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Following the_oral administration of a mixture of 
[2-14c]and [3',5',7,9-2H folic acid to normal guinea pigs, 
p-acetamidobenzoate (major product) and p-acetamidobenzoyl- 
L-glutamate (minor product) were found in the urine. No radio- 
active folate was excreted except at very high doses when trace 
amounts of folic acid appeared, or after pre-treatment of the 
guinea pigs with antibiotics or methotrexate. Up to 20% of an 
oral dose of (2~14c] folic acid was found in the expired air. 
Only small amounts of radioactive polyglutamates were synthesized 
in the liver. Scorbutic guinea pigs similarly dosed gave 
qualitatively similar results to normal guinea pigs but catabolized 
rather more of the liver polyglutamates. ee 

p-Acetamidobenzoate (major product) and p-acetamidobenzoyi~~— 
L-glutamate (minor product) still remained the dominant metabolites 
following an_oral dose of a mixture of either (2~14c] ana 
(3',5',7,9-2H] 10-formyl-folic acid or of the biologically active 

mixture of (2-l4c]ana[3',5',7,9-3H]5-methyltetrahydrofolate. 
Ory administration of the 50:50 diastereoisomeric mixture of 
a4 4c] 5-methyltetrahydrofolate gave small amounts of 5-methyl- 
tetrahydrofolate in the urine but largely breakdown products. 

These results contrast sharply with those described for 
the rat and man. They show that in the guinea pig all folates 
are poorly absorbed from the gut as would be expected from the 
nearly neutral acid microclimate. Folic acid and 10-formyl- 
folic acid are reduced to tetrahydrofolates in the gut. These 
tetrahydrofolates and 5-methyltetrahydrofolate acid are 
catabolized to p-acetamidobenzoate in the gut. Liver folate 
polyglutamates are broken more slowly to p-acetamidobenzoyl- 

L-glutamate than in the rat and man as would be expected from 
the greater cytosolic reducing capacity of the guinea pig. The 
more rapid liver folate breakdown in the scorbutic guinea pig 
suggests a steady depletion of folate would occur in man in 
scurvy and this will precipitate anaemia. 

KEY WORDS: Folate metabolism, folate catabolism, 10 formyl 
folic acid , 5-methyltetrahydrofolate, scurvy.
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Weal. FOLATE MONOGLUTAMATES AND POLYGLUT MATES 

The folates consist of a large group of naturally-occurring 

molecules derived from the reduction of or substitution of, or addition 

to the parent compound, folic acid (reviewed by Blakley, 1969; 

Hoffbrand, 1976; Rowe, 1978; Chanarin 1979). The structural 

formula of folic acid is illustrated in Figure 1.1. The molecule 

is made up of a pterin moiety linked by a methylene bridge to p-amino- 

benzoic acid which itself is joined in amide linkage to L-glutamic acid. 

Folic acid is not normally found in food or in the human body in 

significant concentrations . It is not biochemically active but 

becomes so after reduction. In vivo, reduction is catalyzed by the 

enzyme dihydrofolate reductase (DHFR) [5,6,7,8 THF : NAD(P) 

oxidoreductase (EC 1.5.1.3)]. The pyrazine ring of the pterin 

moiety is easily reduced, first to 7,8 dihydrofolate (DHF) (Figure 1.2) 

then to 5,6,7,8 tetrahydrofolate (THF) (Figure 1.3). 

A substituent group may be present at either the Ne position 

e.g. 5-methyltetrahydrofolate (5-MeTHF) (Figure 1.4) and 5-formyl- 

tetrahydrofolate (5-CHOTHF) (Figure 1.19) or the N, 0 position, e.g. 

10-formylfolic acid (10-CHO-FA) (Figure 1.10) or 10-formyltetra- 

hydrofolic acid (10-CHOTHF) (Figure 1.6). Additional glutamate 

residues may be added to the terminal glutamate, forming folate poly- 

glutamates. A typical polyglutamate, folic acid polyglutamate is 

illustrated in Figure 1.11. Polyglutamates are the most common
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naturally-occurring folates in foods (Leichter et al., 1979). The 

structure of the folate coenzymes (as folate monoglutamates) and some 

of their metabolised excretory products are illustrated in Figures 

td =e (except: Figure 1.5). Folate coenzymes can be very 

readily interconverted. A simplified scheme showing the series 

of interrelated reactions is shown in Figure 1.22. 

Folate polyglutamates are the major form of folate in 

mammalian cells, accounting for up to 90% of cell folate (Hoffbrand 

et al., 1977) whereas the monoglutamate which is concerned with 

transport of folate within the body, is the principal form in the extra- 

cellular fluid together with small amounts of 10-CHOTHF (Chanarin, 

1979). Until recently, the view was held that folate polyglutamates 

act only as a storage form and that monoglutamates which are rapidly 

converted in vivo function as coenzymes (Blair, 1976). But 

although, no doubt, folate monoglutamates still have a role to play in 

functioning as coenzymes, recent evidence indicate that folate poly- 

glutamates in addition to their storage functions, are, in general, the 

naturally-occurring folate coenzymes for the folate-mediated reactions 

in amino acid metabolism and in purine and pyrimidine synthesis in 

mammalian cells (Baugh and Krumdieck, 1969; Hoffbrand et al., 

1977; Chanarin, 1979). Biochemical studies in vitro have shown 

that the reduced folate polyglutamates serve as better coenzymes than 

the corresponding folate monoglutamates in folate-mediated reactions 

at
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(Hoffbrand et al., 1977), and are more active substrates for the 

reducing enzymes dihydrofolate reductase and 5,10-CH,_THF reductase 
2 

(Hoffbrand et al., 1977). Moreover, mammalian cells with a 

genetic inability to synthesise folate polyglutamates require extra 

thymidine, adenosine and glycine, Compounds whose de novo 

synthesis is known to require folate coenzymes in their culture medium 

for growth? In addition to their newly found role as coenzymes, 

folate polyglutamates still have a function (even if minor) as a storage 

system in the liver (Hoppner and Lampi, 1980). 

Since the major circulating form of folate in plasma is a 

monoglutamate, 5-methyltetrahydrofolate (SMeTHF) (Figure 1.4) 

(small amounts of 10-formyl-tetrahydrofolate (10-CHOTHF) (Figure 

1.6) are also present), mammalian cells must each build up all their 

own folate polyglutamate coenzymes from this compound. In vitro 

studies of the synthesis of folate polyglutamate compounds in human 

lymphocytes using radioactively labelled folic acid, 5-formyl tetra- 

hydrofolate or 5-MeTHF suggest that 10-CHOTHF and tetrahydrofolate 

rather than 5MeTHFarethe preferred substratesin human tissues 

(Hoffbrand et al., 1977). This observation implies that vitamin Bio 

may have a key role in the synthesis of folate coenzymes since it is 

needed in the homocysteine-methionine reaction (Figure 1.27) by 

which 5 MeTHF (the form of folate which cells take up from plasma) is 

converted to THF. The role of vitamin Bio Will be discussed later in 

this Chapter. 

@ McBurney and Whitmore (1974) 
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The enzyme catalysing the synthesis of folate polyglutamate, 

folate polyglutamate synthetase or ligase, has been studied in extracts 

of E. coli (Griffin and Brown, 1964), Neurospora crassa (Sakami 

et al., 1973), rat liver (Spronk, 1973) and sheep liver (CGawthorne 

: : sage “tr 
and Smith, 1973) and has been found to require ATP, Mg ,K_~= and 

a PH around neutral. These enzymes are unevenly distributed among 

the intracellular compartments, the highest activity occurring in the 

cytosol (Gawthorne, 1980). 

ire ROLE OF FOLATE COENZYMES IN ONE-CARBON-UNIT 

TRANSFERS 

  

The primary function of folates in mammalian metabolism is 

to transport one-carbon units. This one-carbon metabolism is a 

cyclic array of enzymatically catalyzed transformations involving 

folates and encompassing the uptake and disposition of methyl groups 

at different states of oxidation (Blakley, 1969). Folates are 

required in three reactions in DNA synthesis, one in pyrimidine 

synthesis (thymidylate synthesis), and two in purine synthesis 

(Hofforand, 1977). Thymidylate synthesis is a rate-limiting step 

in DNA synthesis (Herbert and Das, 1976; Hofforand, 1977) and 

because several such one-carbon unit transfers are crucial to DNA 

synthesis, folate deficiency would affect the most rapidly dividing cells 

and tissues of the body. The organs most affected are the bone 

marrow, the cells of the haematopoietic system, the epithelial cells of 

Ae



the gastrointestinal and urinogenital tracts (Herbert, 1975). Other 

reactions involving one-carbon-unit transfers are in the methionine 

synthesis, serine-glycine interconversion and histidine degradation 

(Reviewed by Blakley, 1969; Hoffbrand, 1976; Rowe, 1978; Chanarin, 

1979). The series of interrelated reactions are illustrated in 

Figure 1.22. 

Folic acid enters the folate pool only after it has undergone 

reduction, first to dihydrofolate, then to tetrahydrofolate (see Section 

1.1) which is the precursor of coenzymes acting in the transfer of one- 

carbon-units. The reaction, catalyzed by the enzyme dihydrofolate 

reductase (DHFR) can be inhibited by various folate antagonists which 

bind to it, notably methotrexate (MTX) (Figure 1.5), a non-metaboliz- 

able folate analogue. Other inhibitors include aminopterin, pyri- 

methamine and triamterene (Herbert and Das, 1976). Inhibition of 

DHFR leads to the depletion of the cellular pool of folate coenzymes, 

therefore, to a lack of purines and pyrimidines and ultimately cell 

death (Blakley, 1977). 

10-formyl tetrahydrofolate (Figure 1.6) is the folate coenzyme 

involved in purine biosynthesis. Also thought to be involved was 5, 10- 

methenyl tetrahydrofolate (5, 10CH = THF) (Figure 1.7) but the view 

has now — abandoned. 5,10 Methylene tetrahydrofolate (5, 10CH,— 

THF) (Figure 1.9) is involved in pyrimidine synthesis (Herbert and 

Das, 1976; Rowe, 1978; Chanarin, 1979). Dev and Harvey (1978) 

using a purified glycinamide ribonucleetide transformylase 

18
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(EC. 2.1.2.2) from E. coli found that the required coenzyme is 10- 

formyl tetrahydrofolate. They suggested that during earlier studies 

on pigeon liver and bacterial extracts (Goldthwait et al., 1956; Westby & 

Gots, 1969) , 5,10 methenyl tetrahydrofolate was hydrolysed to 10- 

formyl THF either chemically or by the enzyme cyclohydrase. 

The reactions described in the biosynthesis of the purine 

ring are those envisaged to happen (Herbert and Das, 1976; 

Rowe, 1978; Chanarin 1979) with 5,10 methylene THF, 5, 10-methenyl 

THF and 10-formyl THF (Figure 1.24) 

The methylation of uridylate to thymidylate being a rate- 

limiting step in cellular DNA synthesis (Herbert and Das, 1976) (Fig. 

1.23) has already been mentioned. The enzyme thymidylate 

synthetase [5, 10 methylene THF: dUMP c-methyltransferase (EC 

2.1.1.6)] transfers a methylene gro up from 5, 10-—methylene tetra- 

hydrofolate (Figure 1.9) to uridylate and the methylene group is 

simultaneously reduced to methyl group forming thymidylate. In 

the process, 5,10 methylene tetrahydrofolate is not only demethylated 

but also converted to dihydrofolate (Figure 1.2), which requires 

dihydrofolate reductase for reconversion to tetrahydrofolate for 

further participation in one-carbon transfer reactions (Friedkin, 1957) 

(Figure 1.23). Folate antagonists block this Latter reductive pro- 

cess, thus interferring with thymidylate synthesis. 

20
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Two reactions in the biosynthesis of the purine ring involve 

additional carbon units by tetrahydrofolate-dependent transformylases 

(illustrated in Figure 1 -24), In the first reaction, formylation of 

glycinamide ribonucleotide by 5,10 methenyl tetrahydrofolate (Figure 

1.7) occurs to form carbon-8 of the purine ring (reviewed by Rowe, 

1978; Chanarin, 1979). The second reaction involves the formylat- 

ion of 5-amino-4-imidazole carboxamide ribonucleotide (AICAR) by 

10-formyl tetrahydrofolate to close the purine ring. This provides 

carbon-2 and the purine formed is inosinic acid (Figure 1.24). 

Other major sources of one-carbon units are provided by the 

conversion of serine to glycine and by the degradation of histidine. 

The conversion of serine to glycine is catalyzed by the enzyme serine 

transhydroxymethylase [5, 10-methylene tetrahydrofolate glycine 

hydroxymethyltransferase (EC 2.1.2. 1] and requires as cofactor 

pyridoxal-5-phosphate, with tetrahydrofolate acting as a carbon- 

acceptor. The enzyme has been detected in the tissues of many 

species and high levels are found in vertebrate livers (Rowe, 1978). 

The bulk of the enzyme is in the cytosol but an enzyme with almost 

identical physical and kinetic properties has been found in rabbit liver 

mitochondria (Rowe, 1978). The reaction is reversible and may 

account for the reported toxicity of glycine in rats and chickens, which 

is corrected by folic acid (Dinning et al., 1949) and for the fact that 

glycine may make human megaloblastosis worse (Waxman et aly,” 1970). 
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Formiminoglutamic acid (FIGlu) is an intermediate enzymic 

degradation product of histidine, serving as another major source of 

one-carbon units. Formiminotransferase (EC 2.1.2.5) catalyzes 

the further breakdown of this product to glutamic acid (Figure 1.25) 

which is then excreted in the urine. 

  

COOH COOH 

| Tae NH CH THF | 
NH = CHNH CH HN CH 

CH.) ee | ¢ > 
| 2°2 22 

COOH COOH 

FIGLu Glutamic acid 

Figure 1.25 Formation of formiminotetrahydrofolate (NHCHT HF) 

Tetrahydrofolate acts as cofactor and accepts the formimino group, 

forming formiminotetrahydrofolate (Figure 1.8), a rather unstable 

product which is rapidly converted to 5,10 CH=THF (Figure 1.7). 

Folate deficiency or metabolic folate abnormality interferes with 

the removal of the formimino unit of FIGlu, which consequently is 

excreted unchanged in large amounts in the urine (Herbert and Das, 

1976). 

Another involvement of a folate coenzyme is in the formation 

of methionine from homocysteine (Figure 1.26). The reaction is 
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catalyzed by the enzyme 5-methyltetrahydrofolate homocysteine 

transmethylase (methionine synthetase) (EC 2.1.1.13) and requires 

5MeTHF for the formation and transfer of a methyl group to homo- 

cysteine to form methionine. Other cofactors involved in the 

reaction are S-adenosyl methionine (SAM), reduced flavin adenine 

dinucleotide (FADH,) and vitamin Bio 

B 
5MeTHF. + Homocysteine 12... THF + Methionine 

SAM + FADH, 

SAM is necessary to activate the enzyme and it does so through the 

methylation of the enzyme-bound cobalamin (Taylor and Weissbach, 

1973). Once initiated, SAM is no longer required and the cobalamin 

is methylated by 5-MeTHF. The final requirement is a reducing 

system to keep cobalamin at the Cob(I)alamin state. The overall 

reaction is summarized in Figure 1.26. 

SAM reducing 

system 

Te. CH Cob(I)alamin Homocysteine 

Cob(II) alamin 

5MeT HF Cob(Ijalamin “ Methionine 

J 

Figure 1.26 Methylation of homocysteine to methionine 
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The importance of this reaction lies not only in its regener- 

ation of tetrahydrofolate from 5-MeTHF but in its generation as well 

of methionine, an amino acid required both as a protein constituent 

and as a methyl donor for a large number of methylation reactions. 

However, the amount required by the human body cannot be met by 

synthesis alone. Mudd and Pool (1975) calculated that human 

volunteers on a normal nitrogen diet synthesized approximately only 

50% of their methionine requirements de novo. 

The metabolic relationship between folate, vitamin Bio and 

methionine has been a subject of several investigations and reviews 

in recent years (Vidal and Stokstad, 1974; Herbert and Das, 1976; 

Krebs et al., 1976). 5MeTHF (Figure 1.4) the folate coenzyme 

required in the conversion of homocysteine to methionine is produced 

from 5, 10-methylene THF by an irreversible reaction and the methyl—- 

ation of homocysteine is the only known way in which 5MeTHF may 

lose its methyl group to regenerate THF for one-carbon-unit transfer 

reactions (Katzen and Buchanan, 1965) (Figure 1.27). 

The effects of methionine in Vitamin Bio deficiency will be 

discussed later in conjunction with the methyl-trap hypothesis. 

1.3; FOLATE OXIDATION AND CATABOLISM 
  

Numerous studies have been performed on the stability of 
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naturally-occurring folates in food to identify and quantitate the 

products of folate oxidation (Blakley, 1969; Chippel. and Scrimgeour, 

1970; Blair and Pearson, 1974; Maruyama et al., 1978; Lewis and 

Rowe, 1979). 10-CHOTHF, 5,10-methenyl THF and 5, 10—methyl- 

ene THF are oxidized to 10-formylfolate, which is metabolized in the 

rat (Connor, 1979) probably by its gut flora (Anne Guest, personal 

communication), but appears to be excreted largely unchanged in man 

(Ratanasthien et al., 1974; Saleh, 1981). SMeTHF is oxidized to 

5Me-5,6DHF and a pyrazino-s-triazene derivative (Figure 1.12) 

(Jongejan et al. ,1979)whichis not metabolized either in the rat (Kennelly 

etal., 1979a) or in man (Ratanasthien etal., 1974). Other 

folates give scission products as a result of their oxidation and these 

scission products do not act as coenzymes in folate-dependent 

reactions. Folic acid is oxidized to p-aminobenzoyl-L-glutamate 

and pterin-6-carboxylic acid (Figure 1.14) (Lewis and Rowe, 1979) 

whereas DHF gives folic acid, formaldehyde, p-aminobenzoyl-L- 

glutamate, dihydroxanthopterin (Figure 1.15) and 7,8-dihydropterin- 

6-aldehyde (Figure 1.16) (Chippel and Scrimgeour, 1970). The 

oxidation of THF gives p-aminobenzoyl-L-glutamate and different 

pterins depending on conditions: atlow pH, oxidative cleavage gives 

rise to pterin (Figure 1.18) or dihydropterin whereas at high pH, 

xanthopterin (Figure 1.17) is formed (Blair and Pearson, 1974). 

Several reports exist of the appearance of some pteridines 

in urine, possibly as a result of folate degradation in vivo (Blair, 
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1958, Fukushima and Shiota, 1972). Labelled pterin, xantho- 

pterin (Figure 1.17) and isoxanthopterin (Figure 1.13) have also been 

isolated from the urine of a human subject dosed with [ 3~'*e1-folié 

acid (Krumdieck et al., 1978) Pheasant and Blair (1979) reported the 

presence of an unidentified pteridine as a metabolite of cSHq and 

t'*c)-folic acid. Dinning et al., (1957) reported the presence of 

free and acetylated diozotizable amines in the urine of rats given large 

doses of folate and 5-formyl THF (Figure 1.19). Recently, ras 

p-acetamidobenzoyl-L-glutamate (Figurel 20) has been identified in 

rat urine (Murphy et al., 1976; Connor et al., 1979), in guinea-pig 

urine (Choolun et al., 1980) and in human urine (Saleh et al., 1980), 

after oral doses of CoH] -folic acid, 10-formyl FA (Connor, 1979) or 

5-MeTHF (Kennelly et al., 1979 b; Kennelly, 1980). (SHyp-aceta- 

midobenzoate (Figure 1.21) has also been identified as a folate 

catabolite in rat urine (Connor et al., 1979), in guinea-pig urine 

(Choolun et al., 1980) and in human urine (Saleh et al., 1980). The 

identification of these tritiated catabolites DOnFEEA that catabolism 

occurs in vivo since acetylation must occur prior to excretion. 

i eo of MTX to rats increase the catabolic rate of folate and 

the excretion of radioactivity in the urine (Saleh et al., 1981). 

