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Highlights Gonzalez et al. 

 11 out of 21 β-carbolines inhibited HSV-1 in a MTS-based antiviral screening. 

 6-methoxy-, 9-methyl-harmane, and 9-methyl-norharmane reduced HSV-1 &-2 virus yields. 

 These compounds were not virucidal and did not inhibit adhesion of viral particles to cells. 

 They worked at later stages of virus infection. 

 The substances interfered with ICP0 localization and expression of late proteins. 
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ABSTRACT 

Several commercial and novel synthetic βCs were evaluated for their antiviral activity against HSV-

1 using an adapted MTS assay. Of 21 drugs tested, although 11 exerted antiviral activity at non-

cytotoxic concentrations, only three of them (9-methyl-norharmane, 9-methyl-harmane and 6-

methoxy-harmane) completely avoided virus-driven cytopathic effects. Effective concentrations 

(EC50, 4.9 ± 0.4 µM, 5.9 ± 0.8 µM and 19.5 ± 0.3 µM, respectively) and selectivity indexes (SI, 

88.8, 40.2 and 7.0, respectively) of the latter three βCs against HSV-1 were determined by MTS, 

flow cytometry and plaque reduction assays. The mode of action of these drugs was also 

evaluated. According to time-of-addition assays, the selected compounds were not virucidal and 

did not interfere with attachment or penetration of HSV-1, but with later events of virus infection. 

Western blot studies showed that early and late protein expression was significantly delayed or 

even suppressed. HSV-2 was also inhibited by the selected substances in a similar way. 

Interestingly, 6-methoxy-harmane, 9-methyl-harmane and 9-methyl-norharmane restricted HSV-1 

ICP0 localization to the nucleus during later stages of infection, possibly affecting its functionality at 

the cytoplasm, where ICP0 normally inhibits antiviral signaling and promotes viral replication. In 

silico prediction of ADME (Absorption, Distribution, Metabolism and Excretion) properties showed 

that all compounds fulfilled Lipinski’s rule and their calculated absorptions were over 95%. 

 

Keywords: carbolines, antiviral, herpes simplex virus, HSV, ICP0, alkaloids, anti-herpetic  
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1. Introduction 

Herpes simplex virus type 1 and 2 (HSV-1 and HSV-2) are dsDNA human herpes viruses 

that belong to Alphaherpesvirinae. They are transmitted across epithelial mucosal cells as well as 

through skin lesions. These viruses migrate along axons towards neuronal ganglia, where they 

persist in a latent state and may reactivate several times during an individual’s lifespan. HSV-1 

predominantly causes orofacial lesions, whereas HSV-2 mainly infects the genital mucosa [1]. 

Aciclovir (ACV), a nucleoside analogue, represents the gold standard treatment for HSV 

infections [2]. However, its widespread use has led to viral resistance [3]. Lessons learned from 

strategies to control Human Immunodeficiency Virus (HIV) infections point towards the combined 

use of antiviral drugs for successful therapies. Therefore, there is a need to find new strategies 

against ACV-resistant HSV viruses, to prevent resistance and improve efficacy and 

pharmacokinetics of actual treatments [2, 4]. 

β-carbolines (βCs) alkaloids are widely distributed in nature; they can be found in mammals 

[5], plants [6] and other organisms. Depending on their intrinsic chemical structure, βCs show a 

broad pharmacological spectrum [6, 7] as promising anti-tumor [7], antimicrobial [8-11] and antiviral 

agents [12]. Regarding their antiviral properties, harmane derivatives inhibit the replication of HIV 

in H9 lymphocytic cells and the substitution of –H with 7-methoxy or an alkyl group at the indole 

nitrogen of the harmane backbone enhanced its anti-HIV activity [13]. Flazin, a βC isolated from 

Suillus granulatus, presented weak anti-HIV activity. However, its synthetic analogue, flazinamida, 

showed higher activity against HIV [14]. In addition, several 1,3-disubstituted βC derivatives 

bearing a substituted carbohydrazide group at C-3 were active against polio vaccine virus and 

HSV-1 [15]. Furthermore, 9-methylharmine inhibited dengue virus 2 in vitro [12]. 

The need to continue searching for novel antiviral agents, and the intrinsic chemical 

properties of βCs, lead us to evaluate 21 βCs (Scheme 1) for their activity against HSV-1. We also 

provide insight into the mechanism of action of selected active compounds against HSV-1. 

Lipophilicity, topological polar surface area (TPSA), absorption (% ABS) and simple molecular 

descriptors (using Lipinski’s rule) of the compounds were predicted by computational analysis. 

2. Materials and methods 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

2.1. Compounds, cells and viruses 

Norharmane, harmane, harmine, harmaline, 6-methoxy-harmane and Acyclovir (Sigma-Aldrich 

Co.) were of the highest purity available (>98%). Non-commercial derivative synthesis was 

described previously (purity >98%) [16-19]. Stock solutions of βCs were prepared in pH 2 sterile 

ultrapure water [11, 20] and diluted (10%, vol/vol) to working concentrations in DMEM. The 

substances diluted in DMEM did not change the final pH of the medium. 

Vero cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g/l glucose, (+)L-

glutamine, (-)pyruvate) supplemented with 5% fetal bovine serum (FBS), 1% penicillin/streptomycin 

(P/S), 1% non-essential aminoacids (NEAA), 1% L-glutamine (Q), 0.1% gentamycin (G) and 0.2% 

fungizone (F) (Life Technologies, Germany). 

Two clinical isolates of HSV-1 and HSV-2 (Max-von-Pettenkofer Institute, LMU, Germany), 

previously identified by sequencing were propagated in Vero cells. Viral stocks were stored at –

80°C and virus titers were determined by plaque assay as described elsewhere [21]. Briefly, Vero 

cell monolayers grown on 24-well plates were infected with serial dilutions of viral stocks, 

centrifuged at RT (500 rpm, 5 min) and incubated for 1h at 37°C in a 5% CO2 humidified 

atmosphere. Supernatants were removed, and infected cells were incubated in DMEM added with 

0.75% carboxymethylcellulose, (Sigma). After 72h, cell monolayers were fixed and stained with 

crystal violet (0.1% in ethanol 20%). 

