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Abstract 

Alkaloids are a diverse group of natural phytochemicals. These phytochemicals in plants provide them protection 
against pests, and herbivorous organisms and also control their development. Numerous of these alkaloids have a 
variety of biological effects, and some have even been developed into medications with different medicinal proper‑
ties. This review aims to provide a broad overview of the numerous naturally occurring alkaloids (isolated from both 
terrestrial and aquatic species) along with synthetically produced alkaloid compounds having prominent antiviral 
properties. Previous reviews on this subject have focused on the biological actions of both natural and synthetic 
alkaloids, but they have not gone into comprehensive detail about their antiviral properties. We reviewed here several 
antiviral alkaloids that have been described in the literature in different investigational environments i.e. (in-vivo, 
in-ovo, in-vitro, and in-silico), and found that these alkaloid compounds have significant antiviral properties against 
several infectious viruses. These alkaloids repressed and targeted various important stages of viral infection at non-
toxic doses while some of the alkaloids reported here also exhibited comparable inhibitory activities to commercially 
used drugs. Overall, these anti-viral effects of alkaloids point to a high degree of specificity, implying that they could 
serve as effective and safe antiviral medicines if further pursued in medicinal and pharmacological investigations.
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1  Introduction
Alkaloids are a broad group of naturally occurring 
organic compounds, forming most of the largest group of 
phytochemicals [1]. Nitrogen atoms are a key distinguish-
ing trait of alkaloids resulting in their alkaline properties 
and medicinal actions [2]. Amino acids such as tyros-
ine, lysine, ornithine, phenylalanine, and tryptophan are 
used to synthesize most alkaloids. These precursors are 
transformed into a variety of core intermediates, which 
lead to the production of numerous alkaloids. Alkaloids 
come in many different chemical forms, the majority of 

which have heterocyclic tertiary nitrogen in their struc-
ture. There are around 20,000 known alkaloids, mostly 
derived from plants. Microorganisms, marine organisms 
including algae, puffer fish, dinoflagellates, and terrestrial 
animals like insects and toads have all also been shown to 
contain alkaloids [3].

Plant species that possess above 0.001% alkaloids are 
referred to as alkaloids sources. As a result, plant groups 
such as Solanaceae, Fabaceae, Asteraceae, Papaveraceae, 
Amaryllidaceae, Rutaceae, Apocynaceae, and Rubiaceae 
have the potential to be utilized in pharmaceuticals [4]. 
The two major classes of alkaloids, indole alkaloids and 
isoquinoline alkaloids (each with about 4000 molecules) 
are generally categorised according to their chemical 
skeleton. Pyrrolizidine, tropane, pyridine, and steroidal 
alkaloids are other prominent classes of alkaloid phy-
tochemicals. Alkaloids can also be classified by their 
botanical source. For example, papaver plants belong to 
the Papaveraceae family and contain (opium) alkaloids. 
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Cinchona plants belong to the Rubiaceae family, famous 
for cinchona alkaloids. Other botanical sources include 
alkaloids from Rauvolfia, Catharanthus, Strychnos, Ergot, 
and cactus plants [3]. Alkaloids such as theobromine and 
caffeine, found in coffee, cacao seeds, and tea leaves, are 
consumed worldwide by humans daily [3]. In humans, 
many alkaloids have potent biological effects. This can be 
explained in part by the structural similarities between 
dopamine, noradrenaline, serotonin, and acetylcholine, 
which are all key neuro-transmitters. Alkaloids have 
unique features for medical usage since they are water-
soluble in acidic conditions and fat-soluble in neutral and 
alkaline conditions.

In contrast to their edible use, alkaloids have a long his-
tory in human medicine and are often used to treat neu-
rological problems [5], cancer [6], metabolic disorders 
[7], and infectious diseases [8]. Alkaloid phytochemicals 
may also help with antiviral treatment. Existing antivi-
ral medications, on the other hand, have limited antivi-
ral activity and variable toxicity toward patients, limiting 
their effectiveness. Phytochemicals such as alkaloids have 
a variety of biological and physiological functions and 
can be utilised as medications on their own [9]. Another 
possibility is that we can synthesize new drugs based on 
natural alkaloids.

Attempts in the past have been made various times for 
reviewing the antiviral mode of alkaloid compounds [10–
13] but these past reviews either focus on the activity of 
alkaloids against a single virus or on the activity of a sin-
gle antiviral alkaloid against different viruses, while some 
reviews include a mix of different phytochemicals along 
with alkaloid compounds and some of the reviews con-
tains significantly good information about antiviral alka-
loids but the set of reviewed alkaloid compounds and the 
viruses discussed/analyzed are too numerous and fewer.

In this review, we will be specifically and only discuss-
ing alkaloids that only act on pathogenic viruses and will 
focus on comprehensively reporting the different modes 
and mechanisms of actions along with their inhibitory 
concentrations, and will also be reporting the experi-
mental models/Environments like in-vivo, in-vitro, and 
in-ovo which were utilized in studying these antiviral 
alkaloids against these pathogenic viruses.

The information analyzed in this review is collected by 
searching different research search engines like Google 
Scholar, and Symantec scholar along with other publish-
ers linked research databases like Science direct, ACS 
journals, Wiley, Springer-Link linked research data-
bases and Web of Science databases while independ-
ent research database and social research networks like 
Research Gate is also utilized along with these previously 
mentioned literature resources. Research articles, Review 
articles, and Patents mentioning the antiviral mode of 

alkaloids from 1960 till mid 2022 were accessed from all 
of these sources and then subjected to further analysis.

The analysis of all these literature materials resulted 
in shortlisting over a hundred different alkaloids of both 
natural and synthetic nature which were active against 
Twenty-Eight (28) different pathogenic viruses. Out of 
these reported and analyzed alkaloids compounds 90 
compounds showed good activities against the target 
viruses and about eleven alkaloids that act on different 
viruses out of these total ninety alkaloids are found to 
be of synthetic nature while all the other alkaloids were 
of natural origin.

1.1 � Antiviral properties of alkaloids
Viruses carry DNA and RNA as their genetic material, 
as well as protein envelopes in some cases. To multiply 
and thrive, they rely on the metabolism of their hosts and 
their environment. They exploit and take over the host’s 
cellular machinery, spreading throughout the organism 
[14]. Alkaloid phytochemicals can suppress and act on 
viruses through a variety of methods. They can impede 
viral fusion or attachment with the host cell surface 
receptors preventing entry into host cells. They can also 
interfere with viral DNA or RNA synthesis [15], protein 
synthesis, and viral protein assembly [16]. They can also 
prevent viruses from infecting other healthy cells in the 
host by targeting transport mechanisms. The chemical 
structures of some of the antiviral alkaloids are given in 
Fig. 1.

In this review, the antiviral role of some alkaloids of dif-
ferent origins against a variety of viruses is presented.

2 � Antiviral activities of alkaloids against multiple 
viruses

2.1 � Alkaloids against influenza virus (IAV)
Influenza A viruses are single-stranded, negative-sense 
RNA viruses in the Orthomyxoviridae family. Seasonal 
influenza A strains generate major morbidity and eco-
nomic losses around the world each year. In most cases, 
influenza A (IAV) infects tracheal cells and as well the 
bronchial epithelial cells, causing localised cellular dam-
age and inducing an acute inflammatory response within 
the host [17].

Berberine alkaloid was studied in vitro for their effect 
on IAV infections. Berberine can suppress IAV type A/
PR/8/34 in the RAW-264.7 cells at over 1 μM, while the 
IC50 for berberine was 0.01  μM. This alkaloid also sup-
pressed the growth of a separate strain of H1N1 IAV 
in  vitro, with an IC50 of 0.44  μM. Berberine’s mode of 
action implies that it affects virus protein maturation 
as well as its transportation, which in turn slows virus 
development. Berberine was also found to inhibit the 
production of tumour necrosis factor-a (TNF-a) and 
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prostaglandin E2 (PGE2) in H1N1 (PR8) infected cells 
[18]. Berberine was also studied by other researchers 
both in vitro and in a mouse model for its antiviral prop-
erties. In this study, berberine attenuated the cytopathic 
effect (CPE) of IAV in infected MDCK cells and lowered 
viral protein neuraminidase (NA) activity with an IC50 
of 0.025  g/L. Berberine significantly reduced mortality, 
increased mean survival time, and decreased viral titers 
in IAV-infected mice. Berberine significantly reduced the 
degenerative alterations in the lungs of mice and showed 
a direct repressive effect on IAV infection in  vitro and 
in vivo [19].

Another research team isolated Homonojirimycin 
(HNJ), an alkaloid from the Commelina communis L., 
and tested its antiviral efficacy on the IAV/PR/8/34 
(H1N1) strain. HNJ had a substantial antiviral efficacy 
against IAV, with an inhibitory concentration EC50 of 
10.4 μg/mL [20]. This same alkaloid was again tested for 
its efficacy in the in vivo mice model for its effect on the 
IAV; HNJ managed to enhance the survival rate, pro-
long the mean survival time, and lower virus produc-
tion in the lungs of mice on days 4 and 6 post-infection, 
as per the findings of this study, after the compound 
was orally delivered to the mice from 2 days prior inoc-
ulation to 6  days after infection. On days 2, 4, and 6, 
mice infected with IAV had significantly higher levels of 
interferon (IFN) and interleukin (IL)-10 in their serum 

and lungs, but lower levels of TNF and IL-6. These find-
ings demonstrated that HNJ protected the mice against 
IAV infection and elicited efficient immune responses 
in the In vivo studies [21].

Alkaloids derived from marine micro-organisms were 
also reported to have notable antiviral effects on the 
IAV. Oxoglyantrypine alkaloid derived from the marine 
mangrove plant-fungal strain Cladosporium sp. was 
noted to have a repressive effect against the IAV with 
an IC50 of 85 μM; other alkaloids derived from this fun-
gal strain were Norquinadoline A, Deoxynortrypto-
quivaline, Deoxytryptoquivaline, Tryptoquivaline had 
also a reported inhibitory effect with an IC50 of 82, 87, 
85, 89 μM, respectively, against IAV [22].

Synthetic alkaloids prepared by a single-stage syn-
thesis procedure based on the quinazoline alkaloid are 
also reported to have potent antiviral activity against 
IAV. An alkaloid prepared from the (+)-camphoric 
acid which is a Quinazoline alkaloid’s synthetic ana-
logue, had significant antiviral activity against the IAV 
A/Puerto Rico/8/34 (H1N1) strain with an IC50 of 
17.9 ± 2.0 μM. Its CC50 concentration was > 1117.9 μM 
towards the cells in which the virus was inoculated. 
Further, this compound also showed stronger inhibi-
tion of other IAV strains “A/Aichi/2/68 (H3N2) and 
A/mallard/Pennsylvania (H5N2)” with IC50 values of 
27 ± 4 and 21 ± 3 μM respectively [23].

Fig. 1  Structures of some antiviral alkaloids
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2.2 � Alkaloids against herpes simplex virus‑I and II (HSV‑I 
and II)

HSV is classified into two serovars: HSV-I and II. HSV-I 
infections are usually accompanied by moderate to severe 
symptoms such as blisters and swelling of cells in the 
mouth and eyes, and in certain situations can cause more 
serious conditions such as blindness, hearing loss, and 
fatal encephalitis. HSV-2 infections, on the other hand, 
can cause minor genital sores while significantly increas-
ing the chance of contracting and transferring (HIV) and 
other opportunistic infections [24].

Several alkaloids have been reported to have a potent 
antiviral effect on HSV-I. In a study understanding the 
effects of different phytochemicals i.e. flavonoids, plant 
phenolics, and alkaloids, it was shown that alkaloids of 
several types show good antiviral activity against HSV-I 
in the MDBK cell line. Alkaloids tested in this experi-
ment showed significant inhibition and reduction of 
the cytopathogenic effect (CPE) caused by this virus 
in MDBK cell culture with an inhibitory concentration 
of 0.8  µg/mL for Yohimbine, 0.8  µg/mL for vincamine, 
0.8  µg/mL for atropine, 0.4  µg/mL for trigonelline and 
0.4  µg/mL for capsaicin. These alkaloids had a maxi-
mum non-toxic concentration (MNTC) of < 3.2  µg/mL 
towards the MDBK culture cells. Other alkaloids used in 
this study also had a good repressive effect on the reduc-
tion of the CPE caused by HSV-I; scopolamine, allantoin, 
octopamine, synephrine, colchicine, and trigonelline 
alkaloids at a concentration of 1.6 µg/mL showed signifi-
cant inhibitory activity on HSV-I [25].

Manzamine-A, another alkaloid, was tested for its 
repressive effect on the HSV-1 EGFP virus in rabbit 
corneal cells (SIRC). It was found that Manzamine-A 
exhibited an effective inhibitory activity on the HSV-I 
replication process at a 1  μM concentration in rabbit 
corneal cells (SIRC). The current anti-HSV-I medica-
tion acyclovir was also tested, and it exhibited similar 
inhibitory activity at 50  µM concentration. Moreover, 
Manzamine-A diminished the discharge of infectious 
viruses by a factor of 1011 in plaque assays. Manzamine 
A treatment reduced HSV-1 virion host shutoff function 
and also its ICP0 transcription process, according to RT-
PCR tests. The IC50 of Manzamine-A was reported to be 
5.6  µM against this virus. These findings point to man-
zamines as a promising lead for reducing viral infection 
in corneal cells and preventing eye infections including 
keratitis induced by HSV-I [26].

A study in BALB/c mice assessed the inhibitory action 
of the Tetrandine alkaloid against HSV-I virus-induced 
keratitis (HSK). The mice were infected in the right cor-
nea and administered via the intraperitoneal route with 
either Tetrandine or Acyclovir. 45% of the mice treated 
with Tetrandine developed HSK when treatment was 

started on day 0 of infection, while Acyclovir inhibited 
the HSK infection when its treatment was started at 
the same time. But when the Tetrandine treatment was 
started on day 7 of the infection it reduced the HSK infec-
tion in the mice to 8.5% compared to 45% when given on 
day 0. Further analysis revealed that Tetrandine had no 
direct antiviral effect on HSV-I and that this decrease 
in HSK infection incidence was due to immune system 
modulation, suppressed HSV-I antibody production, and 
a reduction in inflammatory responses. These down-reg-
ulatory actions of Tetrandine on the anti-herpes immune 
response imply that this alkaloid can be used to control 
an early exuberant inflammatory response without com-
promising virus clearance from the eye. This could be a 
significant step forward in the treatment of herpes ocular 
infections [27].

Another in vivo study involving 6-O-butanoyl castano-
spermine alkaloid used a zosteriform model in mice. Oral 
treatment with this alkaloid delayed the development of 
lesions caused by the SC-16 strain of HSV-I. Addition-
ally, the amount of virus isolated from the brain of mice 
was also decreased. In comparison to untreated controls, 
the viral load inside the brain tissue of mice who received 
treatment 2 days before infection was reduced by a fac-
tor of 100. The IC50 of 6-O-butanoyl castanospermine 
against HSV-I was 15 ± 4.8 µM when given before infec-
tion and 37 ± 5.5 µM when given after [28].

The alkaloid homoharringtonine (HHT) has also been 
reported to repress the HSV-I viral replication in Vero 
cells at a concentration ranging from 500 to 1000  nM. 
This alkaloid induced drops of one to three orders of 
magnitude on the infection of the HSV-1. When the 
mechanism of action of HHT was investigated, it was dis-
covered that ICP8, a single-strand DNA binding protein 
(SSB) of HSV-I that is required for viral replication, was 
targeted, and upon analysis, a significant reduction of 
this protein was detected. On HSV-1 infection, the IC50 
concentrations of HHT and acyclovir noted were 139 nM 
and 789  nM, respectively. HHT also reduced the level 
of eLF4E-protein (eIF4E is a cap-binding protein that 
attaches to mRNA in conjunction with other proteins 
like the helicase eIF4A and the scaffolding protein eIF4G, 
facilitating ribosome recruitment and for the commence-
ment of protein translation process) [29] indicating that 
HHT inhibits HSV-1 by lowering the degree of phospho-
rylation of endogenous and exogenous eIF4E [30].

Tubingensin A—an alkaloid isolated from Aspergil-
lus tubingensis (R.Mosseray 1934)—was also reported 
to have activity against HSV-I in an in vitro experiment, 
with an IC50 of 8 µg/mL [31]. Berberine alkaloid isolated 
from Coptidis rhizome (a rhizome of Coptis chinensis 
Franch.) was used in an in vitro study on both the HSV-I 
and II viral strains in Vero cells. It reported that berberine 
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targeted the synthesis of the HSV viral fusion protein 
which is essential for entry to the host cells during infec-
tion. These fusion proteins gB and gE are also known as 
HSV virus late gene products. The IC50 concentrations of 
berberine against HSV-I and II were 8.2 ± 1.2 × 10–2 and 
8.2 ± 1.2 × 10–2  mg/mL respectively and the CC50 con-
centration of berberine was 13.2 ± 1.6  mg/mL for Vero 
cells [32].

β-carboline alkaloids (Harmine and Compound-4 as 
reported in the publication), isolated from the seeds of 
Peganum harmala L. family Zygophyllaceae showed 
strong repressive activities in an HSV-II plaque reduc-
tion assay. Harmine and Compound-4 effectively reduced 
the plaque-forming units of both HSV-I and II with 
IC50 concentrations of 4.06 ± 0.68 and 2.12 ± 0.14  μM 
respectively. The CC50 concentrations for Harmine and 
Compound-4 were 87.15 ± 0.79 and 74.17 ± 0.62  μM 
respectively [33].

2.3 � Alkaloids against dengue virus (DENV)
Dengue virus (DENV) is a flavivirus. Aedes aegypti and 
Aedes albopictus mosquitoes spread DENV when people 
are bitten by these mosquitoes resulting in dengue fever. 
DENV has an 11-kb positive-sense RNA-genome that 
encodes structural proteins such as capsid (C), envelope 
(E), and membrane precursor (prM), as well as several 
nonstructural proteins [34]. Dengue hemorrhagic fever 
and dengue shock syndrome are induced by four DENV 
serovars (DENV1-4), all of which are potentially deadly 
[35, 36].

Cherylline an alkaloid from C. jagus; J. Thomps (Lili-
aceae) extract has repressive activity on DENV. Cheryl-
line had an EC50 of 8.8 μM against DENVR2A replication 
in a renilla luciferase reporter assay. At the highest tested 
concentration, the cherylline CC50 was not reached at 
250  μM. Moreover, to test cherylline inhibitory action 
against DENVGFP (Dengue virus with a green fluores-
cent protein (GFP) gene), Huh7 cells were infected with 
DENVGFP in the presence of increasing concentrations 
(from 0.6 to 100 μM) of cherylline. Cherylline was shown 
to be more effective than ribavirin at inhibiting DENV-
induced infection, with an EC50 of 8  μM, analogous to 
its action on DENVR2A, compared to ribavirin’s EC50 of 
100 μM. Further investigation on the mode of action of 
this alkaloid against wild-type DENV showed that DENV 
RNA levels were decreased [37].

