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In response to pathogens or damage signs, the immune system is activated in order
to eliminate the noxious stimuli. The inflammatory response to infectious diseases
induces systemic events, including cytokine storm phenomenon, vascular dysfunction,
and coagulopathy, that can lead to multiple-organ dysfunction. The central nervous
system (CNS) is one of the major organs affected, and symptoms such as sickness
behavior (depression and fever, among others), or even delirium, can be observed due
to activation of endothelial and glial cells, leading to neuroinflammation. Several reports
have been shown that, due to CNS alterations caused by neuroinflammation, some
sequels can be developed in special cognitive decline. There is still no any treatment
to avoid cognitive impairment, especially those developed due to systemic infectious
diseases, but preclinical and clinical trials have pointed out controlling neuroinflammatory
events to avoid the development of this sequel. In this minireview, we point to the
possible mechanisms that triggers long-term cognitive decline, proposing the acute
neuroinflammatory events as a potential therapeutical target to treat this sequel that
has been associated to several infectious diseases, such as malaria, sepsis, and, more
recently, the new SARS-Cov2 infection.
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INTRODUCTION

It was only at the end of the twentieth century that the concept of the role of glial cells (astrocytes,
microglia, and oligodendrocytes) as supporting cells to neurons started to change, and they started
to be considered as essential cells to neurological function, as well as players in both physiological
and pathological conditions of the central nervous system (CNS) (Bentivoglio et al., 2011; Lana
et al., 2021).

Glial cell population can be subdivided into four major groups: microglia, astrocytes,
oligodendrocytes, and their progenitors NG2, also known as polydendrocytes (Jäkel and Dimou,
2017). Astrocytes, microglial cells, and oligodendrocytes have several roles on the manutention of
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brain tissue homeostasis acting in brain physiology,
metabolism, and development (Herculano-Houzel, 2014;
Jäkel and Dimou, 2017).

Astrocytes are the most abundant glial cells in the CNS
having several functions in brain tissue, including the
maintenance of water and ion homeostasis, the participation
in the tripartite synapse, and contribution to the blood–
brain barrier (BBB) (composed of brain microvascular
endothelial cells, astrocytes, pericytes, and microglial cells
connected by tight junctions) (Persidsky et al., 2006) integrity
maintenance. Microglia are the immunocompetent and
phagocytic cells of the nervous system, while oligodendrocytes
are responsible for synthesis of myelin sheaths that speed up
nerve impulse conduction besides providing metabolic support
to axons (Kurosinski et al., 2002; Jäkel and Dimou, 2017;
Allen and Lyons, 2018).

Both astrocytes and microglial cells have a role in formation
of neurovascular unity (NVU), a complex multi-hetero-cellular
structure of endothelial cells, neurons, smooth muscle cells,
pericytes, and extracellular matrix. Those regulate blood flow
and metabolism allowing the controlled exchange of nutrients
and metabolic products (Persidsky et al., 2006; Takata et al.,
2021). Besides, together with BBB, the blood–cerebrospinal fluid
barrier (BCSFB) work in to maintain networks requiring stable
extracellular fluid and restore homeostatic balance following CNS
insults (Johanson and Johanson, 2018).

Interestingly, NG2 cells or polydendrocytes reside in the
corpus callosum or in the subventricular zone, are usually
understood as progenitor cells that proliferate around lesions and
differentiate into oligodendrocytes, and have also been described
with the capacity of converting into neurons and astrocytes and
interacting glial with astrocytes and microglia (Nishiyama et al.,
2009; Du et al., 2020). In addition, NG2 cells are capable of
interact with neuronal cells in the developing and mature CNS.
The release of TGF-β by NG2 has been related to the reduction
of microglial activation by regulation of CX3CR1–CX3CL1 axis
in the microglia–neuron crosstalk, reducing neuroinflammation
and neuron toxicity (Zhang et al., 2019). With that in mind, NG2
cells can be proposed as a target to regulate neuroinflammatory
conditions in major neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (later stages of the disease)
(Ransohoff, 2016).

In spite of the brain being considered an “immune privileged”
tissue, meaning capable to tolerate the introduction of antigen
without eliciting an inflammatory immune response, immune
response in the brain can be triggered in several different
conditions such as neurodegenerative diseases (for example
Parkinson, Alzheimer, and others) and systemic inflammation
associated to infectious diseases. Neuroinflammatory events
lead to behavioral alterations usually described as sickness
behavior (weakness, malaise, listlessness, inability to concentrate,
depression, lethargy, and reduction of food intake among other
symptoms) (Kelley et al., 2003), Here, we exploit the long-
term cognitive sequels after the acute disease, which could
be reversible or irreversible, depending on the mechanism of
pathogen–host interaction.

NEUROINFLAMMATION

Several stimuli can alter the homeostasis of brain tissue,
resulting in alterations in BBB and activation of microglial
cells and astrocytes. Microglial cells have been reported as a
major player specially in neurodegenerative diseases. Microglial
activation has been classically related with the development of
M1 proinflammatory phenotype, including shape alteration from
resting to activated-ameboid state, with microglia-associated
processes, release of cytokines/chemokines, reactive oxygen
species, phagocytosis, and elimination of functional synapses
(Kreutzberg, 1996; Kurosinski et al., 2002). Cytokine release,
mainly IL-1 and TNF-α, triggers astrocyte A1 phenotype, with
cytoskeleton size increase, process extension, and expression
of glial fibrillary acidic protein (GFAP). This is followed by
glial scar formation and the production of proteins of the
complement cascade.

Activation of glial cells impacts the BBB/BCSFB integrity,
allowing trafficking of immune cells and/or plasma proteins
into the brain. Several immune or non-immune events could
distort extracellular fluid biochemistry, leading to disabled
neuronal/synaptic functions, including alterations in barrier
physiology with consequent development of pathophysiology
(Johanson and Johanson, 2018). Consequently, NVU is
abrogated, with dysregulation of neurovascular coupling, neuron
death, gliosis, microglia activation, mural cell transmigration,
and BBB breakdown, with consequent increased vascular leakage,
transcellular transport, immune cell infiltration, and reduction
of tight junctions (Kugler et al., 2021; Shaheryar et al., 2021).
In addition, dysregulation of endothelial function by activation
of endothelin-1 and nitric oxide (produced by eNOS) induces
endothelial activation; cellular inflammatory response; blood
flow occlusion; and further neuronal damage, ROS production,
and cytokine and matrix metalloprotein-2 and 9 release, which
digest proteins responsible for maintaining tight junctions
between endothelial cells, compromising the BBB integrity
(Tasaki et al., 2014; Park et al., 2018). However, it remains
unclear whether BBB dysfunction is a cause or a result of the
neuroinflammation.

Neuroinflammation is widely observed in neurodegenerative
diseases including Alzheimer’s disease (AD), Parkinson’s
disease (PD), multiple sclerosis (MS), and ALS, leading to
neuronal dysfunction. Activation of glial cells by pathogen or
damage signals induces neurovascular impairment, impacting
on neuronal function that could lead to cognitive decline
(Sofroniew, 2009; Orihuela et al., 2016; Liu et al., 2020).

Taken together, activation of glial cells by pathogen or
damage signals induces neurovascular impairment, impacting on
neuronal function that could lead to cognitive decline (Sofroniew,
2009; Orihuela et al., 2016; Liu et al., 2020).

Figure 1 summarizes the crosstalk between neuron and
glial cells: physiologically, cytokines and trophic factors act
together to maintain homeostasis, favoring the processes
of neurotransmission, including acquisition and memory
formation. The systemic inflammatory response activates
glial cells, which become immunocompetent, producing
inflammatory mediators and contributing to the breakdown of
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FIGURE 1 | Under physiological conditions, low levels of cytokines contribute to synthesis of proteins to crosstalk among neuron and glial cells. During infectious
diseases, inflammation triggers endothelial activation and activation of immune cells. Cytokine/chemokine release leads to activation of blood vessels and
blood–brain barrier breakdown. Glial cells (astrocytes and microglial cells) are activated, releasing cytokine/chemokine and reactive oxygen/nitrogen species.
Activation of microglia exacerbates cell damage, especially neurons and endothelial cells. Astrocyte activation contributes to cytokines release and blood–brain
barrier breakdown, reducing glutamate intake and leading to its accumulation on synaptic cleft. Excessive glutamate triggers excitotoxicity and neuronal death.
Tripartite cross talk is lost, contributing to the development of neurological sequelae, in special, cognitive impairment. Image gently provided by Dr. Felipe Dutra.

BBB, with consequent neuroinflammation that compromises
processes associated with neurotransmission. Together, these
alterations, depending on their intensity, trigger subsequent
cognitive sequelae that directly impact the quality of life of
patients surviving systemic infections.

NEUROINFLAMMATION AND
INFECTIOUS DISEASES

Systemic infectious diseases could lead to neuroinflammation
(Figure 1), which is defined as a complex inflammatory process
in the CNS (Tohidpour et al., 2017).

We and others previously reported the impact of two systemic
inflammatory infectious diseases, malaria and bacterial sepsis
(Barichello et al., 2006, 2007, 2014; Reis et al., 2010, 2012, 2017),
in the brain physiology and in cognition.

