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Abstract: The alphaviruses Chikungunya (CHIKV), Mayaro (MAYV), Una (UNAV), and the flavivirus
Zika (ZIKV) are emerging or re-emerging arboviruses which are responsible for frequent epidemic
outbreaks. Despite the large impact of these arboviruses on health systems, there are no approved
vaccines or treatments to fight these infections. As a consequence, there is an urgent need to discover
new antiviral drugs. Natural products are a rich source of compounds with distinct biological
activities, including antiviral properties. Thus, we aimed to explore the potential antiviral activity of
Ginkgolic acid against the arboviruses CHIKV, MAYV, UNAV, and ZIKV. Viral progeny production in
supernatants from cells treated or not treated with Ginkgolic acid was quantified by plaque-forming
assay. Ginkgolic acid’s direct virucidal activity against these arboviruses was also determined.
Additionally, viral protein expression was assessed using Western blot and immunofluorescence.
Our results reveal that Ginkgolic acid promotes a dose-dependent decrease in viral titers in all tested
viruses. Moreover, the compound demonstrated strong virucidal activity. Finally, we found that viral
protein expression was affected by treatment with this drug. Collectively, these findings suggest that
Ginkgolic acid could have broader antiviral activity.

Keywords: alphaviruses; chikungunya; Mayaro; Una; flavivirus; zika; ginkgolic acid; replication;
inhibition

1. Introduction

The Alphavirus (Togaviridae family) and Flavivirus (Flaviviridae family) genera are arthropod-borne
viruses (arboviruses) with a widespread distribution in tropical and subtropical countries [1].
Both genera are enveloped single-stranded RNA viruses of positive polarity with genomes ranging
from 10 to 12 kilobases in length [2,3]. Some members of these genera, including the Dengue (DENV),
Chikungunya (CHIKV), and Zika (ZIKV) viruses, are efficiently transmitted by the same vector,
mosquitoes of the Aedes genus [4,5]. Furthermore, in recent years, several members of these viral
genera have emerged as important human pathogens that have caused severe epidemic outbreaks at a
regional or global level [6].

Within the Alphavirus genus, 31 species of viruses have been identified and classified into
11 different complexes based on their antigenic characteristics [7,8]. According to this classification,
CHIKV, Mayaro (MAYV) and Una (UNAV) have been grouped within the Selimki Forest antigenic
complex [8]. Typically, these arthritogenic viral infections are associated with symptoms such as fever,
headache, myalgia, retro-orbital pain, rash, joint pain and in some cases, limiting and long-lasting
polyarthralgia [9,10]. Recently, severe clinical manifestations, including fatal outcomes, have been

Viruses 2020, 12, 449; doi:10.3390/v12040449 www.mdpi.com/journal/viruses

http://www.mdpi.com/journal/viruses
http://www.mdpi.com
https://orcid.org/0000-0003-3404-1313
https://orcid.org/0000-0003-1370-1407
https://orcid.org/0000-0003-1244-3477
http://dx.doi.org/10.3390/v12040449
http://www.mdpi.com/journal/viruses
https://www.mdpi.com/1999-4915/12/4/449?type=check_update&version=2


Viruses 2020, 12, 449 2 of 12

observed in patients infected with CHIKV, suggesting that some Alphavirus infections have the potential
to produce serious disease [11,12].

On the other hand, the Flavivirus genus includes medically important pathogens such as DENV,
Yellow fever virus (YFV), West Nile virus (WNV), Japanese encephalitis virus (JEV) and ZIKV [13].
Before its introduction in Brazil in 2015, ZIKV was thought to only cause mild infection [14]. However,
following the outbreak in Brazil, ZIKV infection was correlated with serious neurological disorders,
including microcephaly in newborns and the appearance of Guillain-Barré syndrome in adults [15].
Despite the large impact of these arbovirus infections on the health systems of affected countries
and the frequent emergence of new viral pathogens, there are currently no approved treatments or
vaccines to combat these infections. As a result, there is an urgent need to identify new broad-acting
antiviral drugs.

With regard to identifying new potential drugs, natural products are a rich source of molecules
with diverse biological activities [16]. Ginkgolic acid is a natural compound isolated from the seed
coats or leaves of Ginkgo biloba, a plant that is widely used in traditional Chinese medicine [17]. Earlier
reports have shown that Ginkgolic acid has antitumoral [18,19], antibacterial [20] and antiparasitic
activity [21], as well as antiviral activity against human immunodeficiency virus (HIV) [22]. Moreover,
this compound is able to inhibit SUMOylation, a post-translational protein modification that regulates
key processes in the cell [23]. Nonetheless, Ginkgolic acid’s ability to disrupt arbovirus replication
remains unexplored. The aim of this study was to evaluate the antiviral activity of Ginkgolic acid
against the arboviruses CHIKV, MAYV, UNAV, and ZIKV.

2. Materials and Methods

2.1. Cell Line Cultures and Reagents

Vero (CCL-81), Vero-E6 (CRL-1586, both obtained from ATCC, Manassas, VA, USA) and HeLa
cells (kindly provided by Dr. Carmen Rivas, CIMUS, Spain) were grown in Minimal Essential Medium
(MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM of L-Glutamine and
1% penicillin-streptomycin antibiotic solution (Gibco, Waltham, MA, USA). Cell lines were cultured at
37 ◦C under a 5% CO2 atmosphere. Ginkgolic acid C15:1 [(Z)-6-(Pentadec-8-enyl)-2-hydroxybenzoic
acid, Sigma-Aldrich, Saint Louis, MI, USA] was dissolved in Dimethyl sulfoxide (DMSO) at a 10 mM
concentration and stored at -20 ºC until use. Working solutions of Ginkgolic acid were prepared in
MEM at the indicated concentrations.