The inhibitory activity of the alkaloid anisomycin was 
tested on DENV-2 in another research in multiple cell 
lines. Anisomycin exerted dose-dependent inhibition 
on DENV-2. The addition of anisomycin alkaloid to the 
infected cell culture showed 99.9% inhibition of DENV-2 
when added at 8 h p.i, but when added later at 18 h p.i 
no inhibition was observed which indicates anisomycin 

exerts its inhibitory activity in the initial stages of the 
viral infection. Viral internalization was noted to remain 
unaffected, but the viral protein synthesis of DENV-2 was 
strongly inhibited by anisomycin. Immunofluorescence 
showed that anisomycin inhibited the expression of the 
viral E-glycoprotein of DENV-2. Furthermore, qRT-PCR 
analysis showed that anisomycin alkaloid had a substan-
tial inhibitory effect on DENV2 RNA synthesis at an 
inhibitory concentration of 200 nM [38].

Another alkaloid, castanospermine (an indolizidine 
alkaloid), was reported to have strong repressive action 
against DENV. When tested in both Huh-7 and BHK-21 
cells, castanospermine inhibited DENV-2 with an IC50 
of 85.7 μM and 1 μM respectively. Castanospermine was 
also able to inhibit other DENV serotypes. It was noted 
that this alkaloid affected the DENV virus-like particle 
(VLP) by interfering with the VLP incorporation of the 
prM-E and C-protein of DENV and reduced the DENV 
particles by more than 95%. Castanospermine also 
showed promising antiviral activity against DENV infec-
tion in a mouse model [39]. Tomatidine alkaloids also 
have anti-DENV activity. Tomatadine is non-toxic in the 
Huh 7 cell line, with a CC50 of 80.2 μM. 10 μM tomatdine 
repressed DENV virus particle production by 2.02 logs 
after infection at MOI 1. All the serotypes of DENV-1,2,3 
and DENV-4 were effectively inhibited by tomatadine 
with EC50 concentrations ranging from 0.82 to 4.87 μM. 
In a time of addition assays, it was found that tomati-
dine inhibited DENV transmissibility both when added 
before, during, and up to 12 h after infection. A signifi-
cant reduction in the expression of the DENV E-Protein 
was observed when treated with tomatadine. These find-
ings imply that tomatidine is rapidly absorbed after being 
added to cells and likely performs its antiviral action 
shortly after virus entry [40].

Furthermore, three indole alkaloids (3-oxo-voacangine, 
voacangine-7-hydroxyindolenine, and rupicoline) iso-
lated from T. cymosa L. (Apocynaceae) showed signifi-
cant repressive activity against different DENV strains. 
These indole alkaloids have demonstrated direct viru-
cidal inhibitory action in several reported research stud-
ies, these compounds also didn’t show any toxic effects 
on the different cell lines used in these studies. Moreo-
ver, its main parent alkaloid compound vocangine along 
with rupicoline and voacangine-7-hydroxyindolenine in 
a combinatorial therapy approach showed 90% inhibition 
of DENV-2 (NG and 16681) viral strains [41].

2.4 � Alkaloids against Chikungunya virus (CHIKV)
CHIKV is an alphavirus. It is an enclosed virus with 
a positive-sense single-stranded RNA-genome and a 
genome size of 11.8 kb. Aedes aegypti and Aedes albopic-
tus are the main vectors that spread the virus to humans. 
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CHIKV outbreaks have affected over two million individ-
uals worldwide and resulted in hundreds of deaths [42].

In a chemical screen of compounds against CHIKV, 
it was reported that berberine alkaloid has strong anti-
CHIKV activity in BHK-21 cells without affecting the 
viability of this cell line. A CHIKV replicon having the 
Renilla luciferase gene was used in this experiment. 
It was found that berberine acted on various stages of 
CHIKV infection. Berberine treatment downregulated 
the CHIKV viral protein synthesis and repressed the 
genomic as well as the antigenomic viral RNA synthesis. 
It was also reported that this alkaloid act on the replica-
tion process of CHIKV infection. The EC50 concentration 
of berberine against CHIKV was 1.8 μM [43].

Harringtonine alkaloid is also reported to have strong 
repressive activity against the CHIKV-122508 and 
CHIKV-0708 viral strains in BHK-21 cells. Harringtonine 
alkaloid treatment exerted dose-dependent inhibition of 
both CHIKV strains. It was reported that the CHIKV-
122508 strain is more susceptible to inhibition by 
harringtonine compared to the CHIKV-0708 strain. Har-
ringtonine targeted the CHIKV RNA and protein syn-
thesis process, and qRT-PCR revealed that harringtonine 
significantly reduced the −ve and +ve sense RNAs of 
both the CHIKV strains. Western blot also revealed that 
the nsP3 and E2 proteins of CHIKV were dose-depend-
ently inhibited by this alkaloid. The EC50 concentration of 
harringtonine against CHIKV was 0.24 μM and it showed 
minimal cytotoxicity towards the tested cell line [16].

Tomatadine alkaloid was tested in multiple cell lines 
against different CHIKV viral strains, and in Huh7 
cells, it effectively prevented infection of three different 
CHIKV genotypes. With an EC50 value of 1.3 μM and a 
SI of 120, tomatadine repressed and inhibited the CHIKV 
La Reunion strain. EC50 values of 3.8  μM and 2.0  μM 
were established for the African and Asian CHIKV geno-
types. Following time-of-addition investigations, it was 
discovered that the antiviral action occurs after infection 
and is maintained after the drug is added until six hours 
after infection [44].

2.5 � Alkaloids against Ebola virus (EBOV)
The Ebola virus, commonly known as the Zaire Ebola 
virus, was responsible for the Ebola virus outbreak. Since 
1976, there have been several EBOV breakouts. EBOV 
possesses a single negative-strand RNA genome with 
a genomic size of 18,898 nucleotides. It is a member of 
the filoviridae virus family [45, 46]. Several alkaloids 
have been described to have repressive activity on EBOV. 
Emetine alkaloid was tested in multiple cell lines against 
EBOV. A viral-like particle of the VLP viral entry assay 
showed that emetine can effectively block EBOV VLP 
entry into HeLa cells in a dose-dependent fashion with an 

IC50 concentration of 10.2 μM. Moreover, the researchers 
also confirmed the repressive activity of emetine alka-
loid in another live virus assay in Vero E6 cells. The IC50 
of emetine in this assay against EBOV was 16.9 nM. An 
in  vivo study in mice with mouse-adapted Ebola virus 
was also performed by these researchers. In contrast to 
the untreated mice which all died of EBOV, four out of 
six mice survived in the group treated with emetine alka-
loid, confirming its efficacy in both experimental models. 
Similarly, cephaeline alkaloid which is emetine’s analogue 
also showed similar activity in the in vivo studies with an 
inhibitory concentration of 5 mg/kg/day when adminis-
tered via the i.p. route [47].

In another in silico computational study involving pip-
erine alkaloid, it was reported that during the Molecular 
docking studies this alkaloid showed stronger affinities 
towards the NS3 protease-helicase, methyltransferase, 
and the VP35 interferon inhibitory domain of EBOV. The 
interactions of piperine were much stronger than Ribavi-
rin confirming that it can be a better choice against the 
EBOV according to molecular docking scores of this 
alkaloid with the viral proteins of EBOV [48].

2.6 � Alkaloids against human cytomegalovirus (HCMV)
Cytomegalovirus is a member of the Herpesvirales genus 
of the Herpesviridae family of viruses and is a beta herpes 
virus. It has a ds-DNA genome with a size of roughly 230 
kbp and is enveloped. HCMV is an opportunistic virus 
that infects a host which has a compromised immune 
system, including AIDS patients and children, causing a 
variety of ailments.

In a LOPAC library screen against HCMV, emetine 
alkaloid had good antiviral activity as an HCMV inhibi-
tor. Studies in human foreskin fibroblasts showed that 
emetine can effectively inhibit HCMV virus cell entrance 
but before DNA synthesis, resulting in lower viral protein 
expression. When emetine was used with ganciclovir, it 
produced synergistic viral inhibition. Emetine was well 
tolerated, had a long half-life, was distributed preferen-
tially to tissues over plasma, and successfully inhibited 
the mouse-adapted CMV. Emetine’s ability to inhibit 
HCMV was dependent on RPS14 binding to MDM2, 
which disrupted virus-induced MDM2-p53 and MDM2-
IE2 interactions. The EC50 for emetine against HCMV 
was 40 ± 1.72 nM, with a CC50 of 8 ± 0.56 μM [49].

Berberine Chloride alkaloid has also been reported to 
have a potent anti-HCMV activity which is comparable 
to standard ganciclovir GCV antiviral drug. The plaque 
assay showed that HCMV can be potently inhibited by 
berberine. This alkaloid exhibited repressive HCMV 
activity with an IC50 of 0.68  μM and SI index of 110 in 
MRC-5 cells, while GCV drug has an IC50 of 0.91  μM 
against HCMV. It was noted that both the alkaloid 
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berberine and GCV suppressed HCMV proliferation to a 
similar extent. An infection center assay showed that ber-
berine has no influence on the entry of HCMV to host 
cells but interfered somewhere after entry and before the 
start of the viral DNA replication stage [50].

2.7 � Alkaloids against Zika virus (ZIKV)
Zika virus (ZIKV) is a Flavivirus with a genome size of 
10.7 kb. ZIKV is an enveloped virus with positive-sense 
ssRNA as genetic material. Aedes aegypti and albopictus 
mosquitoes are the carriers of this virus. In young new-
borns, it causes disorders like brain microcephaly. ZIKV 
outbreaks have been documented all over the world 
[51–57].

A study with C. jagus J. Thomps (Liliaceae) alka-
loid extracts showed a significant antiviral effect on the 
Zika virus. Upon further studies on the alkaloids pre-
sent in this plant, it was found that Cherylline was the 
most active alkaloid with repressive activity on ZIKV. 
An experiment on ZIKVR2A which has the Renilla lucif-
erase reporter gene showed that Cherylline at EC50 of 
20.3 μM inhibited the ZIKVR2A replication with a selec-
tivity index of > 12.3. Furthermore, the wild-type Zika 
strain H/PF/2013 and Zika virus MR766 instead of lucif-
erase reporter infectious systems were used to certify 
the repressive properties of cherylline on the Zika virus. 
Cherylline treatment potently reduced the viral titer of 
the pathogenic H/PF/2013 strain 100-fold and MR766 by 
88 percent. Plaque-assay with wild-type viruses revealed 
that cherylline inhibits ZIKV life cycles efficiently. More-
over, the lycorine alkaloid used in this experiment also 
showed potent inhibition of the Zika virus with an EC50 
concentration of 0.41 μM with an SI of 35.4 against this 
virus [37].

Anisomycin alkaloid was evaluated for its efficacy 
against ZIKV in multiple cell lines and an AG129 mouse 
model. Dose-dependent inhibition of ZIKV by ani-
somycin was observed. Anisomycin addition of up to 
8 or 5  h p.i. caused a 99.99 percent reduction in Zika 
virus production, according to a time-course investiga-
tion. Its repressive effect decreased when added at 12 h 
p.i, indicating that this alkaloid acts on the initial and 
intermediate stages of viral infection of ZIKV. In the 
identification of target studies, it was revealed that the 
post-internalization step was influenced and not viral 
entry. Immunofluorescence showed that anisomycin 
potently targeted the viral protein synthesis of this virus 
with a 95.0 ± 3.0% drop in the number of fluorescent cells 
in Zika virus-infected cell cultures at 18 and 24  h p.i. 
The EC50 of this alkaloid against ZIKV (PRVABC59) was 
7.9 ± 1.2 nM with an SI of > 11,900 in A549 cells and its 
CC50 was > 94000  nM. AG129 mice showed that aniso-
mycin has a reverse dose inhibition effect on the virus; 

mice administered with 100  mg/kg/d of anisomycin 
showed earlier sickness signs, and more rapid mortality 
was seen in them, while 4 mg/kg/d of this alkaloid treat-
ment delayed the signs of the diseases and also reduced 
the mortality rate of the mice [38].

Emetine alkaloid strongly repressed the Zika virus 
MR766 strain in HEK293 cells with an IC50 of 52.9  nM 
(confidence intervals of 35.4–73.2  nM). This emetine 
repressive effect is not ZIKV strain-specific as both PRV-
ABC59 and the FSS13025 ZIKV strains are also inhibited. 
In immunofluorescence staining, emetine also inhibited 
the MR766 ZIKV strain along with the ZIKV PRVABC59 
strain by targeting the synthesis of the E-protein in the 
SNB-19 cell line with an IC50 concentration of 29.8  nM 
and confidence intervals of 24.4 to 35.0  nM. Moreover, 
a ZIKA virus titer assay performed in Vero cells showed 
complete inhibition of the viral replication with an IC50 
of 8.74 nM and confidence intervals of 7.4–10.7 nM. The 
CC50 of emetine for the HEK293 and SNB-19 cell lines 
was 180 nM and 86 nM respectively. The mechanism of 
action of emetine against ZIKV was the repression of 
the NS1 protein as well as NS5 (RdRp protein of ZIKV). 
Computational studies further predicted and showed 
with docking that emetine preferred attachment to an 
allosteric site near the priming loop of the N-pocket of 
Zika virus (RdRp), acting as a non-nucleoside inhibitor. 
Furthermore, emetine also showed promising anti-ZIKV 
activity in a mouse model. An analogue of emetine called 
cephaeline (an alkaloid) also showed antiviral activity 
against ZIKV with an IC50 = 52.9 nM [47].

Three alkaloids were obtained from the marine fun-
gus Fusarium sp. L1, produced by supplementation of 
the fungal culture with L-tryptophan. In plaque assays, 
promising anti-ZIKV activities in the A549 cell line 
were noted for these alkaloids without affecting cell 
proliferation at the tested doses. Alkaloids fusaindoter-
pene-B alkaloid, JBIR-03, and 1,2-bis(1H-indol-3-yl)
ethane-1,2-dione—all of which are indoloterpene alka-
loids—showed strong repressive activity in the plaque 
reduction assay with EC50 concentrations of 7.5, 4.2, and 
5.0 μM, correspondingly against the Zika virus [58].

Palmatine alkaloid tested against ZIKV in Vero cells 
which were infected with 400 pfu of Zika virus and then 
inoculated with varying concentrations of palmatine 
showed significant repressive activity. After 2  days of 
incubation of ZIKV with palmatine, qRT-PCR assays 
showed that palmatine doses ranging from 10 to 80 μM 
repressed and inhibited ZIKV RNA synthesis. A fluores-
cence focus assay also revealed that this alkaloid reduced 
ZIKV progeny production. Time of addition assays which 
are probably performed to identify the mechanism of 
actions of compounds against a target virus revealed that 
palmatine exerts significant inhibitory activity on ZIKV 
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when added at the pre-infection, co-infection, and post-
infection stages. Palmatine, therefore, acts on ZIKV bind-
ing, entry, and post-entry stages (viral replication) and 
also disrupts the stability of the Zika virus by binding 
with its envelope proteins. These results show that pal-
matine can be a promising multi-stage inhibitor of Zika 
virus infection [59].

2.8 � Alkaloids against SARS‑CoV‑2
Coronaviruses are also known as picornaviruses [60]. 
They carry a positive-sense RNA as genetic material and 
are commonly found in birds and other animals [61]. 
They cause a variety of disorders, the most prevalent of 
which are respiratory diseases including SARS-CoV-2 
[62–65].

An in silico study involving molecular docking and MD 
simulation approaches identified several alkaloids which 
showed strong interactions with the SARS-CoV-2 Nsp-15 
protein. Ajmalicine, aranotin, and piperine alkaloids were 
identified to be promising repressors of Nsp-15 of SARS-
CoV-2. The alkaloids in this computational investigation 
could potentially be promising leads against this virus by 
targeting replication. Nsp-15 is an important protein of 
SARS-CoV-2 and interfering with these alkaloid-based 
compounds may impede viral replication [66].

An in  vitro screening of alkaloid compounds (mostly 
antimalarial inhibitors) against SARS-CoV-2 showed that 
alkaloids and alkaloid-based compounds have substantial 
repressive activity. Chloroquine, hydroxy-chloroquine, 
and pyronaridine alkaloids-based drugs showed signifi-
cant antiviral activities against SARS-CoV-2 having EC50 
concentrations of 2.1 μM, 1.5 μM, and 1.8 μM respectively. 
Other compounds like desethylamodiaquine, mefloquine, 
and quinine also showed good repressive activities with 
EC50 values of 0.52 μM, 1.8 μM, and 10.7 μM. These results 
suggest that these compounds can be effective in inhibit-
ing this rapidly mutating infectious virus [67].

Another bioinformatics study showed that camptoth-
ecin (CPT), a quinolone alkaloid found in Camptotheca 
acuminata Decne tree had good interactions with the 
two main enzymes MPRO and RdRp of SARS-CoV-2. An 
in silico bioinformatics analysis revealed that CPT and its 
derivatives, toptecan and irinotecan, have a greater bind-
ing affinity towards Mpro and RdRp. Molecular docking 
studies also revealed that CPT engages the amino acids 
at K466 and K355 of the viral S-protein of SARS-CoV-2, 
compared to lopinavir, an antiviral drug that only made 
Van Der Waal’s interactions with the S-protein and also 
had no H-bond interactions. It can be concluded from 
this study that CPT can hinder and potentially block the 
association of the S-protein and the ACE-2 receptor and 
that CPT can be efficacious in controlling SARS-CoV-2 
infection [68].

Other alkaloids have also been reported to have good 
binding affinities with important enzymes of SARS-
CoV-2 in bioinformatics studies [69]. Schizanthine Z 
alkaloid was identified by in silico approaches to have 
a better binding affinity with the papain-like protease 
enzyme of SARS-CoV-2 compared to the Lopinavir anti-
viral drug [70]. Similarly, two other alkaloids—sophaline 
D and thalimonine have been identified to have good 
binding energies towards the main-protease (MPRO) 
enzyme, suggesting that these alkaloids can be potential 
inhibitors of this virus [71].

An in vitro study in which the efficacy of certain anti-
viral drugs and alkaloids was evaluated against SARS-
CoV-2 in Vero E6 cells revealed that homorringtonine 
and emetine alkaloid can inhibit this virus with EC50 
concentrations of 2.55  μM and 0.46  μM respectively. 
Moreover, it was also noted that when emetine alkaloid 
and remdesivir are administered together, they inhibited 
the viral yield by 64.9 percent at doses of 0.195 μM and 
6.25  μM. This study shows that the use of alkaloids in 
combinational therapy may result in better clinical out-
comes [72].