Blair (1958) and more recently, Murphy et al., (1978) 

suggested that a possible route of folate catabolism would be via 

cleavage of the CN 0 bond in the tissues to give p-aminobenzoyl—-L- 
l 
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glutamate and a pterin which would undergo further metabolism. 

An explanation for the appearance of the two tritiated catabol- 

ites, p-acetamidobenzoyl-L-glutamate (pAABglu) and p-acetamido- 

benzoate (pAAB) was put forward (Pheasant et al., 1981) by stating 

that catabolite formation is regionalized within the body into two 

distinct areas: 

(1) the generation of p-aminobenzoyl-L-glutamate 

within the tissues by either non-specific chemical oxidation or possibly 

enzymic degradation of retained labile folate polyglutamates is followed 

by acetylation and excretion of p-acetamidobenzoyl—-L~-glutamate in 

later urine samples. 

(2) Folate monoglutamates are secreted in bile, 

broken down chemically, enzymatically or by the gut microflora to p- 

aminobenzoyl-L-glutamate in the gut and metabolized to p-acetamido- 

benzoate during reabsorption. Since the folate excreted in the bile 

is derived mainly from the free (unconjugated) tissue and plasma folate 

(Hillman et al., 1977), the production of p-acetamidobenzoate from 

radiolabelled folate by this route would be reasonably fast and would 

fall off as the level of labelled free folate is reduced by excretion, 

catabolism and tissue uptake. 
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Ties PATHOLOGY OF FOLATE DEFICIENCY AND THE METHYL 

TRAP. HYPOTHESIS 
  

Folate deficiency produces in man, a clinical disorder known 

as megaloblastic anaemia, characterized by increased size of erythro- 

cytes and slowed DNA synthesis in all proliferating cells of the body 

(Herbert and Das, 1976). Three main types of deficiency may affect 

man. Most frequently, it arises because of inadequate intake of the 

vitamin, e.g. in a diet deficient in fresh greens, fruits, nuts, liver 

or in conditions of increased demand as in pregnancy, increased cell 

proliferation, e.g. malignancy and in malabsorption, e.g. coeliac and 

tropical sprue (Reviewed by Chanarin, 1979; Halsted, 1979). 

A second type of folate deficiency may be produced by 

treatment with a drug inhibiting folate metabolism, most commonly, 

an inhibitor of the enzyme dihydrofolate reductase, e.g. methotrexate 

or pyrimethamine. These drugs deprive the body of the fully 

reduced (tetrahydro) folates which form the active folate coenzymes 

needed for a variety of different biochemical reactions (see Section 

peeps Rapidly dividing cells (e.g. in malignancy) require an abundet 

supply of deoxythymidylate for DNA synthesis. MTX is a phase-specific 

cancer chemotherapeutic agent stopping cell division in the S phase by 

DHFR inhibition (Krymuik et al., 1969). 

A third type of deficiency is the metabolic defect of folate 

metabolism caused by lack of Vitamin Boe Here, the SWeTHF 
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homocysteine transmethylase activity is depressed, . Because 

of -... the irreversibility of the reaction 5-MeTHF: | ° accumulates 

and much of the available folate becomes trapped and unavailable. 

This metabolic trapping of folate as 5-MeTHF, leading secondarily to 

folate deprivation was put forward as the "methyl folate trap hypothesis" 

(Herbert and Zalusky, 1962; Noronha and Silverman, 1962). 

A large body of clinical and biochemical evidence provides 

substantial support to this hypothesis: SMeTHF, the major folate 

component in human plasma (Herbert et al., 1962) is elevated in the 

Senn of pernicious anaemia patients (Thenen et al., 1973), the levels 

of cellular folate polyglutamates are low (Perry et al., 197 6), the 

uptake of 5-MeTHF by PHA-stimulated lymphocytes (Das and Hoffbrand, 

1970; Lavoie et al., 1974) and bone marrow cells (Tisman and Herbert 

1973) of Vitamin-B ,,~deficient patients is impaired and can be corrected 

by the addition of Biot These findings are consistent with the view 

that Vitamin B, deficiency produces functional folate deficiency, 
2 

which can be attributed to metabolic blockade of the utilization of 5- 

MeTHF. Rowe (1978), has, however, suggested that the hypothesis 

is insufficient to explain why megaloblastic anaemia does not develop 

with congenital methylmalonicaciduria in spite of the defect of 

cobalamin metabolism and methionine synthetase activity (Dillon et ave 

1974). 

A study of several patients who excreted excessive amounts 
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of both homocystine and methylmalonic acid in their urine (Dillon 

et al., 1974) has revealed that the activities of at least two enzymes 

are affected in these patients 

Ci) a decrease of 5-MeTHF-homocysteine transferase activity 

leads to abnormalities of the metabolism of sulphur-contain- 

ing amino acids, including a tendency to accumulate and 

excrete excessive amounts of homocysteine and an inability 

to maintain normal concentrations of methionine in plasma 

and tissues 

(ii) a decrease in the activity of methyl malonylCoA mutase leads 

to excessive urinary excretion of methyl malonic acid. The 

two enzymes in question are the only ones in mammals known to 

require vitamin B, derivatives for catalytic activity. How- 
2 

ever, a case was described (Dillon et al., 1974) where the 

lack of two coenzyme forms of vitamin Bio caused reduced 

activity of the two enzymes, resulting in methylmalonic 

aciduria but failed to show megaloblastosis typical of vitamin 

Bio deficiency. 

The administration of methionine to vitamin Bo deficient 

animals appears to restore folate metabolism to normal or near- 

normal even in the absence of vitamin Bio (Shin et al., 1975, Connor 

et al., 1978). 5MeTHF accumulates in vitamin Bo deficiency as 

the methylene tetrahydrofolate reductase reaction is essentially 
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irreversible under physiological conditions (Kutzbach and Stokstad, 

1971) and S-adenosyl methionine (SAM) is a non-competitive inhibitor 

of the reductase (Kutzbach and Stokstad, 1971). Methionine can 

therefore, prevent folate from being trapped as 5-MeTHF by feedback 

control over the synthesis of SMeTHF (Chiao and Stokstad, 1977) 

(Figure 1.27), which would generate more tetrahydrofolate and 10- 

formyl tetrahydrofolate, substrates for folate polyglutamate synthetase 

(Chiao and Stokstad, 1977), 5-MeTHF being a poor substrate for the 

enzyme. Experimentally, methionine supplementation in vitamin 

B jo deficient rats caused an increase in the net hepatic uptake of 

labelled folate, an increase in the level of folate polyglutamates and 

decreased the proportion of 5MeTHF. Thus methionine serves as a 

key factor in the regulation of the 5-MeTHF concentration (Figure 

1.27) (Chiao and Stokstad, 1977; Jagerstad et al., 1980). 

More recently, Chanarin et al., (1980) have put forward the 

hypothesis that vitamin B regulates folate metabolism by the supply 
he 

of formate. It was found that nitrous oxide (N59) inactivates 

methionine synthetase in vivo by oxidising Bio from the active reduced 

Co(I) form to the inactive Co(III) form and interrupts the formation of 

the folate coenzyme (folate polyglutamate). Using rats exposed to 

N,O as a model for vitamin B,,-deficient animals, they made several 
ie 

observations which indicated that B,, deficiency has another effect on 
12 

folate metabolism as well as trapping 5MeTHF (McGing et al., 1978, 
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Deacon et al., 1978; Scott et al., 1979). Chanarin et al. (1980) 

proposed an alternative hypothesis to explain the role of vitamin Bio 

on folate metabolism which invokes a role for Bio in the supply of 

formate for the formylation of folate. Formate is normally derived 

from the oxidation of methyl groups, methionine being an iPoaeirtant 

source. In the N,O-treated rat, the B__ coenzyme involved in 
12 

methionine synthesis is inactivated and formation of folate coenzyme is 

interrupted. Chanarin et al (1980) suggested that failure of 

methionine synthesis leads to a paucity of formate and in turn to inadequate 

formylation of tetrahydrofolate. In the N,,O-treated rat, there is no 

formation of folate polyglutamate from tetrahydrofolate, formyl tetra- 

hydrofolate becomes the substrate for folate polyglutamate synthesis 

and impairment of formylation compromises general folate metabolism. 

Their results can, however, still be interpreted according to the methyl 

trap hypothesis. 

lee FOLATE ANALYSIS 
  

Folates in plants and animal tissues have been difficult to 

investigate since the study of this rather large family of related 

compounds is complicated by their existence in low concentrations in 

nature ( < 10 “Cp, the problems of their variable instability to 

heat, light, pH and oxygen and the fact that they are often present in 

biological materials containing enzymes, €.g. endogenous conjugase capable 

of modifying or degrading them during sample preparation. Chemical 
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assay of the small amounts of folate present in plants and animal 

tissues are too insensitive to be useful in biological studies (Shin 

et al., 1975). 

Many studies on the folate content of foods failed up until the 

mid-1960's to provide adequate protection against photodecomposition 

and oxidation of folate derivatives during their extraction from tissues 

(Rowe, 1978) and both qualitative and quantitative data were subject to 

large variations. Limited chromatographic analytical techniques 

resulted in a reliance on the bioassays which utilized the folate 

auxotrophs Lactobacillus casei, Streptococcus faecalis and Pediococcus 
  

cerevisiae , which vary in their ability to grow on different folate 

derivatives (Reviewed by Rowe, 1978; Chanarin, 1979). 

L.. casei demonstrates a good growth response to folic acid 

and its reduced derivatives and can utilize any of these containing up 

to three glutamate residues. S. faecalis cannot use any of the poly- 

glutamates or 5-MeTHF. P. cerevisiae responds only to tetrahydro- 

monoglutamate derivatives of folic acid and can © pe used to 

measure 5-formyl THF by the selective oxidation of the other less 

stable derivatives (Rowe, 1978). This variable growth response of 

different organisms has been the basis of analytical folate studies for 

many years. The value of the data, though helpful, is uncertain as 

it is now ocusneed that during autolysis or conjugase treatment, the 

polyglutamate chain lengths are altered and enzymatic interconversion 
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of folate derivatives may occur (Rowe, 1978). 

The availability of high specific-activity readioisotopes of 

folates coupled with various chromatographic techniques has offered 

an attractive alternative to bioassay in the isolation and characteriz-— 

ation of folates and folate derivatives. 

Commercially available radioactive folic acid is labelled either 

; fii 14 : ‘ : é 3 
in the C-2 position as [2- C]-folic acid (Figure 1.1) or with ~H, as 

3 
the [3', 5', 7,;9- H}-folic acid (Figure 1.1). However, in vivo 

cleavage of the folate molecule at the CoNio position (Murphy et al., 

1976; Connor et al., 1979) would result in the formation of PH: 

derivatives of p-aminobenZoyl glutamate and an unlabelled pterin if 

[s:; 5'.7,9-"Hy}-folic acid is usedora r4cylabetted pterin plus unlabelled 

1 

p-aminobenzoyl glutamate derivatives if [2- 40] folic acid is used. 

The use of a mixture of the two radioactive species and the 

subsequent demonstration of dual labelled derivatives provide good 

evidence for the intact folate molecule. The combination of radio- 

assay and chromatographic techniques has become the most widespread 

technique used at present to separate a mixture of folates. DEAE- 

cellulose ion-exchange and Sephadex gel filtration have proved to be 

very useful in the purification and identification of folate coenzymes 

(see Table 2.1). Even more sensitive than DEAE-cellulose column 

chromatography, is High Performance Liquid Chromatography (HPLC) 
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which has the added advantage of even better separation and yet using 

a smaller volume of sample (Allen and Newman, 1980). Other 

methods of folate analysis include thin layer chromatography (Scott, 

1980; Brown et al., 1973), paper chromatography and electrophoresis 

(Connor and Blair, 1980). Radiolabelled metabolites are identified 

on different chromatographic systems by co-chromatography with 

authentic folates or folate derivatives as markers, thereby increasing 

the probability of identification. 

‘There are discrepancies between the reported nature of tissue 

folates depending on methods of extraction and analysis. Many 

earlier studies suffered from the drawback of permitting endogenous 

conjugase to act on the tissue folate polyglutamates from the time the 

tissue is homogenized until the sample is autoclaved. (Reed et al., 

1976). Hence, inactivation of endogenous conjugases is essential in 

folate analysis in tissues, 

Noronha and Silverman (1962) separated chicken liver extracts 

which had been protected from endogenous conjugase action (by stirring 

acetone powdered liver for 30 minutes at 70°C in 1 litre of 1% ascorbate 

solution) on DEAE-cellulose and used microbiological assay to analyse 

the fractions. They reported S5MeTHF polyglutamates to be the 

major liver folates but their work highlighted two main difficulties: 

(i) the need of synthetic standards to calibrate the elution positions 

of various folate polyglutamates (ii) the problem of resolution. 
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After having successfully synthesized a range of folate poly- 

glutamate standards by the method of Krumdieck and Baugh (1969), 

Stokstad's group separated intact rat liver folates by a combination of 

ion-exchange chromatography with DEAE-cellulose and gel-filtration 

chromatography with Sephadex. On the basis of these studies, they 

concluded that rat liver contains exclusively folate pentaglutamate 

(Shin et al., 1972, 1974). 

To minimise hydrolysis of the conjugates by endogenous 

conjugases animal (or plant) tissues are cut into thin slices and dropped 

into boiling phosphate buffer containing ascorbic acid (Bird et al., 1965) 

Boiling for about five minutes inactivate the conjugases. The tissue 

extracts can then be analyzed. Using this method, Connor and Blair 

(1980) isolated 10-formyl folate tetraglutamate from rat liver and 

suggested that it is an oxidation product of 10-formyl THF tetragluta- 

  

mate. Other metabolites identified have been reviewed in Section 

lense 

tO VITAMIN C AND ITS POSSIBLE ROLE IN FOLATE METABOL- 

ISM 
_—_———— 

The importance of ascorbic acid (Vitamin C) has long been 

known, scurvy being the first recognized deficiency disease in man. 

A central feature of the classical description of scurvy was general 

lassitude (Woodall, 1639), pale and bloated complexion, aversion to any 
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sort of exercise, breathlessness or panting (Lind, 1753). However, 

it was not until the middle of the igh Century that the role of citrus 

Fruit in fighting scurvy was scientifically demonstrated (Lind 1752) 

and that scurvy was due to the lack of an essential food element, now 

recognized as Vitamin C. The vitamin has now been shown to be 

involved in biological hydroxylation reactions. It is essential for 

the formation of hydroxyproline and hydroxylysine in the collagen 

molecule (Udenfriend, 1966), is necessary for the catabolism of 

cholesterol to bile acids (Hornig and Weiser, 1976), is involved in the 

formation and protection from oxidation of the adrenal hormones 

adrenaline and nor-adrenaline (Park et al., 1956) and in detoxifying 

histamine in different stress conditions (Chatterjee et al., 1975). 

Ascorbic acid is produced by nearly all living organisms, 

plants and animals. However, in the course of evolution, primates, 

guinea-pigs (Chatterjee et al., 1961) and bats (Birney et al., 1976) 

suffered a mutation, which has made them dependent on an exogenous 

source of the vitamin. As a result, they are susceptible to the 

deficiency disease, scurvy, if vitamin C is not supplied. 

After elucidation of the biosynthetic pathway of ascorbic acid 

in mammals, it was shown that tissues of animals subject to scurvy 

(guinea pigs, bats and primates) contain no L-gulnolactone oxidase 

activity. Since all the other enzyme activities were present, it was 

concluded that the genetic defect in scurvy-prone animals was due to 
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a deficiency of the enzyme L-gulonolactone oxidase (EC 4..2:53.8), 

Chatterjee et al., (1961) speculated that animals developing scurvy 

might lack a second enzyme, D-glucuronolactone reductase but no 

evidence for this has been found (Sato and Udenfriend, 1978). 

Although no evidence for L-gulonolactone cxidase has been 

found in man, monkeys or guinea-pigs, some reports have appeared 

that under certain circumstances, ascorbic acid synthesis does in 

fect occur. Odumosu and Wilson (1973) have claimed that a small 

proportion of female guinea-pigs possess the ability to synthesize 

AaSCORDIC acid. Ginter (1973) reported finding three guinea-pigs out 

of several thousand, capable of synthesizing sufficient ascorbic acid 

for their needs. None of these findings has, however, been sub- 

stantiated (Jones et al., 1973; = eA al., 1973; Sato and 

Udenfriend, 1978). 

A number of metabolic lesions are associated with scurvy in the 

guinea-pig: pronounced cholesterol accumulation and decreased 

cholesterol catabolism (Hornig and Weiser, 1976), development of gall 

stones on a high cholesterol diet (Jenkins, 1977), changes in carbo- 

hydrate metabolism, fall in insulin content of the pancreas and 

degranulation of the B-cells (Banerjee, 1945) have been reported. 

Hughes et al., (1980) have suggested that muscle carnitine is a highly 

sensitive indicator of tissue ascorbic acid contents. 
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In recent years, ascorbate in megadoses, has been claimed 

to have prophylactic and therapeutic effects in many pathological 

conditions, including the common cold, burns, bone pain and cancer 

(Pauling 1970; Prasad etal. 5: 1879). The results of studies 

relating to the efficacy of pharmacological doses of ascorbate in these 

canditions are, however, conflicting (Basu et al -, 1979; Creagan | 

et aly ; 1979); 

Stokes et al., (1975) suggested that ascorbic acid has an 

important role in preventing the oxidation of tetrahyd rofolate, thus 

keeping the metabolic folate pool available. As the serum level of 

ascorbate falls to zero in scorbutics, the serum folate of scorbutics 

will be more rapidly oxidised than in normal subjects. 10-CHOTHF 

will be rapidly oxidized to the non-utilizable 10-CHOFA, causing a 

steady depletion of the folate pool, resulting in anaemia (Blair, 1976). 

17. RATIONALE FOR THE PRESENT STUDY 
  

Folate derivatives are essential components in normal 

metabolism and are required for cell growth and propagation. 

Deficiency in man is characterized by megaloblastic anaemia. Rats 

fed a folate-deficient diet manifest decreased growth and often develop 

a scruffy appearance, diarrhea, with rapid hepatic folate decline over 

a 8-week period (Chanarin et al., 1969). | Folates have long been 

recognised as essential nutrients for the guinea-pig (Woolley and 
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Sprince, 1945). Subsequent reports characterized the growth 

failure, poor survival, anaemia and leukopenia with dietary folate 

deficiency in the guinea-pig (Woodruff etal., 19533 Reid ctral 4.1956; 

Slungaard et al., 1956). Thenen (1978) also reported significantly 

reduced growth in guinea-pigs fed a folate-deficient diet, with about 

25% of the animals dying during the course of the exeriment. 

The metabolism of folates has been extensively studied in the 

rat (Connor, 1979; Saleh,1981; Bates, 1981) but few studies have 

been carried out in the guinea-pig (Hoffbrand and Peters, 1969; Corrocher 

and Hoffbrand, 1972; Corrocher et al., 1972). Because of its 

dependence on an external source of vitamin C (like man) and hence, 

its ability to become scorbutic, the guinea-pig was thought to be a 

better model for the study of folate metabolism in man, than would be 

the rat. 

The present study is directed towards further elucidation of 

the fate of folate derivatives in the normal and scorbutic mammal and 

where possible, by the application of more rigorous chemical and bio- 

logical analysis to the identification of the different derivatives present 

in the tissues. Induced changes (if any) in whole body metabolism 

of folate by pretreatment of the animals with Methotrexate or antibiotics 

are investigated as are the ability of the guinea-pig te handle oral 

doses of the reduced folates S-CH THF and 10-—CHOTHF .



