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ABSTRACT

Previous work shows enhanced metabolism of tryptophan to nicotinic écid' .
‘ribonucleotide in both pregnant women and oestrogen-treated humans while
androgenic steroid éreatment diminishes excretion of urinary tryptophan metabolites,
Sex hormones may produce these effects by changes in the activity of liver

-tryptophan oxygenase, glucocorticoid-inducible enzyme catalysing the rate-limiting
step of tryptophan degradation. This possibility and the effects of sex hormones on’
tyro'sine aminotransferase and alanine aminotransferase, two enzymes similar to
tryptophan oxygenase,were theréfore investigated in rats. Sex hbrmones may modify -
enzyme activity th.rough changes in circulating corticosterone levels, so these were
also measured.

Methods for measurement of the three enzymes and a protein-binding
technique for the assay of corticosterone are described. -

The markedly increased activities of all three enzymes in oestrogen-treated -
females is not due to raised serum conicosteroﬁe levels since these remain u;lchange_d,
although the presence of circulating corti'costero.ne appears ¢ssential, as full
increases in enzyme activity are not found in oestroggri-treated édrenalécfomised -
or hypophysectomised rats.

Circulating androgens may inhibit effects of oest‘rOgen administration to males
s'ince oestrogen-treated intact rqales have lower tryptophan oxygenase activity tha.m -
do similarly treated females and orchidectomised males.

Castrated and androgen-treated intact females have diminished tryptophan
oxygenase activity, perhaps due to observed decreases in serum corticosterone levels.
Simila; treatment of males did not change eniyme activity or serum-corticosterone

concentrations, .



Neither testosterone propionate nor fluoxymesterone treatment modifies

hydrocortisone induction of tryptophan oxygenase although the latter decreases

tyrosine aminotransferase induction. ' '

Inhibitory effects of various steroid hormones on tryptophan oxygenase were

studied in relation to their structural features.

The relevance of these results to effects of pregnancy on amino acid-

e
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ABBREVIATIONS AND NOMENCLATURE

Throughout this thesis only those abbreviations included in the ‘Policy
of the Journal and Instructions to Authc;rs; published by the Bioche’mical Journal
(Biochem. J. 1971, 121, 1), have been used without pri.or_ definition, The
nomenclature of chemical compounds. and sub‘stituents, steroids and 'other

compounds of biological importance are also in accordance with these instructions
to autinors. Steroids are referred to by their recognised trivial name, while the
sjrstematic names, as indicated by the Biochemical ]c;urnal, are listed in
Appendix IL | | | |
L-Tryptopﬁan 2,3, dioxygenase (EC 1. 13. 1;12) is referred to as tryptophan“.
’ §xygenase, L-tyrosine:2 oxoglutarate aminotransferase (EC 2.6.1.5) as tyrosiné

aminotransferase and L-alanine:2 oxoglutarate aminotransferase (EC 2. 6.1.2) as

alanine aminotransferase.
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CHAPTER 1. A Brief Review of the Metabolism of Tryptophan to Nicoti'nic
Acid Ribonucleotide.
I. - The Tryptophan-Nicotinic Acid Ribomicleotide Pathway.
' II. Factors Affeéting thé Tryptophan-Nicotinic Acid Ribonucleotide

. Pathway.



The Tryptophan-Nicotinic Acid Ribonucleotide Pathway.

Tryptophan is one of the essential amino acids fozj,man and aﬁ adequate
dietary supply is necessary for ﬁorm_al profein synthesis. There are several
pathways available for tryptophan metabolism of which one of the most biologically .
important is the sequence of réactions culminating in S-hydroxytryp'tamine producfion.’ :
Tryptophan is also converted to indoleacetic acid by bacteria in the intestine and
this tdgether With other idole derivatives of tryptophan, suc;ﬁ as tryptamine,

. and.indolepyruvic acid are excreted in the urine after an oral load of the amino acid.

The pathway by which tryptophan is metabolised to nicotinic acid ribonucleotide
is quantitatively t.he. most important, although only a small pfoportion of the amino
acid is utilised along this I;athway. Only 1 mg nicotinic acid is obtained from 60 mg :
L-tryptophan, the remainder is diverted to alternative routes (Horwitt,. Harvey, e
Rothwell, Cutler and Haffron, 1956).

The sequence of reactidns which result-in nicotinic acid ribonucleotide
synthesis are summarised ;)n Fig. 17 The firsf step consists of rui)ture of tl';e
indole ring of tryptophan and takes place in two 'stages; tryptophan is initially‘
oxidised t.o. 'produce formlkynurenine and this .is follqwed by rapiﬁ hydrolysis to give
kynurenine (Knox and Mehler, 1950).. The oxidation reaction is catalysed by |
t'ryptophan‘ oxygenase, and formamidase is responsible ‘for the second reaction. '

These stages are discussed in greater'detail in Chapter 2.
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Fig. 1. The Tryptophan-Nicotinic Acid Ribonucleotide Pathway.
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Kynurenine is subsequently converted to 3- hydroxykynurenme by an
enzyme hydroxylating system present in both hver and kidney, namely L~ kynuremne-
 3~hydroxylase. TFor this reaction NADPH and molecular oxygen are both requn:ed S |
in stoichiometric proportions and oxygen is incofporated into the kyﬁurenine‘
molecule (de Castro, Brown, and Price, 1956; Saito,. Hayaishi, Rothberg and SeI'IO.Il?' o
1957). An additional requirement for a ﬂa\'rin cofactor was suggested by the
observation that I;ydroxylation was impaired in. ﬂavin-deficient rats (Charcbnnet-
Harding, Dagliesh and Neuberger, 1953; "Henderson, Koski and D'Angeli, 1955).
Okamoto and Hayaishi, (1966) using an outer mitochondrial enzyme fraction treated
with ammonium sulphate, have established that FAD acts as a c':b-enz.yme in the
reaction. | | | _
Alanine is split from the side chain of 3-hydroxykynurenine to yield 3-hydroxy-
anthranilic acid and it has been generally assumed, on the basis of work by ]akoby"l '
and Bonner, (1953a,Db) that the enzyme involved in this reaction, kynureninas»e,is» als§  »
résl‘)onsible for formation of anthranilic acid from kynureni;'xe. Pyridoxal 5-
phosphate is required as a coenzyme in both réactibns (Mason and Berg, 1952).
'Evidence that 3-hydroxyanthranilic acid is‘ an intermediate in the conversion"j
of tryptophan to nicotinic acid was provided by. the early wbrk of Mitchell, Nyc and |
‘0w'en, (1948) who found that 3-hydroxyanthranilic a;cid could replace tryptophan in
the diet of rats. At the same.time; Alberxt, Scheer and Daniel (1948) reported
" increased urinary excretion of N' -methylmcotmannde after administration of 3-
hydroxyanthranilic acid to rats, Hankes and Unvetsky (1954) subsequently confirmed
these observations by injectixig 014-1abe11ed 3-hydroxy§.nthramhc acid into rats and

isolating labelled N'-methylnicotinamide in urine.

<!
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Nicotinic acid is formed from 3-hydroxyanthranilic acid via quim‘)Iinic
acid (Fig. 1 ). The benzene ring of 3-hydroxyanthraﬁilic acid is cleaved
enzymatically between the carbons 3 and 4 to form the un'stable product a-amino-
B carboxymuconic- € -semialdehydé (Long, Hill, Weinstlock and Henderson, 1954;.
Mehler, 1956). This unstable intermediate may either recyclise spontaneously to -
produce quinolinic écid (Miyake, Bokman and Schweiéen, 1954) or, by another
reaction, catalysed by picolinic carboxylase, -enter a completely dégradative pathway -
which terminates in the formation of carbon dioxide via glutaryl CoA (Nishizuka, |
Ichiyama, Gholson and Hayaishi, 1965; Ichiyama, Nakamura, Kawai, Honjo,

Nishizuka, Hayaishi and Senoh, 1965). This.alternétive route for thg metabolism of -
| tryptophan provides a possible control point for ihe production of nicotinic acid, "sincé‘ :
high p-icolini.c carboxylase activity may divert the 3~hydroxyanthranilic ;cid into the

~ degradative pathway produciné carbon dioxide, rather than the foﬁngtion of nicoti‘nic.
acid ribonucleotide. Ikeda, Tsuji, Nakarﬁura, Ichiyama, Nishizuka and Hayaishi, -
(1965) showed that the inability of the cat of utilize tryptophan in place of nicotinic acid
is explained by its high activity of liver picolinic carboxylase. |

Quinolinic acid was found to be an intermediate product in the _fonna;i;n of

nicotinic acid ribonucleotide by Hankes and Segal, (1957) who demonstrated that a
proportion of qui;lolinic acid labelled with tritium in the bgnzene ring was excreted in
the urine as N' -methylnicdtinamide. The position of quinolinic acid as an interme_diate
‘on the pathway of nicotinic acid ribonucleotide synthesis was confirmed by Nishizuka ~.

and Hayaishi, (196‘3).using Cl4-labelled 3-hydroxyanthranilic acid. In gddition, .

| they established that nicotinic acid itself is not involved in this sequence of reactions,
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which proceeds via quinolinic acid ribonucleotide. Earlier experiments of Feigel_sdn; .
, Williams and Elvehjem, .(1951) had indicated this possibility by showing that rats - B
fed a tryptophan-free diet since weaning had lo.w liver NAD levels, which were |
restored to normal by supplementation with try;latophe‘m,A but not affected' by
administration of nicotinic acid;

Side-Reactions of the Tryptophan-Nicotinic Acid Ribonucleotide Pathway.

There é.pe several side-reactions which provide alternative metabolic fates
. for the various intermediates along the tryptophan-nicotinic acid ribonucleotide '
pathway.,

Kynurenine Metabolism

Kynurenine is split by hydrolysis to give anthranilic acid and alanine, a
. similar reaction to that already described for 3-hydroxykynurenine. Kynurenine also
undergoes further transamination to produce kynurenic acid.

3 -Hydroxykynurenine Metabolism .

' Xanthurenic acid is formed as the transamination product of 3-hydroxy-
kynurenine and thq reaction depends upon the prééencé of pyridoxal S-phosphate as a f
cofactor (Wiss, 1953). The 3-hydroxykynurenine aminotransferase responsibl;a for
this reaction is located both in liver and in kidney cells. The urinary level of

"xanthurenic acid is high after admilnis’tration of tryptophan to pyridoxine-deficient
animals (Lepkovsky, Robez and Haagen-Smit, ‘1943) and xanthurenic acid levels are‘ . |
- often used as an index of vitamin B deficiency. | |

6
3 -Hydroxyanthranilic Acid Metabolism

Picolinic acid is formed from 3-hydroxyanthranilic acid, via the same.
intermediate as in the formation of quinolinic acid, namely a-amino-g8 -carboxymuconic

€ -semialdehyde (Mehlex, 1956). The production of picolinic acid is catalysed by
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the enzyme picolinic carboxylase, The activity of this enzyme is increased in.allc_)xan-,
. diabetic rats, which also' excrete less N'-methylnicotinamide in the urine after a - |
| trypfophan load than do normal rats (McDaniel, Hundley and Sebrell, 1956).
Administration pf insulin reverses t'his'change (Mehlér. McDaniel and Himdléy, 1958)
and these observations together with the investigation into the tryptophan metabolism :
of the cat, which cannot replace dietax_& nicotinic acid with tryptqphan due to high' i
picolinic carboxylase activity., -indicate that the reaction catalysed by this enzyme
may prove to be another control point in nicotinic acid ribonucleotide synthesis.
Further work by Mehler, Yano and May, (1964) and Ikeda, Tsup. Nakamura,
Ich1yama N1sh12uka and Hayaishi, (1965) have provided additional evidence in support
of this conclusion. Both groups of workers found that 1ncreased p1col1mc carboxylase
‘a'ctivity in alloxan'-dlabeuc rats is accompanied by diminished NAD synthesis frqm
tryptophan.
The degradation of 3-hydroxyanthraniiic acid to carbon dioxide has been

'Stlldled in detail by Nishizuka, Ichiyama, Gholson and Hayaishi, (1965). They

found that the degradation occurs by a diversion from the main tryptophan-mcoUmc
acid ribonucleotide pathway at the formation of a-amino-g8 carboxymuconic- € -
semialdehyde and that a-oxoadipic acid' and glutaryl CoA are both formed prior to
- carbon dioxide. Picolinic acid is not an infermediate on this pathway although it is
formed from a-amino-3-carboxymuconic- € -semialdehyde by spontaneous closure
‘of the benzene ring. The unstable aldehyde is also degraded further via glutaryl |
CoA to produce carbon dioxide.

Nicotinic Acid

Némethylnicotinamide and N'-methyl-2-pyridone-5-carboxamide (2-pyridone)

are thé two principle urinary metabolites of nicotinamide in man (Ellinger and Abdel



Kader, 1949; Knox and Grossman, 1947). Administration of nicotinic acid to-

human subjects results in the major part of the compound being excreted as 2-
pyridone, which is synthesised via amidation, methylation and oxidation (Walters,

Brown, Kaihara and Price, 1955). Although most of an oral dose of L-tryptophan

is degraded to carbon dioxide via the "glutarate" pathway, as discussed previously in =

this Chapter, there is also a marked increase in excretion of 2-pyridone after
tryptophan administration which is often determined as representative of the end;

product of the tryptophan-nicotinic acid pathway (Price, 1958).

Con |




Factors affecting the Tryptophan-Nicotinic Acid Ribonucleotide Pathway.

1. Vitamin B 6 Deficiency.

Pyridoxal 5-phosphate is required as a coenzyme for several of the reactions

on the tryptophan-nicotinic acid rib;)nucleotide pathwéy and the production of
3-hydroxyanthranilic acid, kynurenine acid and xanthurenic acid ié dependeiut on
pyr;doxal S-phosphate as a coenzyme, as de;scribed earlier in this chapter.

The levels of xanthurenic acid excreted in the urine has been regarded as aﬂ .

index of vitamin B 6 deficiency in man, although several workers rely on the ratio of o

3 -hydroxykynurenine excretion to that of 3-'hydroxyanthranilic acid (O'Brien and

Jensen, 1963; Heele'y; 1965).

- The pattern of the urinary excretion of tryptophan metaboliteé during dietarf |
vitamin B 6 deficiency has been investigated in detail by Yess, Price, Brown, Swan |
andbLinkswiler, (1964). Without administration of a tryptdi:han load, kynurenic a;:id |

levels were lower and kynurenine levels higher than they were before depletion of the |

vitamin. After tryptophan loading, kynurenine, 3-hydroxykynurenine, kynurenic,

. xanthurenic and anthranilic acids wexre all excreted in larger quantities due to vitamin

-

B .deficiency. When the effects of the vitamin depletion on tryptophan metabolism

6

were maximal, 3-hydroxykynurenine was excreted in the laﬁ:ges; quantity followed by -

kynurenine and xanthurenic acid, although in all cases, kynurenine, 3-hydroxy-

kynurenine and xanthurenic acid levels were raised. From these results, it may

"be concluded that a &ietary deficiency of vitamin B 6 affected the activity of

kynureninase, which converts kynurenine to anthranilic acid and hydroxykynurenine .
to hydroxyanthranilic acid, more than the kynurenine aminotransferase which
catalyses the conversion of 3-hydroxykynurenine to Xxanthurenic acid.” Thus, 3-,

hydroxykynurenine may accumulate, although it is still metabolised to xanthurenic x

acid.
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Diminished N'-methylnicotinamide excretion, after a tryptophan load in |

v1tamm B 6 deficient rats (Schweigert and Pearson, 1947; Rosen, Huff and -

- Pearlzweig, 1947) and reduced levels of hepatic pyridine nucleotides (Kring,
Ebisuzaki, Williams and Elvehjem, 1952) are botli consistent vilith the proposal
that depletion of the coenzyme results in a metabolic block on the pathway at t‘he '
reaction converting hydroxykynurenine to hydroxyanthranilic acid. The work of
Yess ec al, de.scribed previously, indicates that the enzyme catalysing this step
is especially sensitive to vitamin B 6 ' |

' Schweigert and Pearson, (1947) and Rosen and co-workers (1947), Brown, Yess,

deficiency. In contrast to the results of

Price, Linkswiler, S\iran end Hankes, (1965) did not obsei'iie any alteration in the,
" levels of nicotinic acid, 2-pyridone or N'-methylnicotinamide, after adrninist:ation - |
of a tryptophan load to human subjec'ts.;_oxi a Iow‘.vitamin By diet. Quindlinic-acid y
levels were raised in these subjects.r It is possible ‘that_: the high protein-low
pyridoxine dietai'y regime used by Brown et al in‘their study may not have resulted -
in a sufficiently severe vitamin deﬁciency to affect Iiicotinic ecid metabolism, o
Kring and co-workers (1952)'employed a combination of vitamin B 6 deficient diet and‘: | '.
desoxypyridoxine, a vitamin B 6 antagonist, in order to obtain dimimshed Iiver
pyridine nucleotide synthesis.

The Administration of Adrenocorticoids

Tryptophan oxygenase, which catalyses the first step on the tryptophan-
‘nicotinamide pathway, is inducible by glucocorticoids. The mechanism and

significance of this will be considered in detail in Chapter 2. Studies with



hoépital pé,tients have shown that intramuscular injection of hydfocortisone,
followed by a Sg tryptophan lo;a.d resuh;s in both increased liyer tryptophan
oxygenase activity and urinary excretion of kynurenine &Altmann and Greengz.;.rd.,‘ . g
1966). It is possible that increased tryptophan oxygenase Ievélslmay result in
tiae rapid. production of large quantities of kynurenine from-the tryptophan in the
oral load, which may exceed the capacity for metabolism by the other enzymes- -
- of the pathway. Raised levels of urinary kynurenine would result from such a
situation,and it has been suggested that the amount of this metabolité excreted in
the urine is an index of tryptophan oxygenase activity (Curzon and Bridges, 1969,).' -
In the rat, treatment with cortisol produced increases in kynurenine, 3-hydroxy-"
'kynurenine and ‘o-aminohippuric acid (dérived from é.ﬁthranilic acid) but
xanthurenic acid and N'-methylnicotix;amide remained unchanged (Tencorﬁ and
Pasquariello, 1967).
| Further studies with human subjects treated with hydrocortisone, . givenas
an intramuscular injection, followed by a 5g tryptopﬁan load, resulted in elevated
levels of 3-hydroxykynurenine, xanthurerﬁc acid, ‘and 3-hydroxyanthranilic acid, '
together with kynurenine,although 2-pyridone levels remained unchanged. If
pyridoxine was gi’ven before administrationv of the tryptophan load, these increases
in the .levels of urinary metabolites were prevented (R&se and McGinty, 1968)..
e may be that.the increased kynurenine produced by cortisol induction of tryptophan
‘oxygenase results in a "relative" deficiency of pyridoxél S5-phosphate, so that'there. :
is insufficient coenzyme available t6 metabolise the excess substrate. The patte1;n '
of metabolites produced by glucocorticoid administration is similar to that observed
. by Brown and co-workers in subjects given a diet low in lpyridoxine‘, discussed |

previously in this Chapter and this seems to support such a conclusion.
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The diminished level of 3-hydroxyanthranilic acid observed by Rose and
McGinty (1968) after pyridoxine administration to cbrtisol-treated subjécts iﬁdic.ate"s
the possibility that the metabolism of tryptophan was facilitated to a sﬁage beyorid
the formation df this metabolite by pyridoxine treatment. These authors, hoWever,
observed that 2-pyridone waé unaffected by this treatment, and Wolf (1969) h;ls sl'_xowﬁ :
reduced urinary excretion of both 2-pyridone and N'-methylnicotinamide after |
coxtisol treatment and a 2g dose of L—tryptophaﬁ. One possibility is .tl'mat tk;e
- increased amount of tryptophan entering the pathway, after administration of the
tryptophan load, is diverted away from n_icbtinic acid ribonucleotide production undef;l
l. the influence of picolinic carﬁoxylase .into the degfadatiﬁre_a.ﬁathway 'of‘ éarbon dioxide :
' fomaﬁon via glutaryl CoA. | | | |
- Oestrogens

Adult females excrete larger amounts of kynurenine, 3-hydroxykynu:;emhe, ,‘
xanthurenic, kynurenic and 3-hydroxyanthranilic acids than adult males after a |
loading dose of 100 mg L-tryptophan/Kg body weight (Michael, Drummond, Doeden, :
Anderson and Good, 1964). ,'Rose, (1967) has also.demonstrated a sex diff;reﬁce in
tryptophan metabolism with a fixed Sg dose of L-tryptophan, which was nbt evident
with the smaller dose of 2g L-tryptophan. | In the same study Rose investigated the :::
hormonal basis fox this sex difference by studying tryptophan metabolites in groups‘
of young w&men, post menopausal women and men., In the ﬁfst groups, 3-hyd,roxyv- B

: kynurenine, xanthur.eﬁic acid and 3-hydroxyanthranilic acid levels wexre all e,levated,v,
while with the older women and men the levels were l@er and there was no |
significant difference between the two groups. These observations imply that it i.s. .
the hormonal activity during the reproductive years that afe responsible for the |

increased levels of metabolites in the younger women.



Women studied throughout the menstrual cycle secreted higher levels of
3 -hydroxykynurenine after ovulation than i:mmediately after menstruation (Browh
. Thoxnton and Price, 1961). In this study a 2g load was used, but with a 5g load
Ros.e, (1967) demonstrated increased excrétion of xanthurenic and 3-hydroxy-
, 'authraﬁilic acids, in addition to 3-hydroxykynurenine, after ovulation. Itis
suggested that the_ increased oestrogen secretion at ovulation (Billings, Billings, |
Brown and Burger, 1972) and the higher oestrogen activity during the reprodqct_:ive
years are responsible for these high levelé of metabolites.

Spﬁnge. Lowy, Folsome and Behrson, (1957) reported increased xanthurenic
acid secretion during pregnancy in the human, and these levels were returned to |
| n.ormal following treatment with pyridoxine. In addition, increased kynurenine, R
: 3-hydroxykynurenine, and kynurenic acid obserwed in the pregnant women, were all -
| reduced by administration of vitamin B 6 (Wachstein and Lobell, 1954). Thgse '
’changes in tryptophan metabolisrh were considered due to an increased foétal
‘requirement foAJ.~ vitamin B . ‘

6

for this proposal was obtained by the demonstration of diminished plasma pyridoxal |

resulting in a vitamin B deficiency in the mother. Support

5-phosphate levels in maternal blood at term (Wachstein, Moore and Graffeo, 1957).
- The extensive studies of Brown, Thornton ‘and Price, (1961) of tryptophan metabolisx:n‘ _v~'
during pregnancy provided an indication that the abnormal metabolite excretion |
i)attern obéerved during pregnancy was not simply a result of vitamin B 6 deﬁciency.
- These workers showed that with no tryptophan load, the levels of kynurenine,
3-h3;droxykynurenine and xanthurenic acid ;n fhe urine were all elevated in the pregnai;

‘women, After administration of a 2g load of L-tryptophan, large quantities of



acetyl kynurenine and 2-pyridone were excreted in addition to the metabolites

measured previously. Hernandez, (1964) found that the levels of 3-hydroxy-
anthranilic acid and N'-methylnicotinamide were increased in pregnancy after

tryptophan loading. Although the increased levels of urihary Kynurenine, 3-hydroxy-

‘kynurenine and xanthurenic acid in pregnancy, observed by Brown et al may be due

to vitamin B 6 deficiency, the raised excretion of nicotinic acid metabolites repoi'téd

by these workers and by Hernandez (1964) suggest that the hormones of pregnancy

' exert some effects on the pathway so that there is an enhanced metabolism of

‘tryptophan to nicotinic acid ribonucleotide.

A similar pattern to that shown for the pregnant women has also been -
described for human subjects treated with oestrogens. Rose (1966a) and Price, '

Thornton and Mueller, (1967) found increased excretion of xanthurenic acid

‘after a 5g or a 2g load of L-tryptophan in women taking oral contraceptives containing .
'oestrogen. As part of the same study, Rose showed that male subjects treated
" with oestrogens alone have an identical pattern of tryptophan metabolites to that - -

described for women taking the contraceptive pill.

e .

Although the excretion of 2~pyridone is increased in pregnancy (Brown et al,'_

1961) it is normal in women taking oestrogen-containing contraceptive preparations.

However, the excretion of N'-methylnicotinamide is raised in these women (Rose,

' Brown and Price, 1968) as it is in oestrogen-treated male subjects (Wolf, 1969). .

" Administration of pyridoxine did not affect the excretion of nicotinic acid derivatives

after oestrogen treatment, although the levels of the other metabolites were returned

- to normal (Price et al, 1967).
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The ilevel of tryptophan metabolites in women taking ‘the progestational ;
contraceptive, megesterol acetate,was not altered from the control group (Rose
and Braidman, 1971). This suggests that the progestationa‘l'éomponents of the
contraceptive steroids may not affect tryptophan metabolism, although norethynodrel |
may be an exception to this,since it is partially metabolised to oestrogenic compour.xds.v
The effects of both pregnancy and oral contraceptive steroids or;.tryptopha'n' o
metabolism, outlined in this Chapter appear,therefore,to be a consequence of
. .increased oestrogenic activity. Rose suggested that the abnormalities of t1:yptopha;n' |
métabolism were a consequence of the accumulation of oestrogen conjugates. The
,sulphate esters of these hormones, may inhibit the activity of the pyridoxal 5- o
phosphate-dependent enzymes on the pathway, by competitidn with the cof:a;ctor for
binding sites on the apoenzyme. This explanation accounts for the reversal of the |
7 chaﬁges in excretion of metabolites by administration of pyridoxine to oestrogen-
treated or pi‘egnant women, | Mason.and Gulleksqn, (1960) reported théf rat kidney | -
‘ kynurenine was competitively inhibited in vitro fof cofactor by oestrogen c.onjugates‘.'- }
Kidney kynurénine aminotransferase activity is higher in males than in.females and '- |
ovariectomy produced increases in this enzyme (Mason, Ford and Wu, '1969).
Although oestrogen administration to rats produ’ced diminished enzyme activity in
'the l&dney, the liver enzyme was not suseptible t‘o this treatment (Mason et al, 196§ -
Rose and Bfown, 1969a). )
The activity of kynureninase in the livgrs of male Tats is higher than in
females (Mason and Gullekson, 1960). This has been confirmed recently by.Rose andv
. Brown (1969a) who showed further thgt liver kynureninase was decreased in oestrogen-

treated male rats, but not in similarly treated female rats,



An alternative explanation was put forward by Rose (1966b) to account for .
the effects of pregnancy and oestrogen treatment on tryptophan metabolism. He
proposed that oestrogens increase the‘activity. of some eniymes on the pathway so'

- that when the amount of tryptophan available for metabolism is increased, after thé ',' |
administration of a tryptophan load, there is insufficient vitamin B, available to

6

fulfil the enhanced requirement for cofactors. A state of "relative" vitamin B

-

6

deficiency would thus arise. The effects of oestrogens on rat liver tryptophan
oxygenase, which catalyses the first step on the degradative pathway are reported
in Chapters 5 and 7.

The Effect of Androgens

There is little published information on the effects of androgens on tryptopihan '

metébolism. McGinty and Rose (1969) have shown that mesterolone administrationﬂAv
.to human subjects result;-:d in diminished levels of 3-hydroxykynurenine, 3-hydroxy-
anthranilic acid and kynurenine in urine after a tryptpphan load. Meth\yltestosterone
hada stimixlatory effect on the excretion of these metabolites and these authors

suggeét that the presence of a A443 oxo group in this steroid derivative enables ‘
metabolism to oestrogens to take place resulting in the increased levels of metabolites.
Mesterolone does not possess this group so that aromatization of ring A does not -
take place. Administration of both steroids impaired the résponse of the

metabolites to cortisol treatment. = These authors suggested that full induction of

)
»

‘tryptophan oxygenase may have been prevented by treatment with the andrbgenic
steroids, This possibility has been investigated for rat liver tryptophan oxygenase “ ’

' in the work presented in Chapter 6.



CHAPTER 2.

B

The Regulation of the Activity of Amino Acid-Metabolising |

Engyr_nes. '

Control of Tryptophan Oxygenase and Tyrosine Aminotransferasé‘

Activities.

Control of the Activities of Alanine Ammotra.r_xsferase and Othér

Enzymes of Amino Acid Metabolism. |



'I. Control of Tryptophan Ongenase and Tyrosine Aminotransferase Activities

Tryptophan oxygenase (T'O) and tyrosine aminotransferase (TAT) both
catalyse the first step on their respective pathways of amino acid metabolism.

The first reaction along the tryptophan-nicotinic acid ribonucleotide pathway results'.'

. in .the formation of formylkynurenine, .pfoduced by the r'upmre of the pyrrole ring of .
fryptophan, and is catalysed by TO (Hayaishi, Rdthberg, Mehler and Saito, 1957). .
This reaction requires atrnospﬁeric oxygen, Foi‘mylkynurenine is hydrolysed furpher

by formamidase to produce kynurenine and because this reaction is' so rapid and the
fonﬁamidase is present in excess, the determination of kynurenihe is nbrmally used
to measure TO activity in crude enzyme preparations. |

These two reactions were initially investigated by Knox and Mehler, (1950) ) ,’

-and Mehler and Knox (1950). Knox (1952) first showed that TO is an iron'pozphyrin
enzyme, Formation of kynurenine is enhanced by the inc‘:orporatjon'of a hydrogen ”
peroxide-generating system, lsuch as glucoée oxidase or ascorbic acid; into the asselly'
medipm, an& it was suggested that this was required to produce the reduced |
fe>rroprotein form ‘of the enzyn;e, which was considered the most aclcive (Tanaka and
'Knox 1959). Further studies by Feigeisop and Greengard (1961) and Greengard and
Feigelson (1961) demonstrated the presence of a haem cofactor in the liver cell
.mic‘rosomes. The apotryptophan oxygenase is localised in the cell sap and t'he haem
| cofactor, protohaem IX, binds loosely to the apoprotein to form tﬁe holoenzyme. Both

haem and ascorbic acid are included in assay systems to ensure maximal activation of

the.TO present in any given liver éample (Chapter 4). Knox and Ogota (1965) and Knox’
and Piras (1966) have described three forms of the enzyme, namely the apoprote'ix;,‘ the
ferri-holoenzyme, both of which are inactive, and the active ferro-holoenzyme,

The haem cofactor associates with the apoprotein to form the inactive fér‘riprqtein, '

which is reduced by ascorbic acid to form the active ferroprotein. The transition g
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from the ferri-holoenzyme to the ferroprotein is regarded as responsibie for the =
lag in the rat of kynurenine préductiou during the initial stages of inqubation,

described by Feigelson and Greengard (1961). Adenosine-3'-5'-monophosphate

.has been shown to promote the formation of the ferroprotein in vitro (Knox, Piras

and Tokuyuma, 1966) ana Chytil (1968) has found that this takes place via the

formation of hypoxanthine, which is catalysed by xanthine oxidase. More reé:ently, |
Julian and Chytil (1970) have shown that xanthine oxidase may promote the |
stabilisation of the active ferroprotein in vivo.

TAT catalyses the first step m the degradation of tyrosine to acetoacetate (.Knox
‘and LeMay-Knox, 1551).' Cammarata and Cohen (1950) identified the product of the';:‘ |
reaction as p-hydroxyphenylpyruvic acid, formed after the deamination of tyrosine. -
‘The reaction requires pyridoxal S-phosphate as a cofactor (Cannelal'ds and Cohen, :_. -
1956) and the enzyme is found both in the cell sap and mitochondrial fractions o_f theig"
liver (Chapter 4). |
TO and TAT activities are both responsive to glucocorticoid adminisfrétipn -

and théy have been widely studied as exambles of control.' of mammalian enzyme |
activity, Increases in activity occur after treatment of intact rats with
hydrocortisone, tyrosine and tryptOphaﬁ. Early studies of Knox (1951) showed that‘ ‘
TO activity is elevated by injection of géneral stressing agénts, such as
‘phenylalanine, tﬁosine or histidine to intact rats. Tryptophan administration

"also increases TO éctivity in intact animais, bﬁt whereas the effects .of the

stressing agents are abolished after adrenalectomy, tryptophan is still effective on
removal of the adrenal glands, Treatment of intact and adrené.lectom_ised animals

with cortisone results in enhanced TO activity (Knox and Auerbach, 1955) caused



by in‘creased de novo synthesis of the enzyme (Civen and Knox, 1959). ‘ Early |
indication that glucocorticoids and tryptophan increased TO ac;tivity through dffferent_ |
mechanisms was i)rovided by the observation of Civen and Knox (1957), that the |
injection-of tryptophan apgmentc_ad the respbnse of TO activity,v observed after cortisol' |
' injection, |

TAT was shown to be increased after treatment of whole animals with
glucocorticoid, tryptophan and tyrosine (Lin and Knox, 1957) and it was thougﬁt thav.'t.
TAT responded in a similar fashion to TO. Kenney aﬁd Flora (1961) found this R
not to be the case, since adrenalectomy abolished the effects of all aminé acidson - -
TAT, and the increases in activity observed after treatment of whole animals
were regarded as results of stressing;' effect.s. Therefore, .only TQ is increased ‘by | N
both subst:;'ate and glucocorticoids. |

Both enzymes respond co‘mparatively rapidly to glucocorticoid treatment ;md
reach a maximal, response 4 h to 5 h after administration of 2 single dose of
' _hydroc,ortiso;le (Knox and Auerbach, 1955; Feigelson, Feigelson and Greengard,
1962‘;} Nemeth and De La Haba, 1959). Incorporation of labelled amino acids into :
immunochemically reactive protein has sh9wn the haif-life of both enzymes in tﬁe
* liver cells to be between 14 h to 24 h (Nemeth, 1962; Schimke, Sweeney and Berlin,‘
-1965; Boctor and Grossman, 1967). -

In the early stages of the investigation into the mechanism for increased TO

' a;nd TAT activity following administration of glucocorticoids,it was thought that this
: wé.'s similar to the situation in micro-organisms, where induction of various proteins
is ca;.used by increases in RNA synthesis, resulting in enhanced protein synthesis

(Brenner, Jacob and Meselson, 1961). Both the effects of hydrocortisone on TO and
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TAT and of tryptophan on TO Wefe prevented byl injéction of rats with pﬁrornypin,

an antibiotic which prevents incorporation of amino acids into protein (Feigelson,
Gross and Feigelson, 1962). Similar results were obtained using a liver

perfusion system (Goldstein, Stella and Knox, 1962) and it was éoncludéd in both
studies that protein synthesis is required for- | glucocorticoids and tryptophan

to be effective in increasing TO activity. A sharp distinction between the actiog of
glucocorticoids and tryptophan was made by Schimke, Sweeney and Berlin (1964,,
1965a, 1965b) who showed that aftef treatment with glucocorticoids, the incorporation
of labelled amino acids into highly purified TO is incregsed, indicating raised de n&vo
enzyme synthesis. In contrast, tryptophan administration results in'a diminished
rate of enzyme degradation from which, it wés concluded thét the effect of the substrat
is protective against loss of activity, Gréengard, Mendelsohn and Acs (1965) showed
furthér that tryptophan administration increases the degree of association between
aboenzyme and the microsomal cofactor, while hydrécortisone injections lead to
increased apoenzyme synthesié. Work with another antibiotic, actinomycin D was
thought to support the hypothesis that glucocorticoids increased TO and TAT activity
by increasing transcription of the geﬁe. Actinomycin D, prevents incorporatioﬁ |
of purine bases into DNA, and treatment of rats with actinomycin D given at the

same time as the glucocorticoid was found to abolish the increases in enzyme activity,
while the results of tryptophan treatment were not affected (Greengard and Acs,

" 1962; Greengard, Smith and Acs, 1963). - Hydrocortisone treatment of rats '.

was shown to increase synthesis of nuclear RNA prior to the observation of

increased TO and TAT activity, and this was considered further evidence in support




of a transcription site for the action of glucocorticoids (Feigelson, Gross and
Eeigelson, 1962; Feigelson, Feigelson and Greengard, 1963; Feigelson and Feigelson,
1963; Kenney and Kull, 1963). ’ |

A different approach to the problem of elucidating the mechanism of cortisol
induction of the enzymes has been provided by the work of Tomkins aﬁd his colléagués.
Garren, Howell, Tomkins and Crocco (1964) showed that although actinornyéin D | o 3
abolished increases in TO and TAT activity when given simultaneously with the a
. glucocorticoid, if the antibiotic was given 1 h to 2 h aftet the cortisol injection
t'he' TO and TAT activities were elevated abowe the normal induction levels and
remained so for an extended period of time, aftér which the enzyme level fell. This 5
response was termed "superinduction" and Garren et al postulated the invélvement of >
. two factors in enzyme induction, namely an enhanced rate of enzyme synthesis and a.. .
' dimﬁushed rate of destruction of the enzyme template, | They considered that when
actinomycin D was given together with the glucocorticoid it preveﬁted ihcreased
enzyme synthesis, but when it was given after cortisol admiﬂstraﬁon, it pfevented .
synthesis of tﬁe proteins which degréde m RNA which codes for TO ah&ATAT, resu}ﬁng
in the superinduction. These results have algo been shown for TAT in rat hepatomé
culture cells (Peterkovsky and Tomkins, 1967) and work with synchronised cells U
in cﬁiture indicates that TAT 1s only available for induction by glucoéorticoids
at -certain times of the cell cycle (Martin and Tomkins, 1970).

The work of Tomkins and his éolleagues have been questioned by Rosen and -
._ Milholland (1968) and by Mishkin and Shore (1967) who have both been unable to
repeat the "superinduction' experiment of Garren énd co-workers (1 964)._ .Kenney
has also investigated the effects of glucocorticoids and dexamethasone on Reub‘en{
strain hepafoma cells in culture cells. Reel and Kenney (1968) showed that ;he

"superinduction" effects.produced by cortisol treatment followed by actinomycin D -
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~ addition to the cell medium (Peterkovsky and Tomkins, 1967) was an artifé.ctual result”

"of the dose of actinomycin D used, ahd that high concentrations of the antibiotic inhibit'f-::
o dégradation of the enzyme proteiﬁ. Further experiments confirmed this observatilonv )
and éhowed that after cortisol induction, high concénti'ations' of actinomycin D B
block both synthesis and degradation of TAT and that low concentrations only block -
TAT synthesis, (Lee, Reel and Kenney, 1970). As part of the same study, the |
kineticsl of the rate of incorporation of 1‘J‘C-la.belled amino acids into TAT after
éortisol administration were investigated,and if wa_s shown that hydrocortisone acted :
solely at the transcriptional stage of TAT synthesis,and that no post-transcriptional".j '
factors were 'involved, as suggested by Martin and Tomkins (1970). |

Interpretzition of the results from experiments involving the effect of

actinomycin D on enzyme induction is difficult since there is evidence fo.r the direct '
effect of the antibiotic lon TAT activity and administration of low doées of the drug
to ad;:enalectomised rats result in elevaﬁed TAT a;:tivity (Rosen, Raina, Milﬁolland.
and Nichol, 1964). In addition, the use of actinomycin D in experiments designed ‘té.
~ elucidate the nature of enzyme induction has been criticis_ed by Harris (1968), who |
emphasised tha'; actinomycinlD isa highly toxic agent and not all its effects can be
ascribed to prevention-of m RNA synthesis. ﬁus, Staehelin, Wettstein and Noll
(1963.) reported considerable disaggregation of rat liver polysomes, resulting from o
acfinomycin D treatment, and Philips Schwartz, Sternbergand Tan (1960), .
‘using doses of the antibiotic similar to those used in‘the studie‘s mentioned previousl); :
| ‘observed a large number of deaths within the fir‘st 24 h. Results from '.experiment’s |
involving the use of actinomycin D must therefore be ix;terpreted with care, although - |
use of the antibiotic is sometimes unavoidable since no other agent prevents

transcription of DNA to m RNA by interference at the genome,

-
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Use of another inhibitor of RNA synthesis,‘ 8~-azaguanine which is less toxicv
and more specific in action than actinomycin D has supported the work of Kenney
et a‘l, but not that of Tomkins and his colleagues. Experiments with adrenalectomised
.am'mals and liver perfusion systems showed that the induced TO ahd TAT levels -
| following treatment with hydrocortisone were increased further when 8-azaguanine
{vas given with the glucocorticoid and were maintained for 1.8 h afterwards. When
8-azaguanine was administered 4 h after cortisol injection, the induced levels of TO
and TAT were maintained for extended periods of time (Levitan‘ and Webb, 1969a,'
19695). The "superinduction" observed by Geller et al (1964) with actinomycin D ‘
treatment was therefore separated from the prolonged maintenance of induced TO L
and TAT levels. Levitan and Webb (1969a) also found that treatment with bases
éontaining primary amine groups such as 8-azaguanine and 5-cytoadenine caused '
enhancement of cortisol-induced TAT levels, whereas administration of Sjlﬂﬁorourééil
and 8-aiaxanthine which do not possess these groupé only resulted in an extension of |
the period of maximal induction. It was concluded that induction ofl activity may be -
assc'>ciated with an increase in the fre;a hepatic amino acid pool, resulting frém
deamination of those bases with primary amine groups, but that the prolonged period'
of maximal induption was due to incorporation of purine and pyrimidine baées into |
-RNA, Further. experiments by Levitan and Webb (1970a,.-19705) sho‘wed that
hydrocortisone induced bdth TO and TAT by utilisation of .a pre-existmg pool of m RNA
- Glucocorticoid administration was therefore shown to increase enzyme levels solely

.

by increased synthesis and not by a diminished rate of template degradation.
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At the present time, it is difficult to differentiate between the proposals

‘of Kenney and of Tomkins with regaxd to the mechanism of cortisol induction and

insufficient evidence is available to ascertain whether the transcfiptional or the

post transcriptional stage is involved in the mechanism., However, ﬁom the work

of Levitan and Webb, discussed in the preceeding paragraph, it appears that the
hypothesis propqsed by Tomkins et al, tilat inducfion of enzyme synthesis re;ults '
from both an increased rate of template synthesis and a diminished rate of its
deg;'adation, has .not been verified by the.use of agents inhibitory to m RNA synthesi§ .
other than actinomycin D, The effect of glucpcorticoid administration therefore -
seems to be the result increased de novo enzyme template synthesis.. However,

more evidence must be assembled before this is ascertained.

