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Abstract: Herpes simplex virus (HSV) infections are highly widespread among humans, producing
symptoms ranging from ulcerative lesions to severe diseases such as blindness and life-threatening
encephalitis. At present, there are no vaccines available, and some existing antiviral treatments can
be ineffective or lead to adverse effects. As a result, there is a need for new anti-HSV drugs. In
this report, the in vitro anti-HSV effect of 9,9′-norharmane dimer (nHo-dimer), which belongs to
the β-carboline (βC) alkaloid family, was evaluated. The dimer exhibited no virucidal properties
and did not impede either the attachment or penetration steps of viral particles. The antiviral
effect was only exerted under the constant presence of the dimer in the incubation media, and the
mechanism of action was found to involve later events of virus infection. Analysis of fluorescence
lifetime imaging data showed that the nHo-dimer internalized well into the cells when present in
the extracellular incubation medium, with a preferential accumulation into perinuclear organelles
including mitochondria. After washing the host cells with fresh medium free of nHo-dimer, the
signal decreased, suggesting the partial release of the compound from the cells. This agrees with the
observation that the antiviral effect is solely manifested when the alkaloid is consistently present in
the incubation media.

Keywords: β-carbolines; alkaloids; herpes simplex-1; herpes simplex-2; cellular uptake; cytotoxicity

1. Introduction

Herpes simplex viruses type-1 (HSV-1) and type-2 (HSV-2) are highly prevalent human
dsDNA viruses that belong to the Alphaherpesvirinae subfamily [1]. According to the latest
epidemiological estimates (2016), 66.6% and 13.2% of the world’s population under 50
years old are infected with HSV-1 and HSV-2, respectively [2]. These viruses enter the body
through mucous membranes or skin lesions, then migrate via axonal transport towards
sensory nerve ganglia, where they establish latency and may reactivate several times
throughout an individual’s lifespan [3].
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Although these viruses generally cause mild diseases such as skin and mucosal in-
juries in genital and orofacial areas, they can occasionally produce severe diseases such
as corneal blindness and encephalitis, which have a very high fatality rate (>70%) if left
untreated [4]. Moreover, HSV-2 infection increases the risk of human immunodeficiency
virus (HIV) acquisition and transmission in the general population and contributes to the
HIV epidemic [5].

Acyclovir (ACV) and other nucleoside and nucleotide analogs have been the gold
standard for HSV therapy and prophylaxis since the 1980s. Immunocompetent individuals
generally require short-term treatments and show a low prevalence of ACV resistance
(<1% of cases). In contrast, 3.5–10% of immunocompromised patients who need long-term
therapies may develop HSV variants that are resistant to ACV [6]. In this case, second-line
antivirals such as cidofovir and foscarnet are available. However, the former has not
been approved for the treatment of herpes simplex viruses in humans, and both drugs
have numerous side effects. Resistance cases have also been reported [1]. Therefore, the
development of new antivirals based on different principles or mechanisms of action
might contribute to improving the efficacy of current treatments, particularly against
ACV-resistant HSV viruses.

β-carbolines (βCs) are a group of alkaloids that occur naturally and have remarkable
pharmacological properties [7]. Currently, there are nine βCs available on the pharmaceu-
tical market, which have demonstrated antihypertensive, vasodilator and antipsychotic
effects [8]. Moreover, both natural and synthetic βCs have exhibited various effective
in vitro actions against cancerous cells [9,10], parasites [8,11,12], fungi [13], bacteria [14]
and viruses [15]. Some studies have also demonstrated the efficacy of βCs in vivo [9,16].
Their spectrum of antiviral activity includes DNA and RNA viruses, such as HSV [15–17],
HIV [18], poliovirus (PV) [19], tobacco mosaic virus (TMV) [20], dengue virus 2 (DENV-
2) [21] and avian and human influenza A viruses [22]. Particularly, HSV-1 was the first virus
reported to be affected by certain βC alkaloids (Eudistomins) obtained from the colonial
tunicate Eudistoma olivaceum [23]. Since then, various studies have proven the anti-HSV
activities of βC-monomers including harmine [17], harmaline [16], 9-methyl-norharmane,
9-methyl-harmane and 6-methoxyharmane [15]. Interestingly, the latter study demon-
strated that N(9)-methyl substitution enhances the anti-HSV effect. Moreover, unusual
heterodimeric structures containing a rare tetracyclic moiety connected to a classic tricyclic
one by a C15-C1’ bridge isolated from Peganum harmala seeds have also been shown to
be active against HSV-2 [24]. However, the antiviral activity of βC dimers has not been
studied extensively.

In this study, we explore the antiherpetic activity and subcellular localization of a
symmetric 9,9′-norharmane dimer (nHo-dimer, Figure 1A) and compare the results with
those obtained for two related monomers, norharmane (nHo) and 9-methyl-norharmane
(9-Me-nHo), as well as 9-methyl-harmane (9-Me-Ho) (Figure 1B) and ACV, which have
been previously reported in the literature.
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2. Results
2.1. Cytotoxic and Antiproliferative Effect

To assess the potential cytotoxicity and antiproliferative effects of nHo-dimer, Vero
host cells were exposed to varying concentrations of the compound. In order to further
differentiate between these processes, two different incubation times were examined (21 h
and 48 h), representing a shorter and longer time compared to the cells’ doubling time
of 24 h [25]. Due to the low solubility of the compound in the supplemented culture
media [26], the maximum concentration tested was 40 µM, preventing the determination
of the corresponding CC50 value. Nevertheless, under these experimental conditions, the
presence of nHo-dimer did not affect the viability of the host cells (Figure 2A), suggesting a
lack of both cytotoxic and antiproliferative effects on the investigated cell line.
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Figure 2. (A) Cytotoxic and antiproliferative effects of nHo-dimer (up to 40 µM) on Vero cells
evaluated by MTS assay. Values are means ± SE of triplicates from three independent experiments.
(B) Percentage of protection against HSV-1 of nHo-dimer (20 and 40 µM) obtained by the MTS
assay. Results are means ± SE of triplicates of two independent experiments. (*) indicates significant
statistical differences between the tested samples and the HSV-1 control (p < 0.05). ANOVA/Dunnett’s
tests were carried out. For a comparative purpose, data corresponding to the treatment with ACV
and data reported in the literature [15] for two related compounds (nHo and 9-Me-nHo), obtained
under the same experimental conditions, were also included. (C) Anti-HSV-1 activity at different
concentrations, obtained by plaque reduction assays. Values represent the mean ± SE of two
independent experiments in triplicate.

2.2. Antiviral Effect

Vero cell monolayers infected with HSV-1 were treated with two different concentra-
tions of nHo-dimer (20 and 40 µM). In both of these conditions, the dimer demonstrated
a potent antiviral effect, providing approximately 50% and 100% protection, respectively,
which was comparable, albeit slightly lower, than the protection conferred by ACV tested
under identical experimental conditions (Figure 2B). Microscopic inspection revealed that
nHo-dimer prevented signs of virus-driven cytopathic effects (i.e., the appearance of cyto-
plasmic vacuoles and cells rounding up). The antiviral activity of nHo-dimer was further
evaluated and confirmed by plaque reduction assays. The dose-dependent reduction in
viral plaques yielded an EC50 value of 9 (±1) µM (Figure 2C).

2.3. Effect on the Virus Life Cycle and Its Potential Mechanisms of Action

The effect of nHo-dimer on both HSV-1 and HSV-2 was evaluated at three different
stages: (i) its potential virucidal effect was evaluated by pre-incubating extracellular infec-
tious viral particles of HSV-1 or HSV-2 with nHo-dimer (30 µM) during 1 h. After this
incubation time, the host cells were infected with treated viruses. No virucidal effect was
observed, as the treated viral particles infected the cells in the same manner as the untreated
ones (Figure 3A and Supplementary Figure S1A). (ii) To evaluate a possible prophylactic
activity, the cell monolayers were pre-treated with nHo-dimer during 1 h before virus
infection. The results indicate that this pre-treatment did not activate anti-HSV mechanisms
in the host cells, nor did it interfere with viral adsorption/penetration steps (Figure 3B and
Supplementary Figure S1B). (iii) Additionally, the post-infection treatment with nHo-dimer
was assessed. Our data demonstrate that the dimer caused a significant reduction in virus
titers upon addition to infected cells (Figure 3C and Supplementary Figure S1C). This
suggests that nHo-dimer remains active during viral replication within the host cell.
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Figure 3. Evaluation of effects of nHo-dimer (30 µM) at three different levels or stages of HSV-1
infection: (A) virucidal assay, (B) attachment/penetration assay and (C) post-infection assay. Bars are
means ± SE of viral titers, obtained by titration of cell lysates (duplicates), and they are representative
of two independent experiments with similar results. Statistical differences (p < 0.05) are indicated as
(*). ANOVA/Dunnett’s tests were performed for each compound and compared to the respective
controls. For comparative reasons, results for 9-Me-nHo (60 µM) and ACV (10 µM), obtained under
identical experimental conditions reported in the literature [15], are included.