GHAPTER < 

MATERIALS AND METHODS 
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CHEMICALS AND REAGENTS 
  

The following materials were obtained commercially as 

described : folic acid, xanthopterin, pterin from Koch—Light Lab- 

oratories Limited (Colnbrook, Bucks, U.K.); p-aminobenzoyl-L- 

glutamate and dithiothreitol from the Sigma Chemical Co. Limited 

(London, U.K.); p-acetamidobenzoic acid and p-aminobenzoic acid 

from the Aldrich Chemical Co. Limited (Wembley, Middlesex, U.K); 

5-MeTHF from Eprova Research Laboratories (Basle, Switzerland) - 

re~'*c)-Folic acid (specific activity 55 mCi eS [3',5',7,9-HI- 

folic acid (specific activity 500 mCi mM and ts- | *C}-SMeTHF 

(specific activity 58 mCi Oe gal were obtained from the Radiochemical 

Centre (Amersham, Bucks, U.K). Terramycin was obtained from 

Pfizer Limited (Sandwich, England). 

Other standard pterins were gifts or donations from the 

following individuals and organisations: methotrexate from Lederle 

|_aboratories Division (Cyanamid of Great Britain Limited, London); 

L_-neopterin, lumazine from Roche Products Limited (Welwyn 

Garden City, U.K.); pterin-6-aldehyde (Waller et al., 1950) and 

pterin-6-carboxylic acid (Zakrewski et al., 1970) were prepared by 

Dr. M. Connor in this laboratory. Other chemicals and general 

laboratory reagents used were of Analar grade or equivalent. 
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14 3 
[2- CC) and[3',5',7,9- H)]-10 formyl folic acid 

A solution of re-'*c7-Folic acid (50 uCi, 55 Ci mM) and 

[S',5',7,9- Hj-folic acid (250 uCi, 500 uCi mM. |) was made up in 

0.8 ml of distilled formic acid (98%). The solution was stored 

in the dark at room temperature for 48h, after which excess formic 

acid was removed by freeze-drying. Chromatography of the 

product on Sephadex G-15 gave a single radioactive peak at fraction 

21 (folic acid elutes at fraction 36) and co-—chromatographed with 

cold standard 10-formyl folic acid. The prepared material was 

stored at -~20°C until used. 

10-Formyl folic acid (10-CHOFA) 
  

This was prepared by direct formylation of folic acid 

(Blakley, 1959). Folic acid (4g) was dissolved in 160 ml of 

formic acid (90%) and the solution stored in the dark at room temp- 

erature for two days. The solution was then poured into an 

excess of diethylether (500 ml). The creamy precipitate was 

filtered, washed several times with ether and dried by suction. 

The product gave a single band on T.L.C. and gel filtration. U.V. 

spectroscopy gave K Prine = 254 nm, 327 nm at pH 1, Ke = 

259 nm, 370 nm at pH 18 and Aes - 245 nm, 269 nm and 350 

nim-at. pHe7 .0. 
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Ss . 

[3 ,5° —— H] p-aminobenzoyl-L-glutamate [3, 5-H IpABglu 

This was prepared by the method of Maruyama et al., (1978) 

by oxidation of [3',5',7, 9-44) Folic acid with alkaline potassium 

permanganate. The reaction was stopped with 0.5 ml of 30% 

H5O,- The product was isolated by column chromatography, 

concentrated by freeze-drying and its purity checked on a Sephadex 

G-15 column. 

p-Acetamidobenzoyl-L-glutamate (pAABglu) 

This was prepared by the method of Baker et al., (1964). 

p-Aminobenzoyl-L-glutamate (1.0 g) was dissolved in 10 ml of 

aqueous acetic acid (50% v/v) and acetic anhydride was added. The 

solution was left standing in the dark at room temperature after 

which it was diluted to 20 ml with distilled water, cooled for several 

hours at 4°c and the precipitate recovered by centrifugation. 

After washing with ice-cold water, the product was recrystallized 

twice from boiling water yielding small needle-like crystals (m.p. 

206-208°C). 

14 3 
[2- “C] and [3',5',7,9- H]-5MeTHF 
  

4 2 
[e- 40]-Folic acid (55 mCi mM ‘ and [3',5', 7, 9-°H]-folic 

acid (500 mCi mM!) were each dissolved in 0.05 M phosphate 

buffer, pH 7.0, containing 2% w/v sodium ascorbate and mixed with 
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cold folic acid to give a solution containing 10 yCi E ca, 50 uCi (oH) 

and 80 zg folic acid per ml. Three rats were dosed daily for two 

days with 0.2 ml of the folic acid. Urine was collected individ- 

ually in 10 ml of 0.05M phosphate buffer containing 2% w/v sodium 

ascorbate to prevent oxidation, with the collection flasks shielded 

from light. The pooled urines were chromatographed on a DEAE- 

cellulose column. The 5-MeTHF fraction was pooled, desalted 

by passage through a Sephadex G-15 column and eluted with water . 

The 5-MeTHF fraction was pooled, concentrated by freeze-drying 

and its purity checked on a Sephadex G-15 column. It gavea 

single radioactive peak at fraction 37. The prepared material 

was stored at -20°C until required for use. 

CHROMAT OGRAPHY 
  

lee Ion-exchange chromatography 
  

Diethylaminoethyl cellulose (DEAE-cellulose) (DE-52, 

Whatman Limited, Maidstone, Kent, U.K.) (50-80 g) was washed 

with distilled water and equilibrated in 0.05M phosphate buffer, pH 

7.0, containing dithiothreitol (5 mg % w/v) until the washings were 

of constant ionic strength and pH 7.0. After decanting the fine 

particles and degassing, the DE-52 was packed into a 2 cm x 50cm 

glass column (occasionally 2 x 80 cm) plugged with glass wool. 

Samples (10-30 ml) were diluted to the conductivity of the starting 

buffer with distilled water before loading onto columns. Appropriate 
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standards were applied while loading. Standard linear gradients 

(O - 1.2 M NaCl in starting buffer) were eluted automatically using 

an LKB Ultra Grad attached to a peristaltic pump (LKB Instruments, 

Croydon, Surrey, U.K.). Fractions (generally 5 ml, sometimes 

10 ml) were collected using an LKB Ultrarac fraction collector 

(LKB Instruments). Radioactivity in column effluents was 

determined and the salt gradient, usually eluted over eight hours 

was measured by determining the conductivity of every tenth 

fraction using a Mullard conductivity cell. 

os Gel Filtration 

Sephadex G-15 was obtained from Pharmacia (Uppsala, 

Sweden). A slurry of the gel was prepared in 0.05 M phosphate 

buffer, pH 7.0, containing dithiothreitol (DTT) (5 mg % w/v) and 

left to swell for four hours. After degassing, the slurry was 

packed into 2 cm x 60 cm Ferspex column (Wright Scientific Leta, 

Surrey, U.K.) and allowed to pack under pressure. After 

loading samples and standards (5-25 ml) elution was carried out 

with 0.05 M phosphate buffer pH 7.0. The eluant was monitored, 

collected and the radioactivity determined as above. A summary 

of the elution pattern of relevant folates, pteridines and p-amino- 

benzoic acid derivatives on DE-52 and Sephadex G-15 is given in 

Table 2.1. 
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Oe Paper Chromatography 
  

Paper chromatography was performed by the descending 

method in a glass tank equilibrated with the appropriate solvent 

using Whatman 3 MM chromatography paper and chromatograms 

were run overnight in the dark. Samples ( rWi-seisetion products) 

and standards (p-aminobenzoyl-L-glutamate, p-aminobenzoate and 

their acetyl derivatives) were applied as spots using glass micro 

pipettes. Standards were observed as dark absorbing or fluoresc-— 

ing spots by viewing under UV light at 254 nm or 355 nm. The 

following chromatography solvents were used. 

A -- Propanol/aq. NHz3 (sp. gr. 0.88)/water 

(200 : 1 : 99 by vol) 

B - 1% v/v Acetic acid in water 

C -  Butanol / Ethanol / aq NH, (sp. gr. 0.88Ywater 

(10:10:1-:4 by vol) 

D -  n-Butanol/pyridine/ water/glacial acetic acid 

(6; 4:3: 1 by vol) 

Table 2.2 shows the chromatographic behaviour of standard 

compounds on Whatman 383MM paper. 

ANIMALS 

Male Dunkin-Hartley guinea-pigs (800 —- 400 g wt) were used 

for experimentation, receiving either orally or by intra— peritoneal 
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2 is : 14 : : 
(i.p.) injections, doses of [2- C]-folic acid or cdiget 7 Cae 

folic acid or a mixture of both. The animals were kept both 

prior to and during experimentation in a ventilated room having a 

free access to food and water. Guinea pigs were made scorbutic 

for Ue —24 days. “pati 
by keeping them/on a rat diet (which Cente ns no vitamin C) to which 

no greens or hay was added. Composition of the rat diet is shown 

in Table 2.8. 

Metabolic studies were carried out by housing individual 

guinea-pigs in metabolism cages designed for the separate collection 

of urine and faeces (Jencons Metabowls; Jencons (Scientific) Ltd., 

Hemel Hempstead, Herts, U.K.). To prevent oxidation of folates 

urine samples were collected in 10 ml of 0.05 M sodium phosphate 

buffer, pH 7.0, containing 2% (w/v) sodium ascorbate, and flasks 

were covered with aluminium foil to prevent light degradation of 

folates. The urine samples were collected every 24h for 48h 

(sometimes 72h) and faeces were collected as a single sample at the 

end of the experiment. At this point, the animals were killed 

and the livers removed. About half of the livers were chopped 

immediately after removal and plunged into a solution of boiling 

0.05 M sodium phosphate buffer, pH 7.0, containing 2% w/v sodium 

ascorbate and 5 mg of dithiothreitol/100 ml, and maintained at 

100°C for 5min. ~° The liver extracts were cooled, etlenea 

: oO 
to remove precipitated protein and the supernatant stored at -18 C 

until required (Barford et al., 1977). 
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MEASUREMENT OF RADIOACTIVITY 

The faeces and remaining livers were freeze-dried, then 

ground to a homogeneous powder. Samples (100 mg) of the 

powder were oxidized in a Beckman biological—material oxidizer. 

Tritium was trapped as [7H,0] in a dry ice / methanol cold trap 

and counted in 10 ml of Fisons tritium absorber. mc was 

trapped as CO: in 15 ml of Fisons absorber P (Fisons, 

Loughborough, Leics., U.K.), a scintillation cocktail designed for 

the collection of oe Samples were counted in a Nuclear 

Enterprises liquid-scintillation counter type NE 8310 (Nuclear 

Enterprises Limited, Edinburgh). Samples for radioactivity 

counting e.g. column eluants and urine samples, were made up to 

1 ml with distilled water to which was added 10 ml of a scintillation 

cocktail. The cocktail was made up of toluene (1 litre) and 

Fisons emulsifier mix No. 1 (500 ml) in which was dissolved 2,5- 

diphenyloxazole (PPO) (5 g) and 1, 4-bis-2-(-5—phenyloxazolyl)— 

benzene (POPOP) (0.1 g). Samples were counted for 10 min. or 

10,000 counts, whichever came first. Appropriate corrections 

were made for background, quenching and overlap of bes into the 

H channel using the external standard ratio. 

In the past few months, prepared samples were counted in 

@ Beckman LS 7500 Liquid Scintillation counter (Beckman Instru- 

ments Inc., Scientific Instruments Division, Irvine, California, 
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92718). The instrument is equipped with automatic quench 

compensation. 
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TABLE 2.4% 

The elution properties of folates, p-aminobenzoic acid derivatives 

and the unknown metabolites on Sephadex G-15 gel-filtration and 

DEAE-cellulose ion-exchange chromatography. 

Compound Elution Position 

Sephadex G-15 DEAE cellul- 

(fraction No. (Kav) ose [M] NaCl 

Folic acid 37 (1.79) 0.92 

Pteroylheptaglutamate 1 (0.13) 0.60 

10-CHO-FA 21 (0.77) 0.51 

10-—CHO-THF 18 (0.58) 0.45 

5-CHO-THF 28 Cl sae) 0.59 

5-MeTHF 37 (1.79) 0.65 

5,1 0-CH,.~THF 26 0.64 

Methotrexate : 60 (327) 

Triazene 16 0.40 

Pterin 35 (1.67) 0.30 

Pterin-6-CHO 43 @. 18) 0.70 

Pterin-6-—COOH 30 C107) 0.60 

Xanthopterin 57 (COOGL) 0.57 

Isoxanthopterin 45 (2 34) 0.49 

dihydroxanthopterin 76 (4.29) 

+ 6-COOH Lumazine 27 Gis. 15) 

+ 6-oxo-lumazine 34 (1.60) 

p-aminobenzoic acid 35 Cle sr) 0.40 

p-acetamidobenzoic acid 36 Cle7S) 0.43 

p-aminobenzoyl—L-glutamate 18 (CO. .58)) 0.40 

Continued.. 
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‘Pablte*2.1. continued... 

p-acetamidobenzoyl—-L-glutamate 

+ p-aminohippuric acid 

+ p-acetamidohippuric acid 

Vy - VY 
e 0 

Kay = ; 

tre 

where \y = 

vos 

19 

et 

at 

a 

21 

elution volume of solute 

(0.66) 

etal) 

(1.15) 

(0.76) 

t total volume of chromatography bed 

—
 il void volume 
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7 able (2-3) 

Factual/Calculated full analysis of laboratory animal diets 

Crude Oil 

Crude Protein 

Crude Fibre 

Digestible Crude Oil 

Digestible Crude Protein 

Digestible Crude Fibre 

Digestible Carbohydrates 

Gross Energy 

Metabolisable Energy 

Rabbit TDN 

Saturated Fatty Acids 

Linoleic Acid 

Other unsaturated Acids 

Calcium 

Phosphorus 

Sodium Chloride 

Magnesium 

Potassium 

Sulphur 

Iron 

Copper 

Manganese 

Cobalt 

ZnS 

Iodine 

a 

Modified rat and mouse 

breeding diet cube 
  

% 

% 

% 

% 

% 

% 

% 

Cal:./kg 

Cal /kg 

% 

% 

% 

% 

% 

"3 

% 

% 

~ 

=, 

mg/kg 

mg/kg 

mg/kg 

ug/kg 

mg/kg 

419/kg 

or 

le 

Ss 

ae 

age ® 

ets 

46. 

4073. 

3666. 

Or 

OR 

1 

1 

1 

0.635 

or 

QO. 

O. 

Tae, 

14. 

S6,. 

104. 

39. 

600. 

26 

23 

48 

48 

60 

10 

80 

00 

OO 

is 

39 

54 

.30 

- 00 

24 

80 

23 

60 

50 

60 

70 

60 

00 

Continued..



Table (2-3) continued.... 

Arginine 

Lysine 

Methionine 

Cystine 

Tryptophan 

Glycine 

Histidine 

Threonine 

Isoleucine 

Leucine 

Phenylalanine 

Valine 

Tyrosine 

Aspartic Acid 

Glutamic Acid 

Proline 

Serine 

Vitamin 'A' 

Carotene 

Vitamin B1 (Thiamine) 

Vitamin B2 (Riboflavine) 

Vitamin B6 (Pyridoxin) 

Vitamin Ble 

Vitamin 'E' 

Vitamin 'K' 

Folic Acid 

Nicotinic Acid 

Pantothenic Acid 

Choline Chloride 

58 

%, 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 

oS 

% 

% 

% 

% 

z 

1 

0. 

O- 

Of 

Move 

©. 

O. 

oO. 

{ 

0: 

1 

QO. 

4 

3. 

1 

1 

31 

.14 

36 

33 

23 

51 

71 

84 

49 

89 

sOF% 

69 

64 

96 

295 

.00 

i.u./kg 1,1587 .00 

mg/kg 

mg/kg 

mg/kg 

mg/kg 

g/kg 

mg/kg 

mg/kg 

mg/kg 

mg/kg 

mg/kg ° 

mg/kg 

O; 

oe 

oe 

LO 

gy 

alas 

Sie 

Os 

18s 

Ge 

Pes 

19 

10 

90 

TO 

00 

00 

00 

70 

00 

80 

Be



Table (2-3) continued..... 

Biotin mg/kg 6.12 

Vitamin D3 i.u/kg 859.00 
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CHAPTER 83 

14 3 THE METABOLISM OF [2- "C]- AND [3!5',7,9-H] 

FOLIC ACID IN THE NORMAL AND SCORBUTIC 

SUINEA PIG 
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This chapter describes the study of the metabolism of folic 

acid in the normal and scorbutic guinea pig. Normal male guinea 

: : 2 14 3 
pigs were dosed with either [2- C]-or [8',5',7,9- H]- folic acid or 

a mixture of both radioactive species at various dose levels (Table 3.1.1) 

and scorbutic guinea pigs received .. doses of the mixture at three 

dose levels (Table 3.2.1.). 

The metabolism is compared of orally-dosed guinea pigs to 

intra-—peritoneally—dosed ones and the effects on folic acid metabolism 

are investigated of methotrexate (MTX) and antibiotics. 

MATERIALS AND METHODS 
  

Guinea-pigs : Male Dunkin-Hartley guinea pigs, 300- 

400g wt. received doses of either roe '4c] or [3', 5',7,9¢°H}-folic 

acid or a mixture of both species, administered either orally or intra- 

peritoneally. Where scorbutic guinea pigs were used, the animals 

were made scorbutic by being kept strictly on a vitamin C-deficient diet, 

whose composition is given in Table 2.8. After about 18-20 days on 

the diet, the guinea pigs started manifesting signs and symptoms of 

scurvy, such as loss of appetite, loss of hair, paralysis of the hind 

limbs and general lassitude. 

After dosing, the guinea pigs were kept individually in wired- 

bottom metabolic cages (Jencons Metabowls, see Chapter 2) designed 

for the separate collection of urine and faeces. Food and water were 
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provided ad libit um. The collection of urine and faeces, the 

preparation of hot ascorbate liver extracts, freeze-drying and burning 

of the liver and faecal samples were carried out as described in 

Chapter 2. 

Administration of methotrexate (MTX) : Methotrexate 
  

(80 mg/Kg body wt.) was orally administered to individual guinea-pigs 

either at the time of dosing or 8 hours before or 8 hours after dosing 

orally or intra-peritoneally with labelled folic acid. 

Administration of antibiotics : Terramycin, commercially 
  

available as a soluble powder (Pfizer Limited, Sandwich, England) was 

dissolved (200 mg/litre) in drinking water and supplied to the guinea 

pigs as the only source of drinking water. The animals were kept 

on this regime for 10 days prior to experimentation and during the 

whole experiment. 

CO, collection : Carbon dioxide was collected by pump- 

ing the expired air from the sealed Metabowl in which the guinea pigs 

were kept into a trap containing a SG absorber, Fisons absorber P 

(see Chapter 2). The absorber was changed every 2 hours for the 

first 12 hours, then collected as one sample in the same liquid for the 

14 : 
next 12 hours. The radioactivity therein(as CO,) was determined 

in a liquid scintillation counter. 

Gut flushings : The entire small intestine from the 
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duodenum to the beginning of the colon was removed and the contents 

flushed with distilled water. After centrifugation, the clear super- 

natant was sequentially chromatographed on DE-52 and Sephadex G-15. 

Gut flushings were carried out at 1, 2, 4, 6, 8 and 12h after oral dos-— 

-ing (400 ug/ kg body wt.) with folic acid. 

Bile duct cannulation : Following oral dosing (400 jug/ kg 
  

body wt.) with a mixture of cou} and Eeimlabelied folic acid, guinea 

pigs were anaesthesized with 10 ml of 25% Maa urethane (Sigma 

Chemical Co., London, UK) in physiological saline. Bile cannulat- 

ions were carried out according to the method of James et al., (1968) 

and bile was collected in graduated 10 ml tubes onto sodium ascorbate 

(10 mg) for one-hour periods (a) for 5 hours immediately after dosing 

(b) for 5 hours, 2h after dosing. Radioactivity was determined in 

the bile and in the liver, stomach wall and gut of the guinea pig. 

