are excreted in the urine, 

ich is excreted in 

  

and the methyl group is oxidised +o cy 

the breath. The non-folate metabolites of 5("40)met=r are 

observed to chromatograph in qualitatively the same manner 

as those of Ct methyl) methionine. Turthermore simultaneous 

aosage of 5("o)ver? + (7r)Pa showed no entry of nethyl 

activity into polyglutamate or formyl folates. Thus the 

one carbon metabolism of 5MeT™F is observed to proceed via 

the methyl transfer route, rather than by oxidation to methylene 

TF, Towever, the techniques employed may be inappropriate to 

show production of Mono folate forms from 5MeTHF. Methyl 

carbon is able to re-enter the folate pool via mitochondrial 

sarcosine de 

  

rogenase, which judzing from its vroducts 

(serine, formaldehyde and formate), involves 5,10,CH, THF 

  

formation (Lewis et 21 1978). Sarcosine is synt! 

reaction from -lycine(Plumenstein and Williams 

  

an requi   

1960) cat ferase (fig. 3. 14).    alysed by glycine N-methyltrs   

     ™he hich concentration of this enzyme in rabbit liver, 

9.9 -3 total extracted protein, suggests the reaction may 

be important in regulating intracellular 3AM levels (“eady 

and Kerr 1973). 

Althongh this pathway is considered an important source of 

folate one carbon (Lewis et al 1978) the production of urinary 

or tissue formyl folates could not be demonstrated from 

("4c methyl) labelled methionine or 5MeTHF. It is possible 

that formation of 5,10,CEoTHF from methyl groups takes place at 

a subcellular level and may not be observed in these experiments, 

however, it is lixely that production of folate one-carbon from 
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Fig.3.14. Entry of Methyl carbon into the folate pool 
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methyl groups is small compared to transmethylation 

reactions, and that normally such activity is insufficient 

to circumvertthe 'methyl tetrahydrofolate trap' in Bio 

deficient anaemia. 
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et Introduction 

The majority of investigations of folate metaboliam have 

used either folic acid or 5CHOTYF which are not normal con- 

stituants of the folate pool (Chapter 1 (3)). Experiments 

were undertaken using mixed label (214¢)(3',5',7,9,°7) SMet=P 

in order to investigate the contribution of a fully reduced 

naturally occuring folate to thebody folate pool, Prior 

studies on 5MeT!¥ metabolism in humens and cell culture 

systems have used (3',5', 7,9, *4) 5SMeTUF tracer (weir 

et al 1973) or the tritiated fom mixed with 5(4q)nerr 

(Nixon and Bertino 1972, Nixon et al 1973) to observe the 

entry of the tetrahydrofolate moiety of 5MeTHF into folate 

metabolic pathways. portiee experiments involving (214g) 

Serer were carried out in this laboratory by Dransfield (1972). 

There are problems associated with the use of a single (2140) 

oz (78) Jabel, outlined in Chapter 1 and the 5(14c) (32) 

system, while useful in comparing the fate of the methyl group 

with that of the tetrahydrofolate portion of 5MeTHF(Nixon 

et al 1973), will have the same effective Lebelling of 

the folate pool as the (7a j-only tracer, as the 14, label 

is lost during methionine synthesis. 

Recent work in this laboratory has used mixed label 

(2'4q)(31,5',7,9,°H) folic acid (Barford et al 1977, Conor 

and Blair 1980, Pheasant. et al 1980) and the use of mixed 

label 5MeTHF would indicate whether the general conclusions 

obtained from these studies are valid for a naturally occuring 

folate. 

Mixed label 5MeTYF was extracted from the urine of rats 

  

5 3 
''y7s9s°H) mixed label folic acid as 
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described in Chapter 2 diluted with non radioactive 

MeMF and orally dosed (in 50mM Na phosphate buffer pE7 

containing 2% sodium ascorbate) to 5 animals at8ue Ng 

and 4 rats at 80 Ae /Ke with a single rat dosed at 209 MaKe 

The experiments followed the protocol outlined in Chapter 2. 

4.2 Results 

Tables 4(1) and 4(2) give the retained and excreted 

radioactivity, Tables 4(3) and 4(4) fig 4.1 and 4.3 the 

chromatographic fractionation of urinary radioactivity 

after 8 and Opes /i@ oral dose of mixed label 5MeTHF (O04 pac, opr.OFt 

The recovery of radioactivity in the first day and 

subsequent day faeces (Table 4(1)) total 39.2% 146 04.50 

34) is much higher at 50 Mlz/Kg then observed with 5("4¢) 

MeTHF (2.4% over three days table 3(3)). Experiments with 

the ("46 methyl) labelled species have indicated that 

5MeTuP is absorbed 100% (Chapter 3), thus the increased 

faecal activity may be due to increased biliary excretion. 

The faecel radioactivity of both dose experiments shows 

an excess of 14, over >a, which is statistically significant 

on days 1 and 2 at 80mg/Ke, and day 1 at 8 pe/Ke with the 

isotope imbalance reversed in urine (Table 4(1) 4(2)). 

As the 144 label is associated with the pterin portion of the 

folate, the faecal imbalance may indicate a preferential 

excretion of pterin-derived products in the bile. The 

imbalance of isotope recovery in urine and faeces is not- 

totally due to preferential biliary pterin exeretion, for 

notably in the chromatographs of the 8 ws/Ke dose urines 

(fig 4.1 A,B) the dual labelled peaks (0-6:hr I, ID, Tit 

and 6-24 hr II, ITI, IV) show an excess of 32 over 146 
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4 z 
Oral dose 20 ws /xe(2'4c)(3",5', 759,°%) mixed label 5SMeTHF 
xr ned and excreted radioactivity (‘dose activity) 

  

  

            

Meon of 0-Shr 6-24hr [ Day2 Day Total 
4 rats 

Trine 14, 417.0" 2367) 2.9° 3.0! 6.6 
“H 18.6 25.7 a 3. 52.6 

Day_1 

Faeces 144 17.07 | 10.74 | 2.5! 30.2 
3g 10.6 6.8 4et 21.5 

Liver 14, aS 2.5 

3g 2.4. 2.4 

Kidney 149 001 0.4 
a 0.3 0.3 

Mo Ns 0 

Ay Ns ° 

Total 149 57.7 13.6 861 79.4 
3 54.9 4105 10.6 76.8 

3. 4 
't' test recovery of “H vs ‘C 

is)
 

R
u
 

not significant p>‘0.05 

significant p {0.001 

" p<0.0001 

p¢0.05 

NS Radioactivity not significantly higher then batksround 

2o8—



fable 4(2) 

Oral dose 8 ug/g (2"40)(5",5',7,9,°8) m   
retained and excreted radioactivity (% dose activity) 

Mean of 5 rats 

Urine 

Faeces 

Liver 

Kidney 

Gut 

Total 

0Shr 6-24hr Day 2] Day 3 [Total 

14, 14g 39.11 | 28.57 36 3.47 | 74.2 
ogg 41.0 | 40.4 4.7 5.6 91.7 

Day 1 

14q 24.54 254 33.0 
PH 18.1 6. = 24.5 

144 6.8 6.8 

3a ND ig 

6 0.8 8 
. 
“EH 0.4 . 

149 tA 14 
Ay 0.8 0.8 

14g 92.1 41.7 | 12.4 115.9 
ay 99.5 1461 6.8 117.3 

't' test recovery Der vs 44 1 not significant p? 0.05 

2 significant p¢0.01 

3 " p< 0.001 

4 i p< 0.05 

ixed label 5 MeTHF 

  

  

ND: not detezmined 

         



Table 4(3) 

Chromatographic: f: 

rats dosed 8 Ms/X 

    

0-6hr Urine: 40.695 146 42.4% 3x dose 

.ctionation of urinary activity from 

ol4ayrsr os en, 2'40) (51 ,5%,7.9, 8) sMetHP 

  

      
  

    

Urine activity- “dose activity Ratio dose 

46 2a Mo Ag 3u/14¢ 

I 10CHOPA 27.0 26.3 41.0 11.2 4.02 

II 5MeTH? 39.4 48.2 16.0 20.4 1.28 

III 'Comgound 
8 26.2 28.2 10.6 12.0 1.13 

Total 92.6 102.7 37.6 43.6 

6-2dhr Trine: 26.3% '4c, 40.3% 37 dose 

%arine Activity ‘dose activity Ratio dose 

14, oe the Bq 3a/14g 

I Scission 24 40 503 16.2 3.06 
Products i 

II 10CHOFA 12 9 3.1 3. 1.19 

III 5MeTHF 32 31 8.4 12.5 1.49 ° 

Tv ‘Compound D' 20 19 5.5 TT 1245 

Total 88 99 22.1 40.1   
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Table 4(4) 

Chronatog 

dosed 80 

c fractionation of 6-24 hr urine from rats 

5 (2"40)(5! 451.7,9.78) Site 

  

    

  

  

etrine Activity Nose Activity Ratio dose 

aoe 3y/14q 

I Scission 

products 21.8 22.2 Gee 5.7 1.04 

II 10CzOFA 418.7 172 4.4 4.4 1.0 

III 5MetTuF 28.3 26.9 6.7 6.9 4.03 

IV "Compound D' 20.4 16.4 4.8 4.2 0.89 

Total 4 89.3 82.7 z 21.1 21.2       
Mable 4(5) Tritiated 6-24hr urinary metabolites of mixed 

Label (2140)(3',5',7,9, © )oMeMF dosed rats 

Compound od Surine Fraction Ydose folate 

R 3H pAcetABA cleaved 
+ pAcetABglu 

   

  

  

    

        
80 ps Ke 267 10.3 0.47 6.4 

5.0 MO Vet 0.53 Tot 

Bee 22.0 4365 

8 ae/Ke pAcetaBglu 10.7 26.4 0.66 25.2 

D 5D 13.6 0.34 12.9 

46.2 40 38.1 
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Fig.4.1. DE.52 Chromatograms of Urine from rats dosed 8us/Ke 

(ate) (31517.9.°H) mixed label SifeTHE 
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Fig.4.2. Portion of DE.52 Chromatogram of Urine from rats dosed 

with mixed laber (2 1c) (31527,9,°H) Folic Acid 
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Fig.4.3. DE.52 Chromatogram of 6-24hr Urine from rats orally 

dosed with Boue/ke (2"'c)(31517,9,°H) mixed label SiteTHF 
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which are not further resolved by subs quent G15 chromatography 

z 
into soley ~% and 14, labelled fragments. “owever, in the 

0-24 hours urine after the 8 Ms/fg, there is an excess of 

14, 
15.8% of dose Aq over 4.94 of 3g is accounted for by 

the excess of °H in the dual labelled peaks, while 10.9% 

wy
 

H dose is as a result of the excretion of solely 2a labelled 

species, thus 69% of the urinary imbalance at 8 ig/Kg can 

be ascribed to. folate scission. Since cannulated bile after 

IP injection of folic acid contains only intact folates 

(Hillman et al 1977. Pheasant and Blair 1979, Steinberg 

et al 1979, Pheasant et al 1980) the cleavage of folates 

occurs within the gut lumen, the isotopic imbalances would 

result from the pterin derived fragment being less well 

absorbed than the 3y labelled fragment. The complete 

absorbtion of 5 MeTHF from the intestine implieg. that the seission 

substratée is another folate, possibly the more labile 

1OCHOTHF or =, 

The isotope effect,which produces dual labelled peaks 

with a 35 excess at 8 Me/Ke, is dose dependent as at 

80 ws/Ke the chromatographic peaks show equal isotope recovery 

(Table 4(4) fig 4.3). The two labels of the parent folic 

acid tracer (2'4a) and (3',5',759> 3a)PA show separation 

on DEB52 column (Fig 4.2) so there is a demonstrable chemical 

difference between the labels which may result in the 

biological system discriminating between them. 