Infectious diseases drive immune response by engagement
with pattern recognition receptors (PRR). PRRs, such as
the Toll-like receptors (TLRs), the nucleotide-binding
oligomerization domain (NOD)-leucin rich repeats (LRR)-
containing receptors (NLR), the retinoic acid-inducible gene
1 (RIG-1)-like receptors (RLR; RIG-1-like helicases—RLH),
and the C-type lectin receptors (CLRs), recognize both

pathogen- and damage-associated molecular pattern (PAMP
and DAMP, respectively), triggering multiple downstream
pathways and transcriptional program activation involved in
pathogen clearance. Immune cells (especially macrophages and
neutrophils) are recruited, increasing the inflammatory response
and tissue damage (Lehnardt, 2010; Iwasaki and Medzhitov,
2015; Andreasson et al., 2016). Most recently, the receptor for
advanced glycation end-products (RAGE), multi-ligand receptor
of the immunoglobulin superfamily initially characterized and
named for its ability to bind to advanced glycation end-products
(AGEs), was also described as an able receptor to PAMPs and
DAMPs, taking place in inflammatory events, contributing to
enhancing tissue damage during neurodegenerative diseases and
inflammatory age-related diseases or inflammaging (Teissier and
Boulanger, 2019; Wang et al., 2020).

In brain tissue, TNF-α, IL-1β, and IL-6 are specific key players
in BBB breakdown and neuronal death. Furthermore, release of
ROS and reactive nitrogen (RN) species by glial cells can trigger
apoptosis or necrosis in neurons (Bentivoglio et al., 2011; Chitnis
and Weiner, 2017; Klein et al., 2017; Tohidpour et al., 2017). In
addition, neuronal cells can develop an excitotoxicity process due
to excessive glutamate in the synaptic cleft and subsequent extra-
synaptic N-methyl-D-aspartate (NMDA) receptor activation that
results in a subsequent increase of Ca+2 efflux in neuronal cells
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and the activation of proteins calpain 1 and neuronal nitric
oxide. This results in mitochondrial dysfunction and oxidative
damage by reactive oxygen and nitrogen species (Fujikawa, 2015).
Together, these mechanisms could lead to long-term cognitive
decline, which has been shown to be a consequence of several
infectious diseases, including sepsis induced by bacterial, viral
(example SARS-Cov2), or parasitic infection such as malaria
(Iwashyna et al., 2010; Brim et al., 2017; Heneka et al., 2020; Rizzo
and Paolisso, 2021).

OXIDATIVE STRESS

Despite the particularities associated with neurodegenerative
disorders following infectious or metabolic diseases, oxidative
stress seems to be a consensus among then.

Oxidative stress is an imbalance between the production
and accumulation of ROS in cells and tissues and the
ability of a given biological system to detoxify these reactive
products (Pizzino et al., 2017). Cells produce free radicals or
products of O2 oxy-reduction reactions such as superoxide
(O2
•−), hydrogen peroxide (H2O2), and hydroxyl radical

(OH•), under physiological and pathological conditions through
mitochondrial electron transport chain, xanthine oxidase, and
NADPH–oxidase system (Halliwell and Gutteridge, 2015).
Under pathological conditions, ROS can lead to modifications
of several biomolecules impacting cell function and to cell
death in certain conditions. In addition, many proteins and
enzyme have iron in its structure that is capable of generating
reactive free radicals through the Fenton reaction, releasing
hydroxyl radical and contributing to a cell pro-oxidant status
(Meneghini, 1997).

In response to pathogens, macrophage cell lines, including
microglia, produce superoxide radical and nitric oxide
(by inducible nitric oxide synthase enzyme), resulting in
peroxynitrite production that is important to kill invasive
microorganisms. However, spilling over peroxynitrite can
contribute to nitrosylation of biomolecules, which may result in
cytotoxicity (Prolo et al., 2014; Radi, 2018).

The brain has lower levels of antioxidant defense when
compared to other organs and, therefore, is more susceptible
to oxidative damage (Halliwell, 2006; Bozza et al., 2013). We
and others have shown that systemic inflammation, including
malaria and sepsis, induce brain oxidative stress and a further
reduction of antioxidant defense (Barichello et al., 2006, 2007;
Reis et al., 2010). Treatment with antioxidants N-acetylcysteine
and desferoxamine reduced cognitive decline associated with
both cerebral malaria and sepsis. Inhibition of superoxide
delivered from the NADPH oxidase system also prevented
oxidative damage, glial activation, and the development cognitive
decline (Hernandes et al., 2014). In addition, treatment with
lovastatin during experimental cerebral malaria, or simvastatin
or atorvastatin in sepsis murine models (Reis et al., 2010, 2012,
2017), also prevented oxidative stress and cognitive decline.
Taken together, these evidence point to a central role of oxidative
stress in neuronal damage with consequent development of
cognitive decline and point to antioxidant agents as potential

therapeutic interventions to neurological sequels following
systemic infections.

Recently, ferroptosis was identified as a new non-apoptotic,
iron-dependent, oxidative mechanism of cell death, which can
be caused by transition metal iron and ROS incorporation
in polyunsaturated fatty acids into cellular membranes (Dixon
et al., 2012; Yang and Stockwell, 2016; Stockwell et al., 2017).
Micronutrients, such as selenium and cystine, also have a role
on ferroptosis susceptibility, once they are required for the
synthesis of glutathione peroxidase 4 (GPX4), responsible for
detoxification of free radicals (Jiang et al., 2021). Failure on
GPX4 activity enhances lipid peroxidation and thiol system
depletion with consequent cell death (Cao and Dixon, 2016;
Lei et al., 2019).

Ferroptosis death mechanism has been associated to several
neurological diseases, as revised by Ren et al. (2020). To our
knowledge, both malaria and sepsis bear not only reduced levels
of free thiol but also enhanced lipid peroxidation (Reis et al., 2010,
2017). Although additional investigations are warranted, we
believe that ferroptosis could be associated with neuronal death
in both cerebral malaria and sepsis, and inhibition of ferroptosis
could be a useful therapeutic strategy for these conditions.

COGNITIVE DECLINE

Memory is the ability to retain new information for future
use. Basic functions of life require the mechanism of memory
formation and consolidation, which are critical for recognizing
dangerous signs and social behavior.

Several infectious diseases have been associated to
memory impairments: sepsis (mainly in the elderly), acquired
immunodeficiency syndrome (AIDS), pneumonia, and cerebral
malaria (in this case, mainly young children) (John et al., 2008,
2015; Iwashyna et al., 2010; Bentivoglio et al., 2011; Bangirana
et al., 2014; Barichello et al., 2014; Brim et al., 2017). Even
the recent coronavirus disease 2019 (COVID-19), caused by
the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), showed neurologic symptoms, including headache,
altered mental status, and anosmia (Rodriguez et al., 2020;
Solomon et al., 2020). Psychological alterations such as anxiety,
depression, and stress, as well as cognitive dysfunction, have
also been described (Pérez-Cano et al., 2020; Rodriguez et al.,
2020). The mechanisms of cognitive dysfunction are still not
clear, and there is no therapy available to control, prevent, or
cure disruption of memory in systemic infections.

One of the brain regions most important to memory
formation and consolidation is the hippocampus, the area where
the acquisition and “cellular” consolidation of memory take place
(Izquierdo and Medina, 1997; Wang and Morris, 2010). These
processes take minutes to hours and involve posttranslational
modification of synaptic proteins, activation of transcription
factors, modulation of gene expression at synapses and cell
bodies, and reorganization of pre- and postsynaptic proteins. The
end result is synaptic remodeling that makes the memory trace
stable (McGaugh, 2000; Nadel and Land, 2000; Lehnardt, 2010;
Nadel et al., 2012).
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Long-term potentiation (LTP) is associated with memory
formation, started by neuronal impulse, whereas NMDA-
type glutamate receptors are activated by glutamate, as a
result of postsynaptic depolarization through AMPA (α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors and
the binding of glutamate. Calcium enters the postsynaptic
neuron and activates calcium calmodulin-dependent kinase
II (CaMKII), protein kinase C (PKC), and calcineurin. This
process is believed to be fundamental to short-term memory
(Abel and Lattal, 2001). In sequence, in long-term memory,
adenylyl cyclase is activated by Ca2+ or by other modulatory
inputs, which stimulate adenylyl cyclase through G-protein-
coupled receptors. This leads to increases in adenosine 3′,5′-
monophosphate (cAMP) levels activating protein kinase A (PKA)
that translocate into the nucleus where it phosphorylates the
transcription factors cAMP-response element-binding protein
(CREB). Other protein kinases, such as CaMKII, CaMKIV, and
mitogen-activated protein kinase (MAP-kinase), also regulate
gene expression, showing that there is extensive crosstalk among
different kinase pathways. These events lead to the production
of several proteins, including brain-derived neurotrophic factor
(BDNF), which is closely associated with memory consolidation
(Weng et al., 1999; Abel and Lattal, 2001; Bekinschtein et al.,
2008a).

Interestingly, depending on inflammatory insult, the long-
term cognitive sequel could vary. In the experimental model
of sepsis, cognitive decline was observed until 30 days post-
surgery in survival animals, but it was absent at 60 days post-
surgery (Barichello et al., 2005; Tuon et al., 2008b). Conversely,
mice that survived cerebral malaria, likewise in patients (John
et al., 2008; Bangirana et al., 2014; Christensen and Eslick,
2015; Idro et al., 2016; Brim et al., 2017), presented persistent
cognitive impairment that was still present after 90 days (our
unpublished observations). Cerebral malaria is characterized
by severe inflammatory events in the brain, with an intense
vascular activation and intense Th1 response that lead to
TCD8+-induced endothelial cell death, hemorrhage, oxidative
stress, and neuronal death that could lead to irreversible
damage and persistent cognitive impairment (Wiese et al., 2006;
Dorovini-Zis et al., 2011; Milner et al., 2014; Nacer et al.,
2014).