The HSV-1 and HSV-2 yield reduction was evaluated at different infection times
(Figure 4 and Supplementary Figure S2, respectively). Briefly, in the case of HSV-1 at early
stages of infection (8 h.p.i), the dimer did not inhibit viral replication. However, from 20
h.p.i., the virus yield showed a significant reduction when compared with untreated viral
particles. This is even more evident at longer infection times (Figure 4A). Furthermore,
the release of infective HSV-1 particles to the medium was decreased in the presence of
nHo-dimer (Figure 4B). For HSV-2, although it was with a less pronounced effect in all
treatments, the virus yield reduction showed a similar trend to HSV-1 (Supplementary
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Figure S2A,B). In this case, the massive lysis of the control monolayers differed in 14 h with
the monolayers treated with nHo-dimer (~30 h and 44 h after incubation, respectively).
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Figure 4. HSV-1 yields in the presence of nHo-dimer (30 µM) or the vehicle. The values were obtained
by means of virus titration of cell lysates (A) or cell supernatants (B) and represent the mean of
duplicates (±SD). * indicates significative differences between samples treated with nHo-dimer or
the vehicle (p < 0.05, multiple t-test/Holm–Sidak method). (C) Viral replication curves where data
represent the mean of the number of HSV-1 genome copies (±SD) obtained by quantitative PCR after
treatment with nHo-dimer (30 µM) at different times. For comparative reasons, data reported for
9-Me-nHo (60 µM) and ACV (10 µM) are included [15].

The replication curves (Figure 4C) in the presence of nHo-dimer (30 µM) followed a
similar trend to that observed for the experiments of virus yield reductions (Figure 4A). HSV-
1 genome equivalents/mL remained practically at the same level in contrast to the genome
copies of the control samples, which increased by 2 log units at time 32 h.p.i. Although other
mechanisms of action could explain the latter results, one putative explanation could be
that the nHo-dimer may also affect viral DNA replication. This should be further explored.

The replication cycle of herpes viruses is conventionally separated into three temporal
phases, named immediate–early (IE), early (E) and late (L), in which the early-expressed
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proteins include transcription factors and/or modulators of host immune responses and
cell environment, and the late-expressed ones form structural components of the virion [27].
To delve into the stage of the viral cycle altered by nHo-dimer, the expression levels of
HSV-1 early (ICP8) and late (gB, ICP5) proteins were analyzed by Western blot (Figure 5A).
When comparing these results, the expression of ICP8 was noticeable at 8 hpi in cells
treated with ACV and in the untreated control group. However, this expression was
negligible in cells treated with the nHo-dimer and 9-Me-nHo. By 12 hpi and 28 hpi, ICP8
expression was higher in the control group compared to cells treated with either compound.
At 28 hpi, there was a substantial reduction in ICP8 expression levels in infected cells
treated with both βCs. A similar pattern was observed for gB, whereas the major capsid
protein ICP5, which was expressed with late kinetics, was only noticeable in the untreated
control at 28 hpi. On the contrary, infected cells treated with nHo-dimer showed a clear
inhibition of ICP5 expression. In addition, the effect of nHo-dimer on the intracellular
localization of the immediate–early (IE) HSV E3 ubiquitin ligase ICP0 (or infected cell
polypeptide 0) in infected cells was evaluated by fluorescence microscopy (Figure 5B).
Immunofluorescence images showed that the presence of nHo-dimer on infected cells had
no effect on the cytoplasmic localization of ICP0 in contrast to the monomer 9-Me-nHo,
described elsewhere [15], that somehow retained the protein ICP0 in the nucleus.
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Figure 5. (A) Western blots and the semiquantitative analysis (relative to β-tubulin) of HSV-1 early
(ICP8) and late (gB, ICP5) proteins, respectively, in the presence of nHo-dimer (30 µM) evaluated at 4,
8, 12 and 28 h.p.i. For comparative reasons, data reported for 9-Me-nHo (60 µM) and ACV (10 µM) are
also included. (B) Immunofluorescence microscopy examining ICP0 and gB subcellular localization
(in green) after 20 h of treatment with nHo-dimer (30 µM). DAPI (in blue) was used for nuclear
staining. For comparative reasons, results for 9-Me-nHo (60 µM) and ACV (10 µM), obtained under
identical experimental conditions and previously reported in the literature, are included. Erratum:
note that, by mistake, the labels of images depicted in the original publication [15] are inverted.
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2.4. Cellular Uptake

The cellular internalization of nHo-dimer on HEK293 cells was characterized by two-
photon excitation laser-scanning fluorescence microscopy coupled to fluorescence lifetime
imaging (FLIM) (Figure 6). The two related monomers, 9-Me-nHo and 9-Me-Ho, were also
investigated (Supplementary Figures S3–S5). In all cases, a clear internalization of the three
βCs was observed in FLIM images with two-photon excitation at 840 or 850 nm, for the
9-Me-βCs and the dimer, respectively. Untreated HEK293 cells showed a multiexponential
(three-exponential or more) fluorescence decay with short average fluorescence lifetimes
(mean value well below 1 ns (Figure 6(Aii,Bv), and Supplementary Figures S3(Aii,Bii),
S4v and S5v)). On the contrary, cells that had been incubated with nHo-dimer for 30
min showed significantly prolonged fluorescence decays in all parts of the cell, most
prominently in the perinuclear region (Figure 6A). The mean of the average fluorescence
lifetime was increased to more than 1.5 ns. Similar behavior was observed for 9-Me-nHo
and 9-Me-Ho (Supplementary Figures S3, S4i and S5ii).
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Figure 6. (A) (i) Representative fluorescence lifetime (colored) and intensity (black and white)
images of HEK293 cells incubated for 30 min with nHo-dimer (30 µM), recorded under two-photon
excitation at a wavelength of 850 nm using bp allvis emission filter. The mean value of average
fluorescence lifetime (µ) was 1.5 ns. Column (ii) depicts a representative fluorescence image of wt
HEK293 cells in the absence of nHo-dimer. The mean value of average fluorescence lifetime (µ) was
0.7 ns. (B) Columns (i–iv) depict fluorescence images of HEK293 cells incubated for 30 min with
nHo-dimer (30 µM) and then washed with fresh media, recorded every 5 min. The mean value of
average fluorescence lifetime (µ/ns) changed from (i) 1.45, (ii) 1.28, (iii) 1.14 and (iv) 0.98. Column
(v) depicts a representative fluorescence image of wt HEK293 cells in the absence of nHo-dimer
(autofluorescence, µ = 0.89).
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The presence of the βCs in the external medium during the microscopic measurements
led to strong cellular uptake. As a typical example, we showed HEK293 cells loaded
with 9-Me-Ho (Figure S5i), while the βC is present in the extracellular medium (50 µM).
The average fluorescence lifetime was greatly enhanced (almost 3 ns) [28,29] and the
fluorescence intensity was three to four times larger compared to that of 9-Me-Ho in the
extracellular solution, proving an enrichment of the compound in the cells.

Interestingly, after washing the cells with fresh external media free of βCs, the respec-
tive signals corresponding to the three βC alkaloids were partially lost on a minute time
scale (Figure 6B and Supplementary Figures S4 and S5). This phenomenon was previously
described for other related βCs, and it is compatible with a passive (diffusional) uptake
mechanism where enhanced permeability is expected for the neutral βC derivatives [28].
The images indicate that the three compounds investigated localized to the same intracel-
lular structures, including perinuclear organelles (predominantly mitochondria), as well
as intranuclear structures. This observation aligns with previous findings reported for
9-Me-nHo [28].

3. Discussion

The current pharmacological treatments against HSV infection have clinical limita-
tions, mainly because of the resistant variants arising from long-term therapies needed in
immunocompromised patients [1,30]. Hence, finding novel and safe anti-HSV drugs is
needed. Monomeric βC alkaloids have proven to exert in vitro and in vivo actions against
these viruses [15–17]. Thus, βCs could serve as potential candidates as non-nucleotide
antiherpetic agents, exerting a different or complementary mechanisms of action than
acyclovir (ACV), the gold standard in the treatment of herpes virus infections.