DE52 chromatography of the 0-6hr and 6-24 hr urines 

give threee dual labelled peaks at both doses which 

subsequently remain intact on G15 chromatography (8 Bake 

0-6 hr I, II, ITI; 6-24 hr IT ITT, IV and 80 we ite 6-24 hr 

=105<



Fig.4.4. G15 chromatogram of compound"D" (DE.52 fraction III of 

O-6hr, Urine from rats dosed 8 mixed label SMeTHF 

Relative Abs. 
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TO 

po 
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II, III, IV fig 4.1 and 4.3). ‘The first two of these 

peaks chromatograph with 10CHOFA and 5MeTHF on G15 (Tables 

4(3) and 4(4)), however, the third peak (compound D) 

eluting after 5MeTHF on DE52 does not chromatograph ae 

a position compatible with the formyl folates, folic acid, 

or 5MeT8F and its mown oxidation products (fig 4.4). A 

similar product has also been observed after dosing rats 

bearing the Novikeff hepatoma with folic acid (Pheasant and 

Blair 1979). ‘The 6-24 hr urines show a peak eluting before 

10CHOPA (fig 4.1Bpeak I and fig 4.3 peak I) ‘These peaks 

when chromatographed on G15 result in the 3y peak activity 

splitting into two, one fraction elutingat tube 19 with added 

p.acetamidobenzoylglutamate ‘(pacetABglu) and the other at 

tube 33 with pacetamidotobenzoic acid (pacetABA) marker 

(table 4(5)). After freeze drying the. pooled 7H peaks were 

dissolved in methanol/water and spotted onto paper with p cetABA 

and pacetABglu standards. When developed with Bu0#/EtOH/0.880 

MHz /water (10:10:134 by volume) the two metabolites 

cochromatograph with the pAcetABglu and pAcetABA markers clear 

of the PABA and pABglu standards. 

After three days the majority of retained radioactivity 

is in liver, kidney and gut (tables 4(1) and 4(2)). Proportion- 

ally greater retention occurs at 8 ys/Kg, at the higher dose 

80 mg/Kg renal overloading would result in proportionally 

greater excretion (Chapter 7). Hot ascorbate extract of the 

third day livers shows the majority of retained activity corresponds to 

high molecular weight compounds eluting at the void volume 

(fig 4.5) on G15. Rechromatosraphy of the dual labelled 

peak on DE52 shows elution at approximately %.7M NaCl, 

a position compatible with polyglutamates. 

  

‘ter an oral dose



Fig.4.5. G15 Chromatogram of hot ascorbate extract of liver from 

ely rats orally dosed 80u2/Kz with (2'*c)(325!7,9, )SMeTHF “5. + 

%daose 
activity 
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of mixed label (274c)(3',5',7,9,°H)SMeTHF is broadly 

in agreement to that observed after dosing with similarly 

labelled folic acid (Barford et al 1977, Connor et al 1979} 

Pheasant et al 1980). ‘The experiments show that SMeTHF, a 

naturally occuring reduced folate, mateccode the same scisson 

pathway as folic acid (Connor et al 1979). Scisson is not an 

artefact of loading, for the degree of scisson as measured 

by the Vo Pa imbalance in the urine and faeces, or more 

directly by the excretion of “© only labelled metabolites 

in the urine (tables 4(1), 4(2) and 4(5)) show cleavage 

to be greater at the lower dose, Thus ofan! scisson is 

observed as a normal folate catabolic pathway. 

Retained folates are distributed between two kinetic 

pools, the first with a short half life is presumed to patie 

of free monoglutamates and the second long term tissue 

Polyglutanate: folates (Blair 1976). Krumdiek et al 

(1978) have calculated the t,. for the pools in man; 31.5 

hours for the short life and 100 days for the long life 

kinetic pools. 

Pheasant et al (1930) report that after 100 wg/Ke oral 

dose of folic acid there is excretion of 26% 146, 37% 3g 

dose in 0-48 hours urine with 11.4% ‘40 ana 72 retained in 

liver. In contrast with a similar dose (80 m/Kg) of mixed 

label SMeT!F there ig an excretion of 43.6% 14¢ ana 48.8%, 20 

in urine over the same period with 2.5% ‘40, 2,4 34 retainea 

in the liver over three days (If t4 for polyglutamates = 100 

days the retention values for y 3 will not be significantly 

  

different from day 2, differing by léss than 1% ). - 

These results indicate that 5MeTHF is taken up in a greater 
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proportion than PA into the short life (monoglutamate) pool 

and a lesser proportion than FA into the long life polyglutamate 

pool. A similar discrepancy between the liver uptake of ~ 

FA and 5MeTur (-x) was observed by Steinberg et al (1979), and 

between the liver uptake of 5Me"HF and THF in the South 

African fruit bat (Perry et al 1979). 

This effect may be a result of 5MeTHF being a poor substitute 

for polyglutamate synthesis (Spronk et al 1973”, MeCuize et 

al 1979). However, demethylation of 5MeT?P during methionine 

synthesis would furnish THF the prefered substrate for 

polyglutamate production (McGuire et al 1979). ‘Thus the 
Crea Nap 

conclusion is that 5MeTHF\is 2 slow process compared to » 

polyglutamate synthesis from THF. However, Nixon et al 

  

87% of (7x) seta? label was still recovered as 5MeTHF after 

60 minutes. In contrast in rat liver polyglutamate synthesis 

from a pulse of folic acid is only 30% complete after 2 hours 

(Bates, Blair and Connor unpublished results). Should 

such a rapid demethylation of 5MeTHF occur in the rat, there 

ought to be similar incorporation of ring labelled 5MeTEF 

and FPA via TYP in the rat. To explain the slower 5MeTHF 

incorporation into polyglutamate it is possible to postulate 

that methionine synthesis in the normal rat takes place at 

a much slower rate than in 11210 murine lymphoma. This 

may be a result of decreased enzyme activity in the rat or 

because 5MeTHF is held in storece'prior to demethylation. 

axman (1976) reports that substantial protein binding of 

  folates occurs in the plasma. If SleTHF is taken into 
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protein binding and released at a slower rate than folic acid, 

this would effectively slow its rate of demethylation hence 

polyglutamate synthesis from a 5MeTHF pulse. If this 

is the case it could be envisaged that 5MeTF could act as 

a short term protein bound folate store in the circulation with 

polyglutamates acting as long term store of tissue folate 

fig 4.6, This phenomenum may be explained by further 

investigations into plasma folete binding proteins and 

methionine synthetase in the normal animal. 
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Fig.4.6. Incorporation of 5MeTHF and FA into polyglutamate 
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Set Introduction 

As the folate content of the diet in developed nations Z 

may only be adequate (Plakley 1969 p.44) and when in 

underdeveloped nations the majority of the population suffers 

from nutritional folate deficiency (Plakley p.411), the 

bioavailability of the folate types in food bears investigation. 

Tetrahydrofolates are readily oxidised in vitro (Blair and 

Pearson 1975) end thus the folate content of foodstuffs would 

be expect-d to contain a proportion of oxidised folate forms may be 

important in determining the ability of various diets to meet 

folate vitamin requirenents. 

Differential assay of food folates indicated that the 

major folate form estimated by microbiological techniques is 

SMet"F (Cossins and Shah 1972, Redriguez 197°). Perry (1971) 

estimated that a Yestem mixed diet contained 60% of total 

folate as SMeT™P with 38% as formyl folates after conjugase 

treatment. The major formyl Solate form was found to be 

5CcOTTF, however, Perry (1971) susgests this may arise from 

19 CVOTHF rearranzement during extraction. Other studies 

reviewed by Rodriguez (1978), report that 10CHOTF types are 

the major folate forms after 5MeTF. Yowever, with the variable 

response of microbiological assay organisms and the uce of 

impure cenfugase preparations (chapter 1.4) the precise 

values for focd folate as 5SMeTiF and 10C=CTHF needs to be 

treated with caution, altiiough it is likely both are normal 

food constituents. 

10CrOT"F readily oxidises in air to 190Z0FA (fig 5.1, 

  

Robinson 1971 Plair 1976) 8 oxidation nay be prevented by 

the prescence of antioxidants notably ascorbate. ‘Stokes et al 

(1975) investigating a scorbutic subject reported the prescence 

  

of 10C"C FA in the urine when the compound is not normally of 

  

They 

 



Table 5(1) 

    

and to: 

Watereress 

Spring cabbage 

White bread 

Lambs Liver 

Lettuce 

Meg yolk 

Before acid 

Be/4008 

2.7 

2.6 

folate content of foodstuffs prior to 

After acid 
Me /100g 

0.8 

0.8 

-0,08 

2.6 

0.3 

1.2 

Differ-nce between the two values i SMe 5,6, DHF content (137). 

