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ABSTRACT

The current 2019 novel coronavirus disease (COVID-19), an emerging infectious disease, is undoubtedly
the most challenging pandemic in the 21st century. A total of 92,977,768 confirmed cases of COVID-19
and 1,991,289 deaths were reported globally up to January 14, 2021. COVID-19 also affects people’s men-
tal health and quality of life. At present, there is no effective therapeutic strategy for the management of
this disease. Therefore, in the absence of a specific vaccine or curative treatment, it is an urgent need to
identify safe, effective and globally available drugs for reducing COVID-19 morbidity and fatalities. In this
review, we focus on selective serotonin reuptake inhibitors (SSRIs: a class of antidepressant drugs with
widespread availability and an optimal tolerability profile) that can potentially be repurposed for
COVID-19 and are currently being tested in clinical trials. We also summarize the existing literature
on what is known about the link between serotonin (5-HT) and the immune system. From the evidence
reviewed here, we propose fluoxetine as an adjuvant therapeutic agent for COVID-19 based on its known
immunomodulatory, anti-inflammatory and antiviral properties. Fluoxetine may potentially reduce pro-
inflammatory chemokine/cytokines levels (such as CCL-2, IL-6, and TNF-a) in COVID-19 patients.

Furthermore, fluoxetine may help to attenuate neurological complications of COVID-19.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The novel coronavirus disease 2019 (COVID-19), a systemic
infection potentially targeting multiple organs and functions, is
currently leading to a global pandemic. The mortality rate of
COVID-19 appears to be in the range of 3.4-5.5%, which is signifi-
cantly higher than that for seasonal flu caused by the influenza
virus (1%) [1]. At the time of writing the article (14 January
2021), humanity is struggling with the severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19, which has already infected more than 90.9 million peo-
ple and caused over 1.9 million deaths worldwide [2]. This rapid
and unprecedented pandemic has caused serious psychological
problems, such as anxiety (panic attacks and post-traumatic stress)
and depression [3]. Structurally, SARS-CoV-2, an enveloped
positive-sense single stranded RNA (+ssRNA) virus belonging to
the B genus of the Coronaviridae family, has four main structural
proteins including the small envelope (E) glycoprotein, membrane
(M) protein, nucleocapsid (N) protein, and spike (S) glycoprotein,
and also three accessory proteins include: papain-like protease
(PLpro) and 3Chemotrypsin-like protease (3CLpro, also known as
the main protease-Mpro), which are responsible for cleavage of
viral polypeptide into functional units; and RNA-dependent RNA
polymerase (RdRp), which is critical for viral replication and tran-
scription [4,5]. The virus penetrates the host cell via the binding of
its S-protein with the angiotensin converting enzyme Il (ACE-2)
receptor, which is found in virtually all human organs in varying
degrees [6]. Thus, it is suggested that the disruption of the interac-
tion between ACE-2 and SARS-CoV-S protein is a potential thera-
peutic target for treating COVID-19. In general, S protein, PLpro,
3CLpro, RdRp and ACE-2 are the most attractive targets for the
development of new drugs against COVID-19 [7]. The clinical
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features of COVID-19 are varied, ranging from an asymptomatic or
mild symptom state (common cold-type) to acute respiratory dis-
tress syndrome (ARDS), sepsis and septic shock, multiple organ
dysfunction, and, finally, death. In addition, the SARS-CoV-2 infec-
tion mediates hyper-inflammation and dysregulated immunity
leading to CS. The management of the disease includes preventive
and therapeutic strategies and the treatment of CS. CS is an exag-
gerated or aberrant host immune response to viral infection, which
is considered to be one of the main causes of ARDS in COVID-19.
ARDS is a potentially life-threatening condition leading to severe
pulmonary edema, respiratory failure and arterial hypoxemia
refractory to oxygen therapy [8,9]. The severity of COVID-19
depends largely on the immunity and the release of inflammatory
mediators including cytokines and chemokines such as interleukin
(IL)-2, IL-6, IL-7, IL-1B, tumor necrosis factor-alpha (TNF-a), mono-
cyte chemoattractant protein-1 (MCP1; also known as CCL2 [CC-
chemokine ligand 2]), macrophage inflammatory protein-1 alpha
(MIP-1a; also known as CCL3), ferritin, C-reactive protein (CRP),
and D-dimers [10]. For example, Del Valle et al. [11] found that
high serum IL-6 and TNF-a levels at presentation were strong pre-
dictors of disease severity and survival. They also proposed that
serum IL-6 and TNF-a levels should be considered in the manage-
ment and treatment of patients with COVID-19 to stratify prospec-
tive clinical trials, guide resource allocation and inform therapeutic
options. COVID-19 crisis poses a serious threat to global public
health and an effective and affordable therapeutic strategy could
provide a key means of overcoming this crisis [12]. Unfortunately,
till now, no effective vaccine or drug for the prevention (prophy-
laxis) or treatment of this contagious disease has been established.
Though remdesivir, a broad spectrum anti-viral drug, an RdRp inhi-
bitor, advanced into human clinical trials to treat COVID-19, it is
still not available for most of the patients [13]. Due to the urgency
of the situation, drug repurposing (i.e. testing the efficacy of exist-
ing drugs used previously to treat other diseases), as a faster and
cheaper pathway, is a basic goal in order to identify possible effec-
tive therapeutic options. In this regard, multiple off-label and
investigational drugs have gained significant attention due to pos-
itive preclinical or clinical data [14]. Recently, Attademo et al. [15]
reported that alterations of both the serotonin and dopamine syn-
thetic pathways might be involved in the pathophysiology of
COVID-19 infection. The possible involvement of these neurotrans-
mitters is suggested by a significant link between ACE-2 and DOPA
decarboxylase (a major enzyme of both the dopamine and the
serotonin synthetic pathways that catalyzes the biosynthesis of
dopamine from L-3,4-dihydroxyphenylalanine and serotonin from
L-5-hydroxytryptophan). The same group interestingly argues that
a SARS-CoV-2-induced defective expression of ACE-2 might be par-
alleled by a DOPA decarboxylase dysfunction, with consequent
potentially altered neurotransmitters’ levels in COVID-19 patients.
However, further experimental research works are needed to eval-
uate this hypothesis. Also, there may be a possibility that 5-HT
levels are altered in COVID-19 patients because of mental stress.
In the current study, we aim to provide a to-the-point review of
current literature regarding efficacy of selective serotonin reuptake
inhibitors (SSRIs) as a therapeutic option for COVID-19.

