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Abstract

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) and Post-Acute Seque-
lae of SARS-CoV-2 infection (Long COVID) are complex multisystem disorders affecting
60–400 million individuals globally. They are considered post-infectious illnesses and share
similar biological mechanisms, including immune dysregulation, orthostatic intolerance
and cognitive dysfunction, highlighting a substantial overlap between the two conditions.
Persistent fatigue, sleep dysfunction, post-exertional malaise and brain fog are among some
of their most common and debilitating symptoms. Despite extensive research, they remain
incurable, with no effective treatments, or simple diagnostic tests. They are increasingly
understood as heterogeneous, multisystem diseases, involving neurological symptoms,
with varying severities and diverse underlying biological abnormalities. More recently,
the possibility of glymphatic dysfunction and autophagy impairment have been proposed
as parts of the mechanistic features of the pathophysiology of these conditions, which are
discussed more fully in the present perspective. With the glymphatic and meningeal lym-
phatic systems being operationally integrated, we will try to delineate how the metabolic
waste removal mechanism afforded by this system may work together with autophagy to
maintain brain homeostasis. We will provide some of the established mechanistic features
of toxicity of misfolded proteins, explore their role in causing glymphatic dysfunction and
impairing autophagy, and discuss the potential for therapeutic interventions.

Keywords: ME/CFS; Long COVID; fibromyalgia; pain; neuroimmune; neurological
disorders; misfolded proteins; glymphatic/meningeal lymphatic system; autophagy;
proteostasis

1. Introduction
ME/CFS and Long COVID share remarkably similar pathophysiology and symptom

profiles, including neurological and cognitive symptoms. About 50% of Long COVID
patients are generally believed to meet the diagnostic criteria for ME/CFS, with high de-
grees of overlap [1,2]. As an estimate, Long COVID and ME/CFS affect 60–400 million
individuals, globally [3]. Some of the shared mechanisms include persistent neuroim-
mune dysregulation, chronic inflammation, mitochondrial and metabolic dysfunction and
dysautonomia. Neurological and cognitive disturbances are reported in both conditions,
including neuroinflammation [4] and reduced cerebral blood flow [5,6]. There is currently
no known cure for ME/CFS or Long COVID, and finding effective treatments is difficult
for these complex heterogeneous diseases. Accordingly, a greater mechanistic insight into
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these conditions may potentially lead to more effective treatments and the likelihood of
finding a cure.

In the present perspective, we describe the potential significance of an intimate cooper-
ation between the glymphatic–meningeal lymphatic system and the autophagy–lysosomal
pathway for the removal of waste products in these two disorders toward maintaining
tissue homeostasis, particularly within the central nervous system (CNS). This is in contin-
uation of our interest related to the possibility of axonal damage (demyelination) occurring
in ME/CFS [7], also found to occur in COVID-19 [8], and a report describing formation of
prion-like amyloid aggregates from the degradation products of myelin basic protein [9].
More recently, we and others have pointed out the possible involvement of glymphatic
dysregulation and its potential significance in ME/CFS [10,11] and Long COVID [10–12],
which has previously been described to be a major contributory factor to neurological dis-
orders; in recent studies involving the use of MRI-based methods, neuroimaging evidence
suggests changes in glymphatic function among patients with ME/CFS [13] and Long
COVID [14–16].

The finding that ME/CFS serum samples display a greater protein aggregation
propensity [17], with amyloid fibrin microclots also occurring in ME/CFS and Long
COVID [18–20], is of special significance related to the present perspective. These mis-
folded proteins are of beta-sheet-rich amyloid nature [21] with structural and behavioral
features of prions [22]. Consequently, they may have the ability to induce misfolding of
neighboring proteins, further highlighting the potential importance of an impaired au-
tophagy in the pathophysiology of ME/CFS and Long COVID, already indicated by a
number of studies. Misfolded protein aggregates in the form of amyloid (peptide) struc-
tures derived from EBV proteins [23] and SARS-CoV-2 spike protein [24] have also been
reported. We present the argument that all these and similar findings should be closely
analyzed for a better understanding of the role of protein misfolding in causing toxicity and
make an attempt towards providing a mechanistic insight into the potential significance of
impairment/dysfunction of the removal mechanisms.

Autophagy impairment has also been described to play a critical role in the pathophys-
iology of a diverse number of conditions, including neurodegenerative [25], infectious [26],
and autoimmune [27] diseases. However, in most of these studies, some specific aspects of
general autophagy (macroautophagy) have been described without delineating the role
of specific types and the related mechanisms, which we believe are essential for a better
understanding of the molecular basis of the events. Accordingly, we will make an attempt
toward elucidating some of the functional aspects of the mechano-biochemical features of
the glymphatic–meningeal lymphatic and autophagy waste removal system in these condi-
tions and discuss how autophagy impairment may act as a critical bottleneck, by taking a
mechanistic approach. In doing so, we will include a discussion on the potential sources of
misfolded proteins and factors affecting their formation and propagation. Furthermore, we
will analyze some of the proposed dysfunctional aspects of different types of autophagy in
specific cell types, the consequences of misfolded protein accumulation in these cells, and
their potential roles in the pathophysiology of ME/CFS and Long COVID. We will also
point out the significance of these events related to the underlying biology of fibromyalgia,
with which they have important overlap [28,29], and then we will conclude with suggested
potential therapeutic interventions.

This perspective extends our earlier proposal that glymphatic dysfunction contributes
to ME/CFS [11]. We provide a detailed mechanistic insight of autophagy: rather than treat-
ing autophagy as one undifferentiated process, we distinguish among its specific subtypes
(e.g., mitophagy, lysophagy, aggrephagy, ER-phagy) and examine their dysfunction across
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specific CNS and immune cell types, using misfolded protein aggregation as the common
substrate with the ability to link glymphatic and autophagic waste clearance systems.

2. The Glymphatic–Meningeal Lymphatic System
The glymphatic system and the meningeal lymphatic vessels act as a continuous

collaborative axis for preserving brain health. This is achieved through the ability of the
glymphatic system in “pumping” cerebrospinal fluid through the brain parenchyma and
“pushing” the fluid waste into the subarachnoid space and the meningeal lymphatic vessels.
The waste material is then transported out of the CNS into the deep cervical lymph nodes,
thereby completing the mechanical part of this waste removal “pipeline” (Figure 1).

One of the important aspects of this waste removal mechanism is the “drainage”
capacity of the meningeal lymphatics and the fact that the glymphatic and meningeal
lymphatic systems are anatomically and functionally connected [30]. This interconnected
and comprehensive “glymphatic–meningeal lymphatic clearance pathway” serves as a key
communicator and a vital bridge between the brain and the body’s peripheral immune sys-
tem [31–33]. Impairment in any of the components within this pathway believed to occur in
neurological dysfunctions can result in accumulation of toxic waste products, such as mis-
folded protein aggregates, leading to cognitive decline and neuroinflammation [30,33,34].

Connected to the glymphatic–lymphatic system is the protein quality control mecha-
nism or proteostasis, the cellular balance of protein production, folding and degradation.
This connection is critical because it represents the brain’s waste removal pathway, pre-
venting the accumulation of misfolded proteins that could otherwise cause pathology, like
neurodegenerative diseases.

Figure 1. The anatomy of the brain parenchymal waste removal process. Neurons and astrocytes
release metabolic waste into the brain interstitial fluid. CSF entering along periarterial spaces
exchanges with this interstitial fluid (aided by astrocytic endfeet/aquaporin-4 water channels) [35]
and carries solutes into perivenous spaces, returning them to the subarachnoid space—the glymphatic
circuit shown by the dashed arrows. From the subarachnoid space, waste-laden fluid reaches venous
blood by two parallel routes: directly, via arachnoid granulations emptying into the superior sagittal
sinus [36–38], or via arachnoid cuff exits (ACE) surrounding bridging veins [39], which feed the
dural meningeal lymphatic vessels [40,41]. Fluid draining via meningeal lymphatics reaches the deep
cervical lymph nodes, then converges into the jugular lymphatic trunk, passes through the terminal
lymphatic ducts (thoracic duct/right lymphatic duct), and empties into systemic venous blood at the
jugulosubclavian junction. Both routes—direct arachnoid granulation absorption and the meningeal
lymphatic/cervical node pathway—ultimately converge on the venous system as the final common
destination for waste removed from the brain.
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3. Proteostasis and Autophagy
Cellular protein homeostasis, or proteostasis, is a dynamic biological process that

regulates the production, folding and degradation of proteins within a cell. It ensures the
body’s proteome is kept functional by preventing the buildup of toxic, misfolded protein
aggregates. Accordingly, it plays a pivotal role in preserving cellular health, and any
disruption in this highly regulated process may lead to various protein misfolding diseases.