Among others, βC’ dimers have not yet been deeply investigated for their antiviral
capability. In this context, an in vitro study of the effect of the 9,9′-norharmane dimer
against HSV is reported herein. Anti-HSV-1 screening showed different behavior when
comparing the dimer with the respective N(9)-unsubstituted monomer (nHo). Briefly, under
the same conditions, the monomer was inactive, whereas nHo-dimer exerted a significant
protection (Figure 2B). This is consistent with previous reports that the substitution at
position N(9) enhances anti-HSV-1 activity [15]. On the other hand, dimers have been
shown to exert higher antitumoral activities than monomers on tumoral cell lines [7]
and better antiviral properties than monomers against pseudorabies virus (PRV) [31].
Plaque reduction assays confirmed the anti-HSV-1 activity of the dimer, with an EC50
of 9 ± 1 µM (Figure 2C), which is slightly higher than the EC50 previously reported for
9-Me-nHo (4.9 ± 0.4 µM). These results, together with the similar behavior that both
compounds showed in the MTS screening, strongly suggest that the enhancement of the
antiviral activity is related more to N(9)-substitution than to the bivalent action of the dimer.
Furthermore, several in vitro studies about the potency of different related βC dimers
as anticancer agents, showed that a spacer of 4-6 methylene units is needed to achieve
a bivalent effect [26]. Also, the anti-PRV activity of several bivalent 9-methyl-harmine
compounds, with linkers containing four to eight methylene units, decreases with the
prolongation of the linker [31]. Nevertheless, according to our previous studies reporting
the antiviral activity of several βCs (particularly 9-Me-nHo) against HSV-1 [15] and the
results obtained herein for the dimer, a multifactorial mechanism of action can be suggested.

The cytotoxicity of nHo-dimer was tested on the host cells to rule out the concept
that the observed antiviral effect could have been due to a loss of cell viability. In the
concentration range (up to 40 µM), the dimer did not show any cytotoxic or antiproliferative
effect (Figure 2A). This is in agreement with the fact that N(9)-methyl substitutions of
the βC monomers might have a protective effect, reducing, in some cases, the overall
cytotoxicity [15,21]. Even though the corresponding CC50 value for the dimer was not
determined due to its low solubility in culture media, based on the reported data for the
norharmane monomer (nHo) and the two related N(9)-methyl-derivatives, 9-Me-Ho and 9-
Me-nHo, we can infer that the dimer would exhibit low cytotoxicity (CC50 >> 200 µM) [15].
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Despite this, when considering 30 µM as a lower limit for CC50, together with the EC50
value reported in the previous paragraph, an underestimated selective index or SI (i.e., the
ratio that measures the window between cytotoxicity and antiviral activity) larger than 3
can be calculated in the case of the dimer.

Time of addition experiments performed with HSV-1 (Figure 3) and HSV-2 (Supple-
mentary Figure S1) showed that nHo-dimer is not virucidal. Several reports also describe
the lack of virucidal activity of different compounds in this family against HSV-1 [15,16],
HSV-2 [15,17] and other viruses, such as PV [19] or DENV-2 [21]. The attachment and
penetration steps are not affected by nHo-dimer either. Instead, the dimer is active after
the viral infection of the host cell. It is noteworthy that, as demonstrated in these results
and those from virus yield assays (Figure 4 and Supplementary Figure S2), this compound
shows a trend similar to that observed for other related monomeric βCs previously investi-
gated, including 9-Me-nHo [15]. Additionally, fluorescence lifetime imaging progressing
with time indicates the partial loss of βCs in intracellular compartments after washing
(Figure 6B and Supplementary Figures S4 and S5), which could explain the absence of a
prophylactic effect exhibited by these compounds. Therefore, the antiviral action of these
alkaloids appears to be dependent on their continuous presence in the incubation media.

Some βC-monomers have been shown to exert part of their antiviral activity through
decreasing immediate–early (IE), early (E) and late (L) protein expression. For example,
harmine suppresses the HSV-1 mRNA expression of the IE genes codifying for ICP0, ICP4
and ICP27 and also reduces the expression of ICP5 in HSV-1 and HSV-2 in a dose-dependent
manner [17]. Harmaline, the harmine 3,4-dihydro analog, also decreases HSV-1 ICP4 and
ICP27 levels and the expression of both transcripts in a time-dependent manner [16]. In
this work, we have investigated the effect of nHo-dimer on ICP8, ICP5 and gB expression
(Figure 5A). The first one is a multifunctional single-stranded DNA-binding protein, which
is essential for viral DNA replication mediated by its annealing activity [32]. ICP5 is a major
structural protein which acts as a scaffold during the formation of HSV’s capsid and plays
an important role in virus packaging and maturity. This protein is necessary for HSV-1
proliferation [33]. Finally, gB is an envelope glycoprotein required for HSV fusion [34]. Our
previous results showed that 9-Me-nHo, 9-Me-Ho and 6-methoxyharmane strongly reduce
the level of expression of ICP8, ICP5 and gB [15]. As the expression of HSV proteins follow
a cascade of temporal events, this fact could be caused by the inhibition of IE events, as
other authors have previously shown [16,17]. A similar pattern in the ICP8, gB and ICP5
protein expression was found for nHo-dimer.

Host cells control viral infections through antiviral cellular responses triggered by
pathogen-associated molecular patterns [35,36]. This process, mediated in part by Toll-
like receptors, leads to the activation of intracellular signaling pathways that induce the
expression and secretion of molecules that limit viral replication, alert neighboring cells, and
activate the immune system [37–39]. In return, the viral genome encodes for effectors that
act by either altering repressive complexes or degrading key restrictive factors. For example,
ICP0, a multifunctional IE protein that works as a transactivator for IE, E and L viral genes,
determines the balance between lytic replication and reactivation from latency but also
targets host defensive molecules for ubiquitin-mediated proteasomal degradation [40–42].
These characteristics make ICP0 an attractive target for HSV-1 antiviral therapy. During
infection, ICP0 changes its location. Initially, its nuclear localization signal (NLS) guides it to
the nucleus, where it localizes to nuclear domain 10 (ND10), a dynamic structure involved
in antiviral defense. One of the ICP0 nuclear functions involves dispersing ND10 bodies.
Subsequently, ICP0 diffuses throughout the nucleus [43], and when its nuclear functions are
completed [44], it relocates to the cytoplasm, where it plays roles in suppressing type I IFN-
mediated antiviral effects and activating the NF-κB pathway [41]. Although some aspects
of its movement from the nucleus to the cytoplasm are not fully understood, the C-terminal
35 amino acids motif in ICP0 is essential for this process [45]. It has also been reported
that the cytoplasmic translocation of ICP0, required for its incorporation into virions,
depends on ICP27 [46]. Additionally, late viral proteins might assist in this translocation, as
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hindering viral DNA synthesis delays ICP0’s translocation [47,48]. Furthermore, a defective
ubiquitination and the inhibition of cyclin-dependent kinase 4 (cdk4) [49] or the inhibition
of histone deacetylases (HDACs) [43] sequester ICP0 in the nucleus. Interestingly, at very
early stages of the infection, harmaline interferes with the binding of the IE complex to
the ICP0 promoter [16], and several βCs can inhibit cdk4 [50] and HDACs [51]. These
facts led us to also investigate the localization of ICP0 in the presence of nHo-dimer. Our
previous results demonstrated that some monomeric βCs, such as 9-Me-nHo, change the
localization pattern of ICP0 at late stages of the infection (Figure 5B) [15]. Specifically, ICP0
remained in the nucleus, forming small foci, consistent with co-localization with ND10,
similar to early HSV-1 infection [45]. This aligns with the strong inhibition of E and L
protein expression caused by 9-Me-nHo, as late viral proteins typically facilitate ICP0’s
cytoplasmic translocation. However, the dimer did not affect the normal cytoplasmic
translocation of ICP0. As the dimer does not inhibit the expression of L proteins (gB) as
effectively as 9-Me-nHo, this may not be sufficient to alter the usual localization pattern of
ICP0. If monomeric βCs are also implicated in the additional mechanisms that sequester
ICP0 in the nucleus, should be the object of further studies.