2. Role of serotonin (5-HT) in the immune system

Serotonin, 5-Hydroxytryptamine (5-HT) or 3-(2-Aminoethyl)-
1H-indol-5-0l, is often known as the happy hormone in the body;
low levels of 5-HT have been noted in patients with depression
[16]. It is also a precursor to melatonin in the pineal gland. Further-
more, 5-HT, a neurotransmitter (chemical messenger) in the cen-
tral nervous system, plays a pivotal role in peripheral tissues,
including the immune system. Blood platelets carry peripheral
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serotonin (close to 95% of total serotonin in the body) to various
tissues and represent the major source of 5-HT for immune cells
[17]. 5-HT receptors (7 classes: 5-HT1 to 5-HT7) are expressed in
various human and rodent immune cells including monocytes/-
macrophages, dendritic cells, neutrophils, mast cells, eosinophils,
B cells and T cells [18,19]. Thus, 5-HT and 5-HT-modulating agents
may have a direct effect on both innate and adaptive immune func-
tion [20]. Indeed, 5-HT is involved in modulation of pro-
inflammatory cytokine/chemokine production, induction of anti-
inflammatory cytokine production, activation of Natural Killer cells
(or NK cells), migration and recruitment of immune cells, activa-
tion of human monocytes and prevention of monocyte apoptosis,
and protection of cells against the detriment of oxidative stress
[21-24]. Physiologic concentrations of 5-HT reduces phagocytosis
of murine macrophages [25,26] and the production of TNF-o. and
interferon-gamma (IFN-y) by human blood leucocytes [27,28].
5HT can also modulate human dendritic cells function by increas-
ing the release of the cytokine IL-10, a potent cytokine with rep-
utable anti-inflammatory properties [29]. IL-10 also reduces the
levels of TNF-ar and IL-6 [30]. IL-6 levels increase significantly in
the early stage of inflammation, which provides evidence for rapid
diagnosis of early SARS-CoV-2 infection in the clinic [31]. In human
alveolar macrophages, serotonin inhibits IL-12 and TNF-o release,
but it increases IL-10 production via 5-HT2 receptors [32]. Cadirci
et al. [33] investigated the effects of 5-HT7 agonist (AS-19) and
antagonists (SB269970) in a study on inflammation with sepsis,
and showed that 5-HT7 agonist treatment decreased plasma IL-
1B and IL-6 and also lung nuclear factor kappa B (NF-kB) levels.
Inhibition of NF-kB activity can reduce the cell infiltration, and
decrease the secretion of pro-inflammatory cytokines, thus protect
the lung tissue from damage [34]. In addition, according to recent
studies, 5-HT is able to inhibit lipopolysaccharide-induced inflam-
matory responses (IL-1B, IL-6, IL-12p40, TNF-o, and chemokine
CXCL8/IL-8 release) by human monocytes and peripheral blood
mononuclear [35-37]. In 2017, Ayaz et al. [38] demonstrated
anti-inflammatory effects of 5-HT7 agonist administration in the
in vivo and in vitro lipopolysaccharide-induced inflammation
model. In 2019, Mota et al. [39] investigated the potential role of
5-HT in the brain during systemic lipopolysaccharide-induced sev-
ere septic like inflammation. They found that systemic inflamma-
tion reduced 5-HT levels in the hypothalamus favor an increased
pro-inflammatory status both centrally and peripherally that con-
verge to hypotension and hypothermia. Moreover, the authors
reported that exogenously administered 5-HT is able to prevent
lipopolysaccharide-induced hypotension and significantly reduce
systemic TNF-o, IL-1pB and IL-6 using the most well accepted exper-
imental model of systemic inflammation [40]. Therefore, according
to these studies, pharmacological regulation of the serotonergic
system may modulate immune function.