2.2. Virus Strains and Propagation

Mayaro (MAYV, AVR0565, San Martin, Peru) [24] and Una (UNAV, BT-1495-3, Bocas del Toro,
Panama) [25] strains were obtained from the World Reference Center for Emerging Viruses and
Arboviruses (WRCEVA) at University of Texas Medical Branch (UTMB), USA, and kindly provided by
Dr. Scott Weaver. Chikungunya (CHIKV, Panama_256137_2014) [26] and Zika (ZIKV, 259249) strains
were isolated from patient sera during Chikungunya and Zika outbreaks in Panama in 2014 and 2015,
respectively. Virus strains were propagated, titrated, aliquoted and stored as previously described [27].

2.3. Cytotoxicity Analysis

Ginkgolic acid toxicity was assessed following the procedures of a previous study [27]. Briefly,
2.5 × 104 Vero or HeLa cells grown in 96-well plates in MEM without phenol red were treated
with DMSO or Ginkgolic acid at a concentration of 0, 1 or 10 µM for 24 h. Then, 5 mg/mL of
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, Aldrich, Saint Louis,
MI, USA) was added to the cells, and they were incubated for 4 h. Formazan crystals were dissolved
in a solution of 4 mM HCl and 10% Triton X-100 in isopropanol, and absorbance was determined at
570 nm using a microplate reader spectrophotometer (BioTek, Winooski, VT, USA). Results are shown
as the percentage of viable cells relative to untreated control cells.
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2.4. Virus Plaque-Forming Assay

Viral titers in cell supernatants were quantified by plaque-forming assay as previously reported [27].
Briefly, 10-fold serial dilutions of infected cell supernatants were used to infect Vero-E6 (MAYV and
UNAV) or Vero cells (CHIKV and ZIKV) grown in 6-well plates and incubated for 1 h at 37 ◦C.
After virus absorption, the viruses were removed and the cells were overlaid with a solution of agar
(1%) in MEM supplemented with 2% FBS and incubated for 3 days at 37 ◦C. Then, the agar was
removed and the cells were fixed with 4% formaldehyde solution in PBS and stained with 2% crystal
violet prepared in 30% methanol. Finally, the number of plaques was counted, and the viral titers were
reported as plaque-forming units per milliliter (PFU/mL).

2.5. Viral Infection Assays

Viral infection experiments were performed in HeLa or Vero cells seeded in 12- or 24-well plates
pre-treated with DMSO or Ginkgolic acid. We used a multiplicity of infection (MOI) of 1 or 10 for each
virus tested, and the cells were incubated with DMSO or Ginkgolic acid at the indicated concentrations
and times. Cell supernatants were harvested to quantify the viral titers using a plaque-forming assay.
For the virucidal activity experiments, approximately 105 or 106 PFU of CHIKV, MAYV, UNAV or
ZIKV were incubated in serum-free MEM with 10 µM of Ginkgolic acid for 1h at 37 ◦C. Then, the virus
particles were quantified as stated above. Additionally, protein extracts from infected cells under the
different experimental conditions were obtained for protein analysis.

2.6. Immunofluorescence Assay

Vero or HeLa cells cultivated on glass coverslips were infected with CHIKV, MAYV or UNAV
at an MOI of 1. Following 24 h of infection, cells were fixed with 2% paraformaldehyde in PBS
buffer for 20 min and permeabilized with 0.25% Triton-X100. Then, the cells were blocked in 2%
bovine serum albumin solution in PBS for 20 min and stained overnight at 4 ºC with anti-CHIKV,
anti-MAYV or anti-UNAV mouse ascitic fluid (kindly provided by Dr. Scott Weaver, WRCEVA-UTMB,
USA). Afterward, cells were incubated with a Goat anti-mouse secondary antibody (Alexa Flour 488,
Invitrogen, Carlsbad, CA, USA) for 1 h in the dark. Finally, coverslips were mounted on slides with
Prolong Diamond Antifade Mountant with Dapi (Invitrogen, Carlsbad, CA, USA), and the images were
captured with an FV1000 Flowview Confocal microscope (Olympus, Lombard, IL, USA). The pictures
were analyzed with ImageJ software. The number of virus-positive cells were estimated in at least
10 fields and denoted as the percentage of positive cells.

2.7. Protein Analysis

Viral protein expression was assessed by Western blot as previously described [27]. Briefly, Vero
or HeLa cells were infected with CHIKV, MAYV or UNAV and after 1 h of virus absorption, 10 µM
Ginkgolic acid or 0.1% DMSO, both dissolved in fresh MEM, were added to the cells. Then, at different
times post-infection, protein extracts were obtained in Laemmli buffer with 10% Dithiothreitol (Bio-Rad,
Hercules, CA, USA). Proteins were fractionated in SDS-PAGE, transferred to nitrocellulose membranes
and blocked in a 5% non-fat milk solution in T-TBS buffer for 30 min. Membranes were incubated
overnight at 4 ◦C with the following primary antibodies: rabbit polyclonal anti-E1, rabbit polyclonal
anti-nsP1 (both of which were previously validated against alphaviruses in our laboratory [27]),
and mouse monoclonal anti-β-actin (8H10D10, Cat. # 3700, Cell Signaling Technology, Danvers, MA,
USA). Next, the membranes were washed 3 times in T-TBS buffer and incubated with HRP-conjugated
goat anti-rabbit (Cat. # 926-80011) or goat anti-mouse (Cat. # 926-80010) secondary antibodies
(LI-COR, Lincoln, NE, USA) at room temperature for 1 h. Finally, the membranes were incubated
with SignalFireTM ECL Reagent (Cell Signaling Technology, Danvers, MA, USA) for 5 min and the
quimioluminescent signal was detected with a C-Digit scanner (LI-COR, Lincoln, NE, USA).
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2.8. Statistical Analysis

