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Abstract
The novel coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). The escalating number of SARS-CoV-2-infected individuals has conferred the viral spread with the status of global 
pandemic. However, there are no prophylactic or therapeutic drugs available on the market to treat COVID-19, although 
several drugs have been approved. Recently, two articles using the comparative viral-human protein–protein interaction map 
revealed that the sigma-1 receptor in the endoplasmic reticulum plays an important role in SARS-CoV-2 replication in cells. 
Knockout and knockdown of SIGMAR1 (sigma-1 receptor, encoded by SIGMAR1) caused robust reductions in SARS-CoV-2 
replication, which indicates that the sigma-1 receptor is a key therapeutic target for SARS-CoV-2 replication. Interestingly, a 
recent clinical trial demonstrated that treatment with the antidepressant fluvoxamine, which has a high affinity at the sigma-1 
receptor, could prevent clinical deterioration in adult outpatients infected with SARS-CoV-2. In this review, we discuss the 
brief history of the sigma-1 receptor and its role in SARS-CoV-2 replication in cells. Here, we propose repurposing of tra-
ditional central nervous system (CNS) drugs that have a high affinity at the sigma-1 receptor (i.e., fluvoxamine, donepezil, 
ifenprodil) for the treatment of SARS-CoV-2-infected patients. Finally, we discussed the potential of other CNS candidates 
such as cutamesine and arketamine.
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Introduction

The coronavirus disease 2019 (COVID-19) is an acute 
respiratory disease that is caused by the novel RNA virus 
SARS-CoV-2. After SARS-CoV-2 was detected in Wuhan, 
China, in December 2019, the number of individuals 
infected with SARS-CoV-2 has markedly increased world-
wide. On December 16, 2020, a report from Johns Hopkins 
University Coronavirus Resource Center showed that the 
number of global cases and global deaths were 73,992,814 
and 1,645,136, respectively. As we approach 2021, various 
regions are experiencing a second or third wave of COVID-
19 infections. Therefore, we are under pressure to develop 
prophylactic and therapeutic drugs for COVID-19-infected 
individuals as soon as possible. Clinical trials of a number 

of candidate drugs to treat COVID-19 are currently under-
way [1–3].

Drug repurposing is a promising approach for the 
COVID-19 pandemic because of the speed and low cost 
required for development and approval [4–8]. Accumulating 
evidence suggests that SARS-CoV-2 infection has deleteri-
ous effects in the central nervous system (CNS), which can 
result in psychiatric and neurological symptoms in infected 
individuals [9–13]. In addition, the risk for neurodevelop-
mental disorders such as autism spectrum disorder in off-
spring of COVID19-infected pregnant women has been 
discussed [14, 15].

On November 12, 2020, Lenze et al. [16] demonstrated 
that the antidepressant fluvoxamine (Fig. 1), which is a CNS 
drug with high affinity at the sigma-1 receptor, could pre-
vent clinical deterioration in adult outpatients infected with 
SARS-CoV-2. The pilot data indicates that it is critical to 
prevent SARS-CoV-2-infected individuals from deteriorat-
ing to severe illness [17], although further trials using a 
larger sample size are needed.
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In this review, the author evaluates a brief history of 
the endoplasmic reticulum (ER) protein sigma-1 receptor 
and the role of the sigma-1 receptor in the replication of 
SARS-CoV-2 in cells. Finally, we propose that traditional 
CNS drugs with sigma-1 receptor agonism are potential pro-
phylactic drugs for the treatment of SARS-CoV-2-infected 
individuals.

Endoplasmic reticulum stress due 
to SARS‑CoV‑2 replication

SARS-CoV-2 enters cells via the spike glycoprotein 
through a process called endocytosis. Subsequent SARS-
CoV-2 replication takes place in an endoplasmic retic-
ulum (ER)-derived intermediate compartment in the 