Cellular protein quality control is an intricate network that maintains proteostasis
by folding, refolding, or destroying damaged proteins. It relies on three primary, inter-
connected pillars: molecular chaperones, the ubiquitin–proteasome system (UPS), and
autophagy [42–44]. These three systems operate in a highly cooperative and synchronized
manner to prevent the accumulation of toxic protein aggregates and the related pathologies,
commonly described as proteinopathies [45]. UPS and autophagy are the two main prote-
olytic systems, sharing the commonality of utilizing ubiquitin tagging to target misfolded,
damaged or superfluous proteins/organelles for degradation. While UPS degrades mostly
smaller, soluble short-lived proteins, the autophagy–lysosomal pathway is responsible for
clearing larger, insoluble long-lived aggregated proteins and organelles. When compro-
mised, they fail to prevent protein aggregation, and may exacerbate the process, becoming
actively detrimental rather than protective to the cells. Accordingly, these two highly
regulated pathways not only maintain protein homeostasis, but also act as mediators and
regulators of apoptosis and necrosis. Disruption of proteostasis is now recognized as a
unifying pathological feature of neurodegenerative disorders, cancer, cardiovascular and
metabolic diseases, and autoimmune conditions [46].

Autophagy is a highly conserved cellular “self-eating” catalytic process that safe-
guards proteostasis. It involves the formation of a double-membrane organelle called
autophagosome, and functions as a vital intracellular degradation system for waste clear-
ance in brain cells [47,48]. At only 2% of total body weight, the brain is a highly metabolic
organ, consuming roughly 20% of the body’s total energy. This, together with the fact that
neurons cannot divide, makes them heavily reliant on autophagy to clear damaged mito-
chondria and misfolded proteins for the prevention of neurological problems. Accordingly,
any impairment in autophagy is potentially relevant to the neurological aspects of ME/CFS
and Long COVID.

The term autophagy was coined by the Belgian biochemist Christian de Duve in 1963,
who discovered that lysosomes have the capacity to destroy their own contents using lyso-
somal enzymes [49]. It was later established that autophagy participates in the breaking
down and removal of waste material in the brain by degrading protein aggregates and
damaged organelles [47,48]. Lysosomes contain about 50 hydrolytic enzymes, capable of
breaking down proteins, lipids, polynucleotides and carbohydrates. The acidic environ-
ment in lysosomes is maintained within a narrow pH range of 4.5–5 and plays an important
role as a site of intracellular digestion. It is critical that the acidic pH is maintained since
the hydrolases are inactive at greater pH values, resulting in the accumulation of protein
aggregates and pathology.

The glymphatic–meningeal lymphatic system and autophagy appear to operate as
a cooperative waste clearance network, both exhibiting circadian rhythm in the brain.
Autophagy is also activated by fasting; because sleep often coincides with fasting, it is the
optimal time for this recycling process to occur (Figure 2).

While the fluid-based glymphatic–meningeal lymphatic system flushes the metabolic
waste from the extracellular spaces surrounding the brain cells and out of the central
nervous system, autophagy provides the complementary and final intracellular waste
removal mechanism by breaking down and recycling the damaged cellular “trash” within
cells. In this mechanism, lysosomes act as terminal organelles, responsible for degrading
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the materials delivered to them. Accordingly, the impairment of autophagy may potentially
cause glymphatic dysfunction (GD), possibly as a result of the clogging of the perivascular
spaces in the brain by damaged organelles and protein aggregates. Furthermore, autophagy
impairment may cause astrocytes to become overloaded with these structures which has
been described to play a role in the mislocalization (“depolarization”) of AQP4 water
channels on astrocyte endfeet [50], with the possibility of restricting fluid transport by
acting as a critical bottleneck, and inducing glymphatic failure.

Figure 2. Putative relationship between autophagy, circadian clocks and sleep. While high-quality
sleep can lead to efficient removal of aggregates, any sleep disturbances can significantly influence
autophagy and cause glymphatic–meningeal lymphatic dysfunction (GMLD).

During autophagy, autophagosome, a hallmark of autophagy, engulfs different pro-
tein aggregates, organelles and pathogens and then fuses with a lysosome to form an
autolysosome. Inside, the hydrolytic lysosomal enzymes, such as cathepsins, break down
the trapped cargo into basic reusable units. Accordingly, autophagy impairment is inti-
mately connected to, and often caused by, the dysfunction of lysosomes. Any failure in the
breaking down of damaged or misfolded proteins may lead to the accumulation of toxic
protein aggregates, causing neurodegeneration or other pathologies, including cancer.

4. Autophagy, Circadian Rhythm and Sleep Dysfunction
Autophagy is a circadian process, and is generally more active during sleep when

metabolic activities slow down in the course of the overnight fasting period in the brain,
allowing cells to degrade damaged components and adjust to the different availability of
energy supply. It can affect circadian rhythm both in normal and abnormal conditions in
the brain and periphery [51], by degrading the circadian proteins. Accordingly, autophagy
is regulated by sleep in a daily sleep–wake cycle (Figure 2).

Circadian clock proteins (e.g., BMAL1) regulate the expression of key autophagy genes
to coordinate this cellular cleaning cycle with daily light/dark cycles [52]. Lack of sleep
impairs sleep-driven autophagy, leading to a buildup of metabolic wastes such as amyloid
aggregates (Figure 2). Unrefreshing sleep is a key hallmark of ME/CFS [53,54] and Long
COVID [55,56], with a relationship that is likely bidirectional rather than unidirectional.
While impaired autophagy and glymphatic clearance may contribute to poor sleep quality,
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sleep disturbances in ME/CFS and Long COVID may arise secondary to inflammation,
autonomic dysfunction, metabolic abnormalities, or other disease processes, which could
in turn further impair autophagy and glymphatic function (Figure 2).

During sleep, the glymphatic system is known to clear CNS metabolite wastes and
other harmful substances that accumulate throughout daily brain activity [57], with astro-
cytes playing a major role [58]. The glymphatic system is primarily active during delta slow
wave, non-rapid eye movement (NREM) sleep [57], when ME/CFS and Long COVID pa-
tients have greater sleep instability [59–62]. It is believed that autophagosomes accumulate
during the day and are cleared at night [63], suggesting the close connection between au-
tophagy and the glymphatic mechanism in the waste removal process. More interestingly,
some studies suggest BMAL1 may influence autophagy and endolysosomal system in
astrocytes, thereby playing an important role in astrocyte proteostasis and brain health [52].

5. Autophagy, Fatigue, Post-Exertional Malaise (PEM) and Pain
In a recent study related to the pathophysiology of ME/CFS, correlations between

impairment of autophagy and some of the key symptoms, including fatigue and PEM,
have been described [64]. This is in accordance with an earlier study suggesting dysfunc-
tional autophagy in this condition, with greater protein aggregation propensities in patient
serum samples [17], in line with amyloid microclot formation, which have been reported
for ME/CFS [18] and Long COVID [65]. The contribution of dysfunctional autophagy
in promoting fatigue and PEM may be related to the induction of (neuro)inflammation,
involved in various neurological diseases, including ME/CFS [66–68]. While several un-
derlying mechanisms are suggested regarding the role of neuroinflammation in promoting
fatigue, the dysregulation of neurotransmitter production and signaling, disturbance of
sleep, induction of oxidative stress, and mitochondrial dysfunction have been suggested as
some of the main mechanisms (Figure 3).

Figure 3. Proposed mechanisms by which neuroinflammation, mediated by autophagy impair-
ment, may cause fatigue and PEM in ME/CFS and Long COVID; GMLD, glymphatic–meningeal
lymphatic dysfunction.

The lysosomal degradation pathway has been shown to involve the participation of
molecular chaperones which have the capacity to assist protein folding, prevent aggregation,
refold misfolded proteins, and aid in protein transport and degradation [69]. Chaperone-
mediated autophagy is believed to rely entirely on these proteins to identify aggregates and
shuttle them to lysosomes for destruction, thereby maintaining proteostasis. It has been
suggested that ME/CFS patients may display a defective molecular chaperone response to
strenuous exercise [70].

