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Abstract

Several adamantanes have established actions against coronaviruses. Amantadine, rimantadine, bananins and the structurally
related memantine are effective against human respiratory coronavirus HCoV-OC43, bovine coronavirus and severe acute
respiratory syndrome coronavirus 1 (SARS-CoV-1) and a spiroadamantane amine is effective against the coronavirus strain
229E. Molecular docking studies suggest that amantadine may block the viral E protein channel, leading to impaired viral
propagation. Additionally, amantadine analogues may inhibit entry of the virus into the host cell by increasing the pH of
the endosomes and thus inhibiting the action of host cell proteases such as Cathepsin L. High-throughput drug screen gene
expression analysis identified compounds able to down-regulate Cathepsin L expression where the fifth most potent agent of
466 candidates was amantadine. Amantadine inhibits severe acute respiratory syndrome coronavirus 2 replication in vitro but
does not inhibit the binding of the spike protein to ACE2. Adamantanes also may act against coronaviruses including severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) via antagonism of glutamate (NMDA) and the a-7 subtype of the
nicotinic acetylcholine receptor located on bronchial and alveolar epithelial cells. As an NMDA receptor antagonist, memantine
has the potential to inhibit entry of SARS-CoV-2 into these cell populations. Amantadine and memantine are widely employed
for the treatment of neurodegenerative diseases and a pathophysiologic link between the antiviral and anti-Parkinson actions
of amantadine has been entertained. Case reports involving 23 patients with reverse transcription polymerase chain reaction-
confirmed coronavirus disease 2019 (COVID-19) and a range of co-morbidities including type 2 diabetes mellitus, Parkinson’s
disease, multiple sclerosis and severe cognitive impairment reveal significant potential benefits of amantadine and memantine
for the prevention and/or treatment of coronavirus disease 2019 and its neurological complications.

1 Introduction

Serious attempts are currently ongoing for the repurposing of
existing agents including antibiotics, antimalarials and anti-
virals for the treatment of COVID-19. With regard to antivi-
ral agents in particular, several members of the adamantane
family have well-established antiviral properties principally
against a range of influenza viruses. Structures of common
adamantane antivirals are shown in Fig. 1.

Examples of the antiviral actions of these adamantanes
include blocking of the M2 proton channel of the influenza A
virus by amantadine and rimantadine, resulting in inhibition
of the endosomal uncoating of the virus [1, 2], while a novel
spiroadamantane amine is also a highly potent inhibitor of the
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amantadine-resistant V27A mutant [3] and a series of novel
2-aminoadamantanes are effective against a range of HINI
strains of influenza A [4].

The aims of the present study were two-fold, namely, (1)
the identification of published reports of preclinical and/or
early clinical investigations in favour of the repurposing of
members of the adamantane family of antiviral agents for
COVID-19 and (2) insights into possible mechanisms of
action of adamantanes in this regard.

Amantadine, rimantadine and the structurally related
memantine (Fig. 1) are also effective against the coronavi-
ruses including HCoV-OC43, the bovine coronavirus [5]
and SARS-CoV-1. Bananins, a class of antiviral compounds
composed of a trioxa-adamantane moiety bound to a pyri-
doxal derivative, show efficacy against both HCoV-OC43 and
SARS-CoV-1 [6, 7] and spiroadamantane amine is effective
against the coronavirus strain 229E [3].

These findings form the basis and rationale for the present
review and have resulted in a call for the repurposing of ada-
mantanes for COVID-19 on an expanded basis [7]. Electronic
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Members of the adamantane family have established
actions against coronaviruses.

Amantadine may block the viral E protein ion channel
function and may down-regulate the protease Cathepsin
L because of the increase of lysosomal pH, resulting in
impaired viral entry and replication.

Acting as antagonists of key excitatory and inhibitory
neurotransmitters, amantadine and memantine have the
capacity to mitigate the central nervous system compli-
cations of COVID-19 including the acute respiratory
failure.

Initial results in small cohorts of patients or case reports
reveal beneficial actions of amantadine or memantine in
patients with COVID-19 even in the presence of co-
morbidities and a single case of COVID-19 prophylaxis
by amantadine has been reported.

Confirmation and extension of these findings are now
required in randomised controlled trials of candidate
adamantane anti-viral agents.

and manual searches of databases were conducted including
MEDLINE, PubMed and Google Search with appropriate
keywords that included: adamantane(s), amantadine, riman-
tadine, memantine, coronavirus, SARS-CoV-1, SARS-CoV-2
and COVID-19 for the period 1973-2021. Searches were
extended to include references cited in systematic reviews of
pertinent topics published in the English, French or German
languages and included editorials, book chapters, short com-
munications and letters to journal editors.

