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Abstract

Ivermectin proposes many potentials effects to treat a range of diseases, with its antimicrobial, antiviral, and anti-cancer properties
as a wonder drug. It is highly effective against many microorganisms including some viruses. In this comprehensive systematic
review, antiviral effects of ivermectin are summarized including in vitro and in vivo studies over the past 50 years. Several studies
reported antiviral effects of ivermectin on RNA viruses such as Zika, dengue, yellow fever, West Nile, Hendra, Newcastle,
Venezuelan equine encephalitis, chikungunya, Semliki Forest, Sindbis, Avian influenza A, Porcine Reproductive and Respiratory
Syndrome, Human immunodeficiency virus type 1, and severe acute respiratory syndrome coronavirus 2. Furthermore, there are
some studies showing antiviral effects of ivermectin against DNA viruses such as Equine herpes type 1, BK polyomavirus,
pseudorabies, porcine circovirus 2, and bovine herpesvirus 1. Ivermectin plays a role in several biological mechanisms, therefore
it could serve as a potential candidate in the treatment of a wide range of viruses including COVID-19 as well as other types of
positive-sense single-stranded RNA viruses. In vivo studies of animal models revealed a broad range of antiviral effects of
ivermectin, however, clinical trials are necessary to appraise the potential efficacy of ivermectin in clinical setting.

Introduction Studies revealed that ivermectin as a broad-spectrum
drug with high lipid solubility possesses numerous effects
on parasites, [1, 3] nematodes, arthropods, flavivirus,

mycobacteria, and mammals through a variety of mechan-

Ivermectin: a multifaced medication

Ivermectin has been used for several years to treat many
infectious diseases in mammals. It has a good safety profile
with low adverse effects when orally prescribed. Ivermectin
was identified in late 1970s and first approved for animal
use in 1981. Its potential use in humans was confirmed a
few years later. Subsequently, William C. Campbell and
Satoshi Omura who discovered and developed this medi-
cation received the 2015 Nobel Prize in Physiology or
Medicine [1-3].
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isms. In addition to having antiparasitic and antiviral
effects, this drug also causes immunomodulation in the
host. Studies have shown its effect on inhibiting the pro-
liferation of cancer cells, as well as regulating glucose and
cholesterol in animals. Despite diverse effects of this
medication, many of its underlying mechanisms are not yet
known [4]. Of note, some of these effects may be secondary
to toxic effects on cells (Fig. 1).

COVID-19: a global heath issue

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a single-stranded RNA virus that causes a
severe acute respiratory syndrome. The virus was originally
called SARS-CoV-2 named officially by World Health
Organization as COVID-19 and a global health emergency.
The first known case of infection was recorded in early
December 2019 and subsequently spread to various con-
tinents, including Europe and the United States [5, 6], while
the actual behavior of the virus and its pathogenicity are not
yet fully understood.
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Fig. 1 The molecular structure of avermectin, which then underwent
chemical alteration to make ivermectin [45]

Although there has been a history of studies on the virus
since few years ago [7, 8], as many types of coronaviruses
cause simple respiratory tract infections, but SARS-CoV-1
and MERS caused severe respiratory tract illness in infected
humans. The decrease in the threat from SARS and MERS
led to decreased research activities against this class of
viruses which has led to a lack of preparedness for the new
SARS-CoV-2 pandemic.

However, the clinical management guidelines have been
revised several times and various antiviral and immuno-
modulatory agents have been suggested. Herbal medicines
in China and other countries have been proposed with
doubtful outcomes. Hundreds of clinical trials are currently
underway [9, 10]. On the other hand, several hypotheses
have been proposed about the effect of cost-effective and
available antibiotics [11, 12], but the effectiveness of those
medications has not yet been conclusively proven.

This novel virus has paralyzed not only the world’s
health care system but also the political and economic
relations [13]. As a new chapter in human life opens up
[14], the world seems to be divided into two parts pre- and
post-COVID-19 era.

Although a few medications have received Emergency
Use Authorization for COVID-19 treatment, no proven
treatment has been found as yet. A recent in vitro study
showed that ivermectin was active against COVID-19-
infected cell lines [15].

In this study, we summarized the antiviral effects of
ivermectin by reviewing available in vivo and in vitro stu-
dies over the past 50 years.