An association between TO induction by cortisol in the mouse, with an increased

binding of polysomes to the endoplasmic reticulum of the liver cells has been

established by Cox and Mathias (1969). A similar pattern was found by Fishman,
Wurtman and Munro (1969) to occur following increased dietary intake of protein which
is associated with raised TAT activity and enhanced aggregation of polysomes,

Rosen and Milholland (1968) have previously demonstrated that dietary intake of amino

-

" acids in the form of casein hydrolysate elevates TAT but not TO activity in both

intact and adrenalectomised rats. A combination of small doses of hydrocortisone

with casein hydrolysate is more effective in raising both TO and TAT activities than

" hydrocortisone given alone, Similar results were obtained by Mavrides and Lane

(1970) who found that doses of hydrocortisone too small to increase TAT activity,

potentiate the effect of casein hydrolysate administration. It is therefore possible
that there is some association between the effects of hydrocortisone on TO and TAT

and increased pool size of amino acids in liver cells. However, the observations of



| Roéen and Milholland (19;68) that casein hydolysate had no effect on TO is
surpfising in view of the work of Labrie and Korner (1968a; b) who foﬁnd that treatméhf
~ of intact and adrenalectomised rats, with a .mbctufe of the essential amino acids
>or tryptophgn alone,given orally or by 'injection,incvreased the activities of both
'T(') and TAT and that the increases were sensiti‘ve to administration of a.ctinomyciﬁ D.
These results contrast with those described earlier in this Chapter; when high doses'b ,
of tryptophan produced increases in TO activity which were resistant to admin‘istratjoﬁ_
of actinomycin D, Labrie e;nd Korner concluded that tryptophan has a dose-
. dependent affect on TO activity, and that at low doses, administration }of the amino -
acid results in increased enzymé synthesis; while at higher doses, it produces.
stabilisation of the holoenzyme. Thgy also suggested that cortisol induction of both_‘l f
TO and TAT may occur as a result of increased hepatic amino acid pool size. Yatirin'-
- and Pitot (1970) have criticised the work of Labrie and Korner ;)n the grouhds that
actinomycin D blocked the effécts of low doses tryptophan by causing a lack of
tryptophan in the hepatic cells. At the dose of tryptophan used by Yatvin and Pitot,," |
namely 20 mg/100g body weight, the increasés in TO activity were resistant to
_ vactinomycin D. However, Labrie and Korner uéed 100 pg tryptophén/ 100g body
weight to produce increases in TO sensitive to actinomycin D treatment, so that the:
effects observed by Yatvin and Pifot may still be due to stabilisation of the holoenzyme.
The possible involvement of intracellular amino acids in the mechanism
" of cortisol induction of TO and TAT hés lead Mavrides and Lane (1969) “ to postulater _ ‘

a connection between the activity of these enzymes and gluconeogenesis in liver cells. -
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A similar association was suggested previoesly by Rosen, Roberts, Budnick and
_ Nichol (1958) as a result of investigations into the effects of alanine aminotransferase
- and aspartate aminotransferase activities on pyruvate metabolism, and also by - |
.Greengard_, Weber and Singhal (1963) who observed that liver glycogen deposition
~ increased concommittantly with cortisol induction of TAT. Increased dietary intake |
.of protein (Mavrides and Lane 1969; Szepesi ‘and Freedland, 1967, 1968) and
starvation (Mavrides and Lane 1969), both conditions associated with increased
éluconeogenesis, result in elevated TAT éctivity, while increased carbohydrafe
int.akel,represees’ activity of the enzyme. Mavrides and Lane also suggested that
increased TAT activity under glﬁconeogenic cenditiOns'may result in an increased -
level of substrate for the Embden-Myerhof pathway. It is possible that this may be o
~due to an enhanced rate of degradation of tyrosine to fumarate and acetoacetate.
| The association between TAT activity and carbohydrate metabolism is further .
~ supported by the effect of pancreatic hormones on the enzyme. However, TO does’
not appear to be effected in the same way and may not pla& a similar role to TAT in ;
cell metabolism. Holton and Kenney (1967) four%d that insulin administration to both -
intact and adrenalectomised rats elevat.es TAT activity but not TO. Similar resultsv :
for glucagon administration were reported by Greengard end Baker (1966) and
confirmed using a liver perﬁ;siOns system, by Knox and Sharma (1968); Reshef an-d'
Greengard (1968) and Staib, Thienhaus, Ammedick and Staib (1969).. Reshef and
. Greengard (1968) also showed'that a eombination of hydrocertisone and glucagon is
more effective in increasing TAT activity than hydrocortisene given alone. Labﬁe
and Korner (1969) observed that insulin or glucagon are effeetive in raising TAT

activity in hypophysectomised rats, but that TO is not effected.



Several groups of workers have used in vit.ro cell culture‘ systems to
investigate the mechanism of the effects of pancreatic hormones. Reel, Lee‘z_md :
Kenney (1970) showed that although hydrocortisone induction of 'fAT reaches maﬁﬁal

“activity 6 h affer addition of dexamethasone to the cell medium, the effects of insulin
on TAT reach maximal levels 30 mi.ns after é.ddition of the hormone to the cel‘l ‘cul_tu.'re.
Simultaneous addition of hydrocortisone and insulin to the cell medium lprbduce
synergistic effects on TAT activity. In the same study thé effects of both ho'rmo:nes

. on the incorporation of labelled amino acids into TAT were investigated, andl insulin |

. was foundv to diminish enzyme degradétion, in contrast to the increase in TAT
synthesis produced by hydrocortisone.v Sixnilar-ol-)sevrv‘atio»ns have been reported by |
'Gelehrtér and Tomkins (1970). |

Release of the pancreatic homones, glucagon and insulin, results in
increased tissue concentration of the cyclic nucleotide, adenosine -3-5' monophosphate:
(Makman and Sutherland, 19‘64; Robinson, Exton and Park, 1967). Adreno- | .
corticotrophic hormone increasés ac;tivity of the adrenal enzymes involved in cortico- .
steroid synthesig via adenosine-S' -5 monophosphate (Grahame-Smith, Butche,r aﬁd
Sutherland, (1967) and a similar mechanism has been studied by Wicks (1969) and Ak
erung and Oliver (1968) to account for the stimulation of the rat liver enzyme
phosphoenolpyruvate carboxy kinase by adrenalin or glucagon administration and in

' alloa;an-diabetic or fasted rats. Both the studies of Reel, Lee and Kenney (1970) and
"Gelehrter and Tomkiﬁs (1970) indicate that the effects of insulin, discussed previously, -
may be independent of adenosine, 3'-5' monophosphate. Further support for the
contention that insulin and adenosine 3'-5' monophosphate act by different
mechanisms is provided by the work of Barnet and Wicks (1§71) which showed that
the addition of both insulin and adenosine, 3'-5’ monophosphate to the medium of

Reuben strain hepatoma culture cells have an additive effect on TAT activity.



Glucagon may be dependent on adenyl cyclase, since Greengard (1969) reported
| both glucagon and adenosine 3' 5'-monophosphate administratioﬁ to intact rats produce -
. similar'increases in TAT. Wicks (196‘9), using foetal liver in organ culture, showed
that the administration of glucagon énd adenosine 3'5'-mdﬂophosphate together did not
produce further increases than if either agent was administered separately.' Mqre-v_

over, Reel et al (1970) found glucagon to be ineffective in their cell culture system

- which was devoid of adenyl cyclase.

A possible explanation for the difference in response of TO and TAT to
pam::reatic hormones may be associated with the number and properties of the
isdenzymes which héve been found for TO énd TAT. Holt and Oliver (1969) have |
;sepérated three isoenzymes for TAT, using acrilamide gel electrqphorésis, |
one of which was separated after administration of pyridoxine and appeared as a
slow-moving band, another intermediate band was found aft‘er hydrocortisone
administration, and a third,' fast~-moving component waé separated aftex: glucagoﬁ'

- or adenosine 3'5'-monophosphate treatmént.’ Pitot and Cho Chung (1970) using
a similar technique only demonsfrated two such iscenzymes for TO, one
syﬁthesised constitutively in adrenalectomised animals and the other wﬁs sel;arategi
after treatment with hydrocortisone. It may be that the pancreatic hormones, and
.h.ydrocortisone are each able to increase TAT activity by increasing the sYnthesié
of the appropriate isoenzyme while with TO only hydrocoxtisone is able toincrease -
" enzyme activity since the isoenzymes which respond to fhe pancreatic hormones
may not be present, - Such a difference between the two enzymes may account for
the ability of TAT to respond to a wide range, of stimuli while the response of TO is

more restricted. i : t C



The effect, of hydrocortisone édxninistration on both TO and TAT maybe -
dependent on growth hdrmone. Thompson and.Mikut‘a (1954) found that hypophysecfomy
results in enhanced response of TO to cortisol ahd similar observations were made - .( ,
. by Grossman and Mavrides (1967) for TAT. - These finding’s_were confirmed
by Labrie and Korner (1968b) énd Csanyi and Greengard (19'68); Both studies éhowed |
that growth hormone administration diminishes the response of TO and TAT to |
cortisol., Labrie and Korner also found that hypophysectomy enhances the 'effect of
amino acids on both enzymes and which is diminishéd on treatment with growth - :
hormone. A possible explanation,‘ puf forward by both groups of workers ﬁas that E
growth hormone is a repressiw factor acting at the genone and is able to prevent
~ full induction of TO and TAT by cortisol. Another possibility, which was not
considered is that g;:owth hormone, by increasing proteiﬁ synthesis (Geschwind and
Evans, 1949) is able to synthesise such a factor. Labrie and Korner also SUggeSte_d o
that since growth hormone raises the level of protein syn'the'sis in the liver, this may
decrease the amino acid pool size and, developing their argument that cortisol may
induce TO and TAT via acfion of amino acids, they proposed that this reduction
of available amino acids may also prevent full induction by cortisol.

Hypophysectomy and adrenalectomy were found to be ineffective in changin'g ‘ L
the levels of TO and TAT in immature rats (Labrie and Kofner, 1968; Csanyi and |
Gréengard, 1968). However, in rhéture females adrenalectomy caused substantial a ”
“ decreases in TO activity (Knox, Piras and Tolmyﬁma., 1966). These results are
. discussed further in Chapter 5. | |

Both enzymes are known to vary diurnally and in rats kept under conditions of
a 12i1 light/dark cycle, maximal levels of TO and TAT activity occur between 1500 h :
and 2400 h (Hardeland and Rensing, 1968; Mavrides and Lane, 1969§. TO was also

shown to have a circadian rhythm in the mouse, but in this case maximal enzyme
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activity is between 1100 h and 1800 h (Rapoport, Feigin, Bruton and Beisel, 1966).

Civen, Brown and Granner (1970) have recently shown that the diurnal variation

. 'of TAT is a result of changes in de novo protein synthésis. Althoﬁgh there is a-

ciréadian rhythm in circulating corticosterone levels (Cheifeté:, Gaffaud and Dingmaﬁ, |

1968) if is not clear ‘if it is involved in the mechanism of enzyme variation..

Adrenalectomy in the mouse results in a partial damping, but not elimination of the

- rhythm in TO activity (Rgpoport et al, 1966) and this was also found for TAT in the rat

(Mavrides and Lane, l969b).. .Both groups.'of workers concluded from these results

that c‘orticosu_erOne was not solely resiaonsible for the circadian variation of either

enzyme,

Comparison between the pattern of variation in rat and mouse suggests that
environmental factors are associated with the mechanism for this variation, ‘since the
%:at is a nocturnal animal while the mouse is active during periods of light.

' ansequently variation in food intake has aléq been suggested as a possible cause and
continuous feediné' throughout the period of light'results in a complete abolition of "I‘AT‘ ’
variation (Cohn, Joseph, Larin, Shoemaker‘and Wurtman, 1970).. .

Furﬁher suppoxt for this suggestion is provided by the observation of Fishman,

Munro and Wurtman, (1970) Fhat both the rhythm of TAT activity and diurnal variation -
in the dggree of polysome aggregation depend on the time of dietary protein intake.
Wurtman, Shoemaker and Larin, (1967) also found that tryptophan is the most potent

"amino acid in producing the effects on TAT. Mavrides and Lane (1969b), in addition
to their observation that adrenalectomy produces only a partial damping of diurnal -
variétion of TAT in the rat, showed that doses of hydrocorti'sone, too small to induce
TAT, potentiate the increases in enzyme activity following administration of casein

hydrolysate. They suggested that coxtisol plays a permissive role in the mechanism

for the circadian variation fot TAT and enhances the effect of changes in amino acid

levels on TAT activity. The relevance of this concept to the results obtained in the -



present study is discussed further in Chapter 8. ' The suggested role fo;: amino acids, :
in particular trsfptophan, has been criticised by Euller, (1970) who measured plasma
tryptophan and corticosterone levels and found no correlation between these énd thé.
diurnal variation of either TO or TAT activity in the rat. However, the concentration .
of tryptophan in-the hepatic cell was not estimated, and it may be that i.t is the ch."slnge-bs
in. intracellular concentrations of amino acid, rather than increased blood levels,
‘which raises activity of liver enzymes. Treatment of rats with a monoamine .
oxidase inhibitor, which increases noradrenaline,or with L-'-dihydroxyphenylalanine,i B
a precursor of noi'adrenaline, abolished diurnal rhythm of TAT, (Axelr‘od, 1968).
| It is possible therefore, that apart from corticosterone, other horménes secreted by
.the‘adrenal gland control the circadian Qariation of TAT actiyity.

Further cohtrol of TO and TAT actiVity in viyo may be exerted by the end
produét or other metabolites formed on the réspective pathways of tryptophan or
tj&osine mefabolisnﬁ. Cho Chung and Pitot (1967) inv.estigated the effects of NADH |
| on TQ and found that in vitro, NADH inhibited purified TO by iﬁteraction at an

' allosteric site, rather than by competition with the apoprotein for either a substrate -
'or cofactor., Subsequently, Pitot and Cho Chung (1970) showed that admiﬁiétratioh of
NA_DH to rats decreased TO activity so that it is possible that increased NADH level.s._
m_a? diminish TO activity together with the tu_rndver rate along the trypcophan-
nicotinic acid ribbnucleotide pathway. A comparable situation exists for TAT, sinée
although fumarate does not inhibit TAT activity, another metabolite formed on this
pathway of tryosine metabolism, homogentisate, does suppress activity of this enzyme’ '

both in vivo and in vitro (Civen, Wilson and Brown, 1970). | Thus, both TO and TAT |

may be subject to some measure of feedback control,
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II. Control of the Activities of Alanine Ammotransferase and Other Enzymes of
Amino Acid Metabolism

Alanine aminotransferase (AAT) catalyses the formation of pyruvate from
alanine by transfer of an amino group to a-oxoglutaric apid. The' enzyme requires
: pyri.doxal S-phosphéte as a cofactor and, in many fespects, is charécteristic of
several enzymes such as serine dehydrase, and aspartate aminotransferase, which
are concerned both with amino acid degradation and carbohydrate me‘taboli.sm.
Although many of these enzymes axe inducible by glucocorticdids, typically ‘
they have a prolonged delay before reaching maximal leQels of aétivity.' Liver
AAT activity reaches its peak 48 h after hydrocortisone administration and thel
increased activity persists for 5 days (Rosen, Hardiﬁg, Milholland a;nd Nichol, 1963).
- The maximal level of serine dehydrase occurs 24 h after glucocortic;oid treatment,
(Pitot and Peraino, 1964) and aspartate aminotransferase activity is only increased in
_ malt;: rats after daily injections of 2.5 mg hydrocortisohé/ 100g body weight given for
‘5 days‘,’ (Herzfeld and Greengard, 1971). Arginase activity is also increased on
administration of glucocorticoids, although peak levels of activity w'e‘re only observed ‘
2 days after injection of hydrocortisone (Schimke, 1963). This type of response
contrasts to the rapid increases in T'O and TAT activity after glucocorticoid treatri'xent“
" discussed previously in this Chapter.
Since the response of these enzymes occurs either after repeated injections of -
‘,hydrocortisone'or some time aftex the last 'corti(I:osteroid injection, .it is questionable |
whether the observed increases in enzyme activity result from the direct action of )
glucocorti;:oids. The relationship between the effects of glucocérticoids on these
enzymes and other factors such as par'lcreatilc hormones and dietary compositioﬂ has
been widely investigated. Rosen, Roberts and Nichol (i 959) showed increased AAT |

activity.in the livers of alloxan-diabetic and fasted rats, and similar results have
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been obtained for serine dehydrase activity (Ishikawa and Nakajima, 1965). Rats
fed diets high in protein content but low in carbohs}drate have raised activities of
AAT (Szepesi and Freedland, 1967; Rosen, Milholland and Nichol, 1959), serine

dehydrase (Freedland and Avery, 1964; Freedland and Szepesi, 1967; Peraino, 1967;

Cheung)Cotroﬁia and Sallach, 1969; Ku, Rogers and Harper, 1970) ornithine -
transcarbamylase (Pitot and Peraino, 1964), and argi;iase.(Schimke, 1962).
The role of dietary protein intake has been studied by Pitot a.nd Peraino (1964;

1967)‘ with respect to the control of serine dehydrase synthesis.. Glucose
administration to rats represses increased serine dehydrase activity after high
protein diets or glucocorticoid administration. Similar obsérvations with AAT and
TAT activities were made b3.r Freedland and Szepesi '(1968).‘. | Hanoune, Chambaut |
and Josipowicz (1971) showed that a single glucose load represses TA"I“ activity

in both control and glucocorticoid treated rats and these ,authdrs found this efféct
‘resulted from dim'inished enzyme synthesis. Amipo acids and glucégon treatments
are also effective in increasing serine dehydrase »activity, several hours after
admimstraﬁon (Jost, Khariallah and Pitot, 1968). These results contrast with the L
effects of glucocorticoid on this enzyme but bear more similarity to the results -
 obtained with the administration of these agents on TAT activity, described ea'z.'lier
in ﬁzis chapter. Adenosine, 3'-5‘monophosphate' administration produced‘

sin;ilar effects on serine dehydrase activity to glﬁcagorx, and repeated injections of tﬁé
' cyclié nucleotide prevents reiaression. of enzyrﬁe abtivity by glucose (Jost, Hsie'and

Rickenberg, 1969).
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Peraino (1 967) considered the possibility that glucocorticoids increased
serine dehydrase activity by increasing the uptake of'amino‘acids into the liver,
This suggestion is similar to that put foxward by Rosen and Milholland (1968) to ,
explain cortisol-inciuction .of TAT and by Mavrides and Lang (1970) to explain
diurnal variation of TAT, both of which have been discussed earlier in this Chapter.
It would seem, therefore, that the general mechanism for the induction of liver -
amino aéid-mgtabolising enzymes by glucocorticoid is dependent on é potentiatipn ’
_ by corticosteroids of increased enzyme activity due to the action of amino a:c‘ids.
This mechanism may be of especial impor_tance in the regulation of both amim; acid -
and carbohydrate metabolism,since when dietary; carbohydrate intake is low and
protein intake is relatively high, amim.) acids are able to promote _a.m,;no aéid
degradation during gluconeogenesis. 'Convefsely, a high carbohydrate intake may |
depréss both the results of glucocorticoid- .and amino acid- induction of amino acid-
metabolising enzymes, and may therefore prevent unnecessﬁary gluconeogenesis from "

~ taking place.
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- CHAPTER 3. The Effects of Sex Hormones on Circulating Corticosterone Levels.




~ Sandberg and Slaunwhite (1959a). Daughaday characterised the protein as an a

50.

The existance of a binciing protein in human plasma with a high affinity for
cortisol and corticosterone has been demonstrated by Daughaday (1958) and
1
globulin and it has been referred to by Daughaday as corticosteroid-binding globulin,
and by Sandberg apd Slaunwhite as transcortin. Most of the cortisoi in plasma is |
bound to this protein (Sandberg and Slaunwhite, 1959a; 1959b) and the results of
several studies support the concl;zsion that the transcortin-bound cortisol is
physiologically inactive, while the unbound steroid is active, SlamﬁMte, ibckie,
Back and Sandberg (1962) found t};at the liver glycogen level is increased after
treatment of adijenalectomised mice with unbouna cortisol, but that fhese increases
are not obtained when transcortin is administere.d together with the cortisol.
Comparabie work by Matsui and Plagei (1966) showed_ that the rate of oxidation of :
glucose in vitro to carbon dioxide by igolated mouse ear strips was proportional.to E
the amount_of free cortisol present in plasma samples aﬁded to thé in vitro system.vf”

Kawai and Yates (1966) showed that corticosteroid-binding globulin impeded the

3

" feedback inhibition of adrenocorticotrophin hormone release exerted by free

a

corticosterone during periods of stress. Thus, transcortin may have two effects;

. firstly it may control the degree of cortisol-action on carbohydrate metabolism and

secondly it may exert a control on the syntheéis of cortisol by preveriting feedback
inhibition of adrenocorticotrophic hormone.release.
" Slaunwhite and Sandberg (1959b) observed increased levels of total plasma 17-

hydroxycorticosteroids and transcortin in oestrogen-treated human subjects and

similar results were reported by Daughaday, Kozak and Biederman (1959) and Wallace

"and Carter (1960). Further, oestrogen treatment was reported to decrease both the

“rates of cortisol synthesis and cortisol degradation (Wallace and Carter, 1960;



Doe, Zinneman, Flink and Ulstrom, 1960; Layne, Meyer, Vaishwana and Pincus,
1962; Peterson, Nokes, Chen and Black, 1960). Pregnancy results in similar
alterations in total plasma coxtisol levels and transcortin (Daughaday et al, 1960).

An increased level of unbound cortisol in oestrogen-treated subjects was not reported |
in these early studies, nor was it found in pregnant women (Booth, Dixon, Gray,
Greenaway and Holness, 1961) and it was’ suggested by both Wallace and Cart:ar (1960) |
and Peterson et al (1960) that the increased level of 17-hydroxycorticosteroids seen .
‘during pregnancy and in oestrogen-treated subjects was due to the decreased cortisol -
degradation resulting from the increased level of transcoxtin, rather than increased.,.
cortisol synthesis. Raised production of corticosteroids usually results in high
.levels of unbound coxrtisol, as is the case foﬁ: patients with Cushing' Syndrome

(Doe et al, 1960; Burke, 1970) and after adrénocorticotrophic hormone admirustratioh _
(Dée et al, 1960). Thus Doe and co-workers (1?60) and Daughaday et a} (1960) |
proposed that the absence of the features of Cushing's Syn&rome in pregnant ﬁomeri
and oestrogen-treated subjects was due to the fact that much of the raised plasma |
" 17-hydroxycorticosteroids was protein-bound.

Later work, however, has shown that both pregnancy and o'estrogen'-treatment

results in small incfeases in the level of‘unbound plasma coxrtisol (Plager, Schmidt

and Staubitz, 1964; Murray, 1967; Doe, Dickinson, Zinnen';a'n and Seal 1969;
. O'Cohnel and Welsh, 1969; Burke, 1970; Rosenthal, Sandberg and Slaunwhite, ‘1969).
Tt is possible that improved techniques for ultrafiltration have enabled more precise
measurements of free and protein-bound cortisol to be made and this has been
responsible for the results of the more recent studies. Burke (1970) has shown
'fuxther that there is a relation between the dose of oestrogen used and the 'response

observed in the corticosterone levels,such that treatment with high levels of oestrogen
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result in increased amounts of free cortisol while lower doses of cestrogen have no
efféct. Oestrogens, therefore, may have two effects on cortisol levels in man;

firstly, the level of transcortin may be increased, which pre%;ents degradation of
cortisol léading to raised plasma concentration of the glucocorticoid and secondly,’

oestrogens may increase cortisol synthesis; possibly due, to increased adreno-

‘
.

corticotrophic hormone secretion, which results in the elevation in unbound cortiso_l
in oestrogen-treated subjects and pregnant women,
| In the rat, oestrogen treatment of male rats and ovaﬁectomised females> but

not intact females, produces increased levels of plasma corticosterone (Kitay, 1963a,

1963b; Gala and Westphal, 1965; D'Angelo, 1968). Kité.y (1963a) and Kitay, Coyne
| and Newsom (1965) suggested that the effects observed for oestrogen-treated male
rats and castrated females are due to thé results of both adrenocorticotrophic horrnone"
secretion and raised corticosterone secretion due to enhancéd activity of a'drenal' |
hydroxylating enzymes by oestrogens. Coyne and Kitay (1969) have more recentl_y'
demonstrated the ovariectomy‘diminished both synthesis and release of adrenocortidq-
trophic hormone, which were increaséd by oesfrogen treatment of spayed females,
It would seem, therefore, that oestrogens r;lay stimulate corticosteroidogexigsis by

»

increasing adrenocorticotrophic hormone levels, in addition to their effeéts on the
adrenal gland enzyme systems, -

Oestrogen treatment of female rats has no effect on either the level of
transcortin (Gala and Westphal, 1965) or total plasma corticosterone, as mentioned

previously. These results are in contrast to the observations made with oestrogen-

treated women, where both cortisol=binding globulin and cortisol levels in plasma



were increased. Kitay (1963a; 1963b) proposed that for the rat, t_hére is a
rélation'between the dose of oest‘rogens administered and the response of cortico-
sterone, such that low doses are stimulatory to 'corticosteroidogenesis while largér .
doses are inhibitory. In male rats, _ Kitay sﬁggested, the doses are sufficiently

low to stimulate corticosteroid synthesis and thus raise the level of plasma
corficosterone, while in female rats the comi:ination of endogenous oestrogen and

the administered dose are inhibitory to corticosteroidogenesis and so the concertration

- of corticosterone remains unchanged.

It may be that a possible cause for the difference in response of circulating -
corticosteroid_levels in female rats and in women following oestrogen administration

is a species difference in the response of transcortin to this treatment. ' In oestrogen=-

_treated human subjects, cortisol-binding globulin levels are raised, which may

céntribute to the increased plasma cortisol levels by impeding degradation of the
stefoid, as discussed previously. In the oestrogen-treated rat.,‘ transcortin levels |
are raised in the males but unchanged in females (Gala and Westphal, 1965), which
may aliow degradation of corticosterone to proceed uninhibited in the fem'ale rat
ihjectéd with oéstrogens and thus offset any other stimulatory effects oestrogens
may have,

In pregnant rats, plasma coxticosterone levels are raised (Hoet, Pagni, Ekka,

and Sabba, 1965). This is a surprising observation, in view of the results of oestrogen

treatment of female rats, discussed in the preceding paragraphs. . It is possible that

the increases in circulating corticosterone are not due to the action of oestrogen but
are due to the conversion of the increased plasma progesterone levels of pregnancy to

corticosterone in the adrenal gland.
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In c0nt-ras‘t to the effect of oestrogens, androgen administration to Ifemale
_ rats’ diminishes the level of plasma corticosterone and the production of
corticosterone by the adrenal (Kitay-, 1963b, 1963c; Kitay, Coyne, Nelson and
Newsom, 1966). Addition of oestrogens to adrenal horﬁogenates in vi.tro, stimulates
the ectivity of the adrenal hydroxylating enzyme (Ruhmann-Wenhold, Lauro and ﬁel son,
| 1970). ‘This effect is impaired if androgens are also included in the incubation
medium (Ruhmann'-Wenhold and Nelson, .1970). It may be that this type of inhibitiqh -
‘of adrenal enzyme activity is responsible for the J;*esults observed by Kitay (1963c) "
with androgen-treated intact femaie rats. More recently, Coyne and Kitay (1971)
have shown that castration of male rats increases synthesis and release of
adrenocorticotrophic hormone, both of which are diminished in androgen-treated
orchidectomised males. It is possible that these effects of testosterone oﬁ
adrenocorticotrophic hormone 1evels may also contribute to the decreases in plasma |
~corticosterone levels in androgen-treated‘f-emales. |
| Little work has been published on plasma cortisol levels in androgen~treated .

"human subjects except for one study by Sandberg, Slaunwhite and Carter (1960)'.

These authors found that administration of testosterone and androgenic steroids to
patients with carcinoma of the breast had no effect on the level of plasrﬁa cortisol.
However, since breast cancer patients are known to have both elevated plasma levels ‘
of 17-hydroxycorticosteroidé, and unbound: coxtisol (Bell, Bulbrook, apd Deshi)aﬁde,
"1967) it is uncertain whether this affected the results obtained, ar;d prevented andrc‘)gen}

treatment from resulting in decreased circulating cortisol levels. .
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Oestrogén treatment of human subjects results in marked elevations in
levels of urinary tryptophan metabolites, discussed previously in Cpapter I, | and also
in decreased levels of plasma tyrosine (Rose and Cramp, 1970). Although much of
the increased concentration of plasma corticosterone observed after oestrogen |
administratiOn'to human subjects is protein-bound and therefore regafded as
ﬁhysiologically inert (Slaunwhite, Lockie, Back and Sandberg, 1962), ‘Rose, (1970') '
-and Rose and Cramp (1970) proposed that it was the raised plasma cortisol levels,
rather than the oestrogens, which were résponsible for the changes in enzyme activity
that resulted in altered mefabolism of tr_yptophan and tyrosine. |
'~ Qestrogen administration to male rats increaseé the activity of alanine
aminotransferase (Rosen, Roberts, Budnick and Nichql, 1959; Keller, Richardson and
Yates, 1969) which raised the poSsibiIity that ‘oes.,trogens either directly or indirectly
via another hormone may have a generalised effect on the activity of a large ‘number of
glucocorticoid-inducible enzymes of amino acid metabolism, Kéller et al (1969)
proposed tﬁaf fhe increased liver alanine aminotransferase in bestrogen-treated male
rats was due to the élevateci level of plasma corticosterone. They further suggested
that the vaséuiar membrane of the liver tissue was sufficientiy pérrneable to allow |
bound hormone into the liver cells where the free hormone is released to induce

alanine aminotransferase. The relevance of this hypothesis to the results presented

in this thesis is discussed in Chapters'$ and 8.
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I. ANIMALS

The male and female Sprague-Dawley rats used throughout this study were.
mostly from a colony maintained in the animal house at St. Mary's Hospital Medical
School, although occasionally these were supplemented by animals obtained from, a

. commexcial supplier, A. chk and Son Ltd., L.A.B.S., 'Rayleigh, Essex. ‘Unless' .

otherwise stated, they had a freely available diet of Oxoid 41 pellets and tap water. -

CONDITIONS OF ANIMAL MAINTENANCE
Introduction

Several of the hormone treatments and gland abla;ions includgd in the preéent- k
study decreased the level of serum corticosterone and attempts were also madé to |
compare changes in serum corticosterone concentrations with those observed in
enzyme activity. It. was therefore necessary to measure serum levels. of ,
~ corticosterone in rats at rest rathex than undex conditions of stress. | Care was
therefore taken to standardise the conditions of animal maintenance during experimenté:
so that true -resting values for serum corticosterone and re'producible levels of
enzyme activity could both be obtained.

(1). Light and Temperature

Serum corticosten;one levels and the activities of TO and TAT vary diurnallylf . '
- (Chapter 2) and circulating corticoster.one ievels were also i'eportéd to vary with
environmental conditions (Glenister and Yates, 1961; Ader and Friedman, 1965). R
A;:cérdingly, rats wexre kept undgr conditions of standardis'ed.temperature (21°C)

and a 12h. light/dark cycle (0700-1900h, ).
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(2). Caging

Gala and Westphal (1965) caged rats separately in order to obtain true resting |
levels of plasma corticosterone. Dunn and Scheving (1971) showed that where groups .
of rats were kept in the same cage, opening the cage and removing the first animal
was sufficient to give increased pituitary-adrenal activity in the remaining animals.
This resulted in a wide variation of plasma corticostérone lévels in the morning,
when reéting levels were low, but not later in the afternoon §vhen they were higher -
due to diurnal variation. These authors used a ﬂuorim:arric method which was not
sufficiently sensitive to récord small cﬁfferencés in corticos;éIOne levels and thus. the
fullleffect of handling in the afternoon may not have been observed. ' During the
present investigation, the precaution was taken to cage r:':tts singly for the durafion _
of their injection schedule, whenever corticosterone was to be measured. In
experiments involving corti'sol' injections, rats were caged in groups.
(3). Killing

‘Glenister and Yates (1961) reported that a 10 sec. interval between initial
handling of the rat and its death does not allow the stress of the procedure to‘affect
plasma corticosterone levels. Plasma corticosterone levels in raté at the resting
state were obtained from blood samples raken after decapitation, following a 20 s_ec.‘l E
(Kit#y, 1961) and 30 sec. (Gala and Westphal, 1965) time interval bétx'ne'en initial
handling of the rat and its déath.

In all experiments in the present study where corticosterone was assayed,

rats were killed by decapitation within 30 secs, of approaching the cage., In cases

where a longer time interval elapsed, the corticosterone result was discarded.



INJECTIONS

(1). Sex Hormones

'As a consequence of the diurnal variations discussed previously (Chapter 2)
all injections of sex hormones were administeréd- between 0900 and 10. 00h. and the -
rats were killed between 14.00 and 15.00h. Oestradiol benzoate (Nutritional |
Biochemicals Corp. ), testosterone propionate (Sigma Chemical Co.) and
fluoxymesterone (Sigma Cherﬁical Co.) were dissolved in corn oil for sui)cutaneous
injection. Injeétions were administered for 14 days, except where otherwise stateél_, »
and tﬁe rats were killed on the day after the last injection.
| A'.AT and TAT activities, expressed in terms of the tissue goncehtration, \}ary‘ '
‘according to body weight, such that AAT activity.increases .(Hardin_g, Rosen and .
Nichol, 1961) and TAT activity decreases (Lin, Rivlin and Knox, 1959) with increasing ‘
body weight. In the pre‘sentrstudy, the composition of the experimental groups was - -
arré.nged so that the body weights of rats in tﬁe test groups were similaf to those in

the control groups at the end of the injection period. Oestradiol benzoate

administration decreases rat body weight (Keller, Richardson and Yates, 1969) so

‘that in experiments involving oestrogen treatment the rats in the test groups were,

heavier than those in control groups at the beginning of the injection schedule. In

contrast, androgen treatment increases body weight (Harding, Rosen and Nichol,

1961)'so that in these studies, the rats in the control groups were heavier than those
in test groups at the beginning of the injection period. Hoxrmone-treated animals

were always matched with a control group which were injected on the same days

et

with a corresponding volume of oil, ' o



). 'Hydrocortisone

Hydrocortisone hemisuccinate (Sigma Chemicals Co. ) was administered i)y '
intraperitoneal injection at a dose of 2.5 mg/100g body weight. Control rats were
injected with a cbrresponding voluﬁe of saline. Injections wei'e given at 0900h, |
and the rats were killed at 14.00h. as the maximai increases in TO and‘TA"T are
kl}own to occur Sh. after glucocorticoid treaﬁnent (Chapter 2).

SURGICAL PROCEDURES

All surgical procedures required for the experimental work repoxted in this
thes\is were performed by the author with the exception of hypophjrsectomy.
Hypbphysectomised fats were obtained from a comméfcial supplier, Scientific
: froducts Farm Ltd., Ash, Canterbury, Kenf.

(1). Anaesthetic

Ether was used as the anaesthetic throughout the opérations performecl:l‘ by

vthe author. | |

(2). Bilateral Adrenalectomy

The rat was anaesthetised, placed prone and a small vertical mid-line .‘
incision 1 cm. long was made through the skin over the neural spine of the lavst'v
thoracic vertebra. The skin was retracted on both sides of the spine and the angle -
' betweén the last rib and the vertebra on oﬁe side was carefully explored. ‘With the ’
tip of scissofs, the fascia was incised and the adrenal glan'd exposed. The adrena‘l;

‘vein and blood 'supply were exposed, ligated and severed before the removal of the -

adrenal gland. "I‘he same prdceduré was used to remove the other gland. -



Rats were kept on 0.9% saline in place of drinking water following the
operation and injections wei'e begun 4 to 5 days after surgery. Successful removal )
of the adrenal glands was confirmed by a post mortem examination of the peritoneal -
cavity for adrenal tissue and measurement of serum corticosterone levéis at the end
of the injection regime. |

" (3). Bilateral Ovariectomy

The rat was anaesthetised, placed prone and a small vertical mid-line
incision made through the skin over the first lumbar vertebra. The skin was
retracted on either side of the spine so that the peri-ovarian fat deposits ;:ould be
identified. After incising the fascia over the fat deposits with the tip of the sciséors, ’.
the ovary was exposed and the fallopian tubes and ovarian lblood supply ligated and
severed, before remO\.ral of the ovary. | The same proc;edure was used to remove
. the remaining ovary.

Tlie operations were carrie<i out on weanling females which were then kept
for 2 to 3 months before being used for éxperiments. During this time the
completeness of removal of the ovaries was ascertained by examixiation of vaginai

| smears for 1."6(1 blood cells,

(4). Oxchidectomy

After anaesthesia, the rat was placed supine and a small vertical mid-line
incision 0.25 cm. long was made through the skin at the tip of the scrotal sacs. .
“Through this incision, the fascia and muscular sheath enclosing one of the testes
| was incised, The cauda epididymis was identified and the vas deferens and testicular
blood supply were exposed, ligated zind severed so that the testis could be removed,

The same procedure was used to remowe the remaining testis,



The operation was performed on mature males. After orchidectomy,
, they were kept 7 to 10 days before injections were begun.

(5). Hypophysectomy

This 6p¢ration was‘ performed on rnaturé .feﬁale rats by Fhe supplier, .
~Scientific Products Farm Ltd. Hypophysectomised rats were given 5% glucose in - :
place of tap water while they were in tﬁe animal house at St. Max_ry's Hospital 'Med;i-éal
School and were kept for 2 w‘eeks before injection schedules were started. .

(6). Procedure for obtaining adrenal weights

Whenever possible, adrenals were weighed in experiments where serum , -
corticosterone was assayed. Adrenals were removed from the peritoneal cavity
at death, separated from the surrounding fat tissue, blotted and weighed on a

~ Gallenkamp torsion balance.



