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a b s t r a c t

Dengue virus (DENV) is the most prevalent mosquito borne viral pathogen worldwide. In this work we
first evaluated the antiviral activity of natural and synthetic b-carbolines against DENV-2 multiplication
in cell cultures. We determined that the natural b-carboline harmol and a synthetic harmine derivative,
9N-methylharmine, exhibit inhibitory effect on DENV-2 production without virucidal activity. The active
compounds were inhibitory of all DENV serotypes, being DENV-2 the more susceptible to their antiviral
action. The mode of action of 9N-methylharmine against DENV-2 was further explored. We determined
that the derivative neither affects viral adsorption-internalization events nor viral RNA synthesis. The
quantification of intracellular and extracellular viral genomes and infectious virus particles indicated that
9N-methylharmine would impair the maturation and release of virus particles to the extracellular me-
dium affecting the spreading of the infection. Furthermore, we also determined that 9N-methylharmine
antiviral activity is not related to the ability of the compound to downregulate p38 MAPK
phosphorylation.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Dengue, a mosquito-borne viral infection that prevails in trop-
ical and subtropical regions of the world, is caused by any of the
four dengue virus serotypes (DENV 1e4). Dengue is endemic in
more than 100 countries and its incidence has increased 30-fold in
the past 50 years (Guzman and Harris, 2015; Simmons et al., 2015).
DENV infection presents a wide spectrum of manifestations
including asymptomatic condition, dengue fever, or severe forms,
such as dengue hemorrhagic fever and dengue shock syndrome
(John et al., 2015). There is a need for an effective dengue thera-
peutic that can prevent the development of severe complications
and reduce on-going transmission of the virus to mosquitoes and
new human hosts. Although several compounds that target virus or
host components are in development, only a few agents have been
assessed in formal clinical trials and unfortunately the assayed
compounds showed no benefit in preventing the outcome of severe
).
forms of the disease or in reducing plasma viremia (Castilla et al.,
2015; Whitehorn et al., 2014).

The use of natural sources is a well-established strategy to
obtain new substances with potential therapeutic activity (Cao
et al., 2007; Khan et al., 2013). Among alkaloids, b-carbolines (ar-
omatic structures with three 6-5-6-fused rings) are known to
present diverse biological properties. For example, harmine and
harmane, which constitute between 2 and 6% of Peganum harmala
seeds, have a wide range of therapeutic applications
(Moloudizargari et al., 2013; Nenaah, 2010; Patel et al., 2012).
Previous studies performedwith natural and synthetic b-carbolines
have shown that these compounds display antiviral activity against
herpes simplex virus (HSV), poliovirus (PV) and human immuno-
deficiency virus (Bag et al., 2014; Brahmbhatt et al., 2010; Chen
et al., 2015; Nazari Formagio et al., 2009; Wang et al., 2007). The
antiviral activity of other structurally related alkaloids against vi-
ruses with DNA and RNA genome has also been reported (Ashok
et al., 2015; Liu et al., 2014; Sako et al., 2008; Salim et al., 2010;
Song et al., 2014; van Maarseveen et al., 1999). Particularly, g-car-
bolines have been proved to be highly potent inhibitors of bovine
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viral diarrhea virus (BVDV), a bovine pathogen that belongs to the
Flaviviridae family (Sako et al., 2008, Salim et al., 2010).

Here we evaluated the antiviral activity of natural and synthetic
b-carbolines against DENV and the mode of antiviral action of the
active compound 9N-methylharmine was investigated.

2. Materials and methods

2.1. Virus and cells

The African green monkey kidney cell line Vero (ATCC CCL-81)
was grown at 37 �C in Eagle's minimum essential medium (MEM)
(GIBCO, USA) supplemented with 5% calf serum (GIBCO, USA) and
50 mg/ml gentamycin. For maintenance medium (MM) serum
concentration was reduced to 1.5%. DENV-2 strain New Guinea C
(NGC), DENV-1 strain Hawaii, DENV-3 strain H87 and DENV-4
strain 8124 were used.

2.2. Synthesis of b-carboline derivatives

Commercial b-carbolines, harmine, harmane and norharmane
purchased from Sigma Aldrich (USA) and harmol from Wako Pure
Chemical Industries Ltd. (Japan), were of analytical grade and were
used without additional purification.

