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Abstract: Infection with SARS-CoV-2, the causative agent of the COVID-19 pandemic, originated in
China and quickly spread across the globe. Despite tremendous economic and healthcare devastation,
research on this virus has contributed to a better understanding of numerous molecular pathways,
including those involving γ-aminobutyric acid (GABA), that will positively impact medical science,
including neuropsychiatry, in the post-pandemic era. SARS-CoV-2 primarily enters the host cells
through the renin–angiotensin system’s component named angiotensin-converting enzyme-2 (ACE-2).
Among its many functions, this protein upregulates GABA, protecting not only the central nervous
system but also the endothelia, the pancreas, and the gut microbiota. SARS-CoV-2 binding to ACE-2
usurps the neuronal and non-neuronal GABAergic systems, contributing to the high comorbidity
of neuropsychiatric illness with gut dysbiosis and endothelial and metabolic dysfunctions. In this
perspective article, we take a closer look at the pathology emerging from the viral hijacking of
non-neuronal GABA and summarize potential interventions for restoring these systems.
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1. Introduction

The infection with SARS-CoV-2 became a pandemic on 11 March 2020, ushering in
immeasurable economic and healthcare catastrophes. Up until 14 May 2022, more than
517 million people had been afflicted by COVID-19, and more than 6 million had died
(https://covid19.who.int/ (26 May 2022)). However, the extensive research conducted
on this virus in a short period of time has broadened our understanding of its numerous
pathogenetic mechanisms, leading to novel paradigms that will likely bear fruit in the post-
pandemic era. For example, local renin–angiotensin systems (RAS) expressed in the brain
and gastro-intestinal (GI) tract, although previously acknowledged, were poorly defined
prior to the COVID-19 pandemic. Likewise, the crosstalk between host RAS and microbial γ-
aminobutyric acid (mGABA) was seldom considered when explaining the high comorbidity
of inflammatory bowel disease (IBD) and neuropsychiatric conditions, including anxiety,
depression, psychosis, and seizure disorder [1–4]. By the same token, endothelial GABA
(eGABA) and its role in blood pressure homeostasis and neuropsychiatric pathology began
to be examined only after the appearance of COVID-19 [5].

Although neuronal GABA (nGABA) has been studied for several decades, also within
the context of viral infections, its non-neurotransmitter functions were poorly understood
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until very recently [6,7]. For example, the antiviral and anti-inflammatory properties of
GABA were highlighted by recent preclinical studies showing that GABA supplementation
decreased COVID-19 death rates [8–10]. Along this line, a novel study has demonstrated
that Limosilactobacillus fermentum, a GABA-producing gut microbe, thwarts Norovirus
infection, further attesting to the antiviral actions of this biomolecule [11]. In addition,
mGABA was demonstrated to augment host autophagy, including that of pathogen-infected
cells, indicating participation in antimicrobial defenses [12]. Interestingly, gut angiotensin-
converting enzyme-2 (ACE-2), the SARS-CoV-2 entry portal, upregulates mGABA by in-
creasing its release from the gut flora [13]. This is significant, as earlier studies have demon-
strated that angiotensin receptor blockers (ARBs) possess antiepileptic, anti-depressant,
and anti-anxiety properties, suggesting that the functions of RAS and GABA are highly
intertwined [14–16]. Indeed, blood–brain barrier (BBB)-crossing ARBs were reported to
lower CNS inflammation, highlighting the role of RAS in neuropsychiatric pathology and
placing this system on an equal footing with serotonin (5-HT) and dopamine (DA) [17,18].
Furthermore, in the CNS and pancreas, ACE2–GABA crosstalk was reported to optimize
glucose metabolism, probably accounting for the anti-diabetic properties of ARBs [19,20].
As many psychotropic drugs are associated with metabolic dysfunction, using centrally
acting ARBs, such as candesartan, for hypertension may bring additional benefits to psy-
chiatric patients [21].

SARS-CoV-2 depletes host GABA by several mechanisms:

1. The viral spike (S) protein contains a GABA-mimicking sequence or short linear motif
that can directly usurp host GABAergic signaling [22,23].

2. The SARS-CoV-2 proteins nonstructural protein 6 (NSP6), open reading frame 8
(ORF8), and open reading frame 3 (ORF3a) interact directly with host mammalian
target of rapamycin complex 1 (mTORC-1), interleukin 17 (IL-17), and transmem-
brane protein 16F (TMEM16F), inducing premature EC senescence, a phenotype
characterized by low GABA [24–29] (Figure 1).

3. SARS-CoV-2/ACE-2 binding disrupts the function of the protective renin–angiotensin
system (RAS) branch, including Mas receptor (MasR) signaling, lowering GABA [14,30].

4. The viral protein ORF3a interacts with toll-like receptor 4(TLR4), triggering EC senes-
cence and lowering GABA [31].

5. The SARS-CoV-2 viral proteins nonstructural protein 4 (NSP4), nonstructural protein
8 (NSP8), and open reading frame 9c (ORF9c) decrease GABA by disrupting the
mitochondria, triggering vascular senescence [32] (Figure 1).Reports 2022, 5, x FOR PEER REVIEW 3 of 22 
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–protein interactions) and indirectly (via mitochondrial dysfunction and ANG II upregulation). A
dysfunctional endothelial barrier facilitates microbial translocation from the GI tract, where the
flora is immunologically tolerated, into the systemic circulation, where it evokes inflammation
and immunogenicity. Legend: NSP6, nonstructural protein 6, ORF8, open reading frame 8, IL-17,
interleukin 17, TMEM16F, transmembrane protein 16F, TLR4, toll-like receptor 4, NSP4, nonstructural
protein 4, NSP8, nonstructural protein 8, ORF9C, open reading frame 9C, ORF3a, open reading frame
3a, LPS, lipopolysaccharide.

SARS-CoV-2-mediated GABA depletion likely explains the neuropsychiatric manifes-
tations of COVID-19, including anxiety, depression, posttraumatic stress disorder (PTSD),
cognitive impairment, and seizure disorder [33–37].

In this perspective article, we take a closer look at the viral hijacking of endothe-
lial, pancreatic, and gut GABA and the associated pathology. We also discuss potential
interventions for GABAergic system restoration.

2. Two Senescence Mechanisms in SARS-CoV-2 Infection

SARS-CoV-2 is a single-stranded, enveloped RNA virus that contains four structural
proteins: spike (S), nucleocapsid (N), membrane (M), and envelope (E). The S protein is
composed of two subunits, S1 and S2. The former engages ACE-2, while the latter (FCS)
interacts with furin, merging viral envelope and host plasma membrane as well as cells,
thus forming syncytia [38]. The viral attachment to ACE-2 disrupts the physiological
function of this protein, leading to the unchecked accumulation of angiotensin II (ANG II),
a mitochondrial toxin linked to premature EC senescence [39,40].

2.1. S1/ACE-2 Attachment and ANG II-Induced Senescence

The SARS-CoV-2 envelope protein S1 binds ACE-2, contributing to the loss of this en-
zyme’s biological function as well as to the shutting down of the anti-inflammatory/antioxidant
(protective) RAS (Figure 2). The unchecked accumulation of ANG II enhances the proinflam-
matory/prooxidative RAS branch, which, under normal circumstances is counterbalanced
by the protective axis. The imbalance between the two RAS arms results in ANG II-driven
hyperinflammation or “cytokine storm” [41,42] (Figure 2). Depletion of ACE-2 and loss of
anti-inflammatory/antioxidant RAS induce premature cellular senescence, lowering eGABA,
which in return may trigger a neuropsychiatric pathology [43–46].

2.2. S2/Furin Attachment and Syncytia-Induced Senescence

Enveloped viruses are known for generating multinuclear giant cells by inducing
cell–cell fusion or syncytia formation. Cell–cell fusion is a physiological or pathological
process in which neighboring cells merge their plasma membranes, sharing intracellular
organelles, including cytoplasm and nuclei [47,48].