II. STATISTICAL METHODS

Levels of statistical significance were determined by the Students' t test
and c“lifferences between test and control groups with p > 0.05S were not regarded
as significant, |
- As shown on fig., 2 the normal range of serum corticosterone values gave‘
a skew disfribution so that mean values and standard deviations weré calculated aftef
determination of the log, 4 for each result as des;ribed byb Wootton (1964). Results

are presented both with and without this skew correction.
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Fig. 2. Distribution of Serum Corticosterone Levels in Male and Female Control .
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III. TRYPTOPHAN OXYGENASE ASSAY

Introduction

The metho.d used in the present study was similar to-that described by
Leklem, Woodford and Brown (1969) and depends upon the fneasurement of
kynurenine producéd after incubation of thevsubstrate with liver enzyme .e.xtract, |
. haem and ascorbic a_cid. |

'Aésay Procedure

'(1). Preparation of liver extract

' Homdgénising medium 0.02M - Sodium dihydrogen o'rtbophosphate:

| 0.25M - Sucrose

0. 14M - Potassium chloride

', The pH of the solution was édjusted'tﬁ pH 7.0 with 4N sodium hydroxide.
The animalls were killed by decapitation, the liver was quickly removed and

_chilled in an ice-cold vessel containing the homogenising medium. Throughout this |

procedure and the following preparation, livers é.nd liver extracts were kept bet:ween '

0 to 4°C. 10% W/V homogenates w;veré prepared by homogeniéat_ion of the 'liver ina

Waring Blender operatéd at 3/4 of its maximum speed for 45 secs. - Mici:oéome-free -

supe;:natant .ﬁas obtained by centrifugation of the homogénate in a Beckman model

L-2 preparative ultracentrifuge at 105,000 x g for 60 mins.

(2). Incubation Method

(a). Incubation Medium

0.3 ml 0.'2M-sédium dihydrogen orthophosphéte adjusted to pH 7.0 with
4N sodium hydroxide.
| 0.1 ml 50 mM-L-tryptoi)han (Koch-Light Laboratories Ltd. );‘ the amino acid
was dissolved in glass distilled water and the pH adjusted to pH 7.0 with éamrated

sodium bicarbonate.
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0.2 ml 12 mM-ascorbic acid; this was dissolved in glass-distilled water and
was freshly prepared before each assay. | |

0.2 ml 75 pM-haematin (Sigma Chemicais, London); 4.8 mg haem 'wés
converted to haematin by the addition of 2 drops of 1.5N sodium hydroxide before it -

‘was ;iissolved in water to a final volume of 100 ml. This was also freshly ﬁrepared
before each assay. |

© 0.2 ml glass distilled water.
All reagents, V\;ith the exception of ascorbic acid é}ld haematiﬁ were stored, : |
between 0 to 4°C, and remained stable for 2 weeks. |

~(b). Pi‘ocedure ‘
| 2 ml liver supernatant was added to 1 ml of the above reactio‘n mixture so thét )

" the final volume of 3 ml contained 0.8 mM-ascorbic acid, 5 pM-haematin and 1,66 mM-
L-tryptophan. The reaction was carried out in 25 ml stoppered Ehrlenmyer flasks °
whiéh contained the reaction mixture and the liver mpeﬁatant and were Kept at

'. OOC in‘an ice bath, before the assay was begun. _The‘reaction'was started by - :
transferriﬁg the ﬂ.asks to a Dubnoff incubator at 37°%. Duplicate flasks were
i;lcubated for 60 and 90 mins with air as the gas phase an';i a zero time flask was

- included for each assay.- The reaction was stopped by }adding' 10 ml of 5% (W/V) .

' 'trichloracet{ic acid to each flask and the precipitate was removed by centrifugatibn.

LConditions of Assay

‘(a). pH_

‘The maximal conversion rates of try‘ptopl'lari to kynurenine occur betweeh
pH 6.5 ’and. 8.0 with an' optimal pH of 7 0 (Knox and Meiﬂer, 195(5; Seglen and
Jervell, 1969). . Both homogenisation and incubation media were adjusted to this .pH

in the present study.
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"Fig. 3. Effect of Variation of Haem Concentration dn Rate of Kyﬁurénine Production v\
in the Presence of 0.8 mM-Ascorbic Acid.
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)

(b). Concentration of haem and ascorbic acid

Knox and Piras (1967) and Seglen and Jervell (1968) used haem concentrations
| within‘ the range 2 to 8 uM with respect to the finai volume of liver extract and |
incubation medium. In the present study, the combination of 5 pM-haem and

0.8 mM-ascorbic acid was optimal for the énzyme reaction (Figs. 3 and 4).

(c). Time of Incubation

The rate of kynurenine formation is not linear during the first 20 mins of ' _ ‘ .
the reaction with cell sap (Feigelson and Greengard,” 1961) or homogenate (§eg1en : -
énd Jervell, 1968). Piras and Knox (1967) overcame this problem by allowing the .

- incubation to pr.oceed for 30 mins. before meaéu&ement of kynurenine over a |

25 mins. period, 'during which time the reaction rate Wés linea’r. . This pfocedtllre
results in high blank values and a low sensitivity (Morrill, Feiner-. and Kostellow,
1968') and was therefore unsuited to the présent study, si‘nce in vitro inhibitions, : '_
gland ablations and hormongl treatments, which caused low levels o? enzymé activity,’ :
were to be investigated., The rate of kynurenine formation was found to be linear -
over the first éO mins. of incubation (Fig. 5 ) and in a series of 8 'assays, duplicate
flasks were incubated for 60’mins.. and 90 mins. There was no difference between ':. :
the 'enzyme‘ aétivities, exp;:essed in pmoles‘ kynurenine/g‘ wet liver wt/h,, in these

two ﬂésks (Table 1 ) indicating that the initial 2'0 mins, period, dﬁring 'VVhiCh the -
reactibn was non-linear, did not affect 'the overall reaction rate.in thfase lohger |
‘incubation times, The procedure of inclu&ing 60 mins. anq 90 mins. 'incubat.ion
flasks was therefore adopted for each assay, and enzymé activity Was expressed

in pmoles kynurenine/g wet liver wt/h.
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- Fig. 5. ' Relation Between Kynurenine Production and Duration of Incubation.
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Table 1 The effect of different incubation times on the rate of tryptophan
oxygenase activity

Time of Incubation No. of Assays - Tryptophan Oxygenase Activity.
: ) . pmoles kynurenine/g/h. '

60 mins. C 8 - 3.4+0.5

90 mins. 8 ' 3.4+0.3

Values are stated as the mean + standard deviation

?

~ (4). Measurement of Kynurenine -

]:';‘or the purpose of TO assay, kynurenine.is normally measured by its
spectrophotometric absorption at 360 mp (Pifas and Knox, 1967; Greengard and '
Baker, 1966; Labrie and Korner, 1968; Rosen and Milhollé.nd, 1968). However, |
a compound formed by a complex of tryptophan and ascorbic acid interferes with |

‘the absorption of kynurenine at this w;vaxelength (Seglen aﬁd Jervell, 1968; Morrill,

"\ - Feiner and Kostellow, 1968). .The addition of ascc;rbic acid to the incubati'on
vme_di.um increases enzyme activity (Tanaka and Knox, l1959)._ Morrill et al (1968)
calculated that the absorption of the tryﬁtophan-ascorbic acid complex at 320 mp
accounted for 25% of the total increased optical density prc;duced by addition of ascorbic
acid,’ previously thought dué to kynurenine production. In the present study, the.:cefo'rev
‘kynurenine was measﬁred by a colorimetric method based on the diazotisation of
aromatic amines (Bratton and Marshall, 1939). In this method, kynurenine was
diazotised with sodium nitrite and ammonium sulphamate before the formation of .

a purple compound, with maximal absorption at 550 my, on ﬁxe addition of N'(1-

- napthyl) ethylene diamine hydrochloride. Optimal colour development occurred '



Fig. 6.
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" after a 3h. .period. This method, modified by Arend, Leklem and Brown (1970)

+

for the use of a Technicon autoanalyser, was used in the present study.

(a). Autoanalyser Assay Method

(i). Solutions '

0.05% Sodium nitrite in glass distilled water.

0.75% Ammonium sulphamate in glass distilled water. B | '
0.10% N'(1-naphthyl) ethylene diamine hydrochlori.de.

All solutions were stable for 2 weeks on storaée between 0 to '4°C.

(ii). Standaxds

Kynurenine was dissolved in 3.85% (W/V) trichloracetic acid, the final

. concentration in the assay medium after deproteinisation with 5% (W/V)

trichloracetic acid, so that a.stock sohition of 100 pg/ml was brepared, which was 3

further diluted for a standard concentration range of 1 pug to 10 pg kynurenine/ml. .

(iii). Instrumentation

The Technicon components used included a Sampler No. III, proportionating

. pump, -heating bath, colorimeter with a 15 mm tubular flow-cell and recorder.

(iv). Procedure ‘ ’ ' L
The autoanalyser was assembled as shown on the flow-diagram in Fig. 6.
After the mixing of the sodium nitrite, ammonium sulphamate, N'(l-napthyl)

ethylene diamine hydrochloride, satisfactory colour development was obtained by the

"use of a double time delay coil kept at 37°¢ ih the water bath. Optical density was

' read in a standard colorimeter using a 15 mm tubulax flow-cell with 550 mp

interference filters. A sampling rate of 40/h. was used to produce clearly defined - |

peaks, and the sample to wash ratio was 2:1. A recorder chart for this assay is

. shown in Fig. 7.



Fig. 7. Chart Record from Autoanalyser

1

1 2 4 6 10 - zero time _60: 90 60 . 90 60 . 90 .60 90

o ynoremine/mi . olf ——r——Oest Banz————oil ——-— Oest Benz-—

Test samples were incubated for zero time, 60 mins, (60) and 90 mins (90).
Samples from corn oil-treated control female rats (oil) were diluted 1:4, and those
from female rats treated with a daily dose of 10 pg oestradiol benzoate (Oest. Benz. )
were diluted 1:8 with 3. 85% trichloracetic acid. -




Fig. 8.. Standard Curve for Kynurenine
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(v). Standaxrd Curve

sl

~ The standard curve for this procedure was not linear (Fig. 8 ). Further

dilution of each sample, after deproteinisation with 5% trichloracetic acid, with

3.85% trichloracetic acid was necessary 'so that it .was within the 1 pug to 10 Hg

kynurenine/ml range of the standard curve. Samples from control rats were

routinely diluted a further 1:4, from oesfrédiol benzoate treated rats a furthei‘ 1:8

and cortisol treated rats a further 1:10.

Evaluation of Method

Greengard, 1968

Table 2, Comparison of mean values for tryptophan oxygenase in this and
. other studies. :

Study Sex No. of rats Tryptophan Oxygenase

‘ umoles Kynurenine/g/
h.

Present Male 39 2.3+0.6

Study Female 78 3.7+1.1

Greengard, Male .9 3.7+0.6

Baker and ) ‘ _ e

Friedell, (1967 - Female 5 4.6 +0.9

Knox, Piras. Female 5 4.5 +1.2

and Tokuyuma,

(1966)

Reshef and Male 6 3.9 +0.3

A comparison between the mean values for TO obtained by the'method used

in the present study and those reported by other workers is difficult since many

authors have expressed activities as pmoles kynurenine/mg protein/h. In addition,
the numbers included in the experimental groups in these other studies were small,

compared with the total group size of the present investigation.




However, from the limited data available, it appears that the levels of
TO' a(’:tiﬁty obtained in the present-study are lower than those of other authors,
possibly due to the elimination of extréneous interference due to ascorbic acid by
ﬁsing a colorimetric method for kynurenine measurement. Both Reshef and |
Greengard (1968) and Greengard, Baker a_nd Friedell (1967) measured kynu;:enine by
its spectrophotometric absorption at 360 my which is subject to such interference.
The care tai<en during the present study to keep animals in controlled conditions,

devoid of stressful stimuli, as described earlier in this Chapter, also may have

- resulted in low TO activity in control rats. .-
. . ) * . i K .

-



IV. TYROSINE AMINOTRANSFERASE ASSAY

Introduction

Tyrosine aminotransfera-se activity is normally measured by estimating "
the rate of formation of p-hydroxyphendipymvic acid, the initial pi'oduct of tyrosine".:‘ i
transaminatién identified first by Cammarata and Cohen (i950).. T‘lmeSe authors B
used a modification of the method described by Briégs (17923) similarto Fiske- " :
Subbarrow's assay for phosphate (Fiske and Subbarow, 1924). The assay of
Cannellakis and Cohen (1956b) was modified by Rosen, Harding, Milhollgnd and

| Nichol (1963) and it is this method with some minor modiﬁcations that was used in
this = present study. |

P-hydroxyphénylpyruvic acid ‘has 'also been estimated by measuring t;1e opti.cal
density of the tautomer produced on addition of a ‘tautomerase tokt‘he assay system, |
the "enol-borate method", (Lin, Pitt, Civen and Knox, 1958). Since this is esséntiau.y
for use with a continuous direct readihg spectrophotometer, which requires a clearvl "

_ solution, it was unsuitable for the rapid measurement of tyrosine amin.otransferase“ ' 7
in wilole homogenate, neceésary in the preseht study.

A third method described by Diamondstone is‘based on the spectrovphotometric»
measurement of p-hydroxybenialdehyde produced from p-hydroxypheny}pyruvic gcid
in the presence of alkali (Diamondstone, 1966). This method was devised to meaéure
TAT activity in low concentrations‘ of homogenate, .and since the reaction rate v@as

not linear with high concentrations of homogenate it was therefore not acceptable for

thé present study.



78,

Method

(1). Incubation medium

'36.4 ml 4mM-L-tyrosine (Sigma Chemicals, Loncion) in 0.2M ;;otassium_ .
dihydrogen orthophosphate. The‘_buffer was adjusted to pH 7.3 with 4N sodium
hydroxide. Due ..to difficulty é;;perienced with the solui)ility of tyrosine, the amino .
acid was dissolved in buffer before éommencing each assasr and then added to the -
remainder of the incubation medium, |

- 4,2ml d.O3M-a oxoglutaric acid (Sigma‘Chemicals,l i.ondon). in glass -
distilled water. B |

2.8 ml 2.8 mM pyridoxal phosphate (Sigma Chemicals, London) in élas’s
distilled water. | | |
This solution was'prepéred afresh each _Week and stored m a dark bottle to pr'event'_‘ |
. déc’oxﬁposition by ultra v.iolet light, | | '

’1.4 ml 0. iSM diethyldithiocarbamic acid in glass distilled water. ‘

5.6 ml 0.25M sucrose in 0.2M potassiﬁm dihydrogen orthophosphate at :
pH 7.3. | |
All solutions, with'the excgption of tyrosine were stored between 0 to 4°C.
Procedure |

10% (W} V) liver homogenates were obtained as described for the TO assay. - j ,
An assay medium was prepared as indi.cated above. The volumes iisted weré
: sixfficie;xt to assay honiogenate éamples from 4 rat livers. 3.6 ml of the medium
were pipetted int9 conical flasks, at 0°C in an ice bath, and to each of these 0.4 ml ;
liver homogenaté was added. The reaction was begun by placing the ice-cold flasks
jn a Dubnoff shaking water bath at 37°C and was stopped by the addition of 0.4 ml

100% (W/V) trichloracetic acid. The flasks were incubated for 5 and 15 mins.
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| (3). Standards
A solution of p-hydroxyphenylpyruvic acid, concéntration 100 pg/0.1 ml glass.
~ distilled water, was freshly prepared each week, Two standard flasks were included :
for each assay and consisted of 0.1 ml and 0.2 ml, xéspectively, of the standard |
solution, asséy medium with 0.25M-sucrose in place of pyridoxal phosphate and'. B
..0. 4 ml homogenate. Tﬁe mixture was imvmediately deprc;teipised with 0 4._ml 100%' "
(W/ V). trichloracet.ic acid. .

4). Conditions of Assay

(a). Concentration of tyrosine

| In the original method of Rosen and co-workers (19635 the eﬁzyme reaction
.was "mitia;ed, after a three mins, 'preinCUbation period, by the addition of 0.6 ml
of an aqueous solution of 10 mM- L-tyrosine. The flasks already contéineq buffer,

" homogenate and a-oxoglutarate, Much difficulty was experienced with this précedure
due to the poor soiubility of the amino acid. This was ox}ercome by dissolving a
more dilute solution of tyrosine in buffe:r'and inclqding it in the assay medium before | v

‘ the incubation was begun. The concentration of tyroéiné solution was decreased from ’

. 10 mM, used by Rosen et al (1963), to 4 mM and the proportion of tyrosine added to-

the incubation medium was increased so tha;t the final concentration of ,tyrosiné in.' |

each flask 'was the same as that used by Rosen ahd co-workers, |

(b). Time Course of Incubation

Initiation of the reaction by the addition of substrate, according to the .

procedure of Rosen and co-workers (1963) results in high blank values (Greengard and !
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Fig. 9. Relation Between p-Hydroxyphenylpyruvic Ac1d Production and T1me of
Incubation.

o7 v

: .BOpg Pyridoxal -Phosphate

No Pyridoxal Phosphate -

. Optical Density 850mp'

Time of Incubation (mins)

+In Flgs 9, 10 and 12 p-hydroxyphenylpyruvm acid was measured as the molybdenum‘
blue complex by its absorption at a wavelength of 850 mp. : ‘
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Gordon, 1963). Greengard and Gordon (1963) discarded this procedure and began o

the reaction by transfering the flasks from an ice bath to a Dubnoff incubator at

' .37°C, and this was also adopted in the present study. f’roduction of p-hydroxy-‘

phenylpyruvic acid was linear with time over a 20 min. period, (Fig. 9 ), and

[4

the concentration of product obtained between 5 and 15 mins. incubations was routiiiely;

~ used to calculate the rate of enzyme activity expressed as ymoles p-hydroxy-

phenylpyruvate/g wet liver wt/h.

(c). Enzyme and cofactor concentrations
TAT was assayed in the presence of pyridoxal phosphate throughout the - °

pre_seﬁt study to obtain maximal expression of enzyme activity (Chapter 2).

. The combination of 0.4 ml hombgenate with 80 pg pyridoxal phosphate provided

" optimal conditions for the enzyme reaction (Fig. 10).

(@). pH

The production rate of p-hydroxyphenylpyruvic acid is maximal with a pH"

‘between 7.0 and 8.5, and ;Sptimal at 7, 6 (Lin, Pitt, Cix}en and Knox, 1958). However,

in the present study the pH of the homogenising medium was 7.0, since this was _ )
critical for the TO assay. In order to avoid subjecting the enzynie ptotein

preparation to an extreme shift in pH, the TAT assay was carried out at pH 7.3.

(5). Measurement of p-hydroxyphenylpyruvic acid

 Colour Reagent -

12 ml 3% (W/V) ammonium molybdate in 5N HCl.
20 ml. 1% (W/V) potassium monohydydrogen phosphate in glass distilled water.

- 32 ml glass distilled water.



Fig. 10.

Effect of Homogenate and
Pyridoxal 5-Phosphate -
Concentration on
p-Hydroxyphenylpyruvic
Acid Production.
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Fig.-11,  Standard Curve for p-Hydroxyphenylpyruvic Acid (pOHPPA)
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Colour reagent was freshly prepared before each assaﬁr as indicated above. 4, E
1 ml of the clear supernatant from the deproteinised assay medium was added to
2 ml of the colour reagent, The c;ptical density of the molybdenum blue, formeci
after the colour reaction had proceeded for 1h was measured in a Unicam S.P. 600‘
spectrophotometer at a wavelength of 850 mp. A standard cux;ve' is shown on Flg 11,

Cellular distribution of Enzyme

Preparation of particle-free supernatants from liver homogenates, by the .
same method as that used in the TO assay, resulted in a substantial loss of TAT
aétivity, compared with whole homogenates, when pyridoxal phosphate was omitted‘ .
from the assay medium. Addition of pyridoxal phosphate increésed TAT acti&ity'
in supernatant, although it was still beiow the activity in whole homogenate assayed
under the same .c_onditions (Fig. 12). Since mitochond:ia.'are removed on: - |
preparation of a particulate-free supe rn‘atant, the ‘possibility that this Was;fesponsible'j
for the low activity in supernatant, was invéstigéted. -

| Mitochondria were prepared from whole'homogenate by the method of
~ Hogeboom (1955) -modiﬁed by Ueda (1967). '_Mito'chondria were separated as a
peflet after céntrifugation of the whole hom'ogenate' at 10,000x g for 15 mins. ina -
Beckman model L2 'preparative ultr’acehtrifuge. Mitochondrial TAT activity was
| greater than in 10,000 x g supernatant when pyridoxél phosphate was omitted from‘t.hé
assay system. However, on addition of the cofaétor, activity in the supernatant

" increased whereas mitochondrial activity remained unaltered, (Table 3, Fig. 13).



ws

. Fig. 12, . Comparison Between p-Hydroxyphenylpyruvic Acid Production in |
- Liver Homogenate and 100, 000 x g Cell Sap (Supernatant),
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Table 3. . - Tyrosine Aminotransferase Activity in Cell Fractions

Cell Fraction | . Tyrosine aminotransferase activity _
pg p-hydroxyphenylpyruvate/flask/10 mins

r No Pyridoxal Phosphate With Pyridoxal Phosphate
Mitochondria 199 - 19.8

10, 000 x g Supernatant | e 5.6 ’ 88.4

Mitochondrial TAT activit.y was‘thereforé reéponsible for the higher activity o
‘in ﬁomogenates than in supernatant.. The inability of pyridoxal phosphate to, |
stimulate mitochondrial activity may be dﬁe- either to the saturation of mitochondrial
TAT \&ith pyridoxal S-phospﬁate prior to the addition of exogenous cofactof or fo thé_uv :
presence of an iéoenzyme of TAT in the mitochondria, which is unrespoﬁsive to the..' '
-addition of the coenzyme. A further possibility is that the mi;ochondriél membrane &
is impermeable to pyridoxal S-phosphate. |

Evaluation of Methiod

Table 4, - Comparison of mean values for Tyrosine aminotransferase between '
this and other studies

Study - | Sex No. of animals | Tyrosine aminotransferase
‘ activity umoles OHPPA /g/h

Present study . Female 72 j . 90 +23
Present study Male 25 : 95 +21
Greengard and Female 6 K ' 66 + 4

| Dewey (1967)

Greengard and | Male | i 54+4-
Goxrdon (1963)




- ) o N o o 88.77:7

The mean values for TAT activity in both male and female rats calculated
from results collected during the study are shown on Table 4. In compariéoﬁ to’
the work of Greex.lgard and Dewey (1967) these results are high.,  TAT activity was. '
shown to vary seasonally, (Chapter 5) and this may account for these differences " |
since the observations of Greengard and Dewey may have been made during October
to December when activities are low.

‘Greengard and Dewey (1967) also used particulate-free supernatant in 'their‘ o
assays. The p‘resent study shows that some activity is lost on removal of the
mitochondrial fraction, and since whole homogenate was used throughout the current -
investigation fhis may also exblain the différence in é.ctivities. " Several workers
have measured liver TAT activities fn the course of their in;/estigatidns (Rosen et al,
1963 Kenney and Flora, 1961; Kupfer and Partridge, 1970; Singer and Litwack, 1971‘
Mavndes and Lane, 1968; Labne and Korner,  1968a.b), although these authors
have expressed activities as pmoles product/g protein/h so that comparison between ~

- their results and those obtained in the present study was impossible.



V. ALANINE AMINOTRANSFERASE ASSAY

Introduction
The method used in this study was that of Rosen, Roberts a;ld Niéhol (1959) B

- which was a modification of thel colorimetric procedure describé'd by Tonhazy, o

White and Umbreit (1950) for tf1e measurement of aspartafe and al.aniine“

aminotransferases.

Assay Method

(1. 'Solutions
Reag' ent A - 12 ml 0.17M-2 amino;Z-methyl-l-S propanediol_ m glass distilled
water, adjusted to pH 8.9 with SN HCI. |
| 2.5 ml 0,.5M-L-alanine (BDH) in glass distilled water.
i. 5 ml 0. 1M-a-oxoglutaric acid (Sigma Chemicals, London) in glass distilied '
water. -
| 75 ul 10% (W/V) bovine plasma albumin (BDH) in glass distilled Water. »
Reagent B ',This was of the same compositioﬁ as Reagent A excépt that L-a_lanin_e
was replaced by water. | | |
| Ali solutioﬂs were kep; ben&gen 0 to 4°C.
(2). Procedﬁre -
10% (W/V) liver homogenates were prepared as ;iescribed for the TO aséay
_ and were‘diluted further with ice-cold aisti}led water so that concentrations of 1%;
and 0, 5% were assayed for each liver homogenate.
Two 50 pl'_portions. of both 1% and 0.5% concentrations were each added ro
0.5 ml Reagent A and one SO ul poxtion of each concentration 'was added to 0.5 ml
Reagent B for the blanks. Before the incﬁbation was begun, tubes cointaining the assay

. o . : .
mixtures were kept between 0 to 4 C in an‘ice bath, and the reaction was started by
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placing the tuBes in a water bath at 37°C.  After 30 mins. the reactidn vivas stopped |
by the addition of 0.05 ml 100% (W/V) trichloracetic acid."

. The reaction rate was linear over the 30 mm incubation period for both
~ concentrations of homogenate (Fig. 14, | |

(3). Treatment of standards

25 pl and 50 pl of 0. 01M-pyruvate were routinely added to 0.5 ml Reagent B

and treated similarly to test samples. A standard curve was linear over the range

0-100 pi 0.01M pyruvate/tube (Fig. 15). . -

(4). Colour Reaction ‘ o ‘ T o o ‘
(a). Solutions | : o ' o

1% (W/V) 2.4 dinitrophenyl hydrazine in 2N HCl _ ‘ -

Water-saturated toluene

2.5% (W/V) potassium hydroxide in 95% ethanol

(b). Procedure

0.5 ml dinitrophenylhydrazine was added to the deproteinised assay mixture

and incubated at 37OC for 5 mins. The pyruvic acid hydrazone thus formed was |

extracted into 1 ml water-saturated toluene, - 0.6 ml of this upper 1aye'r was pipetted ‘

out into 3 ml alcoholic potassium hydroxide, to give a reddish colour read at S30 mp
on a Unicam SP 600 spectrophotometex, -

" Evaluation of method

. AAT requires pyridoxal phosphate to act as a cofactor for the transamination

<

of alanine, Keller, Richardson and Yates (1969) showed that, under conditions simila;'!

to those in the present study, there was a linear relation between the amount of
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pyruvate formed and concentration of homogenate Without addition of pyridoxal
lphosphate cofactor. After inclusion of cofactor in the asseﬁy system this reaction

rate was no longer linear with respect to the concentration of homogenatg, aé the '
enzyme was already fully saturated with cofactor in th.e liver., These observations -
confirm egrlier work of Rosen et al (1959). In the present study,. pyridoxal phosphaté
'was routinely omitted from the assa§ medium. n

The mean values for AAT activity calculated from results obtained throughout -

the present study are summarised on Table 5.

Table S, Comparison of mean alanine aminotransferase values between this
' and other studies :

Study ' Sex - No. of animals {Alanine aminotransferase
: " |mmole pyruvate/g wet liver
Wt/h.
Present Study Male 10 ' 4.1+0.8
Present Study Female 43 2.1+0.6
Keller, - Male . 30 . 2.3+0.8

Richardson and
Yates (1969)

Keller, | Female 14  2.340.6
Richardson and : ‘ : -
Yates (1969)




VI. CORTICOSTERONE ASSAY METHOD

Introduction

Corticosterone was measured throughout this study by a radioactive
| protein-binding method baséd on a combinatibn of fhg techniques devéloped by. ‘
Muxrphy .(1964, 1967) and Mayes and Nugent (1966) fpr fhe assay of cortisol. |
| Corticosteroids have also been estimated by fluorimetric methods
(Guillemin, Clayton, Lipscomb and Smith, 1959; . Mattingly, }9'62) but there
are still sufficient non-specific fluorogens extracted fr(;m plasma to interfere
considerably with the.measurement' of ;:ortisol using the method of Mattingiy
(Stenlake, Davidson, Williams and Durnie, 1970). In an investigation of thé method .
of Guillemin et al, Dunn and Scheving (1971) found a residu‘;ili fluorescence in the
plasma of adrenalectomised rats equivalent to 6 pg cort’icostero_ne/ 100 ml plasma. -
Keller, Sendelbeck, Moore anci Yates (1966) .re.port'eda similar residual ﬂuorescex_xcev
in plasma from hyﬁophysectbmised and adrenalectomised rafs equivalent to 2: Hg
_ corticosterone/100 ml plasma.

- Since experhnenfs with hWOPhYseCtomised and ad‘renalectomise_d rats«and o
' tﬁe estimation of low levels of élasma corticosterone resulting from gland ablations i
and hormonal treatments, fonhed a majof part of the sfudy, methods involving
- fluorimetry were not.' considgred suitable, | The doubie.isotOpe method of Fraser
and nges (1968), although specific for cortié‘dstéroids, was thought .tpo complex

for the present investigation.,



Principle of Protein Binding Method

This rﬁethod is based on competition for binding sites on a specific
stgroid-binding globulin, A plasma protein with biﬁding properties specific fér 3
corticostérone is first éllowe_d to rea;c.:ﬁ equilibrium with a know‘n quantity of |
the labelled hormone. When the unknown cold sample is added, a new

equilibrium is reached in which some of the labelled corticosterone is displaced

from the binding globulin. The bound and free hormones are now separated,

using an inert material with a high specificity for the freé hormone such as

dextran-coated charcoal, or florisil, a silicaceous earth. Almost all the free -
hormone now becomes bound to this solid phase and may be centrifuged down

to form a pre'cipitate, while the proteinsbound hormone remains in the supernatant,

The loss in radioactivity from the superndtant is used to indicate the level of

corticosterone present in the.unknown sample,

As say Method

(1). Materials and Solutions o L . T

(a). Redistilled dichlormethane

(b)., Binding solution

1-2H3 corticostérone, specific activity 30-40 Ci/mM from the Radiochemical

Centre, Amersham., This was of 98% purity as analysed by a Bush B chromatography:

_ system and diluted 1:10 with ethanol to form the stock solution which was stored

o :
" at =20 C. ' : '

i
t

Corticosterone Binding Globulin (C.B.G.) was obtained by using human plasma‘
|

as describedlater in this Chapter. Sufficient plasma for optimal binding, normally

between 4 to 5 ml, was pipetted into a 100 ml volumetric flask. Distilled water was :

added to within 1 ml of the mark followed by 0.4 ml of the stock 1-2H3 corticosterone '

b
. .
3
t



solution, and the volume was then made up to 100 ml with distilled water. Such

a procedure ensured that addition of the ethanolic corticosterone did not precipitate

.

any of the binding plasma., The binding éolution was freshly prepared before each

-

assay.

(c). Dextran-coated charcoal

0.5% charcoal (activated Norit OL from Hopkins and Williams) in glasé

distilled water.

0.05% Dextran of Molecular Weight 80, 000 (from Pharmacia, Upsala, Swveden)v '

in glass distilled water. Dextran-coated charcoal solution was prepared by rhixing o

equal volumes of the charcoal and dextran solutions, and remained stable for 4 days

if stored between 0 to 4°C.

. (d). Scintillant

The scintillant consisted of 25g napthalene, 7g 2.5 diphenyloxazole,

0.25g 1,4 di-(2-(4 methyl S phenyloxazoiyl)-benzene and 50 ml toluene per litre of

. 1-4 dioxan and had a counting'efﬁciency. of 40% for tritium in a Packard Tricarb |

Liquid Scintillation Counter.

(2). Procedure

0.5 ml serum samples were extracted with 10 m1 redistilled dichlormethane ' .
~in stoppered glass vials by shaking them horizontally for 20 mins. in a mechanical.

shaker., The vials were left to stand for a further 30 mins. to ensure separation of

the upper aqueous and the lower steroid-containing phase. The aqueous phase

" was removed under vacuum suction and duplicate 2 ml aliquots of the residue were

pipetted into assay tubes, After standing the tubes in a water bath at 4S°C and’

-~




and evaporating the solvent under nitrogen, 0.5 ml of the binding solu;iori'

was added to each tube using a Hamilton repeating syringe calibrat;ad at 100 pl
intervals. The tubes containing the sami)le and binding solution were inéubat?ad
in a water bath at 40°C for 5 mins., transferred to.an ic;a bath foi a further

10 mins. and 0.4 ml of the dextran-charcoal mixture was then added to each
tube using a spring-loaded syringe. The dextran-coated charcoal wasv kept in
_suspension by constant stirring for at least 20 ;nins. before use and throughout
its addition to the assay tubes. The tubes vl;ere left to stand for 30 rﬁins. and
cehtrifuged for 5 mins. in a Mistral Model 6L at 2,000 r.p.m. Using an |
Eppendorf automatic pipette, 02 ml of the supernataﬁt were added to 5 m1 of

_ scintillaht in glass screwcap vials and these weré counted at 40% efficier;cy for
S mins. each in a Packard Tricarb Spectrometer, Model 574.

(3). Preparation of samples

+

During the present investigation, much difficulty was experienced in obtaining
rat plasma samples which were free from fibrin clots and it was found more
convenient to measure serum levels of corticosterone.

(4). Treatment of standards

The rénge of concentration of standards, found to be.inost appropriaf;e to
the levels of corticosterone routinely measﬁred, was 0 to 50 pg corticosterone/
100 ml., A solution of cdrticosterone af a cohcentration of 5 mg/100 ml ethanol
was further diluted to givé conoentfations of 2.5 ng, 5.0 ng, ld.O ng, 20.0 ng, 35._()‘
‘_ ng, 50.0 ngin 0.5 ml. Each standard 0.5 ml sample was assayed in duplicate with
the same extraction, binding and counting procedx.lres. as the samples., A typical
standard curve, obtained by plotting radioactivit;lz, exl;re'ssed in c.p.m. against

concentration of corticosterone, is shown in Fig, 16.
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(5). Internal standards and quality controls

In order to check the variability of assays and their precision, serum
samples containing. known levels of glucocorticbids we"re included in each assay.’
Ideally, these should have been obtained from the rat, bu-t since insufficient material .
Was available, horse sérum (Borbughs Wellcome No. 3 Serum) was used. " Each
batch was divided into two portions on e_irrival from the_ suppliers and sufficient
corticosterone was added to oné portion to increase the concentration of gluco- ‘

corticoids by 5 ng/0.5 ml so that two sets of standard control samples, each -

containing a different concentration of corticosteroids,were obtained. Each portion -

was pipetted into 0.5 ml aliquots and these were stored at -20°C until required for

assay. These quality controls were treated in the same Way as the standards and

sarriples. ' The concentration of corticosterone obtained in these samplés throughout . '

.
[} L3

the study are shown in Table 6. . . .
The percent recovery was routinely calculated from the difference between -

the two internal standards.

Table 6.. ° Mean values for quality control

Sample , " Corticosterone _
' ug corticosterone/100 ml serum

Sample 1 : T (15)  6.7+2.5

Sample 2 | (15) 11.3 +2.7

No. of assays are shown in paranthesis. Values are given as mean + .
standard deviation, C :




(6). Calculation of Results

The concentration of corticosterone equivalent to the radioactivity present

in each sample is obtained directly from the standard curve and divided by the

“percent recovery. Corticosterone levels are expressed in terms of pg corticosterone/

100 m1 serum.

(7). Conditions of Assay

(a). Extraction Procedure

Mayes and Nugent (1966) used 13 ml‘dichlormethax.'xé to extxl'act 1 ml of plasma.
"In the'present study, the volume of sexum obj;ained from each rat varied between |
0.5 ml and A2. 0 ml and assays were normally performed on 0.5 mi serum. When
these samples were extracted with 10 mls redistilled dichlormethane, the recovery .
was 100%, which was confirmed by the experiment. summarised in Table 7, when
a volume equivalent to 2.5 ng 1-2H3 corticosterone was extracted with dichlor‘x‘;;xethane
after addition to 0.5 ml serum from adi'enalectomised rats.

(®). The Bindirig Procedure

The time séquence and temp_eraturé used in the present method were
essentially those originally described by Mprphy (1964, 1967) as modified by Tait,
. Schulster, Okamoto and Tait (1970) for corticosterone and by Reevgs, de Sou‘za, '
. Thompson and Diczfalusy (1970) for progesterone. Strict adherence to _these‘_time .

intervals and temperatures was observed,

"(¢). Corticosterone-Binding Globulin

A highly specific binding protein was regérded by Murphy (1967) as essential |

for protein binding assays, in order to obviate interference from extraneous factors."
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Table 7. Efficiency of extraction of serum 'samples with dichlormethane

Sample c.p.m, : ) % recovery

A 3200 -
3150

B 13300 - B 104
3200 | _ 101
3150 | 99
3200 - 101

Control samples in duplicate. 0,02 ml '1-2H3 corticosterone kéquivalent fo |
2.5 ng) were added t0 0.5 ml éthanol whi;:h was further diluted by the additiqn
of 10 ml ethanol. 2 ml of this solution were ad&éd to 5»m1 scintillant and |
counted for 5 mins as described previously.

0.02 ml 1-2H3 corticosterone were added to' 0.5 ml serum from

. adrenalectomised female rats in quadruplicate and extracted with 10 ml

dichlormethane as described in the text. 2 ml samples of the lower steroid% '

containing solvent layer were added to 5 ml scintillant and counted for 5 mins.




In the present study, corticosteroid-binding globulin (C.B.G.) from a human

source was used. Other workers have employed human plasma in the assay of

cortisol and dog plasma for corticosterone assays (Murphy, 1967). The affinity '

of human C.B.G. for corticosterone is similar to that fof cortisol (Reeves, de
Souza, '.Thompson and Diczfalusy, 1970) but since B:aunsber'g and James, (1960)

have shown that the levels of circulating cortisol in rat plasma, determined by
chromatography, are barely detectable there was no poésibiiity of inte.rference. frorr;" ‘
cortisol with the binding of corticosterone to human C.B.G.

Preliminary investigations showed that of the other steroids testosterone

and oestrogen had little binding affinity for human C.B.G. (Table 8 ). Although .

there was significant binding of progesterone, Hashimoto and Wiest (1969) have

reported that the concentration of progesterone in the ovarian vein, measuredbya -

chromatographic method, was less than 1.5 pg/ml blood throughout the oestrus
cycle. Interference by progesterone with the binding assay was therefore not

regaxrded as a significant factor.

(d). Preparation of Corticosterone-Binding Globulin

Previous workers achievéd increased binding specificity by treating donors
with dexamethasone beforé blood collection (Murphy, 1967). Accoxrdingly, plasma
was obtained from a healthy human female subject after treatment with 3 mg
dexamethasone at 6.6 p-m. and 3 mg at 12 rﬁidnight, before blood was téken the next

morning at 9 a.m.

101,
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. Table 8, Intexference of steroid hormones with corticosterone binding
Steroi_d Hormone/O. 5 ml | Equ_i@len’t in pg corticost.erone/ 100 ml
Tgstosterone | : ' . 3 ug
Oestradiol-l7ﬁ | : o 2.5 pg : .
Progesteroné : : o o 10 pg
Cortisol | | ‘ | 48 pg

0.5 ml of Binding Solution was added to duplicate tubes containing S0 ng of the above

stéroid hormones. After the binding procedure described in the text, the degree

of displaceinent of labelled corticosterone from the binding globulin was read off . -

from a standard curve for corticosterone and expressed in terms of the equivalent .

in pg corticosterone/100 ml.




Fig. 17. Effect of Different Concentrations of Corticosteroid-Binding Globulin

(CBG) in the Binding Solution on the Standard Curve for Corticosterone.

CPM. x 103

o . 10 20 30 - 40 50

ng. corticosterone -

Binding solution contained 5% CBG and gave 50% binding capacity:
Binding solution contained 4% CBG and gave 43% binding capacity.
Binding solution contained 3% CBG and gave 26% binding capacity.

Binding solution contained 2% CBG and gave 19% binding capacity.
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Fig. 18.

Effect of Different Concentrations of 1-2H3 Corticosterone in the
Binding Solution on the Standard Cruve for Corticosterone.

C.PM. x 103

o 10 20 30 40 .50 -
ng corticosterone

3
Binding solution contained 1-2H coxticosterone at a concentration eqmvalent
to 2 ng/assay and gave 53% bmdmg capacity,

3 . ' " . :
Binding solution contained 1-2H corticosterone at a concentration equivalent: .

to 1.5 ng/assay and gave 44% binding capacity.

