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Major depressive disorder (MDD) is a psychiatric mood disorder that results in
substantial functional impairment and is characterized by symptoms such as
depressed mood, diminished interest, impaired cognitive function, and vegetative
symptoms such as disturbed sleep. Although the exact etiology of MDD is
unclear, several underlying mechanisms (disturbances in immune response and/
or stress response) have been associated with its development, with no single
mechanism able to account for all aspects of the disorder. Currently, about 1in 3
patients are resistant to current antidepressant therapies. Providing an alternative
perspective on MDD could therefore pave the way for new, unexplored diagnostic
and therapeutic solutions. The central nervous system harbors an enormous
pool of lipids and lipid intermediates that have been linked to a plethora of its
physiological functions. The aim of this review is therefore to provide an overview
of the implications of lipids in MDD and highlight certain MDD-related underlying
mechanisms that involve lipids and/or their intermediates. Furthermore, we will
also focus on the bidirectional relationship between MDD and the lipid-related
disorders obesity and type 2 diabetes.

major depressive disorders, sphingolipids, cholesterol, fatty acids, obesity, type 2
diabetes

1. Introduction

Major depressive disorder (MDD) is a psychiatric mood disorder characterized by a range
of psychopathological symptoms that lead to a syndrome causing significant functional
impairment. The current Diagnostic and Statistical Manual of Mental Disorders (DSM V)
categorizes MDD into 256 symptom presentations, which are organized into “specifiers” to
highlight the disorder’s heterogeneity and clinical challenges (1-3). However, the core symptoms
specifically associated with MDD are a depressed mood and a general loss of interest, known as
anhedonia (1, 2). The lifetime risk of developing MDD is estimated to be 18% (4), but this has
increased significantly following the outbreak of the COVID-19 pandemic (5). MDD is also
associated with a heightened risk of suicide (6) and other non-communicable diseases (7, 8),
leading to increased urgency and awareness of this condition in recent years. According to the
Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2019, depressive disorders
(including MDD) are the most disabling mental conditions and rank among the top 15 primary
causes of disease burden globally (9). Future projections suggest that MDD will become the most
significant cause of disease burden by 2030 (2).

The heterogeneous nature of MDD (at times even in the same patient) implies the
involvement of a plethora of pathophysiological mechanisms. As of today, aberrations in a range
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of physiological mechanisms have been proposed to contribute to the
development of MDD. The most thoroughly researched mechanism
revolves around the monoamine hypothesis, stating that a deficiency
in the monoamine neurotransmitters norepinephrine and/or
serotonin in the brain form the underlying biological basis for the
development of MDD (10). The generation of this hypothesis has
resulted in the development of many safe and effective antidepressant
agents and has, without a doubt, led to unprecedented progress in the
field of MDD (10, 11). However, the monoamine hypothesis does not
explain observations related to the delay of symptom improvement
when monoamine levels in the brain have been restored by
antidepressants (12, 13), why antidepressants can reverse anxiety
disorders (14) and why drugs that reduce (and not increase) the level
of serotonin in the synaptic cleft have an antidepressant effect (15).
Another dysregulated physiological mechanism that more recently
gained awareness as biological cause for MDD is inflammation
[reviewed in detail by others (16-18)]. Apart from the observed
increased peripheral cytokine levels in MDD patients (19), other
evidences that support an incontrovertible role for the immune system
in depression concern the observation that patients suffering from
immune disorders (from autoimmune or infectious nature) are
increasingly prone to develop depressive symptoms (20) and that
therapeutic administration of cytokines induces depression (21). A
third biological mechanism that has been associated with MDD
development is the dysregulation of stress responses via the
hypothalamic-pituitary-adrenal (HPA) axis which often manifest itself
as a combination of excessive stress-related cortisol release and
impaired glucocorticoid receptor-mediated feedback inhibition (22,
23). Despite consistent insights concerning the involvement of the axis
in MDD, attempts to translate these findings into clinical therapeutic
applications have so far been unsuccessful (24). Next, although the
precise biological mechanisms underlying its contribution to behavior
are yet to be fully elucidated, neurogenesis has been implicated in the
context of MDD (25-27). Neurogenesis refers to the ongoing
generation of neurons within the central nervous system (CNS)
throughout an organism’s lifespan. Specifically, the subgranular zone
(SGZ) of the dentate gyrus in the hippocampus has been identified as
the principal region involved in this process (28). Other underlying
mechanisms inducing MDD that have gained increasing attention that
will not be discussed in further detail here involve glutamate receptor
signaling (29) and genetic and/or epigenetic variations (30). Thus, a
variety of mechanisms play a role in the development of MDD.
However, considering the central role of the brain in the
development of MDD, it is rather surprising that relatively few
attention (in comparison to the previously mentioned mechanisms)
has been attributed in this field to one of the largest components of the
brain: lipids and their intermediates. As an organ, the brain has the
second highest lipid content [around 50% dry weight (31)] and carries
a plethora of lipid subtypes that have been associated with
physiological (32, 33) and neurodegenerative processes (34, 35). In
line, in the last two decades, an increasing number of observations
have described changes in lipid levels and their metabolism in MDD
patients’ circulation and central nervous system. While there is no
evidence that lipid changes contribute more to MDD than other
known mechanisms, it is becoming clear that lipids influence MDD
via known (i.e., by influencing the mechanisms mentioned above)
and/or unknown mechanisms. Moreover, depressive symptoms in
lipid-related disorders have been associated with more adverse clinical
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profiles, adding fuel to the argument of a reciprocal relationship
between depression and these lipid-related disorders (36, 37).
Considering these evidences, this review attempts to provide a short
overview of the association between various types of lipids and MDD,
as well as to elaborate on specific (potential) underlying mechanisms.
Finally, the role of depression in lipid-related disorders will also
be reviewed as it adds fuel to the hypothesis of lipids in MDD.

2. Systemic and neurological lipid
changes in major depressive disorder

2.1. Sphingolipids

Sphingolipids are a major class of bioactive lipids whose
subcellular location determines their specific function. In short, the
basic structure of sphingolipids is composed of a sphingoid base
and an amino-linked fatty acid, also referred to as a ceramide.
Enzymatic reactions can concomitantly introduce variations to
this basic structure, creating a universe of sphingolipids (i.e.,
the sphingolipidome) including sphingomyelin, ceramide,
glycosphingolipids and sphingosine (among many others) (38).
Mechanistically, sphingolipids have been linked to key physiological
functions such as growth regulation, adhesion, apoptosis and
inflammatory responses (38). Moreover, bioactive sphingolipids
appear to be implicated in key process in neurodevelopment (39),
neuroinflammation (40), systemic inflammation (41) and metabolism
(42, 43). For a complete overview of sphingolipid metabolism and
functions, we direct the reader to recent reviews that provide an
excellent overview of this topic (38, 41).

Considering their ubiquitous expression and large impact on
physiological functions, it is axiomatic that sphingolipids have also
been linked to MDD. One of the clearest evidences that confirmed this
link was the pre-clinical identification of six pharmacological
antidepressants (doxepine, fluoxetine, maprotiline, nortriptyline,
paroxetine and sertraline) to inhibit the enzyme acid sphingomyelinase
(ASM) (44, 45). Indeed, already since 1991, it is known that tricyclic
antidepressants functionally inhibit ASM in human post-mortem
brains (46). As ASM is responsible for the conversion of sphingomyelin
to phosphorylcholine and ceramide, these findings imply an
association of sphingomyelin and/or ceramide with MDD
pathogenesis. In line with this hypothesis, sphingomyelins were
detected as one of six metabolic pathways to prospectively identify
female and male MDD patients at risk of future recurrence (47).
Furthermore, serum ceramide levels appear to be consistently elevated
in human MDD, especially in male patients (48, 49). At the other
hand, ceramides were not elevated in the prospective study for
recurrent MDD (47), suggesting that circulating ceramide levels might
rather be an indicator of MDD severity. Also, increased ceramide
levels in the circulation and hippocampal region of rodents have been
linked to depression development and severity and its reduction could
reverse depressive symptoms (50-52). Indeed, reversal of stress-
induced MDD was achieved in mice by blocking ceramide function
with intravenous anti-ceramide antibodies or neutral ceramidase. This
causal relation was further substantiated by delineating a new
underlying pathway by which ceramide inhibits phospholipase D in
endothelial cells of the hippocampus, thereby reducing hippocampal
phosphatidic acid (52). This finding is in line with previous studies
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that demonstrated that hippocampal endothelial cells play an essential
role in the regulation of neurogenesis during MDD both in preclinical
and clinical studies (53, 54). The identification of this novel pathway
implies that blood ceramide, along with phospholipase D and
phosphatidic acid in the hippocampus, hold promise as potential
therapeutic targets for the treatment of MDD. These findings have
been substantiated by follow-up studies, providing further evidence
for their potential in addressing MDD through therapeutic
interventions (55, 56).

Another underlying mechanism that links sphingolipids to MDD
pathogenesis is autophagy, which is a self-degradative process essential
to maintain energy [the basic process of autophagy is also reviewed
here (57, 58)]. Specifically, in preclinical models, the antidepressants
amitriptyline and fluoxetine were demonstrated to induce autophagy
in hippocampal neurons via a slow accumulation of sphingomyelin in
lysosomes and Golgi membranes and of ceramide in endoplasmic
reticulum (59). Moreover, a similar effect on autophagy and MDD
reversal was also achieved by rapid accumulation of ceramide in the
endoplasmic reticulum of the hippocampus via direct inhibition of
sphingomyelin synthases, raising sphingomyelin synthase inhibitors
as potential new antidepressant agents (59) (also see Figure 1).

Together, a growing number of observations have linked
sphingolipid metabolism to MDD development and pathophysiology,
opening up several new avenues for pharmaceutical intervention. Yet,
the highly regulated nature of the sphingolipidome restricts the use of
therapeutic regimens since every minor change in this system might
have unexpected consequences. Still, the study of bioactive
sphingolipids as possible future antidepressants is valid, although
more extensive clinical research is required before clinical
implementation can be supported.

2.2. Cholesterol

As an essential lipid that is biosynthesized by every mammalian
cell, cholesterol is, arguably, one of the most intriguing lipids (60).
At a cellular level, cholesterol predominantly localizes in the plasma
membrane where it often aggregates with sphingolipids and
glycosylphosphatidylinositol-anchored proteins, forming so-called
lipid rafts which transduce signaling cascades and regulate
membrane trafficking (61). Moreover, cholesterol plays a crucial role
in maintaining the structure of the lipid raft as well as its fluidity
(62). At a systemic level, lipoproteins [mainly in form of low-density
lipoproteins (LDL), very-low-density lipoproteins (VLDL) and high-
density lipoproteins (HDL)] enable the hydrophobic cholesterol to
be transported to other tissues, ensuring that an increased supply of
cholesterol is guaranteed to those locations that would require such
demand. However, the central nervous system (CNS) has no access
to this cholesterol distribution system, being completely self-reliant
in its cholesterol need (32). As cholesterol is indispensable for
neurons (63), astrocytes (64) and microglia (65), these CNS cells
synthesize cholesterol in situ via the Bloch or Kandutsch-Russel
pathway [also see (32)]. Finally, cholesterol can be transformed into
oxysterols via enzymatic and non-enzymatic reactions, which have
key regulatory functions both in the CNS (66, 67) and systemic
metabolism (68, 69). For additional information on systemic and
CNS cholesterol metabolism, we would like to refer the reader to
other reviews (32, 60).
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One of the initial associations between MDD and cholesterol
refers to the observation that MDD patients demonstrate lower levels
of total plasma cholesterol (70-72). However, this claim has been
contested by multiple other studies that were unable to replicate these
findings (73-75), sometimes even showing opposite correlations (76—
79). These inconsistent findings prompted researchers to investigate
cholesterol in subgroups of MDD patients.