9N-methylharmine, 9N-methylharmane and 9N-methylno-
rharmane were synthesized as previously described (Cao et al.,
2004, 2005). Harmol aliphatic esters with chains of 2, 3, 4, 5 or 6
carbons were obtained according to Begum et al. (2004).

Drug stocks solutions were prepared in dimethyl sulfoxide and
diluted in MM before use.

2.3. Cytotoxicity assay

Monolayers of confluent Vero cells were exposed to various
concentrations of the assayed compound in MM. After 48 h incu-
bation, cell viability was examined by the MTS colorimetric assay
(Promega, USA). The 50% cytotoxic concentration (CC50) was
defined as the compound concentration required to reduce cell
viability by 50%.

2.4. Virus yield reduction assay

Vero cells were infected with DENV at a multiplicity of infection
(MOI) of 1 or 0.1 PFU/cell. After 1 h adsorption at 37 �C cells were
covered with MM containing varying non-cytotoxic concentrations
of b-carbolines. At 48 h post-infection (p.i.), supernatant cultures
were harvested and virus yields were quantified by plaque assay in
Vero cells.

Antiviral activity was expressed as 50% effective concentration
(EC50), the compound concentration required to reduce virus yield
by 50% as compared with the untreated control cultures.

2.5. Virucidal assay

Aliquots of DENV-2 stock were incubated for 2 h at 37 �C in the
presence or absence of different concentrations of the compounds.
Next, samples were diluted in MM and tested for virus survival
using a plaque assay.

2.6. Time of addition experiment

Vero cells were pretreated with 9N-methylharmine (40 mM) for
1 h and then infected with DENV-2 (MOI ¼ 1). In other set of
infected cultures 9N-methylharmine was added at 1, 3, 5 or 8 h p.i.
and the compound was maintained till 48 h p.i. At this time
extracellular virus titer was determined from culture supernatants
and cell monolayers were subjected to two freeze-thaw cycles,
followed by low-speed centrifugation in order to quantify intra-
cellular infectivity.

2.7. Real time RT-PCR

Cells were infected with DENV-2 (MOI ¼ 1) and after 1 h
adsorption at 37 �C cultures were incubated with 9N-methyl-
harmine (40 mM) or ribavirin (80 mM) till 6 or 24 h p.i. After washing
with PBS, total RNA was extracted from cells by using TRIzol
(Invitrogen, USA) according to the manufacturer's instructions.
Then, cDNA was generated by using murine reverse transcriptase
M-MLV (Promega, USA) and the antisense primer (50-CACTACGC-
CATGCGTGTACAGC- 30) corresponding to viral 30 UTR as previously
described (Talarico and Damonte, 2007). The antisense and the
sense primer (50- CCTGTAGCTCCACCTGAGAAG-30), which allow the
amplification of nucleotides 10,419 to 10,493within the viral 30 UTR
were used to perform real time PCR using SYBRGreen (Promega,
USA) detection. Real time PCR was carried out with an initial in-
cubation at 95 �C during 3min followed by 40 cycles of 15 s at 95 �C,
1 min at 61 �C and 30 s at 72 �C. The cellular gene actin was used as
standard for normalization. Average viral RNA Ct values were
normalized to the average Ct values of actin and DDCt based fold-
change calculations were set relative to untreated-virus infected
cells using Bio-Rad iQ5 2.1software. To determine extracellular viral
genome copies culture supernatants were concentrated from ul-
tracentrifugation at 100,000g for 2 h and resuspended in TRIzol for
RNA extraction, whereas intracellular viral RNA was extracted as
described above. A standard curve was generated using in vitro
transcribed DENV replicon RNA (Alvarez et al., 2005).

2.8. Immunofluorescence assay

Vero cells grown on glass coverslips were infected with DENV-2
(MOI ¼ 1). After 1 h of virus adsorption, MM containing 9N-
methylharmine was added and cells were further incubated at
37 �C for 48 h. Then cells were fixed with methanol and further
stained using mouse monoclonal antibody anti DENV-2 E glyco-
protein (Abcam, UK) as primary antibody and anti-mouse immu-
noglobulins conjugated to isothiocyanate of fluorescein (FITC)
(Sigma-Aldrich, USA) as secondary antibody. Cells were mounted
and visualized in a fluorescence microscope (Olympus BX51). The
percentage of cells expressing viral glycoproteinwas determined by
counting twenty randomly selected fields.

