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Abstract: Evidence support that brain membrane fatty acids play a crucial role in psychopathologies
such as depression and anxiety disorders. Although the pathogenesis of depression is not still defined,
drugs commonly used to reduce arachidonic turnover in the brain can control mood disorders, such as
depression. Both astrocytes and mast cells release arachidonic acid during silent inflammation. Here,
we hypothesize that arachidonic acid freed from lipid droplets of mast cells, as well as the one released
from activated astrocytes, could contribute to characterize a depressive condition, and the fatty
acids profile of mast cells, astrocytes and microglia could also vary, reflecting the pathophysiological
depressive state of the subject. Finally, there is evidence that gut microbiota is deeply implicated in
mood and behavioral disorders. Human gut microbiota can control nervous system diseases through
neuroimmune pathways.
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1. Introduction

Major depression (MD), bipolar disorder (BD) and anxiety disorders are severe illnesses that
represent a social problem, high prevalence rates, and are often comorbid. MD and BD present
multiple combinations of somatic, social, and emotive symptoms, including anxiousness and lack of
concentration. These disorders can cause disability, with important economic consequences. The rate of
these psychopathologies increased beyond 18% between 2005 and 2015 (World Health Organization,
2017) [1]. In addition, depression significantly increases the mortality rate. Research supports the
concept that in psychopathologies, there is a contemporary presence of chronic silent inflammation, a
condition that can increase depression incidence [2].

The absence of reliable markers for the diagnosis of depression has thwarted the differential
diagnosis of MD and BD; however, through the study of the fatty acids of the platelets, it has been
possible to realize a mathematical function capable of discriminating the MD from the BD [3-5].

Literature shows that in psychopathological disorders, there are modifications of the cholinergic
neurotransmission, the imbalance of excitatory/inhibitory signaling, the hyperactivity of the
hypothalamic—pituitary axis, and abnormal patterns in neurogenesis [6].

In addition, neuronal proteins and activities are involved [7].

Some factors can influence the function of the membrane and cytoskeleton; among these, we note
the lipid composition, the internal cell pressure, the density and distribution of the cytoskeleton, and
the relationship between surface area and volume [8-10].

It is well documented that brain lipids define protein functionality. In the brain, neuronal
membranes are formed by a wide variety of lipids, with highly dynamic regulation in their composition.

Appl. Sci. 2020, 10, 3455; d0i:10.3390/app10103455 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-9996-3584
https://orcid.org/0000-0001-5822-6852
http://www.mdpi.com/2076-3417/10/10/3455?type=check_update&version=1
http://dx.doi.org/10.3390/app10103455
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 3455 20f12

Such lipid composition can influence mood, perception and emotional behavior, such as depression
and anxiety disorders [3,11,12].

Preclinical data suggested a crucial role for polyunsaturated fatty acids (PUFAs), glycerolized
phospholipids, and sphingolipids in the onset of depression and anxiety disorders [11]. There is also
evidence that the gut microbiota is deeply involved in mood and behavioral disorders. In humans,
conditions of the microbiota have been linked to anxiety and depression [13].

Although the pathogenesis of depression is not still defined, drugs commonly used to reduce
arachidonic turnover in the brain can control depressive disorders [14].

2. Arachidonic Acid Sources

Recently, lines of evidence suggest that the membrane lipid component to Gsx-protein, tubulin,
and state of consciousness are related in a complex way. Depending on the lipid concentration phase of
the membrane, tubulin can serve as a regulator of the hydrolysis of membrane phospholipids as well
as G-proteins [9]. In this context, the state of continuous renewal and exchange of fatty acids can be
thought of in terms of a mechanical force on the cytoskeleton both in physiological and pathological
conditions [10,15-17].

Arachidonic acid (AA) is an abundant PUFA of the membrane phospholipids. It is an integral
component of cell membranes, conferring to the mammalian cell membranes their fluidity at
physiological temperatures. A complex molecular sequence affects the entire molecular mechanism
and may affect the production of regulatory molecules, including enzyme activities and metabolic
reactions, which can influence the viscosity of the membrane.