As mentioned earlier, specifiers are employed to refine and
support clinical practice in defining depressive episodes, providing
information on the pattern, clinical features, severity, time of onset,
and remission status associated with the depressive episode. These
specifiers play a crucial role in characterizing the different subtypes of
MDD. For instance, the specifier indicating melancholic features,
characterized by diminished reactivity of affect and mood, a pervasive
and distinct quality of depressed mood that worsens in the morning,
along with anhedonia, guilt and psychomotor disturbance signifies a
melancholic subtype (2). In contrast, in cases of psychotic MDD,
patients experience the co-occurrence of a depressed mood and
psychosis. The psychosis often presents in the form of nihilistic
delusions, characterized by the belief that negative events or outcomes
are imminent (80). It is also worth noting that psychotic MDD
patients are more likely to suffer from treatment-resistant depression
(81). Finally, another common specifier concerns atypical MDD,
which describes patients that show mood reactivity and two or more
of the following four features: hypersomnia, leaden paralysis, increase
in appetite (or significant weight gain), a long-standing pattern of
interpersonal rejection sensitivity that results in significant social or
occupational impairment (82).

By focusing on these specific subgroups of MDD, researchers have
been able to shed an alternative light on the complex relationship
between MDD and cholesterol: (1) atypical depression in patients
positively associates with obesity-related parameters such as increased
BMI, waist circumference, fat mass (83, 84) and higher total and LDL
cholesterol (76); (2) melancholic MDD patients rather associate with
weight loss (85) and with lower levels of HDL cholesterol (76) and (3)
psychotic MDD patients demonstrate increased serum  total
cholesterol and LDL cholesterol levels, but lower HDL cholesterol
levels (86). Additionally, initial associations of the cholesterol
precursors desmosterol and 7-dehydrocholesterol with MDD
diagnosis in patients appeared to be confounded by the use of
trazodone, a psychotropic medication (87). Accounting for medication
use and stratification of MDD patients into subtypes [f.e. based on the
specifiers described by the DSM V (3)] therefore increases the
likelihood of providing more consistent cholesterol-related
associations to MDD that were previously unknown, inciting
researchers to further investigate the exact function of cholesterol in
the respective MDD subtypes.

However, elaborative mechanistic research investigating the causal
role of cholesterol in MDD is relatively scarce as compared to its well-
researched clinical associations. Still, there are direct and indirect
evidences to claim that cholesterol plays a role in MDD. Low-density
lipoprotein receptor knockout (Ldlr~'~) mice, which are characterized
by hypercholesterolemia, display depressive-like behavior (88). In the
context of antidepressant sensitivity, cholesterol-lowering medication
are currently in clinical trials as augmentation therapy for treatment-
resistant depression (TRD) (89), though recent observations indicated
no added effect of simvastatin on TRD (90). At a cellular level, the role
of cholesterol in antidepressant response has been linked to lipid rafts
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Lipids in major depressive disorder. In this review, we discussed three main classes of lipids (sphingolipids, cholesterol and fatty acids), which are central
in processes related to MDD. (Top left) Sphingolipid-related mechanisms: (1) the sphingolipid ceramide inhibits phospholipase D in endothelial cells of
the hippocampus, leading to a reduction of phosphatidic acid (=a phospholipid) in the hippocampus and deterioration of depressive symptoms.

(2) Reversal of depressive symptoms can be achieved via the induction of autophagy in hippocampal neurons, facilitated by the accumulation of
sphingomyelin in lysosomes and Golgi membranes, as well as ceramide in the endoplasmic reticulum. (Top right) Cholesterol-related mechanisms:

(1) the effectivity and responsiveness of antidepressants is related to their ability to accumulate in lipid rafts, a structure that is regulated by cholesterol.
Changes in the membrane cholesterol content therefore influence depressive behaviors. (2) Different types of oxysterols (24S-hydroxycholesterol and
25-hydroxycholesterol) were shown to directly influence depressive-related processes. (Below) Fatty acid-related mechanisms: (from left to right)

(1) elevation of lipoxygenase and cytochrome P450 enzymes by polyunsaturated fatty acids leads to a reduction in inflammation and a decrease in the
severity of depressive symptoms. (2) While direct influence of fatty acids on neurogenesis is still under debate, the impact of the endocannabinoid
(eCB) system on neurogenesis is well-established (also see point 4). (3) Polyunsaturated fatty acids influence the hypothalamic-pituitary-adrenal (HPA)
axis, which is a key pathophysiological mechanism of MDD. (4) Endocannabinoids ligands are fatty acids that are linked to MDD. (5) Polyunsaturated
fatty acids influence the dopamine system in the nucleus accumbens (indicated in blue) during gestation, influencing motivational behavior during
adulthood and (6) palmitic acid, a saturated fatty acid, accumulates in the hypothalamus (indicated in red) after a high-fat diet and associates with the
onset of depression. Created with BioRender.com, endocannabinoid receptor 1, CB1; endocannabinoid receptor 2, CB2; N-arachidonoylethanolamine,
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in preclinical models (91). Specifically, by accumulating in lipid rafts,
antidepressants mediate the extrusion of the heterotrimeric G protein
Gsalpha (Gsa), which relates to antidepressant effects (92) and
response (93). These findings raise the question whether modulation
of membrane cholesterol could influence antidepressant effects? In
line with this proposition, 27 patents have reported benefits of
complexing antidepressant drugs with cyclodextrins (known to
influence membrane cholesterol content), though underlying
mechanisms were not described (94). Therefore, whether the
described improvements of cyclodextrins on antidepressant efficacy
are related to changes in membrane cholesterol content has to
be further investigated in the future. Regardless, considering that
antidepressant treatment was shown to induce plasma cholesterol
changes (95), which also significantly influenced treatment response
(96, 97), these myriad of observations, to the least, suggest an
involvement of cholesterol in antidepressant response.

Frontiers in Psychiatry

Finally, due to their regulatory role in brain cholesterol turnover
(98, 99), certain oxysterols have been linked to MDD-related
processes. The oxysterol 24S-hydroxycholesterol (24S-HC) is
generated via enzymatic oxidation of cholesterol by the enzyme
cytochrome P450 family 46 subfamily A member 1 (CYP46A1) which
occurs in human neurons (98). Further, 24S-HC is a positive allosteric
modulator of N-methyl-D-aspartate receptors (NMDARs), which
mediate neurotransmission signals throughout the CNS related to
learning, memory and mood (100). Strikingly, preclinical models
showed that 24S-HC acts mainly on the GluN2B subunit of NMDARs
(101, 102), which is also the main target for the antidepressant
ketamine (103). At the hand,
25-hydroxycholesterol (25-HC), displayed antagonistic effects on

other another  oxysterol,
24S-HCs ability to modulate NMDARs preclinically, supporting a
regulatory role for oxysterols in NMDAR modulation (104). As the

antidepressant effect of ketamine is mediated via NMDAR, it is

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
http://BioRender.com

van der Heijden and Houben

acceptable to assume that changes and/or aberrations in oxysterol
metabolism influence mood-related processes. In line, while plasma
levels of 24S-HC did not differ between depressed and healthy patients
(105), its prefrontal cortex levels were increased in patients who
committed suicide (106) (also see Figure 1).

Opverall, while many studies have investigated plasma cholesterol
in MDD cohorts, our impression is that the main evidence for the role
of cholesterol in MDD manifests itself predominantly in the form of
these
pharmacological studies imply an involvement of cholesterol in

pharmacological —antidepressant-related research. As
mood-related processes, correcting for medication use and
stratification of MDD patients into subgroups could enhance our
understanding of cholesterol (and its precursors) in MDD

cohort studies.

2.3. Fatty acids

Finally, considering their abundance in the human body, the last
lipid type that we will cover in this review concerns fatty acids. Fatty
acids are generally divided into saturated and unsaturated fatty acids,
the latter referring to the presence of double bonds in the carbon chain
(107). Both types of fatty acids are abundantly present in the brain,
where they are primarily esterified to the phospholipid cell membrane,
coordinating the function and structure of neurons and glial cells
(108). Besides structural support, fatty acids are involved in numerous
neurological signaling pathways including cell survival, neurogenesis,
synaptic function and brain inflammation. Further, while saturated
fatty acids can be synthesized de novo by the brain, polyunsaturated
fatty acids (PUFAs) are supplied via the diet (108). More information
on (poly)unsaturated and saturated fatty acids is described in other
excellent manuscripts as this is beyond the scope of the current review
(108-110). Finally, a major fatty acid-related system that deserves
specific attention is the endocannabinoid (eCB) system. The two best
studied eCB ligands, N-arachidonoylethanolamine (AEA) and
2-arachidonoylglycerol (2-AG), are arachidonic acid derivatives which
is a n-6 polyunsaturated fatty acid (111). Other essential components
that are involved in the eCB signaling system include (1) a minimum
of two G-protein-coupled receptors (GPCRs) known as cannabinoid
type-1 and type-2 receptors (CB1R and CB2R) and (2) synthetic and
degradative enzymes as well as transporters that regulate the levels and
actions of eCBs at the receptors (112) for more in depth reviews on
the eCB system, we refer the reader to (113, 114).

Compared to cholesterol and sphingolipids, fatty acids, and in
particular PUFAs, have been extensively investigated in the context of
MDD as clinical and preclinical studies have suggested a role for
PUFAs in regulating mood. Specifically, levels of the n-3 PUFAs
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) were
reduced in the blood of depressive patients compared to healthy
subjects, while no differences in n-6 PUFAs were observed (115).
More evidence for this link comes from brain studies showing reduced
DHA and EPA levels in the brain of MDD patients (116-118). At the
other hand, PUFAs did not associate with the prospective risk of MDD
recurrence (119), implying that the link between PUFAs and mood
appears to be solely restricted to initial MDD diagnosis.
Incontrovertible evidence for the impact of PUFAs on MDD comes
from cross-national epidemiological surveys observing an inverse
correlation between per capita fish or seafood (which is high in
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PUFAs) consumption and lifetime prevalence rate of MDD (120, 121).
Moreover, shifting away from a fish-based diet towards a Western-type
diet increased rates of depression, seasonal affective disorder, anxiety
and suicide (122) and an observational study even suggested that a
diet rich in n-3 PUFAs decreases the risk in elderly individuals (116).
These dietary findings could also be replicated in animal studies
showing that reduced n-3 PUFA intake leads to depressive-like
behavior in rats, mice and monkeys (123-126). For a more detailed
overview of the association studies between PUFAs and MDD (108,
127, 128).

Several mechanisms have been implicated in mediating the
beneficial effects of n-3 PUFAs, some of which are related to already
known pathophysiological mechanisms related to depression. Firstly,
PUFAs are known anti-inflammatory agents (129, 130). By increasing
lipoxygenase (LOX) and cytochrome P450 (CYP450), EPA and DHA
were shown to reduce inflammation in a hippocampal progenitor cell
line. Strikingly, these findings could be replicated in a clinical study of
22 MDD patients, demonstrating associations between LOX and
CYP450 metabolites and depressive symptom severity (131). Building
further on this idea, pro-resolving lipid mediators (SPMs) could
mediate the reduction of inflammation that is induced by the increase
in PUFAs (132). In short, SPMs are lipid mediators that are mainly
derived from the conversion of n-3 fatty acids EPA, DHA and
docosapentaenoic acid (DPA) via cyclooxygenase and LOX and are
known to mediate the resolution of inflammation (133, 134). In line,
EPA supplementation to MDD patients resulted in improved
symptoms of depression, reduced systemic inflammation and
increased plasma concentrations of SPMs (132), highlighting the
resolution of inflammation via n-3 PUFA-induced increase of SPMs
as a potential new approach for MDD.