2.2. Computational study.  

Simple molecular descriptors (using Lipinski’s rule), topological surface area (TPSA) and 

absorption (%ABS) were calculated with the Molinspiration online property calculation toolkit 

(http://www.molinspiration.com).  

2.3. Cytotoxicity assays 

2.3.1. MTS assay. Vero cell monolayers, grown at 90% confluence in 96 well microplates, were 

exposed to different concentrations of the antiviral candidates or the vehicle as negative control 

diluted in DMEM (see 2.1.). After 21h, cell viability was examined by the MTS colorimetric assay 

[22] using CellTiter 96® AQueous One Solution Reagent (Promega), following manufacturer’s 
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instructions. Absorbance (A490 nm) was measured in a microplate reader (Tecan, SunriseTM). The 

percentage of cell viability was calculated as:  

                   
(            –                )

                   –                
             (1) 

where A490
sample is the absorbance of each sample, and A490

 cell control is the average of the 

absorbance measured from 3 wells containing cell controls, and A490 
background is the average of the 

absorbance of the reagent without cells. Experiments were done in triplicates. 

2.3.2. Propidium iodide (IP) exclusion assay. Monolayers of Vero cells were incubated with the 

compounds at different concentrations for 48h at 37°C. Then, supernatants, cell washes, and cells 

were harvested and centrifuged at 800 ×g for 10 min. Cells suspended in PBS were stained with IP 

(Sigma, 10 g/mL) for 10 min and examined using a BD FACSCalibur flow cytometer. Data were 

analyzed using the FlowJo 7.6 software. The cells were excited at 488 nm and the IP fluorescence 

was read on FL3 in log scale (10,000 events). Two independent sets of experiments were done in 

triplicates. 50% cytotoxic concentration values (CC50) were calculated with GraphPad Prism 5 by 

non-linear regression analysis of %Cell Viability vs. Log [βC] (variable Hill’s slope).  

2.4. Screening for antiviral activity 

The cytotoxicity protocol (section 2.3.1) was slightly adapted to screen for antiviral activity. Briefly, 

monolayers of Vero cells grown in 96 well microplates were incubated with different concentrations 

of the putative antiviral drugs and ACV. DMEM added with vehicle was used as control. The cells 

were infected with HSV-1 (100 PFU/well) and incubated until control cultures displayed extensive 

cytopathology. Then, we replaced the medium and conducted the MTS assay in triplicates. The 

percentages of antiviral activity were calculated using equation 2:  

                      
(            –                   )

(                  –                   )
            (2) 

where A490
 virus control is the average of the absorbance measured from 3 wells containing virus 

controls (cells infected with viruses without drugs). A490
sample and A490

 cell control were defined in 2.3.1. 

We selected those compounds that both reduced viral load ≥60% and completely protected cells 

from HSV driven cytopathic effects at not cytotoxic concentrations. 

2.5. Plaque reduction assays and EC50 determination 
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Vero cells were treated with medium containing the antiviral candidates 6-MeO-Ho, 9-Me-Ho, 9-

Me-nHo at different concentrations or the vehicle as negative control prior to and during infection 

with HSV-1. After incubation for 48h at 37°C, cells were fixed and stained with crystal violet. 

Plaques were counted and the percentage of plaque reduction was calculated as follows: [1 - 

(Vd/Vc)]×100, where Vd and Vc refer to the number of plaques in the presence and absence of 

substances, respectively. To determine EC50, the percentage of plaque reduction was plotted 

against βCs concentrations, and non-linear regression analysis of plaque reduction (%) vs. Log 

[βC] (variable Hill’s slope) was calculated with GraphPad Prism 5. 

2.6. Experiments to assess the effect of selected drugs during different stages of infection. Time-

of-addition experiments 

2.6.1. Virucidal activity. HSV-1 and HSV-2 suspensions (2000 PFU/ml) were incubated with the 

selected βCs at the concentrations that resulted in a 2-log decrease (i.e. 30 M, 50 µM and 60 µM 

for 6-MeO-Ho, 9-Me-Ho and 9-Me-nHo, respectively) or ACV (10 M) or DMEM added with the 

vehicle for 1h at RT. Afterwards, they were added to Vero cell monolayers, centrifuged at 500 rpm 

for 5 min and incubated for 1h at 37°C to allow virus uptake. Then, medium was removed, cells 

were washed once with PBS and plates were incubated in fresh DMEM until control cultures 

displayed extensive cytopathology (48h). Cells were harvested, lysed by freeze-thaw cycling and 

infectious virus yield was titred on Vero cells. 

2.6.2. Effect on viral attachment. To determine whether these drugs interfere in the 

absorption/penetration stage, Vero cell monolayers grown in 12-well plates were incubated for 1h, 

at 37°C, with DMEM supplemented with the selected drugs, ACV (10 M) or the vehicle. Then, 

cells were washed and infected with HSV-1 or HSV-2 (2000 PFU/well). Plates were centrifuged at 

500 rpm, for 5 min, and incubated at 37°C for 1h. The following procedures were as described in 

2.6.1. 

2.6.3. Treatment after infection. To test whether selected βCs interfere during replication, the cell 

monolayers were infected with HSV-1 or HSV-2. Plates were centrifuged at 500 rpm for 5 min and 

incubated for 1h at 37°C. Cells were washed once with PBS, and fresh DMEM supplemented with 
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the selected drugs, ACV (10 M) or the vehicle was added. The following procedures were as 

described in 2.6.1. 

2.7. Viral replication in the presence of selected βCs. 

To investigate the influence of selected compounds on viral replication, confluent Vero cells were 

treated with the selected drugs prior and simultaneously to infection with HSV-1 or HSV-2. At 

different time points, we collected the supernatants and cells independently and titred infectious 

viruses. Control wells were treated with ACV (10 M) or the vehicle. 

2.8. Quantitative Herpes simplex Virus PCR 

Nucleic acid was extracted with the MagNA Pure LC 2.0 System (Roche Diagnostics GmbH, 

Penzberg, Germany). Specific HSV-1 sequences were amplified from 5 µl extracted DNA using a 

7500 Fast Real-Time PCR System and TaqMan® Fast Universal PCR Master Mix (Thermo Fisher 

Scientific Inc., Waltham, USA). Optimized primers and a FAM-labeled probe amplified an 81-nt 

sequence of the polymerase. The thermocycler settings were: 20 sec, 95°C 45 cycles of (3 sec at 

95°C and 30 sec at 60°C). Quantification was achieved by simultaneous amplification of four HSV-

plasmid-DNA standards of 5×102, 5×103, 5×104 and 5×105 copies/ml. 

