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and clinical presentation of this condition, generically named post-COVID-19 syndrome, overlap significantly
with another enigmatic condition, referred to as myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS).
Several pathobiological mechanisms have been proposed for ME/CFS, including redox imbalance, systemic and
central nervous system inflammation, and mitochondrial dysfunction. Chronic inflammation and glial patho-
logical reactivity are common hallmarks of several neurodegenerative and neuropsychiatric disorders and have
been consistently associated with reduced central and peripheral levels of plasmalogens, one of the major
phospholipid components of cell membranes with several homeostatic functions. Of great interest, recent evi-
dence revealed a significant reduction of plasmalogen contents, biosynthesis, and metabolism in ME/CFS and
acute COVID-19, with a strong association to symptom severity and other relevant clinical outcomes. These
bioactive lipids have increasingly attracted attention due to their reduced levels representing a common path-
ophysiological manifestation between several disorders associated with aging and chronic inflammation. How-
ever, alterations in plasmalogen levels or their lipidic metabolism have not yet been examined in individuals
suffering from post-COVID-19 symptoms. Here, we proposed a pathobiological model for post-COVID-19 and
ME/CFS based on their common inflammation and dysfunctional glial reactivity, and highlighted the emerging
implications of plasmalogen deficiency in the underlying mechanisms. Along with the promising outcomes of
plasmalogen replacement therapy (PRT) for various neurodegenerative/neuropsychiatric disorders, we sought to
propose PRT as a simple, effective, and safe strategy for the potential relief of the debilitating symptoms asso-

ciated with ME/CFS and post-COVID-19 syndrome.

1. Introduction

After three years of worldwide pandemic, a significant and growing
portion of patients with the coronavirus disease 2019 (COVID-19) were
reported to develop long-lasting debilitating symptoms, often neuro-
logical, marked by the presence of fatigue, headache, cognitive
dysfunction ("brain fog™), post-exertional malaise (PEM) and orthostatic
intolerance (Campos et al., 2022). This condition has been recognized as
a distinct clinical entity by the generical name of post-COVID-19 syn-
drome. The incidence of post-COVID syndrome is estimated at 10-35%
for mild cases, while for hospitalized patients it may reach 85%. Fatigue
was recognized as the most prevalent post-COVID-19 symptom, fol-
lowed by residual dyspnea and psychiatric symptoms (Pavli et al.,
2021).

There is significant overlap in the onset, symptom profile and pro-
gression of post-COVID-19 condition with an enigmatic disorder
commonly associated with acute viral infections, named myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS) (Sukocheva
et al.,, 2022). Several disease mechanisms have been proposed for
ME/CFS, including immune abnormalities, central nervous system
(CNS) inflammation, mitochondrial alterations, as well as endothelial
and vascular disturbances (Holden et al., 2020; Mackay and Tate, 2018;
Nelson et al., 2021). However, only recently, these mechanisms have
been unified into a common pathophysiological hypothesis centered on
the pathologically reactive neuroglia (mainly microglia and astrocytes)
in stress-responsive brain regions, such as the hypothalamic nuclei and
other parts of the limbic system. This hypothesis can efficiently explain
not only the onset of ME/CFS symptoms but also the hallmark features of
the disorder, such as PEM, and its progression over time (Renz-Polster
et al., 2022).

On the other hand, acute systemic and CNS inflammation, reactive
pro-inflammatory neuroglia, oxidative stress and abnormally elevated
levels of pro-inflammatory cytokines have also been reported in patients
with COVID-19 (Meinhardt et al., 2021; Poloni et al., 2021; Schwa-
benland et al., 2021). Further, the demonstration of several neurotropic
and neuroinvasive properties of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) highlights the virus’s potential to impact
the CNS in a long-term way (Meinhardt et al., 2021). In addition,
inflammation and microglial reactivity are common hallmarks of several
neurodegenerative diseases which were further associated with reduced
brain plasmalogen levels (Hossain et al., 2017; Ifuku et al., 2012).
Plasmalogens (Pls) are one of the major phospholipid components of
biological membranes and play several relevant homeostatic functions,
such as control of oxidative stress, inflammation and generation of
several bioactive derived lipid mediators (Tremblay, 2022; Wu et al.,
2019). Recently, metabolomic/lipidomic studies have shown evidence

of significant depletion in Pls contents associated with dysfunction of
their synthesis or metabolism in patients with ME/CFS (Che et al., 2022)
and acute COVID-19 (Pike et al., 2022; Schwarz et al., 2021). These
important bioactive lipids have increasingly attracted attention in the
past couple of years, with their depletion emerging as a shared biological
finding between aging and chronic CNS inflammatory conditions, such
as neurodegenerative disorders [e.g., Alzheimer’s disease (AD), Par-
kinson’s disease (PD), multiple sclerosis (MS)] and neuropsychiatric
disorders (e.g., depression, schizophrenia, bipolar disorder) (Paul et al.,
2019a; Schooneveldt et al., 2022; Senanayake and Goodenowe, 2019;
Udagawa and Hino, 2022). However, alterations of Pls levels have not
yet been examined in individuals suffering from post-COVID-19 syn-
dromes. In the present review, we comprehensively summarize the
current clinical and preclinical literature in the field. We propose that
neuroglial dysfunction is a pertinent pathophysiological model to
explain post-COVID symptoms and their similarities with ME/CFS. In
addition, we aim to discuss the contribution of Pls deficiency as a core
biological factor underlying immunopathogenesis of both conditions.
Further, based on promising data in other neuroinflammatory and
neurodegenerative conditions, we speculate that plasmalogen replace-
ment therapy (PRT) may offer an effective and safe therapeutic tool for
the potential relief of debilitating symptoms associated with both
ME/CFS and post-COVID-19.

2. Discussion
2.1. ME/CFS definition and hallmark features

ME/CFS is a complex, multi-system disorder presenting with debil-
itating and often lifelong symptoms. It has an estimated worldwide
prevalence between 0.4% and 2.6%, making it up to 10-fold more
prevalent than other fatigue-causing illnesses like MS (Deumer et al.,
2021). Females are approximately three times more likely to be affected
than males. The disorder has two peaks of incidence with no clear
distinction related to sex: one in the late teen years and another between
30 and 40 years of age (Thomas et al., 2022). Clinically, the syndrome
usually comprises self-reported symptoms including unrelenting fatigue
persisting over more than 6 months, exertional intolerance, sleep dis-
turbances, impairments in the cognitive, emotional and speech domains,
hypersensitivity to light and noise, together with psychomotor slowness
and orthostatic intolerance (Bateman et al., 2021; Deumer et al., 2021).

The most common risk factor for the disorder is exposure to acute
viral infections (Thomas et al., 2022), although there are reports of
ME/CEFS cases triggered by non-infectious factors, such as vaccination,
chemical toxins and emotional trauma/psychological stressors (Heim
et al., 2009; Retornaz et al., 2022). Historically, however, the definition
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and documentation of ME/CFS as a distinctive entity emerged from the
observational evidence of 75 reported outbreaks of fatigue illnesses
post-viral infection (Deumer et al., 2021; Rasa, 2018). The most publi-
cized of these gave rise to the current definition of the condition: from
the Royal Free Hospital outbreak in London in 1955 originated the term
ME (Underhill and Baillod, 2020), and from the Incline Village, Nevada
outbreak in 1984 originated the other term CFS (Strickland et al., 2001).
In recent times, the condition is recognized by the World Health Orga-
nization (WHO) as ME/CFS, the combined name derived from both the
European and American outbreaks (Bateman et al., 2021).

Since the definition of this syndrome, there has been no specific
biomarker or pathognomonic finding to facilitate an accurate diag-
nostic, and despite several years of clinical investigation, the ME/CFS
diagnosis remains an exclusion condition (Deumer et al., 2021). Despite
this, the disease presents two hallmark features — one on the clinical
level and one on the pathobiological level — that stand out for their
characteristic and defining attributes. Both are well studied, unani-
mously accepted among researchers, and present in all patients with
ME/CFS (if diagnosed according to the now internationally accepted
Consensus Criteria) (Carruthers et al., 2011). The clinical core feature is
PEM. While patients with ME/CFS have very different baseline levels of
functionality, they all have one common clinical feature: a distinctly
abnormal reaction to stressful events. PEM is described as an exacer-
bation of ME/CFS symptoms triggered both by physical or mental
exertion and even sensory overload (Stussman et al., 2020). Each patient
presents an individual and disease severity-dependent threshold for
PEM development. The triggered clinical exacerbation often begins after
a delay of at least several hours post-exercise and typically persists over
several days (McManimen et al., 2019; Stussman et al., 2020).

Regarding the biological hallmark, many of the pathophysiological
findings in ME/CFS are poorly replicable or found only in a subset of
ME/CFS patients. However, a few pathophysiological findings appear
uniformly present, including autonomous dysfunction, metabolic ab-
normalities and cerebral hypoperfusion. Among them, cerebral hypo-
perfusion or reduced cerebral blood flow (CBF) is objectively assessed
and consistently reported in patients with ME/CFS (Van Campen et al.,
2020). Also, exacerbation of cerebral hypoperfusion has been linked to
relapses of PEM, which infers a potential common biological basis (Bond
et al., 2021) [for further information about CBF findings in ME/CFS,
please see the review (Wirth et al., 2021)].

2.2. Post-viral fatigue and post-COVID-19 syndrome as shared
representations of ME/CFS

Long-COVID, also known as the post-COVID-19 condition, post-
COVID-19 syndrome, or post-COVID conditions, includes a wide range
of persistent or new symptoms that develop after SARS-CoV-2 infection
and typically last for more than 12 weeks to months and up to 3 years, as
reported so far. The most common symptoms can be broadly classified
into neurological (fatigue, brain fog, and headache), respiratory (chest
pain and shortness of breath), and diverse (heart palpitations, muscle
pain, and neuropsychiatric symptoms ) (Pavli et al., 2021; Townsend
et al., 2020a). These symptoms are often debilitating enough to impair
work capacity and cognitive abilities, and they have significant simi-
larities to those of ME/CFS, including the most common trigger factor of
acute viral infection (Mackay, 2021; Troyer et al., 2020).

It is noteworthy that while non-infectious etiologies are also re-
ported, approximately 50-80% of diagnosed patients with ME/CFS start
suddenly with a flu-like illness, from which they do not completely
recover. Indeed, in some estimates, at least half of the ME/CFS cases
emerged after identified viral infections, including those from Epstein-
Barr virus (EBV), poliovirus, rhinovirus and coronaviruses, suggesting
a virus-induced immunological dysfunction as the possible initiator of a
multi-systemic immune impairment (Campos et al., 2022; Mackay,
2021), which is also influenced by a strong inter-individual predispo-
sition, as shown in a twin analysis (Giloteaux et al., 2016). In this
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context, the current COVID-19 pandemic with 756,135,075 confirmed
cases worldwide (retrieved from WHO: Coronavirus website, 15
February 2023), and globally still with an upward trend after five waves
of infections will considerably impact this scenario. The number of
post-COVID-19 patients is likely to be in the order of millions and with
growing tendencies based on the most conservative projections. Indeed,
around 10-30% of those million cases are suffering long-term effects of
the disease (Pavli et al., 2021; Townsend et al., 2020). Among these
effects, a substantial cohort of patients will experience independently or
comorbidly ongoing “fatigue” or “post-viral fatigue” syndromes (Cam-
pos et al., 2022; Retornaz et al., 2022; Rogers et al., 2020).

In this context, considering the important similarities of COVID-19
post-viral fatigue syndrome (PVFS) with the definition of ME/CFS, the
ongoing pandemic would likely already have added at least 75 million
cases of COVID-19 associated-PVFS (based on the 22 January 2023
report of cumulative cases by WHO) to the already estimated 20 million
cases of ongoing ME/CFS related to other causes. With the long-term
prognosis still not clear, PVFS can add a highly significant health
burden for COVID-19 (Mackay, 2021). The new WHO clinical case
definition for COVID-19 PVES is very similar to the most recent versions
of the consensus definition for ME/CFS diagnosis. The main difference is
that this condition has to persist for 3 months before confirmation of the
diagnosis, while for ME/CFS it has to last for 6 months (WHO/COVID-19
Report, 2022).

Strong links between these two entities are becoming more evident
with increasing publications of longitudinal studies tracking post-
COVID-19 patient symptoms over 6 months or longer. The first illus-
trative one, a Chinese study including 1,733 patients with COVID-19
discharged from the hospital, found that 76% of them had at least one
persistent symptom observed 6 months after their initial diagnosis
(Huang et al., 2021). The most common symptoms reported were fatigue
or muscle weakness (63%), followed by sleep difficulties (26%) and
anxiety or depression (23%). Of the patient cohort, 75% had required
supplemental oxygen, with 7% needing mechanical ventilation. This
represents a considerable bias for a subset of patients, however, a sig-
nificant fraction of mild symptomatic cases not requiring intensive
support also showed PVFS symptoms (at least 25%), indicating that the
spectrum of ME/CFS can emerge not only in severe but also in mild
COVID-19 cases (Huang et al., 2021).

A second study consisted of an international web-based survey
involving 3,762 adult participants, evaluating neurologic symptoms 6
months after the acute SARS-CoV-2 infection (Ziauddeen et al., 2022).
Similarly, the most frequently reported symptoms were fatigue (>75%)
and cognitive dysfunction (“brain-fog™) (>52%), all core symptoms of
ME/CFS. Over 85% of the patients experienced symptom exacerbations,
induced by physical or mental exercise, defining the PEM, a key char-
acteristic of ME/CFS (6). Also, around 67% of the patients in the cohort
were unable to work or were on a reduced work schedule at the time of
the survey. Most of those surveyed (>90%) had not been hospitalized,
reinforcing the assumption that even relatively mild COVID-19 cases
could trigger long-term ME/CFS-like symptoms (Ziauddeen et al., 2022).

The last longitudinal study was a comprehensive German assessment
of 42 patients with post-COVID-19, aged between 22 and 62 years, of
which 29 were female, for the clinical diagnosis of ME/CFS (Kedor et al.,
2022). All patients had only mild to moderate COVID-19 acute symp-
toms, and none required hospitalization. The most frequently reported
symptoms were chronic fatigue in all 42 patients, PEM (n = 41),
cognitive impairment (n = 40), headache (n = 38), and muscle pain (n
= 35). The Canadian Consensus Criteria for ME/CFS diagnosis was
applied and 19 of 42 patients met the full diagnostic criteria. The
remaining patients (n = 23) shared many ME/CFS clinical features, but
at a lesser severity, and they were categorized as having the
closely-related fatigue syndrome (Kedor et al., 2022).

Interestingly, this association with PVFS is not exclusive to SARS-
CoV-2 infection. Several studies of the first SARS pandemic (2003)
indicated that up to 60% of patients experienced long-term symptoms,
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including fatigue and cognitive abnormalities (Lam et al., 2009; Mol-
dofsky and Patcai, 2011; Yang et al., 2020). When interviewed four
years after the acute infection, 40% of the survivors of SARS-CoV (2003)
in Hong Kong complained of ongoing fatigue and other complications
(Lam et al., 2009). A Canadian study also reported that post-SARS acute
infection, patients presented an elevated prevalence of persistent fa-
tigue, diffuse myalgia, weakness, and depressive symptoms, along with
difficulties to return to work, 1-3 years after the acute infection (Mol-
dofsky and Patcai, 2011).

Despite reports of an alarming condition, no clear pathophysiolog-
ical explanation has been proposed for the COVID-19 PVFS and related
fatigue syndromes. Due to its significant clinical and originating simi-
larities with ME/CFS, a novel etiological paradigm for COVID-19 PVFS
has been proposed based on a unifying model for ME/CFS (Mackay,
2021; Sukocheva et al., 2022). Integral to this paradigm is a unique
rationale to explain how SARS-CoV-2 infection might be triggering
PVFS, in common with other known causes of ME/CFS (Yang et al.,
2020). Also, this conceptual paradigm is developed to explain chronic
fatigue and PEM, both of which are the key characteristics of ME/CFS
(Mackay, 2021). For some pathobiological features, such as reduced CBF
and CNS inflammation, the body of evidence for long-COVID or asso-
ciated PVFS is just emerging, and most of the assumptions are extended
based on the similarities with ME/CFS (Tate et al., 2022).

2.3. Neuroglia failure: a unifying neuroinflammation-based model for
COVID-19 post-viral fatigue syndrome and ME/CFS

A wide range of pathobiological explanations have been proposed to
explain COVID-19 PVFS and ME/CFS. While most hypotheses assume an
immunological basis for ME/CFS, they differ in how the immunological
dysfunction may translate into clinical manifestations. In this context,
the investigation of inflammatory processes in the CNS has received
increased attention in ME/CFS research (VanElzakker et al., 2019).
Inflammation in the CNS sets off a well-orchestrated response, which
includes the release of inflammatory mediators, such as cytokynes and
chemokines, and activation of downstream signaling pathways that can
temporarily disrupt the blood-brain barrier (BBB), thus increasing
perfusion and facilitating the transit of peripheral immune cells
(Glassford, 2017; Shao et al., 2022). These responses are tightly
controlled by microglia, the CNS resident immune cells, in concert with
astrocytes, microvascular endothelial cells and perivascular CNS mac-
rophages (Santiago et al., 2017). Therefore, recent publications have
highlighted the contribution of neuroglial dysfunction and mainly of
microglia in the etiopathogenesis and progression of ME/CFS
(Renz-Polster et al., 2022; VanElzakker et al., 2019).

Multiple causative mechanisms can mediate CNS inflammation and
neuroglial reactivity after acute viral infection. These mechanisms
include direct virus invasion and cytotoxic effects in the brain, reac-
tivation of endogenous microbial reservoirs in CNS cells, glial reactivity
caused by peripheral secreted inflammatory cytokines and chemokines,
autoimmune reactivity triggered against specific neuronal or glial epi-
topes, recognition of danger-associated molecular patterns (DAMP),
vagal dysfunction and sympathetic or angiotensin II overload (Acanfora
et al., 2022; Kai and Kai, 2020; Klein et al., 2019). Moreover, the com-
bined exposure to psychosocial stress and aggravated societal chal-
lenges, such as social isolation and poverty during the pandemic years,
can further exacerbate the CNS inflammatory milieu and increase glial
reactivity (Al Omran et al., 2022; Glassford, 2017; Penninx et al., 2022).

The rationale for a unifying pathophysiological model premises that
the common triggers of ME/CFS, not only the infectious agents, but also
vaccination, chemical toxins and emotional trauma, and COVID-19 by
itself, share the same aspect: being a severe physiological stressor able to
induce an acute neuroimmune response (Tate et al., 2022). A proposed
target of this initial inflammatory response is the brain stress center, a
cluster of neurons located in the hypothalamic paraventricular nucleus
(PVN), which has been proposed as a key target site in ME/CFS
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pathophysiology. The hypothalamic PVN functions as a stress integrator,
which processes and responds to a wide range of physiological stressors,
playing an essential role in neuroendocrine and autonomic regulation
(Mackay and Tate, 2018). Incoming stress signals from all types of in-
fections (via inflammatory mediators, such as cytokines and chemo-
kines), pain, emotional distress and cardiovascular changes from
physical exertion, all converge onto the hypothalamic PVN, through a
range of humoral and neural routes (Barson et al., 2020; Jiang et al.,
2019). This single point of convergence, the hypothalamic PVN, is a
potential vulnerable site in genetically susceptible people or those
primed by previous environmental stressors (Mackay and Tate, 2018).