4. Materials and Methods
4.1. Chemical and Reactants

The non-commercial β-carbolines (βCs, purity > 98%) used in this study, namely,
nHo-dimer, 9-Me-nHo and 9-Me-Ho, were synthesized and fully characterized by 1H- and
13C-NMR, FTIR, microanalysis, EI-MS, UV-vis spectroscopy as well as DSC, TGA, HRESI-
MS, and fluorescence spectroscopies, among others, following the procedures described
elsewhere [29,52].

Preparation of Stock Solutions

βCs’ stock solutions (with concentrations ranging from 1.5 to 2 mM, depending on
the solubility of the compounds) were prepared by dissolving the neutral alkaloid in pH
3 sterile ultrapure water [15,53]. Subsequently, these neutral stock solutions were further
diluted to working concentrations (2% v/v) in either Dulbecco’s Modified Eagle Medium
(DMEM) supplemented as described below or PBS for antiviral or microscopy experiments,
respectively (final pH = 7.2–7.4).

4.2. Virus and Cell Cultures

The methods for virus and cell culture largely follow the procedure outlined by [15]
with slight modifications required for this study.

4.2.1. Cell Culture

Vero cells were used in this study and were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 5% fetal bovine serum, 1% L-glutamine, 1% non-
essential amino acids, 1% penicillin/streptomycin, 0.1% gentamycin and 0.2% fungizone
(Life Technologies, Munich, Germany) [15].

4.2.2. Virus Propagation

Two clinical isolates of HSV-1 and HSV-2 (identity confirmed by sequencing at the
Max-von-Pettenkofer Institute, LMU, Munich, Germany) were employed. The viruses
were propagated in Vero cells. To determine the amount of viral particles in the stocks,
plaque assays were conducted following the protocol described elsewhere [54]. 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 at 37 ◦C in a 5% CO2 humidified
atmosphere for 1 h. Subsequently, supernatants were removed, and infected cells were
incubated in DMEM with 0.75% carboxymethylcellulose added (Sigma, Munich, Germany)
during 72 h. Then, the cell monolayers were fixed and stained with 0.1% p/v of crystal
violet in 20% v/v ethanol in sterile ultrapure water. Viral stocks were stored at −80 ◦C.
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4.3. Cytotoxicity Assays
4.3.1. MTS Assay

Vero cell monolayers, cultured in 96-well microplates until they reached 90% con-
fluence, were exposed to different concentrations of nHo-dimer diluted in DMEM, as
described in Section 4.1. The cytotoxicity of nHo-dimer was evaluated using the MTS
colorimetric assay [55] at two time points (21 and 48 h) using the CellTiter 96® AQueous
One Solution Reagent (Promega, Madison, WI, USA). The negative control group was
treated with the vehicle only.

4.3.2. Calculation of Cell Viability

The absorbance (A490nm) of each well was measured using a microplate reader (Tecan,
SunriseTM, Grödig, Austria). The percentage of cell viability was calculated using the
following equation:

% cell viability =
(A490 sample − A490 background)

(A490 cell control − A490 background
× 100 (1)

where A490
sample is the absorbance of each sample well containing cells treated with nHo-

dimer, A490
cell control is the average absorbance of wells containing cells treated only with

the vehicle (negative control) and A490
background is the average absorbance of wells con-

taining the reagent without cells. Results were obtained in triplicate in two independent
experiments.

4.4. Evaluation of Antiviral Activity

The antiviral activity of nHo-dimer was carried out following a modified cytotoxicity
protocol outlined in Section 4.3, as it was described elsewhere [15]. Briefly, Vero cell
monolayers grown in 96-well microplates were treated with 20 or 40 µM concentrations of
nHo-dimer or the vehicle (control group), and were infected with HSV-1 at a viral load of
100 PFU/well. Following infection, the microplates were incubated until cytopathic effects
were evident in the control cultures (96 h). Then, the culture medium was replaced, and the
MTS assay was performed in triplicate. To quantify the antiviral activity, the percentage of
inhibition was calculated using the following equation:

% antiviral activity =
(A490 sample − A490 virus control)

(A490 cell control − A490 virus control)
× 100 (2)

where A490
virus control represents the average absorbance measured from three wells contain-

ing virus controls (cells infected with viruses but not treated with drugs). A490
sample is the

absorbance of each sample well, and A490
cell control corresponds to the average absorbance

from wells containing cell controls (Section 4.3). The antiviral activity of nHo-dimer was
assessed in two independent experiments to ensure the reliability and reproducibility of
the results.

4.5. Plaque Reduction Assays and EC50 Determination

To this aim, the same methodology previously described in the literature [15] was used.
Briefly, Vero cells cultured in standard medium and conditions (Section 4.2.1) were treated
with nHo-dimer at different concentrations prior to and during infection with HSV-1. The
negative control group was treated with the vehicle only.

4.5.1. Plaque Counting and Plaque Reduction Analysis

After the 48 h incubation period at 37 ◦C, the cells were fixed and stained with crystal
violet. Plaques were manually counted, and the percentage of plaque reduction was
determined using the following equation:
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Plaque reduction (%) =

(
1 − Vd

Vc

)
× 100 (3)

where Vd and Vc represent the number of plaques in the presence and in the absence of
nHo-dimer, respectively.

4.5.2. EC50 Determination

To determine the effective concentration that results in 50% plaque reduction (EC50),
the percentage of plaque reduction was plotted against nHo-dimer concentrations (plaque
reduction (%) vs. Log [nHo-dimer]). The data were subject to non-linear regression analysis
using the variable Hill’s slope model with GraphPad Prism version 10.2.2 for Windows,
GraphPad Software, San Diego, CA, USA, (www.graphpad.com (accessed on 21 February
2024)). Results were obtained in triplicate in two independent experiments. For the
following assays, a concentration of nHo-dimer (30 µM) that resulted in 100% plaque
reduction was used.

4.6. Experiments to Assess the Effect of nHo-Dimer during Different Stages of Infection.
Time-of-Addition Experiments

The experimental design for assessing the effects of nHo-dimer during various stages of
infection followed the methodology reported elsewhere [15], which is briefly outlined below.

4.6.1. Virucidal Activity Assay

Suspensions of HSV-1 and HSV-2 (2000 PFU/mL) were separately treated with nHo-
dimer (30 µM) or the vehicle at room temperature (RT) for 1 h. Subsequently, treated
viruses were added to Vero cell monolayers cultivated in 12-well plates. The cell–virus
mixtures were then centrifuged at 500 rpm during 5 min and incubated during at 37 ◦C for
1 h to facilitate virus uptake. After incubation, the medium was aspirated, and the cells
were washed once with PBS. The plates were further incubated in fresh DMEM prior to the
extensive cytopathic effect being observed in the control cultures (48 h and 28 h for HSV-1
and HSV-2, respectively). Harvested cells were subjected to freeze–thaw cycling to lyse the
cells, and the resulting infectious viral particles were titrated on Vero cells.

4.6.2. Assessment of Viral Attachment

To determine whether the βC interfered with the attachment or penetration stages of
viral infection, Vero cell monolayers grown in 12-well plates were incubated at 37 ◦C for
1 h, with DMEM supplemented with nHo-dimer (30 µM) or the vehicle. Cells were washed
with PBS, and HSV-1 or HSV-2 (2000 PFU/well) was added to the cells. As described in
4.6.1, the plates were incubated for 48 and 28 h for HSV-1 and HSV-2, respectively. Cells
were then harvested and lysed by cycles of freezing and thawing, and the infectious viral
particles were titrated on Vero cells.

4.6.3. Post-Infection Treatment

To explore whether nHo-dimer influences viral replication, Vero cell monolayers were
infected with HSV-1 or HSV-2 (2000 PFU/well). The plates were then centrifuged at 500 rpm
for 5 min and incubated at 37 ◦C for 1 h to allow virus uptake. After the incubation period
(48 h and 28 h for HSV-1 and HSV-2, respectively), the cells were washed once with PBS,
and fresh DMEM supplemented with nHo-dimer (30 µM) or the vehicle was added. The
subsequent procedures were performed following the protocol described in Section 4.6.1.
This set of assays was conducted in duplicate and repeated, at least, in two independent
experiments.

4.7. Effect of nHo-Dimer on Viral Replication

Vero cells cultured to confluency in 12-well plates were treated with a concentration of
30 µM nHo-dimer or the corresponding vehicle (control) before and during the infection
with HSV-1 or HSV-2, at a viral titer of 2000 PFU/well. At different time points post-
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infection, the culture supernatants and cells were collected separately. The viruses were
quantified using plaque assays performed in duplicate, as reported elsewhere [15].