SARS-CoV-2 entry into host cells requires furin cleavage of the S antigen at the S1/S2
site to initiate membrane fusion [49]. The insertion of the polybasic PRRAR motif at FCS
is crucial for fusing viral envelopes with host plasma membrane, as well as the host cells
with each other [50]. PRRAR is a triple-arginine motif that forms cell membrane pores via
its guanidinium side chains, compelling the cells to fuse for protection [51,52].

Taken together, the SARS-CoV-2 virus induces cellular senescence via ANG II and/or
syncytia formation, downregulating the antiviral amino acid GABA [53,54].

2.3. Molecular Mechanisms of Syncytia Formation

The subunit β3 of GABA-A receptors contains a triple-arginine motif (RRR) that
interacts with the endocytic pathway (EP) protein AP2, likely disrupting SARS-CoV-2
endocytosis [55]. On the other hand, the triple arginine (PRRAR) in the S antigen of SARS-
CoV-2 may counteract this GABA action, usurping the EP and opening it for viral ingress.
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Figure 2. Human RAS consists of two opposing branches, the proinflammatory/prooxidative (driven
by ANG II) branch and the anti-inflammatory/antioxidant (driven by ANG 1-7) one. ANG II, acting
via AT-1Rs, induces EC senescence. ARBs and GABA negatively regulate AT-1Rs, opposing ANG II.
The protective RAS branch, comprised of ANG 1-7, alamandine, and their respective receptors Mas
and MrgD, inhibit inflammation and oxidative stress. SARS-CoV-2 engagement with ACE-2 disrupts
the entire anti-inflammatory/antioxidant branch, leading to unchecked ANG II accumulation and
premature EC senescence. Legend: ANG I, angiotensin I, ACEi, angiotensin-converting enzyme
inhibitors, ANG II, angiotensin II, ARBs, angiotensin receptor blockers, AT-1r, angiotensin receptor
type 1, ROS, reactive oxygen species, ANG1-7, angiotensin 1-7, MasR, Mas receptor, MrgD, MrgD
receptor, NO, nitric oxide.

A human endogenous retrovirus W (HERV-W) was identified in the regulatory region
of GABA-B receptor subunit 1 gene, suggesting that this ancestral retrovirus can be acti-
vated by exogenous viruses, including SARS-CoV-2 [56]. HERV-W activation and increased
GABA-B expression likely depresses the antiviral GABA-A, facilitating SARS-CoV-2 replica-
tion [57]. We surmise that the triple-arginine FCS of SARS-CoV-2 has retrovirus-activating
properties, switching on HERVs and human immunodeficiency virus-1 (HIV-1) [58,59]
(please see section Ancient and modern viruses disrupt GABAergic signaling).

The SARS-CoV-2 proteins ORF3a and S activate TMEM16F, a calcium-dependent
phospholipid scramblase that executes the fusion of both viral envelope with plasma
membrane and host cells with each other [60]. In addition, SARS-CoV-2 can deplete
GABA by disrupting the mitochondria, which in turn activate the cellular senescence
program [24,61] (Figure 1). Furthermore, ORF3a stimulation of TLR4 can induce EC
senescence and TMEM16F activation, forming syncytia [31,60,62].

2.4. Biological Barrier Dysfunction

Senescent endothelia may disrupt the BBB and the gut barrier, facilitating the translo-
cation of GI tract microbes and/or their molecules, including LPS, into the systemic circu-
lation, as reported in COVID-19 critically ill patients [63,64] (Figure 1). In addition, the S
protein of SARS-CoV-2 can bind directly to circulating LPS, triggering a hyperinflammatory
pathology [65]. Interestingly, ANG II upregulates TLR4, the main LPS sensor, augmenting
inflammation and neuropsychiatric pathology [43,66–68]. As GABA is a negative regulator
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of TLR4, it likely inhibits both cell–cell fusion and premature senescence, counteracting
not only the “cytokine storm” but also neuroinflammation [62,69]. Indeed, low GABA
and elevated LPS were demonstrated in the brains of patients with Alzheimer’s disease
(AD), suggesting BBB dysfunction and poor LPS suppression [70,71]. Moreover, several
studies have demonstrated that LPS can induce pathology by fusing cells into multinuclear
structures [72]. For example, brain cells can merge, forming physiological or pathological
syncytia that alter both neuronal networks and information processing [73,74] (Figure 3).
For example, neuron–neuron fusion occurs during normal aging as well as in the presence
of viral infections, multiple sclerosis (MS), AD, and following radiation exposure and
chemotherapy [75].
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Figure 3. Neuronal cell–cell fusion occurs physiologically, in normal aging, or pathologically, in
various conditions, including viral infections, Alzheimer’s disease (AD), multiple sclerosis (MS),
radiation exposure, or chemotherapy [76] Neuronal syncytia formation likely accounts for previously
unexplained phenomena, such as aneuploidy, somatic mosaicism, and neuronal cell cycle reactivation,
documented in various neuropsychiatric conditions.

Cell–cell fusion is a major cause of genome destabilization and generation of aneu-
ploidy, somatic mosaicism, and reactivation of the cell cycle in postmitotic cells [61,75–78]
(Figure 3).

Taken together, SARS-CoV-2 may precipitate premature vascular aging via ACE-2
depletion and syncytia formation. Senescent ECs downregulate eGABA, predisposing to
neuropsychiatric disorders.

3. Cellular Senescence in Psychopathology

Psychiatric disorders have been associated with shorter-than-average patient lifespan
and high comorbidity with age-related diseases, suggesting that premature cellular senes-
cence plays a major role in the pathogenesis of these conditions [79,80]. SARS-CoV-2, like
many other viruses, induces premature tissue aging, a phenomenon also demonstrated in
depression, anxiety, schizophrenia, and seizure disorder, indicating that GABA depletion
may be the common denominator of these pathologies [81–84]. On the other hand, GABA
supplementation was associated with less inflammaging and improved sleep and mood,
pointing to a potential therapeutic modality [85,86]. In addition, as GABA promotes au-
tophagic elimination of damaged and virus-infected cells, GABA supplementation may
benefit not only COVID-19-affected patients but also those with age-related diseases [5,12].
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Adult Neurogenesis and SARS-CoV-2 Infection

The COVID-19 pandemic has highlighted the role of RAS dysfunction, especially
ANG II, in the pathogenesis of neuropsychiatric disorders [87]. On the other hand, ARBs
and ACEi showed promising results in the treatment of these conditions, emphasizing
the pathological role of dysregulated ANG II [88,89]. Moreover, recent epidemiological
studies found that COVID-19 survivors may be at increased risk of several neuropsychiatric
disorders, further emphasizing the role of RAS in this pathology [30,90,91].

COVID-19-induced premature cellular senescence may engender neuropathology by
suppressing adult neurogenesis in the hippocampal subgranular zone (SGZ) and cerebral
subventricular zone (SVZ) [92,93]. Unlike in the adult CNS, GABA is an excitatory neuro-
transmitter in immature neurons; therefore, the loss of GABAergic signaling may disrupt
adult neurogenesis [92,94–96]. Interestingly, TLR4 was reported to play a key role in the
conversion of immature into mature neuronal cells, linking viral exploitation of this protein
to dysfunctional neurogenesis [97,98].

Taken together, virus-induced senescence lowers eGABA, contributing to neuropsy-
chiatric pathology by precipitating premature vascular aging and disrupting neurogenesis.

4. GABA, Neuronal and Non-Neuronal Information Processing

GABA is a non-protein amino acid present in almost all life forms, including plants,
bacteria, and gut microbes. In the central nervous system (CNS), GABA, signaling via
inotropic (GABA-A) and metabotropic (GABA-B) receptors, functions as an inhibitory
neurotransmitter and participates in numerous physiological processes, including cognition,
wakefulness, and self-awareness [99–101].