SARS-CoV-2 has been shown to provoke an acute pro-inflammatory
response, at the initial site of infection, but also systemically leading to a
surge in the release of chemokines and pro-inflammatory cytokines,
such as interleukin (IL)-6, tumor necrosis factor alpha (TNFa), and IL-1f.
Studies indicate that a more severe COVID-19 infection leads to a greater
cytokine storm (Tang et al., 2020). Pro-inflammatory cytokines released
into systemic circulation act on the circumventricular organs — areas of
the brain that have an incomplete BBB and can therefore detect blood
chemical signals, for example, the area postrema, which then relays
these signals onto the hypothalamic PVN (Akrout et al., 2009). Also,
pro-inflammatory mediators released by immune cells in lymphoid tis-
sue can communicate by ascending means through vagus nerve affer-
ents. These afferents can activate another circumventricular organ, the
nucleus tractus solitarius, which also relays neural stimuli and secreted
factors onto the hypothalamic PVN (Daulatzai, 2012). Besides these
routes able to induce CNS inflammation, some lines of evidence stated
that SARS-CoV-2 has a neuroinvasive potential and can cause a direct
pro-inflammatory microglial reactive state (Li et al., 2020; Yachou et al.,
2020). Meinhardt and coworkers (2021) gave seminal evidence showing
not only the presence of SARS-CoV-2 RNA and protein expression in
anatomically distinct regions of the nasopharynx and brain, but also the
ability of the virus to cross the neural-olfactory mucosa interface,
ascend through the sensory nerve endings and penetrate defined brain
areas, especially the brainstem (Meinhardt et al., 2021). Also, these
researchers and others (Jeong et al., 2022; Poloni et al., 2021) reported
increased markers of phagocytosis and pro-inflammatory reactivity on
microglia/brain non-parenchymal macrophages, such as CD68 and
human leukocyte antigen (HLA)-DR, which were often organized in
so-called “microglial nodules” mainly inside the brainstem and hippo-
campus (Meinhardt et al., 2021; Poloni et al., 2021).

Nevertheless, an association between the severity of systemic in-
flammatory response induced by SARS-CoV-2 and the emergence of
PVFS was not yet confirmed. A recent Irish study found no correlation
between the severity of SARS-CoV-2 pro-inflammatory response
(measured by blood levels of IL-6, sCD25, C-reactive protein and
neutrophil-to-lymphocyte ratio) or of hospitalization with the incidence
of fatigue symptoms, when examined 10 weeks after the viral infection.
However, female sex and a pre-existing diagnosis of depression/anxiety
significantly contributed to increasing PVFS severity (Townsend et al.,
2020). These findings reinforced that mild SARS-CoV-2 infection can
provoke a sufficient stress response in some patients to trigger ME/CFS
symptoms. Also, they provided further evidence that possible
host-vulnerability factors, such as female sex and previous mental dis-
orders, can lower the susceptibility threshold to disease onset and
symptom severity (Townsend et al., 2020).

In this context, the neuroglial failure model can greatly explain not
only the PVFS onset, as stated, but also the PEM and relapses which are
core features of ME/CFS (Renz-Polster et al., 2022). As
above-mentioned, some recent longitudinal studies conducted over 6
months or more have highlighted the presence of PEM and relapses
(Huang et al., 2021; Kedor et al., 2022). Also, in line with the many
triggers of ME/CFS, these setbacks seem to occur despite the triggering
event (SARS-CoV-2 acute infection) being no longer detectable. These
triggering events for PEM and relapses encompass physical or mental
overexertion, emotional or financial stress, sleep deprivation, and
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environmental stressors (Stussman et al., 2020). These stressful events
by themselves can result in dysfunctional glia, mainly microglia, and
reactivate an innate immune memory, a phenomenon recently discussed
in the context of chronic neurodegenerative disorders (Wendeln et al.,
2018). However, based on the current evidence, this hypothesis should
be experimentally verified.

The most supportive evidence for this association comes from find-
ings in patients with ME/CFS. Of note, Nakatomi et al. (2014) using
positron emission tomography (PET) with a translocator protein 18 kDa
(TSPO) radiotracer, which notably labels reactive microglia and astro-
cytes, showed increased TSPO binding among the cingulate cortex,
hippocampus, amygdala, thalamus, and midbrain of individuals with
ME/CFS. These findings further correlated with the severity of fatigue
sensation, cognitive impairment, pain, and depression symptoms
(Nakatomi et al., 2014). Also, evidence for the neuroglial dysfunction in
ME/CFS comes from magnetic resonance spectroscopy (MRS) studies
describing altered levels of several metabolites related to CNS inflam-
mation and glial dysfunction, such as lactate, choline, and N-acetylas-
partate (NAA) (Godlewska et al., 2022; Mueller et al., 2020).
Interestingly, Mueller et al. (2020) reported increased temperature in
the right insula, thalamus, and cerebellum, which was paired with
converged elevated lactate/choline ratio in the same brain regions
(Mueller et al., 2020). More indirect evidence of glial dysfunction in
ME/CFS have been provided by consistent findings of blood oxygenation
level-dependent (BOLD) signal hyporesponsiveness to cognitive tasks in
visual and auditory cortex of patients (Baraniuk et al., 2022; Rayhan and
Baraniuk, 2021). Also, continued activation of task-dependent brain
regions decreased the responsiveness of other brain regions not related
to task trials in patients with ME/CFS, sugesting shared features with
cortical spreading depression. Cortical spreading depression is a pro-
nounced depolarization of neurons and glia that spreads slowly across
the cortex followed by a period of depressed electrophysiological ac-
tivity, and supports the notion of glial dysfunction (Tanaka et al., 2006).
Reduced regional fluorodeoxyglucose (FDG) uptake in the right medi-
ofrontal cortex, brain stem and orbitofrontal cortex of patients with
ME/CFS (Siessmeier et al., 2003; Tirelli et al., 1998) also strengthens the
body of evidence indicating hypometabolism in stress-responsive brain
regions [for more details, please read (Shan et al., 2020)].

Therefore, PEM may reflect a stress-induced aggravation of CNS
inflammation and/or neuroglial dysfunction initiated by acute viral
infection (Mackay, 2021). Upon exposure to sequential
pro-inflammatory stimuli (e.g., infections, vaccination, toxins and psy-
chosocial stress), microglia and astrocytes can shift to a
pro-inflammatory hyper-responsive state, named “primed” glia, where
these cells respond exaggeratedly to subsequently similar or different
stimuli even with a lower severity threshold, while displaying compro-
mised physiological functions (Frank et al., 2016; Murta et al., 2020).
This plasticity and adaptive response of glial cells may explain several
aspects of PEM not only in the context of ME/CFS, but also in COVID-19
PVFS. For instance, the delayed onset of PEM symptoms relapse or
exacerbation after exercise may reflect the temporal need for the stress
response to reach the brain, especially the hypothalamic PVN through
pro-inflammatory cytokines, chemokines, alarmins or stress-related
neurotransmitters and neuropeptides (Renz-Polster et al., 2022). The
duration of PEM may also correspond to the timeframe needed for the
partial recovery of reactive glia to their homeostatic functions and
reversion to a more homeostatic state. The individual PEM threshold
and variable severity of induced symptoms can be related to the degree
of glial reactivity and their pre-existing impaired or primed immune
state, as well as the propagation of glial dysfunction into distant brain
areas, such as the limbic regions, and regulatory centers along glial
functional networks (Mackay, 2021; Renz-Polster et al., 2022). There-
fore, the neuroglial dysfunction is pivotal for several functions disrupted
in ME/CFS - including motor functions, autonomous regulation, sleep
homeostasis, sensory gating, memory, mood and cognition. The
involvement of neuroglia may explain the onset, the clinical course and
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relapses in ME/CFS (Renz-Polster et al., 2022). In the context of
COVID-19 PVFS and other post-COVID fatigue syndromes, despite
consistent evidence showing the neuroinvasive potential and related
glial reactivity after acute SARS-CoV-2 infection, the direct association
between neuroglial dysfunction and these long-term consequences of
COVID-19 should be experimentally demonstrated.

2.4. Plasmalogens: small lipid molecules that matter

2.4.1. Role in lipid rafts and cubic membranes

Plasmalogens (Pls) are a special type of ether lipid containing a vinyl-
ether linkage at the sn-1 position and a polyunsaturated fatty acid
(PUFA) at the sn-2 position of their glycerol backbone (Fig. 1). Pls are
not a trace nutrient, yet they constitute the building blocks of cell
membranes. Approximately 1 in 5 phospholipids represent Pls in human
tissues, where they are particularly enriched among the brain, heart, and
immune cells (Braverman and Moser, 2012). Pls act as a reservoir for
important PUFAs which can be released as omega-6 arachidonic acid
(AA) and omega-3 docosahexaenoic acid (DHA) (i.e., the precursors of
inflammatory/anti-inflammatory lipid mediators), through an enzy-
matic reaction of phospholipase A2 (PLA2) (Yang et al., 1996) . Pls are
recognized as powerful antioxidants (Zoeller et al., 1999) in addition to
their novel anti-inflammatory properties (Ifuku et al., 2012; Kong et al.,
2020 ) as well as role as major structural components of lipoproteins
(low-density lipoprotein: LDL, high-density lipoprotein: HDL) (Bozelli
et al., 2021), myelin sheaths, and synaptic membranes (Braverman and
Moser, 2012). Of note, choline plasmalogens (pPC) account for about
40% of all choline glycerophospholipids in the human heart, whereas
ethanolamine plasmalogens (pPE) account for nearly 90% of ethanol-
amine glycerophospholipids in myelin sheaths (Bozelli et al., 2021).

The traditional view of cell membranes as flat-lamellar sheets of
phospholipid bilayers dividing the cytoplasm or the organelles into
multiple subcellular compartments was surpassed by the characteriza-
tion of several spatial arrangements that the membranes can assume,
such as hexagonal, micellar and cubic arrangements (Chong and Deng,
2012; Landh, 1995). These 3D membrane topologies can be provoked by
changes in the membrane lipid composition, protein clustering, bilayer
bending caused by embedded or anchored proteins, or membrane cur-
vature altered under the influence of environmental factors, such as
temperature or pH (Almsherqi et al., 2006). Among these factors, the
lipid composition is one of the most important factors modulated by the
cell to achieve the most adaptive membrane conformation. Whereas
lipids with a cylindrical shape (like the typical pPC glycer-
ophospholipids) favor the formation of lamellar structures, lipids with a
cone molecular shape (such as pPE) tend to form curved membrane
assemblies, such as bicontinuous cubic, bicontinuous sponge or inverted
hexagonal structures (Angelova et al., 2021; West et al., 2020). Among
them, the cubic membranes (CM) are characterized by periodic
arrangement of bicontinuous lipid bilayers organized into cubic lattice
networks. In this context, CM have been considered as part of an
adaptation system against environmental changes or disease states
usually associated with increased oxidative and cellular stress, such as
pH and temperature changes, increased osmolarity, starvation or viral
infection (Deng and Almsherqi, 2015).

The biophysical and biochemical properties of Pls may play a major
role in promoting non-lamellar hexagonal and cubic phase formation
(Almsherqi, 2021; West et al., 2020). Glaser and Gross (1995) reported
that, in vitro, vesicles with varying ratios of individual Pls could induce
the formation of different non-lamellar structures, including hexagonal
and cubic membrane phases (Glaser and Gross, 1995). Moreover,
important data supporting the Pls contribution for CM formation came
from simple organisms. Indeed, starvation induces the production of
greater levels of free radicals in amoeba (Chaos carolinense) compared to
fed conditions (Deng et al., 2002). Also, starvation induces CM forma-
tion in amoeba mitochondria (Deng and Mieczkowski, 1998). The
transformed inner mitochondrial membranes into CM organization in
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Fig. 1. The plasmalogen backbone and 2D/3D structural representation. The backbone structure of a typical plasmalogen is characterized by a vinyl ether
linkage with 16:0, 18:0, and 18:1 hydrocarbon chains at sn-1 position (highlighted within red rectangular brackets to be the chemical distinctive feature of Pls), a
ester bond linking PUFAs at sn-2 position, and a phosphate group at sn-3 position (R3 refers to a ethanolamine or a choline) of the glycerol backbone. The right panels
show respectively the 2D and 3D structural representation of a choline plasmalogen (pPC) and ethanolamine plasmalogen (pPE) . The 2D chemical representations
were drawn using the software ACD/ChemSketche, Freeware Version (for non-commercial use), while the 3D representations were build using the open-source
software Discovery Studio, BIOVIA, Dassault Systemes. Abbreviations: Pls: plasmalogens: pPC: choline plasmalogen; pPE: ethanolamine plasmalogen; PUFA: poly-

unsaturated fatty acid; R: radical.

the starved amoeba Chaos exhibit a high abundance of Pls-containing
very long-chain (VLC)-PUFAs, specifically the phosphatidylcholine Pls,
phosphatidylethanolamine Pls and phosphatidylinositol species, which
appear to be critical for developing and maintaining highly ordered yet
curved interwoven CM structures (Chong et al., 2021; Deng et al., 2009).

Also, it was found that the CM isolated from starved amoeba interact
with short segments of phosphorothioate oligonucleotides (PS-ODNs),
which resemble RNA in more complex biological systems. Interestingly,
Pls-containing VLC-PUFAs do not only facilitate spatial arrangements
for the formation of CM, but also can interact with short segments of
ODN (or RNA in mammalian cells) thereby protecting them against
oxidative damage. This has been attributed to the vinyl-ether bond
which is highly susceptible to the attack of free radicals, providing an
efficient scavenger system compared to other lipids (Reiss et al., 1997).
Therefore, CM and its derived Pls together have been proposed as a
“protective shelter” mechanism for biological membranes, especially in
mitochondria, to cope with conditions associated with increased
oxidative stress (Deng and Almsherqi, 2015).

Cholesterol synthesis is tightly regulated through fine-tuned post-
translational and transcriptional mechanisms. The third step of choles-
terol synthesis catalyzed by HMG-CoA reductase (HMGCR) is generally
accepted as a rate-limiting step. HMGCR activity is mainly regulated via
a sterol-mediated feedback mechanism at the level of gene transcription
and proteasomal degradation (Cerqueira et al., 2016). More recently,
epoxidation of squalene catalyzed by the enzyme squalene mono-
oxygenase (SQLE) was proposed as the second rate-limiting step in
cholesterol biosynthesis (Chua et al., 2020; Yoshioka et al., 2020). In this
context, it was demonstrated that Pls levels play a key role in mediating
cholesterol homeostasis by regulating this step of the synthetic route
(Honsho et al., 2015; Mankidy et al., 2010). Important evidence was
reported by Honsho et al. (2015) demonstrating that in several cell lines,

including murine fibroblasts and Chinese hamster ovary (CHO) cells, the
elevation of cellular content in Pls causes suppression of cholesterol
synthesis through an increased degradation of SQLE (Honsho et al.,
2015). In mammals, SQLE expression is regulated by the E3
ubiquitin-protein ligase, MARCH6. This enzyme promotes ubig-
uitylation and proteasomal degradation of SQLE (Dang et al., 2009;
Zelcer et al., 2014). The constitutive degradation of SQLE is stimulated
by the elevation of Pls, through a cholesterol-independent mechanism,
and is dependent on a facilitated interaction between SQLE with
MARCHS6 via Pls-modified transmembrane domain in the N-terminal
region of SQLE (Honsho et al., 2015).

Also, the main lipoproteins involved in cholesterol transport and
distribution, such as LDL and HDL, have comparable contents enriched
in Pls (Bozelli et al., 2021). The circulating LDL levels are an indicator of
the cellular cholesterol demand, whereas circulating HDL levels reflect
cellular cholesterol export and constitute an indirect measure of mem-
brane cholesterol. Cholesterol is one of the most important lipids in the
body and 80-85% of body cholesterol is located within cell membranes
as a non-esterified form. Due to its importance in regulating cell mem-
brane fluidity, body cholesterol has sophisticated transport and ho-
meostatic regulation systems to ensure that all cells have an adequate
access. Therefore, Pls restoration or augmentation was proposed as a
novel mechanism allowing for cholesterol reduction in vitro, serving as
an alternative to statin therapy in achieving adequate cholesterol ho-
meostasis (Mankidy et al., 2010).

Together with cholesterol, Pls are key lipid components of lipid raft
microdomains (Pike et al., 2020), which are important for multiple
cellular signaling pathways (Bozelli and Epand, 2021; Dorninger et al.,
2020) with implications as potential targets for a plethora of human
diseases (Siimons and Ehehalt, 2002). The pioneering work of atomistic
molecular dynamics simulations by Rog and Koivuniemi (2016) showed
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that Pls form more condensed and thicker lipid bilayers compared to the
analogous diacyl phospholipid-based bilayer system (Rog and Koivu-
niemi, 2016). Of note, Pls are recognized as essential in highly ordered
CM formation in amoeba Chaos upon cell starvation, as
above-mentioned (Chong et al., 2021). Pls were further found to inhibit
hippocampal neuron cell death upon nutrient deprivation in a mouse
model (Hossain et al., 2013). These observations support the amoeba
Chaos cell starvation study findings showing increased survival
following pre-feeding with Pls-rich Paramecium compared to Pls-poor
Tetrahymena. The Pls-rich food feeding could induce amoeba Chaos
CM formation under starvation stress, while Pls-poor food failed to
induce CM formation under the same starvation stress, thus significantly
reducing the amoeba’s lifespan (Chong et al., 2021). In summary, Pls
next to cholesterol act as one of the major lipid components of rafts
microdomain structures and are key for promoting intracellular hexag-
onal and/or CM formation, thus suggesting their importance in further
cellular signaling pathways and processes.

2.4.2. Peroxisomes as the hub of plasmalogen biosynthesis and regulators of
the innate immune responses

Pls are synthesized first in the cell organelle peroxisome followed by
the endoplasmic reticulum (ER) (Nagan and Zoeller, 2001) . The body’s
ability to synthesize Pls is markedly impaired when peroxisome function
is compromised, for instance with aging, and Pls become degraded due
to inflammation and oxidative stress (Wanders, 2013). Of note, the
decreased levels of Pls that normally allow to protect phospholipids in
biomembranes from damage can support the view that cell membranes
suffer from oxidative stress in patients with ME/CFS (Armstrong et al.,
2015; Morris and Maes, 2014). The low Pls level measured in ME/CFS
(Che et al., 2022) indicate dysfunctional peroxisomes due to over-
whelming oxidative stress, which is also associated with alterations of
mitochondria (Morris and Maes, 2014), the indispensable organelles
with a dual role in both energy and free radical production. There is
increasing evidence that Pls play important roles in these crucial or-
ganelles and that patients with deficit in Pls also have impairments in
mitochondria accompanied by cellular energy defects (Kimura et al.,
2019) (for an overall overview of Pls biosynthesis, please see Fig. 2).

Peroxisomes being the site of Pls biosynthesis in the cell, they also
help supply the building block of cell membranes, reducing oxidative
stress, in addition to breaking down the very long chain fatty acids (VLC-
FAs) to metabolic intermediates that the mitochondria can use for
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further ATP generation. Without peroxisomes breaking down those fatty
acids, mitochondria lack the fuel to produce the cellular currency ATP.
Peroxisomes appear to be damaged in ME/CFS, and the disrupted
peroxisome/mitochondrial functional interaction most likely contrib-
utes to the fatigue and cognitive problems experienced in ME/CFS (Che
et al., 2022).

