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Abstract: Tryptophan (Tryp) is an essential amino acid and the precursor of several neuroactive
compounds within the central nervous system (CNS). Tryp metabolism, the common denominator
linking serotonin (5-HT) dysfunctions and neuroinflammation, is involved in several neuropsychiatric
conditions, including neurological, neurodevelopmental, neurodegenerative, and psychiatric diseases.
Interestingly, most of those conditions occur and progress in a sex-specific manner. Here, we explore
the most relevant observations about the influence of biological sex on Tryp metabolism and its
possible relation to neuropsychiatric diseases. Consistent evidence suggests that women have a
higher susceptibility than men to suffer serotoninergic alterations due to changes in the levels of
its precursor Tryp. Indeed, female sex bias in neuropsychiatric diseases is involved in a reduced
availability of this amino acid pool and 5-HT synthesis. These changes in Tryp metabolism could lead
to sexual dimorphism on the prevalence and severity of some neuropsychiatric disorders. This review
identifies gaps in the current state of the art, thus suggesting future research directions. Specifically,
there is a need for further research on the impact of diet and sex steroids, both involved in this
molecular mechanism as they have been poorly addressed for this topic.

Keywords: tryptophan metabolism; serotonin; kynurenine; sex; gender; neuropsychiatric disorders

1. Introduction

Tryptophan (Tryp) is an essential amino acid ubiquitously found in living cells [1,2].
Absorption and metabolism of Tryp occur along the gut–brain axis. Once absorbed from
the gut, Tryp becomes available in the circulation for distribution to target sites both
peripherally and centrally [2–5]. In addition to endogenous Tryp metabolism, resident gut
microbiota also contributes to the production of specific Tryp metabolites and indirectly
influences host physiology [6].

This organic molecule is also the precursor of several biologically essential compounds
produced along two critical pathways: hydroxylation to produce serotonin (5-HT) and
oxidation to produce kynurenine and its metabolites (Figure 1). The regulation of Tryp
concentration is vital to maintain systemic homeostasis, as both paths have different and
fundamental neurological roles in the organism [7]. On one hand, 5-HT signalling is
involved in the physiological regulation of behavioural, neuroendocrine, and higher brain
functions, such as cognition and emotional states [7,8]. So, deficient 5-HT levels may
interfere with several physiological conditions. On the other hand, the kynurenine pathway
is essential for intestinal homeostasis and the regulation of immune responses [9–13].
Furthermore, several kynurenine downstream metabolites have neuroactive functions,
such is the case of quinolinic acid (QUIN) and kynurenic acid (KYNA), which have both
neurotoxic and neuroprotective effects depending on their levels [4,14–16]. Under normal
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conditions, local concentrations of KYNA and QUIN are low. However, upon an insult,
QUIN production is partially overactivated due to insufficient KYNA concentration to block
its production [14,17]. Some studies have demonstrated that modulation of the kynurenine
pathway by enhancing KYNA or decreasing QUIN can be a potential therapeutic strategy
in neurological disorders [10].

Figure 1. Tryptophan as a precursor of several biologically essential compounds. The metabolism of
Tryp leads to the generation of several neuroactive compounds within the CNS. These include the
neurotransmitter 5-HT and products of the kynurenine pathway. In the 5-HT pathway (left), Tryp
is catalysed by TPH to produce 5-HTP, precursor of 5-HT, which is further metabolised to 5-HIA,
followed by oxidation to 5-HIAA. In the kynurenine pathway (right), TDO and IDO catalyse the
synthesis of kynurenine giving rise to critical neuroactive compounds such as QUIN and KYNA, often
termed the “neurotoxic” and “neuroprotective” branches, respectively. 5-HIA—5-hydroxindole ac-
etaldehyde; 5-HIAA—5-hydroxyindole acetic acid; 5-HT—serotonin; 5-HTP—5-hydroxytryptophan;
CNS—central nervous system; IDO—indoleamine 2,3-dioxygenase; KYNA—kynurenic acid;
NAD+—nicotinamide adenine dinucleotide; QUIN—quinolinic acid; TDO—tryptophan 2,3-dioxygenase;
TPH—tryptophan hydroxylase; Tryp—tryptophan. The Figure was partly generated using Pub-
Chem for the chemical structure of tryptophan (, accessed on 27 January 2023), kynurenine
(https://pubchem.ncbi.nlm.nih.gov/compound/846#section=2D-Structure, accessed on 27 January
2023), and serotonin (https://pubchem.ncbi.nlm.nih.gov/compound/5202#section=2D-Structure,
accessed on 27 January 2023).

It is well described that Tryp metabolism is impaired in a wide range of disorders,
such as neurologic/psychiatric conditions [1,7,9,10,14,18–20]. Interestingly, most of those
conditions appear in a sex-specific manner [21]. Generally, women are more vulnerable
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than men to most psychiatric disorders that affect emotions, including major depressive
disorder (MDD) and a host of anxiety-related conditions, such as generalised anxiety
disorder, panic disorder, post-traumatic stress disorder, and phobias [21–23]. Conversely,
neuropsychiatric conditions such as schizophrenia, attention-deficit/hyperactivity disorder
(ADHD), autism spectrum disorder (ASD), and substance/drug abuse disorder occur
predominantly in men [21,22,24]. Interestingly, that sexual bias seems to be related to
opposite disturbances in the 5-HT system. On one hand, most neuropsychiatric disorders
with aggravated manifestations in women (e.g., mood disorders) are associated with
deficient production of 5-HT [25,26]. On the other hand, neuropsychiatric conditions
that affect more males than females (e.g., ASD and ADHD) have excessive production
of that neurotransmitter [10,24,27]. Sex differences are also seen in neurodegenerative
and autoimmune disorders, as the male sex is a significant risk factor for Parkinson’s
disease (PD) and motor neuron disease, whilst females are more susceptible to Alzheimer’s
disease (AD) and multiple sclerosis [22,28]. Exceptions of sexual dimorphism in prevalence
are bipolar disorder and obsessive-compulsive disorder (OCD), which report an almost
equal gender ratio [21]. Sex can potentially affect disease process and progress through
differences in chromosomal complement, gene expression, hormones, organs, and various
physiologic processes [28], and so, it is not surprising that women and men have different
incidences and disease manifestations [28], which remains to be disclosed.

Here, we will discuss the current understanding of sex differences on Tryp metabolism
and how they may influence the onset and progression of neuropsychiatric diseases. This
review also highlights important gaps in the current state of the art regarding sexual
dimorphism on Tryp metabolism, thus suggesting future research directions.

1.1. Sex Differences in Tryptophan Metabolism

Under normal conditions, sexual dimorphism in Tryp metabolism has been suggested.
Specifically, animal studies demonstrated that females display higher circulating levels
of Tryp compared with males [29–31], which is also reflected by an increase in 5-HT
production [32,33]. Moreover, female rats exhibited increased levels of Tryp [34,35] and
5-HT levels in several brain regions [35–37]. Interestingly, one preclinical study showed a
sex-specific role for the microbiota in regulating central nervous system (CNS) 5-HTergic
neurotransmission profiles in which the majority of central effects of germ-free status were
present only in male animals [38]. Findings obtained from clinical data also reported an
increase in circulating levels of Tryp and brain availability of this amino acid (estimated by
increased serum ratios of free Tryp to its competing amino acids (CAA)) [5,39] and elevated
5-HIAA concentrations in cerebrospinal fluid samples in women [40,41]. However, not
all the studies were consistent. Indeed, some works found no significant sex differences
in Tryp and Tryp/CAA ratios [42,43] and even higher plasma Tryp levels in men [44,45].
Although few studies address sex differences in kynurenine metabolites, these are often in
disagreement. Some of them described similar kynurenine levels in both sexes [30,33,39],
while others found lower KYNA plasma levels in women [17,30].

1.1.1. Hydroxylation Pathway: Tryptophan and 5-HT Synthesis

Consistent evidence demonstrates that healthy women have a more significant sero-
toninergic system activation. Specifically, compared with males, females have increased
Tryp availability and greater 5-HTergic synthesis that extend from circulating levels to
brain concentrations (Table 1). In particular, animal studies showed that females had
higher peripherical levels of plasma 5-HT [32,33]. Moreover, female rats exhibited elevated
5-HT levels in the brainstem, limbic forebrain, and hypothalamus/preoptic area [35–37].
Accordingly, human cerebrospinal fluid studies also suggested that the rate of brain 5-HT
metabolism is higher in women [40,41].
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Table 1. Highlights of differences in tryptophan metabolism between sexes: healthy conditions.