Methods

We conducted a comprehensive search of the PubMed
database from January 1, 1970 up to April 14, 2020, using
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the following syntax constructed using the MeSH Database:
(stromectol OR mectizan OR MK-933 OR “MK 933” OR
MK933 OR eqvalan OR ivomec OR “bodipy ivermectin”
OR (4”-5 AND 7-dimethyl bodipy propionyliverme) OR
ivermectin-luminol OR (22 AND 23-dihydroavermectin B1
(a)) OR “dihydroavermectin bla” OR “h2bla avermectin”
OR “ivermectin component bla” OR (22 AND 23-Dihydro-
5-O-demethylavermectin Ala) OR (22 AND 23-
dihydroavermectin Bla) OR AI3-29390-X OR IVMPO4
OR (22 AND 23-dihydroavermectin B1 (b)) OR (22 AND
23-dihydroavermectin Blb) OR “h2blb avermectin”
OR “ivermectin component blb” OR (22 AND 23-
dihydroavermectin B (1) b) OR (avermectin ala AND 5-
O-demethyl-25-de (1-methylpropyl)-22,23-dihydro-25-pro-
pyl-)) AND (antiviral OR virus OR viral). Articles obtained
were reviewed and included when considered appropriate.
Also, papers cited in the reference lists of included articles
were included when considered appropriate. The retrieved
articles were filtered manually to exclude duplicates. There
was no language restriction.

Results
The antiviral effects of ivermectin on RNA viruses
CoviID-19

In a recent in vitro study, the Vero/hSLAM cells infected
with the SARS-CoV-2 or COVID-19 virus were exposed
to 5 uM ivermectin in 48 h, and a 5000-fold reduction in
viral RNA compared with control was found [15]. The
results showed that treatment with ivermectin effectively
kills almost all viral particles within 48 h. The study was
the first to assess the antiviral effect of ivermectin on
COVID-19. The authors acknowledged that the drug may
have antiviral effects by inhibiting the importin (IMP) o/f
receptor, which is responsible for transmitting viral pro-
teins into the host cell nucleus. The authors proposed
human studies to confirm the potential benefits of iver-
mectin in the treatment of COVID-19. Although this study
was the first to confirm the antiviral effect of ivermectin
on COVID-19 [15], other studies examined the antiviral
effects of the drug on both RNA and DNA viruses, which
are summarized in Table 1.

Zika virus (ZIKV)

ZIKV is a single-stranded RNA virus of Flavivirus genus
from Flaviviridae family. Barrow et al. in an in vitro study
on Zika-infected Huh-7 cells (ZIKMEX_1_7) confirmed the
antiviral effect of ivermectin [16]. Ketkar et al. [17] did not
find a preventative effect on the Ifnarl knockout mice



595

Ivermectin: a systematic review from antiviral effects to COVID-19 complementary regimen

7-A0D-SYVS Surpnjour sasnIiA YN PIpuens-o[3uls ‘asuas-aanisod ‘pado[oAud Jo 1IoquInu B UO AN ST UNISULIAAY,

[1%] QRPLIIAODIID) SNAIA0D41D) popuens-9[3urs ‘padojoaus-uou y T SNIIAODIID QUIdIO]

[ov] epLIARWOA[O] sna1apuiofjoq popuens-a[qnop ‘padofoaus-uou y snuiaewoA[od g

[L€] Jepuuasadioyq SN100]]2I1IDA popuens-9[qnop ‘padofeaus uy SIIIA SIIqRIOpNasq

[9¢€] Jepuuasadioyq SN11A0]]2I1IDA papuens-a[qnop ‘padofeaud uy 1 2d4) snxasadioy sumbg

sosnIA VNA

[s¢ “12] QepLIIAOIIY snauay popuens-9[3urs ‘asuas-oanisod ‘padooaus uy [ 2d4) snaia Aousoyspounwiwil uewny,
[yel QRPLIALIONY SMAIALIDILY popuens-9[3urs ‘asuas-oanisod ‘padooaud uy SNIIA QWOIPUAS Alojeridsay pue aAnonpolday suiod,

[g€] QBPUIAOXAWOYMO snagavzuanyfuivydyy popuens-9[3UIs ‘asuas-oane3au ‘padofoaus uy SIIIA Y BZUINPUI UBIAY

[zel Jepurae3o], snaiavydyy popuens-9[3urs ‘asuas-oanisod ‘padooaud uy SNIIA SIQPUIS,

[zel Jepurae3o], snaiavydyy papuens-a[3urs ‘asuds-aanisod ‘padooaud uy SNIIA 183104 DYI[WAS,

[z€] Jepurae3o], snaiavydyy popuens-9[3urs ‘asuas-oanisod ‘padooaus uy snaia eAungunyiy),

