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Abstract: The aim of this brief narrative commentary is to discuss some aspects involved in
depression. It is increasingly evident that the phenomenon of mood disorders, despite its unequivocal
genetic origin, slips into a multifactorial set of biochemical and molecular events that involve the
whole organism. A vast literature has provided evidence that recognizes changes in serotonergic
neurotransmission in the pathophysiology of depression. In addition, an increased arachidonic
acid/omega-3 fatty acid ratio, which confers to mammalian cell membranes their fluidity, is associated
with the depressive state. The combination of the excessive expression of kinurenine and the
increased fluidity of the membrane has never been considered in the meaning of a simultaneous
effect in the determinism of the depressive condition. Furthermore, various evidence supports the
relationship between intestinal microbiota and depression and confirms alterations in the microbiota
in depressive pathology.

Keywords:  tryptophan; serotonin; depression; membrane fluidity; arachidonic acid;
intestinal microbiota

1. Introduction

A paper published in The Lancet in 1969 about tryptophan stated, “Psychic depression may result
from deficiency of brain serotonin. It is suggested that in depression the production of tryptophane
pyrrolase by the liver is stimulated by raised blood-corticosteroid levels. As a result the metabolism of
tryptophane is shunted away from serotonin production, and towards kynurenine production” [1].

In fact, this article highlighted how the neurotropic activity of kinurenine, by modifying the
bioavailability of tryptophan, favored the reduction of serotonin (5-hydroxytryptamine, 5-HT), opening
the door to states of anxiety, psychosis, and cognitive decline—conditions all associated with depression.

In 1973, other authors conducted an experiment in depressed and nondepressed subjects claiming
that the data obtained did not support the increase in tryptophan metabolism toward the kinurenine
pathway in depression [2]. Despite the contrast of these data, probably attributable to the experimental
modalities, the evidence remains that, in the depressive condition, tryptophan triggers a decrease in
5-HT levels.

Over time, up to the present day, the concept of the centrality of tryptophan in the determinism
of the reduction of 5-HT, due to the greater transformation of the metabolic pathway of tryptophan
into kinurenine, has become increasingly popular [3]. In particular, stress and inflammation, as well
as proinflammatory cytokines, can induce the activation of indoleamine 2,3-dioxygenase (IDO) (an
enzyme involved in the catabolism of tryptophan to kynurenine), and higher levels of kynurenine
have been linked with a depressive condition [4,5] (Figure 1). In addition, genetic variants of 5-HT
receptors, as well as tryptophan hydroxylase, have been associated with a higher risk of depression [6].
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Furthermore, proinflammatory cytokines increase monoamine reuptake by further reducing 5-HT

levels [7-9].
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Figure 1. Metabolic pathways of tryptophan.

In the 1970s and 1980s, a further element to the evaluation of the reduced presence of 5-HT in the
depressive condition was added by some authors with reference to the similarity between neurons
and platelets in relation to finding a reduced amount of 5-HT in the neurons and the platelets in the
depressive condition [10-17].

In more recent years, the results obtained by other authors through blood platelet fatty acids, in
the interpretation of an artificial neural network, have enabled the possibility of carrying out a precise
diagnostic evaluation of the two main psychopathologies, namely major depression (MD) and bipolar
disorder (BD) [18-20].

Whereas 5-HT is mostly known for its role in mood, anxiety, psychosis, or memory in the central
nervous system (CNS), more than 95% of total body 5-HT is present in the periphery. In addition, the
majority of peripheral 5-HT is stored in platelets. On the other hand, platelets do not synthesize 5-HT,
but they adsorb it from plasma through the 5-HT transporter and release it during their activation [21].
Actually, the function of 5-HT in platelets is not clear yet; studies suggest that it is important for the
serotonylation of the proteins necessary in platelet aggregation [22].

A recent study revealed platelet contributions to inflammation in reactions involving
antigen—antibody complexes [23]. Furthermore, some studies have found a significant correlation
between the abnormal membrane fluidity of platelets and the severity of dementia [24-26].

Platelets and neurons are unquestionably different cells, however, they share common
characteristics in molecular organization and in protein composition [27]. In particular, various
proteins are typically expressed in both neurons and platelets, and circulating platelets have been
proposed as an alternative model to investigate neuronal dysfunctions and as an accessible peripheral
biomarker to monitor the onset and the progression of neurological diseases. In this respect, some
studies have reported platelet alterations in autism spectrum disorders [28].