After Honson and Blair (1978) 
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Fig.5.1. Oxidation of Food Folate 
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propose that ascorbate in humans has a role in protecting 

serum folates from oxidation, and that in scorbutic subjects 

lack of ascorbate results in oxidation of 10CHOTHF, which results 

in depletion of the body folate pool, leading to the megalo— 

blastié anaemia observed in some cases of scurvy (Andrews 

1977). 

5MeTHF is known to be oxidised by air or M50 to 

give 5Methyl 5,6 dihydrofolate (Donaldson and Keresztesy 

1962, Gupta and Huennekens 1967, Serimgeour and Vitols 1966), 

an oxidation which is reversed by thiols or ascorbate. 

In_vitro studies have shown that the rate of oxidation is 

eroreaces by the polarity of the solvent system and the 

presence of Cut jones (Blair et al 1975). Thus samples of 

5 Me 5,6DHF when assayed in the presence of ascorbate will 

have the microbiological activity of 5MeTHF, However, if 

assayed without ascorbate; or if acidified to pH3 prior to 

ascorbate addition, 5Me5,6DHr are show no microbiological 

activity for the common assay organisms (Ratanasthein et al 

1977). Thus if duplicate samples of a foodstuff or tissue 

  

are taken, one being acidified prior to both having added 

ascorbate, the difference in L.casei activity between them 

will measure the 5M%e5,6,DEF content, as the other micro- 

biological activities are unaffected by the acidification. 

(Ratanasthein et al 1977). By this technique it is observed 

(Blair and Hansen unpublished data (1978) ‘Table 5(1)) that 

5Me 5,6 DEF may comprise the major portion of free folate 

in stored food. Similarly Ford et al (1973) showed that the 
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depletion of folate in stored milk was mainly the result of 

  

5MeTHF oxidation to 5Me5 DNF when then produces biologically     

inactive forms, possible due to the loss of protecting 

ascorbate by serial oxidation. 

5Me 5,6, DHF gives 2 small rise in serum folate when 

administered orally to normal humans (Ratanasthein et al 

1977). However, when dosed with sodium bicarbonate, 5Me 5,6, 

DHF resulted in a significantly greater rise in serum folate. 

This implies gastric x renders SMe 5,6, DEF inactive, 

however, should any portion survive the gastric enviroment 

it ean be assimilated into the folate pool. 

The product of acidified 5Me 5,6,DEF was at first 

formulated as 5Me 5,8, DEF (Bleir et al 1975) by analogy 

with the acid rearrangement of 5,6 dihydropterines, 

later workers (Deits et al 1976) suggested there is a 

710 scission in acid-to give non-folate products. 

5Me 5,6, DEF may also be further oxidised to another 

compound by M05 (Gupta and Huennekens 1967) originally 

described as 4e0U5MeTHF by Capski et al (4971). However, 

Jongejan et al (1979) working with folate analogues report 

that oxidation is followed byan intramolecular rearrangement 

to form a pyrazino-s-triazine structure (fig 5.2). As 

mentioned in Chapter 3 this compound was found in stored 

5MeTHF samples when the level of ascorbate was not maintained. 

The triazine "4a0H5MeTHF" is not active for the common folate 

microbiolozical assay organisms (Gapski et al 1971, Ratanasthein 

et al 1977) and will not be demonstrated by microbiological 

methods. 

Tug the SleTF of stored folate could give rise to varied 
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Fig.5.2 Oxidation of 5MeTHF 
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triazine, or acid rearn: 

  

5Mem™r is not yet completely 

  

to give products whose U¥ spectra are not 

  

ith 4% a4. minobenozyl clutamate     

    

biological. acti 

Eeperin: 

  

nee of entioxidant on the metabolism of 5MeTHF and to 

aboliem and disposition of the well- 

Animals 

y dosed vith 5(4o yen dissolved in water and 

  

om animals given 5MeT=F in 

2 50mM Ma phosphate buffer pH7. ‘The    ed label and the effect 

of gastric acid observed by orbl dosage’ of. mixed (240) and 

a 9 (3555', 7593 

    

   
   

   

   

   

  

Tinally rats were orally dosed with 

o-s-triazine to observe whether this 

  
muicrobiologically inective, undergoes 

  

le 

of 5SiieTER in the absence of ascorbate 

iediatcly prior 6M 

    

male "lictar rats. The collection of urine, faeces end 

ped in methods     
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Pvalue 
't' test 

  

  

  

p<0.005* 
p<0.025* 

  

  

    

    
        a i 263 

2 0.3 

Total 2.8 6 

  

difference 
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16.6 0.8 
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ables 5(2) and 5(3) vive the recovery of joactivity 

a to that observed 

  

* : * 14 
and fractionation of urinery C 

6 5( 

as
 4 

     ts are dosed GO Ms G)MeTI dissolved in 2% 

  

ascorbate in plit7 50m! Na phosphate buffer. 

From tavle 5(?) it is observed on the first day the 

  

non-ascorbate group show significantly less activity in the 

14 
urine, with sigificantly more C in the first day faeces. 

Thus the absence of ascorbate decreases the efficiency of 

absorbtion of 5MeTiF. ‘The higher second day 14g faecal 

activity of the («)ascorbate zroup may be explained by a delayed 

gut pas 

  

e of unabsorbed dose material or more likely by en 

% : ¥ + 44 
inerease in biliary excretion of '"C methyl derived products. 

DB52 fractionation of theurines from both <roups of 

4A 
rats resolves the '“a activity into two peaks; I,non folate 

compounds as described in chapter 3 and TI,a peak which 

  

omatographs with added 5SMeTHF on DE52 and also on 

  

coed! 

}. Notably no triazine was    subsicuent G15 elution Table 5(3 

observed on the urinary chromatographs fi, indicating y Ss , 

  

‘oduced under +} 

  

e conditions, or that if 

       

    

excreted in the urine at levels 

    

icating a slower rate 

However, when dosed in



Fig.5.3. DE.52 Chromatogram of 0-24hr urine:from rats orally 

dosed with 80u:/K; ite MeTHF without ascorbate 

SMeTHF 
lo7counts/lOmin. marker 

/0.5cm? 
UV abs. 

10 

po-5 

      

  

tube no. ( Sem?) 
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the absence of ascorbate (table 5(2)) the ie activity of 

5( oer? is less efficiently absorbed, which would decrease 

renal overloading and tend to diminish the excretion of 5MeTHF 

in the urine, and increase the ratio of NFF/5MeTHr. 

The slower rate of demethylation of OMeTHF in tne non-ascor bate 

group of rats indicctes the ‘4c 1abel is less biologicelly 

active, As only 5MeTHP is found in addition to NFF in the 

urines it is possible to speculate that a portion of the 

146 label is absorbed as 5Me 5,6, DUF which is not an 

in vitro substrate for methionine synthetase (Deits et al 

1976), and thus has to be reduced to 5MeTHF before demethylation. 

If this reduction is slow compared to methionine sythetase 

activity, the apnarent rate of 5MeTREF demethylation would 

     HF is excreted intact in the urine, decrease. If 5Me 5,6,DHF 

  

it 1 be chromato, ned as 5MeT™F by reduction in the 

  

collecting flask. 

These results indicate biological disposition of 

5(140) mem is significantly altered when ascorbate antioxidant. 

is ommitted. 

Sets Metabolism of 5Me 5,6, DUF 

Mixed label (2'4c)(3",5',7,9,°H)5Me 5,6,DEF was prepared 

from similarly labelled 5MeTHF by ferricyanide oxidation, 

and pwified as described in Chapter 2, made up in Np aerated 

water and orally dosed to six rats at 0.06me/Ke. ‘The 

retention and excretion of the radioactivity is siven in 

Teble 5(4). There is apparently nodetectable retention of 

‘46 or oy in the examined tissue, although this may be due 

to the low total (3x104¢/tomin) radioactivity dosed. The 

ee Ae an 4, 
urinary activity shows a significant excess of “AH over 146 
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ge (2"40)(5",5", 7,9, 72) 
lioactivity 

   
Values °% dose 

  

    

          

0.06 was 0-6hr 6-24hr [Day 2 [Day 3 | Total 

14g 22.9! 25.41 | ws | ns 48.3 
33 39.1 46.2 | us | us 85.3 

Day_1 

5 
Fasces 144 45.12 | 10.0] 9.37 | 64.4 

34 28.1 8.1] 4.3 40.5 

1 NS 2 

ns S 

Total 14g 412.7 

on 12567     
NS: not: significant compared to background 

1% test ee 001 “H recovery vs 14q 
2 D £025 

3 p< oc01 

-126-



and vise versa in the faeces. This would be consistent with 

scission of the folate withpreferential excretion of the 

“H labelled frag ment(s) in the urine with biliary excretion 

or diminished absorbtion of the ‘4 C species in the gut. 

This is confirmed by the observation of p-acetamidobenzoyl- 

glutamate in the 0-6hr and 6-24 hr urines and p-acetamido- 

benzoate in the 6-24hr urine (fig 5.6) identified by paper 

chromatography (chapter 2(4)) These compounds are observed 

as products of 5MeTHF catabolism; however, after oral dosing 

of 5Me 5,6,DuF 3a scission products are the only well 

resolved peaks on DE52 chromatographs of the first day urines 

(fig 5.4a, fig 5.5a).These results suggest that 5Me 5,6, DHF 

is poorly assimilated into the folate pool when given orally 

at this dose. To investigate whether this is a result of acid 

degradation in the stomach as proposed by Ratanasthein et al 

(1977), six rats were IP dosed 0.4 Ae/Kg with mixed label 

(3",5',7595°2)5(4¢) Me 5,6,DHF. DE52 chromatography of the 

first day urines is in marked contrast to those of orally 

dosed animals (figs 5.4b, 5.5b) the Pay label showing 

incorporation into the folate pool end excreted as 

1OCHOFA and 5MeTH?. These intact folates make up the 

majority of first day urine By activity (Table 5.5). 

the 514¢ iabel has been transfered to non-folate compounds 

in the 6-24 hr urine. fig 5.5b peak I indicating reduction of 

5Me 5,6, DHF to SMeTHF has taken place within the animal. 