The principal effect of AA is its conversion via cyclooxygenase (COX) and lipoxygenase (LOX)
enzymes and, consequently, the stimulus to produce a variety of oxygenated PUFA bioactive
derivatives known as eicosanoids (prostaglandins, PGE, thromboxanes, lipoxins, leukotrienes,
hydroxyeicosatetraenoic, and epoxyeicosatetraenoic acids), and docosatrienes (neuroprotectins and
resolvins) which are locally acting hormone-like compounds and are known modulate inflammation status
(Figure 1). These molecules play roughly some role in depression. In particular, AA processing follows the
release of some cytosolic and secretory enzymes belonging to the rate-limiting phospholipase A2 (PLA;)
enzymes. In the brain, AA is specifically hydrolyzed by cytosolic PLA; (c PLA,) in a Ca?*-dependent
manner in response to a wide range of stimuli [18]. PLA; hydrolyzes the sn-2 fatty acyl bond of membrane
glycerophospholipids, including phosphatidylcholine (PC) and phosphatidylethanolamine (PE).

Arachidonic acid metabolites play crucial roles in maintaining health conditions by regulating
physiological processes, development, and growth of skeletal muscle, resolution of the inflammation
process, and production of angiogenic factors. AA and its metabolites are also implicated in various
processes, including hypoxia, ischemia, and hypoglycemia [19]. The release of AA has been well
characterized in both neural and non-neural cells.

The lipo-soluble metabolites of AA spread rapidly across membranes. Therefore, in addition
to acting within the cell that produced them, these molecules can act on neighboring cells acting as
transcellular messengers [20].

Patients suffering from major depression displayed a higher level of PLA; activity [21].

An increased AA/omega-3 fatty acid ratio, especially docosahexaenoic acid (DHA), is associated
with depression [11].

LOX generates anti-inflammatory docosahexaenoic acid(DHA)-derived metabolites and lipoxins
derived from AA via the 5-LOX pathway. Studies on 5-LOX-deficient transgenic mice models suggested
that 5-LOX activity may contribute to depression-like behaviors [22]. In addition, 5-LOX inhibitors, by
increasing phosphorylation of glutamatergic receptor type 1, might normalize synaptic plasticity in
depression state and produce antidepressant effects [23].

Drugs commonly used to treat BD, such as lithium, carbamazepine, and valproic acid, significantly
reduce AA turnover in the brain. This evidence suggests the possibility of a role for the benefit observed
from using omega-3 PUFA in mood disorders because omega-3 PUFA competitively inhibits the
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metabolism of AA to eicosanoids [24]. Lithium also influences downstream in the AA pathway by
inhibiting the COX-2 and reducing the inflammation condition [24].

Eicosanoids families are modulated by neuroglia such as microglia and astrocyte. In particular,
eicosanoids are produced by microglia [25].

COX-1 is constitutively expressed in the body and acts as a “house-keeping” enzyme. COX-2 is
an inducible enzyme under stress conditions [26,27].

There are few studies on the clinical effects of COX-2 inhibitors in depression.

The add-on celecoxib treatment showed higher remission rates compared with the placebo
group [28]. So, celecoxib can be considered as an effective add-on treatment for unipolar depressive
patients [28]. However, a study has reported that the efficacy of COX-2 and non-selective COX inhibitors
on depressive symptoms appears to be inconsistent [29].

Studies suggested that inflammatory processes may contribute to pathophysiological processes
since increased levels of pro-inflammatory cytokines and PGE2 have been found in a subset of patients
with MD [30].
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Figure 1. Cross-talk between mast cells, astrocytes, and microglia as arachidonic acid sources. The black
dots in mast cells are the typical granules containing preformed molecules. COX, cyclo-oxygenase; EET,
epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeisosatetraenoic
acid; IL-, interleukin-; LOX, lipoxygenase; NO, nitric oxide; LD, lipid droplet; P450, cytochrome P450
epoxygenase; ROS, reactive oxygen species; TNF-«, tumor nerve factor-«.