2.9 � Alkaloids against hepatitis B virus (HBV) and hepatitis 
C virus (HCV)

HBV is a major world health problem, and although a 
viable vaccine is available, it is still estimated that about 
35 million people are continuously affected by this virus 
worldwide. HBV has a 3.2  kb relaxed circular-DNA 
genome. HCV affects about 3% of the world’s populace 
and is the leading cause of chronic liver disease. HCV 
causes both acute and chronic hepatitis, with symptoms 
ranging from a brief illness to a serious, life-threatening 
condition [73, 74].

Alkaloids isolated from Z. nitidum (Roxb.) DC (Ruta-
ceae) roots were evaluated for their anti-HBV activi-
ties in HepG2 2.2.15 cells The cultured cells were first 
transfected with HBV DNA to produce HBV viral parti-
cles. It was reported that the tested alkaloids had potent 
inhibitory activities against HBV. The extracted alka-
loids 5,6-dihydro-6-methoxynitidine, skimmianine, and 
5-methoxydictamine showed significant repressive anti-
HBV effects by targeting the HBsAg and HBeAg secre-
tions. The inhibitory concentrations were 0.2  μmol/
mL for the first two alkaloids and this repressed the 
HBsAg secretions by 43.3 and 49.3 percent respectively. 
While skimmianine alkaloid also inhibited the HBeAg at 
0.2  μmol/mL concentration, 5-methoxydictamine alka-
loid targeted the HBeAg secretion and showed a 43.2% 
repressive effect against HBV. In contrast, the positive 
control lamivudine showed only 29.6 and 35.4 percent 
inhibitory activity at a concentration of 1.0  μmol/mL 
against the HBsAg and HBeAg secretions. These findings 
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suggest that these alkaloids can be efficient in controlling 
HBV infection [75].

Similarly, alkaloids isolated from Sophora alopecu-
roides L., seeds were assessed for their anti-HBV repres-
sive activities in an in vitro experimental model using the 
HepG2.2.15 cell line. The isolated alkaloids were matrine-
type alkaloids and showed better inhibitory activities 
than the positive control lamivudine. Lamivudine (3TC) 
was able to inhibit the HBV virus to 31.5 percent when 
its concentration was 1.0 mM while the isolated alkaloids 
sophaline B and sophaline D significantly repressed the 
secretion of the HBsAg more than 50 percent. The inhibi-
tory concentrations for these alkaloids against HBV were 
0.2 or 0.4 mM. These results suggest that these alkaloids 
are more potent than the Lamivudine drug [76]. In a sep-
arate work by these researchers, another alkaloid called 
Sophaline-F was identified and showed 53.8% inhibition 
of the HBsAg secretion at a concentration of 0.035 mM 
compared to an inhibitory rate of 35.7% for lamivudine. It 
can be inferred that this alkaloid is more potent than the 
anti-retroviral drug lamivudine used in this experiment 
as a positive control [77].

Matrine-type alkaloids derived from another member 
plant of the Sophora genus (Sophora flavescens Aiton), 
also showed more potent anti-HBV activity than Lami-
vudine drug. Out of all the 17 alkaloids isolated from 
Sophora flavescens Aiton., two of them, flavesine-J and 
alopecurine-B alkaloids showed significant repressive 
activities by targeting the HBsAg and HBeAg secretions. 
The inhibitory concentrations for these alkaloids against 
HBV were 0.2  mM and 0.4  mM respectively, with an 
inhibition rate against HBV ranging between 38 and 46% 
[78].

Berberine alkaloid was reported to have signifi-
cant anti-HCV activity in Huh-7.5 cells. This virus was 
repressed by berberine in a dose-dependent way when 
the concentration of berberine was 1 to 100 μM for 72 h. 
The EC50 concentration for berberine against HCV was 
7.87 ± 1.10 μM. An infection assay identified the mode of 
action of this alkaloid, indicating that berberine strongly 
blocked HCV entry/fusion. Molecular docking further 
revealed that berberine interacts with the E2 protein of 
HCV—an important protein that facilitates viral entry. 
This targeting of the E2 protein of HCV hinders the 
entry/fusion process of HCV to the host cell resulting in 
its inhibition [79].

2.10 � Alkaloids against human immunodeficiency virus 
(HIV)

HIV is a Lentivirus that causes AIDS, a condition in 
which the immune system gradually weakens, allowing 
lethal opportunistic infections and malignancies to grow 
and exacerbate the situation. It is an enclosed RNA virus 

with a single-stranded, positive-sense genome. Its viral 
RNA-genome is transformed to double-strand DNA 
in the infected host cell by reverse transcriptase once it 
enters the cell [80].

Several alkaloids have been reported to have signifi-
cant anti-HIV activity. In an in  vitro investigation, the 
bromoindole alkaloid dragmacidin-D obtained from the 
marine sponge Halicortex was tested against HIV. Drag-
macidin-D was able to strongly repress the syncytia for-
mation by HIV in the culture cells. These alkaloids also 
exhibited no cytotoxicity on the culture cells and were 
able to inhibit this virus at an EC50 concentration of EC50 
of 0.91 μM [81].

Fangchinoline, a bisbenzylisoquinoline alkaloid derived 
from Stephania tetrandra S. Moore (S. tetrandra) was 
found to have antiviral activity in MT-4 and PM1 cells 
against HIV-1 NL4-3, LAI, and BaL viral strains, with 
an EC50 concentration in the range of 0.8 to 1.7  mM. 
Fangchinoline had little antiviral action in TZM-b1 cells, 
but it did inhibit the production of pathogenic virions in 
HIV-1 cDNA transfected 293T cells, indicating that it 
is targeting a late event in viral infection. Furthermore, 
fangchinoline’s antiviral action appears to be envelope-
dependent, as it did not affect the generation of patho-
genic HIV-1 particles encapsulated with a heterologous 
envelope. According to a Western blot analysis of HIV 
envelope proteins generated in transfected 293T cells and 
isolated virions, fangchinoline lowered HIV-1 gp160 pro-
cessing, resulting in less envelope glycoprotein integra-
tion into nascent virions [82].

Compound SIP-1, an alkaloid compound identi-
fied via a compound library screening against HIV, was 
found to have high repressive activity and lowered the 
levels of p24, a viral HIV capsid structural protein in 
macrophages. SIP-1 also showed good binding to the 
Vpr viral protein of HIV and significant anti-HIV activ-
ity. SIP-1 had no negative effects and did not interrupt 
cell cycle progression or induce apoptosis in Molt-4 and 
HeLa cell lines, according to MTT, flow cytometry, and 
a caspase-3 assay. SIP-1 compound also attaches to Vpr 
specifically, as determined by photo-cross-linked small-
molecule affinity beads. SIP-1 reduced viral propagation 
by more than 98 percent at 10 μM at 8 and 12 days post-
infection. At 8 days after infection SIP-1 had an IC50 of 
0.5 μM against HIV infection. These findings imply that 
the Vpr protein could be a promising target for the devel-
opment of HIV-1 replication-blocking medications [83].

6-O-Butanoyl castanospermine (B-CAST) alkaloid 
is a castanospermine alkaloid derivative that has been 
assessed for its anti-HIV activity via different In  vitro 
experiments. Multiple assays have confirmed that 
6-O-Butanoyl castanospermine alkaloid is an effective 
HIV inhibitor. In HeLa T4+ cells and JM cells, HIV-1 
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induced syncytia formation was potently inhibited by 
B-CAST with IC50 concentrations of 0.3 μg/mL in HeLa 
T4+ cells assay and an IC50 of 0.15 μg/mL in JM cells [84]. 
The alkaloid castanospermine is also an inhibitor of HIV. 
It has been reported that castanospermine treatment can 
reduce the expression of the mature glycoprotein (gp120) 
of HIV on the host cell surface, with concurrent aggre-
gation of uncleaved precursor gp160, resulting in lower 
viral infectivity and also repressing the HIV-induced syn-
cytium formation in the cultured cells [85].

The manzamine-based novel alkaloids manadoman-
zamine A, B, and xestomanzamine-A were isolated 
from the marine sponge Acanthostrongylophora sp., and 
exhibit significant anti-HIV activities in PBM cells. These 
alkaloids were found to have EC50 values of 7.0, 16.5, 
and 11.2  g/mL against human immunodeficiency virus, 
respectively [86].

Emetine, an ipecac alkaloid, has significant anti-HIV 
properties. Emetine can lower HIV infection in both 
non-lymphocytic and peripheral blood mononuclear 
cells by up to 80 percent. Reverse transcriptase and 
NERT assays showed that emetine has strong inhibitory 
activity against the HIV reverse transcriptase. The NERT 
assay results indicated that emetine directly penetrates 
the viral HIV particles and inactivates its reverse tran-
scriptase enzyme activity with an inhibitory rate of 90% 
at a concentration of 14.1 mM. These findings imply that 
emetine alkaloid could be employed as a possible micro-
bicide against HIV-1 [87].

Aside from these, other manzamine-based alkaloids 
have considerable anti-HIV efficacy. Manzamine-A, 
neokauluamine, 8-hydroxymanzamine-A, 6-deoxyman-
zamine-X, and 12,28-oxamanamine-A alkaloids have 
been reported to have inhibitory activity with EC50 values 
of 4.2 µM, 2.3 µM, 0.59 µM,1.6 µM, and 22.2 µM against 
HIV [88, 89]. Along with these alkaloids, Tulongicin 
based alkaloids have anti-HIV activity. These tulongicin 
alkaloids were extracted from the Topsentia sp., a sponge 
of deep waters. These alkaloids (tulongicin-A and dihy-
drospongotine-C) had an IC50 concentration of 3.9  μM 
and 2.7  μM against the YU2-HIV isolate respectively, 
while their IC50 concentrations against the HxB2-HIV 
isolate was 3.5 μM and 4.5 μM respectively [90].

Alkaloids extracted from the tropical Ancistrocla-
dus korupensis Thomas and Gereau—1993 have been 
reported as anti-HIV inhibitors. These alkaloids michel-
lamines D and F showed significant repressive activity 
against multiple strains of HIV. These alkaloids prevented 
the cytopathic effect of HIV in the CEM-SS cell line. 
Michellamines D and F exhibited significant cytoprotec-
tion against HIV with EC50 dosages of 3  μM and 2  μM 
against the HIV-RF strain respectively [91]. Triptonine B, 
a sesquiterpene alkaloid, has significant anti-HIV action. 

In in  vitro evaluation investigations, this alkaloid dem-
onstrated inhibitory efficacy against HIV with an EC50 of 
0.10  μg/mL. Its therapeutic index was also greater than 
1000, indicating that this alkaloid has a high potential for 
development as an anti-HIV medication [92].

2.11 � Alkaloids against middle east respiratory syndrome 
coronavirus (MERS‑CoV) and human coronavirus 
OC43 (HCoV‑OC43)

MERS-CoV and HCoV-OC43 are enveloped coronavi-
ruses (CoVs) with positive-sense ssRNA as genetic mate-
rial. These viruses are zoonotic and jump from animals to 
human hosts. They cause multiple respiratory infections. 
The most common subtype of HCoV, HCoV-OC43, is 
responsible for over 30% of respiratory infections and can 
cause re-infection for the rest of one’s life [93].

An in  vitro investigation found three alkaloids with 
anti-HCoV-OC43 potential in MRC-5 cells: tetrandrine 
(TET), fangchinoline (FAN), and cepharanthine (CEP). 
In MRC-5 cell culture, treatment with these three alka-
loids reduced the cytopathic effect of HCoV-OC43. The 
IC50 concentrations which reduced the cytopathic effect 
of these alkaloids were 0.33 ± 0.03  μM,1.01 ± 0.07  μM, 
and 0.83 ± 0.07 μM respectively. Time of addition assays 
revealed that the pre and co-treatment of these alka-
loids effectively reduced the infection in MRC-5 cells 
and these alkaloids likely target the early stages of viral 
infection. Further investigation revealed that these alka-
loids decreased viral RNA copies. The expression levels 
of the HCoV-OC43 N and S-proteins were also lowered 
after treatment with these alkaloids. Moreover, treatment 
with these alkaloids also attenuated the virus-induced 
host response. These results indicate a multi-stage inhi-
bition of this virus by these three alkaloids [94]. In an 
in  vitro screening assay (MERS-ELISA assay), multiple 
compounds had repressive MERS-CoV potential. This 
investigation reported an alkaloid, emetine dihydrochlo-
ride hydrate, to have a significant inhibitory effect against 
MERS-CoV, with an EC50 value of 0.014  M. Moreover, 
with an EC50 value of 0.051  M, this alkaloid also sup-
pressed SARS-CoV [95].

2.12 � Alkaloids against the respiratory syncytial virus (RSV)
RSV is an orthopneumovirus with ssRNA as genetic 
material. The most typical way for the virus to spread is 
through close contact with saliva or mucus droplets. RSV 
is one of the most prevalent viruses that cause respiratory 
diseases in newborns, the elderly, and those with weak-
ened immune systems, resulting in substantial infection 
rates worldwide each year [96].

A comprehensive study reported that cyclopamine 
(CPM) alkaloid and its chemical analogue A3E have 
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potent anti-RSV activities. These alkaloids were first 
evaluated in an in  vitro study performed in Hep-2 cells 
on different RSV clinically isolated strains. This study 
reported that the RSV strains RSV-A GA2, RSV-A ON1, 
and RSV-B were potently inhibited by both the CPM and 
A3E alkaloids. The IC50 concentration of CPM against 
these RSV strains was 0.82  μM, 0.46  μM, and 0.76  μM 
and that of A3E which is cyclopamine analogue were 
2.92  μM, 3.00  μM, and 3.72  μM respectively. Moreover, 
these alkaloids were evaluated in mice, and both com-
pounds showed significant anti-RSV activities by target-
ing the replication process of RSV. These results suggest 
a strong antiviral efficacy of alkaloids both in  vitro and 
in vivo studies [97].

A patent publication reports several indole alkaloid-
based compounds having significant anti-RSV activi-
ties. These compounds had EC50s ranging from 0.0007 to 
0.512 μM, and thus are promising inhibitory compounds 
for RSV. These inhibitors are reported to be fusion pro-
tein inhibitors of RSV and target the entry and attach-
ment of RSV to host cells [98].

2.13 � Alkaloids against parainfluenza virus‑3 (PI‑3) 
and Sindbis virus (SINV)

Human parainfluenza viruses (HPIVs) are members of 
the paramyxoviridae virus family and are a common 
cause of upper and lower respiratory illnesses. The PI-3 
virus virion contains negative-sense ssRNA. Although 
most HPIV illnesses are minor and self-limiting, seri-
ous infections that require hospitalisation can also hap-
pen, especially in newborns, youngsters, and people with 
impaired immune systems [99]. SINV is an enclosed RNA 
virus in the genus Alphavirus. Sindbis virus is related to 
the Chikungunya alphavirus. Culex mosquitos spread 
the Sindbis virus to a range of birds, including migratory 
and game birds, which act as a carrier of this virus. Culex 
and, less frequently, Aedes mosquitos transmit the virus 
to dormant hosts like humans, and it is a recurrent cause 
of polyarthritis, rash, and fever, however many infections 
are asymptomatic. Karelian fever is another clinical con-
dition linked to SINV infection [100].

In a study on the effects of different phytochemicals 
including flavonoids, plant phenolics, and alkaloids, two 
alkaloids had a potent antiviral effect on PI-3. Atropine 
and octopamine alkaloids showed good antiviral activ-
ity on PI-3 in the MDBK cell line. Alkaloids tested in this 
experiment showed significant inhibition and reduction 
of the cytopathogenic effect (CPE) caused by the Human 
parainfluenza virus-3. Both atropine and octopamine 
alkaloids inhibited the virus with a maximum inhibitory 
concentration of 0.05 µg/mL [25]. Deoxynojirimycin and 
castanospermine alkaloids have been shown to exhibit 
antiviral action against the Sindbis virus in BHK cells. 

These alkaloids inhibited virion assembly by acting on a 
step in the viral glycoprotein processing. An asparagine 
amino acid residue in the glycoprotein of this virus has a 
linked oligosaccharide moiety (GlcNAc2, Man9, Glc3). The 
removal of glucose from this oligosaccharide moiety starts 
further processing of this viral protein and is critical for 
attaining its correct functional conformation. These two 
alkaloids blocked this step by acting on the glucosidase-
I enzyme, resulting in the inhibition of the Sindbis virus 
protein assembly. Moreover, a precursor glycoprotein 
(PE2) which upon cleaving forms the glycoprotein-(E2) 
and is essential for the virion formation was also inhibited 
by these two alkaloids by interfering with and blocking 
the cleavage of PE2 into E2 glycoprotein [101].

2.14 � Alkaloids against infectious bursal disease virus 
(IBDV) and porcine epidemic diarrhoea virus (PEDV)

Both of these viruses cause diseases in animals. IBDV is 
a retrovirus that can cause a highly contagious disease 
in young poultry, causing bursal necrosis and severe 
immune system impairment [102], while PEDV is an 
Alphacoronavirus and the primary cause of acute diar-
rhea, dehydration, and significant mortality in pigs [103, 
104].

Several cyclopeptide alkaloids conjugates were 
extracted from Ziziphus jujuba Mill., the plant was 
evaluated against PEDV and it showed strong inhibitory 
activities in the in vitro antiviral assays. Jubanine-G, Juba-
nine-H, and Nummularine-B alkaloids potently inhibited 
PEDV infection in Vero cells. The EC50 inhibitory con-
centrations for these alkaloids against this virus were 
13.41 ± 1.13  μM, 4.49 ± 0.67  μM, and 6.17 ± 0.50  μM 
respectively. These alkaloids were also non-toxic to the 
tested cell line [105]. Another alkaloid—homoharringto-
nine (HHT)—has been reported as an anti-PEDV agent 
in  vitro and in  vivo. HHT treatment of PEDV-infected 
Vero cells showed reduced viral loads at a concentration 
of 200 nM, and at 500 nM HHT concentration the infec-
tion was completely suppressed. The IC50 value of HHT 
against PEDV was 0.112  µM and it resulted in a signif-
icant drop in N protein and mRNA levels of this virus. 
In the in vivo studies, HHT was efficient at suppressing 
PEDV viral production in piglets and hens at doses of 
0.05 mg/kg and 0.2 mg/kg, respectively. All of the animals 
given the treatment survived with no pathogenic altera-
tions in their tissues or symptoms of infection [30].

C. metuliferus Emey., fruit alkaloids have been reported 
to be anti-IBDV active in chicken fibroblast cells. These 
alkaloid extracts showed antiviral activity at a concentra-
tion of 6.125 and 100 mg/mL. The positive control group 
showed cytopathic effects, whereas the negative control 
group treated with alkaloids showed no cytopathic effects 
[106].
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2.15 � Alkaloids against bovine viral diarrhea virus (BVDV)
BVDV is a Pestivirus. It can be found in the majority of 
countries throughout the world [107], causing mucosal 
diseases, respiratory and GI-tract infections, and repro-
ductive complications in cattle [108].