Data were analyzed with the Mann & Whitney test and One- or Two-way ANOVA test using
GraphPad Prism Software version 8.4.0 for Mac. A p value < 0.05 was considered as statistically
significant. All experiments were performed at least 3 times with 3 replicates. For each experiment,
mean and standard deviation are shown.

3. Results

3.1. Ginkgolic Acid Reduces Alphavirus Progeny Yield

To examine the effect of Ginkgolic acid on alphavirus replication, we performed a kinetic infection
in Vero or HeLa cells. The cells were pre-treated with Ginkgolic acid or DMSO for 1 h; then we removed
the medium with the treatments, and the cells were infected with CHIKV, MAYV or UNAV. After 1 h
of virus absorption, we added Ginkgolic acid or DMSO in fresh medium and viral progeny production
in the cell supernatants was quantified by plaque-forming assay at the indicated times post-infection.
As shown in Figure 1A–C, we observed a time-dependent increase in viral titers in DMSO-treated cells.
On the other hand, in Ginkgolic acid-treated cells we found a significant reduction in viral yields for
all tested viruses (Figure 1A–C). In order to confirm these results, we evaluated the presence of viral
antigens in infected cells treated or not treated with Ginkgolic acid using immunofluorescence. These
assays revealed that Ginkgolic acid treatment promotes a considerable decrease in the percentage of
cells that demonstrate positive staining for the viral antigens (Figure 1D–E). To discard the possibility
that the observed effect of Ginkgolic acid on viral replication was due to drug cytotoxicity, we assessed
cell viability in Vero or HeLa cells incubated with different concentrations of the compound using the
MTT method. In these experiments, we did not see a significant decline in cell viability after 24 h of
incubation with Ginkgolic acid (Figure S1). Taken together, these results indicate that Ginkgolic acid
affects the alphaviruses’ progeny yields.
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Figure 1. Ginkgolic acid impairs Alphavirus progeny production. Vero (A) and HeLa (B,C) cells were
pre-treated with Ginkgolic acid at 10 µM or 0.1% DMSO as a control for 1 h. Then, the medium with
the treatment was removed and the cells were infected with CHIKV, MAYV or UNAV at an MOI
of 10. After 1 h of virus absorption, fresh medium was added with Ginkgolic acid or DMSO and
the cells were incubated for 16 or 24 h post-infection (hpi). Viral progeny yield in cell supernatants
collected at indicated times were quantified by plaque-forming assay. Viral titers were represented
as plaque-forming units per milliliter (PFU/mL). Statistically significant differences were assessed
with the Two-way ANOVA test: * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. (D,E) Vero
or Hela cells grown on glass cover slips were pre-treated with Ginkgolic acid or DMSO and then
infected with the Alphavirus at an MOI of 1. After 24 h of incubation with the treatment, cells were
fixed and stained with anti-CHIKV, anti-MAYV or anti-UNAV mouse primary antibodies, followed by
an Alexa-Flour 488 mouse secondary antibody. Cell nuclei were stained with Dapi (in blue). Images
were obtained with a confocal microscope and analyzed with ImageJ software. The percentage of
viral antigen-positive cells was evaluated in at least 10 fields for each experimental condition. These
data were analyzed with the Two-way ANOVA test. Statistically significant differences are shown:
*** p < 0.001 and **** p < 0.0001. Scale bar, 50 µm.

3.2. Alphavirus Titer Decrease Is Ginkgolic Acid Concentration-Dependent

To evaluate whether Alphavirus progeny reduction is affected by drug concentration, we pre-treated
Vero or HeLa cells with different concentrations of Ginkgolic acid before being infected with CHIKV,
MAYV or UNAV, and the viral progeny production was measured as above. The viral progeny yields
in DMSO-treated cells reached between 108 and 1012 PFU/mL, depending on the Alphavirus being
tested (Figure 2). However, in Ginkgolic acid-treated cells, we found a significant dose-dependent
decrease in viral titers (Figure 2).
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Figure 2. Ginkgolic acid’s effect on viral yield is concentration-dependent. Vero (A) and HeLa (B,C)
cells were pre-treated with increasing concentrations of Ginkgolic acid and infected with CHIKV, MAYV
or UNAV as previously described. After 24 h of incubation with the treatment or DMSO, production
of infectious viral particles was quantified as previously described. Viral titers were represented as
plaque-forming units per milliliter (PFU/mL). Experimental data were analyzed with the One-way
ANOVA Test. Statistically significant differences are shown: * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

3.3. Virucidal Activity of Ginkgolic Acid against Alphavirus

In order to analyze if Ginkgolic acid has a direct effect on the infectivity of Alphavirus particles,
we incubated 106 PFU of CHIKV, MAYV or UNAV in serum-free medium with the Ginkgolic acid
or DMSO at 37 ◦C for 1 h. Subsequently, the remaining virus in each experimental condition was
quantified as previously indicated. As shown in Figure 3, Ginkgolic acid had a strong effect on viral
infectivity; we found significant decreases of 4 to 5 logs in viral titers. These results suggest that
Ginkgolic acid impairs the infectivity of Alphavirus particles.
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3.4. Ginkgolic Acid Disrupts an Early Stage in the Alphavirus Replication Cycle