2.9. Immunoblotting 

Whole cell protein extracts derived from HSV-1 infected cells treated with βC or the respective 

controls (see 2.6) were subjected to SDS-PAGE and blotted onto nitrocellulose membranes. 

Membranes were blocked in 5% skim milk in 20 mM Tris, pH7.5, 150 mM NaCl, 0.5% Tween 20) 

rinsed and incubated with monoclonal anti-ICP8 (Sta. Cruz), anti-b-tubulin (Abcam), anti-ICP5 

(Abcam) and anti-gB (Abcam), respectively for 3h at RT. Membranes were incubated for 1h at RT 

with HRP-labeled anti-mouse antibodies in 1X TBST and visualized using ECL Western blot 

detection kit (G&E). 

2.10. Immunofluorescence staining and microscopy 

HSV-1 (1000 PFU/well) and selected drugs, ACV (10 M) or the vehicle were added to Vero cell 

monolayers grown in 24-well plates. After incubation (20h), medium was removed, cells were 

washed once with PBS and fixed for 30 min in 4% paraformaldehyde. Cells were permeabilized   
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with 0.5% Triton X-100 (Sigma-Aldrich). Non-specific binding was blocked with PBS added with 

goat serum (10% v/v) and Triton X-100 (0.3%). Cells were subsequently incubated for 3h at RT 

with monoclonal anti-ICP0 (Sta. Cruz) and anti-gB (Abcam), respectively. 

All experiments described were performed at a MOI of 0.006. Tests presented in 2.5-2.10 were 

carried out in triplicates in two independent experiments. 

2.11. Statistical analysis. One-way ANOVA with Dunnett’s post-test was performed using 

GraphPad Prism 5 (p < 0.05). 

3. Results and discussion 

To identify novel substances capable of inhibiting HSV replication in vitro, we tested a library 

of 21 βCs consisting of norharmane, harmane and harmine, and 18 compounds derived from these 

molecules. The generic structure of βCs and substituents (methyl-, methoxy- or halogen-groups) at 

different C-positions are depicted in Scheme 1.  

3.1. Computational Study 

A high bioavailability and appropriate drug delivery are desired properties in the development 

of a drug candidate. Therefore, an in silico study for prediction of ADME properties of the 21 βCs 

investigated herein was performed by using Molinspiration toolkit. Simple molecular descriptors 

(using Lipinski’s rule [23]) and topological surface area (TPSA) were determined. Percentages of 

absorption (%ABS) were estimated using the equation: %ABS = 109 – (0.345 × TPSA) [24]. 

According to Lipinski’s rule, orally active drugs should follow these criteria: (1) no more than 5 

hydrogen bond donors such as -OH or -NH groups (n-OHNH), (2) no more than 10 hydrogen 

acceptors such as -O or -N atoms (n-ON), (3) an octanol-water partition coefficient (Log P) not 

greater than 5 and (4) a molecular weight lower than 500. TPSA predicts drug transport properties: 

drugs with poor bioavailability and absorption have high TPSA values. Additionally, lipophilicity 

affects drug absorption, bioavailability, hydrophobic drug-receptor interactions, metabolism of 

molecules, and their toxicity. 

According to these criteria, all studied drugs fulfilled Lipinski´s rule and have TPSA values 

ranged between 17 and 38, whereas %ABS were found to be higher than 95% (Table 1). 

Particularly, 9-methylated compounds showed the lowest TPSA values and, consequently, the 
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highest %ABS values. It is noteworthy that all compounds demonstrated better TPSA and %ABS 

than Acyclovir (67.9%). Thus, these derivatives should be active when orally administered. Further 

tests in animal models should confirm this prediction. 

Although βCs are present in biological fluids, they may damage isolated DNA in vitro when 

exposed to UVA irradiation [25-27]. However, the level of DNA damage produced in whole cells 

was much lower [28] probably due to activation of DNA repair mechanisms. The use of light as 

adjuvant to anti-herpetic therapy βCs should be object of further studies, as well as the eventual 

side effects after light exposure if the substances are applied topically. 

3.2. Cytotoxic and antiviral screening of novel compounds 

Of 21 compounds tested using an adapted MTS assay, 11 displayed antiviral activity at least 

at one of the concentrations tested (Table 2). The cytotoxicity of βCs was tested on Vero cells to 

discard that the antiviral effect was due to a loss of cell viability. Several compounds, especially 

those substituted with halogen groups, precipitated at higher concentrations making impossible to 

calculate the CC50. Thus, we indicated in table 2 the highest concentration at which the compound 

was still soluble in culture medium and cells were viable as tested with the MTS or the PI exclusion 

assay.  

Sako et al.[29] demonstrated that introducing a methyl group in γ-carbolines enhanced their 

antiviral activity. Later, Salim et al.[30] a stronger effect when introducing more methyl groups in 

the molecule. In our study, a methyl group at N9 enhanced antiviral activity in 9-Me-nHo, which 

showed a ~5-fold higher activity than its parental compound nHo (Table 2), whereas 9-Me-Ho 

almost doubled antiviral activity of Ho at 20 µM. At 40 µM, the measured antiviral activity of Ho was 

higher than 9-Me-Ho but it was not free of cytopathic effects as it was the case for 9-Me-Ho. We 

noticed that in contrast to Quintana et al.’s data [12], our assays showed only a discrete reduction 

of cytotoxicity in N9-methyl substituted βCs with respect to the unsubstituted βC-ring. Interestingly, 

N9-methyl and 6-methoxy substitutions appear to increase antiviral activity according to our 

screening (Table 2). 

Bag et al.[31] reported the anti-HSV activity of harmaline, with a CC50=11.0-30.0 µg/ml (i.e. 

51.3-140 µM) determined by an MTS assay, an EC50=1.1-3.1 µg/ml and a SI=27.27. In contrast, 
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harmaline was not inhibitory at 1.61-3.21 µg/ml in this study. This could be due to differences in 

methodology. 

