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ABSTRACT: Emerging RNA viruses continue to pose major global health
threats, underscoring the urgent need for broad-spectrum antiviral agents.
Usambarensine, a bis-indole alkaloid isolated from Strychnos usambarensis, has
historically been investigated for its antimalarial and antihelminthic properties,
but its antiviral potential has remained unexplored. In this study, usambarensine
was isolated through bioguided fractionation and structurally confirmed by
HPTLC, HPLC-UV, FT-IR, MS/MS, and NMR. The compound was first
evaluated against representatives of three major RNA virus families:
Coronaviridae (SARS-CoV-2), Flaviviridae (West Nile virus), and Orthomyx-
oviridae (Influenza A) using Vero E6 cells. Antiviral activity was quantified by
RT-qPCR at 24, 48, and 72 h postinfection. Usambarensine showed strong,
dose-dependent inhibition of SARS-CoV-2, achieving ∼4log10 reduction at 72 h,
transient inhibition of West Nile virus and no significant activity against
Influenza A. Based on the robust activity observed against SARS-CoV-2, screening was expanded within the Coronaviridae family to
include SARS-CoV-1 and MERS-CoV, both of which yielded similar results. This selective antiviral profile, as well as the observation
that viral RNA levels remain similar to the initial viral inoculum, suggests that usambarensine interferes with a coronavirus-specific
early entry or fusion process, potentially involving a shared entry pathway in Vero E6 cells. These findings identify usambarensine as
a promising natural product with selective antiviral activity against coronaviruses. Further mechanistic studies, including determining
the specific stage of the viral replication cycle affected, elucidating the molecular target, and performing structure−activity
relationship optimization, are needed to assess its potential as a lead scaffold for coronavirus entry inhibitors.

■ INTRODUCTION
The 21st century has witnessed the emergence and re-
emergence of several RNA viruses with major global health
implications. Previous large-scale outbreaks caused by
Influenza A virus (IAV), Human immunodeficiency virus
(HIV), Ebola virus (EBOV), Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV-1), Middle East Respira-
tory Syndrome Coronavirus (MERS-CoV), Zika virus (ZIKV),
Chikungunya virus (CHIKV) and Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) virus share the
common feature of being RNA viruses.1

West Nile virus (family Flaviviridae), first isolated in Uganda
in 1937, spread rapidly after its introduction into North
America in 1999 and more recently across Europe, causing
severe neuroinvasive disease.2,3 Influenza A virus (Orthomyx-
oviridae) remains a persistent pandemic threat, with multiple
pandemics over the last century, including the devastating
1918 H1N1 pandemic.4−6 In 2002, Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV-1) emerged in China
following zoonotic transmission from bats through civet cats,
causing a global outbreak.7 A decade later, Middle East
Respiratory Syndrome Coronavirus (MERS-CoV) was identi-

fied in Saudi Arabia, with dromedary camels as intermediate
hosts, leading to severe outbreaks in the Middle East and
South Korea.8,9 More recently, in late 2019, Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged
in Wuhan, China, sparking the COVID-19 pandemic and
causing more than seven million deaths worldwide.10−12

A key reason these viruses are so often associated with
outbreaks is their exceptionally high mutation rate, which
allows rapid adaptation to new hosts and changing environ-
ments, as observed during the COVID-19 pandemic. This
stems from the low fidelity of RNA-dependent RNA
polymerases, the enzymes responsible for replicating their
genomes.13 As a consequence, RNA viruses can quickly evade
immune responses, but also antiviral treatments, thereby
reducing their effectiveness.
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Another important characteristic of many RNA viruses is
their zoonotic origin. Deforestation, urbanization, climate
change, and increasing human−wildlife interactions contribute
to the rising frequency of spillover events. Judging from recent
decades, the likelihood that the next major public health threat
will be caused by an RNA virus is extremely high, and
Orthomyxoviridae, Coronaviridae and Flaviviridae appear as the
top candidates.14

Despite the ongoing and rising threat posed by the ever-
more frequent emergence of RNA viruses, effective broad-
spectrum antivirals remain scarce. The COVID-19 pandemic
exposed the consequences of inadequate antiviral prepared-
ness, including overwhelmed health systems, high mortality
and morbidity as well as major socioeconomic disruption.
Until now, antiviral strategy has largely followed a “one bug-
one drug” model, leaving humanity unprepared for new viral
threats. Although vaccines helped control and limit the
COVID-19 pandemic, their development and distribution
required time, and recent evidence indicates that their long-
term protection is limited. Booster doses are required, and
older individuals as well as immunocompromised patients
exhibit weaker immune responses compared to the general
population.15

Altogether, these observations highlight the urgent need for
broad-spectrum antiviral approaches targeting conserved viral
mechanisms, which could enable a rapid response to both
current and future emerging viruses.