Molecular chaperones can be classified into two broad categories: ATP-dependent
and ATP-independent [71]. For protein folding processes requiring the ATP-dependent
chaperones, such as HSP 70 and HSP 90, ATP depletion can cause significant protein
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misfolding and aggregation. Accordingly, impaired mitochondrial synthesis of ATP in
ME/CFS and Long COVID [72,73] can play an important role in this process.

Pain is a prominent symptom of ME/CFS, Long COVID and fibromyalgia [74–77].
Autophagy plays a critical role in modulating chronic and neuropathic pain [78,79] by
reducing inflammation and clearing damaged nerve components. As discussed above,
protein aggregate accumulation may cause autophagy impairment, GMLD and neuroin-
flammation (Figure 3), with the third cause being strongly related to the pathophysiology
of neuropathic pain [80,81], chronic pain [82,83] and fibromyalgia [84,85].

6. Sources of Misfolded Proteins
Proteins are the most abundant biological macromolecules, making up over 50% of

a cell’s dry mass and responsible for executing nearly all cellular tasks and vital func-
tions. Linear polypeptide chains emerge from the ribosome and spontaneously undergo
co-translational folding into functional three-dimensional structures, determined by their
amino acid sequence. They ultimately take up a final structure which is more thermodynam-
ically stable than the previously formed intermediate structures. Some of the intermediate
structures can go through misfolding followed by formation of toxic aggregates, resulting
in different pathologies, including neurodegeneration. Misfolded proteins may originate
from several internal and external sources, including genetic mutations, cellular stress,
environmental toxins, and infectious transmission. When these abnormal proteins evade
the body’s quality control systems, they can accumulate and cause toxicity. There are
a number of sources from where misfolded proteins may originate, some of which are
indicated below (Figure 4).

Figure 4. Some of the main sources of protein aggregate formation. The accumulation of protein ag-
gregates can impair the normal function of both autophagy and the glymphatic–meningeal lymphatic
system, leading to neuroinflammation.

6.1. Protein Aggregates from Intermediate Structures

The in vivo process of protein folding occurs during or after biosynthesis on ribosomes,
with the polypeptides remaining unstructured during elongation, before taking up a native
structure. Among these are the “molten-globular” forms, which arrange into native-like
structures after emerging from the ribosome, with the tendency to aggregate [86]. It has
been shown that the chemical modification and limited proteolysis of proteins may also
cause formation of these or similar intermediate structures. Some of these structures have
been identified to occur during the course of the amyloid fibrillization process, with specific
significance related to neurodegenerative diseases [87].

Molten globule intermediate states have also been identified to occur from protein
components of SARS-CoV-2 [88], and Epstein–Barr virus (EBV) [89], two neurotropic
viruses implicated in the pathogenesis of Long COVID and ME/CFS [90].
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6.2. Cell Debris

These are non-functional waste material left behind when cells rupture, die or degrade,
and can be a source of misfolded protein aggregates. Cell debris in the brain has been
described to include dead neurons, broken cell membranes and accumulated proteins, with
microglia having a critical role in their clearance, involving autophagy [91]. Microglia
activation, which can be triggered by misfolded proteins, is recognized as a primary cause
of neuroinflammatory symptoms in ME/CFS [66] and Long COVID [92].

6.3. Senescent Cells

Senescent cells are damaged, growth-arrested cells that accumulate in tissue with age
and are major sources of protein aggregates. Neurons, microglia, astrocytes and blood–
brain barrier (BBB) endothelial cells are some of the senescent cell types in the brain. These
are believed to be involved in the pathogenesis of Alzheimer’s disease, with senescence
being induced by misfolded protein aggregates, resulting in neuroinflammation [93]. Fur-
thermore, it has been suggested that addressing proteostasis disruption and senescence
may offer the potential for Alzheimer’s disease treatment [93]. And by extension, we argue
that these processes may play a role in ME/CFS and Long COVID.

6.4. Intracellular Pathogens

In ME/CFS, intracellular pathogens, such as EBV and Coxiella burnetii, may induce
endoplasmic reticulum (ER) stress and disrupt cellular protein folding [94]. Subsequently,
ER stress can lead to the overexpression and misfolding of host proteins, such as WASF3,
that can ultimately impair mitochondrial energy production and cause exercise intoler-
ance [95]. As for Long COVID, the production of prion-like protein aggregates has been
described [96]. Also, the incubation of SARS-CoV-2 with human cerebrospinal fluid has
been shown to induce amyloid aggregation of a number of proteins known to be involved
in neurodegenerative diseases [97].

6.5. Gut Microbiome

The gut microbiota is a source of significant amyloid protein aggregates [98]. Dysbiosis
in ME/CFS [99] and Long COVID [100] often leads to “leaky gut,” allowing bacterial amy-
loids and toxins into the bloodstream. It has been shown that exposure to amyloid proteins
in the gut may cause priming of the immune system, eventually leading to the production
of neuronal amyloid structures in the brain [101]. Additionally, misfolded proteins in the
digestive tract can travel to the brain via the gut–brain axis, a bidirectional communication
system between the brain and the digestive system. This is believed to involve the vagus
nerve, with gut-derived misfolded protein aggregates causing pathology [102].

6.6. Axonal Damage/Demyelination

Demyelination has been reported for ME/CFS [7], and Long COVID [8,103], and the
formation of protein aggregates in the brain and spinal fluid has been documented upon
myelin basic protein damage [104]. This can potentially occur upon proteolytic digestion,
involving catalytic autoantibodies [7]. More recently, such products have been described as
prion-like misfolded protein aggregates with the capacity to cause neuronal damage [9], in
line with the previous description of the neurodegenerative nature of this disease [105].

A number of studies have reported autophagy can enhance remyelination, and pro-
mote nerve regeneration, providing potential therapeutic approaches for the management
of multiple sclerosis [106]. Moreover, autophagy modulation has provided potential thera-
peutic interventions for demyelination.
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6.7. Oxidative Stress, Lipid Peroxidation and Protein Modification

Oxidative stress, a shared characteristic feature of ME/CFS and Long COVID [107],
and lipid peroxidation occurring as the result, has been described to cause protein mis-
folding and aggregation [108,109]. Accordingly, lipid peroxidation is a common feature of
neurodegenerative diseases [110], with its products occurring in the brains of both Parkin-
son’s and Alzheimer’s disease patients [111]. Also, oxidative stress can promote protein
aggregation by their chemical modification [112]. In addition to membrane lipids, proteins
may be a major target of oxidative modifications. Reactive species and their secondary
products, including lipid peroxidation products, can oxidize proteins, leading to numerous
types of protein post-translational modifications.

6.8. Fibrinogen-Resistant Microclots

Healthy endothelial cells normally help dissolve clots by secreting tissue-type
plasminogen activator (tPA). During the endothelial dysfunction known to occur in
ME/CFS [113] and Long COVID [114], they instead release an excess of plasminogen
activator inhibitor-1, which has the ability to prevent blood clots from dissolving. Further-
more, it is believed that oxidative stress, a hallmark characteristic of ME/CFS and Long
COVID [107], causes post-translational modifications (PTMs) that structurally alter fibrino-
gen. As the result of these events, instead of forming a normal, easily degraded fibrin mesh,
the fibrinogen misfolds into amyloid-like, “fibrinaloid” microclot structures as reported
for ME/CFS [18] and Long COVID [65], which are highly resistant to routine proteolytic
breakdown. Some recent studies have suggested that these protein aggregates may cause
the blockage of capillaries, which could potentially contribute to the reduced cerebral blood
flow known to occur in ME/CFS [115], and Long COVID [116]. Autophagy is believed to
be essential for maintaining vascular health and its role in endothelial function has been
extensively documented (e.g., see [117]).

6.9. Metabolic Dysregulation

Metabolic dysregulation has been abundantly reported for ME/CFS and Long
COVID [118], and its role in causing protein misfolding and aggregation in neurolog-
ical diseases has been documented [119]. The dysregulation of metabolic processes is
believed to cause protein aggregation through several mechanisms (Figure 5).