Indeed, peroxisomes are dynamic, multifunctional, and ubiquitous
organelles (Wanders, 2013). As above-mentioned, peroxisomes are
crucial metabolic organelles for lipid metabolism, including Pls
biosynthesis and reactive oxygen species (ROS) metabolism (Farooqui
and Horrocks, 2001a, 2001b, 2001c; Kimura et al., 2019). The role of
peroxisomes in innate immunity and inflammation has gained signifi-
cant attention in the last years (Ferreira et al., 2019). The discovery of
the localization of the mitochondrial antiviral signaling protein (MAVS)
in these organelles highlighted its role especially for innate antiviral
responses. MAVS is an essential adaptor protein of the retinoic-inducible
gene-I (RIG-I)-like receptors (RLR), which can sense the presence of
cytosolic viral RNA upon infection, and trigger the production of in-
terferons (IFNs) and IFN-stimulated genes (ISGs) that act as direct
antiviral effectors (Dixit et al., 2010). Deficiencies in peroxisomal
functions were, therefore, implicated in abnormal immune responses
against several viruses (HIV, CMV, Hepatitis viruses), increased viral
escape from immune effectors, and abnormal virus-induced pathology
(Bender et al., 2015; Magalhaes et al., 2016; Xu et al., 2017).

Furthermore, peroxisomes have also been implicated in other innate
immunity processes (Ferreira et al., 2019). Of note, during phagocytosis,
in peritoneal macrophages, the number of peroxisomes increases, and
they are relocated to the regions near phagosomes, where they discharge
the antioxidant enzyme catalase (Calabrese and Canada, 1989; Li et al.,
2017). This enzyme has important bactericidal effects in the presence of
hydrogen peroxide, but also acts to limit oxidative damage related to the
lysosomal-phagosomal activity (Ferreira et al., 2019; Kono, 1995). In
Drosophila and murine macrophages, impaired peroxisome biogenesis
factors (PEX)5 and PEX7 gene expression was associated with defective
actin organization and compromised phagocytosis of intracellular
pathogens, such as encapsulated bacteria, and reduced viability (Di Cara
et al, 2017). Moreover, treatment of macrophages with
peroxisome-derived lipids enhanced their capacity to phagocytose bac-
teria (Di Cara et al., 2017). Similarly, the same type of peroxisomal lipids
was found to be essential for the full maturation of natural killer T cells
in the thymus (Facciotti et al., 2012).

Fig. 2. Plasmalogens biosynthesis pathway.
The biosynthesis of plasmalogens (Pls) is initi-
ated in peroxisomes and terminated in the
endoplasmic reticulum (ER) via seven-step
subsequent reactions. The initial two steps of
Pls synthesis are catalyzed by peroxisomal ma-
enzymes, dihydroxyacetonephosphate
acyltransferase (DHAPAT) and alkyl-

DHAP R Hyeampiesisps dihydroxyacetonephosphate synthase (ADHAP-
Acyl-CoA l l T S) ADHAP-S  generates  alkyl-acyl-
g et Alkylacylglycerol dihydroxyacetonephosphate (1-alkyl-DHAP) by

Acyl-DHAP fatty alcohol ? replacing the acyl chain of acyl-DHAP, the
P Alky-glycerophosphate product of DHAPAT, with a long-chain fatty

l alcohol. Farl, fatty acyl-CoA reductase 1, is a

+ Acyr-con peroxisomal C-tail anchored protein responsible

1-alkyl-DHAP > 1-alkyl-G-3-P for the rate-limiting step of Pls biosynthesis.
The activity of Farl is regulated by the endog-

Peroxisome Endoplasmic enous levels of Pls sensed by Pls localized in the

reticulum

inner leaflet of plasma membranes. Following
the metabolic route, Alkyl-DHAP is further
reduced and Pls are synthesized via the
remaining four steps in the ER. The enzymatic
reactions of Pls de novo biosynthetic pathway
are separated by the organelles where they take

place. This illustration was generated using Biorender (©BioRender). Abbreviations: Pls: plasmalogens; ER: endoplasmic reticulum; DHAP: alkyl-acyl-dihydrox-
yacetonephosphate; DHAPAT: dihydroxyacetonephosphate acyltransferase; ADHAP-S: alkyl DHAP synthase .
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Peroxisomes further play an important role in the control of
inflammation-related ROS and reactive nitrogen species damage
(Fransen et al., 2012). Indeed, peroxisomes can produce and deliver to
other organelles, such as lysosomes, catalase and peroxiredoxins, that
besides neutralizing ROS generated during p-oxidation of lipids, are also
essential for maintaining cellular redox homeostasis (Fransen et al.,
2012; Terlecky et al., 2012). Furthermore, peroxisomes were shown to
metabolize leukotrienes and prostaglandins, important modulators of
inflammation. The inactivation of these proinflammatory lipids through
B-oxidation produces metabolites that can act as resolution mediators of
inflammation (Di Cara et al., 2019). Indeed, in the murine macrophage
cell line RAW264.7 stimulated with lipopolysaccharide (LPS), peroxi-
somal  proliferation = abrogated the  hyper-production  of
pro-inflammatory cytokines, while the disruption of peroxisomal func-
tions had the opposite effect. Therefore, the upregulation of peroxisomal
number may serve as a homeostatic mechanism in macrophages, which
renders protection against uncontrolled pro-inflammatory response.
With this, peroxisomes may act as late-phase inflammation suppressors
at the post-translational level to self-regulate inflammatory macro-
phages (Vijayan et al., 2017). In the brain, the loss of peroxisomal
functions, namely peroxisomal p-oxidation, was associated with
increased accumulation of arachidonic acid metabolites and
pro-inflammatory reactivity of microglia (Bottelbergs et al., 2012; Ver-
heijden et al., 2015).

2.5. Plasmalogens and related lipid mediators’ abnormalities in ME/CFS

The environmental triggers associated with ME/CFS, such as psy-
chological stress, bacterial toxins and viral infection, can severely affect
lipid metabolism and consequently reduce Pls levels (Hossain et al.,
2017). More recently, further evidence supported the involvement of
impaired Pls and other lipids mediators in ME/CFS. Of note, previous
metabolomic analysis of serum samples from patients with ME/CFS re-
ported abnormalities in sphingolipid, phospholipid, cholesterol, branch
chain amino acid, peroxisomal, and mitochondrial metabolism (Ger-
main et al., 2022; Huth et al., 2020). This was corroborated by subse-
quent findings showing impaired acyl-phosphocholines, belonging to
the fatty acid synthetic sub-pathway of lipids, and steroids (androgenic,
progestin, and corticosteroids) metabolism in serum samples of women
with ME/CFS (Germain et al., 2020). Considering the important sex
differences in the incidence of ME/CFS, it is plausible that marked dif-
ferences in metabolomic profile are sex-related in this disorder.
Analyzing plasma samples, Naviaux et al. (2016) were able to stratify
the metabolomic profiles of patients with ME/CFS according to their sex.
They found decreased levels of eight metabolites, including some Pls
species, able to discriminate men diagnosis, while decreased levels 13
metabolites, also including Pls derived-species, were highly predictive of
women diagnosis. Regarding phospholipids, several plasma phosphati-
dylcholine (PC) phospholipids showed markedly reduced levels across
sexes. By contrast, molecular species containing the essential omega-3
PUFA DHA (C22:6) and oleic acid (C18:1) were increased mainly in
females (Naviaux et al., 2016). In accordance, (Nagy-Szakal et al., 2018)
found that the most significant changes in plasma metabolites in both
male and female patients with ME/CFS were the decreased levels of
phospholipids and phospholipids-derived lipids, such as lysophospha-
tidylcholine (LPC) and PC, and sphingomyelin (SM) (Nagy-Szakal et al.,
2018).

Further exploring the existing sex-related differences in the lipid
mediators’ signature in ME/CFS, Nkiliza et al. (2021) performed
comprehensive lipidomics in the serum of male and female patients with
ME/CFS. They showed a clear sex-related lipidic molecular signature,
with the levels of total phosphatidylethanolamine (PE), omega-6
arachidonic acid-containing PE, and total hexosylceramides (HexCer)
being significantly decreased in women, while the men lipidome was
characterized by increased total levels of HexCer, monounsaturated PE,
phosphatidylinositol (PI), omega-6 linoleic acid-derived oxylipins and
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saturated triglycerides (TG). Additionally, negative correlations be-
tween the levels of PC, PE and SM were negatively associated with
headache and fatigue severity across the sexes. By contrast, negative
correlations between oxylipins and N-acylethanolamine and the severity
of headaches, fatigue and cognitive deficits were observed only in fe-
males (Nkiliza et al., 2021). These data highlight the potential impact of
phospholipids and differences in lipid signatures across the sexes, with
Pls depletion being more predominantly found in women (Naviaux
et al., 2016; Nkiliza et al., 2021). Also, the association between some
Pls-derived oxidized lipid mediators, such as oxylipins, and the symptom
severity in women, suggests contribution of these species to the
sex-specific factors in ME/CFS immunobiology. Interestingly, some
Pls-derived oxidized lipids, such as chlorinated fatty acids, have also
been involved in the leakage of the BBB in systemic inflammatory
conditions (Pike et al., 2020), but their role in ME/CFS pathophysiology
remains to be further investigated.

As previously mentioned, Pls are abundant ether phospholipids that
protect cell membranes from oxidative stress and associated damage.
Their biosynthesis starts in peroxisomes and is completed in the ER. A
cross-talk between mitochondria and peroxisomes plays an important
role in maintaining energy homeostasis, and its dysregulation can
contribute to the fatigue and cognitive dysfunction which are hallmarks
of ME/CFS (Berger et al., 2016; Demarquoy and Borgne, 2015). More
recently, Che et al. (2022) added an important piece of evidence for this
scenario. These researchers pioneeringly showed the participation of
disturbed peroxisomal lipid metabolism in ME/CFS. They reported
decreased levels Pls and other ether phospholipids, along with impaired
levels of carnitines, in the serum of these patients. In line with previous
studies, these findings indicate a marked dysregulation of peroxisomal
metabolism, tricarboxylic acid (TCA) cycle and mitochondrial lipid
oxidation (Che et al., 2022). Also, carnitine depletion can lead to the
accumulation of long-chain triglycerides which become targets for lipid
peroxidation and oxidative damage in peroxisomes (Bjgrndal et al.,
2018; Violante et al., 2013). Toxic lipid peroxidation products can
promote mitochondrial membrane leakage and accentuate the meta-
bolic unbalance involved in ME/CFS (Anderson et al., 2012). Interest-
ingly, higher correlation coefficients were found in all
peroxisome-related metabolites (Pls, carnitines, long-chain TG) with
the energy Modified Fatigue Impact scales (general fatigue, physical
fatigue, reduced activity), supporting the notion that dysregulated in-
teractions between mitochondria and peroxisomes are important bio-
logical correlates of symptom severity in ME/CFS (Che et al., 2022).

A disturbed mitochondria-peroxisome interaction could be the un-
derlying factor for the suggested immune system exhaustion in ME/CFS
patients (Demarquoy and Borgne, 2015). Indeed, a recent study showed
that circulating CD4 + and CD8 + T cells from patients with ME/CFS
exhibited reduced mitochondrial membrane potential and metabolic
remodeling capacity (Missailidis et al., 2021, 2020). Also, pPC are
abundant phospholipids in the mitochondrial membranes. Most pPCs
are synthesized via the cytidine 5’-diphosphocholine-choline pathway
and may undergo substantial lipid remodeling via lipases and acyl-
transferases (Gibellini and Smith, 2010; Sperka-Gottlieb et al., 1988).
pPCs are essential to the formation of intermediate structures in mem-
brane fusion and fission events, for stabilizing membrane proteins into
their optimal conformations, and for actin-filament disassembly at the
end stage of cytokinesis (Furt and Moreau, 2009). pPC depletion
demonstrated in the serum of patients with ME/CFS can specifically
affect the function and stability of protein translocases in mitochondria,
including the inner membrane translocase TIM23 complex and the outer
membrane sorting and assembly machinery complex (Schuler et al.,
2016, 2015). The destabilization of these complexes leads to a reduction
in mitochondrial membrane potential and respiratory chain energy ef-
ficiency (Schuler et al., 2016). Therefore, the depletion of lipids specific
to mitochondrial function, such as acylcarnitines (CAR) and some
phospholipids species, is a putative underlying factor for the
immuno-metabolic abnormalities seen in ME/CFS, including the
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dysregulated adaptive immune response and immune exhaustion.

While COVID-19 and its long-term association with fatigue and
cognitive dysfunction was recently linked to ME/CFS, notably based on
shared mechanisms involving oxidative stress, inflammation, and en-
ergy metabolic deficits (Paul et al., 2021; Russell et al., 2016; Sukocheva
et al., 2022), abnormalities in Pls levels and metabolism may underlie
these common processes (Tremblay et al., 2022). Moreover, a similar
pattern characterized by the depletion of circulating Pls and increased
levels of fatty-acid derived lipid mediators as well as oxidized lipids,
which have been described in ME/CFS populations, can also potentially
be found in patients with post-COVID-19 syndromes. However, further
investigation is needed to confirm the shared mechanisms for these al-
terations, including disturbed peroxisomes-mitochondria interactions
and increased oxidative damage to Pls and other membrane
phospholipids.

2.6. Plasmalogens and related lipid mediators’ abnormalities in COVID-
19 pathogenesis

Lipid synthesis and metabolism play important roles in determining
COVID-19 outcomes. More generally, lipids play essential roles across
the life cycle of a virus. The host cell membrane lipid composition can
influence viral entry by facilitating its fusion with the viral envelope or
affecting the membrane receptor conformation and interaction with
viral proteins (Theken et al., 2021). Upon infection, viruses can remodel
host lipid membranes and fuel the production of new virions through
replicating membrane-enclosed replication organelles, which localize
the viral replicase and cofactors nearby each other. In this context, Pls
have been proposed to be fundamental for the necessary membrane
adaptations, such as CM formation, that support virion production
(Deng and Angelova, 2021). Furthermore, several classes of Pls-derived
lipid mediators, including eicosanoids and chlorinated lipids, regulate
the host immune response to viral infection (McCarthy and Weinberg,
2012).

Host resistance and disease tolerance are essential for a successful
defense against infection including SARS-CoV-2 (Theken et al., 2021).
Early studies suggested that the host response to COVID-19 may be
associated with an excessive proinflammatory response caused by a
cytokine storm syndrome (Booz et al., 2020; Tang et al., 2020). In
addition to the cytokine storm previously documented, analyses of lung
fluids from SARS-CoV-2-infected patients have indicated that a “lipid
storm” also takes place (Rezaei et al., 2022). Several lung bioactive
lipids have been detected in the course of SARS-CoV-2 infection, while
the “lipid storm” in severe COVID-19 cases involves a particular lipidic
metabolic signature (Archambault et al., 2021; Palmas et al., 2021).

In the context of SARS-CoV-2 infection, Pls can perform important
functions in the host immune responses and in determining the infection
outcomes (Deng and Angelova, 2021). Pls have been suggested to have
important roles in biological membranes, which are due, in part, to their
unique packing in membranes compared to diacyl phospholipids (Alm-
sherqi, 2021). Pls likely have key roles in inflammation at several levels
(Tremblay et al., 2022). Pls are membrane-borne antioxidants and have
been shown to protect the endothelium from oxidative stress. The
vinyl-ether bond of Pls is susceptible to attack by reactive species, sug-
gesting that these lipids can protect cells by scavenging ROS (Dean and
Lodhi, 2018; Engelmann, 2004). Additionally, Pls have been shown to
have a key role in macrophage phagocytosis and in membrane adapta-
tions that promote endocytosis (Rubio et al., 2018). Furthermore, Pls are
enriched with AA, DHA and other PUFAs at the sn-2 position, and their
metabolism by phospholipases (especially PLA2) leads to the mobiliza-
tion of these fatty acids and their subsequent oxidation to bioactive ei-
cosanoids and resolvins (Paul et al., 2019). Collectively, the roles of Pls
in membrane molecular dynamics, as antioxidants and precursors of
bioactive lipids, indicate their importance in host responses to acute
SARS-CoV-2 infection.

Lipidomic studies examining COVID-19 patient samples have
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revealed specific lipid mediator profiles in mild and severe cases of
COVID-19, and have highlighted the role of Pls. Indeed, evaluation of
serum samples from 19 healthy patients, 18 mild COVID-19 patients,
and 20 severe COVID-19 patients that required intensive care unit
admission showed that both mild and severe disease groups were asso-
ciated with lowered levels of Pls, specially PUFA-containing PC, PUFA-
containing phosphatidylserine (PS), and PUFA-containing PE. On the
other hand, these same groups showed increased levels of free fatty acids
(FFA), PUFA-containing lyso-phospholipids, and PUFA-containing tri-
acylglycerols (TAG)(Schwarz et al., 2021). Other studies also confirmed
this pattern of mobilization of Pls stores and depletion toward fatty acids
lipid mediators and their association with COVID-19 disease severity
(Archambault et al., 2021; Ciccarelli et al., 2022; Wu et al., 2020). Of
note, Wu et al. (2020) reported that serum PCs gradually reduced over
the course of COVID-19 fatal cases, at the same time, primary lipid
subclasses including diglycerides (DGs), FAAs, and TGs, were identified
in higher abundance in the COVID-19 fatality group (Wu et al., 2020).
Also, increased levels of fatty acids-derived lipid mediators, such as
thromboxane A2, inflammatory leukotriene (LT)B4 and LTE4, eoxin E4
and monohydroxylated 15-lipoxygenase metabolites were detected in
the bronchoalveolar lavages (BAL) of patients with severe COVID-19
requiring mechanical ventilation (Archambault et al., 2021). Further,
Zaid et al. (2021) reported increased levels of selected pro-inflammatory
eicosanoids (PGE2, TXBA2, 12-HHTrE) and LTB4 showing positive
correlations with the levels of pro-inflammatory cytokines and chemo-
kines (IL-1a, IL-6, TNFa, IL- 12p70, IL-22, IFN-a2, CCL2, CCL11, CXCL9,
and CXCL10) and the presence of blood-derived immune cells, such as
neutrophils, lymphocytes, and eosinophils in the BAL of patients with
severe COVID-19 (Zaid et al., 2021) .

In this context, another important evidence was reported by
Schuurman et al. (2022). These researchers showed that platelet lip-
idome of patients hospitalized for COVID-19 presented decreased levels
of plasma pPC, lysoplasmenylcholine (lyso-pPC), and long-chain un-
saturated TAG, compared to non-infected control subjects. Other phos-
pholipid subclasses not containing a vinyl-ether bond did not display
class-wide changes. Further, hospitalized patients had increased levels
of bis-(monoacylglycerol)-phosphate and its biosynthetic precursor
lysophosphatidylglycerol, which positively correlated with ex vivo
platelet reactivity to thrombin (Schuurman et al., 2022).

Additional studies have replicated these findings of phospholipids
abnormalities in animal models of SARS-CoV-2 infection and have
established important comparisons with other sepsis-related models
(Mayneris-Perxachs et al., 2021; Pike et al., 2022). In this context, Pike
et al. (2022) compared the lipidome of serum samples from patients with
bacterial sepsis, with an animal model of sepsis (cecal slurry) and
SARS-CoV-2 intranasally-infected K-18-hACE2 mice (beta variant
B.1.351). In the plasma of patients with sepsis and cecal-slurry-sepsis
rats, several Pls species were depleted, such as pPC, pPE, and lyso-pPC
levels. In the lungs of SARS-CoV-2 infected mice, multiple molecular
species of pPC and pPE were also depleted. This was followed by a
marked reduction of total pPC levels in the plasma of SARS-CoV-2
infected mice (Pike et al., 2022). Taken together, this evidence high-
lights the consequences of Pls depletion throughout the course of
COVID-19 immunopathogenesis and suggests a potentially shared
mechanism with other sepsis-related conditions.