Path Study Sexual Dimorphisms (♀ vs. ♂)

Pe
ri

ph
er

ic
al

le
ve

ls

Tryp Preclinical ↑ plasma Tryp levels [29–31]

Clinical
↑ plasma-free Tryp levels [5,39]
(=) plasma Tryp levels [42,43]
↓ plasma Tryp levels [44,45]

5-HT
Preclinical ↑ plasma 5-HT/Tryp ratio [32,33]

Clinical -

Kyn Preclinical
↓ plasma Kyn levels [30]

(=) plasma KYNA levels [30]
(=) plasma Kyn/Tryp ratio [33]

Clinical ↓ KYNA plasma levels [17]
(=) Kyn and KYNA plasma levels [39]

Br
ai

n
le

ve
ls

Tryp Preclinical ↑ brain Tryp levels (brainstem, striatum and cortex) [35]
↑ brain Tryp levels (whole brain) [34]

Clinical ↑ plasma Tryp/CAA ratios [5,39]
(=) plasma Tryp/CAA ratios [42]

5-HT
Preclinical

↑ 5-HT levels (brainstem and limbic forebrain) and 5-HIAA (whole brain) [35]
↑ 5-HIAA/5-HT ratios (hypothalamus/preoptic area and limbic forebrain) [35]

↑ 5-HIAA/5-HT ratios (brainstem—dorsal raphe nucleus) [36]
↑ 5-HT and 5-HIAA (limbic forebrain—hippocampus) [37]

Clinical ↑ cerebrospinal fluid 5-HIAA levels [40,41]

Kyn Preclinical (=) KYNA levels (cortex and hippocampus) [30]
(=) Kyn/Tryp ratios (whole brain) [33]

Clinical -

5-HIAA: 5-hydroxy indole acetic acid; 5-HT: serotonin; CAA: competing amino acids; Kyn: kynurenine;
KYNA: kynurenine acid; Tryp: tryptophan; Vs.: versus/opposing; ♀: women/females; ♂: men/males; ↑: increase;
↓: decrease; (=): similar.

1.1.2. Oxidation Pathway: Tryptophan and Kynurenine Metabolites

Concerning the Tryp oxidation/kynurenine pathway, there is a low coherence between
the existing studies on sexual dimorphism. Indeed, some evidence points to similar levels
between sexes, while others point to lower levels in females (Table 1). Specifically, a pre-
clinical study showed that female rodents had lower plasma concentrations of kynurenine
but similar levels of KYNA in plasma and cortical and hippocampal regions compared
with males [30]. Others reported no sexual dimorphism in plasma and whole brain kynure-
nine/Tryp ratios in animal models [33]. In agreement, one human study indicated that both
sexes exhibited similar levels of plasma kynurenine and KYNA [39], while another exposed
reduced plasma levels of KYNA in women [17]. Although this latter result suggests women
may have decreased capacity to produce the neuroactive compound KYNA, more data are
needed to validate this assumption.

1.2. Impact of Tryptophan Nutritional Status between Sexes

Tryp is obtained exclusively from the diet with an estimated dietary requirement of
5 mg/kg/day [2,46]. Besides serving as a building block for proteins, Tryp is a critical
nutrient for the nervous and immune systems’ functions. So, alterations in diet and,
consequently, in Tryp availability can cause variations in serotonin, kynurenine, and their
downstream metabolites [46]. Eating behaviour, food choice, and nutritional strategy, which
can be conditioned by intra-individual (biological or psychological) and extra-individual
(socioeconomic and cultural) factors, may lead to changes in this amino acid availability [47].
Evidence shows that diet significantly modulates brain–gut–microbiome interactions with
important implications for brain health and pathological brain condition [46]. Unlike
Tryp and kynurenine, 5-HT cannot pass the blood–brain barrier (BBB) [7], and central
biosynthesis of this neurotransmitter depends entirely on Tryp availability, which, in turn,
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relies on the ratio to other CAA [5]. Accordingly, Tryp supplementation or depletion
through the diet can directly affect 5-HT brain levels and its primary functions [48].

1.2.1. Tryptophan Supplementation

Tryp supplementation has been widely used in basic research to facilitate the entry of
Tryp into the brain, and thus elevate 5-HT synthesis and release [48]. The adequate intake of
Tryp has been associated with several beneficial outcomes since it is crucial for physical and
neuronal growth and development [49]. Several reports have suggested that Tryp supple-
mentation could be an alternative or a co-adjuvant approach for the treatment/amelioration
of neuropsychiatric conditions, such as mood, stress, and anxiety disorders, or even ASD,
ADHD, AD, and PD [5,48–51]. However, dose–response experiments with Tryp supple-
mentation in humans also proved that excessive doses could have negative consequences
by activating tryptophan-2,3-dioxygenase (TDO) and Tryp oxidation [39]. Moreover, excess
Tryp can also lead to Tryp hydroxylase (TPH) inhibition and mood lowering by decreasing
5-HT brain levels [52].

Pieces of evidence reported sex differences in response to the enhancement or lack of
Tryp through diet (Table 2). In 1995, Walsh et al. stated that men were less likely to exhibit
diet-enhanced alterations in brain 5-HT function than women [53]. Accordingly, it was
described that Tryp supplementation caused higher plasma-free Tryp in women, but similar
concentrations of kynurenines in both sexes [39]. According to Zahar et al., the effect of
Tryp on mood ratings is dependent on sex, with men showing a positive mood increase and
women exhibiting a weak negative trend after increasing Tryp to large neutral amino acids
(LNAA) [5]. Accordingly, more data revealed that higher levels of Tryp were associated
with trait hostility, a propensity for anger, and a tendency to express anger outwardly
only in women [54]. This effect contradicts the idea of Tryp administration resulting in
positive behavioural changes related to 5-HT increase instead of negative ones. However,
as previously pointed out, excessive doses of Tryp could also have negative consequences.
So, we can hypothesise that women may be more susceptible to excessive dietary Tryp. Yet,
dose–response studies between sexes should be performed to further address this issue.

1.2.2. Tryptophan Depletion

On the other hand, Tryp depletion has been used as a research tool to investigate
human serotoninergic processes [48]. Since the synthesis of neural 5-HT depends entirely on
Tryp availability [5], not surprisingly, malnutrition or excessive dietary restriction of Tryp
decreases brain 5-HT supplies and, consequently, causes behavioural changes related to
anxiety, depression, hyperactivity, and impulsivity [49]. Moreover, nutritional physiologists
recognised that dietary deficiency of Tryp could increase the neurotoxic metabolites in the
kynurenine pathway [49] and result in CNS sequelae, such as ataxia, cognitive dysfunction,
and dysphoria [55,56]. Clinical evidence suggests that depletion of this amino acid worsens
depressive symptoms and mood states [57]. Additionally, a lack of Tryp increases cognitive
dysfunction in people with AD [58]. Once again, sexual dimorphism arises following the
alteration of Tryp levels through the diet, where women are more significant affected than
men (Table 2).

In particular, a clinical neuroimaging study using in vivo α-[11C]methyl-L-tryptophan
positron emission tomography (PET) indicated that women exhibited a more significant
effect of acute Tryp depletion (ATD) on diminished brain 5-HT synthesis [59]. Moreover,
others revealed that the impact of Tryp depletion on verbal memory, mood, and emotion
processing was also more prominent in women than in men [60–63]. All these results
support a greater susceptibility of women to suffer serotoninergic alterations through
changes in the levels of its precursor.
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Table 2. Highlights of the impact in tryptophan nutritional status between sexes: healthy condition.

Condition Parameters Sexual Dimorphisms (♀vs ♂)

Tryp
supplementation

Biochemical ↑ plasma-free Tryp [39]
(=) plasma total kynurenines [39]

Behavioural ( 6=) interaction between Tryp and mood (a positive trend in men
and a negative trend in women) [5]

Tryp
depletion

Biochemical ↓ trapping of α-[11C]methyl-L-tryptophan $ (whole brain) [59]

Behavioural

↑memory impairment [60] *
↑mood-lowering [61]

↑mood-lowering with pre-existing aggressive traits [62]
↑ impairment of the recognition of fearful facial expressions [63]

Tryp: tryptophan; vs: versus/opposing; * women’s menstrual cycle was determined and considered in the studies
of this review; $ radiotracer analogue of tryptophan used for the measurement of brain serotonin synthesis under
normal circumstances; ♀: women/females; ♂: men/males; ↑: increase; ↓: decrease; (=): similar; ( 6=): different.

1.3. Effect of Sex Hormones on Tryptophan Metabolism

Sex hormones contribute to sexual dimorphisms mainly in energy balance, metabolic
homeostasis, and behavioural traits, including mood and cognitive function [64–67]. In
women, the menstrual cycle is divided into two main stages, the follicular and luteal phases,
essentially differentiated by oestrogen and progesterone release, respectively [68]. Those
hormonal fluctuations during the women’s menstrual cycle are associated with numer-
ous physiological and psychosocial changes [68], such as the availability of circulating
Tryp. Since Tryp metabolism affects the synthesis rate of 5-HT and catabolism through
the kynurenine pathway, sex steroids might indirectly modify cerebral neurotransmitter
concentrations and, consequently, mood, behaviour, fatigue, stress-coping, and immune
responses [17,29,69]. In agreement, several authors have been exploring sex hormones and
their influence on Tryp metabolism using in vitro approaches, animal models, and human
subjects (Table 3).

Furthermore, increased incidence of depression in women following childbirth (e.g.,
post-partum depression), as well as during perimenopause and menopause, suggests that
disturbances in sex hormones significantly affect women’s susceptibility to depression [22].
Accordingly, fluctuations in hormonal levels during the menstrual cycle have been proven
to significantly impact on several neuropsychiatric disorders, such as depression, epilepsy,
migraine, seizures, multiple sclerosis, stroke, and PD [28,70–72]. Specifically, the periovula-
tory stage during the follicular phase (oestrogen rising) and the premenstrual stage during
the luteal phase (oestrogen and progesterone decline) have been proven to aggravate the
frequency and severity of epileptic episodes. Moreover, during the abovementioned stages
of the menstrual cycle, in patients with multiple sclerosis, there is an aggravation of physical
and cognitive symptoms [70,73]. Overall, this leads us to hypothesise that differences in
sex hormone profiles could shape disparities in susceptibility and disease manifestations in
neuropsychiatric disorders related to disturbances of Tryp metabolism.