Figure 5. Some of the proposed mechanisms by which metabolic dysregulation may lead to protein
proteostasis disruption in ME/CFS and Long COVID. This can promote the accumulation of protein
aggregates and thereby cause a vicious cycle of autophagy impairment in these conditions. AGEs,
advanced glycation end products.
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For example, metabolic dysregulation can lead to decreased production of energy
which is essential for the synthesis and proper folding of proteins in the ER. Moreover,
metabolic dysregulation increases reactive oxygen species (ROS) production which can
oxidatively modify proteins and thereby promotes protein misfolding and aggregation. Un-
der conditions in which metabolic processes are dysregulated, the formation of advanced
glycation end products (AGEs) can be increased, further exacerbating protein misfold-
ing. Any disruption in the proteostasis network can affect the normal function of the
endoplasmic reticulum, thereby leading to abnormal protein aggregation.

7. Types of Autophagy
After elucidating the main mechanistic features of starvation-induced, non-selective

autophagy, commonly referred to as “bulk autophagy”, more recent focus has been directed
toward exploring the roles of selective autophagy related to the degradation of specific
targets. All different types of autophagy involve the formation of double-membraned
vesicles, named autophagosomes, manipulated by proteins encoded by autophagy-related
genes (ARGs) [120], more than 40 of which have been identified related to autophagosome
formation. For the maintenance of cellular homeostasis, it is crucial that specific, harmful
components are recognized and removed without the degradation of useful structures.
Accordingly, this is a highly regulated process [121].

The following types of selective autophagy have been shown to continuously occur
in the body to maintain cellular health. For most diseases, including ME/CFS and Long
COVID, they are usually discussed under the general umbrella of “autophagy”, often
without mentioning the specific types. Since all types of selective autophagy share much
of the fundamental machinery, it is believed that a defect in the pathway can disrupt the
cell’s ability to clear a wide variety of specific targets. Below, we discuss the different
types of selective autophagy, which have been reported to be involved in the molecular
pathophysiology of ME/CFS and Long COVID (Figure 6).

Figure 6. Proposed mechanisms by which autophagy impairment may cause GMLD in ME/CFS and
Long COVID. GMLD, glymphatic–meningeal lymphatic dysfunction.

7.1. Aggrephagy

Misfolded proteins are prone to aggregation owing to the presence of unstructured
regions. Aggrephagy is the process by which cells selectively target, encapsulate, and
break down toxic or misfolded protein aggregates (aggresomes) through autophagy [122].
Accordingly, aggrephagy acts as a vital cellular quality control system, clearing out intra-
cellular debris that would otherwise disrupt normal function and lead to pathology (e.g.,
ref. [123]). Misfolded protein aggregates consisting of amyloid fibrin(-ogen) have been
observed in ME/CFS and Long COVID [18–20], and ME/CFS serum samples have been
described to display “a greater aggregation propensity” [17]. This further suggests the
occurrence of an impaired aggrephagy, and that misfolded protein aggregates may play an
important role in their pathophysiology.
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7.2. Mitophagy

Mitophagy is a specialized form of autophagy that maintains mitochondrial func-
tional integrity and cellular homeostasis by specifically removing dysfunctional mitochon-
dria [124]. It is a critical process in ME/CFS and Long COVID, where mitochondrial
dysfunction is believed to occur [72,125].

Defects in the respiratory chain complex proteins can result in energy insufficiency
and the accumulation of reactive oxygen species reported in these conditions [107].
Therefore, in order to prevent accumulation of impaired mitochondria, they must be
selectively degraded.

Mitophagy and the glymphatic system are both believed to be critical for maintain-
ing brain health [126], processes which can be impaired in neurological diseases like
Alzheimer’s and Parkinson’s, leading to the accumulation of harmful protein aggregates
and brain damage.

7.3. ER-Associated Autophagy: ER-Phagy

This is a specific pathway that traffics misfolded proteins directly from the endo-
plasmic reticulum (ER) to lysosomes [127]. It is responsible for maintaining ER health,
quality control, and function, especially during stress, like a buildup of misfolded protein
or starvation, by removing damaged ER parts. This process is crucial for cellular home-
ostasis, responding to ER stress, which is believed to be a primary driver of autophagy
failure. Furthermore, it has been reported that ER stress upregulates the WASF3 protein
(Wiskott–Aldrich Syndrome Protein Family Member 3), which subsequently disrupts nor-
mal mitochondrial respiration and triggers cellular exhaustion, in ME/CFS and Long
COVID [95,128].

7.4. Xenophagy

Xenophagy is an evolutionarily conserved immune mechanism responsible for the
elimination of intracellular pathogens, thereby defending against bacteria, viruses (vi-
rophagy) and parasites, invading inside the host cells [129]. It not only removes pathogens
but also contributes to innate and adaptive immunity by facilitating the presentation of
antigens to immune cells. Virophagy [130] is of special significance for ME/CFS and
Long COVID as post-infectious diseases and has been described to play a special role in
controlling SARS-CoV-2 infection [131].

7.5. Pexophagy

Peroxisomes are highly metabolic organelles that both generate and scavenge reac-
tive oxygen species. Consequently, cells must maintain peroxisome homeostasis which
is achieved by this special type of autophagy [132] to remove damaged peroxisomes and
maintain cellular health. Accordingly, this selective autophagy impairment may lead to
the accumulation of malfunctioning peroxisomes and pathology, including neurological
diseases. Moreover, oxidative stress which has been shown to be caused by malfunc-
tioning peroxisomes is an important part of the pathophysiology of ME/CFS and Long
COVID [107].

7.6. Ferritinophagy

Ferritinophagy is a selective type of autophagy in which cells degrade ferritin—the
primary iron-storage protein—to recycle iron and maintain intracellular iron homeosta-
sis [133]. It causes the release of ferrous ions (Fe2+) into the cytosol, thereby fulfilling
the cell’s metabolic needs for this ion. Accordingly, higher-than-normal levels of serum
ferritin (hyperferritinemia) can indicate autophagy impairment, leading to cellular iron
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deficiency. The role of ferritinophagy in a number of pathologies, including cardiovascular,
autoimmune and neurological diseases, has been investigated [134]. Elevated ferritin is
increasingly recognized as a key biomarker in some ME/CFS patients, particularly for those
with post-infectious onset like Long COVID [135,136]. A recent animal-model study found
that pseudorabies virus, an alphaherpesvirus used to model viral encephalitis, triggers
ferritinophagy-mediated ferroptosis and neuroinflammation [137]; whether this mecha-
nism extends to the viruses implicated in ME/CFS and Long COVID has not yet been
tested, though it may be mechanistically relevant to their pathophysiology [66,138,139].

7.7. Lipophagy

Lysosomes break down and recycle intracellular lipid droplets through a process called
lipophagy. It is a critical mechanism for maintaining cellular energy balance, recycling
lipids, and preventing lipotoxicity. Lipid droplets are organelles that serve as lipid reser-
voirs in many cell types, and the accumulation of lipids in cells often indicates this type of
autophagy impairment [140], which has been investigated related to various pathologies,
including neurological dysfunctions. The accumulation of lipid droplets in cells has been
reported to occur in ME/CFS [141], and COVID-19 [142].

7.8. Glycophagy

Glycogen, a multibranched polysaccharide comprised of glucose, is a major form
of energy storage in muscle and liver cells, and its regulation plays a crucial role in en-
ergy metabolism, which can be of importance related to ME/CFS and Long COVID. The
breaking down of glycogen to glucose, termed glycogenolysis, is mediated by glycogen
phosphorylase. Additionally, cells can break down glycogen through autophagic degrada-
tion, a process termed glycophagy [143]. This form of autophagy has been investigated for
various pathologies, and as a potential therapeutic target [144]. Brain glycogen is stored
mainly or exclusively in astrocytes, depending on the situation, in which glycophagy has
been shown to play an important role [145].