3. Role of 5-HT in the viral infection

The role of 5-HT in the immune response in specific viral infec-
tions has been reported. Human immunodeficiency virus (HIV)
infection is a primary model for the study of 5-HT during infection
[18]. 5-HT controls HIV replication in lymphocytes [41] and mod-
ulates NK cell activation in HIV-infected patients [42,43]. NK cells
are lymphocytes of the innate immune system that are important
for early and effective immune reactions against infections. Also, 5-
HT decreases HIV infection in human macrophages by down-
regulating the expression of C-C chemokine receptor type 5
(CCR5), an essential co-receptor for HIV entry, and reduces proviral
DNA synthesis (51%), probably through serotonin 5-HT1A receptor
[44]. Furthermore, the infectivity of reovirus and chikungunya
were found to be reduced in the presence of a specific 5-HT1B/5-
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Table 1
SSRI drugs and CYP enzymes.
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SSRIs Major Other elimination pathway(s) Inhibitory effect on CYP isoenzyme(s)
elimination
pathway(s)

Citalopram CYP2C19 CYP2D6, CYP3A4 CYP2D6 (weak)

Escitalopram CYP2C19 CYP2D6, CYP3A4 CYP2D6 (weak)

Fluoxetine CYP2D6 CYP2C9, CYP2C19, CYP3A4 CYP2D6 (strong), CYP2C9 (moderate), CYP2C19, (weak to moderate), CYP3A4 (weak to moderate),

CYP1A2 (weak)

Fluvoxamine CYP1A2, - CYP2D6 (weak), CYP1A2 (strong), CYP2C19 (strong), CYP2C9 (moderate), CYP3A4 (moderate)
CYP2D6

Paroxetine CYP2D6 CYP3A4 CYP2D6 (strong), CYP1A2 (weak), CYP2C9 (weak), CYP2C19 (weak), CYP3A4 (weak)

Sertraline CYP2B6 CYP2(9, CYP2C19, CYPC2DS, CYP2D6 (weak to moderate), CYP1A2 (weak), CYP2C9 (weak), CYP2C19 (weak), CYP3A4 (weak)

CYP3A4

HT1D receptor agonist [45,46]. Peripheral 5-HT is also able to mod-
ulate several mechanisms of different viral infections through its
receptors. For example, in 2018, Szabo et al. [47] demonstrated
that activation of 5-HT2B receptor-subtype in human monocyte-
derived dendritic cells suppressed the production of pro-
inflammatory cytokines and chemokines (TNF-o, IL-6, IL-8, IP-10
and IL-12) during a viral stimulus. A recent study by Anderson
et al. [48] revealed that viral infections with subsequent cytokine
storm may contribute to suppressed 5-HT and melatonin availabil-
ity. As mentioned earlier, 5-HT is a biosynthetic precursor of mela-
tonin. It is worth noting that melatonin, as an anti-oxidative and
anti-inflammatory agent, counters acute lung injury (ALI)/ARDS
induced by viral and bacterial infections [49]. Wang et al. [50] eval-
uated the relationship between different infectious agents and
depression. According to authors, there are statistically significant
associations between depression and infection with Borna disease
virus, herpes simplex virus-1, varicella zoster virus, Epstein-Barr
virus, and Chlamydia trachomatis. It has also been reported that
viral infections can trigger brain endothelial and epithelial cells
to produce cytokines that impair neuronal firing in the hippocam-
pus, leading to depressive-like symptoms [51]. Summarizing the
clinical symptoms reported in SARS virus infection, there is thus
the possibility that SARS virus infection affected mood by altering
the 5-HT system [52]. Therefore, 5-HTR-targeting drugs could be
considered as a potential approach in therapies being developed
for treating anxiety and depression induced by the COVID-19
infection.

4. Selective serotonin reuptake inhibitors (SSRIs)

SSRIs are the most widely prescribed class of antidepressants
and are often used as first choice medication for depression and
numerous other anxiety disorders (e.g., panic disorder and obses-
sive-compulsive disorder) due to their efficacy, safety, and tolera-
bility. SSRIs are generally better tolerated than most other types of
antidepressants. The FDA-approved SSRIs include citalopram
(more commonly called Celexa), escitalopram (Lexapro), fluoxetine
(Prozac), fluvoxamine (Luvox), paroxetine (Paxil), and sertraline
(Zoloft) [53]. These drugs have significantly fewer side effects com-
pared to other types of antidepressants due to having fewer effects
on adrenergic, histaminic, and cholinergic receptors. Furthermore,
SSRIs have wide toxic indexes (ingestion of up to 30 times the daily
dose typically produces minor or no symptoms), similar antide-
pressant efficacy, and similar side effect profiles. They differ, how-
ever, in their pharmacokinetic (PK) properties, which may explain
their different potential for PK drug-drug interactions. SSRIs are
well absorbed in the gastrointestinal tract after oral intake, and
peak plasma concentrations are usually reached within 1-8 h. Ser-
traline, citalopram, and escitalopram exhibit linear PKs in that a
change in dose leads to a proportional change in drug concentra-
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tion. In contrast, paroxetine, fluvoxamine and fluoxetine have non-
linear PKs [54]. SSRIs are lipophilic compounds (logP = 2.89-5.1)
and therefore exhibit a large volume of distribution (VD) (up to
45 L/kg). Values of VD greater than the total volume of body water
(approximately 42 L) show that SSRIs are highly distributed into
tissues. All of the SSRIs (except for fluvoxamine [77%] and escitalo-
pram [55%]) are highly protein-bound (94-98%). Of the SSRI half-
lives, fluoxetine (1-4 days), citalopram (35 h), escitalopram (27-
32 h) and sertraline (26 h) have a long one with fluoxetine having
the longest, paroxetine (21 h) has an intermediate one and fluvox-
amine (15.6 h) has the shortest. Although the SSRIs are eliminated
by hepatic biotransformation involving the cytochrome P450 (CYP)
isoenzymes, they and some of their metabolites can indeed inhibit
the CYP isoenzymes (see Table 1 for further details) [55]. Table 1
illustrates the relationship between SSRIs and CYP enzymes. On
the other hand, SSRIs exhibit antidepressant action by blocking
the serotonin reuptake transporter (SERT) at the presynaptic neu-
ron. By blocking SERT, an increased amount of 5-HT remains in
the serotonergic synaptic cleft and can stimulate postsynaptic
receptors for a more extended period [56]. In addition, several
studies have revealed the immunomodulatory, anti-inflammatory
and antiviral properties of SSRIs. The findings of these studies are
summarized in the sections below.