Table 3. Highlights of sex hormones in tryptophan metabolism: healthy condition.

Sex Hormone Study Effect on Tryptophan Metabolism

Oestrogen

Preclinical ↓ extracellular 5-HT in the hypothalamus [74,75]
↓ hippocampal brain levels of Tryp (ATD condition) [29]

Clinical
↓ cortical trapping of α-[11C]methyl-L-tryptophan $ [76]
↓ circulating levels of plasma Tryp [77]
↓ circulating levels of plasma kyn and picolinic acid [78]
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Table 3. Cont.

Sex Hormone Study Effect on Tryptophan Metabolism

Progesterone

In vitro ↑ KYNA levels (cultures of human macrophages) [79]
↓ QUIN levels (cultures of human macrophages) [79]

Preclinical ↑ brain levels of KYNA after administration of L-kyn [80]
↓ L-kynurenine-induced cortical spreading depression [80]

Clinical

↑ circulating levels of plasma kyn and urinary kyn excretion [81]
↑ circulating levels of plasma KYNA [17]
↓ inflammation-induced activation of IDO [82]
↓ Tryp catabolism to kyn and neurotoxic metabolites [78,82]

Testosterone
Preclinical Lack of testosterone attenuated hippocampal KYNA levels (sleep

deprivation condition) [30]

Clinical ↑ circulating levels of plasma Tryp [77]

5-HT: serotonin; ATD: acute Tryp depletion; kyn: kynurenine; KYNA: kynurenine acid; IDO: indoleamine-2,
3-dioxygenase; QUIN: quinolinic Acid; Tryp: tryptophan; $ radiotracer analogue of tryptophan used for the
measurement of brain serotonin synthesis under normal circumstances; ↑: increase; ↓: decrease.

1.3.1. Oestrogen

Oestrogen exerts neuroprotective actions in females by mediating mitochondrial func-
tion, anti-apoptotic mechanisms, and immune responses [22]. However, variations of this
hormone across the menstrual cycle are also associated with serotonergic vulnerability,
which could be an additional risk of mood disorders [19,22]. In agreement, preclinical
data showed that oestrogen played a neuromodulatory role in the 5-HTergic system by
decreasing the extracellular hypothalamic 5-HT synthesis [74,75]. Furthermore, neuroimag-
ing studies in healthy women scanned immediately before ovulation or in their follicular
phase exhibited lower cortical 5-HT production than healthy men using α-[11C]methyl-
L-tryptophan [76]. Oestrogen release has also been proven to modulate Tryp levels and
pro-inflammatory changes [29,77,78]. In fact, ATD resulted in a higher reduction of hip-
pocampal Tryp levels in female rats responding to the oestrogen peak compared with males
and females on other hormonal phases of their cycle [29]. Accordingly, clinical evidence
indicated that oestrogen reduces circulating levels of plasma Tryp [77], that, in turn, was
correlated with pro-inflammatory variations, including increased interleukin 6 (IL-6) and a
decrease of kynurenine and picolinic acid [78].

1.3.2. Progesterone

Progesterone is a critical physiological component in women that also mediates Tryp
catabolism and the production of essential compounds from the oxidation pathway [82].
In particular, animal research showed that progesterone facilitates the reduction of L-
kynurenine-induced cortical spreading depression by increasing brain levels of KYNA [80].
Furthermore, human studies demonstrated that progesterone levels were positively cor-
related with plasma concentrations of kynurenine [81] and KYNA [17]. Further, it was
observed that progesterone attenuated the inflammation-induced activation of indoleamine-
2,3-dioxygenase (IDO) and reduced Tryp catabolism to kynurenine-related neurotoxic
metabolites [78,82]. An in vitro human macrophage study presented similar results, in
which progesterone decreased QUIN levels and increased neuroprotective KYNA concen-
trations [79].

1.3.3. Testosterone

Testosterone is a pivotal sex hormone that exerts neuroprotective actions, mostly
in men. In fact, the higher susceptibility of boys to neurodevelopmental disorders such
as ASD and ADHD had been postulated to be a result of abnormal testosterone levels
during the development of the male brain [22]. Similar to oestrogen and progesterone,
testosterone has potential implications for brain function, including 5-HT synthesis. Indeed,
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low doses of this hormone have been proposed to increase brain levels of 5-HT and
5-Hydroxyindoleacetic acid (5-HIAA), while high doses have been presented to have
the opposite effect [52]. However, few studies have focused on studying the impact of
testosterone on Tryp metabolism. According to a previous hypothesis by Badawy et al. [52],
one clinical study showed that testosterone treatment increases circulating plasma levels
of Tryp [77]. Further, a preclinical study showed that gonadectomy in male animals (that
lacked circulating testosterone) attenuated an elevation in hippocampal KYNA levels after
sleep deprivation [30].

2. Results and Discussion

This research only included original English-written articles from the past 20 years.
The initial search identified 2172 references, of which 199 were from Pubmed, 1115 from
Scopus, and 858 from Web of Science. After removing the duplicates, 1463 references were
revised by title and abstracts considering the inclusion and exclusion criteria previous
described. After that first revision, 40 articles were selected for a full reading. This literature
review spotlighted only clinical studies covering sex differences and Tryp metabolism for
neuropsychiatric conditions. According to that purpose, 17 references were eligible for
analysis and data extraction (Figure 2). The overall summary of those studies is described
in Table 4. In the following sections, the link between biological sex and Tryp metabolism
and their possible impact on neuropsychiatric disorders will be addressed.

Figure 2. PRISMA flow diagram of the study research methodology in the literature. This literature
review spotlighted only clinical studies focusing on sex differences and Tryp metabolism for neu-
rological conditions and excluded reviews, meta-analyses, and systematic reviews or unavailable
as complete articles. Further, this research only included original English-written articles from the
past 20 years. Articles referred as “no relevant data” did not allow us to draw conclusions regarding
sexual dimorphisms (the two biological sexes were not divided as independent groups and/or a
direct statistical comparison between sexes was not provided).
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Table 4. Summary of clinical studies included in this review.

Reference Sample Size Health/Condition Assessment
Methods Major Findings Between Sexes (♀ vs. ♂)

Bano et al.
(2004) [83]

N= 16 (Did not specify the sample
size of each sex)

Randomised controlled clinical trial

Depressed patients treated with
Prozac # for four weeks Fluorometric method on blood samples

• ↓ in total plasma Tryp concentrations
relative to controls (56% on ♀; 33% on ♂-
before treatment).

• ↑ in total plasma Tryp concentrations
relative to controls (83% on ♀; 32% on
♂—after four weeks of treatment).

Pivac et al.
(2004) [84]

Healthy controls:
N = 233 (123 women and 110 men)

Alcohol dependency patients:
N = 190 (42 women and 148 men)

Drug-free patients with AUD Fluorimetric method on
platelet-rich-blood samples

• ↓ platelet 5-HT concentrations.

Badawy et al.
(2005) [42]

Healthy controls:
N= 42 (16 females and 26 males)

CFS patients:
N= 23 (14 females and 9 males)

CFS patients Fluorimetric method on blood samples
• ↑ levels of plasma Kyn.
• (=) levels of plasma Tryp.

Booij et al.
(2005) [85]

N = 21
(10 women and 11 men)

Double-blind cross-over approach

Remitted depression participant’s in
ATD condition

Psychiatric symptoms and behavioural
measures of depression

• ↑ depressive response (ATD condition).

Moreno et al.
(2006) [86] N = 59 (41 women and 18 men) Remitted depressive patients in

ATD condition
Behavioural measures of

depressive symptoms
• ↑ depressive response (ATD condition).

Weaver et al.
(2010) [87]

Healthy controls:
N= 16 (10 women * and 6 men)

CFS patients:
N= 22 (15 women* and 7 men)

CFS participants in Tryp
enhancement condition HPLC on blood samples

• (=) levels of plasma Tryp and Kyn (Tryp
supplementation condition).

• Upregulated plasma prolactin & responses
relative to controls (only on ♀)

Frey et al.
(2010) [88] N= 25 (13 women * and 12 men) MDD patients PET with α-Methyl-L-tryptophan $ • ↑ uptake tracer in multiple regions of the

prefrontal cortex and limbic system.

Kötting et al.
(2013) [89]

N = 20
(10 girls and 10 boys)

Double-blind within-subject
cross-over approach

ADHD participants in control or
ATD condition

Behavioural measures of aggression
2.5 h after administration

• ( 6=) response under ATD (↑ aggressively
after aggressive lower provocation on ♀; ↑
aggressively after aggressive high
provocation on ♂).
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Table 4. Cont.