Later, Chen et al.[32] reported an EC50 value around 1.47 µM and a CC50 value at around 

337.10 µM for harmine, a close related analog of harmaline, on HSV-2 in in vitro assays. In 

agreement with this, the two concentrations of harmine tested here (0.64 and 1.27 µg/ml) had a 

potent inhibitory activity of 39% and 71%, respectively. Nevertheless, cells incubated with harmine 

at 1.27 µg/ml showed signs of virus-driven cytopathic effects (several vacuoles in the cytoplasm 

and morphological changes such as cells rounding-up) indicating that the antiviral effect as 

determined by the screen was only partial (Table 2). Neither Bag et al.[31] nor Chen et al.[32] 

informed on cytopathic effects at these concentrations. In addition, we detected a similar 

cytopathology when checking infected cells treated with other βCs. Therefore, we rather used a 

more stringent criterion and, selected 6-MeO-Ho, 9-Me-Ho, and 9-Me-nHo (Scheme SI.1), which 

had both antiviral activity according to the modified MTS screen (>60% inhibition) and prevented 

signs of viral cytopathic effects (Table 2). 

The antiviral activity of 6-MeO-Ho, 9-Me-Ho, and 9-Me-nHo was dose-dependent (Figure 1) 

below cytotoxic concentrations, suggesting that it was mediated by a specific mechanism and not 

by cytotoxicity. In our in vitro assays, 9-Me-nHo and 9-Me-Ho showed the same antiviral activity, 

within experimental error, whereas 6-MeO-Ho presented the lowest activity (see EC50 values in 

Figure 1 and Table 3). βCs are less effective than ACV (EC50 of 0.13±0.02 μM using the MTS 

assay). Similarly, a 7-methoxy group introduced at the indole nitrogen of the harmane backbone 

enhanced its anti-HIV activity [13] and a 9-methyl-substituted harmine was active against dengue 

virus [12]. 

To calculate SI of the 3 selected compounds, CC50 values were obtained by the IP exclusion 

assay after 48h. These values were comparable to CC50 previously determined with MTS, after a 

21h-incubation (Table 1). Hence, SI for 9-Me-nHo, 9-Me-Ho and 6-MeO-Ho were 88.8, 40.2 and 

7.0, respectively (Table 3).  

3.3. Evaluation of possible antiviral mechanism. 
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To explore if selected βCs could deactivate virus particles directly, infectious particles of 

HSV-1 were incubated with selected compounds prior to monolayer infection. Figure 2A shows that 

6-MeO-Ho, 9-Me-Ho nor 9-Me-nHo were not virucidal. Similarly, Nazari et al.[15] reported that 

other βCs lack virucidal activity against poliovirus and Quintana et al.[12] concluded the same for 

dengue virus 2.  

Then, we evaluated if there was a prophylactic activity on host cells or interference on virus 

adsorption and/or penetration steps. A pre-treatment of cells with the selected βCs did not block 

viral adsorption/penetration nor induced activation of antiviral mechanisms in the cell (Figure 2B). 

Hence, these compounds do not interfere in viral entry. In agreement with this hypothesis, when 

compounds were added 1 hpi (Figure 2C), HSV-1 virus titers significantly decreased, showing that 

βCs are active after viral penetration in the host cell. Whether βCs act direct or indirectly remains 

to be further studied. We saw the same behavior for HSV-2 (Figure SI.1) 

In virus yield reduction experiments, in the first 20 hpi virus yield did not change when 

comparing untreated vs. βC-treated wells (Figure 3A). After that time, virus yield decreases 

markedly for all compounds. Moreover, βCs’ reduction of viral yield was comparable to ACV. The 

release of infective viral particles to the medium also significantly decreased in the presence of 9-

Me-nHo (60 µM), 9-Me-Ho (50 µM), and 6-MeO-Ho (30 µM), at similar levels than observed with 

ACV (10 µM) (Figure 3B). Similar results were obtained for HSV-2 (Figure SI.2).  

We found a significant reduction of HSV-1 genome equivalents/ml in the presence of βCs 

(Figure 4), though to a lesser extent (at least 1-log slighter) than ACV, which directly interferes in 

DNA replication. Hence, βCs may also reduce viral DNA replication in direct or indirect ways, 

which should be subject of further investigations. 

 After penetration, HSV replicates within the nucleus following three phases: immediate-early 

(IE), early (E) and late (L) [33]. To get a closer insight into the stage of the viral cycle influenced by 

βCs, we followed up the expression levels of HSV-1 E and L proteins by Western blot. In general, 

these assays revealed a down-modulation of protein expression when βCs were present. ICP8 

expression was significantly reduced in the presence of βC, when compared to non-treated control 

or ACV-treated cells (Figures 5A and B). ICP8 acts as a nucleating factor responsible for formation 
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of pre-replicative sites containing the helicase-primase complex, appearing as punctate foci in the 

nucleus [34]. ICP0, a HSV IE protein, binds to several cellular proteins as well as viral promoters 

resulting in increased expression of viral E and L genes. Bag et al.[32] reported that harmine 

retarded IE events by blocking the binding of IE complex on the ICP0 promoter, leading to reduced 

expression of E proteins such as ICP4 and ICP7. Expression of IE, E and L proteins follow a 

cascade of events. Thus, the reduced level of ICP8 and gB expression observed in Western blot 

assays (Figures 5A and B) may be the consequence of a reduced activation of ICP0 transcription 

as it was the case for harmine. In contrast, ICP8 expression in the presence of ACV, a drug 

targeting later events, was not affected. 

 Several host defense mechanisms are triggered upon DNA virus entry, such as cytokine 

expression (especially type I IFNs) triggered by recognition of pathogen-associated molecular 

patterns by pattern recognition receptors. Type I IFNs act in an autocrine or paracrine way to 

activate the transcription of IFN-stimulated genes (ISG) whose protein products are responsible of 

mediating the antiviral state. This is a key step in immunity as IFNs bridge innate and adaptive 

immunity promoting immunological memory and virus clearance. Herpesviruses have several 

mechanisms to evade immunity. Their genome codes for proteins which may inhibit key activating 

pathways. ICP0 is an E3 ubiquitin ligase, which promotes the degradation of cellular proteins with 

antiviral effects (e.g.: PML, promyelocytic leukemia; IFIX, interferon-inducible protein X; and IFI16, 

interferon-inducible protein 16) enhancing virus replication and inhibiting host innate responses 

[35].  