Fig.1 Structures of amantadine,
rimantadine and the structurally
related analogue memantine, H H
which manifest significant i

actions against a range of coro- J
naviruses

AMANTADINE
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2 Adamantanes Against SARS-CoV-2: In Vitro
and Preclinical Investigations

A recent study tested the efficacy in a dose—response para-
digm of amantadine in vitro on Vero E6 cells infected with
SARS-CoV-2 [8]. Amantadine (0.3-300 uM) did not inhibit
the binding of the SARS-CoV-2 spike protein to the human
ACE2 protein as previously suggested by docking calcu-
lations [9]. However, amantadine reproducibly inhibited
viral replication with a half-maximal effective concentra-
tion (ECs,) range of 83-119 uM, which is somewhat higher
than therapeutic concentrations after systemic administration.

Recent advances towards the elucidation of the molecular
mechanisms implicated in the entry of SARS-CoV-2 into the
host cell and the effects of amantadine on protein—protein
interactions implicated in these mechanisms have resulted in
the formulation of possible mechanisms. The SARS-CoV-2
virus contains four proteins: E and M proteins form part of
the viral envelope; N protein binds to the viral genome; and
the S (spike) protein binds to the host cell receptor ACE2.
Molecular docking studies suggest that amantadine, via inter-
actions with specific amino acids, has the potential to bind to
the transmembrane domain of protein E (ETM) [10].

In a bid to identify underlying mechanisms and candidate
drugs for COVID-19, an analysis of differentially expressed
genes that co-express with ACE2 indicated by the expres-
sion of RNAs isolated from bronchoalveolar lavage fluid
cells of patients with COVID-19 by functional enrichment
and hub gene cluster analyses were undertaken [11]. Using
the connectivity map database with transcriptome profiles
of patients with COVID-19, candidate drugs were identified,
one of which was amantadine.

These docking calculations suggested that an interaction
occurs by hydrogen bridging of amantadine with amino acids
PHE26 and ALA22, leading to impaired release of the virus
into the host cell and inhibition of its propagation [10]. A
bacterial assay suggests that the SARS-CoV-2 E protein may
also be inhibited by memantine [12]. The issue relating to
the importance of the E protein channel has recently been
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revisited following elucidation of the structure of the ETM
from SARS-CoV-2 [13], which was found comparable [14]
to that of SARS-CoV-1 in which amantadine significantly
inhibited protein E ion channel-mediated activity [15].

A third potential mechanism focuses on the lysosomotro-
pic action of amantadine [16, 17]. Cleavage of the S protein
by host proteases is critical for viral activation and subse-
quent infection and, given the similarity to SARS-CoV-1,
SARS-CoV-2 takes advantage of the endosomal proteases
Cathepsin B and L (CTSL, CTSB).

Cathepsin L is a key element of the lysosomal pathway
and its disruption is likely to provide a potential therapy for
COVID-19. Mechanisms of disruption include decreased
expression of the CTSL gene, inhibition of CTSL activity
and alterations of its environment following, for example,
an increase of lysosomal pH. A simplified schematic of
some of the key steps and associated proteins implicated in
the invasion of the host cell by SARS CoV-2 is depicted in
Fig. 2 where binding to ACE2 is followed by cleavage due to
CTSL, resulting in fusion of viral and host cell membranes
and release of the viral genome.

Circulating levels of CTSL are increased after SARS-
CoV-2 infection where they are positively correlated with dis-
ease course and severity [ 18] and, importantly, SARS-CoV-2
pseudovirus infection results in increased CTSL expression
in human cells in vitro and in human ACE2-transgenic mice
in vivo, while CTSL overexpression leads to enhancement of
pseudovirus infection in human cells. Moreover, CTSL func-
tionally cleaves the SARS-CoV-2 spike protein leading to
enhanced viral entry and amantadine significantly inhibited

Fig.2 Simplified schematic of
key steps and associated pro-
teins involved in the invasion of
the host cell by SARS-CoV-2.
Binding of the SARS-CoV-2
spike to ACE2 is followed

by action of the endosomal
cysteine protease Cathepsin L
[CTSL], resulting in fusion of
viral and host cell membranes
and release of the viral genome
into the host cell cytoplasm.
Amantadine has the potential to
disrupt the process by down-
regulation of CTSL by increas-
ing the pH of endosomes,
resulting in impaired viral entry
and replication [20]
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CTSL activity after SARS-CoV-2 pseudovirus infection both
in vitro and in vivo.

