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Abstract

To verify the anti-viral mechanisms of Ivermectin (IVM) for its potential application as a dengue (DEN) anti-viral
drug. Inhibition of virus binding/entry, virucidal activity, anti-virus plaque formation, and the inhibition of viral
growth were determined based on a comparison with Ribavirin (RBV). No direct effects of IVM on the viral
attachment and entry step were observed. However, the inhibitory effects of IVM on plaque formation and viral
growth were demonstrated in monkey kidney epithelial cells (LLC-MK2) infected cells. The inhibition
concentration of 50 of IVM was 8.8 times lower than that of RBV (9.16 pg/mL vs. 80.82 pg/mL) after 24 h. of
exposure in DEN infected cells. Meanwhile, the virucidal activity of IVM was not observed to be similar to that
of RBV. However, toxicity in the HepG2 cells, which could be human target cells for drug metabolism, provided
a narrow range of IVM applications. Considering the nature of DEN in which all 4 serotypes could develop into
severe forms of the disease, [IVM remains a valuable anti-viral drug, even with the narrow range of applications.
Furthermore, IVM could reduce burden of DEN infections during an outbreak.
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1. Introduction

Dengue (DEN) is among the most rapidly spread vector-borne viral diseases with a 4-fold increase in incidence
rates during the past 20 years [1]. Nonetheless, it is improbable to predict which patients with DEN infection will
be at risk for severe or even fatal infections given that an effective antiviral drug remains unavailable. The
prevention approach via vaccination and vector control is considered to be the best solution. However, incomplete
vaccinations could impair disease protection and possibly heighten the risk of a severe form of DEN disease. Up
until the present, the available dengue vaccine on the market has shown incomplete protection for the vaccinees
[2,3] whereas the vaccine under Phase III of the clinical trials has also revealed an incomplete efficacy in
preventing all 4 dengue serotypes [4]. Currently, various candidate vaccines remain under development [5].

Meanwhile, since dengue fever (DF) and dengue hemorrhagic fever (DHF) are considered to be the most fatal
fevers, therapeutic approaches, such as antiviral drugs, could become a valuable treatment. Naturally, the duration
of viremia in DEN infection is rather short lasting for approximately 3-5 days, thus the administration of an
antiviral drug would be crucial. Consequently, reduction of the viral load during viremic peak could possibly
reduce the disease severity. It has been recommended that during epidemics, antiviral treatments could be valuable
for early administration in DEN patients with febrile illnesses. Additionally, decreasing the viral load of the
infected patient could also lower the number of 4edes mosquitoes to get infection [6], especially during DEN
epidemic. Several classes of agents have been under investigation as potential anti-dengue drugs, including direct
antivirals, host modulators, and RNAi therapeutics.

Ivermectin (IVM), an old drug used for treatment of several parasitic infestations in humans and animals, [7-
9] has been reported as an effective inhibitor of Flavivirus replication [10]. It could inhibit yellow fever virus
induced cytopathic formation with effective concentration 50 (ECso) at nano molar level. Additionally, IVM has



been found to interrupt virus replication of all DEN serotypes, giving its potential as a dengue antiviral agent [11].
Inhibitory effect of IVM on Newcastle virus was also reported with cytotoxicity effect to the tested cells at 100
pg/mL [12]. Moreover, it was also active against Chikungunya, Semliki Forest virus and Sindbis virus, suggesting
a broad antiviral activity of IVM [13]. In vitro and in vivo testing of IVM activity on corona virus, SARS-CoV-2
have also been reported [14-16]. However, the use of IVM for the treatment of coronavirus disease starting in
2019 (COVID-19) cases requires careful risk-benefit considerations, especially in critical cases [15].

Mechanisms of action of IVM have also been approved for its antiviral activity against several ribonucleic
acid (RNA) viruses by blocking the nuclear trafficking of viral proteins [10], and by disrupting integrase protein
and polymerase enzyme [17]. It could be observed that most of the study had focused on the activity of the inhibitor
on the viral replication process, while the precise mechanisms have not been defined. Thus, the antiviral mode of
action tested under the appropriate in vitro systems could be a qualitative indicator of potential efficacy. The
mechanisms of DEN antiviral drugs of IVM were then determined, such as the inhibition of virus binding/entry,
virucidal activity, antivirus plaque formation and the inhibition of virus growth.

