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The tryptophan utilization concept in pregnancy
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The decrease in maternal plasma total (free + albumin-bound) tryptophan (Trp) during the third pregnancy trimester
is attributed to induction of indoleamine 2,3-dioxygenase (IDO). When measured, free [Trp] is increased because
of albumin depletion and non-esterified fatty acid elevation. The Trp depletion concept in pregnancy is therefore
not supported because of incorrect interpretation of changes in Trp disposition and also for not addressing mouse
strain differences in Trp-related responses and potential inhibition of Trp transport by the IDO inhibitor 1-methyl
tryptophan. Application of the Trp utilization concept in pregnancy offers several physiological advantages favoring
fetal development and successful outcome, namely provision of Trp for fetal protein synthesis and growth, serotonin for
signaling pathways, kynurenic acid for neuroprotection, quinolinic acid for NAD" synthesis, and other kynurenines for
suppression of T cell responses. An excessive increase in Trp availability could compromise pregnancy by undermining T

cell suppression, e.g., in pre-eclampsia.
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Introduction

L-tryptophan (Trp) is essential for protein synthesis and fetal
growth and development. The Trp depletion concept proposes
that fetal rejection is prevented by immune activation acceler-
ating maternal Trp degradation along the kynurenine pathway
by cytokine induction of indoleamine 2,3-dioxygenase (IDO).
In this review, | suggest that Trp is not depleted in pregnancy
and propose an alternative interpretation of the mechanisms
of the decrease in maternal circulating [Trp] involving modula-
tion of Trp disposition, but not IDO induction. Aspects of Trp
metabolism and disposition of particular importance in human
pregnancy are discussed and application of the Trp utilization
concept to pregnancy is strongly suggested.

Overview of tryptophan metabolism

Normally, very little dietary Trp (<1%) is used for protein
synthesis, because, in a person in nitrogen equilibrium, the
amount of protein synthesized matches exactly that degraded
[1]. The bulk of dietary Trp is metabolized via 4 pathways, the
quantitatively most important of which is the hepatic kyn-
urenine-nicotinic acid pathway, accounting for >95% of Trp
metabolism [1,2]. This pathway is controlled by the first en-
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zyme, Trp 2,3-dioxygenase (TDO, formerly Trp pyrrolase) [1,2].
TDO is regulated by glucocorticoid induction involving de
novo enzyme synthesis, substrate activation and stabilization
by Trp, cofactor activation by heme and feedback inhibition by
NAD(P)H [1,2]. TDO activity can also be inhibited by estrogens
and progesterone and this is of particular relevance to Trp dis-
position in pregnancy [3]. In human, rat, mouse and some, but
not all other, animal species, TDO exists in 2 form: the active
heme-containing holoenzyme and the inactive heme-free apo-
enzyme, in roughly equal proportions [4]. With glucocorticoid
induction, only one half of the newly synthesised apoenzyme
becomes heme-saturated, whereas after activation by Trp or
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heme, most of the enzyme exists as the active holoenzyme.
TDO inhibition by progesterone or estradiol involves preven-
tion of conjugation of the apoenzyme with heme and inacti-
vation of the heme cofactor [3].

Trp can also be degraded by the extrahepatic IDO, to a mod-
est extent under normal conditions, but a greater one after
immune activation. IDO is induced mainly by interferon-y [5,6]
and to a lesser extent by interferon-a [7] and its activity can
be modulated by both pro- and anti-inflammatory cytokines
and mediators in various ways (for references, see [8]). The
resultant decrease in [Trp] after IDO induction by interferon-y
is thought to underlie the antiparasitic, antibacterial and anti-
proliferative actions of this major cytokine [9,10].

Is maternal tryptophan availability
really decreased in pregnancy?

The human placenta is the richest source of IDO [11] and
the decrease in maternal plasma [Trp] recently reported in
this journal [12] was attributed to induction of placental IDO
during pregnancy, in support of the Trp depletion concept of
Munn et al. [13]. This decrease in maternal [Trp] has previously
been demonstrated [14-19], mainly in the third trimester and
in association with a modest (approximately 35%) elevation
of serum neopterin [17], a surrogate marker of interferon-y
activity [20,21]. However, in some of these studies [12,17-19],
only total (free + albumin-bound) [Trp] was determined in the
maternal circulation. Free Trp, the form immediately available
for tissue uptake, is actually elevated in pregnancy [14,16],
thus suggesting that Trp availability to the fetus is enhanced.
The postulated decrease in maternal (total) Trp availability
during pregnancy [12,17,19] would be disadvantageous to
the fetus, whose Trp levels are much higher than those in ma-

Table 1. Factors influencing plasma Trp disposition

ternal plasma (see below). Thus the increase in maternal free
[Trp] is at variance with the reported decrease in total [Trp] as
the basis of the above concept. It will be shown in the follow-
ing section that the decrease in the latter cannot be attributed
to IDO (or TDO) induction, unless accompanied by a decrease
in free [Trp], hence the importance of accurate interpretation
of changes in Trp disposition.