5. SSRIs and immune system

SSRIs have been shown to alter several aspects of immune cell
functioning. For example, Frank et al. [57] demonstrated that
in vitro exposure of mononuclear cells to fluoxetine and paroxetine
directly increase NK-cell activity. Several authors also found signif-
icant increases in NK cells counts or activity following SSRI treat-
ment of depressed individuals [58-60]. Moreover, Evans et al.
[42] and Benton et al. [61] found that the administration of citalo-
pram to HIV-seropositive women exerted a number of
immunomodulatory effects, including enhanced NK cell innate
immunity, decreased HIV replication in latently infected T-cell
and macrophage cell lines, and inhibited acute HIV infection of
macrophages. Therefore, it could be told that SSRIs may have an
adjuvant medication role in immune restitution of patients
infected with HIV. The studies by Pellegrino et al. [62,63] showed
that in vivo administration of fluoxetine to rats similarly decreased
lymphocyte proliferation when induced by mitogens ex vivo.
Moreover, Canan et al. [64] reported that escitalopram treatment
may have a lymphocyte proliferative effect. According to the
authors, the possible treatment of depression with escitalopram
must be carried out with caution, in patients with immunological
disturbances. In another study, Chang et al. [65] suggested that flu-
oxetine has a protective role against cell death in concentrations
between 100 pM and 1 pM and a dose-dependent effect on the
proliferation of neural stem cells. Hernandez et al. [66] also
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achieved a significant increase in B-cell numbers and NK prolifer-
ation following long-term (52-week) SSRI treatment. In addition,
the ex-vivo immunomodulatory effect of SSRIs on human T cells
was elucidated by Taler et al. [67]. The authors found that a higher
concentration of paroxetine and sertraline (IC50 = 10 uM) was
associated with inhibition of T-cell proliferation and reduced
secretion of TNF-a. Thus, according to the above-mentioned stud-
ies, it seems that SSRIs can modulate the functions of various
immune cells. On the other hand, SSRIs have anti-inflammatory
effects and they achieve this effect through the decrease of pro-
inflammatory cytokine production and increase of anti-
inflammatory cytokines. In 2011, a meta-analysis of twenty-two
studies by Hannestad et al. [68] demonstrated that SSRI treatment
may decrease levels of IL-1B, IL-6 and possibly TNF-a.. Kubera et al.
[28,37] and Maes et al. [69] found that sertraline and fluoxetine
significantly reduced IFN-y and increased IL-10 production. Hence,
both SSRIs significantly decreased the IFN-v/IL-10 production ratio.
Tuglu et al. [70] found a significant decrease of TNF-ao plasma levels
after 6 weeks of SSRI treatment. Sluzewska et al. [71] also found a
decrease of elevated IL-6 levels in depressed patients after 8 weeks
of fluoxetine. Furthermore, Sharma et al. [72] described that sertra-
line in combination with oseltamivir (an antiviral neuraminidase
inhibitor) increased survival, reduced mortality, and reduced pul-
monary inflammation in mice infected with a lethal dose of influ-
enza A HIN1 virus. According to the authors, sertraline had no
significant effect on virus replication in vitro and in vivo, but
significantly reduced lung inflammation. Obuchowicz et al. [73]
demonstrated that imipramine and fluoxetine suppressed
lipopolysaccharide-induced activation NF-kB and the production
of TNF-a, IL-1pB and IL-10 even at a very low concentration. Shenoy
etal. [74] also showed that citalopram completely suppressed anti-
CD3 triggered IL-2 production, severely reduced IL-4 and partially
suppressed IL-17 production. Tucker et al [75] found that blood
levels of IL-1B significantly reduced in patients with posttraumatic
stress disorder after treatment with citalopram and sertraline. In
another study, Roumestan et al. [76] described that fluoxetine
decreased TNF-a expression as well as the activity of NF-xB and
activator protein-1, in septic shock and allergic asthma animal
models. Besides, SSRIs may modulate the inflammatory response
not only by direct serotonergic mechanisms. For example, in
2019, Rosen et al. [77] identify the endoplasmic reticulum-
resident protein Sigma-1 receptor (S1R) as an essential inhibitor
of cytokine production. The authors reported that the S1R ligand
fluvoxamine can enhance survival in mouse models of inflamma-
tion and sepsis and can inhibit the inflammatory response in
human peripheral blood cells. Other studies have also demon-
strated that SSRIs exert anti-inflammatory effects on microglia,
the principal cells within the CNS that regulate and respond to
inflammatory factors [78-80]. For example, fluoxetine significantly
reduced TNF-o, IL-6 and NO production in lipopolysaccharide-
stimulated microglial cells [78]. In 2017, Shi et al. [81] found that
the presence of apolipoprotein E (APOE €4) allele has been associ-
ated with increased pro-inflammatory cytokines (such as TNF-a,
IL-6) and microglial activation. It is well-known that APOE &4 allele
is a major genetic risk factor for Alzheimer’s disease (AD) [82].
Studies have also shown that the APOE &4 allele may lead to AD
pathology through an altered inflammatory state [83]. Interest-
ingly, Wang et al. [84] provided evidence that APOE &4 could lead
to increased SARS-CoV-2 susceptibility in both neurons and astro-
cytes. However, additional studies are needed to clarify an associ-
ation between APOE €4, inflammation, and COVID-19 infection. On
the other hand, SSRIs increase circulating transforming growth fac-
tor beta 1 (TGF-B1: a potent anti-inflammatory cytokine) in
depressed patients [85]. A recent study by Torrisi et al. [86] showed
that a long-term (24 days) treatment with fluoxetine or vortiox-
etine (both at the dose of 10 mg/kg) in mice can revert both B-
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amyloid-induced depressive-like behavior and memory impair-
ment by increasing the release of TGF-p1. TGF-B1 is also a key reg-
ulator of pulmonary fibrosis as well as other fibrotic diseases of
various organs. Accordingly, Xiong et al [87] suggested that
increased expression of TGF-f in COVID-19 patients might be the
cause of pulmonary fibrosis. Interestingly, the work of Marques-
Deak et al. [88] demonstrated that SSRI administration increases
pro-inflammatory cytokines levels. Frick et al. [89] also described
that the treatment with fluoxetine for 4 weeks increased T cell pro-
liferation and Th1-like cytokines (IFN-y and TNF-ot) production. In
another study, Hernandez et al. [90] showed an increment in IL-2
and IL-1B after 52 weeks of SSRI treatment. Recently, Keaton
et al. [91] reported a unique immunobiological profile linked to
increased suicide risk. Accordingly, Amitai et al. [92] found that
an increase in IL-6 levels during 8 weeks of fluoxetine treatment
is a risk factor for the emergence of SSRI-associated suicidality. In
general, despite some conflicting data, it appears that SSRI drugs
are able to modulate the immune response.