Fig. 1  Chemical structure of fluvoxamine, donepezil, and ifenprodil

Fig. 2  Role of the sigma-1 receptor in the ER and ER stress during 
the replication cycle of SARS-CoV-2 in cells. SARS-CoV-2 binds to 
the ACE2 (angiotensin-converting enzyme 2) receptor on the surface 
of cells via spike proteins, which subsequently triggers endocytosis. 
Subsequent SARS-CoV-2 replication takes place in an ER-derived 
intermediate compartment of the ER-Golgi. It has been suggested 

that ER stress due to the replication of SARS-CoV-2 may contribute 
to inflammatory events (i.e., cytokine storm), which results in severe 
symptoms of acute respiratory distress syndrome, accompanied by 
high mortality. The sigma-1 receptor in the ER plays a key role in the 
replication of SARS-CoV-2 in cells [41, 42]. A slight modification is 
shown in this figure, from Zhang et al. [1]
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ER-Golgi (Fig. 2) [1, 18]. It has been suggested that ER 
stress due to the replication of SARS-CoV-2 may con-
tribute to inflammatory events (i.e., cytokine storm), 
which results in severe symptoms of acute respiratory 
distress syndrome accompanied by high mortality (Fig. 2) 
[1, 18–21]. A case control study showed higher levels 
of ER stress markers [i.e., glucose regulated protein 78 
(GRP78), C/EBP homologous protein (CHOP), phospho-
extracellular signal regulated kinase (PERK)] in SARS-
CoV-2 positive subjects [22]. Collectively, it is possible 
that ER could be a potential therapeutic target for the 
management of SARS-CoV-2 infection [20, 23].

Brief history of the sigma‑1 receptor

In 1976, Dr. Martin et al. initially proposed that the sigma 
receptor is a subtype opioid receptor that mediates the 
unique psychotomimetic effects of the prototypic drug 
SKF-10, 047 (N-allyl-normetazocine) [24]. Subsequently, 
in 1982, Dr. Su [25] reported the specific binding site of 
 [3H](+)SKF-10, 047, which was proven to be resistant to 
opioid receptor antagonists (i.e., naloxone and naltrex-
one). Typical antipsychotic haloperidol had very high 
affinity  (IC50 = 7.0 nM) at  [3H]SKF-10,047 binding to the 
sigma receptor [25]. The binding sites reported by Dr. Su 
were later termed “sigma receptors” to distinguish them 
from classical opiate receptors. Receptor binding studies 
show the existence of at least two subtypes, sigma-1 and 
sigma-2 receptors.

In 1997, the sigma-1 receptor, a single polypeptide 
composed of 223 amino acids, was cloned. This receptor 
contains an ER-retention signal [26]. In 2007, Hayashi 
and Su [27] reported that the sigma-1 receptor could func-
tion as a novel ER molecular chaperone, which regulates 
a variety of cellular functions. In this assay, sigma-1-re-
ceptor agonists (i.e., fluvoxamine, fluoxetine) promote 
dissociation of the sigma-1 receptor from another ER 
chaperone, BiP/GRP78, which results in sigma-1-receptor 
chaperone activity in the cells. In contrast, sigma-1-re-
ceptor antagonists (i.e., haloperidol, NE-100) reinforce 
the association, thereby blocking the action of sigma-
1-receptor agonists [27, 28]. In 2017, a sigma-2 recep-
tor was identified as TMEM97 (transmembrane protein 
97 or MAC30), which is an ER-resident transmembrane 
protein [29].

Substantial evidence suggests that the sigma-1 receptor 
plays a role in the pathophysiology of a number of psychi-
atric and neurodegenerative disorders, and that sigma-1 
receptor agonists have beneficial effects in a number of 
CNS disorders [30–40].

Role of the sigma‑1 receptor in SARS‑CoV‑2 
replication

On April 30, 2020, a study using the SARS-CoV-2-hu-
man protein–protein interaction map identified 332 
high-confidence protein–protein interactions between 
SARS-CoV-2 and human proteins [41]. Interestingly, 
multiple compounds for sigma-1 and sigma-2 receptors 
were identified as promising inhibitors of SARS-CoV-2 
replication [41]. Sigma-1 receptor ligands include chlo-
roquine, clemastine, dextromethorphan, haloperidol, 
E-52862, PB28, PD-144418, and RS-PPCC. Sigma-2 
receptor ligands include clemastine, chloroquine, halop-
eridol, PB28, PD-144418, and RS-PPCC. In this assay, 
PB28 was approximately 20 times more potent than 
hydroxychloroquine.

