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Abstract--The effects of the administration of oestrogens on the activity of hepatic tryptophan oxygenase 
have been assessed both directly (by measurement of enzyme activity in vitro) and indirectly (by 
measurement of urinary excretion of tryptophan metabolites) in rats, and indirectly in menopausal 
women receiving hormone replacement therapy. Intraperitoneal administration of 500 ~g of oestradiol 
or ethinyl oestradiol/kg body wt had no effect on the activity of tryptophan oxygenase in homogenates 
of liver from mature (13-week-old) female rats. Both adrenalectomy and ovariectomy led to a reduction 
in the activity of tryptophan oxygenase in homogenates of liver from mature rats; again there was no 
effect of giving 500/~g of oestradio~/kg body wt by intraperitoneal injection. Intraperitoneal adminis- 
tration of 210/~g of oestrone sulphate/kg body wt for 1 or 2 days before killing, or its incorporation in 
the diet for up to 8 weeks at an equivalent dose rate, had no effect on the activity of tryptophan 
oxygenase in homogenates of liver from ovariectomized 6--14-week-old female rats. Intraperitoneal 
administration of 500 ~g oestradiol/kg body wt to intact mature female rats together with 500 mg 
tryptophan/kg body wt caused a reduction in the urinary excretion of xanthurenic and kynurenic acids, 
kynurenine and Na-methyl nicotinamide. When peri- and post-menopausal women were treated with 
ethinyl oestradiol (20 #g/day) or piperazine oestrone sulphate (3 mg/day) for 3 months, there was an 
increase in the concn of tryptophan in plasma, with no change in the urinary excretion of xanthurenic 
and kynurenic acids and kynurenine. This study provides no evidence for the induction of tryptophan 
oxygenase by oestrogens in rats or human beings. 

Tryptophan oxygenase [L-tryptophan:oxygen 2,3- 
oxidoreductase (decyclizing) (EC 1.13.11.11)] is the 
first enzyme of the oxidative pathway of tryptophan 
metabolism, and its activity determines the rate of 
entry of tryptophan into the oxidative pathway 
shown in Fig. 1. It is known to be induced by glu- 
cocorticoid hormones [1]--the induction involves the 
synthesis of enzyme protein [2] and increased tran- 
scription of DNA [3]. A number of studies have 
suggested that oestrogens may also induce the 
enzyme in a similar manner. The administration of 
oestrogens to human beings or to experimental 
animals leads to increased urinary excretion of three 
tryptophan metabolites, xanthurenic and kynurenic 
acids and kynurenine. This may reflect either 
increased entry of tryptophan into the oxidative 
pathway or reduced activity of kynureninase [L-kyn- 
urenine hydrolase (EC 3.7.1.3)], as a result of either 
cofactor depletion [4] or inhibition by oestrogen 
metabolites [5]. At the same time, there is either 
unchanged or increased excretion of metabolites 
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distal to kynureninase, such as Nl-methyl nicotina- 
mide and methyl pyridone carboxamide; this sug- 
gests increased activity of tryptophan oxygenase [6] 
and a mechanism of inhibition of kynureninase that 
is primarily competitive with respect to the substrate 
[5], so that an increased concn of kynurenine in the 
liver would result in relief of the inhibition of 
kynureninase. 

One study [7] has reported apparently clear evi- 
dence of induction of tryptophan oxygenase by oes- 
trogens. The effect was more marked in sexually 
mature (13-week-old) female rats than in older or 
younger animals, and was diminished by ovariec- 
tomy. This suggests a direct effect of oestrogens on 
the liver, possibly mediated by oestrogen receptor 
protein. 

However, the administration of oestradiol ben- 
zoate increases the activity of tryptophan oxygenase 
to the same extent in both male and female rats [8], 
an effect that has been attributed to displacement 
of glucocorticoid hormones from plasma protein 
binding by the oestrogen, rather than to a direct 
effect of oestrogens on the liver. 

