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Abstract: Long-lasting COVID-19 (long COVID) diseases constitute a real life-changing burden for
many patients around the globe and, overall, can be considered societal and economic issues. They
include a variety of symptoms, such as fatigue, loss of smell (anosmia), and neurological–cognitive
sequelae, such as memory loss, anxiety, brain fog, acute encephalitis, and stroke, collectively called
long neuro-COVID-19 (long neuro-COVID). They also include cardiopulmonary sequelae, such as
myocardial infarction, pulmonary damage, fibrosis, gastrointestinal dysregulation, renal failure,
and vascular endothelial dysregulation, and the onset of new diabetes, with each symptom usually
being treated individually. The main unmet challenge is to understand the mechanisms of the
pathophysiologic sequelae, in particular the neurological symptoms. This mini-review presents
the main mechanistic hypotheses considered to explain the multiple long neuro-COVID symptoms,
namely immune dysregulation and prolonged inflammation, persistent viral reservoirs, vascular and
endothelial dysfunction, and the disruption of the neurotransmitter signaling along various paths.
We suggest that the nucleoprotein N of SARS-CoV-2 constitutes a “hub” between the virus and the
host inflammation, immunity, and neurotransmission.

Keywords: long COVID; brain fog; inflammation; mitochondrial dysfunction; immunity; viral reservoirs;
nucleoprotein; neurotransmission; substance P; enkephalin

1. Introduction

Long-lasting COVID-19 diseases (long COVID), defined as symptoms lasting more
than two months after the initial SARS-CoV-2 infection [1–3], constitute a real burden for
many patients around the globe and, overall, can be considered societal and economic issues.
About 25% of non-hospitalized COVID-19 patients suffer from long COVID. Age (often
young or middle-aged adults), female sex, poor pre-pandemic general and mental health,
previous autoimmune conditions, overweight/obesity [4], pollution, and precedent cancers
(in particular hematological malignancies) [5] are risk factors for long COVID, suggesting an
underestimated importance of immunity and hormonal status, with a possible link to viral
load. It is still unclear whether the severity of the initial infection has direct associations
with symptoms appearing in the subsequent stages of the disease, but, often, symptoms
may appear after a mild or even asymptomatic primary infection [6]. While being of
practical clinical importance, the tools for predicting whether a patient will suffer from
long COVID or not remain elusive.

In this mini-review, we aim to gather the main current hypotheses underlying long
COVID and the current and future therapeutic options for treating long COVID, placing
an emphasis on long neuro-COVID. We provide new literature data on the neurological
aspects and mechanistic issues, in line with our previous work addressing the altered
neuropeptide transmission mediated by the viral nucleoprotein N [7] (see Appendix A).
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2. Current Hypotheses

Several hypotheses about what leads to multiple long COVID symptoms have been
considered (Figure 1).
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Figure 1. The SARS-CoV-2 nucleoprotein: a hub between immunity [8,9], inflammation [6,7,10,11],
including mitochondrial dysfunction, oxidative stress, and brain hypoxia (not depicted) [12–19],
viral reservoir(s) [20–23], and alteration of neurotransmission by neuropeptides [7,15,24–26] in long
neuro-COVID.

A. Long COVID diseases could be a consequence of unresolved inflammation and
immune dysregulation deriving from the initial infection, with possible long-term func-
tional alterations [6].

A-1: Inflammation

One hallmark of the initial SARS-CoV-2 infection, which is usually severe, is the
dysregulated release of cytokine and chemokines. This “cytokine storm” can be caused by
different biochemical processes and may also depend on the lifestyle and environment of
the patient, as well as their pre-existing health conditions. The initial pro-inflammatory
cytokine production driven by immune cells, such as neutrophils, macrophages, and mast
cells, can be amplified by the viral activation of the Aryl hydrocarbon Receptor (AhR).
The AhR mediates its effects via alterations in the regulation of mitochondrial function in
immune cells [27]. This activation downregulates the endogenous antiviral responses of
natural killer cells and memory CD8+ T cells. The AhR can also be activated by pollution,
depending on hormonal balance, age, and gender. The AhR, associated with tryptophan
metabolism, can induce an indoleamine 2,3-dioxygenase (IDO1) IDO1–AhR–IDO1 positive
feedback loop, prolonging the activation induced by pathogens [28]. Medications in clinical
use, such as dexamethasone, may downregulate both AhR and IDO1 genes. Vitamin D
may downregulate the AhR gene, and tocopherol/vitamin E may downregulate the IDO1
gene [28]. Experiments on infected cell lines and in animal studies have shown that AhR
antagonists can reduce the viral load and lung inflammation [29].

Viral infection also activates a cyclo-oxygenase COX-2 cascade, leading to an en-
hanced pro-inflammatory cytokine release, and anti-COX NSAID compounds, such as
naproxen and indomethacin, have been shown to reduce inflammation by decreasing pro-
inflammatory cytokines such as IL-6. Notably, both compounds have also been shown to
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possess antiviral properties against respiratory viruses and SARS-CoV-2 in animal studies
and studies on primary-infected COVID-19 patients [30–33].

Brain hypoxia, neuronal metabolism, and mitochondria: High levels of oxygen are
consumed by neurons for normal brain function. SARS-CoV-2 infection induces hypoxia,
increasing glycolysis and impairing mitochondrial oxidative phosphorylation and ATP
production [32,34–37]. In long COVID patients, elevated ferritin levels, indicative of
significant iron protein storage dysfunction and low serum iron levels, were associated
with brain fog [38]. This is in agreement with the fact that the oxygen binding capacity of
severely ill COVID-19 patients has been found to be disturbed in prior studies [38,39].

One of the mechanisms through which the SARS-CoV-2 virus hijacks mitochondrial
function involves the viral spike protein’s interaction with host mitochondrial monoamine
oxidase B, as recently shown in in vitro studies [17]. The mitochondrial ROS and ROS
produced by NADPH oxidase-2 (NOX2), known to be activated by viral infection [40], can
further lead to fibrosis and platelet aggregation [13], suggesting a potential role for NOX2
inhibitors in long COVID [16,41].

A-2: Immunity

The immune response quantified by the levels of antibodies against SARS-CoV-2
proteins nucleoprotein N and spike S is correlated with the long COVID symptom of fatigue
in long COVID patients [10]. In one particular study, the levels of antibodies were lower in
patients experiencing fatigue compared to those not experiencing fatigue. In a subsequent
study, the researchers found, in a cohort of 101 long COVID patients, that the levels of
anti-N antibodies above the median in vaccinated patients constituted an independent
predictor for complete remission at follow-up [11], suggesting that the immune response
against N may have an impact on the duration for which the fatigue in long COVID is
felt. Accordingly, the maintenance of a prolonged inflammatory state that manifests as
chronic fatigue is consistent with the involvement of N in cytokine release, as shown in
cellular studies and in primary-infected COVID-19 patients [33,42–44]. Additionally, N
overexpression was associated with the induction of pro-inflammatory M1 macrophage
and acute kidney injury in diabetic mice in [45]. Studies proposing that the relatively
conserved N should be included in the design of future vaccines have also been published,
with such proposals being based on the N-specific CD8+ T cell response noted in a clinical
study that included 254 long COVID patients [46].