2.9. Western blot analysis

Vero cells, infected or not with DENV-2 (MOI ¼ 1), were treated
with different concentrations of 9N-methylharmine during 24 h.
Then, supernatants were removed and cells were lysed in sample
buffer (BioRad, USA). SDS-PAGE and protein transference to a PVDF
membrane (Amersham, UK) was performed as previously
described (Maeto et al., 2011). After transference, membranes were
incubated in Tris-buffered saline (TBS) containing 0.1% Tween-20
and 3% bovine serum albumin (blocking buffer) and further incu-
bated overnight at 4 �C with rabbit anti P-p38 (Santa Cruz
Biotechnology, USA) as primary antibody. After several washes,
membranes were incubated for 1 h at room temperature with
peroxidase anti-rabbit IgG (Amersham, UK) as secondary antibody.
GAPDH, used as loading control, was detected with a mouse anti-
body (Abcam, UK) and peroxidase-conjugated anti-mouse IgG
(Promega, USA) was used as secondary antibody. The intensities of
protein bands, visualized by chemiluminescence detection, were
quantified using Image J software, and the relative intensity P-p38/
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GAPDH was calculated for each sample.

2.10. Statistical analysis

The 95% confidence intervals (CI) of virus titers were calculated
according to Poisson distribution from replicates of one represen-
tative experiment. Statistical significance was determined by
ANOVA analysis using data obtained from three independent ex-
periments; *p < 0.05, **p < 0.01.

3. Results

3.1. Cytotoxic and antiviral activity of natural and synthetic b-
carbolines

In order to investigate the ability of natural b-carbolines and
their synthetic derivatives to inhibit virus replication in Vero cell
cultures we first evaluated the effect of the compounds on cell
viability. For this purpose, Vero cells were treated with different
concentrations of each compound and after 48 h of incubation at
37 �C cell viability was assessed using theMTSmethod and the CC50
was determined.

Harmine was the most cytotoxic compound, indicating that the
C-7 methoxy group adversely affects cell viability (Table 1). Table 1
shows that the 9N-methylated derivatives of norharmane, harmane
and harmine display higher CC50 values than natural compounds
indicating that the methylation of the pyrrole ring caused a marked
Table 1
Antiviral activity of natural b-carbolines and their 9N-methylated derivatives against DE

Compound Structural formula M

Norharmane 16

9N-methylnorharmane 18

Harmane 18

9N-methylharmane 19

Harmine 21

9N-methylharmine 22

Vero cells infected or not with DENV-2 (MOI¼ 1) were treated with different concentratio
and CC50 (compound concentration that reduced cell viability by 50% respect to untreated
assay and EC50 (compound concentration that reduced extracellular virus yield by 50% res
experiments ± SD. SI (selectivity index): ratio CC50/EC50; I: inactive compound.

a The highest concentration tested reduced cell viability by less than 50%.
reduction in the cytotoxicity. A 25-fold, 3.6-fold and more than 1.5-
fold decrease in the cytotoxic effect with respect to the non-
methylated compounds was determined for 9N-methylharmine,
9N-methylharmane and 9N-methylnorharmane, respectively
(Table 1).

We also evaluated the effect of the natural compound harmol
and harmol aliphatic esters with chains of 2, 3, 4, 5 or 6 carbons on
Vero cell viability. Harmol was the less cytotoxic natural compound
assayed (Table 2) whereas harmol acetate and harmol propionate
displayed lower CC50 values than the natural compound (Table 2).

The antiviral activity against DENV-2 of the assayed b-carbolines
was evaluated by a virus yield inhibition assay in Vero cells. The
EC50 was determined and the selectivity index (SI) was calculated
as the ratio CC50/EC50. 9N-methylharmine and harmol were the
most active compounds against DENV-2 with SI values of 56.2 and
61.3, respectively (Table 1). The C-7 substitution present in these
compounds seems to be relevant for their inhibitory effect against
DENV-2. However, harmol derivatives with aliphatic esters as C-7
substituents do not exhibit important antiviral activity (Table 2).

The analysis of the antiviral activity of 9N-methylharmine and
harmol against other DENV serotypes revealed that the compounds
were inhibitory of all serotypes but displayed lower efficacy against
DENV-1, DENV-3 and DENV-4 in comparison to DENV-2 (Table 3).