Given that we observed an antiviral effect when we pre-treated the cells or directly incubated
the viruses with Ginkgolic acid, we decided to determine if this molecule is able to block Alphavirus
replication after virus absorption. To investigate this, we performed time addition experiments in
which we added Ginkgolic acid or DMSO at indicated times after 1 h of virus absorption (time 0 hpi);
then we collected the cell supernatants at 24 hpi to measure viral progeny yields. These assays revealed
that Ginkgolic acid only promoted a decline in Alphavirus progeny yields when the drug was applied
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in the first 2 hpi (Figure 4A–C). In the case of UNAV, we still noted a modest inhibitory effect at 4 hpi
(Figure 4C). Altogether, these findings suggest that Ginkgolic acid inhibits Alphavirus replication at an
early stage of the viral cycle.
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production was measured in the cell supernatants after 24 h of incubation with the Ginkgolic acid or
DMSO as previously indicated. The viral titers were expressed as plaque-forming units per milliliter
(PFU/mL). Data were analyzed with the Two-way ANOVA test. Statistically significant differences are
shown: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: non-significant.

3.5. Ginkgolic acid Suppresses the Expression of Alphavirus Proteins

The previous results suggest that Ginkgolic acid could also have a negative effect on a post-entry
step in the Alphavirus cycle. With respect to this, we wanted to explore other possible mechanisms by
which Ginkgolic acid inhibits Alphavirus replication. Thus, we assessed the expression of viral proteins
structural E1 and non-structural nsP1 in cell lysates obtained from cells infected with CHIKV, MAYV,
or UNAV and treated with Ginkgolic acid or DMSO at different times. As shown in Figure 5A,C,E,
we detected strong expression of both E1 and nsP1 proteins in DMSO-treated cells at 24 hpi for all
evaluated alphaviruses. Conversely, Ginkgolic acid treatment resulted in a notable suppression of
viral protein expression (Figure 5A,C,E). Furthermore, a semi-quantitative densitometric analysis for
both viral proteins confirmed these findings (Figure 5B,D,F). Collectively, these results indicate that
Ginkgolic acid affects the expression of Alphavirus proteins.
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Figure 5. Ginkgolic acid affects alphavirus protein expression. Vero or HeLa cells were infected with
CHIKV (A), MAYV (C), or UNAV (E) at an MOI of 10. After 1 h of virus absorption, Ginkgolic acid or
DMSO were applied to the cells. At different times post-infection, the levels of E1 and nsP1 proteins
were assessed by Western blot (WB). β-actin protein was used as a loading control. MW: Molecular
weight. kDa: kilodaltons. B,D,F. Intensity bands for both E1 and nsP1 proteins were quantified using
ImageJ software and normalized with β-actin protein. Data were analyzed with the Two-way ANOVA
test. Statistically significant differences are shown: *** p < 0.001; **** p < 0.0001.

3.6. Ginkgolic Acid also Blocks Zika Virus Replication

Since our results suggested that Ginkgolic acid is able to inhibit the replication of different closely
related viruses within the Alphavirus genus, we tried to determine if this compound has broader
antiviral activity. To test this hypothesis, we decided to analyze Ginkgolic acid’s ability to affect the
replication of the emerging Flavivirus ZIKV. To do this, Vero cells were pre-treated with Ginkgolic
acid or DMSO as described earlier and infected at different times with ZIKV; then viral progeny
production was measured by plaque-forming assay. In DMSO-treated cells, we observed a clear
time-dependent increase in viral titers (Figure 6A). In contrast, in the Ginkgolic acid-treated cells, there
was an appreciable reduction in viral progeny production in both tested times and this effect was
dose-dependent (Figure 6A,B). To verify whether the virucidal activity of Ginkgolic acid observed with
CHIKV, MAYV or UNAV also occurred with ZIKV, we incubated 105 PFU of the virus in serum-free
medium that contained the drug or DMSO as a control. These experiments revealed again that
Ginkgolic acid had a potent inhibitory effect on the virus’ infectivity capacity (Figure 6C). Finally,
we performed a time addition experiment as previously described to evaluate in which stage of the
ZIKV life cycle the treatment was affecting. As shown in Figure 6D, we found that Ginkgolic acid only
affected ZIKV replication when it was administered in the first 2 hpi as we observed in the experiments
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with the alphaviruses. These findings indicate that Ginkgolic acid also exhibits inhibitory activity
against ZIKV and suggests that this compound could have broader antiviral activity.
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Figure 6. Ginkgolic acid also inhibits Zika virus (ZIKV) replication. (A) Vero cells were pre-treated
with 10 µM Ginkgolic acid or 0.1% DMSO. After 1 h of incubation, the treatment medium was removed
and the cells were infected with ZIKV at a multiplicity of infection (MOI) of 10. Then, fresh medium
with Ginkgolic acid or DMSO was added to the cells and they were incubated for 16 or 24 hpi. Viral
progeny production in the cell supernatants was measured as previously mentioned. (B) Vero cells
were pre-treated with increasing concentrations of Ginkgolic acid and then infected with ZIKV as
above. Viral titers in cell supernatants were quantified as previously described. (C) Nearly 105 PFU of
ZIKV were incubated in serum-free medium with Ginkgolic acid or DMSO as described previously.
The remaining virus in both experimental conditions was titrated using plaque-forming assay. (D) Vero
cells were infected with ZIKV; after 1 h of virus absorption, Ginkgolic acid was added to the cells at the
indicated times. Viral production was evaluated as previously described. Viral titers were expressed as
plaque-forming units per milliliter (PFU/mL). Data were analyzed with the One- or Two-way ANOVA
test and Mann & Whitney test. Statistically significant differences are shown: ** p < 0.01; *** p < 0.001;
**** p < 0.0001; ns: non-significant. .