This convergent evidence that COVID-19 modifies the circulating
lipidome towards decreased levels of Pls and increases the quantities of
lyso-phospholipids and fatty acid-derived lipids suggests the involve-
ment of degrading mechanisms that cleave intact phospholipids in the
cellular membranes (Pike et al., 2022; Schwarz et al., 2021 ). In this
context, Snider et al. (2021) demonstrated that severe and deceased
COVID-19 patients presented serum lipidic signatures compatible with
the lipidic catalysis by secreted PLA2, such as increased levels of lyso-
phosphatidylethanolamine (lyso-PE) and lysophosphatidylserine
(Iyso-PS), confirming the findings from previous studies. Also, these
researchers reported higher levels of circulating and catalytically active
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sPLA2 group IIA (sPLA2-ITA) in severe COVID-19 and a marked positive
association between elevated sPLA2-IIA levels and several indices of
disease severity (e.g., kidney dysfunction, hypoxia, multiple organ
dysfunction) (Snider et al., 2021). Patients with severe COVID-19 and
deceased from COVID-19 also showed elevations of short- and
medium-chain acylcarnitines, as well as of mitochondrial DNA
(mtDNA), pointing to defective fatty acid oxidation and mitochondrial
dysfunction in COVID-19 severity and mortality (Snider et al., 2021).

Among phospholipases, the secreted phospholipase A2 (sPLA2)
family includes 12 members with highly conserved structural charac-
teristics and the need of high Ca? " levels for catalytic activity (Boya-
novsky and Webb, 2009). Elevated sPLA2 group IIA (sPLA2-IIA) levels
have been associated with various other critical clinical conditions,
including sepsis and systemic bacterial infections, adult respiratory
disease syndrome (ARDS) and multiple organ failure (Berg et al., 2018;
Hurley and McCormick, 2008; Letsiou et al., 2021). Previous studies
have demonstrated associations between elevated circulating PLA2 ac-
tivity in severe sepsis cases, whereas surviving patients showed a
marked tapering of PLA2 levels/activity (Berg et al., 2018), mirroring
the findings in COVID-19 cases, while the deceased ones presented
consistently increased levels of PLA2. In the context of multi-organ
dysfunction associated with COVID-19, it has been hypothesized that
secreted PLA2 can hydrolyze Pls and other anionic phospholipids
externalized by damaged cell membranes and mitochondria, resulting in
the release of several lipid mediators, such as pro-inflammatory eicoi-
sanoids, mtDNA and acetylcarnitines, which can have direct
pro-inflammatory effects but also act as danger-associated molecular
patterns (DAMPs) activating pattern recognition receptor (PPR) path-
ways, such as Toll-like receptor (TLR)4, mainly in macrophages and
other monocytic cells, fueling abnormal inflammation and tissue dam-
age (Boyanovsky and Webb, 2009; Snider et al., 2021). Also, PLA2 gene
expression can be induced by pro-inflammatory cytokines, especially
IL-6, through genomic induction mechanisms in macrophages and he-
patocyte cells (Murakami et al., 2016; Ribardo et al., 2001). Addition-
ally, the role of PLA2 in COVID-19 immunopathogenesis has also been
supported by recent evidence showing that high levels of SPLA2 predict
clinical disease severity in infected children, both in the acute phase of
COVID-19 and following the development of a multisystem inflamma-
tory syndrome (Kuypers et al., 2021). However, the profile of phos-
pholipids and derived lipid mediators’ abnormalities warrants further
demonstration in this pediatric population.

As above-mentioned, Pls are particularly susceptible to attack by
ROS, while oxidative stress has been proposed as an additional mecha-
nism for the Pls depletion in septic-related conditions, such as in COVID-
19 severe cases (Pike et al., 2022). Of note, in sepsis, the Pls vinyl ether
bond can be targeted by neutrophil-derived hypochlorous acid (a
product of myeloperoxidase activity, highly increased in acute systemic
infection in neutrophils) resulting in 2-chlorofatty aldehyde and 2-chlor-
ofatty acid production (Amunugama et al., 2021; Anbukumar et al.,
2010). Increased 2-chlorofatty acid plasma levels associate with
ARDS-induced mortality in human sepsis (Anbukumar et al., 2010) and
several organ dysfunction in rats subjected to cecal slurry sepsis (Pike
et al., 2020). In addition, in vitro and in vivo studies have shown that
chlorinated lipids play an active role in the dysregulated host immune
response in sepsis. For instance, 2-chlorofatty acid is a potent neutrophil
chemotactic agent, which induces cyclooxygenase-2 (COX-2) expression
in endothelial cells and lung alveolar cells (Anbukumar et al., 2010;
Messner et al.,, 2008), and disrupts the endothelial-blood barrier,
including the BBB (Pike et al., 2020b). Pls attacked by free radicals were
proposed to generate precursors for chlorinated lipid production during
sepsis with subsequent consequences on organ dysfunction, including in
lung acute injury and ARDS (Pike et al., 2022).

Taken together, converging pieces of literature suggest a phospho-
lipids depletion state in patients with COVID-19 and a marked shift in
their lipidomic profile towards the predominance of products of Pls
cleavage, such as lyso-lipids and fatty-acid derived eicosanoids,
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including pro-inflammatory prostaglandins and leukotrienes (Arch-
ambault et al., 2021; Schwarz et al., 2021; Zaid et al., 2021 ). The un-
derlying mechanisms for the Pls metabolism toward these bioactive
metabolites involves the upregulation of circulating levels of sPLA2-IIA
(Snider et al., 2021), but also increased oxidative attack to the mem-
brane lipid components and generation of toxic byproducts, such as
oxidized lipids (Pike et al., 2022). The relevance of Pls and their rela-
tionship with other lipid mediators, such as chlorinated lipids, as puta-
tive outcome predictors and biomarkers during COVID-19 and
sepsis-related conditions, should be explored in depth within future
studies.

2.7. Gut dysbiosis and short-chain fatty acids (SCFA)-producing bacteria:
a possible link to Pls depletion in ME/CFS and COVID-19

The gut microbiome can influence human health and can regulate
immunity via the production of various immunomodulatory metabolites
such as short-chain fatty acids (SCFAs) (Yatsunenko et al., 2012). Among
them, butyrate plays an important probiotic role primarily through
strengthening the intestinal barrier and interacting with the gut immune
system. Most butyrate-producing bacteria in the human gut belong to
the Firmicutes phylum, in particular clostridial clusters IV and XIVa
(Riviere et al., 2016; Velasquez-Manoff, 2015).

Several studies have identified differences in the gut microbiome,
indicative of gut dysbiosis, between patients with ME/CFS and healthy
individuals (Nagy-Szakal et al., 2017; Sampson, 2023; Xiong et al.,
2023). Of note, a recent study by Guo et al. (2023) performed an
extensive metagenomic analysis of 106 patients with ME/CFS and 91
healthy controls, and found a common reduction in the abundance of the
two major butyrate producers in the human gut: Faecalibacterium
prausnitzii and Eubacterium rectale. Interestingly, the abundance of Fae-
calibacterium prausnitzii was inversely associated with fatigue severity
symptoms (Guo et al., 2023). Regarding the association between Pls and
gut dysbiosis in ME/CFS, the evidence is still preliminary but interesting
findings have been published in recent years (Ding et al., 2020; Liebisch
et al., 2021). It is well-known that Pls are produced by mammals and
bacteria, and the aerobic biosynthetic pathway in mammals is
well-established (Brites et al., 2004). However, more recently, a Pls
biosynthetic pathway was also described for anaerobionts (Jackson
et al., 2021). Indeed, two-gene operon (plasmalogen synthase, pls)
responsible for Pls production was described in the anaerobic bacterium
Clostridium perfringens. The pls operon is predicted to encode a multi-
domain complex similar to benzoyl-CoA reductase/hydroxylacyl-CoA
dehydratase (BCR/HAD) enzymes. Versions of this operon were found in
several human gut microbiome species, most notably in Clostridium
perfringens, Clostridium innocuum, Faecalibacterium prausnitzii and Eu-
bacterium rectale (Jackson et al., 2021). Reduction in clostridial species
have been involved in gut dysbiosis described as part of a common
metagenomic signature between patients with ME/CFS and proposed as
an underlying factor for the deficiency of butyrate production in this
disorder (Guo et al., 2023). However, it is still unclear whether this Pls
endogenous production by gut microbiome species can be transferred to
their host, thereby influencing human Pls circulating and plasma
membrane contents. Despite additional evidence showing that Clos-
tridium species, such as Clostridium pasteurianum, can use
butyrate-derived structures, such as butanol and isobutyrate, to boost
their endogenous production of Pls, especially pPE (Johnston and
Goldfine, 1983; Kolek et al., 2015; Wegner and Foster, 1963), a direct
association between butyrate production, Pls bacterial synthesis and Pls
levels in human health is not fully understood.

Furthermore, there is growing evidence that the gut microbiota is
significantly altered in patients with acute COVID-19 and, more
recently, in post-COVID-19 syndrome (Wang et al.,, 2022). In this
context, Zuo et al. (2020) revealed that in patients with COVID-19, the
abundance of Coprobacillus, Clostridium ramosum, and Clostridium
hathewayi was correlated with COVID-19 severity, and there was an
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inverse correlation between the abundance of Faecalibacterium praus-
nitzii and the disease severity. Also, other symbiont species, such as the
Bacteroides thetaiotaomicron, Bacteroides massiliensis, and Bacteroides
ovatus, correlated inversely with SARS-CoV-2 load in fecal samples.
Interestingly, depleted symbionts and gut dysbiosis persisted even after
clearance of SARS-CoV-2 in throat swabs and resolution of respiratory
symptoms (Zuo et al., 2020). Also, increased proportions of opportu-
nistic fungal pathogens, Candida albicans, Candida auris, and Aspergillus
flavus, were detected in fecal samples from COVID-19 patients, and they
persisted after resolution of the acute symptoms (Zuo et al., 2020). As
the microbiome composition has been associated with the disease course
of COVID-19, Venzon et al. (2022) added an important shred of evi-
dence, demonstrating that the gut dysbiosis profile in COVID-19 is
associated with increased bacterial translocation into the blood of
germ-free mice submitted to fecal transplantation from samples of pa-
tients with COVID-19 and of human infected patients (Venzon et al.,
2021).

Regarding the post-COVID-19 syndrome, a recent prospective study
analyzed the gut microbiome of 106 patients with post-COVID-19 fol-
lowed up from admission to 6 months and 68 controls. Interestingly, at 6
months, 76% of patients showed PVFS symptoms, mainly fatigue,
cognitive impairment and hair loss. Gut microbiome of patients with
PVFS were characterized by higher levels of Ruminococcus gnavus, Bac-
teroides vulgatus, and mainly lower levels of Faecalibacterium prausnitzii.
Butyrate-producing bacteria, including Bifidobacterium pseudocatenula-
tum and Faecalibacterium prausnitzii, showed the largest inverse corre-
lations with PVFS symptoms at 6 months. Patients that did not develop
fatigue symptoms presented a normalization in their microbiome profile
compared to controls at 6 months of follow-up (Liu et al., 2022a; Liu
et al., 2022b). A recent preprint study reported that the gut microbiota
of patients with post-COVID (up to 4 months after initial positive testing)
had a strong predominance of Enterobacteriaceae strains. Moreover,
after fecal transplantation to germ-free mice, animals receiving samples
from patients with post-COVID displayed higher lung inflammation and
impaired cognitive performance (De Almeida et al., 2022) .

Therefore, considering that depletion of butyrate-producing bacte-
ria, which is common between multiple metagenomic analyses of
acutely-ill and post-COVID-19 patient samples (the same finding was
consistently observed in patients with ME/CFS), we can hypothesize
that it serves as a shared pathophysiological mechanism between these
two conditions. Also, considering the association between the depletion
of these species, which are the predominant Pls-producing ones in the
gut microbiome, this mechanism also opens up new perspectives that
can at least partially explain the Pls circulating abnormalities evidenced
in patients with COVID-19, which need to be further explored.

2.8. Plasmalogen depletion as a common biological factor for brain
pathology

Pls have different biological functions based on their physico-
chemical properties and interactions with several biological pathways,
which make them interesting targets for therapeutic approaches (Paul
et al., 2019b). Based on their biophysical and chemical properties, Pls
are known to increase lipid packing in lipid rafts and membrane thick-
ness, contribute to the formation and stabilization of curved membrane
surfaces, act as membrane-born scavengers for free radical species, and
store signaling molecules such as PUFAs as part of their structure
(Braverman and Moser, 2012).

Pls degradation could occur either by non-enzymatic or enzymatic
biochemical reactions (Fig. 2). The non-enzymatic mechanisms of Pls
degradation are chemical in nature and depend on oxidation or hydro-
lysis. This pathway has been suggested as a main underlying factor for
Pls depletion in several neurodegenerative and inflammatory conditions
(Paul et al., 2019), such as ME/CFS (Paul et al., 2019). On the other
hand, the enzymatic mechanisms are dependent on the cleavage by
phospholipases, especially PLA2 (Farooqui and Horrocks, 2001a, 2001b,
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2001c; Yang et al., 1996). In addition, it has been shown that cyto-
chrome c upon oxidative stress can act as a plasmalogenase, releasing
the alkyl chain at sn-1 position of the glycerol moiety (Jenkins et al.,
2018). The increased degradation of Pls by circulating phospholipases
has been proposed as an important mechanism behind COVID-19 pro-
gression into severe clinical outcomes (Snider et al., 2021).

Furthermore, Pls are precursors of another clinically relevant mole-
cule, platelet-activating factor (PAF). Together, Pls and PAF regulate the
balance of anti-inflammatory and pro-inflammatory signaling pathways
to maintain homeostasis and appropriate immune responses (Tremblay
et al., 2022). Pls deficiencies and excess PAF levels are most reported
under pathophysiological conditions (Tremblay et al., 2022). The
metabolic interconversion between Pls into PAF is thought to be a
contributing factor for the pro-inflammatory action of PAF and potential
anti-inflammatory role of Pls in response to acute and/or chronic
inflammation (Rong et al., 2022) . Pls deficiency was also shown to
decrease DHA- and increase AA-containing ethanolamine Pls, which
may shift the immunological balance towards pro-inflammation through
PAF upregulation (Dorninger et al., 2019).

PAF mainly exerts its pro-inflammatory effect by binding to the PAF
receptor (PAF-R). Normal activity of PAF is important for the protection
against infection. PAF-R blockade or deficiency in mice has resulted in
more severe infection manifestations and mortality (Upton, 2022).
PAF-R is expressed by many cell types, including T lymphocytes,
monocytes and macrophages, platelets, lung alveolar cells, brain
microglia and neurons, among others (Honda et al., 2002) ). Upon
binding to PAF-R, PAF can activate NF-kB and MAPK inflammatory
signaling pathways in macrophages (Rong et al., 2022). These inflam-
matory cascades can lead to histamine release from basophils, activation
and degranulation of mast cells, chemotaxis of mast cells and eosino-
phils, recruitment of neutrophils, as well as production of IL-4 by B
lymphocytes (Upton, 2022). PAF also participates in synaptic trans-
mission, long-term potentiation, memory formation, proliferation and
differentiation of neural cells (Goracci et al., 2009). Further evidence
supports the role of PAF as a key messenger in neuron-microglia in-
teractions (Aihara et al., 2000).

Under pathological conditions, PAF contributes to allergic and
nonallergic inflammatory diseases (Upton, 2022). Increased levels of
PAF, due to upregulation of biosynthetic pathways or downregulation of
its degradation enzyme PAF-acetylhydrolase (PAF-AH), have been
observed in pathological conditions involving neuroinflammation, brain
ischemia, and neurodegenerative diseases (Goracci et al., 2009). For
example, PAF participates in the neuroinflammation and cerebral
dysfunction during acute traumatic brain injury (TBI), as observed in a
model of TBI by the rescue of morphological and behavioral abnor-
malities in PAF-R knockout mice (Yin et al., 2017). In addition, an excess
of PAF has been implicated in AD pathology (Tremblay et al., 2022).
Furthermore, high concentration of PAF may induce neuronal apoptosis
, leading to neurotoxicity from excessive glutamate release and over-
loading post-synaptic Ca?* (Ryan, 2007). PAF-R binding may lead to the
activation of pro-inflammatory and prothrombotic pathways, which
have been implicated in the onset and development of atherosclerotic
cardiovascular disease (Harishkumar et al., 2022). PAF and its effects on
the endothelium were also implicated in the pathology of COVID-19,
which is further supported by the finding that drugs inhibiting viral
entry into host cells also inhibit PAF synthesis (Theoharides et al., 2019).
Blocking PAF signaling pathway may thus have therapeutic effects in
numerous disease states. Given the metabolic interconversion of Pls and
PAF, the plasmalogenic precursors of PAF have been suggested as
modulators and potentially inhibitors of PAF-mediated pro-in-
flammatory effects (Rong et al., 2022).

Furthermore, aging, a common risk factor for several neurodegen-
erative, neuropsychiatric and metabolic disorders, has a notable asso-
ciation with progressive Pls reduction and increased pro-inflammatory
Pls-derived lipid mediators (Bottino, 2012; Mohebali et al., 2014).
Indeed, circulating Pls content increases gradually up to 40 years of age,
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after which it tends to level off and, by the age of 70, decreases pro-
gressively (e.g., there is a 40% decrease in Pls levels in the serum of
individuals over 70 years of age compared with younger individuals)
(Maeba et al., 2007; Rouser and Yamamoto, 1968). A similar scenario
was described for PAF abnormalities. A Chinese study described a pro-
gressive age-related increase in the plasma levels of PAF in healthy in-
dividuals older than 40 years (Zhang et al., 2003). Also, age-dependent
increases in PAF levels were correlated with an increased incidence of
coronary heart disease, blood stasis syndrome and stroke (Satoh et al.,
1992; Zheng et al., 2012). Changes in cerebral microcirculation and
leukocyte-brain endothelium interactions were additionally quantified
in rat brains perfused with different PAF concentrations (1pM — 1 pM)
for 20 min. The authors showed that higher PAF concentrations (>
0.1 pM) increased the number of rolling and adherent leukocytes in
venules and caused a transient increase of arteriolar diameters (Uhl
et al., 1999). Also, PAF induced a dose-dependent transitory arterial
hypotension and caused irreversible circulatory shock at high concen-
tration (0.1 uM) (Uhl et al., 1999). Moreover, in patients with cerebro-
vascular disorders (ischemic stroke and subarachnoid hemorrhage),
increased plasma PAF levels were correlated with increased IL-6 levels
and delayed neurological deficits weeks after the onset of the disorder
(Hirashima et al., 1997; Mohebali et al., 2014).