[1€ ‘o€l sepuIAe3o], sniavydpy popuens-o[3urs ‘osuds-oanisod ‘padofoaus uy sniA spifeydoous sumbs uefonzousp,
[62] depuIAoxAwereq papuens-o[3uls ‘@suds-oanedou ‘padofoaus uy SIUIA Q[ISBOMON

[8z] JepLIAOXAWIRIE] snaiapdiua gy PopuRns-9[3UIS ‘asuas-oane3au ‘padofoAus uy SIIIA BIPUSH

[s2] QEPLIIAIAB[] sna1a0] .1 papuens-9[3urs ‘osuds-aanisod ‘padojoaus uy SNIIA Q[IN IS9M,

[s2] QBPLITAIAB[] Sn1a140] . papuens-o[3uts ‘asuds-oanisod ‘padoorus uy SNIIA JOAQJ MO[[OL,
[LT—ST ‘€T ‘1T ‘0] QBPLITATAR] SNAIAIAD] papuens-9[3urs ‘asuas-aanisod ‘padofaus uy snIA angua(g,
[€T “TC ‘61 ‘L1 91] QBPLITATAR[] SNAIAIAD] papuens-o[3urs ‘asuas-aanisod ‘padoforus uy SOIIA BYIZ,
[s1] QEPLIIABUOIO)) SNAIADUOL00DIDG popuens-9[3urs ‘osuds-aanisod ‘padofoaud uy 61-AIAOD 10 ZT-A0D-SUVS,

sosnIA VN
SQ0URIRJOY A[rureq snuan JNSLIAJORIRYD [BIIA

SOsSNIIA VN PUB VN UO UNJSULIDAL JO S109JJ0 [BIIAIIUR PI[BIADI SAIPNIS JO ISI[ V| d|qel

SPRINGER NATURE



596

F. Heidary, R. Gharebaghi

infected with ZIKV treated with 4 mgkg ™' intraperitoneal
ivermectin before infection. They also found no difference
in mortality and morbidity between the ivermectin-treated
and control groups. Results indicate a lack of drug efficacy
in this animal model. None of the animals died of drug-
induced toxicity. Authors justified that low-dose ivermectin
could be a possible explanation of the drug’s ineffectiveness
[17]. Ketkar et al. suggested that further studies are needed
to investigate in vivo effects of ivermectin on the ZIKV
[17]. Study on male Sprague Dawley rats bone marrow cells
in an in vivo study that received the combination of aged
garlic extract (AGE) at doses of 300,600 and 1200 mg kg ™!
with an ivermectin dose of 0.4 mg kg™', as the minimum
detectable toxic drug, showed a reduction in cytotoxic
effects [18]. Perhaps it could be concluded that in the
treatment of mice infected with ZIKV, higher doses of
ivermectin could be given in combination with AGE, thus
researchers would be able to better evaluate the antiviral
effects of ivermectin at higher doses.

In a recently published in vitro study, researchers eval-
uated the effects of ivermectin on various cell lines infected
with the ZIKV. The cells were infected with the ZIKV
strain MR766 virus and in the 12h post infection (HPI)
exposed to a concentration of 20uM ivermectin.
Researchers showed that nonstructural protein 5 (NS5),
which is essential for viral RNA replication, requires both
B1 nuclear localization signal (NLS) and o/ NLS. Iver-
mectin also caused effective NS5 nuclear inhibition, so that
after 7 h of treatment, a 60% reduction in NS5 levels was
observed in the nucleus [19]. These findings are similar to
some other studies [20, 21] that showed ivermectin inhibits
the proliferation of dengue virus (DENV) by blocking NS5
interaction with IMP o/f transporter.

In a recently published in vivo and in vitro study, the
effects of synthetic nanoparticle ivermectin (T-Fc-IVM-NP)
were assessed on the ZIKV. In this study, human epithelial
colorectal adenocarcinoma cells (Caco-2) and Balb/c
Albino female mice were used. The results revealed that
T-Fc-IVM-NP reduced NS1 protein expression, thus it
could be a safe therapeutic against ZIKV [22].

The researchers found that the drug could cross the
intestinal epithelial barrier after oral administration and reach
a suitable concentration in the blood, while drug toxicity was
reduced in epithelial cells and no liver toxicity was seen.
Also, the study found a reduction in the expression of the
NSI1 protein in the ZIKV and concluded that the drug could
be used as a safe treatment for the virus. Besides, in vitro
evaluations showed that the drug did not cross the placental
barrier and had temperature-dependent stability [22].