Alkaloid 6-O-butanoyl castanospermine (celgosivir), 
a derivative of castanospermine, was evaluated against 
the BVDV in different in vitro studies. Celgosivir exerted 
strong anti-BVDV activities and inhibited the release and 
mRNA production of this virus. Its inhibitory activity 
was measured in both plaque reduction and CPE assays. 
Celgosivir repressed BVDV growth at an IC50 of 16 µM 
and 47  µM respectively. Mechanism of action studies 
revealed that celgosivir repressed the viral RNA and also 
reduced the quantity of the viral infectious units released 
from the infected cells. This alkaloid also repressed 
BVDV E2 viral protein expression levels. Moreover, the 
combination of this alkaloid separately each with Ribavi-
rin and interferon-α showed a synergistic relationship in 
the inhibition of BVDV in plaque reduction assays [109].

The alkaloid n-butyl deoxynojirimycin (nB-DNJ) 
was evaluated in another In vitro study for its synergis-
tic effects when used in combination with interferon-α 
(IFN) against BVDV. nB-DNJ is a reported glucosidase 
repressor and inhibits viral production by compromising 
viral protein folding and thereby limiting and inhibiting 
viral assembly. In this study, it was used with IFN to study 
its effect on BVDV. It has been reported that IFN alone 
in plaque reduction and cytopathic assays reduces viral 
growth with an IC50 of 3 IU/mL. When IFN was used in 
combination with 138 µM of nB-DNJ alkaloid the IC50 of 
IFN decreased to 0.056  IU/mL and its antiviral potency 
increased 54-fold against BVDV. These results demon-
strate that this alkaloid can synergistically increase the 
BVDV viral inhibition when used with IFN in combina-
tional therapy [110].

2.16 � Alkaloids against coxsackieviruses (CV)
CVs are enteroviruses that cause ailments varying from 
gastrointestinal distress to pericarditis and myocarditis 
(CVB3-induced cardiomyopathy) [111], CVB3 thrives in 
the myocardium and produces severe coronary illnesses 
[112].

Numerous matrine-type alkaloids and crude alka-
loids from S. tonkinensis Gagnip., have been found to 
have substantial anti-CVB3 properties. These extracted 
alkaloids were evaluated in Vero cells for antiviral activ-
ity against CV B3. Out of these extracted alkaloids, the 
most potent was (−)-12β-hydroxyoxysophocarpine 
alkaloid. This alkaloid showed an IC50 of 26.62  µM 
against the coxsackievirus B3. In comparison to the 
positive control ribavirin (RBV) (IC50 of 1197.58  µM), 

the (−)-12-hydroxyoxysophocarpine alkaloid showed 
45 times greater anti-CVB3 activity, with a therapeutic 
selectivity index also equivalent to RBV [113].

Aranotin and gliotoxin are sulfur-containing alkaloids 
that have been also reported as anti-CV A21. Aranotin 
was found to be effective against CV A21 in the In vivo 
mice model, with an ED50 of 0.125 mg/kg i.p. [114]. Gli-
otoxin alkaloid is active against a broad range of RNA 
viruses including the CV and inhibits these viruses by 
targeting their RNA synthesis [115]. Another common 
alkaloid, caffeine, is also been found to inhibit the growth 
of CV [116].

2.17 � Alkaloids against murine leukemia virus (MLV)
MLVs are Gammaretroviruses that cause malignancy 
in their murine (mouse) hosts. Other vertebrates may 
be infected by some MLVs. MLVs have a positive-sense 
ssRNA genome that replicates by reverse transcription 
via a DNA intermediary [117].

6-O-Butanoylcastanospermine (B-CAST) is a castano-
spermine alkaloid that was evaluated for its anti-MLV 
activities in chronically infected C3HlOTY1/2 (clone 
8) cells. This analog of castanospermine was more 
potent than the other analogues prepared in this study. 
As B-CAST is also a glucosidase inhibitor, this enzyme 
causes the misfolding of viral proteins and strongly 
represses the activity of the MLV in plaque reduction 
assay. MLV was inhibited by CAST-B with an IC50 of 
0.05  µg/mL. CAST-B also showed strong inhibition of 
the glucosidase enzyme with an IC50 of 0.7 µg/mL. Viral 
replication of MLV was targeted by this alkaloid and a 
relationship between glucosidase-I inhibition and MOLV 
replication was observed in this experiment [84]. Like the 
previously discussed CAST-B alkaloid, castanospermine 
and 1-deoxynojirimycin alkaloids are effective inhibi-
tors of glucosidases I and II. These two alkaloids demon-
strated substantial potency against the Moloney murine 
leukemia virus in separate research, with an inhibitory 
concentration of (IC50: 1.2  g/mL). These findings imply 
that glucosidase enzymes are required for the replication 
of MLV and that targeting these enzymes by these alka-
loid inhibitors via a unique mechanism of action could 
lead to the development of chemopreventive and thera-
peutic medicines against MLV infections [118].

2.18 � Alkaloids against vesicular stomatitis virus (VSV)
VSV is a zoonotic arbovirus that is related to rabies 
viruses and belongs to the Rhabdoviridae family. VSV 
contains an 11-kb genome made up entirely of negative-
sense RNA. VSV is transmitted to animals through bug 
bites, and in cattle, horses, and swine, and can cause 
severe disease with symptoms comparable to foot and 
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mouth disease. Human infections of this virus also occur, 
but they are far less common than in animals, and the 
symptoms are much milder (typically mild flu-like symp-
toms). Many infections in people go unnoticed because 
they are asymptomatic; but, on rare occasions, serious ill-
ness has also been documented [119, 120].

Homoharringtonine (HHT) alkaloid has been reported 
to have dose-dependent antiviral activity against VSV. 
In this study, VSV was inoculated into HEK293T cells 
in the presence of increasing concentrations of HHT or 
ribavirin. When cells were treated with HHT at 50  nM 
concentration, the viral output of VSV productions was 
reduced by 1.5 orders of magnitude, and viral yields were 
drastically reduced when cells were treated with HHT at 
100 nM concentration. There was no discernible decline 
in cell viability in the presence of these tested HHT con-
centrations. Ribavirin was found to have antiviral action 
at doses greater than 100  nM which suggests that HHT 
is more potent in the inhibition of VSV than Ribavirin. 
HHT treatment resulted in a significant reduction in viral 
protein G levels of VSV at 24 and 36  h after infection 
(h.p.i.). To determine the inhibitory stage of HHT, time-
of-addition tests were performed, and it was discovered 
that HHT does not block VSV cell entry, and targets a late 
stage of VSV viral replication thereby inhibiting it [30].

2.19 � Alkaloids against Newcastle disease virus (NDV)
NDV is a zoonotic virus that infects all species of birds 
and is a member of the paramyxoviridae family. NDV 
has a negative-sense ssRNA that is roughly 15  kb long 
and nonsegmented. NDV causes infections in poultry 
farming birds, and it is a persistent threat to the poul-
try industry all over the world [121]. According to some 
studies, NDV is nonpathogenic in primates [122], how-
ever, a human case of deadly meningoencephalitis caused 
by NDV has also been documented recently [123].

The antiviral properties of emetine have been investi-
gated against a large number of RNA/DNA viruses and 
have been found to have substantial antiviral activity 
both in the in-ovo and in  vitro. At a non-toxic dose of 
200 nM, emetine treatment reduced viral RNA synthesis 
from NDV and prevented viral entry into host cells at the 
time of addition and in virus step-specific tests. In addi-
tion, emetine therapy resulted in a decrease in viral pro-
tein synthesis. Emetine was found to severely limit NDV 
replication in a cell-free endogenous virus polymerase 
assay. This suggests that in addition to directly block-
ing certain viral polymerases, emetine can target addi-
tional components that are important for successful viral 
genome replication. Emetine has also been found in in-
ovo studies to dramatically delay NDV-induced death in 
chicken embryos by reducing the NDV virus titers [124].

The antiviral effect of another alkaloid—homoharing-
tonin (HHT) was investigated for its antiviral activity in 
both in vitro and in-ovo test models. It was revealed that 
GFP-NDV-infected cells were inhibited dose-depend-
ently. Light microscopy showed a substantial reduction 
in the generation of recombinant NDV expressing green 
fluorescent protein (GFP) in the presence of HHT at 
50 nM. When compared to mock-infected samples, cul-
tured HeLa cells showed no difference in morphology or 
number when treated with 100  nM HHT. The infection 
rate was reduced in a dose-dependent manner by HHT 
therapy. The inhibition concentration (IC50) value for 
HHT was 18 nM against NDV. Furthermore, no detect-
able loss in cell viability was detected at HHT doses less 
than 1 µM. HHT also exerted a strong inhibitory effect on 
NDV by lowering the level of NDV-NP protein expres-
sion in cells treated with 50 nM HHT. In ovo and in vivo 
studies, showed potent activity of HHT against NDV. The 
best inhibitory activity against NDV in the in-ovo studies 
on chicken embryos was 0.2 mg/kg HHT. In the in vivo 
studies performed on chickens, HHT at 0.2 mg/kg signif-
icantly reduced NDV-NP mRNA levels in the liver, lungs, 
and blood. There were no pathological changes in tissues 
or symptoms like diarrhea in HHT-treated animals. HHT 
was efficient in its anti-NDV activity, and it acted against 
NDV by lowering the viral load in NDV-infected cells, 
embryos, and animals. In this work, ribavirin reduced 
GFP-NDV DNA synthesis with an IC50 of 44.241  µM, 
which is higher than the IC50 of HHT, which is 0.018 µM. 
These experiments reveal that HHT therapy was more 
effective than ribavirin at the recommended dosages, 
without impacting cell viability [30].

2.20 � Alkaloids against poliovirus (PV) and enterovirus 71 
(EV71)

PV is a picornavirus in the enterovirus C family. It is 
the virus that causes polio. PV comes in three different 
variants and has an RNA genome and a protein cap-
sid. Its genome is made up of positive-sense ssRNA and 
measures approximately 7.5  kb in length [125]. Entero-
virus 71 (EV71) is also a picornavirus belonging to the 
genus Enterovirus and is known to cause severe neuro-
logical diseases as well as hand-foot-and-mouth disease 
(HFMD) in young people [126, 127].

Lycorine alkaloid, isolated from C. miniata (Lindl.) 
regel (family Amaryllidaceae) showed anti-PV activ-
ity in  vitro. It has been reported that lycorine alkaloid 
showed significant inhibitory activities in Vero cells 
against PV by reducing the CPE caused by this virus. The 
viral CPE of poliovirus on VERO cells was strongly sup-
pressed at doses of 2.5  µg/mL [128]. Aporphinoid alka-
loids (Glaucine fumarate, N-methyllaurotetanine, and 
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isoboldine-HCl) have also been reported to have anti-PV 
activities. At effective dosage (ED50) of glaucine fuma-
rate 9  µM and N-methyllaurotetanine, isoboldine-HCl 
both at 15  µM repressed the Poliovirus by suppressing 
the CPE caused by it in the yield reduction assays [129]. 
Other alkaloids, such as pericalline, Pervine along with 
periformyline and leucristine have also been found to 
have anti-PV properties [130]. In vitro and in vivo mouse 
model investigations have shown that lycorine alkaloid 
is also anti-EV-71. It has been reported that lycorine 
acts on limiting viral multiplication, and also diminishes 
the CPE on rhabdomyosarcoma (RD) cells with an IC50 
dosage of 0.48 μg/mL. According to the mode of action 
studies, it represses viral EV-71 protein synthesis. Fur-
ther analysis also showed that it inhibits the viral poly-
protein from elongating during the translation process. 
Lycorine therapy of mice challenged with a fatal dose of 
EV71 resulted in a reduction in mortality and degenera-
tive changes in the muscles of the mice. Lycorine therapy 
at 0.4 or 1.0 mg/kg resulted in a 45 percent improvement 
in mouse survival; also, Lycorine therapy protected mice 
against paralysis after infection with a moderate dose of 
EV71 [131].

2.21 � Alkaloids against West Nile virus (WNV) and rabies 
virus (RABV)

West Nile virus is an ssRNA virus and the causative agent 
of West Nile fever. It belongs to the Flaviviridae family, 
including the Zika virus, DENV, and yellow fever virus. 
Mosquitoes, especially Culex pipiens, are the major 
carriers of the virus [132]. In contrast, the Rabies virus 
(rabies lyssavirus) is a neurotrophic virus that causes 
rabies in humans and animals. Rabies can be spread by 
animal saliva and, in rare cases, through contact with 
human saliva. Rabies lyssavirus, like many other rhab-
doviruses, has a diverse host range. Many mammal spe-
cies have been documented to be infected with RABV 
in the wild [133]. Rabies lyssavirus spreads fast through 
the peripheral nervous system`s neural pathways after 
entering through the wound. During natural infec-
tion, rabies lyssavirus retrograde axonal transport to 
the central nervous system (CNS) is a critical phase in 
pathogenesis [134]. Although binding of the rabies P 
protein to the dynein light chain protein DYNLL1 has 
been demonstrated, the specific molecular mechanism 
of its transport is unknown. P-protein also functions 
as an interferon antagonist, lowering the host’s immu-
nological response [135]. It has been reported that 
emetine is active against this discussed pathway of infec-
tion of RABV in the N-compartment axons. Infected 

cells pretreated with emetine showed a dose-depend-
ent reduction in RABV infection. Twenty-four hours 
after infection, the proportion of infected cells in the 
untreated state was 29.4 ± 8.5%, compared to 14.0 ± 6.7%, 
4.5 ± 2.0%, 0.01 ± 0.02% under 10 μM, 50 μM, or 100 μM 
emetine treated ones. As illustrated above, the retrograde 
infection of RABV was essentially stopped at 24 hpi in 
axons treated with 100 μM emetine. These findings add 
to our knowledge of how neuroinvasion is controlled in 
axons and suggest that emetine alkaloid may play a role 
as an inhibitory modulator of RABV axonal transport 
[136]. The alkaloid palmatine has been reported to be 
active against WNV in Vero cells. Palmatine can sup-
press WNV without cytotoxicity and reduces virus titers 
by a factor of 44 at 100  µM in plaque assays. The EC50 
of palmatine measured for WNV was 3.6 μM. Palmatine 
inhibited WNV by targeting NS2B-NS3 protease activity 
[137]. A summary of the antiviral activities of some of the 
above-discussed alkaloids is given below (Table 1).

3 � Comparison of some antiviral alkaloids 
and standard drugs along with a brief overview 
of their toxicological effects and therapeutic 
uses

The alkaloids discussed here showed significant antivi-
ral activities against different viruses, sometimes more 
potent than standard treatments. The dosage required 
for alkaloids to inhibit these viruses compared to the 
positive control drugs was also lower than the standard 
drugs. Confirming that alkaloids can be more potent 
in their repressive activities against different viruses. 
Against HBV, different alkaloids demonstrated more 
potent activities than the standard drug lamivudine, 
with lower inhibitory concentrations and higher inhibi-
tory rates. Harringtonine also showed better antiviral 
activities than the antiviral drugs Rottlerin and Ribavirin, 
and at much lower inhibitory concentrations. Similarly, 
Berberine was noted to have higher inhibitory activ-
ity with an IC50 = 0.025  g/L compared to the Ribavirin 
IC50 = 0.051  g/L concentration, capsaicin alkaloid also 
showed lower IC50 values against the Para-influenza virus 
compared to the Oseltamivir which is a standard antivi-
ral drug, this similar trend of higher activity at lower IC50 
concentrations were also seen with a few other antiviral 
alkaloids against different viral targets. We also discov-
ered that some of the reviewed alkaloids here were also 
able to boost the activity of the standard antiviral drugs 
when used in combination therapy against different 
viruses. A comparison of some alkaloids and standard 
antiviral drugs is given in Table 2. 
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Table 1  Antiviral activities of the discussed alkaloids

S. no. Viruses Alkaloid Inhibitory 
concentrations/binding 
energies

Experimental model Inhibitory stage/target or 
mechanism

Ref.

1 Influenza virus Berberine IC50 = 0.025 g/L and 
0.005 g/(kg/day)

In vitro and in vivo Protein-transport and matura‑
tion

[19]

Homonojirimycin 
(HNJ)

EC50 = 10.4 μg/mL In vitro Host immune system modula‑
tion

[20]

Oxoglyantrypine IC50 = 85 μM In vitro Host immune system modula‑
tion

[21]

Norquinadoline A IC50 = 82 μM In vitro

Deoxynortryptoquiva‑
line

IC50 = 87 μM In vitro Unknown [22]

Deoxytryptoquivaline IC50 = 85 μM

Tryptoquivaline IC50 = 89 μM

Compound-14 IC50 = 17.9 ± 2.0 μM In vitro Unknown [23]

2 Herpes simplex virus Yohimbine 0.8 µg/mL In vitro Repression in the CPE [25]

Vincamine 0.8 µg/mL

Atropine 0.8 µg/mL

Trigonelline 0.4 µg/mL

Allantoin 1.6 µg/mL

Octopamine 1.6 µg/mL

Synephrine 1.6 µg/mL

Colchicine 1.6 µg/mL

Manzamine-A IC50 = 5.6 µM In vitro Viral transcription [26]

Tetrandine 50 mg/kg in vivo Host immune system modula‑
tion

[27]

6-O-Butanoyl castano‑
spermine

IC50 = 15 ± 4.8 µM in vivo Reduced viral load in brain 
tissue

[28]

Homoharringtonine IC50 = 139 nM In vitro Viral protein (ICP-8) synthesis [29]

Tubingensin A IC50 of 8 µg/mL In vitro Unknown [31]

Berberine IC50 = 8.2 ± 1.2 × 10–2 mg/
mL

In vitro Viral protein gB and gE synthesis [32]

3 Dengue virus Cherylline EC50 = 8 μM In vitro Viral replication [37]

Anisomycin 200 nM In vitro RNA synthesis [38]

Castanospermine IC50 = 85.7 μM(BHK-21) 
and 1 μM (Huh-7)

In vitro Viral protein (prM-E) and (C) 
incorporation into the Virus

[39]

Tomatidine EC50 = 0.82–4.87 μM In vitro Viral-E protein synthesis [40]

3-Oxo-voacangine
Voacangine-7-hydrox‑
yindolnine
Rupicoline
Voacangine

Unknown In vitro Virucidal effect [41]

4 Chikungunya virus Berberine EC50 = 1.8 μM In vitro Protein synthesis and RNA 
synthesis

[43]

Harringtonine EC50 = 0.24 μM In vitro Protein synthesis and RNA 
synthesis

[16]

Tomatadine EC50 = 1.3 μM In vitro Post entry stages [44]

5 Ebola virus Emetine IC50 of 10.2 μM and 1 mg/
kg/day

In vitro and in vivo Viral entry [47]

Piperine − 7.1 to − 5.8 kcal/mol in silico Inhibition of EBOV Nsps [48]

6 Human Cytomegalo-
virus

Emetine EC50-40 ± 1.72 nM and 
0.1 mg/kg

In vitro and in vivo Post viral-entry stages [49]

Berberine chloride IC50 = 0.68 μM In vitro Post entry stages [50]
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Table 1  (continued)

S. no. Viruses Alkaloid Inhibitory 
concentrations/binding 
energies

Experimental model Inhibitory stage/target or 
mechanism

Ref.