6. SSRIs and viral infections

There are some studies showing possible antiviral effects of
SSRIs. For example, Kristiansen et al [93] demonstrated that parox-
etine and femoxetine reduced p24 antigen levels in an in vitro HIV
inhibition cell culture system. According to the authors, these com-
pounds could be used in combination with other anti-retroviral
drugs in HIV-1 infected patients with AIDS-related dementia. Gree-
son et al. [94] suggested that citalopram treatment inhibits HIV cell
entry and replication, through downregulating CD4 expression and
chemokine receptor expression (CCR5, CXCR4), and may reduce
susceptibility of immune cells to HIV infection and decrease
inflammation. Letendre et al. [95] also reported that SSRIs (citalo-
pram and sertraline) may reduce HIV replication in cerebrospinal
fluid and improve neuropsychological performance. In another
study, Johansen et al. [96] identified 171 different anti-Ebola virus
(EBOV) compounds in a high-throughput screen. Two drugs, ser-
traline and bepridil, inhibited EBOV cell entry in vitro and
in vivo. These drugs offer potential for repurposing for EBOV dis-
ease, either as single agents or in combinations. Benton et al.
[61] showed that citalopram significantly downregulated the
reverse transcriptase response in both the acute and chronic infec-
tion models. Zuo et al. [97] screened more than 1100 compounds
to identify potentially novel compounds with antiviral efficacy
against enteroviruses (EV). The authors found that fluoxetine and
its metabolite norfluoxetine inhibited the replication of Coxsack-
ievirus B3 (CV-B3) in HeLa cells. Subsequently, Ulferts et al. [98]
demonstrated that fluoxetine inhibited the replication of CV-B3,
EV-D68, EV-D70, Echovirus-1, Echovirus-9 and Echovirus-11
in vitro in a human system. Alidjinou et al. [99] also demonstrated
that fluoxetine can inhibit the replication of CV-B4 in human pan-
creatic cells (Panc-1 cell line). According to the authors, fluoxetine
cleared the virus from Panc-1 cell cultures chronically infected
with CV-B4. In 2019, a report from Bauer et al. [100] showed that
only the S-enantiomer of fluoxetine inhibits CV-B3 and also EV-
D68. They observed that the S-enantiomer of fluoxetine also exerts
antiviral activity against rhinoviruses. Recently, the same group
synthesized a new series of fluoxetine analogues and evaluated
them for their antiviral activity. They demonstrated that these ana-
logues inhibited CV-B3 and EV-D68 replication, but not EV-A71 or
representatives of the EV-C species (poliovirus and CV-A24).
According to the authors, the structural features of the trifluoro-
phenoxy moiety and the amino moiety are essential for the antivi-
ral activity whereas the 3-phenyl moiety seems dispensable [101].
Fluoxetine was also shown to inhibit dengue virus (DENV) and
hepatitis C virus (HCV), two members of the Flaviviridae family
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[102,103]. For example, Young et al [103] demonstrated that fluox-
etine inhibited HCV infection and blocked the production of reac-
tive oxygen species and lipid accumulation in Huh7.5 cells. The
authors suggested that adding fluoxetine intervention to the cur-
rent IFN-o regimen might improve the efficacy of anti-HCV treat-
ment in chronic hepatitis C patients. Interestingly, Gofshteyn
et al. [104] reported that off-label use of fluoxetine treated an
immunocompromised child with chronic enterovirus encephalitis.
According to the authors, fluoxetine can be useful to fight EV-
induced diseases in humans. In summary, the studies included
here indicate that SSRI, especially fluoxetine, treatment may be
beneficial for many viral infections.