8. Autophagy in Specific Cell Types and Its Significance
Cells maintain health by clearing out damaged organelles, misfolded proteins and

pathogens, and may use autophagy as a major intracellular degradation system. Accord-
ingly, the accumulation of misfolded protein aggregates is believed to be a direct cause
of pathology in numerous cell types across a wide range of human diseases. Below, we
discuss how autophagy may play a role in maintaining cell homeostasis in neurons and
four other cell types in ME/CFS and Long COVID (Figure 7):

Figure 7. Neuronal cell toxicity induced by protein aggregates. Accumulation of protein aggregates
mediated by autophagy impairment can damage various cell types, leading to neuroinflammation.
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8.1. Neurons

Since neurons are post-mitotic (terminally differentiated) and exit the cell cycle, they
cannot divide to dilute out toxic metabolic wastes across daughter cells, a mechanism
frequently used by proliferating cell types. Accordingly, they are uniquely sensitive to toxic
protein accumulation and are believed to be heavily dependent on continuous proteostasis,
including autophagy [146]. Moreover, neurons are highly polarized, consisting of complex
networks of dendrites and long axons, with lysosomes being most abundant in their cell
bodies. This means protein aggregates must be transported long distances for efficient
degradation, again providing the opportunities for causing toxicity. Neuroinflammation
occurring as a result is believed to contribute to the pathophysiology of ME/CFS and Long
COVID [66,138,139]. Also, by damaging neurons in the central and peripheral nervous
system, misfolded proteins can cause chronic and neuropathic pain, as discussed related to
ME/CFS, Long COVID and fibromyalgia in Section 5, above.

8.2. Astrocytes

Astrocytes play a critical role in the glymphatic function. They are prone to mis-
folded protein accumulation, and consequently dysfunctional lysosomes in these glial
cells may contribute to neuronal death [147]. It has been reported that autophagy in astro-
cytes provides a crucial cellular clearance and recycling mechanism for maintaining brain
homeostasis [148].

Astrocytes are believed to actively contribute to the removal of extracellular protein
aggregates in the brain and have been considered as potential therapeutic targets [149].
Defective autophagy in these glial cells may lead to the accumulation of protein aggregates,
clogging the brain’s perivascular spaces, and affecting the glymphatic system [11].

The role of astrocytes in dealing with pathological prion-like protein aggregates in
neurodegeneration (proteinopathies) has also been described [150], and the circadian
clock protein BMAL1 has been reported to influence autophagy in these cells [52]. This
corresponds to the circadian nature of autophagy and glymphatic system, with potential
significance in sleep dysfunction in ME/CFS [60] and Long COVID [151]. Also, astrocyte
dysfunction by misfolded proteins can drive chronic and neuropathic pain [152,153].

8.3. Microglia

Microglia are prone to misfolded protein accumulation [154] and have the ability to
transport them to neighboring neurons and other glial cells, with autophagy believed to
be involved in their clearance. Accordingly, enhancing this process has been suggested to
provide a promising therapeutic strategy in neurological diseases, including Alzheimer’s
disease. More specifically, autophagy has been shown to enable microglia to be neuropro-
tective by removing amyloid β protein (Aβ), a major component of extracellular plaques
found in Alzeimer’s disease, thereby preventing microglia senescence [155].

A number of studies have reported neuroinflammation occurring in ME/CFS [66,138]
and Long COVID [139], with the involvement of microglia activation [138], which can be
caused by misfolded protein aggregates such as Aβ in these cells. Moreover, the clearance
of these structures is afforded by the glymphatic system [156], the dysfunction of which is
also connected to neuroinflammation [157]. Microglia activation results in the release of pro-
inflammatory cytokines, such as IL-1β and TNF-α, that disrupt and damage surrounding
neurons and is believed to play a major role in the pathophysiology of fibromyalgia [84,158].

8.4. T Cells

A toxic buildup of misfolded proteins may cause “T cell exhaustion” [159], widely
recognized as an important feature of ME/CFS and Long COVID [160,161]. However,
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the role of misfolded proteins in causing T cell exhaustion in these diseases has not been
described. This is a state of immune dysfunction where T cells—particularly CD8+ “killer”
T cells—lose their ability to function effectively. Autophagy is believed to be a crucial
contributor to T cell survival, metabolism, and functional longevity. It is a major contributor
to maintaining T cell homeostasis and is believed to help prevent exhaustion by removing
damaged organelles and toxic metabolic by-products. When autophagy is inhibited (e.g.,
in high lipid environments), T cells show reduced proliferation and defective cytokine
production, characteristic of an exhausted state [162].

8.5. Neutrophils

Neutrophils are the most abundant type of white blood cells and are regarded as
the first line of defense in the innate immune system, performing a range of immune
functions, including phagocytosis and autophagy [163] to target, capture, and digest
invading pathogens. It has been shown that misfolded protein aggregates can cause
apoptosis [164], reported to be increased in ME/CFS [165].

9. Factors Enhancing Protein Misfolding and Aggregation
Some of the factors that can induce protein misfolding and aggregation are listed below:

9.1. Lipopolysaccharides

Lipopolysaccharides (LPS) and some other bacterial endotoxins are implicated in the
pathogenesis of ME/CFS [166], and Long COVID [167]. They are anionic amphipathic
(amphiphilic) polymers that interact with proteins, induce misfolding and accelerate the
aggregation process [168]. This is the consequence of compromised intestinal barrier in
these diseases pointed out above, allowing bacteria to leak into the bloodstream. Also, LPS
can break down the blood–brain barrier, thereby entering the brain parenchyma, where
it may facilitate the accumulation of amyloid plaques and other misfolded protein aggre-
gates [169]. These structures can cause neuroinflammation, which have been described
for ME/CFS and Long COVID [66]. Also, LPS by itself, may directly cause autophagy
impairment [170].

9.2. Cross-Seeding Involving Other Protein Aggregates

Aggregated proteins have been shown to behave as templates that induce misfolding
of other proteins, a process known as templated conformational conversion or “seeding”.
When protein aggregates come into contact with a correctly folded protein, they can force
such proteins to unfold and these newly misfolded proteins may then join a growing
aggregate and accelerate (“catalyze”) the formation and spreading of other misfolded
proteins throughout the cell or tissue [171]. This is frequently described as a “prion-like”
mechanism which is the underlying cause of several neurodegenerative diseases [172].

9.3. Seeding Involving Surface-Assisted Catalysis by Viruses

Neurotropic viruses, such as EBV, cytomegalovirus (CMV) and the SARS-CoV-2 virus
are believed to be linked to neurodegenerative diseases by acting as catalytic surfaces
that can convert soluble proteins into amyloid aggregates. This has been described as a
surface-assisted cross-seeding mechanism for these viruses, including EBV [173] and SARS-
CoV-2 [174–176], suggesting possible long-term complications. Also, some components
derived from these and other neurotropic viruses, may catalyze formation of large protein
aggregates from aggregation-prone proteins (e.g., α-synuclein, tau, and TDP-43 [177]) in
the brain [23], and cerebrospinal fluid [97].
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10. “Infectivity”
The concept that a protein can be “infectious” was first demonstrated by Stanley

Prusiner, when he, together with his co-workers, purified the prion protein responsi-
ble for scrapie [178]. Later, in 1997, he was awarded the Nobel Prize in Physiology or
Medicine [179]. Since this discovery, the infectious nature of prions—their ability to cause
the misfolding of neighboring proteins with native structures—has been extensively doc-
umented as a novel biological principle of infection [180]. Accordingly, it is now well-
established that prions are completely devoid of nucleic acids and represent a unique class
of infectious agents. By acting as self-propagating templates (seeds), they can cause the
misfolding of other proteins, resulting in neurodegenerative diseases [181]. Accordingly,
this unique templated autocatalytic process, usually referred to as “prion-like”, is believed
to provide a mechanism of fundamental importance to protein aggregation in a num-
ber of well-characterized neurodegenerative conditions, including Alzheimer’s disease,
Parkinson’s disease and amyotrophic lateral sclerosis.

The spike protein in SARS-CoV-2 has been described to contain prion-like domains
causing neurological problems [182], with proinflammatory properties and aggregation
potency. Furthermore, as indicated above, the amyloid-like fibrinoid microclots reported for
ME/CFS [18], and Long COVID [65], have been described to resemble prion proteins [65],
and a recent study has pointed out how the spike protein of SARS-CoV-2 would contribute
to the formation of such amyloid microclots [183]. There have been extensive discussions
on the role of autophagy in prion diseases (e.g., see [184]), the pharmacological activation
of which, as a neuronal defensive strategy, has been investigated [185].