4. Discussion

Emerging arboviruses represent a serious threat to global public health [28]. To date, there are no
FDA-approved antivirals to combat these infections and protective vaccines are still being developed.
In addition, the spread of several arboviruses to new territories and the increasing availability of
arthropod vectors, frequently promotes outbreaks in high-risk regions [29,30]. As a consequence, there
is an imperative demand to find new antivirals with potential broader activity.

In this study, we assessed the possible antiviral activity of the natural compound Ginkgolic acid
against CHIKV, MAYV, UNAV, and ZIKV. Our results indicate that this drug is capable of reducing
replication in a dose-dependent manner in all tested arboviruses. Previous studies suggest that
Ginkgolic acid has diverse biological activities, among them, antibacterial [20], antiparasitic [21,31],
anti-inflammatory [32] and antitumoral activity [18,19,33]. In addition, other studies have demonstrated
that this molecule can inhibit HIV protease in a cell-free system and HIV infection in human peripheral
blood mononuclear cells [22,34].



Viruses 2020, 12, 449 10 of 12

Given that several natural compounds have the ability to directly affect viral particles’ infectivity,
we explored the putative virucidal effect of Ginkgolic acid on arboviruses. These experiments show that
Ginkgolic acid has a strong effect on infectivity for all the arboviruses evaluated. This is supported by
previous reports of other natural molecules, such as Cucurmin, Epigallocatechin gallate, and Luteolin,
demonstrating virucidal activity against ZIKV, CHIKV and JEV, respectively [35–37].

Natural molecules can disturb viral replication at different stages of the viral life cycle, including
viral entry, viral protein expression, assembly and viral release [38–40]. With this in mind, we
performed a time addition experiment to evaluate the impact of Ginkgolic acid on arbovirus life
cycles. Our findings suggest that this compound affects the immediate early or early phase of virus
replication. In connection with this, we decided to study alternative mechanisms by which Ginkgolic
acid could prevent Alphavirus replication. Thus, we assessed the expression of viral proteins E1 and
nsP1 using Western blot. These analyses suggest that Ginkgolic acid suppresses the expression of both
viral proteins. Other studies have shown that natural compounds, such as Harringtonine can inhibit
CHIKV replication through the suppression of viral protein expression.

Although our in vitro results suggest that Ginkgolic acid may have the potential to act as an
antiviral drug, its transition toward a therapeutic use presents some important challenges. Some
studies have revealed that Ginkgolic acid demonstrates cytotoxic activity at high concentrations in
different cell lines [41,42]. Similar findings on cytotoxicity have been reported using animals [43].
However, one pharmacokinetic study showed that Ginkgolic acid can be detected at micromolar levels
in rat plasma following oral administration of a small dose (10 mg/kg), suggesting that non-cytotoxic
doses of this compound could be used in animal models to evaluate its possible antiviral activity [44].
With respect to this, further detailed studies are required to evaluate the efficacy and safety of this
compound as an antiviral drug in an animal infection model. However, to our knowledge, this is the
first time that Ginkgolic acid’s broader antiviral activity against different arthropod-borne viruses has
been demonstrated.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/4/449/s1,
Figure S1: Cytotoxicity evaluation of Ginkgolic acid in Vero or HeLa cells.

Author Contributions: Conceptualization, J.G.-S.; methodology, D.C., S.N., Y.Y.L.-G., M.S. and J.G.-S.; validation,
D.C. and J.G.-S.; formal analysis, D.C. and J.G.-S.; investigation, D.C., S.N., Y.Y.L.-G., M.S. and J.G.-S.; resources,
J.G.-S.; writing—original draft preparation, J.G.-S.; writing—review and editing, D.C., S.N., Y.Y.L.-G., M.S. and
J.G.-S.; visualization, D.C. and J.G.-S.; supervision, J.G.-S.; project administration, J.G.-S.; funding acquisition,
J.G.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from Secretaría Nacional de Ciencia, Tecnología e Innovación de
Panamá (SENACYT), grant FID017-2016, Ministerio de Economía y Finanzas, grant 0090044.060 and Ministerio de
Salud (MINSA), Project 17-137. J.G.-S was supported by Sistema Nacional de Investigación (SNI from SENACYT).