On October 15, 2020, the same group [42] identified the 
sigma-1 receptor (encoded by SIGMAR1) as a functional 
host-dependency factor for SARS-CoV-2. They demon-
strated that knockout or knockdown of SIGMAR1, but not 
SIGMAR2 (also known as TMEM97), caused robust reduc-
tions in SARS-CoV-2 replication, which indicates that the 
sigma-1 receptor is a key target for SARS-CoV-2 replica-
tion. In this study, they compared three typical antipsychot-
ics (haloperidol, fluphenazine, chlorpromazine) in a SARS-
CoV-2-inhibition assay. The order of inhibitory effects for 
SARS-CoV-2 is chlorpromazine  (pIC50 = 6.050) > fluphen-
azine  (pIC50 = 6.460) > haloperidol  (pIC50 = 5.684) [42]. 
However, the order of binding affinity of these compounds at 
the sigma-1 receptor was haloperidol (Ki = 4 nM) > fluphen-
azine (Ki = 17 nM) > chlorpromazine (Ki = 180 nM) [43]. 
Thus, the potency of these compounds for inhibiting SARS-
CoV-2 replication was not associated with their potency for 
the sigma-1 receptor. Since haloperidol is a potent sigma-
1-receptor antagonist [27, 28], it is unclear whether blockage 
at the sigma-1 receptor may contribute to antiviral activity 
for SRAS-CoV-2.

In the preliminary analysis, the outcome of users treated 
with typical antipsychotics (i.e., haloperidol, chlorproma-
zine, fluphenazine) with high or moderate affinity at the 
sigma-1 receptor was better than that of users treated with 
atypical antipsychotics (i.e., aripiprazole, olanzapine, que-
tiapine, risperidone, brexpiprazole, paliperidone) without 
sigma-1 receptor affinity [42]. From the data, we cannot 
conclude that typical antipsychotics have beneficial effects 
to prevent clinical deterioration in SARS-CoV-2-infected 
patients, although the data is attracting support. A further 
randomized control study using typical antipsychotic halo-
peridol (a potent sigma-1-receptor antagonist) and atypical 
antipsychotic without sigma-1 receptor affinity is needed.

Nonetheless, the two articles that were published in 
Nature and Science strongly encourage the use of the 
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sigma-1 receptor compounds for COVID-19-infected 
patients, since a number of CNS drugs have been reported 
to bind at the sigma-1 receptor with high to moderate affin-
ity [41, 42, 44]. However, which pharmacological activity 
(i.e., agonist or antagonist) of sigma-1-receptor ligands is 
responsible for the activity of SARS-CoV-2 replication 
remains uncertain.

Haloperidol and other antipsychotics

Typical antipsychotics such as haloperidol (Ki = 4  nM), 
perphenazine (Ki = 12 nM), fluphenazine (Ki = 17 nM), tri-
fluoperazine (Ki = 67 nM), pimozide (Ki = 144 nM), chlor-
promazine (Ki = 180 nM), and triflupromazine (Ki = 214 nM) 
have high to moderate affinity at the sigma-1 receptor [43]. 
Although haloperidol is a potent sigma-1-receptor antagonist, 
the pharmacological activity (antagonist or agonist) of other 
antipsychotics (i.e., chlorpromazine) are unclear. In contrast, 
atypical antipsychotics, such as clozapine and olanzapine, do 
not bind to the sigma-1 receptor [43]. Atypical antipsychot-
ics, such as olanzapine, aripiprazole, paliperidone, risperidone, 
and quetiapine, did not show antiviral activity [41, 42].

A randomized clinical trial of chlorpromazine following 
the standard therapeutic protocol in adult subjects (n = 40) 
with moderate-type COVID-19 (WHO-OSCI 3–5) (Clinical-
Trials.gov Identifier: NCT04366739) is underway in Paris, 
France. Furthermore, a single-blind, randomized clinical 
trial of chlorpromazine following the standard therapeu-
tic protocol in adult subjects (n = 100) with COVID-19 
(ClinicalTrials.gov Identifier: NCT04354805) is underway 
in Cairo, Egypt. There is high anticipation for results to 
become available in the near future.