Alkaloids represent a structurally diverse class of nitrogen-
containing compounds with a long history of medicinal use.
Their structural diversity and chemical complexity are
associated with a wide range of biological and pharmacological
activities, including analgesic, antitussive, antimuscarinic,
antimalarial, antiarrhythmic, anti-inflammatory, and anticancer
effects.16 Indeed, many natural alkaloids, semisynthetic
derivatives, and alkaloid-inspired compounds remain in clinical
use worldwide, including morphine (analgesic) and codeine
(antitussive); atropine and scopolamine (antimuscarinics);
quinine (antimalarial) and quinidine (antiarrhythmic); colchi-
cine (for gout); and vincristine and vinblastine (anticancer
agents).17

Many alkaloids show antiviral effects by disrupting viral
entry, replication, or protein synthesis, or by modulating host
immunity through pathways such as NF-κB and MAPK/
ERK.18 In this context, a comprehensive mechanistic review of
the antiviral activity of natural alkaloids against RNA viruses
has recently been published.19 Compounds such as tetrandrine,
oxymatrine, and berberine exemplify this dual antiviral and
immunomodulatory action.20 Several alkaloids, including
emetine, quinine, berberine, tetrandrine, fangchinoline, and
cepharanthine, have been studied against SARS-CoV-2.21

Cepharanthine progressed to a Phase I/II trial for mild to
moderate COVID-19, where it was well tolerated but did not
significantly shorten viral clearance times.22 Alkaloids, with
their structural diversity and potential multimodal activity,
represent a rich and underexplored resource for such drug
discovery.

The African tree or liana Strychnos usambarensis Gilg
(Loganiaceae) has been the subject of extensive phytochemical
and pharmacological investigations owing to its remarkable
diversity of indole alkaloids. While early work by Angenot and
colleagues focused primarily on the leaves, reporting numerous
bis-indole alkaloids of the Corynanthe type, subsequent studies
established a clear chemical distinction between aerial and

subterranean organs.23,24 In particular, the roots and root bark,
traditionally used by the Banyambo tribe as the principal
ingredient of a curarizing arrow poison, contain a chemically
heterogeneous mixture of tertiary, hybrid, and quaternary
alkaloids.25 The lethal activity of these preparations is largely
attributed to bis-quaternary ammonium alkaloids such as C-
dihydrotoxiferine, C-calebassine, C-curarine, and afrocurarine.
Alongside these neuromuscular blocking agents, the roots also
yield an array of tertiary indole alkaloids, including
usambarensine, 3,4-dihydrousambarensine, harman, and aka-
gerine, as well as hybrid structures such as 6,7-dihydro-
flavopereirine and N’b-methyl derivatives of usambaren-
sine.26,27 Spectroscopic analyses, particularly 13C NMR, have
played a central role in refining the structural characterization
of these alkaloids and their derivatives.

Among these metabolites, usambarensine stands out as a
structurally distinctive bis-indole alkaloid. Although Strychnos
alkaloids are often associated with neuromuscular blocking
activity, usambarensine itself is not curarizing.25,28 Its
pharmacological profile was nonetheless long investigated for
its anticancer potential, which tempered interest in other
therapeutic potentials. With long-standing expertise in this
compound, our laboratory is now re-evaluating its properties in
light of contemporary therapeutic challenges.

Recently, our group evaluated 28 Strychnos extracts for
antiviral activity against SARS-CoV-2.29 At that stage, crude
extracts of S. usambarensis did not show significant effects,
likely due to the low abundance of usambarensine in the
methanol crude extract. This highlights the limitations of
extract-based screenings, in which minor yet active compounds
may remain undetected, and emphasizes the need for more
advanced techniques to improve screening sensitivity.

Interest in usambarensine was unexpectedly rekindled when,
during a systematic screen of structurally distinctive alkaloids
in our in-house library, the bis-indole compound showed an
unanticipated antiviral response. This finding prompted us to
revisit a molecule long regarded primarily for its cytotoxic
properties from a fresh therapeutic perspective.

In this study, we tested usambarensine against three
important viral families responsible for previous epidemics
and pandemics, such as the SARS-CoV-2 virus from the
Coronaviridae family, the Influenza A virus (H5N1) from the
Orthomyxoviridae family and the West Nile virus from the
Flaviviridae family. In light of the observed antiviral activity, the
screening was further enlarged to include the SARS-CoV-1
virus and the MERS-CoV virus.