2. Materials and methods
2.1 Cells and virus

Monkey kidney epithelial cells (LLC-MK>) and HepG: cells (ATCC: CCL-7, CCL-81 and HB-8065) were
grown in modified Eagle's medium (MEM; Life Technologies) supplemented with 10% fetal calf serum
(HyClone; Thermo Scientific). Dengue-2 strain 16681 (DEN-2), derived from a dengue hemorrhagic fever patient,
was used. The stock seed virus was amplified in Vero cell culture and was kept at -80°C for all tests.

2.2 Tested drugs

IVM, a white crystalline powder (Batch No. 1270456) was obtained from the Huashu Pharmaceutical
Corporation (China). Ribavirin (RBV, R9644), a known anti-dengue compound was purchased from Sigma-
Aldrich to be used as control. The tested compound was dissolved in 95% ethanol as stock. They were used at the
final concentration which contained ethanol at less than 1% in the tested solution.

2.3 Cytotoxicity test

Briefly, confluent culture cells grown in 96-well plates were exposed to different concentrations of the tested
drug with 5 wells for each concentration and 5 wells for cell control. After incubation for 24 h, 1 mg/mL of MTT
(3-(4, 5- dimethylthiazol-2-y1)-2, 5-diphenyl tetrazolium bromide) was replaced to each well and the tested cells
were further incubated for 4 h. After that, Dimethyl Sulfoxide (DMSO) was added to each well to solubilize the
formazan crystals and then the absorbance was measured using a microplate reader at 570 nm. The cytotoxicity
of'the tested drug was computed from 3 experiments as the percentage of cell viability in the tested wells compared
to the control wells.

2.4 Virucidal activity

DEN-2 virus suspension was incubated with an equal volume of eagle’s minimum essential medium (MEM)
with or without different concentrations of IVM or RBV at the non-toxic dose for 60 min at 37°C. After that, the
virus-drug mixtures were inoculated onto LLC-MK, cell monolayer grown in 6 well-plates. After 90 min
adsorption, the carboxy-methyl cellulose overlayer medium was replaced and the culture plates were further
incubated for 7 days. The virucidal concentration 50 (VCso) was calculated as the concentration required to
inactivate the virions by 50%.

2.5 Antiviral activity
2.5.1 Inhibition of the viral plaque

Antiviral activity was evaluated by a viral plaque reduction assay. LLC-MK; cell monolayers, which had been
grown on 6-well plates, were infected with approximately 50-200 plaque-forming unit (PFU)/well of DEN-2 virus
(plaque forming unit). After 90 min of absorption, varying non-toxic concentrations of IVM (0.1, 1, 10, 20, and
30 ug/mL or RBV (0.1, 1, 10, 100, 200, 300, and 400 pg/mL) were added in triplicate. The control wells of the
tested drug at the same concentration without viral infection were also verified. After incubation for 24 h. at 37°C,
the tested materials were discarded, and the overlayer medium was added. The numbers of plaques were counted



after 7 days of incubation at 37°C. The inhibitory concentration 50 (ICso) was calculated as the drug concentration,
which had reduced the number of viral plaques by 50% of the virus control from the dose response curve.

2.5.2 The reduction of viral replication

LLC-MK,; cells were infected with DEN virus at 0.1 MOI (multiplicity of infection). The drug effects on virus
replication were examined in the infected cells incubated with the non-toxic concentrations of IVM at 2.5, 5, 10,
and 20 pg/mL. RBV at 12.5, 25, 50, and 100 pg/mL were used as control Virus growth under the presence or
absence of either IVM or RBV was quantified for the number of DEN viruses by plaque assay during 1-5 days of
incubation. The ICsyp was calculated as the drug concentration which reduced the number of viral plaques by 50
% of the viral control from the dose response curve.

2.6 The effects on virus adsorption and internalization
2.6.1 Virus adsorption

LLC-MK2 cells grown on 6-well plate were exposed to DEN virus in the presence or absence of varying
concentrations of the tested drug in triplicate. The non-toxic concentrations of IVM at 2.5, 5, 10 and 20 pg/mL
and RBV at 12.5, 25, 50, and 100 pg/mL were used. After 90 min of incubation at 4°C, the compounds and
unabsorbed virus were removed. The tested cells were washed with cold PBS and over-laid with plaquing medium.
Numbers of plaques were counted after 7 days of incubation.