7 Zika virus Cherylline EC50 = 20.3 μM In vitro Replication [37]

Lycorine EC50 = 0.41 μM

Anisomycin EC50 = 7.9 ± 1.2 nM In vitro Initial and intermediate stages
Protein synthesis and Replica‑
tion

[38]

Emetine IC50 = 52.9 nM

Fusaindoterpene-B EC50 = 7.5 nM

JBIR-03 EC50 = 4.2 μM In vitro Unknown [58]

1,2-bis(1H-Indol-3-yl) 
ethane-1,2-dione

EC50 = 5.0 μM

Cephaeline 5 mg/kg/day In vivo Viral RNA synthesis [47]

Palmatine 10 to 80 μM In vitro Multi-stage inhibitor [59]

8 SARS-CoV-2 Ajmalicine − 8.1 kcal/mol In silico Replication [66]

Aranotin − 8.2 kcal/mol

Chloroquine EC50 = 2.1 μM In vitro Replication [67]

Hydroxy-chloroquine EC50 = 1.5 μM

Pyronaridine EC50 = 1.82 μM

Homorringtonine EC50 = 2.55 mΜ In vitro Replication [72]

Emetine EC50 = 0.46 μM

9 Hepatitis-B virus 5,6-Dihydro-6-meth‑
oxynitidine

0.2 μmol/mL In vitro Targeted the secretion of HBsAg 
and HBeAg viral HBV-proteins

[75]

Skimmianine 0.2 μmol/mL

5-Methoxydictamine 0.2 μmol/mL

Sophaline B 0.4 mM In vitro Targeted the secretion of HBsAg 
and HBeAg viral HBV-proteins

[76]

Sophaline D 0.4 mM

Sophaline C 0.2 mM

Flavesine-J 0.2 mM In vitro Targeted the secretion of HBsAg 
and HBeAg viral HBV-proteins

[77]

Alopecurine-B 0.4 mM

10 Hepatitis C virus Berberine EC50 = 7.87 ± 1.10 μM In vitro Viral entry/fusion [79]

11 HIV Dragmacidin-D EC50 = 0.91 μM In vitro Inhibited viral syncytia forma‑
tion

[81]

Fangchinoline EC50 = 0.8 to 1.7 mM In vitro Late stages of infection [82]

SIP-1 IC50 = 0.5 μM In vitro Replication [83]

6-O-Butanoyl castano‑
spermine

IC50 = 0.15 μg/mL In vitro Inhibited viral syncytia forma‑
tion

[84]

Castanospermine – In vitro Glycoprotein synthesis repressor [85]

Manadomanzamine A EC50 = 7.0 g/mL In vitro Unknown [86]

Manadomanzamine B EC50 = 16.5 g/mL

Xestomanzamine-A EC50 = 11.2 g/mL

Emetine 14.1 mM In vitro HIV reverse transcriptase [87]
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Table 1  (continued)

S. no. Viruses Alkaloid Inhibitory 
concentrations/binding 
energies

Experimental model Inhibitory stage/target or 
mechanism

Ref.

Manzamine-A EC50 = 4.2 µM In vitro Unknown [88, 89]

Neokauluamine EC50 = 2.3 µM

8-Hydroxyman‑
zamine-A

EC50 = 0.59 µM

6-Deoxymanzamine-X EC50 = 1.6 µM

12,28-Oxamanamine-
A

EC50 = 22.2 µM

Tulongicin-A IC50 = 3.9 μM In vitro Unknown [90]

Dihydrospongotine-C IC50 = 2.7 μM

Michellamines D EC50 = 3 μM In vitro Unknown [91]

Triptonine B EC50 of < 0.10 μg/mL In vitro Unknown [92]

Michellamines F EC50 = 2 μM In vitro Unknown [91]

12 HCoV-OC43 Tetrandrine IC50 = 0.33 ± 0.03 μM In vitro Multi-stage inhibitor [94]

Fangchinoline IC50 = 1.01 ± 0.07 μM

Cepharanthine IC50 = 0.83 ± 0.07 μM

13 MERS-CoV Emetine EC50 = 0.014 μM In vitro Viral entry [95]

14 SARS-CoV Emetine EC50 = 0.051 μM In vitro Viral entry [95]

15 Respiratory syncytial 
virus

Cyclopamine IC50 = 0.46 to 0.82 μM In vitro Viral entry [97]

A3E IC50 = 2.92 to 3.72 μM

16 Parainfluenza virus-3 Atropine 0.05 µg/mL In vitro Reduction in the CPE [25]

Octopamine 0.05 µg/mL

17 Sindbis virus Deoxynojirimycin – In vitro Viral glycoprotein processing [101]

Castanospermine –

18 Infectious bursal 
disease virus

Alkaloid extracts 6.125 and 100 mg/mL In vitro Reduction in the CPE [106]

19 Porcine epidemic diar‑
rhoea virus

Jubanine-G EC50 = 13.41 ± 1.13 μM In vitro Replication [105]

Jubanine-H EC50 = 4.49 ± 0.67 μM

Nummularine-B EC50 = 6.17 ± 0.50 μM

Homoharringtonine IC50 = 0.112 µM and 0.2 to 
0.05 mg/kg

In vitro and in vivo mRNA and protein synthesis [30]

20 Bovine viral diarrhea 
virus

6-O-Butanoyl castano‑
spermine

IC50 = 16 µM In vitro Viral RNA synthesis process [109]

n-Butyl deoxyno‑
jirimycin

138 µM In vitro Viral glycoprotein processing [110]

21 Coxsackievirus (−)-12β-Hydroxyoxys
ophocarpine

IC50 = 26.62 µM In vitro Unknown [113]

Aranotin ED50 = 0.125 mg/kg In vitro Unknown [114]

Gliotoxin – [115]

22 Murine leukemia virus 6-O-Butanoylcastano‑
spermine

IC50 = 0.05 µg/mL In vitro Viral replication [84]

Castanospermine IC50 = 1.2 g/mL Viral glycoprotein processing [118]

23 Vesicular stomatitis 
virus

Homoharringtonine 100 nM In vitro Viral replication [30]

24 Newcastle disease 
virus

Emetine 200 nM In ovo Multi-stage inhibitor [124]
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Despite their known antiviral benefits, several alka-
loids are recognized as excessively harmful and are not 
approved to be administered to individuals or animals. 
but despite its reported toxicity like other drugs the tox-
icity of Alkaloids also depends on the doses administered 
to the test subjects. Apart from its reported toxicity alka-
loid compounds have been utilized in treating various 
diseases the alkaloid homoharringtonine (HHT) reported 
here is used for treating chronic myeloid leukemia [138]. 
Moreover, several alkaloids are being utilized in the Man-
agement of Diabetes Mellitus [139]. Other than these 
alkaloids are actively being utilized for ages for treat-
ing malarial infections [140] and are a broad source of 

medicinal compounds. Furthermore, due to the scarcity 
of detailed data on the toxic effects of the investigated 
alkaloid compounds in clinical research on human sub-
jects, it is challenging to make inferences concerning the 
general relevance and utilization of alkaloid phytochemi-
cals. Moreover, the administration of these alkaloids in 
different research settings conducted on these substances 
included in this study did not show any negative side 
effects in the in-vitro, in-vivo, or in-ovo investigations 
reviewed here, so based on these observations alkaloid 
compounds can be considered as promising anti-viral 
agents.

Table 1  (continued)

S. no. Viruses Alkaloid Inhibitory 
concentrations/binding 
energies

Experimental model Inhibitory stage/target or 
mechanism

Ref.

Homoharingtonin IC50 = 18 nM In vitro mRNA synthesis [30]

25 Polio virus Lycorine 2.5 µg/mL In vitro Reduction in the CPE [128]

Glaucine fumarate ED50 = 9 µM In vitro Reduction in the CPE [129]

N-Methyllauroteta‑
nine

ED50 = 15 µM

Isoboldine-HCl ED50 = 15 µM

26 Enterovirus 71 Lycorine IC50 = 0.48 μg/mL and 
0.4 mg/kg

In vitro and in vivo Viral protein synthesis [131]

27 West Nile virus Palmatine EC50 = 3.6 μM In vitro Reduction in viral titers [137]

28 Rabies virus Emetine 10 to 100 μM In vitro Viral axonal transport [136]

The effective dosage 50 (ED50) is a pharmacological phrase that refers to the amount of medicine that induces a therapeutic response or intended effect in 50% of 
the patients that take it. In a pharmacological context, this can be the drug concentration required to provide half of the maximum feasible effect. The half-maximal 
inhibitory concentration (IC50) of a medication is a measure of its efficacy. It denotes the amount of the drug required to inhibit a biological process by half. While 
binding free energy is the total of all intermolecular interactions between the ligand and the target

Table 2  Comparison of antiviral activities of alkaloids and standard drugs

S.N Virus Alkaloid Inhibitory concentration Standard drug Inhibitory concentration Ref.

1 HBV 5,6-Dihydro-6-methoxynitidine 0.2 μmol/mL Lamivudine 1.0 μmol/mL [75]

2 HBV 5-Methoxydictamnine 0.2 μmol/mL Lamivudine 1.0 μmol/mL [75]

3 CHIKV Harringtonine EC50 = 0.24 μM Rottlerin More than 10 μM [16]

4 CHIKV Harringtonine EC50 = 0.24 μM Ribavirin EC50 = 2.05 μM [16]

5 HSV Yohimbine 0.8 µg/mL Acyclovir 1.6 µg/mL [25]

6 HSV Vincamine 0.8 µg/mL Acyclovir 1.6 µg/mL [25]

7 HSV Atropine 0.8 µg/mL Acyclovir 1.6 µg/mL [25]

8 HSV Trigonelline 0.4 µg/mL Acyclovir 1.6 µg/mL [25]

9 PI-3 Capsaicin 0.2 µg/mL Oseltamivir 1.6 µg/mL [25]

10 PI-3 Allantoin 0.4 µg/mL Oseltamivir 1.6 µg/mL [25]

11 CV-B3 (−)-12-Hydroxyoxysophocarpine IC50 = 26.62 µM Ribavirin IC50 = 1197.58 µM [92]

12 IV Berberine IC50 = 0.025 g/L Ribavirin IC50 = 0.051 g/L [19]
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Figure  2 is a representation of the various modes of 
action of alkaloids against viruses discussed in this review 
paper. The antiviral action of these alkaloids includes tar-
geting and inhibition of the transport of virus into the 
host, viral entry and fusion to the host cell surface, viral 
DNA and RNA synthesis processes, viral protein syn-
thesis, and viral glycoprotein processing. All of the anti-
viral alkaloids discussed in this review and their sources 
(whether it is natural or synthetic) along with their chem-
ical structures are given in Table 3.

4 � Conclusions
The alkaloid compounds and their synthetic analogues 
reviewed here exhibit robust antiviral activities against a 
wide range of infectious and deadly DNA/RNA viruses. 
Some of these compounds have IC50 concentrations 
lower than 5  µM and may prevent viral infections by 
more than 90 percent. Some alkaloids have higher anti-
viral activities than some standard antiviral medica-
tions, at lower concentrations. These reviewed alkaloids 
and their synthetic analogues were safe and nontoxic 

based on their cytotoxic concentration values ​​and other 
assays that we reported here. Whereas some compounds 
target a single stage of viral infection, others are multi-
stage inhibitors able to strongly impede  viral infection. 
The in  vivo tests affirm that these compounds can pro-
tect mice from exposure to an otherwise fatal viral dose 
or protect them from viral diseases. Alkaloid compounds 
that have not yet been evaluated in vivo could be inves-
tigated further to determine their efficaciousness against 
these viral infections. We also found that the use of 
these alkaloids with other antiviral drugs in combination 
therapy can synergistically improve the efficacy of these 
standard medications and enhance antiviral activity to 
cure infections. Given the efficacy of these antiviral alka-
loids in different experimental models, it is reasonable to 
conclude that these compounds have a high potential for 
development as antiviral medications against these infec-
tious viruses. However, before these alkaloids and their 
derivatives can be used as antivirals, a better understand-
ing of their pharmacological properties and clinical out-
comes is required.

Fig. 2  Alkaloids’ different modes of action against viruses (Adopted from Badshah et al. [141])
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Table 3  Antiviral alkaloids discussed here their structures and their sources

S.N Alkaloid Chemical structures Source or origin Ref.

1 Berberine Natural [19]

2 Homonojirimycin (HNJ) Natural [20]

3 Oxoglyantrypine Natural [21]

4 Norquinadoline A Natural [21]

5 Deoxynortryptoquivaline Natural [22]

6 Deoxytryptoquivaline Natural [22]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

7 Tryptoquivaline Natural [22]

8 Compound-14 Synthetic [23]

9 Yohimbine Natural [25]

10 Vincamine Natural [25]

11 Atropine Natural [25]

12 Trigonelline Natural [25]

13 Allantoin Natural [25]

14 Octopamine Natural [25]

15 Synephrine Natural [25]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

16 Colchicine Natural [25]

17 Manzamine-A Natural [26]

18 Tetrandine Natural [27]

19 6-O-Butanoyl castanospermine Synthetic [28]

20 Tubingensin A Natural [31]

21 Cherylline Natural [37]

22 Castanospermine Natural [39]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

23 Tomatidine Natural [40]

24 3-Oxo-voacangine Natural [41]

25 Voacangine-7-hydroxyindo‑
lenine

Natural [41]

26 Rupicoline Natural [41]

27 Voacangine Natural [41]

28 Harringtonine Natural [16]

29 Piperine Natural [48]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

30 Berberine chloride Synthetic [50]

31 Lycorine Natural [37]

32 Anisomycin Natural [38]

33 Emetine Natural [38]

34 Fusaindoterpene-B Natural [38]

35 JBIR-03 Natural [58]

36 1,2-bis(1H-indol-3-yl) 
ethane-1,2- dione

Natural [58]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

37 Cephaeline Natural [47]

38 Ajmalicine Natural [66]

39 Chloroquine Synthetic [67]

40 Hydroxy-chloroquine Synthetic [67]

41 Pyronaridine Synthetic [67]

42 Homorringtonine Natural [72]

43 5,6-Dihydro-6-methoxynitidine Synthetic [75]

44 5-Methoxydictamine Synthetic [75]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

45 Skimmianine Natural [75]

46 Sophaline B Natural [76]

47 Sophaline D Natural [76]

48 Sophaline F Natural [77]

49 Flavesine-J Natural [78]

50 Alopecurine-B Natural [78]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

51 Dragmacidin-D Natural [81]

52 Fangchinoline Natural [82]

53 SIP-1 Natural [83]

54 Manadomanzamine A Natural [86]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

55 Manadomanzamine B Natural [86]

56 Xestomanzamine-A Natural [86]

57 Neokauluamine Natural [88, 89]

58 8-Hydroxymanzamine-A Natural [88, 89]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

59 6-Deoxymanzamine-X Natural [88, 89]

60 12,28-oxamanamine-A Natural [88, 89]

61 Tulongicin-A Natural [90]

62 Dihydrospongotine-C Natural [90]

63 Michellamine D Natural [91]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

64 Triptonine B Natural [92]

65 Michellamine F Natural [91]

66 Cepharanthine Natural [94]

67 Cyclopamine Natural [97]

68 A3E Synthetic [97]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

69 Deoxynojirimycin Natural [101]

70 Jubanine G Natural [105]

71 Jubanine H Natural [105]

72 Nummularine B Natural [105]

73 n-Butyl deoxynojirimycin Synthetic [110]

74 (−)-12β-Hydroxyoxysopho
carpine

Natural [113]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

75 (+)-12α-Hydroxysophocarpine Natural [113]

76 Aranotin Natural [114]

77 Gliotoxin Natural [115]

78 Homoharingtonin Natural [30]

79 Glaucine fumarate Natural [129]

80 N-Methyllaurotetanine Natural [129]
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Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

81 Isoboldine-HCl Natural [129]

82 Palmatine Natural [137]

83 Pericalline Natural [130]

84 Perivine Natural [130]

85 Periformyline Natural [130]

86 Leurocristine Natural [130]



Page 34 of 38Faisal et al. Natural Products and Bioprospecting            (2023) 13:4 

Author contributions
All the authors contributed equally to this article. All authors read and 
approved the final manuscript.

Funding
No funding was received for this research.

Availability of data and materials
All of the data analyzed during this investigation are accurately cited one by 
one and are easily accessible by following their respective references.

Declarations

Competing interests
All the authors declare that they have no conflict of interest.

Author details
1 Department of Chemistry, Islamia College University Peshawar, Pesha‑
war 25120, Pakistan. 2 Core Labs, King Abdullah University of Science and Tech‑
nology (KAUST), Thuwal 23955‑6900, Saudi Arabia. 3 Division of Biological 
and Environmental Sciences and Engineering (BESE), Smart‑Health Initiative 
(SHI) and Red Sea Research Center (RSRC), King Abdullah University of Science 
and Technology (KAUST), Thuwal 23955‑6900, Saudi Arabia. 

Received: 25 October 2022   Accepted: 1 December 2022

References
	 1.	 Rosales PF, Bordin GS, Gower AE, Moura S. Indole alkaloids: 2012 until 

now, highlighting the new chemical structures and biological activities. 

Table 3  (continued)

S.N Alkaloid Chemical structures Source or origin Ref.

87 Schizanthine Z Natural [70]

88 Thalimonine Natural [71]

89 Mefloquine Synthetic [67]

90 Capsaicin Natural [25]



Page 35 of 38Faisal et al. Natural Products and Bioprospecting            (2023) 13:4 	

Fitoterapia. 2020;143: 104558. https://​doi.​org/​10.​1016/j.​fitote.​2020.​
104558.

	 2.	 Kurek J. Introductory Chapter: Alkaloids—their importance in nature 
and for human life. In: Alkaloids—their importance in nature and 
human life. London: InTech; 2019.

	 3.	 Dey P, Kundu A, Kumar A, Gupta M, Lee BM, Bhakta T, Dash S, Kim HS. 
Analysis of alkaloids (indole alkaloids, isoquinoline alkaloids, tropane 
alkaloids). In: Recent advances in natural products analysis. Amsterdam: 
Elsevier; 2020. p. 505–67.

	 4.	 Yang L, Stöckigt J. Trends for diverse production strategies of plant 
medicinal alkaloids. Nat Prod Rep. 2010;27:1469–79.

	 5.	 Howell G, Butler J, DeShazo RD, Farley JM, Liu HL, Nanayakkara NPD, 
Yates A, Yi GB, Rockhold RW. Cardiodepressant and neurologic actions 
of Solenopsis invicta (imported fire ant) venom alkaloids. Ann Allergy 
Asthma Immunol. 2005;94:380–6. https://​doi.​org/​10.​1016/​S1081-​
1206(10)​60991-X.