As shown in Fig. 1A the inhibitory effect of 9N-methylharmine
against DENV-2 was similar when cells were infected either at an
MOI of 0.1 or 1 PFU/cell. We further investigated whether the active
compounds affect DENV-2 adsorption-penetration into Vero cells.
NV-2.

W CC50 (mM) EC50 (mM) SI

8 99.9 ± 5.7 I e

2 >153.5 ± 21.3a I e

2 68.7 ± 13.2 I e

6 247.9 ± 10.4 I e

2 7.1 ± 0.4 I e

6 178.6 ± 11.5 3.2 ± 0.6 56.2

ns of each compound for 48 h at 37 �C. Cell viability was assayed by the MTSmethod
cultures) was calculated. Antiviral activity was evaluated by a virus yield inhibition

pect to untreated infected cultures) was determined. Data are mean values from two



Table 2
Antiviral activity of harmol and harmol derivatives against DENV-2.

Compound Structural formula MW CC50 (mM) EC50 (mM) SI

Harmol 198 203.3 ± 1.2 3.3 ± 0.4 61.3

Harmol acetate 240 62.1 ± 6.4 I e

Harmol propionate 254 62.1 ± 1.8 I e

Harmol butyrate 268 153.5 ± 12.2 39.2 ± 1.3 3.9

Harmol valerate 282 580.9 ± 3.9 61.6 ± 1.5 9.4

Harmol caprate 296 220.4 ± 5.5 87.6 ± 1.3 2.5

Vero cells infected or not with DENV-2 (MOI¼ 1) were treated with different concentrations of each compound for 48 h at 37 �C. Cell viability was assayed by the MTSmethod
and CC50 (compound concentration that reduced cell viability by 50% respect to untreated cultures) was calculated. Antiviral activity was evaluated by a virus yield inhibition
assay and EC50 (compound concentration that reduced extracellular virus yield by 50% respect to untreated infected cultures) was determined. Data are mean values from two
experiments ± SD. SI (selectivity index): ratio CC50/EC50; I: inactive compound.

Table 3
Antiviral activity of 9N-methylharmine and harmol against other DENV serotypes.

Compound DENV-1 DENV-3 DENV-4

9N-methylharmine EC50 (mM) 49.5 ± 2.5 33.7 ± 1.3 16.3 ± 1.2
Harmol EC50 (mM) 10.1 ± 1.1 7.7 ± 1.1 21.1 ± 1.5

Vero cells infected with DENV-1, DENV-3 or DENV-4 (MOI ¼ 1) were treated with
different concentrations of 9N-methylharmine or harmol for 48 h. Then extracel-
lular virus yields were quantified and EC50 (compound concentration that reduced
extracellular virus yield by 50% respect to untreated infected cultures) values were
calculated. Data are mean values from two experiments ± SD.

Fig. 1. Inhibitory effect of active b-carbolines on DENV-2 multiplication. (A) Vero cells we
cells were covered with MM containing 9N-methylharmine (20 or 40 mM). At 48 h p.i. ext
determinations ± SD. (B) Vero cells were infected with DENV-2 (MOI ¼ 1) in the presence of
with DENV-2 (MOI ¼ 1) and after 1 h of infection, harmol or 9N-methylharmine (40 mM) w
collected at 48 h p.i. and extracellular virus production was determined by plaque assay. D
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The presence of harmol or 9N-methylharmine during the first hour
of infection did not affect virus multiplication (Fig. 1B). By contrast,
a marked reduction in virus yields was observed when the com-
pounds were added at 1 h p.i. and maintained for 48 h.

3.2. Lack of harmol and 9N-methylharmine virucidal action against
DENV-2

In order to determine whether the compounds that display
antiviral activity are able to cause a direct inactivating effect on
re infected with DENV-2 at a MOI of 0.1 or 1 PFU/cell and after 1 h adsorption at 37 �C,
racellular virus yield was quantified by plaque assay. Data are mean values from two
harmol or 9N-methylharmine (40 mM) for 1 h (0e1 h p.i.). Other cultures were infected
as added and maintained for 48 h (1e48 h p.i.). In all cases culture supernatants were
ata are mean values from two independent experiments ± standard deviation (SD).
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DENV-2 particles we performed a virucidal assay by incubation of
viral suspensions with different concentrations of the active com-
pounds. No virucidal activity was detected either for harmol or for
9N-methylharmine (Fig. 2).