2.6.2 Internalization

LLC-MK2 cells grown on 6-well plate were exposed to DEN virus in the presence of varying concentrations
of the tested drugs in triplicate. The non-toxic concentrations of [IVM at 2.5, 5, 10 and 20 pg/mL and RBV at 12.5,
25, 50, and 100 ug/mL were used. After incubation for 90 min at 37°C, the compounds and virus mixture were
removed. The tested cells were washed with PBS and treated with citrate buffer for 1 min to inactivate the adsorbed
but not internalized virus. After re-washing with PBS, overlay medium was added. Numbers of plaques were
counted after 7 days of incubation.

2.7 Statistical analysis

The results were expressed as means standard deviation (SD). Linear regression was used to calculate the ICso
of the tested drugs from the dose response curve. Statistical comparisons were carried out using the Student’s t-
test and the significant difference was set at p<0.05.

3. Results

3.1 Cytotoxicity

Ethanol, which was used as drug solvent, had no effect on viability of both LLC-MK, and HepG: cells at the
highest concentration tested at 2%. It was observed that IVM was toxic to LLC-MK, and HepG: cells at the
concentration of 10 pg/mL after 24 h. exposure. Cell viability was reduced to 78.96% and 45.79%, respectively
as compared to the control cells (Figure 1). On the other hand, RBV showed no cytotoxic to either LLC-MK; or
HepG; cells after 24 h. of exposure to the highest concentration at 1000 pg/mL as determined by MTT assay.
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Figure 1 Cytotoxicity of Ivermectin and Ribavirin on (A) LLC-MK; cells as determined by MTT assay after 24
h. exposure (Values are expressed as means £SD).
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Figure 1 (continued) Cytotoxicity of Ivermectin and Ribavirin on (B) HepG; cells as determined by MTT assay
after 24 hrs. exposure (Values are expressed as means +SD).

Cytotoxicity of IVM to LLC-MK,; cells at varying days of incubation was also verified to ensure the antiviral
activity to dengue virus in the tested cells. As presented in Figure 2, IVM was toxic to the cells at 1 pg/mL during
Day 4 and Day 5, while those at > 2.5 ng/mL were toxic to the tested cells from Day 2 onwards. IVM at 7.5 and
10 ug/mL were also found to be slightly toxic to the cells after 1 day of incubation. In contrast, RBV at varying
concentrations (10, 100, 200, 300 and 400 pg/mL) showed no toxicity to LLC-MK; cells after 5 days of incubation
(data not shown).
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Figure 2 Cytotoxicity of Ivermectin on LLC-MK; cells at 1, 2, 3, 4 and 5 days of incubation as determined by
MTT assay (Values are expressed as means £SD).

3.2 Virucidal activity

At the non-toxic concentrations (0.01-30 pg/mL and 0.1-400 pg/mL, respectively), IVM, as well as RBV, showed
no virucidal activity to the DEN-2 virus given that the number of viral plaques in the tested wells had shown no
significant differences from those in the control wells. Thus, the VCsg could not be determined.

3.3 Antiviral activity
3.3.1 Inhibition of viral plaques

The tested drugs exhibited different inhibitory effects on viral plaque forming depending on the number of
viruses used (Table 1). At 200 PFU, RBV provided 50% plaque reduction at 297 pg/mL, while the highest
concentration of IVM used at 20 pg/mL showed a slightly inhibitory effect after 24 h. of incubation. Increasing
in IVM concentration (=30 pg/mL) caused cell damage due to its toxicity to the tested cells. However, significantly
lower IC50 of IVM than that of RBV (p<0.01) was presented when tested with DENV at 100 PFU and 70 PFU.
It was noted that IVM exhibited 3-5 times higher inhibitory effect on DENV plaque forming than RBV at the
tested conditions.



Table 1 Dengue virus plaque inhibition concentration 50 of Ivermectin and Ribavirin at 200, 100 and 70 virus
particles after 24 h exposure.