ICP0 is a multifunctional protein which has a nuclear localization signal (NLS) that initially 

causes it to translocate to the nucleus but, as the infection progresses, ICP0 moves to the 

cytoplasm [36]. There is accumulating evidence suggesting that ICP0 also has important functions 

in this compartment. ICP0 is recognized to act synergistically to promote viral gene expression and 

replication by modulating viral chromatin remodeling [37]. ICP0 can also simultaneously strike 

multiple host pathways by either degrading key restrictive factors or altering repressive complexes 

[36]. Interestingly, when βCs were present, the late ICP0 localization pattern changed. So, instead 

of localizing cytoplasmically as observed in the control or in cells treated with ACV, ICP0 remained 
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in the nucleus forming very small foci (Figure 5C). Bag et al.[31] revealed that harmaline interfered 

with the binding of the IE complex to the ICP0 promoter at very early stages of virus replication but 

to our knowledge, this is the first report of a mislocalization of ICP0 due to a drug treatment. 

Further experiments are still needed to evaluate the role of ICP0 in the antiviral mechanism of βCs. 

Expression of late proteins like ICP5 and gD require the expression of E proteins such as 

ICP27 [38]. Chen et al.[32] showed that harmine downregulates IC27 expression resulting in an 

inhibition of gD and ICP5 expression. In our hands, L protein gB expression was significantly 

inhibited in the presence of 9-Me-nHo, 9-Me-Ho, and 6-MeO-Ho and slightly delayed by ACV 

treatment (Figures 5A-C). ICP5, could not be detected either when cells were treated with βCs or 

with ACV (Figures 5A and B). Accordingly, we show that βCs also act by inhibiting late protein 

expression.  

Altogether, the mechanisms by which βCs inhibit virus replication may be at the 

transcriptional level, where they can bind to the viral genome and block transcription, as it was 

shown by Bag et al.[31] for harmine, which binds to ICP0 promoter. At the post-translational level 

βCs may interfere with ICP0 late location at the cytoplasm, where it participates in immune 

evasion. During infection, ICP0 inhibits type I IFN mediated antiviral effects, which are exerted 

through both nuclear and cytoplasmic events. ICP0 targets events which occur following the 

production of IFN-stimulated antiviral proteins [39]. Therefore, we speculate that mislocalization of 

ICP0 due to βCs treatment reduces ICP0 mediated evasion of IFN-stimulated antiviral proteins. 

Additionally, our results indicate that these substances also inhibit late protein expression, which 

warrants further investigation. It remains to be determined if there are other mechanisms involved 

in the antiviral activities of 9-Me-Ho, 6-MeO-Ho, and 9-Me-nHo and if there is a synergistic effect 

when co-administered with ACV. 

Conclusions 

In conclusion, 9-methyl-norharmane, 9-methyl-harmane and 6-methoxy-harmane were 

identified as novel antiviral agents against HSV-1 and HSV-2. These compounds are not virucidal 

and do not affect attachment. The mechanisms of antiviral action seem to be multiple and mainly 
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mediated by down-regulating expression of E and L proteins at early phases after penetration, by 

arresting DNA replication and by altering ICP0 cytoplasmic localization at later stages of infection. 

9-methylated compounds presented lower SI, lower TPSA values, and higher %ABS. 

Therefore, they have potential as novel microbicides and should be further studied in murine 

models of acute infection to validate their efficacy and safety. 

 

Acknowledgements 

We thank Ms. Sevinc Akin for excellent technical support. MMG thanks DAAD and the Argentinean 

Ministry of Education. MMG, MGVP, REB and FMC are research members of CONICET. 

 

Declarations 

Funding: Financial support by ANPCyT (PICT2012-0423,-2169 -0888, PICT2014-2856 and 

PICT2015-0374), CONICET(PIP0400 and PIP0072CO) and the Friedich-Bauer Stiftung is 

gratefully acknowledged. 

Competing Interests: The authors declare no competing interests. 

Ethical Approval: Not required 

  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

References 

[1] Kriebs JM. Understanding herpes simplex virus: transmission, diagnosis, and considerations in 
pregnancy management. J Midwifery Womens Health. 2008;53:202-8. 
[2] James SH, Prichard MN. Current and future therapies for herpes simplex virus infections: mechanism of 
action and drug resistance. Curr Opin Virol. 2014;8:54-61. 
[3] Morfin F, Thouvenot D. Herpes simplex virus resistance to antiviral drugs. J Clin Virol. 2003;26:29-37. 
[4] Jiang Y-C, Feng H, Lin Y-C, Guo X-R. New strategies against drug resistance to herpes simplex virus. 
International Journal Of Oral Science. 2016;8:1. 
[5] Spijkerman R, van den Eijnden R, van de Mheen D, Bongers I, Fekkes D. The impact of smoking and 
drinking on plasma levels of norharman. Eur Neuropsychopharmacol. 2002;12:61-71. 
[6] Li S, Cheng X, Wang C. A review on traditional uses, phytochemistry, pharmacology, pharmacokinetics 
and toxicology of the genus Peganum. J Ethnopharmacol. 2017;203:127-62. 
[7] Cao R, Peng W, Wang Z, Xu A. beta-Carboline alkaloids: biochemical and pharmacological functions. Curr 
Med Chem. 2007;14:479-500. 
[8] Shin HJ, Lee HS, Lee DS. The synergistic antibacterial activity of 1-acetyl-beta-carboline and beta-lactams 
against methicillin-resistant Staphylococcus aureus (MRSA). J Microbiol Biotechnol. 2010;20:501-5. 
[9] Olmedo GM, Cerioni L, Gonzalez MM, Cabrerizo FM, Rapisarda VA, Volentini SI. Antifungal activity of 
beta-carbolines on Penicillium digitatum and Botrytis cinerea. Food Microbiol. 2017;62:9-14. 
[10] Olmedo GM, Cerioni L, Gonzalez MM, Cabrerizo FM, Volentini SI, Rapisarda VA. UVA Photoactivation of 
Harmol Enhances Its Antifungal Activity against the Phytopathogens Penicillium digitatum and Botrytis 
cinerea. Front Microbiol. 2017;8:347. 
[11] Alomar ML, Rasse-Suriani FA, Ganuza A, Coceres VM, Cabrerizo FM, Angel SO. In vitro evaluation of 
beta-carboline alkaloids as potential anti-Toxoplasma agents. BMC Res Notes. 2013;6:193. 
[12] Quintana VM, Piccini LE, Panozzo Zenere JD, Damonte EB, Ponce MA, Castilla V. Antiviral activity of 
natural and synthetic beta-carbolines against dengue virus. Antiviral Res. 2016;134:26-33. 
[13] Ishida J, Wang HK, Oyama M, Cosentino ML, Hu CQ, Lee KH. Anti-AIDS agents. 46. Anti-HIV activity of 
harman, an anti-HIV principle from Symplocos setchuensis, and its derivatives. J Nat Prod. 2001;64:958-60. 
[14] Wang YH, Tang JG, Wang RR, Yang LM, Dong ZJ, Du L, et al. Flazinamide, a novel beta-carboline 
compound with anti-HIV actions. Biochem Biophys Res Commun. 2007;355:1091-5. 
[15] Nazari Formagio AS, Santos PR, Zanoli K, Ueda-Nakamura T, Dusman Tonin LT, Nakamura CV, et al. 
Synthesis and antiviral activity of beta-carboline derivatives bearing a substituted carbohydrazide at C-3 
against poliovirus and herpes simplex virus (HSV-1). Eur J Med Chem. 2009;44:4695-701. 