Characteristic T cell changes: T cell immunity is necessary for the host defense against
SARS-CoV-2. CD4+ and CD8+ T cell responses directed against the spike and the nucle-
oprotein have been found in COVID-19 convalescents [6,47]. The response of N-specific
interferon-producing memory CD8+ T cells decreases more rapidly in long COVID patients
compared to convalescents [6,46]. Long COVID patients suffering from neurological symp-
toms present a decreased T cell response specific to the spike protein S but an enhanced
T cell response against the nucleoprotein N compared to convalescent patients. In par-
ticular, a decline in the activation of CD8+ memory T cells has been observed [9,46]. The
increased severity of cognitive deficits and decreased quality of life markers in these long
neuro-COVID patients are positively correlated with IFN-γ production in response to N
antigens [9].

T cells express both H1 and H2 histamine receptors, and a treatment with histamine
receptor antagonists was reported to attenuate the long COVID symptoms after a mild
primary infection in [48]. In addition to T cells, mast cells (MCs) are involved in allergic
reactions and secrete histamine and inflammatory cytokines such as IL-6 and TNF-α. The
spike protein seems to induce MC and microglia activation in neuro-COVID [49]. MCs are
known to interact with neuropeptides that mediate endothelial cell activation, resulting
in central nervous system (CNS) inflammatory disorders, as observed mainly in animal
studies [25].
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A-3: Long Neuro-COVID-19 (Long Neuro-COVID) and neuropeptides

As detailed below, we and others previously identified that defective neurotransmis-
sion by some neuropeptides may significantly contribute to neurologic and other symptoms
of long COVID [7,26,50] based on cellular and ex vivo studies.

Neuropeptides, including enkephalin, cholecystokinin (CCK), and substance P/tachykinins,
are a diverse group of neurotransmitters associated with pain and inflammation, which,
together with their receptors, are considered as potential therapeutic targets in human
mood disorders and neuropsychiatric disorders in rodent studies and in studies involving
addicted patients [7,50–52]. The neuropeptide modulation of cortical circuits could modify
sensation, decision making, and cognition [52]. Dysfunction in enkephalin’s modulation
of neural circuits could contribute to anxiety, depression, and pain regulation and likely
lead to decreased protection against neuronal injury via the inhibition of the TLR4/NF-κB
signaling pathway, according to animal studies [53].

Proteomic studies showed a role for opioid growth factor receptor signaling in re-
sponse to SARS-CoV-2 infection: the opioid growth factor-enkephalin suppressed lympho-
cyte T proliferation, with important implications for immunity (Figure 1) [51]. Proenkephalin
was identified as a risk predictor of mortality in COVID-19 patients admitted to an intensive
care unit for interstitial pneumonia in [54]. Substance P was involved in the defense of
the respiratory tract, as well as in pain, in neurological manifestations of long COVID
infection in [26,50] and could be a potential causal factor for long COVID, as deduced
from transcriptomic studies using samples of primary-infected COVID-19 patients [24].
Moreover, the dysregulation of substance P levels was observed in Alzheimer’s disease and
Parkinson’s disease based on studies using human brain tissues [55]. The roles of synaptic
deficits, particularly in some excitatory neurons, and astrocyte impairment in supporting
neurotransmission have been reported in studies on severe COVID-19 and in long COVID
patients [56]. The neuropeptide CCK was shown to be involved in synaptic transmission
based on studies using human brain tissues [57]. Moreover, a derivative of CCK was shown
to regulate the mitochondrial function and improve the cognitive deficits in a mouse model
of Alzheimer’s disease [15].

B. Persistent viruses found in several tissues and in some lymph nodes could con-
tribute to long-lasting symptoms, even though no remaining virus can be detected by
PCR when extracted from nasal swabs, as shown in the RECOVER cohort [20], in a study
of 73 non-hospitalized patients featuring a follow-up for 90 days [58], and in animal stud-
ies [59]. These persistent viruses could be considered as “debris” unsuccessfully cleared
by a deficient immune system. Additionally, these tissues, including gut tissue, may con-
stitute reservoirs for SARS-CoV-2 and other viruses. Indeed, latent pathogens such as the
Epstein–Barr virus and herpes simplex viruses were re-activated in immune-sensitive long
COVID patients [23].

In animal models and post-mortem studies, brain invasion by various SARS-CoV-2
variants, leading to brain inflammation and neuron degeneration, has been observed; in one
study, different levels of anosmia were observed in the variants. In a 2-year retrospective
cohort of patients with long COVID, persistent smell alteration and cognitive impairment
were associated with more severe neuro-inflammation and/or with clotting proteins [59].
Olfactory transport and axonal transport via trigeminal nerves, olfactory neurons, the vagus
nerve, and/or other nerves are considered important routes of viral brain invasion [21,59–62].

C. Widespread vascular dysfunction, disruption of the blood–brain barrier (BBB),
and/or endothelial coagulopathy could contribute to microscopic blood clots in the brain
and lead to neurological symptoms, even in the absence of a clinically apparent stroke [23].
SARS-CoV-2 infection induces platelet activation, leading to their aggregation and adhesion;
consequently, aspirin, which inhibits the COX-1 activation in platelets and thromboxane’s
ability to form clots at an endothelial injury site, has been tested in clinical trials in mod-
erately ill patients [22,63]. Platelet activation is also associated with the nitric oxide (NO)
pathway. Indeed, in one study, as nitric oxide inhibits platelet adhesion and aggregation,
124 long COVID patients presented lower levels of circulating NO and NO-associated
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metabolites such as nitrite than 24 patients who had recovered from COVID-19 [64]. In
association with the NO pathway and platelet aggregation, recent findings have linked
long COVID with reduced serotonin levels, which impacts the activity of the vagus nerve
and impairs memory [65].