Several mechanisms could be associated with long-term
cognitive decline in systemic infectious diseases. So far, we
evaluated neuroinflammation, oxidative stress and neuronal
death as major events to the development of cognitive sequel.
However, it is not established yet which mechanism or
combination of several ones triggers cognitive decline due to
systemic inflammatory diseases.

Several mechanisms could be associated with long-term
cognitive decline in systemic infectious diseases. So far, we
evaluated neuroinflammation, oxidative stress, and neuronal
death as major events to the development of cognitive sequel. To
date, experimental models have given some clues of mechanisms
associated to cognitive decline due to infectious diseases. Most
of the alterations were observed in the acute phase of infection
associated with an intense immune response. Moraes et al.
(2015) hypothesize that synaptic dysfunction could be related to

reversible cognitive decline due to sepsis by in vitro observation
of reduction of synaptophysin/PSD-95 rate associated with
release of cytokine, especially IL-1β, accomplished through glial
activation. In our models of sepsis and malaria, endothelial
activation and increased rolling and adhesion of leukocytes,
besides blood flow, functional capillary density and cholinergic
vasodilator response impairment, resulting on brain edema,
release of cytokine/chemokine, and oxidative stress were
observed (Reis et al., 2012, 2017). Dysfunctional glutamate
metabolism was also observed in both malaria and sepsis, and
blocking the NMDA pathway has been proposed (Miranda
et al., 2010; Gordon et al., 2015; de Miranda et al., 2017;
Juhász et al., 2020).

BDNF, aforementioned to be responsible for plastic changes
related to learning and memory, can be a key molecule on
the development of cognitive decline understanding. It is well-
known that BDNF is synthesized as the precursor pro-BDNF
and undergoes cleavage to produce a mature BDNF protein
(Lessmann et al., 2003; Bekinschtein et al., 2008b). Curiously,
BDNF and pro-BDNF are associated with opposing effects on
cellular function; while pro-BDNF preferentially binds p75 NTR
receptor, takes place at long-term depression (LTD, associated
with weakening spine complexity), and induces apoptosis,
mature BDNF form binds to tyrosine kinase receptors (TrkB),
promoting cell survival, and facilitates LTP (associated with
increasing spine complexity) (McAllister et al., 2003; Woo
et al., 2005; Zagrebelsky et al., 2005; Volosin et al., 2006;
Friedman, 2010; Gonçalves-Ribeiro et al., 2019). The complexity
of this molecule in infectious diseases Is still not clear, and
further investigations must be conducted so as to understand
the role of BDNF impairment in recovered patients/mice. So
far, BDNF has been found to be reduced in mice recovered
from sepsis or malaria infection (Bekinschtein et al., 2008a,b;
Comim et al., 2012b; Biff et al., 2013). Due to this and other
infectious insults, lower levels of BDNF could be associated
to neuronal loss or BDNF pathway impairment. However,
it is not established yet which mechanism or combination
of several ones triggers cognitive decline due to systemic
inflammatory diseases.

Our group and others showed that it is possible
to reverse/prevent cognitive decline by inhibiting
neuroinflammation and reducing glial activation. The use of
statins, for example, prevents cognitive decline in both sepsis and
malaria diseases. Treatment with statins reduced both systemic
and brain cytokine release, impacting on BBB disruption,
endothelial activation and damage, and also inhibiting microglial
activation. Short- and long-term memory impairment was
prevented/reversed by treatment with lovastatin, atorvastatin,
and simvastatin, but the molecular mechanism of statins is yet
to be described (Reis et al., 2012, 2017). Perhaps, by inhibition
of mevalonate release in cholesterol synthesis pathway the
prenylation of several proteins associated with proinflammatory
response, such as small GTPase Rho, Ras, and Rac, may be
affected, and this could be associated to the anti-inflammatory
effect of statins and its impact preventing cognitive decline
(Palinski and Tsimikas, 2002; Jain and Ridker, 2005; Weber et al.,
2005).
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Antioxidants also presented a beneficial effect in experimental
models of systemic inflammation and cognitive decline. The
use of N-acetylcysteine, desferoxamine, and apocynin as a
therapeutical support to specific treatment (antimalarial drugs
or antibiotic therapy for malaria and sepsis, respectively)
reversed cognitive decline in experimental malaria and sepsis.
This was accompanied by diminished release of cytokines,
controlled microglia activation, and prevention of neuronal death
(Barichello et al., 2007; Reis et al., 2010; Hernandes et al., 2014).

As described elsewhere, glial cells, especially astrocytes,
participate maintaining homeostasis in brain tissue
and controlling neurotransmitter delivery. During
neuroinflammation, the recapture of glutamate is impaired,
leading to prolonged exposure to glutamate of neuronal cells,
with consequent enhancement of sodium and calcium influx.
Both ionotropic-NMDA (mainly NR1/NR2B subtype) and
metabotropic glutamate receptors are associated with excitotoxic
effect of excessive glutamate on synaptic cleft. This event leads
to mitochondrial dysfunction and production of reactive oxygen
and nitrogen species due overactivation of neuronal nitric oxide
synthase, leading to peroxynitrite release, pro-apoptotic factor
delivery, and neuronal death (Dong et al., 2009; Wang and Qin,
2010; Allen, 2014; Armada-Moreira et al., 2020). Excitotoxicity is
associated with cognitive decline in several degenerative diseases,
and this mechanism could be exploited to prevent neurological
sequels associated with systemic inflammatory diseases.

DRUG STRATEGY—WHERE ARE WE

To date, there is no effective therapy to treat cognitive sequel
associated with systemic infectious diseases. Anti-inflammatory
and antioxidant therapy failed to prevent mortality, but these
approaches have never been tested as measures to prevent
cognitive damage or reduce its severity in survivors. In addition,
in intensive care units, treatment focus remains an appropriate
management of the systemic infection, without strategies to
cognitive impairment development investigation nor treatment.

One of the challenges to propose an effective therapeutical
strategy is the complex mechanism of cognitive decline. Also,
many observations are done in rodent experimental model, and
the translation to human are somehow frustrating. Additional
studies in this field are warranted and may unravel key molecular
mechanisms to understand cognitive dysfunction after severe
infectious syndromes.

As aforementioned, controlling neuroinflammation, oxidative
stress, and neuronal death could prevent cognitive decline
associated with systemic infectious diseases. Drugs such as
statins have shown conflicting evidence in critically ill patients.
Morandi et al. (2014) reported that patients under continuous
treatment with statins presented reduced sepsis-associated
delirium. However, other studies did not confirm the same
findings and showed no effect of treatment with statins on neither
delirium nor cognitive decline in intensive care patients (Kruger
et al., 2013; Needham et al., 2016). One distinct possibility is
that the beneficial effect of statins would only be attained in
patients under continuous long-term use of the drug, which

might indicate that the benefit of statins on cognitive decline
is related to their long-term vascular effects (Page et al., 2014;
Schultz et al., 2018).

Collaborating with statins findings, some authors suggest
that continuous supplemental nutrition, for example with
antioxidants or long-chain polyunsaturated fatty acids, could
prevent neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and dementias (revised by Businaro et al.,
2021).

In addition to statins, other drugs could be investigated
to treat cognitive decline associated with infectious diseases.
Several drugs have been developed to treat neurodegenerative
diseases and some of this could be tested to cognitive decline
associated with infectious diseases as well, based on the
analysis of similarity of mechanisms like glial activation, BBB
dysfunction, oxidative dysfunction, and neuronal death. Clinical
trials with levetiracetam, an antiepileptic drug, were carried
out in Alzheimer’s and septic patients with promising results
showing inhibition of neuronal dysfunction and inflammatory
parameters (Erbaş et al., 2013; Vossel et al., 2021). Memantine,
an NMDA antagonist already used to treat Alzheimer patients
due to its activity reducing excitotoxic neuronal death (Czarnecka
et al., 2021), could also be a candidate to act as an additive
therapeutical drug to prevent cognitive sequel associated with
infectious diseases. Of course, the safety profile of such drugs
must be taken into consideration, especially their combined use
with standard therapy in critically ill.

In pre-clinical models, several studies have been
conducted in order to control oxidative damage associated to
neuroinflammatory response due to systemic infectious diseases.
Drugs such as N-acetylcysteine, desferoxamine, and apocynin
(inhibitor of NADPH-oxidase system) have already been tested
and showed prevention of cognitive decline (Barichello et al.,
2007; Reis et al., 2010; Hernandes et al., 2014), but so far,
no clinical trials have been developed to test this possibility.
Also, erythropoietin, a glycoprotein hormone member of
cytokine I family, was tested in preclinical approaches of sepsis
and malaria (Wiese et al., 2008; Comim et al., 2012a; Wang
et al., 2013). Despite erythropoietin presenting anti-apoptotic,
anti-inflammatory, antioxidant, and cytoprotective effects and
showing to be beneficial to neurological damage associated to
malaria and sepsis, no further clinical use was described so far.