Reference Sample Size Health/Condition Assessment
Methods Major Findings Between Sexes (♀ vs. ♂)

Young et al.
(2014) [90]

Ecstasy user participants:
N = 13

(7 women * and 6 men)
Ecstasy non-user participants:
N = 17 (9 women * and 8 men)

Participants who had used ecstasy
at least 25 times in control or

ATD condition

Behavioural measures of mood states
and impulsivity

• ( 6=) mood reduction relative to controls (↓
only on ♀) (ATD condition).

Booij et al.
(2014) [91]

Healthy controls:
N= 18 (9 women * and 9 men)

Ecstasy polydrug users:
N = 17 (8 women * and 9 men)

Ecstasy polydrug users HPLC on blood samples
PET with α-Methyl-L-tryptophan $

• (=) levels of plasma Tryp.
• ↓ uptake tracer in the frontal regions

relative to controls (especially noticeable
in men).

Platzer et al.
(2017) [92]

Healthy participants:
N = 93(57 women and 37 men)

Bipolar patients:
N =68 (26 women and 42 men)

Bipolar patients UPLC on blood samples • ↓ levels of plasma Kyn and KYNA.

Hestad et al.
(2017) [45]

Healthy participants:
N = 31(22 women and 9 men)

Depression patients:
N =44 (23 women and 21 men)

Depressed patients HPLC on blood and cerebrospinal fluid

• ↓ levels of Tryp in both plasma and
cerebrospinal fluid.

• (=) levels of Kyn in both plasma and
cerebrospinal fluid.

Zhou et al.
(2018) [93]

Healthy participants:
N = 72(31 women and 41 men)

MDD patients:
N =146 (70 women and 76 men)

MDD patients
HPLC-MS/MS on blood samples

Behavioural measures of depressive
symptoms, cognition, and memory

• Negative association between Kyn levels
and behavioural measures of cognition
(only on ♀)

Vidal et al.
(2020) [44]

Healthy controls:
N= 80 (40 women and 40 men)

AUD patients:
N= 130 (35 women and 95 men)

AUD patients with a high
prevalence of

psychiatric comorbidity
HPLC on blood samples

• ( 6=) levels of plasma Tryp relative to
controls (↑ on ♀; ↓ on ♂).

• ↑ levels of plasma Kyn.
• ↓ levels of plasma 5-HT and KYNA.
• ( 6=) levels of plasma Tryp in participants

with comorbid substance use and mental
disorders relative to non-comorbid (↑ on
♀; ↓ on ♂).

Reininghaus et al.
(2019) [94] N= 426 (242 women and 184 men) MDD patients over a 6-week

rehabilitation treatment HPLC on blood samples • ↓ levels of plasma Kyn and Kyn/Tryp
ratio (after treatment).
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Table 4. Cont.

Reference Sample Size Health/Condition Assessment
Methods Major Findings Between Sexes (♀ vs. ♂)

Xu et al.
(2021) [95]

N = 695 participants (377 women
and 318 men) AD patients Metabolomics analysis over 665 plasma

metabolites on blood samples

• ↓ levels of plasma kynurenate (Kyn
pathway) relative to controls (only on ♂).

• ↓ levels of plasma Tryp betaine (Tryp
pathway) relative to controls (only on ♀).

Cheng et al.
(2023) [96] N = 27 (10 women and 17 men) Methamphetamine addicts UHPLC–MS/MS on blood samples • L-tryptophan was downregulated relative

to controls (only on ♂).

5-HIAA: 5-Hydroxy indole acetic acid; 5-HT: serotonin; AD: Alzheimer’s disease; ADHD: attention deficit hyperactivity disorder; ATD: acute tryptophan depletion; AUD: alcohol use
disorders; CFS: chronic fatigue syndrome; HPLC: high-performance liquid chromatography; HPLC-MS/MS: high-performance liquid chromatography with tandem mass spectrometry;
Kyn: kynurenine; KYNA: kynurenine acid; MDD: major depressive disorder; OCD: obsessive-compulsive disorder; PET: positron emission tomography; Tryp: tryptophan; UPLC:
ultra performance liquid chromatography; * women;s menstrual cycle was determined and considered for this study; # selective serotonin reuptake inhibitor and it works by blocking
the absorption of that neurotransmitter in the brain; $ radiotracer analogue of tryptophan used for the measurement of brain serotonin synthesis under normal circumstances;
& serotonergic-based responses; ♀: women; ♂: men; ↑: increase; ↓: decrease; (=): similar; ( 6=): different.



Int. J. Mol. Sci. 2023, 24, 6010 12 of 25

2.1. Sex Differences in Tryptophan Metabolism: Neuropsychiatric Conditions

Neuropsychiatric conditions are very heterogenous, with different risk factors and
biological dysfunctions that lead to a spectrum of symptoms. Consequently, several molec-
ular and cellular mechanisms may be involved in disease expression and progression.
Changes in Tryp metabolism have been consistently associated with the pathogenesis of
various neuropsychiatric diseases [1,9,10,14,18–20]. Specifically, alterations in 5-HTergic
function have been observed in epilepsy and psychiatric conditions such as depression,
ADHD, ASD, and OCD [19,27,97,98]. In contrast, changes in the kynurenine pathway
have been established as key players in inflammation-associated disorders, as well as for
epilepsy, and neurodegenerative and autoimmune disorders [10,14,20,99]. Since neuroin-
flammation is a hallmark widely related to neurological and psychiatric diseases [11], many
studies explored the possible role of the Tryp oxidation pathway [57,100,101]. Indeed,
Tryp-kynurenine pathway activation seems relevant to the pathophysiology of neurological
abnormalities by activating the neurotoxic branch and suppressing the neuroprotective
one [53,102–107]. As a result, there is a shift towards the Tryp oxidation pathway, depleting
5-HT and increasing kynurenine neurotoxic metabolites [9,108,109]. Further, several au-
thors also reported a sex-dependent molecular underpinning of Tryp metabolism in some
neuropsychiatric disorders (Table 5).

Table 5. Highlights of differences in tryptophan metabolism between sexes: neuropsychiatric conditions.

Path Condition Sexual Dimorphisms (♀ vs. ♂)

Pe
ri

ph
er

ic
al

le
ve

ls

Tryp

MDD ↓ plasma Tryp levels [45,83]
↓ plasma Tryp levels [94]

CFS
(=) plasma Tryp levels [42]
(=) plasma Tryp levels [87] *
(=) plasma Tryp and Kyn levels (Tryp supplementation condition) [87] *

Substance/drug abuse (=) plasma Tryp levels [44,91]
( 6=) shift on plasma Tryp levels relative to controls (↓ on ♂; (=) on ♀) [96]

AD ↓ plasma Tryp levels [95]

5-HT Substance/drug abuse ↓ platelet 5-HT levels [84]
(=) plasma 5-HT levels [44]

Kyn

CFS ↑ plasma Kyn levels [42]
(=) plasma Kyn levels [87] *

Bipolar disorder ↓ plasma Kyn and KYNA levels [92]

MDD (=) plasma Kyn levels [45]

Substance/drug abuse ↑ plasma Kyn levels [44]
↓plasma KYNA levels [44]

AD ↑ plasma Kyn levels [95]

Br
ai

n
le

ve
ls

Tryp

MDD

↓ cerebrospinal fluid Tryp levels [45]
↑ depressive response (ATD condition) [85,86]
↑uptake tracer of α-Methyl-L-tryptophan $ (prefrontal cortex and limbic
system) [88] *

ADHD ↑ relative risk of presenting with increased aggression after a low level of
provocation (ATD condition) [89]

Substance/drug abuse ↑uptake tracer of α-Methyl-L-tryptophan$ (frontal regions) [91] *
( 6=) mood reduction relative to controls (↓ only on ♀) (ATD condition) [90] *

5-HIAA: 5-hydroxy indole acetic acid; 5-HT: serotonin; AD: Alzheimer’s diseases; Kyn: kynurenine; KYNA:
kynurenine acid; CFS: chronic fatigue syndrome; MDD: major depressive disorder; OCD: obsessive-compulsive
disorder; * women’s menstrual cycle was determined and considered for this study; $ radiotracer analogue of Tryp
used for the measurement of 5-HT synthesis under normal circumstances; Tryp: tryptophan; Vs.: versus/opposing;
♀: women; ♂: men; ↑: increase; ↓: decrease; (=): similar; ( 6=): different.
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2.1.1. Sexual Dimorphisms on Tryptophan Metabolism: Female Sex Bias for
Neuropsychiatric Prevalence

Both serotonergic dysfunction and systemic inflammation were associated with de-
pression [10,110,111] and AD [10,58,103], while only neuroinflammation has been postu-
lated as a critical element in neuropsychological symptoms of chronic fatigue syndrome
(CFS) [100,109]. Further, compared with healthy individuals, AD and depressive patients
had reduced circulating levels of Tryp [58,103,110,111], while CFS patients exhibited similar
levels [112,113]. Concerning sexual dimorphisms, women with MDD and AD showed a
reduced availability of Tryp compared with men [45,83,94,95]. Further, depressive women
also had lower 5-HT production [45] and a more pronounced depressive response to the
depletion of this neurotransmitter precursor [85,86]. In contrast, for CFS both sexes had sim-
ilar concentrations of this amino acid available in circulation for baseline conditions [42,87]
and following a supplementation treatment [87]. Regarding kynurenine, some studies
reported higher levels in circulation in women with AD and CFS [42,95], while others
reported no sex differences in that metabolite for CFS and depression [42,87]. All these
results sustained that Tryp signalling might be involved in the sexual dimorphism observed
in the pathology and symptomatology of depression and AD. However, Tryp metabolism
may not be related to sexual dimorphisms in CFS, which is consistent with the fact that this
molecular underprint is also not markedly altered for this neurological disorder [112,113].
Interestingly, PET studies using α-[11C]methyl-L-tryptophan appear to show different
results from cerebrospinal fluid analysis for MDD. On the one hand, women had reduced
levels of free Tryp compared with men [45]. On the other, PET data showed increased
uptake of α-[11C]methyl-L-tryptophan in multiple regions of the prefrontal cortex and
limbic system for women [88]. Although usually α-[11C]methyl-L-tryptophan is used as an
approximation of 5-HT brain synthesis rate, this tracer uptake may also indicate changes in
the kynurenine pathway [114]. So, it is important to have caution with the use of this tracer
to measure serotonergic signalling specifically for pathological conditions.