Some triazine is observed in the 0-6 hr urine 5.4b peak I, 

however, this may be as a result of the compound being an 

impubity of the dose solution, for in the experiment where 

5MeTH? is dosed without ascorbate (section 5.2) which is likely 
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Fig.5.4. Chromatesravhs ef 0-éhr urines a0 rats dosed orally 
or I.P. with 5tie5,6,DHF 
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Fig.5.5. DE.52 chromatograms of 6-24hr urine from rats dosed 
orally or I.P. with 5ie5.6,DHF 
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Fig.5.6. Gel5 Chromatography of “x fractions from day 1 urines 

of rats orally dosed with 0.06m=/Ke (2'*c)(315!7,9,-H) 
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rats dosed IP with 

  

  

  

      

    

  

  

        

“dose 

3g 

18.1 

24.3 

16.5 

58.9 

% urine % dose 
3 

14, 14, 3 

34.7 - 5.0 - 

= 27.2 . 412.2 

9.8 54-5 1.4 24.5 

54.8 18.2 7.8 8.1 

99.3 99-9 14.2 14.8 
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to result in 5Me 5,6, DHF formation there is no observed 

urinary excretion of triazine. 

™ conclude, an IP dose of 5Me5,6, DEF may be assimilated 

into the rat folate pool, most probably via reduction to 

5MeTEF. Fowever, passage across the gut results in the compound 

being excreted also 100% as scission products in the urine 

and faeces. 

54 Acidification of SMe 5,6, DEF 

In order to determine the effect of gastric acid on 

Me 5,6,DEF the labelled compound was acidified in vitro 

and chromatographed on DE52 to determine the reaction products. 

Two samples of mixed label 5Me5,6,DHF were prepared 

(21%0)(3"45"5 7595 2H) and (3",5"57495-#)(5'“¢ methy1) 

forms. The freeze dried solid was dissolved in 25 cai 

of No gassed water and the pH adjusted to 3 with HCl. After 

30 minutes under nitrozen the reaction mixture was deuteuuined 

with NaoH, ailuted with Ny . gassed water to a conductivity 

of less than 0.1 mhos and applied to a DE52 colum. The 

incubation of the (5'4q methyl) sample (6 aig) was caxried 

out at room temperature (22°C), that of the (2%) 1abellea 

sample (0.25 tg) at 37°C. 

Fig 5.7 gives the chromatograph traces and table 

5(6) the fractionation of the acidified 5Me 5,6, DEF on DE 

52. At 22°C SMe 5,6,DHF elutes as four peaks; the late 

eluting peak IV (fig 5.72) is labelled with tritiun only, 

and rechromatographs on G15 with p-aminobenzoyl glutamate, 

peaks I and II which have approximately equal recovery 

  

of 145 ana 2m (maple 5(6)a) and peak TII which shows an 

Shit 
excess of '4q @ rearrangement or 
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Fig.5.7. DE.52 Chromatographs of acidified 5Me5,6,DHF 

Activity A) (315$7.9.°H)5(24c)mes, 6, DHF 
? 22°C, pH 3 

    
   
      

  

   
B) (3153709. #opsme5, 6, DHF 

57°C, BNI 

Nacl 

20 4 1. OM 

  
tube no. (Sem) 

cd 

Activity expressed as % radioactivity dosed to rats in 
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Mable 5(6) 

DE52 Colum separation of acidified 5Me 5,6, DEF 
  

  

  

Fraction tty ey Ratio 46 Pa 

I 48.93 45.29 1.08 

Ad. 22.89 18.81 1.22 

ITI 25.45 26.4 0.96 

Iv 2.6 8.71 0.30 

(pAzglu) f i 

») (2"4c)(3",5"    
  

Ea 49.38 67.92 9.73 

2.6 12.16 0.21 
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possibly an oxidation product of 5Me5,6, DEF as yet uncharacter- 

ised; rechromatography on G15 shows that it does not elute 

with the triazine. Peak III may contain wreacted SMe 5,6, 

DHF, as after addition of ascorbate a dual-labelled portion 

of this fraction cochromatographs with 5MeTHF, although 

the majority of the fraction activity had produced other 

compounds after storage. Praction II may be the other 

fragment produced by cleavage of SMe 5,6, DHF, the addition 

of the activities of peaks TI and IV gives a 40 /3q retio 

of 1.08. The structure of TI remains indeterminate, from , 

the published labelling of the parent 35 folic acid (25.5% 

Cy» 320% Gand 42.5! 31,5", Radiochemical Centre, Amersham.) 
f x 

4 3 
a 5(1 #0) 7,9,°H) pterin moeity would have a 140 Pg ratio of 

1.74 where II had a value of 1.22. However the mixed label 

5MeTHF used to produce 5Me 5,6,DHF was extracted from rat 

urine which may alter the relative abundance of 3z at the 

various positions. Using the value of 42.5% for 33 at 

3", 5', positions, the epparent cleavage of 5Me 5,6, DEF 

is 20.5%. 

At 37°C with the (214c)(31,5',7,9,°H) mixed label 

the apnarent cleavage to pABglu is increased, with 12.2% 

of 3y as pABglu (fraction III fig 5.7b) 28.6% of 5Me 5,6,DHF 

Fraction II elutes at a similar position to fraction III 

of the 5(146 methyl) label although the peak shows a 78 

excess. Peak I may be a pterin which has lost some 3H at 

Sg, its 140/23 ratio 2.46 is between that of a (214c)(7,9, 7H) 

pterin (1.74) and that of a (2140) (oT 32) species (3.92). 

z 
The excess 35 may have been lost as -Ho0 during loading of   

the DE52 column. 
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Thus as observed by Deits et 21 (1976), mild acid 

conditions can cause cleavage of 5Me 5,6,DEF, however, the 

reaction is not complete after 30 minutes at 37°C (30% 

cleavaze at p#3)and produces other products. owever from 

these results it is possible to predict that at least some 

cleavage will occur in the stomach prior to absorbtion. 

5-5 Metabolism of the triazine oxidation product of 5MeTF 
  

The triazine was synthesised by 905 oxidation of 

SMeTF after Gapski et al (1971) both 14, methyl and 

wnilabelled types being produced as described in Chapter 2. 

The 14g methyl compound was diluted with unlabelled 

triazine and orally dosed at 41.5 aig/Ke (4 animals) and 

415 Alg/Kg toa single rat. The retention and excretion of 

the 46 activity is given in table 5(7). There is little 

retention of 14 in the examined tissues, at the low dose 

96% of 14, is lost via urine end faeces. The high faecal 

activity found of the first day indicates the triazine is 

less well absorbed compared to 5MeTHF (25° compared to 2%). 

The continued high faecal activity of days 2 and 3 suggest a 

biliary excretion route. 

Chromatography of the low dose group urines (fig 5.8c) 
  

showed a single ‘4g peak coeluting with added triazine marker. 

A boiling ascorbate extract of a liver from the low dose 

group of animals showed no incorporation of 14 into 

polyglutamate forms. ° 

To investigate whether the faecal activity contains 

triazine metabolites formed by the rat or its sut microflora, 

a sample of dried first day faeces was extracted with 1% 

ammonia solution containing 1% (y/y) mercaptoethanol. 
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excreted radioactivity in rats ora 

  

y dosed with 

("¢ methyl) triazine 

  

activity, the high dose values are for a 

single rat. 

Low dose urine faeces | CO, | Liver| Kidney | Spleen / Musele | Total 
yea 2 
  

  

  

  

              
nea 24.7 |o 61.7 

2 4-5. 10 21.4 
3 9.0 ]o 0.5 0.5 Os4 Aco" 14.8 

otal 44.6 Fixe 0 0.5 G5 0.1 1.0 97-9 

  

muscle | Total 

  

  

   

  

                
Day 1 eed 17.5|\ = 38.6 

2 3.6 e 14.3 
3 4.2 4103) - |< 0 4 e. 2.0% | 15.4 

25.9 39.5 0.4 2.2 68.0 

  

  
*Calculated a       
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Fig.5.3. Chromatograms from (*% methyl )Triazine oral dose 
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- indicated this proceedure extracted 88% of faecal      Countir 

14 * & . + . 
40, @he neutralised extract was chromatographed on G15 

Ro (fig 5.04) and DN52 with triazine standerd, and its 

be
 

ra@ioactivity was observed as a single peak nseparable from 

  

The triazine is excreted unchanged in the urine and 

s, over three days 96% of 14, 
es activity is recovered at 

  

i biliary exeretion is 

  

the low dose, 65°’ with the high dose < 

a major route. Mo incorporation of the triazine into high 

observed. The evidence sugzests the     molecular weight wa 

triazine makes no contribution to the folate pool or one 

@ the effect of the 

  

antioxidents on the metabolism of oral 5MeTHF, = 

  

and the metabolism of its two ell characterised oxidation 

products, Sie 5,6, DHF and the triazine. jn oxidised sa~ple 

  

eT? may contain both these compounds in various proportions. 

  

be lost in the faeces; that \ will b ch is absorbed will 

in the rat and will be excreted    

   
HF will undergo at 

  

the acid conditions of the 

stomach. ‘The preferential exeretion of 14 in the faeces of 

rats orally dosed with mixed label (214¢)(3:,5 57,992) 

a he + ; 5 2,. * 
5ée 5,6,DEP indicates the pterin portion of 02910 scission 

Bglu fragement.      3s well absorbed compared to the p! 

  

mn 
Prom the TP dosage expetinent absorbed SMe 5,6, 0H? may be 

     
imilated into the folate pool by reduction to 5SMeTSr. 
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the observed oxidation of 10C:0THF to TOCHOFA (Stokes et al 

lixely to enter the enterohepatic 

folates (Hillman et al 1977; 

  

air 1979, Pheasant et al 1980). Entry into 

  

‘the small intestine and more 

particularly the acid microclimate generated at the 

surface of the gut mucosa (Bleir and Matty 1974) would 

facilitate further scicsion of SMe 5,6,DH¥ (Fig 5.9). 

Acidic scission of 5!e 5,5,DUF is likely to be the major 

route of folete depletion during Vitamin C deficiency, 

  

Taf is the major circulating folate monoglutamate, 

will result in scission to 

  

foletes, however, 10CHOPA 

folate pool by dihydrofolate    
reductase activity (Pheasant et al 1980) albeit at a slower 

rate then folic acid. 

  

oval 5ie5,6,DEP 90,DEF 

in the rat. 

  

MeT=F shows 2 marked decrease in biological 

  

se setivity if allowed to remain in solution without ascorbate five 

  

nutes prior to dosing. 
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Fig.5.9. The Disposition of 5MeTHF Oxidation Products 
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The clinical use of methotrexate illustrates the 

rationslaof cancer chemotherapy, the exploitation of a 

ysiolocical difference between normal and malignant 

  

cells to facilitate selective therapeutic cytotoxicity. 