Acknowledgments: We thank Scott Weaver (WRCEVA, UTMB, USA) for providing antibodies and Mayaro and
Una virus strains. Brechla Moreno and Rodolfo Contreras for their support with the laboratory facilities, Leticia
Franco for critical review of the manuscript, and all administrative personnel from ICGES for their assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weaver, S.C. Urbanization and geographic expansion of zoonotic arboviral diseases: Mechanisms and
potential strategies for prevention. Trends Microbiol. 2013, 21, 360–363. [CrossRef]

2. Leung, J.Y.; Ng, M.M.; Chu, J.J. Replication of alphaviruses: A review on the entry process of alphaviruses
into cells. Adv. Virol 2011, 2011, 249640. [CrossRef] [PubMed]

3. Mazeaud, C.; Freppel, W.; Chatel-Chaix, L. The Multiples Fates of the Flavivirus RNA Genome During
Pathogenesis. Front. Genet. 2018, 9, 595. [CrossRef] [PubMed]

4. Conway, M.J.; Colpitts, T.M.; Fikrig, E. Role of the Vector in Arbovirus Transmission. Annu. Rev. Virol 2014,
1, 71–88. [CrossRef] [PubMed]

5. Kauffman, E.B.; Kramer, L.D. Zika Virus Mosquito Vectors: Competence, Biology, and Vector Control.
J. Infect. Dis. 2017, 216, S976–S990. [CrossRef]

http://www.mdpi.com/1999-4915/12/4/449/s1
http://dx.doi.org/10.1016/j.tim.2013.03.003
http://dx.doi.org/10.1155/2011/249640
http://www.ncbi.nlm.nih.gov/pubmed/22312336
http://dx.doi.org/10.3389/fgene.2018.00595
http://www.ncbi.nlm.nih.gov/pubmed/30564270
http://dx.doi.org/10.1146/annurev-virology-031413-085513
http://www.ncbi.nlm.nih.gov/pubmed/26958715
http://dx.doi.org/10.1093/infdis/jix405


Viruses 2020, 12, 449 11 of 12

6. Gould, E.; Pettersson, J.; Higgs, S.; Charrel, R.; de Lamballerie, X. Emerging arboviruses: Why today?
One Health 2017, 4, 1–13. [CrossRef]

7. Rupp, J.C.; Sokoloski, K.J.; Gebhart, N.N.; Hardy, R.W. Alphavirus RNA synthesis and non-structural protein
functions. J. Gen. Virol 2015, 96, 2483–2500. [CrossRef]

8. Martins, K.A.; Gregory, M.K.; Valdez, S.M.; Sprague, T.R.; Encinales, L.; Pacheco, N.; Cure, C.;
Porras-Ramirez, A.; Rico-Mendoza, A.; Chang, A.; et al. Neutralizing Antibodies from Convalescent
Chikungunya Virus Patients Can Cross-Neutralize Mayaro and Una Viruses. Am. J. Trop Med. Hyg. 2019,
100, 1541–1544. [CrossRef]

9. Suhrbier, A.; Jaffar-Bandjee, M.C.; Gasque, P. Arthritogenic alphaviruses–an overview. Nat. Rev. Rheumatol.
2012, 8, 420–429. [CrossRef]

10. Lwande, O.W.; Obanda, V.; Bucht, G.; Mosomtai, G.; Otieno, V.; Ahlm, C.; Evander, M. Global emergence of
Alphaviruses that cause arthritis in humans. Infect. Ecol. Epidemiol. 2015, 5, 29853. [CrossRef]

11. Bonifay, T.; Prince, C.; Neyra, C.; Demar, M.; Rousset, D.; Kallel, H.; Nacher, M.; Djossou, F.; Epelboin, L.;
Char Chik Working, g. Atypical and severe manifestations of chikungunya virus infection in French Guiana:
A hospital-based study. PLoS ONE 2018, 13, e0207406. [CrossRef]

12. Brito, C.A.A. Alert: Severe cases and deaths associated with Chikungunya in Brazil. Rev. Soc. Bras. Med. Trop.
2017, 50, 585–589. [CrossRef]

13. Evans, M.V.; Murdock, C.C.; Drake, J.M. Anticipating Emerging Mosquito-borne Flaviviruses in the USA:
What Comes after Zika? Trends Parasitol. 2018, 34, 544–547. [CrossRef]

14. Weaver, S.C.; Charlier, C.; Vasilakis, N.; Lecuit, M. Zika, Chikungunya, and Other Emerging Vector-Borne
Viral Diseases. Annu. Rev. Med. 2018, 69, 395–408. [CrossRef]

15. Vasconcelos, P.F.; Calisher, C.H. Emergence of Human Arboviral Diseases in the Americas, 2000-2016.
Vector Borne Zoonotic Dis. 2016, 16, 295–301. [CrossRef]

16. Cragg, G.M.; Newman, D.J. Natural products: A continuing source of novel drug leads. Biochim. Biophys. Acta
2013, 1830, 3670–3695. [CrossRef]

17. Van Beek, T.A.; Wintermans, M.S. Preparative isolation and dual column high-performance liquid
chromatography of ginkgolic acids from Ginkgo biloba. J. Chromatogr. A 2001, 930, 109–117. [CrossRef]

18. Qiao, L.; Zheng, J.; Jin, X.; Wei, G.; Wang, G.; Sun, X.; Li, X. Ginkgolic acid inhibits the invasiveness of colon
cancer cells through AMPK activation. Oncol. Lett. 2017, 14, 5831–5838. [CrossRef]

19. Ma, J.; Duan, W.; Han, S.; Lei, J.; Xu, Q.; Chen, X.; Jiang, Z.; Nan, L.; Li, J.; Chen, K.; et al. Ginkgolic acid
suppresses the development of pancreatic cancer by inhibiting pathways driving lipogenesis. Oncotarget
2015, 6, 20993–21003. [CrossRef]

20. Hua, Z.; Wu, C.; Fan, G.; Tang, Z.; Cao, F. The antibacterial activity and mechanism of ginkgolic acid C15:1.
BMC Biotechnol. 2017, 17, 5. [CrossRef]