Despite the multiple relevant biological functions displayed by Pls,
some interesting findings have brought controversies regarding their
main role in the neurodegeneration and neuroinflammation-associated
with peroxisomal deficiency. In this context, mice with a selective
peroxisome dysfunction in neural progenitor cells (controlled by Nestin
promoter), named Nestin-Pex5 knockout mice, showed a marked
developmental delay and progressive neurodegenerative changes start-
ing at the age of 3 weeks (Bottelbergs et al., 2012; Krysko et al., 2007).
These mice display a phenotype of progressive demyelination, macro-
phage activity, increased microglial density, and axonal loss occurring
throughout the brain. This was followed by motor and later on cognitive
deficits, aggravating with increasing age and evolving into immobility
and death before the age of 6 months (Hulshagen et al., 2008; Krysko
et al., 2007). In this context, Bottleberg et al. (2012) have shown that
Nestin-Pex5 knockout mice present marked signs of chronic CNS
inflammation, especially in the most demyelinated areas, including
upregulation of pro-inflammatory genes (Clq, TNFa, and TLR2) and
increased microglial phagocytic activity in the corpus callosum, spinal
cord, and brain stem. Interestingly, to dissect the role of Pls deficiency in
driving neurodegenerative changes induced by peroxisomal dysfunc-
tion, these researchers compared the Nestin-Pex5 knockout mice to
glycerone phosphate O-acyltransferase (GNPAT) knockout mice, which
specifically have Pls synthesis impairment (Bottelbergs et al., 2012).
Contrary to other literature, Pls deficiency was not found in this study to
impact CNS inflammation (no induction of proinflammatory genes or
increased microglial phagocytosis), as well as demyelination aggra-
vating with age (Bottelbergs et al., 2012).

Similarly, mice with peroxisomal dysfunction caused by the absence
of the multifunctional protein-2 (MFP2), a pivotal enzyme in peroxi-
somal f-oxidation, develop a fatal disorder characterized by motor and
cognitive abnormalities similar to the milder form of MFP2 deficiency in
humans (Baes et al., 2000). The hallmark of this disease in mice is the
chronic proliferation of microglia accompanied by abnormal inflam-
mation in the brain (Verheijden et al., 2015, 2013). However, Beckers
et al. (2019) selectively deleted MFP2 in microglia using Cx3cr1-Mfp2
knockout mice and found that despite these animals showing a basal
microglial state marked by increased pro-inflammatory reactivity and
proliferation, they exhibited normal neuronal transmission, clinical
motor performance, and cognition (Beckers et al., 2019). Taken
together, these studies raise questions about the single contribution of
Pls deficiency to the neurodegeneration and CNS inflammatory changes
induced by peroxisomal inactivity. More studies should be performed in
the field to clarify the complex interactions between Pls synthesis and
other peroxisomal functions in the context of health and CNS disease, as
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well as the specific contributions of different cell types, such as micro-
glia, to the observed cellular and behavioral phenotypes.

Sphingolipids are another major constituent of cellular membranes
in the human brain. Among the sphingolipids, SM occurs at higher
concentrations in neuronal membranes and myelin sheaths. Besides its
role as a signaling molecule, SM has a crucial function in modulating the
structure of membranes (Kraft, 2017). Due to its highly intermolecular
interactions, which are mediated by the 2-amide group, the 3-hydroxy
group, and partially by the 4,5-trans double bond of the
sphingoid-base, SM has an important role in forming the so-called lipid
rafts, which are important for multiple homeostatic functions in the
CNS, notably synaptic plasticity and receptor trafficking (Bieberich,
2018; Kraft, 2017). In addition to several lipid classes including Pls,
PUFAs, trans-FAs, and phytosterols, sphingolipids are found altered in
AD specimens, including blood samples and post-mortem brain. Indeed,
in post-mortem brains of patients with AD, a reduction in SM and an
elevation of ceramide have been reported (Alessenko et al., 2004;
Grimm et al., 2017; He et al., 2010). Interestingly, SM is a precursor for
ceramide, within a reaction that is catalyzed by the action of sphingo-
myelinases (SMases). A more recent report showed significantly
increased SMases activity not only in human post-mortem brains, but also
in plasma and fibroblasts derived from patients with AD (Lee et al.,
2014). Mechanistically, it has been shown that amyloid-beta (Ap) can
directly activate SMases in the picomolar range. In return, inhibition of
SMases leading to an increased SM level resulted in a decrease of Ap
production (Grimm et al., 2005). In addition, Koal et al. (2015) reported
increased SM species [SM (d18:1/18:0)] to be significantly enhanced in
cerebrospinal fluid (CSF) samples of patients with AD and suggested this
could serve as a biomarker for AD with a specificity of 76% and a
sensitivity of 66% with a cut-off of 546 nM (Koal et al., 2015). Another
study showed that many other sphingolipids, including SM39:1,
SM41:1, and SM42:1, are by contrast decreased. However, this study
clearly pointed out that SM alone is not sufficient as a biomarker and has
to be accompanied by other lipids to increase specificity and sensitivity
(Olazaran et al., 2015). Another connection between AD, SM, and
SMases can be indirectly drawn from the fact that SM is decreased in
post-mortem brain samples and serum of patients with depression,
accompanied by an increased SMase activity (Kornhuber et al., 2005).
Additionally, in animal studies, it was shown that an inhibition of the
acid sphingomyelinase/ceramide system mediates the effects of tri- and
tetracyclic antidepressants in mice (Gulbins et al., 2013). Moreover, an
accumulation of ceramide in the hippocampus results in depression-like
symptoms and impaired hippocampal neurogenesis in mice (Samboli-
n-Escobales et al., 2022). For further details, please see some relevant
reviews in the field (Grimm et al., 2017; Jernigan et al., 2015; Miihle
et al., 2013).

2.9. Estrogens as master controllers of the brain immune responses and
lipid metabolism: the case of post-menopausal hormonal depletion and
increased risk of CNS pathology

The endocrine transition from the menacme phase (normal hormonal
fluctuations in women) to the post-menopause, besides a loss of repro-
ductive function and gonadal hormones depletion (Su and Freeman,
2009), is also associated with a rise in chronic low-grade inflammation
(Dias et al., 2016). Along with this, the menopausal transition is char-
acterized by decline in brain glucose metabolism and mitochondrial
respiration (Lejri et al., 2018), myelin catabolism and loss of white
matter volume (Klosinski et al., 2015) (and increased glial reactivity
(Brinton et al., 2015)). Altogether, the menopausal transition has been
associated to an increased risk of several neurodegenerative and
inflammation-related disorders (Cheng et al., 2021). For example,
post-menopausal women are at increased risk of developing sporadic AD
(more than twice) compared to their male counterparts (Scheyer et al.,
2018). Women with AD have lower endogenous estrogen levels than
age-matched healthy women (Manly et al., 2000). Surgically induced
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menopause prior to natural menopause is also associated with a rapid
cognitive decline and an earlier onset of AD (Bove et al., 2014). Also,
post-menopausal women are at higher risk of developing autoimmune
disorders, such as rheumatoid arthritis, and obesity (Desai and Brinton,
2019). While ME/CFS in general is more prevalent in women, the
highest incidence was detected around the ages of 40-49 in women, a
period corresponding to the post-menopausal transition, while the
symptom severity worsened significantly after menopause (Boneva
et al., 2011; Reeves et al., 2007). Among the mechanisms by which
post-menopausal women could be more prone to abnormal immune
responses, the lack of ovarian hormones, especially estrogen, takes an
important place (Brinton et al., 2015; Trenti et al., 2018). Indeed, the
lack of steroidal hormones, especially estrogens, further potentiates
inflammation, and creates a low-grade chronic inflammation state,
which is reflected in levels of circulating cytokines and other mediators
(Vegeto et al., 2008). For example, higher levels IL-6 and soluble IL-6
receptor (Kim et al, 2012), IL-4, IL-2 and IFN-y were markedly
increased in the blood of post-menopausal women compared to
age-matched men and pre-menopausal women (Goetzl et al., 2010).

Regarding the brain immune responses, gene expression analysis in
postmenopausal women revealed a pro-inflammatory gene expression
profile in the post-central and superior frontal gyrus (Sarvari et al.,
2012) and hippocampus (Sdrvari et al., 2015). In comparison to
pre-menopausal women, post-menopausal women presented an increase
in pro-inflammatory markers, such as CD14, CD18, CD45, TLR4,
MHC-II, CD74 and complement C3 (Sarvari et al., 2012). In animal
studies, similar findings were observed. Ovariectomized middle-aged
(13-month old) rats showed an upregulation of pro-inflammatory
markers, such as CD11b, C18, CD45, and CD86, complement C3, and
phagocytic markers Msr2 and CD32, in the frontal cortex (Sarvari et al.,
2012). Also, in the hippocampus, a similar increase in pro-inflammatory
markers (CD45, IBA1, CD68, CD11b, CD18, Fcgrla, and Fcgr2b) was
observed after ovariectomy in middle-aged rats (Sarvari et al., 2015).
Despite that these markers are not exclusively expressed on microglia,
usually they are upregulated in the face of pro-inflammatory and
neurodegenerative conditions, therefore direct associations of these
findings with possible microglial states should be taken cautiously
(Muzio et al., 2021; Sousa et al., 2018). Additionally, these changes were
rescued by treatment with estradiol and selective estrogen receptor-a
(ERa) and estrogen receptor-p (ERB) agonists (Sarvari et al., 2015).

In parallel, as well-known, aging is associated with a marked upre-
gulation of genes associated with pro-inflammatory responses, such as
TLRs (Shaw et al., 2011), and the complement pathway (Reichwald
et al., 2009). This effect seems to be more pronounced in women and
supports a sexual dimorphism of the immune system (Berchtold et al.,
2008). The extent of microglial reactivity induced by ovariectomy is also
exacerbated by aging. In fact, in 20-24-month old ovariectomized mice,
the expression of brain pro-inflammatory markers, such as IL-6 and
TNFa, was markedly higher than in age-matched controls (Lei et al.,
2003). This indicates that low circulating estrogens increase the sus-
ceptibility of aged and possibly senescent microglia to assume
pro-inflammatory and hyper-reactive states, which often are accompa-
nied by neurodegenerative consequences (Villa et al., 2016). Interest-
ingly, studies with a model reporting on the transcriptional activity of
estrogen receptors (ERE-Luc mouse) (Della Torre et al., 2022) showed
that it diminished significantly in the hippocampus with aging, although
the synthesis of ERax mRNA was increased and circulating levels of es-
trogens remained constant (Baumgartner et al., 2019). It is therefore
plausible that aging courses with an estrogen resistance that impairs the
ability of microglia to resolve inflammation as they assume a
pro-inflammatory phenotype, possibly leading to neurodegenerative
consequences and an increased risk for dementia and brain pathology
(Villa et al., 2016). Similar to estrogens, acute administration of the
estrogen modulators tamoxifen and raloxifene to ovariectomized young
and aged mice reduced microglial pro-inflammatory reactivity after LPS
stimulation (Arevalo et al., 2012; Tapia-Gonzalez et al., 2008) and spinal

13

Brain Research Bulletin 201 (2023) 110702

cord injury (Tian et al., 2009). Long-term treatment with 17p-estradiol
or raloxifene in old ovariectomized female mice also significantly
decreased microglial density and ameboid morphology in the hippo-
campus (Lei et al., 2003), suggesting that estrogens and selective es-
trogen receptor modulators (SERMs) may be considered as protective
treatments against post-menopausal exacerbation of age-related neuro-
pathology (Lamas et al., 2015).

The lipid structure of cortical lipid rafts undergoes significant al-
terations of specific lipid classes and phospholipid-bound FAs correlated
with aging. This “lipid raft aging” appears to be more pronounced in
postmenopausal women during a decline of estrogen levels, which may
help to explain why AD is more prevalent in this subgroup of patients
(Mesa-Herrera et al., 2019). A decline in long chain polyunsaturated
fatty acids (LCPFAs),mainly AA and DHA, in cortical lipid rafts was only
apparent in women above age 80, which was also associated to the
depletion in estrogen levels (Diaz et al., 2018). In the non-pathological
brain, lipid raft aging is accompanied by increased sulphatide levels
and decreased cholesterol. The authors suggest that these alterations, in
conjunction with a decline in omega-3 and omega-6 PUFA and Pls, may
determine the onset of neurodegeneration at the lipid raft level (Diaz
et al., 2018), which can be even exacerbated in estrogen deficiency
conditions, such as in post-menopausal women (Cheng et al., 2021).

A connection between estrogens and sphingolipids also exists. These
bioactive molecules, namely ceramide, S1P, and sphingosine, modulate
steroidogenesis by regulating the expression of steroidogenic genes and
enzymes, acting as paracrine/autocrine regulators, and serving as li-
gands for steroid nuclear receptors, such as the estrogen receptors (Lucki
and Sewer, 2010). Sphingolipids have been reported to mediate multiple
actions of steroid hormones, especially estrogens (Sukocheva et al.,
2009). Sphingosine kinase (SK) that metabolizes sphingosine in S1P was
also shown to bridge the crosstalk between estrogens and growth factor
signaling. 17p-estradiol-induced SK activity and the resulting produc-
tion of S1P is essential for estrogen-dependent mitogenic effects and
increased cell proliferation in breast cancer and epithelial cell lineages
(Hahnefeld et al., 2020). In addition, SK mediates estrogen-stimulated
endothelial growth factor receptor (EGFR) transactivation, ca’™t
mobilization, and ERK1/2 activation in breast and prostate cancer cells
(Allam et al., 2018; Hahnefeld et al., 2020). However, despite this
promising evidence, it is still not completely understood how ovarian
hormones, especially estrogens, and their depletion in post-menopausal
women, interact with lipid disturbances, notably in microglia, that
course during the aging and brain pathology associated to neurode-
generative and neuropsychiatric disorders. Therefore, further research is
needed to draw the link between lipid disturbances and Pls abnormal-
ities, observed in conditions presenting CNS inflammation and abnormal
glial reactivity, such as ME/CFS and post-viral syndromes, with the
depletion of estrogens after the post-menopausal transition.

2.10. Plasmalogens and derived lipid mediators’ abnormalities in
neurodegenerative and neuropsychiatric disorders

In addition to their association with aging and the basic mechanisms
of brain pathology and inflammation, abnormalities in Pls contents and
metabolism have been described in several neurodegenerative and
neuropsychiatric disorders (Udagawa and Hino, 2022). This section
describes recent experimental and observational evidence of the asso-
ciation between abnormalities in ether phospholipids, mainly Pls spe-
cies, and the clinical and pathobiological aspects of different
neuropsychiatric and neurodegenerative disorders (summarized in
Table 1). The investigation of the role of Pls and PAF in the neurobiology
of these disorders has often relied on the use of accessible peripheral
tissues for metabolic profiling. It should be noted, however, that the
reported changes in lipids detected in peripheral cells may not neces-
sarily be causative of the other underlying pathological mechanisms.
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Plasmalogens abnormalities and their therapeutic use in neurodegenerative and neuropsychiatric disorders.

Neurodegenerative/ Reference
Neuropsychiatric

disorder

Study Design

Main Findings/Outcomes

Alzheimer’s disease Fujino et al. (2017)

Wood et al. (2015a)

Yamashita et al.

(2017)

Wood et al. (2015)

Wood et al. (2010)

Goodenowe et al.
(2007)

Han et al. (2001)

Parkinson’s disease Mawatari et al. (2022)

Fujino et al. (2020)

Mawatari et al. (2020)

Patients (aged 60-85 years) with mild Alzheimer’s
disease (AD) and mild cognitive impairment (MCI) were
randomized to receive 24 weeks of treatment with either:
1 mg/d purified plasmalogens (Pls) extracted from
scallops (n = 140) or placebo (n = 136).

Serum samples of diagnosed patients with late-onset AD
(LOAD) (n = 90), patients with MCI (n = 77), and
controls (n = 51) were analyzed by lipidomics.

Plasma and red blood samples of 28 patients with AD
(age: 72.5 + 1.4) and 28 normal control subjects (age:
74.1 + 1.3) were analyzed. Plasma amyloid-beta (Ap)
was correlated with phosphatidylcholine (PC) -
hydroperoxide (PCOOH), and pPE in the blood of
patients with AD.

Post-mortem cerebrospinal fluid (CSF), frontal cortex grey
matter and white matter of patients with AD (n = 28),
MCI (n = 19) and controls (n = 28) were submitted to
lipidomic analysis.

The serum Pls of 40 patients with AD and 66 controls
aged 67-89 years were analyzed and correlated with
cognitive functions using AD assessment scale-cognitive
(ADAS-Cog). Serum PIs levels in AD patients were
retested 1 year later.

The serum samples of 324 dementia subjects low,
moderate, and severe stage) were analyzed and
compared with 68 age-matched controls to investigate
the relations between dementia severity and Pls levels.
209 healthy subjects were divided into 3 age groups
(50-59, 60-69, and 70— 95 years) and their serum was
analyzed to determine the effect of age on Pls levels. Post-
mortem samples of subjects with AD (n = 20) and those
without AD pathology (n = 19) were analyzed to
compare the Pls levels. Serum from 50 clinically
diagnosed AD subjects (3 stages), who were later
confirmed to have AD upon post-mortem examination,
was analyzed to determine the DHA-PIs levels.
Post-mortem human brain tissue (AD, n = 30, controls,
n = 6) and brain tissues from two animal models of AD,
APPV717F and APPsw mice, were analyzed using
electrospray ionization mass spectrometry (ESI/ MS).

Analysis of the pattern of phospholipid composition of
erythrocyte membrane through high-performance liquid
chromatography (HPLC) in patients with AD (n = 146),
Parkinson’s disease (PD) (n = 45) and coronary artery
disease (n = 30) compared with healthy individuals

(n = 39).

Retrospective analysis of a multicenter, randomized,
double-blind, placebo-controlled trial of oral Pls
supplementation (1 mg/day) for 24 weeks in patients
with MCI (n = 178) and mild AD (n = 98). An open-label
study of Pls supplementation (1 mg/day) for 12 weeks in
moderate AD (n = 57) and severe AD (n = 18), and the
same open-labeled design for patients with PD (n = 10)
for 24 weeks. Plasma Pls were assessed before and after
the intervention.

Open-labeled study where patients with PD (n = 10)
received oral administration of 1 mg/day of purified Pls
derived from scallop for 24 weeks. Clinical symptoms
were assessed and blood tests were peformed at 0, 4, 12,
24, and 28 weeks. The blood Pls levels in patients with PD
were compared with those of 39 age-matched normal
controls.

14

Mild AD patients showed a significantly greater decrease in
plasma ethanolamine plasmalogens (pPE) in the placebo
group than in the treatment group.

Oral administration of Pls significantly improved memory
among female mild AD patients and those aged below 77 years
as shown in Wechsler memory scale-revised (WMS-R) test.
Three patient cohorts within each clinical diagnosis (LOAD
and MCI were observed: lower circulating pPEs; higher
circulating diacylglycerols (DAG); and neither of these two
lipid alterations. More patients showed low levels of pPEs in
advanced stage of disease.

Plasma from AD patientsshowed lower concentrations of pPE
species, especially docosahexaenoic acid (DHA) - containing
PPE.

Lower pPE and higher PCOOH levels were observed in
erythrocytes of AD patients. In both AD and control blood
samples, PCOOH levels in erythrocytes tended to correlate
with plasma levels of Af.

DAG and fatty acid 26:0 were elevated in the grey matter of
the MCI and old dementia (OD) cohorts. Pls were decreased in
the grey matter of early dementia (ED) and OD patients while
and PEs were lower in the MCI, ED, and OD patients compared
to aged-matched controls.

Only subjects with serum DHA-Pls < 75% or less of normal
levels exhibited cognitive decline over a 12-month period.
There was no change in ADAS-Cog scores among participants
with normal serum Pls levels at baseline (> 75%).

The levels of Pls species were significantly reduced in all three
groups of AD subjects, and the decrease was correlated with
the severity of AD.

Subjects with very low Pls in the 60-69-year cohort were more
than twice as abundant compared to the other two groups.
Increased mortality rate was evidenced in both AD subjects
and peroxisomal disorders with low Pls levels.