The observation that usambarensine, historically regarded
primarily for its cytotoxicity, exhibits antiviral properties is of
particular interest. While its narrow therapeutic index has
traditionally restricted its consideration for drug development,
its newly identified activity positions it as a potential molecular
probe or lead structure for further derivatization. Here, we
report the antiviral properties of usambarensine, thereby
reframing a compound once viewed mainly through the lens
of cell toxicity and ethnopharmacology as a candidate with
selective antiviral activity against Coronaviridae family.

■ MATERIALS AND METHODS

1. Bioguided fractionation
Root bark of S. usambarensis (HB 3777) collected in October 1988

in the Luki region (Republic of the Congo) and preserved at the
University of Lieg̀e (Belgium) was ground into fine powder and the
methanolic extracts were prepared using a SpeedExtractor E-914

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c12922
ACS Omega XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c12922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Büchi, Hendrik-Ido-Ambacht, Netherlands). The crude extract was
fractionated by normal-phase flash chromatography (dichlorome-
thane−methanol, 9:1, v/v), with 10% ammonium hydroxide added to
methanol as a modifier. Alkaloid profiling was conducted using TLC
and HPTLC with Dragendorff’s reagent for detection, and reference
compounds available in the Pharmacognosy Laboratory (University of
Lieg̀e) were used for comparative identification. Samples were further
analyzed by HPLC-UV, and usambarensine was structurally
confirmed using high-resolution ESI-MS/MS LTQ FT Ultra
(Thermo Finnigan) equipped with an Ion Max ESI source (+2.5
kV), and NMR spectroscopy. 1H and 13C NMR spectra were recorded
in CDCl3 and DMSO-d6 on a Bruker AVANCE I 500 MHz
spectrometer equipped with a cryoprobe. HSQC and COSY
experiments were acquired in CDCl3 using standard Bruker pulse
sequences. The resulting fractions were dissolved in DMSO and
tested at 1.6−50.0 μg/mL for antiviral activity against SARS-CoV-2 in
Vero E6 cells. The final DMSO concentration in the assay ranged
from 0.33% to 0.37% (v/v), and a vehicle control containing the
highest DMSO concentration used (0.37% v/v) was included in all
experiments. Experiments were conducted in a biosafety level 3 (BSL-
3) laboratory according to institutional biosafety protocols. Additional
information can be found in the Supporting Information.

2. In vitro assays

Virus and Cells

Chlorocebus sp. kidney epithelial cells (Vero E6; ATCC VERO
C1008) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, High Glucose, with Stable Glutamine and Sodium Pyruvate;
Gibco, Belgium), supplemented with 2% (v/v) heat-inactivated fetal
bovine serum (FBS; Gibco, Belgium) and 1% (v/v) penicillin−
streptomycin (Gibco, Belgium). Cultures were incubated at 37 °C in
a humidified atmosphere containing 5% CO2. Cells were routinely
subcultured upon reaching confluence using Trypsin (Gibco,
Belgium) to detach as well as PBS for rinsing purposes (phosphate
buffer saline, Sigma) and used up to passage 15.

SARS-CoV-2 (strain BetaCov/Belgium/Sart-Tilman/2020/1, pas-
sage 5) was isolated in-house and propagated in Vero E6 cells.30 West
Nile virus strain NY 99 (ATCC VR-1977) was similarly propagated.
Influenza A virus strain A/pheasant/Havelange/1/2022 (H5N1) was
also isolated in-house. Whereas the SARS-CoV-1 and MERS-CoV
were provided by Professor Piet Maes (Rega Institute, KU Leuven).
Experiments were conducted in a BSL-3 laboratory according to
institutional biosafety protocols.

RNA Extraction and RT-qPCR

Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) was selected as the reference method for viral RNA detection
and quantification.

Total RNA was extracted automatically using TANBead OptiPure
Viral Auto Plates (TANBead, Taiwan) on a Maelstrom 9600 system
(TANBead), according to the manufacturer’s protocol. Reverse
transcription and quantitative amplification were performed in a
single step using the Luna Universal Probe One-Step RT-qPCR Kit
(New England BioLabs, USA).