Chromatography : Gut flushings, bile and pooled urine 

samples were sequentially chromatographed on DEAE-cellulose 

(Whatman DE-52) and by Sephadex gel-filtration. Folicsacia,. 5— 

methyltetrahydrofolic and 10-formyl folate were identified by co-—chrom-— 

atography (on both systems) with authentic folate markers and their 

elution positions determined by uv-spectroscopy, p-aminobenzoate (pAB) 

p-acetamidobenzoate (pAAB) and p-acetamidobenzoyl—L-glutamate 

(pAABglu) were identified by co-chromatography with authentic markers 

on Sephadex G-15 and on paper in three solvent systems, A, B and C 
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(see Chapter 2), “0 was characterized by its volatility and its 

chromatographic behaviour on a DE-52 column. Urea was 

identified by incubating the et fraction with urease at the appropriate 

conditions and collecting any eos evolved into a trap containing a 

Pmt absorber (see Chapter 2) by acidifcation of the incubation mixture 

and displacement of any gas formed with nitrogen gas. 

Statistical analysis : Wherever possible, figures given 

are the mean for the number of animals used, with the standard 

deviation shown in brackets. Tests of statistical significance using 

student t test or Wilcoxon's sum of ranks test were not performed 

because of the small number of animals used and because of the wide 

range in standard deviation. 

RESULTS AND DISCUSSION 
  

<Sorilae Folic acid metabolism in normal guinea pigs 
  

Table 8.1.1. Summarizes the distribution of radioactivity in 

the urine, liver and faeces of normal guinea pigs, following oral doses 

: 3 14 : : ; 
of either [8',5',7,9- H]J-or [2- C]- folic acid or a mixture of both 

radioactive species. 

The bulk of the excreted radioactivity appears in the 0 - 24h 

urine, with only small amounts appearing on subsequent days. 

: : 3 14 
Following an oral dose of a mixture of [H] and [ Cy] labelled 

14 : ; 
folic acid, considerably more CoH] than [ C] is excreted in the 
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: 14 
urine and generally, total C recovery is low. This is further 

: 14 s 
emphasized when [ C] only folic acid is administered. Whatever 

the dose administered the liver shows little retention of radioactivity. 

The urine samples were sequentially chromatographed on DE- 

52 and Sephadex G-15 columns. The amounts of the various 

metabolites found in the urine are summarized in Table 3.1.2. 

DE-52 chromatography of the 0-24h urine sample, following an oral 

dose of 160 or 400 yig/kg body wt. of oe folic acid show the 

presence of only two tritiated metabolites (Figure 3.1.1). The first 

3H] peak eluting at 0.12 - 0.14 [M] NaCl was characterized as “H,0 

and the second cou] peak eluting at 0.38 - 0.44 [M] NaCl was after 

rechromatography on Sephadex G-15, resolved into two peaks (Figure 

8.1.2) which were identified as pAABglu and pAAB, by the criteria 

discussed earlier (see Materials and Methods, Chapter 3), both on 

Sephadex G-15 and on paper. Sequential chromat ography of the 24- 

48h urine samples on DE-52 and Sephadex G-15 showed similar features 

to the 0O-24h sample and the chromatograms are not shown, Chromato- 

graphy of liver extracts are shown in Figure 3.1.3. 

The amounts of radioactivity recovered in the urine, liver and 

faeces following a dose (400 zug/k g body wt.) of a mixture of Pa and 

1 
[ ‘oR labelled folic acid are shown in Table 3.1.1. and the level of 

urinary metabolites in Table 3.1.2. 

DE-52 chromatography of the 0-24 h. and 24-48h urine 
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samples are shown in Figures 3.1.4., 3.1.5.. : ah Because 

of the similarity in the elution positions of the excreted metabolites, 

similar labels (I, II, III) have been assigned to the corresponding peaks 

in the three chromatograms. The Mc peak (marked peak I), eluting 

at 0.10-0.12 [M] NaCl contains urea and will be discussed in further 

details, later in this Section. Peak II has been characterized as 

“H,0 and peak III, after rechromatography on Sephadex G-15 and paper, 

as pPAABglu and pAAB (Figures 3.1.6., 3.17). 

Liver extracts: Sephadex G-15 chromatography of the 

liver extracts is shown in Figure 3.1.8. A major radioactive peak 

bec 3 14 ‘ : 
containing both the [H] and [ C] species eluted close to the void 

volume between fractions 10-17 in the position of the high molecular 

weight folate (folate polyglutamate). Small amounts of low molecular 

weight derivative appeared at fractions 21-26. 

With no folate being found excreted intact in the urine of normal 

guinea pigs, higher oral doses of folic acid were administered to deter- 

mine whether folate would be excreted intact at all. This was done 

first at a dose of 1050 g/kg body wt., then at 2,330 uug/k g body wt. 

OCWable Se 1a.) 

DE-52 chromatography of the 0-24h urine sample of the two 

doses show similar features and the one for the higher dose is illustrated 

(Figure 3.1.9). Peak I (4c peak) contains urea. Peak II has 

been identified as 7,0 Peak III, after rechromatography on 
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Sephadex G-15 (Figure 3.1.10) and on paper has been identified as 

pAABglu and pAAB. A metabolite eluting at 0.84-0.88 [M] NaCl 

(Figure 3.1. 9) contained both radioactive species (peaks IV and V) 

and has been identified on DE-52 and Sephadex G-15 as folic acid. 

The low recovery of ee radioactivity seen at a dose of 400 

hg/ kg body wt. was further highlighted in the urine, liver and faeces 

following an oral dose (1370 pg/kg body wt) of crane folic acid 

@lablies.1411). DE-52 chromatography of the 0O-24h and 24—48h urine 

samples (Figures 3.1.11 and 3.1.12) shows only two radioactive peaks. 

The second peak eluting at 0.84-0.88 [M] NaCl has been identified as 

felic acid. 

The other (main) MCs peak eluting at 0.12-0.16 [M] NaCl also 

elutes at fraction 23 on a Sephadex G-15 column. It does not 

co-chromatograph with any of a number of markers tried, notably, 

pterin, xanthopterin, isoxanthopterin, pterin-6-CHO, 

pterin-6-COOH, methotrexate, lumazine or 7,8 dihydroxanthopterin. 

Incubation of the t 40] peak with urease, under appropriate conditions, 

yields 00,4 representing 42-57% of the radioactivity in the peak 

and indicating urea to be a component of the peak. 

Radioactivity, if any, was determined in certain other tissues 

: 14 
in an effort to account for the rather low total recovery of [ C] 

CRable Si...) However, little radioactivity was found to be 

70



present in the spleen, heart and kidneys (Table 3.1.3). 

TRABISCE So igS. 

Recovery of radioactivity in the heart, kidneys and spleen of normal 

male guinea pigs, following an oral dose of a mixture of pe 4o}. and 

3 
[3’, 5',7,9- HJ-folic acid. Results expressed as mean % of dose 

administered. Dose Loo 0, / key body wl. 

Radioactivity recovered 

  

No. of animals 3. 145 

used Tissues 

5 Heart O02 0.02 

6 Kidney 0.03 0.07 

6 Spleen 0.02 0707 

  

The air expired by the guinea pig was collected over a 24 hour 

period, following oral dosing by drawing the air from the sealed meta- 

14 
bowl, using a peristaltic pump, into a trap containing a [ C] absorber. 

Using 4 animals, it was found that between 16-20% of the administered 

14 
dose was passed out as CO, - 

Gut contents : Table 8.1.4. summarizes the radioactivity 

recovered from flushed gut contents, 1, 2, 4, 6, 8 and 12 hours 

aA



TABLE 3.1.4. 

Radioactivity recovered in flushed gut contents following an oral dose 

1 
(400 yug/kg body wt) of a mixture of [2- eae and Ta, 6%; 7,9-9H}- Folic 

acid. Results are expressed as mean % of dose administered. 

  

es of pe after Radjoactivity neers eo 

animals dosing (hr ) CH I Seed 

2 1 0.01 0,02 

3 2 1.3 143 

2 4 O Oe 

2 6 0.02 0.03 

3 8 0.01 0.01 

TABLE 3.1.5 

Metabolites identified in gut flushings 2h after an oral dose (400 jzug/kg 

14 : 3 
body wt) of a mixture of [2- C] and [8',5',7,9- H] folic acid. Results 

expressed as % of administered dose. 

5-MeTHFE FOLIC ACID SCISSION PRODUCTS 

3 
[-H] 0.09 0.14 0.06 

; 
CL eye bres 0.10 ~ 
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following the oral administration (400 zug/k 3 body wt.) of a mixture of 

oH] and foi iabeued folic acta. Except for the 2h gut flushings, 

radioactivity was too low for chromatographic analysis. DE-—52 

chromatography of the 2h flushed gut contents (Figure 3.1.13) ee 

the presence of two metabolites, each containing both radioactive 

species, co-chromatograp hing respectively with 5-MeTHF and folic 

acid, and a peak labelled with Hy only in the position of scission 

products. The amounts of 5-MeTHF, folic acid and scission 

products are shown in Table 3.1.5. 

Bile duct cannulation : Bile was collected for one-hour periods 
  

(a) for 5h immediately after oral dosing, b) for Sh, 2 hours after 

: : : 3 14 : 5 
dosing with a mixture of [ H] and [ C]-labelled folic acid (400 g/kg 

body wt.) Very little radioactivity (Table 3.1.6) was found present 

in the bile samples collected. Chromatographic analysis was 

carried out on the sample with the highest radioactivity (2-S3h) and 

DE-52 chromatography showed that 10-CHOFA, 5-MeTHF and folic acid 

were completely absent (Figure 3.1.14). 

14 
i ; METABOLISM OF ORAL DOSES OF A MIXTURE OF [2- ‘C] 

[3', 5', 7, 9-°H]-FOLIC ACID IN SCORBUTIC GUINEA PIGS 
  

  

The radioactivity recovered in the urine, liver and faeces, 

following oral doses of 400, 9380 and 2185 ,zg/kg body wt. of a mixture 

of toe oC) and 13', 5',7,9--H}+folic acid to scorbutic guinea pigs is 
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summarized in Table 3.2.1. As is seen with normal guinea pigs, 

: 3 4: : considerably more ~H than C is excreted in the urine. As the 

dose is increased in scorbutic guinea pigs, there is a decrease in the 

urinary excretion of radioactivity and decreased retention by the liver. 

Again, as is seen with normal guinea pigs, the overall recovery of 

14 
C radioactivity is rather low. 

DE-52 chromatographic analysis of the. . urine samples 

(O-24h, 24-48h. . 1.) ane Shown in. igunes Si2.47,,, Gc2.2. 

The chromatograms all show similar features and those 

shown are taken as representative of the three different doses, The 

its peak eluting at 0.10-0.14 [M] NaCl contains urea (see Section 3.1). 

Peak II cH has been characterized as “H50. The metabolite 

eluting at 0.84-0.88 [M] NaCl (peaks IV and V) contain both radioactive 

species and has been identified as folic acid on DE-52 and on Sephadex 

G-15. The rr-only peak III eluting at 0.34-0.38 [M] NaCl was 

resolved into two tritiated peaks when rechromatographed on Sephadex 

G-15 (Figures 3.23(2) &(3.2.3(b). eluting at fractions 18-20 and 

SO7G7 5 These have been identified on Sephadex G-15 and on paper 

(see Chapter 2) as pAABglu and pAAB. 

At the two higher doses of 930 and 2185 ug/ kg body wt, (but 

3 
not at 400 ug/ kg body wt.), the [ H] peak eluting at fractions 35-37 on 

Sephadex G-15 was resolved on paper into two rou components, which 

are identified as p-aminoben=zoate (pAB) and p-acetamidobenzoate 
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respectively, indicating incomplete acetylation in the scorbutic guinea 

pig (see Chapter 2 for Re values). The relative amounts of the 

different urinary metabolites excreted are shown in Table 3.2.2. 

Liver extracts : Sephadex G-15 chromatography of the hot ascorbate 

extracts of the livers of scorbutic guinea pigs is shown in Figure 3.2.4. 

which is representative of all three chromatograms at the three 

dose levels mentioned. The chromatogram is similar to that seen 

for the normal guinea pig (Figure 3.1.8), with a radioactive peak 

containing both oH] and t'4¢} species eluting close to the wid volume 

between fractions 10-15 in the position of high molecular weight folate 

(folate polyglutamate) and a small peak containing rn only appearing 

at fractions 21-26. 

SON FOLIC ACID METABOLISM IN THE NORMAL GUINEA PIG 

FOLLOWING i.p. ADMINISTRATION 

  

  

Table 3.3.1. summarizes the recovery of radioactivity in 

urine, liver and faeces following on intra-peritoneal dose of a mixture 

14 ei 3 : : ; 
of [2- C]- and [8',5',7,9- H]-folic acid (400 pig/ kg body wt.), to 3 

normal male guinea pigs. Compared to the same dose, orally 

administered, (Table 3.1.1.), there is increased excretion of radio- 

activity in the urine, increased uptake by the liver, decreased excret-— 

ion via faeces and overall, greater accountability of the radioactivity 

1 
input, especially as faras [ 40] is concerned. 
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The amounts of the different metabolites excreted in the urine 

are shown in Table 8.8.2. DE-52 chromatography of the 0-24h and 

24-48h urine samples are shown in Figures 3.3.1 and 83.3.2. Peak I 

14 3 
[ CC] contains urea. (see Section 3.1.). Peak II [ H] has been 

: peo 3 
identified as H,0 and the metabolite containing both radioactive species 

(denoted as peaks IV and V), as folic acid by the criteria discussed 

earlier. Folic acid is excreted here in large amounts (12% of the 

3 14 : : 
dose as [ H] and 20% as [ C] but is hardly found in the urine at this 

dose, following oral administration. Peak III, eluting at 0.34-0.38 

[M] NaCl was found to contain pAABglu (minor amount) and pAAB (major 

metabolite) after rechromatography on Sephadex G-15 and on paper(Fig.3.3.< 

However, the pAABglu:pAAB ratio is much higher following an i.p. dose 

(Table 3.3.2) than following a similar oral dose (Table 3.1.2). 

Liver extracts: Much more radioactivity (31% of cou] dose, 15% of 

6} dose) was incorporated in the liver following an i.p. dose of folic 

acid (Table 3.3.1) than following an oral dose (Table 8.1.1). Sephadex 

G-15 chromatography of the hot ascorbate liver extracts (Figure 3.3.4) 

gave similar patterns to those following oral administration (Section 

3.1) in that the major radioactive peak eluted close to the void volume 

in the position of folate polyglutamate (fractions 11-16) with small 

amounts of singly-labelled compounds at fractions 21-26. 
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3.4. THE EFFECTS OF METHOTREXATE ON FOLATE METABOL-— 

METABOLISM 

Table 3.4.1. summarizes the recovery of radioactivity in the 

urine, liver and faeces from 3 normal gutnea pigs, after ani.p. dose 

14 3 
(400 pug/kK g body wt.) of a mixture of [2- C], and [8',5',7,9- H]- 

folic acid, with MTX (80 mg/kg body wt.) administered orally at the 

time of dosing. Little difference is shown in the urinary output of 

radioactivity compared to the case in the sence of MTX (Table 3.3.1) 

but there is a rather drastic decrease in liver uptake in the presence 

of MTX and excretion via faeces is lower. 

Sequential chromatography of the 0-24 h and 24-48 fh urine 

samples on DE-52 (Figures 3.4.1, 3.4.2) and on Sephadex G-15 

(Figures 3.4.3 (a), 3.4.3. (b)) and subsequent confirmation by paper 

chromatography showed the following metabolites to be present : urea 

(peak 1), 74,0 (peak II), pAABglu and pAAB (peak III), and folic 

acid (peaks IV and V). The amount of intact folate excreted as folic 

acid was fairly high (18% of the rou] dose, 16% of the te dose) 

(Table 3.4.2), comparable to the case without MTX (Table 3.3.2). 

There was, however, a change in the level of urinary scission products 

excreted: considerably more pAAB was produced in the presence of 

MTX (Table 3.4.2) with a concomitant decrease in the level of pPAABglu 

but no new metabolite was induced by the MTX, nor was there any 

substantial increase in urinary output of radioactivity. 
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TABLE 3.4.1. 

Recovery of radioactivity in urine, liver and faeces from normal male 

guinea pigs following an i.p. dose (400 zig/kg body wt) of a mixture of 

foe ane [9° 5', 7; 9-"H}-folic acid with methotrexate (80 mg/kg 

body wt) orally administered at the time of dosing. Results are 

expressed as mean % of the dose administered = standard deviation 

shown in brackets. 

URINE LIVER FAECES TOTAL 
0-24h 24-48h (48h) (48h) (8h) 

[-H] 36.4 (8.6) 2.2 (0.9) 4.4 Bos 0.6 (0.5) 43.3 
4 
PCy 27.1 (27.0) 0.6 (0.2) 5.8 (3.9) 6,0. he Berd 

TABLE Cote. 

Metabolites found in pooled normal guinea pig urine (from 3 animals), 

following the i.p. administration (400 g/kg body wt) of rH] and re 

labelled folic acid in the presence of MTX (80 mg/kg body wt). 

Results expressed as % of administered dose 

Time Peak I 

  

3 3 3 Ratio : 14 period [‘"C.] HO HpAABglu HpAAB pAABg1u/pAAB 

0-24h 1 4 2.4 Ls 1.0 37 eS 

24-48h Ors 0.8 Occ lal Veil 

Time | ae Poe 

period beatae eg 

0-24h : 18.4 16. 1 

24-48h : 0.1 0.1 
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Liver extracts : Sephadex G-15 chromatography of hot ascorbate 

liver extracts (Figure 3.4.4) gave similar patterns to that of von 

administration of labelled folic acid without MTX (Figure 3.3.4), with 

the major radioactive peak eluting close to the void volume in the 

position of folate polyglutamate (fractions 11-16). Small amounts 

of singly labelled compounds were also observed (Fractions 21-25), 

An additional experiment carried out with MTX administered 

8h after ani.p. dose of rou] and roe labelled folic acid, showed 

little excretion of radioactivity after MTX administration but a high 

incorporation in the liver 48 h after dosing (Table 3.4.3). This is 

presumably because the bulk of the radioactivity had already been 

excreted in the 0-8 h urine before MTX was administered. The high 

level of liver incorporation of radioactivity was probably due to the fact 

that MTX had less effect. on folate already incorporated . the 

liver. Chromatographic analysis of the urine samples showed that 

no new metabolite was induced by the administered MTX (Table 8.4.4). 

The effects of methotrexate on the induction of new metabolites 

in guinea pig urine were studied by orally dosing 4 normal guinea pigs 

14 3 
(400 wug/ kg body wt.) witha mixture of [2- C] and [8',5',7,9- H]}- 

folic acid after pre-treatment with MTX (80 mg/kg body wt., 

administered 8h before folate dosing). Urinary radioactivity 

re covered is illustrated in Table 3.4.5. Chromatographic analysis 

showed no new metabolite present. However, the level of intact 
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Table 3.4.5 

Urinary recovery of radioactivity following an oral dose 

(400 ug/kg body wt) of labelled folic acid to normal guinea 

pigs pre-treated with MTX (80 mg/kg body wt) orally 

administered 8 h before dosing. 

Results expressed as mean % of administered dose + standard 

deviation shown in brackets. 

Nos Of Urine 

animals label O-24 h 24-48 h Total (48 h) 

4 35 10.9 Be AS ee 23.6: 
14, 4.3 (0°9%) ... 3-6 10.2} 5.5 
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folate excreted as folic acid (1.1% of the dose as (oH and 1.4% as 

14 : ‘ ; ; 
[ C]) is slightly higher than without the use of MTX (Table 3.1.1.,~ 

3.4.6). 

Se THE EFFECTS OF ANTIBIOTICS ON FOLIC ACID 

METABOLISM 

The recovery of radioactivity in the urine, liver and faeces 

of normal guinea pigs orally administered with ru] and re) labelled 

folic acid (400 and 800 jug/ kg body wt. respectively) after a 10-day 

pretreatment period with antibiotics (see Chapter 2) is summarized in 

Table Sio.47. As without antibiotics (Section 3.1.), considerably 

3 Tae : : ; 
more [ H] than [ C] is excreted in the urine and the liver uptake of 

radioactivity is very low, both features now characteristic of oral doses. 