  

e agent destroying cells entering the 

     of the mitéitic cycle by di refolic reductase in- 

hibition. 4s such it is thus most effective against rapidly 

ing cells which have a greater cell fraction passing 

  

divic 

through S$ phase 2t any one time period; in culture log phase 

cells have a MDX kill rate 6.7 tines thet of confluent cells 

(Sxyruik et al 4967). Differential cell kill with phase 

tened in that normal cells have a 

  

with respect     proportion of cells in er) or ‘'restir 

une to phase specific inhibition,    to mitosis, which . are ip 

Yalenote ond Van Putten 1975). ‘These 

  

than tunour cells ( 

be
 

G may be rescued from “TX inhibition as they 
° 

re-enter the cell cycle by 

cells 

the provision of exogenous folate 

SCuOTHF. antidote, usually 5 

mie success of MIX as an antifolate cancer chemotherapeutic 
  

  

and the observed importance of folates to ¢ell divison 

(Chapter 4) has prompted further research into the role of 

tumour cells to observe any metaholic 

    

@ vequirement for purines and thymidylate 

sion results in observable changes in the folate- 

  

  itotic > activity within    

  

requiring enzymes wi



essential and possibly rate-limiting enzyme for DA synthesis 

(Friedkin 1973) is observe 

  

increase 2.4 times when cells 

in culture change from resting to logarithmic cell growth stage 

    

(Rosengarten et al 4971) Similarly in normal adult rat liver a 

cells Maley and Maley (1960) were unable to demonstrate ~ 

thymidylate synthetase activity util the liver had undergone 

partial hepatectomy. Jackson en Niehammer (1979) were able 

to show 2 2,000 to 12,000 increase of TS in various hepatoma 

cell lines compared to normal liver. In cell culture 

  

  

dihydrofolate reductase increases thirty fold when resting 

cells besmm logarithmic srowth (Johnson et al 1978b). a 

tumour load may affect the metabolism of the host, rats with 

implanted tumours having increased levels of liver methylene 

TF reductase (Nbrecht 1979). 

   1@ enzymic changes caused by the continuous mitosis 
  

alignant tumour would be expected to result in a 

  

lacement in the equilibria between the various coenzymes, 

  

s large enough.Halpern _ et al (1977) and Stea et al be
 af th 

(1978) x-port novel pterin cleavage products from tumour 

cell culture and cancer patients given large doses of 

folic acid. Tollowing oral TA Barford and Blair (1978) and 

  

asant end Blair (1979) note a change in the ratios of 

   
urinery foletes of rats bearing implanted Walker 256 

reinosarcoma end Movikoff hepatoma. Similar studiés with 

would indicate whether such effects are also associated 

  

with a naturally occurring folate 

More there have been reports concerning 

  

the tumour netabol     

sroup (Caapter 1) showed some tumour cell lines in culture 

my



  

   

  

dioac ty after oral 80 As/Kg dose 
W-256 inplented male rats   

    

  

   

w256 't" test 
implented(6) 

47.9 eS) 
42 p<o.01 
205 NS 

Day 1 CO, 2.0 3 
2 i 90.4 4 
3 0.4 5 

Day 1 faeces 2.5 2.6 ns 
2 Ont 0.1 XN 
3 0.92 9.04 NS 

0.6 

0.04 
Oe 255 

= 0.6 

Total 15.9 69.6%" 
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nes ees 
4.07 36.3) 25.5 

Toted a 30.6 eT 
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to have a requirement for preformed methionine not observed 

with 1 most normal cells. 

  

ese results are of especial interest 

   as the experimental implant used in this project the Yalker   

  

256 carcinosarcoma displays this in vitro methionine reauire- 

ment. ‘Thorndyke and Beck (1977) report a sreater in vitro 

rate of production of formaldehyde from 5!eTAF methyl groups 

in med. 

  

ant lymphocytes compared to normals. This reaction 

isar 

  

uit of methylene THP reductase catalysed oxidation of 

SMe@aF to 5,10Cig™F with subsequent ch 1emical hydrolysis 

to produce formaldehyde. Nowever, the occurence of this 

  

not been demonstrated. The technique @ reaction in vivo ha 

y be merely assay: ene THF reductase 

  

the level of mett 

  

ma 

which is ob to be increased in the livers of tumours 

  

m the inerzased 

  

implanted rats (*lbrecht 

rate of 5m methyl oxidation per se. _— 

  

Pats were obtained from the Chester Beatty Institute 

  

2 
(Londen) implanted with 2 x 19° cells of Walker 256 carcin- 

sarcoma. After seven days the tumour mass may weigh 5% of 

the animals were dosed with 

  

the animals body weig 

  

a model system rediotcacer. The use of 

  

in that it is a rapidly srowing tumour     

ajority of human clinical cancers. 

  

in comparison 

uce of such a tumour mar be advantageous 

  

Fovever, conversely th 

» a es +
 iD 8 2 z ee 8 ate is likely’ to highlight quentitative 

aifferences between normal and tumour cells. 
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to observe the behaviour of the folate pool under such conditions. 

4 

6.2 Metabolism of 5(40)neme in 256 implanted Rats 
  

The implanted rats were orally dosed with 80ae/te 

5(40.nem in 50mM phosphate buffer pH7 containing 2% 

sodium ascorbate, with the experimental proceedure followed 

as with normal rats (chapter 3). 

Mable 6(1) gives the distribution and excretion of 

146 activity over three days in normal and Walker 256 implanted 

rats. The W-256 implated rats show an increased production 

of "4¢0,, increased 145 retention in liver and a 

decrease in retention of methyl 146 label in muscle. 

Chromatography of the urines from the two groups shows that on 

DE52 (table 6(2)) there is a proportionally and absolutely 

greater excretion of non folate compounds (NFF table 6(2)) 

by tumour rats on days 1 and 2. In normal rat urine NFF’ 

and 5MeTHF are excreted in the ratios of 1:14.9 and 1:2.1 

on days 1 and 2 while for W256 rats the values are 1:6.6 and 

410.66. The excretion of 5MeTHF in the first day urine 

at this dose is substantially due to renal overloading 

(chapter 3), so the decrease of SMeTHF excretion in the 

W256 rats urine may be due to more rapid clearance of 5MeTHF 

from the blood, possibly as a result of increased folate 

demands caused by the presence of the tumour mass. However, 

on day 2, although there is a greater total excretion of 

SMeTHP is Walker 256 implented rat urine than normals, 

there is also an absolute and proportional increase of NFF, 

thus indicating there is a more rapid dem@thylation of 5MeTHF 

to produce non-folate compounds in the tumour bearing rat. 

san, + ae. * 44 * 
The difference observed in tissue ‘C retention 
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between the groups can be explzined by two possible mechanisms. 

That suggested by Thorndyke and Beck (1977); that in tunour 

cells there is an increase oxidation of 5MeTHF to 5,10, CHS THE 

which would provide folate coenzymes suitable for purine and 

thymidylate synthesis. This would explain the decrease in 

muscle 146 retention,which is mainly products of methionine 

methyl (chapter 3). Substantial 5MeTHF one carbon oxidation 

would divert methyl groups from methionine synthesis, thus 

decreasing creatine end muscle protein labelling. Krebs et 

al (1976) proposed that 10 formyl THF dehydrogenase regulates 

the level of one-carbon units in the folate pool, catalysing 

their release as COy, Should there be substential production 

of 5, 10, CHoTHP from 5MeTHF, the concomittent rise in 10 CHOTH 

would be expecte? to result in increased "400, production, as 

observed. 

However, ‘this analysis is at variance with the observa- 

tions of a two fold greater output of NIF in the 0-48hr urine 

of W-256 implanted rats, for one carbon oxidation of 5MeTHr 

should decre-se the number of methyl groups available for 

transmethylation. The decrease in muscle labelling may be 

due to the observed preformed methionine requirements of the 

rapidly growing W-256 cell mass(5.0% of the body weight after 

ten days) diverting methyl groups from other tissues. The 

increased output of 00> may be a result of the increased 

turnover of methyl groups to result in increased C09 

derived from the methyl group of e.g. methionine (Chapter 3). 

cson and Miehammer (1979) report that hepatomas show 

  

Giminishea ‘%@ CHO ms dehydrogenase activity compared to 

normal liver cells, thus the production of C02 from 

-149-



4OGNOTEF is likely to be less in these cells. Walker 256 

implanted rats show a greater production of formyl folates 

(Zerford end Blair 1978), thus it is likely that this 

tumour cell line is also 10CHOTHF dehydrogenase deficient. 

Mais cowl’ nate the echene 5(“o)nem=——95, 10'4on mer 

——> 10cxomm ——>"c0, + THF less Likely. 

Chromatography of a hot ascorbate extract from the liver 

of a Walker 256 rat indicates that the increased 14 retention 

is not as polyglutamates, as may possibly occur when there is 

substantial: formation of formyl and bridged folate species 

from 5MeTHF. The liver retention of 145 methyl activity 

  

may be due to increased hepatic methionine synthesis to cope 

with the requirements of the tumour. 

a ae ie ; 
Metabolian of 5(40)NetuP plus (71) folic seid by 
YW 256 implanted rats 

  

In order to clarify the metabolism of 5MeTHF methyl 

group. in tumour bearing animals, W256 rats end controls were 

dosed with 80 ais/itg 5("4c)mecuP together with 0.24 ws /ks 

of (3',5',7,9,°%) folic acid mixed in 2% ascorbate in 50mM 

folic acid wae to lebel the folate pool such that entry 

of the methyl group of 5MeTHF into other folate species 

night be observed by association of 14, and 2a, 

Table 6(3) gives the recovery of 146 ana 3y activity 

in urine. There is a similar recovery from both groups in 

all cases except for the 6-24 hr urine where the tumour 

bearing group shows a significant increase in 3a exeretion. 

nromatography of the urines by DE52 (fig 6.1) and G15 

a 

columns (table 6(4)) shows no evidence of the incorporation 
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Pable 6( ey
 

   

    
    

lowing an oral dose 80 ws/Ne 
(3',5',7,9,-%) folic acid S plus? se 

  

  

      

Urine Normal rats (6) W-256 implanted (6) 

14q In lg 

0~6hr 25.8 29.8 25.1 30.6 

6-24hr 11.0 45.7% 15.8 27.2% 

Day 2 2.6 325 2.2 3.4 

Day 3 9.9 1.4 1.4 2.4 

Total » A064 50.4 44.6 63.3 

values     figures 
* % test p<0.01 

  

o with normals 

=151— 

 



Fig.6.1. DE.52 Chromatographs of day 1 urines from Walker-256 

implanted rats orally dosed with 80Me/Ke 5 (to) MetHF 
  

  

re) 

ok plus (31532.9.°H) folic acid(0.24use/Ke) 

ta 
III 5MeTHF A) 0-6hr Urine 

«OM Nacl 
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S@ose activity 

146 3x 

1582 = 

= 4.59 

4.10 11.65 

Saose activity 

144 oat 

aA caine 
= 2.0 

0.26 9.83 

10.98 9.06 

~ 0,06 (0.41 

dose activity 

14q 3q 

1.7 - 

- 0.68 

0.26 1.85 

9.71 0.51 

9 0 

togra-hie fractionation of urines from 256 implanted 
s orsily dosed 80 ses/ie 5(14c)Mer=r plus(31)PA 

Ratio 

14g Vist 

Ratio 
14, Pa 

0.03 

1.21 

0.14 

Ratio 
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2. Excretion of Urinary ity Metabolites from rats dosed with 
  

Fig.6. 