3. Insights into the Role of the SARS-CoV-2 Nucleoprotein in COVID-19 and
Long COVID

The need to understand the mechanisms underlying the pathophysiologic sequelae
of, in particular, the neurological symptoms [66] led us to focus on the nucleoprotein
(N) of SARS-CoV-2. We reasoned that the nucleoprotein (N) is primarily required for
viral replication and particle assembly through its functional association with the viral
ribonucleoprotein complex (RNP complex). N is secondarily involved in the repression
of host immunity. N plasma levels are correlated with primary infection severity [43,67],
and the detection of N correlates with signs of local inflammation [21,43]. N challenges
the human host; therefore, antiviral strategies against N, including ones involving RNA
interference and RIG-I-mediated interferon signaling, have been developed to block N’s
repression of the host antiviral response [68–71].

Interestingly, N is also associated with additional facets of long-term SARS-CoV-2-
specific immune and inflammatory responses [6,9]. In cellular studies, the N protein of
SARS-CoV-2 has shown significant mitochondrial localization and an ability to impair
the activity of antioxidant enzymes, thus enhancing the mitochondrial ROS levels [19].
Increased oxidative stress is a common mechanism induced by viral pathogens such as
SARS-CoV-2 and Influenza A virus, which may enhance their replication at the expense
of their host’s metabolism [14,40]. These diseases can develop into acute cognitive im-
pairments similar to brain fog in COVID-19, which has led to the hypothesis that chronic
activation of populations of circulating T and B lymphocytes may perpetuate a chronic
state of pro-inflammation within the CNS structures by facilitating cross-reactions with
viral epitopes [18].

Long neuro-COVID patients present wide-ranging alterations in anti-N-specific im-
mune responses, particularly those regarding CD8+T cell reactivity, demonstrating the
increased production of IL-6 and IFN-γ from N. Moreover, the cognitive and psychiatric
clinical measures were correlated with the N-specific IFN-γ production induced by its
carboxy-terminal region (amino acids 309–402) in [9]. Interestingly, the C-terminal region
of N is a binding site for neuropeptides [7].

In one particular study, N antigens were detected in the blood of patients with en-
cephalopathy and in a patient with neuro-COVID, suggesting unresolved infection and
inflammation in some of the non-hospitalized neuro-COVID patients [8]. Finally, N has
been associated with endothelial dysfunction [36,72].

Therefore, the nucleoprotein of SARS-CoV-2, N, constitutes a molecular hub between
the virus and host inflammation, immunity, and neurotransmission (Figure 1).

We previously suggested a mechanism through which N can both function as an
actor in viral replication and in host inflammation exacerbation [7]. We showed that N can
bind the small neuropeptides involved in pain and in inflammation that act as hormonal
mediators or neuronal transmitters, such as substance P and enkephalin.

On the one hand, the binding of the neuropeptide to N can locally reduce the viral
load of the host by impeding RNP assembly. Indeed, in a previous study, the viral load of
the infected cells was reduced via treatment with the small molecules bound to N, and the
damage induced by the cytokine burst also decreased [33]. Thus, the “sequestration” of
the neuropeptides by N could confer to the host additional antiviral protection against the
general response induced by the virus.

On the other hand, however, neuropeptides have been impeded from carrying out their
normal functions by the virus, with potential dysfunctions in the normal neurotransmission
and/or hormonal signaling between different parts of the body. Potentially, this commu-
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nication alteration may generate a broad spectrum of symptoms in long neuro-COVID,
including brain fog, mood disorders, etc. (Table 1).

Here, we propose that the three neuropeptides we identified—substance P, enkephalin,
and cholecystokin (CCK)—and their receptors, µ-opioid receptor, neurokinin-1 (NK-1),
and CCK receptors, are involved in long neuro-COVID through the perturbations of their
neurotransmission, metabolic, and immune functions (Figure 2); the hypothesis we propose
is based on recent data from the literature.
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Figure 2. Proposed model. (1) depicts the reversible binding of the neuropeptides (NPs) to N, affecting
both replication and neurotransmission; (2) depicts the reversible binding of the neuropeptide to
its receptor; in (3), a receptor antagonist can release the free neuropeptide and block the receptor;
(4) depicts the direct action of an N-directed antiviral or an indirect action of an RNP-directed antiviral
on N.

The dysregulation of NP would likely imply abnormal concentration distributions
in several parts of the body, in particular in the brain, in the gut, and in the plasma. In
line with our hypothesis, antagonists of neuropeptide receptors, namely naltrexone, the
antagonist of the µ-opioid receptor, and aprepitant, the antagonist of the NK-1 receptor,
showed a clinical benefit in relieving the neurological dysfunction and pain in COVID-19
survivors and long COVID patients (Table 1). We suggest that CCKA and/or CCK2 receptor
antagonists such as devazepide or lorglumide could help in long neuro-COVID as well.
SARS-CoV-2 infection induces lipid accumulation and the administration of fenofibrate, a
PPARα agonist that induces lipid catabolism, reverses metabolic changes, and blocks SARS-
CoV-2 replication [34,73], while fenofibrate treatment could result in CCK production [73].
Our hypothesis is also consistent with the imbalance in dopamine transmission thought
to be involved in COVID-associated neurodegenerative disease in long COVID patients,
although the mechanism(s) may be different [74,75]. Additionally, in another study, the
peripheral serotonin concentration was reduced in neuro-COVID, a deficiency that was
linked to cognition impairment via reduced vagal signaling [65].

Biochemically speaking, the binding of the neuropeptide to N may reduce the con-
centration of free peptides, particularly in “reservoirs” where the N concentrations may
be higher (as is possibly the case in olfactory neurons/olfactory bulbs/trigeminal nerve
lymph nodes) [21,25,52,76]. The addition of an antagonist to the neuropeptide receptor
(Figure 2, reaction 3) (for example, naltrexone, an antagonist to the µ-opioid receptor or
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opioid growth factor receptor [77]) would compete with the binding of the neuropeptide to
its receptor (Figure 2, reaction 2), thereby increasing the free concentration of NP, in this ex-
ample, enkephalin. Indeed, changes in the concentrations of proenkephalin and substance
P have been reported in COVID-19 patients: the plasma concentration of proenkephalin is
increased in COVID-19 patients [54], and the levels of substance P and its neurokinin recep-
tors have been found to be increased in olfactory neurons, with the latter being proportional
to the residual olfaction [76].

An additional/alternative way to restore the level of free neuropeptides via inhibition
complex C1 (Figure 2 reaction 1) could involve the administration of an antiviral (Figure 2,
reaction 4), assuming that replication is active [33]. The antiviral would inhibit viral
replication by directly inhibiting N or the RNP indirectly or inhibiting the cleavage of the
polyprotein by inhibiting the SARS-CoV-2 main protease (such as Paxlovid). Quantitative
proteomic studies analyzing the concentration of neuropeptides and the nucleoprotein in
the serum and in other fluids, as well as in post-mortem brains, the gastrointestinal tract,
and lymph nodes, could help to establish a predictive model and shed light on the already
available therapeutical options.