Serum Pls levels were significantly reduced in the post-mortem
(55%) AD subjects, and clinically diagnosed AD subject (47%).
The decrease was related to the severity of the disease. Serum
DHA-PIs levels were significantly reduced in the AD subjects.

A dramatic decrease in Pls content (up to 40% of total Pls) in
white matter at a very early stage of AD; a correlation of the
deficiency in gray matter Pls content (10-30% deficiency)
with the severity of AD (very mild to severe); no alterations of
Pls content and molecular species in the cerebellum gray
matter despite dramatic alterations in the cerebellum white
matter. In mice, 10% deficiencies were present at age of 18
months in cerebral cortices but not in the cerebellum.

A common pattern of changes among the three disorders was
noticed:

The decrease of erythrocyte pPE was accompanied by a
decrease of PC although phosphatidylethanolamine (PE)
remained unchanged.

The decreases of PE and PC were associated with an increase
of sphingomyelin (SM) in the total phospholipids.

A significant improvement in cognitive function and other
clinical symptoms with an elevation of the blood PlIs levels. No
adverse events were reported.

The baseline levels of plasma pPE and erythrocyte pPE in MCI,
AD, and PD were significantly lower than those of normal
aging.

The degree of reduction in the blood Pls levels was in the order
of MCI < mild AD < moderate AD < severe AD < PD.

Initial levels of Pls in plasma and erythrocytes from PD were
lower than those of age-matched normal controls.

Oral administration of 1 mg/day of the purified Pls increased
plasma ether phospholipids in PD and increased the relative
composition of ether phospholipids of erythrocyte membrane
in PD.

The levels of Pls in peripheral blood reached almost normal

(continued on next page)
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Neurodegenerative/ Reference
Neuropsychiatric

disorder

Study Design

Main Findings/Outcomes

Fabelo et al. (2011)

Multiple sclerosis Ferreira et al. (2021)

Schizophrenia Li et al. (2022)

Wang et al. (2021)

Huang et al. (2017)

Tessier et al. (2016)

Wood and Holderman

(2015)

Wood et al. (2015)

Wood et al. (2014)

Kaddurah-Daouk et al.

(2012)

Psychosis Dickens et al. (2021)

Purified lipid rafts from the frontal cortex from healthy
(n = 11), early motor stages of PD (n = 8) and incidental
PD (n = 8) subjects were analyzed by lipidomics.

The phospholipidomic signature of plasma samples of
patients with multiple sclerosis (MS) in remission

(n = 17) and relapse (n = 7) phases and healthy control
(n = 30) was determined

Erythrocyte membrane lipid profiling of patients with
schizophrenia (SCZ) (n = 80) and healthy controls

(n = 40) using ultra-performance liquid
chromatography-mass spectrometry to compare 812
quantified lipids.

Compared serum levels of 177 phospholipids and free
fatty acids from 119 patients with SCZ (n = 119) and
healthy controls (n = 109) using targeted liquid
chromatography-mass spectrometry (LC-MS).

Unbiased metabolic profiling of fibroblasts from patients
with SCZ (n = 10) and age- and sex-matched controls
(n = 10) under normal growth conditions (25 mM
glucose for 6 h) and under stressful in vitro perturbations:
low-glucose media (1 mM for 6 h) and exposure to
dexamethasone (1 pM for 6 h).

Lipidomic analysis of phospholipid classes and fatty acids
in erythrocyte membranes from antipsychotic-medicated
and clinically stable outpatients with SCZ (n = 74)
compared with matched controls (n = 40). Clinical
manifestations were examined using the positive and
negative syndrome scale (PANSS). Cognitive function
was assessed using the Continuous Performance Test,
Salience Attribution Test and Wisconsin Card Sorting
Test.

Targeted lipidomic analysis of Pls, sulfatides, and N-acyl-
PS in the frontal cortex of post-mortem SCZ (n = 10),
bipolar disorder (BD) (n = 10), and amyotrophic lateral
sclerosis (ALS) (n = 10) tissues and in the post-mortem
cerebellum of patients with SCZ compared to controls
(n =10).

Lipidomic analysis of pPC and pPE in the plasma and
platelets of patients with SCZ (n = 23) and age-matched
controls (n = 27).

Shotgun lipidomic analysis of over 700 lipids in the post-
mortem frontal cortex of patients with SCZ (n = 10)
compared to controls (n = 10) and hippocampus of G72/
G30 transgenic mice (n = 11) compared to wild-type
mice (n = 10).

Targeted metabolomics of plasma samples from drug free
patients with first episode SCZ (n = 20), chronic patients
with recurrent psychotic relapses (n = 20) and age- and
body mass index-matched controls (n = 17).

Serum lipidomic analysis of individuals with clinical high
risk (CHR) (n = 263) compared with healthy controls

15

levels after 24 weeks. Some clinical symptoms of PD improved
concomitantly.

Lipid rafts from PD and incidental PD cortices exhibited
dramatic reductions in their contents of omega-3 and omega-6
long-chain polyunsaturated fatty acids (PUFAs), especially
DHA (22:6n-3) and arachidonic acid (20:4n-6).

Saturated fatty acids (16:0 and 18:0) were significantly higher
in PD and incidental PD patients than in control brains.
Other lipid classes were also affected in PD and incidental PD
lipid rafts: phosphatidylserine (PS) and phosphatidylinositol
(PI) were increased in PD and incidental PD, whereas
cerebrosides and sulfatides and Pls levels were considerably
diminished in the same disease groups.

Patients with MS had a plasma phospholipidomic signature
different from that of healthy controls, especially the PE, PC,
PPE and pPC species.

pPC and pPE species showed significantly lower levels in
patients undergoing both remission and relapse of MS.

The lowest p-value were reached for pPC(34:3), pPC(36:6),
PPE(40:10) and PC(38:1), proposing them as suitable
biomarkers for clinical applications in MS.

Reduced total concentration of phospholipids, including Pls,
in both pPE and pPC of the erythrocyte membrane lipidome.
244 lipids were significantly reduced in SCZ, and 154 of these
were categorized as PEs or PCs. The total concentration of
alkyl-acyl phospholipids was significantly decreased in both
the PC and PE classes. The total concentration of Pls was also
significantly reduced in SCZ.

110 metabolites including 16 free fatty acids, 25 PCs, 23 lyso-
PCs, 11 pPC, 7 PEs, 9 pPE, and 13 SM were significantly
altered in the serum of SCZ patients, with reduced pPC and
PPE compared to controls.

Levels of PCs and several pPC species were reduced in
fibroblasts of SCZ compared to healthy controls, particularly
under stressful conditions.

PPE levels in erythrocyte membranes were reduced in SCZ
patients, particularly in individuals with low SM levels.
Patients with low SM membrane content were also
characterized by more severe PANSS total, positive,
disorganized/cognitive, and excited psychopathology. This
group also displayed poorer cognitive performance.

Levels of sulfatides, pPC, pPE, and N-acyl-PS were elevated in
the frontal cortex of post-mortem SCZ and BD but not ALS
tissues. These lipids were unchanged in the SCZ cerebellum
compared to controls.

Plasma levels of both pPE and pPC were decreased by 23-45%
in patients with SCZ. Platelet levels of pPE were also decreased
while pPC levels were increased. Levels of DHA were
decreased by 30% in both plasma and platelets.

Levels of sulfatides were elevated in the white and gray matter
of the frontal cortex of post-mortem SCZ tissues and in the
hippocampus of G72/G30 transgenic mice.

Levels of polyunsaturated fatty acid (PUFA)-lacking pPC were
elevated in the white matter of SCZ frontal cortex and the
G72/G30 mouse hippocampus. PUFA-containing pPC were
elevated in the frontal cortex gray matter in SCZ.

Levels of PUFA-lacking pPE were elevated while PUFA-
containing pPE were decreased in both the gray and white
matter of SCZ frontal cortex.

Levels of total plasma Pls, pPC and pPE, and pPC- and pPE-
containing fatty acids 16:0, 18:0 and 18:1n9 were lower in
SCZ patients compared to controls. No significant differences
were observed in Pls between first episode vs recurrent
patients.

Serum ether phospholipids levels were reduced in CHR
patients who subsequently developed psychosis compared to

(continued on next page)
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Neurodegenerative/
Neuropsychiatric
disorder

Reference

Study Design

Main Findings/Outcomes

Bipolar disorder

Depression/anxiety

Autism spectrum
disorders

Beasley et al. (2020)

Ogawa et al. (2020)

Ghosh et al. (2017)

Tabarés-Seisdedos
et al. (2006)

Brydges et al. (2022)

Dorninger, Gundacker
et al. (2019)

Knowles et al. (2017)

Liu et al. (2016)

Liu et al. (2015)

Demirkan et al. (2013)

Pettegrew et al.
(2001)

Zandl-Lang et al.
(2022)

Dorninger, Konig et al.
(2019)

(n = 51) who were then clinically monitored for up to 5
years. Machine learning discriminated between groups
and subjects with distinct clinical outcomes.

Gas liquid chromatography analysis of phospholipids
(including pPC and pPE) from dorsolateral prefrontal
cortex grey matter (post-mortem tissue) from controls
(n = 35), SCZ (n = 35), and patients with BD (n = 34).
Compared pPE and PE levels in blood plasma between
patients with BD (n = 34) and age-, sex-, and ethnicity-
matched controls (n = 38). The relationship between
plasma pPE and PE levels with clinical symptoms was
also examined.

Phospholipids PE and PC were quantified in white matter
adjacent to the dorsolateral prefrontal cortex in patients
with BD (n = 34), SCZ (n = 35), and controls (n = 35)
using HPLC.

Analysis of two genomic regions: lissencephaly critical
region (chromosome 17p) encompassing the LIS1 gene
and which is involved in human lissencephaly; and the
genes related to the platelet-activating factor (PAF),
functionally related to LIS1, in patients with SCZ

(n =52), BDI (n = 36), and controls (n = 65). Groups
were also assessed for neuropsychological battery.
Melancholia and anxious distress were characterized in
patients (n = 158) who participated in the Predictors of
Remission to Individual and Combined Treatments study.
Biochemical profiles were also determined by targeted
metabolomics analysis of serum samples.

Examined the behavioral phenotype of ether lipid-
deficient mice GNPAT knockout (KO) as it relates to
human depression and anxiety.

Mass spectrometry lipidomic analysis of people with
major depression disorder (MDD) (n = 567) from 37
extended pedigrees, including analysis of 23 biologically
distinct lipid classes and their shared genetic etiology
with MDD.

Non-targeted lipidomic analysis of differential lipids
between MDD (n = 60) and healthy controls (n = 60)
using ultra performance liquid chromatography coupled
with quadruple time-of-flight mass spectrometry.
Validation of changed lipid species was also performed
(MDD n = 75; controls: n = 52).

Nontargeted metabolomics analysis of differential
metabolites in plasma samples from first-episode drug-
naive patients with MDD (n = 60) and healthy controls
(n = 59). Validation analysis was done using targeted
metabolomics on the candidate metabolites in patients
with MDD (n = 75) (including moderate and severe, and
drug-naive and drug-treatment) and healthy controls

(n =52).

The relationships between 148 different plasma phospho-
and sphingolipid species and depression/anxiety
symptoms as measured by the Hospital Anxiety and
Depression Scales and the Centre for Epidemiological
Studies Depression Scale in a family-based study

(n =742).

Measured rat brain phospholipid levels after acute

(n = 20/group) and chronic (n = 10/group) myo-inositol
administration using nuclear magnetic resonance and
quantitative high-performance thin-layer
chromatography.

LC-MS/MS lipidomic analysis of the CSF and plasma
composition of patients with Rett syndrome (RTT) (CSF:
n = 7; plasma: n = 13) compared to healthy controls
(CSF: n = 13; plasma: n = 18).

Behavioral tests (wheel, open field, social interaction,

contextual fear conditioning) were performed using
GNPAT KO mice (n = 6).

16

CHR individuals who did not.

Compared to healthy controls, CHR individuals had higher
levels of lipids in general, with higher levels of triacylglycerols
(TAG) with a low acyl carbon number and double bond count.
From the 15 quantified individual fatty acid or Pls species, no
significant differences were observed in the dorsolateral
cortex between post-mortem tissues from patients with SCZ, BD
and controls.

Plasma pPE levels were significantly reduced in patients with
BD, particularly in BD type 1, compared to healthy controls.
Plasma PE levels were also significantly lower in BP type I than
controls and BD type 2.

There were no significant correlations between plasma pPE or
pPC levels with depression or manic symptoms.

Levels of PC were significantly lower in subcortical white
matter in BD post-mortem samples compared to controls, but
not statistically significant in patients with SCZ. No change in
PE or PC was observed in prefrontal cortex or hippocampus.
14.8% patients with SCZ or BD type I displayed genetic
variations in either two markers implicated in lissencephaly or
in the PAF receptor gene, and these individuals performed
worse in the Wisconsin Card Sorting Test.

Melancholia severity was significantly inversely correlated
with several PCs, including lyso-PC.

Anxious distress severity inversely correlated with both
saturated and polyunsaturated free fatty acids, SM, as well as
several amino acids and bile acids.

GNPAT KO mice showed strongly impaired social interaction,
nestlet shredding, and marble burying. In addition, KO mice
displayed behavioral patterns of anxiety and depression in the
elevated plus maze test, light/dark box test, and forced swim
test.

Arachidonic acid-containing alkyl-PC and alkenyl-PC species
had the largest endophenotype ranking value and genetic
overlap with MDD determined by cluster analysis.

Decreased plasma levels of ether PCs and PEs in patients with
MDD.

Levels of lyso-PC, lyso-PE, pPC, pPE, PI, and TG were
significantly increased in MDD and correlated positively with
depression severity.

1-O-alkyl-2-acyl-PE and SM significantly decreased in MDD
and correlated negatively with depression severity.

Levels of acyl carnitines, ether phospholipids, and tryptophan
were significantly decreased, whereas PC, PE, lyso-PC, and
lyso-PE were markedly increased in the plasma of patients
with MDD compared to healthy controls.

The plasma SM 23:1/16:0 ratio was inversely correlated with
symptoms of depression and anxiety. A similar trend was
observed for plasma PC, particularly the PC 36:4/ceramide
(CER) 20:0 ratio.

Chronic oral myo-inositol administration increased the rat
brain PE Pls by 10% and decreased brain PE by 5%, thereby
increasing the ratio of PE Pls/PE by 15%.

Levels of PE, PC and SM species were decreased in CSF of
patients with RTT compared to controls. Various ether-linked
phospholipids including PE Pls were also decreased in CSF of
patients with RTT compared to controls.

The lipidome of plasma was unchanged.

GNPAT KO mice displayed hyperactivity and impaired social
interactions. GNPAT KO mice also had significantly reduced

(continued on next page)
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Neurodegenerative/ Reference
Neuropsychiatric

disorder

Study Design

Main Findings/Outcomes

Thomas et al. (2010)

Wiest et al. (2009)

Intraventricular infusion of propionic acid (PPA) in rats
(n = 6) was evaluated for alterations in brain lipids
associated with autism-like behavioral changes.

Lipid profiling was performed on fatty acids of plasma
samples obtained from children of the Childhood Autism

ether lipids, which may have contributed to the increased
metabolite/monoamine neurotransmitter ratio in the brain.
PPA-infused rats had significantly reduced total pPE brain
levels and significantly increased locomotor activity (total
distance travelled and stereotypy).

From plasma samples, children with autism had significantly
decreased DHA, PE and PC.

Risk from Genetics and the Environment study.

Bell et al. (2004)

Eritrocytes fatty acid composition was measured in
patients with classical autism/Asperger’s syndrome
(ASP), regressive autism, or controls.

Patients with autism and ASP had significantly higher fatty
acid deficiency scores compared to controls based on
questionnaire results.

Patients with both regressive autism and ASP had a
significantly higher AA/eicosapentaenoic acid (EPA) ratio
compared to controls.

Patients with both regressive autism and classical autism/ASP
had significantly higher concentrations of erythrocyte type IV
phospholipase A2 compared to controls.

Abbreviations: AA: arachidonic acid; AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; APP: apolipoprotein; ASP: Asperger’s syndrome; BD: bipolar dis-
order; CER: ceramide; CHR: clinical high risk; CSF: cerebrospinal fluid; DAG: diacylglycerols; DHA: docosahexaenoic acid; ED: early dementia; EPA: eicosapentaenoic
acid; GNPAT: glyceronephosphate O-acyltransferase; HPLC: high-performance liquid chromatography; KO: knockout; LC-MS: liquid chromatography-mass spec-
trometry; MCI: mild cognitive impairment; MDD: major depressive disorder; MS: multiple sclerosis; OD: old dementia; PCOOH: phosphatidylcholine hydroperoxide:
Pls: plasmalogens; PPA: propionic acid; SCZ: schizophrenia; PUFA: poly-unsaturated fatty acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phos-
phatidylinositol; pPC: choline plasmalogens; pPE: ethanolamine plasmalogens; PS: phosphatidylserine; PANSS: positive and negative syndrome scale; PAF: platelet-
activating factor; PI: phosphatidylinositol; RTT: Rett syndrome; TAG: triacylglycerol; WMS-R: Wechsler Memory Scale — Revised.

2.10.1. Alzheimer’s disease

In the last two decades, compelling evidence has highlighted the
implication of Pls deficiency in AD pathology (Chew et al., 2020; Wood,
2012). A pioneering study in this field comes from Ginsberg et al. (1995)
who firstly showed a significant deficiency of pPE in post-mortem brain
samples (mid-temporal cortex) of patients with AD (Ginsberg et al.,
1995). In the last years, subsequent studies have demonstrated that
depleted levels of Pls are not only found in post-mortem brain samples
from patients with AD, but also in plasma, erythrocytes and cerebro-
spinal fluid of living patients with AD (Su et al., 2019). Of note, a
consistent finding across studies is the reduction of Pls contents
measured across different types of AD specimens (Chew et al., 2020; Su
et al., 2019). Interestingly, in the brain, Pls abnormalities have been
detected only in AD-related primary sites of neurodegeneration, such as
the hippocampus, temporal cortex and frontal cortex, but not in the
cerebellum of patients with AD (Ellison et al., 1987; Ginsberg et al.,
1995; Wood et al., 2015a). Also, reductions in some Pls species and their
brain regional distributionhave been specifically associated with
different stages of severity of the disorder. For example, a temporal lobe
white matter decrease in pPE levels was observed in the early stage of
the disease, while a dramatic reduction of pPE in the gray matter of the
same region showed a positive progressive correlation with disease
severity in very mild to severe cases (Goodenowe et al., 2007; Han,
2005; Han et al., 2001). There is also consistent evidence showing that
DHA is closely related to brain functions impaired in AD (Song et al.,
2016; Wood et al., 2010a). In this context, previous studies reported the
decreased levels of Pls-containing DHA or free DHA in the brain, liver
and plasma samples from patients with AD (Astarita et al., 2010; Chu
et al., 2022; Wood et al., 2010b), and described strong correlations be-
tween these findings and the degree of cognitive deficit manifested by
these patients (Chu et al., 2022; Su et al., 2019).