4.8. Quantitative PCR (qPCR)

Cell monolayers infected with HSV-1 were incubated with nHo-dimer (30 µM) or the
vehicle during different times. Subsequently, the cells were harvested for further qPCR
analysis. Nucleic acids were extracted from the harvested cells using the MagNA Pure LC
2.0 System (Roche Diagnostics GmbH, Penzberg, Germany), and qPCR was performed on
the extracted DNA, following established protocols [15]. Briefly, specific HSV-1 sequences
were amplified from 5 µL of extracted DNA using a 7500 Fast Real-Time PCR System and
TaqMan® Fast Universal PCR Master Mix (Thermo Fisher Scientific Inc., Waltham, MA,
USA). To amplify a specific 81-nt sequence of the gene encoding the HSV-1 polymerase, we
employed optimized primers and a FAM-labeled probe. The thermocycler settings for PCR
amplification were as follows: initial denaturation at 95 ◦C for 20 s, followed by 45 cycles
of denaturation at 95 ◦C for 3 s, and annealing/extension at 60 ◦C for 30 s. Quantification
was accomplished by the simultaneous amplification of four HSV-plasmid-DNA standards
of 5 × 102, 5 × 103, 5 × 104 and 5 × 105 copies/mL.

4.9. Immunoblotting

Immunoblotting was employed to investigate the protein expression levels in HSV-
1-infected cells treated with nHo-dimer (30 µM) or the vehicle, following a previously
described protocol [15]. Briefly, the whole-cell protein extracts were prepared and sepa-
rated using SDS-PAGE. The proteins were transferred onto nitrocellulose membranes. The
membranes were blocked with 5% skim milk in a buffer containing 20 mM Tris (pH 7.5), 150
mM NaCl and 0.5% Tween 20, followed by rinsing and incubation with specific monoclonal
antibodies targeting ICP8 (Sta. Cruz, CA, USA), β-tubulin, ICP5 and gB (all provided by
Abcam, Boston, MA, USA), for 3 h at room temperature. After rinsing, the membranes
were exposed to HRP-labeled anti-mouse antibodies in 1X TBST for 1 h at room temper-
ature, and protein bands were visualized using an ECL Western blot detection kit (G&E,
Buckinghamshire, UK).

4.10. Immunofluorescence Staining and Microscopy

Herein, we used the same protocol described elsewhere [15]. Vero cell monolayers were
cultured in 24-well plates and infected with HSV-1 (1000 PFU/well). To assess the impact
of nHo-dimer, cells were treated with 30 µM of nHo-dimer or the vehicle control. After
20 h of incubation, the cell culture medium was removed, and the cells were washed once
with PBS before fixation with 4% paraformaldehyde for 30 min. Following fixation, cells
permeabilization was achieved using 0.5% Triton X-100 (Sigma-Aldrich, Munich, Germany),
and non-specific binding was blocked using 10% v/v goat serum and 0.3% Triton X-100 in
PBS. Then, cells were incubated for 3 h at room temperature with monoclonal anti-ICP0
(Sta. Cruz, CA, USA) and anti-gB (Abcam, Boston, MA, USA) antibodies. Nuclei were
stained with DAPI (Sigma-Aldrich, Munich, Germany).

4.11. Other Relevant Information

The experiments outlined in Sections 4.3–4.10 were conducted at a Multiplicity of
Infection (MOI) of 0.006. In the statistical analysis, data were analyzed by one-way ANOVA,
followed by Dunnett’s post-test (after checking for normality and homoscedasticity) or by
multiple t-test without assuming consistent SD and corrected for multiple comparisons
using the Holm–Sidak method. Results were considered significant at p < 0.05. GraphPad
Prism 8.0.2 was used to this end.
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4.12. Fluorescence Lifetime Imaging Microscopy (FLIM) in Living Cells
4.12.1. Fluorescence Lifetime Images

Fluorescence lifetime images were acquired using an upright laser-scanning fluores-
cence microscope (LSM880 microscope, Zeiss, Jena, Germany) with a 20× water immersion
objective (numerical aperture 1.0, working distance 2.1 mm, XYZ Zeiss). Fluorescence
was excited by 2-photon excitation using 120 fs light pulses with either λexc = 840 nm or
850 nm. Laser pulses were generated using a mode-locked Titan-Sapphire laser (InSight
X3, Newport Spectra Physics, Darmstadt, Germany), with output powers ranging from 1.9
to 2.3 W for different excitation wavelengths, at a repetition rate of 80 MHz, while only a
small fraction (typical: 10 mW) was applied to the sample.

4.12.2. Fluorescence Lifetime Determination

Mean fluorescence lifetimes were determined in the time domain using time-correlated
single-photon counting (TCSPC), with dedicated electronics and acquisition software (SPC-
152, Becker & Hickl, Berlin, Germany) as described elsewhere [56–58]. To analyze the
fluorescence decays, SPCImage 8.4 software (Becker & Hickl) was used to fit bi-exponential
functions to individual fluorescence decays, with a bin size of 2 (averaging the decays of
25 pixels—the central pixel and the surrounding two-pixel layers). The average fluorescence
lifetime was determined for each pixel from amplitudes and lifetimes of the two-exponential
functions as (a1 × τ1 + a2 × τ2)/(a1 + a2) [58,59].

4.12.3. Incubation of HEK293 Cells with βCs

HEK293 cells (American Type Culture Collection, ATCC CCL-2) were cultured in
DMEM containing 10% FBS and 100 µg mL−1 of penicillin. A total of 1.5 × 104 cells were
seeded in culture dishes and maintained in an incubator at 37 ◦C with 5% CO2 and 95%
air for 24 h. Prior to imaging experiments, the culture medium was replaced, and the cells
were incubated with 30–50 µM of nHo-dimer, 9-Me-nHo or 9-Me-Ho for 30 min. Control
cultures were included in each experiment for comparison.

5. Conclusions

In summary, nHo-dimer has antiviral activities against both HSV-1 and HSV-2. This
compound, localized in the perinuclear organelles, is not virucidal and does not block virus
attachment nor penetration but acts after viral infection. Moreover, one of the mechanisms
of antiviral action seems to be mediated by arresting DNA replication. Whether the dimer
acts directly or indirectly remains to be further studied. This compound does not show a
stronger effect than the monomeric βCs studied previously. In the dimer, the substitution
at position N(9) by a voluminous group (compared to a methyl group in 9-Me-nHo) is
detrimental regarding the sequestering of ICP0 in the nucleus at the late infection, one
important antiviral mechanism of related monomeric βCs. Considering the high efficacy of
N(9)-methyl-substituted βCs (including the dimer studied herein), in connection to their
distinctive intrinsic mechanisms of action, the use of cocktails of βC alkaloids could be
further designed and explored for future treatments to prevent HSV replication. Finally,
this is the first report of the anti-HSV activity and mechanism of a structurally conventional
βC dimer and lays the groundwork for further research with similar compounds with
different N(9)-linker lengths.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25094966/s1.

Author Contributions: Conceptualization, M.G.V.-P. and F.M.C.; formal analysis, M.M.G., M.G.V.-P.,
T.G. and F.M.C.; investigation, M.M.G., M.G.V.-P., R.E.-B., T.G. and F.M.C.; methodology, M.G.V.-P.,
R.E.-B. and T.G.; software, T.G.; supervision, M.G.V.-P., R.E.-B., T.G. and F.M.C.; writing—original
draft, M.M.G. and F.M.C.; writing—review and editing, M.M.G., M.G.V.-P., R.E.-B., T.G. and F.M.C.
All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms25094966/s1
https://www.mdpi.com/article/10.3390/ijms25094966/s1


Int. J. Mol. Sci. 2024, 25, 4966 16 of 18

Funding: This research was supported by Grants PICT 2021-00044 (ANPCyT, Argentina) and PIP3003
(CONICET, Argentina). M.M.G., M.G.V.P., R.E.B. and F.M.C. are research members of CONICET.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Information File.

Acknowledgments: M.G. thanks the German Academic Exchange Service (DAAD) and the Argen-
tinean Ministry of Education (ME) for sponsoring her research stay at the Max von Pettenkofer
Institut für Hygiene und Medizinische Mikrobiologie, Ludwig-Maximilians-Universität (Munich,
Germany), in the framework of the ALE-ARG fellowship program. The authors would like to thank
Arnd Baumann and Assallah Abu Shamseye for their expert assistance in cell culture preparation.

Conflicts of Interest: There are no conflicts of interest to declare.