Green etal. [9] showed that there was no difference 
in the increase in the concn of tryptophan in plasma 
after administration of a loading dose of the amino 
acid to women whether they were receiving oestro- 
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Fig. 1. The oxidative pathway of tryptophan metabolism. 

gens as contraceptives or not. They concluded that 
oestrogens do not induce tryptophan oxygenase. 
Similarly, in rats treated with oestrone sulphate 
incorporated in the diet [10] there is an increase in 
the concn of tryptophan in plasma, despite a con- 
trolled dietary in take- -an  observation that is not 
compatible with induction of tryptophan oxygenase 
by oestrogens. 

Our study was undertaken to determine whether 
oestrogens cause induction of tryptophan oxygenase 
or not. The results show no induction of the enzyme 
by oestradiol, ethinyl oestradiol or oestrone sul- 
phate, in intact, ovariectomized or adrenalectomized 
female rats. In menopausal women receiving oes- 
trogens as hormone replacement therapy there was 
evidence of reduced rather than increased oxidation 
of tryptophan as the result of oestrogen 
administration. 

METHODS 

A n i m a l  s tudies .  Female Wistar rats, bred in the 
Courtauld Institute of Biochemistry, were used. In 
the studies of acute administration of oestrogen they 
were fed on animal house stock diet [Diet 86 (E. 
Dixon & Sons, Ware,  U.K.)].  In the studies with 
oestrone sulphate given for 1 or 2 days or incorpor- 
ated in the diet for up to 8 weeks, they were fed 
from weaning on a defined diet providing a controlled 
intake of tryptophan, nicotinamide and vitamin B6, 
as described previously [10]. 

Oestradiol and ethinyl oestradiol were given by 
intraperitoneal injection, dissolved in 1 ml of 10% 
ethanol:saline (v/v) at a dose of 500/~g/kg body wt. 
Oestrone sulphate was given either by intraperito- 
neal injection, 1 and 2 days before killing, dissolved 
in saline, at a dose of 210 gg/kg body wt, or incor- 
porated in the diet at 3 mg/kg diet. The observed 
intake of food was 70 g/kg body wt/day, and 3 mg 
of oestrone sulphate/kg diet is therefore equivalent 
to 210 gg/kg body wt/day. Control animals received 
the same treatment as experimental animals--ei ther  

intraperitoneal injections of solvent alone, or the 
same diet but without oestrone sulphate. 

In the studies of excretion of tryptophan metab- 
olites, all animals received an intraperitoneal injec- 
tion of tryptophan dissolved in saline (500 mg/kg 
body wt 1 day, and the same dose of tryptophan 
together with 500/~g oestradiol/kg body wt, dissolved 
in 1 ml of 10% ethanol:saline, the next day. Urine 
was collected for two consecutive 24-hr periods using 
stainless steel metabolism cages (Acme Metal Co., 
Chicago, IL), with the animals housed individually. 
At  all other times, animals were housed in groups 
of three to six in plastic cages with gridded bases. 

Rats were ovariectomized or adrenalectomized 
bilaterally under anaesthesia with Valium (Roche) 
2.5 mg/kg body wt diazepam intraperitoneally) and 
Hypnorm (Janssen) (0.315rag fentanyl citrate + 
10 mg fluanisone/kg body wt intramuscularly). Ovar- 
iectomized rats were provided with a solution of 
oxytetracycline (2.5 mg/ml) in the drinking water for 
the first 3 days after operation; adrenalectomized 
animals were killed the day after operation, and 
received no antibiotic. In each case, sham-operated 
control animals received the same treatment and 
incisions as the operated animals. 

For the studies of the acute (0--4 hr) administration 
of oestradiol and ethinyl oestradiol, animals were 13 
weeks old at the time of killing; ovariectomized 
animals had undergone surgery 5-19 days before, 
and adrenalectomized animals 1 day before. In the 
experiments with oestrone sulphate, animals were 
weaned onto the experimental diet [10] at 21 days 
of age, and were ovariectomized 14 days later. 
Animals which received one or two doses of oestrone 
sulphate by intraperitoneal injection, 48 and 24 hr 
before killing, were maintained on the same diet for 
4 weeks after ovariectomy. Those animals which 
received oestrone sulphate in the diet for up to 8 
weeks did so beginning at 14 days after ovariectomy. 