The cause of Pls deficiency in the AD brain is unclear. It is also not
known whether the decrease of Pls in patients with AD is a cause or
consequence of the disease. Some possible mechanistic explanations
have been proposed, including peroxisome dysfunction and
neuroinflammation-induced abnormal oxidative stress (Chew et al.,
2020; Senanayake and Goodenowe, 2019). Indeed, peroxisome dys-
functions have been described in the brain and liver of individuals living
with AD (Grimm et al., 2011; Kou et al., 2011). Increased levels of
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VLCFAs (behenic acid C22:0, lignoceric acid C24:0 and hexacosanoic
acid C26:0), mainly metabolized in peroxisomes, were correlated with
deficient Pls, mainly pPC and pPE, contents in the post-mortem brain of
patients with AD, as well accompanied by degenerative structural
changes in neuronal peroxisomes (Kou et al., 2011). Oxidative stress is a
well-known hallmark of the disorder (Tamagno et al., 2021). As estab-
lished, Pls are very susceptible species to oxidative stress and may act as
scavengers to protect other lipids and lipoproteins from oxidative
damage (Senanayake and Goodenowe, 2019). Increased secondary
by-products of lipid peroxidation have been reported in the AD brain,
which indicates direct damage to lipidic membranes, and potentially Pls.
Among the oxidized lipids, isoprostanes (IsoPs) are derived from
AA-containing species, while neuroprostanes (NeuroP) are derived from
DHA and eicosapentaenoic acid (EPA) species (Bradley-Whitman and
Lovell, 2015). Several IsoPs were found elevated in CSF and in the
post-mortem frontal and temporal cortices of patients with late-stage AD
(LAD) compared to age-matched controls (Pratico et al., 1998; Reich
etal., 2001; Yao et al., 2003). Elevated IsoPs in CSF were associated with
cortical atrophy as rated by Braak staging scores, and apolipoprotein E 4
(APOE) genotype (Montine et al., 2002, 1999). Similarly, levels of
NeuroPs were elevated in the temporal cortex and occipital cortex of
individuals with LAD (Musiek et al., 2004; Nourooz-Zadeh et al., 1999;
Reich et al., 2001). Comparing both groups of oxidized lipids, higher
levels of NeuroP isomers were found within the same cohort suggesting
that DHA-containing lipids are preferentially oxidized in the AD brain,
also offering a putative cause for its depleted levels in AD pathology
(Nourooz-Zadeh et al., 1999; Reich et al., 2001).

Additionally, abnormal PAF signaling has been elected as a potential
biomarker for AD and a target closely related to inflammation involved
in this disorder (Dorninger et al., 2020). Previously, it was shown that an
increased PAF binding to platelets was positively correlated with the
degree of cognitive impairment in patients with AD (Hershkowitz and
Adunsky, 1996). Also, individuals with higher platelet response and PAF
levels were found to have a higher risk of dementia in late life during a
20-year follow-up, reinforcing the role of platelet function in conferring
AD risk (Ramos-Cejudo et al., 2022). More recently, a pathobiological
link between PAF and neuroinflammation involved in AD was provided
by Liu et al. (2022a) and Liu et al. (2022b). The authors screened the
Gene Expression Omnibus database and found that between the highly
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differentially expressed genes, PAF-R was the most promising biomarker
upregulated in brain tissues, peripheral blood, and cerebrospinal fluid of
patients with AD. PAF-R could mediate the exaggerated inflammatory
responses of microglia against Ap oligomers through the upregulation of
IL6-STAT3 pathway (Liu et al., 2022a; Liu et al., 2022b).

Taken together, these findings indicate that the depletion of Pls and
generation of lipid mediators, such as oxidized lipids and PAF, are pu-
tative biological mechanisms behind AD neuropathology (Dorninger
et al., 2020; Su et al., 2019). Considering other biological hallmarks of
the disorder, such as peroxisomal dysfunction and oxidative stress, an
intricated relationship between Pls and these factors is suggested, where
possibly one factor positively feedbacks onto the other, favoring the
disease progression.

2.10.2. Parkinson’s disease

PD is a neurodegenerative disease characterized by the presence of
fibrillar aggregates of a-synuclein and the associated loss of dopami-
nergic neurons within the basal ganglia (Poewe et al., 2017). PD pro-
gression is associated with dysfunctional mitochondria, increased
oxidative stress, and neuroinflammation (Borsche et al., 2021; Sub-
ramaniam and Chesselet, 2013). Although the body of evidence is not as
extensive as for AD, there is convergent data supporting the role of Pls
deficiency in PD neurobiology. Indeed, a study conducted by Fujino
et al. (2020) compared the baseline Pls levels in the plasma of patients
with mild cognitive impairment, mild to severe AD, and late-stage PD.
They showed the deficiency in Pls levels was higher in specimens from
PD compared to all the other conditions. Also, a significant improvement
in cognitive function and other clinical symptoms was associated with
higher blood Pls levels among patients with PD (Fujino et al., 2020). In
addition, a longitudinal study conducted by the same research group
assessed the blood Pls levels and clinical symptoms of PD over 28 weeks.
They showed that oral supplementation of Pls (1 mg/day) increased pPE
levels in the plasma and erythrocyte membrane of these patients, which
was paired with a significant reduction in the severity of PD symptoms
(Mawatari et al., 2022). Also, it was reported that patients with PD, AD
and coronary artery disease shared the same pattern of Pls changes in
their erythrocyte membrane, characterized by reduction of pPE and PC,
and increase of SM levels (Mawatari et al., 2022). Regarding the analysis
of post-mortem brain samples, only one study showed a marked reduc-
tion of Pls levels, especially species containing DHA- and AA-Pls , along
with reduction in cerebrosides and sulfatides lipid species, in the puri-
fied lipid rafts of the frontal cortex from patients with early motor stages
of PD and incidental PD (Fabelo et al., 2011).

2.10.3. Multiple sclerosis

MS is a chronic neurodegenerative disease that occurs at least
partially due to the infiltration of autoreactive lymphocytes across the
BBB, leading to localized inflammation, demyelination, axonal loss, and
gliotic scarring (Podbielska et al., 2021). In MS, mitochondrial
dysfunction contributes to neuroinflammation, likely via an oxidative
stress related mechanism (Morris et al., 2015). While the Pls-specific
literature surrounding MS is currently very limited, there was a recent
characterization of the phospholipidome of plasma from patients with
MS (in both remission and relapse phases) compared to healthy controls.
MS samples showed a marked reduction in the PE, PC, pPE, ether-linked
PE and ether-linked PC, with the lowest p-values for the following
phospholipid species: PC(34:3), PC(36:6), PE(40:10) and PC(38:1)
(Ferreira et al., 2021). Older evidence using post-mortem samples already
showed reduced levels of pPE species in the white matter of demyelin-
ating brain lesions (17 patients with MS and 1 with subacute sclerosing
panencephalitis) compared to age-matched controls (Boggs et al., 1982).
In accordance, increased PLA2 activity in the brain’s white matter was
also reported in post-mortem samples from patients with MS and in
monkeys submitted to a demyelination model induced by B12 deficiency
(Ansell and Spanner, 1968). Despite promising, the contribution of Pls to
MS etiopathogenesis and progression, as well as their possible
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application as candidate biomarkers, should be further investigated in
future studies.

2.10.4. Schizophrenia & psychosis

In schizophrenia (SCZ), there is accumulating evidence that
abnormal phospholipid and fatty acid structure or metabolism may in-
fluence its pathophysiology. In the clinical setting, significantly lower
plasma pPC and pPE levels were reported in drug-naive patients expe-
riencing first psychotic episodes and in patients with recurrent disease
compared to healthy controls (Kaddurah-Daouk et al., 2012), suggesting
that this phenotype may appear at the onset of psychotic illness and after
multiple psychotic relapses. In another study, lipidomic analysis of pa-
tients with SCZ compared to age-matched controls revealed a 23-45%
decrease in both plasma pPC and pPE levels (Wood et al., 2015b). In
platelets, pPE were also decreased while pPC were increased (Wood
et al., 2015b). DHA levels were correspondingly decreased in both
plasma and platelets of patients with SCZ (Wood et al., 2015b). Simi-
larly, Dickens et al. (2021) investigated the serum levels of lipids related
to adverse clinical outcomes in individuals at clinical high risk for psy-
chosis (CHR). At baseline, CHR individuals who later developed psy-
chosis presented lower levels of ether phospholipids than non-CHR
individuals, suggesting that lipidomic abnormalities arise before the
onset of psychosis. In addition to blood cells, unbiased metabolic
profiling revealed reduced levels of several Pls species and PCs in fi-
broblasts from patients compared to healthy controls, particularly under
stressful conditions, suggesting that SCZ disease phenotypes can also be
observed in peripheral cells (Huang et al., 2017). Tessier et al. (2016)
performed lipid data analysis using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) of erythrocyte membranes from blood
samples of SCZ patients and identified a significant decrease in pPE. This
was observed particularly in individuals presenting with low SM
erythrocyte content, which also correlated with more severe psychotic
symptoms, disorganized thoughts and cognitive impairment, as
measured using the positive and negative syndrome scale (PANSS), the
Continuous Performance Test, Salience Attribution Test, and Wisconsin
Card Sorting Test. Furthermore, reduced erythrocyte Pls levels were
associated with a compensatory PE increase. These authors speculated
that this membrane lipid abnormality may contribute to an aberrant
presynaptic dopamine signaling in SCZ. Li et al. (2022) also performed
LC-MS/MS to quantify erythrocyte membrane lipids and found signifi-
cantly reduced pPE and pPC in patients with SCZ compared to healthy
controls. In addition, there was an increased accumulation of membrane
oxidized lipids. Further investigation revealed that the excessive
oxidative stress may cause activated phospholipid remodeling, as
observed by increased PLA2 and lysophosphatidylcholine acyltransfer-
ase (LPCAT) gene expression, thus impairing membrane lipid homeo-
stasis (Li et al., 2022). Wang et al. (2021) also used a targeted LC-MS/MS
approach to detect alterations in serum levels of over one hundred lipid
metabolites, including Pls species, from patients with SCZ and healthy
controls. Overall, patients with SCZ had a significantly higher total
serum level of free fatty acids, but lower lyso-PCs, pPC, and pPE,
compared to healthy controls, which is consistent with other SCZ studies
showing reduced blood Pls (Kaddurah-Daouk et al., 2012; Wang et al.,
2022; Wood et al., 2015b). Wang et al. (2021) further demonstrated that
a decline in Pls is a characteristic of the disease and not a marker varying
with treatment or recurrent psychotic episodes. Levels of glyco-
sphingolipids and pPC, structural components of myelin, were signifi-
cantly elevated in post-mortem frontal cortex samples of patients with
SCZ and in the hippocampus of G72/G30 transgenic mice (model of
SCZ-like symptoms) (Wood et al., 2014; Wood and Holderman, 2015).
Additionally, one preclinical study investigated the role of PAF-R in the
phencyclidine (PCP)-induced mouse model of SCZ and found that PAF-R
upregulation was associated with exacerbated SCZ-like behaviors (Tran
et al., 2018). Another study in patients with SCZ and bipolar disorder
(BD) suggested that genetic variations in the PAF-R gene may predict the
severity of the prefrontal cortex-associated cognitive deficits in both
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disorders (Tabarés-Seisdedos et al., 2006).

2.10.5. Bipolar disorder

ER stress and mitochondrial dysfunction have been implicated in BD,
although there is limited evidence regarding the role of Pls specifically.
One study investigated whether familial BD is associated with peroxi-
somal dysfunction, but no significant alterations in peroxisomal bio-
markers were observed to correlate with symptom severity (McNamara
et al., 2016). In a recent study, Ogawa et al. (2020) found differential
ethanolamine phospholipid profiles in patients with BD type 1 (BD I;
associated with an episode of mania) and BD type 2 (BD II; associated
with a hypomanic episode, which is less severe than a full manic
episode), with reduced plasma pPE and PE levels being detected in pa-
tients with BD I compared to healthy controls and patients with BD II.
However, no significant correlations were found between pPE or PE and
specific depression or mania symptoms (Ogawa et al., 2020). In a
post-mortem study, prefrontal white matter PC content was significantly
lower in both patients wth SCZ and BD, though total levels of analyzed
Pls did not differ significantly among the control, SCZ and BD groups
(Ghosh et al., 2017). The authors noted potential confounding de-
mographic variables, such as alcohol use and lifetime antipsychotic
dose, however, which were negatively correlated with the Pls levels
(Ghosh et al., 2017). Another study found no significant difference in
phospholipids and fatty acids composition in the dorsolateral cortex of
patients with SCZ, BD and controls (Beasley et al., 2020).

2.10.6. Depression & anxiety

Multi-omic studies have also been conducted for major depressive
disorder (MDD) aiming to improve biomarker discovery. Through non-
targeted metabolomics, Liu et al. (2015) identified a reduction of several
ether-bonded phospholipid species in the plasma of patients with MDD
compared to matched controls. In particular, the authors noted a
decrease in alkyl-acyl PC and alkyl-acyl PE, which are important for Pls
synthesis (Liu et al., 2015). Another study found an inverse correlation
between symptoms of depression and anxiety and levels of PC O 36:4, an
alkyl-acyl PC and potential target for PLA2 (Demirkan et al., 2013).
Consistent with these findings, a study by Knowles et al. (2017)
demonstrated a shared genetic etiology between MDD and ether-linked
PC species containing AA, suggesting that the AA inflammation pathway
could serve as a potential diagnostic marker and/or treatment for MDD.
This study also found in samples from individuals with a familial history
of MDD that the ether-PC lipid class had the largest endophenotype
ranking value, while further cluster analysis revealed that species con-
taining AA had the greatest degree of genetic overlap with MDD. A
recent study by Brydges et al. (2022) found an inverse correlation be-
tween ether-linked PCs and PEs in serum samples and depression
symptoms, mainly melancholia. In contradiction, however, another
non-targeted lipidomics study found that lyso-PC, lyso-PE, PC, and PE
were significantly increased in the plasma of patients with MDD (Liu
et al., 2016).

In placebo-controlled studies, administration of oral inositol
revealed beneficial effects in MDD, panic disorder, and obsessive-
compulsive disorder (Mukai et al., 2014). A pre-clinical study investi-
gating the effects of myo-inositol oral supplementation (12-18 g/day)
on membrane phospholipid alterations also showed increased pPE in the
rat brain (Pettegrew et al., 2001), suggesting a potential mechanism by
which antidepressants may act to increase vesicle fusion in the processes
of synaptic transmission, hormone release, and membrane trafficking.
Lipid deficiencies were reported in other mouse studies, leading to se-
vere disruptions of neurotransmitter homeostasis, and associated
behavioral abnormalities. For instance, a study by Dorninger, Gun-
dacker et al. (2019) showed that Pls-deficient mice, GNPAT) knockout,
strongly displayed features associated with human mood disorders,
including impaired social interaction as well as nestlet shredding and
marble burying, indicating disturbed execution of inborn behavioral
patterns. GNPAT knockout mice also displayed a poorer passive coping
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strategy in the tail suspension and forced swim tests (Dorninger et al.,
2019).

2.10.7. Autism spectrum disorders

Recent evidence further suggests the involvement of peroxisomal
function and ether lipids in neurodevelopmental disorders such as
autism spectrum disorders (ASD). Earlier studies have reported reduced
levels in Pls species and DHA in erythrocyte phospholipids of subjects
with autism and Asperger’s syndrome (Bell et al., 2004; Wiest et al.,
2009). These studies in the clinical setting have been further supported
by findings in rodent models. Intraventricular infusions of propionic
acid (PPA) was shown to produce brain and behavioral changes asso-
ciated with ASD. Thomas et al. (2010) found that PPA resulted in
increased locomotor activity (total distance travelled and stereotypy)
along with reduced levels of pPE in the rat brain. Pls-deficient mice
(GNPAT knockout) showed reduced release of norepinephrine upon
high-intensity stimulation in the hippocampal and cortical regions
(Dorninger et al., 2019) . Pls deficiency in these animals further man-
ifested as multiple neurobehavioral deficits, such as increased stereo-
typy, impaired social interaction, and abnormal marble burying
(Dorninger et al., 2019a,b) . Altered phospholipid metabolism was also
reported in patients with the neurodevelopmental disorder Rett syn-
drome . Specifically, decreased levels of Pls in the CSF, but not in the
plasma, were found in patients with Rett syndrome (Zandl-Lang et al.,
2022).

2.11. Plasmalogens replacement therapy as a useful approach to recover
the debilitating symptoms of ME/CFS and post-COVID-19 syndromes

As above-mentioned, compelling literature posits that depletion of
the content of Pls and derived molecular species represents a common
biological substrate between several metabolic and neurodegenerative
disorders (Paul et al., 2019b). There is also convergent literature
reporting Pls depletion as an underlying biological factor for both
COVID-19 and ME/CFS pathogenesis (Che et al., 2022; Pike et al., 2022;
Snider et al., 2021). Based on this, it is plausible that therapies centered
on the replacement of these lipid species could provide promising
therapeutic strategies for these disorders (Bozelli and Epand, 2021).
Based on this, a modern and innovative therapeutic approach that
started to emerge is membrane lipid replacement. A replacement ther-
apy is a pharmacological intervention aimed at restoring the levels of a
biological molecule that is deficient in some pathophysiological condi-
tions (Sultanov et al., 2022). PRT is a type of membrane lipid replace-
ment strategy that relies on the use of small molecules to increase Pls
biosynthesis or availability with the final goal of improving health
outcomes (Bozelli and Epand, 2021).

The first PRT attempt was through dietary supplementation of Pls
and their precursors, mainly, alkylglycerols (AG), intermediates of the
Pls biosynthesis pathway, found to be enriched in marine animals (e.g.,
shark liver, krill, mussels, sea squirt/urchin/cucumber, and scallops) as
well as in land animal meat (e.g., pork, beef, and chicken) (Iannitti and
Palmieri, 2010; Paul et al., 2021a; Pugliese et al., 1998). This strategy
offers several advantages, including convenient oral administration as
dietary intake, without reported toxicity in humans even at high doses.
Also, the AG from marine organisms have a lower omega-6/omega-3
fatty acid ratio than livestock ones, being proposed as a stable source
of omega-3 fatty acids (Deniau et al., 2010; Paul et al., 2021b; Zakr-
zewska et al., 2021). However, despite these advantages, the decreased
bioavailability and the enormous amount of raw material required to
reach therapeutical doses for clinical use make it impractical (Bozelli
and Epand, 2021).

Purified or synthetic compounds are also an attractive alternative to
implement PRT as they can be administered at a high dosage. Synthetic
AG of different chain lengths have been used, the most common ones
being 1-O-hexadecyl-sn-glycerol (HG, 16:0-AG), 1-O-octadecyl-sn-
glycerol (OG, 18:0-AG), and 1-O-octadecenyl-sn-glycerol (OeG, 18:1-
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AG) (Das and Hajra, 1988; Paltauf, 1972). In mammals, oral adminis-
tration of purified Pls shows an extensive breakdown in the intestinal
mucosal cells, while administration of AG leads to complete absorption
by the intestine without cleavage of the ether bond, likely because the
vinyl-ether bond in plasmalogens is more acid/oxidation labile than the
ether bond in AG. In the intestinal mucosal cells, the majority of AG is
metabolized into Pls (specifically pPE), while a small fraction is trans-
ported to the liver, where it is catabolized (lannitti and Palmieri, 2010).

More recently, another approach has been the use of synthetic ana-
logs of Pls in PRT, e.g., PPI-1011 (an alkyl-diacyl plasmalogen precursor
with DHA at the sn-2 position), PPI-1025 (an alkyl-diacyl precursor of
Pls with oleoyl at the sn-2 position), and PPI-1040 (a pPE analog with a
proprietary cyclic PE head-group) (Fallatah et al, 2019;
Miville-Godbout et al., 2017; Wood et al., 2011). They are bioavailable
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in rodents and lead to an increase in pPE levels in circulation. Also, some
of their metabolites can cross both the blood-retina and the BBB, cir-
cumventing a major problem of CNS penetrance with most previous PRT
strategies (Wood et al., 2011).