Neuronal and non-neuronal GABA are synthesized from glutamate via glutamic acid
decarboxylase (GAD), an enzyme located in all GABA-generating cells, including the gut
microbes [102,103]. This is significant, as autoantibodies against GAD were documented in
COVID-19 patients, suggesting molecular mimicry between this enzyme and SARS-CoV-2
proteins [104,105]. Dysfunctional GABAergic systems were associated with neuropsychi-
atric illness and disorders of consciousness [106–111]. For example, the GABAergic system
was linked to gamma oscillations on electroencephalogram (EEG), a self-awareness pattern,
disrupted in many neuropsychiatric disorders, including epilepsy, schizophrenia, autism,
anxiety, and depression [112–114]. The EEG gamma-band (25–90 Hz) was positively corre-
lated with resting GABA concentration as well as with the cerebral blood flow, emphasizing
the potential of eGABA as a biomarker [115,116].

During development and early life, GABA is an excitatory neurotransmitter that
matures gradually throughout childhood and early adolescence [117]. During this time, the
partial or total loss of GABA causes circulatory abnormalities and inhibits the migration
and placement of cortical interneurons [118]. In adolescence, GABA reaches sufficient
levels to initiate microglia-mediated synapse elimination and axonal pruning, characteristic
of mature cognition [119]. Indeed, recent studies have shown that GABA-sensing microglia
are required for synapse remodeling in adolescence and the installment of adult information
processing [120]. On the other hand, dysfunctional GABA signaling may contribute to the
pathological reactivation of microglia known to eliminate healthy neurons and synapses, a
phenomenon documented in both psychopathology and neurodegeneration [121]. These
microglial functions can be hijacked by intracellular pathogens, especially those linked to
mental illness [122–124].

4.1. Non-Neuronal Information Processing

Recent studies have shown that EC can form cellular networks and communicate
via Ca2+ waves, suggesting that information processing may take place at the vascular
level [125,126]. Likewise, astrocytes form physiological syncytia, a finding consistent with
the Ca2+ wave hypothesis of information processing [127]. In addition, the dysfunctional
eGABA association with altered cortical circuits and behavior likely highlights the role of
ECs in cognition [118]. Indeed, ECs communicate with and shadow neurons throughout
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the brain, likely participating in cognitive processes mediated by Ca2+. Moreover, as Ca2+
drives the rudimentary memory of plants and unicellular organisms, an ancient modality of
non-neuronal information processing is emphasized [128–130]. Along this line, the antide-
pressant action of ketamine, based, at least in part, on its impact on calcium/calmodulin-
dependent protein kinase II (CaMKII), likely implicates Ca2+ in emotional intelligence and
cognition [131]. This is important, as virtual screening studies documented the existence
of a CaMKII system in the S protein of SARS-CoV-2, linking this pathogen to affective
disorders [132]. Moreover, non-neuronal information processing was reported in skeletal
muscle, heart, and fascia, indicating that neuronal cells do not hold the exclusive monopoly
on cognitive processes [133,134]. Along this line, the acquisition of donor personality
characteristics following heart transplantation, documented by numerous studies, may
reflect EC-mediated cognition [135–137]. This is in line with the hemo-neural hypothesis
that connects information processing to endothelial blood flow [138].

In the following sections, we take a closer look at the COVID-19 influence on non-
neuronal GABAergic systems, especially the endothelial, microbial, and pancreatic path-
ways, emphasizing their potential participation in neuropsychiatric pathology.

4.2. eGABA

ECs line the inner layer of the circulatory system and regulate the vascular function via
membrane-bound receptors that interact with various neurotransmitters, hormones, and
metabolites. While previously conceptualized as passive components of membranes and
biological barriers, ECs are now known to play an essential role in vascular homeostasis and
the pathogenesis of thrombosis and inflammation [139]. Under normal circumstances, ECs
synthesize and secrete eGABA, a molecule depleted in the virus-induced cellular senescence
phenotype [118,140,141]. Aside from viral infections, EC senescence and low eGABA
were associated with PTSD, anxiety, depression, autism, schizophrenia, and epilepsy,
suggesting that the viral manipulation of this neurotransmitter may initiate or exacerbate
neuropsychiatric pathology [35,142–146]. Moreover, as human ECs express abundant ACE-
2, a positive regulator of eGABA, SARS-CoV-2 could disrupt the GABAergic signaling
directly [20]. Indeed, ACE-2 variants with depleted GABA were linked to major depressive
disorder, schizophrenia, bipolar disorder, and epilepsy, emphasizing the importance of
RAS/GABA crosstalk for central nervous system (CNS) homeostasis [14,87,91,147].

4.3. pGABA

Recent studies have identified another GABA pool in pancreatic β cells that may
be altered by SARS-CoV-2 infection, promoting metabolic dysfunction [148,149]. On the
other hand, the administration of exogenous GABA was demonstrated to improve glu-
cose tolerance in rodents, indicating that this biomolecule may play a key role in β cell
homeostasis [150,151].

Excessive ANG II was associated with diabetes mellitus type 2 (DMT2), indicating that
SARS-CoV-2 can trigger dysmetabolism by disrupting RAS [152]. In addition, the S and
ORF3a antigens of SARS-CoV-2 were shown to activate TMEM16F, promoting cell–cell fu-
sion, a phenotype associated with premature cellular senescence and low GABA [53,54,153].
Moreover, premature senescence of β cells and depleted pGABA may drive DMT2 and the
neuropsychiatric pathology-linked dysmetabolism [154,155]. So far, several neuropsychi-
atric disorders and psychotropic drugs have been associated with impaired metabolism,
suggesting that exogenous GABA may benefit individuals with these conditions [82]. In-
deed, in a previous article, we discussed the relationship between obesity and impulsivity
in psychiatric patients, emphasizing that attaining optimal results requires the concomitant
treatment of both conditions [156].

4.4. mGABA

SARS-CoV-2 affinity for ACE-2 suggests that tissues with high expression of this
protein, such as intestinal epithelial cells (IECs), are more vulnerable to infection [157]. As
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ACE-2 protects the beneficial GI tract microbes, many of which generate mGABA, the viral
exploitation of this protein may trigger intestinal dysbiosis [158,159]. Interestingly, gut
ACE-2 is co-expressed with L-dopa decarboxylase (DDC), an enzyme required for microbial
DA generation; thus, the viral exploitation of ACE-2 likely affects the brain dopaminergic
system (DAS) [160]. As elevated DDC was demonstrated in patients with schizophrenia,
the importance of RAS and DAS crosstalk is further emphasized [161].

In the GI tract, ACE-2 heterodimerizes with broad neutral amino acid transporter 1
(B0AT1) that participates in tryptophan (Trp) absorption, indicating that SARS-CoV-2 infec-
tion may deplete this amino acid [162] (Figure 4). For example, ACE2-deficient mice display
low Trp blood levels, emphasizing the role of this protein in Trp homeostasis [163,164]. As
Trp is crucial for serotonin biosynthesis, the viral exploitation of this essential amino acid
may trigger neuropsychiatric symptoms, including depression [165]. Moreover, the gut
microbes involved in tryptophan (Trp) metabolism are also implicated in adult neurogene-
sis via aryl hydrocarbon receptor (Ahr), a protein usurped by COVID-19 [166,167]. Ahr is
a cytoplasmic ligand and xenobiotic sensor that regulates the microbiota population and
the host–microbe crosstalk [168,169]. In our earlier work, we discussed the role of Ahr in
psychotropic drugs-induced metabolic dysfunction and suggested that various microbial
products, including indole-3-propionic acid, could ameliorate glucose tolerance [170]. As
recent studies have linked Ahr to cellular senescence, it is likely that impaired Trp ab-
sorption may predispose to this low mGABA phenotype [171,172]. Moreover, mGABA
enhances the expression of T helper 17 cells (Th17) characterized by the release of IL-17, an
mTORC1-activating antiviral biomolecule [173–175]. Interestingly, SARS-CoV-2 exploits
mTORC-1 and IL-17, disrupting both host antiviral defenses and the gut barrier [176,177]
(Figure 1).
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Figure 4. In the GI tract, ACE-2 dimerizes with the neutral amino acid transporter B0AT1 involved in
Trp absorption. Trp, an Ahr ligand, coordinates host–microbiota interaction and local metabolism.
Dysfunctional Trp absorption and defective Ahr may contribute to barrier disruption and microbial
translocation into the systemic circulation. Legend: Trp, tryptophan, B0AT1, neutral amino acid
transporter, AHR, aryl hydrocarbon receptor.
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5. Ancient and Modern Viruses Disrupt GABAergic Signaling

The syncytia-forming S2 protein of SARS-CoV-2 is crucial for infectivity, as highlighted
by its presence in several highly contagious viruses [178,179]. Indeed, FCS, absent in
other SARS-linked coronaviruses, usurps host furin, enhancing COVID-19 transmissibil-
ity [180]. On the other hand, loss of FCS was shown to attenuate SARS-CoV-2 virulence
and pathogenicity, emphasizing the utmost importance of S2 for the pandemic spread of
this viral infection [181].