Rats were killed by cervical dislocation in the 
studies with oestradiol and ethinyl oestradiol, and 
by decapitation in the experiments with oestrone 
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sulphate, to permit collection of blood. In all cases 
the liver was dissected out within 45--60 sec after 
death, and frozen in liquid nitrogen. It was stored 
at - 20  ° until required for analysis; preliminary stud- 
ies (D. A. Bender, unpublished observations) 
showed that storage at - 20  ° for up to 4 weeks had 
no effect on the activity of tryptophan oxygenase. 

Clinical study. Women attending the menopause 
clinic at The Hospital for Women, Soho Square, 
London, who were judged on clinical grounds to be 
likely to benefit from hormone replacement therapy 
with unopposed oestrogens, were assigned at random 
to receive either piperazine oestrone sulphate [Har- 
mogen (Abbott Laboratories) (1.5 mg b.d.)] or eth- 
inyl oestradiol (10/~g b.d.). Both drugs were taken 
cyclically for 21/28 days, with 7 days drug-free. 
Before the initiation of drug therapy, and again after 
3 months, during a period of active medication, 20 ml 
of blood was taken into heparinized tubes and a 
random urine sample was obtained from each 
patient. The blood was centrifuged as soon as pos- 
sible after collection; plasma and urine were stored 
at - 20  ° until required for analysis. 

No attempt was made to control the dietary intake 
of the subjects, but they were asked about vitamin 
supplements and medication. None was known to 
be taking any medication that might affect any of 
the analyses to be performed, and apart from the 
menopausal symptoms of which they were complain- 
ing, all were in good health. The design of the study 
was approved by the Ethical Committee of The 
Middlesex Hospital, and all of the patients consented 
to join the study after it had been explained to them. 

Analytical methods. Samples of liver for the 
measurement of tryptophan oxygenase activity were 
homogenized while still frozen, in 9ml of 
0.15 moles/5 sodium chloride/g of tissue. The hom- 
ogenate was incubated with tryptophan and hae- 
matin to permit determination of the total (apo- and 
holo-enzyme) activity. The kynurenine formed was 
determined colorimetrically after separation on col- 
umns of Dowex 50W (H +) ion exchange resin, dia- 
zotization and coupling to naphthalene ethylenedi- 
amine, as described previously [11]. Each sample of 
tissue was also incubated with both substrate and 
100 nmoles L-kynurenine added at the same time, to 
allow correction of the apparent formation of kyn- 
urenine for both loss by onward metabolism during 

the incubation and incomplete recovery through the 
chromatographic separation. All determinations 
were performed in duplicate. 

The concn of trypophan in plasma was determined 
by the norharman fluorimetric method [12], but using 
perchloric rather than trichloroacetic acid. The frac- 
tion of tryptophan that was freely diffusible rather 
than bound to serum albumin was determined by 
equilibrium dialysis [13], a method which gives 
results in good agreement with those obtained by 
ultrafiltration [14]. 

The concn of total amino acids in plasma was 
determined by the formation of the fluorescent pyr- 
idoxal adduct in the presence of zinc [15]. Urinary 
excretion of xanthurenic and kynurenic acids and 
kynurenine was determined after separation on col- 
umns of Dowex 50W (H ÷) ion exchange resin [16]; 
xanthurenic and kynurenic acids were determined 
fluorimetrically [16] and kynurenine colorimetrically 
after diazotization and coupling with naphthalene 
ethylenediamine [17]. Creatinine was determined by 
the alkaline picrate (Jaffe) reaction [18]. 