Overall, due to the reported reduction of Tryp availability and 5-HT synthesis in
the female sex, it is possible to postulate that these alterations may be implicated in the
female sex bias in depression. Furthermore, sexual dimorphism in the progression of
AD could be related to disturbances in the oxidation pathway. Indeed, it was reported
that neurodegeneration biomarkers, such as amyloid-β and neurofilament light chain,
were positively correlated with the plasma kynurenine/Tryp ratio [115] and that for this
condition, women exhibited higher plasma kynurenine levels than men [95]. Similarly,
as neuroinflammation is also involved in the pathophysiology of MDD [116], increased
accumulation of α-[11C]methyl-L-tryptophan in women can reflect an activation of the
oxidative pathway rather than of the hydroxylation pathway [88]. However, this radiotracer
is not specific to the 5-HT or kynurenine pathway, so further studies are needed to validate
this assumption.

2.1.2. Sexual Dimorphisms on Tryptophan Metabolism: Non-Female Sex Bias for
Neuropsychiatric Prevalence

Neuropsychiatric disorders could be divided into their distinct prevalence between
sexes. For instance, MDD, AD, and CFS are more prevalent in women, while substance/drug
abuse disorders, ASD, and ADHD in men [24,117–119]. Interestingly, in neuropsychiatric
disorders in which women are not the susceptible sex, there is less evidence of sexual
dimorphisms involving Tryp metabolism. Further, we also found contradictory data re-
garding serotoninergic alterations for addiction. On one hand, some studies reported
similar plasma levels of Tryp and 5-HT for both sexes [44,91]. On the other hand, Pivac et al.
observed lower platelet 5-HT levels in women with addiction problems [84]. Moreover,
women polydrug ecstasy users following ATD showed a more significant mood lowering
relative to their controls than men [90]. On the contrary, among methamphetamine users,
only males exhibited downregulated plasma Tryp levels compared with controls [96]. Since
individuals with addiction problems have high comorbidity with other psychiatric prob-
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lems, this may explain the different results mentioned above [44,84]. For ADHD, although
boys tend to have more severe manifestations, girls had increased susceptibility following
ATD. Namely, it was observed that these girls had increases in aggressiveness after a low
level of provocation [89].

Changes in kynurenine metabolites were reported in bipolar and addictive women,
which presented reduced levels of plasma KYNA compared with men [44,92]. Even though
women are not the predisposed sex for both conditions, they experience more severe symp-
toms related to these disorders [117–119]. It is thus plausible that the reduced capacity of
women to synthesise KYNA could be implicated. Accordingly, following ATD, women with
polydrug ecstasy consumption exhibited increased uptake of α-[11C]methyl-L-tryptophan
in frontal regions compared to men [91], which may suggest a higher kynurenine pathway
activation. However, once again, a higher serotonin synthesis cannot be excluded, as this
radiotracer is not specific for any particular pathway.

2.1.3. Current Understanding of How Sexual Dimorphisms on Tryptophan Metabolism
May Be Involved in the Onset and Progression of Neuropsychiatric Diseases

Sex-specific changes in Tryp metabolism of neurological/psychiatric illnesses have
only been explored to a minimal extent in the literature. Moreover, there is still no di-
rect link between sex differences in Tryp metabolism and the onset and progression of
neuropsychiatric diseases. Although, some sexual dimorphisms in Tryp metabolism for
some neuropsychiatric conditions are consistent with the dysfunction of this amino acid
metabolism and its relation to disease severity (Table 6).
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Table 6. Summary of the reported dysfunctions of tryptophan metabolism, its relation to disease severity, and described sexual dimorphisms for some neuropsychi-
atric conditions.

Condition
Sex-Bias on
Incidence

(♀:♂)

Dysfunctions of
Tryp Metabolism Tryp metabolism and Disease Severity

Sexual Dimorphisms and
Dysfunctions of Tryp

Metabolism
Reference

CFS 4:1 No reported dysfunctions - No reported sexual dimorphisms [44,48,112,113]

Depression and
related disorders 2:1

↓ Circulating Tryp
↓ Brain 5-HT and 5-HIAA
↑ Circulating Kyn IDO
↑ Brain QUIN

Tryp depletion and lowering of brain 5-HT
were associated with transient depressive

symptoms.
Elevated Kyn, IDO and QUIN levels were

associated with depressive symptoms.

↓ Circulating Tryp (♀ vs. ♂)
↑ Depressive response to Tryp

depletion (♀ vs. ♂)

[1,9,10,19,25,26,45,83,
85,86,94,110,111,116]

AD 2:1
↓ Circulating Tryp and 5-HT

↑ Circulating Kyn
↑ Brain kynurenine, IDO and QUIN

Neurodegeneration biomarkers, such as
amyloid-β, senile plaques and

neurofilament light chain, were positively
correlated with the plasma Kyn/Tryp ratio

and IDO levels.

↓ Circulating Tryp (♀ vs. ♂)
↑ Circulating Kyn (♀ vs. ♂) [9,10,58,95,103,115]

HD 1:1 ↑ Brain Kyn and QUIN

Symptom severity was associated with
plasma Kyn/Tryp ratio.

QUIN induced behavioural and motor
deficits in Huntingtin models.

No data [18,20,92]

Bipolar
Disorder 1:1 ↓ Circulating Tryp and KYNA

↑ Circulating Kyn

Plasma Kyn/Tryp ratio was associated with
depressive severity while trending toward a
negative association with mania symptoms.

↓ Circulating Tryp and KYNA
(♀ vs. ♂)

↑ Circulating Kyn (♂ vs. ♀)
[120,121]

OCD 1:1 ↑ Brain α-[11C]methyl
-L-tryptophan $ uptake

Symptom severity correlated positively with
uptake from the caudate and temporal lobe. No data [97]

Epilepsy 1:1

↑ Brain α-[11C]methyl
-L-tryptophan $ uptake, serotonin

immunoreactivity, 5-HIAA
and QUIN

↑ Circulating 3HK and QUIN

Brain α-[11C]methyl-L-tryptophan $ uptake
was correlated with seizure onset.

No data [10,98]

Schizophrenia 1:1.4 ↑ Brain and cerebrospinal
fluid KYNA

Increased KYNA levels were correlated with
cognitive impairments. ↑ Circulating KYNA (♂ vs. ♀) [9,10,122]
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Table 6. Cont.

Condition
Sex-Bias on
Incidence

(♀:♂)

Dysfunctions of
Tryp Metabolism Tryp metabolism and Disease Severity

Sexual Dimorphisms and
Dysfunctions of Tryp

Metabolism
Reference

Substance/
drug abuse disorder 1:2 ↑ Circulating Kyn

Reduced Tryp availability and deficient
5-HT synthesis as higher serum levels of
Kyn had been associated with increased

consumption and vulnerability to
addiction.

↑ Circulating Kyn (♀ vs. ♂)
↓ Circulating KYNA (♀ vs.

♂)Incoherent results on 5-HT
[44,84,96,98,123,124]

ADHD 1:2.3 ↓ 3HK
↑ Circulating Kyn, KYNA and 5-HT

Kyn levels were positively correlated to
the pathological conditions in a mouse

model of ADHD.

↑ Relative risk for aggressive
behaviour during Tryp depletion

(♀ vs. ♂)
[10,27,89,99,125]

ASD 1:3 ↓ Circulating KYNA
↑ Circulating 5-HT, Kyn and QUIN

Decreased central 5-HT associates with
increased aggression.

Tryp depletion exacerbates ASD
symptoms, including stereotypies and

repetitive behaviours.