For coronaviruses, RT-qPCR targeted the N2 gene for SARS-CoV-
2,31 the E gene for SARS-CoV-132 and the upE gene for MERS-
CoV.33 RT-qPCR targeted the human influenza hemagglutinin gene
sequence34 and the NS2A region of genome for the West Nile virus.35

Viral RNA was quantified by RT-qPCR using absolute
quantification, based on a standard curve generated from synthetic
RNA standards of known concentration. Amplification of β-actin
mRNA was used solely as an internal control for sample quality and
RT-qPCR performance, following the conditions described by
Piorkowski et al. (2014) and was not used for relative quantification.36

Reactions were run for up to 45 cycles, and samples showing
amplification before cycle 45 were considered positive, consistent with
the assay conditions of the previously described protocol.37

Cytotoxicity Using Cells and Zebrafish Embryos
Cytotoxicity of alkaloid-enriched fractions (1.6−50.0 μg/mL) and
purified compounds (1.0−3.0 μg/mL) was assessed in Vero E6 cells
using a PrestoBlue metabolic assay. Cells were seeded in 96-well
plates and incubated with test samples for 72 h at 37 °C under 5%
CO2 prior to addition of PrestoBlue and fluorescence measurement
on a FlexStation 3 reader. Assays were performed in triplicate and
repeated independently to ensure reproducibility.

Toxicity of usambarensine was assessed in a zebrafish (Danio rerio)
embryo model. Adult fish were maintained at the University of Lieg̀e
under standard conditions (28 °C; 14 h light/10 h dark) in
accordance with institutional ethical guidelines. Fertilized eggs were
collected, rinsed, and incubated in Petri dishes for 24 h.
Usambarensine was dissolved in DMSO and diluted in zebrafish
medium to a final DMSO concentration of 0.4%. Fifteen embryos per
condition were placed in 6-well plates. Control medium and
usambarensine-supplemented medium were renewed daily over the
3 day exposure period. Exposure to 1.5−3.0 μg/mL usambarensine
was monitored daily for effects on survival and early developmental
parameters up until 96 h postfertilization.
Direct Antiviral Assay by Viral Titration
Titration of residual infectious virions was performed on Vero E6
cells. 10-fold serial dilutions were prepared in 96-well plates,
transferred onto preseeded monolayers, and incubated for 5 days at
37 °C. Cytopathic effects were visually assessed by light microscopy,
and viral titers were calculated according to the Reed−Muench
method and expressed as log (TCID50).

38 All procedures were
performed under BSL-3 containment.
Kinetic Viral Replication Assay at 24/48/72 h
VERO E6 cells were seeded at a concentration of 10,000 cells per well
using DMEM medium with 2% FBS and incubated for 24 h at 37 °C
and 5% CO2. The following day, the fractions/molecules were added
at concentrations ranging from 1.6−50.0 μg/mL for fractions and
1.0−3.0 μg/mL for purified molecules. The viruses were prepared at a
multiplicity of infection MOI: 0.01. and added to the cells. The next 3
days sampling consisting of 20 μL of supernatant was performed at
the timestamps of 24/48/72 h and added to a plate containing 180
μL/well of PBS. At 72 h, the plates were examined microscopically to
evaluate the bioactivity of the tested molecules, to verify cell viability,
and to exclude potential cytotoxic effects. The most promising
experimental conditions were subsequently subjected to RT-qPCR
analysis. Plates were then inactivated at 70 °C for 30 min. Each
sample was tested in triplicates. All experiments related to the virus
were performed in a Biosafety level 3 laboratory according to the
safety regulations.
Statistical Analysis
The half-maximal inhibitory concentration (IC50) of molecule was
determined, and statistical analysis was carried out using one-way
analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons test in GraphPad Prism version 9.1.0.221 (GraphPad
Software, San Diego, CA, USA).

■ RESULTS

1. Bioguided fractionation validated through RT-qPCR at
72 h and active molecule identification

Starting from the methanolic extract (m = 700 mg) of the
root bark of S. usambarensis, 12 fractions were obtained by
flash chromatography. All fractions were screened for antiviral
activity against SARS-CoV-2 by RT-qPCR at 72 h in Vero E6
cells (Table 1). Fractions were considered active when their
IC50 values were ≤3.0 μg/mL. Based on activity and purity,
fraction B7 (m = 10.41 mg) was selected for characterization
by HPTLC, HPLC-UV, FT-IR, MS/MS, and NMR.

The table presents the SARS-CoV-2 log reduction factors
determined for each numbered fraction, together with the
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corresponding tested concentrations assessed by RT-qPCR.
The log reduction factor was calculated as the difference in
log10 viral RNA concentration (copies/mL) between the
positive control (cells with virus only) and each experimental
condition (cells with virus in the presence of the respective
fraction).