Immune modulators (e.g., rosiglitazone) have already
been shown to prevent neuroinflammatory events commonly
associated to systemic inflammation. Rosiglitazone is an
agonist of peroxisome proliferator-activated receptor gamma
(PPARγ), a member of the family of nuclear hormone receptors
that function as ligand-activated transcription factors, and is
reported to have anti-inflammatory, anti-oxidant, and also
neuroprotective properties (Berger and Moller, 2002; Lehrke
and Lazar, 2005; Kapadia et al., 2008) and prevented mortality,
inflammatory response, neuroinflammation, and vascular
dysfunction associated to experimental models of malaria and
sepsis (Serghides et al., 2009, 2014; Araújo et al., 2012). The
same result was observed in a randomized double-blind placebo
controlled trial in Thai patients with Plasmodium falciparum
malaria (Serghides et al., 2014).
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Dexamethasone, a steroidal anti-inflammatory drug, was used
in preclinical ligature and cecal puncture model in rats and
normalized the adrenal gland weight and plasma levels of
corticosterone and adrenocorticotropin hormone, preventing
cognitive decline and also depressive-like behavior, showing that
reducing inflammatory response has a beneficial effect on CNS
function during infectious diseases (Tuon et al., 2008a; Comim
et al., 2009). No consolidated data for dexamethasone preventing
cognitive decline is available so far.

Other strategies already used was the treatment with
antidepressant drugs. Due to its ability to increase neurogenesis
and peripheral BDNF delivery in patients and then ameliorate
cognitive impairment, those drugs were used in both malaria
and sepsis. Antidepressants ameliorate neurological impairment
due to sepsis, while lithium presented a beneficial effect on
experimental cerebral malaria (Tuon et al., 2007; Dai et al., 2012;
Anderson et al., 2016).

Control of inflammation could prevent cognitive decline due
to systemic infectious diseases. Despite that the inhibition of
cytokine release and other immune pathways seems reasonable,
immune response is also indispensable to pathogen clearance,
and immunomodulation should be carefully considered.

Antibiotics have been studied to prevent cognitive
decline in experimental models of infectious diseases. Beta-
lactam antibiotics and tetracyclines have been claimed as
neuroprotective drugs due to the ligand and signaling activities
beyond their antimicrobial use. For example, ceftriaxone—a
beta-lactam antibiotic—increases glutamate transporter-1
expression in neurons and excitatory amino acid transporter-2
in astrocytes, and removal of glutamate ameliorates glutamate
excitotoxicity in several in vivo and in vitro models. Antibiotics
ameliorating glutamate excitotoxicity have the potential to
prevent a wide spectrum of neurodegenerative diseases and
could, therefore, be considered candidates to prevent cognitive
decline in severe systemic infectious diseases (Lee et al., 2008;
Aminov, 2013; Tikhonova et al., 2017).

Minocycline is a semi-synthetic antibiotic of the tetracycline
family and has the capacity to pass the BBB (Aronson, 1980;
Jordan et al., 2007; Li et al., 2013). In addition to its microbicidal
activity, minocycline has been described with anti-inflammatory
properties in neurodegenerative disease models, such as ALS,
Alzheimer, Parkinson, and Huntington (Blum et al., 1984;
Noble et al., 2009; Kobayashi et al., 2013; Li et al., 2013).
Minocycline is known as an inhibitor of microglial activation
and to reduce proinflammatory mediators (Kim and Suh, 2009;
Plane et al., 2010; Li et al., 2013). Accordingly, Kast (2008) and
Apoorv and Babu (2017) showed that minocycline is effective
in preventing neurodegeneration and mortality in experimental
cerebral malaria. Minocycline was also shown to diminish M1
activation profile during experimental sepsis (Michels et al.,
2020). Further investigation must be carried out to confirm the
potential of minocycline on the prevention of neuroinflammatory
events and cognitive decline.

Here, we provided few considerations of drugs that can
be used to manage cognitive decline. However, we are aware
that other mechanisms, pathways, or targets also must be
relevant. For example, we wonder if the crescent studies of

immunometabolism could also bring some clues of mechanisms
that trigger organic dysfunction associated with infectious
diseases. The understanding of metabolic adaptations during
infection at the organismal level may be used to purpose
innovative therapeutical strategies that will impact not only on
host–pathogen interaction but also controlling the development
of neurological sequel (Ayres, 2019; Lercher et al., 2020).

CONCLUDING REMARKS

Despite the growing interest in infection-associated cognitive
sequel in recent years, the detailed mechanism of the persistent
long-term cognitive decline is still unclear. Data from animal
models provided some clues about the general mechanisms
involved, but many details need further investigation. In the
first place, is not well defined how systemic inflammation
is associated with neuroinflammation and cognitive decline.
Local brain infection can trigger inflammation, tissue damage,
and probably neuronal dysfunction and death, as observed
in experimental and human cerebral malaria (Wiese et al.,
2006; Milner et al., 2014). Some viruses (Zika, SARS-CoV19,
cytomegalovirus, and rubella) present tropism to neuronal cells,
inducing dysfunction and death (Carson et al., 2006; Ferreira
et al., 2017; Lebov et al., 2018; Pérez-Cano et al., 2020; Rodriguez
et al., 2020; Solomon et al., 2020). Intense Th1 immune
response seems to induce cognitive decline, mainly memory
loss, perhaps due to microvascular alterations, with endothelial
activation, adhesion of leukocytes, and capillary rarefaction,
which induces hypoxia and metabolic/energetic dysfunction.
In addition, in some conditions, immune cells can also
infiltrate brain tissue, leading to intensive neuroinflammation
and tissue damage, including neuronal death (Perry et al., 2007;
Dorovini-Zis et al., 2011).

Several other mechanisms could be associated with systemic
immune response and brain dysfunction. Vagal and trigeminal
nerves respond to cytokine release, in special IL-1 and IL-6 (Maier
et al., 1998; Breit et al., 2018; Zanos et al., 2018). In addition,
cytokine can be delivered in the brain by non-covered BBB
circumventricular organs and the choroid plexus regions (Banks
et al., 2002). Furthermore, BBB activation and permeabilization
could allow systemic cytokines to access the brain, activate glial
cells, and, consequently, induce neuroinflammation (Sonneville
et al., 2013; Nacer et al., 2014; Parra et al., 2021). In
systemic infection scenarios, such as observed in sepsis, it
is not clear which mechanism triggers neuronal dysfunction.
Previous report pointed to cytokines, including IL-1β, inducing
synaptic dysfunction and, in consequence, diminishing levels
of the neurotrophic factor BDNF (Mina et al., 2013; Comim
et al., 2014; Moraes et al., 2015). Long-term consequences of
infectious diseases in the brain could be directly associated
with the intensity of inflammatory response or due to immune
response to the presence of the pathogen in the cerebral tissue
(Dorovini-Zis et al., 2011; Ferrari and Moreira, 2011; John
et al., 2015; Konradt et al., 2016; Bentivoglio et al., 2018;
Lebov et al., 2018). Importantly, some studies point to a post-
infection depression behavior, as observed in COVID-19 patients.
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It is important to mention that depression is commonly
associated with sickness behavior. However, some recent studies
have shown that persistent depression disorder may also
occur. Neurotransmitters’ imbalance could be associated with
depression and anxiety, but the long-term impact on mental
health still needs further investigation (Pérez-Cano et al., 2020;
Rodriguez et al., 2020; Solomon et al., 2020).

Finally, one question that remains unanswered is what
is the impact of successive systemic infections during life
for neurodegenerative diseases? According to Perry et al.
(2007), the acute immune response could exacerbate symptoms
and drive the progression of neurodegenerative diseases.
Therefore, the relevance of pharmacological approaches that
control neuroinflammation and cognitive impairment is clear,
providing strategies to control neurodegenerative disorders, like
Alzheimer’s, Parkinson, and dementia.

Further studies must be carried out to identify other targets
for drug investigation. So far, we have more questions than
answers about both the mechanism that leads to cognitive decline
and the therapeutical approaches to prevent/reverse this sequel.

Those are hard studies to conduct in human patients, and we
should, in parallel, work to improve and develop experimental
models or systems biology approaches that may help to elucidate
the intricate relationship between cognitive decline and severe
systemic infectious diseases.
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Erbaş, O., Yeniel, A. Ö, Akdemir, A., Ergenoglu, A. M., Yilmaz, M., Taskiran,
D., et al. (2013). The beneficial effects of Levetiracetam on polyneuropathy in
the early stage of sepsis in rats: electrophysiological and biochemical evidence.
J. Invest. Surg. 26, 312–318. doi: 10.3109/08941939.2013.797056

Ferrari, T. C. A., and Moreira, P. R. R. (2011). Neuroschistosomiasis: clinical
symptoms and pathogenesis. Lancet Neurol. 10, 853–864. doi: 10.1016/S1474-
4422(11)70170-3

Ferreira, A. C., Zaverucha-do-Valle, C., Reis, P. A., Barbosa-Lima, G., Vieira,
Y. R., Mattos, M., et al. (2017). Sofosbuvir protects Zika virus-infected mice
from mortality, preventing short- and long-term sequelae. Sci. Rep. 7:9409.
doi: 10.1038/s41598-017-09797-8

Friedman, W. J. (2010). Proneurotrophins, seizures, and neuronal apoptosis.
Neuroscientist 16, 244–252. doi: 10.1177/1073858409349903

Fujikawa, D. G. (2015). The role of excitotoxic programmed necrosis in acute brain
injury. Comput. Struct. Biotechnol. J. 13, 212–221. doi: 10.1016/j.csbj.2015.03.
004

Gonçalves-Ribeiro, J., Pina, C. C., Sebastião, A. M., and Vaz, S. H. (2019).
Glutamate transporters in hippocampal LTD/LTP: not just prevention of
excitotoxicity. Front. Cell. Neurosci. 13:357. doi: 10.3389/fncel.2019.00357

Gordon, E. B., Hart, G. T., Tran, T. M., Waisberg, M., Akkaya, M., Kim, A. S.,
et al. (2015). Targeting glutamine metabolism rescues mice from late-stage
cerebral malaria. Proc. Natl. Acad. Sci. U.S.A. 112, 13075–13080. doi: 10.1073/
pnas.1516544112

Halliwell, B. (2006). Oxidative stress and neurodegeneration: where are we now?
J. Neurochem. 97, 1634–1658. doi: 10.1111/j.1471-4159.2006.03907.x

Halliwell, B., and Gutteridge, J. M. C. (2015). Free Radicals in Biology and Medicine.
Oxford: Oxford University Press.