11. Cellular Toxicity of Misfolded Proteins at the Membrane Level
Protein oligomers can interact with biological membranes, including plasma, lysoso-

mal and mitochondrial membranes, causing membrane disruption [186,187], pore forma-
tion [188], and ultimately permeabilization [186], mainly through a detergent-like mecha-
nism [186,189–191]. In Parkinson’s disease and Alzheimer’s disease, α-synuclein (α-Syn)
and amyloid-β (Aβ) aggregates may cause disruption of neuronal membrane upon inser-
tion into the lipid bilayer [192]. These aggregates can damage synapses and dysregulate
their function, leading to ion dyshomeostasis and neurotransmitter signaling dysregula-
tion [193].

Lysosomal membrane integrity is of paramount importance for maintaining au-
tophagy [194]. Various misfolded protein aggregates have been shown to cause the disrup-
tion of lysosomal membranes [195], which can result in the release of lysosomal enzymes
into the cytosol, accompanied by AI and triggering cell death pathways [196]. Also, the
integrity of lysosomal membrane is essential for mTORC1 binding and activity [197].

In mitochondria, misfolded proteins may induce toxicity by direct interaction with
membrane proteins or phospholipids, leading to the alteration of their function and bioen-
ergetic failure which can affect chaperone-mediated autophagy as discussed above. Any
autophagy impairment may promote the accumulation of protein aggregates and may lead
to a vicious cycle that may further impair the glymphatic clearance system (Figure 8).

The endoplasmic reticulum is very important in managing misfolded proteins by
activating the unfolded protein response (UPR). Accumulation of protein aggregates,
including amyloid beta and alpha-synuclein, are known to impair normal function of the
ER [198]. These can significantly influence the proteostasis network, which is responsible
for normal protein folding, trafficking and degradation, leading to exacerbating protein
misfolding and aggregation (Figure 8).
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Figure 8. Proposed mechanisms describing how membrane permeabilization mediated by protein
aggregates may cause autophagy impairment and GMLD (glymphatic–meningeal lymphatic dys-
function). Various biological membranes may be affected by the general “detergent-like effects” of
the amphiphilic misfolded protein structures, as described above.

12. Ammonia Dysregulation and Autophagy
Autophagy facilitates ammonia detoxification through cooperation with the urea cycle

toward ammonia homeostasis [199], the dysregulation of which has been implicated in
ME/CFS and Long COVID [118]. Accordingly, a dysfunctional autophagy may contribute
to hyperammonemia, a well-established cause of neuroinflammation [200], which occurs in
ME/CFS and Long COVID [201], in addition to causing glymphatic dysfunction [66,202].

13. Environmental Factors as Potential Causes of Autophagy Impairment
A number of environmental factors, including chemicals, heavy metals and toxins,

implicated in the pathophysiology of ME/CFS and Long COVID have been found to cause
autophagy impairment (e.g., ref. [203]). Also, many pesticides have been found to cause
the impairment of autophagy (e.g., ref. [204]). Some of these chemicals can bring about
lysosomal membrane permeabilization, as indicated in the case of malathion [205], or cause
direct inhibition of lysosomal enzymes by binding to their (hydrophobic) active sites (e.g.,
ref. [206]).

14. Autophagy, Oxidative Stress, Inflammation and Autoimmunity
14.1. Oxidative Stress

Oxidative stress may act as one of the main modulators (e.g., ref. [207]). While low
levels of ROS can trigger autophagy, helping cells adapt and survive under stress by
clearing damaged organelles and proteins, excessive or chronic oxidative stress can disrupt
autophagy and cause pathology (Figure 9).

Mitochondria are widely recognized as a major subcellular producer of ROS required
for autophagy induction [208]. Accordingly, mitochondrial dysfunction in ME/CFS and
Long COVID [125,209] may be connected with autophagy (Figure 9). Furthermore, ox-
idative stress can damage lysosomal membrane integrity by inducing the cross-linking
of lysosome membrane proteins via the formation of disulfide bonds [210], resulting in
the leakage of lysosomal enzymes and inducing a vicious cycle of events as depicted in
Figure 9. Accordingly, the general understanding is that oxidative stress can lead to the
dysregulation of autophagy, either by its inhibition or overactivation. Both of these out-
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comes can contribute to cell damage and disease, providing therapeutic opportunities, with
some antioxidants being effective [211].

Figure 9. A potential role of mitochondrial ROS in the regulation of autophagy. While low levels
of ROS are essential for the efficient degradation and removal of protein aggregates and damaged
components, high levels of mitochondrial ROS impair autophagy and cause mitophagy impairment
and uncontrolled activation of the NLRP3 inflammasome.

14.2. Inflammation

Inflammation has been described to be a cause of protein misfolding and aggrega-
tion [212]. The interaction between inflammasomes and autophagy is believed crucial for
maintaining the balance between optimal immune responses and the avoidance of excessive
inflammation [213]. Autophagy machinery (e.g., autophagosome) can capture ubiquiti-
nated inflammasome components (such as NLRP3) for degradation and removal [214].
Also, it can inhibit the activation of the NLRP3 by targeting damaged mitochondria (mi-
tophagy) that produce ROS and inflammasome activation, as a result (Figure 9) [215].
Autophagy has also been studied in relation to neuroinflammation reduction in neurolog-
ical conditions, which can be of potential benefit to ME/CFS and Long COVID patients
who also suffer from neuroinflammation [66,139,216,217].

14.3. Autoimmunity

Numerous studies have reported that autophagy is heavily involved in immune reg-
ulation (see, e.g., ref. [218]), with its dysfunction being related to various autoimmune
diseases [219]. Additionally, protein misfolding and aggregation may trigger autoimmu-
nity [220]. This mechanism may be important related to ME/CFS and Long COVID, which
are believed to have an autoimmune component in their pathophysiology.

15. Dysregulated Autophagy Related to Symptoms/Dysfunctions in
ME/CFS and Long COVID

Autophagy impairment has been linked to a broad range of human pathologies includ-
ing neurological diseases, cancer and metabolic diseases. Some of the related mechanisms
are described below for ME/CFS and Long COVID (Figure 10).
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Figure 10. Proposed mechanisms by which accumulation of protein aggregates mediated by au-
tophagy impairment may lead to fatigue, postural orthostatic tachycardia syndrome (POTS) and
neuroinflammation.

15.1. Neurological Dysfunctions

A number of studies have described the role of dysregulated autophagy in various neu-
rodegenerative conditions (e.g., ref. [221]), which are also of significance related to ME/CFS
and Long COVID, both of which have been reported to have neurological symptoms.

15.2. Endothelial Dysfunction

Autophagy is believed to contribute to maintaining endothelial health [117], and its
dysregulation can be damaging, potentially contributing to the endothelial dysfunction
occurring in ME/CFS [113], and Long COVID [114]. The misfolded protein aggregates
in the form of amyloid microclots observed in ME/CFS [18] and Long COVID [65] can
contribute to endothelial dysfunction, and an active autophagy would play a critical role in
their removal.

15.3. Blood–Brain Barrier (BBB) Dysfunction

BBB is a selective semipermeable membrane that plays a crucial role in maintaining
CNS homeostasis, which may be affected by misfolded proteins [222]. In addition to
its ability to cause the degradation of these aggregates, autophagy is believed to play an
important role in protecting BBB under various conditions, including oxidative and hypoxic
stress. Also, autophagy in astrocytes is believed to cause the removal of misfolded proteins
developed in these cells [48], thereby preventing the blockage of aquaporin-4 (AQP4) water
channels by these aggregates, which could otherwise impair fluid movement across the
BBB. BBB dysfunction has been described in ME/CFS [3,66] and Long COVID [223].

15.4. Mitochondrial Dysfunction and Fragmentation

Two of the main consequences usually discussed in relation to the detrimental effects
of misfolded proteins on mitochondrial homeostasis are mitochondrial dysfunction [224]
and fragmentation [225], which have been reported to occur in ME/CFS [72] and Long
COVID [125]. In addition to misfolded proteins causing membrane pore formation and
permeabilization discussed above, they can cause the release of cytochrome c and mitochon-
drial enzymes from the inner and outer mitochondrial membranes [186], and impairment
of the activity of the matrix enzymes and complexes of the electron transport chain.
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15.5. Mast Cell Activation

Mast cell activation syndrome is now believed to be an important component of the
pathophysiology of ME/CFS and Long COVID, where persistent inflammation coincides
with abnormally high mast cell activation. Accordingly, it has been extensively documented
for ME/CFS (e.g., ref. [226]) and Long COVID (e.g., ref. [227]), with many patients believed
to benefit from targeted therapies. Misfolded protein aggregates, such as amyloid beta
peptides, have been described to interact with mast cells, causing their activation [228].