	 6.	 Tao H, Zuo L, Xu H, Li C, Qiao G, Guo M, Lin X. Alkaloids as anticancer 
agents: a review of Chinese patents in recent 5 years. Recent Pat Anti‑
cancer Drug Discov. 2020;15:2–13. https://​doi.​org/​10.​2174/​15748​92815​
66620​01311​20618.

	 7.	 Ajebli M, Khan H, Eddouks M. Natural alkaloids and diabetes mellitus: 
a review. Endocr Metab Immune Disord Drug Targets. 2020;21:111–30. 
https://​doi.​org/​10.​2174/​18715​30320​66620​08211​24817.

	 8.	 Ti H, Zhuang Z, Yu Q, Wang S. Progress of plant medicine derived 
extracts and alkaloids on modulating viral infections and inflammation. 
Drug Des Dev Ther. 2021;15:1385–408. https://​doi.​org/​10.​2147/​DDDT.​
S2991​20.

	 9.	 Patel A, Vanecha R, Patel J, Patel D, Shah U, Bambharoliya T. Develop‑
ment of natural bioactive alkaloids: anticancer perspective. Mini-Rev 
Med Chem. 2021;22:200–12. https://​doi.​org/​10.​2174/​13895​57521​66621​
07121​11331.

	 10.	 Qing Z-X, Yang P, Tang Q, Cheng P, Liu X-B, Zheng Y, Liu Y-S, Zeng J-G. 
Isoquinoline alkaloids and their antiviral, antibacterial, and antifungal 
activities and structure–activity relationship. Curr Org Chem. 2017. 
https://​doi.​org/​10.​2174/​13852​72821​66617​02071​14214.

	 11.	 Zhang M-Z, Chen Q, Yang G-F. A review on recent developments of 
indole-containing antiviral agents. Eur J Med Chem. 2015;89:421–41. 
https://​doi.​org/​10.​1016/j.​ejmech.​2014.​10.​065.

	 12.	 Moradi M-T, Karimi A, Lorigooini Z. Alkaloids as the natural anti-influ‑
enza virus agents: a systematic review. Toxin Rev. 2018;37:11–8. https://​
doi.​org/​10.​1080/​15569​543.​2017.​13233​38.

	 13.	 Naithani R, Huma L, Holland L, Shukla D, McCormick D, Mehta R, Mori‑
arty R. Antiviral activity of phytochemicals: a comprehensive review. 
Mini-Rev Med Chem. 2008;8:1106–33. https://​doi.​org/​10.​2174/​13895​
57087​85909​943.

	 14.	 Badshah SL, Ullah A, Syed S. The role of zinc-finger antiviral proteins in 
immunity against viruses. Mol Genet Microbiol Virol. 2020;35:78–84. 
https://​doi.​org/​10.​3103/​S0891​41682​00200​20.

	 15.	 Fikatas A, Vervaeke P, Meyen E, Llor N, Ordeix S, Boonen I, Bletsa M, Kaf‑
etzopoulou LE, Lemey P, Amat M, et al. A novel series of indole alkaloid 
derivatives inhibit dengue and zika virus infection by interference with 
the viral replication complex. Antimicrob Agents Chemother. 2021. 
https://​doi.​org/​10.​1128/​AAC.​02349-​20.

	 16.	 Kaur P, Thiruchelvan M, Lee RCH, Chen H, Chen KC, Ng ML, Chu JJH. 
Inhibition of Chikungunya virus replication by harringtonine, a novel 
antiviral that suppresses viral protein expression. Antimicrob Agents 
Chemother. 2013;57:155–67. https://​doi.​org/​10.​1128/​AAC.​01467-​12.

	 17.	 Feng Y, Le X, Wu S. Pathogenesis and pathological changes of avian 
influenza in human. In: Avian influenza in human. Singapore: Springer 
Singapore; 2021. p. 29–40.

	 18.	 Cecil CE, Davis JM, Cech NB, Laster SM. Inhibition of H1N1 influenza A 
virus growth and induction of inflammatory mediators by the isoquino‑
line alkaloid berberine and extracts of goldenseal (Hydrastis canadensis). 
Int Immunopharmacol. 2011;11:1706–14. https://​doi.​org/​10.​1016/j.​
intimp.​2011.​06.​002.

	 19.	 Wu Y, Li JQ, Kim YJ, Wu J, Wang Q, Hao Y. In vivo and in vitro antiviral 
effects of berberine on influenza virus. Chin J Integr Med. 2011;17:444–
52. https://​doi.​org/​10.​1007/​s11655-​011-​0640-3.

	 20.	 Zhang GB, Zhang B, Zhang XX, Bing FH. Homonojirimycin, an alkaloid 
from dayflower inhibits the growth of influenza A virus in vitro. Acta 
Virol. 2013;57:85–6.

	 21.	 Zhang GB, Tian LQ, Li YM, Liao YF, Li J, Bing FH. Protective effect of 
homonojirimycin from Commelina communis (dayflower) on influenza 
virus infection in mice. Phytomedicine. 2013;20:964–8. https://​doi.​org/​
10.​1016/j.​phymed.​2013.​04.​009.

	 22.	 Peng J, Lin T, Wang W, Xin Z, Zhu T, Gu Q, Li D. Antiviral alkaloids pro‑
duced by the mangrove-derived fungus Cladosporium sp. PJX-41. J Nat 
Prod. 2013;76:1133–40. https://​doi.​org/​10.​1021/​np400​200k.

	 23.	 Chernyshov VV, Yarovaya OI, Fadeev DS, Gatilov YV, Esaulkova YL, 
Muryleva AS, Sinegubova KO, Zarubaev VV, Salakhutdinov NF. Single-
stage synthesis of heterocyclic alkaloid-like compounds from (+)-cam‑
phoric acid and their antiviral activity. Mol Divers. 2020;24:61–7. https://​
doi.​org/​10.​1007/​s11030-​019-​09932-9.

	 24.	 Madavaraju K, Koganti R, Volety I, Yadavalli T, Shukla D. Herpes simplex 
virus cell entry mechanisms: an update. Front Cell Infect Microbiol. 
2021. https://​doi.​org/​10.​3389/​fcimb.​2020.​617578.

	 25.	 Özçelik B, Kartal M, Orhan I. Cytotoxicity, antiviral and antimicrobial 
activities of alkaloids, flavonoids, and phenolic acids. Pharm Biol. 
2011;49:396–402. https://​doi.​org/​10.​3109/​13880​209.​2010.​519390.

	 26.	 Palem JR, Bedadala GR, El Sayed KA, Hsia SCV. Manzamine A as a novel 
inhibitor of herpes simplex virus type-1 replication in cultured corneal 
cells. Planta Med. 2011;77:46–51. https://​doi.​org/​10.​1055/s-​0030-​12500​
93.

	 27.	 Hu S, Dutt J, Zhao T, Foster CS. Tetrandrine potently inhibits herpes 
simplex virus type-1-induced keratitis in BALB/c mice. Ocul Immunol 
Inflamm. 1997;5:173–80. https://​doi.​org/​10.​3109/​09273​94970​91168​92.

	 28.	 Bridges CG, Ahmed SP, Kang MS, Nash RJ, Porter EA, Tyms AS. The effect 
of oral treatment with 6-O-butanoyl castanospermine (MDL 28,574) 
in the murine zosteriform model of HSV-1 infection. Glycobiology. 
1995;5:249–53. https://​doi.​org/​10.​1093/​glycob/​5.2.​249.

	 29.	 Amorim IS, Lach G, Gkogkas CG. The role of the eukaryotic translation 
initiation factor 4E (EIF4E) in neuropsychiatric disorders. Front Genet. 
2018. https://​doi.​org/​10.​3389/​fgene.​2018.​00561.

	 30.	 Dong HJ, Wang ZH, Meng W, Li CC, Hu YX, Zhou L, Wang XJ. The natural 
compound homoharringtonine presents broad antiviral activity in vitro 
and in vivo. Viruses. 2018. https://​doi.​org/​10.​3390/​v1011​0601.

	 31.	 Tepaske MR, Gloer JB, Wicklow DT, Dowd PF. Tubingensin A: an antiviral 
carbazole alkaloid from the sclerotia of Aspergillus tubingensis. J Org 
Chem. 1989;54:4743–6. https://​doi.​org/​10.​1021/​jo002​81a010.

	 32.	 Chin LW, Cheng YW, Lin SS, Lai YY, Lin LY, Chou MY, Chou MC, Yang CC. 
Anti-herpes simplex virus effects of berberine from Coptidis Rhizoma, a 
major component of a Chinese herbal medicine, Ching-Wei-San. Arch 
Virol. 2010;155:1933–41. https://​doi.​org/​10.​1007/​s00705-​010-​0779-9.

	 33.	 Wu ZN, Chen NH, Tang Q, Chen S, Zhan ZC, Zhang YB, Wang GC, Li YL, 
Ye WC. β-Carboline alkaloids from the seeds of Peganum harmala and 
their Anti-HSV-2 virus activities. Org Lett. 2020;22:7310–4. https://​doi.​
org/​10.​1021/​acs.​orgle​tt.​0c026​50.

	 34.	 Dwivedi VD, Tripathi IP, Tripathi RC, Bharadwaj S, Mishra SK. Genom‑
ics, proteomics and evolution of dengue virus. Brief Funct Genom. 
2017;16:217–27. https://​doi.​org/​10.​1093/​bfgp/​elw040.

	 35.	 Hsiung GD, Chang PW. Parainfluenza viral infection. In: Handbook of 
zoonoses, second edition, section B: viral zoonoses. Bosa Roca: CRC 
Press; 2017. p. 409–21. ISBN 978-1-35-144180-3.

	 36.	 Ramos-Castañeda J, Barreto dos Santos F, Martínez-Vega R, Galvão de 
Araujo JM, Joint G, Sarti E. Dengue in Latin America: systematic review 
of molecular epidemiological trends. PLoS Negl Trop Dis. 2017. https://​
doi.​org/​10.​1371/​journ​al.​pntd.​00052​24.

	 37.	 Ka S, Merindol N, Sow AA, Singh A, Landelouci K, Plourde MB, Pépin G, 
Masi M, Di Lecce R, Evidente A, et al. Amaryllidaceae alkaloid cherylline 
inhibits the replication of dengue and zika viruses. Antimicrob Agents 
Chemother. 2021. https://​doi.​org/​10.​1128/​AAC.​00398-​21.

	 38.	 Quintana VM, Selisko B, Brunetti JE, Eydoux C, Guillemot JC, Canard 
B, Damonte EB, Julander JG, Castilla V. Antiviral activity of the natural 
alkaloid anisomycin against dengue and zika viruses. Antiviral Res. 
2020;176: 104749. https://​doi.​org/​10.​1016/j.​antiv​iral.​2020.​104749.

	 39.	 Whitby K, Pierson TC, Geiss B, Lane K, Engle M, Zhou Y, Doms RW, 
Diamond MS. Castanospermine, a potent inhibitor of dengue virus 
infection in vitro and in vivo. J Virol. 2005;79:8698–706. https://​doi.​org/​
10.​1128/​jvi.​79.​14.​8698-​8706.​2005.

	 40.	 Diosa-Toro M, Troost B, van de Pol D, Heberle AM, Urcuqui-Inchima S, 
Thedieck K, Smit JM. Tomatidine, a novel antiviral compound towards 

https://doi.org/10.1016/j.fitote.2020.104558
https://doi.org/10.1016/j.fitote.2020.104558
https://doi.org/10.1016/S1081-1206(10)60991-X
https://doi.org/10.1016/S1081-1206(10)60991-X
https://doi.org/10.2174/1574892815666200131120618
https://doi.org/10.2174/1574892815666200131120618
https://doi.org/10.2174/1871530320666200821124817
https://doi.org/10.2147/DDDT.S299120
https://doi.org/10.2147/DDDT.S299120
https://doi.org/10.2174/1389557521666210712111331
https://doi.org/10.2174/1389557521666210712111331
https://doi.org/10.2174/1385272821666170207114214
https://doi.org/10.1016/j.ejmech.2014.10.065
https://doi.org/10.1080/15569543.2017.1323338
https://doi.org/10.1080/15569543.2017.1323338
https://doi.org/10.2174/138955708785909943
https://doi.org/10.2174/138955708785909943
https://doi.org/10.3103/S0891416820020020
https://doi.org/10.1128/AAC.02349-20
https://doi.org/10.1128/AAC.01467-12
https://doi.org/10.1016/j.intimp.2011.06.002
https://doi.org/10.1016/j.intimp.2011.06.002
https://doi.org/10.1007/s11655-011-0640-3
https://doi.org/10.1016/j.phymed.2013.04.009
https://doi.org/10.1016/j.phymed.2013.04.009
https://doi.org/10.1021/np400200k
https://doi.org/10.1007/s11030-019-09932-9
https://doi.org/10.1007/s11030-019-09932-9
https://doi.org/10.3389/fcimb.2020.617578
https://doi.org/10.3109/13880209.2010.519390
https://doi.org/10.1055/s-0030-1250093
https://doi.org/10.1055/s-0030-1250093
https://doi.org/10.3109/09273949709116892
https://doi.org/10.1093/glycob/5.2.249
https://doi.org/10.3389/fgene.2018.00561
https://doi.org/10.3390/v10110601
https://doi.org/10.1021/jo00281a010
https://doi.org/10.1007/s00705-010-0779-9
https://doi.org/10.1021/acs.orglett.0c02650
https://doi.org/10.1021/acs.orglett.0c02650
https://doi.org/10.1093/bfgp/elw040
https://doi.org/10.1371/journal.pntd.0005224
https://doi.org/10.1371/journal.pntd.0005224
https://doi.org/10.1128/AAC.00398-21
https://doi.org/10.1016/j.antiviral.2020.104749
https://doi.org/10.1128/jvi.79.14.8698-8706.2005
https://doi.org/10.1128/jvi.79.14.8698-8706.2005


Page 36 of 38Faisal et al. Natural Products and Bioprospecting            (2023) 13:4 

dengue virus. Antivir Res. 2019;161:90–9. https://​doi.​org/​10.​1016/j.​antiv​
iral.​2018.​11.​011.

	 41.	 Monsalve-Escudero LM, Loaiza-Cano V, Zapata-Cardona MI, Quintero-
Gil DC, Hernández-Mira E, Pájaro-González Y, Oliveros-Díaz AF, Diaz-Cas‑
tillo F, Quiñones W, Robledo S, et al. The antiviral and virucidal activities 
of voacangine and structural analogs extracted from Tabernaemontana 
cymosa depend on the dengue virus strain. Plants. 2021. https://​doi.​
org/​10.​3390/​plant​s1007​1280.

	 42.	 Li Z, Wang J, Cheng X, Hu H, Guo C, Huang J, Chen Z, Lu J. The world‑
wide seroprevalence of DENV, CHIKV and ZIKV infection: a systematic 
review and meta-analysis. PLoS Negl Trop Dis. 2021;15: e0009337. 
https://​doi.​org/​10.​1371/​journ​al.​pntd.​00093​37.

	 43.	 Varghese FS, Kaukinen P, Gläsker S, Bespalov M, Hanski L, Wennerberg 
K, Kümmerer BM, Ahola T. Discovery of berberine, abamectin and iver‑
mectin as antivirals against chikungunya and other alphaviruses. Antivir 
Res. 2016;126:117–24. https://​doi.​org/​10.​1016/j.​antiv​iral.​2015.​12.​012.

	 44.	 Troost B, Mulder LM, Diosa-Toro M, van de Pol D, Rodenhuis-Zybert IA, 
Smit JM. Tomatidine, a natural steroidal alkaloid shows antiviral activity 
towards chikungunya virus in vitro. Sci Rep. 2020. https://​doi.​org/​10.​
1038/​s41598-​020-​63397-7.

	 45.	 Farman A, Lal Badshah S, Khan K, Ahmad N, Naeem A. Ebola, the nega‑
tive stranded RNA virus. In: Some RNA viruses. London: IntechOpen; 
2021.

	 46.	 Ahmad N, Farman A, Badshah SL, ur Rahman A, Ur Rashid H, Khan 
K. Molecular modeling, simulation and docking study of Ebola virus 
glycoprotein. J Mol Graph Model. 2017;72:266–71. https://​doi.​org/​10.​
1016/j.​jmgm.​2016.​12.​010.

	 47.	 Yang S, Xu M, Lee EM, Gorshkov K, Shiryaev SA, He S, Sun W, Cheng Y-S, 
Hu X, Tharappel AM, et al. Emetine inhibits zika and Ebola virus infec‑
tions through two molecular mechanisms: inhibiting viral replication 
and decreasing viral entry. Cell Discov. 2018;4:31. https://​doi.​org/​10.​
1038/​s41421-​018-​0034-1.

	 48.	 Nag A, Chowdhury RR. Piperine, an alkaloid of black pepper seeds can 
effectively inhibit the antiviral enzymes of dengue and Ebola viruses, an 
in silico molecular docking study. VirusDisease. 2020;31:308–15. https://​
doi.​org/​10.​1007/​s13337-​020-​00619-6.

	 49.	 Mukhopadhyay R, Roy S, Venkatadri R, Su YP, Ye W, Barnaeva E, Mathews 
Griner L, Southall N, Hu X, Wang AQ, et al. Efficacy and mechanism of 
action of low dose emetine against human cytomegalovirus. PLoS 
Pathog. 2016. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10057​17.

	 50.	 Hayashi K, Minoda K, Nagaoka Y, Hayashi T, Uesato S. Antiviral activity 
of berberine and related compounds against human cytomegalovirus. 
Bioorg Med Chem Lett. 2007;17:1562–4. https://​doi.​org/​10.​1016/j.​bmcl.​
2006.​12.​085.

	 51.	 Teixeira SR, Elias J, Coutinho CM, Zotin MCZ, Yamamoto AY, De Moura 
Negrini SFB, Mussi-Pinhata MM. Cranial us in infants exposed to zika 
virus: the Natzig cohort. Radiology. 2021;300:690–8. https://​doi.​org/​10.​
1148/​radiol.​20212​04150.

	 52.	 Badshah SL, Mabkhot YN, Ahmad N, Syed S, Naeem A. Zika virus, 
microcephaly and its possible global spread. In: Current topics in zika. 
London: InTech; 2018.

	 53.	 Noreen, Ali R, Badshah SL, Faheem M, Abbasi SW, Ullah R, Bari A, 
Jamal SB, Mahmood HM, Haider A, et al. Identification of potential 
inhibitors of zika virus NS5 RNA-dependent RNA polymerase through 
virtual screening and molecular dynamic simulations. Saudi Pharm J. 
2020;28:1580–91. https://​doi.​org/​10.​1016/j.​jsps.​2020.​10.​005.

	 54.	 Ahmad N, Badshah SL, Junaid M, Ur Rehman A, Muhammad A, Khan 
K. Structural insights into the zika virus NS1 protein inhibition using 
a computational approach. J Biomol Struct Dyn. 2021;39:3004–11. 
https://​doi.​org/​10.​1080/​07391​102.​2020.​17594​53.