In an in vitro study [23], infected Vero cells by ZIKV
with the multiplicity of infection (MOI) of one, 2 HPI were
treated with ivermectin, and cell supernatant was analyzed
quantitatively 22 h later using plaque assay and real-time
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quantitative RT-PCR (RT-q PCR), for virus production and
proliferation, respectively.

Results revealed that ivermectin is a potent inhibitor of
ZIKV with EC50 of 1-2 uM and ivermectin was not cyto-
toxic at the concentrations used. The researchers showed that
ivermectin can dissociate IMP o/B1 heterodimer. Ivermectin
was able to directly bind to IMPa armadillo connect repeat
domain of IMPa and change structure/conformation, and this
could be the basis for inhibited binding to IMPP1. They
concluded that ivermectin in a cell context could inhibit
recognition by IMPa of NLS-containing proteins such as
NS5. This study for the first time showed that ivermectin
inhibits NLS recognition/nuclear targeting. The ability to
inhibit IMPa-NLS binding in the cellular context was first
demonstrated in this study using the bimolecular fluorescence
complementation system. Ivermectin IMP o/f inhibitory
mode of action has been confirmed previously [23, 24].

Dengue virus, yellow fever virus (YFV), and West Nile virus
(WNV)

Kylie et al. in an in vitro study on infected human cervical
adenocarcinoma cells (Hela) showed that ivermectin in high
concentrations (25-50 uM) has an inhibitory effect on the
proliferation of DENV, a positive-sense, single-stranded
RNA virus, the genus Flavivirus, the Flaviviridae family. It
does this by inhibiting the transfer of viral proteins between
the host cell cytoplasm and its nucleus, which is dependent
on IMP o/fl. The researchers showed that ivermectin
inhibited the nuclear aggregation of NS5 of DENV [21].
In another in vitro study of the flavivirus family, YFV,
WNYV, and DENV, the researchers found that ivermectin
exerted its inhibitory effect by inhibiting the NS3 helicase
domain and had no effect on the ATPase activity of helicase
domains. In this study, ivermectin showed a stronger inhi-
bitory effect on YFV and, to a lesser extent, inhibited the
proliferation of WNV and DENV. The researchers con-
firmed that ivermectin exerts its effect against dsSRNA
unwinding activity by acting on the flavivirus helicase
enzyme. The fact that ivermectin did not affect the helicase-
associated ATPase activity seems to be good because ATP
is a key nucleotide in host cell metabolism. Ivermectin
inhibited the flaviviral NS3 helicase, which mediates the
RNA binding and unwinding mechanisms. The authors
concluded that ivermectin acts as a highly specific inhibitor
of intracellular viral RNA synthesis by targeting the activity
of NS3 helicase in flaviviruses. In this study, the addition of
drug before the first 14 h of entry of the virus into the cell
showed a stronger antiviral effect against the YFV and this
effect decreased significantly after the onset of intracellular
RNA synthesis. It may be concluded that ivermectin could
be effective in the early stages of infection and maybe a
recommended drug for the prevention or treatment of early



Ivermectin: a systematic review from antiviral effects to COVID-19 complementary regimen 597

stages of viral infection, rather than advanced forms. Of
course, confirmation of this statement requires further
human studies and clinical trials [25].

In another study on four specific serotypes of DENV,
results of treated infected Huh-7 cells with the ivermectin
revealed its inhibitory effect on the IMP o/ -mediated nuclear
import. The authors cited the potential role of ivermectin as an
antiviral drug in the treatment of DENV [20]. In an in vitro
study of Vero cells infected with DENV stock: DENV2, New
Guinea C strain, cells were exposed to 1-25 uM of ivermectin
3h before infection. A review of confocal laser scanning
microscopy results revealed a significant NS5 protein in the
cell cytoplasm. This finding suggests the transfer of NS5 via
IMP o/, which was inhibited by ivermectin. Likewise, a
significant reduction in nuclear accumulation of the green
fluorescent protein aggregation (GFP)-NS5 was detected.
Finally, the researchers showed a high and direct tendency of
NS5 to IMPa /B [26]. In another study on human Huh-7 cells
infected with DENV 1, DENV2, or DENV?2 virus mouse-
adapted S221 strain, a fivefold reduction was seen in half-
maximal effective concentration (ECsg) of ivermectin while
using liposomal systems as its nanocarriers, while the antiviral
activity of the drug was significantly preserved [27].