Besides inflammation, PUFAs have also been directly linked to the
elevation of neurogenesis, though confirmation in clinical studies is,
to our knowledge, lacking at this point. Third, circumstantial evidence
also suggests a link between the MDD effect of PUFAs and the
HPA-axis as chronic EPA supplementation prevents increases in
plasma corticosterone levels in mice (135, 136). Moreover, lower
plasma n-3 PUFA levels were associated with an hyperactive HPA-axis
in the general population (137) and plasma DHA levels negatively
associated with evening cortisol concentrations in recurrent MDD
patients, adding fuel the argument that PUFAs might play a role in
HPA-axis activity (138). Further, another underlying PUFA-influenced
mechanism that was recently identified relates to the dopamine system
in the brain. Specifically, via a n-3 PUFA deficiency during gestation,
the authors identified changes in brain phospholipid content which
eventually manifested itself into motivational deficits in adulthood.
This finding was further associated with increased inhibition of D2
receptor-expressing medium spiny neurons onto dopamine D1
receptor-expressing neurons in the nucleus accumbens (139). Though
less research has been conducted on the impact of saturated fatty acids
on MDD, recent investigations support an impact of this fatty acid
subtype on depressive mechanisms. The specific accumulation of
palmitic acid in the hypothalamus of mice exposed to a high-fat diet
was found to be associated with the onset of depression and the
inhibition of the 3’,5"-cyclic AMP (cAMP)/protein kinase (PKA)
signaling pathway (140) (see Figure 1). These findings offer a potential
explanation for the association between the consumption of a
Western-type diet and the prevalence of major depressive disorder
(MDD) [(141); also see later].
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Finally, the proposition that eCB signaling may be involved in
MDD is primarily supported by evidence indicating that the eCB
system functions as a sophisticated signaling system that modulates
synaptic transmission through retrograde, non-retrograde, and
neuron-astrocyte signaling mechanisms (112). The disruption of eCB
signaling has been associated with negative emotional states (142) and
heightened stress responses (142). Furthermore, there is evidence
suggesting that eCB signaling plays a role in the dysregulation of the
HPA-axis. For instance, the signaling of amygdalar AEA through CB1
receptors has been shown to contribute to the magnitude of the HPA
response in rats (143). In addition to the HPA-axis, the eCB signaling
system has also been implicated in neuroinflammation. Specifically,
studies have demonstrated that rodents with overexpression of the
CB2 receptor exhibit reduced levels of stress-induced inflammatory
cytokines, whereas CB2 receptor knockout animals display an
exacerbated neuroinflammatory phenotype (144). These observations
are likely attributed to the expression of CB2 receptors on microglia,
as both associative and causative evidence have linked the CB2
receptor on microglia to anti-inflammatory properties (114), which
may be modulated by AEA (145). While the role of the CB1 receptor
in neuroinflammation has been investigated in some studies (146),
conclusive evidence is lacking, necessitating further research in this
area. Thirdly, a substantial body of evidence supports the role of the
eCB system in neurogenesis. Specifically, the CB1 receptor has been
identified as a mediator of adult neurogenesis (147, 148), a process
that is likely facilitated by 2-AG in rodent models (149). In contrast,
contradictory findings have been observed regarding the involvement
of the CB2 receptor in neurogenesis, particularly in animals lacking
CB2 receptors (150, 151). Consequently, further research is necessary
to establish definitive conclusions regarding the role of the CB2
receptor in neurogenesis. Lastly, several studies have even claimed the
eCB receptors and their ligands as direct antidepressant targets.
Indeed, AEA was shown to treat depression induced by acute stress in
preclinical models (152). Furthermore, inhibitors for monoacylglycerol
lipase (MAGL), the 2-AG-degrading enzyme, were successfully tested
in preclinical models of MDD (153) and are likely to enter clinical
trials soon.

Together, it is clear that fatty acids play a substantial role in the
regulation of mood and as such the development of MDD with a
particular role for the diet in maintaining this balance. Nevertheless,
although their role and even their modulation appears advantageous
to treat MDD, using fatty acids as novel targets for treatment seems
premature at this stage as a better understanding of the underlying
mechanisms of action seems highly desired given their wide
physiological impact on cellular processes. Still, given the exceptional
findings that have been generated by the use of this lipid, treatment
regimens with fatty acids (in some form) appear to have an
auspicious future.

3. Depressive signs in lipid-related
disorders

Another approach to underscore the impact of lipids in MDD is
by highlighting the comorbidities and/or reciprocal relationships
between depressive symptoms and lipid-related disorders. For this
purpose, the following paragraphs shortly highlight the links between
MDD and obesity and type 2 diabetes.
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3.1. Obesity

Overweight and obesity are generally defined as excessive fat
accumulation that pose individuals at risk to health (154), which is
often measured by the use of the body mass index [BMI; though the
latter metric does not accurately represent fat amount and content
(155)]. Excess fat is initially stored in adipose tissue depots that are
able to expand in size, concomitantly causing weight gain. However,
when the maximal capacity to store fat in the adipose tissue depots has
been reached, lipids will accumulate in alternative, more deleterious
places such as the arteries and the liver. This latter process is also
referred to as ectopic lipid accumulation and is associated to
pathophysiological processes such as inflammation (among other
processes) (156).

Indeed, the low-grade inflammatory state during obesity is
considered a prime instigator of depression onset in obesity (17, 157,
158), even in metabolically healthy obese individuals who are
characterized by only minor inflammatory elevations (159). A
potential underlying mechanism for the development of a depressed
state resulting from persistent low-grade inflammation involves the
manifestation of neuroinflammation, which can lead to alterations in
brain structure and excitability (17).

Another pathway that links MDD to obesity is via the HPA axis.
In stressed individuals, weight gain is attributed to dysregulation of
the HPA axis, mediated by cortisol-induced activation of brain
glucocorticoid receptors, which subsequently promotes the
consumption of palatable food. This effect leads to a reduction in HPA
activity, providing temporary alleviation of negative affective states
(160). This causal cycle between obesity, stress and depression is
congruent with the well-established finding that obese individuals
(adults, adolescents and children) are at increased risk to develop
depression (161, 162), implying that obesity might also predispose
individuals to depression. However, the relationship between obesity
and depression seems rather bidirectional as underlying mechanisms
are very closely intertwined (see the examples of inflammation and
HPA-axis here above) (158, 162). This close connection was further
exemplified by evidences showing that deep-brain stimulation in the
nucleus accumbens, which is an antidepressive approach (163), is also
effective in reducing body weight in obese rodents and patients (164),
implying an overlap in the brain structure and neurotransmitter
systems controlling mood at one hand and motivation for food at the
other hand. As such, depression and obesity appear rather as a
reciprocal relationship with each component contributing to and
aggravating the other (162).

Indeed, vice versa, MDD patients categorized under the specifier
atypical depression strongly associate with elevated BMI and are
characterized by a plasma lipid profile which is similar to obese
individuals (165). As such, obese individuals tend to develop the
atypical MDD subtype (84), which is often associated with a more
complex disease course [partly due to reduced sensitivity to
pharmacological antidepressants (166)]. An underlying mechanism,
which has been linked to the atypical subtype of MDD, is leptin
signaling. While leptin is most recognized for its regulatory function
on satiety and appetite (167), leptin resistance associates specifically
with atypical MDD in humans (168). Furthermore, treatment with
metreleptin, a leptin analog, possesses antidepressant properties in
patients (169), further supporting the notion that leptin signaling is
likely involved in atypical MDD.
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3.2. Type 2 diabetes

Next, to inflammation, ectopic lipid accumulation also results in
the development of insulin resistance in both skeletal muscle and liver
tissues (170). Insulin resistance refers to a pathological condition
wherein cells exhibit an inadequate response to insulin, leading to
disruptions in both lipid and carbohydrate metabolism (171). Diabetes
mellitus is a clinical manifestation of insulin resistance and is the most
prevalent metabolic disorder in humans, potentially leading to severe
complications and organ failure (172). Diabetes mellitus is commonly
categorized into three distinct types (type 1, type 2, and gestational),
with type 2 diabetes representing the majority of diabetic cases,
accounting for approximately 90%-95% of total diagnoses. Type 2
diabetes is typically characterized by a combination of pancreatic beta
cell deterioration and dysfunction, alongside insulin resistance in
target tissues (173).

The co-occurrence of MDD and type 2 diabetes has gained
significant attention among researchers due to the parallel increase in
the prevalence of both disorders. As such, investigations have been
conducted to explore their potential interrelation. Evidence suggests
that depression is associated with a significantly higher risk of
developing type 2 diabetes, and conversely, individuals with type 2
diabetes have an increased risk of developing depression, although the
latter association is less pronounced (174, 175). These observations
support the idea that MDD and type 2 diabetes are intertwined and
that their association is bidirectional, implying that a comprehensive
approach to the management of these disorders may be beneficial
(174-178). Indeed, diabetes medications such as metformin promote
antidepressant-like responses by mechanisms that are, thus far,
unclear (179, 180). Hence, since insulin resistance exerts its influence
on numerous aspects of human metabolism beyond lipid metabolism,
the exclusive contribution of lipid-related mechanisms to the
association between depression and type 2 diabetes remains uncertain,
given the present knowledge. However, given the impact of high-fat
diets, obesity, and lipid profiles on depressive outcomes (178), it is
reasonable to hypothesize that lipids may play a role in the relationship
between depression and type 2 diabetes, to some degree, in patients
affected by the latter.

4. Conclusion

An increasing amount of data demonstrates compelling evidence
for the rise of MDD in global society. Although lipids are central
players in neurophysiology and pathology, their potential involvement

References

1. Buch AM, Liston C. Dissecting diagnostic heterogeneity in depression by
integrating neuroimaging and genetics. Neuropsychopharmacology. (2021) 46:156-75.
doi: 10.1038/541386-020-00789-3

2. Malhi GS, Mann J]. Depression. Lancet. (2018) 392:2299-312. doi: 10.1016/
S0140-6736(18)31948-2

3. Hasin DS, Sarvet AL, Meyers JL, Saha TD, Ruan WJ, Stohl M, et al. Epidemiology
of adult DSM-5 major depressive disorder and its specifiers in the United States. JAMA
Psychiatry. (2018) 75:336-46. doi: 10.1001/jamapsychiatry.2017.4602

4. Bromet E, Andrade LH, Hwang I, Sampson NA, Alonso ], de Girolamo G, et al.
Cross-national epidemiology of DSM-IV major depressive episode. BMC Med. (2011)
9:90. doi: 10.1186/1741-7015-9-90

Frontiers in Psychiatry

10.3389/fpsyt.2023.1213011

in the context of MDD has received relatively little attention. The
evidence presented in this review emphasizes the potential
contribution of lipids in elucidating the complex pathophysiology of
MDD and in enhancing the efficacy of existing therapeutics.
Furthermore, lipids may help explain the already known underlying
mechanisms involved in MDD, such as disturbances in inflammation
and dysregulation of the HPA-axis. The available evidence also
suggests that an unhealthy lifestyle, particularly a high-fat diet, can
significantly impact the development of MDD, an aspect that has been
controversial in the literature (181). Therefore, further research is
necessary to investigate the potential effect of diet on MDD and
existing antidepressive approaches. Finally, the bidirectional
association between MDD and lipid-related disorders such as obesity
and type 2 diabetes implies the existence of shared underlying
mechanisms, which could be employed for the management and
treatment of both conditions.

Author contributions

AH and TH: writing—review and editing. All authors contributed
to the article and approved the submitted version.