RESULTS 

As can be seen from Table 1, the administration 
to rats of 500/zg oestradiol/kg body wt had no effect 
on the activity of tryptophan oxygenase in the liver 
after 4 hr. Both ovariectomy and adrenalectomy 
caused a significant fall in the activity of the enzyme, 
and the administration of a loading dose of trypto- 
phan (500mg/kg body wt) caused a significant 
increase in activity. None of these effects was altered 
by the administration of oestradiol. 

Table 2 shows that neither oestradiol nor ethinyl 
oestradiol at 500/~g/kg body wt had any significant 
effect on the activity of tryptophan oxygenase at any 
time up to 4 hr after administration, apart from a 
transient decrease in activity 1 hr after the admin- 
istration of oestradiol. Similarly there was no effect 
of administration of oestrone sulphate at 210/~g/kg 
body wt either as one or two intraperitoneal injec- 
tions 48 and 24 hr before killing, or when incorpor- 
ated in the diet for 1 or 8 weeks (Table 3). 

Table 4 shows that there was a significant decrease 
in the urinary excretion of xanthurenic acid and 
kynurenine when rats were given 500#g 
oestradiol/kg body wt together with a loading dose 

Table 1. The effects of oestradiol (500/~g/kg body wt) on the activity of tryptophan oxygenase 
in liver 4 hr after an intraperitoneal injection to mature (13-week-old) female rats 

Animals Saline injected Oestradiol injected 

Control (N = 4) 
Ovariectomized ) (N = 12) 
Sham-operated J 
Adrenalectomized~ (N = 3) 
Sham-operated 
Adrenalectomized + (N = 4) 
500 mg tryptophan/kg body wt 
Sham-operated + (N = 4) 
500 mg tryptophan/kg body wt 

15.4 --- 7.2 9.8 +- 5.1 
10.8 ± 4.3"~ 10.6 ± 7.5),* 
14.7 --- 5.6J 15.7 ÷ 5.7~ 
6.8 ± 1.6/,** 7.1 + 2.0),** 

14.6-+ 3.9J 13.9 + . 35J  

67.4 ± 21.9 ~* 58.2 +- 2.9~ " 

133.9 ÷ 48.3~ 140 ÷ 78 

Figures show mean activity of enzyme as nmoles of kynurenine formed/min/g 
Number of animals/group in parentheses. 

Significance of differences by t-test: * 0.1 >~ P >I 0.05, ** 0.05 >t P I> 0.001. 

liver - S.D. 
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Table 2. The effects of oestradiol and ethinyl oestradiol (500 #g/kg body wt) on the 
activity of tryptophan oxygenase in liver at varying times after intraperitoneal 

injection to mature (13-week-old) female rats 

Time after oestrogen injection Oestradiol Ethinyl oestradiol 
(hr) 

0 (saline injected) (N = 12) 14.5 -+ 4.7 
0.5"1 18.5 ± 5.2 13.6 ± 6.9 
1.01 8.4 ± 3.4* 14.8 ± 5.4 
~i 5 (N = 4) 12.1 ± 5.5 14.2 ± 6.1 

10.7 -+ 2.3 13.3 ± 1.7 
3 .01 10.6 ± 4.2 12.1 ± 4.1 
4.0.) 12.8 --+ 5.3 11.2 ± 1.9 

Figures show mean activity of enzyme as nmoles of kynurenine formed/min/g 
liver ± S.D. Number of animals per group in parentheses. 

Significance of difference by t-test: *0.1/> P/> 0.05. 

Table 3. The effects of oestrone sulphate (210/~g/kg body wt) given by intraperi- 
toneal injection 48 and 24 hr before killing, or incorporated in the diet for 1 or 8 
weeks, on tryptophan oxygenase activity in liver from ovariectomized female rats 

Treatment Tryptophan oxygenase activity 

Control diet or saline injection (N = 31) 
Intraperitoneal oestrone sulphate 

24 hr before killing (N = 8) 
48 + 24 hr before killing (N = 8) 

Oestrone sulphate in diet 
1 week (N = 8) 
8 weeks (N = 8) 

8 .8±4.2  

12.4±8.0 
9 .4±5.0  

7 .2±3.9  
7 .6±3.4  

Figures show mean activity as nmoles of kynurenine formed/min/g liver -+ S.D. 
Number of animals/group in parentheses. 