3.3. Antiviral mode of action of 9N-methylharmine against DENV-2

In order to further dissect the antiviral mode of action of 9N-
methylharmine against DENV-2, we performed a time of addition
experiment. First, we treated Vero cells with the compound during
1 h at 37 �C (Fig. 3A, Pre) and then monolayers were washed and
infected with DENV-2. Both intracellular and extracellular virus
production, measured at 48 h p.i., were similar in pre-treated and
non-treated cultures. By contrast, when the compound was added
at 0, 1, 3, 5 or 8 h p.i. extracellular virus production was reduced by
approximately 90% whereas intracellular infectivity exhibited only
a minor reduction when the compound was added at 0 or 1 h p.i.
and no changes in the intracellular virus titers were detected when
the compound was added beyond 1 h p.i. (Fig. 3A). We also
confirmed that the addition of 9N-methylharmine at 1 h p.i. did not
significantly affect viral RNA synthesis detected at 6 or 24 h p.i.,
whereas the presence of the reference drug ribavirin caused a
marked reduction of DENV RNA synthesis (Fig. 3B).

In order to investigate whether 9N-methylharmine affects viral
particle release or alternatively, non-infective viral particles were
released to the extracellular medium in 9N-methylharmine treated
cultures, we quantified the number of intracellular and extracel-
lular viral genome copies by absolute quantitative RT-PCR.
Whereas, non-significant difference in the number of intracellular
viral genomes for control and 9N-methylharmine treated cultures
was detected, significantly lower amounts of extracellular viral
genomes were measured in 9N-methylharmine treated cultures
with respect to control (p < 0.05). Therefore, the ratio between
intracellular and extracellular viral genomes was 4 fold higher in
treated cells in comparison to control cells (Fig. 3C), indicating that
the compound impairs the release of viral particles. On the other
hand, the ratio between viral genomes and infectious viral particles
in the extracellular medium of 9N-methylharmine treated cells was
3.6 fold higher than the ratio calculated from control supernatants
(Fig. 3D), suggesting that besides the impairment in viral release, a
higher proportion of non-infective released particles was present in
the extracellular medium of treated cultures. Altogether these re-
sults suggest that treatment with 9N-methylharmine does not
affect macromolecular synthesis but impairs the maturation and
release of infectious virus to the extracellular space.
Fig. 2. Virucidal activity of the active b-carbolines. To assay virucidal activity of the com
concentrations for 2 h at 37 �C. Remaining infectivity was determined by plaque assay in
experiment ±95% CI.
3.4. Effect of 9N-methylharmine on the spreading of DENV-2
infection

To further explore the effect of 9N-methylharmine on virus
infection, we achieved an indirect immunofluorescence assay for
the detection of viral E glycoprotein in DENV-2 infected cells
treated with 9N-methylharmine from 1 h p.i. As Fig. 3E shows, the
number of cells expressing viral glycoprotein at 48 h p.i. was
reduced by 80.5% by 9N-methylharmine treatment confirming that
the inhibition of virus release affects the spreading of infection.

3.5. Effect of 9N-methylharmine on DENV-induced activation of
p38 mitogen activated protein kinase (MAPK) pathway

It has been recently reported that the b-carboline harmine
blocks HSV infection by downregulation of p38 and c-Jun N-ter-
minal kinase (JNK) MAPK cellular pathways (Chen et al., 2015). The
activation of MAPK pathways during DENV infection has been
described in different cell types (Albarnaz et al., 2014; Ceballos-
Olvera et al., 2010; Fu et al., 2014; Huerta-Zepeda et al., 2008;
Smith et al., 2014) and the requirement of p38 and JNK cascades for
DENVmultiplication has also been proposed (Ceballos-Olvera et al.,
2010). Therefore, we decided to investigate whether 9N-methyl-
harmine exerts its antiviral action through the inhibition of DENV-
induced p38 phosphorylation. For this purpose, uninfected or
DENV-2 infected cells were treated with different concentrations of
9N-methylharmine and after 24 h cell lysates were obtained and
the level of p38 phosphorylation was assessed by western-blot. In
the absence of the b-carboline derivative we showed that DENV-2
infection of Vero cells induces p38 activation since the level of
p38 phosphorylation increased in untreated infected cells in com-
parison to untreated uninfected cultures (Fig. 4). Treatment with 9-
N methylharmine (40 mM) seems to affect basal levels of p38
phosphorylation in uninfected cells; by contrast p38 phosphory-
lation in DENV-2 infected cells is not affected by the compound
either at a concentration that does not inhibit viral multiplication
(1 mM) or at inhibitory concentrations of 9N-methylharmine (10
and 40 mM) (Fig. 4), indicating that the antiviral activity of 9N-
methylharmine is not related to its ability to downregulate p38
activation.