References
1. Álvarez, D.M.; Castillo, E.; Duarte, L.F.; Arriagada, J.; Corrales, N.; Farías, M.A.; Henríquez, A.; Agurto-Muñoz, C.; González, P.A.

Current antivirals and novel botanical molecules interfering with herpes simplex virus infection. Front. Microbiol. 2020, 11, 139.
[CrossRef] [PubMed]

2. James, C.; Harfouche, M.; Welton, N.J.; Turner, K.M.; Abu-Raddad, L.J.; Gottlieb, S.L.; Looker, K.J. Herpes simplex virus: Global
infection prevalence and incidence estimates, 2016. Bull. World Health Organ. 2020, 98, 315–329. [CrossRef] [PubMed]

3. Sauerbrei, A. Optimal management of genital herpes: Current perspectives. Infect. Drug Resist. 2016, 9, 129. [CrossRef] [PubMed]
4. Piret, J.; Boivin, G. Immunomodulatory strategies in herpes simplex virus encephalitis. Clin. Microbiol. Rev. 2020, 33, e00105-19.

[CrossRef] [PubMed]
5. Freeman, E.E.; Orroth, K.K.; White, R.G.; Glynn, J.R.; Bakker, R.; Boily, M.-C.; Habbema, D.; Buvé, A.; Hayes, R. Proportion of new

HIV infections attributable to herpes simplex 2 increases over time: Simulations of the changing role of sexually transmitted
infections in sub-Saharan African HIV epidemics. Sex. Transm. Infect. 2007, 83 (Suppl. S1), i17–i24. [CrossRef] [PubMed]

6. Piret, J.; Boivin, G. Resistance of herpes simplex viruses to nucleoside analogues: Mechanisms, prevalence, and management.
Antimicrob. Agents Chemother. 2011, 55, 459–472. [CrossRef] [PubMed]

7. Dai, J.; Dan, W.; Schneider, U.; Wang, J. β-Carboline alkaloid monomers and dimers: Occurrence, structural diversity, and
biological activities. Eur. J. Med. Chem. 2018, 157, 622–656. [CrossRef] [PubMed]

8. Banoth, K.K.; ChandraSekhar KV, G.; Adinarayana, N.; Murugesan, S. Recent evolution on synthesis strategies and anti-
leishmanial activity of β-carboline derivatives—An update. Heliyon 2020, 6, e04916. [CrossRef] [PubMed]

9. Wu, Q.; Bai, Z.; Ma, Q.; Fan, W.; Guo, L.; Zhang, G.; Qiu, L.; Yu, H.; Shao, G.; Cao, R. Synthesis and biological evaluation of novel
bivalent β-carbolines as potential antitumor agents. MedChemComm 2014, 5, 953–957. [CrossRef]

10. Ahmad, I.; Fakhri, S.; Khan, H.; Jeandet, P.; Aschner, M.; Yu, Z.-L. Targeting cell cycle by β-carboline alkaloids in vitro: Novel
therapeutic prospects for the treatment of cancer. Chem. Biol. Interact. 2020, 330, 109229. [CrossRef]

11. Alomar, M.L.; Yañuk, J.G.; Angel, S.O.; Gonzalez, M.M.; Cabrerizo, F.M. In vitro Effect of Harmine Alkaloid and Its N-Methyl
Derivatives Against Toxoplasma gondii. Front. Microbiol. 2021, 21, 716534. [CrossRef]

12. Alomar, M.L.; Rasse-Suriani, F.A.; Ganuza, A.; Cóceres, V.M.; Cabrerizo, F.M.; Angel, S.O. In vitro evaluation of β-carboline
alkaloids as potential anti-Toxoplasma agents. BMC Res. Notes 2013, 6, 193. [CrossRef]

13. Olmedo, G.M.; Cerioni, L.; González, M.M.; Cabrerizo, F.M.; Rapisarda, V.A.; Volentini, S.I. Antifungal activity of β-carbolines on
Penicillium digitatum and Botrytis cinerea. Food Microbiol. 2017, 62, 9–14. [CrossRef]

14. Wang, N.; An, J.; Zhang, Z.; Liu, Y.; Fang, J.; Yang, Z. The Antimicrobial Activity and Characterization of Bioactive Compounds in
Peganum harmala L. Based on HPLC and HS-SPME-GC-MS. Front. Microbiol. 2022, 13, 916371. [CrossRef]

15. Gonzalez, M.M.; Cabrerizo, F.M.; Baiker, A.; Erra-Balsells, R.; Osterman, A.; Nitschko, H.; Vizoso-Pinto, M.G. β-Carboline
derivatives as novel antivirals for herpes simplex virus. Int. J. Antimicrob. Agents 2018, 52, 459–468. [CrossRef]

16. Bag, P.; Ojha, D.; Mukherjee, H.; Halder, U.C.; Mondal, S.; Biswas, A.; Sharon, A.; Van Kaer, L.; Chakrabarty, S.; Das, G. A
dihydro-pyrido-indole potently inhibits HSV-1 infection by interfering the viral immediate early transcriptional events. Antivir.
Res. 2014, 105, 126–134. [CrossRef] [PubMed]

17. Chen, D.; Su, A.; Fu, Y.; Wang, X.; Lv, X.; Xu, W.; Xu, S.; Wang, H.; Wu, Z. Harmine blocks herpes simplex virus infection through
downregulating cellular NF-κB and MAPK pathways induced by oxidative stress. Antivir. Res. 2015, 123, 27–38. [CrossRef]
[PubMed]

18. Brahmbhatt, K.G.; Ahmed, N.; Sabde, S.; Mitra, D.; Singh, I.P.; Bhutani, K.K. Synthesis and evaluation of β-carboline derivatives
as inhibitors of human immunodeficiency virus. Bioorg. Med. Chem. Lett. 2010, 20, 4416–4419. [CrossRef] [PubMed]

19. Formagio AS, N.; Santos, P.R.; Zanoli, K.; Ueda-Nakamura, T.; Tonin LT, D.; Nakamura, C.V.; Sarragiotto, M.H. Synthesis and
antiviral activity of β-carboline derivatives bearing a substituted carbohydrazide at C-3 against poliovirus and herpes simplex
virus (HSV-1). Eur. J. Med. Chem. 2009, 44, 4695–4701. [CrossRef]

https://doi.org/10.3389/fmicb.2020.00139
https://www.ncbi.nlm.nih.gov/pubmed/32117158
https://doi.org/10.2471/BLT.19.237149
https://www.ncbi.nlm.nih.gov/pubmed/32514197
https://doi.org/10.2147/IDR.S96164
https://www.ncbi.nlm.nih.gov/pubmed/27358569
https://doi.org/10.1128/CMR.00105-19
https://www.ncbi.nlm.nih.gov/pubmed/32051176
https://doi.org/10.1136/sti.2006.023549
https://www.ncbi.nlm.nih.gov/pubmed/17405782
https://doi.org/10.1128/AAC.00615-10
https://www.ncbi.nlm.nih.gov/pubmed/21078929
https://doi.org/10.1016/j.ejmech.2018.08.027
https://www.ncbi.nlm.nih.gov/pubmed/30125723
https://doi.org/10.1016/j.heliyon.2020.e04916
https://www.ncbi.nlm.nih.gov/pubmed/32995612
https://doi.org/10.1039/C4MD00098F
https://doi.org/10.1016/j.cbi.2020.109229
https://doi.org/10.3389/fmicb.2021.716534
https://doi.org/10.1186/1756-0500-6-193
https://doi.org/10.1016/j.fm.2016.09.011
https://doi.org/10.3389/fmicb.2022.916371
https://doi.org/10.1016/j.ijantimicag.2018.06.019
https://doi.org/10.1016/j.antiviral.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24576908
https://doi.org/10.1016/j.antiviral.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26348003
https://doi.org/10.1016/j.bmcl.2010.06.052
https://www.ncbi.nlm.nih.gov/pubmed/20598537
https://doi.org/10.1016/j.ejmech.2009.07.005


Int. J. Mol. Sci. 2024, 25, 4966 17 of 18

20. Song, H.; Liu, Y.; Liu, Y.; Wang, L.; Wang, Q. Synthesis and antiviral and fungicidal activity evaluation of β-carboline, dihydro-β-
carboline, tetrahydro-β-carboline alkaloids, and their derivatives. J. Agric. Food Chem. 2014, 62, 1010–1018. [CrossRef]

21. Quintana, V.M.; Piccini, L.E.; Zénere, J.D.P.; Damonte, E.B.; Ponce, M.A.; Castilla, V. Antiviral activity of natural and synthetic
β-carbolines against dengue virus. Antivir. Res. 2016, 134, 26–33. [CrossRef] [PubMed]