Plasma tryptophan disposition

Only 5% to 10% of circulating Trp is free (i.e., not bound to
albumin) and therefore available for tissue uptake. Plasma non-
esterified fatty acids (NEFA) are the physiological displacers of
albumin-bound Trp. Thus changes in albumin and NEFA can
modulate Trp binding and hence availability. Table 1 lists most
of the conditions influencing Trp disposition (for details and
references, see [22]). Inhibition of TDO or IDO can increase
both free and total [Trp] to similar extents without alter-
ing Trp binding, expressed as the percentage free Trp ([free
Trp]x 100/[total Trp]). Conversely, induction or activation of
either enzyme will decrease both free and total [Trp] to similar
extents without altering Trp binding. Thus interpreting inhibi-
tion or activation of TDO or IDO requires demonstration of
quantitatively similar changes in both free and total [Trp] in
the appropriate direction. Trp binding can be increased or de-
creased. It is increased if NEFA levels are decreased, e.qg., after
inhibition of lipolysis by insulin, nicotinic acid and antilipolytic
drugs. Here, only free [Trp] will be decreased. Trp binding is
decreased if NEFA are increased, e.g., by stimulation of lipoly-
sis (e.g., by catecholamines, sympathomimetic agents and
phosphodiesterase inhibitors), or if albumin is decreased, e.g.,
in liver cirrhosis [23] or pregnancy [3]. Here, only free [Trp] is
increased. If displacement of bound Trp by NEFA (or certain

Condition Free Trp Total Trp % Free Trp Interpretation

1 l l — TDO/IDO induction

2 1 1 — TDO/IDO inhibition

3 l — l Inhibition of lipolysis

4 1 — 1 Decrease in circulating albumin

5 1 — 1 Displacement from albumin-binding sites
6 " l M Strong and sustained displacement

This Table is based on Table 1 in Badawy AA. J Psychopharmacol 2010;24:809-15, with permission from Sage Publications [22].
Trp, tryptophan; TDO, tryptophan 2,3-dioxygenase; IDO, indoleamine 2,3-dioxygenase; 1, increase; |, decrease; —, no change.
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drugs, e.g., salicylate) is strong and sustained, total [Trp] is de-
creased, due to increased tissue uptake and the rapid equili-
bration between the free and bound fractions. Under these
latter conditions, tissue Trp levels (e.g., in liver and brain) are
increased, despite the decrease in total Trp [22]. The increased
Trp entry into the liver caused by this large and sustained
elevation of plasma free [Trp] can lead to increased formation
of kynurenine metabolites either by simple increase in the
flux of Trp down the pathway or a Trp-mediated activation
of TDO [22]). If a NEFA increase occurs in conjunction with
an albumin decrease, a greater increase in free [Trp] could
be expected, as observed in pregnant rats ([3], see below).
Thus a clear interpretation of changes in Trp disposition and
availability requires assessment of both free and total [Trp] in
the first instance and, if necessary, albumin and NEFA levels
and also whether subjects are receiving antilipolytic medica-
tion or drugs that can displace albumin-bound Trp. It is also
important to emphasise that kynurenine metabolite formation
can be enhanced simply if the flux of Trp down the pathway is
increased, without TDO or IDO induction.

Tryptophan disposition in rat pregnancy

The changes in pregnant rats [3] summarised in Fig. 1 illus-
trate many of the aspects of Trp disposition described in Table
1. In rats, maternal Trp availability is enhanced throughout
pregnancy [3]. Liver TDO activity is inhibited from day 1 until
day 15, returning to normal on day 16 and staying unaltered
over the remaining 5 days of pregnancy [3]. The TDO inhibi-
tion is maximal on day 9. As expected and shown in Fig. 1,
this TDO inhibition leads to proportionate increases in free
and total serum [Trp] on days 1-12, without altering Trp bind-
ing. On day 16, when TDO inhibition is absent, serum total
[Trp] returns to normal. Although free [Trp] should have also
returned to normal, it remains elevated, thereby increasing
the % free Trp significantly by 33%. On day 16, [NEFA] re-
main unaltered, whereas [albumin] is decreased by 19%. This
level of albumin decrease triggers the release of bound Trp on
day 16. The smaller 16% decrease in albumin on day 12 is
presumably insufficient to initiate Trp release. On day 20, the
albumin decrease (21%) is accompanied by a 76% increase
in [NEFA] and their combined effects on Trp binding are re-
flected in the (large) 122% increase in free [Trp] and 180%
increase in the % free Trp. When free [Trp] is very strongly

www.ogscience.org

elevated on day 20, total [Trp] is significantly decreased (by
21%), due, as stated above, to increased tissue uptake. These
data in pregnant rats (Fig. 1) may help explain the reported
decrease in maternal total [Trp] in human pregnancy. In par-
ticular, the changes in total [Trp] in rats mirror those observed
in humans [17] over the 3 trimesters (see below). Accordingly,
the decrease in plasma total [Trp] previously reported in hu-
man pregnancy is unlikely to involve IDO (or TDO) induction.

TDO inhibition in pregnant rats is caused by progesterone
and estrogens preventing conjugation of the apoenzyme with
its heme cofactor and decreasing cofactor availability [3].
Progesterone levels rise in rats very early in pregnancy and,
along with those of estrogens start to decline near the time of
the TDO recovery (for references, see [3]). Some earlier stud-
ies reported TDO enhancement in pregnancy and attributed it
to estrogens. However, subsequent studies with estrogens in
vitro and after administration to rats and humans have clearly
established their TDO inhibitory effect (see [3] and references
cited therein).

The decrease in serum albumin in pregnant rats (Fig. 1) is
due to hemodilution [23], whereas the increase in [NEFA]
is caused mainly by enhanced lipolysis caused by increased
mRNA expression and activity of adipose tissue lipase [24].
As similar changes in albumin and NEFA levels also occur in
human pregnancy, it is very likely that Trp disposition will un-
dergo changes similar to those in rat pregnancy.