4. Discussion

Despite the increasing risk of DENV infection in tropical and
subtropical regions of the world there is no available antiviral
pounds DENV-2 was incubated with harmol (A) or 9N-methylharmine (B) at different
Vero cells. Viral titers are mean values from three replicates of one representative



Fig. 3. Mode of action of 9N-methylharmine on DENV-2 infection. (A) Vero cells were infected and 9N-methylharmine (40 mM) was added at different times p.i. At 48 h p.i.
intracellular and extracellular virus yields were determined by plaque assay. Data are mean values from three independent experiments ± SD. (B) Vero cells were infected with
DENV-2 (MOI ¼ 1) and after 1 h at 37 �C cells were covered with MM containing 9N-methylharmine (40 mM), or ribavirin (80 mM). At 6 and 24 h p.i. total RNA was extracted and
real-time RT-PCR was performed to determine the relative amount of viral RNA with respect to untreated infected cultures, using DENV-2 30 UTR specific primers and cellular actin
amplification for normalization. Data are mean values from three independent experiments ±SD, *p < 0.05, **p < 0.01. (C) Vero cells were infected with DENV-2 (MOI ¼ 1) and after
1 h at 37 �C cells were covered with MM (control) or MM containing 9N-methylharmine (40 mM). At 24 h p.i. intracellular and extracellular viral genome copies were quantified by
absolute quantitative RT-PCR. Data represent the ratio between intra- and extra-cellular viral RNA from three independent determinations ± SD (D) Viral RNA and infectivity from
supernatants of untreated cultures (control) or cultures treated with 9N-methylharmine (40 mM) were measured by real time RT-PCR and plaque assay, respectively. Data represent
the ratio between viral genomes and viral infectious particles from three independent determinations ± SD (E) Vero cells were infected with DENV-2 (MOI ¼ 1) and after 1 h of
infection MM or MM containing 9N-methylharmine (40 mM) was added. At 48 h p.i, supernatants were removed, cultures were fixed with methanol and cells expressing viral E
glycoprotein were detected by an indirect immunofluorescence assay. Cell nuclei were stained with Hoechst. Magnification 400�.
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chemotherapy to face dengue (Guzman and Harris, 2015; John
et al., 2015). Even though the inhibitory effect of b-carbolines on
the multiplication of several viruses has been reported, there has
been no research into the potential of these compounds as antiviral
agents against DENV. In the present study we evaluated the anti-
viral activity of 4 natural b-carbolines and 8 synthetic derivatives
against DENV-2 in Vero cell cultures. We found that harmol and
9N-methylharmine inhibit DENV-2 multiplication and lack direct
inactivating effect on DENV-2 particles.
Up to now, the mechanism of antiviral action of natural or
synthetic b-carbolines has been scarcely investigated. A synthetic
b-carboline analogue bearing a substituted carbohydrazide group
at C-3 and a phenyl-substituted group at C-1 inhibits PV replication
when added after virus adsorption and displays no virucidal ac-
tivity. On the contrary, another structurally related derivative pre-
vents HSV multiplicationwhen it is present during viral adsorption
and exhibits virucidal effect (Nazari Fromagio et al., 2009). On the
other hand, the natural b-carbolines harmine and harmaline exert



Fig. 4. Effect of 9N-methylharmine on DENV-2- induced p38 phosphorylation.
Uninfected or DENV-2 infected Vero cells were treated with different concentrations of
9N-methylharmine during 24 h and p38 activation was analyzed based on the levels of
phosphorylated p38 (P-p38) assessed by western blot using GAPDH as loading control.
The relative intensity of P-p38 bands with respect to GAPDH band for each sample is
shown. Each value represents the mean ± SD of three independent experiments.
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their anti-HSV activity by downregulation of immediate-early
transcriptional events (Bag et al., 2014; Chen et al., 2015).
Although there are no reports about the antiviral activity of this
kind of alkaloids against DENV, structural related compounds such
as synthetic g-carbolines were proved to inhibit the replication of
the flavivirus BVDV. The fact that g-carbolines were inactive against
BVDV mutants resistant to viral RNA polymerase (NS5B) inhibitors
and the probable interaction between active g-carbolines and NS5B
revealed by docking studies suggest that the compounds may
target viral RNA synthesis (Salim et al., 2010).