It is well known that typical antipsychotics such as halop-
eridol can produce extrapyramidal side effects due to potent 
dopamine-D2-receptor antagonism. In addition, the repeated 
use of haloperidol might cause upregulation of the dopa-
mine-D2 receptor in the brain, thus resulting in dopamine 
supersensitivity [45]. Considering these factors, it is unlikely 
that haloperidol is a suitable drug for patients with SARS-
CoV-2, despite its potent sigma-1-receptor antagonism. If 
a sigma-1-receptor antagonist is better for blocking SARS-
CoV-2 replication than a sigma-1-receptor agonist, the selec-
tive sigma-1 receptor antagonist NE-100 without dopamine-
D2 receptor antagonism may be suitable, as indicated by the 
phase I/II study performed by Taisho Pharmaceutical Co. 
Ltd (Tokyo, Japan) [46].

Fluvoxamine and other antidepressants

Antidepressants such as selective serotonin reuptake inhibi-
tors (SSRIs) and serotonin and norepinephrine reuptake 
inhibitors (SNRIs) have been used in the treatment of a 

number of psychiatric disorders, such as depression and 
anxiety. In 1996, we demonstrated that some SSRIs, such 
as fluvoxamine, sertraline, fluoxetine, and citalopram, have 
high to moderate affinity at sigma-1 receptors in the rat brain 
(Table 1) [47]. In 2014, we reported the binding affinity of 
new antidepressants, including SNRIs (duloxetine, venla-
faxine, milnacipran), and mirtazapine (a noradrenaline and 
specific serotonergic antidepressant), at the sigma-1 receptor 
[48]. The order of potency for SSRIs at the sigma-1 receptor 
was as follows: fluvoxamine > sertraline > fluoxetine > esci-
talopram > citalopram > paroxetine (Table 1). SNRIs and 
mirtazapine showed very weak affinity at the sigma-1 recep-
tor (Table 1). Furthermore, fluvoxamine, fluoxetine, and 
escitalopram significantly potentiated nerve growth factor 
(NGF)-induced neurite outgrowth in PC12 cells, and the 
effects of these SSRIs were antagonized by NE-100 [48, 49]. 
Moreover, the effects of fluvoxamine and fluoxetine on NGF-
induced potentiation of neurite outgrowth were antagonized 
by sertraline, which suggests that sertraline may be a sigma-
1-receptor antagonist [48].

Using an in vivo mouse model, we demonstrated that flu-
voxamine improved phencyclidine (PCP)-treated cognitive 
deficits in mice via sigma-1-receptor activation, whereas 
sertraline and paroxetine did not improve PCP-treated cog-
nitive deficits in the model [50, 51]. These findings suggest 
that fluvoxamine and sertraline might function as an ago-
nist and antagonist, respectively, at the sigma-1 receptor. 
Several clinical studies demonstrated the beneficial effects 
of fluvoxamine on cognitive impairments in schizophre-
nia patients [52–55]. Collectively, fluvoxamine is the most 

Table 1  Affinity of the antidepressants for sigma-1 receptor in rat 
brain

SSRI selective serotonin reuptake inhibitor, SNRI serotonin and 
noradrenaline reuptake inhibitor, TCA  tricyclic antidepressant, NaSSA 
noradrenaline and specific serotonergic antidepressant, n.d. not deter-
mined
a Narita et al. [47]
b Ishima et al. [48]

Antidepressants Ki (nM) Action

Fluvoxamine (SSRI) 36a or 17.0b Agonist
Sertraline (SSRI) 57a or 31.6b Antagonist
Fluoxetine (SSRI) 240a or 191.2b Agonist
Escitalopram (SSRI) 288.3b Agonist
Citalopram (SSRI) 292a or 403.8b n.d.
Imipramine (TCA) 343a Agonist
Desipramine (TCA) 1987a

Paroxetine (SSRI) 1893a or  2041b

Duoxetine (SNRI) 3533b

Venlafaxine (SNRI) > 10,000b

Milnacipran (SNRI) > 10,000b

Mirtazapine (NaSSA) > 10,000b
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potent sigma-1-receptor agonist among the currently avail-
able antidepressants.