In an independent series of investigations, high-through-
put drug screen gene expression analysis identified com-
pounds with the capacity to down-regulate CTSL expression
in a well-characterized, retinal pigment epithelial cell line.
One of the most potent agents for the down-regulation of the
CTSL gene was amantadine (10 uM), which ranked fifth of
466 compounds tested. Furthermore, the lysosomal trapping
capacity of amantadine owing to its lipophilicity and increase
of lysosomal pH may be indicative of interference with the
capacity of the virus to replicate. Together, these findings
suggest that amantadine has the potential to decrease the viral
load in SARS-CoV-2-infected patients leading to decreased
replication and infectivity of the virus [16].

Damage to the central nervous system (CNS) is well
established in COVID-19 and it has been suggested that the
neuroinvasive nature of SARS-CoV-2 may contribute to the
acute respiratory failure characteristic of COVID-19 [19].
There is evidence to suggest that amantadine and memantine
exert their protective effects against COVID-19 via mecha-
nisms involving specific CNS neurotransmitter systems [20].
Both amantadine and memantine are potent antagonists of
the NMDA subclass of glutamate receptor and memantine
prevents motor incoordination problems in animals infected
with the neuroinvasive HCoV-OC43 with concomitant sup-
pression of viral replication in a dose-dependent manner.
Rimantadine has inhibitory effects on SARS-CoV-1 and
both amantadine and rimantadine have the capacity to block
viral entry into vulnerable cell populations. Memantine is
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also a potent antagonist of the a-7 subtype of the nicotinic
acetylcholine receptor, leading to decreased ACE2 receptor
expression in respiratory epithelial cells with the potential to
inhibit the entry of SARS-CoV-2 [21].

3 Adamantanes for the Prevention
and Treatment of COVID-19: Initial Clinical
Evidence

Given the relatively short period of time during which the
potential for re-purposing of adamantanes for COVID-19 has
been under consideration, clinical evidence relies by neces-
sity on findings from observational/uncontrolled studies and
case reports.

In the first of two case reports, a 57-year-old man with
type 2 diabetes of 10 years duration with cold symptoms,
muscle pain and a persistent cough tested positive by reverse
transcription-polymerase chain reaction for SARS-CoV-2
in a pharyngeal exudate sample [22]. His oxygen saturation
was 84%; he was given supplementary oxygen, prescribed
amantadine (100 mg twice daily [bid]) and nebulized with
ipratropium bromide/salbutamol (0.5 mg, 2.5 mg/2.5 mL)
for 5 days with the addition of 500 mg of aspirin for 5 days.
He continued metformin (850 mg bid) for the treatment of
his diabetes. The patient’s wife (age 54 years) and daughter
(age 33 years) tested positive for SARS-CoV-2, and, although
asymptomatic, were prescribed amantadine (100 mg bid) for
14 days as a preventive measure. The male patient’s oxygen
saturation levels and clinical status improved gradually, lead-
ing to his release from hospital on day 14. Neither of his
family members went on to develop symptoms of COVID-19.

In a second report, 22 patients with severe neurological
disorders (five with Parkinson’s disease [PD], ten with mul-
tiple sclerosis [MS] and seven with cognitive impairment)
tested positive for SARS-CoV-2 by reverse transcription-
polymerase chain reaction in nasopharyngeal swabs. All
patients had been receiving adamantanes for at least 3 months
prior to testing positive for COVID-19. In PD, amantadine
is effective both for improvements in motor function and
also for the treatment of L-Dopa-induced dyskinesias [23]
and all patients with PD in the above case report had been
prescribed L-Dopa in addition to amantadine (100 mg/day
for> 3 months prior to testing positive for COVID-19). None
of the five amantadine-treated patients with PD developed
clinical signs of infection (no fever, cough or anosmia) while
control of extrapyramidal motor function was unaffected
[24]. Interestingly, a recent review summarized possible
pathophysiologic links between mechanisms of anti-SARS-
CoV-2 and anti-PD actions of amantadine [25].

In a second cohort, the ten patients with MS (age:
38 + 10 years, three male individuals), who tested positive
for COVID-19 by reverse transcription-polymerase chain
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reaction of nasopharyngeal swabs had been receiving aman-
tadine (100 mg once daily) for the treatment of MS-related
fatigue for at least 3 months prior to infection. Following
documented exposure to the virus, a 14-day quarantine
was observed in all cases. None of the ten cases developed
clinical manifestations typical of COVID-19 [24]. This
report prompted a retrospective review of memantine use
and COVID-19-associated mortality from a South Korean
national database in which 5726 patients with confirmed
COVID-19 were identified, 140 of whom had died [26]. The
relationship between treatment with memantine and COVID-
19-associated mortality was investigated. No statistically sig-
nificant relationship between COVID-19-associated mortality
and ongoing treatment with memantine after adjustment for
clinically relevant potential confounders (age, sex, co-mor-
bidities) was observed either in the analysis of all patients
or in the sub-group of patients with dementia. It was pro-
posed that future studies may wish to evaluate the effects of
memantine on the clinical course of the disease or on clinical
outcomes according to disease severity.

