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ABSTRACT: In the global movement to find the appropriate agents to fight the Emetine capabilities against COVID-19
coronavirus disease of 2019 (COVID-19), emetine is one of the strongest anti-SARS- - Highly potent anti-SARS-CoV-2 activity

° q ° c B . - Broad-spectrum antiviral effects
CoV-2 compounds with sub-micromolar ECy, values, identified in several studies and - Strong antiinfiammatory effects

- Reduce pulmonary arterial hypertension

high-throughput screening efforts. The reported anti-SARS-CoV-2 mechanisms indicate " B e -
the effect of this compound on both virus-based and host-based targets. In addition to X Yeud'

having excellent antiviral effects, emetine can relieve COVID-19 patients by reducing

inflammation through inhibitory activity against NF-kB by the mechanism of IkBa /

phosphorylation inhibition; it can also limit the lipopolysaccharide-induced expression of
pro-inflammatory cytokines TNFa, IL-1f, and IL-6. Emetine also can well reduce
pulmonary arterial hypertension as an important COVID-19 complication by
modulating a variety of cellular processes such as the Rho-kinase/CyPA/Bsg signaling :
pathway. The therapeutic value of emetine for combating COVID-19 was highlighted

when in vivo pharmacokinetic studies showed that the concentration of this compound

in the lungs increases significantly higher than the EC;, of the drug. Despite its valuable therapeutic effects, emetine has some
cardiotoxic effects that limit its use in high doses. However, high therapeutic capabilities make emetine a valuable lead compound
that can be used for the design and development of less toxic anti-COVID-19 agents in the future. This Review provides a collection
of information on the capabilities of emetine and its potential for the treatment of COVID-19, along with structural analysis which
could be used for further research in the future.
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SARS-CoV-2

metine (C,,H,(N,0,, molecular weight 480.6 g/mol), with traditional medicine and clinics as an expectorant, emetic, and

the [UPAC name of (25,3R,11bS)-2-(((R)-6,7-dimethoxy- anti-amoebic agent, and it has been approved by competent
1,2,3,4-tetrahydroisoquinolin-1-yl)methyl)-3-ethyl-9,10-dime- authorities such as the U.S. Food and Drug Administration
thoxy-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-a]isoquinoline, (FDA) for clinical usages. In addition to the mentioned drug
is a well-known isoquinoline-based alkaloid that is mainly effects, studies reported some other important biological
extracted from the root of medicinal plants of the Rubiaceae, activities for this compound, such as inhibition of protein
Alangiaceae, and Icacinaceae families, such as Carapichea synthesis7’8 and anti-cancer effects.” ! This compound also has
ipecacuanha and Psychotria ipecacuanha.’ Structurally, emetine excellent broad-spectrum antiviral effects against a wide range of
is significantly similar to the well-known antiviral alkaloids RNA and DNA viruses at a non-cytotoxic concentration,
palmatine and berberine,” but it is more flexible than them. As without causing drug resistance.'” Some independent inves-
shown in Figure 1, the greater flexibility of emetine is due to the tigations to find severe acute respiratory syndrome coronavirus 2
presence of a methylene group (—~CH,—) between the C and D (SARS-CoV-2) inhibitors have identified emetine as one of the

rings, while palmatine and berberine are composed of four most promising compounds in the fight against the coronavirus

interconnected rings, which cause these structures to become disease of 2019 (COVID-19). The high potency of emetine in
dense and rigid. combating COVID-19 is due to it having diverse beneficial

] Today,.naturally occurring comp ounds are receiving increas- pharmacological activities such as anti-inflammatory and anti-
ing attention for the treatment of diseases (such as COVID-19)

because they offer a diversity of biological activities and low
toxicity.”* In structural evaluations to find anti-COVID-19 Rece_ived: March 11, 2022 ;?é{i"f}ijﬂ‘%%i‘
agents, quinoline and isoquinoline scaffolds are among the most Published: May 23, 2022 o

important platforms that have been repeatedly observed in the
structure of potent SARS-CoV-2 inhibitors.”” Emetine, which
itself has two isoquinoline-like moieties, is the main pharmaco-
logically active alkaloid in ipecac root that was previously used in
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Figure 1. Structural similarity of the emetine and its analogue cephaeline compared to the well-known antiviral alkaloids palmatine and berberine.

pulmonary arterial hypertensive properties, in addition to having
highly potent anti-SARS-CoV-2 effects. In addition, having
broad-spectrum antiviral effects makes this compound capable
of fighting subsequent mutant strains derived from the primary
wild-type virus. Despite its valuable therapeutic features, some
complications such as cardiotoxicity make emetine unsuitable
for some COVID-19 patients, especially those with underlying
heart disease. Although this complication can be managed by
prescribing low doses as well as a short duration of use, it seems
that the effective clinical use of this compound for the treatment
of COVID-19 requires higher doses. However, emetine can be
used by medicinal chemists and other scientists as a valuable lead
compound to achieve less toxic anti-COVID-19 agents. In
addition, emetine has many structural analogues whose
therapeutic profiles have not yet been investigated for the
inhibition of SARS-CoV-2 and the treatment of COVID-19.