Table 4. The effect of oestradiol (500 #g/kg body wt) on the urinary excretion of tryptophan 
metabolites after intraperitoneal administration of 500mg tryptophan/kg body wt to mature 

female rats 

Before oestradiol After oestradiol Mean change 

Xanthurenic acid 1.09 --- 0.19 0.79 --- 0.15 -0.29 ± 0.31"* 
Kynurenic acid 3.27 ± 1.05 3.17 ± 0.99 -0.11 ± 1.62 
Kynurenine 0.13 ± 0.02 0.09 ± 0.03 -0.03 ± 0.04* 
N1-Methyl nicotinamide 9.34 ± 8.2 5.1 ± 4.5 -3.3 ± 5.7 

Figures show mean excretion (#moles/24 hr) ± S.D. Ten animals in each group. 
Significance of changes by paired t-test: *0.1 I> P t> 0.05, **0.05/> P/> 0.01. 

of t ryptophan.  The excret ion of kynurenic acid and 
Nl-methyl  nicot inamide was also reduced by oestra- 
diol, al though this effect was not significant. 

In peri- and post-menopausal  women receiving 
ei ther piperazine oestrone sulphate or  ethinyl oes- 
tradiol as hormone  replacement  therapy there was 
a significant increase in the concn of  total t ryptophan 
in plasma after 3 months  of hormone  administrat ion 
(Table 5). The  concn of t ryptophan that was freely 
diffusible, rather than bound to serum albumin, was 
also increased, although this difference was only 
significant in women  receiving ethinyl oestradiol.  
There  was no change in the conch of  total amino 
acids in plasma, suggesting that the effects on tryp- 
tophan were relatively specific, and there was no 
change in the urinary excretion of xanthurenic and 
kynurenic acids and kynurenine.  For  clarity, the data 
in Table  5 show the sum of xanthurenic + kynurenic 
acid; there  was no significant change in the excretion 
of ei ther metabol i te  alone, and no significant change 
in the ratio of  xanthurenic  acid:kynurenic acid. 

DISCUSSION 

The results in Tables 1-3 show no induction of 
t ryptophan oxygenase following the administration 
of oestradiol,  ethinyl oestradiol or oestrone sulphate 
to female rats under  a variety of conditions. This 
finding is in agreement  with the conclusion of Green  
et al. [9] based on indirect evidence from studies of 
t ryptophan loading in women  taking oral contracep- 
tives, but not  with the observat ion of  Patnaik and 
Sarangai [7] of  a three-fold increase in t ryptophan 
oxygenase activity after oestrogen administration. 

It is possible that differences in methodology may 
account for the discrepancy between our results and 
those of  Patnaik and Sarangai [7]. The  method  that 
we used for measurement  of  t ryptophan oxygenase 
activity [11] involves measurement  of  the recovery 
of kynurenine,  the effective product  of the reaction, 
through the incubation; in an unpurified preparat ion 
there will be considerable kynureninase activity, and 
therefore  a proport ion of the product  may undergo 
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Table 5. The effects of piperazine oestrone sulphate and ethinyl oestradiol on tryptophan metabolism in peri- and 
post-menopausal women after administration for 3 months 

Initial 
(N= 30) 

(drug-free) 

Piperazine oestrone sulphate Ethinyl oestradiol 
(N= 15) (N= 15) 