Binding solution contained 1-2H3 corticosterone at a concentration equivalent
to 1.0 ng/assay tube and gave 31% binding capacity.

Binding solution contained 1~ 2H3 corticosterone at a concentration equxvalent-
to 0.5 ng/assay tube and gave 21% binding capacity. :
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For each batch of plasma thus obtained, it was necessary to estaﬁlish the

, optimal concentration of'C.B.G. for the bin.ding solution. A range of binding solutions
was prepared as described previously, each With a different propoftion 'of plasma.
0.5 ml of each ‘solution was pipetted intoduplicé.t_e aésay tubes ?:ontaining 1 ng,

10 ng and 50 ng corticosterone and to 4 blank tubes. The binding procedure was
carried out as described previously in fhis Chapter, alth'ough 0.4 ml water was added- ’
to 2 blank tubes, in place of dextran-coated charcoal to indicate the total radi‘oac;t.ivity
pﬁ sent in the assay. The aim was to find which concentration of plasma in the'A |
binding solution allowed sufficient displacem‘eﬁt of 1-2H3 cor_ticoste.rone‘by the cold
sample' to give a sensitivé curwe 'buf aléo allowed adequate binding to the. C.B.G.
Binding capacity was routinely calculated for each assay frc;m the difference’betw.eenl

N radioacti;rity in tl"xe blank tube with water added (c. p.m. total) and the blank tube

with charcoal added (c.p.m. Ostd ) and was expressed in the form

c.p.m, x 100

% Binding = = total
. : c.p.m

c.p.m.o g

total
Under optimal conditions this was usually 50% (Murphy, 1964) and was
usually obtained by a 4 to 5% concentration of plasma in the binding solution (Fig. 17)

(e). 1-21—13 Corticosterone

The concentration of l-ZH3 corticosterone in the binding solution sufficient
for a sensitive standard curve was determined by the same procedure used for
C.B.G. and was found to be 2 ng/assay tube (Fig. 18).

(f). Dextran-coated charcoal

Charcoal coated with dextran was used as a solid phase in the separation of
biological material by Herbert, Gottlieb, Larr and Wasserman (1964). Nugent and

Mayes (1966) adapted the dextran-coated charcoal technique for use in the cortisol

agsay, adding 0.5 ml of thg 0.5% charcoal - 0.05% dextran mixture to each as;say tube.
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Fig. 19, Effect of Different Amounts of the 0.5% Charcoal-0.05% Dextran Mixture
On the Standard Curve and Binding Capacity (% Bound).
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However, as shown on Fig. 19 , under the assay conditions employed in the ,
present study-0.4 ml was found to give optimal results.

'Evaluation of Method

Table 9. Comparison of mean levels of cixculating corticosterone in this and-
' ‘ other studies '

107,

Study Sex No _ Corticostexone’
' . ug/100 ml serum
Not coxrrected for Corrected for
skew distribution skew distribution
Present = ‘Male 24 . 5.1+4.2 3.3 +2.3
study '
Present  Female | 67 7.4 +5.3 ‘ 6.3 +2.5
study
Kitay Male | 8 T 8.9+2.1
(1963Db) ' '
Kitay (1963c) | Female | 8 22.7+6.9
Keller et al Male S 9.5+1.8
(1966) . '

The mean values .for both male aﬁd fex;na'[e rats c;alculated from all the

- control results obtained during the study were lower than reported by cther worke,rs‘
" using fluometric methods even when unc;)rrected for skew distribution, as shown in
“Table 9. . In the present investigation both adrenaléctomised males and
females had levels of corticosterone too low for detectioz; by the protein binding
method, whereas Keller et al (1966) observed a residual fluorescence in these

rats equivalent to 2 pg corticosterone/100 ml sérum. It was therefore concluded -
that the method used in the present investigation was. both more seﬁsitive and morel

specific for corticosterone than the fluorimetric method .,

bl
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I Sex Differences and Season Variations in Tryptophan (xygenase, Tyrosine

Aminotransferase, Alanine Aminotransferase and Serum Corticosterone,

INTRODUCTION

TO and TAT activities were assayed in control male aﬁd female rats kept
under standardised conditions, throughout the two yeéré of the present study. It |
was therefore possible to investigate sex diffex;ences and seasonal variations in the
activities of these two enzymes by examination of these results. Since AAT
activity gnd serum corticos_terone levels were not és'sayed continuously, these data
were unsuited to'investigation for seasonal variations, although sufficient results

were available to establish the presence of sex differences.

RESULTS
The #esults'for TO and TAT are shown on T;able 10 , and Figs. 20 and 21

There was a marked seasonal Variatioﬁ for TO activity m female rats, with ‘ |
maximum enzyme activity between April and June, while from January to March
‘activity was at its lowest level, In contrast, TO activity iﬁ male rats did not vary .
throughout the year. From January to March enzyme activity in males and females
was similar, but thereafter higher 1e\;els we;:e maintained in females. TAT
activity also varied seasonally; activity increaéed in fema;lés between ]anugrj’ and
June, but for males it was maximal between July and Sei)tember. It was only

during this latter period that activity in male rats was signifi;antly greater than in-
females,

AAT activity was higher in male rats than in females although serum.

corticosterone levels in females were elevated abowe the males (Table 11).



Fig. 20. Seasonal Variation of Tryptophan Oxygenase Activity in Male and Female Rats. .
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Fig. 21. Seasonal Variation of Tyrosine Aminotransferase Activity in Male and Female Rats.
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Table 10.  Sex Differences and Seasonal Variation in Tryptophan Oxygenase and Tyrosiﬁe Aminotransferase Activities Over 1 Year.

" Time of Year

Jan-Mazxch

April-June

Jul-Sept

.VOct-Dec

Sex

Male

Female

‘ Male

Female

Male

Female .

‘Male

Female

Tryptophan Oxygenase

pmoles kynurenine/g/h.
(5) . 2.8+0.5
(32) 3.3+0.2

L (®). 2.4+40.2
“(12) 5.140.254
(5) 2.0 +0.1

33 - 3.8+0.2t
6)  1.9+0.2
(12) . 3.4+0.3%

Tyrosine Aminotransferase

" pmoles p OHPPA /g/h.

(5) 90 + 10

(32) 105 +4

(8) - 91 +4

(1) 108+6

) 116 + 7+*

(32) 89 +3F
(6) 92 +2
©) 86 +7

In the tables in Chapters 5 and 6, in which levels of tryptophan oxygenase activity are included, they are expressed in ,
pmoles kynurenine/g wet tissue wt/h. (umoles kynurenine/g/h) and in those which include levels of tryosine aminotransferase activity

they are expressed as pmoles p hydroxyphenylpyruvic acid/g wet tissue wt/h. (pmoles p OHPPA/g/h).

each group and the numbers included in each group are shown in parentheses.

Mean values 4 SD are given for

AR
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Key to Table 10.

* . D < 0.001 compared with corresponding male controls,
‘f E .-0.01 > p > 0.001 compared with corresponding male controls.
;F 0.02 ) p 7 0.01 compared with corresponding male controls and with female

controls killed between April-June.

+ + p. £ 0.001 compared with female rats killed between Jan-March and between ,
July-Sept. -

**¥ ° p=0,02 compared with male controls killed between April-June and Oct-Dec.’



Table 11.

Sex

—

Male

Female

Sex Differences in Alanine Aminotransferase Activity and in Serum Corticosterone Levels,

Alanine Aminotransferase

mmoles pyruvate/g/h
(10) 4.1+0.8%
(43) 2.1+0.6

Serum Corticosterone
pg corticosterone/100 ml

Uncorrectéd for skew- ) Correctéd for skew
distribution distribution

(24 s.1+4.2t L (24) 3.3 +2.3%
(62) 7.4+5.3 _ ) (62) 6.3+2.5 .

In the tables in Chapter S in which levels of alanine aminotransferase activity are included, they are expressed as mmoles

pyruvate/g wet liver wt/h (mmoles pyruvate/g/h) and in those where serum corticosterone levels are included they are expressed
as pg corticosterone/100 ml serum.

* p < 0.001 compared with female controls, .
t 0.05 > p » 0.02 compared with female controls,

ITL.
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DISCUSSION - -

The breedihg season in the wild rat, Rattus norvegicus, frém Whiéh'the'
Sprag'u.e-Dawley' strain is derived, 'extends ffom March to October, when the levei
of circulating sex hormones is highest (Asdell, 1965). Ag ex_planatién for the
results obtained with TO activity in females is that despite controiléd environmelntal '
conditions of 12 h light/dark cycle and constant tempexrxature, oestrogen levels stilli :
vary seasonally a:nd are elevated between March and October as in the wild strain..
Results repoxted later in this Chapter shoW that oestrogen administxation to femal.e
rats increased TO activity so that the raised levels of oestrogen may be responsible
for the elevated TO activity during these months, In male rats, variation of' aﬁdrogén
levels did not affect TO activity (Chaptexr 6) which therefore remained at ;he same
-Ievel throughout the. yeax,

A sex difference in TO activity was not apparent between Januarjr and March,
but at all other times, females had significantly higher activity than in males. Pintp
a.ndl Rosenthal (1965).a1so reported a sex difference in TO activity, but in a latef
study Greengard, Baker and Friedell (1967) showed that the level of activ;ty was
higher in females than in males although this difference was not indicated as |
significant. " It is pbssible that this study was performed in the January to Maxch
lpe:lriod when the sex difference was not apparent.

TAT activities in males and females each varies according to a distinct
" pattern, although the period of maximum activity for both sexes falls between Mafch
and October, It may be that the variation in sex hormone levels discussed in -
relation to TO activity is also responsible for the seasonal changes in TAT levels,

The sex diffexence in TAT activity was only obéerved between July to September when

“

the activity in females was lowex than in males.
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AAT ectivity is increased in direct proportion to changes in liver_weignt
and precautions described in Chapter 4 were taken througliout this study to ensure -
that variations in liver weight were small. Newrtheless, male rats had elevated
AAT activity above the levels in fernales, contrary to the obse_rvations of Keller,

- Richardson and Yates (1969), who reported no sex difference, although these authors_
took similar precautions v;’ith regard to liver and body weight to those described in
the present study. It may be that the sex difference in AAT activity is only
apparent at certain times of the year, as in the case of TO and TAT. Keller et al |
ma); therefore have made their observations at a time when the sex difference was

. not significanf.

| Female rats had higher serum corticosterone levels than males, which has

been widely reported in previous studies, (Kitay, 1961; Glenister and Yates, 1961).

This may offset the more rapid metabolism of corticosterone by the liver A? -Sa

dehydrogenase-enzymes (Yates, Herbst and Urquart, 1958) in the female, to

produce a net increase in circulating corticosterone relative to the male. The

higher adrenal corticosteroid production in the female is due to tne circulating level

of oestrogens (Kitay, 1963a, 1963b, 1965) although the studies of Yates et al (1958)

~ 'Show that there is an unidentified non-gonadal factor associated with the development

of the sex difference in the rate of hepatic corticosteroid degradation. Therefore,

the sex difference in circulating coxticosterone levels may not be entirely the result

"of sex hormone action,

The sex difference in serum corticosterone levels is first apparent at 30 days
in weanling rats and continues to increase until puberty. The same.pa'tte'rn of

development is reported for corticosterone-binding globulin (Gala and V'ustphal, .1965).
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Considerable variation was observed throughout theipresent study in the levels of
seri;m corticosterone in females. Similar findings we're made by Gala and
Westphal"(l965) who suggested that this could be attributed to the influence of the
oestrous cycle which effects serum coxrticosterone concentrations ‘(Critchlow,

Liebelt, Bar-Sela, Mountcastle and Lipscomb, .1963).
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I1. The Effect of Oestrogen Administration on Tryptophan Oxygenase, Tyrosine

Aminotransferase and Alanine Aminotransferase in the Livers of Female

.

Rats and on Serum Corticosterone Levels.,

-

INTRODUCTION
Pregnant women have an increased rate of degradation of tryptophan along

the tryptophan-niacin pathway which results in elevated 1ev§1s of tryptophan

meta.bolite_s being excreted in the urine (Brown, Thornton and Price, 1961).

Treatment of hun;an subjects with oestrogens raises the excretion of urinary - -

metabolites (Rose, 1966a, 1966b) and dimi;xishes the plasma tyrosine levels (Rose

" and Cramp, 1970). These changes in é.mino acid metabolism were é.ttributed by

Rose to increased activity of the apbropriate rate-limiting enzyﬁles on the respectivé : ‘

, aegradative pathways, namely TO and TAT. Oestrogen administration in man also
raises the plasma level of protein-boupd'cortisdl (Sandberg and Slaunwhite, 1959) and
it Was suggested that this is capable of inducing TO and TAT synthesis and is thus
responsible for their elevated. activity'(Rose, 1970; Rose and Cramp, 1970).

This hypothesis is supported Ey observations that theL pregnant rat has both -

- increas:ed 'f‘O activity (Auricchio; Rigillo and Di Toro, 1960) and plasma corticoéte:on
1;avels (Hoet, Pagni, Ekka and S;a.ba, 1964). A similar mechanism was'propos'ed by
Keller, Richardson and Yates (1969) to explain the elevated activity of another |
glucorticoid-inducible enzyme of amino acid metabolisn;x, AAT, observed after

oestrogen treatment of male rats., They po'stulated that the increased levels of

plasma-bound corticosterone, resulting from oestrogen administration, induced liver

AAT synthesis,

The present study was therefore undertaken t§ investigate the effects of

oestrogen treatment on liver TO, TAT and AAT in relation to serum corticosterone

levels in female rats.



Table 12.  Effects of Ovariectomy on LiverAEnzyme Activities and Serum Corticosterone Levels.

Treatment Tryptophan Oxygenase Tyrosine Aminotransferase  Alanine Aminotransferase Serum Corticostercne

pmoles kynurenine/g/h. pmoles p OHPPA /g/h, mmoles pyruvate/g/h. pg/100 ml
- Uncorrected Corrected
for skew for skew
Intact females (12) 5.1+0.7 (12) 107 +21 (12) 1.6+0.4 (7) 9.2 +5.7 7.3+2.2

0.1 ml corn oil

Ovariectomised (5) 2.0+0.4* . (5) 86+6T (5) 1.4+0.2 (5) 1.9+0.7% (5) 1.8 +0.7*
females ' : .
0.1 ml corn oil

* p < 0.001 compared with intact female controls.
t  p=0.05compared with intact female controls.

CBTT



Table 13.  The Effect of Various Doses of Oestradiol Benzoate (Oest Benz) on Tryptophan Oxygenase , Tyrosine Aminotransferase and

Alanine Aminotransferase Activities in Ovariectomised Females.

Treatment Tryptophan Oxygenase - Tyrosine Aminotransferase
umoles kynurenine/g/h, , umoles p OHPPA/g/h.

0.1 ml corn oil (12) 1.2 +0.4 ~ (6) 73 +6

0.1 pg Oest Benz (12) 1.6+0.3 (6) 8812

0.1 ml corn oil (6) 2.1+0.8 (6) 80 +21

1 pg Oest Benz (6 6.6 +0.8* _ (6) 89 +7

0.1 ml corn oil (6) 1.8+0.6 (6) 90 +24

5 pg Oest Benz (6)  8.8%2.6* (6) 130 +34*

0.1 ml corn oil (6) 2.0+0.8 | (6) 86+6

10 pg Oest Benz - C(6)  131%3.4% ©(6) 145 ¥ 21*
0.1 ml corn oil .6 1.1+0.4 (6) 72 +14

20 pg Oest Benz (6) 10.0+1.5*% - (6) 136 +17¥

0.1 ml coxn oil 6) 1.4+0.4 o (6 77+18

50 pg Ocst Benz (6) . 11.0+2.6* (6) 163 +45*

* p < 0.001 compared with corresponding cbntrol group.

T 0.05 > p ) 0.02 compared with corresponding control group.

* 0.052 p )

0.02 compared with the 10 pg Oest Benz-treated group.

Alanine Aminotransferase

mmoles pyruvate/g/h.

(6)
(6)

(6)
(6)

(6)
(6)

(6)
(6)

(6)
(6)

(6)

(6)
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Table 14.  Effect of Various Doses of Oestradiol Benzoate (Oest Benz) on Serum Corticosterone Levels and Adrenal Weights in Ovariectomisea

Rats.
Treatment Adrenal Weights o . Serum Corticosterone Levels
' (mg) o . pg corticosterone/100 ml
| Uncorrected for skew . Corrected for skew -

0.1 ml corn oil (7) 84+10 @  2.3+1.1 2.1+1.6
0.1 pg Oest Benz (7) 70%15 (10) 2.7¥1.1 2.5%1.6
. 0.1 ml corn oil o (6) 88 +14 (5)  1:7+0.3 1.740.1
1 pg Oest Benz (6) 93 %20 ©  48+r2.2T s.4%1.61
0.1ml corn oil T (6) 98422 S (6 . 1.8%0.7, 1.7+40.1
5 pg Oest Benz : (6) 80+14 (6) - 6.2+2.47 5.7 +1.6%
0.1 ml corn oil ~ ) 76+12 | (6 1.9+0.7 1.8 +0.7
10 pg Oest Benz (6) 84415 ' _ (6) 5.441.3% 5.2 +1.3*
0.1 ml corn oil . ©6) 82+9 6)  2.5+0.7 2.5+1.2
20 pg Oest Benz - © 71+12 o (6) - s.1+1.2f 4.9%1.2*
0.1 ml corn oil o (6) 90412 (6) ~ 1.8+0.8, 1.7%0.1
50 pg Oest Benz (6) 84 +14 ©(6) 3.8 +0.97 3.7+0.1

* p < 0.001 compared with corresponding controls.

0.01 » p % 0.001 compared with corresponding controls.
¥ p = 0.01 compared with corresponding controls.
* %

p=0.

= 0.05 compared with 5 pg Oest Benz-treated group.

d t4



Fig. 22,  Effect of Various Doses

of Qestradiol Benzoate
on Liver Tryptophan
Oxygenase in
Ovariectomised Rats.

- In Figs, 22, 23, 24 and 25, cross-
hatched columns represent mean
values for oestrogen-treated rats

and black columns denote those for

corresponding controls. Vertical
lines represent SEM. Oestrogen
was administered in the daily doses
shown for 14 days. Unless other-
wise stated, there were 6 animals
in each group.
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Fig. 25. Effect of Various

Doses of Oestradiol -

Benzoate on Serum
Corticosterone
Levels in

. Ovariectomised
Rats.

Mean values and SEM wezre
obtained after log. . trans-
formation. Control and
test groups for 0.1 pg dose
each consisted of 10 rats
and control group for 1 pg
dose consisted of 5 rats.
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ovariectomy.
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(1) The effect of oestrogens at different dosages on tryptophan oxygenase,

tyrosine aminotransferase and alanine aminotransferase in relation to

serum corticosterone levels in ovariectomised female rats.

Procedure
The object of this study was to examine the effects of various doses of -
| oestradiol benzoate on TO, TAT and AAT activities in relation to serum
corticosterone concentrations., For this purpose, the effect of endogeﬁous oestrogens
was removed by carrying out the study on ovarigctomised rats,
Keller et al (1969) observed increased AAT activity in male rats after
_injecting them with 10 pg oestradiol benzoate daily for 14 days, | Therefore 1n tl?e
present study, ovariectomised rats were injected with the following doses of
oestradiol benzoate over a 14 day period:-
. 0.1pg, 1.0pg, 5.0 pg, 10,0 pg, 20.0 pg 50.0 pg. .
Eacﬁ group was matched with an appropriéte control group injécted with a
corresponding volume of corn oil. A group of corn oﬂ-treated intact females has
| been included in Table 12 , foi' the purposes of comparison, although they were
noﬁ part of these experiments . .

Results
| The results for oestrogen treatment of ovariectomised rats are summarised
on Table 12 . Ovariectomy decreased both TO activity and serum corticosterone
levels in all corn oil-treated fénales compared with the similarly treated group of
intact females (p { 0.001). There was a slight decrease in TAT activity, but this
.Was of marginal stat.istical significance (p = 0.05). When the results for 81 intéct
‘female controls and 34 ovariectomised rats studied throughout the investigations on
which this thesis is based were pooled into 2 groups, and examined by Student's t test

the difference did not achieve a significant level (intact rats 91 + 20; ovariectomised

rats 83 +20t=1.971; 0.1 »p > 0.05). AAT activity was not modified by ‘.
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H

TO activity was unaffected by 0.1 pg oestradiol benzoate for 14 days, but
was increased by the complete range of higher doses (Fig. 22 . ). TAT activity
~ was unaltered by either 0.1 pg or 1.0 pg oestradiol benzoate. 5 Hg and 10 pg
| elevated TAT compared with the respective control groups and activity was raised
still further by the 20 pg and 50 pg doses (Fig. 23; Table 13). |

. | The response of A.AT}activity' was more complex since' although the level

.of activity was increased by daily injections Qf 1 pg énd S pg oestradiol benzoate,
10 pg and 20 pg doses were without signifiéant effect, In contrast, the S50 pg dos.e'
of oestrogen elevated AAT activity (Fig. 24; Table 13). |

Serum corticosterone levels were elevated by 1 pg oestradiol benzoate énd
by higher doses. . Table 14 'summarises these results both before and after skew
correction and demonstrates that, in general, the signifi'caﬁce levels 6f the observed‘
differences are greater after elimination of the influence of a skew'distribx'ltio'n..(Fig.? ‘

Adrenal weights were unchaﬁged by the administratiori of any dose of |

oestradiol benzoate,

(2) The effects of oestradiol benzoate administration to intact female rats for

different periods of time on liver tryptophan oxygenase, tyrosine

aminotransferase and alanine aminotransferase, in relation to serum

corticosterone levels,

Procedure

Increased AAT activity, after administration of 10 pg oestradiol benzoate
for 14 days, was observed by Keller et al (1969). In addition, results obtained
from the experiments described in the previous section, show that TO and TAT
_activities were increased in ovariectomised fem.';tle rats treated with this doéage of
oestrogen. Therefore, 10 pg oestradiol benzoate was administered to intact |
females for the following time intervals; 3 déys, 7 days, 10 days, 14 days, 21 days,

35 days.

v



Fig. 26. Time Course for ' ' : : . : _
Alanine Amino- ' T ’
transferase Activity
in Intact Female Rats
Given 10 pg Oestradiol .
Benzoate Daily.
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. Fig. 27.

Time Course for
Tyrosine Amino-
transferase Activity

In Intact Female Rats
Given 10 pg Oestradiol

Benzoate Daily.
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Fig. 29. Time Course For
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Table 15. The Response of Tryptophan Oxygenase, Tyrosine Aminotransferase, Alanine Aminotransferase to 10 pg Oestradiol Benzoate
. (Oest Benz) Given for Varying Lengths of Time to Intact Female Rats. :

Duration of ‘Nature of Tryptophan Oxygenase ' Tryosine Aminotransferase Alanine Aminotransferase

Treatment Treatment umoles Kynurenine/g/h. umoles OHPPA /g/h. - mmoles pyruvate/g/h.

3 days 10 pg Oest Benz 5y 5.7+ 0.3 ©(9) 102 + 10 — (5) 2:45 + 0.5
0.1 ml corn oil (5) 4.4+0.6 (5) 84+6 (5) 2:3+0.5

7 days " 10 pg Oest Benz (6) 5.9+0.7 ©  91+12 (6) 2.4+0.2
0.1 ml corn oil (5) 3.2+0.3 (5) 79 +4 (4) 2.0+0.3

10 days 10 pg Oest Benz (6) 10.5 +1.0* o (6) 154 +9* : (5) 3.5+0.5 +
0.1 ml corn oil ¢) 3.7+0.4 (5) 91 +8 _ (6) 2.3+0.3

14 days 10 pg Oest Benz _ (6) 10.040,4% (6) 168 +11* o ) 3.3+0.5T
0.1 ml corn oil (). 3.7+0.4 )] 94 +6 : _ (5) 2.5+0.1

21 days 10 pg Oest Benz (6) 9.7 + 0.9* | _ (6) 153 4 13* | o (5) 1. 8 +0.1
0.1 ml corn oil (5) 4.1+1.0 (5) 95 +14 ~ C (5) 2.05+0.2

28 days 10 pg Oest Benz (6) 9.0+0.5% _ (6) 164 +5* o - (6) | 1.80+0.3

| 0.1 ml corn oil - (6) 4.1+0.4 (6) 107 +12 . (6 1.90+0.1
35 days 10 pg Oest Benz (4) 11.7 +1.3* (4) 101 +17F g (4) 1.7+0.2
10 pg oestradiol benzoate was given daily for the beriods indicated.
- * p < 0.001 compared with corresponding controls.
+ p = 0.02 compared with corresponding controls and rats treated with 10 pg oestradiol benzoate for 7 and 21 d'lys
¥ P < 0.001 compared with rats treated with 10 pg oestradiol benzoate for 28 days.

<€

‘ze1



Table 16. | Effect of 10 pg Oestradiol Benzoate for Varying Lengths of Time on Sexum Corticosterone Levels in Intact Female Rats,

Treatment

Duration of Treatment

Nature of Injection

Serum Corticosterone

. /100 m1
Uncorrected for skew Corrected for skew

3 days
7 days
10 days
14 days
21 days
28 days

-35 days

10 pg Oest Benz
0.1 ml corn oil

10 pg Oest Benz
0.1 ml corn oil

10 pg Oest Benz
0.1 ml corn oil

10 pg Oest Benz

0.1 ml corn oil

10 pg Oest Benz
0.1 ml corn oil

10 pg Oest Benz

0.1 ml coxrn oil

10 pg Oest Benz

(5)
(5)

(6)
(5)

. (6)

6))

(6)
)

(6)
)

(6)
(6)

4)

16.0 +1.4

7.

~ o

~3

~3

~3

o
I+1
~

.03

.8

e}

> ON

o

O\

Y

6.

7.

(5) 1L.
(5)

(6) 5.
()

6 9.
(5) 5.
®) 5
G) S
©® s
(5) 5
(6) 4.
6 6.
4)

~3

N

-N

o

w

-N

1=

Adrenal Weights

mg
(5) 95 +20
(5) 73+15
(6) 84+12
(5) 86+10
(6) 97 +12
(5) 78+10
(6) 73 +25
(5) 82+26
(6) 98+14
(3) 70+16
6) 79+9
(6) 84+15
(@) 7648

‘geT
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Each test group, except the rats treated for 35 days, was matched against .

an appropriate group of controls treated with 0,1 ml corn'oil.
Results

. During the first 7 days of oéstradiol benzoate administration, the activity-
of all three enzymes remained unaltered, but was increased after 10 days of treatment,
After the 14th day of oestradiol benzoate administration, thfare was a fall in AAT |
a;:tiﬁty which remained at this reduced level for the remainder of the injection
schedule (Fig. 26). TAT activity was decréased after 28 days of treatment
(Table 15; TFig, 27), although TO activity remained elevated for the duration of the -
experiment (Table 15; Fig. 28). Serum corticosterone levels and adrenal weights
feniained unchanged (Table 16; Fig. 29).

(3) Effect of the administration of 20 ug oestradiol benzoate for 28 days on

txyptophan oxygenase in intact female rats,
Introduction |

From the results described in the previous section, it seems that treatment
with a daily dose of 10 pg oestradiol benzoate for prolonged periods does not produce
increases in either AAT or TAT activiti;as, although TO activity still remair;s rais.ed
throughout the 35 days of treatment. In oa.:der to .in\(esti'gate the effects of higher doseb”s
of oestrogen administered over an extended period on TO activity, 20 ug oestradiol’ B
benzoate were administered daily for 28 days to intact female rats. Thﬁs, the
following experimental groups were incluciéd in the study:-

(a) Intact females treated with 0.2 ml corn oil, daily for 28 days.

(b) Intact females treated with 20 pg oesfp:adiol benzoate daily for 28 days.



Table 17.  Effect of a Daily Dose of 20 pg Oestradiol Benzoate (Oest Benz) for -
28 days on Tryptophan Oxygenase. o

Treatment ' Tryptophan Oxygenase
pmoles kynurenine/g/h.
0.1 ml corn oil - (6) 3.9+0.7 -
for 28 days
20 pg Oest Benz P () 6.7 +1.4%
for 28 days
* P < 0.001 compared with the control group and 0.01 } o) > 0.001 compared

'~ with females treated for 14 days with 10 pg oestradiol benzoate daily.

Results

" TO activity was increased above that of the controls by administration of 20 g
oestradiol benzoate for 28 days (Table 17). However, these elevated levels were

significantly lower (0.61 >p > 0.001) than those seen in females treated with 10 pg.‘

oestradiol benzoate daily for 14 or 28 days, reporied in the previous section.
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DISCUSSION
The effect of oestrogens on corticosterone secretion by the adrenals of
male and female rats has been' investigated extensively by Kitay (19‘63a, 1963Db).
He found a sex difference in the effect of a depot oestrogen preparation (polyoestradioi

phosphate) on pituitary-vadrenal function; male rats showed increased adrenal

secretion of corticosterone and raised plasma corticosterone levels after oestrogen

administration, whereas females had diminished adrenal corticosterone secretion

- and unchanged plasma corticosterone levels. Kitay, Coyne and Newsom,

(1965) showed that ovariectomy decreased both plasma corticosterone concentrations

and adrenal corticosteroidogenesis and treatment of spayed females with oestrogen

- reversed these effects.

In the present study, ovariectomy decreased serum corticosterone
concentrations, which were increased on treatment of spayed females with oestradiol -

benzoate, but were unchanged in oestrogen-treated intact females. These

observations are consistent with Kitay's work in which he postulated a relationship |

 between the dosage of oestrogen and the adrenal response, such that small doses are '

stimulatory and large doses are inhibitory to corticosterone production. Thus in _
pvériectomise,d rats, oestrogen administration increased corticosterone production

and in intact females, the combination of endogenous and administered oestrogen

is sufficient to depress adrenal corticosteroidogenesis so that circulating levels of

the hormone are not increased,
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.Elevated AAT activity in oestrogen-treated rats was first obsefved, by
Rosen, Rober_ts, Budnick and Nichol (1959) and later confirmed byltl;xe mdre e}'ctensivc ,
investigation of Kéller, Richardson and Yates (19695. In the present study,
oestradiol benzoété treatment of ovariec:omised females produced increases in
activity of all three enzymes, althougﬁ there was no direct relatio'nship between
enzyme activit'y and the level of increased serum coxticosterone. 1 pg oestradiol
benzoate daily for 14 days restored TO activity to the level of the intact contrc')l,
although corticosterone levels were below the rénge for the intact corn oil -treated
coﬁtrol females in the same study. Larger doses of oestrogen ao not raise the level'
of corticosterone above that of the inta'ct fema.les, déspite continued increases ih ‘
both TO and TAT activities. With A.AT, two distinct péa_ks of activity were obsezz.:ved;
one with 5 }.Jg doses and the other with 50 ug doses. No elevation in activity wasl
f(;und with the 10 pg and 20 pg d(;ses, although the level of corticosteroné was
increased compared with ovariectomised cont.rols.

In intact females treated with 10 HE oestradiol benzoate for 10 and 14 days
the_ activity of all three enzymes increased, although in neither case was the level
of sefum corticosterone rai.sed. ‘These re_;ults provide further'support for the '
conclusion that there is no direct relationship between increased enzyme.activity and
elevation in circulating corticosté_rone IeQeis after oestrogen treatment. .The dose., '
of 10 pg oestradiol benzoate, given daily for 14 days, produced a similar high |
absolute level of TO activity in ovariectomised rats (13.1 umoles kynurenine/ g/hv
-+ SD 1.4) to that reached in intact females (10.0 pmoles kynurenine/g/h + SD 0.4),
altho;lgh the basal level in spayed females (2.0 pmoles kynurenine/g/h + 5D 1.4)

was much lower than in intact females (3.7 pmoles kynurenine/g/h + SD 0. 4).
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Keller, Richardson and Yates (1969) determined the effect of hydrocortisone
or oestradiol benzoate administration on AAT in liver and pancreas of intact male
rats and observed that whereas hydrocoxrtisone inducéd increased enzyme activity in
both tissues, the oestrogen only raised hepatic AAT activity. These observations
were applied to provide experimental support for the hypothesis that plasma
corticosteroid-binding globulin has a physiological function in regulating the
distribution of adrenocorticoids. The posuilated mechanism is that transcortin-’
bound cortigosteroid can gain access to.organs, such as'liver, with a readily protein-
bermeable vascular bed and that dissociation within the tissue yields free, |
physiologically active steroid. Other organs, éuch as pancreas, it is suggested,
have impeded access to protein-bound corticosteroid because the capillaries have a "
thin basement membrane. Keller et al interpreted the results of their study with
AAT as indicating that elevated plasma transcortin-bound corticosterone produced by -
oestrogen administration can enter the hepatocyte and induce AAT, whereas this
cannot occur in the pancreatic cells.v

In the present investigation such a hypothesis was thought to Be-equally -
applicable to other glucocorticoid-inducible enzymes including TO and TAT. Howeyéz;
the results obtained in this part of the study do not éupport the general applicability
of th;a experimental model used by Keller and his co-workers, sincé in both intact
and spayed female rats treated with oestrogen there was no relation between changes
in enzyme activity a.nd in the total serum corticosterone level. Further, Gala and °
Weétphal (1965) founci that oestradiol administratibn does not alter corticosteroid=-
binding globulin levells in plasma of intact female rats. The relevancé of .
‘corticosterone‘to the elevated enzyme activity f)roduced by oestrogen treatment was

not established in the experiments reported in this section and further investigations

were made into the mechanism of these increases.
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-

Prolonged administration of oestrogen depressed activity of all tﬁree enzymes, -
and both AAT and TAT activities were diminishéd to control levels aftérf treatment
with a daily dose of 10 pg oestradiol benzoate for 21‘ and 28 days respectivély. |
Administration of 20 ug oestradiol benzoate for 28 days did not result in the fuﬁ
inc1':eases in TO activity observeci with 10 pg dose givep for the same length of time. -
In contrast to these results, Rose and Brown (1969) showed that administration of |
20 pg oestradiol benzoate for 28 days resulted in decreased TO activity cofnpared g
with levels in the control rats. It may be that in the pre'sent study, the precéutiops
taken in the cageing and care of animals, described m Chapter 4, ensured that
reproducible 1evels of enzyme activity were obtained, with small variations within
each experimental group. Tl{e-larger degree of variation in the reéuits of Rose and
Brown may have prevented observation of the increased levels Qf TO activity reported
" in the present study. However, from both investigations it _appearé that larger doses
of c;estrogen have an inhibitory effect on TO activity. It is therefore possible thaf: a
relation exists between the dose of oestrogen used and .the' responsé of‘enzy:me a?:ti‘}ity

such that small doses are stimuiatory and large doses are inhibitory to the levels of

- activity of all three enzymes.
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II. Mechanism of Increases in Tryptophan Oxygenase, Tyrosine

S

Aminotransferase and Alanine Aminotransferase Following Oestrogen

Treatment of Male and Female Rats.

INTRODUCTION | ‘

Oestrogen administration fo male rats was first shown to increase pituitary
| adrenocorticotrobhic hormone by Gemzell (1952) and subsequentlf has been widely R
observed fo raise the level of plasma corticosterone (Kitay, 1963a‘; Gala and
Westphal, 1965; Keller, Richardson, Sendeli)eck, Moorxe and Yates,‘ 1966;

D'Angelo, 1968). The elevations in circulating corticosterone were attributed to
'raisec‘l adrenocorticotrophic hormone (Kitay, 1196351.). Oestrogens also i'ncrease'.
cérticosteroidogenesis by direct action at the adrenai gland (Kitay, 1965;' Rﬁhmann* _
Wenhold, Lauro and Nelsoﬁ, 1970). | |

. In thestudy desclnbed in the previous section, it was shown that oestrogen -
treatment produced inéreased TO, TAT and AAT activity unrelated to changes inl h
serum corticosterone levels in both intact and ovariectomised .rats. The role of
' cofticosterone in the mechanism for increased enzyme activity foilowing oestrogen ‘
treatment was therefore inwestigated by studying the effects of administration in

hypophysectomised and adrenalectomised rats.

(1) . The effects of oestrogen treatment on tryptdphan oxygenase and tyrosine

aminotransferase in the livers of hypophysectomised rats.

Procedure
Mature female rats were hypophysectomised as described in Chapter 4.
The present study' had already'shown that both ovariectomised and intéct
- female rats, treated with 10 pg oestradiol benzoate daily for 14 days, had elevated
~ TO and TAT activities. It was decided therefore, to use this dose throughout these .

further investigations.




Table 18. Serum Corticosterone Levels in Corn Oil-and QOestrogen-Treated Hypophysectomised Female Rats.

Serum Corticosterone Levels in each Rat

Days After Hypoph&sectomy - No. of Rats ,
. _ L pg Corticosterone/100 ml
28-29 S 0.8, 1.0, 1.7%, 3.9, 9.8*
30-31 ' 6 4,2%
32-33 5
* Hyp0physectomised rafs treated with iO pg oestradiol benzoate daily for 14 days.- .

" Absence of recorded serum corticosterone levels in this Table indicates that théy were too low for detection by the protein-binding technique,

s



Table 19.  Effect of Oestrogen (Oest Benz) Treatment on Liver Tryptophan Oxygenase and Tyrosine Aminotransferase Activities and

Adrenal Weights in Hypophysectomised (Hypox) Female Rats.

Treatment. ; : Tryptophan Oxygenase - | - Tyrosine Aminotransferase
pmoles kynurenine/g/h. . - -~ umoles p OHPPA/g/h.

Intact female B (8) 3.1+0.9 = S (8) 95+9

0.1 ml corn oil e ‘ : -

Hypox female () 3.3+0.8 , (8) 154 +23*

0.1 ml corn oil ) ' )

Hypox female ° (7  3.5+0.7 o | (7) 137 +23*

10 pg Oest Benz

Corn oil and oestradiol benzoate were administered in the doses shown daily for 14 days. -

* p € 0.001 compared with the intact female controls. =

"Adrenal Weights

mg.
(8) 65+5
(8) 38+19* -

(7) 22+7*



The experimental groups included in this study were as followlavs‘:-
(a) Intact female rats treated with 0.1 ml corn oil for 14 days. .
(b) Hypophysectomised female rats treated with 0.1 ml corn oil for‘i4 days,
(c) Hypophysectomised female re;ts treated with 10 pg oestradiol ben.zoat'e for
" 14 days. ) | |
TO and TAT activities, serum cortico‘sterone levels énd adrenal ﬁeigh;s
were determined,
Results
that is 25 days post hypophysectomy, the serum corticosterone was sufficient to
allow detection by the protein binding techmque used in the present study. Howev-erl, |
any corticosterone in the serum-of rats killed after this time was present in
concentrations too low for detection by this method (Table 18). |
Hypophysectomy did not alter TO activity, although TAT activity vyaé
elevated and adrenal weights were decreased. Treatment of hypophysectomised
| rats with oestrogen did not alter either TO or TAT activities from those of the

corn oil-treated hypophysectomised control group. Adrenal weights were also

unchanged and were below those in the intact control rats (Table 19).

(2) The effect of adrenalectomy on tryptophan oxygenase, tyrosine aminotransferasei

vy

In the hypophysectomised rats killed within the first 18 days of the experiment,

A S

and alanine aminotransferase activities in oestrogen-treated male and female

" rats,
Procedure
Corre'sponding experimental groups for both male and female rats were

included in this study, namely:-

|
|



Table 20.  The Effect of Adrenalectomy on Tryptophan Oxygenase, Tyrosine Aminotransferase and Alanine Aminotransferase in Male and

Female Rats Treated with Oestradiol Benzoate (Oest Benz).

Treatment Tryptophan Oxygenase

Tyrosine Aminotransferase

pmoles kynurenine/g/h.

pmoles OHPPA /g /h.