The neuropeptides could modulate each other, with their dysfunctional neurotrans-
mission being potentially cross-exacerbated in long neuro-COVID. Cholecystokinin (CCK)
is the most effective endogenous anti-opioid peptide. The binding of CCK to CCK receptors
reduced the binding affinity of opioids (morphin, heroin, and beta-endorphins) to their
opioid receptors. The neuropeptides enkephalin and CCK exhibited a strikingly similar dis-
tribution within many areas of the CNS and within the nociceptive centers, including part of
the spinal cord and the brain (Figure 1), and they are functionally antagonistic in a number
of circumstances [78,79]. Interestingly, opioid treatment may potentially increase the neu-
rotropism of the SARS-CoV-2 infection, with possible links to gut microbial dysbiosis [80].
CCK is also a satiety hormone and a transmitter that mediates sugar/nutrient sensing, con-
veying information between the gut and the brain via the vagus nerve [35,37] and linking
metabolism, neurotransmission/signaling, and, possibly, viral persistence/inflammation.

The consequences of broken neurotransmission could be profound changes in the
energy/metabolism in the brain. As mentioned above, a SARS-CoV-2 infection induced
hypoxia, increased glycolysis and lipid accumulation [15,23]. Many links between some
neuropeptides and mitochondrial respiration/hypoxia/ischemia have been reported in the
literature. For example, neuronal survival, achieved through the improved mitochondrial
respiration facilitated by proenkephalin treatment under hypoxic conditions, was reported
in a rat model of epileptogenesis [12]. The treatment of brain endothelial cells with an
enkephalin derivative improved the mitochondrial function under hypoxia and relieved
ischemia/reperfusion injury [51]. Moreover, a CCK derivative regulated the mitochondrial
function and improved the cognitive deficits in a mouse model of Alzheimer’s disease [15].

Therefore, the “sequestration” of these neuropeptides in mitochondrial-associated
N could further enhance mitochondrial dysfunction, avoiding their protecting effects on
metabolism and against hypoxia. This would, in turn, further enhance the mitochondrial
ROS formation and overcome the inhibition of replication by the neuropeptide, provided
that the N–neuropeptide binding (complex C2, reaction 2) remains stable in the mitochon-
dria. It is likely that the “sequestration” by N would decrease the pain-relieving effects of
opioid peptides.
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Table 1. Description of N ligands [7] and their normal interactions/function(s) and related long
neuro-COVID-19 symptoms.

Hormone/Neuropeptide Target Receptor Antagonist Symptom(s) References

Cholecystokinin (CCK) Gut and brain and
vagus nerve

CCKR1 and R2, CBRs
receptors

- Pancreas dysfunction as CCK is a
satiety hormone
- Synaptic deficits: CCK is involved
in synaptic transmission via the
activation of muscarinic
acetylcholine receptors

[15,51,57,73,78,79]

Met/Proenkephalin Brain/
inhibition of replication Opioid receptors Naltrexone Pain reduction, increased gut

dysbiosis, neurodegenerescence [7,12,44,53,54,78,81–84]

Substance P
Olfactory neurons
Trigeminal nerve
lymph node

Neurokinin receptor-1
(NK-1R) Aprepitant

Pain transmission, headache, brain
fog, depression, thromboembolism,
pro-inflammatory effects, and viral
latency (although the latter requires
further study).

[24,50,76,85,86]

Folate/heme/iron Heart, blood
hemoglobin

Folate receptor,
iron metabolism,
Fe storage ferritin

Brain fog, shortness of breath,
ferroptosis, fibrosis [7,38,39,87]

4. Conclusions

Long COVID is a life-changing disease for afflicted patients. In this paper, we aimed
to present the current hypotheses and develop a biochemical model for long neuro-COVID
based on the altered neurotransmission of selected neuropeptides, namely cholestocy-
tokinin, enkephalin, and substance P, between the brain and the gut through the vagus
nerve and the CNS (Figure 1; [7]). These neuropeptides were trapped by the viral protein
N, which modified the distribution of the free neuropeptides and their binding to their
respective receptors. We cannot rule out the contributions of other viral proteins, such as
the spike protein S, as both N and S have been found in the brains of COVID-19 patients and
are associated with microvascular and immune cells’ activation [60,88]. The administration
of the receptors’ antagonists would increase the concentration of circulating neuropeptides
and likely restore neurotransmission. As a consequence, a reduction in symptoms such as
brain fog, anxiety, gut dysbiosis, and, possibly, fatigue can be expected. We cannot rule out
the possible involvement of additional neuropeptides/neurotransmitters such as dopamine
and their binding to N as N has a large C-terminal cavity, possibly further impacting
neuro-COVID patients [74,75]. The model encompasses the hypothesis of incomplete viral
clearance/the build-up of viral reservoirs and of immune/inflammation perturbations in
long COVID, including those directly caused via microglia or indirectly caused via mast
cell activation (Figure 1) [25,44,89]. It would be interesting to test whether the intracellular
cellular reservoirs in infected cells such as macrophages could be addressed by manipulat-
ing the cellular mechanisms of, for example, autophagy or cell death signaling, as has been
proposed for HIV [90]. The administration of antivirals in cases of incomplete viral clear-
ance from “reservoirs” would likely be beneficial to some long neuro-COVID patients [8].
The neurological symptoms and encephalopathies are not specific to neuro-COVID patients.
Similar symptoms have been observed in some cases of infection via other viruses [91],
namely Influenza A in the 1918 pandemic, herpes simplex, HIV, Chikungunya, Dengue,
and Zika virus, although the tropism of coronaviruses is not specific to the CNS. Identifying
the common mechanisms in order to avoid the virus perverting the host response and
possibly remaining in the reservoirs is an important task that should be carried out in order
to protect humankind against future viral infections and identify adequate repurposed
drugs/treatments.
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Appendix A

Importance of the article for readership:
Long COVID diseases are a societal burden and an everyday pain for patients as

they often suffer from multiple symptoms. This review paper aims to present the current
mechanistic hypotheses underlying these symptoms, with an emphasis on long neuro-
COVID-19.

Statement of concrete aims and questions:
The goal is to offer therapeutic options and, ultimately, to provide tools that could

help to monitor the development of long COVID for clinics. For each of the hypotheses
presented, we aim to discuss the available therapeutic options or the putative options we
or others suggest.

Description of Literature search:
A search of the PubMed database was performed using keywords, including terms

such as “SARS-CoV-2” or “coronavirus” or “COVID-19”; “Long COVID” or “PASC (post-
acute sequelae of COVID-19)”; “inflammation” or “cytokine storm” or “IL-6”; “viral reser-
voirs” or “viral reactivation”; “pain”, “brain fog”, “fatigue”; “nucleoprotein” or “nucleo-
capsid”; “spike protein”; “ROS” or “oxidative stress” or “mitochondrial dysfunction” or
“NADPH oxidase”; and “neurotransmission” or “neuropeptides.”