3. Sphingolipids and Sphingomyelinase Role in Depression

There is evidence that the sphingolipids increase the levels of ceramides and acid sphingomyelinase
in MD patients [31].

Sphingolipids are membrane structural components forming a physical barrier that influences the
local membrane composition and mobility, as well as the activity of receptor-mediated signaling [32].
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Sphingolipids are also implicated in various cell signaling pathways and physiological processes,
including growth, differentiation, inflammatory responses, and apoptosis [32-35]. Sphingolipids form
lipid rafts, membrane compartments rich in G-protein-coupled receptors. Rafts influence membrane
fluidity [36]. Lipid rafts are sites for acid sphingomyelinase activation and ceramide formation in
response to stressor agents.

Membrane viscosity can change the state of the Gso-protein. The connection of the Gso-protein
to tubulin, according to the lipid concentration of the membrane, can regulate, in a positive or negative
way, the hydrolysis of phosphatidylinositol diphosphate as well as the G-proteins. Tubulin forms
complexes with high affinity with certain G-proteins. These complexes induce the activation of the
Gsa-protein, resulting in further activation of the protein kinase C, and favoring a mechanism in which
the cytoskeleton, in turn, influences the signal of the G-protein. According to Donati et al., the position
of the Gsa-protein in the microdomain of the lipid membrane raft is relevant [37].

In pathophysiological conditions, the balance between ceramide and sphingosine-1-phosphate
may be considered of relevant importance [38]. Sphingomyelin regulates cPLA; -dependent release
of AA, whereas ceramide stimulates cPLA; and AA. In particular, sphingomyelin inhibits cPLA,.
The cPLA,, via sphingolipid metabolic activity, can be regulated by pro-inflammatory cytokines, such
as tumor necrosis factor-a (TNF-«) and interleukin-1 (IL-1) [35].

Recently, it has been observed that gut microbiota is involved in sphingolipid function [39].
In particular, some intestinal bacterial species are able to synthesize these lipids [40]. The conversion
of ceramide into various sphingolipids, which are able to either improve or prevent the inflammatory
status, depends on the signaling pathway and cell microenvironment. So, gut microbiota conditions
could establish the fate of sphingolipids.

A growing body of literature has also shown that intestinal bacteria regulate basic physiologic
processes. Gut microbiota is implicated in various disease states contributing to the regulation of
mood disorders. Observational studies reported a bidirectional link between depression and the gut
microbiome [41]. MD patients have an altered gut microbiome composition when compared to healthy
controls. In particular, MD subjects tends to be lower all gut bacteria, with a higher abundance of
bacterial phyla associated with inflammation, such as Bacteroidetes, and a reduction in phyla associated
with a decrease in inflammation, such as Firmicutes. In addition, Lactobacillus and Bifidobacterium
are reported as having a positive influence on depression conditions [42].

4. Mast Cells and Depression

MD and BD show a higher incidence in patients with chronic infections, and this suggests that
chronic silent inflammation can influence depression incidence [2]. In addition, reports refer that the
finding of mastocytosis, a pathology characterized by accumulation and activation of mast cells (MCs),
is common in MD and other neurological and psychiatric symptoms such as anxiety, sleep disorders,
and headaches [42,43].

Mast cells are classically known as “allergy cells”; they are involved in allergic reactions because
they undergo a degranulation process and, as a consequence, they release vasoactive, inflammatory and
nociceptive mediators [44—46]. However, MCs play also a crucial role under various pathophysiological
conditions, in which a chronic silent inflammation condition is the common mediator. In particular, at
low physiological levels, IL-1f3, IL-6, and IL-8 are representative of chronic inflammation, and MCs
are the producers and effectors of these cytokines. Evidence suggests that depressive and anxiogenic
components, on the neuronal and microglial biological side, can be modulated by MCs and their
substances (Figure 1) [44,46].