15.6. Platelet Hyperactivation

ME/CFS [18] and Long COVID [229] have been reported to be accompanied by
substantial platelet activation. Misfolded protein aggregates, including β-amyloid, and
amyloid fibrin microclots, which frequently develop in ME/CFS and Long COVID, have
been found to interact with platelets and cause their activation [18,230].

15.7. Apoptosis

Maintaining cellular homeostasis is believed to rely on the interplay between au-
tophagy and apoptosis [231]. Misfolded protein aggregates can trigger apoptosis when
they accumulate by different mechanisms, including through chronic, unresolved endo-
plasmic reticulum (ER) stress, known as the unfolded protein response (UPR) [232], and
release of cytochrome c from the inner mitochondrial membrane. Accordingly, a dysfunc-
tional autophagy may be one of the mechanisms by which apoptosis may be initiated in a
cell [164]. Increased apoptosis in immune cells has been reported for ME/CFS and Long
COVID [165,233].

15.8. Dysbiosis

Dysfunctional autophagy may contribute to dysbiosis, reported to occur in ME/CFS [99]
and Long COVID [234]. Where autophagy fails (e.g., in intestinal epithelial cells), it leads to
ineffective pathogen removal (dysfunctional xenophagy, see above), reduced antimicrobial
peptides (AMPs) from Paneth cells [235], and impaired intestinal barrier integrity (“leaky
gut”) [236]. This would further produce endotoxins, such as lipopolysaccharides (LPS)
and harmful metabolites [237], which can inhibit autophagy [170], allowing toxic protein
aggregates to accumulate.

15.9. Dysautonomia

Dysautonomia, believed to promote glymphatic failure [238], is widely recognized
as a prominent feature of ME/CFS [239] and Long COVID [240], potentially contribut-
ing to a number of key symptoms, including postural orthostatic tachycardia syndrome
(POTS) and orthostatic hypotension, as part of orthostatic intolerance (OI) [241]. Mis-
folded proteins are believed to cause dysautonomia by accumulating in the peripheral
nerves [242]. Accordingly, a dysfunctional autophagy can contribute to the development of
dysautonomia.

Vagus nerve stimulation, which is believed to improve symptoms in ME/CFS [243]
and Long COVID [244], can potentially stimulate autophagy [245], and restore autonomic
function [246]. There are a number of clinical trials for vagus nerve stimulation [247].

15.10. Lactic Acidosis

Lactate has been reported to be elevated in ME/CFS and Long COVID, correlated
with the severity of PEM [248]. It functions as a signaling molecule that can regulate
autophagy [249]. Also, when misfolded proteins accumulate in mitochondria, mitophagy
is triggered to clear the related damage, the failure of which will force the cells to rely on
glycolysis and an overproduction of lactate, resulting in lactic acidosis.
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15.11. Decreased Cerebral Blood Flow

The role of misfolded protein aggregates in causing decreased cerebral blood flow
has been extensively investigated for Alzheimer’s disease related to the amyloid-β (Aβ)
accumulation (e.g., ref. [250]). These structures are typically larger than the smallest capil-
laries, with the possibility of causing blockages that may hinder red blood cell flow. As for
ME/CFS [5,251] and Long COVID [6,252], such reduction in blood flow may potentially
be caused by the formation of the fibrinaloid microclots known to occur in these condi-
tions [18–20], which may remain in blood circulation under a dysfunctional autophagy.
Additionally, the reduction in red blood cell deformability reported for ME/CFS and Long
COVID [253–257] could exacerbate the situation.

15.12. Olfactory Dysfunction

Olfactory dysfunction (OD) is a common complication in various neurologic and
neurodegenerative disorders [258], with loss of olfactory function being one of the initial
symptoms, and a potential biomarker of neurodegeneration [259]. OD in ME/CFS and
Long COVID is believed to be interconnected post-viral phenomena. While ME/CFS
patients sometimes experience a heightened sensitivity to smells, those with Long COVID
predominantly endure persistent loss or distortion of smell [260]. Moreover, nearly 85% of
Long COVID patients have been reported to experience some degree of OD [261], with the
possibility of congestion of the glymphatic system, occurring as a result of damage to the
olfactory sensory neurons [262].

One of the proposed mechanisms related to the present discussion is the amyloido-
genesis of odorant-binding proteins (OBPs) [263]. It has been suggested that the high
cytotoxicity of these amyloid aggregates may involve degradation of receptor neurons and
the olfactory epithelial cells, and result in complete loss of function of OBPs [263].

16. Specific Regulators of Autophagy as Potential Therapeutic Targets for
Its Modulation

It has been reported that the autophagy–lysosomal system is impaired in some neu-
rodegenerative diseases [264], with the amyloid plaques remaining undegraded, caus-
ing neuronal death. Dysregulation of autophagy has also been associated with a num-
ber of other diseases, including various infections, inflammation, metabolic dysfunction
and cancer.

Evidence suggests that autophagy may be impaired in ME/CFS [17,64] and Long
COVID [265]. Studies have shown elevated levels of the autophagy-related protein ATG13
in the serum of ME/CFS patients, indicating a potential disruption in the autophagy pro-
cess [17,64]. This impairment may be linked to the chronic activation of mTOR, a protein
kinase involved in cellular metabolism, and could contribute to cellular stress, immune
activation, and reduced energy production (Figure 11) [64]. Some of the established regula-
tors of autophagy are presented below, with specific discussions related to ME/CFS and
Long COVID, and potential therapeutic strategies have been included. Some regulators
of autophagy are next presented together with discussion of their possible relevance to
ME/CFS and Long COVID. The regulators discussed here differ considerably in their evi-
dentiary support as therapeutic targets for these conditions specifically, and none currently
constitute an established treatment.

In a recent report describing enhancing autophagy in COVID-19, the use of a number
of natural products, some of which (e.g., resveratrol and curcumin) have been previously
shown to prevent amyloid aggregation [266–269], have been described [270].
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Figure 11. The proposed mechanisms by which the accumulation of protein aggregates may interfere
with normal cellular/signaling pathways leading to autophagy impairment in various human dis-
eases, including ME/CFS and Long COVID. The relationship with mTOR1 is indicated as a typical
regulator of autophagy.

16.1. mTOR1

mTOR1 (mechanistic target of rapamycin) is widely recognized as a master nega-
tive regulator of autophagy [271]. Under nutrient-rich conditions, it is active, and as a
serine/threonine protein kinase, phosphorylates ATG13 (an autophagy-related protein)
and ULK1 (unc-51-like kinase 1), thereby preventing autophagy [271]. When nutrient
levels decline, mTORC1 is inactivated, leading to dephosphorylation of ATG13 and ULK1,
allowing autophagy to proceed. Both ATG13 and ULK1 are involved in autophagosome
formation, the defining hallmark of autophagy.

mTOR1 is recruited to the lysosomal membrane for activation in response to nutri-
ents, and under nutrition deficiency is released from the lysosomal surface and becomes
inactivated [272]. The structural and functional integrity of the lysosomal membrane is
therefore critical for mTOR1 binding. mTOR1 is now recognized as a potential therapeutic
target for modulating autophagy and has been recently discussed for ME/CFS and Long
COVID [64,273]. The ME/CFS study [64] has been described as the first clinical trial involv-
ing mTOR activation and subsequent improvement in autophagy flux in reduction of PEM.
Some of the limitations of the study have been pointed out by the authors [64].

16.2. Transcription Factor EB (TFEB)

Transcription factor EB (TFEB) is a master transcriptional regulator of autophagy and
lysosomal biogenesis [274], and controls gene expression through binding to the CLEAR
(Coordinated Lysosomal Expression and Regulation) network, which is a therapeutic
target [275]. Thus, TFEB plays a key role in the degradation and clearance of protein
aggregates [276]. Emerging research indicates that TFEB is downregulated or function-
ally suppressed in Long COVID, resulting in the impairment of lysosomal function and
autophagy, and providing a potential therapeutic strategy for this condition [265].