Tryptophan disposition in human
pregnancy

As stated above, a decrease in maternal plasma total [Trp]
[12,14-19] and an increase in free [Trp] [14,16] have been
reported. As in rats, the increase in free [Trp] may be due de-
creased serum albumin and a NEFA elevation. In humans, he-
modilution causes a progressive decrease in circulating maternal
albumin [25], of approximately 13%, 24% and 31% over the
3 trimesters respectively. Studies in pregnant rats (Fig. 1) show
a parallel pattern and that (free) serum Trp is released from
binding sites when albumin concentration drops by 19% or
more. Plasma [NEFA] are also increased in human pregnancy
[26-28], particularly in late pregnancy [27] as is the case in
rats (Fig. 1). Accordingly, an increase in maternal plasma free
[Trp] would be expected during the second, and more strongly
the third, trimester of human pregnancy, in addition to a
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Fig. 1. Effects of pregnancy on tryptophan (Trp) disposition in rats. This research was originally published in reference [3]. Results are
expressed as percentages of controls at each time interval during pregnancy for changes in free and total serum Trp concentrations and
binding (expressed as the % free Trp) (A) and concentrations of serum albumin and non-esterified fatty acids (NEFA) (B). Details are in
Table 1 in reference [3]. From Badawy AA. Biochem J 1988;255:369-72, according to the Creative Commons license [3].

potential increase during the first trimester due to TDO inhibi-
tion.

That liver TDO may also influence Trp disposition in human
pregnancy is suggested by the only study comparing ma-
ternal plasma total [Trp] during the 3 pregnancy trimesters
with control non-pregnant women [17]. Plasma total [Trp]
was increased significantly by approximately 23% in the first
trimester, but decreased by 10% and 25% respectively in the
second and third trimesters. The increase in the first trimester
was comparable to that in rats on days 4 and 8 (21% and
25% respectively) [3], and is consistent with a TDO inhibition
by progesterone and estrogens, whose levels are also in-
creased early in human pregnancy [25]. Also, the decrease in
total [Trp] in the third trimester (25%) was comparable to that
(21%) on day 20 in rats (Fig. 1). These remarkable similarities
between rats and humans reinforce the notion that Trp dispo-
sition in human pregnancy is subject to control mechanisms
similar to those in rats. Decreases in plasma total [Trp] in late
pregnancy >25% and ranging between 34% and 48% have
been reported in (most of) the above studies [12,16,18,19].

Human TDO activity, assessed in liver biopsy specimens, is
inducible by cortisol [29]. Unlike the elevations of progester-
one and estradiol, plasma cortisol levels do not rise early in
pregnancy and their elevation in mid and later pregnancy are
modest by comparison [25], thus supporting the notion that
TDO activity is not induced during pregnancy. Even if TDO
was induced by cortisol in the third trimester, any consequent
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increase in enzyme activity would be neutralised by the inhibi-
tory effects of progesterone and estradiol, both acting to pre-
vent conjugation of newly synthesized apoenzyme with heme.

Comparison of plasma tryptophan
disposition in maternal, fetal and
newborn humans

A decrease in maternal Trp availability is physiologically disad-
vantageous to fetal growth and development. Protein require-
ment and synthesis are increased during pregnancy [30], ami-
no acid transport from mother to fetus is very important [31]
and differences in Trp distribution between mother, fetus and
newborn infant are in line with these requirements [14,16,32].
Thus, fetal umbilical plasma total [Trp] is twice that in mater-
nal plasma [16], which would not be possible if IDO (or TDO)
was induced in mother. Free [Trp] is however similar in mother
and fetus, because, albumin binding is low in mother, but
high in fetus, possibly also because of increased fetal albumin
synthesis [33]. At birth, both free and total infant plasma [Trp]
are almost double those in mother [14] and this is followed
by a slower decrease in free, as opposed to total, [Trp] during
the first 5 days of life. Thus Trp availability and transport to the
fetus are both enhanced, with free Trp playing a major role.
Trp distribution between liver, blood, placenta and fetus was
studies in pregnant mice on a diet supplemented with Trp at 2
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dose levels (2% and 5%) [34]. Placental [Trp] was comparable
to that in maternal blood, thus confirming the direct supply
route and possibly also suggesting that any potential IDO
induction in placenta does not modulate [Trp]. The increase in
total (free + albumin-bound) [Trp] in fetus was greater than
that in blood or placenta, thus further demonstrating the
preferential increase in fetal [Trp] in pregnancy. Whereas preg-
nancy outcome in mice whose diet was supplemented with 2%
Trp was similar to that in un-supplemented controls, The 5%
Trp-supplemented diet was, however, associated with lower
placental weight and high mortality rates in pups (see further
below). It is noteworthy that supplementing healthy women
with 5 g of Trp daily does not cause any adverse effects on
pregnancy [35].

The tryptophan depletion concept of
Munn et al.

The above accounts strongly suggest that: 1) the decrease in
maternal total [Trp] is caused by increased tissue uptake by
a combination of albumin depletion and NEFA elevation; 2)
free Trp availability (to the fetus) in the maternal circulation
is increased; 3) accordingly, maternal IDO is not induced and
any induction in placenta is insufficient to alter significantly
placental [Trp].

Though attractive, the Trp depletion concept [13] applied
to other clinical conditions cannot be reconciled with many
observations [36] and leaves some important and intrigu-
ing questions unanswered [37]. In pregnancy, the concept is
based on observations obtained in 2 mouse strains (CBA and
C57BL/6)J) treated with the IDO inhibitor 1-methyl tryptophan
(1-MT). A number of issues arise from the experimental de-
sign and assumptions upon which the concept is based. 1)
Evidence exists for increased availability of maternal plasma
free Trp. 2) In the absence of data on Trp disposition in the
mouse study [13], it is not clear where and to what extent the
1-MT-induced IDO inhibition influenced Trp availability in the
maternal circulation, placenta or fetus. 3) Whether 1-MT could
exert effects on Trp disposition other than by IDO inhibition
was acknowledged [13], but untested. 4) The effect of 1-MT
on pregnancy in syngeneic C57 x C57 mice was not examined
to establish if mouse strains exhibit differences in Trp-related
immune responses. 5) The possible role of Trp metabolites was
also not addressed, but acknowledged [13]. The following
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discussion elaborates on these issues.