In an in vitro study on DENV2 infected Vero cells with
MOI of one, following 2 HPI the infected cells were treated
with ivermectin, and cell supernatant was analyzed quanti-
tatively 22 h later using plaque assay and RT-q PCR, for
virus production and proliferation, respectively. Results
revealed that ivermectin is a potent inhibitor of DENV2
(New Guinea C), with EC50 of 0.5uM and it was not
cytotoxic at the concentrations used [23]. A phase III clin-
ical trial in Thailand has been registered against DENV
infection in which a single daily oral dose of ivermectin was
declared to be safe, however, the final results [15] are not
published yet.

Hendra virus (HEV)

In an in vitro study, researchers examined the effective-
ness of ivermectin on HEV, a Henipavirus belonging to
the Paramyxoviridae family and a negative-sense, single-
stranded RNA virus. The main pathogenicity of this virus
is partly due to its ability to inhibit the host type-one
interferon response by producing the polycistronic p gene.
In this study, researchers showed that HEV moves dyna-
mically between the nucleus and the cytoplasm through
the IMP «al. The study found that ivermectin inhibited
HEYV infection in mammalian cells and even reduced the
virus by five times in a non-optimized single dose of 10
uM, without drug cytotoxicity. The researchers concluded
that ivermectin could be effective in treating HEV infec-
tion by inhibiting the transmission of the virus by IMP a1/
p1 [28].

Newcastle virus

In another in vitro and in vivo study, Azeem et al. studied
the cytotoxicity of ivermectin and its potential antiviral
effect on Newcastle virus, a negative-sense, single-stranded
RNA virus from the paramyxoviridae family, on chick
primary fibroblast cell line and 9-day-old chick embryo,
respectively. In this study, ivermectin was tested at con-
centrations of 6.25, 12.5, 25, 50, 100, and 200 pg ml~!, and
results revealed that the drug at 100 ug ml~! or above had
cytotoxic effects. However, it was safe at concentrations of
50 ug ml~! or less, drug cytotoxicity was not observed and a
moderate to poor antiviral activity was noted [29].

Venezuelan equine encephalitis virus (VEEV)

Lundberg et al. evaluated the efficacy of ivermectin as an
inhibitor of import o/p1, in cells infected with VEEV. It is
an enveloped, non-segmented, single-stranded positive-
sense RNA virus from the Alphavirus genus, Togaviridae
family. The drug reduced nuclear-associated capsid, virus
titer, and cytopathic effects (CPE) caused by the virus.
Although a limited reduction in virus replication was
observed, this was not significant [30].

Based on previous study results, for the first time in an
in vitro study, researchers investigated the effect of iver-
mectin on VEE C using in silico structure-based drug
design. Results showed a reduction in viral replication,
besides reduction in nuclear accumulation of capsid protein
(Cap) in infected cells. In this study, which used VEEVC
virus-infected Vero cells, the effect of ivermectin was
examined along with two other drugs. In the concentration
of 1 uM, ivermectin reduced the titer of the virus to a lesser
extent than the other two drugs and researchers found that
the antiviral mode of action of drugs was through the IMP
a/fl: C NLS interaction [31].

Chikungunya virus (CHIKV), Semliki Forest virus (SFV), and
Sindbis virus (SINV)

In the study of baby hamster kidney cells or BHK-21 cell
line infected with CHIKV which is an enveloped, positive-
sense, single-stranded RNA virus from the Alphavirus
genus in Togaviridae family, ivermectin inhibited viral
infection and eliminated the luciferase signal without sig-
nificant drug toxicity (P value <0.001) [32].

Also, in both infected BHK-21 cell line and human
hepatocellular Huh-7.5, luciferase was measured 16 and
18 h later, respectively, and the results showed a dramatic
decrease in virus replication in human hepatocellular Huh-
7.5 cells. The results also showed that ivermectin is a potent
inhibitor of both positive-strand and negative-strand RNA
production. A strong decrease in virus protein expression
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was observed in infected cells, even at a high MOL. In this
paper, ivermectin was very effective in inhibiting virus
production compared with untreated specimens with ~4 logs
as a potent antiviral inhibitor. Also, ivermectin, when used
between 1.5 h before and at the time of infection, reduced
the SFV titer by 2.3 logs in infected compared with non-
infected cells but did not show a similar effect at later time
points. Similar to the CHIKV infected cells, ivermectin
gradually lost its effectiveness when added to later time
points. However, when it was added before or at the same
time of infection, it inhibited virus titers by 2 logs [32].
Again, as stated in previous studies [25], it can be con-
cluded that ivermectin administration may be effective in
the early stages of infection and could be recommended for
the prevention or treatment of early stages of viral infection,
rather than advanced forms. Of course, confirmation of this
statement requires human studies and clinical trials.