[16] Ponce MA, Erra-Balsells R. Synthesis and Isolation of Bromo--carbolines Obtained by Bromination of 

-Carboline Alkaloids. Journal of Heterocyclic Chemistry. 2001;38:1087-95. 
[17] Ponce MA, Tarzi OI, Erra-Balsells R. Synthesis and isolation of chloro-β-carbolines obtained by 
chlorination of β-carboline alkaloids in solution and in solid state. Journal of Heterocyclic Chemistry. 
2003;40:419-26. 
[18] Nonami H, Orcoyen M, Fukuyama Y, Biondic MC, Erra-Balsells R. b-Carbolines as Matrices for UV-
MALDI/TOF-MS Analysis of Proteins in Positive and Negative Ion Modes. Comparison of the Properties of b-
Carbolines and N-Methyl-b-Carbolines. An Asoc Quim Argentina. 1998:81-9. 
[19] Rasse-Suriani FAO, Garcia-Einschlag FS, Rafti M, Schmidt De Leon T, David Gara PM, Erra-Balsells R, et 
al. Photophysical and Photochemical Properties of Naturally Occurring normelinonine F and Melinonine F 
Alkaloids and Structurally Related N(2)- and/or N(9)-methyl-beta-carboline Derivatives. Photochem 
Photobiol. 2018;94:36-51. 
[20] Gonzalez MM, Arnbjerg J, Denofrio MP, Erra-Balsells R, Ogilby PR, Cabrerizo FM. One- and two-photon 
excitation of beta-carbolines in aqueous solution: pH-dependent spectroscopy, photochemistry, and 
photophysics. J Phys Chem A. 2009;113:6648-56. 
[21] Burleson FG, Chamberts TM, Wiedbrauk DL. Plaque assay. In: Burleson F. G., Chambers, T. M. 
Wiedbrauk D. L. (eds). Virology: A Laboratory Manual. Academic Press Inc. 1992:74-84. 
[22] Barltrop JA, Owen TC, Cory AH, Cory JG. 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazolyl)-3-(4-
sulfophenyl)tetrazolium, inner salt (MTS) and related analogs of 3-(4,5-dimethylthiazolyl)-2,5-



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

diphenyltetrazolium bromide (MTT) reducing to purple water-soluble formazans as cell-viability indicators. 
Bioorganic & Medicinal Chemistry Letters. 1991;1:611-4. 
[23] Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches to 
estimate solubility and permeability in drug discovery and development settings. Adv Drug Deliv Rev. 
2001;46:3-26. 
[24] Zhao YH, Abraham MH, Le J, Hersey A, Luscombe CN, Beck G, et al. Rate-limited steps of human oral 
absorption and QSAR studies. Pharm Res. 2002;19:1446-57. 
[25] Gonzalez MM, Vignoni M, Pellon-Maison M, Ales-Gandolfo MA, Gonzalez-Baro MR, Erra-Balsells R, et 
al. Photosensitization of DNA by beta-carbolines: kinetic analysis and photoproduct characterization. Org 
Biomol Chem. 2012;10:1807-19. 
[26] Gonzalez MM, Pellon-Maison M, Ales-Gandolfo MA, Gonzalez-Baro MR, Erra-Balsells R, Cabrerizo FM. 
Photosensitized cleavage of plasmidic DNA by norharmane, a naturally occurring beta-carboline. Org 
Biomol Chem. 2010;8:2543-52. 
[27] Vignoni M, Rasse-Suriani FA, Butzbach K, Erra-Balsells R, Epe B, Cabrerizo FM. Mechanisms of DNA 
damage by photoexcited 9-methyl-beta-carbolines. Org Biomol Chem. 2013;11:5300-9. 
[28] Vignoni M, Erra-Balsells R, Epe B, Cabrerizo FM. Intra- and extra-cellular DNA damage by harmine and 
9-methyl-harmine. J Photochem Photobiol B. 2014;132:66-71. 
[29] Sako K, Aoyama H, Sato S, Hashimoto Y, Baba M. Gamma-carboline derivatives with anti-bovine viral 
diarrhea virus (BVDV) activity. Bioorganic & medicinal chemistry. 2008;16:3780-90. 
[30] Salim MT, Goto Y, Hamasaki T, Okamoto M, Aoyama H, Hashimoto Y, et al. Highly potent and selective 
inhibition of bovine viral diarrhea virus replication by gamma-carboline derivatives. Antiviral Res. 
2010;88:263-8. 
[31] Bag P, Ojha D, Mukherjee H, Halder UC, Mondal S, Biswas A, et al. A dihydro-pyrido-indole potently 
inhibits HSV-1 infection by interfering the viral immediate early transcriptional events. Antiviral Res. 
2014;105:126-34. 
[32] Chen D, Su A, Fu Y, Wang X, Lv X, Xu W, et al. Harmine blocks herpes simplex virus infection through 
downregulating cellular NF-kappaB and MAPK pathways induced by oxidative stress. Antiviral Res. 
2015;123:27-38. 
[33] Lehman IR, Boehmer PE. Replication of herpes simplex virus DNA. J Biol Chem. 1999;274:28059-62. 
[34] Crow MS, Cristea IM. Human antiviral protein IFIX suppresses viral gene expression during HSV-1 
infection and is counteracted by virus-induced proteasomal degradation. Molecular & cellular proteomics : 
MCP. 2017. 
[35] Orzalli MH, DeLuca NA, Knipe DM. Nuclear IFI16 induction of IRF-3 signaling during herpesviral 
infection and degradation of IFI16 by the viral ICP0 protein. Proc Natl Acad Sci U S A. 2012;109:E3008-17. 
[36] Taylor KE, Chew MV, Ashkar AA, Mossman KL. Novel roles of cytoplasmic ICP0: proteasome-
independent functions of the RING finger are required to block interferon-stimulated gene production but 
not to promote viral replication. J Virol. 2014;88:8091-101. 
[37] Sato Y, Kato A, Maruzuru Y, Oyama M, Kozuka-Hata H, Arii J, et al. Cellular Transcriptional Coactivator 
RanBP10 and Herpes Simplex Virus 1 ICP0 Interact and Synergistically Promote Viral Gene Expression and 
Replication. J Virol. 2016;90:3173-86. 
[38] Fontaine-Rodriguez EC, Knipe DM. Herpes simplex virus ICP27 increases translation of a subset of viral 
late mRNAs. J Virol. 2008;82:3538-45. 
[39] Mostafa HH, Thompson TW, Davido DJ. N-terminal phosphorylation sites of herpes simplex virus 1 ICP0 
differentially regulate its activities and enhance viral replication. J Virol. 2013;87:2109-19. 
 