Urinary excretion of radioactivity decreases at the higher dose (800 ng/ 

kg body wt.) but there is increased excretion via faeces and higher 

retention by the liver. 

Sequential chromatography of the 0-24h and 24-48h urine 

samples on DE-52 and Sephadex G-15 show the chromatograms to have 

similar features at both dose levels and those shown (Figures 3.5.1 

and 3.5.2) are taken as representative of either dose. The 

metabolites identified were urea (peak I), “H,0 (peak II), intact 

folate (peaks IV and V) and scission products (peak IIT). The intact 

folate was identified as folic acid on DE-52 and Sephadex G-15. The 

scission products (peak III) were identified as pAABglu and pAAB by 
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rechromatography of peak III on Sephadex G-15 (Figure 3.5.3) and on 

“.paper. pAABglu is practically non-existent in the 0-24 h urine at 

the lower dose (400 jug/kg body wt) appearing only as a trace but 

increasing to a higher level over the following 24 hours (Table 3.5.2). 

Still, no reduced folate was found as a metabolite in the urine; pAAB 

was still present as the major urinary metabolite. 

Liver extracts : Sephadex G-15 chromatography of the hot 

ascorbate extracts of the livers (Figure 3.5.4) is similar to those 

previously described, with a radioactive peak containing both (3Hy 

and ‘es radioactive species eluting near the void volume (fractions 

11-15) in the position of folate polyglutamate and a peak containing 

SH] only af fractions 23-27. 

Gut flushings : DE-52 chromatography (Figure 3.5.5) of gut 

flushings 2h after an oral dose (400 g/kg body wt) of labelled folic 

acid showed the presence of intact folic acid and SMeTHF. 

SUMMARY 

1 
Hl Following the oral administration of ree and [ a labelled 

folic acid, radioactivity was recovered in the urine, liver, 

faeces and expired air but extremely little, if any, in the 

heart, spleen, kidneys, gut wall or stomach wall. 

2 The following metabolites were identified in the urine: 

92



3 1 
pAABglu, pAAB, HO; urea from the 46 peak I, and 

folic acid, All urine samples were dominated by scission 

products, notably pAAB. 

No reduced folate was found present in any of the urine 

samples. However, 5 MeTHF was identified in the DE-52 

chromatography of gut flushings 2h after an oral dose of 

labelled folic acid. 

Folic acid metabolism in the scorbutic guinea pig was very 

slightly different to that in the normal, in that at very high 

doses, incomplete acetylation occurs, producing p-amino- 

benzoate (pAB) as an additional urinary metabolite and 

rather more intact folic acid. 

Intra—peritoneal administration of folic acid caused several 

changes over folic acid orally administered, notably, increased 

excretion of radioactivity in the urine, increased excretion 

of folic acid and increased uptake by the liver. 

MTX depressed the level of urinary pAABglu with a concomit— 

ant increase in pAAB. 

Antibiotics also depressed urinary pAABglu level making 

pAAB the most predominant metabolite. 

In all cases, hepatic folates were mainly folate polyglutamates. 
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Fig. 3.1.@. Sephadex G.15 chromatography of peak III of DE.52 

chromatography of normal urine samples collected 

O-24h after the administration of labelled folic acid. 

Dose 400 ug/kg body wt. 
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Fig. 3.2.28 Sephadex G-15 chromatography of (a) peak III from DE-52 
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from DE-52 chromatography of 24-48h scorbutic urine after 

the oral administration of labelled folic acid 

Dose 400, 930 or 2185 g/kg body wt. 

tO



    

—e_o— H 

14 

24 ) —>—*«— ce 

c 

= 20. | 
pet 

oO 
GS 

} 
rt 

= 

2 1 One 

> 
‘ 

oO 
ice] 
2 

Ea lee oe. 
© 
i 

se 

8 4 

4 eS 

10 20 30 40 SO 60 

Figure 3.2.4. 

Fraction No. 5 ml 

Sephadex G-15 chromatography of hot ascorbate liver 

extracts from scorbutic guinea pigs 48h after an oral 

dose of labelled folic acid. 

A1g/kg body wt. 

Dose : 400, 930 or 2185



‘4m 
KApog 

6%/6r 
oor” 

-2esSed 
poe 

o1]05 
— 

[H,-6°2 
S
e
]
 

pue 
fo, 

-2| 

jO 
d
u
n
j
x
i
l
u
 

e 
jo 

e
s
o
p
 

*d*1 
Ue 

Yaqye 
o
u
l
d
n
 

6
i
d
—
-
e
s
u
1
n
b
 
p
e
w
u
o
u
 

UpZ—-O 
JO 

A
u
d
e
u
B
o
y
e
w
o
u
y
s
 

g
g
-
a
q
 

*
1
’
S
’
s
 

b
l
s
 

(jw 
g) 

°ON 
Y
o
I
}
9
e
4
 4 

 
 

 
 

   
 

  

O
O
L
 

O06 
08 

OL 
O09 

OG 
OV 

O€ 
OG 

Ol 

a 
o
 

$
e
 

5 @ 
o
y
 

QO 

: 
2 

LOeBN 
8 

- 
9
 

e
 

Ww 
s 

“] 
oe 

5 9 o 
OL 

5 2 

Gre 

r 
Vb 

ploe 
9
1
1
0
4
 

A
H
L
E
W
-
S
 

9 
e
y
 

e
e
 

Ot 

Sea 

112



1
O
e
N
 

+m 
Kpog 

6/611 
oor 

:es0 
poe 

O110J 
[H,-6*2 

"9 
e] 

pue 
[Snr 

| 
jo 

ounyx«1W 

e 
Jo 

e
s
o
p
 

d*1 
Ue 

Bulmoy}]jos 
s
u
t
y
n
 
6
i
d
—
e
o
u
i
n
b
 

j
e
u
l
u
0
U
u
 
U
g
p
—
t
7
 

Jo 
A
u
d
e
u
B
o
y
e
w
u
o
u
y
s
 
g
G
-
3
d
 

(lw 
g) 

‘ON 
U
o
}
}
9
e
4
 4 

OOL 
OS 

08 
OL 

O9 
OS 

OV 
O€ 

Oc 
L 

a
 

‘3°e°o-' 
6
1
4
 

 
 

  
  

—_— 

ploe 
o11l04 

A
H
L
O
E
W
S
 V
A
O
H
O
-
0
1
 

 
 

  

Uol}oeus Ul APAIIOVOIPeU % 

rm 1



pAABglu pAAB 

Lee 

10 - 

  
  

10 20 30 40 50 60 

(a) Fraction No. (5 ml) 

He] 

pAABglu pAAB 

10 4 _ 

% 
r
a
d
i
o
a
c
t
i
v
i
t
y
 

in
 
f
r
a
c
t
i
o
n
 

  
a T T T T T 

10 20 30 40 50 60 

(b) Fraction No. (5 ml) 

Fridic Clo aot 

Sephadex G-15 chromatography of (a) peak III from DE-52 chromatography 
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from DE.52 of 0-24h urine (b)S8H_ peak III from DE.52 
of 24-48h urine following an oral administration of 

labelled folic acid to normal guinea pigs in the presence 

of antibiotics. 

Dose 400 or 800 jug/kg body wt.
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CHAPTER 4 

3 
THE METABOLISM OF [8,5- H] p-AMINOBENZOYL-L 
  

GLUTAMATE IN THE NORMAL AND SCORBUTIC 
  

GUINEA PIG 

£25



Results from previous experiments have shown that the normal 

and scorbutic guinea pig are able to cleave folic acid 'in vivo' at the 

Co” Nio bond, forming a pterin and p-aminobenzoyl-L-glutamate, 

compounds which are further metabolized. This Chapter describes 

the study of the metabolism and handling of oral and intra-peritoneal 

doses of p-aminobenzoyl-L-glutamate by both normal and scorbutic 

guinea pigs. 

MATERIALS AND METHODS 
  

[3 , 5- Sy p-aminobenzoyl-L-glutamate was prepared as 

described in Chapter 2. Guinea pigs were made scorbutic by being 

kept strictly on a diet lacking vitamin C (see Chapter 2). 6 Male 

normal and 6 male scorbutic guinea pigs (2 seeaicis of 3 animals each) 

received either oral (1 normal group, 1 scorbutic) or i.p. (1 group 

normal, 1 scorbutic) doses of pABglu to which was added a small amount 

of the radioactive [3 , 5— 3. ] pABglu prepared. The dose 

administered, 242 ug/k g body wt. was equivalent to the amount of p- 

aminobenzoyl-L-glutamate as contained in the 400 ug/k g body wt. now 

used as standard amount for dosing guinea pigs. The collection of 

urine and faeces, hot ascorbate extraction of the livers and the freeze- 

drying and burning of the liver and faeces were carried out as described 

in Chapter Bie Figures quoted in Tables 4.1 and 4.3 are the average 

for groups of 3 animals used and figures in Tables 4.2 and 4.4. are 

those for pooled urine samples. 
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RESULTS AND DISCUSSION 
  

The recovery of radioactivity in the urine, liver and faeces 

from normal guinea pigs is summarized in Table 4.1. and for 

scorbutics, Table 4.3. Results show tremendous differences in the 

handling of a dose of cou] p ABglu not only between the normal and the 

scorbutic state, but also within a given state depending on the mode of 

administration of the compound. In the normal guinea pig, more 

radioactivity is recovered in the urine after oral administration (56.7%) 

than after an i.p. administration (33.2% ) (Table 4.1) but this situation 

is reversed in the scorbutic animal, where 56.4% is recovered after an 

oral dose and 73.8%, following an i.p. dose (Table 4.3). Chromato- 

graphic analysis of the pooled urine samples on Sephadex G-15 and on 

paper showed the presence of only two tritiated metabolites, p-aceta- 

midobenzoyl-L-glutamate (pAABglu) and p-acetamidobenzoate (pAAB). 

Their proportions, however, differ according to the mode of admin- 

istration and according to the vitamin C status of the animal. 

Following the administration of pABglu, normal guinea pigs 

excreted approximately equal amounts of the two metabolites (22.2% 

pAABglu and 27.2% pAAB) when the compound was orally administered 

but about 50 times more pAABglu (30.1%) than pAAB (0.6%) when the 

compound was administered i.p. (Table 4.2). This contrasted 

sharply with recoveries in the scorbutic guinea pig, which produced 

more pAAB (47.9%) than pAABglu (5.5%) after an oral dose (Table 4.4). 

evi



TABLE 4.1. 

Recovery of radioactivity in urine, liver and faeces, following the 

administration of [3 ,5- 9h] p-aminobenzoyl-L-glutamate (242 ug/kg 

body wt) to normal guinea pigs. Results expressed as mean % of the 

aL 

dose - standard deviation (shown in brackets). 

  

  

Uri : 
No. of Mode of re eee 

animals administration O - 24h 24-48 h (48 h) 

3 Oral mo» f.04,.0) GB. Ce 7) 0.3 

3 i.p. 33.2 (14.3) 3.4 (0.8) NDt 

Faeces Total 

(48h) (48h) 

19.0 (4.0) 79.5 

1.0; (0,5) 37.6 

NDt = Not Detected 
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However, although the scorbutic guinea pig produced more pAABglu 

(50.5%) than pAAB (17.1%) (Tables 4.2., 4.4), the pAABglu level was 

only 3 times higher than the pAAB level in scorbutics whereas it was 

50 times higher in the normal. No unacetylated metabolite (either 

p-aminobenzoyl-L-glu tamate was found excreted in any of the urine 

samples. 

The differences in handling the compound ee further highlighted 

in the way the normal and scorbutic guinea pigs handle (a) oral dose 

(b) i.p. doses of the pABglu. After an oral dose, normal guinea 

pigs excreted approximately equal amounts of pAABglu (22.2%) and 

pAAB (27.2%) (Table 4.2) but in scorbutics, the pAAB amount was 9 

times higher than the urinary pAABglu level. But following an i.p. 

administration, although normals excrete 50 times more pAABglu 

(30.5%) than pAAB (0.6%), in scorbutics, pAABglu level (50.5%) was 

only 3 times the level of pAAB (17.1%) (Tables 4.2., 4.4.). pAABglu 

still remains the dominant urinary metabolite when administered i.p. 

both in normals and scorbutics and pAAB is dominant only in scorbutics 

following oral administration. More pAABglu is excreted when 

administered i.p. to the guinea pig whether in the normal or scorbutic 

state. 

The livers of all the guinea pigs (normal and scorbutic) showed 

very low incorporation of radioactivity, if at all, irrespective of the 

3 
mode of administration of [ H].pABglu( Tables 4.1. and 4.3). 
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Excretion via faeces was higher wen the oH] pABglu was orally 

administered (normal 19.0%, scorbutic 12.8%) than when administered 

i.p. (normal 1.0%, scorbutic 1.7%) (Tables 4.1. and 4.3.). 

Liver extracts : Sephadex G-15 chromatography of the hot 

ascorbate liver extracts were carried out but the liver content of radio- 

activity (Tables 4.1. and 4.3) was too low for any of the chromatograms 

to be meaningful. 

This is in sharp contrast to that seen earlier with folic acid 

(see Chapter 3), especially where i.p. administration is concerned, 

when the liver incorporates a fair amount of radioactivity (Section 3.3). 

SUMMARY 

T. Following the administration (oral or i.p) of labelled Pe pAB- 

glu to the guinea pig (normal or scorbutic), radioactivity is 

recovered mainly in the urine and faeces but extremely little, 

if any, in the liver. 

2s Orally administered [oH IpABgtU results in fairly similar 

amounts of urinary radioactivity being excreted in normal 

guinea pigs, but, following i.p. administration, scorbutics 

excrete more than twice the amounts of normals. 

Sr. Following the oral administration of pABglu, PAAB is the 

dominant urinary metabolite, especially in scorbutics, where- 
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as, following i.p. administration, pAABglu becomes the 

dominant one in both normals and scorbutics. 

No unacetylated metabolite was found in any of the urine 

samples. 
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Sephadex G-15 chromatography of (a) 0-24h (b) 24-48h normal 

3 
guinea-pig urine samples after an oral dose of [s »0'9- HY] 

p-aminobenzoyl—-L-glutamic acid 

Dose 242 uug/kg body wt. 

135



in
 

f
r
a
c
t
i
o
n
 

r
a
d
i
o
a
c
t
i
v
i
t
y
 

% 

Fig, 452. 

pAABglu 

  
  

  
  

a pPAAB 

a — 3 

66. at 

24-4 2 

207 

171 

12-4 

8 a 

4 

II 

T T T T : 5 

10 20 30 40 50 60 

(a) 
Fraction No. (5 ml) 

pAABglu 

7 I 3 
—e—e— FF 

24 7 

pPAAB 

eo: re 

16 - 

12° 9 

S43 II 

4 4 

y T T T Atm — 

10 20 30 40 50 60 

(6) Fraction No. (5 ml) 

Sephadex G-15 chromatography of (a) O-24h (b) 24-48 h urine 

8 can 
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CHAPTER 5 

THE METABOLISM OF 5-METHYL TETRA- 

HYDROFOLATE IN THE NORMAL GUINEA-— 

PIS 

139



This Chapter describes the study of the metabolism in normal 

guinea pigs, of the monoglutamate, 5-methyltetrahydrofolate, a 

compound occurring widely in many foods (Shin et al., 1974; Chanarin, 

1979) and also identified as a major circulating folate in the serum of 

mammals (Herbert et al., 1962; Ratanasthien et al., 1974). The 

compound is concerned with many biochemical reactions in the body, 

particularly, the synthesis of methionine, which requires the presence 

of Vitamin Bio as coenzyme. 

In this experiment, the metabolic fate of the different parts of 

the 5-methyltetrahydrofolate molecule are followed by using the 

compound labelled either in the methyl position (as [5-'4c}-SMeTHF) 

or by using a mixture of the two radioisotopes, te-! 40} andl3.5' <7 {oO 

S4j-5MeTHF ‘ 

MATERIALS AND METHODS 
  

83 Normal Dunkin-Hartley guinea pigs (3800-400 g wt.) received 

-oral doses (400 pig/kKg body wt.) of a mixture of te-'4c] and [4;,5%7,e" 

ao 5MeTHF, prepared as described in Chapter 2. Another group 

of 4 normal guinea pigs were orally dosed with 400 ug/ kg body wt. of 

ts- 4C]sMeTHF (2yuCi per animal), commercially obtained. The 

prepared ais and [38', 5',7,9-°H]-SMeTHF is biologically active but 

caution is required over the use of the iS 6 MeTHF species, which 

is a 50:50 mixture of the two diastereoisomers, only one of which is 
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biologically active. The animals were then individually kept in 

metabolic cages designed for the separate collection of urine and 

faeces (see Chapter 2). The collection of urine and faeces, prepar- 

ation of hot ascorbate liver extracts, freeze-drying and burning of the 

liver and faecal samples and chromatography on column.and paper were 

carried out as described in Chapter 2. Creatinine was identified by 

co-chromatography with the authentic compound on Sephadex G-15 and 

its elution position determined by spectrophotometry. Figures 

presented in Table 5.1. are the average for the number of animals used 

and those in Table 5.2 represent the amounts for the pooled urine 

samples. 

RESULTS AND DISCUSSION 
  

The recovery of radioactivity in the urine, liver and faeces, 

following the oral administration of labelled 5-MeTHF to normal guinea- 

pigs is summarized in Table 5.1. Slightly more PCy (12.2% of the 

dose) than S (10.8% of the dose) is excreted in the 0-24h urine and 

much more eo in the 0-24h urine is excreted with te- 4c] 5 MeTHF 

than with similarly labelled ro- 40] folic acid (see Section 3.1). 

With the mixture of re 6) and [3', 5,7, OS HieSMeTHF , the liver 

incorporates 14% of tre administered ae dose, which contrasts 

sharply with the 5-MeTHF compound labelled in the 5-methyl position, 

where there is very little (1.2%) incorporation of radioactivity. 

14 
Following the oral administration of [5- C]-SMeTHF, 6% of the 
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Bie 14 
administered [ C] dose was recovered in the expired air in the first 

24h. 

The 0-24h and 24-48h pooled urine samples from guinea-pigs 

fed a mixture of te-'40} and [3',5', 7,9-°H] 5 MeTHF were sequentially 

chromatographed on DE-52 (Figures 5.1 and 5.2) and on Sephadex G-15 

CRigures’5.S (a) and.5.3(b)). The two DE-52 chromatograms 

(Figures 5.1., 5.2) show fairly similar features and the radioactive 

peaks have been assigned similar labels. Peak I 0140] eluting at 

about 0.10-0.12 [M] NaCl contains urea (see Section 3.1). Peak II 

has been characterized as 7H,0 by the identification criteria discussed 

in Chapter 3. The metabolite eluting at about 0.62-0.64 [M] Na Cl 

contained both radioactive species, cou] and t 40} (peaks IV and V of 

Figures 5.1, 5.2) and has been identified on both DE-52 and Sephadex 

G-15, and spectrophotometrically as 5-MeTHF. Peak III containing 

only one radioactive species cou has been identified by rechromato- 

graphy on Sephadex G-15 (Figures 5.3 (a), 5.3 (b)) and on paper as 

pAABglu and pAAB. A higher amount of the pAABglu metabolite 

was found in the 24-48 h urine (pAABglu/pAAB ratio 1:0.5) than in the 

0-24h urine (pPAABglu/pAAB ratio 1: 189). 

Liver extracts ; Sephadex G-15 chromatography of the hot ascorbate 

14 
extracts of the liver 48h after the oral administration of a [2@- C]- 

and [3',5',7,9--H}- 5 MeTHF dose is shown in Figure 5.4. The 

major radioactive peak eluted close to the wid volume in the position 
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of high molecular weight folate (folate polyglutamate). Small 

amounts of a metabolite containing both radioactive species appeared 

at fractions 35-39 andhas been identified as 5-MeTHF. 