Funding

This research was supported by a Kootstra Talent Fellowship for
talented postdoctoral researchers (TH) and a ZonMw Off Road grant
(number: 04510012010010).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

5. COVID-19 Mental Disorders Collaborators. Global prevalence and burden of
depressive and anxiety disorders in 204 countries and territories in 2020 due to the
COVID-19 pandemic. Lancet. (2021) 398:1700-12. doi: 10.1016/S0140-6736(21)02143-7

6. Bolton JM, Gunnell D, Turecki G. Suicide risk assessment and intervention in
people with mental illness. BMJ. (2015) 351:h4978. doi: 10.1136/bmj.h4978

7. Solmi M, Kohler CA, Stubbs B, Koyanagi A, Bortolato B, Monaco FE, et al.
Environmental risk factors and nonpharmacological and nonsurgical interventions for
obesity: an umbrella review of meta-analyses of cohort studies and randomized
controlled trials. Eur J Clin Investig. (2018) 48:e12982. doi: 10.1111/eci.12982

8. Stein DJ, Benjet C, Gureje O, Lund C, Scott KM, Poznyak V, et al. Integrating mental
health with other non-communicable diseases. BMJ. (2019) 364:1295. doi: 10.1136/bmj.1295

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1038/s41386-020-00789-3
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.1001/jamapsychiatry.2017.4602
https://doi.org/10.1186/1741-7015-9-90
https://doi.org/10.1016/S0140-6736(21)02143-7
https://doi.org/10.1136/bmj.h4978
https://doi.org/10.1111/eci.12982
https://doi.org/10.1136/bmj.l295

van der Heijden and Houben

9. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and
injuries in 204 countries and territories, 1990-2019: a systematic analysis for the global
burden of disease study 2019. Lancet. (2020) 396:1204-22. doi: 10.1016/S0140-
6736(20)30925-9

10. Hirschfeld RM. History and evolution of the monoamine hypothesis of depression.
J Clin Psychiatry. (2000) 61:4-6.

11. Hindmarch I. Beyond the monoamine hypothesis: mechanisms, molecules and
methods. Eur Psychiatry. (2002) 17:294s-9s. doi: 10.1016/50924-9338(02)00653-3

12. Machado-Vieira R, Baumann J, Wheeler-Castillo C, Latov D, Henter ID, Salvadore
G, et al. The timing of antidepressant effects: a comparison of diverse pharmacological
and somatic treatments. Pharmaceuticals. (2010) 3:19-41. doi: 10.3390/ph3010019

13. Lam RW. Onset, time course and trajectories of improvement with antidepressants.
Eur Neuropsychopharmacol. (2012) 22:5492-8. doi: 10.1016/j.euroneuro.2012.07.005

14. Song C. The interaction between cytokines and neurotransmitters in depression and
stress: possible mechanism of antidepressant treatments. Hum Psychopharmacol. (2000)
15:199-211. doi: 10.1002/(SICI)1099-1077(200004)15:3<199::AID-HUP163>3.0.CO;2-T

15. Baune BT, Renger L. Pharmacological and non-pharmacological interventions to
improve cognitive dysfunction and functional ability in clinical depression—a systematic
review. Psychiatry Res. (2014) 219:25-50. doi: 10.1016/j.psychres.2014.05.013

16. Patel A. Review: the role of inflammation in depression. Psychiatr Danub. (2013)
25:5216-23.

17. Miller AH, Raison CL. The role of inflammation in depression: from evolutionary
imperative to modern treatment target. Nat Rev Immunol. (2016) 16:22-34. doi: 10.1038/
nri.2015.5

18. Beurel E, Toups M, Nemeroff CB. The bidirectional relationship of depression and
inflammation: double trouble. Neuron. (2020) 107:234-56. doi: 10.1016/j.
neuron.2020.06.002

19. Raison CL, Capuron L, Miller AH. Cytokines sing the blues: inflammation and the
pathogenesis of depression. Trends Immunol. (2006) 27:24-31. doi: 10.1016/j.
it.2005.11.006

20. Lee CH, Giuliani E The role of inflammation in depression and fatigue. Front
Immunol. (2019) 10:1696. doi: 10.3389/fimmu.2019.01696

21. Pace TW, Hu E, Miller AH. Cytokine-effects on glucocorticoid receptor function:
relevance to glucocorticoid resistance and the pathophysiology and treatment of major
depression. Brain Behav Immun. (2007) 21:9-19. doi: 10.1016/j.bbi.2006.08.009

22.Nandam LS, Brazel M, Zhou M, Jhaveri DJ. Cortisol and major depressive
disorder-translating findings from humans to animal models and back. Front Psychiatry.
(2019) 10:974. doi: 10.3389/fpsyt.2019.00974

23. Bertollo AG, Grolli RE, Plissari ME, Gasparin VA, Quevedo J, Reus GZ, et al. Stress
and serum cortisol levels in major depressive disorder: a cross-sectional study. AIMS
Neurosci. (2020) 7:459-69. doi: 10.3934/Neuroscience.2020028

24. Hinkelmann K, Moritz S, Botzenhardt J, Riedesel K, Wiedemann K, Kellner M,
et al. Cognitive impairment in major depression: association with salivary cortisol. Biol
Psychiatry. (2009) 66:879-85. doi: 10.1016/j.biopsych.2009.06.023

25.Kim IB, Park SC. The entorhinal cortex and adult neurogenesis in major
depression. Int ] Mol Sci. (2021) 22:11725. doi: 10.3390/ijms222111725

26.Du Preez A, Lefevre-Arbogast S, Gonzalez-Dominguez R, Houghton V, de Lucia
C, Low DY, et al. Impaired hippocampal neurogenesis in vitro is modulated by dietary-
related endogenous factors and associated with depression in a longitudinal ageing
cohort study. Mol Psychiatry. (2022) 27:3425-40. doi: 10.1038/s41380-022-01644-1

27. Egeland M, Zunszain PA, Pariante CM. Molecular mechanisms in the regulation
of adult neurogenesis during stress. Nat Rev Neurosci. (2015) 16:189-200. doi: 10.1038/
nrn3855

28.Bond AM, Ming GL, Song H. Adult mammalian neural stem cells and
neurogenesis: five decades later. Cell Stem Cell. (2015) 17:385-95. doi: 10.1016/j.
stem.2015.09.003

29. Hashimoto K. Emerging role of glutamate in the pathophysiology of major
depressive  disorder. Brain Res Rev. (2009) 61:105-23. doi: 10.1016/j.
brainresrev.2009.05.005

30. Klengel T, Binder EB. Epigenetics of stress-related psychiatric disorders and gene
X environment interactions. Neuron. (2015) 86:1343-57. doi: 10.1016/].
neuron.2015.05.036

31. Hamilton JA, Hillard CJ, Spector AA, Watkins PA. Brain uptake and utilization of
fatty acids, lipids and lipoproteins: application to neurological disorders. ] Mol Neurosci.
(2007) 33:2-11. doi: 10.1007/s12031-007-0060-1

32. Pfrieger FW, Ungerer N. Cholesterol metabolism in neurons and astrocytes. Prog
Lipid Res. (2011) 50:357-71. doi: 10.1016/j.plipres.2011.06.002

33.YinJ, Spillman E, Cheng ES, Short J, Chen Y, Lei J, et al. Brain-specific lipoprotein
receptors interact with astrocyte derived apolipoprotein and mediate neuron-glia lipid
shuttling. Nat Commun. (2021) 12:2408. doi: 10.1038/s41467-021-22751-7

34.Yoon JH, Seo Y, Jo YS, Lee S, Cho E, Cazenave-Gassiot A, et al. Brain lipidomics:
from functional landscape to clinical significance. Sci Adv. (2022) 8:eadc9317. doi:
10.1126/sciadv.adc9317

Frontiers in Psychiatry

10.3389/fpsyt.2023.1213011

35. Brekk OR, Honey JR, Lee S, Hallett PJ, Isacson O. Cell type-specific lipid storage
changes in Parkinson’s disease patient brains are recapitulated by experimental glycolipid
disturbance. Proc Natl Acad Sci U S A. (2020) 117:27646-54. doi: 10.1073/
pnas.2003021117

36. Darwish L, Beroncal E, Sison MV, Swardfager W. Depression in people with type
2 diabetes: current perspectives. Diabetes Metab Syndr Obes. (2018) 11:333-43. doi:
10.2147/DMS0.S106797

37.Rajan S, McKee M, Rangarajan S, Bangdiwala S, Rosengren A, Gupta R, et al.
Association of symptoms of depression with cardiovascular disease and mortality in
low-, middle-, and high-income countries. JAMA Psychiatry. (2020) 77:1052-63. doi:
10.1001/jamapsychiatry.2020.1351

38. Hannun YA, Obeid LM. Sphingolipids and their metabolism in physiology and
disease. Nat Rev Mol Cell Biol. (2018) 19:175-91. doi: 10.1038/nrm.2017.107

39. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory
mechanisms and intercellular transfer of micrornas in living cells. J Biol Chem. (2010)
285:17442-52. doi: 10.1074/jbc.M110.107821

40. Blaho VA, Galvani S, Engelbrecht E, Liu C, Swendeman SL, Kono M, et al. HDL-
bound sphingosine-1-phosphate restrains lymphopoiesis and neuroinflammation.
Nature. (2015) 523:342-6. doi: 10.1038/nature14462

41. Maceyka M, Spiegel S. Sphingolipid metabolites in inflammatory disease. Nature.
(2014) 510:58-67. doi: 10.1038/nature13475

42. Havulinna AS, Sysi-Aho M, Hilvo M, Kauhanen D, Hurme R, Ekroos K, et al.
Circulating ceramides predict cardiovascular outcomes in the population-based
FINRISK 2002 cohort. Arterioscler Thromb Vasc Biol. (2016) 36:2424-30. doi: 10.1161/
ATVBAHA.116.307497

43. Green CD, Maceyka M, Cowart LA, Spiegel S. Sphingolipids in metabolic disease:
the good, the bad, and the unknown. Cell Metab. (2021) 33:1293-306. doi: 10.1016/j.
cmet.2021.06.006

44. Kornhuber J, Tripal P, Reichel M, Terfloth L, Bleich S, Wiltfang J, et al.
Identification of new functional inhibitors of acid sphingomyelinase using a structure-
property-activity relation model. ] Med Chem. (2008) 51:219-37. doi: 10.1021/
jm070524a

45. Kornhuber J, Tripal P, Reichel M, Muhle C, Rhein C, Muehlbacher M, et al.
Functional inhibitors of acid sphingomyelinase (FIASMAs): a novel pharmacological
group of drugs with broad clinical applications. Cell Physiol Biochem. (2010) 26:9-20.
doi: 10.1159/000315101

46. Kornhuber ], Bormann J, Hubers M, Rusche K, Riederer P. Effects of the 1-amino-
adamantanes at the MK-801-binding site of the NMDA-receptor-gated ion channel: a
human postmortem brain study. Eur ] Pharmacol. (1991) 206:297-300. doi:
10.1016/0922-4106(91)90113-v

47. Mocking RJT, Naviaux JC, Li K, Wang L, Monk JM, Bright AT, et al. Metabolic
features of recurrent major depressive disorder in remission, and the risk of future
recurrence. Transl Psychiatry. (2021) 11:37. doi: 10.1038/s41398-020-01182-w

48. Brunkhorst-Kanaan N, Klatt-Schreiner K, Hackel J, Schroter K, Trautmann S,
Hahnefeld L, et al. Targeted lipidomics reveal derangement of ceramides in major
depression and bipolar disorder. Metabolism. (2019) 95:65-76. doi: 10.1016/j.
metabol.2019.04.002

49. Gracia-Garcia P, Rao V, Haughey NJ, Bandaru VV, Smith G, Rosenberg PB, et al.
Elevated plasma ceramides in depression. J Neuropsychiatry Clin Neurosci. (2011)
23:215-8. doi: 10.1176/jnp.23.2.jnp215

50. Gulbins E, Palmada M, Reichel M, Luth A, Bohmer C, Amato D, et al. Acid
sphingomyelinase-ceramide system mediates effects of antidepressant drugs. Nat Med.
(2013) 19:934-8. doi: 10.1038/nm.3214

51.Jaddoa E, Masania ], Masiero E, Sgamma T, Arroo R, Sillence D, et al. Effect of
antidepressant drugs on the brain sphingolipid system. J Psychopharmacol. (2020)
34:716-25. doi: 10.1177/0269881120915412