Aside from SARS-CoV-2, arginine-rich FCSs were identified in HIV-1 protein GP160
ENV, as well as in syncytin-1, a physiological placental fusogen encoded by HERV-W,
suggesting that COVID-19 can activate dormant viral fossils [58,182,183]. This is significant,
as it connects COVID-19 to retroviruses as well as to the reproductive pathology [184,185].

HERVs are ancient viruses, comprising about 8% of the human DNA, that under
normal circumstances are not transcribed. However, various pathologies, including exoge-
nous viral infections, can reactivate HERVs, and translate their DNA into proteins, such
as syncytin-1, a molecule that generates trophoblast syncytia during placentation [186].
Pathologically, syncytin-1 promotes cell–cell fusion, hyperinflammation, and autoimmunity,
as well as the psychopathology linked to defective GABA [187].

Posttranslational cleavage of syncytin-1 is executed by furin, a host protein usurped by
viral FCS, disrupting both CNS and placental GABA [188]. Indeed, a recent meta-analysis
connected SARS-CoV-2 infection during pregnancy to preeclampsia, linking this condition
to usurped syncytin-1 [189]. Dysregulated GABA was previously reported in patients with
preeclampsia, implicating the furin–syncytin-1 axis in reproductive pathologies [190,191].
Moreover, in the first trimester of pregnancy, GABA upregulates human chorionic go-
nadotropin (hCG), a key hormone for prenatal brain development, suggesting that the viral
exploitation of GABA may trigger a developmental pathology [192,193].

5.1. Syncytia Inhibitors

Over the past decade, a considerable effort was devoted to the development of syncytia-
blocking agents, including furin inhibitors [194]. The finding that arginine repeats play a
major role in virus-induced cell–cell fusion, contributed to the development of FCS-attached
arginine mimetics, including phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide, to inhibit
the formation of syncytia [195,196]. As furin is highly expressed in ECs and involved in
vascular aging and dysmetabolism, furin inhibitors may be capable of averting premature
EC senescence and disrupt viral replication [197,198] (Table 1).

Aside from inhibiting furin, syncytia formation can be blocked by lowering the expres-
sion of TMEM16F. TMEM16F is a Ca2+-driven phospholipid scramblase that maintains
phosphatidylserine (PS) in the inner leaflet of the cell membrane, allowing its externaliza-
tion only when the cell is ready for apoptosis or fusion [199,200]. Since externalized PS
(ePS) is indispensable for syncytia formation, TMEM16F inhibitors may block pathological
cell–cell fusion [201]. For example, niclosamide, a TMEM16F-targeting drug, was reported
to inhibit both SARS-CoV-2 syncytia and viral transmissibility [202]. Niclosamide is an
anthelmintic compound with demonstrated antiviral properties that is currently being
evaluated for the treatment of COVID-19 [203]. Several recent studies show that TMEM16F
interacts with inositol 1,4,5-triphosphate receptor 1 (IP3R1) in many cell types, including the
GABAergic interneurons, implicating this protein in cell–cell fusion [204,205]. Interestingly,
IP3R1 was associated with psychopathology, including schizophrenia, neurodegenerative
disorders, and epilepsy, suggesting that niclosamide may have a therapeutic value in the
treatment of these conditions [206–208]. Indeed, lithium and valproic acid, drugs rou-
tinely utilized in the treatment of bipolar disorder, alter IP3R1 expression, indicating that
TMEM16F inhibitors could have a place in neuropsychiatry [209]. As lithium, valproate,
and niclosamide alter the Wnt/β-catenin signaling, the latter may possess mood-stabilizing
properties. Interestingly, a valproic acid/niclosamide combination was found therapeutic
in some cancers, emphasizing the pleotropic role of the Wnt/β-catenin pathway [210,211].
Furthermore, dysfunctional TMEM16F–IP3R1–GABA signaling was found to pathologi-
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cally activate the microglia, probably leading to aberrant phagocytosis of healthy neurons
and synapses, documented in neuropsychiatric pathologies [212].

It has been known for several decades that diazepam displays anti-syncytial properties,
as it inhibits the fusion of myoblasts during musculoskeletal system development [213]. In
contrast, as arginine enhances myoblast fusion and abolishes the anxiolytic effects of di-
azepam, benzodiazepines may be able to counteract FCS-mediated cell–cell fusion [214,215].
Interestingly, ivermectin binds GABA-A receptors at the diazepam site, highlighting this
drug’s anti-syncytial mechanism of action [216].

Taken together, the TMEM16F–IP3R1–GABA axis comprises a signaling hub involved
in viral infections, cancer, and neuropsychiatric illness. GABA upregulation may inhibit
TMEM16F and the formation of pathological syncytia.

5.2. GABA, Autophagy, and Blood Pressure

The antiviral properties of GABA—the elimination of virus-infected cells—highlight
the autophagy-activating role of this amino acid [217,218]. Indeed, GABA interferes with
host EP that many viruses, including SARS-CoV-2, exploit to enter host cells [12,219]. Viral
FCS usurps GABA-mediated autophagy by inhibiting subunit β3 interaction with the
clathrin endocytosis AP2 protein [55].

Autophagy modulation may account for the other beneficial properties of GABA,
including anti-hypertension, anti-diabetes, antioxidant, and anti-inflammatory actions,
suggesting that supplementation with this amino acid may be salutary for patients with
these disorders [220,221]. Exogenous GABA may or may not cross the BBB, as conflict-
ing results were reported by different studies. However, CNS-reaching GABA ligands
are routinely utilized for the treatment of neuropsychiatric diseases [222,223]. For exam-
ple, GABA-enhancing anticonvulsants, including tiagabine, gabapentin, and topiramate
not only increase neuronal GABA but also augment the non-neuronal GABAergic path-
ways [224]. For example, gabapentin and tiagabine lower blood pressure in patients with
hypertension, while topiramate decreases intracranial pressure, connecting eGABA to the
homeostasis of extracellular compartments [225,226]. Interestingly, diazepam displays both
antihypertensive and antiretroviral properties (against HIV-1), further emphasizing the
beneficial effects of GABA signaling [227,228]. Furthermore, due to their antiretroviral
function, benzodiazepines may suppress HERV activation by exogenous viral infections,
including SARS-CoV-2 [228,229].

Table 1. Potential syncytia-inhibiting drugs and mechanisms of action.

Drug Mechanism References

Arginine mimetics Furin inhibition [195,196]
Niclosamide TMEM16F inhibition [202]
Ivermectin GABA upregulation [36,37]

ARBs/ACEi GABA upregulation [14–16]
Benzodiazepines GABA upregulation [213]

Taken together, the syncytia-inducing FCS of SARS-CoV-2 activates HERV-W and
lowers retrovirus-inhibiting GABA. GABA and its agonists likely inhibit S2-mediated
HERV activation.