The recovery of radioactivity in urine, liver, faeces and 

expired air after an oral dose of [5~4C}-SMeTHF is summarized in 

Table 5.1. and has been discussed earlier. DE-52 chromatography 

of the 0-24h and 24-48h urine samples are illustrated in Figures 5.5. 

and. 6.. Peak III has been identified as 5-MeTHF and peak II as 

creatinine. Peak I remains unidentified, but is not methionine (see 

Table 5.3). 

Liver extracts : Sephadex G-15 gel filtration of the hot ascorbate 

liver extracts is shown in Figure 5.7. It shows a high peak of radio- 

activity eluting at a position (Fractions 10-15) close to the void volume. 

SUMMARY 

1 
lie Following the oral administration of either [5- 40]-5MeTHF or 

! 14 3 ; 
a mixture of [2- C]- and [3',5',7,9- H] SMeTHF, radio- 

activity is recovered in the urine, liver, faeces, and expired 

air. 

1 
2. The liver was found to incorporate a higher amount of [ 7G) 

1 
radioactivity after oral [2- 40) 5MeTHE than after oral 

‘ 
[2- | “cy-folic acid. 
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14 
Following an oral dose of [2- C]- and [3', 5', 7, 9-°H]-5MeTHF 

the urine is dominated by scission products, notably pAAB. 

ast 
Following an oral dose of [5- C]-SMeTHF, the urinary 

metabolites identified were 5MeTHF and creatinine. 

Methionine was absent. 
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Fig. 5.3. Sephadex G.15 chromatography of (a) peak III from DE-S2 

chromatography of 0-24h guinea-pig urine (b) peak III 

'. of DE-52 chromatography of 24-48h guinea-pig 

urine, after an oral dose of [PH] and [4] labelled 

5 MeTHF Dose: 400 yig/kg body wt 
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Sephadex G-15 of hot ascorbate liver extracts 48h after an oral 

administration of | “4c -5-MeTHF to normal guinea-pigs 

Dose 400 xug/kg body wt. 
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CHAPTER 6 

THE METABOLISM OF 10-FORMYL FOLIC ACID 

IN NORMAL GUINEA PIGS 
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This Chapter describes the metabolism of a mixture of 

14 ae 3 : ee 
[2- C] and [8',5',7,9- H]-10 formyl folic acid in normal guinea 

pigs. 

MATERIALS AND METHODS 
  

10-Formyl folic acid (both radioactive and 'cold") were 

prepared as described in Chapter 2. 5 Normal male guinea pigs 

were orally dosed (400 yig/kg body wt) with a mixture of re-'4c] and 

[3', 5', 7,9--H]-10 formyl folic acid. The animals were then kept 

in individual metabolic cages designed for the separate collection of 

urine and faeces, food and water being provided ad libitum. The 

collection of urine and faeces, extraction of livers with hot ascorbate 

and the freeze-drying and burning of the liver and faecal samples 

were carried out as described in Chapter 2. Identification of 

metabolites in urine and analysis of gut flushings were carried out as 

described in Chapter 3. 

RESULTS AND DISCUSSION 
  

The recovery of radioactivity in urine, liver and faeces are 

: : : 3, 14 
summarized in Table 6.1. Considerably more [ H] than [ C] 

is excreted in the urine but excretion via faeces show nearly compar- 

able figures for the two isotopes. Incorporation of radioactivity in 

the liver is very low ( 1%), now characteristic of oral doses. 

Althaugh 48.5% of the administered (3H) radioactivity can be 

14 i 
accounted for in the samples analysed, the recovery of [ C] radio- 

155



TABLE 6.1 

Recovery of radioactivity in urine, liver and faeces of 5 normal guinea 

pigs, following an oral dose (400 xg/k g body wt) of a mixture of 

14 aoe 3 ; : 
[2- C] and [s8',5',7,9- H]-10 formyl folic acid. Results are 

expressed as the mean % of the administered dose 5 standard deviation 

(shown in brackets) 

Urine Liver Faeces Total 

0-24h 24-48h (48h) 48h 48h 

[3H J 835.14.6) 2.3 (0.5) ©5022) 5.8:(1,0) 43.5 

| C 
] AGES OY4O.5 (0/8). 8.8.60; 1) << * OHI. 8) 11.8 

TABLE 6.2 

Metabolites present in guinea pig urine following on oral dose of ru] 

1 
and [ 40] labelled 10-formyl folic acid (400 wg/kg body wt) 

Results expressed as % of administered dose 

14 3 3 3 
C peak I Ho [ H]pAABglu [ H]pAAB 10-CHOFA 

O-24h nom 1.4 1720 25.3 iit PAS ey 

14 
24-48h 14 0.2 0.3 tes O.5Tés C7 
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activity (11.8%) still remains very low. 

The 0-24h and 24-48h urine samples were sequentially 

chromatographed on DE-52 (Figures 6.1 and 6.2) and Sephadex G-15 

(Figures 6.3, 6.4 and 6.5). Because of the similarity in features 

of the two DE-52 chromatograms (Figures 6.1, 6.2), similar labels 

14 
have been assigned. The C peak I has already been discussed 

3 
(see Section 3.1). Peak II [ H] has been characterized as “0 

on the criteria earlier discussed (see Chapter 3). Peak III (xi- 

only), On rechromatography on Sephadex G-15 (Figures 6.3, 6.4) was 

resolved into two oH] components and identified respectively as 

pAABglu (minor metabolite) and pAAB (major metabolite) on both 

Sephadex G-15 and paper. Peak IV aaa, (which overlaps slightly 

with CoH] peak IIT) on rechromatography on Sephadex G-15 (Figure 6.5) 

was also resolved into two components eluting at fractions 18-22 and 

382-38 respectively. Fraction 18-22 contained both CoH] and fae; 

radioactive species and was identified as 10-formyl folic acid while 

3 
fractions 32-88 contained only [ H] and was identified as pAAB. 

Liver extracts : Sephadex G-15 chromatography of hot ascorbate 

liver extracts, 48h after dosing is illustrated in Figure 6.5. A 

very small peak containing both radioactive species elutes at a position 

close to the void volume (fractions 10-14) and another small peak with 

both Species at fractions 16-19. A major peak containing CoH] 

only elutes at fractions 21-26. 
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Sut flushings: De-52 chromatography of gut flushings 2h after an 

3 14 d : 
oral dose of [ H] and[ Cj] labelled 10-formyl folic acid show 10- 

formylfolate to be the major compound present, with small amounts 

3 
of H,0. No S-MeTHF or folic acid was present. (Figure 6.6). 

SUMMARY 

: Shes : 3 14 
AN Following the oral administration of [-H] and [ C] labelled 

10-formyl folic acid to normal male guinea pigs, radioactiv— 

ity was recovered in the urine, liver and faeces. 

a Chromatographic analysis of the urine samples showed very 

little of the administered 10-formyl folic acid to be excreted 

intact. 

Se The urine samples were dominated by scission products, 

notably pAAB. 

4. 2h after dosing, gut flushings contained mostly 10-CHOFA 

with small amounts of 7H,0. 
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Fig. 6.3. Sephadex G-15 chromatography of (a) Si peak III from 

3 
DE-52 of 0-24h urine (b) H peak III from DE-52 of 

24-48h urine, after an oral dose of labelled 10-CHOFA 

Dose: 400 zug/kg body wt. 
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Sephadex G-15 chromatography of peak IV from eos 
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Dose: 400 pg/kg body wt. 

162



% 
r
a
d
i
o
a
c
t
i
v
i
t
y
 

in
 
f
r
a
c
t
i
o
n
 

fic. 625. 

14 
C 

10-CHOFA SMeT HE 

18,4 

2a 

10 4 

  
  ' t 1 T 7 T 

10 20 30 40 50 60 

Fraction No. ¢5 mil) 

Sephadex G-15 chromatography of hot ascorbate liver 
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CHAPTER 7 

POLYGLUTAMATE FORMATION IN 

THE LIVERS OF NORMAL GUINEA 

PIGS 
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This Chapter describes the study of the biosynthesis of poly- 

glutamate in the liver of normal guinea pigs following oral doses of 

labelled folic acid. 

MATERIALS AND METHODS 
  

Normal male guinea pigs were orally administered with a dose 

(400 jug/kg body wt.) of a mixture of te-!40) and <fa,o., 7 oaten folic 

acid. Pairs of guinea pigs were killed 1, 2, 4, 6, 8 and 12h after 

dosing, the livers immediately removed and dropped onto boiling 

phosphate buffer containing ascorbate. Liver extracts were prepared 

as described earlier (see Chapter 2). Radioactivity in each of the 

extracts was measured before they were chromatographed on Sephadex 

G_iSs 

RESULTS AND DISCUSSION 
  

The amount of radioactivity recovered in the livers of the 

guinea pigs are summarized in Table 7.1. All the livers up to 12h 

after oral dosing (in this experiment), and up to 48 and 72 h after oral 

dosing in previous experiments (see Chapter 3) show very little 

incorporation of radioactivity. 

Sephadex G-15 chromatography of the respective hot 

ascorbate liver extracts are illustrated in Figures 7.1. -7.6. All 

3 14 
the chromatograms show a metabolite containing both [ H] and [ C] 
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radioactive species eluting at a position close to the void volume (in 

the position of folate polyglutamate) at fractions 10 - 15 and a peak 

labelled with rey] only at fractions 20 - 25. 

TABLE (ails 

Recovery of radioactivity in the livers of normal male guinea pigs 

1 
following oral doses (400 yug/kg body wt) of a mixture of [2- 46) and 

[S' 2a) 7,9-"H]-folic acid. 

Results expressed as % of administered dose. 

  

Liver radioactivity Liver polyglutamate 

3. 14. 3. ue 

Time after ee eee eee A ee ee 

dosing 

ig Oot O51 0.03 0.07 

2h On 0.1 ©.02 0.08 

4h on O72 0.02 OF 

6h tee at On > 0.4 0.4 

8h 0.6 0.4 0.3 0.3 

12h 0.6 0.4 0.02 O52 
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Figure’ 721. Sephadex G-15 chromatography of hot ascorbate liver extracts ; 

14 3 
lh after an oral dose of a mixture of [2- C] and[3',5',7,9- H] 

folic acid to normal guinea pigs. 

Dose: 400 ng/kg body wt. 
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Figure: 7.2. 

Sephadex G-15 chromatography of hot ascorbate extracts of normal 
2 : : : 14 guinea pig livers 2h after an oral dose of a mixture of fe. SS} and 

Lot, 8"% 7;9—" hj folic acid. Dose: 400 yig/kg body wt. 
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Figure:7.3. 

Sephadex G-15 chromatography of hot ascorbate extracts of 

livers from normal guinea-pigs 4h after oral dose of a mixture 

of co-'4c] and 13", 57, 79-3] folic acid. Dose 400 ng/kg body wt. 
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Figure 7.4. Sephadex G-15 chromatogra hy of hot ascorbate extracts 

of livers from normal guinea pigs 6h after an oral dose 

of a mixture of pac!4o7 and [3',5', 7,9--H] folic acid. 
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CHAP TER. 8 

DISCUSSION 
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The experiments described in the previous chapters bring in- 

to focus the complexity of folate metabolism not only in the guinea pig 

but in mammals in general. Marked species variation in the extent 

of urinary excretion of folate catabolites have been found to occur in the 

guinea pig, in the rat and in man. 

Following oral doses (Table 8.1) of either os or [3',5',- 

7,9-H]-folic acid or a mixture of both radioactive species, radioactivity 

was recovered in the urine, liver and faeces but little in the kidneys, 

heart, spleen, gut wall, stomach wall or in bile (Table 8.2). The 

major portion of the urinary radioactivity was excreted in the first 24 

hours immediately following oral dosing after which, there was a sharp 

decline in the 24-48h sample (Table 8.1). At oral doses of 160 and 

400 jug/kg body wt of a eanly labelled folic acid,. the major portion of 

the radioactivity was excreted in the urine and a smaller amount via the 

faeces, while the liver incorporated very little of the administered dose 

(Table 8.1). 

Following an oral dose of a mixture of [2 “ote and [3.0 ,7;o- 

S.4)-telic acid (400 ,ug/kg body wt), there was an imbalance in the radio-— 

activity contained in the urine and faeces. More [9H] (25.4% of the 

dose) than 4c] (3.4% of the dose) (Table 8.1) was excreted in the total 

urine (O-48h) whereas an excess of Co (35.3% of the dose) over oH] 

(16.8% of the dose) was found in the faeces, The differences in the 

1 
recovery of (Hy and [ 40) are statistically significant when compared 

UsTel)



@11q 
p
u
e
 

1
1
e
M
 
Y
o
e
w
o
 ys 

£
1
7
e
M
 

3
N
H
 

f
u
s
e
)
]
d
s
 

‘
s
X
o
u
p
1
y
 

*
q
u
e
e
y
 

ey) 
Ul 

B
S
O
p
 

S1Uj 
ye 

P
U
N
O
 
A
P
I
A
I
}
O
R
O
I
p
e
U
 

JO 
S]19AZ] 

M
O
]
 
A
U
Z
/
A
 

= 
* 

peultw4sejzeq 
ION 

= 
W
A
G
N
 

= 
“ 

“ 
ue 

(e° 
L
e
r
 

es 
i 

 
 

 
 

vl 

~ 
Ww3d 

N 
w
i
3
d
N
 

wIGd 
N 

(9°8) 
6°91 

[Ho] 
1euo 

oee? 
€ 

O°OL 
(
‘
1
 

ae*r 
> 

Ce’o) 
£0... 

4
'
o
O
s
'
e
 

G
a
r
e
 

[o, 
J 

1euo 
OLZEL 

S 

= 
u 

ul 
“ 

(
G
e
1
D
.
G
 

2S 
l
o
,
 
4
 

- 
w
i
d
 

N 
Ww3dN 

W
I
G
L
N
 

266°S) 
1 ‘rs 

[Hod 
yeuo 

OSOlL 
€ 

©°6r 
(g's) 

8°¢ 
(
1
°
O
)
 

8’ 
Coy 

G
D
 

GW") 
a’ 

bs 
lo, 

4 

Lith 
(e’e).2°o 

(
6
7
1
9
6
0
8
 

(
6
°
2
)
e
e
 

O
l
e
 
a
 

[Ho] 
a
t
 

oor 
e 

©’ Ov 
(s°6) 

©’*se 
(
‘
o
d
 

9"t 
C
'
o
r
v
'
o
 

(
6
°
0
)
0
°
E
 

fo, 
4 

b
e
r
 

(0 
*9) 

8°91 
G
o
l
 

c’t 
C
o
e
s
 

t2°s) 
e
s
e
 

[Hod 
yeuo 

~ 
oor 

9 

L° ev 
@*Ss) 

2°24 
(8°O) 

O
f
 

C
O
L
 

i
e
 
o
e
 
c
i
o
 
e
e
 

C
H
.
 

1e4uo 
oor 

v 

o°Sse 
(
a
:
v
o
'
e
 

(
6
°
)
 
2
°
4
2
 

( 
12 

te 
e
o
 ee 

[Hod 
yeuo 

O91 
9 

usr 
usr 

usr 
u
s
P
-
r
2
 

u
v
e
-
O
 

Cam 
ye}0_L 

s
o
o
o
e
-
 

UdSA17] 
o
u
l
u
n
)
 

A
p
o
q
 
6
4
/
6
)
 

l
e
g
e
]
 

U
O
o
l
y
e
U
u
j
s
l
U
u
l
L
U
p
e
 

p
e
u
e
j
s
 
1
u
l
L
u
p
e
 

s
y
e
u
i
u
e
 

A
V
A
I
O
e
O
I
p
e
U
u
 

JO 
A
u
e
A
O
C
S
e
u
 

% 
jo 

s
p
o
;
 

e
s
o
q
 

jo 
°ON 

 
 

*sjyey49eUq 
Ul 

U
M
O
U
S
 

UO1]VeEIAep 
P
u
e
p
u
e
j
s
 

: 

e
S
O
p
 

p
e
u
e
j
z
s
i
u
l
l
u
p
e
 

jo 
% 
u
e
s
 

se 
p
e
s
s
o
u
d
x
e
 

s
}
i
N
s
e
y
 

*
s
e
1
o
e
d
s
 

UjOWg 
jo 

e
u
n
j
4
x
i
w
 

e 
uo 

p1oe 
9110) 

[H 

-
2
'
,
9
5
,
E
]
 

uo 
-[D, 

-g] 
u
a
u
q
l
e
 

jo 
s
e
s
o
p
 

jo 
U
u
O
l
j
e
U
y
S
1
U
I
L
U
p
e
 

|} e
e
U
O
P
U
S
d
—
e
U
q
U
I
 

UO 
JeUO 

9y} 
B
U
I
M
O
]
]
O
J
 

s6id 
eoauinbB 

p
e
l
i
t
o
u
 

jo 
seoe~e) 

pue 
UdA1] 

foeUIUN 
9 

Ul 
A
I
A
I
Q
O
C
O
I
p
e
U
 
P
e
U
e
A
O
o
e
u
 

jo 
U
O
I
A
N
G
I
A
S
I
G
 

«-1°8 
A T
E
W
L
 

& 

176



Buisop 
w
e
y
e
 
Y
s
 

€ 

Buisop 
w
a
e
 

UuEe-e 
Ff 

Bulsop 
w
a
y
e
 
u
s
r
 

1 

 
 

 
 

L°O 
L°O 

t
e
n
 
YoeLUo4S 

G 

€°0O 
2°O 

a 
e
e
a
n
e
 

re 

€°O 
2
 

3 
s11g 

S 

L0°O 
zo’*o 

: 
u991dS 

9 

LOo°O 
€0°O 

: 
sKeup1> 

9 

ZO’O 
cO’O 

| 
e
e
H
 

S 

Oy 
He 

P
p
e
u
e
n
o
c
d
s
u
 

A
V
P
A
I
V
O
C
O
I
P
e
Y
 

S
p
I
N
n
|
J
/
S
E
N
s
s
i
 

LL 
s
y
e
l
u
i
u
e
 

JO 
“
O
N
 

a
s
o
p
 
p
e
u
s
j
s
i
u
l
u
u
p
e
 

jo 
% 
u
e
s
 

se 
p
e
s
s
e
u
d
x
e
 

s}1NseYy 

*pyoe 
O11 05 

~LH,-6°2 
9
 
%e] 

pue 
— 

lo, 
721 

JO 
9
u
n
)
x
i
t
u
 

e 
Jo 

(am 
A
p
o
g
 

6>/B6rY 
oor) 

S
e
s
o
p
 

1e4o 
HBulMmo}10J 

SPIN1j 
pue 

s
e
n
s
s
}
}
 

Ul 
A
y
A
l
q
O
e
O
I
p
e
U
u
 

jo 
A
U
u
s
B
A
o
o
e
y
 

o
e
 
S
n
o
 

Nel



in a paired 't' test in the urine and faeces (p < 0.92) but not significant 

in the liver, where the uptake of radioactivity remains very low (1.2% 

3 14 
of the [ H] dose, 1.6% of the [ C] dose (Table 8.1). A similar 

cas 3 Te : ; 
significant excess of [ H] over [ C] is observed in the urine of the 

14 3 : : 
rat and man and of [ C] over [-H] in their faeces (Table 8.3). 

Following the administration of an oral dose of 100 z1g/kg body wt of 

3 14 : : 
[-H] and [ C]-labelled folic acid to the rat, and of 71 dug/kg body wt 

in man, the rat urine accounted for 28.9% of the CoH] dose and 22.6% of 

14 
the [ C] dose while in man, the recovery figures were 32.0% of the 

1 

CoH] dose and 22.6% of the [ 40) dose (Table 8.3). 