In the third group, seven patients (mean age: 71 + 10 years,
four male individuals) with cognitive impairment of > 7 years
duration who had been receiving memantine (10 mg bid) for
a period in excess of 3 months tested positive for COVID-
19. A 14-day quarantine was observed in all cases follow-
ing infection. Again, as with the PD and MS patient groups
described above, none of the seven patients developed clini-
cal symptoms of infectious disease [24].

4 Potential Use of Adamantanes
for the Prevention and Treatment of CNS
Complications of COVID-19

Widespread CNS damage and associated symptomatology
due to SARS-CoV-2 viral infection are now well established;
features include an impaired level and content of conscious-
ness, impairments of taste, smell and vision, and neuro-
muscular disorders. Moreover, the neuroinvasive nature of
SARS-CoV-2 probably contributes to the acute respiratory
failure characteristic of COVID-19 [19]. Pathologically,
infection with the coronavirus SARS-CoV-1 results in viral
detection in the brains of infected patients accompanied by
neuronal necrosis and glial hyperplasia with a pattern that
is reminiscent of some aspects of traumatic brain injury
[27]. Interestingly, amantadine is proven to be beneficial for
the treatment of disorders of consciousness in the context
of traumatic brain injury where the beneficial effect results
from increased production of dopamin secondary to NMDA
receptor antagonism [27]. Memantine, like amantadine, is an
NMDA receptor antagonist and is neuroprotective against a
range of neurodegenerative disorders and against the neu-
roinvasive HCoV-OC43 in which it prevented neuronal cell
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damage and death with concomitant reduction in viral rep-
lication, all of which occurred in a dose-dependent manner
[28].

5 Summary and Future Directions

In vitro and preclinical studies confirm that several members
of the adamantane family of antiviral agents are effective
against a range of coronaviruses including SARS-CoV-2,
the virus responsible for COVID-19. The most likely can-
didates include amantadine, rimantadine, memantine and
the bananins. Mechanisms whereby these agents exert their
antiviral actions are somewhat dependent on the identity of
both the coronavirus and the adamantane itself. Evidence
to date suggests mechanisms relating to interference of the
viroporin E channel of the virus, while it is likely that the
down-regulation of essential host cell proteases necessary
for viral replication is also implicated. With reference to the
latter, it was noted that the mean effective dose (EDs) for
amantadine was within one order of magnitude of its pharma-
cokinetic profile with relatively mild side effects compared
with other currently available, putative COVID-19 treatments
[16]. Taken together, these findings constitute a good experi-
mental evidence base and rationale for further study with
a view to repurposing adamantane antiviral agents as anti-
SARS-CoV-2 agents.

Future research and development in this area has a unique
opportunity to move in multiple directions. For example,
there are currently more than 200 adamantane derivatives
[29, 30] with distinct properties. Many have proven actions
against a range of viruses including some coronaviruses, but
few so far have been tested against SARS-CoV-2 even in the
context of simple in vitro preparations. For example, where
studies were made of in vitro susceptibility of ten clinical
isolates of SARS-CoV-1 to selected antiviral compounds that
included amantadine or rimantadine, significant inhibitory
activities were confirmed for rimantadine (ECs,: 8-16 pg/
mL) but amantadine was inactive [31]. It is surprising in
view of these findings that there has been minimal research
and development relating to the use of rimantadine against
SARS-CoV-1 or SARS-CoV-2 (assuming that ETM is the
target of antiviral action and that the sequence of the two
species is 100% identical) [15]. From a related perspective, it
is not unlikely that future investigators with expertise in syn-
thetic organic chemistry may wish to consider research tar-
geting newly synthesized adamantane molecules with novel
functional groups as potential antiviral agents for COVID-19
[29, 30].

The proposal that certain adamantanes (amantadine,
memantine) may be of benefit for the treatment of neurologi-
cal complications of COVID-19 by virtue of their established

actions as mediators of key excitatory and inhibitory neuro-
transmitter systems [20] will likely lead to continued work
in this area that could result in novel therapies for the char-
acteristic CNS symptoms of “long COVID-19”.

From the clinical perspective, initial results from small
cohorts of patients or single case reports offer promise. In
particular, reports alluding to the benefit of amantadine or
memantine for COVID-19 treatment in patients with sig-
nificant co-morbidities [24] are encouraging as is the single
case of an apparent COVID-19 prophylaxis by amantadine
[32]. Confirmation of these initial results is now required in
adequately powered, randomized controlled clinical trials.
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