Key Statements Are All Supported by Literature References

Scientific reasoning:
Along with the common pathways described, we bring together the multiple roles of

the SARS-CoV-2 nucleoprotein N that represent, in our view, a hub between viral replication,
host inflammation and mitochondrial dysfunction, immunity, and neurotransmission, as
summarized in Figure 1.

Presentation of the data:
We further describe a testable biochemical model to explain our hypotheses of (at least)

some mechanisms of long neuro-COVID-19 associated with N, depicted in Figure 2, and
gather the known properties of the neuropeptides listed in Table 1.
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Antiviral Properties of the NSAID Drug Naproxen Targeting the Nucleoprotein of SARS-CoV-2 Coronavirus. Molecules 2021,
26, 2593. [CrossRef] [PubMed]

34. Ehrlich, A.; Ioannidis, K.; Nasar, M.; Abu Alkian, I.; Daskal, Y.; Atari, N.; Kliker, L.; Rainy, N.; Hofree, M.; Tikva, S.S.; et al.
Efficacy and safety of metabolic interventions for the treatment of severe COVID-19: In vitro, observational, and non-randomized
open-label interventional study. eLife 2023, 12, e79946. [CrossRef] [PubMed]

35. Li, M.; Tan, H.-E.; Lu, Z.; Tsang, K.S.; Chung, A.J.; Zuker, C.S. Gut–brain circuits for fat preference. Nature 2022, 610, 722–730.
[CrossRef]

36. Qian, Y.; Lei, T.; Patel, P.S.; Lee, C.H.; Monaghan-Nichols, P.; Xin, H.-B.; Qiu, J.; Fu, M. Direct Activation of Endothelial Cells by
SARS-CoV-2 Nucleocapsid Protein Is Blocked by Simvastatin. J. Virol. 2021, 95, e0139621. [CrossRef] [PubMed]

37. Tan, H.-E.; Sisti, A.C.; Jin, H.; Vignovich, M.; Villavicencio, M.; Tsang, K.S.; Goffer, Y.; Zuker, C.S. The gut–brain axis mediates
sugar preference. Nature 2020, 580, 511–516. [CrossRef] [PubMed]

38. Ishikura, T.; Nakano, T.; Kitano, T.; Tokuda, T.; Sumi-Akamaru, H.; Naka, T. Serum ferritin level during hospitalization is
associated with Brain Fog after COVID-19. Sci. Rep. 2023, 13, 13095. [CrossRef]

39. Kronstein-Wiedemann, R.; Stadtmüller, M.; Traikov, S.; Georgi, M.; Teichert, M.; Yosef, H.; Wallenborn, J.; Karl, A.; Schütze, K.;
Wagner, M.; et al. SARS-CoV-2 Infects Red Blood Cell Progenitors and Dysregulates Hemoglobin and Iron Metabolism. Stem Cell
Rev. Rep. 2022, 18, 1809–1821. [CrossRef]

40. Lejal, N.; Truchet, S.; Bechor, E.; Bouguyon, E.; Khedkar, V.; Bertho, N.; Vidic, J.; Adenot, P.; Solier, S.; Pick, E.; et al. Turning
off NADPH oxidase-2 by impeding p67phox activation in infected mouse macrophages reduced viral entry and inflammation.
Biochim. et Biophys. Acta (BBA) Gen. Subj. 2018, 1862, 1263–1275. [CrossRef]

41. Dilly, S.; Romero, M.; Solier, S.; Feron, O.; Dessy, C.; Schwok, A.S. Targeting M2 Macrophages with a Novel NADPH Oxidase
Inhibitor. Antioxidants 2023, 12, 440. [CrossRef]

42. Terrier, O.D.S.; Pizzorno, A.; Henri, J.; Berenbaum, F.; Lina, B.; Fève, B.; Adnet, F.; Sabbah, M.; Rosa-Calatrava, M.; Maréchal, V.; et al.
Broad-spectrum antiviral activity of naproxen: From Influenza A to SARS-CoV-2 Coronavirus. BioRxiv 2020. [CrossRef]

43. Wang, Y.; Tsai, C.-H.; Wang, Y.-C.; Yen, L.-C.; Chang, Y.-W.; Sun, J.-R.; Lin, T.-Y.; Chiu, C.-H.; Chao, Y.-C.; Chang, F.-Y. SARS-CoV-2
nucleocapsid protein, rather than spike protein, triggers a cytokine storm originating from lung epithelial cells in patients with
COVID-19. Infection 2023, 52, 955–983. [CrossRef] [PubMed]

44. Xu, X.; Gao, Y.; Wen, L.; Zhai, Z.; Zhang, S.; Shan, F.; Feng, J. Methionine enkephalin regulates microglia polarization and function.
Int. Immunopharmacol. 2016, 40, 90–97. [CrossRef] [PubMed]

45. Wu, W.; Wang, W.; Liang, L.; Chen, J.; Sun, S.; Wei, B.; Zhong, Y.; Huang, X.-R.; Liu, J.; Wang, X.; et al. SARS-CoV-2 N protein
induced acute kidney injury in diabetic db/db mice is associated with a Mincle-dependent M1 macrophage activation. Front.
Immunol. 2023, 14, 1264447. [CrossRef] [PubMed]

46. Cohen, K.W.; Linderman, S.L.; Moodie, Z.; Czartoski, J.; Lai, L.; Mantus, G.; Norwood, C.; Nyhoff, L.E.; Edara, V.V.; Floyd, K.; et al.
Longitudinal analysis shows durable and broad immune memory after SARS-CoV-2 infection with persisting antibody responses
and memory B and T cells. Cell Rep. Med. 2021, 2, 100354. [CrossRef]

47. Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y.; Lin, M.; Tan, N.; Linster, M.; et al.
SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 2020, 584, 457–462.
[CrossRef]

48. Glynne, P.; Tahmasebi, N.; Gant, V.; Gupta, R. Long COVID following Mild SARS-CoV-2 Infection: Characteristic T Cell Alterations
and Response to Antihistamines. J. Investig. Med. 2021, 70, 61–67. [CrossRef] [PubMed]

49. Theoharides, T.C.; Kempuraj, D. Role of SARS-CoV-2 Spike-Protein-Induced Activation of Microglia and Mast Cells in the
Pathogenesis of Neuro-COVID. Cells 2023, 12, 688. [CrossRef]