However, in contrast to the guinea pig, the rat liver incorpor- 

ates a higher amount of the administered folate (19.1 % of the cou} dose, 

20.7% of the (40) dose) (Table 8.8) than does the guinea pig liver (1.2% 

of the (SH) dose, 1.6% of the c 40) dose). These figures could, 

however, give a misleading picture of liver synthesis of polyglutamates 

in the two species since the dose administered to the guinea pig (400 jug/ 

kg body wt) was four times the amount of that administered to the rat 

(Table 8.3). But, even if calculated on a weight to weight basis, the 

rat liver is found to incorporate more of the administered folate (2.5ug 

(Hy /gQ liver, 2.79 4c] / Q liver) than the guinea pig liver (0.2Qug 

(oH /gliver, 0.27 yg po /g liver (Table 8.4). The total folate 

content of the entire liver amounts to 19.5,ug for the (oH) dose and 

14 
21.1 zig for the [ C] dose inthe rat and 4.8 yg for the oH] dose 
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and 6.449 for the PCs dose in the guinea pig. Given that the 

guinea pig liver incorporates about 2% of the administered dose and 

that this is equivalent to 10% compared to the rat, for a 4-fold increase 

in the administered dose (100 ug/kg body wt in the rat, 400 ug/kg body 

wt in the guinea pig) (Table 8.4), effectively, the uptake by the guinea 

pig liver is one-fortieth that of the rat liver, demonstrating poorer 

recovery in the guinea pig, although bearing in mind that liver uptake 

does not increase linearly with dose. 

Chromatographic analysis of the pooled urine samples at 

various dose levels revealed the presence of a number of metabolites: 

urea, tritiated water, p-acetamidobenzoyl-L-glutamate, p-acetamido- 

benzoate and folic acid (Table 8.5). No reduced folate or folic acid 

could be detected in the urine at the lower dose levels of 160 or 400 ug/ 

kg body wt of [8', 8.7, -Folie acid. Scission products were the 

only metabolites present. There was, however, a trace amount of 

folic acid (Table 8.5) excreted when a mixture of ry and Pe 

labelled folic acid was orally administered at 400 pg/kg body wt and this 

amount increased to about 1% of the dose when the orally—administered 

dose was increased to 1050 ug/kg body wt (Table 8.5). Although 

folic acid was excreted intact at higher doses in the normal guinea pig 

urine, there was still no reduced folate present, either as a function of 

time or dose. 

The dominant metabolite int he urine of normal guinea pigs 
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after oral dosing was p-acetamidobenzoate (Table 8.5). Its percent— 

age however, decreased in the O0-24h urine sample as the level of the 

administered dose was increased (Table 8.5). The level of tritiated 

water followed likewise, decreasing with increasing dose levels (Table 

8.5). 

The underlying trends in the guinea pig of very small amounts 

of liver folate incorporated, the absence of any reduced folate in the 

urine and the presence therein of large amounts of scission products 

point to the fact that either (a) the folates are not reduced or, 

(b) polyglutamates are poorly synthesized by the liver or 

(c) there is slow absorption of folic acid. 

Poor reduction can be ruled out as analysis of bile and various 

body tissues (heart, kidneys, spleen, gut wall, and stomach wall) have 

failed to show any accumulation of folic acid anywhere in the guinea pig; 

nor is there any accumulation in the urine. 

The low incorporation of radioactivity by the guinea pig liver, 

following an oral dose of labelled folic acid has already been emphasized 

earlier in this Chapter. The results obtained (Table 8.1) therefore 

suggests that the guinea pig liver is unable to synthesize folate poly- 

glutamates. However, when the same dose of labelled folic acid 

(400 ug/kg body wt) is administered intra-peritoneally instead of 

orally, the guinea pig liver is found to accumulate an increased amount 
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of radioactivity (30.9% of the Hy dose, 14.8% of the t 40} dose) 

CTable aon: This demonstrates that the guinea pig liver can and does 

synthesize polyglutamates if the folate monoglutamates are available as 

evidenced by the high liver content of radioactivity incorporated without 

the obligatory intervention of the gut. 

14 
The amount of [ C] radioactivity incorporated in the liver 

and hence, the amount entering the animal suggests poor folic acid 

absorption in the guinea pig and certainly much slower absorption than is 

\ess 

seen in the rat due mainly to thefacid microclimate of the guinea pig gut 

(Lucas, M.H., and Mankornthong, P., personal communication). 

Guinea pig urine is dominated by folic acid breakdown products, some 

p-acetamidobenzoyl-L-glutamate and mainly p-acetamidobenzoate. 

The most likely explanation is of cleavage of the CONig bond in the 

guinea pig gut occurring relatively faster than the absorption process 

across the qut wall. 

C.-N,,. bond cleavage has already been suggested as a possible 
97.14.06 

metabolic route to folate catabolism (Blair, 1958; Murphy et al., 1978) 

in the rat, to give p-aminobenzoyl-L-glutamate and a pterin, which 

would undergo further metabolism. The presence in guinea pig urine 

of the metabolites p-acetamidobenzoyl-L-glutamate, p-acetamidobenzo- 

ate and urea and of EqeO., in the exhaled air lends support to the view 

that or Nio bond cleavage of the folic acid molecule occurs in the 

guinea pig and the products are further metabolized. Results so far 

obtained suggest that p-acetamidobenzoate is formed in the gut while 
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p-acetamidobenzoyl-L-glutamate originates from the tissues (Blair, 

1976; Connor, 1979; Pheasant etal., 1981; Saleh, 1981). A 

similar metabolic process is believed to occur in man (Saleh, 1981). 

Following the oral dosing of normal guinea pigs with 242 pg/kg 

body wt of [8, 59H) p-aminobenzoyl-L-glutamate (the equivalent 

contained in 400,09 of folic acid), a total recovery of 79.5% was obtained 

in the urine, liver and faeces (Table 8.6) while a similar dose 

administered intraperitoneally gave a total recovery of approximately 

half (37.6%) that amount (Table 8.6). Chromatographic analysis of 

the pooled urine samples showed in both cases, the presence of only two 

tritiated metabolites, p-acetamidobenzoate and p-acetamidobenzoyl-L- 

glutamate. The amounts recovered, however, varied according to the 

mode of administration. 

When the compound was administered intraperitoneally, 33.3% of 

of the dose (Table 8.7) was recovered as p-acetamidobenzoyl-L-glutamate 

but only 1 0% as p-acetamidobenzoate. In contrast, following oral 

administration, 23.5% of the dose was recovered as p-acetamidobenzoyl- 

L-glutamate and 28.7% as p-acetamidobenzoate (Table 8.7), indicating 

the formation of p-acetamidobenzoate to be a function of the guinea pig 

small intestine. 

A similar observation of orally administered p-aminobenzoyl- 

L-glutamate being metabolized to p-acetamidobenzoyl-L-glutamate and 
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to p-acetamidobenzoate in the rat and in everted sacs of rat proximal 

jejunum has been reported by Pheasant etal., (1981). They also 

noted that more p-acetamidobenzoate was formed when p-aminobenzoyi- 

L-glutamate was administered orally than intra-peritoneally and suggested 

that the formation of p-acetamidobenzoate is a property of the rat small 

intestine (Pheasant et al., 1981). 

The figures for total recovery of radioactivity (43.4% of the 

3 14 : [ H] dose, 40.3% of the [ Cj] dose) (Table 8.1) following the oral 

ie : 3 14 ; ‘ : administration of [ H]- and [ C)]-labelled folic acid to normal guinea 

pigs, account for rather little of the administered level of folate. 

14 
However, about 20% of the administered [ C] radioactive dose was 

14 
found present as CO, in the expired air, within the first 24 hours 

14 
following oral dosing. This amount of [ C] radioactivity together 

with that recovered in the urine, liver and faeces would therefore 

1 
account for approximately 60.3% of the orally-administered [ 40] dose 

in the normal guinea pig. 

The tritiated folic acid used in this series of experiments is 

labelled in the 3', 5', 7, and 9 positions with the tritium label distribut- 

ed as follows : 8',5'-position: 42.5%; 7-position: 25.5% and 9- 

position: 32% (Radiochemical Batch Analysis sheet H/2015/2, 

Amersham International Limited, Amersham, Bucks., U.K). Since 

a fairly high proportion of the radioactivity (57.5%) is distributed out-— 

side the p-aminobenzoyl-L-glutamate moiety, in the pterin portion of the 
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ring (positions 7 and 9), a correction is required for total folate recovery. 

At an oral dose of 400 xug/kg body wt of a mixture of 3H] and aore 

labelled folic acid, the proper values for folate recovery after adjust- 

ment are for p-aminobenzoate, 41.6% and p-acetamidobenzoyl-L- 

glutamate, 3.4%. These new figures added to the Pecoveny of: 1..2% 

in the liver and 16.8% in the faeces would give a total folate recovery 

value of 63.0% based on the recovery of the oH] compound. 

The formation of p-acetamidobenzoyl-L~-glutamate and of p- 

acetamidobenzoate through Co- N, bond cleavage in the gut followed O 

by further metabolism has already been mentioned. There are 

various ways by which folic acid may be broken down in the gut: 

it may be broken down itself or, reduced in the gut andbroken down by 

gut tissue, or gut bacteria; or, it may be reduced, then absorbed 

and the reduced folates broken down while being transported within bile 

to the gut. However, bile collected in cannulation experiments show 

very low levels of radioactivity present up to 7h after oral dosing (Table 

3.1.6), with no intact folate and some scission products, making this 

route of folate breakdown unlikely to occur. But, analysis of gut 

contents flushed 2h after the oral administration (400 uug/kg body wt) of 

cH] and EP ytabetied folic acid show a reduced folate to be present, 

S-methyltetrahydrofolate, together with scission products. AS 

there exists little possibility of back diffusion should the 5-methyl- 

tetrahydrofolate have been formed within the gut tissue the most likely 
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source of this compound would be its formation by reduction by 

bacteria present in the gut of the guinea pig. 

These gut bacteria would either break down folic acid as it 

appears in the gut, or, would reduce the folic acid first, then break it 

down afterwards. The chemical species brokden down could be folic 

acid, dihydrofolate, tetrahydrofolate or 5-methyltetrahydrofolate. 

Given the fact that tetrahydrofolate is the least stable of these compounds, 

it is the one which is most likely to undergo breakdown (Blair and 

Pearson, 1974). 

Normal guinea pigs were orally dosed (400 xug/kg body wt) with 

a mixture of poe 467- and ré?5', 7,92 Hins MeTHF, consisting only of 

the natural biologically—active isomer. The recovery of radioactivity 

in the urine, liver and faeces are summarized in Table 8.8 and show 

similar trends as seen with oral folic acid administration (Table 8.1) 

except for a few differences: 

14 
@) a greater amount of [ C] radioactivity was excreted in the 

urine 

Cin) the liver retained a higher dose of the administered radio- 

activity (Table 8.8) and 

Ciii) a greater amount of the intact 5-methyltetrahydrofolate (0.9% 

3 14 : : 
of [ H] dose, 0.9% of [ ‘C] dose) (Table 8.9) than intact folic 

acid excreted (trace amounts) in the urine following a similar 

dose of oral folic acid (Table 8.1). 
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The greater liver incorporation of labelled 5-methyltetrahydrofolate, 

‘ 14 
especially of [ C], suggests that the compound is more readily avail-— 

able to the guinea pig than folic acid. 

Although some 5-methyltetrahydrofolate appears as scission 

products, as evidenced by the urinary metabolites (Table 8.9), some 

5-methyltetrahydrofolate still passes across the gut intact. The 

compound therefore does not seem to be a strong candidate for scission. 

It can, however, be converted to a scissionable product by enzymic 

demethylation, e.g. tetrahydrofolate, which is then oxidized. The 

lability of tetrahydrofolate (Pearson, 1974) readily undergoing scission 

was mentioned earlier. Another source of scissionable products is 

the compound 5Me-5,6-dihydrofolate, identified in man (Ratanasthien 

et al., 1977) and formed by conversion of 5-methyltetrahydrofolate by 

transition metals (Gapski et al., 1971; Blair et al., 1975). 5S-Me- 

5,6-dihydrofolate can readily undergo scission in the acid microclimate 

of the gut (Lucas, 1979). 

The recovery of radioactivity in the urine, liver and faeces 

from normal guinea pigs following the oral administration of a mixture 

14 3 f ek ; : 
of [2- C]- and [8',5',7,9- H]-10 formylfolic acid is summarized in 

Table 8.10 and compe red to that of normal guinea pigs similarly dosed 

with labelled folic acid. The following differences are seen in 

re lation to the folic acid: 

Ci) a lower amount is excreted via the faeces and 
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(ii) @ higher @2mount is excreted in the urine and 

Citi) liver incorporation is lower, amounting to only half the values 

of the folic acid. 

Chromatographic analysis of the pooled urine samples following oral 

dosing with 10-formyl folic acid show the presence of a small amount 

of the administered compound but with large amounts of scission 

products, mostly p-acetamidobenzoate (Table 8.11). There is no 

evidence to suggest that the administered 10-formyl folic acid is first 

deformylated, then cleaved. It is most likely that the compound is 

first reduced, @25%% PEG "oes then deformylated and 
cleaved (evidence from gut washings, Chapter 6). 

Table 8.12 summarizes the radioactivity recovered from urine, 

liver and faeces, following an oral dose (400 xug/kg body wt) of a mix- 

ture of oH] and ts ‘Cifabetian folic acid to quinea pigs pretreated for 

10 days with the antibiotic 'Terramycin' (Kucers and Bennett, 1979). 

This antibiotic , however, may not clear the gut completely of bacteria. 

Although more potent bactericidal agents are Known, their use is rather 

restricted as they are lethal to the guinea pig. Comparison of the 

guinea pig pretreated with antibiotics show the Following differences in 

metabolism over their untreated counter-parts: 

ci) the liver retention of radioactivity is lower 

Cii) excretion of radioactivity via faeces is considerably reduced 

(Table 8.12) 

Ciii) large amounts of scission products appear in the urine and 
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Civ) a much larger amount of intact folic acid is excreted in the 

urine as opposed to a trace amount in the untreated guinea 

pigs (Table 8.18). 

The presence of intact folic acid in the urine (0.3% of the oH] dose, 

14 
0.4% of the [ C] dose) (Table 8.13) gives an indication of the 

possible role of gut bacteria in the conversion of folic acid to tetra-— 

hydrofolate. 

Normal guinea pigs, orally pre-treated with methotrexate 8h 

before dosing, also produced large amounts of scission products (Table 

8.14) following the oral administration (400 tig/kg body wt) of a 

mixture of re. toys ance. 5',7,9--H]-folic acid. Compared to 

the untreated guinea pigs (Table 8.14), methotrexate pre-treated 

guinea pigs produced in their urine a higher level of p-acetamido- 

benzoyl-L-glutamate, a lower level of p-acetamidobenzoate and a higher 

amount of intact folic acid (only a trace amount is excreted in the 

absence of methotrexate) (Table 8.14). This again points to the 

possible role of bacteria in the reduction of folic acid to tetrahydrofolate 

in the gut as MTX will stop this reduction stage. The significant 

re duction of p-AAB again suggests gut breakdown. 

The process of scission, which was found to occur with folic 

acid, is now extended to two more compounds, 5-methyltetrahydro- 

folate and 10-formyl folate. Results, so far obtained, confirm that 

folic acid is not the only species for scission as other foletes can be 
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converted to scissionable products, then cleaved. 

The routes shown in Figure 8.1 are the catabolic routes 

envisaged to occur in the guinea pig. Both folic acid and 10-formyl 

folic acid may be reduced in the guinea pig gut and enter the gut folate 

pools as THF or 10-formyl THF respectively. 

The surface pH of the guinea pig gut being more alkaline than 

that of the rat or man (Lucas, M.H., and Mankornthong, P., person- 

al communication) causes movement of folates across the guinea pig gut 

to be relatively slower than in the two other species. 

Any folate surviving scission is probably converted to 5-MeTHF in 

transport across the gut wall (Figure 8.1) and goes via the portal 

vein to the liver to be incorporated into polyglutamates. The move- 

ment of 5-MeTHF, the major serum folate in man (Ratanasthien et al., 

19877) across the gut wall does not involve prior demethylation, accord— 

ing to our present knowledge (Cooper, 1977; Kennelly, 1980). 

Because of the slower rate of transport across the gut wall in 

the rather alkaline microclimate of the guinea pig gut, scission occurs 

at a relatively faster rate. As no enzymic evidence of scission is 

available, the process is likely to occur by chemical oxidation. 

Scission is decreased in the presence of phenytoin (A. Guest, personal 

communication) but no increase was observed in the presence of pheno—- 

barbitone (Saleh, 1981) . 5-MeTHF is an unlikely candidate to 
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undergo scission since some 5-MeTHF passes intact through the gut- 

wall. Likely species appear to be DHF or THF, due to their 

inherent chemical instability. As DHF is an excellent substrate for 

DHF reductase and is rapidly converted to THF (Goldman, 1977), the 

latter is now the most likely candidate for scission. Another species 

likely to undergo scission is the compound 5-Me-5, 6-dihydrofolate 

formed by the oxidation of 5WeTHF in the gut (Ratanasthien et al., 1977) 

which can undergo Co Nio cleavage (Deits et al., 1976) under acidic | 

conditions. 

Several investigations have suggested that the possible 

catabolic route of folate would be via cleavage of the CoNy6 bond to 

give p-aminobenzoyl-L~-glutamate and a pterin (Blair, 1958; Weir, 

1974; Murphy et al., 1978). The identification of the derivatives of 

p-aminobenzoyl-L-glutamate (pAAB and pAABglu) confirms that CoNig 

bond cleavage does take place. 

TE is Suggested thet — 
f “fhe folates are. i 4 ca reduced by gut bacteria and the 

reduced folates cleaved by chemical oxidation. This is supported by 

the fact that a higher dose of folic acid is excreted as a urinary metabol- 

ite when the guinea pigs are pre-treated with methotrexate or with anti- 

biotics. The p-aminobenzoyt~L ~glutamate formed by cleavage in the guinea 

pig gut is metabolised to p-acetamidobenzoate, a function of the small 

intestine. | This is supported by studies on the administration of oral 

and i.p. doses of labelled p-aminobenzoyl-L-glutamate to ‘normal 
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guinea pigs (see Chapter 4). Results indicate that when orally 

administered, nearly all the excreted urinary radioactivity is p-aceta- 

midobenzoate (Table 8.6, 8.7). As bile contains extremely low 

doses of radioactivity (Table 8.2) and no folic acid or reduced folate 

(Chapter 3), biliary excretion of radioactivity followed by scission 

seems to be an unlikely route. 

Of the two processes occurring in the guinea pig gut, scission 

and transport across the gut wall, the latter appears to be relatively 

slower in the rather alkaline microclimate. In vitro studies showed 

that 10-CHOTHF and THF are the substrates for the synthesis of poly—- 

glutamates (Spronk, 1973; McGuire et al., 1979). 5-MeTHF may 

be incorporated into the tissue folate polyglutamate only after demethyl- 

ation, as occurs in the methylation of homocysteine to methionine. 

Following the oral administration of a labelled dose of (3H) 

and r *c}-folte acid, low levels of radioactivity were found in the 

livers of guinea pigs at 1, 2, 4, 6, 8 and 12h (Table 7.1) after dosing 

(400 xug/kg body wt) and also at 48h after dosing (Table 8.15). This 

radioactivity, associated mainly with polyglutamates, shows that folates 

through the obligatory function of the gut, are not available to the 

guinea pig liver for polyglutamate synthesis, rather than the liver is 

incapable of synthesising folate polyglutamates, since a greater 

incorporation of radioactivity is achieved (Table 8.1) following a 

similar dose of folic acid administered intra-peritoneally. The 
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presence of very low levels of p-acetamidebenzoyl-L-glutamate in the 

urine and its persistence on Day 2 again at a low level suggests that it 

arises by a metabolically distinct route from p-acetamidobenzoate 

which occurs in the urine in much larger amounts, especially on Day 1. 

p-Acetamidobenzoyl-L-glutamate is believed to arise from the break- 

down of tissue (liver) folate polyglutamate producing p-aminobenzoyl-L- 

glutamate and a pterin both of which are metabolized further. The 

detection of urea and aOe indicates that considerable degradation of 

the pterin ring system occurs ‘in vivo' in the guinea pig. A similar 

degradation of the pterin ring system also occurs in the rat producing 

CO, and urea, but as in the guinea pig, the mechanism of breakdown 

in the rat is still unclear (Pheasant et al 3 1981). 