↑ Circulating 5-HT (♂ vs. ♀)
Platelet 5-HT content was

inversely correlated to the score
for intellectual ability (♂ vs. ♀)

[15,126,127]

PD 1:3.5 ↓ Circulating KYNA
↑ Brain IDO and QUIN

Kyn inhibitors significantly reduce the
severity of dystonia in animal models. No data [10,14]

3HK: 3-hydroxykynurenine; 5-HIAA: 5-hydroxy indole acetic acid; 5-HT: serotonin; AD: Alzheimer’s disease; ADHD: attention deficit hyperactivity disorder; ASD: autism spectrum
disorder; CFS: chronic fatigue syndrome; HD: Huntington’s disease; IDO: indoleamine 2,3-dioxygenase; Kyn: kynurenine; KYNA: kynurenine acid; OCD: obsessive-compulsive
disorder; PD: Parkinson’s disease; QUIN: quinolinic acid; Tryp: tryptophan; $ radiotracer analogue of tryptophan used for the measurement of brain serotonin synthesis under normal
circumstances; ♀: women; ♂: men; ↑: increase; ↓: decrease.
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In depression and related disorders, sexual dimorphisms on Tryp metabolism re-
veal that women, compared with men, had a reduced Tryp pool and increased vulner-
ability to transient depressive symptoms after Tryp depletion [45,83,85,86,94]. Consid-
ering that there is a female-sex bias in the development and progression of those con-
ditions and that those patients exhibit the same dysfunctions compared with healthy
controls [1,9,10,19,25,26,110,111,116], a link between the sexual dimorphisms on Tryp dys-
function and disease onset and progression may be present. Furthermore, the same
hypothesis can be made in AD, in which women are also more vulnerable than men.
Here, sexual dimorphisms on Tryp metabolism reveal that women had a reduced Tryp
pool and increased circulating kynurenine levels compared with men [95], which are the
same disturbances reported in AD patients as associated with neurodegeneration progres-
sion [9,10,58,103,115].

On the other hand, for disorders that affect more men than women, sexual dimor-
phisms on Tryp metabolism and its possible relationship with pathological onset and
progression are not so clear. On one hand, for ASD and schizophrenia, sexual dimorphisms
on Tryp metabolism reveal that men, compared with women, have increased production of
5-HT [126,127] and KYNA [122], respectively. Similarly, patients with those conditions also
exhibit the same dysfunctions compared to healthy controls [9,10,15]. Moreover, specif-
ically for ASD, the inverse correlation of 5-HT with the score for intellectual ability was
more significant in males [127], suggesting that sexual dimorphisms on Tryp metabolism
could be related to the sex bias in those disorders. On the other hand, for some conditions
more prevalent in men (e.g., substance/drug abuse disorder and ADHD), sexual dimor-
phisms suggest that women are more vulnerable to some dysfunctions related to Tryp
metabolism [44,89]. Particularly, in substance/drug abuse disorder, women, compared
with men, have increased activation of the kynurenine pathway with a reduced capacity to
synthesise KYNA [44], and for ADHD, increased susceptibility to developing aggressive
behaviour following Tryp depletion [89]. We believe that those results could be related to
comorbidity of other psychiatric problems in substance/drug abuse disorder and that a
higher susceptibility of women to suffer serotoninergic alterations due to changes in the
levels of its precursor, previously reported also for healthy conditions, could be involved in
the results in ADHD.

Finally, for most neuropsychiatric disorders with an almost equal sex ratio on preva-
lence (e.g., HD, OCD, and epilepsy), no data on sexual dimorphism for Tryp metabolism is
available. The exception is bipolar disorder, where sexual dimorphisms arrive, indicating
that women had a reduced Tryp pool and KYNA production [92], and men increased circu-
lating kynurenine levels [121]. Interestingly, both of those Tryp dysfunctions are associated
with the pathological condition of that disorder [120,121].

From all those results, female-sex bias in neuropsychiatric diseases appears to be
involved in the reduced availability of the Tryp pool and depletion of 5-HT synthesis. It
is also plausible to hypothesise that women may have a reduced capacity to synthesise
KYNA in neuropsychiatric conditions compared with men. In contrast, male-sex bias may
be implicated in the excessive production of 5-HT and KYNA.

2.1.4. Limitations and Future Perspectives

The study of sexual dimorphism should include variables that highly differ between
women and men and can shape Tryp metabolism (Section 1.3). So, it is essential to highlight
some crucial differences and limitations between studies, which may have originated the
observed discrepancies between them. First, the sample size and the statistical power are
very distinct between studies ranging between N = 16 and N = 695. In some cases, the
patient’s medication was not an exclusion criteria [44,45,85,94,95], as opposed to others, in
which patients were medication-free [84,87,88,90,91,93]. Similarly, the presence of other
comorbidities was a factor of exclusion only in some studies [83,85,87–93]. All those
variables may have influenced the results, causing bias. Another factor that can impact the
clinical studies is the sex hormone profile. Most of the studies in this review did not specify
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the menstrual phase women were in during experimental analysis. Further, the studies
that did, only included women in the follicular phase or post-menopausal taking hormone
replacement therapy [45,87,88,90,91]. Even though that choice is not surprising as it is more
convenient to observe women when hormonal levels are at their lowest (follicular phase),
that is not a good representative dataset for females. Overall, the involvement of the female
menstrual cycle phase in alterations of Tryp metabolism and brain 5-HT for neurological
conditions has not been adequately addressed. Future studies should include women at
different stages of their menstrual cycle to overcome this gap.

The eating behaviour of participants is also an important variable since Tryp is ob-
tained exclusively from the diet [2,49]. Considering that the half-life of tryptophan is
short, around 2 h [128], overnight fasting should be enough to correctly evaluate Tryp
supplementation and/or depletion. Nevertheless, analysis of plasma Tryp metabolites
could be a good approach to examine the effects on daily life conditions (without fasting).
Additionally, the use of animal models could be an advantage to study the impact of Tryp
availability as their diet is easily controlled by researchers.

Finally, neuroimaging studies with α-[11C]methyl-L-tryptophan, which has been
widely used as a serotoninergic marker, must be interpreted taking into account the kynure-
nine pathway. We also advert that this radiotracer should only be used to estimate brain
5-HT synthesis for normal circumstances and not in pathological states.

3. Methods

The methods of this systematic review followed the PRISMA (Preferred Reported
Items for Systematic Review and Meta-Analysis) guidelines [129].

3.1. Study Eligibility

The inclusion criteria were: studies analysing at least one of the tryptophan metabo-
lites; studies including human subjects with neurological and/or psychiatric conditions;
and studies including both biological sexes (female and male). On the other hand, the
exclusion criteria were: 1—studies on non-human subjects; 2—studies only including one of
the two biological sexes (female or male); case reports, literature reviews, systematic review,
and meta-analyses; studies not published in English; and studies older than 20 years.

3.2. Search Strategy

This study systematically revised sex differences in Tryp metabolism, focusing on
neuropsychiatric diseases. The last research was conducted on 18 January 2023 and included
the results of the last 20 years. A search of the literature was performed in Pubmed, Scopus,
and Web of Science databases, using the search formulas presented in Table 7. We only
included studies conducted on humans, excluded meta-analysis, reviews, and systematic
reviews and restricted our search to English-language papers. Only the studies focused on
sex differences in neurological conditions were selected.

Table 7. Search strategy used.

Database Search Formula

Medline
(via PubMed)

((((“tryptophan” [Mesh] AND “Sex Characteristics” [Mesh]) OR (“tryptophan” [title]
AND “gender” [All fields]) OR (“tryptophan” [title] AND “sex” [All fields])) NOT

(“review” [Publication Type])) NOT (“systematic review” [Publication Type])) NOT
(“meta analysis” [Publication Type])

Scopus TITLE-ABS-KEY ((“tryptophan” AND “Sex Characteristics”) OR (“tryptophan” AND
“gender”) OR (“tryptophan” AND “sex”)) AND (LIMIT-TO(DOCTYPE, “ar”))

Web of Science
Medline (TS= (“tryptophan” AND (“Sex Characteristics” OR “gender” OR “sex”)))
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4. Conclusions

Notable findings can be garnered from this review. One of the most important is that
Tryp metabolism, the common denominator linking 5-HT dysfunctions and neuroinflam-
mation, is a preeminent aspect involved in several neuropsychiatric conditions. Consistent
evidence suggests that women have higher susceptibility than men to suffer serotonin-
ergic alterations due to changes in the levels of its precursor Tryp. Indeed, female sex
bias in neuropsychiatric diseases is involved in a reduced availability of this amino acid
pool and 5-HT synthesis (Figure 3). In addition, the sexual dimorphisms found in this
specific molecular mechanism correlate with a distinct predisposition between women
and men for some neuropsychiatric disorders. Perhaps the most striking message of this
review is the relevance of deepening the study of Tryp metabolism behind sex differences
for neuropsychiatric disorders. Despite the well-established understanding that women
and men differ in their predisposition and disease manifestations for neuropsychiatric
conditions, sex is rarely considered when making diagnostic or treatment decisions. In fact,
sex-specific changes in Tryp metabolism of neurological/psychiatric illnesses have only
been explored to a minimal extent in the literature. Further, worryingly, the effect of diet
and sex steroids, both involved in this molecular mechanism, have been poorly addressed.
We believe that a better understanding of the Tryp metabolic molecular processes behind
these sex differences could help develop more targeted therapies with higher success rates,
especially in diseases where sex differences are most prominent.

Figure 3. Sexual bias for some neuropsychiatric conditions seems to be related to opposite dis-
turbances in the (5-HT) system. On one hand, most neuropsychiatric disorders with aggravated
manifestations in women (e.g., depression, affective, and mood disorders) are associated with defi-
cient production of serotonin. On the other hand, some conditions that affect more males than females
(e.g., ASD and ADHD) have excessive production of that neurotransmitter. Specifically, female sex
bias in neuropsychiatric diseases appears to be involved in a reduced availability of this amino acid
pool and 5-HT synthesis. Further, women have higher susceptibility than men to suffer serotoninergic
alterations due to changes in the levels of its precursor Tryp. These changes in Tryp metabolism and,
consequently, in the serotoninergic system can lead to sexual dimorphisms on the prevalence and
severity of neuropsychiatric disorders. The Figure was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.