22. Hegazy, A.; Mahmoud, S.H.; Elshaier, Y.A.M.M.; Shama, N.M.A.; Nasr, N.F.; Ali, M.A.; El-Shazly, A.M.; Mostafa, I.; Mostafa, A.
Antiviral activities of plant-derived indole and β-carboline alkaloids against human and avian influenza viruses. Sci. Rep. 2023,
13, 1612. [CrossRef] [PubMed]

23. Kobayashi, J.; Harbour, G.C.; Gilmore, J.; Rinehart, K.L., Jr. Eudistomins A, D, G, H, I, J, M, N, O, P, and Q, bromo, hydroxy,
pyrrolyl and iminoazepino. beta.-carbolines from the antiviral Caribbean tunicate Eudistoma olivaceum. J. Am. Chem. Soc. 1984,
106, 1526–1528. [CrossRef]

24. Wu, Z.-N.; Chen, N.-H.; Tang, Q.; Chen, S.; Zhan, Z.-C.; Zhang, Y.-B.; Wang, G.-C.; Li, Y.-L.; Ye, W.-C. β-Carboline alkaloids from
the seeds of Peganum harmala and their anti-HSV-2 virus activities. Org. Lett. 2020, 22, 7310–7314. [CrossRef] [PubMed]

25. Nahapetian, A.T.; Thomas, J.N.; Thilly, W. Optimization of environment for high density Vero cell culture: Effect of dissolved
oxygen and nutrient supply on cell growth and changes in metabolites. J. Cell Sci. 1986, 81, 65–103. [CrossRef] [PubMed]

26. Shi, B.; Cao, R.; Fan, W.; Guo, L.; Ma, Q.; Chen, X.; Zhang, G.; Qiu, L.; Song, H. Design, synthesis and in vitro and in vivo
antitumor activities of novel bivalent β-carbolines. Eur. J. Med. Chem. 2013, 60, 10–22. [CrossRef] [PubMed]

27. Soh, T.K.; Davies, C.T.; Muenzner, J.; Hunter, L.M.; Barrow, H.G.; Connor, V.; Bouton, C.R.; Smith, C.; Emmott, E.; Antrobus, R.
Temporal proteomic analysis of herpes simplex virus 1 infection reveals cell-surface remodeling via pUL56-mediated GOPC
degradation. Cell Rep. 2020, 33, 108235. [CrossRef] [PubMed]

28. Denofrio, M.P.; Rasse-Suriani, F.A.; Paredes, J.M.; Fassetta, F.; Crovetto, L.; Giron, M.D.; Salto, R.; Epe, B.; Cabrerizo, F.M.
N-Methyl-β-carboline alkaloids: Structure-dependent photosensitizing properties and localization in subcellular domains. Org.
Biomol. Chem. 2020, 18, 6519–6530. [CrossRef] [PubMed]

29. Rasse-Suriani, F.A.; García-Einschlag, F.S.; Rafti, M.; Schmidt De Leon, T.; David Gara, P.M.; Erra-Balsells, R.; Cabrerizo, F.M.
Photophysical and Photochemical Properties of Naturally Occurring normelinonine F and Melinonine F Alkaloids and Structurally
Related N (2)-and/or N (9)-methyl-β-carboline Derivatives. Photochem. Photobiol. 2018, 94, 36–51. [CrossRef]

30. Jiang, Y.-C.; Feng, H.; Lin, Y.-C.; Guo, X.-R. New strategies against drug resistance to herpes simplex virus. Int. J. Oral Sci. 2016, 8,
1–6. [CrossRef]

31. Wang, C.; Hu, R.; Wang, T.; Duan, L.; Hou, Q.; Wang, J.; Yang, Z. A bivalent β-carboline derivative inhibits macropinocytosis-
dependent entry of pseudorabies virus by targeting the kinase DYRK1A. J. Biol. Chem. 2023, 299, 104605. [CrossRef] [PubMed]

32. Weerasooriya, S.; DiScipio, K.A.; Darwish, A.S.; Bai, P.; Weller, S.K. Herpes simplex virus 1 ICP8 mutant lacking annealing activity
is deficient for viral DNA replication. Proc. Natl. Acad. Sci. USA 2019, 116, 1033–1042. [CrossRef] [PubMed]

33. Ma, K.; Jin, F.; Wang, Q.; Ren, Z.; Zheng, K.; Wang, Y. siRNAs Targeting viral protein 5: The major capsid protein of herpes
simplex virus-1 affects its propagation and cytoskeleton. Trop. J. Pharm. Res. 2015, 14, 391–397. [CrossRef]

34. Connolly, S.A.; Jackson, J.O.; Jardetzky, T.S.; Longnecker, R. Fusing structure and function: A structural view of the herpesvirus
entry machinery. Nat. Rev. Microbiol. 2011, 9, 369–381. [CrossRef] [PubMed]

35. Ashkar, A.A.; Yao, X.-D.; Gill, N.; Sajic, D.; Patrick, A.J.; Rosenthal, K.L. Toll-like receptor (TLR)-3, but not TLR4, agonist protects
against genital herpes infection in the absence of inflammation seen with CpG DNA. J. Infect. Dis. 2004, 190, 1841–1849. [CrossRef]
[PubMed]

36. Harandi, A.M.; Eriksson, K.; Holmgren, J. A protective role of locally administered immunostimulatory CpG oligodeoxynucleotide
in a mouse model of genital herpes infection. J. Virol. 2003, 77, 953–962. [CrossRef] [PubMed]

37. Theofilopoulos, A.N.; Baccala, R.; Beutler, B.; Kono, D.H. Type I interferons (alpha/beta) in immunity and autoimmunity. Annu.
Rev. Immunol. 2005, 23, 307. [CrossRef] [PubMed]

38. Al-Khatib, K.; Williams, B.R.; Silverman, R.H.; Halford, W.; Carr, D.J. Distinctive roles for 2′,5′-oligoadenylate synthetases and
double-stranded RNA-dependent protein kinase R in the in vivo antiviral effect of an adenoviral vector expressing murine IFN-β.
J. Immunol. 2004, 172, 5638–5647. [CrossRef]

39. Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, H.; Takeda, K.; Akira, S. Small
anti-viral compounds activate immune cells via the TLR7 MyD88–dependent signaling pathway. Nat. Immunol. 2002, 3, 196–200.
[CrossRef]

40. Gu, H. Infected cell protein 0 functional domains and their coordination in herpes simplex virus replication. World J. Virol. 2016,
5, 1. [CrossRef]

41. Smith, M.C.; Boutell, C.; Davido, D.J. HSV-1 ICP0: Paving the way for viral replication. Future Virol. 2011, 6, 421–429. [CrossRef]
[PubMed]

42. Rodríguez, M.C.; Dybas, J.M.; Hughes, J.; Weitzman, M.D.; Boutell, C. The HSV-1 ubiquitin ligase ICP0: Modifying the cellular
proteome to promote infection. Virus Res. 2020, 285, 198015. [CrossRef] [PubMed]

43. Kalamvoki, M.; Roizman, B. Nuclear retention of ICP0 in cells exposed to HDAC inhibitor or transfected with DNA before
infection with herpes simplex virus 1. Proc. Natl. Acad. Sci. USA 2008, 105, 20488–20493. [CrossRef] [PubMed]