  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

Figure legends. 
 
Fig. 1. Anti-HSV-1 activity and cytotoxicity of 9-methyl-norharmane (9-Me-nHo, A & D), 9-methyl-

harmane (9-Me-Ho, B & E) and 6-methoxy-harmane (6-MeO-Ho, C & F) at different 

concentrations, obtained by plaque reduction assays and PI exclusion, respectively. Values 

represent the mean ± standard errors of two independent experiments in triplicates. To determine 

EC50, the percentage of plaque reduction was plotted against βCs concentrations, and non-linear 

regression analysis of plaque reduction (%) vs. Log [βC] (variable Hill’s slope). 50% cytotoxic 

concentration values (CC50) were calculated by non-linear regression analysis of %Cell Viability 

vs. Log [βC] (variable Hill’s slope).  
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Fig. 2. Effects of 9-Me-nHo (60 µM), 9-Me-Ho (50 µM), 6-MeO-Ho (30 µM), and ACV (10 µM) at 

different stages of HSV-1: Virucidal assay (2A), Attachment / penetration assay (2B), and Post-

infection assay (2C). All results were obtained by plaque assays of cell lysates. Data points 

represent the mean of three independent experiments in duplicate (±SE). Statistical differences (p 

< 0.05) are indicated as (*). ANOVA/Dunnett’s t-tests were performed for each compound and 

compared to the respective controls. n.d.: not detected 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 

Fig. 3. Viral replication curves of HSV-1 in the presence of 9-Me-nHo (60 µM), 9-Me-Ho (50 µM), 6-

MeO-Ho (30 µM) and ACV (10 µM). The values were obtained by virus yield titration of cell lysates 

(3A) or cell supernatants (3B) and represent the mean of three independent experiments in 

duplicate (±SE). (*) indicates significant statistical differences between the tested sample and virus 

control (p < 0.05). ANOVA/Dunnett’s tests were carried out as appropriate. 

 

 

  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

Fig. 4. Quantitative PCR was performed to assess the number of HSV-1 genome copies after 

treatment with 9-Me-nHo (60 µM), 9-Me-Ho (50 µM), 6-MeO-Ho (30 µM), and ACV (10 µM). 

 

 

Fig. 5. Expression of HSV-1 immediately early, early and late proteins was evaluated by (A) 

Western blot at 4, 8, 12 and 28 h.p.i. Density measurements of Western blot bands as quantified 

using the Image J Software are depicted in (B). (C) Immunofluorescence microscopy examining 

ICP0 and gB subcellular localization after 20 h treatment with 9-Me-nHo (60 µM), 9-Me-Ho (50 

µM), 6-MeO-Ho (30 µM), and ACV (10 µM). DAPI was used for nuclear staining.  
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Scheme 1 Chemical structure of βCs and their derivatives studied in this work 

 

 

 Compound R1 R6 R7 R8 R9 a 

norharmane H H H H H x 

6-chloro-norharmane H Cl H H H x 

8-chloro-norharmane H H H Cl H x 

6-bromo-norharmane H Br H H H x 

6,8-dibromo-norharmane H Br H Br H x 

1-ethyl-norharmane C2H5 H H H H x 

9-methyl-norharmane H H H H CH3 x 

harmane CH3 H H H H x 

6-chloro-harmane CH3 Cl H H H x 

8-chloro-harmane CH3 H H Cl H x 

6,8-dichloro-harmane CH3 Cl H Cl H x 

8-bromo-harmane CH3 H H Br H x 

6,8-dibromo-harmane CH3 Br H Br H x 

9-methyl-harmane CH3 H H H CH3 x 

harmine CH3 H OCH3 H H x 

6-chloro-harmine CH3 Cl OCH3 H H x 

6,8-dichloro-harmine CH3 Cl OCH3 Cl H x 

6-bromo-harmine CH3 Br OCH3 H H x 

6,8-dibromo-harmine CH3 Br OCH3 Br H x 

6-methoxy-harmane CH3 OCH3 H H H x 

harmaline CH3 H OCH3 H H  

N

N

R8 R9

R7

R6

R1

a
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Table 1: Lipinski parameters and molecular properties of all the investigated compounds. 