52. Schumacher E, Edwards MJ, Muhle C, Carpinteiro A, Wilson GC, Wilker B, et al.
Ceramide levels in blood plasma correlate with major depressive disorder severity and
its neutralization abrogates depressive behavior in mice. ] Biol Chem. (2022) 298:102185.
doi: 10.1016/j.jbc.2022.102185

53. Horowitz AM, Fan X, Bieri G, Smith LK, Sanchez-Diaz CI, Schroer AB, et al. Blood
factors transfer beneficial effects of exercise on neurogenesis and cognition to the aged
brain. Science. (2020) 369:167-73. doi: 10.1126/science.aaw2622

54. Menard C, Pfau ML, Hodes GE, Kana V, Wang VX, Bouchard S, et al. Social stress
induces neurovascular pathology promoting depression. Nat Neurosci. (2017)
20:1752-60. doi: 10.1038/s41593-017-0010-3

55. Schumacher F, Carpinteiro A, Edwards MJ, Wilson GC, Keitsch S, Soddemann M,
et al. Stress induces major depressive disorder by a neutral sphingomyelinase 2-mediated
accumulation of ceramide-enriched exosomes in the blood plasma. J Mol Med. (2022)
100:1493-508. doi: 10.1007/500109-022-02250-y

56. Dinoff A, Herrmann N, Lanctot KL. Ceramides and depression: a systematic
review. J Affect Disord. (2017) 213:35-43. doi: 10.1016/j.jad.2017.02.008

57. Glick D, Barth S, Macleod KE. Autophagy: cellular and molecular mechanisms. J
Pathol. (2010) 221:3-12. doi: 10.1002/path.2697

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/s0924-9338(02)00653-3
https://doi.org/10.3390/ph3010019
https://doi.org/10.1016/j.euroneuro.2012.07.005
https://doi.org/10.1002/(SICI)1099-1077(200004)15:3<199::AID-HUP163>3.0.CO;2-T
https://doi.org/10.1016/j.psychres.2014.05.013
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1016/j.neuron.2020.06.002
https://doi.org/10.1016/j.neuron.2020.06.002
https://doi.org/10.1016/j.it.2005.11.006
https://doi.org/10.1016/j.it.2005.11.006
https://doi.org/10.3389/fimmu.2019.01696
https://doi.org/10.1016/j.bbi.2006.08.009
https://doi.org/10.3389/fpsyt.2019.00974
https://doi.org/10.3934/Neuroscience.2020028
https://doi.org/10.1016/j.biopsych.2009.06.023
https://doi.org/10.3390/ijms222111725
https://doi.org/10.1038/s41380-022-01644-1
https://doi.org/10.1038/nrn3855
https://doi.org/10.1038/nrn3855
https://doi.org/10.1016/j.stem.2015.09.003
https://doi.org/10.1016/j.stem.2015.09.003
https://doi.org/10.1016/j.brainresrev.2009.05.005
https://doi.org/10.1016/j.brainresrev.2009.05.005
https://doi.org/10.1016/j.neuron.2015.05.036
https://doi.org/10.1016/j.neuron.2015.05.036
https://doi.org/10.1007/s12031-007-0060-1
https://doi.org/10.1016/j.plipres.2011.06.002
https://doi.org/10.1038/s41467-021-22751-7
https://doi.org/10.1126/sciadv.adc9317
https://doi.org/10.1073/pnas.2003021117
https://doi.org/10.1073/pnas.2003021117
https://doi.org/10.2147/DMSO.S106797
https://doi.org/10.1001/jamapsychiatry.2020.1351
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1074/jbc.M110.107821
https://doi.org/10.1038/nature14462
https://doi.org/10.1038/nature13475
https://doi.org/10.1161/ATVBAHA.116.307497
https://doi.org/10.1161/ATVBAHA.116.307497
https://doi.org/10.1016/j.cmet.2021.06.006
https://doi.org/10.1016/j.cmet.2021.06.006
https://doi.org/10.1021/jm070524a
https://doi.org/10.1021/jm070524a
https://doi.org/10.1159/000315101
https://doi.org/10.1016/0922-4106(91)90113-v
https://doi.org/10.1038/s41398-020-01182-w
https://doi.org/10.1016/j.metabol.2019.04.002
https://doi.org/10.1016/j.metabol.2019.04.002
https://doi.org/10.1176/jnp.23.2.jnp215
https://doi.org/10.1038/nm.3214
https://doi.org/10.1177/0269881120915412
https://doi.org/10.1016/j.jbc.2022.102185
https://doi.org/10.1126/science.aaw2622
https://doi.org/10.1038/s41593-017-0010-3
https://doi.org/10.1007/s00109-022-02250-y
https://doi.org/10.1016/j.jad.2017.02.008
https://doi.org/10.1002/path.2697

van der Heijden and Houben

58. Dikic I, Elazar Z. Mechanism and medical implications of mammalian autophagy.
Nat Rev Mol Cell Biol. (2018) 19:349-64. doi: 10.1038/s41580-018-0003-4

59. Gulbins A, Schumacher E, Becker KA, Wilker B, Soddemann M, Boldrin F, et al.
Antidepressants act by inducing autophagy controlled by sphingomyelin-ceramide. Mol
Psychiatry. (2018) 23:2324-46. doi: 10.1038/s41380-018-0090-9

60. Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol homeostasis.
Nat Rev Mol Cell Biol. (2020) 21:225-45. doi: 10.1038/s41580-019-0190-7

61. Sezgin E, Levental I, Mayor S, Eggeling C. The mystery of membrane organization:
composition, regulation and roles of lipid rafts. Nat Rev Mol Cell Biol. (2017) 18:361-74.
doi: 10.1038/nrm.2017.16

62. Zhang X, Barraza KM, Beauchamp JL. Cholesterol provides nonsacrificial
protection of membrane lipids from chemical damage at air-water Interface. Proc Natl
Acad Sci U S A. (2018) 115:3255-60. doi: 10.1073/pnas.1722323115

63. Pfenninger KH. Plasma membrane expansion: a neuron’s herculean task. Nat Rev
Neurosci. (2009) 10:251-61. doi: 10.1038/nrn2593

64. Ferris HA, Perry RJ, Moreira GV, Shulman GI, Horton JD, Kahn CR. Loss of
astrocyte cholesterol synthesis disrupts neuronal function and alters whole-body
metabolism. Proc Natl Acad Sci U S A. (2017) 114:1189-94. doi: 10.1073/
pnas.1620506114

65. Nugent AA, Lin K, van Lengerich B, Lianoglou S, Przybyla L, Davis SS, et al.
TREM2 regulates microglial cholesterol metabolism upon chronic phagocytic challenge.
Neuron. (2020) 105:837-54 €9. doi: 10.1016/j.neuron.2019.12.007

66. Fellows Maxwell K, Bhattacharya S, Bodziak ML, Jakimovski D, Hagemeier J,
Browne RW, et al. Oxysterols and apolipoproteins in multiple sclerosis: a 5 year follow-
up study. J Lipid Res. (2019) 60:1190-8. doi: 10.1194/jlr.M089664

67. Reunert J, Fobker M, Kannenberg F, Du Chesne I, Plate M, Wellhausen J, et al.
Rapid diagnosis of 83 patients with Niemann pick type C disease and related cholesterol
transport disorders by cholestantriol screening. EBioMedicine. (2016) 4:170-5. doi:
10.1016/j.ebiom.2015.12.018

68. Bjorkhem I, Diczfalusy U. Oxysterols: friends, foes, or just fellow passengers?
Arterioscler  Thromb  Vasc  Biol. (2002) 22:734-42. doi: 10.1161/01.
atv.0000013312.32196.49

69. Houben T, Bitorina AV, Oligschlaeger Y, Jeurissen ML, Rensen S, Kohler SE, et al.
Sex-opposed inflammatory effects of 27-hydroxycholesterol are mediated via differences
in estrogen signaling. ] Pathol. (2020) 251:429-39. doi: 10.1002/path.5477

70. Morgan RE, Palinkas LA, Barrett-Connor EL, Wingard DL. Plasma cholesterol and
depressive  symptoms in older men. Lancet. (1993) 341:75-9. doi:
10.1016/0140-6736(93)92556-9

71. Giltay EJ, van Reedt Dortland AK, Nissinen A, Giampaoli S, van Veen T, Zitman
FG, et al. Serum cholesterol, apolipoprotein E genotype and depressive symptoms in
elderly European men: the fine study. J Affect Disord. (2009) 115:471-7. doi: 10.1016/j.
jad.2008.10.004

72. Aijanseppa S, Kivinen P, Helkala EL, Kivela SL, Tuomilehto J, Nissinen A. Serum
cholesterol and depressive symptoms in elderly Finnish men. Int J Geriatr Psychiatry.
(2002) 17:629-34. doi: 10.1002/gps.666

73. Brown SL, Salive ME, Harris TB, Simonsick EM, Guralnik JM, Kohout FJ. Low
cholesterol concentrations and severe depressive symptoms in elderly people. BMJ.
(1994) 308:1328-32. doi: 10.1136/bm;j.308.6940.1328

74. Zhang Q, Liu Z, Wang Q, Li X. Low cholesterol is not associated with depression:
data from the 2005-2018 National Health and Nutrition Examination Survey. Lipids
Health Dis. (2022) 21:35. doi: 10.1186/s12944-022-01645-7

75.OhJ, Kim TS. Serum lipid levels in depression and suicidality: the Korea National
Health and Nutrition Examination Survey (KNHANES) 2014. ] Affect Disord. (2017)
213:51-8. doi: 10.1016/j.jad.2017.02.002

76.van Reedt Dortland AK, Giltay EJ, van Veen T, van Pelt ], Zitman FG, Penninx BW.
Associations between serum lipids and major depressive disorder: results from the
Netherlands Study of Depression and Anxiety (NESDA). J Clin Psychiatry. (2010)
71:729-36. doi: 10.4088/JCP.08m04865blu

77.Nakao M, Yano E. Relationship between major depression and high serum
cholesterol in Japanese men. Tohoku ] Exp Med. (2004) 204:273-87. doi: 10.1620/
tjem.204.273

78. Cepeda MS, Kern DM, Blacketer C, Drevets WC. Low levels of cholesterol and the
cholesterol type are not associated with depression: results of a cross-sectional NHANES
study. J Clin Lipidol. (2020) 14:515-21. doi: 10.1016/j.jacl.2020.06.001

79. Bot M, Milaneschi Y, Al-Shehri T, Amin N, Garmaeva S, Onderwater GLJ, et al.
Metabolomics profile in depression: a pooled analysis of 230 metabolic markers in 5283
cases with depression and 10,145 controls. Biol Psychiatry. (2020) 87:409-18. doi:
10.1016/j.biopsych.2019.08.016

80. Rothschild AJ. Challenges in the treatment of major depressive disorder with
psychotic features. Schizophr Bull. (2013) 39:787-96. doi: 10.1093/schbul/sbt046

81. Kupfer DJ, Spiker DG. Refractory depression: prediction of non-response by
clinical indicators. J Clin Psychiatry. (1981) 42:307-12.