Munn et al. [13] suggested that the “assumed” maternal Trp
depletion is due to IDO induction, presumably by cytokines. Of
the 3 relevant studies, two [19,38] measured circulating cy-
tokines and mediators at or near parturition and at 3 days or
6 weeks post-partum, but not during pregnancy. In the third
[17], the interferon-y marker neopterin was decreased during
the first trimester, returning to normal during the second, and
rising during the third, trimester, by a modest approximately
35%. This suggests a mild degree of immune activation dur-
ing the third trimester, which should be contrasted with the
huge neopterin elevations of 300% to 600% in conditions of
heightened immune activation, such as human immunodefi-
ciency virus infection [39,40]. Under these latter conditions
and also when liver TDO is strongly induced by glucocorti-
coids, the decrease in plasma total [Trp] never exceeds 30%
[8]. It is therefore unlikely that a modest maternal immune
activation in pregnancy can decrease maternal plasma total
[Trp] to any significant extent, if at all. This is the more likely,
given that the combined IDO activity in extrahepatic tissues is
very small, only approximately 5% to 15% of that of hepatic
TDO [8]. The larger decreases in maternal total [Trp] of 34%
to 48% [12,16,17-19] cannot be explained by accelerated
Trp degradation and are therefore most likely the result of in-
creased tissue uptake following release of albumin-bound Trp.
Taken together, this suggests that placental IDO induction is
unlikely to have influenced maternal Trp availability.

The use of the plasma [kynurenine]/[total Trp] ratio as an
expression of IDO induction or activity is not justified without
excluding TDO induction [8]. Robust induction of either en-
zyme should lead to proportionate decreases in both free and
total [Trp] (Table 1). As kynurenine undergoes a large renal
clearance [41,42], its elevation in plasma can only be seen
when the flux of Trp down the pathway after TDO/IDO induc-
tion exceeds its renal clearance. Maternal plasma kynurenine
is not increased in pregnancy [12,17]. As the decrease in
total [Trp] is unlikely to be due to IDO induction, the observed
increase in the above ratio [12,17] must be considered for-
tuitous. This further underscores the importance of accurate
interpretation of changes in Trp disposition.

Munn et al. [13] used 1-MT as an IDO inhibitor, but did
not study changes in plasma Trp in dams or foetuses. These
authors considered the possibility that 1-MT may exert effects
additional to IDO inhibition. One such potential effect is inhi-
bition of Trp transport, demonstrated, e.g., in human placenta
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[43] and fibroblast cell lines [44]. This potential effect may
have contributed to the observed [13] deleterious effects of
1-MT and therefore implies the importance of adequate Trp
transport for fetal health. Although 1-MT is a specific inhibi-
tor of IDO [45], but not TDO [46], though it does not inhibit
purified IDO1 jn vitro [47], it is not known if it can activate
TDO after administration or influence albumin binding of Trp
either directly or by modulating lipolysis. TDO activation is,
however, unlikely, as it has been shown in normal mice not to
elevate plasma kynurenine nor lower [Trp] [48]. The absence
of changes in Trp and kynurenine in this latter study further
emphasizes the minimal contribution of IDO to Trp degrada-
tion under normal conditions.

The effect of 1-MT on pregnancy in syngeneic C57BL/6)
X C57BL/6J mice (hereafter referred to as C57) should be
examined in view of significant mouse strain differences in
Trp metabolism. Thus, differences in liver TDO activity and its
induction by cortisol or activation by Trp exist between various
mouse strains [49]. The basal TDO activity in male C57 mice is
higher than that in DBA, AKR and C;H [49], and twice as high
as in CBA [50,51], mice. Male C57 mice also show a greater
response to induction by cortisol and dexamethasone [49,52].
Compared to males, female C57 mice have a higher basal
TDO activity, but a lesser response to cortisol [49]. Ethanol,
which activates TDO by a lipolysis-dependent Trp-mediated
substrate mechanism, activates TDO in CBA, but not C57,
mice [50], thus suggesting that lipolysis-dependent TDO acti-
vation is defective in C57 mice. The high TDO activity of C57
mice renders them Trp- and hence serotonin-deficient, which
may explain the serotonin deficiency of this alcohol-preferring
strain [51]. The higher TDO activity in C57 mice compared
with the CBA strain is associated with comparably lower free
and total serum [Trp] of 27% and 24% respectively, with
no change in Trp binding. If female C57 mice have relatively
lower [Trp] than CBA, this may compromise Trp availability to
concepti in the former strain and magnify the Trp transport
inhibitory effect of 1-MT.

Mouse strain differences in IDO activity and immune re-
sponses also exist, with C57 mice showing an enhanced im-
mune sensitivity. Examples include: 1) susceptibility of C57
mice to profound immunodeficiency following LP-BM5 retro-
viral infection [53], 2) susceptibility of C57 mice over BALB/
c to liver injury during Trypanosoma cruzi acute infection
[54], 3) C57 peritoneal macrophages differ significantly from
those of BALBc mice in their immune response to lipopolysac-
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charide stimulation and show a greater phagocytic capacity
[55]. These and the above aspects of C57 physiology strongly
justify the need to assess the effect of 1-MT in syngeneic C57
mice.

Tryptophan and pregnancy complications

There are several pathological determinants of pre-eclampsia
(PE) and other pregnancy complications. Of these, the poten-
tial role NEFA may be important in relation to the Trp status
in pregnancy. Although maternal plasma [NEFA] are increased
in normal pregnancy, an excessive elevation is observed in
pre-term delivery [27] and PE [28]. This is likely to precipitate
oxidative stress [56] and activate the immune system [57,58]
possibly via natural killer cells [59]. Immune activation in PE
is suggested by the observed [60] 70% increase in neopterin
in the maternal circulation, though only 25% in cord blood.
However, despite a more enhanced pro-inflammatory envi-
ronment in PE, maternal [61] and umbilical cord [62] (total)
[Trp] is not different from that in normal pregnancy. Also, the
absence of a greater decrease in maternal plasma total [Trp]
in PE [12] in the presence of the above elevation in maternal
neopterin does not support a role for IDO, but suggests that
the decrease in maternal total [Trp] in pregnancy is caused by
other mechanisms. This further underscores the poor predic-
tive value of maternal total [Trp] as the only indicator of Trp
disposition.