Tested drugs Inhibition concentration 50 (ug/mL)

200 PFU 100 PFU 70 PFU
Ivermectin 0 15.94" £2.55 14.25% + 1.86
Ribavirin 297.66 + 25.66 84.76" £ 11.87 39.52%+£11.95

PFU = plaque forming unit. Values are expressed as means + SD.
“A significant difference was found between Ivermectin and Ribavirin tested at 100 PFU (p<0.01).
# A significant difference was found between Ivermectin and Ribavirin tested at 70 PFU (p<0.01).

3.3.2 Reduction of virus replication

The inhibitory effects of IVM and the RBV control on DENV growth are presented in Table 1. Since [IVM at
2.5,5, and 10 pg/mL had also been toxic to the cells from Day 2 onward (Table 2), the reduction in virus particles
at these concentrations between Day 2-Day 5 had been due to the mortality of the host cells rather than any
antiviral effects. As a result, IC50 could only be computed from the results obtained on Day 1. On the other hand,
RBYV exhibited inhibitory effect on DEN virus growth relatively in corresponding to concentration used. However,
IC50 of IVM on day 1 was approximately 8.8 times lower than that of RBV (p<0.001). Although, IVM seemed
to be more effective than RBV, a narrow range of IVM concentration (5-10 pg/mL) was effective during 24 h.
due to toxicity in the tested conditions. Alternatively, antiviral activity of RBV remained effective on DEN virus
growth relatively at the same IC50 during 5 days of treatment.

Table 2 Inhibition concentration 50 of Ivermectin and Ribavirin on dengue virus growth during 5 days of
incubation.

Incubation period Inhibition concentration 50 (pg/mL)

Ivermectin Ribavirin
1 Day 9.16*+£ 1.15 80.82° + 1.44
2 Days - 113.96 £11.09
3 Days - 94.68 +10.03
4 Days - 104.73 £4.01
5 Days - 104.76 £10.85

- Not applicable. Value are expressed as mean £SD.
b Significant difference of IC50 between Ivermectin and Ribavirin after 1 day of incubation (p<0.001).

3.4 The effects on viral adsorption and internalization

Under the tested condition, the number of virus plaque in the presence of different concentrations of either
RBV or IVM showed no significant differences to that in the control wells from both experiment on virus
adsorption and internalization. Thus, the 2 tested drugs showed no inhibitory effect at the virus entry step on LLC-
MK, cells.

4. Discussion

IVM has been tested on its antiviral activity against several RNA viruses by disrupting viral proteins in the
replication process [17]. Time of addition experiments also revealed that IVM acted on the replication phase of
the viral infection cycle. Therefore, it was determined to be a viral inhibitory compound. These findings had led
to the prove of its efficacy as the antiviral drug for DEN. The placebo-controlled trial phase II and III had been
conducted and a significant difference of NS1 antigen clearance in IVM treated was presented as compared with
the placebo. [18,19]. However, no significant differences in the viremic levels was presented as measured by
qPCR [18], thus clinical efficacy of IVM could not be determined. In addition, this outcome of ivermectin-
accelerated NS1 clearance was diverse from the previously reported clinical associations between elevated plasma
NSI1 levels and DEN disease severity [20-22].

In the present study, the effectiveness of IVM was determined by testing on possible mechanism(s) of DEN
antiviral drug. Nonetheless, it was observed that IVM did not express inhibitory effect on virus entry step in LLC-
MK, infected cells. The number of virus plaque showed no significant difference to that in the control wells from
both experiments on virus adsorption and internalization. It has also been reported that IVM showed no inhibitory
effect on the virus entry process of the porcine reproductive and respiratory syndrome virus [23]. In addition, it
was discovered that IVM and RBV at the tested concentration (0.01- 30 pg/mL and 0.1- 400 pg/mL) exhibited no
virucidal activity to DEN-2 virus. Similarly, IVM also did not demonstrate any virucidal activity to either SFV or
CHIKYV virus[13].