Intact female (12) 5.1+0.7
0.1 ml corn oil

Intact female (12) 9.7 +1.6*
10 pg Oest Benz

Adx female (12) 1.6+0.5*
0.1 ml corn oil -

Adx female (11) 3.3%1. 1'*+ t
10 pg Oest Benz ' '

Intact Male ' (14) 2.0 +0.4*
0.1 ml corn oil ' ‘

Intact Male (14) 5.4+ 1-8_*j .
10 pg Oest Benz- o

Adx Male , (6) 1.4 +0.3
0.1 ml corn oil

Adx Male ‘ ) 3.1+0.5%7
10 pg Oest Benz R

(12) 107 + 21
(12)180 +.31*

(12)115 +16

ani4r +31f #
(5) 109 + 33

" (5) 136+ 65

(6) 58 +13

(5) 8l +10

Alanine Aminotransferase

pmoles pyruvate/g/h.

(12)
(12)
(12)
(11)

(10)

(8

- ©)

~(6)

1.6 +0.4

3.3+0.8*

1.2 +0.4F F
&9i&5*

4.1 +0.8*

4.6 +2.7

1.3 +0.3%*

1.4+0.2

g4a!
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Key and Legend to Table 20,

Oestradiol benzoate and oil were administered in the doses shown, daily for 14 days
. to both intact and adrenalectomised (adx) rats.

.001 compared with intact female control group.

p<o0
t p < 0.001 compared with adrenalectomised control group.
} p < 0.001 compared with intact oestrogen-treated females.
¥ +f p = 0.02 compared with intact female controls.
*ok p < 0.001 compared with intact male controls.

-+ ¢ ~ p¢ 0.001 compared with both adrenalecton‘used male controls and oestrogen-
' treated intact males.



Table 21.  Effect of Oestradiol Benzoate Treatment (Oest Benz) Treatment on Serum Corticosterone Levels and Adrenal Weights in Intact
Male and Female Rats, : : ' :

Treatment - L Adrenal Weights . . Serum Corticosterone levels
' mg _ | . . g corticosterone/100 ml
Uncorrected for skew : Corrected for skew
Intact females (12) ‘76 +16 | @ 9.2+5.7% @ 7.3+2.2 T

0.1 ml coxrn oil

Intact females . (l2) 84+12- - - (9 6.9+2.8 (9) 6.6+2.1
10 pg Oest Benz ‘

Intact males 3 (6) 32+7. ) T (7) ° 4.9+3.8 (6) 3.5+2.6
0.1 ml corn oil ' '

Intact males . o ) (6) 41 +10 A o o (‘7) 10.1 + 4. 1+ (6) 9.4 +1.5*
10 pg Oest Benz ' _ :
Oestradiol benzoate was administered in the doses shqwn, daily for 14 days.

> p Y 0.01 compared with male controls.

0.02
0.05 > p » 0.02 compared with male controls.
p = 0.02 compared with male controls.

1
-.T.
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Fig. 30. Effect of Adrenalectomy LDX) on Liver Tryptophan Oxygenase Actwuy
In Male and Female Rats Treated with 10 pg OestradmI Benzoate (Oest
Benz) Daily for 14 Days.
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Fig. 31. Effect of Adrenalectomy (ADX) on Liver Tyrosine Aminotransferase )
: Activity in Male and Female Rats Treated with 10 pg Oestradiol Benzoate
(Oest Benz) Daily for 14 Days.
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Fi'g. 32. ‘ Effect of Adrenalectomy (ADX) on Liver Alanine Aminotrans feraée
~ Activity in Male and Female Rats Treated with 10 ug Oestradiol Benzoate
(Oest Benz) Daily for 14 Days. :
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. . Fig. 33. Serum Corticosterone Levels in Male and Female Rats Treated with .
-10 pg Oestradiol Benzoate (Oest Benz) for 14 Days.
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(a) Intact rats treated with 0.1 ml corn oil daily for 14 days.
(b) Adrenale_ctomised rats treated with 0.1 ml corn oil for 14 days.

S (e) Ihtact rats treated with 10 pg oestradiol benzoate .daily for 14 days.

(d) A'drenalectomised rats treated with 10 pg oestradiol benzoate fof 14 days. .
| Td, TAT and AAT activities, serurﬁ corticosterone levels and acirenal | ?
- weights were measured. |
Results
The results of this study are summarised on Tables 20 and 21 and Figs. 30, 31, |
32 and 33, Intact coxrn oil-treated female xats had higher TO activity and serum' |
corticdstex;one levels fhan did the corresponding gréup of males, although there wﬁs no

difference in TAT activities. In male rats, AAT activity was elevated above that in. N

females. These results confirm observations reported pre\}iously in this Chapter,

Adrenalectorﬁy, unlike hypophysectomy, decreased TO activity in female . : *
rats, but not in male rats where the enzyme activify was unaltered. . TAT acti\_rity, '
which was 'increased after hypophysectémy in females, was unc;hanged in
adrenalectomised male and femalgs, compared with intact control groups, although
AAT activity was reduced. |

Oestrogen treatment of intact female rats resulted in marked elevations in
TO, TAT and AAT activities, but unchanged serum corticosterone levels and acirenal i
weights, In co.ntrast, oestroéen-treated intact male rats had raised corticos‘t‘erc‘me ;
levels and TO activity compared. with the male control gfoup although the eﬁzyfne
activity was lower than in the oestroéen-treated females. AAT and TAT activities‘ c f

remaix;ed unaltered.

Oestrogen-treated adrenalectomised males and females had small elevations

in TO activity relative to the adrenalectomised c;ontrél groups of both sexes, but

i
;
4
'
' i
i

these levels were below those reported’foi' oestrogen-treated intact rats. In oestrogen-

!
i
i
oy
3
!
i



treated adrenalectomised females, AAT activity was unaltered and TAT activity was = -

increased, compared with both intact and adrenalectomised control groups, although

in sirn_ilé.rly treated male rats TAT and AAT activities were unchanged.

There was a considerable difference in the response of male and female rats ) |
to oestrogen treatment, since female rats had marked increases in TO, TAT and
AAT activities and unaltered serum corticosterone levels, whereas, in male rats
only TO activity and serum cort'icosterone levels were elevated by oestrogen

treatment. The raised TO activity in oestrogen-treated males was lower than in |

the corresponding group of female rats, It was possible, therefore, that endogenous

androgens in the male rat were able to prevent the full increases in enzyme activity

'

on oestrogen treatment but not in serum corticosterone levels, - ' .

In order to inwestigate this further the study was extended to include the effects

of oestrogen treatment on enzyme activity and serum coxticosterone levels in

orchidectomised rats.

(3) ~ The effect of oestrogen treatment on tryptophan oxygenase and tyrosine

H

‘aminotransferase activities and serum corticosterone levels in orchidectomised |

rats.

' Procedure
The foll@ing groups of rats were included in these.experiments:-
(a) = Orchidectomised rats treated with 0.1 ml corn oil daily for 14 days.
(b) ; Orchidectomised male rats treated with 10 pg oestradiol benzoate daily for

14 days.

v

The following groups were included in the tables for the purposes of comparison:-.

o

(c) ' Intact male rats treated with 0.1 ml corn oil for 14 days.

(d) Intact fémale rats treated with 0.1 ml }:om oil for 14 days.



Table 22.  Effect of Oestradiol Benzoate (Oest Benz) Treatment on Liver Tryptophan Oxygenasé, Tyrosine Aminotransferase Activities

"and Adrenal Weights in Oxrchidectomised (ORCHX) Male Rats,

Treatment ' . Tfyptophan Oxygenase Tyrosine Aminotransferase
: _ pmoles kynurenine/g pmoles p OHPPA /g. wet
wet tissue weight/h. - tissue weight/h.
Intact Male ’ (14) 2.0+0.4 5y 109 +33

0.1 ml corn oil

 Intact Male e s.a+letf ) 136 + 65
10 pg Oest Benz - T

ORCHX Male (6 2.040.2 o (6) 86 + 18
0.1 ml corn oil .

ORCHX Male ' S8 87421 (8 116 + 56
10 pg Oest Benz - : o

Intact Female . (12) 5.1+0.7 1) 107 +21
0.1 ml corn oil ' ' ]

Intact Female (12) 9.7+L6  (12) . 180+31*
10 pg Oest Benz oo : ' ' S ’

Oestradiol benzoate and corn oil were administered in the doses shown, daily for 14 d‘ays.'

0.001 compared with corresponding controls

0.001 compared with intact oestrogen-treated females

< 0.001 compared with oestrogen-treated orchidectomised males
.01 » p ) 0.001 compared with intact corn oil-treated males,

*
-t

1:

*%

-

-

Adrenal Weight

mg.

(6)
(6)

(6)

- (5)

(12)

(12)

32

41

64

67

84

1+ 1+ i+ - 1+

1+

10

8**

13%¢-

16

12

5



Table 23. The Effc;ct of Oestradiol Benzoate (Oest Benz) Treatment on Sérum Corticosterone Levels in Orchidectomised (ORCHX) Male

—-— —

Rats.
Treatment _ L Serum Corticosterone Levels
pg corticosterone/100 ml
Uncorrected for skew - o Corrected for skew
- distribution _ : distribution

Intact Male : (7)  4.9+3.8 ) 3.5+2.6
0.1 ml corn oil ' : : '
Intact Male (6 10.1+4.1% | @ 9.4+1sT
10 pg Oest Benz ' ’ ' ' : :
ORCHX Male . (6  5.543.7 e 4.0+1.0
0.1 ml corn oil ‘ o ' '
ORCHX Male. o (8) 13.0+ o.3f o S (@) 10.7+1.9%
10 pg Oest Benz o ' 1 L ' '
Intact Female | m  9.2457 - @y  1.3+2.2
0.1 ml corn oil ' : ' : o T
Intact Female ‘ ©) ° 6.9+2.8 @ 6.6+2.1

10 pg Oest Benz

Corn oil and oestradiol benzoate were.administgered in the doses shown daily for 14 days.

.05 ) P ) 0.02 compared with intact corn oil-treated males

= 0.02 compared with intact corn oil-treated males

= 0.05 compared with corn oil-treated orchidectomised rats

.01 >p > 0.001 compared with corn oil-treated orchidectomised rats.

R e e #
ovwg ©

gsT



Fig. 34.

Fig. 35.

Effect of Orchidectomy (ORCI-IX) on Tryptophan Oxygenase Activity in 15 4

Male Rats Treated with 10 pg Oestradiol Benzoate (Oest Benz) Daily for

14 Days.
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(¢)  Intact fnale rats ;reated With 10 pg oeséradiol benzoate daily for 14 days.' e :
($9) 'Intact female rats treated with 10 pg oeétradiol benzoate déily for 14 days. |
| TO and TAT activities serum corticostefone levels and adrenal weights

- were recordéd. : |
Results
TO and TAT activities, and serum ;orticosterone levels were unchanged
by orchidectomy, although adrenal weights were increased. OestrOgen-tr,eated
| orchidectomised male rats had raised TO activity compared with both control
orchidectomised rats and oestrogen-treated intact males, the levels bging similarl_‘ -
“to those repdrted for oestrogen-treated intact females, TAT activity and adrenal . B
we{ghts were unbhanged by oestrogen treatment of orchidectomised rats, whereas
. serum coxticosterone levels were similarly increased in both oest_roge_n-treatéd

_intact and castrated males (Tables 22 and 23; Figs. 34 and 35.)
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DISCUSSION

Harding'and Nelson (1964) found an almos£ total disal;pearance of detectable =
corticosterone 4 h after hypophysectomy in the rat although Shima, Mat.suka and . |
Pincus (1968) showed a limited.cortico.s.terone production from cﬁolesterol 96 h
after removal of the pituitary.‘ Harding and Nelson (1964) m'easuréd the secreti;m " n
rate of plasma corticosterone from the adrenal vein by ﬁuqrimetry; which wasl not
s.l;fficientl_y sensitive to detect the low .l"evels' reported by Shima et al (1968) who ‘
separated the hormone chromatographically after infusing labelled cholesterol
through the adrenal vein. |

In the present stﬁdy, corticosterone was still detectable in the sexum up
to 25 days‘after hypophysectomy; by which tirhe even the limited corﬁ_costeroidogenesis
may have ceased, with the resulting disappearance of conicésterone from the selrurr; .
sho_wn‘in the present study. Considerable atrophy of the adrenal glands in the -
absence of adrenocorticotrophic hormone is indicated by the observed marked decreasé
of adrenal weights.

Adrenalectomy .resulted in decreased TO activity in female rats. This is
in ag-reement with the observations of Knox, Piras and Tokuyuma (1966), but
- contradictory to the work of both Labrie and Korner (1968) and Csanyi and Greengard
| {1968), who reported that both adrenale_ctomy and hypophysectomy had no effect on
TO oxr TAT activities in the female rat. In the studies described by lthese *atter
lauthors, gland ablations were performed on immature female rats, The level of
circulating corticosterone in the immature female is minimal, and rises sharﬁly at
30 days, and then increases further until puberty (Galav and Westphal, 1965). The :
| development of TO activity follows a similar pa&ern (Chytil, 1971). Thu;; re:rnoval =

- of adrenal or 'pit:uitary glands before puberty may not change TO activity whereas

removal of the adrenal gland from mature females may do so.
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Decreased TO activity after adrenalectomy in mature females may result
from unopposed growth hormone activity in the liver, since long-term growth
hormone treatment of a;drenalectomised rats results in a depression in the basal
~ level of TO écti'vity ('Labrie and Korner, 1968a) Growth hormone increases liver
protein synthesis which, by causing a depletion of intracellula;' hepatic amino a'cids'
(Geschwind and Evans, 1949) may result in a decreased capacity for TO synthesis..
In female rats, after hypophysectomy, TO activity was unchanged. Tl"xe
S : ) : ‘
administration of adrenocorticotrophic hormone to intact rats is antagonistic to0 -
the anabolic action f)f growth hormone '(Li, Geschwind and Evans, 1949). Since
adrenocorticotrophic hormone tbreatment increases the lével of the ‘catabolic : |
glucocoﬁicoids, it is probable that these hormones are responsible fdr the antagonism
~ to growth hormdéne. After édrenalectémy, endogenous growth hormone may increase E
protein synthesis, causing decreased TO activity: . as suggested previously. After‘
hypophysectomy, both growth hormone and corticosteroids a‘re eliminated by removal
of the pituitary gland, which may thexl'efore result in the maintenance of TO activity,
TO activity in male rats was unchanged after é.drenalectomy, in contr;ast to
the effects in female rats. In subsequent studies, it was shown th_at ovariectomy and
testosterone propionate treatment of intact female rats diminished TO activity, althoﬁgh
androgentreatment of ovariectomised female rats and male rats did not result in
furtheg decreases, Since TO activity in the male is already below that of the female
it may be impossible for any further treatment of the male rat to decrease activity
of the enzyme. '
TAT was unaffected by adrenalectomy in the female rat, whereas TO activity
‘was decreaséd. Although both enzymes respOnd.to glucocorlticoid. administration, TAT
activity, unlike TO, is elevated by insulin (Reshef and Greengard, 1968) and |

~ thyroxine administration (Rivlin and Levine, 1963). Growth hormone,




which is regarded as a metabolic antagonist to insulin, is still present in the
adrenalectomised rat, so that insulin action may only be permitted to maintain '
TAT activity at the same level as in intact raté. .

In the hypophysectomised female rat, TAT activity was increased (Table 19)
-as both‘ glucocorticoids and growth hormone are absent and endogenous inéulin may
therefore elevate the enzyme activity, Korner and Lé.brie (1968) and Csanyi and
Greenga:d (1968) showed that hypophysectomy had no effect on TAT activity.
However, as discussed previously for TO, these workers used immature female
rats and th@s may account for the difference between their results and those in the
present study.

Adrenalectomy decreased AAT activity in both male and female rats, in

confirmation of the earlier observations of Rosen, Harding, Milholland and Nichol

(1963).

In the present study, oestrogen-treated male rats had raised corticosterone
levels in agfeement with the results of previous workers (Keller, Sendelbeck,
Richardson, Moore and Yates, 1966; D'Angelo, 1968; Gala and Westphal, 1965),

although of the three enzymes only TO activity was increased. Keller et al fepor;ed

elevated AAT activity in the livers of oestrogen-treated males. These authors
used Holtzman strain rats, whereas in the present investigation, Sprague-Dawley rats -

were used, which may account for the difference between the results of the two studies. i

Oestrogen treatment of female rats elevated TO, TAT and AAT activities '

but not serum coxticosterone levels.. Keller and co-workers suggested that increased

plasma corticosterone concentrations, resulting from oestrogen treatment of male rats

158,
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)

induces liver enzﬁes. This may account for increased TO activity in oestrogen-
t‘rea‘ted male rats but not the results obtained with the females,

An alternative explanation for the effects of oestrogen treatment is that aﬁ
intact pituitary-adrenal axis is required to maintain the présence of circulating
levels of corticosterone, in oxder to obtain full expression of enzyme activity,

The increased serum levels of corticosterone in male rats and the absence of

such a change in females on oestrogen administration would therefore be irrelevarlxt

to such 2 mechanism. The effects of oestrogen on adrenalectomised rats repoxted -

in this study subport this hypotheéis and demonstraté the impoﬁance of corticosterone. |

* Qestrogen treamént of adrenalectomised female rats did not elevate the .activity of  :
TO or TAT, as it did in intact rats, and had no effect on AAT activity. | In addi‘tion',"_ “ ,b
oestrogenstreated adrenalectomised.male ratjs} had lower TO activity than did
'sim'illarlly treated intact males.

These results wexe coﬁﬁrmed by the‘ effects of oestrogen treatment of
ﬁypophysectomised rats, which did nof change the activity qf either TO or 'lI‘AT,.
despite the persistance of detectable coﬁiéosterone levels in some animals. This
emphasises the essential pres‘ence of the pituitary glénd buf also indic#tes that
another factor éssociated with the pituitary is involved in oestrogen stimulation of
enzyme activity. An action of ‘oestrogens, independent of corticostérone is .
indicated by the effects of oestrogen treatment after adrenalectomy, which raised TO. )
activity above the adrenalectomised controls but not to the same level as in the
oest.rogen-treated intact rats. TAT levels were similarly increased in oestrogen-
treated adrenalectomised females. The results of oeétroéen administrgtion to
oxchidectomised r'ats‘also supports this conclus.ion, for although there was no

difference in corticosterone levels between intact and castrated rqales after oestrogen
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treatment, TO activity was further increased in the latter. Circulating androgens :

in the intact maie thus prevented full expression of enzyme activity by iﬁhibit.ing -

the independent action of oestrogens. | |
Oestrogens may act independently by stabilisation of ‘enzyn‘ne structure

rather than induction of enzyme synthesis and indirect support for this view is

provided by the observation that TO and TAT activities, iaut not AAT are

‘in.g:reased on oestrogen treatment of adrenalectomised rats, since stabili'sation

of activity depends on some measure of structural specificity. TO has a

tetrameric quaternary structure and 4 xholes of haem cofactor bind to 1 mole of

vl_puriﬁed apoenzyme (Poillon, Maeno, Koike and Feigelson, 1969). It has been -

t

- suggested that TAT is also a tetramer since 4 moles of pyridoxal S-phosphate bind

s ! o

to 1 mole of purified apo-tyrosine aminotransferase (‘Valeriote, Auricchio, Tomkins
and Riiey, 1969). However, only 2 moles of pyridoxal S-phosphate cofactor bind to
- 1 mole of purified alanine aminotransferase (MatsuzaWa and Segal, 1968) and it is |
| therefore probable that this enzyme has a dimeric quaternary structure which may not -
enable any interaction with oestrogens to take place. Stabilisation of TAT by oestrogen?
'conjugates has been reported by Singer and Mason (1967) and there may be sufficient !:
similarity in the quaternary structures of Tb and TAT to allow' oestrogens to stabilise
both Fhese enzymes. )
However, the absence of increased TO and TAT activities m oestrogen-treated
hypophysectomised rats appéars inconsistent with this hypothesis, and an alternative
possibility is that oestrogens may act via another hormone. Thyroxine is a strong ;
candidate since TAT activity increases after administration of the hormone (Rivlin and

Levine, 1963) and administration of low doses of oestrogen stimulates secretion of

thyroxine (Fisher and D'Angello, 1971). Ablation of the pituitary results in the

removal of thyroid stimulating hormone leading to degradation of the thyroid gland. ‘
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The involvement of thyroxine would thus explain the absence of increased liver
enz_yme' activity after oestrogen treatment of ﬁypophyéectomised rats even in those -
animals with detectable levels of corticosterone. .

In intact male rats, TO activity, but not TAT or AAT activities, was incre.as'e.d
on oestrogen treatment and even in oestrogen-treated orchidectomised rats, :I-‘AT
activify was no; raised. . Mozxeover, only TO activity was increased in oestrogen-
treated adren;dectomised males while in similaﬂy treated females, both TO and
TAT activities were elevated. It may be that after puberty, the secretion of
endogenous ‘androgens may prevent oestrogen treatment from increasing TAT and
AAT éc;tivities., even in oéstrogen-treated castrated males. A further test of this |

- hypothesis would be an investigation into the effects of oestrogen treatment on livéf_' -'
TAT in male .réts'orchidectomiSed bef_ore rééching puberty.

..In summary, there was a sex difference in tﬁe response of enzyme activity to_;_ ;
oestrogen administration, since the activity qf aﬁ three enzymes was increased in o
, oestrOgep-tre;ted females but only TO activity ilvas raised in similarly treated male:s:.‘\b :

The presence of circulating ;:orticosteroné and an intact pituitary adrenal axis was _. :
required for full expression of incregsed enzyme activity on oestrogen treatment
“but oestrogens also acted independently of corticosterone in‘ increasing enzyme - |

~

activity.
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'CHAPTER 6. A Study of the Effects of Androgens on Liver Tryptophan

. Oxygenase and Tyrosine Aminotransferase Activities in Male and

Female Rats,

1. The Effect of Androgen Administration on Liver Tryptophan
Oxygenase and Tyrosine Aminotransferase Activities and Serum .

 Corticosterone Levels.

I, - - The Role of Circulating Androgens in Male Rats in Relation to »
Liver Tryptophan Oxygenase -and Tyro"sine Aminoti‘ansferase -

Activities.
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I. The Effect of Androgen Administration on Liver Tryptophan Oxygenase and

Tyrosine Aminotransferase Activities and Serum Corticosterone Levels.

INTRODUCTION
o A‘ sex difference in circulating corticosterone, with lower levels in male
rats than in females, has been described in this study and by ’previéus authors
(Glenister and Yates, 1961; Kitay, 1961; I?'Angglo, 1968). . A similar situation .
+has been reported for Té activity in Chapter 5 of this thesis, with higher levels 'of _
enzyme activity in females than in males. Kitay (1963b, 1963c) and Géla and
Westphal,  (1965) showed that both androgen treétment and ovariectomy diminished
cir;ulating conicésterone levels in the female rat. In the present study, ovarie.ct‘omy:

decreased both serum corticosterone concentrations and TO activity, so it is pdssible_‘ _

" that androgen treatment and ovariectomy decrease TO activity by suppressing

- circulating corticosterone levels.

In human subjects treated with mesterolone, a synthetic androgen, or with

methyltestosterone, the responsé of urinary tryptophan metabolites to cortisol is'

diminished (McGinty and Rose, 1969). Work currently in progress in this

" . laboratory suggests that elevated urinarywti'yptophan metabolite levels observed

in breast cancer patients are also reduced by treatment with synthetic androgens and
or.hér anabolic steroids (Rose and Randéll, 1572). An explanation for these | \
obse/r\{ations is that androgenic steroids in;erfere with the elevation of TO activit}'r
foilloii-sfg-l‘lg cortisol administration and oestrogen stimulation.

The present study was undertaken to investigate this possibility and the effec'tsv

of androgens on the liver enzymes TO and TAT,  with respect to serum corticosterone

levels,
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(1). The effect of testosterone propionate on intact males and females and

ovariectomised females.

Procedure
' Decreased plasma corticosterone le'vels in ferﬁale rats were observed
14 days after a single subcutaneous injection of testosterone phen&lacetate
(Kitay, 1963b). It was calculated that the singleuinj‘ection of this slow-feleasé
depot testosteréne was equivalent to a daily subcptane.ous injection of 150 pg
testosterone phenylacetate.(Kitay, 1966). The equivalent dose of_lOO ;;g testosterone
propionate given daily for 14'§1ays was therefore used in the prés;ant study. |
Intact male and female rats and ovariectomised females were treated with oil »
or testosterone propionate; owariectomy was performed és déscribed in 'Chapter. 4.
f The folllowing groups were included in the study:- | |
(a). | Intact male rats treated with 0.1 ml oil.
" (b). . Intact female rats treated with 0.1 ml oil.
(é). Ovariectomised females injected with 0.1 ml oil.
‘(d).‘ Intact male rats treated with 100 pg telstosterone propionate.
(e). Intact female rats treated with 100 pg testosterone propionate.
®). . Ovariectomised females treated with 100 pg téstosterone propionate.
Tryptophan oxygenase and tyrosine aminotranéferase activities, serum -
corticosterone levels and adrenal weights were determined.
Results
Thgre was no difference in TO or TAT a.ctivity, or in adrenal weights betw.eezf
male and female control rats, although seﬁm corticosterone levels in the females

were higher than in males., Ovariectomy diminished both TO activity and serum .

corticosterone levels in females, although adrenal weights and TAT activity remained

unchanged, Testosterone propionate treatment of intact females decreased TO activity



Table 24. ~The Effect of Testosterone Propionate { test prop) Administration to Intact Male and Female Rats and Ovariectomised (Ovx)
Female Rats on Liver Tryptophan Oxygenase and Tyrosine Aminotransferase Activities and Adrenal Weights.

Treatment Tryptophan Oxygenase ' ) Tyrosine Aminotransferase : Adrenal Weight
: pmoles kynurenine/g/h. pmoles p-OHPPA /g/h. ' ’ mg
Intact female (6 ~3.2+0.8 (16) 85416 o (6) 58 +12
0.1 ml corn oil : - ~ ' " ‘ )
Intact female @6  2.2+0.7* ) (16) 93 +36 . (5)  47+5
100 pg test prop , " . '
. .Ovx female %) 1.5 +0,3* (D 83+22 . h () 80+10
- 0.1 ml! corn oil \ _ . ‘
Ovx female o 25+0.3t o ® 94+ - - 5 s2zntt

100 pg test prop

Intact male ' @ 2.7+1.0 . () 89419 | (5) 4649
0.1 m! corn oil : ' ' ' )

Intact male . (10)  2.7+1.0 S (10) 84 +13 | ©) 42+8
100 pg test prop ) : ' ' I : :

- Testosterone propionate and oil were administered in the doses shown above, daily for 14 days.

* p < 0.001 compared with control intact females.
1 p € 0.02 compared with control intact females.
% p < 0.001 compared with oil-treated ovariectomised females.
‘\"\' 0.01 7 p >0.001 compared with oil-treated ovariectomised females.

T -

‘S91




Table 25. Effect of Testosterone Propionate (test prop) administration to Intact Male and Female Rats and Ovariectomised (Ovx) Female
~ Rats-on Serum Corticosterone Levels. ) .

— . —

Treatment - o A . . Serum Corticosterone Levels
pg corticosterone/100 ml
Uncorrected for skew © Corrected for skew
distribution - distribution
Intact Males : () 405429 - ; (7) 3.2+2.0
0.1 ml corn oil , ' -
Intact Males : o (9) 4.8+3.2 : 9 41417
100 pg test prop - : '
Intact Females S T®) B.3+4.2 T @ 714116t
0.1 ml corn oil L e T o - o
Intact Females o) 42+3.7* a0 2.8+25T
100 pg test prop ' IR o : ' g -
Ovx Females | o L (6) 4.9 +4.9* (6 2.9+3.3*
0.1 ml corn oil ‘ i N IEERE I
Ovx Females | . (5) 3.1+2.8 T ) 2.3+2.4

100 pg test prop

Testosterone propionate and corn oil were administered in the doses shown, daily for 14 days.

99T
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Key to Table 25.

0.05 > p > 0.02 compared with corn oil-treated intact females
+ 0.02 > p » 0.0l compared with corn oil-treated intact females
p = 0.05 compared with corn oil-treated male rats.

o



.~ Fig. 36,
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Effect of Treatment with 100 ug Testosterone Propionate (Test Prop) -

Daily for 14 Days on Tryptophan Oxygenase Activity in Intact and

Ovariectomised (OVX) Female and Intact Male Rats.
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Fig. 37. 'Effect of Treatment with 100 Qg Testosterone Propionate (Test Prop) Daily

‘For 14 Days on Serum Corticosterone Levels in Intact and Ovariectomised

(OVX) Female and Intact Male Rats.
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and serum corticosterone levels together with adfenal weights, but égain TAT
activity was unaltered. In contrast, TO and TAT activities, serum corticosigrone
concentrations, and adrenal weights were all unaffected by testosterone propionate
treatment of r'néle rats. In androgen-treated spayed females, although serum
corticosterone levels remained unghanged from those in ovariectomised female.

| controls, TO activity was elevated and adrenal weights were decreased. TAT

¢

activity remained unchanged in this group (Tables 24 and 25; Figs. 36 and 37).‘

 (2). The effects of higher doses of testosterone propionate on intact females,
‘ P;:ocedure ' | |
Gala and Westphal (1965) repoi'ﬁed that daily doses of 1 mg ;and 5mg’

' testostérdne propionate injected for 10 days decreased serum corticosterone

- concentrations in female rats. In the experiments juét described only 100 pg
testosterone propionate was used, and so a furtﬁer study was made into‘the effects
~of increasing the dosage of testosterone propionate on TO and TAT activities, sérurﬁ
corticosterone and adrenal weights. | | . .

The following groups were included:-

(a).  Intact female rats injected with 0.1 ml oil.

(b).  Intact female rats injected withll mg testosterone propionate,
(c). Intact female rats injec?ed with 0 2 ml oil

(d).‘ Intéct female rats injected with 2 mg testosterone propionate.

Tryptophan oxygenase and tyrosine aminotransferase activities, serum

corticosterone levels and adrenal weights were all determined.



Table 26. Effect of Increased Doses of Testosterone Propionate ( test prop) on Tryptophan Oxygenase and Tyrosine Aminotransferase
Activities and Adrenal Weights in Intact Female Rats. .

Treatment : Tryptophan Oxygenase Tyrosine Aminotransferase Adrenal Weights
: pmoles kynurenine/g/h. pmoles p OHPPA /g/h, mg.
Intact Female : (6) 2.8+0.4 (6) 88 +12 " (4) 62 +10

— . v— —

0.1 ml coxrn oil

Intact Female | (6) - 2.4+0.6 (6) 91+7 ’ (6) 46 +12
1 mg test prop

“Intact Female . . (10) 3.1+0.8 i (10) 95 +14 ’ (@) 6145
0.2 ml corn oil : : ' b ' C ' L

Intact Female (10 2.6+0.6 . (10) 105+35 . @4) 59+14
2 mg test.prop. * : o . s TR = ‘ o

Testosterone propionate and corn oil were administered in the doses shown daily for 14 days.

AR



.Table 27. Effect of Increased Doses of Testosterone Propionate ( test prop) on Serum Corticosterone Levels in Intact Female Rats.

Treatment . - Serum Corticosterone Levels
i ' ‘ ug corticosterone/100 ml,

Uncozrrected for skew . Corrected for skew

distribution , distribution
Intact Female (5) 6.7+5.3 S (5) 5.1+2.1
0.1 ml corn oil .
Intact Female - | (5) 7.4+6.4 | 5)  4.6+2.8
1 mg test prop : i
Intact Female ~ ~ (5) 6.3+1.0 (5 5.9+1.4
0:2 ml corn oil : '
Intact Female ) 6.3+3.6 . () 5.2+2.1

2 mg test prop

Testosterone propionate and corn oil were administered in the doses shown daily for 14 days.

‘TLT -



Table 28, Effect of Increased Doses of Testosterone Propionate ( test prop) on
Uterine Weights of Female Rats. :

Treatment - . - Uterine Weights
mg.
Intact Female o (5) . 0.9+0.3

0.1 ml corn oil ' T _ S

. Intact Female o . (6)  3.5+1.6*
~ 1 mg test prop o g S -

Intact Female - (5) - 0.8+0.3
0.2 ml corn oil ' -

Intact Female ' ' .(6) . 4.4 +1.3*
2 mg test prop ' S ‘

*  p < 0.001 compared with cérresponding control.
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Results

Administratiqn of 1 rhg and 2 mg testosterone propionate to.female rats dailym”“

’for‘l4 days did not change the activity of either enzjrme, serum corticqsterone.orA

adrénal weights (Tables 26 andi 27). |

After killing each rat, careful examination showed that the uteri of females |

treated with testosterone propionate were enlarged comparéd with the oil-treated
controls (Table 28).

(3) The effect of 100 ug testosterone propionate, injected daily for 14 days on

cortisol induction of tryptophan oxygenase and tyrosine aminotransferase in

‘adrenalectomised male and female rats.

Procedure S ' ‘ B
Adrenalectomised rats were used in these experiments to obviate the poésible“
conversion of testosterone to oestrogéns v_)‘hich, ‘Kitay has suggesped, '.may: take place -
.~ in the adrenal glands (Kitay, 1963c). | | |
Four experimental groups were used for each sex:-
(a). " Rats treated with 0..1 ml oil for 14 days, injected with saline on 15th day. .
(b). Rats treated with 0.1 ml oil for 14' days,l given hydrocorﬁisone on 15th‘day.'
(c). | Rats injected with 106 Hg testosteroné propicj)nate' for i4 days, given saline on
15th day. |
' (d). Rats given 100 pg testoéterone propionaté‘for 14 days, Ainjected'with
hyd'rocortisone on 15th day.
" Results .
As shown in Table 29 , 100 pg’testosterone propionate given daily for
14 days did not change tﬁe activity of TO or TA"I‘ in the livers of adrenalectomised

male and female rats. The administration of hydrocortisone to the corn oil-treated



"Table 29;  Effect of Testosterone Propionate ( test prop) Treatment on Induction of Tryptophan Oxygenase and Tyrosme Aminotransferase
. by Hydrocortisone in Adrenalectomised (Adx) Male and Female Rats, -

- Treatment , - Tryptophan Oxygenase o L "ijrosine Aminotransferase
B ymoles kynurenine/g/h. ' pmoles OHPPA/g/h.
Adx Female; 0.1 ml corn oil () 8.0%l4 o (5) 89 +22

Saline i.p. on 15th day.

Adx Female; 0.1 ml corn oil (5) 13.7+2.1* I (5) 274+71*
Hydrocortisone i.p. on 15th day. , : :

Adx Female; 100 pg test prop (6)- 2.3+0.8 o (6 66+19
- Saline i.p. on 15th day.

~ Adx Female; 100 pg test prop (D 13.7+2.3% e : (7) 220 +96*
Hydrocortlsonel p. on 15th day. ’ , e . - _

Adx Male; 0.1 ml corn oil ) 2.3+1.1 oo ) 99+31
Saline i.p. on 15th day IR i ’

Adx Male; 0.1 ml corn oil | ©(5)  10.2 +2.0* () 276+91*
Hydrocortisone i.p. on 15th day. ' - . - SIS RPE B -

Adx Male; 100 pg test prop C(6)  .2.5+0.8 e 92+44
Saline i.p. on 15th day . S

Adx Male; 100 pg test prop o (6) 10,2 +3.2° () 259 93
Hydrocortisone i.p. on 15th day =~ - - ' ’ S ‘ ’

LT
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Legend and Key for Table 29.

Corn oil and testosterone propionate were administered in the doses shown by daily
subcutaneous injection for 14 days. Hydrocortisone and saline were given by
intraperitoneal -injection (i.p.) on the 15th day. : ' '

’ * p{ 0. 001 compared with corresponding controls.
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\

groups of male and female rats resulted in marked elevations in TO and TAT
gctivities, compared with the groups injected with saline, Testosterone
propionate treatment did not modify the response of either enzyme to cortisol
induction.

(4). The effects of fluoxymesterone on the cortisol induction of liver tryptophan

oxygenase and tyrosine aminotransferase in intact female rats.

Procedure
Testosterone propionate posesses a w A4-3-oxo‘ group, which is req_uiréd
for.aromatization of Ring A of the steroid nucleus so enabiing its conversion to
‘oestrogen. It was thought that this may have accounted for ifs inabi'liity to inhibit
the response of liver enzymes to coxtisol and therefore the effects of ﬂuox&mesteroné,:'.
a synthetic androgen poseésing a 9a substituent which impedes aromatization |
.of rmg A, were investigated.
| Four experimental groups wére included in this study, namely:-
:‘(a)._ Intact female rats treated with 0.1 ml- oil for 14 days and given saline on 151:1.1} )
day.
(b).  Intact female rats treated with 0.1 ml corn oil for '14 days and injected with '_ '
hydrc;cortisone on the 15th day. |
(c). 3 Intact female rats injected with 100 pg fluoxymesterone for 14 days, treatéd
with saline on the 15th day. )
(d). Intact female rats given 100 pg fluoxymesterone for 14 days and injected with -
hydrocbrtisone on the 15th day. .
Results

Treatment of intact female rats with a daily dose of 100 pg fluoxymesterone -

for 14 days did not significantly affect TO or TAT activity, neithex did it alter the



Table 30.  Effect of 100 pg Fluoxymesterone (FM) Treatment on Induction of Tryptophan Oxygenase and Tyrosine Aminotransferase in Intact -
Female Rats by Hydrocortisone. : .

Treatment : : . Tryptophan Oxygenase : Tyrosine Aminotransferase
’ umoles kynurenine/g/h. ymoles p OHPPA/g/h.
Intact Female; 0.1 ml corn oil T (6) 6.6+2.5 . (6) 125 +29

Salipe i.p. on 15th day

Intact Female; 0.1 ml corn oil (6) 14.5+4.4* o 6) 232 + 75*
‘Hydrocortisone i.p. on 15th day '

Intact Female; 100 pg FM - 6) 4.9+1.9 - (6)  98.8.£27
Saline i.p. on 15th day '

Intact Female; ‘100 pg FM -~ (6) 11.9+3.7* | (6 156 + 28+ F
- -Hydrocortisone i.p. on 15th day _ o ' '

~ Corn oil and fluéxymesterone were administered in the doses shown by daily subcutaneous 1n3ect10n for 14 days Hydrocortiséne'
and saline were given by intraperitoneal injection (i.p.) on the 15th day. : -
* p £ 0.001 compared with corresponding control group

0.05 0.02 compared with oil-treated rats given hydrocortisone.
t 0.05)p yo002c : |

‘SLT



Fig. 38. Effect of Treatment with 100 pg Fluoxymesterone (FM) Daily for 14

Days on the Cortisol Induction of Tyrosine Aminotransferase in Intact
Female Rats.:
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response of TO to cortisol induction. However, the level of TAT activity after + . -

cortisol injection was reduced in fluoxymesterone-treated rats comparéd with

corn oil-treated controis given cortisol (Table 30; Fig. 38).



II. The Role of Circulating Androgens in Male Rats in Relation to Liver Tryptophan

Oxygenase and Tyrosine Aminotransferase Activities.

INTRODUCTION

Observations reported earlier in this thesis have shown that male rats have
lower levels of TO activity in oil-treated control groups and a lower response in TO}
activity to oestrogen treatment than do similarly treated female rats. Oestrogen_
treatment of male rafs increases serum corticosterone concentrations, although
TAT\ activity is not elevated, whereas oestrogen-treated female rats have raised
TAT activity a1thou§h serum corticosterone levels remains unchanged. Therefore,
the role of androgens in the male rat was further in&estigated by the administration
of oestrogens and androgens to orchidectomised male rats.

It was shown breviously that semﬁ cdrticosterone concentrations are increa_sed
after treatment of castrated male rats with 5 mg testosterone propionate for 10 days
(Gala and Westphal, 1965). prever, Kitay injected orchidectomised rats with a
slow-acting depot of testosterone phenylacetate, equivalent to 100 pg testé)sterone
propionate for 14 days, and observed no effect on the level of plasma corticosterone“

(Kitay, 1963c). In the present investigation a daily dose of 100 pg testosterone

propionate for 14 days was used.

(1). The effect of orchidectomy and testosterone propionate treatment on male rats. .
Procedure |
| The following experimental groups were included such that group (a) were
the controls for group (b) and groﬁp (¢) were the controls for group (d).
(a).  Intactmale rats treated with 0.1 ml oil.
(). . Orchidectomised male rats treated with O.i ml oil.