Our study showed a clearly different mode of action of 9N-
methylharmine against DENV-2. This compound does not interfere
either with initial events of viral multiplication cycle or with viral
RNA synthesis. Furthermore, time course studies revealed that
intracellular infectivity was only slightly affected by treatment with
the derivative. On the contrary, extracellular virus production was
reduced even when the compound was added at 8 h p.i. Lower
amounts of viral genomes and a higher proportion of non-infective
DENV particles were quantified in the supernatants of 9N-meth-
ylharmine treated cultures in comparison to untreated ones, indi-
cating that not only viral particle release but also viral particle
maturation is affected by the compound.

Viruses take advantage of cellular machinery to promote their
assembly and release.

DENV assembly takes place in the endoplasmic reticulum and
nascent viral particles need to be transported to the Golgi appa-
ratus. Cellular trafficking machinery is involved in virus assembly
followed by transportation of viral particles through the exocytic
pathway to the extracellular space. During the secretion process,
prM and E viral proteins interact with cellular factors and the
cleavage of prM by furin is necessary for virus maturation and
infectivity (Wang et al., 2014). The ADP-ribosylation factor (Arf)
family of proteins and Rab 11, which belong to the Ras superfamily
of small GTPases, were proved to be important for efficient secre-
tion of DENV particles (Kudelko et al., 2012; Wang et al., 2009). A
possible explanation for our results is that 9N-methylharmine
would exert its antiviral action by interfering with these or other
still unknown virus-cellular factor interactions that promote viral
maturation and the formation of transport vesicle containing
mature DENV particles.

Although 9-N-methylharmine and harmol were inhibitory of
the four DENV serotypes, a dissimilar serotype susceptibility was
observed, with increased EC50 values for DENV-1, DENV-3 and
DENV-4 viruses in comparison to DENV-2, themost susceptible one
(Tables 1 and 3). Similarly, a variation of antiviral effect according to
virus serotype was also reported for antibiotic derivatives (Kaptein
et al., 2010; Rothan et al., 2014) and sulfated polysaccharides
(Hidari et al., 2008; Talarico et al., 2005; Talarico and Damonte,
2007) affecting cell entry as well as for compounds targeted to
viral or cellular components that interfere with DENV RNA syn-
thesis such as NS4B inhibitors (Wang et al., 2015) and inosine
monophosphate dehydrogenase (IMPDH) inhibitors (Mazzucco
et al., 2015; Sepúlveda et al., 2008), respectively. The inhibitory
effect of celgosivir, an a-1 glucosidase 1 inhibitor, was also found to
be differently modulated by diverse DENV-2 virus strains in HuH-7,
Vero and THP-1 cells whereas the efficacy is comparable among all
virus strains in BHK-21 cells (Watanabe et al., 2016). Although it has
been suggested that all these variable antiviral responses may be
related to a serotype/strain-specific differential interaction with
viral or cellular factors during infection, the mechanistic basis for
these differences is not clear at this moment and further studies are
required to elucidate it.

On the other hand, in contrast to the results obtained with
harmine in HSV infection (Chen et al., 2015) no reduction in p38
levels of phosphorylation was observed in DENV-infected cells
treated with inhibitory concentrations of 9N-methylharmine.
Therefore, the antiviral action of the b-carboline derivative would
not be due to the modulation of this signaling cascade.

In conclusion we identified two b-carbolines, harmol and the
synthetic derivative 9N-methylharmine, that exhibit inhibitory
action against DENV. Both compounds are not virucidal agents and
our results indicate that 9N-methylharmine exerts its antiviral ac-
tion by interfering with virus maturation and egress. Further
investigation of b-carbolines by performing a structure-activity
analysis of new derivatives obtained from the active compounds
and additional study of their mechanism of action would represent
a promising approach for the development of novel antiviral agents
to deal with DENV infections.
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