That maternal plasma free Trp may play a role in PE is sug-
gested by the greater elevation of [NEFA]. The NEFA elevation
is caused by increased levels of circulating catecholamines
[63,64], thus enhancing lipolysis by lysophospholipase acti-
vation [65]. A greater increase in [NEFA] in PE can induce a
stronger displacement of albumin-bound Trp, thus increasing
Trp entry into liver and its flux down the kynurenine pathway.
In rats, Trp doses of 50 mg/kg body weight do not activate
TDO, but stabilise it against degradation [66]. This and smaller
doses cause dose-dependent increases in plasma kynurenine
and 3-hydroxykynurenine concentrations [67]. Even a 10 mg/
kg dose causes significant increases in these 2 metabolites
(68% and 29% respectively) in association with a modest
16% elevation of plasma total [Trp] [67]. Thus, kynurenine
formation can be enhanced simply by the Trp flux. Whereas
maternal total [Trp] is not altered in preeclampsia, kynurenic
acid (KA) is elevated [61], as is quinolinic acid (QA) in pre-
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eclampsia [61] and toxaemia [62]. Also, an excessive increase
in (free) Trp is very likely, as levels of amino acids in maternal
and cord blood have been shown to be higher in PE [68] (Trp
was not measured in this study).

The tryptophan utilization concept in
pregnancy

Strong evidence is accumulating in support of the utilization
concept based on the immune activity of kynurenine and its
metabolites [36,69,70]. Investigating the Trp utilization con-
cept will be an important task in future studies of pregnancy.
| propose that a Trp positive utilization concept operates in
pregnancy at multiple levels. 1) Fetal Trp requirements for
growth and development are illustrated by the increases in
maternal (free) Trp availability and fetal [Trp] discussed above.
2) Serotonin synthesis from Trp ensures an active signaling
activity of this indolylamine that is vital for brain development
[69] and myometrium contractions [70]. The serotonin source
is initially the maternal circulation [71], and later the placenta
[72]. Rat plasma and brain levels of serotonin and its major
metabolite 5-hydroxyindol-3-ylacetic acid are significantly
increased by modest elevation of plasma Trp [67]. These
changes would not be expected if maternal Trp degradation
was enhanced. 3) The increased flux of Trp into the liver and
subsequent transport are reflected in the 2-fold higher [Trp]
and 5-fold higher [kynurenine] in fetal umbilical, compared
with maternal, plasma [16]. 4) This large kynurenine eleva-
tion is akin to kynurenine loading [1] and so should result in
advantageous increases in fetal kynurenine metabolites. Of
these, KA is the neuro-protective endogenous antagonist of
the N-methyl-D-aspartate (NMDA) types of receptors of the
excitatory amino acid glutamate [73]. As this is associated
with normal pregnancy, it may be suggested that KA plays
an important neuro-protective role in fetal development. 5)
Similarly, although QA is the endogenous excitotoxic NMDA
receptor agonist [73], it is nevertheless the precursor of NAD,
and so is important for provision of this important redox co-
factor, a shortage of which could compromise cell viability. 6)
Increased formation of 2 other kynurenine metabolites (3-hy-
droxykynurenine and 3-hydroxyanthranilic acid) can suppress
T cell proliferation and hence the immune response (see [36]
and references cither therein). All these beneficial changes
can result simply from the increased flux of free Trp down the

www.ogscience.org

kynurenine pathway with no need for IDO or TDO induction. 7)
However, if this increased flux of free Trp is excessive, as possi-
bly in PE, it can undermine the suppression of T cell responses
[74]. Thus, “T cells could respond with either activation or ar-
rest, depending on the level of Trp they find"” [74].

Very little is known about kynurenine metabolite levels in
pregnancy. In normal human pregnancy, fetal umbilical ve-
nous and arterial plasma [kynurenine] is 4.96 and 4.59 uM
respectively, compared with 0.91 pM in maternal plasma [16].
Normal adult plasma [kynurenine] of either gender of USA
subjects is 2.15+0.12 uM (mean=+SD for n=114) [75], though
lower values have been reported. 3-hydroxyanthranilic acid
concentration in umbilical blood is 0.26 to 0.27 pyM, com-
pared with 0.04 pM in maternal plasma [16] and 0.28 uM in
controls [75]. As stated above, maternal plasma total [Trp] is a
half of that in umbilical cord [16]. That excess Trp could harm
pregnancy is suggested by the poor outcome when mice are
maintained on a 5%, but not a 2%, Trp-enriched diet [34].
The 5% Trp diet causes significant decreases in placental,
fetal and pup (body) wt and a 25% fetal rejection. In this
study [34], only [Trp] was monitored in liver, blood, placenta
and fetus. Normal pregnancy in control mice and those on the
2% Trp diet was associated with blood, placental and fetal
[Trp] of 100 to 150 pM, 100 to 320 pM and 175 to 360 pM
respectively. By contrast, mice receiving the 5% Trp diet exhib-
ited greater elevations of 700 to 900 uM (blood), 770 to 870
uM (placenta) and 1,200 to 1,400 puM (fetus). These latter Trp
values are in excess of that (490 uM) in the medium used to
demonstrate the ability of excess Trp to reverse the suppres-
sion of T cell responses to kynurenines [74]. It is tempting to
suggest that another advantage of increased fetal albumin
synthesis [33] is to limit availability of excess Trp for kynuren-
ine production.