6. Conclusions

The COVID-19 pandemic has stimulated research highlighting numerous molecular
pathways that were poorly defined prior to the arrival of this virus. The viral predilection
for ACE-2 has shed light on RAS and the importance of balancing its two branches to
prevent pathology, including neuropsychiatric diseases. As SARS-CoV-2 has been exten-
sively studied in a relatively short period of time, several cellular mechanisms relevant for
psychiatry have been highlighted, including:

1. ACE-2 is protective for the GABAergic signaling in both neuronal and non-neuronal pathways.
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2. Inhibition of protective RAS promotes cellular senescence, lowering neuronal and
non-neuronal GABA.

3. Virus-induced syncytia formation is a major trigger of premature cellular senescence
and related pathology.

4. Aside from functioning as a neurotransmitter, GABA displays anti-hypertension,
anti-senescence, anti-diabetes, antioxidant, and anti-inflammatory properties.

5. ARBs and ACEi upregulate GABA, promoting adult neurogenesis that prevents
senescence-mediated psychopathologies.

6. The S2 protein of SARS-CoV-2 contains a triple-arginine insert that activates HERVs,
promoting hyperinflammatory pathologies.

7. SARS-CoV-2 alters Trp catabolism and the GABA-producing gut flora, facilitating
microbial translocation from the GI tract into various tissues and organs, including
the brain.

8. Furin and TMEM16F inhibitors suppress syncytia formation, while ARBs and ACEi
upregulate GABA, lowering ANG II-induced senescence.
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163. Eroğlu, I.; Eroğlu, B.; Güven, G.S. Altered tryptophan absorption and metabolism could underlie long-term symptoms in
survivors of coronavirus disease 2019 (COVID-19). Nutrition 2021, 90, 111308. [CrossRef] [PubMed]

164. Singer, D.; Camargo, S.; Ramadan, T.; Schäfer, M.; Mariotta, L.; Herzog, B.; Huggel, K.; Wolfer, D.; Werner, S.; Penninger, J.; et al.
Defective intestinal amino acid absorption in Ace2 null mice. Am. J. Physiol. Liver Physiol. 2012, 303, G686–G695. [CrossRef]

165. Deng, J.; Zhou, F.; Hou, W.; Silver, Z.; Wong, C.Y.; Chang, O.; Huang, E.; Zuo, Q.K. The prevalence of depression, anxiety, and
sleep disturbances in COVID-19 patients: A meta-analysis. Ann. N. Y. Acad. Sci. 2020, 1486, 90–111. [CrossRef]

166. Giovannoni, F.; Li, Z.; Remes-Lenicov, F.; Dávola, M.E.; Elizalde, M.; Paletta, A.; Ashkar, A.A.; Mossman, K.L.; Dugour, A.V.;
Figueroa, J.M.; et al. AHR signaling is induced by infection with coronaviruses. Nat. Commun. 2021, 12, 5148. [CrossRef]

http://doi.org/10.1038/s41380-020-0839-9
http://doi.org/10.18632/aging.101457
http://www.ncbi.nlm.nih.gov/pubmed/29846173
http://doi.org/10.1097/PSY.0b013e3181e2cca5
http://www.ncbi.nlm.nih.gov/pubmed/20498292
http://doi.org/10.1038/npjschz.2015.23
http://www.ncbi.nlm.nih.gov/pubmed/27336034
http://doi.org/10.1007/s10803-015-2672-6
http://www.ncbi.nlm.nih.gov/pubmed/26667147
http://doi.org/10.1161/JAHA.121.021722
http://doi.org/10.3389/fphar.2020.00020
http://doi.org/10.1016/j.schres.2018.06.023
http://doi.org/10.2337/db09-0797
http://doi.org/10.1016/j.cmet.2021.05.013
http://doi.org/10.1016/j.ejphar.2018.01.047
http://doi.org/10.1073/pnas.1102715108
http://www.ncbi.nlm.nih.gov/pubmed/21709230
http://doi.org/10.2174/138920309787315176
http://www.ncbi.nlm.nih.gov/pubmed/19275674
http://doi.org/10.18632/aging.100670
http://www.ncbi.nlm.nih.gov/pubmed/24859630
http://doi.org/10.1038/s42255-019-0135-7
http://www.ncbi.nlm.nih.gov/pubmed/32432213
http://doi.org/10.18632/aging.102502
http://www.ncbi.nlm.nih.gov/pubmed/31767811
http://doi.org/10.3389/fpsyt.2017.00020
http://www.ncbi.nlm.nih.gov/pubmed/28243210
http://doi.org/10.1038/s41420-020-00307-w
http://doi.org/10.1016/j.bbrc.2020.10.002
http://doi.org/10.1371/journal.pone.0248730
http://doi.org/10.1371/journal.pone.0253458
http://doi.org/10.1073/pnas.91.24.11651
http://www.ncbi.nlm.nih.gov/pubmed/7972118
http://doi.org/10.1093/function/zqab027
http://www.ncbi.nlm.nih.gov/pubmed/34847569
http://doi.org/10.1016/j.nut.2021.111308
http://www.ncbi.nlm.nih.gov/pubmed/34111831
http://doi.org/10.1152/ajpgi.00140.2012
http://doi.org/10.1111/nyas.14506
http://doi.org/10.1038/s41467-021-25412-x


Reports 2022, 5, 22 18 of 20

167. Wei, G.Z.; Martin, K.A.; Xing, P.Y.; Agrawal, R.; Whiley, L.; Wood, T.K.; Hejndorf, S.; Ng, Y.Z.; Low, J.Z.Y.; Rossant, J.; et al.
Tryptophan-metabolizing gut microbes regulate adult neurogenesis via the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. USA
2021, 118, e2021091118. [CrossRef]

168. Ji, J.; Qu, H. Cross-regulatory Circuit Between AHR and Microbiota. Curr. Drug Metab. 2019, 20, 4–8. [CrossRef]
169. Lindén, J.; Lensu, S.; Tuomisto, J.; Pohjanvirta, R. Dioxins, the aryl hydrocarbon receptor and the central regulation of energy

balance. Front. Neuroendocr. 2010, 31, 452–478. [CrossRef]
170. Sfera, A.; Osorio, C.; Diaz, E.L.; Maguire, G.; Cummings, M. The Other Obesity Epidemic—Of Drugs and Bugs. Front. Endocrinol.

2020, 11, 488. [CrossRef]
171. Sabbatinelli, J.; Prattichizzo, F.; Olivieri, F.; Procopio, A.D.; Rippo, M.R.; Giuliani, A. Where Metabolism Meets Senescence: Focus

on Endothelial Cells. Front. Physiol. 2019, 10, 1523. [CrossRef] [PubMed]
172. Brinkmann, V.; Ale-Agha, N.; Haendeler, J.; Ventura, N. The Aryl Hydrocarbon Receptor (AhR) in the Aging Process: Another

Puzzling Role for This Highly Conserved Transcription Factor. Front. Physiol. 2020, 10, 1561. [CrossRef] [PubMed]
173. Ren, W.; Liao, Y.; Ding, X.; Jiang, Y.; Yan, J.; Xia, Y.; Tan, B.; Lin, Z.; Duan, J.; Jia, X.; et al. Slc6a13 deficiency promotes Th17

responses during intestinal bacterial infection. Mucosal Immunol. 2018, 12, 531–544. [CrossRef] [PubMed]
174. Brevi, A.; Cogrossi, L.L.; Grazia, G.; Masciovecchio, D.; Impellizzieri, D.; Lacanfora, L.; Grioni, M.; Bellone, M. Much More Than

IL-17A: Cytokines of the IL-17 Family Between Microbiota and Cancer. Front. Immunol. 2020, 11, 565470. [CrossRef]
175. Hamada, H.; Garcia-Hernandez, M.D.L.L.; Reome, J.B.; Misra, S.K.; Strutt, T.M.; McKinstry, K.K.; Cooper, A.; Swain, S.L.; Dutton,