(c). Orchidectomised male rats injected with 0, 1 ml oil,

(d).  Oxchidectomised male rats injected with 100 ug testosterone propionate.

.




(_a)
(b)
(©)

(d)

Table 31.  Effect of Orchidectomy (ORCHX) and Testosterone Pr0pionate ( test prop) Treatment on Tryptophan Oxygenase and Tyrosine
' ‘Aminotransferase Activities and Adrenal Weights in Male Rats, .

‘Treatment

" Intact Male

0.1 ml corn oil

ORCHX Male
0.1 ml cormn oil

ORCHX Male
0.1 ml corn oil

ORCHX Male

100 pg test prop

Tryptophan Oxygéna se

 Tyrosine Aminotransferase

pmoles kynurenine/g/h.

pmoles OHPPA /g/h.

8  2.5+0.5 (8 9122
8) 1.3 +0.3* o 8)  76+29
(6) 2.3 £0.3%% | (6) 102 +30
(D 25105 e __(7)‘ 108 +35

Corn oil and testosterone were administered in the doses shown daily for 14 days.

* : p) 0.
** P >0‘
+ 0.01)

0.01 >

¥

001 compared with intact male controls. :
001 compared with preceding group of orchidectomised males (Group b).
p7 0.001 compared with corresponding intact controls (Group a).
p > 0.001 compared with corresponding orchidectomised males (Group c).

Adrenal Weight

 mg,

(7 65.2+14.1F
(5) 63.6+10.6

(6) 48.543.6 F

‘781



Table 32.  Effects of Orchidectomy (ORCHX) and Testosterone Propionate ( test prop) Treatment on Serum Corticosterone Levels in Male

Rats. . . .
Treatment : S . o Serum Corticosterone
‘ pg corticosterone/100 ml
Uncorrected for skew " Corrected for skew
distribution - : distribution
Intact Males o (8) 4.8+4.8 : (8  3.1+2.7
0.1 ml corn oil o ‘
ORCHX Male . | S (8) 5.7+2.7 . (8)  4.9+1.6
-0.1 ml corn oil '
ORCHX Male ' IR ©6)  4.7+2.2 o (6) 4.4+1.5
0.1 ml corn oil . : ' ' '
ORCHX Male | . - (6) 3.5+2.0 (6) 3.0+1.9

100 pg test prop

L

Testosterone propionate and corn oil were administered in the doses shown daily for 14 days.

'e8T |
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‘Results

Orchidectomy resulted in decreased TO activity and heavier adrenal weights . ‘
‘than ;n the intact control group, although TAT acti_vity and serum corticosterope L
levels were unchanged. Testosterone propionate treatment of orchidectomised
rats did not alter TO and TAT activities nor serum.corticosterone concentrations 4

and adrenal weights. The corn oil-treated orchidectomised rats in group (c) had

higher TO activity than in group (b), comparable to the intact males. (Tables 31 and 32)

(2). The effect of oestrogen administration on orchidectomised rats.
Procedure
" The éxperimental éroups included in this investigation are as follows;-
‘(a).  Orchidectomised male rats treated with 0.1 ml corn oil for 14 days.
(b). Orchidéctomised male réts ihje_éted-wi_th 10 pg oestradiol benioate for 14‘days':.
Other groups are incorporated into the tables Ifor combafison, although they 1 _
were not part of the experiments performed at the same time as (a) ai-1d ), ﬁamely:j i
(C). Intact rﬁale rats treated with 0.1 ml corﬁ'oil for 14 days.
(d). Intact female rats injécted with 'O. 1 ml corn oil for 14 days.
e). Intact male rats treated with 10 Hg oestradiol benzoafe for 14 days.
®. Intact female rats treated with 10 pg oestrad;ol benzoate for 14 days,
Results | |
* Orchidectomy did not produce ény signiﬁcanﬁ change_s‘ in TO and TAT activi'ties,A'_
serum corticosterone or adrenal weights, compared with intact male rats. .
(Tables 33 and 34). |
10 pg oestradiol benzoate adminiétered daily for 14 days increased both TC |
activity and serum corticosterone levels in the c;,astrated males.  The raised

corticosterone concentrations were comparable to those seen in oestrogen-treated



Table 33.  Effect of Oestradiol Benzoate (Oest Benz) Treatment on Liver Tryptophan Oxygenase, Tyrosine Aminotransferase Activities

and Adrenal Weights in Orchidectomised (ORCHX) Male Rats,

- Treatment

Intact Male

0.1 ml corn oil

Intact Male -
10 pg Oest Benz

ORCHX Male
0.1 ml corn oil

ORCHX Male

10 pg Oest Benz

Intact Ferhale
0.1 ml corn oil

Intact Female
10 pg Oest Benz

Tryptophan Oxygeﬁaée

pmoles kynurenine/g.

(14)

(14)

(6)

(8)

(12)

, \(12)

wet tissue weight/h.

2.0+0.4
5.4+1.8* 1 ¥
2.0+0.2
8.7 +2.1%
5.1+0.7

—

9.7 +1.6*

Tyrosine Aminotransferase

pmoles p OHPPA/g. wet

tissue weight/h, -~

®)
(5)
(6)
(8)
12)

(12)

109 +33

kN

136 + 65

86 +18
116 +56

107 +21

180 +31*

Oestradiol benzoate and corn oil were administi_ered in the doses shown, daily for 14 days.

* p € 0.001 compared with corresponding controls

p < 0.001 compared with intact oestrogen-treated females
$ p € 0.001 compared with oestrogen-treated orchidectomised males
** 0.01 ? p ) 0.001 compared with intact corn oil-treated males.

Adrenal Weight

mg,

(6)

- (6)

(6)
(s)
(12)

(12)

32

41

- 64

67

76

84



Table 34. The Effect of Oestradiol Benzoate (Oest Benz) Treatment on Serum Cortlcosterone levels in Orchldectomlsed (ORCHX) Male

Rats.

Treatment

Intact Male
0.1 ml corn oil

Intact Male
- 10 pg Oest Benz

ORCHX Male
0.1 ml corn oil

ORCHX Male
10 pg Oest Benz

Intact Female
0.1 m1l corn oil

Intact Female
10 pg Oest Benz

Corn oil and oestradiol benzoate Were administered in the doses shown daily for 14 days;

* 0.0
4 p=
¥ p=

0.0

% ¥

[
~

Uncorrected for skew

Serum Corticosterone Levels

. pg corticosterone/100 ml

distribution

(7) 4.9+3.8

(6) 10.1+4.1%

(6) :5.5+3.7

@ 13.0+9.3T

() 9.245.7

(9) 6.9+2.8

SYyp P 0.02 compared with intact corn oil-treated males

0.02 compared with intact corn oil-tréated males

0.05 compared with corn oil-treated orchidectomised rats

1 ) p > 0.001 compared with corn 011 treated orchldectomlsed rats.

. (6) 4.0+1.0

7)) 7.3+2.2

' Corrected for skew

distribution

(7). 3.5+2.6

—

(6) 9.4 +1.5+

(8)  10.7 +1.9%

©  6.6+2.1

{ 98T
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Fig. 39, Effect of Orchidectomy (ORCHX) on Tryptophan Oxygenase Activity in -
' Male Rats Treated with 10 ug Oestradiol Benzoate (Oest Benz) Daily for -

14 Days, : . _ S
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Table 35. Effect of Orchldectomy (ORCHX) Hydrocortlsone Induction of Liver Trthophan Oxygenase and Tyrosine Ammotransferase in

Male Rats,
Treatment ‘ ‘ | Trypto'phan Oxygenase Tyrosine Aminotransferase
" pmoles kynurenine/g/h. pmoles p OHPPA/g/h.
Intact Male ~ '- . (6) 4.2+42.0 (5) 118 +28
Saline i.p. ’ . ' '
Intact Male i T (6) 14.9+4.9* (6) 277 +57*
Hydrocortisone i. p. :
ORCHX Male 5)  5.9+2.0° (5) 104 +27
- Saline i.p. - ' ‘
ORCHX Male , . (5) 13.4+3.6* S (5) 169+ 44*

Hydrocortisone i. p.

Saline and hydrocortisone were administered by intraperitoneal (1 pP. ) m]ectlon
* p < 0.001 compared with corresponding saline-treated group.
1.‘ 0.05 > p ) 0.02 compared with corresponding saline-treated group.

and 0.01 » p » 0.001 compared with intact hydrocortisone-treated males.

68T -



intact males, although the increased TO activity was higher than in this group

and was similar to the results for oestrogen-treated intact female rats. ~In both

oestrogen-treated intact and orchidectomised male rats TAT activity and adrenal

| weights were unchanged (Tables 33 and 34; Figs. 39 and 40)‘.

Endogenous androgens in the male rat therefore interfered with the

‘stimqlation of enzyme activity by oestrogen treatment and in order to study this

(3). The effect of orchidectomy on cortisol induction of TO and TAT

Procedure

| (a).

_The study was comprised of four experimental groups:-

_Intact male controls injected with saline,
»). Intact male controls injected with hydrocortisone. , o .
(c). _ 'Orchidectomised male ra;s’ injected with saline.
(d). Orchidectomised male rats i1'1jected with hydrocoﬁi_sqne
Results

. TO and TAT were both markedly iﬂc’rgased in intact male rats treated with

cortisol. In cortisol-treated orchidectomised rats TO activity was increasedto'a

level similar to that of cortisol-treated intact males. ~ In contrast, although the level -

of TAT activity was raised in the livers of cortisol-treated castrated male rats it was

significantly lower than in similarly treated intact animals (Table 35).

w

190. -

further,the effect of orchidectomy on cortisol induction of TO and TAT was investigated.




91,

DISCUSSION
Endbgenous oestrogens presenf in the female rat stimulate pituitary secretion:

of adrencorticotrophic hormone (Kitay, 1963a) and also adrenal corticosteroidogenesis
by direct action at the adrenal glands (Kitay, Coyne and Newsom, 1965) and are thﬁs
responsible for the higher peripheral corticosterone levels in the femalé rat (I'<itay,
‘1963b).' In agreement with previous observations (Kitay, 1963b; Gala and Westphal,
1965) ovariectc;my produced a fall in the level of serum cbﬁicosterone (Table 25)
although serum corticosterone levels were unchanged after orchidectomy, confirming
the earlier work of Kitay (1963c). Adrenocorticotrophic 'hormone secretion ish :
increased afte:f orchidecto;ny (Kitay, 1963b) although both the half-life of peripheral
corticosterone and the rate of adrenal corticosteroidogenesis are decreased (Kitay,
1963c¢). Stimulation of corticosterone production by increased ad.reﬁ_ocorticotrophi‘cv _
hormone secrétion may be offset by the other effects 6f orchidectomy, resultiﬁg in . |
a maintenance of normal serum corticosterone le{rels. In contrast, ovariectomy
depresses both .édrenocorticotrophic hormone secretion and adrenal corticosteroido- . -
genesis (Kitay, 19635). The combination of these two effects may be sufﬁcient‘ to '. | |
produce a net decrease in the circulating level of corticosterone despite its exten‘ded
half-life observed by Kitay (1963c) in spayeéi females, - |

| Adrenal weights increased following orchidectomy 'and decreased after androgen:'
treatment, although in neither case were circulating corticosterone levels unchanged,
in agreement with previous work (Kitay, 1963c). Adrenal weights were unaltered
after ovariectomy and reduced in androgen-treated spayed feméles, in contrast with
the results for corticosteroné levels which were decreased in the former but

unchanged in the latter. Therefore, changes in levels of serum coxticosterone are

not reflected in the changes observed in adrenal weights. Kitay (1963b) showed
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that adrenocorticotrophic hormbnes synthesis was increased by orchidectomy in thé
male, decﬁ:eased by treatment of caétrated males with testosterone, but unchanged .
by ovariectomy of the female, It méy be that increased adrenal weight is due to’ '
hype;:plasia from the action of adrenocoxrticotrophic hormone and the changes in
adrenal weight may reflect changes in adrenocorticotrophié hormone syntheslis.
Treatment of female rats with 100 ug testosterone propionate lowered serum
cbrticosterox;e concentrations in confirmation of a prévious study (Kitay, ,1§§3b). ' )
These effects may have been due to suppression of the endogenous synthesis éf
oestrogens in the female rat, as suggested by Kitay (1963'b)‘. Altematively,\
andrbgén administration Imay have preiiented the stimulation of corticosterone
- synthesis ‘by‘ the endogenous oestrogens, éince androgens diinihish botﬁ oestrogen -
' | :stimulation of corticosteroidogenesis by én impairment of adrenal hydrop.cyléting
systems (Ruhnaﬁn-Wenhold and Nelson, 1971) and ‘pituitary' secretion of
adfenoconicotrophic hormone (Kitay, 1963b). 'The present study did not distinguish
between decréased serum corticosterong levels due to suppression of oestrogen |
synthesis, .or inhibition of oéstrogen stimulation of corticosteroid synthesis.
Testosterone propionate administration to intact and orchidectomised males and to. ] ‘_f:
ovariectomised females, both situations in which.tvhere is minimal ocstrogen
synthesis, did not alter serum corticosterone levels, which indicates that testosteroné
~may only suppress circulating levels when there is scope for significant oestrogen
antagonism,
TO activity in female rats was decreased by 100 V24 testosterone propionate:
_injected daily for 14 days, for which two possible explanations aré either that.

.enzyme activity was inhibited directly, or TO activity was decreased by the fall in

serum corticosterone.



High levels of test?sterone propionate inhibit TO activify in vitro by
cvompe't':ition for .cofactor binding sites (Chapter 7) but it is unlikely that the androgen .
~concentration in the 1iverhwas sufficient for such anb inhibition. | Moreover, TO ‘

l activit.y was unaffected by testosteroﬁé propioﬁate treatment of adrenalec;tomised _ ‘.i |
rats, and spayed females injected with androgens‘.had raised TO activity, both of |

" which are incopsistent with direct inhibition, but indicate that corticosterone is
involved in the mechanism. Treatment of intact and orchidectomised male rats '

with testosterone propionate did not alter either serum corticosterone levels or TO B
activity, although ovariectomised control rats énd androgen-treatedv intact: females ~A
had bof.h decreased serum corticosterone concerﬁ:’rations and TO activity. _ These
obsexrvations sui)port the explanatibn that the decreased serum corticlosterone 1ev‘éls
ai'é fesponsible for the fall in TO activity. '

Treatment of ovariectomised females with testosterone propionate resulted = .
in small but significant increases in TO aétivity which were not accompanied by any |
further éhange in serum corticosterone lgvels. It is therefore probablé that these
small increases are due to direct st“:abilisation of the enzyme.

TAT activity was ur;chan'ged by ovariectomy or androgefx treatment of
female rats, although serum corticosterone levels were decreased. Both TOand
TAT activities are inducible by corticosteroids, but only TAT activity is increased
by insulin (Reshef and Greenggr_d, 1969) and thyroxine (Rivlin and Leviné, 1963). | it
may be that these hormones maintain the level of TAT activity ini‘androgen-treated and -

spayed females, despite the decreased cbncent_ration of peripheral corticostekone, as

proposed in the previous chapter for adrenalectomised rats,



TO activity was lower in one group of orchidectomised males coxhpared
with the matched intact control groub (Téble 31 ). Decreased enzyme activity
( affei: éastration was not found in any other ;)rchidectomised group in this study. ‘
No satisfactory explanation for the diminished TO activity in this instance caﬁ be
offered and it is concluded that, in general, orchidectomy does not affect TO activitjf. :
Gala and Westphal (1965) observed decreased serum corticosterone levells‘ |

after treatment of intact female rats with 1 mg and S mg testosferone propidnate

for 10 days. In the present study, 1 mg and 2 mg testerone propionate for

14 dayé were ineffective in decreasing corticosteronfa concentrations oxr TO activity, -
Treatment of intact females with these higher doses of festosterone 'prOpionafe

resulted in an enlargement of the uterus which is evidence of oestrOgénié activity -
(Spaziani and Suddick, 1967).and therefore indicated that some of the testosterone

was n{etabolised to oestrogen. Kitay suggested that this conversion may take
‘place in the adrenal gland (Kitay, 1963c¢), alt'hough moré reéently, severél workers o
~ have described an'conversioﬁ of ‘testﬁostérone to oeétradiol-17ﬁ in vitro by raf
ovarian preparations (Mason, 1970; Kalvert and' Bloéh, 1968) and also of androgen :
metabolites to oestrogens by testicular preparations (Inaba and Nakao, 1966). The‘j_
level of oestroéen produced by conversion 6f tesit_osterOne when ‘administere'd in highe:r’_ »f
dos»es méy be responsible for. the maintenance of TO activity in the liver and for the
ineffectiveness of higher testosteroﬁe propionate doses in modifying TO activity
compared with the results of 100 ug testosterone propionate givén for 14 days. A
similar mechanism, involving conversion of methyl testosterone to oestrogen, was
suggested by McGinty and Rose to explain increased urinary tryptophan metabolite

levels in human subjects treated with methyl testosterone (McGinty and Rose, 1969).

Y
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Injection of adrenalectomised male and female rats with 100 pg testosterone
propionate for 14 days had no effect on TO or TAT induction by coﬁisol, although o
this dose reduced TO activity in intact female rats, In these rats, it is possible’
that androgens were converted to oestrogens but sufficient androgens were still
present to suppress TO activity in the intact female although this was insufficient
to suppress the effects of cortisol induct'ion. Testosterone posesses a A4:3 -0X0
group in ring A of the steroid nucleus, which allows aromatizations of ring A and
the formation of oestrogens. However, even treatment of intact female rats with
100 pg fluoxymesterone, which is not convertgd to oestrogens, did not éffect TO
induction by cortisol.

| Induction of TAT activity by cortisol was decreased on fluoxymesterone
treatment, for which two possible explanations are that -fluoxymesterone may interfere
directly with cortisol induction of enzyme activi_ty in the liver, or gltefpatively phat
decreased enzyme levels may result from the anabolic action of the synthetic andr.ogén.:
Kenney and Lee (1971) described an interference by androgenic stexoids with in Vitr‘o
cortisol induction of TAT in hepatoma cells in culture. Those steroids containing
alip sidé chain and an 8-o0xo group were the most effective inhibito;‘s and both

-

fluoxymesterone and testosterone propionate contaiﬁ these structural features.
However, the observation that_ fluoxymesterone has no effec.t.on TO induction'is
inconsistem with such an explanation since direct interferepce with cortisol action
should apply to enzyme induction in general.

The anabolic action of ancirogens will increase protein synt‘hesils in muscle

tissue (Breuer and Florini, 1965) and this may result in a depletion of hepatic amino

+ acids similar to that discussed in the previous chapter for growth hormone.



Cortisol induction of liver enzymes has been shown to involve the action of hepatic

amino acids (Labrie and Korner, 1968b; Rosen and Milholland, 1968). Rosen and

<

Milholland concluded from their results that the response to cortisol of TAT, but

not of TO, was due to increased uptake of amino acids into liver cells. Conversely,

fluoxymesterone treatmeﬁt, by depleting the hepatic amino acid pool size, may have '
resulted in a dinﬁinished response of TAT to cortisol, although TO remained unaffected.
In the previous chapter,it was suggested that oestroéen administration increased
enzyme ‘.activity in both male and female rats by a mechanism independent o.f increased
corticosterone levels, although the presence of thé glu.cocorticoid is required-for the |

full expression of enzyme activity, This is further supported by the study ;af

"oestrogen and cortisol treatment of orchidectomised rats. Although oestrogen-treated

male rats had lower levels of TO activity than'did sirhilarly treated femé.le rats,

orchidectomy resulted in further increases in TO activity on oestrogen administration, _'

" to levels comparable with oestrogen-treated females. Serum corticosterone levels -

were similarly increased in bor_:h intact and orchidectomised oestrogen-treated male

rats. Orchidectomy did not affect the response of TO to cortisol, so that circulating
levels of androgens did not impair the effect of increased serum corticosterone levels

on TO activity in the oestrogen-treated intact male. Therefore these results indjcate -

“that oestrogens have an effect independent of increased serum corticosterone

concentrations, which is antagonised by androgens.




In summary, low doses of testosterone propionate -or ovariectomy
Y - decreased TO activity and serum corticosterone levels in female rats. Treatment
of male rats and ovariectomised females with androgens did not change either TO

or serum corticosterone concentration, Oxrchidectomy and testosterone treatment

+ of orchidectomised rats failed to change either TO activity or serum corticosterone .

concentrations. It is proposed that the decreased TO activity in androgen-treated

)

females is due to the diminished serum corticosterone levels.
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CHAPTER 7. The Effect of Steroid Hormones on Tryptophan Oxygenase in Vitro.
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THE EFFECT OF STEROID HORMONES ON TRYPTOPHAN OXYGENASE IN VITRO = -

INTRODUCTION
TO activity has been shown to be elevgted in the livers of .pregnant rats
(Aui'icchio, Rigillo and Di Toro, 1960). In order to define the hQrmongl basis
for these increased levels of acfivity, Greengard, Kélinsk.y and Manning injected
progesterone and oestrone in combination into female rats. They used doses of.
1 pg oestrone and 4 mg progesterone or 3 or 10 .times these amounts, given daily
for 13 days and failed to obtain any signiﬁcant; ibncreases m activity (Greengard, '
Kalinsky and Manning, 1968). Further investigations by Rose and Brown into the
effects of the female sex hormone on TO activity in the rat have shown that the
‘administration of progesterone at doses Qf 4 rhg and 8 mg daily for 28 days decreased -
TO activity (Rose and Brown, 1969b). A—possible explanation of the inability of the
oestrone and progeéterone combination used by Greengard éﬂd co-workers to produce
elevations in TO activity is that progesterone may have exerted an inhibitory effect on
TO, similar to that observed by Rose and Brown, ‘which masked the stimulatory effect
‘of the oestrogenic component. The doses of oestrogen used by Greengard et al afe
similar Eo those which have been shown to elevate TO activity (Chapter 5).

Oestrogen conjugates aré capable o.f' inhibiting TO activity lon addition td the
enzyme in vitro (Oelkers and Nolton, 1964)." In an earlier study, Feigelson and
Greengard (1961) demonstrated the existencé of a haem cofactor, loﬁsely bound fo the -
apo-tryptophan 6xygenase to form the holoenzyme compiex. Oelkers and his .
associates suggestea that thg inhibition they observed was the result of competition
between haem and the steroid conjugates for binding sites on the apoprotein

(Oelkers and Nolton, 1964; Qelkers and Dulce, 1964). -’I‘his;



«

200,

raised the possibility that administration of progesterone and other steroids
in vivo may decrease TO activity by direct inhibition of the enzyme and the

folloWing in vitro study was undertaken to investigate this possibility further. |

METHODS | .

| (1). Steroidsv

The steroids were dissolved in absolute ethanol so that the required'
amount for addition to the enzyme assay medium was present in 0.1 ml,

(2). Tryptophan oxygenase assay method

The same assay procedure as described previously in Chapter 4 was used,
with minor modifications in the volume of water and buffer to accomodate the
addiﬁon of the ethanol br steroid solution. Ea;:h incubation flask contained 2 ml
liver supernatant, 5 pM-haem, 0.8 mM-ascoxbic a"cid, 1.66 mM-trypfophan and. - '
0.4 ml buffer;- The remaining 0.1 ml contaiﬁgd the ethanol or the steroid solutioﬁ.
Control assays were included with each experiment in the presencé and absence of
‘ethanol, so that each inhibition study had its own coﬁtrol ﬂaskslcdntaining tﬁe

same liver.supernatant used in the flasks containing steroid. Without exception

it was found, that the addition of 0.1 ml ethanol did not alter enzyme activity.

(Table' 36). ' : - ‘ , .

Table 36, . The effect of water and ethanol on ti'yptophan oxygenase activity
Volume Added " No. of determinations TO activity
: pmoles Kynurenine/
g/h.
0.1ml H20 15 - 3.7 +0.6%"
0.1 ml EtOH s 3.4 +0,8*

* Mean value +85.D.
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Fig. 41.  Inhibition of Tryptophan Oxygenase In Vitro by Addition of Progesterone
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. Fig.A 43.  Inhibition of Tryptophan Oxygenase Activity by Addition of Testosterone
Propionate and Methenolone In'Vitro.
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Experiment I. The Effect of some A4-3-oxosteroids on Tryptophan Oxygenase

Both progesterone and deoxycorticosterone were potent inhibitoxrs of TO
activity over the range 50-500 uM (Tabie 37; Fig. 41 ). Inboth cases there was |
between 16-22% inhibition of activity at 50 pM rising to a loss of 75% of the enzym.e
activity with 500 pM concentration of either steroid. The structure of theée?steroids
includes a ketone group at position 3 on ring A conjuga;ted to a double bond between
carbons 4 and S (Fig. 42). .

| Testosterone propionate and methenolone inhibited TO activity, although not l‘
.to th‘e.same extent as either progesterone or deoxycorticosterone. .‘ Both
. testosterone propionate and methenolone failed to iﬁhibit enZyme activity at 50 pM ;
concentrations and methenolone produced only ; 30-40% inhibition "clt 5(;)0 pM | |
These two steroids have similar structural features to progesterone and
"deoxycorticosterone, although methenolone has a ‘oxo group at position 3 conjugated
to a double bond between carbons 1 and ‘2 on ring A instead of a double bond between |
carbons 4 and 5, (Fig. ‘43'). | ‘

The importance of the presence of a double bond in ring A conjugated to

the oxo group is emphasised by the results obtained with mesterolone, anotfzer
anabolic steroid. Mesterolone has an identical structure to methenolone éxc_ept
that the double bénd is absent frc;m ring A, and was unable to inhibit TO activity.

In contrast to the results deséribed above, cortisol, corticosterone and
fluoxymesterone failed .to inhibit- TO activity even when present at a éoncentration
of ImM. As shown in Fig. 42 these A4-3-oxo steroids all have an 118 hydroxyl
group present in their structures, which is thé on_ly point of difference between
corticosterone, a non-inhibitor; and - deoxycorlticosterone, a potent inhibitor of TO

~ activity, -



~ Table 37.  Inhibition of Tryptophan Oxygenase In Vitro by Steroids and Diethylstilboestrol.

| Compound ' ) ‘ ‘ . Steroid Concentration _
- . 50 uM_ 100 pM | 500 pM
Enzyme Activity  Inhibition % Enzyme Activity Inhibition % Enzyme Activity Inhibition %
Progesterone | 2.7+0.3 16-22 2.2 +0.5 " 25-36  0.9+0.4 70-80
Deoxycorticosterone 2,8+ 0.3 18-21 ' 2,5+0.2 | 18-26 0.8+0.4 68-81
Testosterone propionate 3.4 + 0.1 0 3,0+0.1 9-13 2.0+0.3 43-54
Plethenolone 3.4+0.3 0 3.0+0.2 10-14 2.1+0,2 38-49
Oestradiol-178 3.1+0.2 7-11 - 2.3+0.1 16-21  1.2+0.4 65-78 )
Ethinyl oestradiol 3.0+0.1 - 11-19 ~ 2.8+0.3 15-25 1.0 +0.5 73-79
~ Oestrone-3-sulphate 3.4+0.1 0 - 3.1 1;0.2" ' 9-11 2.3 +0.3 44-52 .
Diethylstilboestrol 3.1+0.2 o 9-11 2.6+0.3 21-26 1.0+0.3 71-82
Corticosterone o 0 0 . 0
Cortisol 0 - 0 _ 0
- Fluoxymesterone 0 0. BRI 0
Mesterolone 0 - 0 ' 0
‘Mestranol . 0 0 0

All values for enzyme activity given in this table are mean + SD for 5 -6 assays, and the range of % 1nh1b1t10n are stated for each steroid.
"0" denotes no detectable inhibition. :

0T
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Experiment 2. The effect of oestrogenic steroids on tryptophan oxygenase

Both oestradiol-173 and ethinyl oéstradiol, a synthetic oestrogen, were
shown to be inhibitors of TO activity,' as potent as eithé‘r progesteroné or
deéxycorticosterone (Table 37 ). Ethinyl oestradiol inhibited TO activity
even when haem cofactor was omitted from the assay medium.’ | (Fig. 44) ‘
Oestrone-3 -sulpﬁate, a conjugated oestrdgen,ha’d an inhibitory effecf but
. to a lesser extent than did oestradiol-.17,3. The former was unable to inhibit
enzyme activity as a concentration of S.O.pM and gave onlif between 9-11%
| inhibition at 100 pM (Table 37).
| Mestranol, the three methyl ether of ethinyl oestradiol, did not i;mhibit '
TO at any concéntraﬂon. The expériments with both oestrone-3-sulphate andb
mestranol emphasise the importance of t.he hydroxyl group at position 3 on ring A.
Replacement of the gr.oup by a sulphate. radical_, reduced the ability of the s;ieroid
to inhibit enzyme activity and repiacemer;t with a non polar ether group abolished
inhibition. Diethyl stilboestrol, a phenol with oestrogenic properties when
‘administtered. in vivo was found to 5e a potent inhibitor of TO in the in vitro syétgfn

(Table. 37).

Experiment 3. Mechanism of inhibition by steroids -

Oelkers and Dulce suggested that oestrone-3-sulphate inhibited TO activity,'
" by competing with the haem cofactor for binding sites on the apoenzyme (Oelkers
.and Dulce, 1964). It was decided to examine this possibility with respect to the

inhibition by progesterone.ethinyl oestradiol and diethylstilboestrol,
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Fig. 45. Double Rec1proca1 Plot for Inhlbmon by Progesterone or Ethmyl Oestradiol

to Show Competmon with Haem Cofactor.

.Fig. 46. Dotble Reciprocal Plot for Inhibition by Diethyl Stilboestrol.
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= Reciprocal of Rate qf Enzyme Activity. Gll? = Reciprocal of Haem Concentratioh.
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The procedure adopted in these experiments was to vary the concentrations
‘of haem cofdctor in the presence of the enz.yme‘., the other constitﬁents of the
reaction mixture and a constant concentratioxi of.the steroid. With each experimént,
.a series of flasks with 0.1 ml ethanol in place of the steroid were included. | Data
from such experiment:sv were‘presented as Lineweaver-Burke plOtS.- | Rox.ltinely',
concentrations qf SuM-haem were used in the asséy system, since this optiinal
cofactor conce;1tration allowed satu'ration of the apoenzyme without inhibiting .

enzyme activity (Chapter 4), but for this set of experiments, it was necessary for the

kinetics to be linear and first order, so that a range of haem concentrations less than

S5 uM were used. Incubations were carried out in the presence of 100 pM '

concentrations of progesterone and ethinyl oestradiol. Data was calculated using

the method of ieast squares..
_R_ecipfocal plots for both brogesterone and ethinyl oestradipl ére s;hown on
- Fig. 45 | The intércepts reached a focal point on fhe 1 axis and tﬁus wer
c>onsistent with ‘the general form of competitive iﬁ.hibitiOn.‘ Y -

- A similar procedure was adopted for diethyl stilboestrol and the Lineweaver-

Burke plot is shown on Fig. 46 .. An intercept was formed on the axis of 1
: . ' CF
which denoted that inhibition was not competitive for the cofactor..

Discussion

The ability of the steroids investigated in the present study to inhibit TO

in vitro depended on certain structural features. Ring A seemed to be of particular

importance and the nature of the substituent at position 3 was shown to be crucial.

Those compounds with a .oxo group at position 3 conjugated to a double bond between

carbons 4 and 5, as in progesterone, deoxycorticosterone and testosterone

B PR
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propionate, or between carbons 1 and 2 as.in methenolone, were all capable of
Anhibiting TO in vitro. :The preseﬁce of é hyciroxyl groﬁp at position 3 as in the
oestradiol-178 or ethin}il oestradiol also conferred jnhibitory properties to the |
steroids. The presence of an oxo group at position 3 with no conjugéted double
bond at ring A, 'as in mesterolone, rendered inhibition of enzyme activi.ty impossibie.
. This indicates that some form of enolation at position 3 is necessary for inhibition
to take place. This suggestion is supported by other observations in this study;
~ the substitution of the hydroxyl ét position 3 with a sulphate éster, as in oest‘rbné? ‘
3-sulphate, decreased the level of inhibition, and inhibition was prévented
c'omplel':ely by the substitution of the hydroxyl groﬁp in ring A of ethinyl ‘oestradiol
by S-metﬁyl ether. Sulphate esterification may therefore have -re_duced enolation, "
and substitution by the non polar dimethyl ether group may have 'p#:e\}ented enolétion
pompletely. | |
‘The presence of an 118-hydroxyl groﬁp in the A 4-3-oxo steroids alsor

prévepted inhibition from taking place. It‘is possible thét the inclusion of this.
sgbstituent in. the steroid nucleus prevented the A ,4-3 -éx,o steroids from
assumihg the steric confirmation neces‘sar'y for inhibition.

| Progesterone and ethinyl oestradiol were shown to. inhibit TO activity by
. competifio,n with the haem cofactor. Oest;:one-S -sulphate had previously been
shéw'n to act by similar mechanism (Oelkers and Dulce, 1964). Tﬁe precise way in
which the éteroids may effect competitive inhibition with the haem cofactor is no‘;
" indicated by the scope of the present study. Itis .possible that the steroids competé

directly with the haem cofactor for binding sites on the apo-tryptophan oxygenase.
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.Alternatively the steroids may modify fhe haem molecule in some way,' reri‘dering '
it incapable of performing its normal cofactor .function. Perhapé it is this
modified haem cofactor which competes for the binding site on the apoprotein. .

_In order to differentiate 'between these two possibilities, studies with purified TO )

* and cofactor should be made. | ‘

A similar étudy to that described in this thesis haé been carried out by
Kenney and Lee (1971) to investigate the effects of various steroids on cortisol
induction of TA’i‘ in an in vitro cell culture system. Steroids with a keto group at. .
poéition 3 conjugated to a double bond between carEOns 4”5 in ring A were able to ‘. :
induce .TAT activity. hlhibitibq of cortisol induction.was enhanced by the presence

of an 118 hydroxyl group. Kenney and Lee have suggesied that thése structural

features are important since it is proposed that the steroids interact with a receptor

.
.

p'rotein in the cell. Inthe presént study, it is proposed that interactioxi between
~ steroids and protein also occurs, and that this interaction is.facilitated by the
" presence of certain substitutions in the steroid nucleus described above,

In contrast to the results for p.rogestemne and ethinyl oestradiol, diethyl
stilboestrol was found to inhibit TO in vitr? by a mechanism which was non-
| competitive for the haem cofactor. The phenolic compoundsi.; adrenaliht?,' catechol and
dihﬂroxyphenyalanine have previously been shown to-inhibit TO activity by competition
.with the substrate,tryptophan (Frieden, Westmark and Schor, 1961). Itis possible |
that diethyl stilboestrol, which is alsq a phfanol, inhibits TO by competition for

substrate binding sites rather than cofactor binding sites on the apoprotein.



An earlier study described inhibition by diethyl »stilboestr_ol of gluté.fnate
dehydrogenase activity in vitro by an alteré.tior; of its quaternary structuré ) .sﬁch
that there was a disaggregation of tﬁe polymeric structures into its coﬁstituent
‘monomers (Yielding and Tomkins, 1962). Tryptophan oxygenase is also coxhpfiséd
of four monomers (Cho Chung and Pitot, 1967), so that the effects Aof die.thyl
stilboestrol obsérved in this present study may be du¢ to a méchanism similér to
_‘ that described by Yielding and Tomkins for glutamate dehydrogenasé, which would
also account for the inhibition by diethyl stilboestrol being non-compétitive for the |
haem cofactor: This mechanism may not be confined to TO since diéthyl stilboestrd
also ink'libits TAT in vivo by an interaction with the quaternary enzyme structure, | H
which fulfils a protective function, preventing disaggregation of the polymer intol |
subunit monomers of TAT (Singer aﬁd Mason, 1967). The relevance of this work o
to steroid interaction with TO is a subject for fui'thér investigation with higﬁly
purified protein. |
The level of steroids used in this present study is well above the physiolog‘icéi.
' range. In the course of several in vivo smdies)other workers have used levels of
honﬁone administration which were phanqacological doses and it is possible that
results obtained frorh such studies are due to é. direct inhibitio‘n of enzyme activity.
fuchol and Caballido, (1961) using doses as high as 2'5 mg testosterone propionate
for 5 days, reported inhibition of alanine aminotransferase and aspartate
aminotransferase, Aspartate aminotransferase was unaffevcted bya similar dose of
. testosterone acetate, which i.ndicates that the doses were high enough foz" the
propionate rather tﬁan the androgen to exact an inhibitory effect, Inhibition of
another pyridoxal phosphate enzyme, kynurenjné aminotransferase has been s‘mdied

.

by Mason and Gullekson (1960),
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Inhibition by stexoids of the enzymes of the tryptophan-nicotinamide
pathway is not restricted to TO, since oeséradiol-l?ﬂ treatment decre_aseci
kynureninase activity, although this. wls.s increased by a combination of ﬁestranol |
and norethynodrel (Rose and Brown, 1969). It is possible that with the oestfo;genic
~ steroid treatment, changes in enzyme activity are dose dependent;. low .doses of |
the same order as used in the work included in this thesis being stimulatory t.o | . '

activity, while high doses may diminish enzyme ,activity'by direct inhibition.



CHAPTER 8. . General Discussion -

BTSUI
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During the course of the present study, it was found that adrenalectomy
" reduces TO activity and serum corticosterone levels in the female, but not in the
male, and both male rats and ovariectomised females have lower TO activity énd '
circulating corticosterone concentrations than cio intact femgles. Androgen=- '
treated females‘have diminished TO activity togetherv with serum corticosterone
in contrast to similarly treated males an;i ovariectomised females, where neither
enzyme activity or serum corticosterone levels are further reduced onladministration: |
of testosterone.

It is possible that obserxvations made b_y Pitot and Cho Chung (1970) may be
of rele{rance to these results, These authors showed that there are two isoenzymes" '
of Td, one of which is constitutively synthesised in adrenalectomised animals énd
therefore may be responsible for most of the activity in rats with Iow corticosterone i
levels, such as intact males and ovariectomised females. The second isoepzymg i
is synthesised after treatment of the rat with glucocorticqi&s and therefore may be
presenf in the intact female, together‘ with the f1rst isoenzyme, resulting in i}ighe'r
TO activity than in the male. It has been sugg;asted earlier that treatment éf intact
females with androgens diminishes TO.activitY due to the decrease in serum
corﬁcosterone levels., In view of the WO;k by Pitot and Cho Chung, tﬁe reduction in
circulating corticpstérone levels may have produced this effe‘c.t by decreased s_yjnthesis
of the second isoenzyme. It is also possible that adrenalectomy of male rats does
not result in a further fall in TO activity since most of the enzyme activity in intact

male rats may have arisen from the constitutively synthesised isoenzyme, the

production of which cannot be decreased, | : -

-
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TAT activity is increased after hypophysectomy (Ché.pter S) and this result

.is consistent with the effects of hypophysectomy on the activities ofl severai other

| amino acid-metabolising enzymes; liver A.ATI (Rosen, Harding and Bﬁdnick, 1961),
aspartate aminotransferase in both muscle und liver (Bartlett and Glynn, 1950; |
Zuchleiwski and Gaebler, 1957) and liver histidase activity in male rats (Feigelson,
1971a) are all increased after removal of the pituitary gland. Serine dehydrase is
reduced after hypophysectomy and adrenalectomy (Freedland and Avexy, 1964), while
results obtained in the present study show that TO is unchanged after removal of the
pituitary gland. Although the effect of hypophysectomy is not the same for all
enzymes of amino acid metabolism, it is apparent from these various obséfvation's
‘that the secretions of the pituitéry gland are important in the establishment of basal 3
levels of activity for several enzymes of amino acid metabolism.