The hypothesis that is formulated refers to the possibility of using the platelet as a diagnostic
element in psychopathology [29] and in accordance with Heron et al. [30]. The focus is on the role
of membrane fluidity in the management of 5-HT uptake. The cell membrane is known to live in a
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state of continuous mobility. Its fluidity is affected by the ratio of phospholipids to free cholesterol.
In particular, long chain fatty acids, specifically arachidonic acid (AA) and docosahexaenoic acid
(DHA), are integral components of neural membrane phospholipids and are extremely important
for the maintenance of the optimum membrane fluidity of neurons [31]. There are several potential
sources of AA in the brain, and an alteration in their components cannot only influence crucial
intracellular and intercellular signaling but also alter many membrane physical properties, such as
fluidity, phase transition temperature, bilayer thickness, and lateral domains, and therefore, the activity
of membrane-dependent proteins [31,32]. Alterations in membrane proteins have been documented in
depressed patients [33]. Walsh et al. reported an increase in the expression of the platelet adhesion
receptor glycoprotein-Ib in depressed subjects [34]. In addition, Piletz et al. showed an increased
P-selectin platelet content in depressed patients [35]. In particular, an excessive phospholipase-A
2 (PLA 2) activity could disrupt membrane fluidity, composition, and consequently, the activity of
membrane-dependent proteins [33]. Membrane fluidity among depressed patients has been reported
to be significantly involved, and brain levels of DHA have been shown to be reduced [36].

It has been hypothesized that membrane viscosity influences the reactivity of circulating platelets.
The viscosity of the platelet membrane, the dislocation of the membrane components, and the distortion
of the lipid—protein interactions could give rise to a signal mediated by an altered fluidity of the platelet
membrane [37].

Therefore, the differential lipid fluidity of the membrane represents a crucial node of 5-HT
signaling. Indeed, the differential accessibility of 5-HT receptors decreases with lipid fluidity [30].
Among the various subtypes of 5-HT receptors, the type-1A receptor serves as an important target
in the development of therapeutic agents for neuropsychiatric disorders, including depression. In
particular, it has been observed that the mobility of the 5-HT 1A receptor and the dynamics of the cell
surface also depend on the receptor’s interaction with G proteins [38].

A correlation between platelet fatty acid composition in humans (isolated from venous and arterial
blood) and pigs (isolated from venous blood and the brain) has been performed [39]. Experiments
have been conducted on the transfer of AA between platelets and the brain, in pigs compared to
humans, where it has not been possible to investigate the human brain [36-38]; these studies have
shown, through a mathematical extrapolation of the data, the increased concentration of AA [39] as the
reason for the increased fluidity of the membrane and the reduction in the accessibility of 5-HT, as is
also reported by Green et al. [40]. In particular, the concentration of AA in brain tissue from various
areas of an animal model of depression has been shown to be higher than in the corresponding brain
areas of the controls [40].

Under conditions of an alteration in the fluidity of the membrane due to an increase in AA, as
happens in the depressive state, 5-HT would not be captured by the platelets and, moreover, could
contribute to bone and cardiovascular damage [31,41,42].

In conclusion, there could be two mechanisms that induce the reduction in 5-HT in
psychopathological subjects, both centrally and peripherally: on the one hand, the excessive hyper-
expression of the kinurenine pathway, and on the other, the substantial modification of the mobility
of the membrane in the direction of increased fluidity due to an excessive concentration of AA [31]
(Figure 2).

The combination of the excessive expression of kinurenine and the increased fluidity of the
membrane has never been considered in the meaning of a simultaneous effect in the determinism of
depressive conditions, such as MD and BD, and in stress.

This observation appears to be relevant for the treatment of depressive psychopathology as well
as for further cardiovascular and bone damage [41,42].

Therefore, how to intervene?