R.W. Tc17, a Unique Subset of CD8 T Cells That Can Protect against Lethal Influenza Challenge. J. Immunol. 2009, 182, 3469–3481.
[CrossRef]

176. Zhang, L.; Liu, M.; Liu, W.; Hu, C.; Li, H.; Deng, J.; Cao, Q.; Wang, Y.; Hu, W.; Li, Q. Th17/IL-17 induces endothelial cell
senescence via activation of NF-κB/p53/Rb signaling pathway. Lab. Investig. 2021, 101, 1418–1426. [CrossRef]

177. Ming, X.-F.; Montani, J.-P.; Yang, Z. Perspectives of Targeting mTORC1–S6K1 in Cardiovascular Aging. Front. Physiol. 2012, 3, 5.
[CrossRef]

178. Fuentes-Prior, P. Priming of SARS-CoV-2 S protein by several membrane-bound serine proteinases could explain enhanced viral
infectivity and systemic COVID-19 infection. J. Biol. Chem. 2021, 296, 100135. [CrossRef]

179. Zhang, Z.; Zheng, Y.; Niu, Z.; Zhang, B.; Wang, C.; Yao, X.; Peng, H.; Franca, D.N.; Wang, Y.; Zhu, Y.; et al. SARS-CoV-2 spike
protein dictates syncytium-mediated lymphocyte elimination. Cell Death Differ. 2021, 28, 2765–2777. [CrossRef]

180. Winstone, H.; Lista, M.J.; Reid, A.C.; Bouton, C.; Pickering, S.; Galao, R.P.; Kerridge, C.; Doores, K.J.; Swanson, C.M.; Neil, S.J.D.
The Polybasic Cleavage Site in SARS-CoV-2 Spike Modulates Viral Sensitivity to Type I Interferon and IFITM2. J. Virol. 2021,
95, e02422-20. [CrossRef]

181. Johnson, B.A.; Xie, X.; Bailey, A.L.; Kalveram, B.; Lokugamage, K.G.; Muruato, A.; Zou, J.; Zhang, X.; Juelich, T.; Smith, J.K.; et al.
Loss of furin cleavage site attenuates SARS-CoV-2 pathogenesis. Nature 2021, 591, 293–299. [CrossRef] [PubMed]

182. Balestrieri, E.; Minutolo, A.; Petrone, V.; Fanelli, M.; Iannetta, M.; Malagnino, V.; Zordan, M.; Vitale, P.; Charvet, B.; Horvat, B.;
et al. Evidence of the pathogenic HERV-W envelope expression in T lymphocytes in association with the respiratory outcome of
COVID-19 patients. EBioMedicine 2021, 66, 103341. [CrossRef] [PubMed]

183. Chang, C.; Chen, P.-T.; Chang, G.-D.; Huang, C.-J.; Chen, H. Functional Characterization of the Placental Fusogenic Membrane
Protein Syncytin1. Biol. Reprod. 2004, 71, 1956–1962. [CrossRef] [PubMed]

184. Huppertz, B. The Critical Role of Abnormal Trophoblast Development in the Etiology of Preeclampsia. Curr. Pharm. Biotechnol.
2018, 19, 771–780. [CrossRef]

185. Zhang, L.; Richards, A.; Barrasa, M.I.; Hughes, S.H.; Young, R.A.; Jaenisch, R. Reverse-transcribed SARS-CoV-2 RNA can integrate
into the genome of cultured human cells and can be expressed in patient-derived tissues. Proc. Natl. Acad. Sci. USA 2021,
118, e2105968118. [CrossRef]

186. Mi, S.; Lee, X.; Li, X.-P.; Veldman, G.M.; Finnerty, H.; Racie, L.; LaVallie, E.; Tang, X.-Y.; Edouard, P.; Howes, S.; et al. Syncytin is a
captive retroviral envelope protein involved in human placental morphogenesis. Nature 2000, 403, 785–789. [CrossRef]

187. Wang, X.; Huang, J.; Zhu, F. Human Endogenous Retroviral Envelope Protein Syncytin-1 and Inflammatory Abnormalities in
Neuropsychological Diseases. Front. Psychiatry 2018, 9, 422. [CrossRef]

188. Chen, C.-P.; Chen, L.-F.; Yang, S.-R.; Chen, C.-Y.; Ko, C.-C.; Chang, G.-D.; Chen, H. Functional Characterization of the Human
Placental Fusogenic Membrane Protein Syncytin 21. Biol. Reprod. 2008, 79, 815–823. [CrossRef]

189. Conde-Agudelo, A.; Romero, R. SARS-CoV-2 infection during pregnancy and risk of preeclampsia: A systematic review and
meta-analysis. Am. J. Obstet. Gynecol. 2021, 226, 68–89.e3. [CrossRef]

190. Terán, Y.; Ponce, O.; Betancourt, L.; Hernández, L.; Rada, P. Amino acid profile of plasma and cerebrospinal fluid in preeclampsia.
Pregnancy Hypertens. Int. J. Women’s Cardiovasc. Health 2012, 2, 416–422. [CrossRef]

191. Lu, J.; Zhang, Q.; Tan, D.; Luo, W.; Zhao, H.; Ma, J.; Liang, H.; Tan, Y. GABA A receptor π subunit promotes apoptosis of
HTR-8/SVneo trophoblastic cells: Implications in preeclampsia. Int. J. Mol. Med. 2016, 38, 105–112. [CrossRef] [PubMed]

192. Licht, P.; Harbarth, P.; E Merz, W. Evidence for a modulation of human chorionic gonadotropin (hCG) subunit messenger
ribonucleic acid levels and hCG secretion by gamma-aminobutyric acid in human first trimester placenta in vitro. Endocrinology
1992, 130, 490–496. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.2021091118
http://doi.org/10.2174/1389200219666180129151150
http://doi.org/10.1016/j.yfrne.2010.07.002
http://doi.org/10.3389/fendo.2020.00488
http://doi.org/10.3389/fphys.2019.01523
http://www.ncbi.nlm.nih.gov/pubmed/31920721
http://doi.org/10.3389/fphys.2019.01561
http://www.ncbi.nlm.nih.gov/pubmed/32009975
http://doi.org/10.1038/s41385-018-0111-7
http://www.ncbi.nlm.nih.gov/pubmed/30523310
http://doi.org/10.3389/fimmu.2020.565470
http://doi.org/10.4049/jimmunol.0801814
http://doi.org/10.1038/s41374-021-00629-y
http://doi.org/10.3389/fphys.2012.00005
http://doi.org/10.1074/jbc.REV120.015980
http://doi.org/10.1038/s41418-021-00782-3
http://doi.org/10.1128/JVI.02422-20
http://doi.org/10.1038/s41586-021-03237-4
http://www.ncbi.nlm.nih.gov/pubmed/33494095
http://doi.org/10.1016/j.ebiom.2021.103341
http://www.ncbi.nlm.nih.gov/pubmed/33867312
http://doi.org/10.1095/biolreprod.104.033340
http://www.ncbi.nlm.nih.gov/pubmed/15269105
http://doi.org/10.2174/1389201019666180427110547
http://doi.org/10.1073/pnas.2105968118
http://doi.org/10.1038/35001608
http://doi.org/10.3389/fpsyt.2018.00422
http://doi.org/10.1095/biolreprod.108.069765
http://doi.org/10.1016/j.ajog.2021.07.009
http://doi.org/10.1016/j.preghy.2012.05.001
http://doi.org/10.3892/ijmm.2016.2608
http://www.ncbi.nlm.nih.gov/pubmed/27221053
http://doi.org/10.1210/endo.130.1.1309346
http://www.ncbi.nlm.nih.gov/pubmed/1309346


Reports 2022, 5, 22 19 of 20

193. Vacher, C.-M.; Lacaille, H.; O’Reilly, J.J.; Salzbank, J.; Bakalar, D.; Sebaoui, S.; Liere, P.; Clarkson-Paredes, C.; Sasaki, T.; Sathyanesan,
A.; et al. Placental endocrine function shapes cerebellar development and social behavior. Nat. Neurosci. 2021, 24, 1392–1401.
[CrossRef] [PubMed]