The most direct evidence of PRT benefits comes from animal models
of peroxisomal dysfunction. For instance, in the mouse models of rhi-
zomelic chondrodysplasia punctata type 1 (RCDP) induced by GNPAT
and Pex7 knockout, PRT using synthetic AGs, such as oleoyl glycerol
(0G), and novel Pls synthetic analogs, such as PPI-1040, were able to
replenish the depleted levels of pPE in several organs, tissues and fluids,
such as plasma, erythrocytes, liver, small intestine, skeletal muscle and
heart, as well as to alleviate the progression of neurodegenerative
changes, such as cognitive impairment and retina degeneration (Brites
et al., 2011; Fallatah et al., 2019; Malheiro et al., 2019). Based on this

Plasmalogen abnormalities in models of neuroinflammation and glia proinflammatory reactivity.

Authors Plasmalogen Intervention Plasmalogen Organism or Cell Model Disease Model Main Findings
Source
Gu et al. Intragastric administration of Pls in Ascidian Aged female C57BL/6 J mice Aging model Pls-fed intervention improved memory
(2022) water (300 mg/kg), once a day, 5 days (starting at 16 months of age) and cognition, alleviated age-

per week for 2 months.

Hossain Oral ingestion of Pls (0.1 pg/ml and Chicken breast

et al. 10 pg/ml) in normal drinking water. meat

Male C57BL/6 J mice (7
months old)

Male C57BL/6 J mice (10

BV2 microglial cell line and

associated hippocampal synaptic loss,
and promoted synaptogenesis and
synaptic vesicles formation. Pls
treatment also enhanced hippocampal
synaptic plasticity and neurogenesis
and normalized dystrophic microglia
and inflammatory cytokine expression.
Oral intake of Pls inhibited LPS-
mediated memory loss associated with
a reduction of glial reactivity and
accumulation of amyloid beta (Af)
proteins in the hippocampus.
Administration of Pls after daily LPS
injections attenuated LPS-mediated
glial reactivity and accumulation of Af
proteins. Co-administration of Pls also
suppressed the LPS-mediated reduction
of Pls in the prefrontal cortex and
hippocampus.

Pls inhibited nitric oxide production in
LPS-treated microglial cells lines.
Polyunsaturated DHA-Pls were more
effective than monounsaturated oleic
acid-Pls. Pls also blocked the activation
of nuclear factor kappa B (NF-kB), p38
mitogen-activated protein kinase
(MAPK) and c-Jun N-terminal kinase
(JNK) pathways.

Pls inhibit LPS-mediated Toll-like

Chronic LPS injection model

LPS injection model of
Alzheimer’s disease (AD)
pathology

LPS-challenged microglial
cell lines in vitro

LPS-challenged microglial

primary mouse microglial
cells; AD pathology mouse
model (APP/PS1/Tau) (18
months old); C57BL/6 J mice

BV2 cells; AD model Tg mice
(APP/PS1/Tau) (3 months
old); male C57BL/6 J mice;
human post-mortem AD brain

RAW264.7 macrophage-like

(2018) Water was replaced every two days
and continued for 3 months followed
by lipopolysaccharide (LPS) injection.

Ifuku Intraperitoneal injections of Pls Chicken breast
et al. (20 mg/kg) after daily LPS injections meat months old)
(2012) for 7 days.

Youssef Cells were treated with Pls (1 pg/ml) Scallop MG6 and BV2 mouse
et al. in fetal bovine serum (FBS) 2% microglial cell lines
(2019) Dulbecco’s Modified Eagle Medium

(DMEM) for 6 h followed by LPS
treatment (1 pg/ml).

Ali et al. Mice were subjected to Pls drinking Scallop
(2019) (0.1 pg/ml) for 15 months. BV2 cells

were treated with Pls (5 pg/ml) for 6 h
followed by LPS (1 pg/ml) for 3 and
6 h.
(2 and 18 months old)

Sejimo BV2 cells were pretreated with Pls Scallop
et al. (5 pg/ml) for 12 h. C57BL/6 J mice
(2018) were subjected to Pls drinking (1 pg/

ml) for 2 months and LPS was injected

daily for one week. 3 Tg mice were tissue
given Pls drinking (1 pg/ml) for 15

months before euthanasia.

Rubio RAW.108 cells incubated with lyso-Pls ~ Exogenous
etal., (10 pM) for 10 min before lyso- Pls cells and Pls-deficient
(2018) phagocytosis was analyzed. RAW.108 cells

cell lines in vitro; Aging and
AD pathology model

Neuroinflammation model
and AD pathology mice;
human post-mortem AD
brain tissue

Macrophage-like cells in
vitro

receptor (TLR)4 endocytosis and the
downstream caspases activation.
Knockdown of GNPAT enhanced TLR4
endocytosis and caspase-3 activation,
resulting in pro-inflammatory cytokine
expression. Endocytosis of TLR4 was
enhanced in the cortex of aged and AD
pathology mice, while Pls drinking in
AD pathology mice significantly
reduced TLR4 endocytosis.

Pls attenuated microglial expression of
LPS-mediated PKCS in
neuroinflammation and AD pathology
murine brain. Human post-mortem AD
brains had increased levels of PKC5. Pls
inhibited p38 MAPK and JNK protein
expression in microglia.

Pls-deficient cells had reduced capacity
to phagocytose opsonized zymosan
particles. Incubation with lyso-Pls
resulted in an increased phagocytic
ability.

Abbreviations: Af: amyloid beta; AD: Alzheimer’s disease; DMEM: Dulbecco’s Modified Eagle Medium; FBS: fetal bovine serum; JNK: c-Jun N-terminal kinase; MAPK:
mitogen-activated protein kinase; NF-kB: nuclear factor kappa B PKC3: protein kinase C-delta; Pls: plasmalogens; LPS: lipopolysaccharide; TLR4: Toll-like receptor 4.
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and additional clinical findings, in 2019 the Food and Drug Adminis-
tration granted PPI-1040 orphan drug designation for the treatment of
RCDP.

Further, considering a potential common pathophysiological basis
involving neuroglial dysfunction for both ME/CFS and the long-term
neuropsychiatric consequences of COVID-19, especially the PVFS,
there is compelling in vitro and in vivo evidence showing the ability of
PRT to protect neurons and glial cells against multiple injury models
(Farooqui and Horrocks, 2001a, 2001b, 2001c; Hossain et al., 2013). In
this context, it has been proposed that Pls halt neuroinflammation by
modulating microglial responses (Ifuku et al., 2012; Hossain et al., 2018;
Sejimo et al., 2018; Ali et al., 2019; Youssef et al., 2019 ). Of note,
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Hossain et al. (2017) demonstrated that several inflammatory stimuli,
including PAMPs such asLPS and polyinosinic:polycytidylic acid (poly I:
C), and the pro-inflammatory cytokine IL1f, reduced the content of Pls
in murine microglial cells and in cell lines by a mechanism dependent on
nuclear factor kappa B (NF-kB) activation-induced c-Myc gene sup-
pression of the Pls-synthesizing enzyme GNPAT. Similarly, in mice,
environmental contingencies associated with neuroinflammation, such
as systemic LPS injection, chronic restraint stress, and aging, also
induced the same profile of glial reactivity and suppression of Pls syn-
thesis in the hippocampus and frontal cortex (Hossain et al., 2017).
Interestingly, direct blockade of Pls synthesis by GNPAT knockdown in
the murine cortex also induced a similar pro-inflammatory microglial
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Fig. 3. Unifying bio-pathological model for post-COVID-19 syndromes and ME/CFS, and implications of chronic inflammation for plasmalogens levels. In
the left panel, we propose an unifying model to explain both the post-COVID-19 and ME/CFS onset and progression toward a chronic sustained illness with relapse
phases. Following an initial neuroimmune stressor, such as SARS-CoV-2 acute infection, a systemic inflammatory response is triggered, with the increased release of
pro-inflammatory cytokines, recruitment of peripheral macrophages and lymphocytes, and activation of neural afferents at the sites of inflammation. All these
mechanisms communicate with the central nervous system (CNS) via the circumventricular organs and through blood-brain-barrier (BBB) leakage induced by the
endothelial-vascular inflammation. These inflammatory stress signals are processed mainly in the stress center of the hypothalamus, the paraventricular nucleus
(PVN). The PVN activates other related brain areas, such as those of the limbic system, as well as feedbacks to the periphery via the hypothalamic—pituitary—adrenal
(HPA) axis. In this model, the initial neuroimmune events together with daily life stressors induce a state of chronic CNS inflammation and neuroglial dysfunction
(mainly affecting astrocytes and microglia) in the PVN and limbic system, which leads to a wide range of debilitating neurological symptoms, such as chronic fatigue,
“brain fog” and post-exertional malaise (PEM). The systemic physiology is also chronically affected through important altered cellular functions, such as mito-
chondrial energetic dysfunction, increased oxidative and nitrosative stress, and endothelial vascular failure (associated with chronic BBB impairment). In the right
panel, we summarize the current evidence that CNS inflammation induced by chronic stress as well as bacterial and viral PAMPs is able to induce the transcriptional
activation of nuclear factor kappa B (NF-kB), which promotes through a Myc-related mechanism the genomic suppression of the glyceronephosphate O-acyl-
transferase (GNPAT) enzyme involved in plasmalogens (Pls) biosynthesis. Also, the increased production of reactive oxygen species (ROS) and potential stimulation
of phospholipases, especially phospholipase A2 (PLA2), induced by pro-inflammatory cytokines, increased the cleavage of Pls. These two main mechanisms together
could contribute to the depletion of Pls observed in several CNS disorders, as well as in ME/CFS and acute COVID-19 patient samples. This illustration was generated
using Biorender (©BioRender). Abbreviations: BBB: blood-brain-barrier; CNS: central nervous system; COVID-19: Coronavirus disease 2019; GNPAT: glycer-
onephosphate O-acyltransferase; Pls: plasmalogens; ROS: reactive oxygen species; ME/CFS: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; NF-kB: nuclear
factor kappa B; PAMPs: pathogen associated molecular patterns; PVN: paraventricular nucleus; HPA: hypothalamic—pituitary—adrenal; PEM: post-exertional malaise;
PLA2: phospholipase A2.
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transformation and increased the expression of pro-inflammatory cyto-
kines (Hossain et al., 2017). Additionally, previous studies reported that
treatment with different Pls formulations (e.g., scallop, chicken skin and
ascidian derived) inhibited in vitro microglial pro-inflammatory reac-
tivity induced by LPS, and related pro-inflammatory signaling pathways,
such as NF-kB, JNK-p38 MAPK and TLR-4-induced caspase-3 activation
(Ali et al., 2019; Youssef et al., 2019). A similar protective effect was
found with Pls supplementation in a mouse model of systemic
LPS-induced neuroinflammation and Ap plaques accumulation (Hossain
et al., 2018; Ifuku et al., 2012; Sejimo et al., 2018) (for further details,
please see Table 2). Important evidence was recently added by Gu et al.
(2022) showing that 2 months of ascidian-derived Pls intragastric
administration to aged female C57BL/6J mice reversed the
aging-associated cognitive deficits, synaptic loss and promoted syn-
aptogenesis and neurogenesis in the hippocampus. Interestingly, these
findings were associated with the ability of Pls to reduce aging-induced
microglial reactivity and neuroinflammation (Gu et al., 2022). Taken
together, this evidence points to the key role of Pls depletion in medi-
ating neuroinflammation-induced behavioral and neuroglial pathology
including microglial dysfunction and its outcomes on synaptic loss. It
also highlights the promising application of PRT to mitigate the dele-
terious effects associated with aging, chronic stress, and systemic re-
sponses against microbial toxins. We summarize the main findings into a
unifying model of neuroglial dysfunction for ME/CFS and potentially
post-COVID-19 pathobiology with our current hypothesis of Pls defi-
ciency for the genesis of both conditions in Fig. 3.

Besides these prominent glia modulatory and anti-inflammatory
actions, complementary evidence also highlights the action of PRT in
additional neural functions in vitro and in vivo. For instance, in primary
neurons, chicken-derived pPE has anti-apoptotic properties by activa-
tion of PI3K/AKT and MAPK/ERK signaling pathways (Hossain et al.,
2013). Likewise, EPA-enriched pPE also showed anti-apoptotic proper-
ties against oxidative stress-induced damage in primary cultured hip-
pocampal neurons (Zhu et al., 2021). In a mouse model of AD pathology,
oral administration or intraperitoneal injection of purified pPE pro-
moted activation of the brain-derived neurotrophic factor/tropomyosin
receptor B/cAMP response element-binding protein
(BDNF/TrkB/CREB) signaling pathway and an inhibition of oxidative
stress (Che et al., 2020). In addition, in a rat model of AD pathology
induced by intracerebroventricular infusion of Ap, oral administration of
purified pPE led to an increase in plasma pPE levels, as well as improved
the reference and working memory-related learning abilities (Yamashita
et al., 2017). In a mouse model of PD pathology induced using 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine, oral administration of Pls syn-
thetic precursors further increased pPE levels in serum, displayed
neuroprotective and anti-inflammatory properties, reversed dopamine
and serotonin loss, and showed an anti-dyskinetic activity (Miville--
Godbout et al., 2016).

Despite the compellingbody of evidence indicating PRT benefits for
neurodegenerative disorders, few studies have investigated PRT out-
comes against the behavioral and cellular effects of chronic stress. In this
context, Trofimiuk and Braszko (2011) demonstrated that supplemen-
tation with cod liver oil, a rich source of EPA and DHA-containing Pls,
alleviates the negative impact of prolonged restraint stress (2 h/day, for
21 days) on spatial, working, and fear-related memory in male rats
(Trofimiuk and Braszko, 2011). This is in line with several previous
studies showing protective effects of omega-3 PUFAs supplementation
on behavioral consequences (cognitive impairment, anxiety- and
depression-like behavior) in animal models of chronic stress (Di Miceli
et al., 2022; Hennebelle et al., 2014; Zhu et al., 2021). However, until
now, few studies have directly investigated the potential of PRT stra-
tegies, particularly in treating stress-related disorders, such as mood and
anxiety disorders.

In humans, PRT has been investigated in subjects with peroxisomal,
neurodegenerative, and metabolic disorders. Two independent early
studies of PRT conducted in humans showed that oral administration of
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the Pls synthetic analog OG to individuals with peroxisomal disorders,
such as the RCDP, led to the restoration of erythrocyte pPE content and
clinical (growth, muscle/motor tone, general state of awareness, liver
function, and retinal pigmentation) improvement (Das et al., 1992;
Holmes et al., 1987). Oral administration of scallop-purified pPE to in-
dividuals with mild AD and mild cognitive impairment did not show a
significant difference from the control (placebo) group in primary (Mini
mental state examination-Japanese, MMSE-J) or secondary (Wechsler
Memory Scale-revised, WMS-R, Geriatric depression scale-short ver-
sion-Japanese, GDSSV-J, and plasma erythrocyte pPE levels) outcomes
(Fujino et al., 2017). However, in another study from the same research
group, oral administration of scallop-purified PE-Pls to individuals with
mild cognitive impairment, mild-to-severe AD, and PD led to significant
increases in plasma and erythrocyte PE-Pls levels as well as improved
cognitive performance (Fujino et al., 2020). Likewise, in subjects with
mild forgetfulness, sea-squirt-purified pPE showed improved cognitive
function as evaluated by visual and verbal memory scores (Fujino et al.,
2017). Individuals with PD treated with scallop-purified pPE displayed
increased pPE content in the plasma and erythrocyte membranes
(Mawatari et al., 2020). Improvement was also noted in PD clinical
symptoms (Mawatari et al., 2020). In individuals with metabolic syn-
drome and obesity, oral administration of shark liver oil-purified AG led
to increased levels of pPE in plasma and circulatory white blood cells, as
well as decreased the total cholesterol, triglycerides, and C-reactive
protein contents in the plasma ( Paul et al., 2021b).

In the context of ME/CFS and COVID-19 immunopathogenesis,
despite shared features of Pls depletion, neuroinflammation and lipid
metabolism dysfunction, PRT approaches were not yet tested in clinical
samples or animal models of these conditions. Also, considering the
putative pathophysiological interplay involving neuroglial dysfunction
and neuroinflammation between ME/CFS and the development and
progression of COVID-19-associated PVFS (Renz-Polster et al., 2022),
PRT could represent a valuable therapeutic tool against this emerging
health condition affecting millions worldwide.

3. Conclusions and perspectives

After the worldwide COVID-19 outbreak, the disease has proven to
be a serious and multifactorial problem for both acutely ill and recov-
ering patients. A significant number of post-COVID-19 patients experi-
ence debilitating symptoms, marked by fatigue, brain fog, and post-
exertional malaise, which has led to the recognition of a new patho-
logical entity generically named post-COVID-19 syndrome or PVFS
(Pavli et al., 2021; Tate et al., 2022). Importantly, many of the clinical
and pathological observations of this condition have overlap with those
described in ME/CFS (Sukocheva et al., 2022). While promising anti-
viral and immunization strategies were developed to prevent and treat
acute viral infection, they do not seem to significantly reduce the risk of
post-COVID symptoms (Notarte et al., 2022), and no available thera-
peutic strategies have proven to be effective against these debilitating
symptoms. This reflects the knowledge gap regarding the causes and
mechanisms of this post-COVID-19 condition. Recent advances in the
understanding of ME/CFS pathophysiology have led to the development
of the neuroglial failure hypothesis as central to explain ME/CFS path-
ophysiology. This hypothesis proposes that a glial dysfunction, mainly of
microglia and astrocytes, takes place in stress-responsive brain regions
due to the abnormal integration of central and peripheral responses to
neuroimmune stressors (Renz-Polster et al., 2022). In this context,
recent convergent evidence has postulated that samples from patients
with COVID-19 (Pike et al., 2022; Schwarz et al., 2021; Snider et al.,
2021) and ME/CFS (Che et al., 2022) are marked by the depletion
and/or altered metabolism of Pls. These Pls exert key physiological roles
required for maintaining health at the organism, system, as well as cell
and subcellular organelle levels. Also, Pls depletion has been proposed
as a causative factor for the neuroinflammation and abnormal neuroglial
reactivity involved in several neurodegenerative and neuropsychiatric
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conditions (Paul et al., 2019a; Tremblay et al., 2022). PRT has a
favorable safety profile and has shown promising benefits for neurode-
generative, metabolic and inflammatory conditions (Bozelli and Epand,
2021). Taken together, Pls are likely central in the mechanism of neu-
roinflammation and neuroglial dysfunction underlying chronic debili-
tating post-viral symptoms, including post-COVID-19 syndrome, while
their therapeutic replacement may be key in treating these disorders.
Furthermore, future pre-clinical and translational research will be
fundamental to identify the cellular and molecular mechanisms by
which specific Pls species modulate the function of neuroglial cell,
including microglia and astrocytes, across various contexts of health and
disease. Determining the beneficial outcomes of restored Pls levels,
notably through the administration of precursors, naturally derived and
synthetic analogs of Pls, in combination with other nutraceuticals such
as dietary antioxidants and multimodal lifestyle interventions (e.g.,
acting on stress resilience, thermoregulation, metabolism), is expected
to be critical for the prevention, management, and treatment of multi-
factorial diseases including ME/CFS and post-COVID-19 syndromes.
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