21. Chen, S.X.; Wu, L.; Jiang, X.G.; Feng, Y.Y.; Cao, J.P. Anti-Toxoplasma gondii activity of GAS in vitro.
J. Ethnopharmacol. 2008, 118, 503–507. [CrossRef]

22. Lu, J.M.; Yan, S.; Jamaluddin, S.; Weakley, S.M.; Liang, Z.; Siwak, E.B.; Yao, Q.; Chen, C. Ginkgolic acid
inhibits HIV protease activity and HIV infection in vitro. Med. Sci. Monit. 2012, 18, BR293–BR298. [CrossRef]

23. Fukuda, I.; Ito, A.; Hirai, G.; Nishimura, S.; Kawasaki, H.; Saitoh, H.; Kimura, K.; Sodeoka, M.; Yoshida, M.
Ginkgolic acid inhibits protein SUMOylation by blocking formation of the E1-SUMO intermediate. Chem. Biol.
2009, 16, 133–140. [CrossRef]

24. Powers, A.M.; Aguilar, P.V.; Chandler, L.J.; Brault, A.C.; Meakins, T.A.; Watts, D.; Russell, K.L.; Olson, J.;
Vasconcelos, P.F.; Da Rosa, A.T.; et al. Genetic relationships among Mayaro and Una viruses suggest distinct
patterns of transmission. Am. J. Trop. Med. Hyg. 2006, 75, 461–469. [CrossRef]

25. Causey, O.R.; Casals, J.; Shope, R.E.; Udomsakdi, S. Aura and Una, Two New Group a Arthropod-Borne
Viruses. Am. J. Trop. Med. Hyg. 1963, 12, 777–781. [CrossRef]

26. Carrera, J.P.; Diaz, Y.; Denis, B.; Barahona de Mosca, I.; Rodriguez, D.; Cedeno, I.; Arauz, D.; Gonzalez, P.;
Cerezo, L.; Moreno, L.; et al. Unusual pattern of chikungunya virus epidemic in the Americas, the Panamanian
experience. PLoS Negl. Trop Dis. 2017, 11, e0005338. [CrossRef]

27. Llamas-Gonzalez, Y.Y.; Campos, D.; Pascale, J.M.; Arbiza, J.; Gonzalez-Santamaria, J. A Functional
Ubiquitin-Proteasome System is Required for Efficient Replication of New World Mayaro and Una
Alphaviruses. Viruses 2019, 11, 370. [CrossRef]

http://dx.doi.org/10.1016/j.onehlt.2017.06.001
http://dx.doi.org/10.1099/jgv.0.000249
http://dx.doi.org/10.4269/ajtmh.18-0756
http://dx.doi.org/10.1038/nrrheum.2012.64
http://dx.doi.org/10.3402/iee.v5.29853
http://dx.doi.org/10.1371/journal.pone.0207406
http://dx.doi.org/10.1590/0037-8682-0479-2016
http://dx.doi.org/10.1016/j.pt.2018.02.010
http://dx.doi.org/10.1146/annurev-med-050715-105122
http://dx.doi.org/10.1089/vbz.2016.1952
http://dx.doi.org/10.1016/j.bbagen.2013.02.008
http://dx.doi.org/10.1016/S0021-9673(01)01194-3
http://dx.doi.org/10.3892/ol.2017.6967
http://dx.doi.org/10.18632/oncotarget.3663
http://dx.doi.org/10.1186/s12896-016-0324-3
http://dx.doi.org/10.1016/j.jep.2008.05.023
http://dx.doi.org/10.12659/MSM.883261
http://dx.doi.org/10.1016/j.chembiol.2009.01.009
http://dx.doi.org/10.4269/ajtmh.2006.75.461
http://dx.doi.org/10.4269/ajtmh.1963.12.777
http://dx.doi.org/10.1371/journal.pntd.0005338
http://dx.doi.org/10.3390/v11040370


Viruses 2020, 12, 449 12 of 12

28. Marston, H.D.; Folkers, G.K.; Morens, D.M.; Fauci, A.S. Emerging viral diseases: Confronting threats with
new technologies. Sci. Transl. Med. 2014, 6, 253ps210. [CrossRef]

29. Huang, Y.S.; Higgs, S.; Vanlandingham, D.L. Emergence and re-emergence of mosquito-borne arboviruses.
Curr. Opin. Virol. 2019, 34, 104–109. [CrossRef]

30. Liang, G.; Gao, X.; Gould, E.A. Factors responsible for the emergence of arboviruses; strategies, challenges
and limitations for their control. Emerg. Microbes Infect. 2015, 4, e18. [CrossRef]

31. Ugwu, C.E.; Jiang, Y.Y.; Wu, L.; Xu, Y.X.; Yin, J.H.; Duan, L.P.; Chen, S.X.; Liu, H.; Pan, W.; Quan, H.; et al.
In vitro Screening of Ginkgolic Acids for Antiparasitic Activity against Cryptosporidium andersoni.
Biomed. Environ. Sci. 2019, 32, 300–303. [CrossRef]

32. Li, J.; Li, A.; Li, M.; Liu, Y.; Zhao, W.; Gao, D. Ginkgolic acid exerts an anti-inflammatory effect in human
umbilical vein endothelial cells induced by ox-LDL. Pharmazie 2018, 73, 408–412. [CrossRef]