In the same study [32], treatment with ivermectin in cells
infected with other alphaviruses, including SFV and SINV,
reduced virus production compared with noninfected cells.
Ivermectin treatment also showed an inhibitory effect on the
virus by reducing virus titers by 4 logs in YFV. All of these
findings suggest a strong antiviral effect of ivermectin, as it
has been able to effectively reduce viral RNA synthesis,
viral RNA protein expression, and mature virion formation
in infected cells with CHIKV. The authors concluded that
ivermectin effect was due to its inhibitory property on two
alphaviruses, including SFV and SINV, as well as its
stronger inhibitory effect on YFV.

Avian influenza A virus

In an in vitro study using chicken hepatocellular carcinoma
cells infected with Avian influenza A virus, which is a
negative-sense, single-stranded, segmented RNA virus from
the Orthomyxoviridae family, treatment with 10 uM iver-
mectin completely prevented the nuclear transmission of
different types of viral ribonucleoprotein complexes [33].

Porcine Reproductive and Respiratory Syndrome virus
(PRRSV)

In another in vitro study of the antiviral effect of iver-
mectin in sub-cytotoxic doses on cultured porcine alveolar
macrophage cells infected with PRRSV which is an
enveloped, positive-stranded RNA virus from the Arter-
iviridae family, the cells were exposed to concentrations
of 1-15uM ivermectin 1 h before infection as well as
during the entire course of viral infection. The inhibitory
effect of ivermectin on virus propagation was evident, and
ivermectin significantly reduced the CPE caused by the
virus and the expression of the virus gene in a dose-
dependent manner. At its highest dose, 15 pM, ivermectin
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caused a significant reduction in virus-infected cells, with
a maximum inhibition of 95%. In this study, the effective
dose of the drug that inhibits 50% of viral infections
(EDsp) was 6.7 uM, and the authors concluded that iver-
mectin effectively inhibited the proliferation of the
PRRSYV virus. The effect of ivermectin on reducing virus
production decreased with time of infection, so that in a
dose of 15 uM of the drug in 1 h before infection, simul-
taneously with infection, and 1, 2, 4, and 12 HPI the virus
production decreased from 80 to 42%. In 24 HPI, no
significant change in PRRSV propagation was observed.
Based on these findings, the authors concluded that iver-
mectin, as an antiviral drug, is effective in initiating viral
infection. Ivermectin caused a significant reduction in
virus titer, indicating that the drug inhibited the optimal
release of progeny virus from the natural host cell, but it
did not inhibit the virus entry process. The strong inhi-
bitory effect of ivermectin on the intracellular expression
of PRRSV N protein, which resulted in a 90% reduction in
its expression, indicates ivermectin’s specific function
against viral protein translation during virus replication.
The amount of PRRSV N protein in the nucleus of
infected cells treated with ivermectin did not change
significantly, which indicates the inability of the drug to
inhibit nuclear/nucleolar localization of N. The drug
also had an inhibitory effect on genomic RNA and sub-
genomic mMRNA. The researchers acknowledged that
ivermectin may impair the optimal synthesis of viral RNA
by exerting its effect on the nonstructural protein 10
helicase, which has ATP-dependent helicase activity in
the PRRSV virus, but more studies are needed to prove
this hypothesis [34].

Human immunodeficiency virus type 1

HIV-1 is a single-stranded RNA virus, belonged to the
genus Lentivirus within the family of Retroviridae. In an
in vitro study, the researchers evaluated the effects of
ivermectin as an inhibitor of HIV-1 nuclear protein transfer.
The results showed that ivermectin reduced the NLS-
containing protein binding by IMP «o/p and inhibited this
interaction at low concentrations (the half-maximal inhibi-
tory concentration [ICsy]: 4.8 uM). Ivermectin significantly
reduced nuclear accumulation GFP-IN by P value = 0.003
compared with the untreated control group and also sig-
nificantly reduced (P value < 0001) nuclear accumulation of
GFP-tagged Op-T-NLS fusion protein. However, this study
showed that ivermectin failed to control the nuclear accu-
mulation of telomer repeat factor-1 (GFP-TRF) as IMPp1 is
the only way to transfer it to the cell nucleus. Researchers
concluded that ivermectin is not a specific inhibitor for IN
-IMP o/p interaction, but it appears to be a specific inhibitor
of cargos that are dependent on heterodimer to be
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transferred to the nucleus. The study concluded that iver-
mectin is a nuclear transport inhibitor via IMPa/f, but does
not affect the nuclear transfer via IMPB1 alone, and also
ivermectin completely inhibits nuclear import of the active
integrase protein of HIV-1 as a critical component of the
preintegration complex [35].