% dose?*c 5(."c)MetHF + (7H) FA 
2.0 « a 

% A) NEF 
\ 
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Fig.6.3. Excretion of 34 metabolites from rats orally dosed with 

% dose 34 
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A) Folic Acid 
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of ‘4 from 5(14o)temm into urinary 10CHOF A in both normals 

(see table 3(8) chapter 3) and W-256 implanted animals ‘table 

6(4)), the 49 Px ratio for 10CHOPA in both groups having a 

mean value of 0.07, the same as that of .ynmetabolised urinary 

folic acid. Similarly, chromatography of hot ascorbate extracts 

of liver show only inclusion of 29 into polyglutemates. 

These results may be criticised on the ground that any 

10'4cnomar or 5,10 CHoTHF produced from 5 MeTEF would be 

metabolised too quickly to appear in the urine. However, 

Nixon et al (1973) reported that 85% of 5 MeTHF methyl group 

is lost within five minutes, yet it is found in the whole 

rat (chapter 3) that at 80feg/%g active 5MeTHF can be 

demonstrated in the 0-24 hr urine. Apparently the extracellular 

pool of 5MeTHF is large enough to enable a pulse of 146 methyl 

active diastereoisomer to persist in the cirenlation long 

enough to be excreted. Possibly the same may occur with 

10 4cHoraR if produced in significant amounts. A more 

by examination of intracellular folates following 5( 146) Mem 

the fate of the administered 14¢, In 

  

dosage, and determining 

  

this respect it is of note that Nixon et al (1973) aida not 

report any significant association of 5(140) Me with other 

folates in 11210 murine lymophoma, after 5 minutes. 

As in the previous experiment the NFF:5MeTHF ratio is 

greater for W-256 animals (1st day urine 1:11¥1, day 2 

1:0.61) than normals (1st day urine 1:15.4 dey 2 1:1.6) and there 

is a greater total excretion of ITF in the W-256 implanted 

rats (fig 6.2a). The W256 animals, as might be expected due 

to their lozd of a rapidly growing tmour mess, show a more 
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complete incorporstion of (7x) folic acid into the reduced 

folate pool as shown by their increased output of (x) 

   ON
 10CFOFA and (72) sttemar (£: «3 (c)) and decreased excretion 

of unmetabolised folic acid (fig 6.3(a)). ‘The exoretion of 

i scission products differs; thet of the W256 declines over 

the period examined, while in normals they are increasing 

(fig 6.3(b)) this presumably a consequence of demand for 

folate decreasing the net rate of scission. 

6.4 Metabolism of mixed label (2140)(3" 5t 9799978) SMeTP 
by Walker 256 implented rats 

(2146)(31 sot 1159 )78) mixed label 5MeTHP was prepared 

as in Chapter 2 and orally dosed 6 Ats/Kg in 2% ascorbate 

50mM phosphate pH7 buffer, Table 6(5) gives the urinary and 

faecal recovery 6f radioactivity compared to normals dosed 

8 Ae/Ke (Chapter 4). : 

The excretion of both 144 and 3 is significantly 

@ecreased in the W-256 implanted rat group (tadle 6(5)a). 

Similerly the faecal radioactivity is also decreased (table 

6(5)>). ‘This sugcests the tumour is promoting greater tissue 

retention of folate thus less is being opereted in the urine 

or enterin= the enterohepatic circulation to be recovered in 

the faeces (chapter 4). Zxamination of retained radioactivity 

shows that #256 show a higher retention of tissue 14 and 

3H although its significance cannot be statistically 

tested (table 6(6)), the twnour shows a similar retention 

to that of liver. 

    Chromatography of the first day urines (fig 6.4) reveals 

essentially the same metabolities in the urines of W256 rats 

(table 6(7)) as observed in those of normal animels(chapter 4 
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Table 6(5) 

ty from rats orally dosed with Excreted. Ratioac 
and W256 implented (214¢)(3',5',7,9,°7 SMe THF ;Normal. 

    

( ) = no of rats 

ut, : ‘stest(comparing 
same labels) 

  

  

  

  

O-Ghr ~ 39.1 41.0 16.4 18.4 p<0.001 

6-24hr 28.5 40.4 Ted 8.8 " 

Day 2 a2 4.7 2.8 2.4 " 

304 6.3 201 +2 © 

Total 74.2 2.4 28.3 30.8       

  

ty % dose activity 

Normals W.256 

144 3g 146 3g 

  

  

    Day 3 : Z 0.6 0.4 

Total 27.1 22.0 5.3 3.4 
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Table 6(6) 

Tissue retention after 3 days of a dose of (2140)(3",5°,7,99°H) 

Meta 

Yalues as % dose r=dioactivity 8ais/Ke dose Normals, 

6 we/kg dose W-256 implant rots. 

  

Tissue Normals We256 

140 4n 149 on 

Spleen 0.14 0,08 - = 

Gut 4612 0.84 

Yidney 0.8 0.3 1.1 1.3 

Muscle 0 0 = = 

Brain 0 0 - al 

Liver 6,8 ND Tee 6B 

Tumour - 3 5.1 5.1   
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Fig.6.4. DE.52 Chromatogravhns of urine from Walker-256 implanted 

rats dosed 6ue/tz (2c) (32517,9,-H) SiMeTHF 
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table 4(3), with the exception of that peak eluting after. 

i 3 
5MeTEF on DE52 (Compound D) which is only labelled with -H 

in W256 animals. This may be due to a difference in labelling 

between the batches of 2i4 C folic acid used for 5MeTIF preparation, 

the batch used for the W-256 was only 864 labelled in the 

Cy position. (Radiochemical Centre, Amersham). There is 2 

proportional decrease in the excretion of intact folates in 

the W-256 implated rats of the 0-24 hr urines 76% of the 

urinary on is present in intact folates (10CHOPA, 5MeTHF, 

Compound 'p') while for normals the value is 80.4%. 

Although the proportion of scission products in the. 0-24hr 

is increased, the total folate cleavage as measured by the 

excretion of pAcetABA and pAcetABglu is decreased in Walker 

256 implanted rats. From table 4(3) 16% of 0-24hr urinary 

35 is excreted as pAcetABA + pAcetABglu, equivalent to 38.194 

of the folate dose as 42.5% of the 33 label is precent in the 

+ 3,5", positions, while for W-256 bearing rats the values 

are 6.5% (table 6(7) fractions I 0-6, 6-24hr) dose 22 and 

15.3% dose folate. 

G15 chromatography of the 6-24hr urine cleavage product 

fraction (fig 6.5) shows that the tumour bearing animals 

display two 149 labelled products not resolved by similar 

chromatographs of: urine from normal rats termed x and y. 

The ratio of folate types in the urine differs between 

the ae groups of aninels,in normal rats the fraction of 

intact folate exereted as 10 formyl folete falls from the 

M6 to the 6-24 hr urine; 29% 146, 25.7°H in the 0-6hr, 

18.4% 14. 45,4022 in the 6-24hr, while with the Y-256 

+     implanted animals the etion rises; 0-6hr 24.2% 14g 
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Table 6(7) 

  

  

0-6 hr Trine: 16.19% "4c, 19.497 22 aose 

    

  

      

        

  

  

    

  

‘urine activity jose activity 140 Px 
144 14, 3x 

10.8 11.6 1.71 2.1 0.81 

20.6 17.2 Bee 3.1 1.03 

61.3 52.8 967 9.6 41.01 

Cone 4.9 15,7 2.9 9.10 

Tota: 97.3 14.9 17.7 

44 3 
6-24hr Trine: 7.3 '"c, 8.8% 7H dose 

pe nite , =. 14, 73 Surine activity Sdose activity "0/?H 
TA Se 14, 3 

scission = wedere alates 51.2 3.4 4.4 0.77 

13.6 8.6 1.0 0.7 1.43 

Suen 27.6 20.1 2.0 1:7 Vede 

2.0 14.3 0.1 1.2 12 

Total 90.8 94.3 6.5 8.9       
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Fig.6.5. G.15 of urinary scission products from rats orally dosed 

% dose ith (2)%c)(315!7,.9, 7H) MeTHF 
cae 19 
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By, 6=2. 

  

19.8% r 32.3% 14, 19.4! This change may be 

  

analagous to the changes in urinary folate types observed 

with the FA dosed ¥-256 implanted rat where there is increased 

exeretion of formyl folates (Barford and Blair 1978). 

Notably the 5MeT#F and 10CHOPA fractions do not show 

the 3q excess in W-256 implanted rats observed with normals 

(table 4(3)), the “4c/2z ratios in W-256 implanted animals 

approaching 1 or showing a 146 excess (table 6(7)). 

6.5 Discussion 

The presence of an implanted tumour mass is observed to 

impose changes on the whole body metabolism of 5MeTHF in the 

rat. In the W-256 implanted animals there is an increased 

rate of 5MeTHF demethylation and there is an observed 

diversion of methyl sroups from muscle, the major recipient 

in normal rats, to the liver and tumour. This may be as a 

ker 256 carcinosarcoma lacking the 

  

consequence of the “iV 

ability to synthesise methionine or that the added mass of 

dividing tissue, 5% body weight, results in disturbance of 

the normal distribution of methyl groups in the rat. It 

remains to be seen whether other tumour cell lines which 

do not display an absolute methionine reuirement would 

cause a similar change in host methyl metabolism. 