33. Zhou, C.; Li, X.; Du, W.; Feng, Y.; Kong, X.; Li, Y.; Xiao, L.; Zhang, P. Antitumor effects of ginkgolic
acid in human cancer cell occur via cell cycle arrest and decrease the Bcl-2/Bax ratio to induce apoptosis.
Chemotherapy 2010, 56, 393–402. [CrossRef]

34. Lee, J.S.; Hattori, M.; Kim, J. Inhibition of HIV-1 protease and RNase H of HIV-1 reverse transcriptase activities
by long chain phenols from the sarcotestas of Ginkgo biloba. Planta Med. 2008, 74, 532–534. [CrossRef]

35. Mounce, B.C.; Cesaro, T.; Carrau, L.; Vallet, T.; Vignuzzi, M. Curcumin inhibits Zika and chikungunya virus
infection by inhibiting cell binding. Antivir. Res. 2017, 142, 148–157. [CrossRef]

36. Fan, W.; Qian, S.; Qian, P.; Li, X. Antiviral activity of luteolin against Japanese encephalitis virus. Virus Res.
2016, 220, 112–116. [CrossRef]

37. Weber, C.; Sliva, K.; von Rhein, C.; Kummerer, B.M.; Schnierle, B.S. The green tea catechin, epigallocatechin
gallate inhibits chikungunya virus infection. Antivir. Res. 2015, 113, 1–3. [CrossRef]

38. Lin, L.T.; Chen, T.Y.; Lin, S.C.; Chung, C.Y.; Lin, T.C.; Wang, G.H.; Anderson, R.; Lin, C.C.; Richardson, C.D.
Broad-spectrum antiviral activity of chebulagic acid and punicalagin against viruses that use glycosaminoglycans
for entry. BMC Microbiol. 2013, 13, 187. [CrossRef]

39. Bertol, J.W.; Rigotto, C.; de Padua, R.M.; Kreis, W.; Barardi, C.R.; Braga, F.C.; Simoes, C.M. Antiherpes activity
of glucoevatromonoside, a cardenolide isolated from a Brazilian cultivar of Digitalis lanata. Antivir. Res.
2011, 92, 73–80. [CrossRef]

40. Schwarz, S.; Sauter, D.; Wang, K.; Zhang, R.; Sun, B.; Karioti, A.; Bilia, A.R.; Efferth, T.; Schwarz, W.
Kaempferol derivatives as antiviral drugs against the 3a channel protein of coronavirus. Planta Med. 2014,
80, 177–182. [CrossRef]

41. Berg, K.; Braun, C.; Krug, I.; Schrenk, D. Evaluation of the cytotoxic and mutagenic potential of three
ginkgolic acids. Toxicology 2015, 327, 47–52. [CrossRef] [PubMed]

42. Liu, Z.H.; Zeng, S. Cytotoxicity of ginkgolic acid in HepG2 cells and primary rat hepatocytes. Toxicol. Lett.
2009, 187, 131–136. [CrossRef] [PubMed]

43. Qian, Y.; Peng, Y.; Shang, E.; Zhao, M.; Yan, L.; Zhu, Z.; Tao, J.; Su, S.; Guo, S.; Duan, J.A. Metabolic
profiling of the hepatotoxicity and nephrotoxicity of Ginkgolic acids in rats using ultra-performance liquid
chromatography-high-definition mass spectrometry. Chem. Biol. Interact. 2017, 273, 11–17. [CrossRef]

44. Xia, H.; Wang, X.; Li, L.; Wang, S.; Guo, C.; Liu, Y.; Yu, L.; Jiang, H.; Zeng, S. Development of high performance
liquid chromatography/electrospray ionization mass spectrometry for assay of ginkgolic acid (15:1) in rat
plasma and its application to pharmacokinetics study. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2010,
878, 2701–2706. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/scitranslmed.3009872
http://dx.doi.org/10.1016/j.coviro.2019.01.001
http://dx.doi.org/10.1038/emi.2015.18
http://dx.doi.org/10.3967/bes2019.040
http://dx.doi.org/10.1681/ph.2018.8397
http://dx.doi.org/10.1159/000317750
http://dx.doi.org/10.1055/s-2008-1074497
http://dx.doi.org/10.1016/j.antiviral.2017.03.014
http://dx.doi.org/10.1016/j.virusres.2016.04.021
http://dx.doi.org/10.1016/j.antiviral.2014.11.001
http://dx.doi.org/10.1186/1471-2180-13-187
http://dx.doi.org/10.1016/j.antiviral.2011.06.015
http://dx.doi.org/10.1055/s-0033-1360277
http://dx.doi.org/10.1016/j.tox.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25448085
http://dx.doi.org/10.1016/j.toxlet.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19429255
http://dx.doi.org/10.1016/j.cbi.2017.05.020
http://dx.doi.org/10.1016/j.jchromb.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20829122
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Line Cultures and Reagents 
	Virus Strains and Propagation 
	Cytotoxicity Analysis 
	Virus Plaque-Forming Assay 
	Viral Infection Assays 
	Immunofluorescence Assay 
	Protein Analysis 
	Statistical Analysis 

	Results 
	Ginkgolic Acid Reduces Alphavirus Progeny Yield 
	Alphavirus Titer Decrease Is Ginkgolic Acid Concentration-Dependent 
	Virucidal Activity of Ginkgolic Acid against Alphavirus 
	Ginkgolic Acid Disrupts an Early Stage in the Alphavirus Replication Cycle 
	Ginkgolic acid Suppresses the Expression of Alphavirus Proteins 
	Ginkgolic Acid also Blocks Zika Virus Replication 

	Discussion 
	References