	 55.	 Badshah SL, Naeem A, Mabkhot Y. New high resolution crystal structure 
of NS2B-NS3 protease of zika virus. Viruses. 2017;9:7. https://​doi.​org/​10.​
3390/​v9010​007.

	 56.	 Ahmad N, Rehman AU, Badshah SL, Ullah A, Mohammad A, Khan K. 
Molecular dynamics simulation of zika virus NS5 RNA dependent RNA 
polymerase with selected novel non-nucleoside inhibitors. J Mol Struct. 
2020. https://​doi.​org/​10.​1016/j.​molst​ruc.​2019.​127428.

	 57.	 Badshah SL, Ahmad N, Rehman AU, Khan K, Ullah A, Alsayari A, 
Muhsinah AB, Mabkhot YN. Molecular docking and simulation of zika 
virus NS3 helicase. BMC Chem. 2019;13:67. https://​doi.​org/​10.​1186/​
s13065-​019-​0582-y.

	 58.	 Guo YW, Liu XJ, Yuan J, Li HJ, Mahmud T, Hong MJ, Yu JC, Lan WJ. 
l-Tryptophan induces a marine-derived Fusarium sp. to produce indole 
alkaloids with activity against the zika virus. J Nat Prod. 2020;83:3372–
80. https://​doi.​org/​10.​1021/​acs.​jnatp​rod.​0c007​17.

	 59.	 Ho YJ, Lu JW, Huang YL, Lai ZZ. Palmatine inhibits zika virus infection by 
disrupting virus binding, entry, and stability. Biochem Biophys Res Com‑
mun. 2019;518:732–8. https://​doi.​org/​10.​1016/j.​bbrc.​2019.​08.​120.

	 60.	 Faisal S, Badshah SL, Kubra B, Sharaf M, Emwas AH, Jaremko, M, Abdalla 
M. Identification and Inhibition of the Druggable Allosteric Site of 
SARS-CoV-2 NSP10/NSP16 Methyltransferase through Computational 
Approaches. Moleculesm 2022;27. https://​doi.​org/​10.​3390/​molec​ules2​
71652​41.

	 61.	 Kubra B, Badshah SL, Faisal S, Sharaf M, Emwas AH, Jaremko M, Abdalla 
M. Inhibition of the Predicted Allosteric Site of the SARS-CoV-2 Main 
Protease through Flavonoids. J Biomol Struct Dyn. 2022;0:1–18. https://​
doi.​org/​10.​1080/​07391​102.​2022.​21402​01.

	 62.	 Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, Qiu Y, Wang J, Liu Y, Wei 
Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 
novel coronavirus pneumonia in Wuhan, China: a descriptive study. 
Lancet. 2020;395:507–13. https://​doi.​org/​10.​1016/​S0140-​6736(20)​
30211-7.

	 63.	 Badshah SL, Ullah A, Badshah SH, Ahmad I. Spread of novel coronavirus 
by returning pilgrims from Iran to Pakistan. J Travel Med. 2020. https://​
doi.​org/​10.​1093/​jtm/​taaa0​44.

	 64.	 Badshah SL, Ullah A. Spread of coronavirus disease-19 among devotees 
during religious congregations. Ann Thorac Med. 2020;15:105–6. 
https://​doi.​org/​10.​4103/​atm.​ATM_​162_​20.

	 65.	 Faisal S, Lal Badshah S, Kubra B, Sharaf M, Emwas AH, Jaremko M, 
Abdalla M. Computational study of SARS-Cov-2 RNA dependent RNA 
polymerase allosteric site inhibition. Molecules. 2022;27:223.

	 66.	 Kumar S, Kashyap P, Chowdhury S, Kumar S, Panwar A, Kumar A. Iden‑
tification of phytochemicals as potential therapeutic agents that binds 
to Nsp15 protein target of coronavirus (SARS-CoV-2) that are capable of 
inhibiting virus replication. Phytomedicine. 2021;85: 153317. https://​doi.​
org/​10.​1016/j.​phymed.​2020.​153317.

	 67.	 Gendrot M, Andreani J, Boxberger M, Jardot P, Fonta I, Le Bideau M, 
Duflot I, Mosnier J, Rolland C, Bogreau H, et al. Antimalarial drugs inhibit 
the replication of SARS-CoV-2: an in vitro evaluation. Travel Med Infect 
Dis. 2020;37: 101873. https://​doi.​org/​10.​1016/j.​tmaid.​2020.​101873.

	 68.	 Mamkulathil Devasia R, Altaf M, Fahad Alrefaei A, Manoharadas S. 
Enhanced production of camptothecin by immobilized callus of Ophi-
orrhiza mungos and a bioinformatic insight into its potential antiviral 
effect against SARS-CoV-2. J King Saud Univ Sci. 2021;33: 101344. 
https://​doi.​org/​10.​1016/j.​jksus.​2021.​101344.

	 69.	 Faisal S, Badshah SL, Kubra B, Sharaf M, Emwas AH, Jaremko M, Abdalla 
M. Identification and inhibition of the druggable allosteric site of 
SARS-CoV-2 NSP10/NSP16 methyltransferase through computational 
approaches. Molecules. 2022. https://​doi.​org/​10.​3390/​molec​ules2​71652​
41.

	 70.	 Alfaro M, Alfaro I, Angel C. Identification of potential inhibitors of SARS-
CoV-2 papain-like protease from tropane alkaloids from Schizanthus 
porrigens: a molecular docking study. Chem Phys Lett. 2020;761: 
138068. https://​doi.​org/​10.​1016/j.​cplett.​2020.​138068.

	 71.	 Garg S, Roy A. In silico analysis of selected alkaloids against main pro‑
tease (Mpro) of SARS-CoV-2. Chem Biol Interact. 2020. https://​doi.​org/​
10.​1016/j.​cbi.​2020.​109309.

	 72.	 Choy K-T, Wong AY-L, Kaewpreedee P, Sia SF, Chen D, Hui KPY, Chu 
DKW, Chan MCW, Cheung PP-H, Huang X, et al. Remdesivir, lopinavir, 
emetine, and homoharringtonine inhibit SARS-CoV-2 replication 
in vitro. Antiviral Res. 2020;178: 104786. https://​doi.​org/​10.​1016/j.​antiv​
iral.​2020.​104786.

	 73.	 Chen SL, Morgan TR. The natural history of hepatitis C virus (HCV) infec‑
tion. Int J Med Sci. 2006;3:47–52.

	 74.	 Shahid F, Noreen, Ali R, Badshah SL, Jamal SB, Ullah R, Bari A, Mahmood 
HM, Sohaib M, Ansari SA. Identification of potential HCV inhibitors 
based on the interaction of epigallocatechin-3-gallate with viral enve‑
lope proteins. Molecules. 2021. https://​doi.​org/​10.​3390/​molec​ules2​
60512​57.

	 75.	 Yang G, Chen D. Alkaloids from the roots of Zanthoxylum nitidum and 
their antiviral and antifungal effects. Chem Biodivers. 2008;5:1718–22. 
https://​doi.​org/​10.​1002/​cbdv.​20089​0160.

https://doi.org/10.1016/j.antiviral.2018.11.011
https://doi.org/10.1016/j.antiviral.2018.11.011
https://doi.org/10.3390/plants10071280
https://doi.org/10.3390/plants10071280
https://doi.org/10.1371/journal.pntd.0009337
https://doi.org/10.1016/j.antiviral.2015.12.012
https://doi.org/10.1038/s41598-020-63397-7
https://doi.org/10.1038/s41598-020-63397-7
https://doi.org/10.1016/j.jmgm.2016.12.010
https://doi.org/10.1016/j.jmgm.2016.12.010
https://doi.org/10.1038/s41421-018-0034-1
https://doi.org/10.1038/s41421-018-0034-1
https://doi.org/10.1007/s13337-020-00619-6
https://doi.org/10.1007/s13337-020-00619-6
https://doi.org/10.1371/journal.ppat.1005717
https://doi.org/10.1016/j.bmcl.2006.12.085
https://doi.org/10.1016/j.bmcl.2006.12.085
https://doi.org/10.1148/radiol.2021204150
https://doi.org/10.1148/radiol.2021204150
https://doi.org/10.1016/j.jsps.2020.10.005
https://doi.org/10.1080/07391102.2020.1759453
https://doi.org/10.3390/v9010007
https://doi.org/10.3390/v9010007
https://doi.org/10.1016/j.molstruc.2019.127428
https://doi.org/10.1186/s13065-019-0582-y
https://doi.org/10.1186/s13065-019-0582-y
https://doi.org/10.1021/acs.jnatprod.0c00717
https://doi.org/10.1016/j.bbrc.2019.08.120
https://doi.org/10.3390/molecules27165241
https://doi.org/10.3390/molecules27165241
https://doi.org/10.1080/07391102.2022.2140201
https://doi.org/10.1080/07391102.2022.2140201
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1093/jtm/taaa044
https://doi.org/10.1093/jtm/taaa044
https://doi.org/10.4103/atm.ATM_162_20
https://doi.org/10.1016/j.phymed.2020.153317
https://doi.org/10.1016/j.phymed.2020.153317
https://doi.org/10.1016/j.tmaid.2020.101873
https://doi.org/10.1016/j.jksus.2021.101344
https://doi.org/10.3390/molecules27165241
https://doi.org/10.3390/molecules27165241
https://doi.org/10.1016/j.cplett.2020.138068
https://doi.org/10.1016/j.cbi.2020.109309
https://doi.org/10.1016/j.cbi.2020.109309
https://doi.org/10.1016/j.antiviral.2020.104786
https://doi.org/10.1016/j.antiviral.2020.104786
https://doi.org/10.3390/molecules26051257
https://doi.org/10.3390/molecules26051257
https://doi.org/10.1002/cbdv.200890160


Page 37 of 38Faisal et al. Natural Products and Bioprospecting            (2023) 13:4 	

	 76.	 Zhang YB, Zhang XL, Chen NH, Wu ZN, Ye WC, Li YL, Wang GC. Four 
matrine-based alkaloids with antiviral activities against HBV from the 
seeds of Sophora alopecuroides. Org Lett. 2017;19:424–7. https://​doi.​
org/​10.​1021/​acs.​orgle​tt.​6b036​85.

	 77.	 Zhang YB, Yang L, Luo D, Chen NH, Wu ZN, Ye WC, Li YL, Wang GC. 
Sophalines E-I, five quinolizidine-based alkaloids with antiviral activities 
against the hepatitis B virus from the seeds of Sophora alopecuroides. 
Org Lett. 2018;20:5942–6. https://​doi.​org/​10.​1021/​acs.​orgle​tt.​8b026​37.

	 78.	 Zhang YB, Luo D, Yang L, Cheng W, He LJ, Kuang GK, Li MM, Li YL, 
Wang GC. Matrine-type alkaloids from the roots of Sophora flavescens 
and their antiviral activities against the hepatitis B virus. J Nat Prod. 
2018;81:2259–65. https://​doi.​org/​10.​1021/​acs.​jnatp​rod.​8b005​76.

	 79.	 Hung TC, Jassey A, Liu CH, Lin CJ, Lin CC, Wong SH, Wang JY, Yen MH, 
Lin LT. Berberine inhibits hepatitis C virus entry by targeting the viral E2 
glycoprotein. Phytomedicine. 2019;53:62–9. https://​doi.​org/​10.​1016/j.​
phymed.​2018.​09.​025.

	 80.	 Khoury ZH, Meeks V. The influence of antiretroviral therapy on HIV-
related oral manifestations. J Natl Med Assoc. 2021;113:449–56.

	 81.	 Cutignano A, Bifulco G, Bruno I, Casapullo A, Gomez-Paloma L, Riccio R. 
Dragmacidin F: a new antiviral bromoindole alkaloid from the mediter‑
ranean sponge Halicortex sp. Tetrahedron. 2000;56:3743–8. https://​doi.​
org/​10.​1016/​S0040-​4020(00)​00281-7.

	 82.	 Wan Z, Lu Y, Liao Q, Wu Y, Chen X. Fangchinoline inhibits human 
immunodeficiency virus type 1 replication by interfering with Gp160 
proteolytic processing. PLoS ONE. 2012;7: e39225. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00392​25.

	 83.	 Hagiwara K, Murakami T, Xue G, Shimizu Y, Takeda E, Hashimoto Y, 
Honda K, Kondoh Y, Osada H, Tsunetsugu-Yokota Y, et al. Identification 
of a novel Vpr-binding compound that inhibits HIV-1 multiplication 
in macrophages by chemical array. Biochem Biophys Res Commun. 
2010;403:40–5. https://​doi.​org/​10.​1016/j.​bbrc.​2010.​10.​107.

	 84.	 Sunkara PS, Kang MS, Bowlin TL, Liu PS, Tyms AS, Sjoerdsma A. Inhibi‑
tion of glycoprotein processing and HIV replication by castanosper‑
mine analogues. Ann N Y Acad Sci. 1990;616:90–6. https://​doi.​org/​10.​
1111/j.​1749-​6632.​1990.​tb178​31.x.

	 85.	 Ruprecht RM, Mullaney S, Andersen J, Bronson R. In vivo analysis of 
castanospermine, a candidate antiretroviral agent. J Acquir Immune 
Defic Syndr. 1989;2:149–57.

	 86.	 Peng J, Hu JF, Kazi AB, Li Z, Avery M, Peraud O, Hill RT, Franzblau SG, 
Zhang F, Schinazi RF, et al. Manadomanzamines A and B: a novel alka‑
loid ring system with potent activity against mycobacteria and HIV-1. J 
Am Chem Soc. 2003;125:13382–6. https://​doi.​org/​10.​1021/​ja030​087z.

	 87.	 Valadão ALC, Abreu CM, Dias JZ, Arantes P, Verli H, Tanuri A, De Aguiar 
RS. Natural plant alkaloid (emetine) inhibits HIV-1 replication by interfer‑
ing with reverse transcriptase activity. Molecules. 2015;20:11474–89. 
https://​doi.​org/​10.​3390/​molec​ules2​00611​474.

	 88.	 Yousaf M, Hammond NL, Peng J, Wahyuono S, McIntosh KA, Charman 
WN, Mayer AMS, Hamann MT. New manzamine alkaloids from an Indo-
Pacific sponge. Pharmacokinetics, oral availability, and the significant 
activity of several manzamines against HIV-I, AIDS opportunistic infec‑
tions, and inflammatory diseases. J Med Chem. 2004;47:3512–7. https://​
doi.​org/​10.​1021/​jm030​475b.

	 89.	 Rao KV, Santarsiero BD, Mesecar AD, Schinazi RF, Tekwani BL, Hamann 
MT. New manzamine alkaloids with activity against infectious and 
tropical parasitic diseases from an Indonesian sponge. J Nat Prod. 
2003;66:823–8. https://​doi.​org/​10.​1021/​np020​592u.

	 90.	 Liu HB, Lauro G, O’Connor RD, Lohith K, Kelly M, Colin P, Bifulco G, Bew‑
ley CA. Tulongicin, an antibacterial tri-indole alkaloid from a deep-water 
Topsentia sp. sponge. J Nat Prod. 2017;80:2556–60. https://​doi.​org/​10.​
1021/​acs.​jnatp​rod.​7b004​52.

	 91.	 Hallock YF, Manfredi KP, Dai JR, Cardellina JH, Gulakowski RJ, McMahon 
JB, Schäffer M, Stahl M, Gulden KP, Bringmann G, et al. Michellamines 
D-F, new HIV-inhibitory dimeric naphthylisoquinoline alkaloids, and 
korupensamine E, a new antimalarial monomer, from Ancistrocladus 
korupensis. J Nat Prod. 1997;60:677–83. https://​doi.​org/​10.​1021/​np970​
0679.

	 92.	 Duan H, Takaishi Y, Imakura Y, Jia Y, Li D, Cosentino LM, Lee KH. Sesquit‑
erpene alkaloids from Tripterygium hypoglaucum and Tripterygium wil-
fordii: a new class of potent anti-HIV agents. J Nat Prod. 2000;63:357–61. 
https://​doi.​org/​10.​1021/​np990​281s.

	 93.	 Al-Sharif E, Strianese D, AlMadhi NH, D’Aponte A, dell’Omo R, Di Bene‑
detto R, Costagliola C. Ocular tropism of coronavirus (CoVs): a com‑
parison of the interaction between the animal-to-human transmitted 
coronaviruses (SARS-CoV-1, SARS-CoV-2, MERS-CoV, CoV-229E, NL63, 
OC43, HKU1) and the eye. Int Ophthalmol. 2021;41:349–62.

	 94.	 Kim D, Min J, Jang M, Lee J, Shin Y, Park C, Song J, Kim H, Kim S, Jin Y-H, 
et al. Natural bis-benzylisoquinoline alkaloids-tetrandrine, fangchino‑
line, and cepharanthine, inhibit human coronavirus OC43 infection of 
MRC-5 human lung cells. Biomolecules. 2019;9:696. https://​doi.​org/​10.​
3390/​biom9​110696.

	 95.	 Dyall J, Coleman CM, Hart BJ, Venkataraman T, Holbrook MR, Kindrachuk 
J, Johnson RF, Olinger GG, Jahrling PB, Laidlaw M, et al. Repurposing 
of clinically developed drugs for treatment of middle east respira‑
tory syndrome coronavirus infection. Antimicrob Agents Chemother. 
2014;58:4885–93. https://​doi.​org/​10.​1128/​AAC.​03036-​14.

	 96.	 Shang Z, Tan S, Ma D. Respiratory syncytial virus: from pathogenesis to 
potential therapeutic strategies. Int J Biol Sci. 2021;17:4073–91. https://​
doi.​org/​10.​7150/​ijbs.​64762.

	 97.	 Risso-Ballester J, Galloux M, Cao J, Le Goffic R, Hontonnou F, Jobart-
Malfait A, Desquesnes A, Sake SM, Haid S, Du M, et al. A condensate-
hardening drug blocks RSV replication in vivo. Nature. 2021;595:596–9. 
https://​doi.​org/​10.​1038/​s41586-​021-​03703-z.

	 98.	 Wang L, Yun H, Zhang W, Zheng X. Aza-oxo-indoles for the treatment 
and prophylaxis of respiratory syncytial virus infection; 2018.

	 99.	 Phan MVT, Arron G, GeurtsvanKessel CH, Huisman RC, Molenkamp R, 
Koopmans MPG, Cotten M. Complete genome characterization of eight 
human parainfluenza viruses from the Netherlands. Microbiol Resour 
Announc. 2019. https://​doi.​org/​10.​1128/​mra.​00125-​19.

	100.	 Hanafi-Bojd AA, Motazakker M, Vatandoost H, Dabiri F, Chavshin AR. 
Sindbis virus infection of mosquito species in the wetlands of North‑
western Iran and modeling the probable ecological niches of SINV 
vectors in the Country. Acta Trop. 2021;220: 105952. https://​doi.​org/​10.​
1016/j.​actat​ropica.​2021.​105952.