The W-256 implented animal also shows a different handling 

of mixed label > 

  

mF, In the implanted animal folate - 

urinary excretion and biliary circulation, as indicated by 

fsecal radioactivity, are markedly depressed. The total and 

proportional excretion of intact folates in urine, and total 

weinary excretion of scission products is decreased. The 

symals show an exeretion of 38’ dose folate as catabolites 

after 24hrs, compared with only 15.30 cleavage by w256. In 

   normals the ratio of dose cleavage to liver retention is 5.6, 

while for W-256 implented rats the value is 2.1. This 
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decrease in folate cleavage may result from the smaller flow 

of folate into bile thence to the gut lumen, a site of 

scission reactions (chapter 4). Another possible mechanism 

would be a decrease in the rate of tissue folate oxidation 

(see chapter 7). This difference in scission reactions is 

also shown by the presence of two W-256 associated 14, - 

labelled catabolites x and y which are not resolved in 

chromatographs of normal urine (fig 6.5). At first sight 

these would appear to be tumour specific, however 14, 

metabolites of similar chromatographic behaviour are observed 

after dosing normal rats with (2"4e)(3 95% 979992) mixed 

label FA (Connor 1979), and these compounds may be 

quantitatively increased, which enables their more ready 

detection. Towever, these results suggest there are tumour 

associated changes in folate catabolism which might have 

application in cancer diagnosis. 
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71 The normal metabolism of 5MeT=F in the rat 
  

5Methyltetrahydrofolic acid is an important dietary 

source of folate (Rodriguez 1978) and performs as a methyl 

donor in methionine synthesis. . 

Comparison of faecal recovery from IP and orally dosed 

rats indicates complete absence of SMeTHF, as 5(“40)"emm, 

from the sut. As this radiotracer is an equimolar mixture of 

6 epimers, this indicates there is no discrimination between 

‘the diastereoisomers as vould be expected should there be 

a specific carrier mechanism. This would provide indirect 

evidence for the proposal that folate absorbtion takes place 

as the electrically neutral species, neutralised by an 

acid microclimate generated at the wall of the small intestine 

(Bleir and Matty 1974, Coleman et al 1979) as the epimers 

would not differ in pKa, thus would not be | distinguished by 

such a, mechanism. 

5MeT™F is utilised: in the tissue and utilised in the 

formation of methionine (chapter 3), SMeTIP is reported to 

be a poor substrate for polyglutamate synthetase in vitro 

(Spronk 1973, McGuire et al 1979) while the rate of intracellular 

demethylation is rapid (Nixon et al 1973) thus there was 

no observed incorporation of 144 from 5(™4¢)nerur into 

polyglutamates, although there was polyglutamate synthesis 

from simultaneously dosed An folic acid (chapter 3), and 

sugsests the primary demethylation of exogenous 5MeT=F 

takes place via the monoglutamate. “owever, the cenovall 

of the CES group produces TWF the most effective substrate 

amate synthetase (Spronk 1973, MeGuire et al 

  

     

=)5MeTI compared to similarly 

y bearing in mind the slow reduction of



folic acid to DEF, the rate limiting step of folic acid 

incorporation in to the folate pool (chapter 4). With 

mixed label SMeTHR at SOmig/Ke 2.59) of the dose is retained 

in the liver after three days while with similarly labelled 

100 pe/tg folic acid after two days the liver shows a, 

retention of 11° (Pheasant et al 1980). Steinberg et al 

(1979) have also observed © diminished tissue incorporation of 

SMeTHF. 

When one compares the first day wrines of rats dosed 

2yac/ke with 5(“c)itemr with those dosed 8 uz/Ke with mixed 

tabel (2140) (31,5',7,9) H)SMeTEP, 6 of the 146 methyl 

activity is present as 5MeTE=F (hus the same percentage as the 

active diastereoisomer) while at 8mtg/Ke 24% Me and 3204 ay 

is excreted as 5 MeTHF, This indicates that the mixed 

label 5MeTHF is between 67 and 78% demethylated and subsequently 

vemethylated after 24 hrs, while Nixon et al (1973) reports 

that within the L 1210 cell 82-89% of the methyl group is lost 

within 60 minutes while 87% remains as 5MeTHF, a demethylation 

an remethylation rate of 79-82%, At these dose levels the 

5MeTaP excretion is unlixely to be due to the renal overloading 

ests the rate of whole body demethylation is slower 

  

and s 

than the apparent value given by cell culture. This slower 

rate may arise from 5MeTHF being teken up into short term 

storage, possibly protein binding prior to metabolism 

(chapter 4). 

The role of tissue polyglutamates is a source of con- 

troversy. %%.d. Connor in a rigorous investication of retained 

tissue folate (Connor et al 1977, Connor and Blair 1980) was 

only able to demonstrate the presence of formyl folate 

Jutamate types. Me suggests (Connor 1979) this results 

  

me functions being divided into two pools, 
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monoglutamate.5MeTHY required for methionine synthesis and 

the non-methyl folate polyglutamates for thymidylate and 

purine synthesis. These observations that 5MeTHF is 

slowly demethylated and is held as the monoglutamate for a 

  

longer time than FA would tend to support the proposal of 

methionine synthesis proceeding via monoglutamate 5MeTEF. 

The involvement of the polyglutemate folates with 

nucleotide synthesis is evidenced by the increased retention E 

of labelled folate in tissues when the animal has the load ofa. 

rapidly growing Walker 256 carcinosarcoma.Iilton et al( 1979) 

have investigated polyglutamate synthesis from FA in cultured 

human fibroblasts. At folic acid concentrations which supported 

maximal logarithmic growth they observed that those cells in 

log phase, in addition to high intracellular folate, showed 

  

a higher ratio of polyglutemate to monoglutamate than 

confluent cells (2.6 polyglu: monoglu for log cells, 1.4 

for confluent cells), Notably this ratio remains constant 

with rising external folic acid concentration for log cells, 

while with confluent cells the ratio increases with increased 

FA. Unfortunately the method used could not assay the chain 

length of the retained polyglutamate. As the polyglutamate 

folates are reported to be of different substrate and inhibitor 

activities according to chain length, it remains to be seen 

whether there is a corresponding change in polyglutamate 

chain length ratios with the demands made upon the folate 

pool during cell division. As polyglutamate synthesis is 

reported as the addition of a single glutamate residue at 

a time (Shin et al 1972) on occasions when there is an 

peeeneea rate of polyglutamate synthesis, there would be 

e    ected to result a greater proportion of short chained 
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polyglutamate species within the cell which may have different 

enzyme substrate activities from the higher chain length 

forms. 

The studies using Wo methyl labelled compounds showed 

the fate of the methyl group of 5MeTIF and methionine was 

quantitatively the same (chaper 3). The experiments 

provided no evidence for the proposal that there is reversal 

of the methylene THF reductase reaction so that one carbon 

units from 5MeTF could be used for nucleotide synthesis. 

Krebs et al (1976) and Serutton and Beis’(1979) report 

that the level of 40cHOMF is normally depressed by the action 

of 10 formyl THF dehydrogenase, such that demands for 

1OCHOTHF and the folates in equilibrium with it will 

result in a decrease in 005 production rather than depressing 

the absolute level of 10CHOTHF. If the level of 10CHOT"F 

is _naintained relatively constant this would also tend to 

keep the equilibrium between methylene and methyl THF constant. 

Also the intracellular turnover of one carbon units is rapid 

at least for 5MeT™PFr, the labelling of 5,10 CH THF may not 

be high enough to detect as subsequent production of ("4cx0) 

  

formyl urinary folates. 

Hixed label (2140)(3',5',7,9, T)SMeTP undergoes 

co - ae scission in the rat to produce solely 35 labelled 

urinary metabolites. Such scission had been previously 

observed with folic acid (Murphy et al 1976, Connor et al- 

1979) and 10CHOFA (Connor et al 1979), however, these experiments 

shoved that such reactions were a part of the normal metabolic 

activity of the reduced folate pool. ‘The scission products 

were observed to cochromatograph with pacetamidobenzoyl 

elutanete (picetatglu) and nacetamidobenzoate (pAcetAbs) 

  

ved after doses of TA anéd 10CH0FA (Connor et al 1979) 
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Fig.7.1. Distibution of folate monoglutamate 
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t also suggests (Pheasant et al 1980) that pacetsABglu is 

associated with long term breakdow of folate, i.e. from 

the polyglutamate store, and that pacetABA is a short term 

metabolite derived from monoglutamates. In these studies 

with mixed label 5MeTHF the amount of dosed radioactivity 15 low and 

prevented resolution of metabolites after 24 hrs, however, 

comparison of the exeretion of pacetABA an’ pacetaBglu at 

8 and 80 Ats/Xg shows that the low dose with a proportionally 

greater retention in tissue shows a greater exeretion of the 

proposed polyglutamate pool metabolite pacetABglu (8eg/Ke 

pacetABglu: pacetABA = 1.9:1 at 80 ss/Kg ratio = 0.°:1). - 

The short term scission products arise from the intraluminal 

breakdown of folate in the gut, as only intact folates are 

observed in thecannulated bile (Pheasant and Blair 1979), 

with the differential resorbtion of the pterin and pABelu 

fragments resulting in the 144 and Puy imbalance observed in 

the faeces (chapter 4). As 5MeTHF is absorbed completely 

from the gut (chapter 3) the substrate for scission is 

likely 46 be 10CHOTEF or TEF,probably the latter as it is 

the more labile, readily undergoing scission in vitro 

(Pearson 1974). In humans another possible source of 

scission products is 5Me,5,5,D"T; Ratanasthein et al 

(1977) report normal human serum contains 0.75 ws/1 

(15% of 5MeTIF + 5!e,5,6,DHF) when fasting. This compound 

is observed to be unstable in acid conditions and it would de 

expected to be lost during enterohepatic ieculericn Chie’ Tet). 