Kylie et al. in a study on infected human cervical ade-
nocarcinoma cells (Hela) showed that ivermectin in high
concentrations (25-50 uM) has an inhibitory effect on the
proliferation of HIV-1. It does this by inhibiting the transfer
of viral proteins between the host cell cytoplasm and its
nucleus, which is dependent on IMP a/f1. The researchers
showed that ivermectin inhibited the nuclear aggregation of
HIV-1 integrase [21].

The antiviral effects of ivermectin on DNA viruses
Equine herpesvirus type 1 (EHV-1)

A number of studies examined the antiviral effects of iver-
mectin on some DNA viruses. In an in vitro study of primary
murine neurons infected with two different strains of EHV-1,
which is a double-stranded DNA virus, ivermectin with dif-
ferent concentrations had no effect on strain Rac-H pro-
liferation but reduced the proliferation of strain Jan-E. These
findings suggest that different strains of EHV-1 use different
receptors to enter the nucleus. Also, because ivermectin only
inhibited the proliferation of strain Jan-E, further studies are
needed to investigate the antiviral effect of ivermectin on this
virus. The study’s finding suggests the role of IMP o/} besides
other receptors involved in nuclear import in the EHV-1 [36].

Pseudorabies virus (PRV)

Lv et al. examined the antiviral effect of ivermectin on an
enveloped double-stranded DNA-based swine virus called
PRV, which is a member of the alpha-herpesviridae sub-
family [37]. The virus causes lifelong infection in pigs, and
its DNA polymerase enzyme is made up of two subunits
called UL30 and UL42 [38, 39].

The ULA42 subunit is found to have IMP-o/f-mediated
bipartite NLS that transfers both subunits into the cell
nucleus [39]. Examination of infected hamster kidney cells
(BHK-21 cells) showed that ivermectin did not produce
cytotoxic effects at concentrations <3 pM. But with
increasing the drug concentrations to 5puM, the cells
showed drug cytotoxic effects as a sharp decrease in cell
activity. The CPE of viral infection were seen in untreated
cells 24 HPI and in cells treated with 0.5 uM ivermectin in
48 HPIL In 72 HPI, mild CPE were seen in infected cells
treated with 1.5 or 2.5 uM ivermectin, indicating a delayed
proliferation of the virus. In this study, ivermectin did not
inhibit PRV adsorption in cells because the virus titers were

the same in different groups. However, adding ivermectin
after infection reduced the number of plaques and virus
titers. Ivermectin inhibited the entry of DNA polymerase
accessory subunit UL42 into the nucleus, so that with
increasing the drug concentrations, less UL42 was observed
in the nucleus by the western blot method. Although iver-
mectin inhibited the transfer of UL42 to the nucleus through
the NLS, it did not reduce UL42 expression in the cyto-
plasm. In the virus-infected mice model, ivermectin sig-
nificantly reduced viral loads in the brain and kidney of all
animals, and this reduction was more significant in the
kidneys, the main organ involved in ivermectin metabolism.
In addition to declining virus titers in the organs of the
animal, their clinical scores and mortality decreased as the
drug concentration increased. Finally, the researchers con-
cluded that ivermectin could be used as a potential antiviral
drug against PRV [37].

BK polyomavirus (BKPyV)

As mentioned earlier, a study of Wagstaff et al. [21] showed
that ivermectin was able to specifically inhibit the nuclear
transfer pathway through IMP o/f [36]. Based on this
mechanism, Bennet et al. investigated the effect of ivermectin
on BKPyV, a non-enveloped small double-stranded DNA
virus and a member of the Polyomaviridae family, in infected
renal proximal tubule epithelial cells. A qualitative study
using the reverse transcription-polymerase chain reaction
method after treating infected cells with 10 uM ivermectin,
showed a decrease in the levels of the early protein large T
Antigen mRNA, indicating a decrease in viral gene expres-
sion due to inhibition of nucleus entry. This inhibitory effect
of ivermectin indicates that polyomavirus has access to the
nucleus through active nuclear pore complex transfer [40].