One of the most significant observations made during the course of the work

reported here is thaf the administration of 10 pg oestradiol benzoate for 14 days

_elevates the activity of all three enzymes under investigation in the intact female rat.
Keller, Richardson and Yates, (1969) suggested that the increased liver AA'I' éctivity
which they observed in oestrdgen-tréated male rats is due to the raised level of |
protein-bound corticosterone‘, also caused by oestrogen adrhinistration. Trdnscortin-
bound glucocorticoids wére previously considered to be physiologiéally inerxt |

| (Slaunwhite, Lockie, Bagk and Sandberg, 1962; Kawai and Yates, 1966), although
Kellef et al (1969)'proposed that the vascular system of the liver is sufficiently
_permeabie to allow £he protein-bound steroid into the hepatocytes where free
corticosterone is released to induce AAT synthesis. In the early stages of the present

investigation, it was considered that this hypothesis provided an adequate explanation
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- for the increased enzyme activity following oestrogen administration, since in ‘
oeétfogen-treated ovariectomised rats, enzyme activity is raised above the levels
of intact control females, concomitﬁéntly with elevgtions in serum c;orticosterOne .
cc'>nce1_1trations. Further experiments showed that the sexrum corticosterone’

levels are not increased in intact oestrogen-treated females, although there are

«

maxked elevations in enzyme ’activityl. Moreover, the results obtained from 'oestrogen

administration to adrenalectomised male and female rats and to castrated males, =

described in Chapter 5 and 6, showed that oestrogens act independently of
cbrticosterone,to produce small elevations in TQ and TAT activity. waever, the

large increases in enzyme activity seen in oestrogen-treated intact females is not

found after oestrogen administration to both hypophysectomised or adrenalectomised

rats. It was therefore concluded that oestrogens require the presence of circulating -

corticosterone, rather than increased levels of the gluco;:orticoid, in order to
produce maximal increase in enzyme activity. It was further sugéested that
cdrticosterone may play a permissive role in this mechanisr;l.
| A similar( hypothesis was suggested by Mavrides and Lane (1970) to explain
_the roies of glucocorticoids and dietary intake of amino acids in the diurnal
variétion of TAT activity. ‘These authors fouﬁd that in adrenalectomiséd rats,
the circadian rhythm of enzyme activitywas only partially evident, indicating that
while the presence of adrenal gland secretions waé necessary for full ex.pressionl
of diurnal variation, some other factors were involved, which operated
independently of corticosterone. Dietary intake of amino acids was shown by '
'Wurunan and Axelrod (1967) to be essegtial for establishment -of diurnal -variation .

and after withdrawl of protein from the diet, circadian variation of TAT activity -

L]



216,

is completely abolished. Mavrides and Lane (1970) demonstrafed that doses of
cortisol, too small for TAT induction, potentiate elevations in TAT activity resulting

from dietary intake of amino acids. These authoxrs concluded from their §vork and N

from the experiménts of Wurtman aﬁd Axelrod (1967) that the circa‘dian rhythm of ._

| ‘TAT activity is a direct result of fluctuations in the dietary intake of amino'acids_,' "j

_ althf)ugh fo:l' full expreésion ofzhenzjrme activity, the presence of corticosterone is
required.

Although lower doses of oestrogen are stimulatory to TO, TAT and AAT

13

'activities, larger doses administered for longer periods were found to depxess the
activity of all three énzymes (Chapter 5). The concentration of oestrogens reached 1n
fhe 1ive;r after these longer periods of treatment may have been sufficient to reduce |
enzyme activity by direct inhibition. In the studies described in Chapter 7, high 1qvels
of steroids were shown to inhibit TO 'activity in vitro by direct competition for the .
cofactor binding sites on the apoenzyme. It is possible that after long Periods, of
‘administration, oestrogens may produce a similar effect on éll three enzymes in 'vivof
A relation may therefore exist between dosage levels and énzyme a.ctivity such that

- low doses are stimulatory and high doses are inhibitory to TO, TAT and AA:I‘.leve.l's.

A similar proposal was made by Kitay (1963a, 1963b) to explain the effect of oestrogeh .
administration on corticosterone synthesis in male and female rats. Oestrogen

| treatment of male rats raises the level of adrenal corticostexone prodﬁc;ion to that

_ obsérved in the intact female, while in oestrogen treated females, the combination of

administered oestrogen and endogenous oestrogen is sufficiently high to inhibit . .

*corticosteroidogenesis.
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The influence of sex hormones on histidase has been studiéd extensively by
Feigelson (1968, 1971a, 1971b, 1971c) and the results of this investigatior; ar.e.
comparable to the present study. 6variectomy reduces histidase activity in fe;ma‘1é
rats, which have higher activity than males (Feigélson, 1969, 1971;1) and these
observations are similar to those reported for TO in Chapter S. 'Oestrogen treaﬁnent
of ovariectomised females raiées histidase activity (Feigelson, 1971a) as shown in "
‘the preseht study 'for TO, TAT and AAT. | -Histidase activity is increased after -
hs;poph)isectomy of ovariectomised females and oestrogen trea_tmént of these raté dées |
_‘not result in further increases in enzyme activity (Feigelson, 1971b) which are similar
to the pattern of responseé seen for TAT activity in intact ‘fexl—nales (Chapter S5).
Feigelson concluded from her study that a pituitary factor is involved in. the increased
histidase activity caused by oestrogén treatment. However, the effects of oe.stroger; .
administration on histidase activity in adreﬁalectomised rats were not investigated so it
is uncertain whether corticdsterone has any role in the elevations of'histidase aptivit&
d\‘1e to oestrégen administration. Androgen treatment of female rats diminishes
histidase activity‘ (Feigeison, 1971c)as described for 'fO activity (Chapter 6). Althougﬁ
Qrcflidectomy does not decrease either TO or TAT activity, Feigelson (1971c) showed:
fhat histidase activity is diminished in castrated male rats. In both studies, androgen
freé'_cmenf is most effective in decreasing the activities of TO and histidase when
there is scope f.oz.; antagonism to oestrogens and Feigelson suggested that and;ogens

reduced histidase activity by competition with oestrogens either during interaction

at the pituitary gland or at a hepatic site.
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The effects of sex hormone administration on liver-amino acid-metabolising '
enzymes reported in the present study and by Feigelson (1968, 1971a, 1.9711:‘») niay be
relevant to an elucidation of the role -played by these enzymes during pregnancy, bot.:h
in the rat and in human beings. In the pregnant rat both TO (Auricchio, Rigillo and |

DiToro, 1961) and histidase activities (Makoff and Balridge, 1964) ére increased,

possibly as a result of the raised level of circulating oestrogens. Harding, Rosen .

“and Nichol (1966) siloWed TAT to be unchanged on the 19th day of gestation,

although the i)ossibility that the enzyme vactivity is raised in the first half of preg'hancy
. 'was not investigated b‘y these authors. Inthe same study, .AAT activity, which was
observed throughout gestation, was shown to diminish after the 10th day and to -
.femain at a reduced level throughout the rest of pregnancy. Rosen et al suggested .‘
that this was caused by a reducfion ih hepatic amino acid levels during pregnancy;

since increased dietary intake of protein re-established the level of AAT activity.

Many of the glucocorticoid-inducible enzymes of amino acid metabolism, for example,
TAT, and serine dehydrase, catalyse the rate-limiting steps of degradative pathways

for amino acids which are also associated with carbohydrate metabolism. Mavrides -

and Lane (1969) postulated a direct association bet\ween hormonal coﬁtrol of TAT
activity and gluconeogenesis, It is possible that the increased requirement for
giuconeogenesis during pfegnancy ¥esu1ts in raised turnover along the catabolic
pathways of the appropriate amino acids. Such increases in degradation may be
caused by raised oestrogen levels stiﬁuulating the activity, of the enzymes catalysing‘

the rate=limiting steps.
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Altﬁough the kynurenine pathway is not directly cbﬁnected with carbohydrate‘ .'
' meta.bdlism, a similar reason may also exist for the raised TO activity observed in. _ |
rats after oestrogen treatment (Chapter 5) and during pregnancy (Auricchio et al,
1961). The end product of trybtophan degradation by this pathway is nicotinic aci;i_
ribonucleotide, which is required in the synthesis of NAD. The enhaﬁced metabcﬂic
activities of pregnancy, are likely to result in an increased demand for NAD,
necessitating increased nicotinic acid ribonucleotide syntheéis. | It is possible tha't L
enhanced turnover along the tryptophan-niacin pathway, due to elevated TO af:tivity, |
ma'y serve to meet this possible requ;:rement. However, from woric performed on -_ ) -
both human subjects ;and animals, thefe is evideﬁce to suggest that the production of.
' incx.'eased NAD levels does not depehd sole_ly on raised IeveIS of TO activit&. |
Powanda and Wannemacher, (1971) have Ashown that in the mouse, hydrocortisone ‘
| administration induces TO synthesis but this is not accor.npanied by marked increases’ -
" in hepatic NAD concentrations. Inhibition of TO activity with allopurir;ol given alone'r‘
or in cqmbination with tryptophan does not affect NAD levels in the liver, which are
raised after administration of tryptophan by intraperitbnea,l'injection.' Powanda -ax}d
Wannemacher concluded that the availébility of tryptc;phan', rather than changes in
TO activity, controls NAD synthesis. A si;ﬁilar conclusion was reached by Kim and
Miller (1969) who showed that i'nductioﬁ of TO 1n rat liver after injection with
hydrocortisone does not affect production of 14002 ffom side chain-labelled tryptophan, i
whereas this is increased after administration of high doses. gf tryptophan. Earlier:
' studies by Altmann and Greengard, (1'966) demonstrated that injection of hydrocqrtisonei
to hospital patients results in both raised liver TO activity and urinary excretion of .. I

kynurenine. Although no other metabolites were measured in that study, later work ' |



.+ 220,

has éhowq tha; after administration of hydrocortisone to human subjec;é, follovlied by -
, a S5g loading dose of try;;tophan, urinary excretion of 3-hydroxykynurenine, xanthurenic
acid and 3-hydroxyanthranilic acid as well as kynurenine are increased, but the lei}els
of 2-pyridone, a metébolite of N' -methylnicotihamide is unaffected'(Rose and: |
-McGinty, 1968)-. In réts treated with hydrocortisone, urinary excretion of 3-.
hydroxykynurenine, 3-hydroxYanthraﬁlic acid and kynurenine are elevated b'gt
xanthurenic acid are unaltefed, (Mainardi, 1947). It seems, therefore, that the
increased TO éctivity, resultiné from édmim‘stratibn of gluéocortic.oids both to
animal and human subjects, does not affect synthesis of N' -methylr.xicotinamide. :
Howevér, from the urinary metabolite studies of both Altrhann and Greengard,
(1966) and Rose and McGinty, (1968) the raised activity of ;he enzyme enhances |
» 3-?hydroxyanthranilic'acid synthesis. |

Rose and McGinty, (1969) suggested that after the ad'ministrationr of a loading
dose, the inc_jfease'd amount of tryptophan wﬁich enters ﬁhe degradative pathway,, is
diverted from nicotinic acid ribonucleotide‘. synthesis, under the influence of picolinic |
- carboxylase into the sequence of reaction Which yield glutaryl-CoA and ﬁltima;ely |
carbon dioxide. Picolinic 'carboxylasé catalyses the first stage in the degradation éf |
a-amino 8 car]poxymuconic- € -semialdehyde, formed ffom 3-hydroxyanthranilic acid |
to produce picolinic acid “and carbon dioxide. ’ |

In contrast, pregnancy results in elevated urinary excretion of 2-pyridone
(Brown, Thornton and Price, 1961) and Nimethylnicotinamide (Hernandez, 19645,
together with kynurenine, xanthurenic acid and 3-hydroxyanthranilic acid after a
2g loading dose of tryptophan. These results show that during pregnancy in the human,

there is enhanced turnover along the tryptophan-nicotinic acid ribonucleotide pathway R

and similar findings by Rose, Brown and Price (1968) have also shown that this is true
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for women taking oestrogen-containing oral contraceptives. Although the present

étudy has demonstrated that increased oestrogen levels elevate TO activity, from the

failure of hydrocortisone to influence the excretion of Nmethylnicotinamide, discussed

previously, it is clear that the raised activity of this enzymeée is not solely r'esponsibl‘e‘
for the enhanced nicotinic acid ribonucleotide synthesis, observed in pregnancy and

after oestrogen treatment of human subjects.

Picolinic carboxylase provides a further potential control point on the pathway

since its activity may regulate the proportion of 3-hydfoxyanthranilic acid which is

metabolised to glutaryl-CoA and carbon dioxide. It may be that elevated oestrogen . '

levels diminish picolinic carboxylase activity so that less tryptophan is metabolised . e

by the glutarate pathway and more is metabolised to nicotinic acid ribonucleotide.
The effect of oestrogens on this enzyme is a subject for urgent investigation if the
_ complexities of the influence of hormones upon the tryptophan-nicotinic acid

ribonucleotide pathway are to be successfully elucidated.
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Trivial Names

Corticosterone
Deoxycorticosterone
‘ " Ethinyl Oestradiol

Fluoxymesterone

Hydrocortisone, Cortisol

Megesterol Acetate

Mesterolone

Mestranol

~ Methenolone
Norethynodrel
Oestradiol-178

Oestradiol Benzoate

Oestrone-3 ~Sulphate -

Progestexone

Testosterone propionate

246.

Systematic Names

118, 21-Dihydroxy-4-pregnene-3, 20-dione

21-Hydroxy-4-pregnene=-3, 20-dione

" 17a-Ethinyl-1,3,5 (10)-estratrien-3-178-diol -

118, 178-Dihydroxy-9a fluoro-17a-methyl-

4-androstene~3-one

118, 17a, 21-Trihydroxy-4-pregnene-3, 20-dione

17a-Acetoxy-6-methyl pregna-4, 6-diene-’ i

‘ 3, 20~dione

i 17ﬁ-Hydr6xy-la-methyl-Sa-androstene -3 -one -

-

17a-Ethiny1-1,3, 5 (10)-estratriene-3,173-

diol-3-methyl ether

178-Hydroxy~-la-methyl-androstan-3-one

- 17a-Ethinyl~178-hydroxy-5 (10)-estrene-3-one
'1,3,5 (10)-Estratriene-3, 173-diol
1,3,5 (10)-Estratriene-3, 178-diol-3-benzoate -

- 3-Hydroxy-1,3,5 (10)-estrétriene-17—one-3.-

sulphate
4-Pregnene-3, ZO-éione

17p-Hydroxy-4-androsten-3-one propionate
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. Inhibition of Tryptophan Oxygenasc in Rat

Liver By Steroid Hormones

By IsoseL P. Bramoyax and D, P. Rose. (Alexan-
der Simpson Laboratory for Metabolic Research,
St Muary's Hospital Medical School, London 1.2,
U.K.)

Pregnant’ women and normal human subjects
treated with oestrogens show ovidence of an
increased capacity for the conversion of L-trypto-

" phan into nicotinic acid ribonucleotido. This has

been attributed to an inercased activity of liver

: * tryptophan oxygenase {EC 1.13.1.12) brought about
" either by thodirect action of oestrogens, or indirect

1y
via elevated corticosteroid conecentrations (Roso,
1966, 1969). Tryptophan oxygonaso activity is
olevated in the liver of pregnant rats {Auricchio,
Rigillo & Di Toro, 1960), but trcatment with o
combination of oostrone and progesterono failed
to producoe an increaso in the activity of tho onzyme
{Greongard, Kalinsky & Manning, 1968). In a
further study tryptophan oxygensso activity was
dotormined in supernatant fractions prepared from

~the livers of rats treated with progesterono {(4mg or

8mg daily), oestradiol (20ug daily), or a combina-

. tion of the two steroids for 28 days. Progesterons

caused o significant decrease in tryptophan oxy-
genase activity both when given alone and in
combination with oestradiol (D, PsRose & R. R.
Brown, unpublished work). ‘
Inanattempt to investigate this problem further,
the effect of additions of various steroids in wvitro
on tryptophan oxygenase activity in rat liver super-
natant preparations was studied. Progesterone and
deoxycortiscosterone, at a concentration of 0.1mo,
produced a significant inhibition of enzyme activity,
as did the synthetic oestrogen ethinyloestradiol.

However, mestranol, the 3-methyl cther of ethinyl- .

oestradiol, did not inhibit tho enzyme, sven when
present at a concentration of lmy. Tho 118-
hydroxylated steroids cortisol, corticosterone and
fluoxymesterone (118, 178-dihydroxy - 9« - fluoro-
17e-methylandrost-4-en-3-one} - did not inhibit
tryptophan oxygenaso despite their structural
similarity to progesterono and deoxyeortico-
sterone in being A*-3-oxo steroids. The importance
of o double bond in ring A isindicated by thofinding
that methenolone  {178-hydroxy-la-methyl-5a- -
androst-1-cn-3-one) inhibits the enzyme, wherecas
mesterolone (178 - hydroxy - le -methyl - 5e-and.
rostan.3-one) is without effect. Studies with
various other steroids indicated thot substituents
remote from ring A at C-17, C-20 and C-21 arc
unimportant with respeet to the. inhibition of -
trypophan oxygennse. '
The enzyme inhibition by progestecrono at a
concentration of 0.1 was revorsed by increasing
tlie concentration of hnematin in the assay system,
and cvidenco obtained fromn  Lineweaver-Burk:
plots was consistent with competitivo inhibition,
The inhibitory mechanism may invelve the haemn

_cqfactor of the enzymo either by the formation of &

complex with the steroid or by competition for sites
on tho apocnzymo. Oeclkers & Dulco (1964) have

_suggested a similar mechanism for tho inhibition of

tryptophan oxygenaso in vitro by oestrono sulphato,

Weare grateful to Dr M. H, Briggs, Schering Chiemicals
Ltd., for gifts of methenolone and mesterolono. -

Auriechio, S., Rigillo, N, & Di Toro, R. (1960). Minerva
pacdiat, 12, 1463, h

Greengard, P., Kalinsky, H..2. /& Manning, T. J. {1068).
Biochim, biophys, Acla, 156,198, ‘

Oclkers, W, & Dulee, H, J. (1064). Hoppe-Seyler's Z,
physiol. Chemn, 337,150, :

Rose, D, P, (19G6). Clin. 8¢i, 31, 265

Rose, D, P, (1069). Lancet, i, 321, .
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Inhibition of tryptophan oxygenase in vitro by steroid compounds

(Received 10 August 1970; accepted 30 October 1970)

LivEr tryptophan oxygenase (TPO) is subject to induction both by its substrate and by adrenal
glucocorticoids.! Although TPO activity has been shown to be elevated in the livers of pregnant
rats?3 the administration of oestrone and progesterone in combination to non-pregnant females
failed to produce an increase in enzyme activity.® Further, it was subsequently found that the sub-
cutancous injection of progesterone alone, in a dose of 4 or 8 mg daily for 28 days, caused a significant
reduction of TPO levels in rat liver.*

In an attempt to investigate this problem further we have studied the effect of in vitro additions of
progesterone and various other steroids on TPO.

Methods

Livers were obtained from adult female Spraguc~Dawley rats killed by decapitation. A particle-
free supernatant was prepared by centrifugation of a 10% (w/v) homogenate at 105,000 ¢ for 60 min
at 4°, and the TPO activity determined by the method of Leklem et al.5

The steroids were dissolved in 1009 ethanol such that the required amount for addition to the
enzyme assay medium was present in 0-1 ml. Control assays were earried out with each experiment,
both in the presence and absenee of ethanol, so that every inhibition study had its own control,
prepared from the same liver as was used in flasks containing the steroid. The ethanol did not affect
the activity of TPO. The mean control value for TPO obtaincd in 22 assays was 3'4 - 0-8 pmoles
kynurenine produced/g wet liver tissue/hr.
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Results and discussion

Inhibition of TPO activity was obtained with a number of steroids (Table 1). Progesterone and
deoxycorticosterone, and to a lesser degree testosterone propionate, were effective inhibitors, but corti-
costerone and cortisol did not inhibit the enzyme, even when present at a 1 mM concentration.
All five steroids are A*-3-oxosteroids, but the latter two compounds have an 118 hydroxyl group and
it seems likely that the presence of this substituent was responsible for the absence of an inhibitory
effect.

TABLE 1. In vitro INHIBITION OF TRYPTOPHAN OXYGENASE BY STEROIDS AND DIETHYLSTILBOESTROL

Steroid concentration

50 uM 100 M
Compound Enzyme activity* Inhibition Enzyme activity* Inhibition
6] )
Progesterone 27 +03 16-22 22 405 25-36
Deoxycorticosterone 28 403 18-21 25402 18-26
Testosterone propionate 34 401 0 304+ 01 9-13
Qestradiol-178 31402 7-11 23+ 01 16-21
Ethiny! oestradiol 30401 11-19 2:8 £+ 03 15-25
Oestrone 3-sulphate 34401 0 31 402 9-11
Diethylstilboestrol 31 4-02 9-11 26 + 03 21-26

* umole kynurenine/g wet tissue/hr (mean = S.D.), The percentage inhibition is given as the range
of results obtained from three to four separate experiments.

Lineweaver-Burk plots for TPO activity in the presence of 100 uM progesterone or ethinyl oest-
radiol and various concentrations of haematin were consistent with the general form of competitive
inhibition (Fig. 1).

2.4.

Fia. 1. Linecweaver-Burk plols for progesterone, cthinyl ocstradiol nnd diethylstilboestrol. The
sterold concentrations were 100 M. The ordinate is the reciprocal of the rate of TPO activity (I/V),
and the abscissa is the reciprocal of the huem concentration (1/CF).
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Ethiny! oestradiol inhibited TPO, but its 3-methyl ether derivative, mestranol, was without cffect.
Oclkers and Nolten® reported that the inhibition of TPO by the unconjugated natural oestrogens
oestradiol-178, oestrone and oestriol was greater than that obtained with the corresponding 3-sul-
phate esters, and this is confirmed by our results, It appears, then, that the nature of the substituent
at position 3 on the steroid molecule is an important factor in determining the occurrence or not of
enzyme inhibition. The 3-oxosteroids progesterone, deoxycorticosterone and testosterone propionate
were TPO inhibitors, and it may be that enolation of the group at position 3 must take place to allow
the steroid molecule to interact either with the haem cofactor directly, or to compete with the haem
for the cofactor binding site on the apoprotein. The necessary enolation may be restricted by sulphate
esterification, and prevented by the presence of an inert group such as the ether substituent of
mestranol.

Dicthylstilboestrol inhibited TPO, but in this instance the Lineweaver-Burk plot had the features
of a non-competitive inhibition. A number of other non-steroidal phenolic compounds arc also
known to be non-competitive inhibitors of TPO.”

The levels of steroids that were found to inhibit TPO activity in this and other studies®:® were well
above the physiological range. However, such levels may be reached when large doses of steroids are
used for in vive studies of the effect of hormones upon the activity of this and other enzymes. Green-
gard et al.,® in an attempt to define a hormonal basis for the elevated levels of liver TPO in pregnant
rats, administered to non-pregnant animals a combination of 1 ug oestrone and 4 mg progestcrone,
or three or 10 times these amounts of steroids daily for 13 days, and failed to obtain any significant
increase in enzyme activity. Our results suggest that such large doses of progesterone may inhibit
TPO by direct competition with the haem cofactor, and mask any stimulation due to the oestrogenic
component. It is of interest, therefore, that we obtained significant increases in liver TPO when female
rats were given 10 ug oestradiol benzoate alone daily for 14 days, whereas a combmatlon of 20 ug
oestradiol benzoate and 4 mg progesterone produced a reduction in enzyme activity.*

Acknowledgement—This work was supported by a grant from the Wellcome Trust, and through
Contract No. Ph-43-67-1344 of the U.S. National Institutes of Health.
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Effect of cystclne on inducible synthesis of f-galactosldase In Escherichia coli
(Received 23 September 1970; accepted 30 October 1970)

ExoGENOUS cysteine inhibits the growth of Escherichia coli when the cells arc cultured on mineral
salts-glucose medium.*~? This inhibitory effect of cysteine is strongly antagonized by the simul-
tancous addition of leu-ileu-threo-val* to the culture medium.® It was suggested® that cysteine in-
hibits the synthesis of these amino acids. This assumption is supported by the findings of other
authors, according to which cysteine, in viro, inhibits the activitics of two enzymes (j.c. homoscrine
dchydrogcnusc‘ and acetohydroxy acid synthctasc’) in the biosynthetic pathways of thesc four amino
acids.
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Fiq. 1. Effect of cysteine on inducible synthesis of -galactosidase in E. coli B,

Bacteria were grown aerobically on Roberts C mineral salts medium® containing 02 % glycerol.
Cells in mid-long phase were induced for B-galactosidase by addition of TMG (5 x 10-* M). At
intervals 1-ml samples were withdrawn and rapidly mixed with CM (final concentration 50 ug/mi).
The samples were then agitated for 30 min with one drop of toluene and 0-1 ml of sodium deoxycholate
(final concentration 10 pug/ml) at 37° 1:5 ml of 0:1% ONPG in 0-066 M sodium phosphate buffer
(pH 7:0) was added and incubation was continued until sufficient colour had developed. The reaction
was stopped by the addition of Na,COs to a final concentration of 05 M. ’

Absorbances were read at 420 mp wavelength against a reagent blank in *'Spectromom 360"
spectrophotometer. Where necessary, samples were clarified by centrifugation. A unit of activity
was dcfined as being that amount of enzyme that hydrolyzes 1 pmole of ONPG/hr at 37°. Enzyme
content is expressed as unit per ml of culture. Cysteine was added simultancously with the inducer
at 0 min. Concentrations of the cysteine are indicated in the figure.

It was previously reported that the synthesis of RNA and protein (measured by [**Cl-uracil and
['4C]-proline incorporation, respectively?%) is inhibited immediately after treatment with cysteine,
whercas that of the DNA procceds for a further 20-30 min. Thus, with this typc of experiments, it
has not been possible to decide whether the stop of RNA or protcin synthesis is duc to the primary
effect of cysteine. The hypothesis described above, assumcs that the synthesis of protcin is inhibited
by cysteine, while the cessation of RNA synthesis may be the consequence of this effect.

This question was investigated by measuring the effect of cysteine on the inducible synthesis of
B-galactosidase (Fig. 1 shows that it is inhibitcd by cystcine), since it is possible to separate the phase
of enzyme induction (synthesis of mRNA) from the phase of enzyme production (translation of
mRNA) by the dilution of inducer” or by the removat of inducer® after a pulsed induction period.
We used the latter method, Thus, it was possible to measure the effect of cysteine on the process of
transcription (RNA syntlicsis) and translation (protein synthesis) separately. The system described
above was controlled by CM (50 eg/ml; Fig. 2a), a compound which is known to inhibit directly
only the protein synthesis, Figure 2b depicts the same type of experiments carried out with cysteine.

Two ml of concentrated culture was induced with TMG for 2 min at 30°, rapldly chilled by dilution
with 50 ml icc-cold inducer-free medium and centrifuged at 2°. The pellet was washed once with 10 ml
of iced inducer-free medium, The cells were then resuspended in 20 ml of prewarmed (30°) inducer-
free glycerol-containing medium and incubated further at 30° with shaking. (The entire procedure

* Abbreviations used: leu, leucine; ileu, isoleucing; threo, threoning; val, valine; leu-ileu-threo-val,
a mixture of leucine, isoleucing, threonine, valine; CM, chlotamphenicol; TMG, thiomethylgalacto-
side; ONPG, o-nitrophenyl-8-n-galactopyranoside.
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The Effect of Sex Hormones on the Activity of

Tryptophan Oxygenase and other Corti-

costeroid-Inducible Enzymes in Rat Liver

By IsoBEL P. BRAIDMAN and D. P. RosE. (Alex;
ander Simpson Laboratory for Metabolic Research,
St Mary's Hospital Medical School, London W.2,
UK.)

An incrcased eapacity for the biosynthesis of
nicotinic acid ribonucleotide has been observed
during pregnancy (Brown, Thornton & Price, 1961)
in womecen teking oestrogen-progestogen prepara~
tions for contraceptive purposes, and in normal
human subjects receiving ocstrogens alone (Rose,
1966). Women using oestrogen—progestogen types
of oral contraceptive also exhibit a decrease in the
eoncentration of plasma tyrosine (Rose & Cramp,
1970). These effects have been attributed to an
increaso in the activity of the corticosteroid-
inducible enzymes  tryptophan  oxygenase
(EC 1.13.1.12) and tyrosine aminotransferase
(EC 2.6.1.5) with enhanced metabolism of the amino
acids along degradative pathways (Rose &
Braidman, 1970).

In an attempt to investigate this problom further,
adult female rats were given 10ug of oestradiol
benzoate daily for 14 days by subcutaneous in-

- jection. Controlswereinjected with a corresponding

volume of the corn-oil vehicle. Highly significant
increases were observed in the activities of liver
tryptophan oxygenase, tyrosine aminotransferase
and alanine aminotransferase (EC 2. G 1.2), a thu‘d

- glucocorticoid-inducible enzyme.

The role of the adrenal gland in these changes
was demonstrated by the administration of oestro-
gens to adrenslectomized femalo rats. The activi-
ties of tryptophan oxygenase and alanine amino-
transforase in the adrenalectomized control animals

were lower than in intact controls and tyrosine

.
4

aminotransferaso activity was unchanged by
adrenalectomy, as shown previously by Roscn,
Harding, Milholland & Nichol (1963). After
oestradiol benzoato administration, the adrenalccto-
mized animals showed no increase in liver alanine
aminotransferase and, although the activity of the
other two enzymes was higher than in tho controls,
they were still significantly lower than in tho livers
of the intact female rats treated with ocstrogen.

Control male rats had significantly lower trypto-
phan oxygenase activity than did females of com-
parablo age and weight. Injections of 10ug of
oestradiol benzoate for 14 days produced increased
activity of liver alanine aminotransfcrase, as
described by Ileller, Richardson & Yates (1969),
and also increased tryptophan oxygenasc activity.

The importance of sex hormones in maintaining
basal tryptophan oxygenase activity was further
demonstrated by the effect of ovariectomy, which
significantly decreased tryptophan oxygonasc acti-
vity in fomales. Daily subcutaneous injections of
100ug of testosterone propionate administered for
14 days to intact female rats also resulted in de-
creased tryptophan oxygenase activity, not signi-
ficantly different from that observed in intact malo
controls. Tyrosine aminotransferase activity ro-
mained unaltered.

This work was supported by a grant from tho Wellcome -

Trust and through Contract no. Ph-43-67-1344 from tho - -

U.S. National Institutes of Health.
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ABSTRACT. The activities of three glucocorti-
coid-inclucible  enzymes,  tryptophan  oxygenase,
tyrosine aminotransferase and  alanine  amino-
transferase were significantly increased in the
livers of female Sprague-Dawley rats hy treat-
ment with 10 pg estradiol benzoate daily for 14
days. Although estrogen-treated, adrenalectomised
females did not show the same marked increnses
in tryptophan oxygenase and tyrosine aminotrans-
ferase, nevertheless the levels of these cnzyimes
were higher than those of the adrenalectomised
controls, whereas alanine aminotransferase was
not affected by estrogens after adrenalectamy. It
is suggested that the presence of adrenocortico-
steroids is necessary for the full expression of the
cffect of estrogen upon tryptophan oxygenase,
and tyrosine aminotransferase, and for the in-

(il o0

ook P
} .‘/\LYJ.J‘.‘V.‘-‘ S

t. Mary’s Hospital Medical School, London 1),

duction of alanine aminotransferase. Tryplopliuy
oxygenasce was reduced by ovaricctomy or ics.
tosterone propionate mJCftlon, as well as by
adrenalectomy. Untreated, intact male rats had
significantly lower tr)ptoph.m oxygenase levels
than intact female controls, bul higher aclivitics
of tyrosine aminotransferase. Eslradiol henzoate-
treated intact males showed praportionately sini-
ilar elevations of tryptophan oxygenase to those
obtained in correspondingly treated female rats,
Orchidectomy did not affect tryptophan oxygenase,
but the increase in enzyme activily in orchides-
tomised males treated with estradiol was signifi-
cantly higher than the response in intact males,
and similar to that observed in intact female
animals. (Endocrinology 89: 1250, 1971)

RYPTOPHAN oxygenase (EC 1.13.1.

12) and tyrosine aminotransferase (EC
2.6.1.5) are glucocorticoid-inducible en-
rymes (2, 3) which catalyse the first, rate-
limiting reactions of the major degradative
metabolic pathways for L-tryptophan and
L-tyrosine. Tryptophan oxygenase levels aré
elevated in the livers of pregnant rats (4,
5), and in pregnancy women show a marked
alteration in the metabolism of the amino
acid substrate (6). The administration
of hydrocortisone to human subjects in-
creases the urinary excretion of intermediate
metabolites of the tryptophan-nicotinic acid
pathway, and also reduces the level of plasma
tyrosineg; both effects have been attributed
to enzyme induction (7, 8). The urinary
excretions of kynurenine and other trypto-

er\ cd May 19, 1971,

‘T'his investigation was suppiorted by a grant from
the Wellcome ‘Trust, and by Contract No._Ph-43-
67-1344 from the Uniled States National Tnstitutes
of ealth,

A preliminary report of s study was made to
& eeling of the mdlumc.\l Socicty (1)

phan metabolites are also elevated in estro-
gen-treated human subjects (9), and plasma
tyrosine levels are reduced in women taking
eslrogen-progestogen preparations: for con-
traceptive purposes (10). It has been sug-
gested that these changes are due to an
increase in the activities of tryptophan
oxygenase and tyrosine aminotransferase,
perhaps mediated by way of increased
adrenocorticosteroid activity (9, 10). In
contrast to the effects of estrogens, the ad-
ministration of synthetic androgenic stetoids
diminishes the uripary excretion of trypto-
phan metabolites by normal male subjects
(11).

In order to elucidate further the mech-
anisms by which sex hormones influence
amino acid metabolism, a study has been
made of the cffects of estrogen or androgen
administration upon the activities of tryp-
tophan oxygenase, tyrosine aminotrans

ferase, and a third glucocorticoid-inducible.

enzyme, alanine  dminotransferase  (EC
2.6.1.2), in the livers of male and female
rats,

! 1250

-
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Mate:: = and Methods

Male and fene ! Sprague-Dawley rats weigh-
ingr 170 250 g wees Kept owder conditions of
stndardived tempernture (21 C), a 12 he light-
dark eyele, and a ficely available diet of Oxoid
41 pellets and waler.

Endocrine surgery was performed under cther
anesthiesia. Bilateral ovariectomics were carvied
out on wranling females which were then kept
for 2-3 months before they were used for the
“experiment. During this time the completeness
of the ovarieclomies was assessed by the exam-

“ ination of vaginal smears. Male rats were orchi--

dectomised when aged 60 days, and kept for
7-10 days Dbefore commencing the injection
schedule. Bilateral adrenalectomised rats were
kept for 4-5 days beforc commencing an in-
- jection schedule. They were given 19 saline
to drink, and the complete removal of the
adrenal glunds -was checked by post mortem
examination. K

Lstradiol benzoate (Nutritional Biochemicals
Corp.) and testosterone propionate (Sigma
Chemical Co.) were dissolved in corn oil for the
subcutancons injections, These were given daily
between 09.00 and 10.00 hr, and the rats were
killed between 14.00 and '15.00 hr. Hormone-
treated animals were always matched with a
group of controls that were injected on the
same days with a corresponding volume (0.1 ml)
of corn oil. In this way misinterpretation of
any effect due to the stress of injection, or to
scasonal fluctuations in the cnzyme activities
was avoided.

Inzyme assays. Rats were killed by decapita-

tion; the livers were quickly removed, chilled,

and homogenised in a solution containing 0.02
M Nall.lOy, 0.25M sucrose, and 0.14a KCl

at pIl 7.0 so that the final concentration of |

liver tissue was 10% (w/v). All enzyme prepa-
rations were handled at 0-4 C. Tryptophan
oxygenase was assayed in the microsome-free
supernatant, The reaction mixture consisted of
1.6 mym L-tryptophan, 0.8 mnt ascorbic acid,
S jur héme, 2 ml supernatant, and glass-distilled
water to a final volume of 3 ml. Tncubations
were carvied out in stoppered Ebrlenmeyer flasks,
With air as the gas phase, in a shaking water
bath at 37 C. Duplicate flasks were incubated
_f()r 60 and 90 min, and a zero time flask was
Icluded in each assay. The reaction was stopped
by the addition of 10 ml 5% trichlovoacetic acid,

¢,
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the precipitate vemoved by centrifugation, and
the kynurening det: rmined in the protein-free
supernadant by the wicthud of Brown and rice
(12) modified for @ vse of an Autoanalyser
technique, Prelimic vy experiiuents showed that
the production of t;nurenine procecded lnearly
with time for at least 90 min. The resuls have
heen expressed as pnwle kynuorenine produced /g
wet wt tissue/lir. The range of control values
obtained for intact female rals injected "with
cotn oil did not differ significantly from’ that of
Greengard, Baker and Friedell (13), and the
method used in the present study also gave
similar levels of activity following maximal
cortisol induction of tryptophan oxygenase to
those reported by Csanyi and Greengard (14),
using the method of Knox, Piras and Tokuyama
(15).

Tyrosine aminotransferase was assayed in
whole liver homogenate, in the presence of 0.93
mM  pyridoxal phosphate, by the method of
Rosen ¢t al. (16) as modified by Greengard and
Gordon (17) cxcept that the incubations were
carried out at 0, 5 and 15 min, It had Deen
previously established that enzyme activity was
linear throughout this period. The results are
given as pmole p-hydroxyphenylpyruvic acid
produced/g wet wt tissuc/hr. ‘

Alanine aminotransferase activity was de-
termined in whole homogenate according to
Roscii, Roberts and Nichol (18), except that
as the apoenzyme in the homogenate has heen
shown to be fully saturated with cofactor (19)
pyridoxal phosphate was not added to the in-
cubation medium. Enzyme activity has been ex-
pressed as mmole pyruvate produced/g wet wi
tissue/hr.

Levels of statistical significance were de-
termined by Student’s £ (test; differences with
p-> 0.1 were not regarded as being significant.

Results

The administration of 10 pg estradiol
benzoate to female rats daily -by subcuta-
neous injection for 14 days-produced sig-
nificant increases in the activities of trypto-
phan oxygenase, tyrosine aminotransferase
and alanine aminotransferase (Table 1).
The levels of tryptophan oxygenase and
alanine aminotransferase were diminished
in adrenalectomised female rats, but there
wis no chiange in (yrosine aminotrausferase
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- Tane 1. Elfects of estrogen administration and adrenalectomy on the activitics
of female vat hepatic enzymes

Tryptophan
Treatment axygenase
Female controls (12) S.1::07
Estradiol benzoate (12) 0.7 :L 1.6
Adrenalectomy (12) 1.6 2 0.5%
Adrenalectomy -J-
estradiol benzoate (11) 3.3 1.0%

Tyrosine Alanine
amino- amino-
transferase transferase
107 - 21 1604
180 == 31 3.3:: 0.7
115 % 16 1.3 2L 051

141 == 31%#* 0.9 - 05

The units of enzyme activity arc as defined in the text. The results are given as the mean = standurd
deviation, and the number of rats included in cach group is indicated in parenthesis,

+p < 0.001 and §p = 0.05 as compared to intact control groups.

*p < 0.00 and ¥¥p < 0.02 as compared to adrenalectomy group.

activity, Treatment of adrenalectomised
animals with the estrogen resulted in higher
levels of tryptophan oxygenase and tyrosine
aminotransferase than those of the adrenal-
cclomised controls, but the enzyme activitics
remained below those of the intact estrogen-
treated females.

Alanine aminotransicrase was not affected
by estrogen treatment following adrenal-
cctomy (Table 1).