44. Kalamvoki, M.; Roizman, B. Role of herpes simplex virus ICP0 in the transactivation of genes introduced by infection or
transfection: A reappraisal. J. Virol. 2010, 84, 4222–4228. [CrossRef] [PubMed]

https://doi.org/10.1021/jf404840x
https://doi.org/10.1016/j.antiviral.2016.08.018
https://www.ncbi.nlm.nih.gov/pubmed/27568370
https://doi.org/10.1038/s41598-023-27954-0
https://www.ncbi.nlm.nih.gov/pubmed/36709362
https://doi.org/10.1021/ja00317a080
https://doi.org/10.1021/acs.orglett.0c02650
https://www.ncbi.nlm.nih.gov/pubmed/32896126
https://doi.org/10.1242/jcs.81.1.65
https://www.ncbi.nlm.nih.gov/pubmed/3733899
https://doi.org/10.1016/j.ejmech.2012.11.033
https://www.ncbi.nlm.nih.gov/pubmed/23279863
https://doi.org/10.1016/j.celrep.2020.108235
https://www.ncbi.nlm.nih.gov/pubmed/33027661
https://doi.org/10.1039/D0OB01122C
https://www.ncbi.nlm.nih.gov/pubmed/32628228
https://doi.org/10.1111/php.12811
https://doi.org/10.1038/ijos.2016.3
https://doi.org/10.1016/j.jbc.2023.104605
https://www.ncbi.nlm.nih.gov/pubmed/36918100
https://doi.org/10.1073/pnas.1817642116
https://www.ncbi.nlm.nih.gov/pubmed/30598436
https://doi.org/10.4314/tjpr.v14i3.6
https://doi.org/10.1038/nrmicro2548
https://www.ncbi.nlm.nih.gov/pubmed/21478902
https://doi.org/10.1086/425079
https://www.ncbi.nlm.nih.gov/pubmed/15499542
https://doi.org/10.1128/JVI.77.2.953-962.2003
https://www.ncbi.nlm.nih.gov/pubmed/12502811
https://doi.org/10.1146/annurev.immunol.23.021704.115843
https://www.ncbi.nlm.nih.gov/pubmed/15771573
https://doi.org/10.4049/jimmunol.172.9.5638
https://doi.org/10.1038/ni758
https://doi.org/10.5501/wjv.v5.i1.1
https://doi.org/10.2217/fvl.11.24
https://www.ncbi.nlm.nih.gov/pubmed/21765858
https://doi.org/10.1016/j.virusres.2020.198015
https://www.ncbi.nlm.nih.gov/pubmed/32416261
https://doi.org/10.1073/pnas.0810879105
https://www.ncbi.nlm.nih.gov/pubmed/19073918
https://doi.org/10.1128/JVI.02585-09
https://www.ncbi.nlm.nih.gov/pubmed/20164233


Int. J. Mol. Sci. 2024, 25, 4966 18 of 18

45. Samrat, S.K.; Gu, H. Temporal Analysis of the Nuclear-to-cytoplasmic Translocation of a Herpes Simplex Virus 1 Protein by
Immunofluorescent Confocal Microscopy. J. Vis. Exp. 2018, e58504. [CrossRef] [PubMed]

46. Delboy, M.G.; Siekavizza-Robles, C.R.; Nicola, A.V. Herpes simplex virus tegument ICP0 is capsid associated, and its E3 ubiquitin
ligase domain is important for incorporation into virions. J. Virol. 2010, 84, 1637–1640. [CrossRef] [PubMed]

47. Lopez, P.; Van Sant, C.; Roizman, B. Requirements for the nuclear-cytoplasmic translocation of infected-cell protein 0 of herpes
simplex virus 1. J. Virol. 2001, 75, 3832–3840. [CrossRef] [PubMed]

48. Samrat, S.K.; Ha, B.L.; Zheng, Y.; Gu, H. Characterization of elements regulating the nuclear-to-cytoplasmic translocation of ICP0
in late herpes simplex virus 1 infection. J. Virol. 2018, 92, e01673-17. [CrossRef]

49. Kalamvoki, M.; Roizman, B. ICP0 enables and monitors the function of D cyclins in herpes simplex virus 1 infected cells. Proc.
Natl. Acad. Sci. USA 2009, 106, 14576–14580. [CrossRef]

50. Li, D.; Liu, W.; Huang, Y.; Liu, M.; Tian, C.; Lu, H.; Jia, H.; Xu, Z.; Ding, H.; Zhao, Q. Facile synthesis of C1-substituted β-carbolines
as CDK4 inhibitors for the treatment of cancer. Bioorg. Chem. 2022, 121, 105659. [CrossRef]

51. Lu, D.; Qu, L.; Wang, C.; Luo, H.; Li, S.; Yin, F.; Liu, X.; Chen, X.; Luo, Z.; Cui, N. Harmine-based dual inhibitors targeting histone
deacetylase (HDAC) and DNA as a promising strategy for cancer therapy. Bioorg. Chem. 2022, 120, 105604. [CrossRef] [PubMed]

52. Balsells, R.E.; Frasca, A. Photochemical dimerization of β-carboline alkaloids. Tetrahedron 1983, 39, 33–39. [CrossRef]
53. Gonzalez, M.M.; Arnbjerg, J.; Denofrio, M.P.; Erra-Balsells, R.; Ogilby, P.R.; Cabrerizo, F.M. One-and two-photon excitation of

β-carbolines in aqueous solution: pH-dependent spectroscopy, photochemistry, and photophysics. J. Phys. Chem. A. 2009, 113,
6648–6656. [CrossRef] [PubMed]

54. Burleson, F.G.; Chambers, T.M.; Wiedbrauk, D.L. Virology: A Laboratory Manual; Elsevier: Amsterdam, The Netherlands, 2014.
55. Barltrop, J.A.; Owen, T.C.; Cory, A.H.; Cory, J.G. 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazolyl)-3-(4-sulfophenyl) tetra-

zolium, inner salt (MTS) and related analogs of 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT) reducing to
purple water-soluble formazans as cell-viability indicators. Bioorg. Med. Chem. Lett. 1991, 1, 611–614.

56. Kaneko, H.; Putzier, I.; Frings, S.; Gensch, T. Determination of intracellular chloride concentration in dorsal root ganglion neurons
by fluorescence lifetime imaging. Curr. Top. Membr. 2002, 53, 167–189.

57. Gensch, T.; Untiet, V.; Franzen, A.; Kovermann, P.; Fahlke, C. Determination of intracellular chloride concentrations by fluorescence
lifetime imaging. In Advanced Time-Correlated Single Photon Counting Applications; Springer Series in Chemical Physics; Becker, W.,
Ed.; Springer: Cham, Switzerland, 2015; Volume 111, pp. 189–211.

58. Meyer, J.; Untiet, V.; Fahlke, C.; Gensch, T.; Rose, C.R. Quantitative determination of cellular [Na+] by fluorescence lifetime
imaging with CoroNaGreen. J. Gen. Physiol. 2019, 151, 1319–1331. [CrossRef]

59. Engels, M.; Kalia, M.; Rahmati, S.; Petersilie, L.; Kovermann, P.; van Putten, M.J.; Rose, C.R.; Meijer, H.G.; Gensch, T.; Fahlke, C.
Glial chloride homeostasis under transient ischemic stress. Front. Cell. Neurosci. 2021, 15, 735300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3791/58504
https://www.ncbi.nlm.nih.gov/pubmed/30451237
https://doi.org/10.1128/JVI.02041-09
https://www.ncbi.nlm.nih.gov/pubmed/19906912
https://doi.org/10.1128/JVI.75.8.3832-3840.2001
https://www.ncbi.nlm.nih.gov/pubmed/11264372
https://doi.org/10.1128/JVI.01673-17
https://doi.org/10.1073/pnas.0906905106
https://doi.org/10.1016/j.bioorg.2022.105659
https://doi.org/10.1016/j.bioorg.2022.105604
https://www.ncbi.nlm.nih.gov/pubmed/35051708
https://doi.org/10.1016/S0040-4020(01)97626-4
https://doi.org/10.1021/jp902105x
https://www.ncbi.nlm.nih.gov/pubmed/19514786
https://doi.org/10.1085/jgp.201912404
https://doi.org/10.3389/fncel.2021.735300

	Introduction 
	Results 
	Cytotoxic and Antiproliferative Effect 
	Antiviral Effect 
	Effect on the Virus Life Cycle and Its Potential Mechanisms of Action 
	Cellular Uptake 

	Discussion 
	Materials and Methods 
	Chemical and Reactants 
	Virus and Cell Cultures 
	Cell Culture 
	Virus Propagation 

	Cytotoxicity Assays 
	MTS Assay 
	Calculation of Cell Viability 

	Evaluation of Antiviral Activity 
	Plaque Reduction Assays and EC50 Determination 
	Plaque Counting and Plaque Reduction Analysis 
	EC50 Determination 

	Experiments to Assess the Effect of nHo-Dimer during Different Stages of Infection. Time-of-Addition Experiments 
	Virucidal Activity Assay 
	Assessment of Viral Attachment 
	Post-Infection Treatment 

	Effect of nHo-Dimer on Viral Replication 
	Quantitative PCR (qPCR) 
	Immunoblotting 
	Immunofluorescence Staining and Microscopy 
	Other Relevant Information 
	Fluorescence Lifetime Imaging Microscopy (FLIM) in Living Cells 
	Fluorescence Lifetime Images 
	Fluorescence Lifetime Determination 
	Incubation of HEK293 Cells with Cs 


	Conclusions 
	References