Evidence supports the relationship between the microbiota and depression, confirmed by research
conducted on alterations of the microbiota in depressive pathology [8,43—45]. In particular, recent
studies have shown how and to what extent the intestinal microbiota is involved in the regulation
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of functional aspects of the brain and behavior, with particular regard to alterations in tryptophan
metabolism and the serotonergic system. Research has been focused on the bidirectional communication
between the brain and gut, looking at 5-HT as a molecular signaling factor in both the brain and the
enteric nervous system, where 5-HT regulates functions such as secretion, vasodilation, peristalsis, and
the perception of pain. The gut microbiota is a critical element of this axis and performs its function not
only locally but on several levels. Alterations of 5-HT occur in disorders of the microbiota—gut-brain
axis and in communication between the districts [8,46]. This axis explains the mood alterations in
irritable bowel syndrome (IBS) and suggests that IBS pathogenesis is partly related to the dysfunctional
control of 5-HT production by the gut microbiota. Furthermore, the development of IBS has been shown
to be connected to tryptophan depletion. Mechanisms supporting the influence of the microbiota
on the availability of tryptophan and therefore of 5-HT are possible through the enzymatic activities
responsible for the degradation of tryptophan along the kinurenine pathway [47]. This pathway is
involved in a reduction in the kinurenine/tryptophan ratio in germ-free mice (mice born and raised in
the absence of microbiota). Furthermore, the alterations of IDO/tryptophan 2,3-dioxygenase (TDO)
activity seem to have relevant clinical implications in various pathological conditions [48].
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Figure 2. Tryptophan pathway from gut to brain. On the left, a schematic description of the metabolic
pathway of tryptophan from enterochromaffin cells to platelets is shown under normal conditions.
To the right, the same hypothetical pathway is modified in conditions of intestinal inflammation or
dysbiosis (loss of stability of gut microbiota) and under an alteration in the fluidity of the membrane
due to the excessive presence of arachidonic acid. In this case, 5-HT would not be captured by platelets
and would remain free, thus contributing to possible cardiovascular and bone damage. In addition,
the enzymes IDO and TDO metabolize tryptophan to kinurenine and, furthermore, stop tryptophan
from entering the brain. AAAD, aromatic L-amino acid decarboxylase; AANAT, N-acetyl transferase;
IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; 5-HT, 5-hydroxytryptamine,
serotonin; TPHI1, tryptophan hydroxylase 1.
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Interestingly, the conversion of tryptophan to 5-HT occurs predominantly in the intestine, in the
enterochromaffin cells of the intestinal mucosa. As previously mentioned, the vast majority of 5-HT
is not found in the CNS but in the gastrointestinal tract [49]. The levels of 5-HT vary depending on
plasma tryptophan levels and on the current availability of tryptophan from nutrition [50].

Several species of enteric microorganisms, such as Lactobacillus, Bifidobacterium, Escherichia, Bacillus,
and Saccharomyces, are able to produce neurotransmitters, including 5-HT. Unlike 5-HT, tryptophan
produced by gut microbiota is permeable with respect to the blood-brain barrier and produces positive
effects on mood through an increase in 5-HT levels in the brain [51]. In addition, gut microbiota can
use tryptophan directly. Preclinical studies have reported direct and indirect mechanisms by which the
gut microbiota is able to regulate tryptophan availability for kynurenine pathway metabolism, with
downstream effects on CNS function [52].

Finally, impaired rapid eye movement (REM) sleep in depression is partially caused by the
hyperactivation of REM-on cholinergic neurons. This is supported by the discovery that cholinergic
stimulation leads to a more severe REM sleep inhibition in depressed patients compared to healthy
controls [53]. Sleep disturbances are common in depressed subjects and also in subjects with dysbiosis
and intestinal inflammation [54]. This is probably also attributable to an altered level of melatonin
consequent to the altered level of its precursor, 5-HT. A recent study reports that total microbiome
diversity was positively correlated with increased sleep efficiency and total sleep time and was
negatively correlated with waking after sleep onset [55].

2. Conclusions

Membrane mobility changes the uptake of serotonin, which decreases in the case of increased
fluidity and increases in the case of increased viscosity. The gut microbiota affects depression-like
behavior through influencing brain tryptophan accessibility and the serotonergic system [56].

The overlapping of the two phenomena, a common finding in depressive psychopathology, helps
to reduce the availability of serotonin and, therefore, its regulatory function on mood.

Furthermore, for the reasons previously analyzed and explained, inflammation, osteoporosis risk,
and ischemic cardiovascular risk can also exist in psychopathology.

In this context, the microbiota—gut-brain axis, in the complexity of its interactions, appears crucial
in governing our thoughts, actions, and weaknesses. For these reasons, we can hypothesize that
“depression” should be understood as a biological and cultural synthesis of human existence.
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Abbreviations

AA arachidonic acid

BD bipolar disorder

CNS central nervous system

DHA docosahexaenoic acid

5-HT 5-hydroxytryptamine, serotonin
IBS irritable bowel syndrome

IDO indoleamine 2,3-dioxygenase
MD major depression

REM rapid eye movement

TDO tryptophan 2,3-dioxygenase
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