 
a
Lipinski´s rule   

Compound 

b
n-OHNH 

donors 

c
n-ON 

acceptors 
d
mi log P 

e
MW 

n 

violations 
TPSA 

f
%ABS 

Norharmane 1 2 2.37 168.2 0 28.68 99.1 

6-chloro-norharmane 1 2 3.03 202.6 0 28.68 99.1 

8-chloro-norharmane 1 2 3.00 202.6 0 28.68 99.1 

6-bromo-norharmane 1 2 3.16 247.1 0 28.68 99.1 

6,8-dibromo-norharmane 1 2 3.89 326.0 0 28.68 99.1 

9-methyl-norharmane 0 2 2.44 182.2 0 17.83 102.8 

1-ethyl-norharmane 1 2 3.17 196.2 0 28.68 99.1 

Harmane 1 2 2.59 182.2 0 28.68 99.1 

6-chloro-harmane 1 2 3.25 216.7 0 28.68 99.1 

6,8-dichloro-harmane 1 2 3.85 251.1 0 28.68 99.1 

8-chloro-harmane 1 2 3.22 216.7 0 28.68 99.1 

8-bromo-harmane 1 2 3.35 261.1 0 28.68 99.1 

6,8-dibromo-hamane 1 2 4.12 340.0 0 28.68 99.1 

9-methyl-harmane 0 2 2.66 196.2 0 17.83 102,8 

Harmine 1 3 2.63 212.2 0 37.92 95.9 

6-chloro-harmine 1 3 3.23 246.7 0 37.92 95.9 

6,8-dichloro-harmine 1 3 3.84 281.1 0 37.92 95.9 

6-bromo-harmine 1 3 3.36 291.1 0 37.92 95.9 

6,8-dibromo-harmine 1 3 4.10 370.0 0 37.92 95.9 

Harmaline 1 3 2.68 214.3 0 37.39 96.1 

6-methoxy-harmane 1 3 2.63 212.2 0 37.92 95.9 

ACV 4 8 -1.61 225.2 0 119.06 67.9 
a
: www.molinspiration.com/cgi-bin/properties

 

b
 n-OHNH: number of hydrogen bond donors such as –OH or -NH groups 

c
 n-ON: number of hydrogen acceptors such as -O or -N atoms 

d
 mi log P: Method for log P prediction developed at Molinspiration online toolkit. P: octanol-water partition coefficient 

e
 MW: molecular weight 

f
 %ABS = 109 – 0.345   TPSA
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Table 2: Cytotoxicity and anti-HSV-1 activity of βC derivatives measured by the 

MTS assay. 

 

  
 Antiviral Activity (% relative to the 

untreated control) 

Compounds 
CC50 
(µM) 

Cytopathic 

effects  

Highest 
Concentration 

tested 
(6, 10, 15 or 40 µM)  

Lowest 
Concentration 

tested 
(3, 5, 7.5 or 20 µM) 

norharmane 
a 
 >200  11 ± 11 13 ± 18 

1-ethyl-norharmane 
a
  >200  5 ± 8 1 ± 5 

9-methyl-norharmane 
a
 >300 – 83 ± 2 52 ± 9 

6-chloro-norharmane 
b 

 >120  9 ± 13 32 ± 3 

8-chloro-norharmane 
b 

 >120  27 ± 14 25 ± 12 

6-bromo-norharmane 
b 

 >120  3 ± 1 8.0 ± 0.3 

6,8-dibromo-norharmane 
b 

 >50  7 ± 4 23 ± 2 

harmane 
a
 226 ± 14 + 94 ± 8 33 ± 20 

6-chloro-harmane 
b 

 122 ± 3  32 ± 15 30 ± 3 

8-chloro-harmane 
b
 246 ± 29 + 104 ± 16 11 ± 29 

6,8-dichloro-harmane 
b
 >120 + 59 ± 5 46 ± 3 

8-bromo-harmane 
b
 >120 + 62 ± 13 39 ± 7 

6,8-dibromo-harmane 
b
 >120 + 63 ± 13 40 ± 21 

9-methyl-harmane 
a
 268 ± 20 – 69 ± 10 54 ± 7 

harmine 
c
 73.0 ± 0.3 + 71 ± 19 39 ± 3 

6-chloro-harmine 
c
 83 ± 8 + 108 ± 1 100 ± 5 

6,8-dichloro-harmine 
c 
 >120  15 ± 11 29 ± 22 

6-bromo-harmine 
c
 >120 + 102 ± 5 59 ± 16 

6,8-dibromo-harmine 
c 
 >100  44 ± 4 22 ± 1 

6-methoxy-harmane 
a
 133 ± 5 – 84 ± 11 38 ± 3 

harmaline 
d
 187 ± 3  13 ± 12 0 ± 4 

 In this screening, the antiviral activity was tested for βC derivatives at two different 
concentrations, as indicated by 

a
= 20 and 40 µM, 

b
= 5 and 10 µM, 

c
= 3 and 6 µM, and 

d
= 

7.5 and 15 µM, respectively. 
 Compounds with antiviral activity higher than 60% are in bold. 

Values represent the mean ± standard errors of three independent experiments in 
duplicate. 

 CC50 = Due to the relatively low solubility of tested compounds in DMEM at high 
concentrations, the exact CC50 could not be determined in some cases (>highest 
concentration tested). In such cases, the given value corresponds to the highest soluble 
concentration tested in the MTS assay. 
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Table 3: HSV-1 antiviral activity (EC50), cytotoxicity (CC50) and selectivity 
indexes (SI) data for 9-Me-nHo, 9-Me-Ho and 6-MeO-Ho. 
 

Compound CC50 (M)a EC50 (M)b 
SI 

(CC50/EC50) 

9-Me-nHo 435 ± 9 4.9 ± 0.4 88.8 

9-Me-Ho 237 ± 5 5.9 ± 0.8 40.2 

6-MeO-Ho 137 ± 0.4 19.5 ± 0.3 7.0 
 

a
: Values obtained by propidium iodide exclusion assay.

 

b
. Values obtained by plaque reduction assays. 

 