Heneka, M. T., Golenbock, D., Latz, E., Morgan, D., and Brown, R. (2020).
Immediate and long-term consequences of COVID-19 infections for the
development of neurological disease. Alzheimers Res. Ther. 12:69. doi: 10.1186/
s13195-020-00640-3

Herculano-Houzel, S. (2014). The glia/neuron ratio: how it varies uniformly across
brain structures and species and what that means for brain physiology and
evolution. Glia 62, 1377–1391. doi: 10.1002/glia.22683

Hernandes, M. S., D’Avila, J. C., Trevelin, S. C., Reis, P. A., Kinjo, E. R., Lopes, L. R.,
et al. (2014). The role of Nox2-derived ROS in the development of cognitive
impairment after sepsis. J. Neuroinflammation 11:36. doi: 10.1186/1742-2094-
11-36

Idro, R., Kakooza-Mwesige, A., Asea, B., Ssebyala, K., Bangirana, P., Opoka, R. O.,
et al. (2016). Cerebral malaria is associated with long-term mental health
disorders: a cross sectional survey of a long-term cohort. Malar. J. 15:184.
doi: 10.1186/s12936-016-1233-6

Iwasaki, A., and Medzhitov, R. (2015). Control of adaptive immunity by the innate
immune system. Nat. Immunol. 16, 343–353. doi: 10.1038/ni.3123

Iwashyna, T. J., Ely, E. W., Smith, D. M., and Langa, K. M. (2010). Long-term
cognitive impairment and functional disability among survivors of severe
sepsis. JAMA J. Am. Med. Assoc. 304, 1787–1794. doi: 10.1001/jama.2010.1553

Izquierdo, I., and Medina, J. H. (1997). Memory formation: the sequence of
biochemical events in the hippocampus and its connection to activity in other
brain structures. Neurobiol. Learn. Mem. 68, 285–316. doi: 10.1006/NLME.
1997.3799

Jain, M. K., and Ridker, P. M. (2005). Anti-inflammatory effects of statins: clinical
evidence and basic mechanisms. Nat. Rev. Drug Discov. 4, 977–987. doi: 10.
1038/nrd1901

Jäkel, S., and Dimou, L. (2017). Glial cells and their function in the adult brain:
a journey through the history of their ablation. Front. Cell. Neurosci. 11:24.
doi: 10.3389/fncel.2017.00024

Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: mechanisms,
biology and role in disease. Nat. Rev. Mol. Cell Biol. 22, 266–282. doi: 10.1038/
s41580-020-00324-8

Johanson, C. E., and Johanson, N. L. (2018). Choroid plexus blood-CSF barrier:
major player in brain disease modeling and neuromedicine. J. Neurol.
Neuromedicine 3, 39–58.

John, C. C., Bangirana, P., Byarugaba, J., Opoka, R. O., Idro, R., Jurek, A. M.,
et al. (2008). Cerebral malaria in children is associated with long-term cognitive
impairment. Pediatrics 122, e92–e99. doi: 10.1542/peds.2007-3709

John, C. C., Carabin, H., Montano, S. M., Bangirana, P., Zunt, J. R., and Peterson,
P. K. (2015). Global research priorities for infections that affect the nervous
system. Nature 527, S178–S186. doi: 10.1038/nature16033

Jordan, J., Ramos, M., Ikuta, I., Aguirre, N., and Galindo, M. F. (2007). Minocycline
and cytoprotection: shedding new light on a shadowy controversy. Curr. Drug
Deliv. 4, 225–231. doi: 10.2174/156720107781023938

Juhász, L., Rutai, A., Fejes, R., Tallósy, S. P., Poles, M. Z., Szabó, A., et al. (2020).
Divergent effects of the N-Methyl-D-aspartate receptor antagonist kynurenic
acid and the synthetic analog SZR-72 on microcirculatory and mitochondrial

Frontiers in Neuroscience | www.frontiersin.org 9 February 2022 | Volume 15 | Article 742158

https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.4269/ajtmh.17-0020
https://doi.org/10.3389/fnut.2021.669846
https://doi.org/10.1007/s00018-016-2194-1
https://doi.org/10.1086/506939
https://doi.org/10.1172/JCI90609
https://doi.org/10.1093/TRSTMH/TRV005
https://doi.org/10.1093/TRSTMH/TRV005
https://doi.org/10.1007/S12640-009-9101-6
https://doi.org/10.1016/J.NEULET.2012.06.051
https://doi.org/10.1016/J.NEULET.2012.06.051
https://doi.org/10.1007/S00702-012-0774-2
https://doi.org/10.1002/SYN.21760
https://doi.org/10.1007/S00109-020-01982-Z
https://doi.org/10.1371/journal.pone.0044117
https://doi.org/10.1007/S12035-016-0226-3
https://doi.org/10.1007/S12035-016-0226-3
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/aps.2009.24
https://doi.org/10.1016/J.AJPATH.2011.01.016
https://doi.org/10.1007/S10571-020-00843-0
https://doi.org/10.3109/08941939.2013.797056
https://doi.org/10.1016/S1474-4422(11)70170-3
https://doi.org/10.1016/S1474-4422(11)70170-3
https://doi.org/10.1038/s41598-017-09797-8
https://doi.org/10.1177/1073858409349903
https://doi.org/10.1016/j.csbj.2015.03.004
https://doi.org/10.1016/j.csbj.2015.03.004
https://doi.org/10.3389/fncel.2019.00357
https://doi.org/10.1073/pnas.1516544112
https://doi.org/10.1073/pnas.1516544112
https://doi.org/10.1111/j.1471-4159.2006.03907.x
https://doi.org/10.1186/s13195-020-00640-3
https://doi.org/10.1186/s13195-020-00640-3
https://doi.org/10.1002/glia.22683
https://doi.org/10.1186/1742-2094-11-36
https://doi.org/10.1186/1742-2094-11-36
https://doi.org/10.1186/s12936-016-1233-6
https://doi.org/10.1038/ni.3123
https://doi.org/10.1001/jama.2010.1553
https://doi.org/10.1006/NLME.1997.3799
https://doi.org/10.1006/NLME.1997.3799
https://doi.org/10.1038/nrd1901
https://doi.org/10.1038/nrd1901
https://doi.org/10.3389/fncel.2017.00024
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1542/peds.2007-3709
https://doi.org/10.1038/nature16033
https://doi.org/10.2174/156720107781023938
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-742158 February 18, 2022 Time: 14:57 # 10

Reis and Castro-Faria-Neto Targeting Neuroinflammation Blocks Cognitive Decline

dysfunction in experimental sepsis. Front. Med. 7:848. doi: 10.3389/fmed.2020.
566582

Kapadia, R., Yi, J. H., and Vemuganti, R. (2008). Mechanisms of anti-inflammatory
and neuroprotective actions of PPAR-gamma agonists. Front. Biosci. 13:1813–
1826. doi: 10.2741/2802

Kast, R. E. (2008). Minocycline in cerebral malaria. J. Neurosci. Res. 86:3257.
doi: 10.1002/jnr.21791

Kelley, K. W., Bluthé, R. M., Dantzer, R., Zhou, J. H., Shen, W. H., Johnson, R. W.,
et al. (2003). Cytokine-induced sickness behavior. Brain Behav. Immun. 17,
112–118. doi: 10.1016/s0889-1591(02)00077-6

Kim, H. S., and Suh, Y. H. (2009). Minocycline and neurodegenerative diseases.
Behav. Brain Res. 196, 168–179. doi: 10.1016/j.bbr.2008.09.040

Klein, R. S., Garber, C., and Howard, N. (2017). Infectious immunity in the central
nervous system and brain function. Nat. Immunol. 18, 132–141. doi: 10.1038/
ni.3656

Kobayashi, K., Imagama, S., Ohgomori, T., Hirano, K., Uchimura, K., Sakamoto,
K., et al. (2013). Minocycline selectively inhibits M1 polarization of microglia.
Cell Death Dis. 4:e525. doi: 10.1038/cddis.2013.54

Konradt, C., Ueno, N., Christian, D. A., Delong, J. H., Pritchard, G. H., Herz, J.,
et al. (2016). Endothelial cells are a replicative niche for entry of Toxoplasma
gondii to the central nervous system. Nat. Microbiol. 1:16001. doi: 10.1038/
nmicrobiol.2016.1

Kreutzberg, G. W. (1996). Microglia: a sensor for pathological events in the CNS.
Trends Neurosci. 19, 312–318. doi: 10.1016/0166-2236(96)10049-7

Kruger, P., Bailey, M., Bellomo, R., Cooper, D. J., Harward, M., Higgins, A., et al.
(2013). A multicenter randomized trial of atorvastatin therapy in intensive
care patients with severe sepsis. Am. J. Respir. Crit. Care Med. 187, 743–750.
doi: 10.1164/rccm.201209-1718OC

Kugler, E. C., Greenwood, J., and MacDonald, R. B. (2021). The “neuro-glial-
vascular” unit: the role of glia in neurovascular unit formation and dysfunction.
Front. Cell Dev. Biol. 9:2641. doi: 10.3389/fcell.2021.732820