The major constituent of B7 was identified as usambarensine
(purity >95% based on NMR and HPLC profile) based on
agreement of HPTLC profile, HPLC-UV retention time and
UV spectra, HR-ESI-MS/MS mass (m/z 433.23847 [M +
H]+), and NMR data with a laboratory reference standard. For
in-depth data please consult the Supplementary document.
Proton and carbon spectra of B7 were superimposable with
both the authentic reference and the literature, further
confirming the identity of the compound as usambaren-
sine.39,40

To further support this assignment and ensure precise
structural consistency, a complete NMR analysis was under-
taken, as described below and illustrated in Table 2 and Figure
1. The numbering of the structure was established in
accordance with the literature on azepino[4,3-b] quinolinic
alkaloids and follows the corynane nucleus convention,
enabling direct comparison with previously published data
for usambarensine (sample 2b in ref 35). The 13C NMR

spectrum (126 MHz, DMSO-d6) displayed three characteristic
downfield signals at δC 144.33, 140.28, and 137.44 ppm,
corresponding to C-3(=17′), C-2 and C-5, respectively. All
other aromatic carbons were found within an acceptable
margin relative to the reported values, and the aliphatic
carbons of the lateral chain (including C-14(=16′), C-14′, C-
15′, C-18′ and C-6′) were observed in their expected regions.
These elements support the preservation of the azepino[4,3-b]
quinolinic core.

A particular observation was made concerning solvent
influence on proton spectra. While the 13C spectrum was
acquired in DMSO-d6, all 1H-based experiments (1H NMR,

Table 1. Evaluation of the Antiviral Activity per Fraction Table 2. Comparison of the 13C NMR Data of Fraction B7
with Previously Reported Values for Usambarensine
(Sample 2b from Claude A. Coune et al.39), Reproduced for
Comparison Purposes

carbon δC (lit., 2b-CDCl3) δC (B7-DMSO-d6)

2 140.2 140.28
3 (=17′) 144.1 144.33
5 137.3 137.44
6 113.9 112.54
7 119.8 118.98
8 127.6 127.66
9 121.4 121.50
10 118.9 118.98
11 128.1 127.12
12 113.9 112.54
13 134.1 134.48
14 (=16′) 35.1 35.18
2′ 136.6 135.88
3′ 53.2 54.37
5′ 51.1 50.20
6′ 17.6 19.55
7′ 106.8 105.88
8′ 128.9 127.66
9′ 117.6 117.44
10′ 120.2 120.33
11′ 118.9 118.20
12′ 111.5 111.84
13′ 134.1 134.48
14′ 28.7 33.13
15′ 32.9 32.19
18′ 12.5 12.38
19′ 120.9 120.93
20′ 134.6 134.48
21′ 52.1 50.20

Figure 1. Chemical structure and numbering scheme of usambar-
ensine (compound B7), used for NMR assignments.
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Figure 2. Effects of usambarensine from 1.5 to 2.5 μg/mL on the replication of SARS-CoV-2 (2.A), West Nile virus (2.B), Influenza virus (2.C),
SARS-CoV-1 (2.D) and MERS-CoV (2.E). The effect on the replication of viruses was assessed by incubating usambarensine with each virus
respectively and VERO E6 cells for 72 h and taking aliquots every 24 h before quantifying the viral RNA concentration via RT-qPCR. The positive
control corresponds to the RNA concentration per milliliter obtained with VERO E6 cells infected with the appropriated virus at an MOI of 0.01
(infected cells), and the light dashed line “residual viral RNA” corresponds to each virus at an MOI of 0.01 in medium without cells. DMSO at the
same concentration used to dissolve the molecule was used as a negative control. Each point corresponds to the mean of a triplicate with the
standard deviation. Statistical significance (ns, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001) was calculated for each
condition versus “infected cells” by one-way ANOVA followed by Dunnett’s multiple comparisons test.
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HSQC and COSY) were recorded in CDCl3. In CDCl3, the
deshielded signal of H-3′ at δH 4.50 ppm was clearly detected
and matched both the published spectrum and our laboratory
reference material. This deshielded signal was due to the
spatial influence of the lone pair of the neighboring nitrogen
N-4. When the authentic reference standard of usambarensine
and our compound were examined in DMSO-d6, we observed
the disappearance of this δH 4.50 ppm signal for both samples.
This behavior indicates that the absence of this resonance
originates from a solvent effect that does not allow to observe
that configurational or structural difference. The 13C data
remain unaffected, whereas proton-based experiments appear
more sensitive to the solvent environment in this system.

The HSQC spectrum recorded in CDCl3 confirmed all
protonated carbons, including C-14(=16′). Quaternary posi-
tions such as δC 144.33 and 105.88 ppm were correctly
observed as lacking HSQC cross-peaks. COSY analysis
revealed distinct spin systems in the aromatic region (δH
8.59/7.94, 8.13/7.31 and 7.45/7.11/7.10 ppm) and a two-spin
system at δH 5.55/1.74 ppm in the side-chain region, in
accordance with the substitution pattern described for
usambarensine. Altogether, these data confirm the identity of
the isolated compound as usambarensine and draw attention to
the influence of solvent choice on the detectability of specific
proton signals within this family of alkaloids. Cross-validation
of spectra in CDCl3 may therefore prevent misinterpretations
related to solvent-induced signal suppression in DMSO-d6.