Conclusion

It is hoped that the present review has clarified the Trp dispo-
sition status in human pregnancy. The Trp utilization concept
in pregnancy offers exciting prospects for further research,
which should include plasma free Trp measurements in as-
sessment of the Trp status, kynurenine metabolite determi-
nations in normal and abnormal pregnancies and a further
assessment of mouse strain differences and 1-MT inhibition of
Trp transport in pregnancy outcome.

255



Obstetrics & Gynecology Science
Vol. 57, No. 4, 2014

Co

No

nflict of interest

potential conflict of interest relevant to this article was

reported.

Ac

The

knowledgments

author holds an honorary professorial position at Cardiff

Metropolitan University, and thanks Professor T W Stone of
Glasgow University, UK, for helpful discussions.

Re

256

ferences

. Bender DA. Biochemistry of tryptophan in health and

disease. Mol Aspects Med 1983;6:101-97.

. Badawy AA. Tryptophan metabolism in alcoholism. Nutr

Res Rev 2002;15:123-52.

. Badawy AA. Effects of pregnancy on tryptophan metabo-

lism and disposition in the rat. Biochem J 1988;255:369-
72.

.Badawy AA, Evans M. Animal liver tryptophan pyrro-

lases: absence of apoenzyme and of hormonal induction
mechanism from species sensitive to tryptophan toxicity.
Biochem J 1976;158:79-88.

. Pfefferkorn ER, Rebhun S, Eckel M. Characterization of

an indoleamine 2,3-dioxygenase induced by gamma-
interferon in cultured human fibroblasts. J Interferon Res
1986,6:267-79.

. Werner ER, Bitterlich G, Fuchs D, Hausen A, Reibnegger

G, Szabo G, et al. Human macrophages degrade tryp-
tophan upon induction by interferon-gamma. Life Sci
1987;41:273-80.

. Ozaki Y, Edelstein MP, Duch DS. The actions of inter-

feron and antiinflammatory agents on induction of
indoleamine 2,3-dioxygenase in human peripheral
blood monocytes. Biochem Biophys Res Commun
1987;144:1147-53.

. Badawy AA. Tryptophan: the key to boosting brain sero-

tonin synthesis in depressive illness. J Psychopharmacol
2013;27:878-93.

. Taylor MW, Feng GS. Relationship between interferon-

gamma, indoleamine 2,3-dioxygenase, and tryptophan
catabolism. FASEB J 1991;5:2516-22.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Daubener W, MacKenzie CR. IFN-gamma activated in-
doleamine 2,3-dioxygenase activity in human cells is an
antiparasitic and an antibacterial effector mechanism.
Adv Exp Med Biol 1999;467:517-24.

Yamazaki F, Kuroiwa T, Takikawa O, Kido R. Human in-
dolylamine 2,3-dioxygenase. Its tissue distribution, and
characterization of the placental enzyme. Biochem J
1985;230:635-8.

Kudo Y. The role of placental indoleamine 2,3-di-
oxygenase in human pregnancy. Obstet Gynecol Sci
2013;56:209-16.

Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ,
Marshall B, et al. Prevention of allogeneic fetal rejection
by tryptophan catabolism. Science 1998;281:1191-3.

De Antoni A, Allegri G, Costa C, Vanzan S, Bertolin A,
Carretti N, et al. Total and free tryptophan levels in se-
rum of newborn infants: relationships with the serotonin
and nicotinic acid pathways. Acta Vitaminol Enzymol
1980;2:17-20.

Handley SL, Dunn TL, Waldron G, Baker JM. Trypto-
phan, cortisol and puerperal mood. Br J Psychiatry
1980;136:498-508.

Morita I, Kawamoto M, Yoshida H. Difference in the con-
centration of tryptophan metabolites between maternal
and umbilical foetal blood. J Chromatogr 1992;576:334-9.
Schrocksnadel H, Baier-Bitterlich G, Dapunt O, Wachter
H, Fuchs D. Decreased plasma tryptophan in pregnancy.
Obstet Gynecol 1996;88:47-50.

Abou-Saleh MT, Ghubash R, Karim L, Krymski M, Ibrahim
A. Postpartum mood changes and plasma amino-acids.
Curr Psychiatry 1998;5:314-9.

Maes M, Ombelet W, Verkerk R, Bosmans E, Scharpe S.
Effects of pregnancy and delivery on the availability of
plasma tryptophan to the brain: relationships to delivery-
induced immune activation and early post-partum anxi-
ety and depression. Psychol Med 2001;31:847-58.
Wachter H, Fuchs D, Hausen A, Reibnegger G, Werner
ER. Neopterin as marker for activation of cellular immu-
nity: immunologic basis and clinical application. Adv Clin
Chem 1989;27:81-141.

Werner ER, Werner-Felmayer G, Fuchs D, Hausen A, Reib-
negger G, Yim JJ, et al. Tetrahydrobiopterin biosynthetic
activities in human macrophages, fibroblasts, THP-1, and
T 24 cells. GTP-cyclohydrolase | is stimulated by inter-
feron-gamma, and 6-pyruvoyl tetrahydropterin synthase

www.ogscience.org



Obstetrics & Gynecology Science
Abdulla A-B Badawy. Tryptophan utilisation in pregnancy

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

and sepiapterin reductase are constitutively present. J
Biol Chem 1990;265:3189-92.

Badawy AA. Plasma free tryptophan revisited: what you
need to know and do before measuring it. J Psychophar-
macol 2010;24:809-15.

Sherlock S. The liver in pregnancy. In: Sherlock S, editor.
Diseases of the liver and biliary system. Oxford: Black-
well; 1981. p. 400-5.