Kurosinski, P., Biol, D., and Götz, J. (2002). Glial cells under physiologic and
pathologic conditions. Arch. Neurol. 59, 1524–1528. doi: 10.1001/archneur.59.
10.1524

Lana, D., Ugolini, F., Nosi, D., Wenk, G. L., and Giovannini, M. G. (2021). The
emerging role of the interplay among astrocytes, microglia, and neurons in
the hippocampus in health and disease. Front. Aging Neurosci. 13:651973. doi:
10.3389/fnagi.2021.651973

Lebov, J. F., Brown, L. M., MacDonald, P. D. M., Robertson, K., Bowman, N. M.,
Hooper, S. R., et al. (2018). Review: evidence of neurological Sequelae in
children with acquired Zika virus infection. Pediatr. Neurol. 85, 16–20. doi:
10.1016/J.PEDIATRNEUROL.2018.03.001

Lee, S. G., Su, Z. Z., Emdad, L., Gupta, P., Sarkar, D., Borjabad, A., et al. (2008).
Mechanism of ceftriaxone induction of excitatory amino acid transporter-2
expression and glutamate uptake in primary human astrocytes. J. Biol. Chem.
283:13116. doi: 10.1074/JBC.M707697200

Lehnardt, S. (2010). Innate immunity and neuroinflammation in the CNS: the role
of microglia in toll-like receptor-mediated neuronal injury. Glia 58, 253–263.
doi: 10.1002/glia.20928

Lehrke, M., and Lazar, M. A. (2005). The many faces of PPARγ. Cell 123, 993–999.
doi: 10.1016/J.CELL.2005.11.026

Lei, P., Bai, T., and Sun, Y. (2019). Mechanisms of ferroptosis and relations with
regulated cell death: a review. Front. Physiol. 10:139. doi: 10.3389/fphys.2019.
00139

Lercher, A., Baazim, H., and Bergthaler, A. (2020). Systemic immunometabolism:
challenges and opportunities. Immunity 53, 496–509. doi: 10.1016/j.immuni.
2020.08.012

Lessmann, V., Gottmann, K., and Malcangio, M. (2003). Neurotrophin secretion:
current facts and future prospects. Prog. Neurobiol. 69, 341–374. doi: 10.1016/
S0301-0082(03)00019-4

Li, C., Yuan, K., and Schluesener, H. (2013). Impact of minocycline on
neurodegenerative diseases in rodents: a meta-analysis. Rev. Neurosci. 24,
553–562. doi: 10.1515/revneuro-2013-0040

Liu, L. R., Liu, J. C., Bao, J. S., Bai, Q. Q., and Wang, G. Q. (2020). Interaction of
microglia and astrocytes in the neurovascular unit. Front. Immunol. 11:1024.
doi: 10.3389/fimmu.2020.01024

Maier, S. F., Goehler, L. E., Fleshner, M., and Watkins, L. R. (1998). The
role of the vagus nerve in cytokine-to-brain communication. Ann.

N. Y. Acad. Sci. 840, 289–300. doi: 10.1111/J.1749-6632.1998.TB09
569.X

McAllister, A. K., Katz, L. C., and Lo, D. C. (2003). NEUROTROPHINS AND
SYNAPTIC PLASTICITY. Annu. Rev. Neurosci. 22, 295–318.

McGaugh, J. (2000). Memory — a century of consolidation. Science 287, 248–251.
doi: 10.1126/science.287.5451.248

Meneghini, R. (1997). Iron homeostasis, oxidative stress, and DNA damage. Free
Radic. Biol. Med. 23, 783–792. doi: 10.1016/S0891-5849(97)00016-6

Michels, M., Abatti, M. R., Ávila, P., Vieira, A., Borges, H., Junior, C. C.,
et al. (2020). Characterization and modulation of microglial phenotypes
in an animal model of severe sepsis. J. Cell. Mol. Med. 24, 88–97.
doi: 10.1111/JCMM.14606

Milner, D. A. J., Whitten, R. O., Kamiza, S., Carr, R., Liomba, G., Dzamalala, C.,
et al. (2014). The systemic pathology of cerebral malaria in African children.
Front. Cell. Infect. Microbiol. 4:104. doi: 10.3389/FCIMB.2014.00104

Mina, F., Comim, C. M., Dominguini, D., Cassol, O. J., Dall’Igna, D. M., Ferreira,
G. K., et al. (2013). Il1-β involvement in cognitive impairment after sepsis. Mol.
Neurobiol. 49, 1069–1076. doi: 10.1007/S12035-013-8581-9

Miranda, A. S., Vieira, L. B., Lacerda-Queiroz, N., Souza, A. H., Rodrigues, D. H.,
Vilela, M. C., et al. (2010). Increased levels of glutamate in the central nervous
system are associated with behavioral symptoms in experimental malaria.
Braz. J. Med. Biol. Res. 43, 1173–1177. doi: 10.1590/s0100-879x201000750
0130

Moraes, C. A., Santos, G., Spohr, T. C. L. S., D’Avila, J. C., Lima, F. R. S., Benjamim,
C. F., et al. (2015). Activated microglia-induced deficits in excitatory synapses
through IL-1β: implications for cognitive impairment in sepsis. Mol. Neurobiol.
52, 653–663. doi: 10.1007/s12035-014-8868-5

Morandi, A., Hughes, C. G., Thompson, J. L., Pandharipande, P. P., Shintani,
A. K., Vasilevskis, E. E., et al. (2014). Statins and delirium during critical illness:
a multicenter, prospective cohort study. Crit. Care Med. 42, 1899–1909. doi:
10.1097/CCM.0000000000000398

Nacer, A., Movila, A., Sohet, F., Girgis, N. M., Gundra, U. M., Loke, P., et al. (2014).
Experimental cerebral malaria pathogenesis—hemodynamics at the blood brain
barrier. PLoS Pathog. 10:e1004528. doi: 10.1371/JOURNAL.PPAT.1004528

Nadel, L., and Land, C. (2000). Memory traces revisited. Nat. Rev. Neurosci. 1,
209–212. doi: 10.1038/35044572

Nadel, L., Hupbach, A., Gomez, R., and Newman-Smith, K. (2012). Memory
formation, consolidation and transformation. Neurosci. Biobehav. Rev. 36,
1640–1645. doi: 10.1016/j.neubiorev.2012.03.001

Needham, D. M., Colantuoni, E., Dinglas, V. D., Hough, C. L., Wozniak, A. W.,
Jackson, J. C., et al. (2016). Rosuvastatin versus placebo for delirium in intensive
care and subsequent cognitive impairment in patients with sepsis-associated
acute respiratory distress syndrome: an ancillary study to a randomised
controlled trial. Lancet Respir. Med. 4, 203–212. doi: 10.1016/S2213-2600(16)
00005-9

Nishiyama, A., Komitova, M., Suzuki, R., and Zhu, X. (2009). Polydendrocytes
(NG2 cells): multifunctional cells with lineage plasticity. Nat. Rev. Neurosci. 10,
9–22. doi: 10.1038/nrn2495

Noble, W., Garwood, C. J., and Hanger, D. P. (2009). Minocycline as a potential
therapeutic agent in neurodegenerative disorders characterised by protein
misfolding. Prion 3, 78–83. doi: 10.4161/pri.3.2.8820

Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/M2
polarization and metabolic states. Br. J. Pharmacol. 173, 649–665. doi: 10.1111/
bph.13139

Page, V. J., Davis, D., Zhao, X. B., Norton, S., Casarin, A., Brown, T., et al. (2014).
Statin use and risk of delirium in the critically Ill. Am. J. Respir. Crit. Care Med.
189, 666–673. doi: 10.1164/rccm.201306-1150OC

Palinski, W., and Tsimikas, S. (2002). Immunomodulatory effects of statins:
mechanisms and potential impact on arteriosclerosis. J. Am. Soc. Nephrol. 13,
1673–1681. doi: 10.1097/01.asn.0000018400.39687.8c

Park, M. H., Lee, J. Y., Park, K. H., Jung, I. K., Kim, K. T., Lee, Y. S.,
et al. (2018). Vascular and neurogenic rejuvenation in aging mice by
modulation of ASM. Neuron 100, 167–182.e9. doi: 10.1016/J.NEURON.
2018.09.010

Parra, M. A., Baez, S., Sedeño, L., Campo, C. G., Santamaría-García, H.,
Aprahamian, I., et al. (2021). Dementia in Latin America: paving the way toward
a regional action plan. Alzheimers Dement. 17, 295–313. doi: 10.1002/ALZ.
12202