Porcine circovirus 2 (PCV2)

The inhibitory effect of ivermectin on virus proliferation was
investigated in PK-15 cells infected with PCV2, a circular
single-strand DNA virus from the Circoviridae family. The
results showed that ivermectin at concentrations of 50 or 100
ugml~! did not have cytotoxic effects at 24 or 48h after
treatment, but at concentration of 200 ugml~! cell viability
reduced significantly (P value <0.05). Also in the first 24
HPI, ivermectin reduced the viral load by 41% and 28.2%, at
concentrations of 50 and 100 ug ml ™', respectively. However,
in the 48 HPI, ivermectin reduced viral load by 28.8% and
15.7%, respectively, at the same concentrations, indicating a
decrease in drug efficacy in later time points [41], as was
pointed out in previous studies on antiviral effects of iver-
mectin [25, 32].

Also in infected PK-15 cells, ivermectin reduced the
expression of viral Cap, which has an NLS to enter the nucleus

SPRINGER NATURE



600

F. Heidary, R. Gharebaghi

of an infected cell. Addition of ivermectin to the culture
medium significantly reduced the number of virus-infected
cells and following treatment, Cap caused by PCV2 infection
was detected only in the cytoplasm and not in the nucleus [41].

Infected piglets treated with ivermectin showed a sig-
nificant decrease (P value < 0.05) in viremia and viral loads
in tissues. In the study of inguinal lymph nodes (ILNs) in
infected piglets treated with ivermectin, the observed
lesions were milder and there was a clear difference in the
number of lymphocytes in the lymph nodes and the inten-
sity of infiltration of the histiocytes [41].

Integrated optical density analysis of the PCV2 virus
showed a significant decrease in viral signals in ILNs (P
value < 0.05) following treatment with ivermectin. Finally, the
authors concluded that ivermectin inhibits the entry of Cap
and the NLS of Cap in ILNs into the nucleus, which confirms
the effect of drug on the NLS-mediated nuclear import
pathway [41].

Bovine herpesvirus 1 virus (BoHV-1)

In another study on Madin—Darby bovine kidney cells
infected with the BoHV-1, a large, enveloped and double-
stranded DNA virus from the Herpesviridae family, iver-
mectin decreased UL42 nuclear transmission by inhibiting
IMP o/p-dependent nuclear transfer and reduced virus
replication in a dose-dependent manner, indicating that
ULA42 was dependent on IMP o/p for nuclear transfer. 25
UM ivermectin reduced the virus titer by 4 logs and inhib-
ited virion production by ~44%, but had no effect on cell
viability in the studied doses. Also, ivermectin had no effect
on the binding and entry of the virus into the host cell [42].

Conclusion

In this systematic review, we showed antiviral effects of
ivermectin on a broad range of RNA and DNA viruses by
reviewing all related evidences since 1970. This study
presents the possibility that ivermectin could be a useful
antiviral agent in several viruses including those with
positive-sense single-stranded RNA, in similar fashion.
Since significant effectiveness of ivermectin is seen in the
early stages of infection in experimental studies, it is pro-
posed that ivermectin administration may be effective in the
early stages or prevention. Of course, confirmation of this
statement requires human studies and clinical trials.
Ivermectin, owing to its antiviral activity, may play a
pivotal role in several essential biological processes, therefore
it could serve as a potential candidate in the treatment of
different types of viruses including COVID-19. Clinical trials
are necessary to appraise the effects of ivermectin on COVID-
19 in clinical setting and this warrants additional investigation
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for probable benefits in humans in the current and future
pandemics. On April 10, 2020, FDA issued a statement
concerning self-administration of ivermectin against COVID-
19 [43] referring to recently published in vitro study on this
subject [15]. FDA highlighted that this type of in vitro study is
usually used in the early stages of drug development. More-
over, further trials are needed to confirm the safety and effi-
cacy of ivermectin for human use against COVID-19 to
discover preventive or therapeutic window [43].

As noted, the activity of ivermectin in cell culture has not
reproduced in mouse infection models against many of the
viruses and has not been clinically proven either, in spite of
ivermectin being available globally. This is likely related to
the pharmacokinetics and therapeutic safety window for
ivermectin. The blood levels of ivermectin at safe therapeutic
doses are in the 20-80 ng/ml range [44], while the activity
against SARS-CoV2 in cell culture is in the microgram range.
Ivermectin is administered orally or topically. If safe for-
mulations or analogs can be derived that can be administered
to achieve therapeutic concentrations, ivermectin could be
useful as a broad-spectrum antiviral agent.
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