82. Singh T, Williams K. Atypical depression. Psychiatry. (2006) 3:33-9.

Frontiers in Psychiatry

10.3389/fpsyt.2023.1213011

83. Lasserre AM, Glaus J, Vandeleur CL, Marques-Vidal P, Vaucher J, Bastardot F, et al.
Depression with atypical features and increase in obesity, body mass index, waist
circumference, and fat mass: a prospective, population-based study. JAMA Psychiatry.
(2014) 71:880-8. doi: 10.1001/jamapsychiatry.2014.411

84. Milaneschi Y, Lamers F, Peyrot W], Baune BT, Breen G, Dehghan A, et al. Genetic
association of major depression with atypical features and obesity-related
immunometabolic dysregulations. JAMA Psychiatry. (2017) 74:1214-25. doi: 10.1001/
jamapsychiatry.2017.3016

85. Levinson DF, Zubenko GS, Crowe RR, DePaulo R], Scheftner WS, Weissman MM,
et al. Genetics of recurrent early-onset depression (GENRED): design and preliminary
clinical characteristics of a repository sample for genetic linkage studies. Am ] Med Genet
B. (2003) 119B:118-30. doi: 10.1002/ajmg.b.20009

86. Wang X, Yang L, Liu J, Kang C, Zheng Y, Qiu S, et al. Association of serum lipid
levels with psychotic symptoms in first-episode and drug naive outpatients with major
depressive disorder: a large-scale cross-sectional study. J Affect Disord. (2022) 297:321-6.
doi: 10.1016/.jad.2021.10.053

87. Cenik B, Palka JM, Thompson BM, McDonald JG, Tamminga CA, Cenik C, et al.
Desmosterol and 7-dehydrocholesterol concentrations in post mortem brains of
depressed people: the role of trazodone. Transl Psychiatry. (2022) 12:139. doi: 10.1038/
541398-022-01903-3

88. Engel DF, de Oliveira J, Lopes JB, Santos DB, Moreira ELG, Farina M, et al. Is there
an association between hypercholesterolemia and depression? Behavioral evidence from
the LDLr(—/—) mouse experimental model. Behav Brain Res. (2016) 311:31-8. doi:
10.1016/j.bbr.2016.05.029

89. De Giorgi R, De Crescenzo F, Rizzo Pesci N, Martens M, Howard W, Cowen PJ,
et al. Statins for major depressive disorder: a systematic review and meta-analysis of
randomized controlled trials. PLoS One. (2021) 16:€0249409. doi: 10.1371/journal.
pone.0249409

90. Husain MI, Chaudhry IB, Khoso AB, Kiran T, Khan N, Ahmad F, et al. Effect of
adjunctive simvastatin on depressive symptoms among adults with treatment-resistant
depression: a randomized clinical trial. JAMA Netw Open. (2023) 6:¢230147. doi:
10.1001/jamanetworkopen.2023.0147

91. Erb SJ, Schappi JM, Rasenick MM. Antidepressants accumulate in lipid rafts
independent of monoamine transporters to modulate redistribution of the G protein,
Galphas. ] Biol Chem. (2016) 291:19725-33. doi: 10.1074/jbc.M116.727263

92. Singh H, Wray N, Schappi JM, Rasenick MM. Correction: disruption of lipid-raft
localized Galphas/tubulin complexes by antidepressants: a unique feature of HDAC6
inhibitors, SSRI, and tricyclic compounds. Neuropsychopharmacology. (2019) 44:1008.
doi: 10.1038/s41386-018-0198-2

93. Targum SD, Schappi J, Koutsouris A, Bhaumik R, Rapaport MH, Rasgon N, et al.
A novel peripheral biomarker for depression and antidepressant response. Mol
Psychiatry. (2022) 27:1640-6. doi: 10.1038/s41380-021-01399-1

94. Diniz TC, Pinto TCC, Menezes PDP, Silva JC, Teles RBA, Ximenes RCC, et al.
Cyclodextrins improving the physicochemical and pharmacological properties of
antidepressant drugs: a patent review. Expert Opin Ther Pat. (2018) 28:81-92. doi:
10.1080/13543776.2017.1384816

95. Stuchtey FC, Block A, Osei F, Wippert PM. Lipid biomarkers in depression: does
antidepressant therapy have an impact? Healthcare. (2022) 10:333. doi: 10.3390/
healthcare10020333

96. Papakostas GI, Petersen T, Sonawalla SB, Merens W, Iosifescu DV, Alpert JE, et al.
Serum cholesterol in treatment-resistant depression. Neuropsychobiology. (2003)
47:146-51. doi: 10.1159/000070584

97. Gasse CO, Otte C, Gold SM, Elfving B, Mors O, Kohler-Forsberg O. Association
between cholesterol and response to escitalopram and nortriptyline in patients with
major depression: study combining clinical and register-based information. Biomark
Neuropsychiatry. (2022) 7:100057. doi: 10.1016/j.bionps.2022.100057

98. Wang H, Eckel RH. What are lipoproteins doing in the brain? Trends Endocrinol
Metab. (2014) 25:8-14. doi: 10.1016/j.tem.2013.10.003

99. Bjorkhem I, Lutjohann D, Diczfalusy U, Stahle L, Ahlborg G, Wahren J. Cholesterol
homeostasis in human brain: turnover of 24S-hydroxycholesterol and evidence for a
cerebral origin of most of this oxysterol in the circulation. J Lipid Res. (1998)
39:1594-600. doi: 10.1016/50022-2275(20)32188-X

100. Paoletti P, Bellone C, Zhou Q. NMDA receptor subunit diversity: impact on
receptor properties, synaptic plasticity and disease. Nat Rev Neurosci. (2013) 14:383-400.
doi: 10.1038/nrn3504

101. Wei X, Nishi T, Kondou S, Kimura H, Mody I. Preferential enhancement of
GLUN2b-containing native NMDA receptors by the endogenous modulator
24S-hydroxycholesterol in hippocampal neurons. Neuropharmacology. (2019)
148:11-20. doi: 10.1016/j.neuropharm.2018.12.028

102. Paul SM, Dobherty JJ, Robichaud AJ, Belfort GM, Chow BY, Hammond RS, et al.
The major brain cholesterol metabolite 24(S)-hydroxycholesterol is a potent allosteric
modulator of N-methyl-D-aspartate receptors. ] Neurosci. (2013) 33:17290-300. doi:
10.1523/JNEUROSCI.2619-13.2013

103. Zanos P, Gould TD. Mechanisms of ketamine action as an antidepressant. Mol
Psychiatry. (2018) 23:801-11. doi: 10.1038/mp.2017.255

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41380-018-0090-9
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1073/pnas.1722323115
https://doi.org/10.1038/nrn2593
https://doi.org/10.1073/pnas.1620506114
https://doi.org/10.1073/pnas.1620506114
https://doi.org/10.1016/j.neuron.2019.12.007
https://doi.org/10.1194/jlr.M089664
https://doi.org/10.1016/j.ebiom.2015.12.018
https://doi.org/10.1161/01.atv.0000013312.32196.49
https://doi.org/10.1161/01.atv.0000013312.32196.49
https://doi.org/10.1002/path.5477
https://doi.org/10.1016/0140-6736(93)92556-9
https://doi.org/10.1016/j.jad.2008.10.004
https://doi.org/10.1016/j.jad.2008.10.004
https://doi.org/10.1002/gps.666
https://doi.org/10.1136/bmj.308.6940.1328
https://doi.org/10.1186/s12944-022-01645-7
https://doi.org/10.1016/j.jad.2017.02.002
https://doi.org/10.4088/JCP.08m04865blu
https://doi.org/10.1620/tjem.204.273
https://doi.org/10.1620/tjem.204.273
https://doi.org/10.1016/j.jacl.2020.06.001
https://doi.org/10.1016/j.biopsych.2019.08.016
https://doi.org/10.1093/schbul/sbt046
https://doi.org/10.1001/jamapsychiatry.2014.411
https://doi.org/10.1001/jamapsychiatry.2017.3016
https://doi.org/10.1001/jamapsychiatry.2017.3016
https://doi.org/10.1002/ajmg.b.20009
https://doi.org/10.1016/j.jad.2021.10.053
https://doi.org/10.1038/s41398-022-01903-3
https://doi.org/10.1038/s41398-022-01903-3
https://doi.org/10.1016/j.bbr.2016.05.029
https://doi.org/10.1371/journal.pone.0249409
https://doi.org/10.1371/journal.pone.0249409
https://doi.org/10.1001/jamanetworkopen.2023.0147
https://doi.org/10.1074/jbc.M116.727263
https://doi.org/10.1038/s41386-018-0198-2
https://doi.org/10.1038/s41380-021-01399-1
https://doi.org/10.1080/13543776.2017.1384816
https://doi.org/10.3390/healthcare10020333
https://doi.org/10.3390/healthcare10020333
https://doi.org/10.1159/000070584
https://doi.org/10.1016/j.bionps.2022.100057
https://doi.org/10.1016/j.tem.2013.10.003
https://doi.org/10.1016/S0022-2275(20)32188-X
https://doi.org/10.1038/nrn3504
https://doi.org/10.1016/j.neuropharm.2018.12.028
https://doi.org/10.1523/JNEUROSCI.2619-13.2013
https://doi.org/10.1038/mp.2017.255

van der Heijden and Houben

104. Linsenbardt AJ, Taylor A, Emnett CM, Doherty JJ, Krishnan K, Covey DEF, et al.
Different oxysterols have opposing actions at N-methyl-D-aspartate receptors.
Neuropharmacology. (2014) 85:232-42. doi: 10.1016/j.neuropharm.2014.05.027

105. Lutjohann D, Papassotiropoulos A, Bjorkhem I, Locatelli S, Bagli M, Oehring RD,
et al. Plasma 24S-hydroxycholesterol (cerebrosterol) is increased in Alzheimer
and vascular demented patients. J Lipid Res. (2000) 41:195-8. doi: 10.1016/
S0022-2275(20)32052-6

106. Freemantle E, Chen GG, Cruceanu C, Mechawar N, Turecki G. Analysis of
oxysterols and cholesterol in prefrontal cortex of suicides. Int ] Neuropsychopharmacol.
(2013) 16:1241-9. doi: 10.1017/S1461145712001587

107. Houben T, Brandsma E, Walenbergh SMA, Hofker MH, Shiri-Sverdlov R.
Oxidized LDL at the crossroads of immunity in non-alcoholic steatohepatitis.
Biochim Biophys Acta Mol Cell Biol Lipids. (2017) 1862:416-29. doi: 10.1016/j.
bbalip.2016.07.008

108. Bazinet RP, Laye S. Polyunsaturated fatty acids and their metabolites in brain
function and disease. Nat Rev Neurosci. (2014) 15:771-85. doi: 10.1038/nrn3820

109. Crupi R, Marino A, Cuzzocrea S. N-3 fatty acids: role in neurogenesis and
neuroplasticity. Curr Med Chem. (2013) 20:2953-63. doi: 10.2174/09298673113209990140

110. Wallis TP, Venkatesh BG, Narayana VK, Kvaskoff D, Ho A, Sullivan RK, et al.
Saturated free fatty acids and association with memory formation. Nat Commun. (2021)
12:3443. doi: 10.1038/s41467-021-23840-3

111. Hillard CJ. Circulating endocannabinoids: from whence do they come and where
are they going? Neuropsychopharmacology. (2018) 43:155-72. doi: 10.1038/npp.2017.130

112. Castillo PE, Younts TJ, Chavez AE, Hashimotodani Y. Endocannabinoid signaling
and synaptic function. Neuron. (2012) 76:70-81. doi: 10.1016/j.neuron.2012.09.020

113. Di Marzo V. The endocannabinoid system: its general strategy of action, tools for
its pharmacological manipulation and potential therapeutic exploitation. Pharmacol Res.
(2009) 60:77-84. doi: 10.1016/.phrs.2009.02.010

114. Gallego-Landin I, Garcia-Baos A, Castro-Zavala A, Valverde O. Reviewing the
role of the endocannabinoid system in the pathophysiology of depression. Front
Pharmacol. (2021) 12:762738. doi: 10.3389/fphar.2021.762738

115. Lin PY, Huang SY, Su KP. A meta-analytic review of polyunsaturated fatty acid
compositions in patients with depression. Biol Psychiatry. (2010) 68:140-7. doi:
10.1016/j.biopsych.2010.03.018

116. McNamara RK, Hahn CG, Jandacek R, Rider T, Tso P, Stanford KE, et al. Selective
deficits in the omega-3 fatty acid docosahexaenoic acid in the postmortem orbitofrontal
cortex of patients with major depressive disorder. Biol Psychiatry. (2007) 62:17-24. doi:
10.1016/j.biopsych.2006.08.026