The tryptophan oxygenase levels in
ovariectomised rats were significantly lower

than those in intact, uninjected controls, and |

treatment of intact females with 100 pg
testosterone propionate daily for 14 days
also produced significant reductions in tryp-
topban oxygenase activity (Table 2).
Intact male rats had lower tryptophan
oxygenase Jevels than did intact female

Tanrr 2. Effect of ovaricclomy or testosteronc
propionate administration on tryptopban
oxygenase activity in female rat liver

Tryptophan
‘T'reatiment oxygenase
Uninjected intact female dan
controls (17) 3.5 22 0i8
Ovaricclomised females (10) 1.8 = 0.6
Corn oil-injected intact female
conlrols (11) 3204
Testosterone propionate injected ‘
females (12) 2.5 = 0.6%

1 p < 0.001 as compared to uninjccted intact fe-
mile control group, )

Y < 002 as compared to corn oil-injected in-
Lact female controls,

controls, whereas tyrosine aminotransferase
activity was higher in the male animals
(Table 3). The administration of cstradiol
benzoate, 10 pg daily for 14 days, increased
tryptophan oxygenase activity in male rats
(Table 3), and although the absolute level
of enzyme activity was significantly less
than that of similarly treated intact females
(p < 0.001) the increases relative to the
corresponding controls were of the same
order of magnitude in both cases. Orchidec-
tomy had no effect on tryptophan oxygenase,
but treatment of orchidectomised males with
estradiol benzoate produced an increase in

TaBLE 3. Sex difference in tryptophan oxygenase and
tyrosine aminotransferase activity, and the effect of
cstrogen administration upon tryptophan oxygenase
activity in the liver of intact and orchidectomised
male rats

Tyrosine
g Tryptophan amino-
Treatment oxygenase transferase
Female controls (10) 3.1 =04 75 2= 10
Intact male conirols (9) 2.0::044 91 :k 16%*
Orchidectomised
males (6) 2.0 4: 0.3 —
Estradiol benzoate- :
treated intact
males (10) 4.9 - 1,8% —
Estracdiol benzoate-
treated orchidec-
tomised males (8) 8.7 2,11 —_

ip < 0.001 as compared {o female controls;
*p < 0.001 as compared to male controls; #¥p <
0.05 as compared to female confrol; I p < 0.00!

< as compared to bolh orchidectotised males and

CHLI‘((din benzoate-treated intact males,
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this enzyme which was similar to that ob-
tained in estrogen-treated intact females,
and significantly higher than the Jevels pro-
duced in intact, estrogen-treated, males
(‘Table 3Y.

Discussion

There have been previous reports of in-

creased alanine aminotransferase activity in

the livers of estrogen-treated rats (19, 20).
Keller, Richardson and Yates (19) found
that when the level of plasima corticosteroids
is increased in the male rat by treatment
with cstrogens there is an elevation in the
activity of hepatic, but not pancreatic
alanine aminotransferase. They suggested
that this is because transcortin-bound corti-
costeronc can gain access to the enzyme-
synthesising systems within the hepatic cells
by pinocytosis, and dissociate there to yield
the free steroid which induces increased
alanine aminotransferase production. The
thick basement membrane of the pancreatic
cells prevents the passage of protein-bound
steroids, and so enzyme induction does not
take place within pancreatic tissue. Plasma
corticosicroids are eclevated in estrogen-
trcated women (21), and a similar mech-
anism to that conceived by Keller and
coworkers has been proposed for tryptophan
oxygenase induction in order to explain the
abnormal tryptophan metabolism that occurs
in estrogen-treated human subjects and
women using oral contraceptives (22).

In this study, intact female rats treated
with estradiol benzoate, in the same dosage
and for the same duration as that used by
Keller ¢t al. (19), showed elevated levels of
tryptophan oxygenase and tyrosine amino-
transferase activity, as well as alanine
aminotransferase. The observed low trypto-
phan oxygenase levels in adrenalectomised
rats have been described by previous workers
(15). Rosen ¢t gl (16) have reported re-
duced activity of alanine aminotransferase
in adrenalectgmised rats, but although there
was a slight reduction in the level of this
cnzyme in the present study it was of mar-
ginal statistical significance (p = 0.05). The
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tyrosine aminotransferase activity was un-
altered by adrenaleciomy, as noted by uthers
(16). Administration of estradiol henzoute
to adrenalectomised female rats did not
raise the level of tryptophan oxygenase
above thatl of the intact female controls, nor
did it increase the tyrosine aminotransferase
levels 1o those of estrogen-treated intact
females, but it did resull in significantly
higher activities of both enzymes than those
seen in untreaied adrenalectomised animals,
It would appear from these obscrvations
that for the full expression of the effect of
estradiol benzoate upon tryptophan oxy-
genase and tyrosine aminotransferase in fe-
male rat liver it is necessary that the adre-
nal glands be present, but that the estrogen
itself also exerts an action upon the cnzymes
which is not mediated by way of the adreno-
cortical hormones.

Although Xeller et al. (19). considered
that the increases of hepatic alanine amino-
transferase activity in estradiol benzoate-
treated male rats were a consequence of the
clevated plasma corticosterone levels, and
this provides an acceptable explanation for
the tryptophan oxygenase increases in males
that were obscrved in the present study,
the precise role of the adrenal glands in the
estrogen-stimulated enzyme activities in
female rat liver is uncertain because the
plasma corticosterone is not raised by the
administration of estradiol benzoate to fe-
male rats (23). One possible explanatior
is that the cstrogen stimulates the enzyme
activities, either directly or via a third
hormone such as thyroid hormone, but that
the presence of adrenocorticosteroids is re-
quired to play a permissive role. In such a
case, it may be that the maintenance of a
cerlain .level, rather than an  increased
quantity of corticosterone is essential for
the maximal stimulation of the enzymes.
Support for this hypothcsis would be ob-
{ained if it could be shown that tryptophan
oxygenasc activity in adrenalectomised rats
treated with a replacement dose of corti-
costerone gives a similar response to estro-
gen administration to that seen in intact
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animals. This is a subject for future in-
vestigation,

I'he question of whether or not the cle-
vitled plasma corticosteroid levels hrought
about by the administration of estrogens to
male rats (23) and to both female and male
human subjects (21, 24) has any role in
the induction of hepatic tryptophan oxy-
genase and tyrosine aminotransferase, and
the consequent modifications of amino acid
metabolism, remains unanswered. However,
in the rat onc point against this is that the
increases in” tryptophan oxygenase after
estradiol {reatment of male and female
animals were similar, rclative to their cor-
responding controls, despite the absence
of an cffect upon the plasma corticosteronc
levels in the latter.

Ovariectomy has been shown to decrease
rat plasma corticosterone (25) and, like
adrenalectomy, it caused a reduction in
tryptophan oxygenase activity. Testosterone
administration also resulted in lowered en-

zyme levels in female rats, and although

the mechanism for this effect of the androgen
is uncertain, it is noteworthy that testoster-
one phenylacetate, when given in an ap-
proximately equivalent dose to that of
testosterone propionate used in the present
study, reduces the level of corticosterone in
the plasma of female rats (26). These cffecls
of ovariectomy and testosterone are of some
clinicdl interest because a proportion of
women who have been treated for carcinoma
of the breast by’ bilateral oophorectomy
excrete reduced quantities of tryptophan
meiabolites in urine (27), and so do breast
cancer patients treated with synthetic an-
drogen steroids (Rose, Randall, and Cramp;
submitted for pubhcatlon) :

A sex difference in the activity of trypto-
phan oxygenase has been reported previously
by Pinto and Rosenthal (28), but does not
appcar to have been remarked upon by
other workers, althdugh the results for the

levels of this enzyme published by Green-.

gard and coworkers (13) show a higher
mean vadue for female rats than for mules.
These observations are of interest in relation

3
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to studies of human tryptophan metabolism,
because normal premenopausal women cx.
crete higher levels of tryptophan metal).
olites in urine collected after an oral dose
of the amino acid than men, and the output
of mctabolites also varies with the menstrug)
cycle (29). Lin, Rivlin and Knox (30) re-
ported higher activity of tyrosine amino-
transferase in male than in female rats, and
they suggested that testosterone is in some
way responsible for this sex difference as
castrated males had reduced enzyme levels,
but ovaricctomy did fot alfect the activity
in female animals,

Tryptophan oxygenase activily in estra-
diol-treated, orchidectomised male rats was
significantly higher than in intact males
treated with the estrogen. This obscrvation
indicates a role for endogenously produced
androgens in suppressing the response of
this enzyme to estrogens. The mechanism of
this action of androgens is currently under
investigation. '

The present study of tryptophan oxy-
genase extended over a period of 14 months,
and during this time a variation in the
control values of the enzyme for intact
female rats injected with corn oil became
appavent. This seems to be related to the
season, such that the enzyme-levels were
significantly higher in rats studied during
the months of April and May than Septem-
ber to November (5.1 =% 0.7; 3.3 = 04
respectively: p < 0.001). Although this ob-
servation requires confirmation, a similar
variation of tyrosine aminolransferase,
which may have had a seasonal basis, has
been remarked upon by others (31).
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Excretion of tryptophan metabolites as affected by
pregnancy, contraceptive steroids,

and steroid hormones"?

David P. Rose, M.D., Ph.D., and Isobel P. Braidman, B.Sc.

The metabolic pathway by which L-trypto-
phan is converted to nicotinic acid ribonu-
cleotide is subject to the influence of a variety
of hormones. In this paper, particular at-
tention will be paid to the effects of adreno-
corticosteroids, the hormonal environment of
pregnancy, estrogens, and androgens upon
tryptophan metabolism, as they are reflected
by the urinary excretion of intermediates
along the tryptophan—nicotinic acid ribo-
nucleotide pathway. The possible mecha-
nisms involved will be discussed in relation to
more recent studies carried out in the authors’
laboratory.

Adrenocorticosteroids

Tryptophan oxygenase is the first, and al-
most certainly the rate-limiting enzyme of
the tryptophan—nicotinic acid ribonucleotide
pathway. Its induction by glucocorticoids has
been extensively investigated since it was first
described by Knox (1). A direct correlation
between tryptophan oxygenase activity in
human liver and the level of kynurenine in
urine collected after an oral dose of trypto-
phan has been described by Altman and
Greengard (2), and is to be discussed by Dr.
Greengard in a later paper.

A further study (3) showed that the excre-
tions of kynurenine, 3-hydroxykynurenine,
xanthurenic acid, and 3-hydroxyanthranilic
acid are all clevated following treatment with
hydrocortisone. Figure 1 summarizes the re-
sults obtained from these experiments. Treat-
ment with pyridoxine caused a reduction in
the amounts of all four metabolites excreted
after hydrocortisone injection to levels that
were as low as, or lower than, those excreted
without hydrocortisone induction of trypto-
phan oxygenase. This seems to indicate that
the liver contains a surplus of hydroxykyn-
urcninase apoenzyme that may be activated
if pyridoxal 5-phosphate coenzyme is made

available to it by the administration of vita-
min Bg. These results also suggest that Kyn-
urenine 3-hydroxylase activity is adequate
for the hydroxylation of the increased quan-
tity of kynurenine that arises from the cortisol-
induced increase in tryptophan oxygenase,
provided that sufficient pyridoxal phosphate
is available to ensure that 3-hydroxykynuren-
ine does not accumulate, but is metabolized
to 3-hydroxyanthranilic acid.

An alternative route for the metabolism of
the kynurenine produced by the enhanced
tryptophan oxygenase activity is removal of
the alanine side chain to yield anthranilic
acid. The kynureninase that catalyzes this
step also requires pyridoxal phosphate, and
o vitamin B administration would presum-
ably allow an increased turnover along this
route. Under normal circumstanees, the cn-
zyme has been shown not to be fully acti-
vated in rat liver (4).

Pregnancy

Elevated urinary excretions of xanthurenic
acid in human pregnancy, with a rcturn to
normal levels following treatment with vita-
min Bg, were described independently by
Sprince et al. (5) and Vandelli (6). Thesc
changes were thought to be due to a defi-
ciency of vitamin B; brought about by the
fetal requirements for the vitamin; support
for this view was obtained by Wachstein et al.
(7, 8), who showed that the plasma and
leukocyte levels of pyridoxal phosphate are
diminished in maternal blood at term. More
recently, Hamfelt and Hahn (9) have re-
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Fic. 1. Effect of hydrocortisone on tryptophan
metabolism in a normal male subject. Excretions
of kynurenine (K), 3-hydroxykynurenine (HK),
xanthurenic acid (XA), and 3-hydroxyanthranilic
acid (HA) following a 5-g L-tryptophan load are
shown for: a control test (black columns); after
250 mg hydrocortisone by intramuscular injection
given 5 hr before the tryptophan (cross-hatched
columns); and after the hydrocortisone plus 50 mg
pyridoxine on the evening before the test and again
at the time of the steroid injection (open columns).

ported that early in pregnancy the exerction
of xanthurenic acid is much higher for a
given plasma pyridoxal phosphate Ievel than
it is for nonpregnant women with the same
level of coenzyme. This indicates that the ab-
normal cxeretion of tryptophan metabolites
in pregnaney is unlikely to be due solely to
vitamin Bg deficieney. In fact, previous
workers had already suggested that trypto-
phan metabolism is modificd by the altered
hornional environment of pregnancy (10).
Brown et al. (10) carricd out a detailed
study of tryptophan metabolism in the scecond
or third trimesters of human pregnaney, and
obtained data for the urinary excretion of
both tryptophan metabolites and N*'-methyl-
2-pyridone-5-carboxamide (2-pyridonc),
which is onc of the two prineipal exerction
products of nicotinic acid. Elcvated levels of
xanthurenie acid, 3-hydroxykynurcnine, kyn-
urcnine, acetylkynurcnine, and 2-pyridone
were observed in urine eolleeted after a 2-g
oral dose of r-tryptophan. Treatment with
pyridoxine produced a reduction in the ex-
eretion of most metabolites; although the
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levels of 2-pyridone, kynurenine, 3-hydroxy-
kynurenine, and xanthurenic acid remained
above the normal range, the amount of vita-
min given was less than that administered by
Wacehstein and Gudaitis, who obtained a
complete reversion to within normal limits
for xanthurenic acid excretion (11). Brown
and his eo-workers concluded that, in addi-
tion to vitamin Bg deficiency, the hormonal
changes of pregnancy alter tryptophan me-
tabolism so that there is an enhanced capacity
for the biosynthesis of nicotinic acid ribo-
nucleotide from the amino acid. The report
(12) that N'-methylnicotinamide excretion
is elevated in pregnancy is consistent with this
view.

The published data would seem to indicate
that at least two separate factors are responsi-
ble for the altered tryptophan metabolism of
pregnancy: I) towards term a true defi-
cieney of vitamin Bg develops that is due to
the fetal demands for the vitamin with a
transplacental loss, and 2) throughout. preg-
nancy the endoerine changes arc responsible
for promoting the metabolism of tryptophan
along the pathway leading to nicotinic acid
ribonueleotide synthesis.

Estrogens and contraceptive steroids

The influence of female sex hormones
upon tryptophan metabolism is not restricted
to the gross changes of pregnancy, but is
also apparent in the fluctuations that occur
at different phases of the menstrual cycle.
Elevated exeretions of 3-hydroxykynurenine,
xanthurenic acid, and 3-hydroxyanthranilic
acid were found at the timc of ovulation,
when estrogenie activity reaches a peak, as
compared with the levels immediately after
menstruation (13). Further, a sex difference
in the urinary exerction of mectabolites fol-
lowing the administration of a tryptophan
load has been deseribed by several groups of
workers. Michacl et al. (14) reported that
adult females excretc greater amounts of
kynurenine,  3-hydroxykynurenine, xan-
thurenie acid, kynurenic acid, and 3-hydroxy-
anthranilic acid than adult males after a
tryptophan load given in a dose of 100 mg/
kg body wt, whereas Mainardi and Tenconi
(15), and Rose (13) have also demonstrated a
sex differenee in tryptophan metabolism with
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a standard 5-g dose of L-tryptophan. This
sex difference was not evident when the load-
ing dose was 2 g (16).

The role of estrogens in influencing the
biosynthesis of nicotinic acid ribonucleotide
was emphasized when Rose reported gross
elevations of xanthurenic acid excretion by
women taking estrogen—progestogen prepara-
tions for contraceptive purposes (17). These
changes were observed only when urine was
collected after a tryptophan load, and were
reversed by the administration of large doses
of pyridoxine. Further studies confirmed this
observation, and showed that women using
these contraceptive steroids excrete increased
amounts of kynurenine, 3-hydroxykynuren-
ine, 3-hydroxyanthranilic acid, kynurenic
acid, and acetylkynurenine, as well as xan-
thurenic acid, in urine collected after a 5- or
2-g dose of L-tryptophan (18, 19). Treatment
with pyridoxine reduced the urinary excretion
of metabolites, including 3-hydroxyanthra-
nilic acid, to normal limits. In addition to the
changes in tryptophan metabolite levels
women using Enovid-E (mestranol 0.1 mg,
combined with norethynodrel 2.5 mg; Searle
and Co.) were found to have elevated amounts
of N!'-methylnicotinamide, but not 2-pyri-
done, both in urine collected without prior
loading, and after a 2-g dose of tryptophan
(20).

When they are given alone, estrogens pro-
duce a change in tryptophan metabolism
identical to that which occurs in women tak-
ing the estrogen—progestogen type of oral
contraceptives (Fig. 2), with the same re-
sponse to large doses of pyridoxine (18, 21).
When an adult male was given 0.1 mg
ethinylestradiol daily, increased excretions of
metabolites following a 5-g tryptophan load
were obtained after treatment for 7 days. The
excretion levels continued to rise throughout
the 5 weeks of estrogen administration, and
they rapidly returned to normal following
cessation of treatment (18).

The progestogenic component of the estro-
gen-progestogen type of oral contraceptives
does not appear to alter the urinary excre-
tion of tryptophan metabolites. Figure 3
comparcs the cxcretions of 3-hydroxyky-
nurcnine, xanthurenic acid, and 3-hydroxy-
anthranilic acid by six young women who
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were not taking an oral contraceptive with
those of five women who were using the pro-
gestational oral contraceptive megestrol ace-
tate. This steroid is used both in combination
with an estrogen (Delpregnin, megestrol ace-
tate, and mestranol, Nova Industri A/S), and
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FiG. 2. Mean excretion of 3-hydroxykynurenine
(HK), xanthurenic acid (XA) and 3-hydroxy-
anthranilic acid (HA) in 8 br following a 5-g tryp-
tophan load by 15 women taking an estrogen—
progestogen preparation (cross-hatched columns),
compared with 10 women of a similar age not tak-
ing a steroid preparation (black columns).
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F1Gc. 3. Mean excretion of the same three me-
tabolites shown in Fig. 2 by six women taking
megestrol acetate (cross-hatched columns) and
six control subjects (black columns). In this study
urine was collected for 24 hr after the tryptophan
load.
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also alone, as a purely progestogenic form of
contraceptive. It is structurally similar to
progesterone in being a A!-3-oxosteroid, and
differs from chlormadinone acetate, the other
progestational oral contraceptive, only in the
substituent at position 6 of the steroid mole-
cule (Fig. 4).

Norethynodrel, the progestogenic comn-
ponent of Enovid-E, has not been examined
for its effect on tryptophan mectabolism in
man. However, this steroid may well alter the
excretion of metabolites, for it is partly me-
tabolized to estrogenic compounds in the
body, and in fact, is chemically an cstrane de-
rivative; 17a-cthinyl-178-hydroxy-ecstr-5(10)-
en-3-onc (Fig. 4).

Androgens

There is little published information on the
effect of androgens upon tryptophan metabo-
lism, although this is of importance in view of
the changes scen in breast cancer. McGinty
and Rose (22) have found that the adminis-
tration of Mestcrolone (l«-methyl-5«-andros-
teronc-17g-0l-3-one, Schering  Chemicals
Ltd.) rcduces the cxcretion of tryptophan
metabolites after an oral dose of the amino
acid. Prior trcatment with this androgen also
impaired the clevation of mctabolite excre-
tions that normally occurred after the induc-
tion of tryptophan oxygenase by hydrocorti-
sone (Fig. 5).

Discussion

The precise site(s) of action of estrogens
upon the tryptophan-nicotinic acid ribo-
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nucleotide pathway is not known with cer-
tainty. Rose (18) suggested that- these hor-
mones cause an increase in the activity of one
or more of the enzymes concerned in this
metabolic sequence, but that when the intake
of the amino acid is considerably in excess of
the normal dietary sources, as occurs in
tryptophan loading studies, there is insuffi-
cient pyridoxal phosphate available to allow
for the further metabolism of all of the
tryptophan entering the pathway. This would
explain why the N'-methylnicotinamide ex-
cretion is elevated in urine collected without
prior tryptophan administration, whereas the
abnormal excretion of xanthurenic acid, 3-
hydroxykynurenine, and kynurenine is only
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Fia. 5. Effeet of an androgen of tryptophan
metabolism in three normal aduit male subjects.
A control test was performed for which § g L-tryp-
tophan was given at 2:00 »m (first column). Four
days later 250 mg hydrocortisone succinale was
given by intramuscular injection at 9:00 AM. An
oral dose of tryptophan was given 5 hr later and
urine collected for 24 hr (second column). Treat-
ment with mesterolone, 20 mg orally three times
daily, was given for 14 days. A third tryptophan
test was then carried out (third column). Finally,
after 3 more days of nndrogen treatment, another
tryptophan test was carried out 5 hr after the in-
jection of 250 mg hydrocortisone (fourth column).
The values aire the sums of K, HK, XA, and HA
excretions,
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demonstrable following a tryptophan load,
and is corrected by treatment with large doses
of pyridoxine.

If estrogens influence the biosynthesis of
nicotinic acid ribonucleotide from L-trypto-
phan by producing an increase in the activity
of a single enzyme, on theoretical grounds
tryptophan oxygenase would seem the most
likely to be concerned, as it is known to be
hormone-inducible and it catalyzes the first,
irreversible step on the metabolic pathway.
This enzyme is inereased in the liver of preg-
nant rats (23, 24), and also in female rats
treated with a combination of mestranol, the
3-mcthyl cther of ethinylestradiol, and nor-
cthynodrel (D. P. Rose .and R. R. Brown,
unpublished observations) Recent work by
the authors has substantiated the hypothesis
proposcd by one of us (25) that the cffect of
estrogens on tryptophan metabolism involves
the induction of tryptophan oxygenase, and
that this is mediated by way of the hypo-
thalamo-pituitary-adrenal axis.

Pregnancy, in both rat (26) and man (27),
results in a rise in the level of plasma 17-hy-
droxycorticosteroids. A similar increase oc-
curs with estrogen treatment (28). Most of
this increased steroid is protein-bound, and
generally has been considered to be physio-
logically inert (29). However, Keller et al.
(30) have shown that the rise in plasma
corticosteroids brought about by estradiol
benzoate administration is accompanied by
an clevation in the activity of alanine amino-
transferase, a cortisol-inducible enzyme, in
rat liver. The enzyme was unaffected when
the estrogen was given to adrenalectomized
rats. The authors suggested that the protein-
bound glucocorticoid is able to enter the
hepatie cell by pinocytosis, and there dis-
sociates from the binding globulin to yield the
active free steroid, which is then responsible
for induction of the enzyme.

Significant increases in alanine aminotrans-
ferase were obtained by Keller et al. (30)
when estradiol benzoate was given by sub-
cutancous injection to adult male rats in a
daily dose of 10 ug for 14 days. Figure 6
shows that an identical regime of estradiol
benzoate administration produces a highly
significant increase (P < 0.001) in the ac-
tivity of tryptophan oxygenase in the livers
of intact female rats, as compared with a
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F1G. 6. Effect of estradiol benzoate on rat liver
tryptophan oxygenase activity. These assays were
performed in the presence of optimal amounts of
heme. Control rats were injected with a volume of
corn oil equal to that used as a vehicle for the
estrogen.

control group injected with corn oil alone.
Preliminary results indicate that the inercase
in tryptophan oxygenase activity does not
occur in adrenalectomized animals.

The effect of estradiol on the adrenal secre-
tion and plasma level of glucocorticoids is
dose-dependent; large doses either fail to
stimulate steroidogenesis (31) or actually
cause inhibition (32). Consequently, the abil-
ity to demonstrate elevated tryptophan oxy-
genase activity in the liver of estrogen-
treated rats depends upon the dose regimen
employed. When intact female rats were
treated with a massive 250-ug dose of estra-
diol benzoate daily for 14 days there was no
increase in the enzyme level (Rose, D. P.,
and R. R. Brown, unpublished observations).

An alternate explanation for the abnormal
tryptophan metabolism produced in the hu-
man by estrogen administration or preg-
nancy, but one which fails to explain the
elevated N1-methylnicotinamide cxeretion, is
that estrogen sulfate esters, formed in the
liver, inhibit kynureninase and kynurenine
aminotransferase by competing with their
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pyridoxal phosphate coenzyme for binding
sites on the apoprotein. The effect of these
steroid conjugates on the availability of pyri-
doxal phosphate for rat kynurenine amino-
transferase is to be discussed by Dr. M.
Mason in a later paper.

Estradiol disulfate has been shown re-
cently to inhibit “hydroxykynurenine amino-
transferase,” the enzyme responsible for the
production of xanthurenic acid from 3-hy-
droxykynurenine, in vitro, both in rat kidney
and liver preparations (unpublished observa-
tions). If this inhibition takes place in vivo,
and the very low effective concentrations sug-
gest that it may, estrogen administration
would not be expected to produce an elevated
urinary excretion of xanthurenic acid. Al-
though a high xanthurenic acid excretion is
characteristic of the altered tryptophan me-
tabolism of human pregnancy, the output of
this metabolite is normal in the pregnant rat
(33). There is, however, a raised kynurenine
excretion, which is consistent with the
known high tryptophan oxygenase activity.
These findings may indicate a species dif-
ference in the behavior of kynurenine and
hydroxykynureninc aminotransferase with
respect to estrogen conjugates.

The clinical significance of the altered
tryptophan metabolism by women using the
combined estrogen—progestogen type of oral
contraceptivc is uncertain at the present time.
However, onc problem for which it may have
etiological importance is dcpression, which
is a wecll-rccognized complication of this
form of contraception.

There is considcrable evidence that the
level of brain 5-hydroxytryptamine is ab-
normally low in depressive illness (34), and
three possible mechanisms exist for impaired
synthesis of this ncurohormone by women
taking cstrogen-containing oral contracep-
tives: 1) The amount of tryptophan available
for S-hydroxylation may be reduced, be-
cause it is being diverted into the tryptophan—
nicotinic acid ribonucleotide pathway as a
conscquence of clevated tryptophan oxy-
genasc activity. 2) The demand for pyridoxal
phosphate coenzyme involved in the turnover
of the tryptophan-nicotinic acid ribonuclco-
tide pathway may bc such that inadequato
amounts arc available for the decarboxylation
of 5-hydroxytryptophan to yicld 5-hydroxy-
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tryptamine. 3) Estrogen conjugates may in-
hibit the decarboxylase by competing with
pyridoxal phosphate for sites on the apo-
enzyme in the manner known to occur with a
number of other enzymes (3%).

These theoretical possibilities suggest that
treatment with tryptophan or pyridoxine, or a
combination of these two, may relieve depres-
sion due to oral contraceptives, although it
must be pointed out that this occurs most
frequently in those women using preparations
with a high progestogen content (36, and the
progestogens do not appear to modify vitamin
Be function.

Our current concept of the changes in
tryptophan metabolism that are brought
about by pregnancy and estrogens, and per-
haps by the abnormal hormonal environ-
ment of breast cancer, is summarized in Fig.
7, together with the possible ways in which
these changes may produce diminished brain
5-hydroxytryptamine levels.

Summary

The effects of glucocorticoids, pregnancy,
estrogens, contraceptive steroids, and andro-
gens upon tryptophan metabolism in man are
discussed.

Treatment with hydrocortisone produces
an increasc in the urinary cxerction of kyn-
urenine, 3-hydroxykynurcnine, xanthurenic
acid, and 3-hydroxyanthranilic acid, which is
prevented by the simultaneous administration
of large doscs of vitamin Bg.

Pregnant women, thosc using cstrogen-
progestogen preparations for contraceptive
purposcs, and subjcets recciving cstrogens
along, all excrete clevated levels of these me-
tabolites, although much larger quantitics of
xanthurenic acid arc cxcreted than occur fol-
lowing single injcctions of hydrocortisonc.
The increased urinary output of Nl-mcthyl-
nicotinamide in these situations is a reflec-
tion of the enhanced capacity for the biosyn-
thesis of nicotinic acid ribonuclcotide from
L-tryptophan.

The progestogen megestrol acetate docs
not alter tryptophan metabolism when used
alonc for ovulation control.

Mecstcrolone, an androgenic steroid, re-
duccs the urinary cxcretion of tryptophan
mctabolites, and impairs the response to hy-
drocortisone administration.
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Fic. 7. Proposed scheme of the influence of estrogens and pregnancy on tryptophan metabolism,

The possible mechanisms by which preg-
nancy and estrogens modify tryptophan me-
tabolism are discussed and, in the light of ,
cvidence obtained from animal experiments,
it is concluded that estrogens cause an induc-
tion of tryptophan oxygenase that is mediated
via the hypothalamo-pituitary-adrenal axis.
Late in pregnancy, a true vitamin Bg de-
ficiency is superimposed upon the hormonal
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for the activity of this enzyme and of alanine
aminotransferase in adrenalectomized rats.
Our results confirm the obscrvations by
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Keller and co-workers (1) that the level of ala-
nine aminotransferase as well as tryptophan oxy-
genase is clevated in the liver of intact femalc
rats treatcd with 10 ug estradiol benzoate daily
for 14 days. Results are expressed in millimoles
of pyruvate produced per gram wet liver weight
per hour, and the difference from the control is
highly significant (P < 0.001).

We have summarized the data from experi-
ments with control and estrogen-treated ad-
renalectomized rats and compared these with
the situation in intact controls. There was no
differencc in the alanine aminotransferase
activity among the three groups. However, the
level in tryptophan oxygenase in the control
adrenalectomized rats was significantly lower
than in the intaet eontrols (P < 0.001).

Treatment with estradiol benzoate produeed
an apparent inerease in tryptophan oxygenase
activity as compared with controls after ad-
renalectomy (0.5 < P < 0.1), although the
levels were still lower than those of the intact
controls. We conclude from these results that
the very high activities seen in estrogen-treated
rats were a consequence of glueoeorticoid in-
duetion,

An cxplanation for the higher level of tryp-
tophan oxygenase activity in the estrogen-
treated rats after adrenalectomy as compared
with adrenalectomized controls may lie with the
capacity of conjugated estrogens to stabilize
eortisol-inducible enzymes. This has been re-
ported for tyrosine aminotransferase (2) and it
may be that the substantial decrease in tryp-
tophan oxygenase activity observed in the con-
trol adrenalectomized rats is offset to a cer-
tain extent through a stabilization of the enzyme
by estradiol benzoate.

R. A. Wapnir: Is there information on how
much urinary tryptophan is excreted after load
tests in estrogen-treated or untreated women?
D. P. Rose: In the normal subject Michael and
his eo-workers found, using a 100-mg/kg body
wt dosc of L-tryptophan, that there were just
traecs of the amino acid in the urine after the
load. The amino acid has been fully metabolized
somewhere, although clearly not in the me-
tabolites that we determine under sueh con-
ditions. I don’t know of any data on the output
of tryptophan in estrogen-treated women.

J. E. Leklem: In that respect, Dr. Rose, I
would like to ask you why you chose a 2:00 pm
time for administering your load of tryptophan?
D. P, Rose: Well, normally I do not. My regular
time is 9:00 am but in thesc hydrocortisone
studies 1 wanted to allow for a period of in-
duction after giving the hydrocortisone. So to
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avoid coming in to the laboratory in the
middle of the night to give the hydrocortisone,
we set our study up so that we gave the hydro-
cortisone at 9:00 aMm and then 5 hr later, at
2:00 rMm, we gave the tryptophan load. This
schedule was used only in this study.

F. Rosen: Is there any evidence that estradiol
can induce an increase in the activity of cither
the kynurenine transaminase or kynureninasc
enzymes?

D. P. Rose: Yes, we found some data that sur-
prise us a bit on the effect of a combination of
mestranol and norethynodrel on kynureninase
in rat liver and we did find there that this eom-
bination of steroids elevated the activity of
kynureninase. This was distinet from what we
found with the natural steroid, estradiol.
Estradiol inhibited kynureninase activity in the
male rat but not in the female rat. We ob-
served a sex difference, and this has been re-
ported previously by Dr. Mason; the male rat
has a higher activity of kynureninase in the
liver than the female rat. When we gave 20 ug
estradiol daily for 28 days to the male rat, the
activity of the enzyme came down to the female
level. When we gave the hormone to femalc rats,
either in that or in much larger doses, there was
no further reduction but we did find this dif-
ference between the natural steroid and the
synthetic steroid combination.

P. Swan: Does estrogen administration change
the metabolism of sulfur amino acids? This
would provide evidenee as to whether or not
estrogen interferes generally with Be-requiring
enzymes by interfering with pyridoxince metabo-
lism.

D. P, Rose: I know of no in vivo studics of this
type. Dr. Mason, I believe, included sulfur-
metabolizing enzymes in the spectrum of cn-
zymes that he studied, and did find that con-
jugates inhibit these enzymes in vitro. I am
speaking off the cuff, but I think I am remems-
bering it right.

B. Clark: Do cortisol conjugates also stabilize
tryptophan pyrrolase?

D. P. Rose: We haven’t done any studics on
this.

H. Spiera: Do you have any information as to
the minimal amount of cortisone neecssary to
inerease excretion of kynurenine?

D. P. Rose: McGinty, who is working in Shef-
field, did some studies on this that haven't been
published. He got down to 50 mg hydro-
cortisone succinate, starting at 250 mg and then
going down by small increments, doing the
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studies at weekly intervals and always using
a 5-g load of L-tryptophan. With 50 mg hydro-
cortisone succinate he thought that he had
just about reached the minimum quantity that
would produce a respomse, but this work is
quite preliminary.

R. R, P. Warner: Is there a significant change in
urinary metabolites excreted -after oral load of
L-tryptophan in normal human females during
different times in the menstrual cycle?

D. P. Rose: Yes, there is. Two studies, one
from Dr. Brown using a 2-g load, and one from
our laboratory using a 5-g load. In both studies
there was a difference, with higher excretions
of metabolites at the time of ovulation (about
the 13th day of the cycle) than when the load-
ing test was done immediately after the men-
strual cycle. Again, I think our data were more
clear-cut than Dr. Brown’s because we were
giving a 5-g load and this load was better when
endogenous variations of hormones are studied.

G. A. Abdel-Tawab: If the concentration of
cthinylestradiol is decreased, say, to 0.05 mg/
pill, do you think the tryptophan metabolism
will be normal under such conditions?

D. P. Rose: With 0.05 mg of ethinylestradiol,
the excretions are still grossly abnormal (Clin.
Sci. 31: 265, 1966).

N. Narasimhachari: Have serotonin or S5-hy-
droxyindolcacetic acid levels been donc on
estradiol-trcated subjects?

D. P. Rose: 1 do not think so. I have no data
and have not scen any published data cither.

R. A. Toseland: We have demonstrated how
one can detect spontancous, i.c., nonloaded,
levels of 3-hydroxyanthranilic acid in a female
patient beforc taking the oral contraceptive,
The significance of this is that if the paticnt
were taking salicylates they would appear well
scparated from 3-hydroxyanthranilic acid. This
techniquc of thin-layer clectrophoresis on ccllu-
lose avoids the problems of paper chromatog-
raphy when the metabolites clash or migrate to
the same place. The determination is much faster
and the extraction of the metabolites from
powdered cellulose is also much faster than
from paper.
G. A. Abdcl-Tawab: We investigated tho inter-
rclation between female sex hormones and tryp-
tophan metabolism along the kynurcnine path-
way in different age groups of women after
loading with 2 g tryptophan, with and with-
out 120-mg vitamin B, supplementation, The
following groups were studied:

Group 1. Young nonpregnant women, nges
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23 to 40 years, included the following sub-
groups: Subgroup A: Fourtecn cases were stud-
ied in the preovulatory phasc when the prevail-
ing female sex hormones are natural estrogens.
Urine collection was started on the 9th day of
the menstrual cycle. Subgroup B: Eight cases
were studied in the postovulatory phase, start-
ing on the 23rd day of the menstrual cycle when
both natural estrogens and progestogens are
produced.

Group II. Young, nonprcgnant women un-
der the effect of synthetic hormones, started
early in the menstrual cycle, included three sub-
groups: Subgroup A: Eighteen cases given
cthinylestradiol (0.05 mg tablets) one tablet
daily from the 5th day of the menstrual cycle
for 2 weeks. Subgroup B: Ten cascs were given
norethisterone (5 mg tablets) one tablet daily
from the 5th day of the menstrual cyele for 2
weeks. Subgroup C: Twenty-two cases were
studied during oral contraception with 3 mg
norcthistcrone acetate plus 0.05 mg ethinyl-
estradiol (the oral contraceptive commonly used
in the United Arab Republic under the trade
name Gyn-Anovlar), one pill daily from the Sth
day of the eycle for 21 days.

Group HI. Nine cascs were women in the
postmecnopausal age (ages betwcen 47 and 60
years).

Group IV: Fourtcen nonsmoker males aged
20 to 40 years, were chosen as controls. The con-
trols, as well as the different groups of women,
were compared with respect to their ability to
metabolize the tryphophan load, with and with-
out B, supplementation. Subtraction of the basal
level of the urinary metabolites from the levels
in cither the posttryptophan or the posttryp-
tophan-pyridoxine urines gives the response of
cach individual to the loading dose of vL-tryp-
tophan; that is, yield I and yicld 11, respectively,
expressed as the quantity, in milligrams/24-hr
urine, exereted in excess of the basal level.

The tryptophan loading schedule, as
mentioned above, was started at the anticipated
time of ovulation or just prior to the time of
menstruation in subgroups A, B, and C of
Group 11.

I) The results showed that in young, non-
pregnant women in the preovulatory phase un-
der the cffect of natural estrogens there was ac-
cumulation of somc bladder carcinogens,
mainly 3-hydroxykynurcnine and 3-hydroxy-
anthranilic acid, as well as some other tryp-
tophan metabolites that included o-aminohip-
puric acid, acetylkynurenine, and kynurenine.
This suggests that the degradation of 3-hydroxy-
anthranilic acid to niacin was impaired, This
inhibition was corrected by vitamin Bs supple-
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mentation, indicating that the B.-dependent
quinolinic acid decarboxylase may be the en-
zyme that suffers inhibition in this group.

2) In young, nonpregnant women in the
postovulatory phase under the effect of both
naturally occurring estrogens and progestogens,
the excretion level of different metabolites was
about the same as or less than that of controls.
This means that the excretion pattern was cor-
rected by progesterone, which antagonized the
effect of estrogens. After a loading dose of
‘vitamin B, these women eXcreted more 4-
pyridoxic acid than controls. This means that
there was a decreased requirement for vitamin
B, in the postovulatory phase.

3) In the postmenopausal women there was
an accumulation to kynurenine, acetylkynuren-
ine, and 3-hydroxykynurenine, and decreased
production of anthranilic acid glucuronide and
3-hydroxyanthranilic acid, as well as decreased
production of kynurenic acid and xanthurcnic
acid. This means that there was inhibition of
the Bsrdependent kynureninase and transami-
nases. Pyridoxine supplementation partially cor-
rected the inhibition, especially that of 3-hy-
droxykynurenine transaminase.

Thus, there was functional pyridoxine defi-
ciency in young nonpregnant women in the pre-
ovulatory phase, as well as in the women in the
postmenopausal age! This may be due to the
hormonal pattern prevailing. If this is the case,
then one would expect that suppression of the
naturally occurring ovarian estrogens will alter
the excretion pattern of young, nonpregnant
women in the preovulatory phase to that of the
controls with normal enzymic reactions along
the kynurenine pathway. Indeed, this was the
case. Thus, under the effect of ethinylestradiol
alone, we got a normal pattern; kynurenic acid,
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acetylkynurenine, kynurenine, xanthurenic acid,
and 3-hydroxyanthranilic acid were less than the
corresponding values of young, nonpregnant
women in the preovulatory phase. Furthermore,
they excreted more 4-pyridoxic acid after vita-
min B, supplementation than when these women
were under the effect of natural ovarian estro-
gens, indicating that there was a decreased re-
quirement for vitamin B, in the presence of the
synthetic ethinylestradiol. Under the effect of
norethisterone the transaminase enzymes werc
inhibited, as evidenced by the decreased levels
of kynurenic acid and xanthurenic acid. Under
the joint effect of ethinylestradiol and nor-
ethisterone, the pattern in the preovulatory
phase was also corrected. This indicates that
the inhibition to the transaminase induced by
norethisterone was antagonized and corrected
by the synthetic estrogen.

It could be concluded, therefore, that the
metabolism of tryptophan is influenced by the
physiological variations correlated with the
menstrual cycle. Also, the use of this particular
oral contraceptive did not lead to accumuiation
of the carcinogenic tryptophan metabolites.
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