194. Cheng, Y.-W.; Chao, T.-L.; Li, C.-L.; Chiu, M.-F.; Kao, H.-C.; Wang, S.-H.; Pang, Y.-H.; Lin, C.-H.; Tsai, Y.-M.; Lee, W.-H.; et al.
Furin Inhibitors Block SARS-CoV-2 Spike Protein Cleavage to Suppress Virus Production and Cytopathic Effects. Cell Rep. 2020,
33, 108254. [CrossRef]

195. Becker, G.L.; Sielaff, F.; Than, M.E.; Lindberg, I.; Routhier, S.; Day, R.; Lu, Y.; Garten, W.; Steinmetzer, T. Potent Inhibitors of Furin
and Furin-like Proprotein Convertases Containing Decarboxylated P1 Arginine Mimetics. J. Med. Chem. 2009, 53, 1067–1075.
[CrossRef]

196. Devi, K.P.; Pourkarim, M.R.; Thijssen, M.; Sureda, A.; Khayatkashani, M.; Cismaru, C.A.; Neagoe, I.B.; Habtemariam, S.;
Razmjouei, S.; Kashani, H.R.K. A perspective on the applications of furin inhibitors for the treatment of SARS-CoV-2. Pharmacol.
Rep. 2022, 74, 425–430. [CrossRef]

197. Yakala, G.K.; Cabrera-Fuentes, H.A.; Crespo-Avilan, G.E.; Rattanasopa, C.; Burlacu, A.; George, B.L.; Anand, K.; Mayan, D.C.;
Corlianò, M.; Hernández-Reséndiz, S.; et al. FURIN Inhibition Reduces Vascular Remodeling and Atherosclerotic Lesion
Progression in Mice. Arter. Thromb. Vasc. Biol. 2019, 39, 387–401. [CrossRef]

198. AbdelMassih, A.F.; Ye, J.; Kamel, A.; Mishriky, F.; Ismail, H.-A.; Ragab, H.A.; El Qadi, L.; Malak, L.; Abdu, M.; El-Husseiny, M.;
et al. A multicenter consensus: A role of furin in the endothelial tropism in obese patients with COVID-19 infection. Obes. Med.
2020, 19, 100281. [CrossRef]

199. Pomorski, T.G.; Menon, A.K. Lipid somersaults: Uncovering the mechanisms of protein-mediated lipid flipping. Prog. Lipid Res.
2016, 64, 69–84. [CrossRef]

200. Whitlock, J.M.; Chernomordik, L.V. Flagging fusion: Phosphatidylserine signaling in cell—Cell fusion. J. Biol. Chem. 2021,
296, 100411. [CrossRef]

201. Braga, L.; Ali, H.; Secco, I.; Chiavacci, E.; Neves, G.; Goldhill, D.; Penn, R.; Jimenez-Guardeño, J.M.; Ortega-Prieto, A.M.; Bussani,
R.; et al. Drugs that inhibit TMEM16 proteins block SARS-CoV-2 spike-induced syncytia. Nature 2021, 594, 88–93. [CrossRef]
[PubMed]

202. Cheng, Y.; Feng, S.; Puchades, C.; Ko, J.; Figueroa, E.; Chen, Y.; Wu, H.; Gu, S.; Han, T.; Li, J.; et al. Identification of a conserved
drug binding pocket in TMEM16 proteins. Preprint Res. Sq. 2022, 1, rs.3.rs-1296933. [CrossRef]

203. Cairns, D.M.; Dulko, D.; Griffiths, J.K.; Golan, Y.; Cohen, T.; Trinquart, L.; Price, L.L.; Beaulac, K.R.; Selker, H.P. Efficacy of
Niclosamide vs Placebo in SARS-CoV-2 Respiratory Viral Clearance, Viral Shedding, and Duration of Symptoms Among Patients
with Mild to Moderate COVID-19. JAMA Netw. Open 2022, 5, e2144942. [CrossRef] [PubMed]

204. Pedemonte, N.; Galietta, L.J. Structure and Function of TMEM16 Proteins (Anoctamins). Physiol. Rev. 2014, 94, 419–459. [CrossRef]
205. Slawecki, M.L.; Carlson, G.C.; Keller, A. Differential distribution of inositol 1,4,5-triphosphate receptors in the rat olfactory bulb. J.

Comp. Neurol. 1997, 389, 224–234. [CrossRef]
206. Egorova, P.A.; Bezprozvanny, I.B. Inositol 1,4,5-trisphosphate receptors and neurodegenerative disorders. FEBS J. 2018, 285,

3547–3565. [CrossRef]
207. Heuser, K.; Nome, C.G.; Pettersen, K.H.; Åbjørsbråten, K.S.; Jensen, V.; Tang, W.; Sprengel, R.; Taubøll, E.; A Nagelhus, E.; Enger,

R. Ca2+ Signals in Astrocytes Facilitate Spread of Epileptiform Activity. Cereb. Cortex 2018, 28, 4036–4048. [CrossRef]
208. Park, S.J.; Jeong, J.; Park, Y.-U.; Park, K.-S.; Lee, H.; Lee, N.; Kim, S.-M.; Kuroda, K.; Nguyen, M.D.; Kaibuchi, K.; et al.

Disrupted-in-schizophrenia-1 (DISC1) Regulates Endoplasmic Reticulum Calcium Dynamics. Sci. Rep. 2015, 5, 8694. [CrossRef]
209. de Bartolomeis, A.; Tomasetti, C.; Cicale, M.; Yuan, P.-X.; Manji, H.K. Chronic treatment with lithium or valproate modulates the

expression of Homer1b/c and its related genes Shank and Inositol 1,4,5-trisphosphate receptor. Eur. Neuropsychopharmacol. 2012,
22, 527–535. [CrossRef]

210. Khanim, F.; Ferretti, L.; Raffles, S.; Giles, H.; Jankute, M.; Merrick, B.; Bunce, C.; Drayson, M. Epilepsy doses of valproate combined
with the anti-helminthic, niclosamide, synergistically kill myeloma cells: A potent new anti-myeloma drug combination. Exp.
Hematol. 2014, 42, S26. [CrossRef]

211. Akgun, O.; Erkisa, M.; Ari, F. Effective and new potent drug combination: Histone deacetylase and Wnt/β-catenin pathway
inhibitors in lung carcinoma cells. J. Cell. Biochem. 2019, 120, 15467–15482. [CrossRef] [PubMed]

212. Batti, L.; Sundukova, M.; Murana, E.; Pimpinella, S.; Reis, F.D.C.; Pagani, F.; Wang, H.; Pellegrino, E.; Perlas, E.; Di Angelantonio,
S.; et al. TMEM16F Regulates Spinal Microglial Function in Neuropathic Pain States. Cell Rep. 2016, 15, 2608–2615. [CrossRef]
[PubMed]

213. Bandman, E.; Walker, C.R.; Strohman, R.C. Diazepam Inhibits Myoblast Fusion and Expression of Muscle Specific Protein
Synthesis. Science 1978, 200, 559–561. [CrossRef] [PubMed]

214. Volke, V.; Soosaar, A.; Koks, S.; Vasar, E.; Männistö, P. l-Arginine abolishes the anxiolytic-like effect of diazepam in the elevated
plus-maze test in rats. Eur. J. Pharmacol. 1998, 351, 287–290. [CrossRef]

215. Gong, L.; Zhang, X.; Qiu, K.; He, L.; Wang, Y.; Yin, J. Arginine promotes myogenic differentiation and myotube formation through
the elevation of cytoplasmic calcium concentration. Anim. Nutr. 2021, 7, 1115–1123. [CrossRef]