117. Bazinet RP, Metherel AH, Chen CT, Shaikh SR, Nadjar A, Joffre C, et al. Brain
eicosapentaenoic acid metabolism as a lead for novel therapeutics in major depression.
Brain Behav Immun. (2020) 85:21-8. doi: 10.1016/j.bbi.2019.07.001

118. Liao Y, Xie B, Zhang H, He Q, Guo L, Subramanieapillai M, et al. Efficacy of
omega-3 PUFAs in depression: a meta-analysis. Transl Psychiatry. (2019) 9:190. doi:
10.1038/541398-019-0515-5

119. Thesing CS, Lok A, Milaneschi Y, Assies J, Bockting CLH, Figueroa CA, et al.
Fatty acids and recurrence of major depressive disorder: combined analysis of two Dutch
clinical cohorts. Acta Psychiatr Scand. (2020) 141:362-73. doi: 10.1111/acps.13136

120. Hibbeln JR. Fish consumption and major depression. Lancet. (1998) 351:1213.
doi: 10.1016/S0140-6736(05)79168-6

121. Peet M. International variations in the outcome of schizophrenia and the
prevalence of depression in relation to national dietary practices: an ecological analysis.
Br J Psychiatry. (2004) 184:404-8. doi: 10.1192/bjp.184.5.404

122. McGrath-Hanna NK, Greene DM, Tavernier R], Bult-Ito A. Diet and mental
health in the Arctic: is diet an important risk factor for mental health in circumpolar
peoples?—a review. Int J Circumpolar Health. (2003) 62:228-41. doi: 10.3402/ijch.
v62i3.17560

123. Lafourcade M, Larrieu T, Mato S, Duffaud A, Sepers M, Matias I, et al. Nutritional
omega-3 deficiency abolishes endocannabinoid-mediated neuronal functions. Nat
Neurosci. (2011) 14:345-50. doi: 10.1038/nn.2736

124. Rao JS, Ertley RN, Lee HJ, DeMar JC Jr, Arnold JT, Rapoport SI, et al. N-3
polyunsaturated fatty acid deprivation in rats decreases frontal cortex BDNF via a P38
MAPK-dependent mechanism. Mol Psychiatry. (2007) 12:36-46. doi: 10.1038/sj.
mp.4001888

125. DeMar JC Jr, Ma K, Bell JM, Igarashi M, Greenstein D, Rapoport SI. One
generation of N-3 polyunsaturated fatty acid deprivation increases depression and
aggression test scores in rats. J Lipid Res. (2006) 47:172-80. doi: 10.1194/jlr.M500362-
JLR200

126. Vancassel S, Leman S, Hanonick L, Denis S, Roger ], Nollet M, et al. N-3
polyunsaturated fatty acid supplementation reverses stress-induced modifications on
brain monoamine levels in mice. ] Lipid Res. (2008) 49:340-8. doi: 10.1194/jlr.M700328-
JLR200

127. Messamore E, Almeida DM, Jandacek R], McNamara RK. Polyunsaturated fatty

acids and recurrent mood disorders: phenomenology, mechanisms, and clinical
application. Prog Lipid Res. (2017) 66:1-13. doi: 10.1016/j.plipres.2017.01.001

Frontiers in Psychiatry

10.3389/fpsyt.2023.1213011

128. Zhou L, Xiong JY, Chai YQ, Huang L, Tang ZY, Zhang XF, et al. Possible
antidepressant mechanisms of omega-3 polyunsaturated fatty acids acting on the central
nervous system. Front Psychiatry. (2022) 13:933704. doi: 10.3389/fpsyt.2022.933704

129. Calder PC. N-3 polyunsaturated fatty acids, inflammation, and inflammatory
diseases. Am J Clin Nutr. (2006) 83:15055-19S. doi: 10.1093/ajcn/83.6.1505S

130. Joffre C, Rey C, Laye S. N-3 polyunsaturated fatty acids and the resolution of
neuroinflammation. Front Pharmacol. (2019) 10:1022. doi: 10.3389/fphar.2019.01022

131. Borsini A, Nicolaou A, Camacho-Munoz D, Kendall AC, Di Benedetto MG,
Giacobbe J, et al. Omega-3 polyunsaturated fatty acids protect against inflammation
through production of LOX and CYP450 lipid mediators: relevance for major depression
and for human hippocampal neurogenesis. Mol Psychiatry. (2021) 26:6773-88. doi:
10.1038/s41380-021-01160-8

132. Lamon-Fava S, Liu M, Dunlop BW, Kinkead B, Schettler PJ, Felger JC, et al.
Clinical response to EPA supplementation in patients with major depressive disorder is
associated with higher plasma concentrations of pro-resolving lipid mediators.
Neuropsychopharmacology. (2023) 48:929. doi: 10.1038/s41386-022-01527-7

133. Buckley CD, Gilroy DW, Serhan CN. Proresolving lipid mediators and
mechanisms in the resolution of acute inflammation. Immunity. (2014) 40:315-27. doi:
10.1016/j.immuni.2014.02.009

134. Serhan CN, Levy BD. Resolvins in inflammation: emergence of the pro-resolving
superfamily of mediators. J Clin Invest. (2018) 128:2657-69. doi: 10.1172/JCI97943

135. Larrieu T, Hilal ML, Fourrier C, De Smedt-Peyrusse V, Sans N, Capuron L, et al.
Nutritional omega-3 modulates neuronal morphology in the prefrontal cortex along
with depression-related behaviour through corticosterone secretion. Transl Psychiatry.
(2014) 4:e437. doi: 10.1038/tp.2014.77

136. Song C, Zhang XY, Manku M. Increased phospholipase A2 activity and
inflammatory response but decreased nerve growth factor expression in the olfactory
bulbectomized rat model of depression: effects of chronic ethyl-eicosapentaenoate
treatment. | Neurosci. (2009) 29:14-22. doi: 10.1523/JNEUROSCI.3569-08.2009

137. Thesing CS, Bot M, Milaneschi Y, Giltay EJ, Penninx B. Omega-3 polyunsaturated
fatty acid levels and dysregulations in biological stress systems. Psychoneuroendocrinology.
(2018) 97:206-15. doi: 10.1016/j.psyneuen.2018.07.002

138. Mocking RJ, Ruhe HG, Assies J, Lok A, Koeter MW, Visser I, et al. Relationship
between the hypothalamic-pituitary-adrenal-axis and fatty acid metabolism in recurrent
depression.  Psychoneuroendocrinology.  (2013)  38:1607-17. doi:  10.1016/j.
psyneuen.2013.01.013

139. Ducrocq E, Walle R, Contini A, Oummadi A, Caraballo B, van der Veldt S, et al.
Causal link between N-3 polyunsaturated fatty acid deficiency and motivation deficits.
Cell Metab. (2020) 31:755-72 e7. doi: 10.1016/j.cmet.2020.02.012

140. Vagena E, Ryu JK, Baeza-Raja B, Walsh NM, Syme C, Day JP, et al. A high-fat diet
promotes depression-like behavior in mice by suppressing hypothalamic PKA signaling.
Transl Psychiatry. (2019) 9:141. doi: 10.1038/s41398-019-0470-1

141. Jacka FN, Cherbuin N, Anstey KJ, Sachdev P, Butterworth P. Western diet is
associated with a smaller hippocampus: a longitudinal investigation. BMC Med. (2015)
13:215. doi: 10.1186/s12916-015-0461-x

142. Hillard CJ, Beatka M, Sarvaideo J. Endocannabinoid signaling and the
hypothalamic-pituitary-adrenal axis. Compr Physiol. (2016) 7:1-15. doi: 10.1002/cphy.
c160005

143. Hill MN, McLaughlin RJ, Morrish AC, Viau V, Floresco SB, Hillard CJ, et al.
Suppression of amygdalar endocannabinoid signaling by stress contributes to activation
of the hypothalamic-pituitary-adrenal axis. Neuropsychopharmacology. (2009)
34:2733-45. doi: 10.1038/npp.2009.114

144. Zoppi S, Madrigal JL, Caso JR, Garcia-Gutierrez MS, Manzanares J, Leza JC, et al.
Regulatory role of the cannabinoid CB2 receptor in stress-induced neuroinflammation
in mice. Br ] Pharmacol. (2014) 171:2814-26. doi: 10.1111/bph.12607

145. Malek N, Popiolek-Barczyk K, Mika J, Przewlocka B, Starowicz K. Anandamide,
acting via CB2 receptors, alleviates LPS-induced neuroinflammation in rat primary
microglial cultures. Neural Plast. (2015) 2015:130639. doi: 10.1155/2015/130639

146. Ativie F, Komorowska JA, Beins E, Albayram O, Zimmer T, Zimmer A, et al.
Cannabinoid 1 receptor signaling on hippocampal gabaergic neurons influences
microglial activity. Front Mol Neurosci. (2018) 11:295. doi: 10.3389/fnmol.2018.00295

147. Aso E, Ozaita A, Valdizan EM, Ledent C, Pazos A, Maldonado R, et al. BDNF
impairment in the hippocampus is related to enhanced despair behavior in CB1
knockout mice. ] Neurochem. (2008) 105:565-72. doi: 10.1111/§.1471-4159.2007.05149.x

148. Andres-Mach M, Haratym-Maj A, Zagaja M, Rola R, Maj M, Chroscinska-
Krawczyk M, et al. ACEA (a highly selective cannabinoid CB1 receptor agonist)
stimulates hippocampal neurogenesis in mice treated with antiepileptic drugs. Brain Res.
(2015) 1624:86-94. doi: 10.1016/j.brainres.2015.07.028

149. Gao Y, Vasilyev DV, Goncalves MB, Howell FV, Hobbs C, Reisenberg M, et al.
Loss of retrograde endocannabinoid signaling and reduced adult neurogenesis in
diacylglycerol lipase knock-out mice. J Neurosci. (2010) 30:2017-24. doi: 10.1523/
JNEUROSCI.5693-09.2010

150. Mensching L, Djogo N, Keller C, Rading S, Karsak M. Stable adult hippocampal
neurogenesis in cannabinoid receptor CB2 deficient mice. Int J Mol Sci. (2019) 20:3759.
doi: 10.3390/ijms20153759