Int. J. Mol. Sci. 2023, 24, 6010 20 of 25

Author Contributions: Conceptualisation, M.L.P. and J.G.; methodology, M.L.P. and J.G.; validation,
J.G., J.M. and M.C.-B.; investigation, M.L.P. and J.G.; data curation, M.L.P.; writing—original draft
preparation, M.L.P. and J.G.; writing—review and editing, J.G., J.M. and M.C.-B.; visualisation, M.L.P.
and J.G.; supervision, J.G. and M.C.-B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by PhD Fellow 2020.06582.BD from FCT, Scientific Project
2022.01066.PTDC and Strategic Plan UIDP/04950/2020, COMPETE and FEDER funds, FCT, Portugal,
ICNAS-Pharma.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ruddick, J.P.; Evans, A.K.; Nutt, D.J.; Lightman, S.L.; Rook, G.A.W.; Lowry, C.A. Tryptophan metabolism in the central nervous

system: Medical implications. Expert Rev. Mol. Med. 2006, 8, 1–27. [CrossRef] [PubMed]
2. Van der Leek, A.P.; Yanishevsky, Y.; Kozyrskyj, A.L. The Kynurenine Pathway as a Novel Link between Allergy and the Gut

Microbiome. Front. Immunol. 2017, 8, 1374. [CrossRef] [PubMed]
3. Bosi, A.; Banfi, D.; Bistoletti, M.; Giaroni, C.; Baj, A. Tryptophan Metabolites along the Microbiota-Gut-Brain Axis: An Interk-

ingdom Communication System Influencing the Gut in Health and Disease. Int. J. Tryptophan Res. 2020, 13, 1178646920928984.
[CrossRef] [PubMed]

4. Gheorghe, C.E.; Martin, J.A.; Manriquez, F.V.; Dinan, T.G.; Cryan, J.F.; Clarke, G. Focus on the essentials: Tryptophan metabolism
and the microbiome-gut-brain axis. Curr. Opin. Pharmacol. 2019, 48, 137–145. [CrossRef]

5. Zahar, S.; Schneider, N.; Makwana, A.; Chapman, S.; Corthesy, J.; Amico, M.; Hudry, J. Dietary tryptophan-rich protein
hydrolysate can acutely impact physiological and psychological measures of mood and stress in healthy adults. Nutr. Neurosci.
2022, 26, 303–312. [CrossRef]

6. Comai, S.; Bertazzo, A.; Brughera, M.; Crotti, S. Tryptophan in health and disease. Adv. Clin. Chem. 2020, 95, 165–218.
7. Gostner, J.M.; Geisler, S.; Stonig, M.; Mair, L.; Sperner-Unterweger, B.; Fuchs, D. Tryptophan Metabolism and Related Pathways in

Psychoneuroimmunology: The Impact of Nutrition and Lifestyle. Neuropsychobiology 2020, 79, 89–99. [CrossRef]
8. Ciranna, L. Serotonin as a Modulator of Glutamate- and GABA-Mediated Neurotransmission: Implications in Physiological

Functions and in Pathology. Curr. Neuropharmacol. 2006, 4, 101–114. [CrossRef]
9. Platten, M.; Nollen, E.A.A.; Röhrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in

cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]
10. Campbell, B.M.; Charych, E.; Lee, A.W.; Möller, T. Kynurenines in CNS disease: Regulation by inflammatory cytokines. Front.

Neurosci. 2014, 8, 12. [CrossRef]
11. Mithaiwala, M.N.; Santana-Coelho, D.; Porter, G.A.; O’Connor, J.C. Neuroinflammation and the Kynurenine Pathway in CNS

Disease: Molecular Mechanisms and Therapeutic Implications. Cells 2021, 10, 1548. [CrossRef]
12. Lemos, H.; Huang, L.; Prendergast, G.C.; Mellor, A.L. Immune control by amino acid catabolism during tumorigenesis and

therapy. Nat. Rev. Cancer 2019, 19, 162–175. [CrossRef]
13. Yeung, A.W.S.; Terentis, A.C.; King, N.J.C.; Thomas, S.R. Role of indoleamine 2,3-dioxygenase in health and disease. Clin. Sci.

2015, 129, 601–672. [CrossRef]
14. Zinger, A.; Barcia, C.; Herrero, M.T.; Guillemin, G.J. The involvement of neuroinflammation and Kynurenine pathway in

Parkinson’s disease. Park. Dis. 2011, 2011, 716859. [CrossRef]
15. Savino, R.; Carotenuto, M.; Polito, A.N.; Di Noia, S.; Albenzio, M.; Scarinci, A.; Ambrosi, A.; Sessa, F.; Tartaglia, N.; Messina,

G. Analyzing the potential biological determinants of Autism Spectrum Disorders: From Neuroinflammation to Kynurenines
Pathway. Brain Sci. 2020, 10, 631. [CrossRef]

16. Heyes, M.P.; Saito, K.; Crowley, J.S.; Davis, L.E.; Demitrack, M.A.; Der, M.; Dilling, L.A.; Elia, J.; Kruesi, M.J.P.; Lackner, A.; et al.
Quinolinic acid and kynurenine pathway metabolism in inflammatory and non-inflammatory neurological disease. Brain 1992,
115, 1249–1273. [CrossRef]

17. Meier, T.B.; Drevets, W.C.; Teague, T.K.; Wurfel, B.E.; Mueller, S.C.; Bodurka, J.; Dantzer, R.; Savitz, J. Kynurenic Acid is Reduced
in Females and Oral Contraceptive Users: Implications for Depression. Brain Behav. Immun. 2018, 67, 59. [CrossRef]

18. Stone, T.W.; Mackay, G.M.; Forest, C.M.; Clark, J.; Darlington, L.G. Tryptophan metabolites and brain disorders. Clin. Chem. Lab.
Med. 2003, 41, 852–859. [CrossRef]

19. Jans, L.A.W.; Riedel, W.J.; Markus, C.R.; Blokland, A. Serotonergic vulnerability and depression: Assumptions, experimental
evidence and implications. Mol. Psychiatry 2007, 12, 522. [CrossRef]

http://doi.org/10.1017/S1462399406000068
http://www.ncbi.nlm.nih.gov/pubmed/16942634
http://doi.org/10.3389/fimmu.2017.01374
http://www.ncbi.nlm.nih.gov/pubmed/29163472
http://doi.org/10.1177/1178646920928984
http://www.ncbi.nlm.nih.gov/pubmed/32577079
http://doi.org/10.1016/j.coph.2019.08.004
http://doi.org/10.1080/1028415X.2022.2047435
http://doi.org/10.1159/000496293
http://doi.org/10.2174/157015906776359540
http://doi.org/10.1038/s41573-019-0016-5
http://doi.org/10.3389/fnins.2014.00012
http://doi.org/10.3390/cells10061548
http://doi.org/10.1038/s41568-019-0106-z
http://doi.org/10.1042/CS20140392
http://doi.org/10.4061/2011/716859
http://doi.org/10.3390/brainsci10090631
http://doi.org/10.1093/brain/115.5.1249
http://doi.org/10.1016/j.bbi.2017.08.024
http://doi.org/10.1515/CCLM.2003.129
http://doi.org/10.1038/sj.mp.4001920


Int. J. Mol. Sci. 2023, 24, 6010 21 of 25

20. Schwarcz, R.; Stone, T.W. The kynurenine pathway and the brain: Challenges, controversies and promises. Neuropharmacology
2017, 112, 237–247. [CrossRef]

21. Holden, C. Sex and the suffering brain. Science 2005, 308, 1574–1577. [CrossRef] [PubMed]
22. Pinares-Garcia, P.; Stratikopoulos, M.; Zagato, A.; Loke, H.; Lee, J. Sex: A Significant Risk Factor for Neurodevelopmental and

Neurodegenerative Disorders. Brain Sci. 2018, 8, 154. [CrossRef] [PubMed]
23. Songtachalert, T.; Roomruangwong, C.; Carvalho, A.F.; Bourin, M.; Maes, M. Anxiety Disorders: Sex Differences in Serotonin and

Tryptophan Metabolism. Curr. Top. Med. Chem. 2018, 18, 1704–1715. [CrossRef] [PubMed]
24. Santos, S.; Ferreira, H.; Martins, J.; Gonçalves, J.; Castelo-Branco, M. Male sex bias in early and late onset neurodevelopmental dis-

orders: Shared aspects and differences in Autism Spectrum Disorder, Attention Deficit/hyperactivity Disorder, and Schizophrenia.
Neurosci. Biobehav. Rev. 2022, 135, 104577. [CrossRef]

25. Saldanha, D.; Kumar, N.; Ryali, V.S.S.R.; Srivastava, K.; Pawar, A.A. Serum Serotonin Abnormality in Depression. Med. J. Armed
Forces India 2009, 65, 108. [CrossRef]

26. Vahid-Ansari, F.; Albert, P.R. Rewiring of the Serotonin System in Major Depression. Front. Psychiatry 2021, 12, 2275. [CrossRef]
27. Setiawati, Y.; Wahyuhadi, J.; Mukono, H.J.; Warsiki, E.; Yuniar, S. Is there an Effect of Serotonin on Attention Deficit Hyperactivity

Disorder. Artic. Indian J. Public Health Res. Dev. 2020, 11, 1745. [CrossRef]
28. Clayton, J.A. Sex influences in neurological disorders: Case studies and perspectives. Dialogues Clin. Neurosci. 2016, 18, 357.