On the other hand, treatment of DEN infected cells with varying concentration of IVM revealed that IVM
could inhibit DEN virus plaque formation. Antiviral activity of IVM could be determined in the tested well with
70 and 100 virus plaques and provided the IC50 at 14.25 and 15.94 pg/mL, respectively. Whereas significantly
lower activity of RBV was presented with the IC50 at 39.5 and 84.76 pug/mL, respectively. Surprisingly, IVM at
the non-toxic level of 20 pg/mL showed no remarkable inhibition on virus plaque formation when tested with 200
plaques, while RBV remained active (IC50 at 297 ug/mL). Therefore, IVM might have some limitations as a viral
inhibitor at high viral loads due to the concentration used in the in vitro testing. However, IVM at the non-toxic
level provided 3-5 times more effective as compared to RBV.

In another experiment, incubation of DEN infected cells with varying concentrations of the tested compounds
revealed that [IVM has 8.8 times higher antiviral activity compared to RBV by 24 h. of incubation. However, RBV
showed robust antiviral potential at all tested concentrations, while IVM at 2.5, 5 and 10 pg/mL were rather toxic
to the tested cell after Day 2 of incubation. Therefore, the reduction in viral particles at these concentrations during
day 2-5 was due to the mortality of the host cells, rather than the antiviral effect of [IVM. Cytotoxicity of IVM was
then depending on the concentration used, as well as the time of exposure. Caution must be taken in the experiment
using cell culture since misinterpretation was possible. IVM were also found to be more toxic to the liver cell
(HepG2) than to kidney cell (LLC-MK2 cell). Thus, IVM might have been metabolized to a more toxic substance
by the enzyme in HepG2 cells. On the other hand, toxicity of IVM to chicken primary fibroblast cell line was
reported at 100 pg/mL [11]. Therefore, its toxicity may vary depending on different cell lines as well as different
tested conditions. Nonetheless, elimination half-life of IVM in human was approximately by 1 day [24], thus
toxicity could be insignificant with a single daily dose regimen. In the combined phase 2/3 randomized double-
blinded placebo-controlled trial, a 3-day 1 daily dose of 400 pg/kg oral ivermectin had confirmed safety use [18].
Nevertheless, the clinical efficacy was not observed at the tested dose regimen. Limitation of IVM application
could partially due to its toxicity at high dose, thus the use of Ivermectin as the antiviral drug was restricted.
Interestingly, high dose IVM at 1200 pg/kg for 5 days of treatment was tested in Phase II with dose-finding and
proof of concept clinical trial without any serious adverse drug reactions [25]. However, no significant reduction
in viral load between IVM and placebo was presented. Meta-analysis of IVM for treatment of COVID-19
suggested that ivermectin does not reduce mortality risk, and thus it was lack of clinical benefit [26]. These
consequences supported the recommendation by WHO that it is not suggested to use IVM in COVID-19 patient
except in research purpose [27].

Although, it was not recommended to use in breastfeeding mothers, since IVM at 14.1 mg/mL was detected
in the milk [28]. Concern on adverse reaction of neurotoxicity due to IVM passing through the blood-brain barrier
in the breast-fed child was likely. In addition, IVM is not recommended for use in children under 5 years of age
[28] due to neurotoxicity since the drug possibly being able to cross the incompletely developed blood-brain
barrier. While the majority of dengue cases were mainly in children under 15 years of age [29], application of
IVM in infected patient was possible. Although toxicity of IVM could limit its potential use, conclusive data from
the present work provided a benefit for the application of IVM as an antiviral compound for DENV treatment in
adult. In addition, IVM was effective on various type of virus, thus it could be favorable in the area where
numerous diseases with similar symptoms could complicate disease diagnosis for early treatment. Moreover, a
broad-spectrum antiviral of IVM made it become a good choice of DEN antiviral drug in the case of co-infection.
Antiviral drugs are also essential in the short therapeutic time period since the effective tools to predict the high-
risk patients did not exist.

5. Conclusion

The effectiveness of IVM as DEN antiviral drug has been verified. The ICso of IVM was 8.8 times lower than
that of RBV after 24 h. exposure under the tested condition. This data supports the possible usage of IVM as the
antiviral drug for DEN cases. However, the limitation of IVM due to its toxicity provided a narrow range for
antiviral application. Since, all DEN serotypes could develop severe forms of disease, IVM could be valuable
antiviral drug for infected patients, especially during the outbreak.
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