50. Mehboob, R.; Oehme, P.; Pfaff, G. The role of Substance P in the defense line of the respiratory tract and neurological manifestations
post COVID-19 infection. Front. Neurol. 2023, 14, 1052811. [CrossRef]

51. Barde, S.; Aguila, J.; Zhong, W.; Solarz, A.; Mei, I.; Prud’Homme, J.; Palkovits, M.; Turecki, G.; Mulder, J.; Uhlén, M.; et al.
Substance P, NPY, CCK and their receptors in five brain regions in major depressive disorder with transcriptomic analysis of
locus coeruleus neurons. Eur. Neuropsychopharmacol. 2024, 78, 54–63. [CrossRef]

52. Casello, S.M.; Flores, R.J.; Yarur, H.E.; Wang, H.; Awanyai, M.; Arenivar, M.A.; Jaime-Lara, R.B.; Bravo-Rivera, H.; Tejeda, H.A.
Neuropeptide System Regulation of Prefrontal Cortex Circuitry: Implications for Neuropsychiatric Disorders. Front. Neural
Circuits 2022, 16, 796443. [CrossRef] [PubMed]

53. Fu, D.; Liu, H.; Zhu, J.; Xu, H.; Yao, J. [D-Ala2, D-Leu5] Enkephalin Inhibits TLR4/NF-κB Signaling Pathway and Protects Rat
Brains against Focal Ischemia-Reperfusion Injury. Mediat. Inflamm. 2021, 2021, 6661620. [CrossRef] [PubMed]

https://doi.org/10.1128/AAC.02335-12
https://doi.org/10.1038/s41598-022-10370-1
https://doi.org/10.3390/molecules26092593
https://www.ncbi.nlm.nih.gov/pubmed/33946802
https://doi.org/10.7554/eLife.79946
https://www.ncbi.nlm.nih.gov/pubmed/36705566
https://doi.org/10.1038/s41586-022-05266-z
https://doi.org/10.1128/JVI.01396-21
https://www.ncbi.nlm.nih.gov/pubmed/34549987
https://doi.org/10.1038/s41586-020-2199-7
https://www.ncbi.nlm.nih.gov/pubmed/32322067
https://doi.org/10.1038/s41598-023-40011-0
https://doi.org/10.1007/s12015-021-10322-8
https://doi.org/10.1016/j.bbagen.2018.03.004
https://doi.org/10.3390/antiox12020440
https://doi.org/10.1101/2020.04.30.069922
https://doi.org/10.1007/s15010-023-02142-4
https://www.ncbi.nlm.nih.gov/pubmed/38133713
https://doi.org/10.1016/j.intimp.2016.08.037
https://www.ncbi.nlm.nih.gov/pubmed/27584058
https://doi.org/10.3389/fimmu.2023.1264447
https://www.ncbi.nlm.nih.gov/pubmed/38022581
https://doi.org/10.1016/j.xcrm.2021.100354
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1136/jim-2021-002051
https://www.ncbi.nlm.nih.gov/pubmed/34611034
https://doi.org/10.3390/cells12050688
https://doi.org/10.3389/fneur.2023.1052811
https://doi.org/10.1016/j.euroneuro.2023.09.004
https://doi.org/10.3389/fncir.2022.796443
https://www.ncbi.nlm.nih.gov/pubmed/35800635
https://doi.org/10.1155/2021/6661620
https://www.ncbi.nlm.nih.gov/pubmed/33628116


Biomolecules 2024, 14, 1081 12 of 13

54. Papasidero, I.D.; Valli, G.; Marin, D.; Del Sasso, A.; De Magistris, A.; Cennamo, E.; Casalboni, S.; De Marco, F.; Rocchi, R.;
Beumo, B.N.; et al. Utility of Measuring Circulating Bio-Adrenomedullin and Proenkephalin for 30-Day Mortality Risk Prediction
in Patients with COVID-19 and Non-COVID-19 Interstitial Pneumonia in the Emergency Department. Medicina 2022, 58, 1852.
[CrossRef]

55. Podvin, S.; Jiang, Z.; Boyarko, B.; Rossitto, L.-A.; O’donoghue, A.; Rissman, R.A.; Hook, V. Dysregulation of Neuropeptide and
Tau Peptide Signatures in Human Alzheimer’s Disease Brain. ACS Chem. Neurosci. 2022, 13, 1992–2005. [CrossRef]

56. Yang, A.C.; Kern, F.; Losada, P.M.; Agam, M.R.; Maat, C.A.; Schmartz, G.P.; Fehlmann, T.; Stein, J.A.; Schaum, N.; Lee, D.P.; et al.
Dysregulation of brain and choroid plexus cell types in severe COVID-19. Nature 2021, 595, 565–571. [CrossRef] [PubMed]

57. Karson, M.A.; Tang, A.-H.; Milner, T.A.; Alger, B.E. Synaptic Cross Talk between Perisomatic-Targeting Interneuron Classes
Expressing Cholecystokinin and Parvalbumin in Hippocampus. J. Neurosci. 2009, 29, 4140–4154. [CrossRef]

58. Antar, A.A.R.; Yu, T.; O Demko, Z.; Hu, C.; Tornheim, J.A.; Blair, P.W.; Thomas, D.L.; Manabe, Y.C. Long COVID brain fog and
muscle pain are associated with longer time to clearance of SARS-CoV-2 RNA from the upper respiratory tract during acute
infection. Front. Immunol. 2023, 14, 1147549. [CrossRef]

59. Taquet, M.; Sillett, R.; Zhu, L.; Mendel, J.; Camplisson, I.; Dercon, Q.; Harrison, P.J. Neurological and psychiatric risk trajectories
after SARS-CoV-2 infection: An analysis of 2-year retrospective cohort studies including 1,284,437 patients. Lancet Psychiatry 2022,
9, 815–827. [CrossRef]

60. DeMarino, C.; Lee, M.-H.; Cowen, M.; Steiner, J.P.; Inati, S.; Shah, A.H.; Zaghloul, K.A.; Nath, A. Detection of SARS-CoV-2
Nucleocapsid and Microvascular Disease in the Brain. Neurology 2023, 100, 624–628. [CrossRef]

61. Li, C.; Song, W.; Chan, J.F.-W.; Chen, Y.; Liu, F.; Ye, Z.; Lam, A.H.-C.; Cai, J.; Lee, A.C.-Y.; Wong, B.H.-Y.; et al. Intranasal infection
by SARS-CoV-2 Omicron variants can induce inflammatory brain damage in newly weaned hamsters. Emerg. Microbes Infect.
2023, 12, 2207678. [CrossRef] [PubMed]

62. Mehboob, R.; Lavezzi, A.M. Neuropathological explanation of minimal COVID-19 infection rate in newborns, infants and
children—A mystery so far. New insight into the role of Substance P. J. Neurol. Sci. 2020, 420, 117276. [CrossRef]