7. Repurposing SSRIs for treatment of COVID-19

As noted above, there are several plausible mechanisms
through which SSRIs may exert a beneficial effect in this novel
infectious disease (Fig. 1). Schloer et al. [105] found that fluoxetine
treatment inhibited SARS-CoV-2 infection in human bronchial
epithelial cell line (Calu-3) and Vero E6 cells, with an EC50 value
below 1 puM. Also, they reported that the application of 10 uM flu-
oxetine severely reduced viral titres up to 99%. The study by Zim-
niak et al. [106] also supports antiviral effects of fluoxetine on
SARS-CoV-2, although this effect was not observed for other SSRIs,
including escitalopram and paroxetine. So the antiviral effect is not
related to the 5-HT reuptake receptor. The authors suggested that
treatment with fluoxetine decreased viral protein expression, indi-
cating that the drug works upstream of gene expression. In this
screening, fluoxetine significantly suppressed SARS-CoV-2 replica-
tion at a concentration of 0.8 pg/mL, and the EC50 was determined
with 0.38 pg/mL. In another study, treatment with fluoxetine-
remdesivir combination was found to inhibited the production of
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infectious SARS-CoV-2 particles (greater than90%) in the polarized
Calu-3 cell culture model and displayed synergistic effects in com-
monly used reference models for drug interaction [107]. According
to the authors, fluoxetine-remdesivir combination is promising
therapeutic option to control SARS-CoV-2 infection and severe pro-
gression of COVID-19. Hoertel et al. [108] reported the first large
observational study of antidepressant use in COVID-19. They per-
formed a retrospective, multicentre cohort study examining the
association between antidepressant use and the risk of intubation
or death in 7345 adults hospitalized with COVID-19 at Assistance
Publique-Hopitaux de Paris, France, between 24th January and
1th April 2020. Of these, 257 patients received SSRIs, 71 received
SNRIs, 59 received tricyclic antidepressants, 94 tetracyclic antide-
pressants, 44 received o2-antagonist antidepressants and 6885
received no antidepressant treatment. The authors concluded that
treatment with SSRIs (fluoxetine and escitalopram) and SNRIs
(venlafaxine) reduced the risk of intubation or death in hospital-
ized patients with COVID-19. However, to substantiate the robust-
ness of the findings, further studies with larger sample sizes and
longer follow-up periods are required. Therefore, prospective ran-
domized controlled trials are recommended to be able to assess
the efficacy and safety of these ‘repurposed drugs’ as adjuncts to
standard COVID-19 treatment. As for fluvoxamine, a randomized,
double-blind, placebo-controlled, phase-II clinical trial study is
currently undergoing (NCT04342663) [109]. In the control group,
the patients (n = 80) received 300 mg fluvoxamine daily (3 cap-
sules per day) for 15 days and followed for up to 30 days. Prelim-
inary results showed that fluvoxamine, if given early in the course
of COVID-19, significantly reduced the likelihood of hospitaliza-
tion. It is thought that fluvoxamine may prevent clinical deteriora-
tion in patients with mild COVID-19 by stimulating the S1R [77],
which regulates pro-inflammatory cytokine production. Future
studies should investigate this promising avenue of research.
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Another clinical trial is currently underway to study the effect of
fluoxetine in reducing intubation and death in COVID-19 patients
(NCT04377308) [110]. Currently, fluoxetine has already reached
phase IV clinical trials with 20-60 mg of daily dose given to
patients (n = 1000) that are infected with SARS-CoV-2.