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/j.neuropharm.2014.05.027
https://doi.org/10.1016/S0022-2275(20)32052-6
https://doi.org/10.1016/S0022-2275(20)32052-6
https://doi.org/10.1017/S1461145712001587
https://doi.org/10.1016/j.bbalip.2016.07.008
https://doi.org/10.1016/j.bbalip.2016.07.008
https://doi.org/10.1038/nrn3820
https://doi.org/10.2174/09298673113209990140
https://doi.org/10.1038/s41467-021-23840-3
https://doi.org/10.1038/npp.2017.130
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1016/j.phrs.2009.02.010
https://doi.org/10.3389/fphar.2021.762738
https://doi.org/10.1016/j.biopsych.2010.03.018
https://doi.org/10.1016/j.biopsych.2006.08.026
https://doi.org/10.1016/j.bbi.2019.07.001
https://doi.org/10.1038/s41398-019-0515-5
https://doi.org/10.1111/acps.13136
https://doi.org/10.1016/S0140-6736(05)79168-6
https://doi.org/10.1192/bjp.184.5.404
https://doi.org/10.3402/ijch.v62i3.17560
https://doi.org/10.3402/ijch.v62i3.17560
https://doi.org/10.1038/nn.2736
https://doi.org/10.1038/sj.mp.4001888
https://doi.org/10.1038/sj.mp.4001888
https://doi.org/10.1194/jlr.M500362-JLR200
https://doi.org/10.1194/jlr.M500362-JLR200
https://doi.org/10.1194/jlr.M700328-JLR200
https://doi.org/10.1194/jlr.M700328-JLR200
https://doi.org/10.1016/j.plipres.2017.01.001
https://doi.org/10.3389/fpsyt.2022.933704
https://doi.org/10.1093/ajcn/83.6.1505S
https://doi.org/10.3389/fphar.2019.01022
https://doi.org/10.1038/s41380-021-01160-8
https://doi.org/10.1038/s41386-022-01527-7
https://doi.org/10.1016/j.immuni.2014.02.009
https://doi.org/10.1172/JCI97943
https://doi.org/10.1038/tp.2014.77
https://doi.org/10.1523/JNEUROSCI.3569-08.2009
https://doi.org/10.1016/j.psyneuen.2018.07.002
https://doi.org/10.1016/j.psyneuen.2013.01.013
https://doi.org/10.1016/j.psyneuen.2013.01.013
https://doi.org/10.1016/j.cmet.2020.02.012
https://doi.org/10.1038/s41398-019-0470-1
https://doi.org/10.1186/s12916-015-0461-x
https://doi.org/10.1002/cphy.c160005
https://doi.org/10.1002/cphy.c160005
https://doi.org/10.1038/npp.2009.114
https://doi.org/10.1111/bph.12607
https://doi.org/10.1155/2015/130639
https://doi.org/10.3389/fnmol.2018.00295
https://doi.org/10.1111/j.1471-4159.2007.05149.x
https://doi.org/10.1016/j.brainres.2015.07.028
https://doi.org/10.1523/JNEUROSCI.5693-09.2010
https://doi.org/10.1523/JNEUROSCI.5693-09.2010
https://doi.org/10.3390/ijms20153759

van der Heijden and Houben

151. Palazuelos J, Aguado T, Egia A, Mechoulam R, Guzman M, Galve-Roperh L.
Non-psychoactive CB2 cannabinoid agonists stimulate neural progenitor proliferation.
FASEB J. (2006) 20:2405-7. doi: 10.1096/1].06-6164fje

152. Hill MN, Hillard CJ, Bambico FR, Patel S, Gorzalka BB, Gobbi G. The therapeutic
potential of the endocannabinoid system for the development of a novel class of
antidepressants. Trends Pharmacol Sci. (2009) 30:484-93. doi: 10.1016/j.tips.2009.06.006

153. Wang Y, Gu N, Duan T, Kesner P, Blaskovits F, Liu ], et al. Monoacylglycerol
lipase inhibitors produce pro- or antidepressant responses via hippocampal CAl
GABAergic synapses. Mol Psychiatry. (2017) 22:215-26. doi: 10.1038/mp.2016.22

154. Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism. (2019)
92:6-10. doi: 10.1016/j.metabol.2018.09.005

155. Nuttall FQ. Body mass index: obesity, BMI, and health: a critical review. Nutr
Today. (2015) 50:117-28. doi: 10.1097/NT.0000000000000092

156. Byrne CD, Targher G. Ectopic fat, insulin resistance, and nonalcoholic fatty liver
disease: implications for cardiovascular disease. Arterioscler Thromb Vasc Biol. (2014)
34:1155-61. doi: 10.1161/ATVBAHA.114.303034

157. Rethorst CD, Bernstein I, Trivedi MH. Inflammation, obesity, and metabolic
syndrome in depression: analysis of the 2009-2010 National Health and Nutrition
Examination Survey (NHANES). ] Clin Psychiatry. (2014) 75:e1428-32. doi: 10.4088/
JCP.14m09009

158. Fulton S, Decarie-Spain L, Fioramonti X, Guiard B, Nakajima S. The menace of
obesity to depression and anxiety prevalence. Trends Endocrinol Metab. (2022) 33:18-35.
doi: 10.1016/j.tem.2021.10.005

159. Jokela M, Hamer M, Singh-Manoux A, Batty GD, Kivimaki M. Association of
metabolically healthy obesity with depressive symptoms: pooled analysis of eight studies.
Mol Psychiatry. (2014) 19:910-4. doi: 10.1038/mp.2013.162

160. Dallman MEF. Stress-induced obesity and the emotional nervous system. Trends
Endocrinol Metab. (2010) 21:159-65. doi: 10.1016/j.tem.2009.10.004

161. Lindberg L, Hagman E, Danielsson P, Marcus C, Persson M. Anxiety and
depression in children and adolescents with obesity: a nationwide study in Sweden. BMC
Med. (2020) 18:30. doi: 10.1186/s12916-020-1498-z

162. Plackett B. The vicious cycle of depression and obesity. Nature. (2022) 608:542-3.
doi: 10.1038/d41586-022-02207-8

163. Ding YD, Chen X, Chen ZB, Li L, Li XY, Castellanos FX, et al. Reduced nucleus
accumbens functional connectivity in reward network and default mode network in
patients with recurrent major depressive disorder. Transl Psychiatry. (2022) 12:236. doi:
10.1038/541398-022-01995-x

164. Zeng BY, Zeng BS, Chen YW, Hung CM, Sun CK, Cheng YS, et al. Efficacy and
acceptability of noninvasive brain stimulation interventions for weight reduction in
obesity: a pilot network meta-analysis. Int ] Obes. (2021) 45:1705-16. doi: 10.1038/
541366-021-00833-2

165. Silva DA, Coutinho E, Ferriani LO, Viana MC. Depression subtypes and obesity
in adults: a systematic review and meta-analysis. Obes Rev. (2020) 21:¢12966. doi:
10.1111/0br.12966

166. Henkel V, Mergl R, Allgaier AK, Kohnen R, Moller HJ, Hegerl U. Treatment of
depression with atypical features: a meta-analytic approach. Psychiatry Res. (2006)
141:89-101. doi: 10.1016/j.psychres.2005.07.012

Frontiers in Psychiatry

11

10.3389/fpsyt.2023.1213011

167. Friedman JM. Leptin and the endocrine control of energy balance. Nat Metab.
(2019) 1:754-64. doi: 10.1038/s42255-019-0095-y

168. Milaneschi Y, Lamers F, Bot M, Drent ML, Penninx BW. Leptin dysregulation is
specifically associated with major depression with atypical features: evidence for a
mechanism connecting obesity and depression. Biol Psychiatry. (2017) 81:807-14. doi:
10.1016/j.biopsych.2015.10.023

169. Milos G, Antel J, Kaufmann LK, Barth N, Koller A, Tan S, et al. Short-term
metreleptin treatment of patients with anorexia nervosa: rapid on-set of beneficial
cognitive, emotional, and behavioral effects. Transl Psychiatry. (2020) 10:303. doi:
10.1038/541398-020-00977-1

170. Trouwborst I, Bowser SM, Goossens GH, Blaak EE. Ectopic fat accumulation in
distinct insulin resistant phenotypes; targets for personalized nutritional interventions.
Front Nutr. (2018) 5:77. doi: 10.3389/fnut.2018.00077

171. Yaribeygi H, Farrokhi FR, Butler AE, Sahebkar A. Insulin resistance: review of
the underlying molecular mechanisms. J Cell Physiol. (2019) 234:8152-61. doi: 10.1002/
jcp.27603

172. Yaribeygi H, Atkin SL, Sahebkar A. A review of the molecular mechanisms of
hyperglycemia-induced free radical generation leading to oxidative stress. J Cell Physiol.
(2019) 234:1300-12. doi: 10.1002/jcp.27164

173. American Diabetes Association. Diagnosis and classification of diabetes mellitus.
Diabetes Care. (2014) 37:581-90. doi: 10.2337/dc14-S081

174. Mezuk B, Eaton WW, Albrecht S, Golden SH. Depression and type 2 diabetes
over the lifespan: a meta-analysis. Diabetes Care. (2008) 31:2383-90. doi: 10.2337/
dc08-0985

175. Knol MJ, Twisk JW, Beekman AT, Heine R]J, Snoek FJ, Pouwer E. Depression as a
risk factor for the onset of type 2 diabetes mellitus. A meta-analysis. Diabetologia. (2006)
49:837-45. doi: 10.1007/s00125-006-0159-x

176. Pan A, Lucas M, Sun Q, van Dam RM, Franco OH, Manson JE, et al. Bidirectional
association between depression and type 2 diabetes mellitus in women. Arch Intern Med.
(2010) 170:1884-91. doi: 10.1001/archinternmed.2010.356

177. Nouwen A, Winkley K, Twisk J, Lloyd CE, Peyrot M, Ismail K, et al. Type 2
diabetes mellitus as a risk factor for the onset of depression: a systematic review and
meta-analysis. Diabetologia. (2010) 53:2480-6. doi: 10.1007/s00125-010-1874-x

178. van Gennip ACE, Schram MT, Kohler S, Kroon AA, Koster A, Eussen S, et al.
Association of type 2 diabetes according to the number of risk factors within the
recommended range with incidence of major depression and clinically relevant
depressive symptoms: a prospective analysis. Lancet Healthy Longev. (2023) 4:e63-71.
doi: 10.1016/52666-7568(22)00291-4

179. Zemdegs J, Martin H, Pintana H, Bullich S, Manta S, Marques MA, et al.
Metformin promotes anxiolytic and antidepressant-like responses in insulin-resistant
mice by decreasing circulating branched-chain amino acids. J Neurosci. (2019)
39:5935-48. doi: 10.1523/J]NEUROSCI.2904-18.2019

180. Martin H, Bullich S, Guiard BP, Fioramonti X. The impact of insulin on the
serotonergic system and consequences on diabetes-associated mood disorders. J
Neuroendocrinol. (2021) 33:¢12928. doi: 10.1111/jne.12928

181. Molendijk ML, Fried EI, Van der Does W. The smiles trial: do undisclosed
recruitment practices explain the remarkably large effect? BMC Med. (2018) 16:243. doi:
10.1186/512916-018-1221-5

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1213011
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1096/fj.06-6164fje
https://doi.org/10.1016/j.tips.2009.06.006
https://doi.org/10.1038/mp.2016.22
https://doi.org/10.1016/j.metabol.2018.09.005
https://doi.org/10.1097/NT.0000000000000092
https://doi.org/10.1161/ATVBAHA.114.303034
https://doi.org/10.4088/JCP.14m09009
https://doi.org/10.4088/JCP.14m09009
https://doi.org/10.1016/j.tem.2021.10.005
https://doi.org/10.1038/mp.2013.162
https://doi.org/10.1016/j.tem.2009.10.004
https://doi.org/10.1186/s12916-020-1498-z
https://doi.org/10.1038/d41586-022-02207-8
https://doi.org/10.1038/s41398-022-01995-x
https://doi.org/10.1038/s41366-021-00833-2
https://doi.org/10.1038/s41366-021-00833-2
https://doi.org/10.1111/obr.12966
https://doi.org/10.1016/j.psychres.2005.07.012
https://doi.org/10.1038/s42255-019-0095-y
https://doi.org/10.1016/j.biopsych.2015.10.023
https://doi.org/10.1038/s41398-020-00977-1
https://doi.org/10.3389/fnut.2018.00077
https://doi.org/10.1002/jcp.27603
https://doi.org/10.1002/jcp.27603
https://doi.org/10.1002/jcp.27164
https://doi.org/10.2337/dc14-S081
https://doi.org/10.2337/dc08-0985
https://doi.org/10.2337/dc08-0985
https://doi.org/10.1007/s00125-006-0159-x
https://doi.org/10.1001/archinternmed.2010.356
https://doi.org/10.1007/s00125-010-1874-x
https://doi.org/10.1016/S2666-7568(22)00291-4
https://doi.org/10.1523/JNEUROSCI.2904-18.2019
https://doi.org/10.1111/jne.12928
https://doi.org/10.1186/s12916-018-1221-5

	Lipids in major depressive disorder: new kids on the block or old friends revisited?
	1. Introduction
	2. Systemic and neurological lipid changes in major depressive disorder
	2.1. Sphingolipids
	2.2. Cholesterol
	2.3. Fatty acids

	3. Depressive signs in lipid-related disorders
	3.1. Obesity
	3.2. Type 2 diabetes

	4. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