Mean Mean change Mean Mean change 

Total plasma 
tryptophan (gmoles/1) 54.6 --- 9.7 65.2 - 18.2 + 13.9 +- 20.4** 63.3 --- 11.8 + 4.9 -+ 11.8" 
Diffusible plasma 
tryptophan (/~moles/1) 7.3 ± 2.3 8.8 +- 2.8 + 1.3 --- 3.9 9.1 ± 3.3 + 1.6 -+ 3.9* 
Plasma total amino 
acids (mmoles/]) 3.9 - 1.7 3.60 ± 0.79 - 0.3 - 1.5 3.95 ± 0.83 - 0.5 - 1.7 
Urine xanthurenic + 
kynurenic acids 
(mmoles/mole creatinine) 18.3 --- 12.1 24.4 ± 22.4 - 0.2 --- 22 22.0 ± 14.4 + 7.9 ± 14.4 
Urine kynurenine 
(mmoles/mole creatinine) 1.2 --- 1.0 1.1 --- 0.8 + 0.2 --- 1.1 1.3 ± 0.9 + 0.1 +- 1.5 

Figures show mean --- S.D. Number/group in parentheses. 
Significance of changes by paired t-test: *0.1 I> P >~ 0.05, **0.05 ~> P >/0.01. 

further metabolism during the incubation. Inhibition 
of kynureninase by oestrogen metabolites has been 
reported previously [5], and this will lead to an 
increase in the recovery of kynurenine through the 
incubation. In this study the mean recovery of kyn- 
urenine through the incubation was 67.0 - 
0.2% (S.E.M.) in control animals and 76.5 ± 0.2% 
in animals treated with oestrogens---a highly sig- 
nificant difference. If no account was taken of this, 
the increased conch of product in the final incubation 
mixture would appear to be the result of a rise in 
the activity of tryptophan oxygenase. 

A reduction in tryptophan oxygenase activity fol- 
lowing adrenalectomy has been reported by others 
[19], and was expected, since it is known that the 
enzyme is induced by adrenal glucocorticoid hor- 
mones [1]. Similarly, the increased activity after 
administration of a loading dose of tryptophan was 
expected since the enzyme is stabilized against catab- 
olism by its substrate [2]. The lack of any effect of 
oestradiol after the administration of a loading dose 
of tryptophan is further evidence against induction 
of the enzyme of oestrogens. However,  the activity 
of tryptophan oxygenase was significantly lower in 
liver homogenates from ovariectomized rats than 
sham-operated controls, which implies at least a 
permissive role for oestrogens in the synthesis of the 
enzyme. From the other data presented here, it is 
considered that this is unlikely to be the result of a 
direct effect of oestrogens on the liver, but may be 
the result of changes in the availability of haem [20] 
or glucocorticoids [8], secondary responses to 
changes in circulating concns of oestrogens. 

The administration of oestradiol caused a reduc- 
tion in the urinary excretion of the four tryptophan 
metabolites that were measured in rats. This implies 
a reduction in the rate of entry of tryptophan into 
the oxidative pathway and is not compatible with 
induction of tryptophan oxygenase, but rather sug- 
gests reduced activity. Similarly, in the peri- and 
post-menopausal women treated with oestrogens for 
3 months, there was an increase in the total concn 
of tryptophan in plasma, which again is consistent 
with a reduction rather than an increase in the activity 
of tryptophan oxygenase. Aylward [21] has reported 

an increase in the plasma concn of diffusible tryp- 
tophan in response to oestrogens used as menopausal 
hormone replacement therapy, and we have pre- 
viously reported an increase in total plasma tryp- 
tophan in ovariectomized rats treated with oestrone 
sulphate for up to 8 weeks [10]. Aylward [21] noted 
a correlation between an increased concn of diffu- 
sible tryptophan in plasma and relief of psychological 
depression. In the patients on whom we report here 
there was also a significant concordance between 
improvement of depression and increase in the 
plasma concn of tryptophan [22]. 

The results reported here provide no evidence of 
induction of tryptophan oxygenase by oestrogens, 
acting either directly [7] or indirectly [8]. Rather 
they are compatible with the indirect evidence from 
clinical trials [9, 21] that oestrogens reduce the rate 
of catabolism of tryptophan by depressing the activity 
of tryptophan oxygenase. 
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