	101.	 Schlesinger S, Koyama AH, Malfer C, Gee SL, Schlesinger MJ. The effects 
of inhibitors of glucosidase I on the formation of Sindbis virus. Virus Res. 
1985;2:139–49. https://​doi.​org/​10.​1016/​0168-​1702(85)​90244-8.

	102.	 Feng X, Zhu N, Cui Y, Hou L, Zhou J, Qiu Y, Yang X, Liu C, Wang D, Guo 
J, et al. Characterization and pathogenicity of a naturally reassortant 
and recombinant infectious bursal disease virus in China. Transbound 
Emerg Dis. 2022;69:e746–58. https://​doi.​org/​10.​1111/​tbed.​14347.

	103.	 Wen F, Yang J, Li A, Gong Z, Yang L, Cheng Q, Wang C, Zhao M, Yuan 
S, Chen Y, et al. Genetic characterization and phylogenetic analysis of 
porcine epidemic diarrhea virus in Guangdong, China, between 2018 
and 2019. PLoS ONE. 2021. https://​doi.​org/​10.​1371/​journ​al.​pone.​02536​
22.

	104.	 Wang H, Kong N, Jiao Y, Dong S, Sun D, Chen X, Zheng H, Tong W, Yu H, 
Yu L, et al. EGR1 suppresses porcine epidemic diarrhea virus replication 
by regulating IRAV to degrade viral nucleocapsid protein. J Virol. 2021. 
https://​doi.​org/​10.​1128/​jvi.​00645-​21.

	105.	 Kang KB, Ming G, Kim GJ, Ha TKQ, Choi H, Oh WK, Sung SH. Jubanines 
F-J, cyclopeptide alkaloids from the roots of Ziziphus jujuba. Phyto‑
chemistry. 2015;119:90–5. https://​doi.​org/​10.​1016/j.​phyto​chem.​2015.​
09.​001.

	106.	 Anyanwu AA, Jimam NS, Omale S, Wannang NN. Antiviral activities of 
Cucumis metuliferus fruits alkaloids on infectious bursal disease virus 
(IBDV). J Phytopharm. 2017;6:98–101. https://​doi.​org/​10.​31254/​phyto.​
2017.​6206.

	107.	 Spetter MJ, Louge Uriarte EL, Verna AE, Leunda MR, Pereyra SB, Odeón 
AC, González Altamiranda EA. Genomic diversity and phylodynamic 
of bovine viral diarrhea virus in Argentina. Infect Genet Evol. 2021;96: 
105089. https://​doi.​org/​10.​1016/j.​meegid.​2021.​105089.

	108.	 Arnaiz I, Cerviño M, Martínez S, Fouz R, Diéguez FJ. Bovine viral diarrhea 
virus (BVDV) infection: effect on reproductive performance and milk 
yield in dairy herds. Vet J. 2021. https://​doi.​org/​10.​1016/j.​tvjl.​2021.​
105747.

	109.	 Whitby K, Taylor D, Patel D, Ahmed P, Tyms AS. Action of celgosivir (6 
O-butanoyl castanospermine) against the pestivirus BVDV: implications 
for the treatment of hepatitis C. Antivir Chem Chemother. 2004;15:141–
51. https://​doi.​org/​10.​1177/​09563​20204​01500​304.

https://doi.org/10.1021/acs.orglett.6b03685
https://doi.org/10.1021/acs.orglett.6b03685
https://doi.org/10.1021/acs.orglett.8b02637
https://doi.org/10.1021/acs.jnatprod.8b00576
https://doi.org/10.1016/j.phymed.2018.09.025
https://doi.org/10.1016/j.phymed.2018.09.025
https://doi.org/10.1016/S0040-4020(00)00281-7
https://doi.org/10.1016/S0040-4020(00)00281-7
https://doi.org/10.1371/journal.pone.0039225
https://doi.org/10.1371/journal.pone.0039225
https://doi.org/10.1016/j.bbrc.2010.10.107
https://doi.org/10.1111/j.1749-6632.1990.tb17831.x
https://doi.org/10.1111/j.1749-6632.1990.tb17831.x
https://doi.org/10.1021/ja030087z
https://doi.org/10.3390/molecules200611474
https://doi.org/10.1021/jm030475b
https://doi.org/10.1021/jm030475b
https://doi.org/10.1021/np020592u
https://doi.org/10.1021/acs.jnatprod.7b00452
https://doi.org/10.1021/acs.jnatprod.7b00452
https://doi.org/10.1021/np9700679
https://doi.org/10.1021/np9700679
https://doi.org/10.1021/np990281s
https://doi.org/10.3390/biom9110696
https://doi.org/10.3390/biom9110696
https://doi.org/10.1128/AAC.03036-14
https://doi.org/10.7150/ijbs.64762
https://doi.org/10.7150/ijbs.64762
https://doi.org/10.1038/s41586-021-03703-z
https://doi.org/10.1128/mra.00125-19
https://doi.org/10.1016/j.actatropica.2021.105952
https://doi.org/10.1016/j.actatropica.2021.105952
https://doi.org/10.1016/0168-1702(85)90244-8
https://doi.org/10.1111/tbed.14347
https://doi.org/10.1371/journal.pone.0253622
https://doi.org/10.1371/journal.pone.0253622
https://doi.org/10.1128/jvi.00645-21
https://doi.org/10.1016/j.phytochem.2015.09.001
https://doi.org/10.1016/j.phytochem.2015.09.001
https://doi.org/10.31254/phyto.2017.6206
https://doi.org/10.31254/phyto.2017.6206
https://doi.org/10.1016/j.meegid.2021.105089
https://doi.org/10.1016/j.tvjl.2021.105747
https://doi.org/10.1016/j.tvjl.2021.105747
https://doi.org/10.1177/095632020401500304


Page 38 of 38Faisal et al. Natural Products and Bioprospecting            (2023) 13:4 

	110.	 Ouzounov S, Mehta A, Dwek RA, Block TM, Jordan R. The combination 
of interferon α-2b and n-butyl deoxynojirimycin has a greater than 
additive antiviral effect upon production of infectious bovine viral 
diarrhea virus (BVDV) in vitro: implications for hepatitis C virus (HCV) 
therapy. Antivir Res. 2002;55:425–35. https://​doi.​org/​10.​1016/​S0166-​
3542(02)​00075-X.

	111.	 Wu L, Woudstra L, Dam TA, Germans T, van Rossum AC, Niessen HWM, 
Krijnen PAJ. electrocardiographic changes are strongly correlated 
with the extent of cardiac inflammation in mice with coxsackievirus 
b3-induced viral myocarditis. Cardiovasc Pathol. 2021;54: 107367. 
https://​doi.​org/​10.​1016/j.​carpa​th.​2021.​107367.

	112.	 Kraft L, Sauter M, Seebohm G, Klingel K. In vitro model systems of 
coxsackievirus B3-induced myocarditis: comparison of commonly used 
cell lines and characterization of CVB3-infected ICell® cardiomyocytes. 
Viruses. 1835;2021:13. https://​doi.​org/​10.​3390/​v1309​1835.

	113.	 Pan QM, Li YH, Hua J, Huang FP, Wang HS, Liang D. Antiviral matrine-
type alkaloids from the rhizomes of Sophora tonkinensis. J Nat Prod. 
2015;78:1683–8. https://​doi.​org/​10.​1021/​acs.​jnatp​rod.​5b003​25.

	114.	 Swallow DL. Antiviral agents. Prog Drug Res. 1978;22:267–326. https://​
doi.​org/​10.​1007/​978-3-​0348-​7102-0_6.

	115.	 Becker Y. Antiviral agents from natural sources. Pharmacol Ther. 
1980;10:119–59.

	116.	 Perez RM. Antiviral activity of compounds isolated from plants. Pharm 
Biol. 2003;41:107–57.

	117.	 Coffin JM, Stoye JP, Frankel WN. Genetics of endogenous murine 
leukemia viruses. Ann N Y Acad Sci. 1989;567:39–49. https://​doi.​org/​10.​
1111/j.​1749-​6632.​1989.​tb164​57.x.

	118.	 Sunkara PS, Bowlin TL, Liu PS, Sjoerdsma A. Antiretroviral activity of 
castanospermine and deoxynojirimycin, specific inhibitors of glyco‑
protein processing. Biochem Biophys Res Commun. 1987;148:206–10. 
https://​doi.​org/​10.​1016/​0006-​291X(87)​91096-5.

	119.	 Quiroz E, Moreno N, Peralta PH, Tesh RB. A human case of encephalitis 
associated with vesicular stomatitis virus (Indiana serotype) infection. 
Am J Trop Med Hyg. 1988;39:312–4. https://​doi.​org/​10.​4269/​ajtmh.​
1988.​39.​312.

	120.	 Holman DH, Wang D, Woraratanadharm J, Dong JY. Viral vectors. In: 
Vaccines for biodefense and emerging and neglected diseases. Amster‑
dam: Elsevier; 2009. p. 77–91. ISBN 978-0-12-369408-9.

	121.	 Brown IH, Cargill PW, Woodland RM, Berg T. Newcastle disease virus. In: 
Veterinary vaccines. Hoboken: Wiley; 2021. p. 335–53.

	122.	 Ganar K, Das M, Sinha S, Kumar S. Newcastle disease virus: current 
status and our understanding. Virus Res. 2014;184:71–81.

	123.	 Winter S, Lechapt E, Gricourt G, N’debi M, Boddaert N, Moshous D, 
Blauwblomme T, Kossorotoff M, Fouyssac F, Chareyre J, et al. Fatal 
encephalitis caused by Newcastle disease virus in a child. Acta Neuro‑
pathol. 2021;142:605–8. https://​doi.​org/​10.​1007/​s00401-​021-​02344-w.

	124.	 Khandelwal N, Chander Y, Rawat KD, Riyesh T, Nishanth C, Sharma S, 
Jindal N, Tripathi BN, Barua S, Kumar N. Emetine inhibits replication of 
RNA and DNA viruses without generating drug-resistant virus variants. 
Antivir Res. 2017;144:196–204. https://​doi.​org/​10.​1016/j.​antiv​iral.​2017.​
06.​006.

	125.	 Thompson KM. Modeling and managing poliovirus risks: we are where 
we are…. Risk Anal. 2021;41:223–8. https://​doi.​org/​10.​1111/​risa.​13668.

	126.	 Guo M, Zheng R, Wu HL, Chen D, Su J, Xu T, Wu H, Xiang W, Li Y, Zhu B. 
Inhibition of enterovirus 71 infection by polysaccharides extracted from 
Picochlorum sp. 122 via the AKT and ATM/ATR signaling pathways. Arch 
Virol. 2021;166:3269–74. https://​doi.​org/​10.​1007/​s00705-​021-​05229-1.

	127.	 Lalani S, Poh CL. Flavonoids as antiviral agents for enterovirus A71 (EV-
A71). Viruses. 2020;12:184. https://​doi.​org/​10.​3390/​v1202​0184.

	128.	 Ieven M, Vlietinck AJ, Vanden Berghe DA, Totte J, Dommisse R, Esmans 
E, Alderweireldt F. Plant antiviral agents. III. Isolation of alkaloids from 
Clivia miniata Regel (Amaryllidaceae). J Nat Prod. 1982;45:564–73. 
https://​doi.​org/​10.​1021/​np500​23a009.

	129.	 Boustie J, Stigliani JL, Montanha J, Amoros M, Payard M, Girret L. Antipo‑
liovirus structure–activity relationships of some aporphine alkaloids. J 
Nat Prod. 1998;61:480–4. https://​doi.​org/​10.​1021/​np970​382v.

	130.	 Farnsworth NR, Svoboda GH, Blomster RN. Antiviral activity of selected 
Catharanthus alkaloids. J Pharm Sci. 1968;57:2174–5. https://​doi.​org/​10.​
1002/​jps.​26005​71235.

	131.	 Liu J, Yang Y, Xu Y, Ma C, Qin C, Zhang L. Lycorine reduces mortality of 
human enterovirus 71-infected mice by inhibiting virus replication. Virol 
J. 2011;8:483. https://​doi.​org/​10.​1186/​1743-​422X-8-​483.

	132.	 Assaid N, Arich S, Ezzikouri S, Benjelloun S, Dia M, Faye O, Akarid K, Beck 
C, Lecollinet S, Failloux A-B, et al. Serological evidence of West Nile virus 
infection in human populations and domestic birds in the Northwest of 
Morocco. Comp Immunol Microbiol Infect Dis. 2021;76: 101646. https://​
doi.​org/​10.​1016/j.​cimid.​2021.​101646.

	133.	 Wobessi JNS, Kenmoe S, Mahamat G, Belobo JTE, Emoh CPD, Efietngab 
AN, Bebey SRK, Ngongang DT, Tchatchouang S, Nzukui ND, et al. Inci‑
dence and seroprevalence of rabies virus in humans, dogs and other 
animal species in Africa, a systematic review and meta-analysis. One 
Health. 2021;13: 100285.

	134.	 Yin J, Wang X, Mao R, Zhang Z, Gao X, Luo Y, Sun Y, Yin X. Research 
advances on the interactions between rabies virus structural proteins 
and host target cells: accrued knowledge from the application of 
reverse genetics systems. Viruses. 2021;13:2288. https://​doi.​org/​10.​
3390/​v1311​2288.

	135.	 Raux H, Flamand A, Blondel D. Interaction of the rabies virus P protein 
with the LC8 dynein light chain. J Virol. 2000;74:10212–6. https://​doi.​
org/​10.​1128/​jvi.​74.​21.​10212-​10216.​2000.

	136.	 MacGibeny MA, Koyuncu OO, Wirblich C, Schnell MJ, Enquist LW. Retro‑
grade axonal transport of rabies virus is unaffected by interferon treat‑
ment but blocked by emetine locally in axons. PLOS Pathog. 2018;14: 
e1007188. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10071​88.

	137.	 Jia F, Zou G, Fan J, Yuan Z. Identification of palmatine as an inhibitor of 
West Nile virus. Arch Virol. 2010;155:1325–9. https://​doi.​org/​10.​1007/​
s00705-​010-​0702-4.

	138.	 Gandhi V, Plunkett W, Cortes JE. Omacetaxine: a protein translation 
inhibitor for treatment of chronic myelogenous leukemia. Clin Cancer 
Res. 2014;20:1735–40. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​13-​1283.

	139.	 Adhikari B. Roles of alkaloids from medicinal plants in the management 
of diabetes mellitus. J Chem. 2021. https://​doi.​org/​10.​1155/​2021/​26915​
25.

	140.	 Uzor PF. Alkaloids from plants with antimalarial activity: a review of 
recent studies. Evid Based Complement Altern Med. 2020;2020:1–17. 
https://​doi.​org/​10.​1155/​2020/​87490​83.

	141.	 Badshah SL, Faisal S, Muhammad A, Poulson BG, Emwas AH, Jaremko 
M. Antiviral activities of flavonoids. Biomed Pharmacother. 2021;140: 
111596. https://​doi.​org/​10.​1016/j.​biopha.​2021.​111596.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/S0166-3542(02)00075-X
https://doi.org/10.1016/S0166-3542(02)00075-X
https://doi.org/10.1016/j.carpath.2021.107367
https://doi.org/10.3390/v13091835
https://doi.org/10.1021/acs.jnatprod.5b00325
https://doi.org/10.1007/978-3-0348-7102-0_6
https://doi.org/10.1007/978-3-0348-7102-0_6
https://doi.org/10.1111/j.1749-6632.1989.tb16457.x
https://doi.org/10.1111/j.1749-6632.1989.tb16457.x
https://doi.org/10.1016/0006-291X(87)91096-5
https://doi.org/10.4269/ajtmh.1988.39.312
https://doi.org/10.4269/ajtmh.1988.39.312
https://doi.org/10.1007/s00401-021-02344-w
https://doi.org/10.1016/j.antiviral.2017.06.006
https://doi.org/10.1016/j.antiviral.2017.06.006
https://doi.org/10.1111/risa.13668
https://doi.org/10.1007/s00705-021-05229-1
https://doi.org/10.3390/v12020184
https://doi.org/10.1021/np50023a009
https://doi.org/10.1021/np970382v
https://doi.org/10.1002/jps.2600571235
https://doi.org/10.1002/jps.2600571235
https://doi.org/10.1186/1743-422X-8-483
https://doi.org/10.1016/j.cimid.2021.101646
https://doi.org/10.1016/j.cimid.2021.101646
https://doi.org/10.3390/v13112288
https://doi.org/10.3390/v13112288
https://doi.org/10.1128/jvi.74.21.10212-10216.2000
https://doi.org/10.1128/jvi.74.21.10212-10216.2000
https://doi.org/10.1371/journal.ppat.1007188
https://doi.org/10.1007/s00705-010-0702-4
https://doi.org/10.1007/s00705-010-0702-4
https://doi.org/10.1158/1078-0432.CCR-13-1283
https://doi.org/10.1155/2021/2691525
https://doi.org/10.1155/2021/2691525
https://doi.org/10.1155/2020/8749083
https://doi.org/10.1016/j.biopha.2021.111596

	Alkaloids as potential antivirals. A comprehensive review
	Abstract 
	1 Introduction
	1.1 Antiviral properties of alkaloids

	2 Antiviral activities of alkaloids against multiple viruses
	2.1 Alkaloids against influenza virus (IAV)
	2.2 Alkaloids against herpes simplex virus-I and II (HSV-I and II)
	2.3 Alkaloids against dengue virus (DENV)
	2.4 Alkaloids against Chikungunya virus (CHIKV)
	2.5 Alkaloids against Ebola virus (EBOV)
	2.6 Alkaloids against human cytomegalovirus (HCMV)
	2.7 Alkaloids against Zika virus (ZIKV)
	2.8 Alkaloids against SARS-CoV-2
	2.9 Alkaloids against hepatitis B virus (HBV) and hepatitis C virus (HCV)
	2.10 Alkaloids against human immunodeficiency virus (HIV)
	2.11 Alkaloids against middle east respiratory syndrome coronavirus (MERS-CoV) and human coronavirus OC43 (HCoV-OC43)
	2.12 Alkaloids against the respiratory syncytial virus (RSV)
	2.13 Alkaloids against parainfluenza virus-3 (PI-3) and Sindbis virus (SINV)
	2.14 Alkaloids against infectious bursal disease virus (IBDV) and porcine epidemic diarrhoea virus (PEDV)
	2.15 Alkaloids against bovine viral diarrhea virus (BVDV)
	2.16 Alkaloids against coxsackieviruses (CV)
	2.17 Alkaloids against murine leukemia virus (MLV)
	2.18 Alkaloids against vesicular stomatitis virus (VSV)
	2.19 Alkaloids against Newcastle disease virus (NDV)
	2.20 Alkaloids against poliovirus (PV) and enterovirus 71 (EV71)
	2.21 Alkaloids against West Nile virus (WNV) and rabies virus (RABV)

	3 Comparison of some antiviral alkaloids and standard drugs along with a brief overview of their toxicological effects and therapeutic uses
	4 Conclusions
	References