[CrossRef]
29. Jans, L.A.W.; Lieben, C.K.J.; Blokland, A. Influence of sex and estrous cycle on the effects of acute tryptophan depletion induced

by a gelatin-based mixture in adult Wistar rats. Neuroscience 2007, 147, 304–317. [CrossRef]
30. Baratta, A.M.; Buck, S.A.; Buchla, A.D.; Fabian, C.B.; Chen, S.; Mong, J.A.; Pocivavsek, A. Sex Differences in Hippocampal

Memory and Kynurenic Acid Formation Following Acute Sleep Deprivation in Rats. Sci. Rep. 2018, 8, 6963. [CrossRef]
31. Alberghina, D.; Giannetto, C.; Visser, E.K.; Ellis, A.D. Effect of diet on plasma tryptophan and serotonin in trained mares and

geldings. Vet. Rec. 2010, 166, 133–136. [CrossRef]
32. Albay, R.; Chen, A.; Anderson, G.M.; Tatevosyan, M.; Janušonis, S. Relationships among body mass, brain size, gut length, and

blood tryptophan and serotonin in young wild-type mice. BMC Physiol. 2009, 9, 4. [CrossRef]
33. Yao, J.; Lu, H.; Wang, Z.; Wang, T.; Fang, F.; Wang, J.; Yu, J.; Gao, R. A sensitive method for the determination of the gender

difference of neuroactive metabolites in tryptophan and dopamine pathways in mouse serum and brain by UHPLC-MS/MS.
J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2018, 1093–1094, 91–99. [CrossRef]

34. Guzmán, D.C.; Ruíz, N.L.; García, E.H.; Mejía, G.B.; Téllez, P.P.; Jimenez, G.E.; De la Rosa Apreza, M.; Olguín, H.J. Effect of
sibutramine on Na+, K+ ATPase activity and tryptophan levels on male and female rat brain. Horm. Metab. Res. 2009, 41, 363–367.
[CrossRef]

35. Carlsson, M.; Carlsson, A. A regional study of sex differences in rat brain serotonin. Prog. Neuro Psychopharmacol. Biol. Psychiatry
1988, 12, 53–61. [CrossRef]

36. Domínguez, R.; Cruz-Morales, S.E.; Carvalho, M.C.; Xavier, M.; Brandao, M.L. Sex differences in serotonergic activity in dorsal
and median raphe nucleus. Physiol. Behav. 2003, 80, 203–210. [CrossRef]

37. Haleem, D.J.; Kennett, G.A.; Curzon, G. Hippocampal 5-hydroxytryptamine synthesis is greater in female rats than in males and
more decreased by the 5-HT1A agonist 8-OH-DPAT. J. Neural Transm. Gen. Sect. 1990, 79, 93–101. [CrossRef]

38. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666–673.
[CrossRef]

39. Badawy, A.A.B.; Dougherty, D.M. Assessment of the Human Kynurenine Pathway: Comparisons and Clinical Implications of
Ethnic and Gender Differences in Plasma Tryptophan, Kynurenine Metabolites, and Enzyme Expressions at Baseline and After
Acute Tryptophan Loading and Depletion. Int. J. Tryptophan Res. 2016, 9, 31–49. [CrossRef]

40. Blennow, K.; Wallin, A.; Gottfries, C.G.; Karlsson, I.; Månsson, J.E.; Skoog, I.; Wikkelsö, C.; Svennerholm, L. Cerebrospinal fluid
monoamine metabolites in 114 healthy individuals 18–88 years of age. Eur. Neuropsychopharmacol. J. Eur. Coll. Neuropsychopharma-
col. 1993, 3, 55–61. [CrossRef]

41. Brewerton, T.D.; Putnam, K.T.; Lewine, R.R.J.; Risch, S.C. Seasonality of cerebrospinal fluid monoamine metabolite concentrations
and their associations with meteorological variables in humans. J. Psychiatr. Res. 2018, 99, 76–82. [CrossRef] [PubMed]

42. Badawy, A.A.B.; Morgan, C.J.; Llewelyn, M.B.; Albuquerque, S.R.J.; Farmer, A. Heterogeneity of serum tryptophan concentration
and availability to the brain in patients with the chronic fatigue syndrome. J. Psychopharmacol. 2005, 19, 385–391. [CrossRef]
[PubMed]

43. Raheja, U.K.; Fuchs, D.; Giegling, I.; Brenner, L.A.; Rovner, S.F.; Mohyuddin, I.; Weghuber, D.; Mangge, H.; Rujescu, D.; Postolache,
T.T. In psychiatrically healthy individuals, overweight women but not men have lower tryptophan levels. Pteridines 2015,
26, 79–84. [CrossRef] [PubMed]

44. Vidal, R.; García-Marchena, N.; O’Shea, E.; Requena-Ocaña, N.; Flores-López, M.; Araos, P.; Serrano, A.; Suárez, J.; Rubio, G.;
Rodríguez de Fonseca, F.; et al. Plasma tryptophan and kynurenine pathway metabolites in abstinent patients with alcohol
use disorder and high prevalence of psychiatric comorbidity. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2020, 102, 109958.
[CrossRef]

http://doi.org/10.1016/j.neuropharm.2016.08.003
http://doi.org/10.1126/science.308.5728.1574
http://www.ncbi.nlm.nih.gov/pubmed/15947170
http://doi.org/10.3390/brainsci8080154
http://www.ncbi.nlm.nih.gov/pubmed/30104506
http://doi.org/10.2174/1568026618666181115093136
http://www.ncbi.nlm.nih.gov/pubmed/30430940
http://doi.org/10.1016/j.neubiorev.2022.104577
http://doi.org/10.1016/S0377-1237(09)80120-2
http://doi.org/10.3389/fpsyt.2021.802581
http://doi.org/10.37506/v11/i1/2020/ijphrd/194103
http://doi.org/10.31887/DCNS.2016.18.4/jclayton
http://doi.org/10.1016/j.neuroscience.2007.04.028
http://doi.org/10.1038/s41598-018-25288-w
http://doi.org/10.1136/vr.c502
http://doi.org/10.1186/1472-6793-9-4
http://doi.org/10.1016/j.jchromb.2018.06.054
http://doi.org/10.1055/s-0028-1128145
http://doi.org/10.1016/0278-5846(88)90061-9
http://doi.org/10.1016/j.physbeh.2003.07.012
http://doi.org/10.1007/BF01251004
http://doi.org/10.1038/mp.2012.77
http://doi.org/10.4137/IJTR.S38189
http://doi.org/10.1016/0924-977X(93)90295-W
http://doi.org/10.1016/j.jpsychires.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29427844
http://doi.org/10.1177/0269881105053293
http://www.ncbi.nlm.nih.gov/pubmed/15982993
http://doi.org/10.1515/pterid-2015-0002
http://www.ncbi.nlm.nih.gov/pubmed/26251562
http://doi.org/10.1016/j.pnpbp.2020.109958


Int. J. Mol. Sci. 2023, 24, 6010 22 of 25

45. Hestad, K.A.; Engedal, K.; Whist, J.E.; Farup, P.G. The Relationships among Tryptophan, Kynurenine, Indoleamine 2,3-
Dioxygenase, Depression, and Neuropsychological Performance. Front. Psychol. 2017, 8, 1561. [CrossRef]

46. Horn, J.; Mayer, D.E.; Chen, S.; Mayer, E.A. Role of diet and its effects on the gut microbiome in the pathophysiology of mental
disorders. Transl. Psychiatry 2022, 12, 164. [CrossRef]

47. Grzymisławska, M.; Puch, E.A.; Zawada, A.; Grzymisławski, M. Do nutritional behaviors depend on biological sex and cultural
gender? Adv. Clin. Exp. Med. 2020, 29, 165–172. [CrossRef]

48. Gibson, E.L. Tryptophan supplementation and serotonin function: Genetic variations in behavioural effects. Proc. Nutr. Soc. 2018,
77, 174–188. [CrossRef]

49. Nayak, B.; Singh, R.; Buttar, H. Role of Tryptophan in Health and Disease: Systematic Review of the Anti-Oxidant, Anti-
Inflammation, and Nutritional Aspects of Tryptophan and Its Metabolites. 2019. Available online: https://www.researchgate.
net/publication/336104734_Role_of_Tryptophan_in_Health_and_Disease_Systematic_Review_of_the_Anti-Oxidant_Anti-
Inflammation_and_Nutritional_Aspects_of_Tryptophan_and_Its_Metabolites (accessed on 10 July 2022).

50. Beretich, G.R. Reversal of autistic symptoms by removal of low-relative tryptophan foods: Case report. Med. Hypotheses 2009,
73, 856–857. [CrossRef]
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