Tae The significance of the oxidation products of 5MeTEr 

5MeTHF in storage has been observed to be oxidised to 

of compounds; the triazine produced by peroxidation 

  

an et al 197°) hes been observed to be produced in 
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stored 5MeTIF at -20°C (Kennelly et al 1979, chapter 5), 

possibly via aerial oxidation or by the action of F, E,0 2 

produced during the oxidation of the ascorbate present. This 

compound was foundtobebiclogically inactive in the rat, as 

would be cted from its non-folate structure. In fact 

  

triazine compounds such as those produced by Baker (1971) have 

Potent antifolate activity fig 7.2. 

Fowever, this triazine oxidation product of 5MeTHF is 

also inactive in promoting the growth of the common folate 

microbiological assay orgenisms (Gapski et al 1971, Ratanasthein 

et al 1977) thus its-presence in foodstuffs would not result in 

specious estimation of folate content. : 

™he other characterised oxidation product of 5MeTHF, 

  

Swethyl 5,6 dihydrofolate (Donaldson and Keretsky 1962) is 

fully active for L.casei in the presence of ascorbate 

Ford et al 1978), however the acid conditions of the human 

stomach result in considerable loss of folate activity. 

(Ratanasthein et al 1977) Similerily with rats (chapter 5) 

while 5Me 5,6, DHF is readily assimmlated into the folate. 

pool, when given IP, there is no excretion of intact folates 

following an oral dose. Deits et al (1976) suggests that 

acid conditions result in C9 -110 scission of 5Me 5,6,DHF, 

however, in vitro acidification of the labelled compound 

was observed to produce some pABglu;this represented only 

26% cleavage at 22°9, 30% at 37°c, the remainder of products 

cemainins «midentified. These compounds presumebly have no 

folate activity. Tord et al (1973) reported there is considerable 

  

stion of milk folate (measured ty Lecasei) if oxygen entry aE 

work of Hanson -nd Plair (chapter 5) showed that 

  

folate activi of several foods     
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Fig.7.2. Triazine Antifolates 
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was in fact due to 5Me 5,6,DUF. These results suzgest that 

  

the available free folate of foodéstu! as estimated by L.casei 

may be high due to the prescence of labile 5!e5,6,DF especially 

after prolonged storace. 

Stoxes et al (4975) propose? that the megaloblastic 

anaemia arsocizted with Vitamin C deficiency may result 

from the conversion of 10CEOT™F to 1OCHOFA under such conditions. 

    

However, Connor (1979) reported that 10¢ is metabolised in a 

mamner similar to PA, sugcesting the 10Cz! enters the folate 

pool, albeit slowly, via dihydrofolate reductase action. 

Thus in a scorbutic subject although 10CHOFA may be formed 

there remains a pathway for its selvage. 5Me 5,6,DEF is 

  

probably formed in greater amounts than 10Cil 

scurvey, as 5MeTF is the major serum folate, and is prone 

  

to scission. It has not been reported tote s 

x FR and is not demethyleted ty methionine s:mthetace     

will be 

  

(Deits et al 1976) to form DEF, thus 5™Me 

likely to undergo sciscion reactions and result in loss of 

folate. ‘This scheme cannot be investigated in the ret which 

  

does not require Vit-min C, however, studies on the scorbutic guinea 

IF would be interestin-. 

  

pig with 5M 

Ten The Metabolism of 5MeTSF in Walker 256 Implanted Animals 

hich W-256 bearing rats were dosed     The experiments ir 

with 5( 4 C\rerF were of especial interest as the tumour 

has an absolute requirement ‘or preformed methionine in cell 

  

culture slpern et al 1974) although this phenomenum is not 

specific to or general anongst cancer cells (Chapter a) 

> animals showed a greater rate of    The Walker 256 

demethylation of 5MeTIF as evidenced by the excvetion of 
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1 7 4 5 
Ng labelled non-folate compounds. The distribution of retained 

methyl activity wae changed, the proportion reteined by the 

muscle reduced from 13% to 3% and the production of 14 005 

  

increased indicating a re-routing of methyl metabolism 

in the tumour inplented snimals. This together with the 

inereased tetention of folate, observed with mixed label 

5MeTuF, result in the increase in NFF and decrease in 5MeTEP 

exeretion. Hoffman and Erbe (1976) found that although several 

tumour cell lines show a methionine requirement in cell culture 

they take up 5MeTT and synthesise methionine at rates similar 

to, or sreater than normal cells. Matthews end Maywood (1979) 

report that DEF is the most effective inhibitor of methylene 

THF reductase anongst naturelly occuring folates; the éffect 

of this inbition is to switch 5,10 CHS THF from 5MeT=F formation 

to the competing pathway for thymidylate synthesis (£42-7.3)e 

Thus during the growth phase of a cell when there is an 

increase in TS activity(Rosenblatt and Erbe 1973) there would 

be an inerease in the steady state concentration of DHF, 

  the inhibitory effect of which vould cause a concomittant 

decrease in SMeT™#F. Jackson and Niehammer (1979) report that    

hepatomas show 4 marked decrease of 10CHOTEF dehydrogenase 

compared to normal liver. As this enzyme depresses the level 

of 10@70T%F in the folate pool, the decrease in the level of 

this enzyme would permit an increased steady state concentration 

of 10¢ 

  

"HR, possibly at the expense of 5MeTHF. Lack of 

intracellular 5WeT™F vould have profound effects on tumour 

cells as they ave observed to heve abnormal requirements for 

groups in nucleic acid Syntresis =, for example mouse 

  

    mary and $190 ascites tumours have a er proportion of     

ted purines in +NA than normal mouse tissue (Berquist 

  

and Matthews 1962). Urinary excretions of methylated purines 
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Fige7.3. Interaction of DHF with Methylene THF Reductase 
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is approximately twice that of normals in tumour bearing rats 

and mice (Mandel et al 1966), leukaemic tumours (Park et al 

1962) end hamsters with adenovirus -12 induced tunours where 

the tumours consisted of 1-5 body weisht (McFarlane and Shaw 

1968). Ina rapidly growing tumour such as Walker 256 these 

factors may combine to produce an absolute requirement for 

exosenous methionine. 

he experivents with a mixture of 51 ‘oer? and (72) 

folic acid provided no evidence of a substential reversal of 

methylene TF reductase activity in yw256 implanted enimals, 

with the reservations noted in section 7.1 of this technique 

being able to detect such an event. The reversal reaction 

is mlikely as the redox potential of tumour cells is more 

reducin» than normal (Schwartz and Passoneau 1974, Schwartz 

et al 4976), the deta of Mutzbach ond Stokstad predicting 

amore oxidising potential than normal is required to displace 

the equilibriun towards 99 OCHS TEP formation. 

The hendlins of mixed label SMeT™F by W256 implanted 

    

rats resembled that obse:ved with TA by Barford end Blair 

(1978) in 

  

4 there is a shift in the pattem of urinery 

metabolites with a proportionally greater urinary excretion 

  

of formyl folate. This may be a result of the induced 

enzyme changes as a result of the demands of the growing 

tumour mass. This folate demand is observed to increase the 

retention of folate in the tissue and decreased the total 

exeretion of intact folate and scission products in urine 

and faeces. Rapid clearance of folate into the tissues 

would reduce the folate enterohepatic circulation and thus 

  

ton in the gut. 
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Scission products also may result from the long term 

breakdown of tissue folate. MWowever scission is diminished 

in W256 inolanted rats, although there is a similar or 

increased smount of retained tissue folate (chapter 6). 

If the scission is as a result of oxidation, as with 5MeTHF 

(chapter 5) and CFF, this would sugsest reduced folate ; 

oxidation in the tumour cell. Pollock and Kaufman (1978) - 

proposed a mechanism where dihydropteridine reductase 

(DEPR) participates in maintaining tissue folete in a reduced 

state. This enzyme can reduce the quinonoid form of DEF to 

TF(Lund 1972). Tissue DIPR distribution does not parallel 

that of the biopterin requiring sydroxy lase enzymes, nor 

does DEPR activity increase when the level of catecholamines 

in the brain is depleted (Turner et al 1974). This suggests 

DHPR has a function other than 3 4 regeneration, Pollock 

and Kaufman suggest this is folate reduction. . This enzyme 

has a Yim for NADH of 2.107? im. brain and 3.107? im liver 

(Cheema et al 1973), en order of magnitude higher than that 

for NADPH for DHER(1.36. 107%", MeCullough et al 1971), thus 

will show a greater increase in reaction rate with increasing 

reduced coenzyme concentration than DHFR. It is of note that 

tumour cells show a higher NADE/NAD' ratio than normal 

(Schwartz et al 1974), resulting from the lactate/pyruvate 

inerease which in hepatomas is 4 to 7 times that of normal 

liver cells (Weber et al 1971). 

    

In these experiments it is observed the scission products 

from 4256 rats differ from those of normels, which sugsests 

that folate catabolités may be useful as 2 source of diagnostic 

tiwmour markers, 
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Ted The use of folic acid in metabolic studies 

This project has indicated that 5MeTI™ undergoes 

similar qualitative handling to that observed with folic acid. 

™ie essential difference is that a pulse of FA on reduction 

to TF is more readily incorporated into tissue polyglutanates 

than 5 MeTEF, Vowever, 1O0CHOTHF is a naturally occuring folate 

and is superior to 5MeTHF as a substrate for polyglutanate 

synthesis on@ thus woulé show a more rapid tissue incorporation. 

Thus conclusions drawn. from experiments with folic acid are 

  

likely to beasvélid as those using 5\eT   

72d Purthsr Research 

  

The technique used in this project would be improved should 

the chromatographic techniques enable examination of the folate: 

and the routine examination of 

  

output of individual anim: 

t ha
 1e polyglutamates. This may become possible with 

  

HPLC methods which have been applied ta serum folate analysis. 

From the iaaiee of 256 implanted animals there has been 

observed differential nandling of folate in cancer. TFowever, 

it is necessary to distinguish whether this is as a result of 

tumeur specific effects or due to the ebnormally high growth 

rate of this particular crore Possibly cell culture studies 

with cell lines of graded growth rates such as the nec 

hepatomas would furnish such information. 

With the recognition of the importance of folate 

Jutametes as intracellular coenzymes it is necessary 

  

to gain information of the in vivo metabolic relationships 

of the e folate types especially at different steges of 

  

cell crowth. The mutant CEO line of McBurney and “hitmore   

(4974) may have further uses in showing the vole of folate in 

the absence of polyglutamete synthesis. However, further 

ed to produce en wnambisuous polyglutamate 
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