Herrera E. Metabolic adaptations in pregnancy and their
implications for the availability of substrates to the fetus.
Eur J Clin Nutr 2000;54 Suppl 1:547-51.
Abbassi-Ghanavati M, Greer LG, Cunningham FG. Preg-
nancy and laboratory studies: a reference table for clini-
cians. Obstet Gynecol 2009;114:1326-31.

Laron Z, Mannheimer S, Nitzan M, Goldman J. Growth
hormone, glucose, and free fatty acid levels in mother
and infant in normal, diabetic and toxaemic pregnancies.
Arch Dis Child 1967;42:24-8.

Chen X, Scholl TO. Association of elevated free fatty ac-
ids during late pregnancy with preterm delivery. Obstet
Gynecol 2008;112(2 Pt 1):297-303.

El Beltagy NS, Sadek SS, Zidan MA, Abd El Naby RE. Can
serum free fatty acids assessment predict severe pre-
eclampsia? Alexandria J Med 2011;47:277-81.

Altman K, Greengard O. Correlation of kynurenine
excretion with liver tryptophan pyrrolase levels in dis-
ease and after hydrocortisone induction. J Clin Invest
1966;45:1527-34.

World Health Organisation. Protein and amino acid re-
quirements in human nutrition: report of a joint WHO/
FAO/UNU expert consultation. Geneva: World Health
Organisation; 2007.

Moe AJ. Placental amino acid transport. Am J Physiol
1995;268(6 Pt 1):C1321-31.

Carretti N, Bertazzo A, Comai S, Costa CV, Allegri G,
Petraglia F. Serum tryptophan and 5-hydroxytryptophan
at birth and during post-partum days. Adv Exp Med Biol
2003;527:757-60.

Moniz CF, Nicolaides KH, Bamforth FJ, Rodeck CH.
Normal reference ranges for biochemical substances
relating to renal, hepatic, and bone function in fetal and
maternal plasma throughout pregnancy. J Clin Pathol
1985,;38:468-72.

Tsuji A, Nakata C, Sano M, Fukuwatari T, Shibata K.
L-tryptophan metabolism in pregnant mice fed a high

www.ogscience.org

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

L-tryptophan diet and the effect on maternal, placental,
and fetal growth. Int J Tryptophan Res 2013;6:21-33.
Hiratsuka C, Fukuwatari T, Sano M, Saito K, Sasaki S,
Shibata K. Supplementing healthy women with up to
5.0 g/d of L-tryptophan has no adverse effects. J Nutr
2013;143:859-66.

Moffett JR, Namboodiri MA. Tryptophan and the immune
response. Immunol Cell Biol 2003;81:247-65.

Mellor AL, Munn D, Chandler P, Keskin D, Johnson T,
Marshall B, et al. Tryptophan catabolism and T cell re-
sponses. Adv Exp Med Biol 2003;527:27-35.
Schrocksnadel K, Widner B, Bergant A, Neurauter G,
Schrocksnadel H, Fuchs D. Tryptophan degradation dur-
ing and after gestation. Adv Exp Med Biol 2003;527:77-
83.

Werner ER, Fuchs D, Hausen A, Jaeger H, Reibnegger
G, Werner-Felmayer G, et al. Tryptophan degradation in
patients infected by human immunodeficiency virus. Biol
Chem Hoppe Seyler 1988;369:337-40.

Fuchs D, Forsman A, Hagberg L, Larsson M, Norkrans G,
Reibnegger G, et al. Immune activation and decreased
tryptophan in patients with HIV-1 infection. J Interferon
Res 1990;10:599-603.

Takikawa O, Yoshida R, Kido R, Hayaishi O. Tryptophan
degradation in mice initiated by indoleamine 2,3-dioxy-
genase. J Biol Chem 1986;261:3648-53.

Kolodziej LR, Paleolog EM, Williams RO. Kynuren-
ine metabolism in health and disease. Amino Acids
2011;41:1173-83.

Kudo Y, Boyd CA. The role of L-tryptophan transport in
L-tryptophan degradation by indoleamine 2,3-dioxygen-
ase in human placental explants. J Physiol 2001;531(Pt
2):417-23.

Vumma R, Johansson J, Lewander T, Venizelos N. Tryp-
tophan transport in human fibroblast cells-a functional
characterization. Int J Tryptophan Res 2011;4:19-27.
Cady SG, Sono M. 1-Methyl-DL-tryptophan, beta-(3-
benzofuranyl)-DL-alanine (the oxygen analog of tryp-
tophan), and beta-[3-benzo(b)thienyl]-DL-alanine (the
sulfur analog of tryptophan) are competitive inhibitors
for indoleamine 2,3-dioxygenase. Arch Biochem Biophys
1991;291:326-33.

lizuka H, Sugano H, Yajima T. Fluorometric determina-
tion of L-kynurenine with glycolaldehyde by high per-
formance liquid chromatography. Adv Exp Med Biol

257



Obstetrics & Gynecology Science
Vol. 57, No. 4, 2014

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

258

1996;398:749-53.

Garber K. Evading immunity: new enzyme implicated in
cancer. J Natl Cancer Inst 2012;104:349-52.

Kiank C, Zeden JP, Drude S, Domanska G, Fusch G, Otten
W, et al. Psychological stress-induced, IDO1-dependent
tryptophan catabolism: implications on immunosuppres-
sion in mice and humans. PLoS One 2010;5:e11825.
Monroe CB. Induction of tryptophan oxygenase
and tyrosine aminotransferase in mice. Am J Physiol
1968;214:1410-4.

Badawy AA, Evans M. The role of free serum tryptophan
in the biphasic effect of acute ethanol administration on
the concentrations of rat brain tryptophan, 5-hydroxy-
tryptamine and 5-hydroxyindol-3-ylacetic acid. Biochem
11976;160:315-24.