2. In vitro assays

Antiviral Activity
Viral titration was performed using the TCID50 method to
determine the infectious viral load of each viral stock. The
calculated viral titers were 1.64 × 108 TCID50/mL for SARS-
CoV-2, 6.81 × 107 TCID50/mL for H5N1, 7.5 × 108 TCID50/
mL for West Nile virus, 9.09 × 107 TCID50/mL for SARS-
CoV-1, and 4.56 × 107 TCID50/mL for MERS-CoV. These
titers were used to calculate the MOI applied in the subsequent
antiviral assays.

To assess whether usambarensine has broad antiviral activity
we selected three viruses representing major RNA virus
families with epidemic/pandemic relevance: SARS-CoV-2,
West Nile virus, and Influenza A virus using Vero E6 cells.
Viral replication was monitored at 24, 48, and 72 h
postinfection by RT-qPCR, with infected and uninfected
controls included for comparison.

Usambarensine showed potent antiviral activity against
SARS-CoV-2 (Figure 2 A). Replication was inhibited in a
concentration-dependent manner with a 3.7 log10 reduction at
2.5 μg/mL and a 2.1 log10 reduction at 2.0 μg/mL after 72 h.

Against West Nile virus, usambarensine demonstrated partial
antiviral activity. As can be observed in Figure 2 B the antiviral
efficiency of usambarensine is present during the first 48 h.
However, by 72 h, the viral inhibition was completely lost, as
viral RNA levels were comparable to the positive control.

For Influenza A virus (H5N1), usambarensine had no
significant effect at all the concentrations tested against the
viral replication at any time point over 72 h as shown in Figure
2C.

Since usambarensine was able to inhibit SARS-CoV-2
replication over 72 h, we extended the screening to additional
members of the Coronaviridae family. Usambarensine was
therefore tested against SARS-CoV-1 and MERS-CoV using
the same protocol. In SARS-CoV-1-infected cells, concen-

trations of 1.5−2.5 μg/mL resulted in an approximately 4 log10
reduction in viral RNA copies/mL after 72 h relative to
infected controls, with viral RNA levels remaining close to the
input inoculum (Figure 2 D). For MERS-CoV, treatment with
2.0 μg/mL produced a 3.6 log10 reduction, while 1.5 μg/mL
resulted in a more modest 1.7 log10 decrease, indicating dose
dependence (Figure 2E).
Cytotoxicity Using Cells and Zebra Fish Embryos
The cytotoxicity assay performed on Vero E6 cells showed that
the molecule usambarensine had a half-maximal inhibitory
concentration (IC50) of 2.5 ± 0.087 μg/mL.

In addition, toxicity was evaluated in zebrafish embryos (D.
rerio), using three parameters: survival, nonhatching percent-
age, and malformation percentage. Across the tested
concentrations of usambarensine (1.5−3.0 μg/mL), zebrafish
embryos displayed high survival rates comparable to the
control group. However, the hatching of the embryos is
different when compared to the control group, with a higher
percentage of nonhatching in the control group. Malformation
rates, including cardiac, vascular, morphological, and move-
ment defects, remained low and similar between treated and
control groups, with no dose-dependent increase observed.
Overall, these data do not indicate overt developmental
toxicity at the concentrations tested (Figure 3). Each condition

was evaluated in technical triplicates within a single preliminary
run, as this study aimed only to perform a basic toxicity
assessment. This approach is appropriate given the very low
intra-assay variability typically observed in zebrafish embryo
assays and, in line with ethical considerations, reduces
unnecessary embryo use. The results suggest that the toxicity
observed in Vero E6 cells does not directly correlate with that
observed in zebrafish embryos and other assays models are
needed in order to determine a safety profile for usambar-
ensine.

Usambarensine displayed clear and dose-dependent antiviral
activity across all three coronaviruses tested, with concen-
trations of 1.5−2.5 μg/mL maintaining inhibition over the full
72 h period. In contrast, only transient inhibition was observed
for West Nile virus at the same concentrations, with activity
detectable during the first 24−48 h but lost by 72 h. No
significant antiviral effect was observed against Influenza A
virus throughout the 72 h evaluation. Together, these findings
suggest that usambarensine acts preferentially against corona-

Figure 3. Zebra fish embryos toxicity test of usambarensine at a range
of concentrations from 1.5 μg/mL to 3.0 μg/mL compared to the
control (which contains the same percentage of DMSO as the amount
used to dilute usambarensine). Three parameters were taken into
account: the rate of survival rate, nonhatching and malformation
(cardiac, blood vessels, form, movement) in percentage.
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viruses, prompting further consideration of potential mecha-
nisms underlying this selective activity.