The scission products in the 0-24h urine are thought to occur 

mainly by scission of the gut folates but the 24-48h pAABglu value may 

represent Ber outside the gut from folates incorporated in the 

tissues. Thus the 24-48h urinary pAABglu value may give a clue 

as to the extent of the tissue folete breakdown process and this can be 

calculated as 

% breakdown = — x. 100 

where x = % pAABglu in the 24-48h urine, corrected to total folate 

and y = % of administered rH] folate dose retained in the body at 24h. 

The results are illustrated in Table 8.16 as % breakdown I. 
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An alternative way of calculating the % breakdown would be: 

% breakdown = — oc? 1.00 

where x = % PAABglu in 24-48h urine, corrected to total folate 

and z= % roy dose in the liver at 48h. 

Results calculated by this method are shown in Table 8.16 as 

We breakdown II. 

Again the results can be misleading because of certain 

assumptions made: x represents scission from tissue folate in the 

24-48h period whereas Zz represents the amount of rH] radioactivity 

in the liver after 48h but not after 24:-h.-¢ - ‘ A correction 

factor is required and it was thought that (x/x+z) x 100 might give a 

better indication of percentage breakdown of tissue folates. This 

method of calculation is represented in Table 8.16 as % breakdown III. 

These percentage breakdown values, calculated in three differ- 

ent ways (Table 8.16), need to be interpreted with care because of the 

following assumptions made: 

(a) the calculations made are based on the premise that the 24-48h 

. PAABglu (after correction to total folate), represents break- 

down of body folates 

(b) that the error introduced is disregarded while counting pAA- 

Bglu in the 24—-48h urine but measuring liver folate at 48h 
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instead of at 24h (% breakdown II, Table 8.16) and 

(C) the total liver folate is not measured in man unlike in other 

species and hence, the late pAABglu in man will represent the 

whole body pAABglu, which is the only measurable pAABglu 

in man. 

In spite of these assumptions, certain trends can still be 

discerned in the table (Table 8.16) in that there is some agreement with 

one another in the three methods of calculations. It appears that 

retained folates (Table 8.16) are broken down at a much faster rate 

when folic acid is administered orally than intra-peritoneally. The 

table also indicates that the liver burden is reduced with folate admin-—- 

istered intra-peritoneally in the presence of methotrexate than in its 

absence, while scission is meaningfully increased. This increase in 

the rate of scission in the guinea pig has also been found to occur in the 

rat (Saleh, 1981), where MTX alters the normal metabolic processes by 

causing increased loss of radioactivity from tissues and the increased 

excretion of all normal catabolites. The greater percentage break- 

down of tissue folates that appears to occur (Table 8.16) in the presence 

of antibiotics need, however, to be investigated further as a greater dose 

of intact folate is excreted in the urine in the absence of antibiotics 

(Table 8.18). The administration of antibiotics to the guinea pigs 

before (10 days) and during (2 days) the experiment (Chapter 3) may 

interfere with the gut processes and cause liver damage as the pro- 
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duction of p-AABglu is virtually stopped. aie is still produced 

(pPAABglu:pAAB ratio, approx. 50:50) when [3, Be HjpABglU is orally 

administered to normal guinea pigs in the urine (Table 8.7), showing 

oral pABglu escaping scission. Antibiotics (Table 8.16) bring about 

a substantial amount of scission in the liver, as indicated by the % 

breakdown figures. The trends in the table also indicate a greater 

amount of breakdown when 5-MeTHF is orally administered and massive 

breakdown of tissue folates following the administration of 10-CHOFA. 

The compound is a known inhibitor of the enzyme dihydrofolate reduct- 

ase bothinvitro (Zakrewski, 1960; Bertina et al., 1965) and in vivo 

(Saleh, 1981). Inhibition will therefore lead to a build-up of dihydro- 

folate which would therefore lead to an increase in scission and hence, 

an increase in the amount of scission products in the urine. 

Urinary scission products were different to thos previously 

seen when an oral dose ( 400 zug/kg body wt) of te 4c] 5 MeTHF was 

administered to normal guinea-pigs. The compound which consists 

of an equimolar mixture of the biologically active and biologically 

inactive diastereoisomers, indicates the fate of the methyl position of 

the molecule. The recovery of radioactivity in urine, liver, faeces 

and expired air is summarized in Table 8.17 and compared to the 

recovery of pe-'4c] 5MeTHF, the latter being orally given at a similar 

dose mixed with [3', 5',7,9-°H] 5MeTHF (Table 8.17). The major 

portion of the radioactivity (24.0%) is excreted via the faeces anda
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substantial amount (6.2%) is passed out in the exhaled air in the first 

24 hours follow ng oral dosing. Urinary excretion of radioactivity 

is very low (5.3% total for 48h) (Table 8.17) compared to the te-'40} 

label (15.1% for 48h) and a very low level of radioactivity is incorpor- 

ated in the liver (Table 8.17). 

Urinary excretion of radioactivity following an oral dose (80 

hg/kg body wt) of 5-4] 5 MeTHF is much higher (54.0%) in the rat 

(Kennelly, 1980). It is associated mainly with 5MeTHF and is 

thought to be the biologically inactive isomer. Radioactivity in the 

urine is found to be associated with creatinine (Table 8.18), but more 

confirmation is required. Some 5-MeTHF (1.2%) is also excreted 

and this is most likely to be the inactive biological isomer. This 

lower recovery of SMeTHF in the guinea pig urine suggests intensive 

breakdown of the compound in the guinea pig. 

Folic acid metabolic studies in the scorbutic guinea pig shows 

a gradual decrease in the total recovery of radioactivity with increasing 

orally-administered dose levels (Table 8. 19). As with normal guinea pigs, 

there is an imbalance of radioisotopes with a considerable excess of [3H] 

1a 14 over [ Cj] in the urine but more [ ‘C] than 3H) in the faeces and in the 

liver (Table 8.19) at all three dose levels. 

The urinary metabolites were mainly scission products dominated 

by p-acetamidobenzoate, with a fair amount of intact folate excreted as 

falic acid (Table 8.20). However, an additional metabolite is found 
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in the urine at the two higher doses and is not seen in the urine From 

normal guinea pigs at comparatively similar dose levels. This 

metabolite, p-aminobenzoate, shows that the scorbutic animal is unable 

to acetylate completely p-aminobenzoate. A similar finding was 

made by Belavady and Banerjee (1954) who noted that scorbutic guinea 

pigs acetylated a lesser amount of injected p-aminobenzoic acid. 

Following an oral dose (242 jug/kg body wt) of p-aminobenzoyl-L- 

glutamate to the scorbutic guinea pig, (the amount as contained in 400 

Ag of folic acid), 56.4% (Table 8.23) were recovered in the urine and 

12.8% in the faeces (Table 8.23), The urinary radioactivity was 

associated mainly with p-acetamidobenzoate (Table 8 -24) demonstrat— 

ing, as in the normal guinea pig, the function of the small intestine in 

metabolising p-aminobenzoyl—-L-glutamate to p-acetamidobenzoate. A 

similar dose level of p-aminobenzoyl-L-glutamate given intra-—periton— 

eally to scorbutic guinea pigs produced a urinary excretion value of 73.8% 

(Table 8.28) which was found to be associated mainly with p-acetamido- 

benzoyl—L-glutamate (50.5%) and a small amount of p-acetamidobenz— 

oate (12.1%) (Table 8.24), 

In scorbutic guinea pigs, a smaller total recovery figure 

(38.3% of coy dose, Si 574 oF 040] dose) is obtained following the 

oral administration of folic acid than with normal guinea pigs (63.0% 

of CoH] dose, 60.3% of 40] dose) (Table 8.21). Fairly little radio- 

activity is incorporated in the liver in either state but excretion via 
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faeces is much higher in normal guinea pigs (16.8% of La dose, 

14 
35.3% of [ C] dose) than in the scorbutics (12.7 % of [oH] dose, 23.3% 

of 140] dose) (Table 8.21). 

A comparison of the urinary metabolites (Table 8 -22) shows 

that a greater amount of scission occurs in the normal guinea pig, 

producing increased amounts (17.9%) of p-acetamidobenzoate, with 

trace amounts of folic acid. Comparatively, the scorbutic guinea pig 

urine contains a smaller amount of scission products, still dominated 

by p-acetamidobenzoate but a much larger amount of folic acid (0.9% 

CoH] dose, 0.6% Roo dose) is excreted intact (Table 8.22), This 

may be due to decreased reduction in the gut and therefore, less mater- 

ial being available for scission. The poor recovery of “H,0 may be 

due to its distribution over the whole body. 

Table 8.25 gives comparative data of the urinary metabolites 

recovered when a dose (242 uug/kg body wt) of [3, Ee - p-Aminoben- 

zoyl—L.-glutamate is orally administered to normal and scorbutic guinea 

pigs and Table 8.26 summarizes the case for a similar dose administered 

intra—peritoneally. Both the normal and the scorbutic guinea pigs 

produce substantial amounts of p-AAB when the original compound was 

orally administered (Table 8.25) than when administered intra—periton- 

eally (Table 8.26), demonstrating that in the scorbutic guinea pig too, 

removal of the glutamate moiety is a function of the small intestine. 
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The rates of breakdown of tissue folates in the scorbutic 

guinea pig for the three oral doses administered have been worked out 

in a similar way to those of the normal and making similar assumptions 

Crabte 8.16). Results, so obtained, together with the liver burden 

of folates, are summarized in Table 8.27 and again, a great deal of 

care needs to be exercised in the interpretation of these results because 

of the assumptions. 

No clear trend can, however, be seen in the Table (Table 8.27) 

whereby the percentages obtained by the three methods of calculation 

agree with one another. Based on earlier assumptions, and also from 

evidence from the raw data, it would appear (Table 8.28) that a greater 

rate of liver folate breakdown occurs in the scorbutic guinea pig at 

~ whatever dose compared to the normal, although the scorbutic liver has 

a diminished capacity of incorporating orally-administered folate (Table 

8.21) than the normal. 

The model put forward for folate catabolism in the normal 

guinea pig (Figure 8.1) can now be extended to cover the scorbutic 

animal. Results indicate that in the absence of vitamin C and hence 

in scurvy, the guinea pigs reducing capacity is diminished, as evidenced 

by the much larger excretion of intact folic acid in the urine of the 

scorbutic animal (Table 8.22) as opposed to the normal. As the 

reduced bes are more prone to spontaneous chemical scission, 

failure to reduce totally the folic acid would result in the urinary 

225)



 
 

 
 

 
 

 
 

Ool 
x 

(z+x/x) 
se 

pezeinozeo 
[I] 

u
m
o
p
y
e
e
u
q
 

% 
(9) 

OOL 
x 

Z/x 
Sse 

p
e
y
e
t
n
o
j
e
o
 

I] 
u
M
o
p
y
e
e
u
g
 

% 
(gG) 

001 
x 

A/x 
se 

peyeinoyeo 
(J) 

u
m
o
p
y
e
e
u
g
 

% 
(vy) 

usr 
ye 

AW O
R
B
O
I
p
e
Y
 
9
A
]
 

[Ho] 
(e) 

(A 
se 

pojousep-—(ugr) 
seoees 

pue 
(Upg) 

oulUn 
Ul 

payeuoxe 
esop 

%) 
- 
%001] 

(a) 

x 
Se 

p
o
J
O
U
S
P
 

— 
9
7
e
1
0
J
 

1e}0} 
OF 

P
O
P
O
S
U
U
O
D
 
n
b
a
y
v
d
 
A
u
e
u
l
n
 

yY 
g
p
-
v
s
 

Ge) 

Ze°O 
9°9 

viby 
08 

62°O 
€°O 

L°€s 
bo'o 

S8lz 

02°0 
9's 

9° 
8% 

Ov 
ve’o 

9°0 
e
t
e
 

vs'O 
ces 

OL*O 
9° 

L°v9 
esl 

o"s 
6°O 

3°a9 
Go"l 

OOv 

M
e
e
e
 

| 
ee 
e
e
 

(9) 
1 

umop 
§$(g) 

II 
umMop) 

(y) I 
UMop 

42Al] 
Ul 

= 
peuTeyou 

—- ARIATOeOIpeU 
6
4
/
6
 

U 
8b 

7 
[Ho] 

4917] 
~
e
a
u
q
 

% 
—eoua, 

% 
P
e
e
t
e
 

oy 
1
%
 

¢5) 
Hy 

% 
(1) 

esop 
% 

9soq 

 
 

sBhid 
eeuinB 

913NqQuoos 
Oj 

ploe 
on10y-[H_-6 

“4.5 795,6] 

pue 
[9 

—-g] 
jo 

e
u
n
}
x
1
l
W
 

e 
yo 

S
e
s
o
p
 

jeuo 
HulMmo)]1oOj 

S
e
n
s
s
}
 

Apoqg 
Wwiouy 

Seze10J 
JO 

U
M
O
p
H
e
e
U
u
q
 
e
H
e
j
U
s
D
4
U
e
d
 

vi 

 
 

ie 
eo 
A
P
N
 1
 

226



OO| 
xX 

(2+*/x) 
se 

pezejNo1e9 
[]] 

u
m
o
p
y
e
e
u
q
 

% 
(Q) 

(oo|L 
x 

Z/x) 
se 

peye1no1e9 
J] 

U
M
o
p
y
e
e
u
q
 

% 
(g) 

(oo, 
x 

A/x) 
se 

peyeinsye9 
J 
u
m
o
p
y
e
e
u
q
 

% 
(vr) 

usp 
ye 

AQM1;0eO1Iped 
YdA1] 

[Ho] 
(e) 

K 
se 

pejouep 
—[(ygp—0) 

seoevy 
pue 

(Ypg-O) 
eulUN 

Ul 
peyeuoxe 

ssop 
%) 

— 
%001] 

(2) 

(x 
se 

pejouep) 
972105 

1230} 
07 

p
o
y
e
u
u
o
o
 

nNibayvd 
y 

sr—-vs] 
(1) 

 
 

 
 

o
e
 

-oe 
L°v9 

E81 
S°z 

6°0 
2°S9 

go*l 
913NqUOOS 

9 

0c‘0O 
8°L 

e
k
 

8°L 
i
a
 

o
t
 

€°9S 
v60°O 

y
e
w
4
o
N
 

9 

4
2
A
1
7
 

(bm) 
2 

4506 
Zi 

A 
(x) 

6/6r¥ 
1e]0_. 

CONN 
OOF 

B
O
 

se 
(z) 

(A) 
Kpog 

ul 
n
b
a
v
v
d
 

se 
eo 

eens 
s6id 

s
j
e
u
u
i
u
e
 

u
s
p
 

ye 
(Q)III 

uUMop 
(G) 

II 
uUMop 

(FH) 
I 
UMOpP 

Jel] 
Ul 

pourezeu 
§=AQIA1QOeOI1peU 

[
H
J
 

JOA 
—yeeuqg% 

 —-yeeuq% 
-wyeosuq% 

(Ee) 
[
H
J
 

% 
© 

Ce). 
TH oa 74 

(1) 
esop 

% 
esUuInd 

Jo 
"ON 

 
 

*Bid 
e
a
u
i
n
B
 

o
1
j
3
n
q
u
o
o
s
 

pue 
T
e
W
U
O
U
 

93} 
OF 

P1Oe 
o
n
o
s
-
[
H
,
-
6
°
2
 
1
9
]
 

pue 

t
o
,
 
-
2
l
 

Jo 
(QM 

A
p
o
g
 
6
4
/
6
r
’
o
o
r
)
 

e
s
o
p
 

jeuo 
ue 

Hu1mo)]1Oj4 
Sejze10J 

B
N
S
S
1
}
 

JO 
U
M
O
P
H
e
e
U
q
 
e
b
e
\
u
s
o
u
e
d
 

Jo 
u
o
s
S
l
u
e
d
w
u
o
g
 

8a. 
8 
S
g
i
a
v
e
 

eer.



excretion of intact folic acid. 

The greater rate of tissue bifate Broaiiben may be brought 

about by changes in the cytosolic redox potential in the liver. The 

scorbutic guinea pig liver has a more oxidising environment than that 

of thenormal (as shown by the NAD/NADH ratio) (Table 8.29) and 

would therefore result in a greater rate of folate degradation. When 

extended to other species, it is seen that human liver has more oxidat— 

ive conditions than rat liver, with a NAD/NADH ratio of 1871 (Saleh, 

198 4), which in turn is more oxidising than guinea pig liver (Williamson 

et al., 1967) with a NAD/NADH ratio of 725 (rat) and guinel pig liver 

(Garber and Hanson, 1971), ratio 293. The reduced cytosolic 

environment of the guinea pig might explain the greater rate of folate 

breakdown in the guinea pig and the lower rate in the rat and man. 

Although based on different time scales (8-24h urinary pAABglu in the 

rat and 24-48h in the guinea pig), the % liver folate scission calculated 

still show a greater rate of scission in the scorbutic guinea pig where 

the cytosolic capacity is considerably reduced (Table 8.29). 

Folic acid has been recognized as an essential nutrient in the 

guinea pig (Woolley and Sprince, 1945) and dietary deficiency is 

characterized by growth failure, poor survival and anaemia (Woodruff 

et al., 19598). Because of its requirement for folates like man, and 

becausc, like man, the guinea pig is prone to scurvy if the supply of 

vitaminc C is inadequate, the animal can provide some insight into folic 
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acid metabolism in man, using the animal model. 

4 The principal urinary folate in scurvy in man is 10-formyl 

folate (Cox et al., 1966; Stokes et al., 1975). Subsequent daily 

administration of ascorbic acid to a patient suffering from megaloblast- 

ic anaemia in scurvy caused a change in the main urinary folate from 

10-formyl folate to 5-MeTHF. As 10-formyl THF (a normal serum 

folate component) is readily oxidized in the body to 10-formyl folate 

and excreted essentially unchanged, the process will steadily withdraw 

folate from the serum folate pool, ultimately resulting in body depletion 

of folates and large urinary excretion of 10-formyl folates (Stokes 

et ai., 1975), A function postulated for ascorbic acid in man would 

be to reduce the rate of oxidation of 10-formyl THF and thereby keep 

the metabolic pool available (Stokes et al., 1975). 

In the scorbutic guinea pig, no change in the nature of urinary 

metabolites is observed except at very high doses when p-aminobenz—- 

oate is excreted in the unacetylated form. There is increased 

excretion of scission products (Table 8.22) and increased excretion of 

intact folic acid, presumably due to decreased reduction in the gut and 

hence, less material becoming available for scission. The scorbutic 

guinea pig liver also shows a greater rate of folate breakdown (Table 

8.28). 
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SUGGESTIONS FOR FURTHER WORK : 

The experiments carried out and described in this thesis leave 

many questions unanswered. 10-Formyl folate is excreted in man, 

largely unchanged (Saleh, 1981) but recent evidence (Pheasant et al., 

1981) suggests that there is extensive metabolism of this compound in 

the rat. In the guinea pig, the compound is metabolised to give 

largely scission products while the liver shows extensive folate break-— 

down to occur. The study of the metabolism of its reduced form, 

10-formyl THF, in both the normal and the scorbutic guinea pig would 

contribute substantially to the model of folate metabolism in the animal. 

The results of the breakdown of tissue folates following a dose of labelled 

folic acid to guinea pigs pretreated with antibiotics also needs to be 

further investigated because of the fairly high percentage of liver folate 

breakdown that appears to take place and also because the level of 

PAABglu produced is extremely low. 

Fukushima and Nixon (1980) have reported that micro- 

14 organisms located within rat caecal contents catabolised [2- Cae 

ee : Pi 14 a i pteridines under anaerobic conditions to CO, and it is possible that 

: : ; : ; 14 this may occur 'in vivo'. This emphasizes the need to measure EC] 

radioactivity in the exhaled air from both normal and scorbutic guinea 

: ; 14 Pigs, using different folates in order to account for more of the [ C] 

radioactivity which so far has been rather low.
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