A positron emission tomography (PET) study using  [11C]
SA4503 revealed that oral administration of fluvoxamine 
(50–200 mg) bound to sigma-1 receptors in the human brain, 
thus indicating that fluvoxamine in therapeutic doses binds 
to sigma-1 receptors [56]. These findings show that activa-
tion at the sigma-1 receptor is involved in the pharmacologi-
cal action of fluvoxamine in humans [32–35, 57].

Fluvoxamine for ICU patients or sepsis

Delirium is a highly prevalent disorder among older patients 
in intensive care units (ICUs). Furuse and Hashimoto [58] 
reported five cases elucidating the beneficial effects of flu-
voxamine on delirium in ICU patients, such as acute aortic 
dissociation, traumatic subarachnoid hemorrhage, brain 
contusion, sepsis by pyelonephritis, cerebral infarction, 
pulmonary emphysema, and severe pneumonia. Although 
fluvoxamine showed beneficial effects in ICU patients, its 
mechanisms of action cannot be determined from these 
cases.

In 2019, Rosen et al. [59] reported that the sigma-1 recep-
tor in the ER is essential for the production of cytokine in 
a mouse model of septic shock and that fluvoxamine could 
protect against inflammatory response and lethal septic 
shock. Sigmar1 knock-out (KO) mice showed increased 
mortality after administration of a sub-lethal dose (5 mg/
kg) of lipopolysaccharide (LPS) compared to wild-type 
mice, indicating that sigma-1 receptor can attenuate sys-
temic inflammation [59]. Furthermore, fluvoxamine signifi-
cantly improved the clinical score in a sepsis model, and it 
enhanced survival in LPS-treated mice [59]. Collectively, 
this study strongly suggests that the potent sigma-1-receptor 
agonist fluvoxamine could ameliorate inflammatory events 
(i.e., cytokine storm) associated with ER stress due to 
SARS-CoV-2 replication (Figs. 2, 3).

Fluvoxamine for SARS‑CoV‑2‑infected 
outpatients

On November 12, 2020, Lenze et al. [16] published an arti-
cle on the prevention of clinical deterioration using fluvox-
amine in adult outpatients infected with SARS-CoV-2. In the 
trial, none of the fluvoxamine group (n = 80) met the respira-
tory deterioration criteria compared to the six patients in 
the placebo group (n = 72). This study used a small sample 
size; thus, further trial using a large sample size is strongly 
encouraged. A fully-remote, randomized placebo-controlled 
clinical trial of fluvoxamine in adult subjects (n = 880) with 

COVID-19 (ClinicalTrials.gov Identifier: NCT04668950) is 
underway by the same group.

In this trial, fluvoxamine was selected due to its potent 
sigma-1-receptor agonism [16]. Given the role of the chap-
erone activity of the ER sigma-1 receptor agonist, it is possi-
ble that the potent sigma-1-receptor activity of fluvoxamine 
could contribute to beneficial actions in these patients. How-
ever, from the current trial, we cannot prove the contribu-
tion of fluvoxamine sigma-1-receptor agonism to beneficial 
actions in patients infected with SARS-CoV-2. Therefore, 
a clinical trial of fluvoxamine versus sertraline (or parox-
etine) in patients infected with SARS-CoV-2 is needed to 
confirm the role of sigma-1-receptor agonism. Importantly, 
the advantages of fluvoxamine are safety, low cost, and oral 
administration.

Donepezil

Donepezil (Fig. 1), which is a potent acetylcholinesterase 
(AChE) inhibitor, has been widely used to treat Alzheimer’s 
disease (AD). In addition to AChE inhibition, donepezil 
binds to sigma receptors, including sigma-1 and sigma-2 
receptors [60]. We reported that donepezil could potenti-
ate NGF-induced neurite outgrowth in PC12 cells and that 
NE-100 significantly blocked donepezil-induced potentia-
tion of NGF-induced neurite outgrowth [61]. Furthermore, 
donepezil improved PCP-induced cognitive deficits in mice 
through sigma-1 receptor activation [62]. Moreover, a PET 
study using  [11C]SA4503 showed that oral administration of 
donepezil (5 mg and 10 mg) bound to the sigma-1 receptor 
in the human brain with occupancies of approximately 60% 
and approximately 75%, respectively [63]. These findings 
suggest that activation at the sigma-1 receptor is involved 
in the pharmacological action of donepezil in humans. It is, 
therefore, of interest to investigate a follow-up study of AD 
patients treated with or without donepezil after confirming 
SARS-CoV-2 infection.