8. Drug-drug interactions

Drug interactions are usually categorized into two main groups,
pharmacokinetic (PK) and pharmacodynamic (PD). SSRIs may inhi-
bit specific CYP isoenzymes, causing PK interactions with other
drugs that are metabolized by these enzymes; a PD interaction
can also occur when SSRIs are given in combination with other
serotonin-elevating agents (including tricyclic antidepressants,
monoamine oxidase inhibitors, linezolid, tramadol, meperidine,
cocaine, buspirone, reserpine, lithium, tryptophan, fentanyl, trip-
tans, amphetamines, St. John’s wort, gingko biloba and S-
adenosyl-methionine), which may lead to potentially severe sero-
tonin toxicity, or serotonin syndrome (SS), a classification of poten-
tially life-threatening symptoms [111,112]. These symptoms can
include agitation, hyperthermia, tachycardia, hallucinations, and
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muscle twitching. First-line management of SS includes discontin-
uation of the offending serotonergic agents and provision of sup-
portive care, which can include benzodiazepines (such as
diazepam and lorazepam) and cyproheptadine, a nonspecific 5-
HT1A and 5-HT2A antagonist, to counteract the increased synaptic
5-HT levels [113]. Most pharmacokinetic drug interactions of SSRIs
occur at metabolic level involving the CYP enzyme system [114].
SSRIs differ considerably in their potency to inhibit individual
CYPs, as shown in Table 1. This may help guide selection of an
appropriate compound for the individual patient. Fluoxetine, its
active metabolite (norfluoxetine) and paroxetine are potent inhibi-
tors of CYP2D6 isoenzyme and therefore can significantly increase
the plasma concentrations and adverse effects of drugs that are
predominantly metabolized by this isozyme [55,115]. For example,
co-administration of fluoxetine/paroxetine and B-blockers (e.g.,
carvedilol, metoprolol, propranolol and timolol) that are metabo-
lized by 2D6 isoenzyme can result in increased pB-blocker exposure,
which can lead to drug toxicity and events such as decreased heart
rate (bradycardia), hypotension and falls, especially in older per-
sons [116,117]. Moreover, there is evidence that fluoxetine can
increase the plasma levels of the tricyclic antidepressants several
fold even at the usual dosage of 20 mg/day [118]. For example,

;rr?tlvjelreacztions between drugs commonly used to treat SARS-CoV-2 and SSRIs.
Citalopram | Escitalopram | Fluoxetine Fluvoxamine | Paroxetine Sertraline
TdP Risk Known Known Conditional | Conditional Conditional | Conditional
Azithromycin Known e > — —
Anakinra Not included > <—> D — > —
Baricitinib Not included - <—> > — > —
Bamlanivimab Not included - — — > P o
Canakinumab Not included “ — - — — o
Casirivimab/Imdevimab | Not included “ — — — — o
Dexamethasone Not Classified “ e — — — o
Enoxaparin Not included - <—> - — — —
Favipiravir Not included - — - — Pa o
Hydrocortisone Not included e s - — PE o
Ivermectin Not Classified > — — <~ <~ o
Interferon beta Not Classified - — — — — -
Nitazoxanide Not included — o — > — P
Remdesivir Not included — — > > — —
Ruxolitinib Not Classified — <—> > — > —
Ribavirin Not Classified - <—> > — > —
Sarilumab Not included - > > — > —
Tocilizumab Not included > > > > — P

Risk Rating: Zone Red: Extremely significant interaction. These drugs should not be co-administered; Zone Orange: Potential interaction which may require a dose adjustment
or close monitoring; Zone Yellow: Potential interaction likely to be of weak intensity. Additional action/monitoring or dosage adjustment unlikely to be required; Zone Green:
No clinically significant interaction or does not require any action.

Type of interaction: The heart symbol (¥ ): One or both drugs may cause QT prolongation and/or torsades des pointes (TdP). ECG monitoring is advised if co-administered; 7/
Potential increased/decreased exposure of SSRIs; < No significant effect on drug serum levels.