■ DISCUSSION
This study shows for the first time that usambarensine, a bis-
indole alkaloid isolated from S. usambarensis, possesses antiviral
activity. A key strength of this work is the use of RT-qPCR, a
sensitive and widely used method for quantifying viral RNA,
which enabled precise measurement of viral inhibition.

Because the IC50 of usambarensine (2.5 μg/mL) lies near
the concentrations at which antiviral effects are observed, we
considered whether cytotoxicity could account for the antiviral
effects. Several observations argue against this interpretation. If
the antiviral effect merely a result of cytotoxicity, inhibition
would be anticipated across all viruses tested and consistently
over time. Instead, the antiviral activity was restricted to
coronaviruses and only transient for West Nile virus. Vero E6
cell confluency remained >90% at active concentrations,
indicating preserved viability. Previous FACScan (Fluores-
cence-Activated Cell Scanning) analysis (Dassonneville et al.,
1999) showed that usambarensine behaved like the negative
control at 5 μM, whereas apoptosis (sub-G1 population) was
observed only at 10 μM.41 Our active antiviral range (1.5−2.5
μg/mL or 3.5−5.8 μM) approaches 5 μM, supporting the
notion that cytotoxicity is not yet triggered, though cell-type
differences must be considered. Variable IC50 values in other
cell lines such as for B16 melanoma at 1.4 μg/mL; for HL-60
leukemia at 7.5 μM (3.2 μg/mL), further suggest a cell-type-
dependent effect rather than inherent high cytotoxicity.41,42 No
hemolytic effect was observed in red blood cells at the tested
concentrations, arguing against membrane-mediated toxicity.
Even though both cell types share a typical eukaryotic lipid
bilayer, they differ in many other aspects.42 In vivo testing in
zebrafish embryos indicated no developmental toxicity.

The selective antiviral profile may provide preliminary
insight into the mechanism of action. SARS-CoV-1, SARS-
CoV-2, and MERS-CoV use different primary receptors
(ACE2 for SARS-CoV-1/2; DPP4 for MERS-CoV), yet all
can initiate entry via TMPRSS2 or cathepsin-dependent
pathways.43−45 Vero E6 cells express very low TMPRSS2 but
high cathepsin L, favoring endosomal cathepsin-mediated
entry. The sustained inhibition observed for all three
coronaviruses therefore is consistent with interference with
an early step of infection, potentially involving a cathepsin-
linked process, possibly at the membrane fusion stage. This is
further supported by the observation that viral RNA levels
under treatment remained close to inoculum levels, consistent
with interference early in the viral replication cycle. Notably, a
clear cytopathic effect was observed in infected untreated
control cells at 72 h postinfection, supporting productive
infection under our experimental conditions. However,
because antiviral activity was assessed by RT-qPCR and no
plaque assay was performed, the present study does not
directly determine whether usambarensine affects the
production, maturation, or release of infectious viral particles.

Comparison with noncoronavirus models further supports
the possibility. West Nile virus (Flaviviridae) enters cells via
clathrin-mediated endocytosis and does not require cathepsins
for productive replication. However, cathepsins play a crucial
role in the entry of the related Japanese encephalitis virus, from
the same family and genus as West Nile virus, in the processing
of the Capsid protein in neural and macrophage cells.46,47 This
might account for the transient antiviral activity observed

against West Nile virus. Whereas Influenza A virus depends on
clathrin-mediated entry via sialic-acid receptors and displayed
no sensitivity to usambarensine.48

This interpretation is in line with previous reports on other
antiviral alkaloids active against RNA viruses. For instance,
cepharanthine has been described as a broad-spectrum
inhibitor of SARS-CoV, MERS-CoV, and SARS-CoV-2 spike-
mediated entry in pseudotyped-particle assays, and it also
showed antiviral activity in both Vero E6 cells and primary
human lung tissue models.49−51 Similarly, tetrandrine has been
reported as a pan-coronavirus inhibitor that appears to act
mainly at the viral entry stage by interfering with spike-
dependent membrane fusion.52 Among structurally related
Strychnos alkaloids, 10′-hydroxyusambarensine, another bis-
indole alkaloid isolated from S. usambarensis, has so far been
noted mainly in in silico studies predicting interactions with
coronavirus-related targets such as 3CLpro and TMPRSS2.53

Together, these findings place usambarensine within a broader
group of alkaloids that may interfere with early stages of
coronavirus infection. However, for usambarensine itself, direct
evidence of an effect on cathepsins or other host factors
involved in viral entry is still lacking and will require dedicated
mechanistic studies.