63. Lichtenberger, L.M.; Szabo, S. A closer look at endothelial injury-induced platelet hyperactivity and the use of aspirin in the
treatment of COVID infection. Inflammopharmacology 2022, 30, 1475–1476. [CrossRef] [PubMed]

64. Mikuteit, M.; Baskal, S.; Klawitter, S.; Dopfer-Jablonka, A.; Behrens, G.M.N.; Müller, F.; Schröder, D.; Klawonn, F.; Steffens, S.;
Tsikas, D. Amino acids, post-translational modifications, nitric oxide, and oxidative stress in serum and urine of long COVID and
ex COVID human subjects. Amino Acids 2023, 55, 1173–1188. [CrossRef] [PubMed]

65. Henrich, T.J.; Deeks, S.G.; Peluso, M.J.; Meyer, N.J.; Wherry, E.J.; Abramoff, B.A.; Cherry, S.; Thaiss, C.A.; Levy, M.; Wong, A.C.; et al.
Serotonin reduction in post-acute sequelae of viral infection. Cell 2023, 186, 4851–4867.e20. [CrossRef]

66. Spudich, S.; Nath, A. Nervous system consequences of COVID-19. Science 2022, 375, 267–269. [CrossRef]
67. Ogata, A.F.; Maley, A.M.; Wu, C.; Gilboa, T.; Norman, M.; Lazarovits, R.; Mao, C.-P.; Newton, G.; Chang, M.; Nguyen, K.; et al.

Ultra-Sensitive Serial Profiling of SARS-CoV-2 Antigens and Antibodies in Plasma to Understand Disease Progression in
COVID-19 Patients with Severe Disease. Clin. Chem. 2020, 66, 1562–1572. [CrossRef] [PubMed]

68. Chen, K.; Xiao, F.; Hu, D.; Ge, W.; Tian, M.; Wang, W.; Pan, P.; Wu, K.; Wu, J. SARS-CoV-2 Nucleocapsid Protein Interacts with
RIG-I and Represses RIG-Mediated IFN-β Production. Viruses 2021, 13, 47. [CrossRef]

69. Mu, J.; Xu, J.; Zhang, L.; Shu, T.; Wu, D.; Huang, M.; Ren, Y.; Li, X.; Geng, Q.; Xu, Y.; et al. SARS-CoV-2-encoded nucleocapsid
protein acts as a viral suppressor of RNA interference in cells. Sci. China Life Sci. 2020, 63, 1413–1416. [CrossRef]

70. Oh, S.J.; Shin, O.S. SARS-CoV-2 Nucleocapsid Protein Targets RIG-I-Like Receptor Pathways to Inhibit the Induction of Interferon
Response. Cells 2021, 10, 530. [CrossRef]

71. Xia, J.; Tang, W.; Wang, J.; Lai, D.; Xu, Q.; Huang, R.; Hu, Y.; Gong, X.; Fan, J.; Shu, Q.; et al. SARS-CoV-2 N Protein Induces Acute
Lung Injury in Mice via NF-κB Activation. Front. Immunol. 2021, 12, 791753. [CrossRef] [PubMed]

72. Yang, R.-C.; Huang, K.; Zhang, H.-P.; Li, L.; Zhang, Y.-F.; Tan, C.; Chen, H.-C.; Jin, M.-L.; Wang, X.-R. SARS-CoV-2 productively
infects human brain microvascular endothelial cells. J. Neuroinflamm. 2022, 19, 149. [CrossRef] [PubMed]

73. Park, M.-K.; Han, Y.; Kim, M.S.; Seo, E.; Kang, S.; Park, S.-Y.; Koh, H.; Kim, D.K.; Lee, H.-J. Reduction of Food Intake by Fenofibrate
is Associated with Cholecystokinin Release in Long-Evans Tokushima Rats. Korean J. Physiol. Pharmacol. 2012, 16, 181–186.
[CrossRef]

74. Mancini, M.; Natoli, S.; Gardoni, F.; Di Luca, M.; Pisani, A. Dopamine Transmission Imbalance in Neuroinflammation: Perspectives
on Long-Term COVID-19. Int. J. Mol. Sci. 2023, 24, 5618. [CrossRef] [PubMed]

75. Sotoyama, H.; Namba, H.; Tohmi, M.; Nawa, H. Schizophrenia Animal Modeling with Epidermal Growth Factor and Its
Homologs: Their Connections to the Inflammatory Pathway and the Dopamine System. Biomolecules 2023, 13, 372. [CrossRef]

76. Schirinzi, T.; Lattanzi, R.; Maftei, D.; Grillo, P.; Zenuni, H.; Boffa, L.; Albanese, M.; Simonetta, C.; Bovenzi, R.; Maurizi, R.; et al.
Substance P and Prokineticin-2 are overexpressed in olfactory neurons and play differential roles in persons with persistent
post-COVID-19 olfactory dysfunction. Brain Behav. Immun. 2022, 108, 302–308. [CrossRef]

77. O’Kelly, B.; Vidal, L.; McHugh, T.; Woo, J.; Avramovic, G.; Lambert, J.S. Safety and efficacy of low dose naltrexone in a long covid
cohort; an interventional pre-post study. Brain Behav. Immun. Health 2022, 24, 100485. [CrossRef]

78. Gall, C.; Lauterborn, J.; Burks, D.; Seroogy, K. Co-localization of enkephalin and cholecystokinin in discrete areas of rat brain.
Brain Res. 1987, 403, 403–408. [CrossRef]

https://doi.org/10.3390/medicina58121852
https://doi.org/10.1021/acschemneuro.2c00222
https://doi.org/10.1038/s41586-021-03710-0
https://www.ncbi.nlm.nih.gov/pubmed/34153974
https://doi.org/10.1523/JNEUROSCI.5264-08.2009
https://doi.org/10.3389/fimmu.2023.1147549
https://doi.org/10.1016/S2215-0366(22)00260-7
https://doi.org/10.1212/WNL.0000000000201682
https://doi.org/10.1080/22221751.2023.2207678
https://www.ncbi.nlm.nih.gov/pubmed/37122119
https://doi.org/10.1016/j.jns.2020.117276
https://doi.org/10.1007/s10787-022-01015-w
https://www.ncbi.nlm.nih.gov/pubmed/35729443
https://doi.org/10.1007/s00726-023-03305-1
https://www.ncbi.nlm.nih.gov/pubmed/37516715
https://doi.org/10.1016/j.cell.2023.09.013
https://doi.org/10.1126/science.abm2052
https://doi.org/10.1093/clinchem/hvaa213
https://www.ncbi.nlm.nih.gov/pubmed/32897389
https://doi.org/10.3390/v13010047
https://doi.org/10.1007/s11427-020-1692-1
https://doi.org/10.3390/cells10030530
https://doi.org/10.3389/fimmu.2021.791753
https://www.ncbi.nlm.nih.gov/pubmed/34950152
https://doi.org/10.1186/s12974-022-02514-x
https://www.ncbi.nlm.nih.gov/pubmed/35705998
https://doi.org/10.4196/kjpp.2012.16.3.181
https://doi.org/10.3390/ijms24065618
https://www.ncbi.nlm.nih.gov/pubmed/36982693
https://doi.org/10.3390/biom13020372
https://doi.org/10.1016/j.bbi.2022.12.017
https://doi.org/10.1016/j.bbih.2022.100485
https://doi.org/10.1016/0006-8993(87)90085-0