Ifenprodil

Ifenprodil has been used as a cerebral vasodilator in 
a limited number of countries, including Japan and 
France. Ifenprodil is known to be a prototypical antago-
nist of the GluN2B subunit of the N-methyl-d-aspartate 
receptor (NMDAR) (Fig. 1). In addition to its antagonism 
at the α1 adrenergic receptor and NMDAR, ifenprodil 
binds to sigma-1 and sigma-2 receptors with high affinity 
[64–66]. Furthermore, ifenprodil significantly potentiated 
NGF-induced neurite outgrowth in PC12 cells [67]. In 
contrast, the α1 adrenergic receptor antagonist, prazo-
sin, and the NMDAR GluN2B antagonist Ro 25-6981 did 
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not alter NGF-induced neurite outgrowth. Furthermore, 
NE-100, but not the sigma-2 receptor antagonist SM-21, 
significantly blocked ifenprodil’s potentiating effects on 
NGF-induced neurite outgrowth [67]. These findings sug-
gest that activation at sigma-1 receptors plays a role in the 
pharmacological effects of ifenprodil.

We reported some cases showing the beneficial effects 
of ifenprodil in post-traumatic stress disorder (PTSD) 
patients with a history of childhood abuse [68, 69]. 
Thus, it seems that ifenprodil may have beneficial effects 
in PTSD patients through sigma-1 receptor activation 
[70], although further study using a large sample size is 
needed.

Collectively, we propose that the sigma-1 receptor 
agonist ifenprodil might be a potential therapeutic drug 
for SARS-CoV-2-confirmed subjects. At present, a rand-
omized open-label study of ifenprodil (20 mg and 40 mg) 
in hospitalized patients with confirmed COVID-19 dis-
ease (ClinicalTrials.gov Identifier: NCT04382924) by 
Algernon Pharmaceutical (Vancouver, BC, Canada) is 
underway.

Other candidate cutamesine and arketamine

In 1996, Matsuno et  al. [71] developed the novel and 
selective sigma-1 receptor agonist SA4503 (cutames-
ine)  (IC50 = 17.4  nM for the sigma-1 receptor and 
 IC50 = 1,784 nM for the sigma-2 receptor). SA4503 sig-
nificantly potentiated NGF-induced neurite outgrowth in 
PC12 cells, and the effects of SA4503 were antagonized 
by NE-100 [49]. We also reported that SA4503 improved 
PCP-induced cognitive deficits in mice through sigma-
1-receptor activation [50]. In the stroke model, SA4503 
stimulated recovery after stroke, which suggests that 
SA4503 may be a suitable therapeutic agent for stroke 
patients [72]. However, a phase II trial of SA4503 in 
patients with ischemic stroke showed no significant effects 
on functional end points [73]. Importantly, SA4503 (1 mg/
day and 3 mg/day for 28 days) was safe and well tolerated 
in humans [73]. Therefore, it may be interesting to per-
form a clinical trial of SA4503 in SARS-CoV-2-infected 
patients. In addition, there are some additional sigma-1 
receptor agonists for COVID-19 [74].