Mast cells are present in variable quantity according to the host immune status, residing in
mucous and connective tissues and in lamina propria of the gastrointestinal tract. They circulate
in the blood and occupy a strategic position in proximity of nerves and lymphatic vessels [45,47].
MCs can be degranulated by calcitonin-gene-related peptide (CGRP) released from nociceptors. MCs
release histamine that, in turn, activates mechanosensitive C-fibers, releasing CGRP and substance
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P (SP) [47,48]. The peripheral neurogenic inflammation is sustained by MCs through the further
release of SP and CGRP, perpetuating the release of inflammatory molecules via positive feedback
loops [48]. Activated MCs also release serotonin (5-hydroxytriptamine, 5-HT), proteases, cytokines,
and prostaglandin D2. Mast cells are involved in acute and chronic stress, and under inflammation
conditions, an increase of the communication between MCs and enteric nervous fibers has been
observed [46,49,50]. The cross-talk between MCs and the nervous system expresses a bidirectional
pathway between the central nervous system and the gastrointestinal tract, where stress influences
intestinal function through activation of MCs and mediators release, secondary to external stress factors.

Although not in a great number, MCs also reside in the brain and, in particular, in the area of
postrema, parenchyma of thalamus and hypothalamus, leptomeninges, pineal organ, infundibulum,
choroid plexus, and in the dura mater of the spinal cord [46]. Mast cells can release enough amount
of pro-inflammatory mediators that can disrupt blood-brain barrier integrity and activate glia and
neurons [44]. MCs can rapidly generate eicosanoids. Additionally, eicosanoids can, in turn, regulate
MC activity by paracrine and autocrine manner, exerting pro-inflammatory actions. In particular, MCs
serve as a source of AA by PLA; mediation from membrane phospholipids (PLs) [51].

Inside MCs are cytoplasmic lipid droplets (LDs), a niche where lipid mediators can be biosynthesized.
This observation has been studied in MCs from lung tissue, in MCs derived from peripheral or cord
blood progenitors, and in MCs from bone-marrow-derived cells. However, it is plausible to believe that
such LDs are also present in brain MCs [52].

LDs are the major storage of AA in human MCs [52]. In particular, AA can be esterified into
triglycerides (TGs) or into PLs. PLs are constituents of the LD surface monolayer, and LDs have a
high capacity of incorporating AA (Figure 1). Dvorak et al. observed that LDs in MCs just serve as
source and reservoir for AA and its metabolites for eicosanoid generation [53]. In particular, MCs
provide AA by a likely combination of different PLA; enzyme mediation. In addition, it has been
observed that the degranulation of activated MCs is not accompanied by a co-release of LDs. LDs
are granule-independent bodies, and they are frequently present in MCs residing in inflammation
regions [54]. As a consequence of MC maturation, LDs increase in number and size, being the TG
the predominant lipid class. LDs in MCs are stimulated by oleic acid and AA, and they constitute an
interesting tool to analyze the regulatory mechanisms of MCs and AA metabolism [53].

Therefore, an activated MC status could induce an increase in AA and, in turn, to be responsible
for the likely regulation of cellular functions in a depressive condition. Finally, ceramide is central in
defining the immune response since it is able to inhibit MC activation and degranulation [55].

5. Cross-Talk between Mast Cells, Astrocytes and Microglia

In the brain, MCs surround the blood vessels, interacting with neurons, glia, and endothelial
cells [44]. Astrocytes have a role of supporting cells and provide homeostatic control and trophic
support within the brain [56]. Just one astrocyte may interact with up to 2,000,000 synapses in humans,
and they are more than simple support cells [57]. In particular, astrocytes can influence synaptic
activity and behavior and modulate neuronal circuits [58].

In patients suffering from major depression, there is an increased glial cell nuclei size in the
prefrontal cortex [59]. Interestingly, the increase in the number and size of the astrocyte reflects brain
size and cognitive capabilities [60].