Biomolecules 2024, 14, 1081 13 of 13

79. Loonam, T.M.; Noailles, P.A.; Yu, J.; Zhu, J.P.; A Angulo, J. Substance P and cholecystokinin regulate neurochemical responses to
cocaine and methamphetamine in the striatum. Life Sci. 2003, 73, 727–739. [CrossRef]

80. Jalodia, R.; Antoine, D.; Braniff, R.G.; Dutta, R.K.; Ramakrishnan, S.; Roy, S. Opioid-Use, COVID-19 Infection, and Their
Neurological Implications. Front. Neurol. 2022, 13, 884216. [CrossRef]

81. Corder, G.; Castro, D.C.; Bruchas, M.R.; Scherrer, G. Endogenous and Exogenous Opioids in Pain. Annu. Rev. Neurosci. 2018, 41,
453–473. [CrossRef] [PubMed]

82. Deng, Z.; Chen, X.; Zhang, R.; Kong, L.; Fang, Y.; Guo, J.; Shen, B.; Zhang, L. Delta opioid peptide [D-ala2, D-leu5]-Enkephalin’s
ability to enhance mitophagy via TRPV4 to relieve ischemia/reperfusion injury in brain microvascular endothelial cells. Stroke
Vasc. Neurol. 2024, svn-2023. [CrossRef]

83. Heles, M.; Mrozkova, P.; Sulcova, D.; Adamek, P.; Spicarova, D.; Palecek, J. Chemokine CCL2 prevents opioid-induced inhibition
of nociceptive synaptic transmission in spinal cord dorsal horn. J. Neuroinflamm. 2021, 18, 279. [CrossRef] [PubMed]

84. Niemela, V.; Landtblom, A.; Nyholm, D.; Kneider, M.; Constantinescu, R.; Paucar, M.; Svenningsson, P.; Abujrais, S.; Burman, J.;
Shevchenko, G.; et al. Proenkephalin Decreases in Cerebrospinal Fluid with Symptom Progression of Huntington’s Disease. Mov.
Disord. 2020, 36, 481–491. [CrossRef]

85. Reinoso-Arija, R.; López-Ramírez, C.; Jimenez-Ruiz, J.A.; López-Campos, J.L. Effectiveness of aprepitant in post-acute COVID19
syndrome. Clin. Case Rep. 2021, 9, e04646. [CrossRef]

86. Di Stadio, A.; Brenner, M.J.; De Luca, P.; Albanese, M.; D’ascanio, L.; Ralli, M.; Roccamatisi, D.; Cingolani, C.; Vitelli, F.;
Camaioni, A.; et al. Olfactory Dysfunction, Headache, and Mental Clouding in Adults with Long-COVID-19: What Is the Link
between Cognition and Olfaction? A Cross-Sectional Study. Brain Sci. 2022, 12, 154. [CrossRef]

87. Zheng, Y.; Cai, Z.; Wang, S.; Zhang, X.; Qian, J.; Hong, S.; Li, H.; Wang, M.; Yang, J.; Yi, Q. Macrophages are an abundant
component of myeloma microenvironment and protect myeloma cells from chemotherapy drug–induced apoptosis. Blood 2009,
114, 3625–3628. [CrossRef]

88. Fontes-Dantas, F.L.; Fernandes, G.G.; Gutman, E.G.; De Lima, E.V.; Antonio, L.S.; Hammerle, M.B.; Mota-Araujo, H.P.;
Colodeti, L.C.; Araújo, S.M.; Froz, G.M.; et al. SARS-CoV-2 Spike protein induces TLR4-mediated long-term cognitive dysfunction
recapitulating post-COVID-19 syndrome in mice. Cell Rep. 2023, 42, 112189. [CrossRef] [PubMed]

89. Proal, A.D.; VanElzakker, M.B.; Aleman, S.; Bach, K.; Boribong, B.P.; Buggert, M.; Cherry, S.; Chertow, D.S.; Davies, H.E.;
Dupont, C.L.; et al. SARS-CoV-2 reservoir in post-acute sequelae of COVID-19 (PASC). Nat. Immunol. 2023, 24, 1616–1627.
[CrossRef]

90. Herskovitz, J.; Gendelman, H.E. HIV and the Macrophage: From Cell Reservoirs to Drug Delivery to Viral Eradication.
J. Neuroimmune Pharmacol. 2018, 14, 52–67. [CrossRef]

91. Barbosa-Silva, M.C.; Lima, M.N.; Battaglini, D.; Robba, C.; Pelosi, P.; Rocco, P.R.M.; Maron-Gutierrez, T. Infectious disease-
associated encephalopathies. Crit. Care 2021, 25, 236. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0024-3205(03)00393-X
https://doi.org/10.3389/fneur.2022.884216
https://doi.org/10.1146/annurev-neuro-080317-061522
https://www.ncbi.nlm.nih.gov/pubmed/29852083
https://doi.org/10.1136/svn-2023-003080
https://doi.org/10.1186/s12974-021-02335-4
https://www.ncbi.nlm.nih.gov/pubmed/34857006
https://doi.org/10.1002/mds.28391
https://doi.org/10.1002/ccr3.4646
https://doi.org/10.3390/brainsci12020154
https://doi.org/10.1182/blood-2009-05-220285
https://doi.org/10.1016/j.celrep.2023.112189
https://www.ncbi.nlm.nih.gov/pubmed/36857178
https://doi.org/10.1038/s41590-023-01601-2
https://doi.org/10.1007/s11481-018-9785-6
https://doi.org/10.1186/s13054-021-03659-6
https://www.ncbi.nlm.nih.gov/pubmed/34229735

	Introduction 
	Current Hypotheses 
	Insights into the Role of the SARS-CoV-2 Nucleoprotein in COVID-19 and Long COVID 
	Conclusions 
	Appendix A
	References