16.3. AMP-Activated Protein Kinase (AMPK)

AMPK is a key regulator of metabolism and autophagy [277]. It acts as a primary
energy sensor inside cells, detecting drops in ATP levels, promoting autophagy during en-
ergy starvation. When energy is low, AMP kinase phosphorylates specific serine/threonine
residues on the ULK1 kinase complex (Unc-51-like kinase 1) causing its activation. The
activation of ULK1 results in the suppression of mTOR1, allowing autophagy to proceed.
Accordingly, AMPK has been described as a potential therapeutic target for modulating
autophagy in general, and more specifically for ME/CFS and Long COVID [278,279].
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The pharmacological activation of AMPK has been demonstrated in cultured skeletal
muscle cells from ME/CFS patients [278], and AMPK has been independently proposed as
a therapeutic target for Long COVID complications [279].

16.4. Beclin 1 Complex

Beclin 1 complex is widely recognized as an important regulator of autophagy [280]
and plays a critical role in linking autophagy and apoptosis [281], with the latter being
a key driver of ME/CFS [165] and Long COVID [233]. It is a master regulator of the
Class III phosphatidylinositol 3-kinase (PI3KC3) complex, which is involved in early
stages of autophagosome formation, and may serve as a therapeutic target for modulating
autophagy [282].

Although no specific report seems to have been made related to its role in the regulation
of Beclin-1 in ME/CFS or Long COVID, its association with disease severity in COVID-19
has been described [283].

16.5. Unc-51-like Kinase (ULK1) Complex

ULK1, together with ATG13, FIP200, and ATG101, forms the ULK1 initiation complex
that carries out the first committed step of autophagosome formation [284]. ULK1 activity
is directly controlled by the nutrient-sensing protein kinases mTORC1 and AMPK and has
been proposed as a druggable node for pharmacologically tuning autophagy [285]. In a
pilot study of ME/CFS patients, it was concluded that ULK1 expression may track with
autophagy impairment in ME/CFS and could represent a modulatable target [286].

16.6. PTEN-Inducible Kinase 1 (PINK1)/Parkin Pathway

PINK1 and Parkin constitute a ubiquitin-dependent surveillance and quality control
pathway that selectively targets damaged mitochondria [287] and has been investigated
as a therapeutic target in a number of studies related to mitophagy (e.g., ref. [288]). As
discussed in Section 7.2 above, mitophagy is a critical process in ME/CFS and Long COVID.

16.7. Sirtuin 1 (SIRT1)

SIRT1 is an NAD+-dependent deacetylase that promotes autophagy by deacetylating
(causing activation of) multiple ATG proteins and has been suggested of possible value
related to the management of COVID-19 [289]. Moreover, NAD+ depletion and reduction
in SIRT1 activity have been proposed as contributors to the persistent oxidative stress
and immune dysregulation described in Long COVID and ME/CFS [107,290], positioning
SIRT1 restoration as a candidate strategy for normalizing autophagy in these conditions.

16.8. Nuclear Factor Erythroid 2-Related Factor 2 (NRF2)

As the master transcriptional regulator of the cellular antioxidant response, NRF2
directly upregulates the genes involved in autophagosome formation [291]. Reduced NRF2-
dependent antioxidant capacity has been proposed to contribute to oxidative stress in
lymphocytes from both ME/CFS and Long COVID patients, providing a direct rationale
for NRF2-targeted modulation of autophagy in these conditions [107].

17. Summary and Concluding Remarks
ME/CFS and Long COVID are complex multisystem disorders and share similar

biological mechanisms, including neuroimmune dysregulation, with no effective treatments.
In recent years, the possibility of glymphatic and autophagy impairments have been
suggested as parts of their pathophysiology [10–13,17,64], which have been discussed in
the present perspective. We have tried to explain how the two mechanisms may work
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together to prevent the accumulation of misfolded proteins which could otherwise cause
pathology as indicated below.

Sources of
misfolded proteins

Partially unfolded
intermediates

Cell debris
Viral infection

Oxidative
stress/lipid

peroxidation
Gut dysbiosis

Axonal damage
Metabolic

dysregulation

Types of autophagy

Aggrephagy
Mitophagy
ER-phagy

Xenophagy
Pexophagy

Ferritinophagy
Lipophagy

Glycophagy

Regulators of
autophagy

mTOR1
TFEB

AMPK
Beclin 1 complex
ULK1 complex
PINK1/Parkin

pathway
SIRT1
NRF2

Core
pathophysiologies

Oxidative stress
ER stress

(neuro)inflammation)
Mitochondrial

dysfunction
Endothelial
dysfunction

BBB dysfunction
Decreased (cerebral)

blood flow
Mast cell activation

T cell exhaustion

Some of the main
symptoms

Fatigue
PEM

Sleep dysfunction
Pain

Brain fog
Dysautonomia and

POTS
Olfactory

dysfunction

Schematic and table describing the relationship between misfolded protein accumulation, autophagy impairment and
glymphatic–meningeal lymphatic dysfunction in ME/CFS and Long COVID. Some of the main sources of misfolded
proteins, autophagy subtypes, regulators of autophagy, core pathophysiologies and symptoms are included.

Some of the potential sources of misfolded protein aggregates, different types of
autophagy, and their regulators have been described. Of special note is the occurrence of
amyloid microclots in the plasma samples of ME/CFS and Long COVID patients [18–20],
resembling prions [22], further highlighting the significance of autophagy dysregulation.

Amongst the regulators of autophagy, mTORC1 appears to be of most direct relevance
to ME/CFS and Long COVID. Low-dose rapamycin, an mTOR1 inhibitor, has been shown
to alleviate fatigue and post-exertional malaise in ME/CFS patients via the improvement
of autophagy [64], and its dysregulation has been proposed as a unifying mechanism for
ME/CFS, Long COVID and related post-infectious syndromes [273].

Possible significance of an intimate cooperation between the glymphatic–meningeal
lymphatic system and autophagy for maintaining tissue homeostasis in the CNS has
been discussed. This is based on the premise that the biological functions of the two
systems are complementary; one providing a mechanism of “mechanical” flushing out of
waste products between the cells, and an autophagy–lysosomal pathway, which causes
their enzymatic degradation inside the cells to small non-toxic components for recycling.
Accordingly, we argue this interconnected waste removal network potentially plays an
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important role toward completion of the waste removal process in the brain, for maintaining
homeostasis—ideas that require validation. Our primary focus involves misfolded protein
aggregates, their production and propagation under different unfavorable situations, and
how they may influence function. By describing different types of autophagy, we have
provided a comprehensive account of the specific mechanistic features of this protein
degradation mechanism and have described the related unfavorable consequences of their
dysfunction. Furthermore, we have outlined some of the main mechanistic features of
misfolded protein toxicity, such as membrane permeabilization, as previously reported by
us and many other investigators related to neurodegenerative diseases.

Autophagy dysfunction in specific cell types, including microglia, neurons, astrocytes
and T cells, has been described, and the consequences of the accumulation of misfolded
proteins occurring as a result have been proposed (see Section 8), providing new insights
into impaired protein degradation in these cells. One important conclusion of studies
related to the potential mechanism of toxicity in neurological diseases has been the idea that
misfolded aggregates that develop from disease-related and disease-unrelated proteins may
behave similarly by a “detergent-like” mechanism due to their amphipathic characteristics.

ME/CFS and Long COVID are heterogeneous syndromes, comprising multiple bio-
logical subtypes. Accordingly, the proposed glymphatic–autophagy–proteostasis network
described above may apply more strongly to particular patient phenotypes than to the
conditions as a whole. Potential sources of this heterogeneity include differences in disease
onset and duration, neuroimmune phenotypes, severity of sleep abnormalities, degree and
type of autonomic dysfunction, metabolic status, and inflammatory profile. Future studies
that more clearly establish a better understanding of the pathophysiology of these condi-
tions would be needed to determine which subgroups most clearly exhibit the mechanistic
features, and to guide more personalized therapeutic strategies.

Potential modulators of glymphatic dysfunction and autophagy impairment have been
separately suggested by us and others in previous communications for ME/CFS [11,64].
Based on the discussions presented in this perspective, we would like to propose that a
“holistic” strategy, involving the use of a cocktail of ingredients simultaneously addressing
possible impairments in both the mechanical and biochemical components of the net-
work discussed here, may prove more effective. Finally, we hope the present perspective
will guide future research to better understand the neurological aspects of ME/CFS and
Long COVID.
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