216. Williams, M.; Risley, E.A. Ivermectin Interactions with Benzodiazepine Receptors in Rat Cortex and Cerebellum In Vitro. J.
Neurochem. 1984, 42, 745–753. [CrossRef]

http://doi.org/10.1038/s41593-021-00896-4
http://www.ncbi.nlm.nih.gov/pubmed/34400844
http://doi.org/10.1016/j.celrep.2020.108254
http://doi.org/10.1021/jm9012455
http://doi.org/10.1007/s43440-021-00344-x
http://doi.org/10.1161/ATVBAHA.118.311903
http://doi.org/10.1016/j.obmed.2020.100281
http://doi.org/10.1016/j.plipres.2016.08.003
http://doi.org/10.1016/j.jbc.2021.100411
http://doi.org/10.1038/s41586-021-03491-6
http://www.ncbi.nlm.nih.gov/pubmed/33827113
http://doi.org/10.21203/rs.3.rs-1296933/v1
http://doi.org/10.1001/jamanetworkopen.2021.44942
http://www.ncbi.nlm.nih.gov/pubmed/35138402
http://doi.org/10.1152/physrev.00039.2011
http://doi.org/10.1002/(SICI)1096-9861(19971215)389:2&lt;224::AID-CNE3&gt;3.0.CO;2-3
http://doi.org/10.1111/febs.14366
http://doi.org/10.1093/cercor/bhy196
http://doi.org/10.1038/srep08694
http://doi.org/10.1016/j.euroneuro.2011.11.006
http://doi.org/10.1016/j.exphem.2014.07.089
http://doi.org/10.1002/jcb.28813
http://www.ncbi.nlm.nih.gov/pubmed/31037769
http://doi.org/10.1016/j.celrep.2016.05.039
http://www.ncbi.nlm.nih.gov/pubmed/27332874
http://doi.org/10.1126/science.565534
http://www.ncbi.nlm.nih.gov/pubmed/565534
http://doi.org/10.1016/S0014-2999(98)00364-1
http://doi.org/10.1016/j.aninu.2021.05.010
http://doi.org/10.1111/j.1471-4159.1984.tb02746.x


Reports 2022, 5, 22 20 of 20

217. Bhandage, A.K.; Olivera, G.C.; Kanatani, S.; Thompson, E.; Loré, K.; Varas-Godoy, M.; Barragan, A. A motogenic GABAergic
system of mononuclear phagocytes facilitates dissemination of coccidian parasites. eLife 2020, 9, e60528. [CrossRef]

218. Tian, J.; Middleton, B.; Kaufman, D. GABAA-Receptor Agonists Limit Pneumonitis and Death in Murine Coronavirus-Infected
Mice. Viruses 2021, 13, 966. [CrossRef]

219. Kittler, J.T.; Delmas, P.; Jovanovic, J.N.; Brown, D.A.; Smart, T.G.; Moss, S.J. Constitutive Endocytosis of GABAA Receptors by an
Association with the Adaptin AP2 Complex Modulates Inhibitory Synaptic Currents in Hippocampal Neurons. J. Neurosci. 2000,
20, 7972–7977. [CrossRef]

220. Ngo, D.-H.; Vo, T.S. An Updated Review on Pharmaceutical Properties of Gamma-Aminobutyric Acid. Molecules 2019, 24, 2678.
[CrossRef]

221. Shimada, M.; Hasegawa, T.; Nishimura, C.; Kan, H.; Kanno, T.; Nakamura, T.; Matsubayashi, T. Anti-Hypertensive Effect of
γ-Aminobutyric Acid (GABA)-Rich Chlorella on High-Normal Blood Pressure and Borderline Hypertension in Placebo-Controlled
Double Blind Study. Clin. Exp. Hypertens. 2009, 31, 342–354. [CrossRef]

222. Shyamaladevi, N.; Jayakumar, A.; Sujatha, R.; Paul, V.; Subramanian, E. Evidence that nitric oxide production increases γ-amino
butyric acid permeability of blood-brain barrier. Brain Res. Bull. 2002, 57, 231–236. [CrossRef]

223. Yoto, A.; Murao, S.; Motoki, M.; Yokoyama, Y.; Horie, N.; Takeshima, K.; Masuda, K.; Kim, M.; Yokogoshi, H. Oral intake of
γ-aminobutyric acid affects mood and activities of central nervous system during stressed condition induced by mental tasks.
Amino Acids 2011, 43, 1331–1337. [CrossRef] [PubMed]

224. Czuczwar, S.J.; Patsalos, P.N. The New Generation of GABA Enhancers. CNS Drugs 2001, 15, 339–350. [CrossRef] [PubMed]
225. Iaria, P.; Blacher, J.; Asplanato, M.; Edric, K.; Safar, M.; Girerd, X. Une nouvelle cause d’hypertension artérielle résistante:

La co-prescription avec des traitements anticomitiaux [A new cause of resistant arterial hypertension: Coprescription with
anti-convulsant treatments]. Arch. Mal. Coeur. Vaiss. 1999, 92, 1005–1008.

226. Chen, H.-H.; Li, Y.-D.; Cheng, P.-W.; Fang, Y.-C.; Lai, C.-C.; Tseng, C.-J.; Pan, J.-Y.; Yeh, T.-C. Gabapentin Reduces Blood Pressure
and Heart Rate through the Nucleus Tractus Solitarii. Acta Cardiol. Sin. 2019, 35, 627–633. [CrossRef]

227. Kitajima, T.; Kanbayashi, T.; Saito, Y.; Takahashi, Y.; Ogawa, Y.; Sugiyama, T.; Kaneko, Y.; Aizawa, R.; Shimizu, T. Diazepam
reduces both arterial blood pressure and muscle sympathetic nerve activity in human. Neurosci. Lett. 2004, 355, 77–80. [CrossRef]

228. Lokensgard, J.R.; Gekker, G.; Hu, S.; Arthur, A.F.; Chao, C.C.; Peterson, P.K. Diazepam-mediated inhibition of human immunode-
ficiency virus type 1 expression in human brain cells. Antimicrob. Agents Chemother. 1997, 41, 2566–2569. [CrossRef]

229. Lin, A.; Elbezanti, W.O.; Schirling, A.; Ahmed, A.; Van Duyne, R.; Cocklin, S.; Klase, Z. Alprazolam Prompts HIV-1 Transcriptional
Reactivation and Enhances CTL Response Through RUNX1 Inhibition and STAT5 Activation. Front. Neurol. 2021, 12, 663793.
[CrossRef]

http://doi.org/10.7554/eLife.60528
http://doi.org/10.3390/v13060966
http://doi.org/10.1523/JNEUROSCI.20-21-07972.2000
http://doi.org/10.3390/molecules24152678
http://doi.org/10.1080/10641960902977908
http://doi.org/10.1016/S0361-9230(01)00755-9
http://doi.org/10.1007/s00726-011-1206-6
http://www.ncbi.nlm.nih.gov/pubmed/22203366
http://doi.org/10.2165/00023210-200115050-00001
http://www.ncbi.nlm.nih.gov/pubmed/11475940
http://doi.org/10.6515/acs.201911_35(6).20190429b
http://doi.org/10.1016/j.neulet.2003.10.054
http://doi.org/10.1128/AAC.41.11.2566
http://doi.org/10.3389/fneur.2021.663793

	Introduction 
	Two Senescence Mechanisms in SARS-CoV-2 Infection 
	S1/ACE-2 Attachment and ANG II-Induced Senescence 
	S2/Furin Attachment and Syncytia-Induced Senescence 
	Molecular Mechanisms of Syncytia Formation 
	Biological Barrier Dysfunction 

	Cellular Senescence in Psychopathology 
	GABA, Neuronal and Non-Neuronal Information Processing 
	Non-Neuronal Information Processing 
	eGABA 
	pGABA 
	mGABA 

	Ancient and Modern Viruses Disrupt GABAergic Signaling 
	Syncytia Inhibitors 
	GABA, Autophagy, and Blood Pressure 

	Conclusions 
	References