Frontiers in Neuroscience | www.frontiersin.org 10 February 2022 | Volume 15 | Article 742158

https://doi.org/10.3389/fmed.2020.566582
https://doi.org/10.3389/fmed.2020.566582
https://doi.org/10.2741/2802
https://doi.org/10.1002/jnr.21791
https://doi.org/10.1016/s0889-1591(02)00077-6
https://doi.org/10.1016/j.bbr.2008.09.040
https://doi.org/10.1038/ni.3656
https://doi.org/10.1038/ni.3656
https://doi.org/10.1038/cddis.2013.54
https://doi.org/10.1038/nmicrobiol.2016.1
https://doi.org/10.1038/nmicrobiol.2016.1
https://doi.org/10.1016/0166-2236(96)10049-7
https://doi.org/10.1164/rccm.201209-1718OC
https://doi.org/10.3389/fcell.2021.732820
https://doi.org/10.1001/archneur.59.10.1524
https://doi.org/10.1001/archneur.59.10.1524
https://doi.org/10.3389/fnagi.2021.651973
https://doi.org/10.3389/fnagi.2021.651973
https://doi.org/10.1016/J.PEDIATRNEUROL.2018.03.001
https://doi.org/10.1016/J.PEDIATRNEUROL.2018.03.001
https://doi.org/10.1074/JBC.M707697200
https://doi.org/10.1002/glia.20928
https://doi.org/10.1016/J.CELL.2005.11.026
https://doi.org/10.3389/fphys.2019.00139
https://doi.org/10.3389/fphys.2019.00139
https://doi.org/10.1016/j.immuni.2020.08.012
https://doi.org/10.1016/j.immuni.2020.08.012
https://doi.org/10.1016/S0301-0082(03)00019-4
https://doi.org/10.1016/S0301-0082(03)00019-4
https://doi.org/10.1515/revneuro-2013-0040
https://doi.org/10.3389/fimmu.2020.01024
https://doi.org/10.1111/J.1749-6632.1998.TB09569.X
https://doi.org/10.1111/J.1749-6632.1998.TB09569.X
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1016/S0891-5849(97)00016-6
https://doi.org/10.1111/JCMM.14606
https://doi.org/10.3389/FCIMB.2014.00104
https://doi.org/10.1007/S12035-013-8581-9
https://doi.org/10.1590/s0100-879x2010007500130
https://doi.org/10.1590/s0100-879x2010007500130
https://doi.org/10.1007/s12035-014-8868-5
https://doi.org/10.1097/CCM.0000000000000398
https://doi.org/10.1097/CCM.0000000000000398
https://doi.org/10.1371/JOURNAL.PPAT.1004528
https://doi.org/10.1038/35044572
https://doi.org/10.1016/j.neubiorev.2012.03.001
https://doi.org/10.1016/S2213-2600(16)00005-9
https://doi.org/10.1016/S2213-2600(16)00005-9
https://doi.org/10.1038/nrn2495
https://doi.org/10.4161/pri.3.2.8820
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/bph.13139
https://doi.org/10.1164/rccm.201306-1150OC
https://doi.org/10.1097/01.asn.0000018400.39687.8c
https://doi.org/10.1016/J.NEURON.2018.09.010
https://doi.org/10.1016/J.NEURON.2018.09.010
https://doi.org/10.1002/ALZ.12202
https://doi.org/10.1002/ALZ.12202
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-742158 February 18, 2022 Time: 14:57 # 11

Reis and Castro-Faria-Neto Targeting Neuroinflammation Blocks Cognitive Decline

Pérez-Cano, H. J., Moreno-Murguía, M. B., Morales-López, O., Crow-Buchanan,
O., English, J. A., Lozano-Alcázar, J., et al. (2020). Anxiety, depression, and
stress in response to the coronavirus disease-19 pandemic. Cir. Cir. 88, 562–568.
doi: 10.24875/CIRU.20000561

Perry, V. H., Cunningham, C., and Holmes, C. (2007). Systemic infections and
inflammation affect chronic neurodegeneration. Nat. Rev. Immunol. 7, 161–167.
doi: 10.1038/nri2015

Persidsky, Y., Ramirez, S. H., Haorah, J., and Kanmogne, G. D. (2006). Blood–brain
Barrier: structural components and function under physiologic and pathologic
conditions. J. Neuroimmune Pharmacol. 1, 223–236. doi: 10.1007/S11481-006-
9025-3

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., et al.
(2017). Oxidative stress: harms and benefits for human health. Oxid. Med. Cell.
Longev. 2017:8416763. doi: 10.1155/2017/8416763

Plane, J. M., Shen, Y., Pleasure, D. E., and Deng, W. (2010). Prospects for
minocycline neuroprotection. Arch. Neurol. 67, 1442–1448. doi: 10.1001/
archneurol.2010.191

Prolo, C., Álvarez, M. N., and Radi, R. (2014). Peroxynitrite, a potent macrophage-
derived oxidizing cytotoxin to combat invading pathogens. BioFactors 40,
215–225. doi: 10.1002/biof.1150

Radi, R. (2018). Oxygen radicals, nitric oxide, and peroxynitrite: redox pathways in
molecular medicine. Proc. Natl. Acad. Sci. U.S.A. 115, 5839–5848. doi: 10.1073/
pnas.1804932115

Ransohoff, R. M. (2016). How neuroinflammation contributes to
neurodegeneration. Science 353, 777–783.

Reis, P. A., Alexandre, P. C. B., D’Avila, J. C., Siqueira, L. D., Antunes, B.,
Estato, V., et al. (2017). Statins prevent cognitive impairment after sepsis by
reverting neuroinflammation, and microcirculatory/endothelial dysfunction.
Brain Behav. Immun. 60, 293–303. doi: 10.1016/j.bbi.2016.11.006

Reis, P. A., Comim, C. M., Hermani, F., Silva, B., Barichello, T., Portella, A. C., et al.
(2010). Cognitive dysfunction is sustained after rescue therapy in experimental
cerebral malaria, and is reduced by additive antioxidant therapy. PLoS Pathog.
6:e1000963. doi: 10.1371/journal.ppat.1000963

Reis, P. A., Estato, V., da Silva, T. I., d’Avila, J. C., Siqueira, L. D., Assis, E. F., et al.
(2012). Statins decrease neuroinflammation and prevent cognitive impairment
after cerebral malaria. PLoS Pathog. 8:1003099. doi: 10.1371/journal.ppat.
1003099

Ren, J. X., Sun, X., Yan, X. L., Guo, Z. N., and Yang, Y. (2020). Ferroptosis in
neurological diseases. Front. Cell. Neurosci. 14:218. doi: 10.3389/fncel.2020.
00218

Rizzo, M. R., and Paolisso, G. (2021). SARS-CoV-2 emergency and long-term
cognitive impairment in older people. Aging Dis. 12, 345–352. doi: 10.14336/
AD.2021.0109

Rodriguez, M., Soler, Y., Perry, M., Reynolds, J., and El-Hage, N. (2020). Impact
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the
nervous system: implications of COVID-19 in neurodegeneration. Front.
Neurol. 11:583459. doi: 10.3389/fneur.2020.583459

Schultz, B. G., Patten, D. K., and Berlau, D. J. (2018). The role of statins in
both cognitive impairment and protection against dementia: a tale of two
mechanisms. Transl. Neurodegener. 7:5. doi: 10.1186/S40035-018-0110-3

Serghides, L., McDonald, C. R., Lu, Z., Friedel, M., Cui, C., Ho, K. T., et al.
(2014). PPARγ agonists improve survival and neurocognitive outcomes in
experimental cerebral malaria and induce neuroprotective pathways in human
malaria. PLoS Pathog. 10:e1003980. doi: 10.1371/journal.ppat.1003980

Serghides, L., Patel, S. N., Ayi, K., Lu, Z., Gowda, D. C., Liles, W. C., et al. (2009).
Rosiglitazone modulates innate immune responses to Plasmodium falciparum
and improves outcome in experimental cerebral malaria. J. Infect. Dis. 199:1536.
doi: 10.1086/598222

Shaheryar, Z. A., Khan, M. A., Adnan, C. S., Zaidi, A. A., Hänggi, D.,
and Muhammad, S. (2021). Neuroinflammatory triangle presenting novel
pharmacological targets for ischemic brain injury. Front. Immunol. 12:4085.
doi: 10.3389/fimmu.2021.748663

Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci. 32, 638–647. doi: 10.1016/j.tins.2009.08.002

Solomon, I. H., Normandin, E., Bhattacharyya, S., Mukerji, S. S., Keller, K., Ali,
A. S., et al. (2020). Neuropathological features of Covid-19. N. Engl. J. Med. 383,
989–992.

Sonneville, R., Verdonk, F., Rauturier, C., Klein, I. F., Wolff, M., Annane, D., et al.
(2013). Understanding brain dysfunction in sepsis. Ann. Intensive Care 3, 1–11.
doi: 10.1186/2110-5820-3-15

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M.,
Dixon, S. J., et al. (2017). Ferroptosis: a regulated cell death nexus linking
metabolism, redox biology, and disease. Cell 171, 273–285. doi: 10.1016/j.cell.
2017.09.021

Takata, F., Nakagawa, S., Matsumoto, J., and Dohgu, S. (2021). Blood-brain barrier
dysfunction amplifies the development of neuroinflammation: understanding
of cellular events in brain microvascular endothelial cells for prevention and
treatment of BBB dysfunction. Front. Cell. Neurosci. 15:344. doi: 10.3389/fncel.
2021.661838

Tasaki, A., Shimizu, F., Sano, Y., Fujisawa, M., Takahashi, T., Haruki, H., et al.
(2014). Autocrine MMP-2/9 secretion increases the BBB permeability in
Neuromyelitis optica. J. Neurol. Neurosurg. Psychiatry 85, 419–430. doi: 10.
1136/JNNP-2013-305907

Teissier, T., and Boulanger, É (2019). The receptor for advanced glycation end-
products (RAGE) is an important pattern recognition receptor (PRR) for
inflammaging. Biogerontology 20, 279–301. doi: 10.1007/S10522-019-09808-3

Tikhonova, M. A., Ho, S. C., Akopyan, A. A., Kolosova, N. G., Weng, J. C.,
Meng, W. Y., et al. (2017). Neuroprotective effects of ceftriaxone treatment on
cognitive and neuronal deficits in a rat model of accelerated senescence. Behav.
Brain Res. 330, 8–16. doi: 10.1016/J.BBR.2017.05.002