Fig. 3  Proposed scheme for prophylactic effects of sigma-1-receptor 
agonists in the treatment of SARS-CoV-2-infected patients. Recent 
studies show that sigma-1-receptor ligands attenuate SARS-CoV-2 
replication [41, 42]. Via sigma-1 receptor chaperone activity, tra-
ditional CNS compounds (i.e., fluvoxamine, donepezil, ifenprodil) 
with potent sigma-1-receptor agonism may attenuate ER stress due to 

SARS-CoV-2 replication in cells, thus resulting in a blockade against 
inflammatory events (i.e., cytokine storm). Thus, early treatment 
using sigma-1-receptor agonists may block or delay clinical deteriora-
tion in individuals with SARS-CoV-2 infection. A slight modification 
is shown in Fig. 2, from Zhang et al. [1]
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(R,S)-Ketamine, the NMDAR antagonist, has been widely 
used in the world as anesthetic [75]. Currently, (R,S)-keta-
mine is the most attractive antidepressant for severe depres-
sion since it produced rapid-onset and sustained antidepres-
sant actions for patients with severe depression [76–78]. It 
is well known that (R,S)-ketamine can interact with sigma 
receptors including sigma-1 (Ki = 139.6 μM) and sigma-2 
receptors (Ki = 26.3 μM) [79] although its affinity at sigma-1 
receptor is less potent than that of the aforementioned can-
didates (i.e., fluvoxamine, donepezil, ifenprodil, cutames-
ine). Furthermore, (R,S)-ketamine stimulated NGF-induced 
neurite outgrowth in PC12 cells through sigma-1 receptor 
activation [79]. We previously reported that (R,S)-ketamine 
produced a potent anti-inflammatory effects in treatment-
resistant patients with depression [80]. Collectively, it is 
proposed that (R,S)-ketamine may have beneficial effects 
for patients infected with SARS-CoV-2 [81, 82]. At pre-
sent, an open label study of (R,S)-ketamine in patients 
infected with SARS-CoV-2 (ClinicalTrials.gov Identifier: 
NCT04365985) at Williams Beaumont Hospital (Michigan, 
USA) is underway.

(R)-Ketamine (arketamine) is a more potent than (S)-
ketamine (esketamine) at sigma-1 receptor [83, 84]. A 
PET study showed that (R,S)-ketamine interacts to sigma-1 
receptor in non-human primate brain [85]. These data sug-
gest that arketamine may stimulate at sigma-1 receptor in 
the human brain despite of low affinity. Importantly, side 
effects (i.e., psychosis and dissociation) of arketamine in 
humans are lower than (R,S)-ketamine and esketamine [86] 
since side effects of (R,S)-ketamine in humans are associated 
with esketamine [87]. Collectively, it is possible that arketa-
mine may produce anti-inflammatory effects in individuals 
infected with SARS-CoV-2 if the data of (R,S)-ketamine in 
patients with COVID-19 are positive.

Conclusion and future direction

The two articles published in Nature and Science strongly 
suggest that the ER chaperone protein sigma-1 receptor 
plays an important role in the replication of SARS-CoV-2 
in cells, and that the sigma-1 receptor is a promising thera-
peutic target for COVID-19 infection [41, 42, 44, 74, 88]. 
However, which pharmacological activity (i.e., agonist or 
antagonist) of sigma-1 receptor ligands is responsible for 
the blockade of SARS-CoV-2 replication remains uncertain.

At present, it is easy to detect SARS-CoV-2 infection 
using a reverse transcription polymerase chain reaction (RT-
PCR) test. As discussed above, traditional CNS compounds, 
such as fluvoxamine, donepezil, and ifenprodil, exhibit 
potent agonistic activity at the sigma-1 receptor. If we use 
these drugs to treat COVID-19-infected patients as quickly 
as possible after confirmation of SARS-CoV-2 infection, we 

might block or delay clinical deterioration. Now is the time 
to start clinical trials of sigma-1-receptor agonists in indi-
viduals infected with SARS-CoV-2, since these compounds 
have been used worldwide. Among these candidates, fluvox-
amine is the most attractive drug for COVID-19 pandemic 
since it can be used from children to older adults.

Furthermore, the COVID-19 pandemic may be stressful 
for many people. Individuals infected with SARS-CoV-2 
may present with psychiatric symptoms, such as fear, anxi-
ety, depression, and suicide ideation. A recent study showed 
that survivors of COVID-19 appear to be at increased risk 
of psychiatric disorders such as anxiety disorders, insomnia 
and dementia [89]. Given these factors, fluvoxamine may be 
the most attractive candidate drug for COVID-19 treatment, 
since it has beneficial actions against anxiety and depres-
sion. Finally, we hope that the COVID-19 pandemic goes 
away soon.
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