In addition, microglia and astrocytes can release AA. Evidence suggests that astrocytes play a
crucial role in elongation and desaturation of omega-6 and omega-3 essential fatty acid precursors
to produce DHA and AA [61]. PUFAs accumulate in the brain. Astrocytes release PUFAs by
lipopolysaccharide stimuli [18]. Therefore, astrocytes release DHA and AA under basal and stimulated
conditions, including glutamate, bradykinin, ATP. In addition, IL-1 increases the ATP-induced release
of AA from mouse astrocytes [62].

Under neuroinflammation, which is associated with microglial activation, the AA cascade is
chronically upregulated through secretion of cytokines (e.g., interleukin (IL)-13 or tumor necrosis
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factor (TNF)-«) that stimulate astrocytic receptors that are coupled to activation of PLA2 and excess
glutamatergic levels that stimulate their receptors neuronally and cause excitotoxicity [63].

Yet, in the brain, microglia and astrocytes cross-talk with MCs through a positive feedback loop,
as much as MCs, once activated, are inclined to perpetuate inflammatory state [46] (Figure 1). Studies
report that abnormalities in microglial activation can also be involved in the pathophysiology of
epilepsy-associated depression and in multiple sclerosis. Microglia can be activated as a result of
chronic peripheral inflammation, and its activation plays a crucial role in the pathogenesis and the
pathophysiology of these disorders as a source of cytokines [64,65].

Finally, alteration in microglia observed in germ-free animals is solved with supplementation of
short-chain fatty acids, coming from intestinal bacterial fermentation [66].

6. Serotonin and Depression

The best evidence of the role that 5-HT plays in the pathophysiology of depression is sustained by
tryptophan depletion, the precursor of 5-HT. In particular, this observation suggests that low 5-HT
activity can compromise the molecularity of the mechanisms which participate in the recovery from
depressive status rather than exerting a primary role in depression [67]. In addition, pro-inflammatory
cytokines can induce the activation of indoleamine 2,3-dioxygenase. This enzyme modulates the
conversion of tryptophan to kynurenine. Higher levels of kynurenine are linked with a depression
condition [68]. Therefore, inflammation could induce depression by reducing cerebral 5-HT activity [69].
Finally, in a model of depression, it has been evidenced that treatment with a tryptophan analog
influences the stress response more than the behavior [7].

Intestinal endocrine cells (ECs) are major producers of 5-HT in humans. They are distributed along
the intestinal mucosa, and this allows their function as a bridge of translators of molecular information
between the intestinal lumen and the nervous system [70]. The ECs also secrete corticotropin-releasing
hormone, cholecystokinin, and somatostatin under luminal stimulation by microbial factors derived from
the gut microbiota and central stimuli. Among the others, the gut-brain connection seems attributable,
in addition to the role that 5-HT plays as a central physiological mediator. Transport and/or use
anomalies could favor MC accumulation. 5-HT influences biology, adhesion, and migration of MCs [71].
In this context, gut microbiota appears as a conductor in the cross-talk between inflammation and 5-HT
imbalance, and the intestinal bacteria may be a potential therapeutic target for 5-HT-related disorders. In
particular, tryptophan-regulating bacteria may have potential as antidepressants. An imbalance of gut
microbiota may affect the level of neurotransmitters, including 5-HT [72].

5-HT stimulates the release of AA in hippocampal neurons co-cultured with glial cells but not
in the case that glial cells are cultured alone, but through a type 2 5-HT receptor [73]. Furthermore,
the release of AA stimulated by 5-HT is Ca?*-dependent [74]. Analysis of the eicosanoids produced
in hippocampal cultures revealed that various prostaglandins, leukotrienes, and small amounts
of hydroxyeicosatetraenoic acids (HETEs) were produced under basal conditions and that 5-HT
stimulated an increase of all the metabolites of the cultures. AA and its lipoxygenase metabolite,
12-hydroperoxy-5,8,10,14-eicosatetraenoic acid, inhibit the release of neurotransmitters [20].