Tohidpour, A., Morgun, A. V., Boitsova, E. B., Malinovskaya, N. A., Martynova,
G. P., Khilazheva, E. D., et al. (2017). Neuroinflammation and infection:
molecular mechanisms associated with dysfunction of neurovascular
unit. Front. Cell. Infect. Microbiol. 7:276. doi: 10.3389/fcimb.2017.
00276

Tuon, L., Comim, C. M., Antunes, M. M., Constantino, L. S., Machado, R. A.,
Izquierdo, I., et al. (2007). Imipramine reverses the depressive symptoms in
sepsis survivor rats. Intensive Care Med. 33, 2165–2167. doi: 10.1007/S00134-
007-0804-Y

Tuon, L., Comim, C. M., Petronilho, F., Barichello, T., Izquierdo, I., Quevedo, J.,
et al. (2008b). Time-dependent behavioral recovery after sepsis in rats. Intensive
Care Med. 34, 1724–1731. doi: 10.1007/s00134-008-1129-1

Tuon, L., Comim, C. M., Petronilho, F., Barichello, T., Izquierdo, I., Quevedo,
J., et al. (2008a). Memory-enhancing treatments reverse the impairment of
inhibitory avoidance retention in sepsis-surviving rats. Crit. Care 12:R133. doi:
10.1186/CC7103

Volosin, M., Song, W., Almeida, R. D., Kaplan, D. R., Hempstead, B. L., and
Friedman, W. J. (2006). Interaction of survival and death signaling in basal
forebrain neurons: roles of neurotrophins and proneurotrophins. J. Neurosci.
26, 7756–7766. doi: 10.1523/JNEUROSCI.1560-06.2006

Vossel, K., Ranasinghe, K. G., Beagle, A. J., La, A., Ah Pook, K., Castro,
M., et al. (2021). Effect of Levetiracetam on cognition in patients with
Alzheimer disease with and without Epileptiform activity: a randomized
clinical trial. JAMA Neurol. 78, 1345–1354. doi: 10.1001/jamaneurol.
2021.3310

Wang, G.-B., Ni, Y.-L., Zhou, X.-P., and Zhang, W.-F. (2013). The AKT/mTOR
pathway mediates neuronal protective effects of erythropoietin in sepsis. Mol.
Cell. Biochem. 385, 125–132. doi: 10.1007/S11010-013-1821-5

Wang, S. H., and Morris, R. G. M. (2010). Hippocampal-neocortical interactions
in memory formation, consolidation, and reconsolidation. Annu. Rev. Psychol.
61, 49–79. doi: 10.1146/annurev.psych.093008.100523

Wang, X., Sun, X., Niu, M., Zhang, X., Wang, J., Zhou, C., et al. (2020). RAGE
silencing ameliorates neuroinflammation by inhibition of p38-NF-κB signaling
pathway in mouse model of Parkinson’s disease. Front. Neurosci. 14:353. doi:
10.3389/fnins.2020.00353

Wang, Y., and Qin, Z. H. (2010). Molecular and cellular mechanisms of excitotoxic
neuronal death. Apoptosis 15, 1382–1402. doi: 10.1007/s10495-010-0481-0

Weber, M. S., Prod’homme, T., Steinman, L., and Zamvil, S. S. (2005). Drug Insight:
using statins to treat neuroinflammatory disease. Nat. Clin. Pract. Neurol. 1,
106–112. doi: 10.1038/ncpneuro0047

Weng, G., Bhalla, U. S., and Iyengar, R. (1999). Complexity in biological signaling
systems. Science 284, 92–96. doi: 10.1126/science.284.5411.92

Wiese, L., Hempel, C., Penkowa, M., Kirkby, N., and Kurtzhals, J. A. L. (2008).
Recombinant human erythropoietin increases survival and reduces neuronal

Frontiers in Neuroscience | www.frontiersin.org 11 February 2022 | Volume 15 | Article 742158

https://doi.org/10.24875/CIRU.20000561
https://doi.org/10.1038/nri2015
https://doi.org/10.1007/S11481-006-9025-3
https://doi.org/10.1007/S11481-006-9025-3
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1001/archneurol.2010.191
https://doi.org/10.1001/archneurol.2010.191
https://doi.org/10.1002/biof.1150
https://doi.org/10.1073/pnas.1804932115
https://doi.org/10.1073/pnas.1804932115
https://doi.org/10.1016/j.bbi.2016.11.006
https://doi.org/10.1371/journal.ppat.1000963
https://doi.org/10.1371/journal.ppat.1003099
https://doi.org/10.1371/journal.ppat.1003099
https://doi.org/10.3389/fncel.2020.00218
https://doi.org/10.3389/fncel.2020.00218
https://doi.org/10.14336/AD.2021.0109
https://doi.org/10.14336/AD.2021.0109
https://doi.org/10.3389/fneur.2020.583459
https://doi.org/10.1186/S40035-018-0110-3
https://doi.org/10.1371/journal.ppat.1003980
https://doi.org/10.1086/598222
https://doi.org/10.3389/fimmu.2021.748663
https://doi.org/10.1016/j.tins.2009.08.002
https://doi.org/10.1186/2110-5820-3-15
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.3389/fncel.2021.661838
https://doi.org/10.3389/fncel.2021.661838
https://doi.org/10.1136/JNNP-2013-305907
https://doi.org/10.1136/JNNP-2013-305907
https://doi.org/10.1007/S10522-019-09808-3
https://doi.org/10.1016/J.BBR.2017.05.002
https://doi.org/10.3389/fcimb.2017.00276
https://doi.org/10.3389/fcimb.2017.00276
https://doi.org/10.1007/S00134-007-0804-Y
https://doi.org/10.1007/S00134-007-0804-Y
https://doi.org/10.1007/s00134-008-1129-1
https://doi.org/10.1186/CC7103
https://doi.org/10.1186/CC7103
https://doi.org/10.1523/JNEUROSCI.1560-06.2006
https://doi.org/10.1001/jamaneurol.2021.3310
https://doi.org/10.1001/jamaneurol.2021.3310
https://doi.org/10.1007/S11010-013-1821-5
https://doi.org/10.1146/annurev.psych.093008.100523
https://doi.org/10.3389/fnins.2020.00353
https://doi.org/10.3389/fnins.2020.00353
https://doi.org/10.1007/s10495-010-0481-0
https://doi.org/10.1038/ncpneuro0047
https://doi.org/10.1126/science.284.5411.92
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-742158 February 18, 2022 Time: 14:57 # 12

Reis and Castro-Faria-Neto Targeting Neuroinflammation Blocks Cognitive Decline

apoptosis in a murine model of cerebral malaria. Malar. J. 7:3. doi: 10.1186/
1475-2875-7-3

Wiese, L., Kurtzhals, J. A. L., and Penkowa, M. (2006). Neuronal apoptosis,
metallothionein expression and proinflammatory responses during cerebral
malaria in mice. Exp. Neurol. 200, 216–226. doi: 10.1016/J.EXPNEUROL.2006.
02.011

Woo, N. H., Teng, H. K., Siao, C. J., Chiaruttini, C., Pang, P. T., Milner,
T. A., et al. (2005). Activation of p75NTR by proBDNF facilitates
hippocampal long-term depression. Nat. Neurosci. 8, 1069–1077. doi: 10.1038/
nn1510

Yang, W. S., and Stockwell, B. R. (2016). Ferroptosis: death by lipid peroxidation.
Trends Cell Biol. 26, 165–176. doi: 10.1016/j.tcb.2015.10.014

Zagrebelsky, M., Holz, A., Dechant, G., Barde, Y. A., Bonhoeffer, T., and Korte,
M. (2005). The p75 neurotrophin receptor negatively modulates dendrite
complexity and spine density in hippocampal neurons. J. Neurosci. 25, 9989–
9999. doi: 10.1523/JNEUROSCI.2492-05.2005

Zanos, T. P., Silverman, H. A., Levy, T., Tsaava, T., Battinelli, E., Lorraine,
P. W., et al. (2018). Identification of cytokine-specific sensory neural signals
by decoding murine vagus nerve activity. Proc. Natl. Acad. Sci. U.S.A. 115,
E4843–E4852. doi: 10.1073/pnas.1719083115

Zhang, S. Z., Wang, Q. Q., Yang, Q. Q., Gu, H. Y., Yin, Y. Q., Li, Y. D., et al. (2019).
NG2 glia regulate brain innate immunity via TGF-β2/TGFBR2 axis. BMC Med.
17:204. doi: 10.1186/s12916-019-1439-x

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

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

Copyright © 2022 Reis and Castro-Faria-Neto. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 12 February 2022 | Volume 15 | Article 742158

https://doi.org/10.1186/1475-2875-7-3
https://doi.org/10.1186/1475-2875-7-3
https://doi.org/10.1016/J.EXPNEUROL.2006.02.011
https://doi.org/10.1016/J.EXPNEUROL.2006.02.011
https://doi.org/10.1038/nn1510
https://doi.org/10.1038/nn1510
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1523/JNEUROSCI.2492-05.2005
https://doi.org/10.1073/pnas.1719083115
https://doi.org/10.1186/s12916-019-1439-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Systemic Response to Infection Induces Long-Term Cognitive Decline: Neuroinflammation and Oxidative Stress as Therapeutical Targets
	Introduction
	Neuroinflammation
	Neuroinflammation and Infectious Diseases
	Oxidative Stress
	Cognitive Decline
	Drug Strategy—Where Are We
	Concluding Remarks
	Author Contributions
	Funding
	References