The reduced SARS-CoV-2 inhibition at 2.0 μg/mL after 72
h, while inhibition persisted at 2.5 μg/mL or earlier time
points, may reflect reversible or partial cathepsin inhibition,
compensatory use of cathepsin B, or compound instability at
prolonged incubation.43−45 Adaptation toward TMPRSS2-
mediated entry is theoretically possible but unlikely within the
experimental time frame. Further mechanistic work will be
needed to discriminate among these hypotheses.

If cathepsin L/B targeting is confirmed, usambarensine may
serve as the basis for a broad anticoronavirus strategy. Because
all three coronaviruses tested rely on these enzymes for cellular
entry, inhibiting this pathway could confer cross-species
antiviral activity.54−57 Moreover, unlike direct antivirals
targeting viral proteins, where escape mutants frequently
arise, host-directed inhibition of cathepsin L/B would be
comparatively difficult for viruses to circumvent.58,59 Comple-
mentary blockade of the TMPRSS2 pathway using camostat in
combination could further enhance efficacy by inhibiting the
two major coronavirus entry routes.60 Extension of this
strategy to other cathepsin-dependent viruses, including
Ebola, may offer therapeutic potential against pathogens for
which treatment options are limited, though evaluation of such
viruses requires BSL-4 containment.55,56,61

Taken together, these findings identify usambarensine as a
selective antiviral compound active against coronaviruses and
support the hypothesis that it may act at an early stage of
infection. However, the present data do not allow definitive
assignment of its mechanism of action or molecular target.
Definitive confirmation will require elucidating the mechanism
of action of usambarensine, including understanding its
molecular target and its precise impact on the viral replication
cycle. This will involve enzymatic studies on cathepsins L and
B, evaluation in TMPRSS2-dependent cell lines such as Calu-3,
an epithelial lung adenocarcinoma line commonly used for
SARS-CoV-2 propagation, and comparative profiling against
established cathepsin inhibitors.62,63 Structure−activity opti-
mization will also be essential to refine potency and safety.
Overall, usambarensine emerges as a promising antiviral
scaffold that warrants further mechanistic and pharmacological
investigation.
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■ CONCLUSION
In this study, we demonstrate for the first time that
usambarensine possesses selective antiviral activity against
SARS-CoV-1, SARS-CoV-2, and MERS-CoV. The com-
pound’s efficacy, together with minimal cytotoxicity at active
concentrations, supports a genuine antiviral effect rather than
nonspecific toxicity. Its selective activity against coronaviruses,
compared with West Nile and Influenza A viruses, suggests
interference with a coronavirus-specific entry process, and is
consistent with the possibility that usambarensine interferes
with an early step of coronavirus infection.

These findings position usambarensine as a promising
antiviral scaffold with potential applicability across multiple
pathogenic coronaviruses. To advance its development, it will
be essential to determine the specific step of the viral
replication cycle at which usambarensine acts, as this will be
critical for identifying the potential molecular target involved.
Future work should therefore focus on elucidating the
mechanism of action, defining the precise molecular target,
and assessing whether cathepsin L/B inhibition contributes
directly to its antiviral activity through dedicated enzymatic
assays. In addition, evaluation in TMPRSS2-dependent cell
systems will help clarify the relevance of its activity across
distinct coronavirus entry pathways. Structural optimization to
improve the toxicity profile, together with expanded profiling
against other cathepsin-dependent viruses, will further establish
its therapeutic potential. Collectively, these results support
continued exploration of usambarensine and its derivatives as
potential candidate antiviral scaffolds against coronaviruses.
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Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Our sincere thanks go to the Pharmacognosy and Pathology
teams for their generous support. We are especially grateful to
Sophie Vroomen, Germain Bonhomme, Pauline Desdemoust-
ier for their technical support. This study would not have been
possible without the help of Professor Piet Maes from the
Laboratory of Clinical and Epidemiological Virology (Rega
Institute) for isolating the strains of SARS-CoV-1 and MERS-
CoV. We also thank the GIGA-Zebrafish Facility for technical
support.

■ ABBREVIATIONS
SARS-CoV-1 severe acute respiratory syndrome coronavirus 1
MERS middle east respiratory syndrome coronavirus
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RT-qPCR reverse transcription quantitative polymerase
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DMEM Dulbecco’s modified eagle medium
E3 ubiquitin−protein ligase E3
BSL-3 biosafety level 3
MOI multiplicity of infection
PBS phosphate-buffered saline
IC50 half-maximal inhibitory concentration
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