Finally, experimental and clinical evidence supports the involvement of 5-HT in learning processes
and in both short-term memory and long-term memory [75-79]. The activating effect of 5-HT on
memory function appears analogous to the action of serotonergic antidepressants, which, by preventing
the presynaptic reuptake of 5-HT, prolong its permanence in the synaptic cleft and therefore facilitate its
use by the post-synaptic neuron. At a biomolecular level, this would explain the reduction of cognitive
functions, and particularly memory, which accompanies or precedes symptoms of depression [80].

In the absence of an effective reuptake and/or transport mechanism, 5-HT remains free in the
neuronal domain of the brain, as well as in the enteric neuron domain and in the circulation.

Defect or excess of 5-HT, in depression but also in other psychiatric disorders, can have relationships
with serious diseases such as scleroderma, intestinal inflammation, multiple sclerosis, coronary
heart disease, or osteoporosis. For these pathologies, a high incidence of depressive disorder is



Appl. Sci. 2020, 10, 3455 7 0f 12

recognized [81-85]. Intriguingly, the pro-inflammatory cytokines IL-1p, IL-6, and IL-8 can also
influence the viscoelastic properties of the blood, increasing the hypercoagulability of whole blood.
In fact, together with MCs, platelets are sensitive to systemic inflammatory changes, and all three
cytokines can cause platelet hyper-activation, leading to pro-coagulant activity [86]. In this way, an
increase in the activation of MC and platelet could be implicated as a potential pathophysiological
pathway linking MD and cardiovascular diseases, including atherosclerosis and thrombosis.

7. Conclusions and Perspectives

In the brain, both glia and MCs release AA during a condition of silent inflammation to control
the same and in order to contribute to the maintenance of homeostasis. In this manner, they perform
as modulators of neuronal function under inflammation.

The same composition on lipids of MCs, astrocytes, and microglia could vary, reflecting the
condition of the subject.

Between depressive and healthy subjects, a significant difference within the fatty acids composition
of platelets has been found [87]. In particular, the relationships among palmitic acid (PA), linoleic
acid (LA), and AA make the difference between MD and BD. Furthermore, LA, which is a metabolic
precursor for AA synthesis, seems involved as a fine-tuning regulator of the membrane dynamic, both
in platelets and neurons. This suggests that the membrane mobility and LA are crucial factors in the
driving of the psychopathology and of the expression of quantum brain aspects, such as consciousness,
and that 5-HT is still involved in a quantum consciousness [17].

There is strong evidence that each fatty acid combination of PA, LA, and AA, in platelets, is
responsible for the membrane mobility and, therefore, of the molecular conditioning of the cellular
structures (Gsx and tubulin) and that one of the main therapeutic targets is the reduction of the
AA [88-91].

In conclusion, a silent inflammation status, as well as a depression condition, involves an alteration
on 5-HT, prostaglandins, and AA levels; yet, a dysregulation of the intestinal microbiota composition
can start but also exacerbate intestinal disorders, as well as can influence a depressive state; an
inflammation condition is produced by and engages MCs but also the activation of platelets, which are
particularly sensitive to a systemic inflammatory change.

These molecules are, therefore, excellent indicators and health tools and can provide suggestions
for interventions.
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Abbreviations

AA arachidonic acid

BD bipolar disorder

CNS central nervous system

COX cyclo-oxygenase

DHA docosahexaenoic acid

EC endocrine cell

5-HT 5-hydroxytryptamine, serotonin
HETE hydroxyeicosatetraenoic acid
LA linoleic acid

LD lipid droplet

LOX lipooxygenase

MC mast cell
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MD major depression

PA palmitic acid

PC phosphatidylcholine

PE phosphatidylethanolamine

PGE prostaglandin

PL phospholipid

PLA, phospholipase A,

PUFA polyunsaturated fatty acid

SCFAs short-chain fatty acids

SP substance

TG triglyceride
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