Badawy AA, Morgan CJ, Lane J, Dhaliwal K, Bradley DM.
Liver tryptophan pyrrolase. A major determinant of the
lower brain 5-hydroxytryptamine concentration in alco-
hol-preferring C57BL mice. Biochem J 1989;264:597-9.
Bano S. Tryptophan metabolism in relation to mental ill-
ness [dissertation]. Cardiff: Cardiff University; 1997.
O'Connor MA, Green WR. The role of indoleamine
2,3-dioxygenase in LP-BPM5 murine retroviral disease
progression. Virol J 2013;10:154.

Carrera-Silva EA, Cano RC, Guinazu N, Aoki MP, Pel-
legrini A, Gea S. TLR2, TLR4 and TLR9 are differentially
modulated in liver lethally injured from BALB/c and
C57BL/6 mice during Trypanosoma cruzi acute infection.
Mol Immunol 2008;45:3580-8.

Soudi S, Zavaran-Hosseini A, Muhammad Hassan Z,
Soleimani M, Jamshidi Adegani F, Hashemi SM. Com-
parative study of the effect of LPS on the function of
BALB/c and C57BL/6 peritoneal macrophages. Cell J
2013;15:45-54.

Bernardi F, Guolo F, Bortolin T, Petronilho F, Dal-Pizzol
F. Oxidative stress and inflammatory markers in normal
pregnancy and preeclampsia. J Obstet Gynaecol Res
2008;34:948-51.

Sacks GP, Studena K, Sargent K, Redman CW. Normal
pregnancy and preeclampsia both produce inflammatory
changes in peripheral blood leukocytes akin to those of
sepsis. Am J Obstet Gynecol 1998;179:80-6.

Szarka A, Rigo J Jr, Lazar L, Beko G, Molvarec A. Circulat-
ing cytokines, chemokines and adhesion molecules in
normal pregnancy and preeclampsia determined by mul-

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

tiplex suspension array. BMC Immunol 2010;11:59.
Borzychowski AM, Croy BA, Chan WL, Redman CW, Sar-
gent IL. Changes in systemic type 1 and type 2 immunity
in normal pregnancy and pre-eclampsia may be mediat-
ed by natural killer cells. Eur J Immunol 2005;35:3054-
63.

Cayci T, Akgul EO, Kurt YG, Aydin |, Alacam H, Ozkan E,
et al. Cord blood and maternal serum neopterin concen-
trations in patients with pre-eclampsia. Clin Chem Lab
Med 2010;48:1127-31.

Nilsen RM, Bjorke-Monsen AL, Midttun O, Nygard O,
Pedersen ER, Ulvik A, et al. Maternal tryptophan and
kynurenine pathway metabolites and risk of preeclamp-
sia. Obstet Gynecol 2012;119:1243-50.

Taniguchi K, Okatani Y, Sagara Y. Serotonin metabolism
in the fetus in preeclampsia. Asia Oceania J Obstet Gyn-
aecol 1994;20:77-86.

Oian P, Kjeldsen SE, Eide I, Maltau JM. Increased arterial
catecholamines in pre-eclampsia. Acta Obstet Gynecol
Scand 1986,65:613-7.

Manyonda IT, Slater DM, Fenske C, Hole D, Choy MY,
Wilson C. A role for noradrenaline in pre-eclampsia: to-
wards a unifying hypothesis for the pathophysiology. Br
J Obstet Gynaecol 1998;105:641-8.

Endresen MJ, Lorentzen B, Henriksen T. Increased lipolyt-
ic activity of sera from pre-eclamptic women due to the
presence of a lysophospholipase. Scand J Clin Lab Invest
1993;53:733-9.

Badawy AA, Evans M. Regulation of rat liver tryptophan
pyrrolase by its cofactor haem: experiments with hae-
matin and 5-aminolaevulinate and comparison with
the substrate and hormonal mechanisms. Biochem J
1975;150:511-20.

Gal EM, Young RB, Sherman AD. Tryptophan load-
ing: consequent effects on the synthesis of kynuren-
ine and 5-hydroxyindoles in rat brain. J Neurochem
1978;31:237-44.

Evans RW, Powers RW, Ness RB, Cropcho LJ, Daftary AR,
Harger GF, et al. Maternal and fetal amino acid con-
centrations and fetal outcomes during pre-eclampsia.
Reproduction 2003;125:785-90.

Moiseiwitsch JR. The role of serotonin and neurotrans-
mitters during craniofacial development. Crit Rev Oral
Biol Med 2000;11:230-9.

Cordeaux Y, Pasupathy D, Bacon J, Charnock-Jones DS,

www.ogscience.org



Obstetrics & Gynecology Science
Abdulla A-B Badawy. Tryptophan utilisation in pregnancy

71.

72.

73.

Smith GC. Characterization of serotonin receptors in
pregnant human myometrium. J Pharmacol Exp Ther
2009;328:682-91.

Cote F, Fligny C, Bayard E, Launay JM, Gershon MD,
Mallet J, et al. Maternal serotonin is crucial for mu-
rine embryonic development. Proc Natl Acad Sci U S A
2007;104:329-34.

Bonnin A, Levitt P. Placental source for 5-HT that tunes
fetal brain development. Neuropsychopharmacology
2012;37:299-300.

Stone TW. Neuropharmacology of quinolinic and kyn-

www.ogscience.org

74

75.

urenic acids. Pharmacol Rev 1993;45:309-79.

. Von Bubnoff D, Matz H, Frahnert C, Rao ML, Hanau D,

de la Salle H, et al. FcepsilonRI induces the tryptophan
degradation pathway involved in regulating T cell re-
sponses. J Immunol 2002;169:1810-6.

Badawy AA, Morgan CJ. Rapid isocratic liquid chromato-
graphic separation and quantification of tryptophan and
six kynurenine metabolites in biological samples with
ultraviolet and fluorimetric detection. Int J Tryptophan
Res 2010;3:175-86.

259