TdP Risk: Risk Categories for Drugs that prolong QT and TdP: Known Risk of TdP (these drugs prolong the QT interval and are clearly associated with a known risk of TdP, even
when taken as recommended); Possible Risk of TdP (these drugs can cause QT prolongation but currently lack evidence for risk of TdP when taken as recommended);
Conditional Risk of TdP (these drugs are associated with TdP but only under certain conditions of their use (e.g. excessive dose, in patients with conditions such as
hypokalemia, or when taken with interacting drugs) or by creating conditions that facilitate or induce TdP (e.g. by inhibiting metabolism of QT-prolonging drugs or by causing
an electrolyte disturbance that induce TdP); Not classified (this drug has been reviewed but the evidence available at this time did not result in a decision for it to be placed in
any of the four QT risk categories. This is not an indication that this drug is free of a risk of QT prolongation or torsades de pointes since it may not have been adequately tested
for these risks in patients) according to CredibleMeds®.
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desipramine (50 mg) mean plasma concentrations were increased
4.4-fold when used with 20 mg fluoxetine for 20 days [119].
CYP2D6 is also known to be involved in the metabolism of opioid
analgesics (e.g., tramadol and codeine), class I antiarrhythmic
drugs, first-generation H1-blockers, and antipsychotic drugs (e.g.,
haloperidol, risperidone, clozapine, and thioridazine) [120,121].
Therefore, concomitant use of fluoxetine with any of these drugs
poses a risk for potential drug-drug interactions leading to adverse
effects or therapeutic failure. For instance, there have been reports
of akathisia and parkinsonian symptoms during co-administration
of fluoxetine and risperidone in patients with additional risk fac-
tors, probably due to inhibition of CYP2D6 by fluoxetine [55]. Also,
there is consistent evidence that paroxetine and fluoxetine may
reduce the effectiveness of the anticancer agent tamoxifen, by
decreasing the formation of its active metabolite endoxifen [122].
Fluvoxamine is a potent inhibitor of CYP1A2 and CYP2C19, but it
also inhibits CYP3A4 and CYP2C9 [123]. It has the potential, there-
fore, to modify the PKs of many drugs largely metabolized by these
routes [112,114,115]. For example, there is experimental evidence
that fluvoxamine increases human plasma (Cmax) melatonin levels
by 6-fold and the area under the curve (AUC) by 9-fold [124]. It is
reported that a single-dose of 16 mg of ramelteon added to fluvox-
amine increased ramelteon’s AUC by 190-fold, and Cmax by 70-
fold [125]. Recently, Anderson et al. [126] hypothesized that flu-
voxamine might also exert beneficial effects in COVID patients
through its well-characterized ability to substantially increase
nighttime plasma levels of melatonin. Fluvoxamine and fluoxetine
may substantially increase the bleeding risk associated with war-
farin (a CYP2C9 substrate) through the inhibition of the CYP2C9-
mediated oxidative metabolism of the more biologically active
(S)-enantiomer of warfarin, especially in elderly patients [127].
Also, SSRIs that inhibit CYP2C19, such as fluvoxamine and fluox-
etine, can reduce the conversion of clopidogrel to its active
metabolite, thereby reducing the concentration of the active anti-
platelet agent in the blood [128]. Theoretically, CYP3A4-
inhibiting SSRIs may increase the risk of bleeding when combined
with direct oral anticoagulants (such as rivaroxaban and apixaban),
particularly intracranial hemorrhage. In patients with diabetes
mellitus, concomitant use of fluvoxamine/fluoxetine and sulfony-
lureas may result in hypoglycemia due to the inhibition of
CYP2C9-mediated metabolism of sulfonylureas by fluvoxamine/
fluoxetine [129]. Fluvoxamine potently inhibits the in vitro meta-
bolism of caffeine and it reduced caffeine, a CYP1A2 substrate,
clearance by 80% and extended the half-life in humans from 5 to
31 h[130]. In addition, fluvoxamine inhibits the clearance of theo-
phylline, another CYP1A2 substrate, therefore, theophylline dosage
should be reduced to one-third of the usual daily maintenance
dose [131]. Fluvoxamine has also been shown to increase plasma
concentrations of clozapine by up to 10-fold, primarily because
of inhibition of CYP1A2 [132]. Other SSRIs, including citalopram,
escitalopram, are weak inhibitors of CYP2D6 and are less likely
to interact with other drugs, while sertraline may cause significant
inhibition of this isoform only at high doses (at least 150 mg daily)
[133]. However, the three SSRIs (citalopram, escitalopram, and ser-
traline), at usual therapeutic dosages, which only have minor inhi-
bitory effect of CYPs are potentially subjected to drug interactions
when co-administered with other potent CYP inhibitors. For exam-
ple, co-administration of cimetidine, a potent inhibitor of CYP1A2,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4, increases the
steady-state concentration of citalopram by 41% [134]. It is also
worth noting that all six SSRIs have QT-prolonging capabilities
[135]. However, citalopram and escitalopram prolong the QT inter-
val to the greatest extent at therapeutic doses, and currently the
UK Medicines and Healthcare products Regulatory Agency has
released warnings issued to their proarrhythmic potential [136].
Also, SSRIs are weakly bound primarily to alpha-1-acid glycopro-
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tein. Perhaps for this reason, even the highly protein bound SSRIs
do not significantly increase the free fraction of concomitantly
administered drugs that are highly protein bound [137].

9. Drug-drug interactions between SSRI drugs and COVID-19
treatments

Patients with COVID-19 are at high risk for drug-drug interac-
tions because they commonly receive multiple medications.
Drug-drug interactions can lead to serious and potentially lethal
adverse events. Therefore, identifying and minimizing the effects
of any harmful drug interactions should be an essential goal in
COVID-19 therapy. Table 2 shows interactions between SSRI drugs
and the main drugs used to treat SARS-CoV-2 [138-141]. The most
problematic COVID-19 drugs for co-administration with SSRIs
were found to be azithromycin, atazanavir, chloroquine, hydroxy-
chloroquine and lopinavir/ritonavir in terms of both pharmacoki-
netic as well as serious pharmacodynamic drug interactions,
including QT prolongation and torsades de pointes (TdP).

10. Conclusion

Based on current knowledge concerning SARS-CoV-2, drugs that
combine anti-inflammatory and antiviral effects and have a favor-
able adverse effects profile, should be the most promising thera-
peutic strategies to fight this viral infection. In this context, SSRIs
are not only inexpensive and widely available drugs with a safe tol-
erability profile (even in elderly patients) but significantly fit in
this profile of effects. Hence, in this review, we critically analyze
the preclinical and clinical evidence of SSRIs against COVID-19
and discuss the aspects over their safety and efficacy. Among all
SSRI drugs, fluoxetine show a promising drug against COVID-19
by reducing the secretion of pro-inflammatory chemokine/cytoki-
nes (such as IL-6, TNF-a, CCL-2) and modulating immune system
responsiveness to infection. Furthermore, fluoxetine has antiviral
properties against a range of viruses (in vitro and in vivo) and is
effective against SARS-CoV-2 infection in the cell culture models.
Therefore, in light of current literature and the above discussion,
we propose that the use of fluoxetine in combination with other

agents could yield more effective outcomes through its
immunomodulatory, anti-inflammatory and antiviral effects
(Fig. 1).
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