Some recent review studies have briefly cited emetine as an
important anti-SARS-CoV-2 compound."*™"> This Review
provides a wealth of information on emetine’s capabilities and
its potential for the treatment of COVID-19, which could be
useful for a wide range of researchers pursuing COVID-19-
related topics, including clinical practitioners and academic
researchers, especially pharmacologists and medicinal chemists.
Information on emetine’s capabilities against SARS-CoV-2 was
collected from creditable Internet databases such as Elsevier,
PubMed, Web of Science, Wiley Online Library, Europe PMC,
etc. All studies published up to January 2022 are included in this
Review, but the focus is strongly on studies conducted from the
start of the COVID-19 pandemic onward.

1. BROAD-SPECTRUM ANTIVIRAL ACTIVITY

Valuable therapeutic effects of emetine and related alkaloids
such as cephaeline (C,gH3N,0,, molecular weight 466.6 g/
mol) in the treatment of viral diseases have been reported for
decades. In recent years, many studies have reported the potent
antiviral effects of emetine against a broad spectrum of human
viruses, such as Dengue viruses,'® cytomegaloviruses,'” human
immunodeficiency virus type 1 (HIV-1),'"® Hantaan ortho-
hantavirus (HTNV), Andes orthohantavirus (ANDV), Ebola
(EBOV), Lassa,"’ rabies (RABV),* herpes simplex viruses
(HSVs), echovirus-1, human metapneumovirus (HMPV), Rift
Valley fever virus (RVEV),”" etc. Emetine can also potently
inhibit the replication of animal viruses such as buffalopoxvirus
(BPXV), bovine herpesvirus-1 (BHV-1), peste des petits
ruminants virus (PPRV), and Newcastle disease virus (NDV),
without producing drug-resistant variants.'"> The in vitro
antiviral half-maximal effective concentration (ECg,) values
measured for emetine are mostly in the nanomolar range,
indicating the high potency of this special compound in
inhibiting the replication of viruses. For example, in a recent
study, Qi Tang et al. reported that emetine can effectively inhibit
enterovirus A71 (EV-A71) in RD cell culture with ECy, = 49 nM
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and a 50% cytotoxicity concentration (CCs,) of 10 M. These
researchers also reported that emetine exhibits eflicient antiviral
activities against other human enteroviruses, including entero-
virus D68 (ECg, = 19 nM), echovirus-6 (ECs, = 45 nM),
coxsackievirus A16 (ECs, = 83 nM), and coxsackie B (ECs, = 51
nM).22

Some research has shown that the antiviral effects of
cephaeline (a close structural analogue of emetine having a
hydroxyl group at position 6’ in the E ring, Figure 1) are also very
strong and are comparable to those of emetine. A study
conducted in 2018 by Shu Yang et al. showed that both emetine
and cephaeline could well suppress Zika (ZIKV) and Ebola
viruses in vitro and in vivo, through molecular mechanisms
inhibiting viral replication and disrupting virus entry.”’ The
antiviral activity of emetine against ZIKV and EBOV was also
confirmed in some other independent studies.”**’

Emetine also has strong inhibitory effects against influenza
viruses. Because both SARS-CoV-2 and influenza viruses have
similar transmission characteristics and common clinical
manifestations,”® and since emetine has reported potent
inhibitory effects against both viruses, the usage of emetine
can be considered in co-infection situations or situations where
it is not possible to diagnose between these infections. In a 2019
study, Petter I. Andersen and co-workers showed that emetine
effectively inhibits influenza A virus-mediated green fluorescent
protein (GFP) expression in vitro in retinal pi?ment epithelium
(RPE) cells, without significant cytotoxicity.”

2. STRONG ANTI-SARS-CoV-2 EFFECTS

In the pre-COVID-19 period, some studies showed strong
antiviral effects of emetine against different strains of corona-
viruses. In a high-throughput screening (HTS) effort by Julie
Dyall et al., a library of 290 selected FDA-approved compounds
was screened for anti-MERS-CoV (Middle East respiratory
syndrome coronavirus) and anti-SARS-CoV (severe acute
respiratory syndrome coronavirus) activity using virus-infected
Vero-E6 cells. Results of evaluations showed that emetine
dihydrochloride hydrate has remarkable activity against both
MERS-CoV and SARS-CoV, with ECy, = 0.014 and 0.051 uM,
respectively.”’

In another HTS study, Liang Shen et al. screened a collection
of approximately 2000 drugs and bioactive compounds to find
compounds effective against several coronaviruses: human
coronavirus-OC43 (HCoV-OC43), human coronavirus-NL63
(HCoV-NL63), MERS-CoV, and mouse hepatitis virus strain
AS9 (MHV-AS9). In this study, once again emetine was
identified as one of the most active compounds, with excellent
broad-spectrum inhibitory effects against the replication of all
tested coronaviruses: HCoV-OC43, EC, = 0.30 uM, CCs, =
2.69 uM; HCoV-NL63, ECy, = 143 uM, CCqy = 3.63 uM;
MERS-CoV, ECs, = 0.34 uM, CCs, = 3.08 uM; and MHV-AS9,
ECj = 0.12 uM, CCy, = 3.51 uM.”>®
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Table 1. Summarized Data on the Anti-coronavirus Activity of Emetine Considering the Mechanism of Action, ECg, CCsy, SI,

and Cell Lines Used

CCy
virus type anti-coronavirus activity ECyporICso (uM)  (uM) S1¢ cell line ref
SARS-CoV-2 e blocks SARS-CoV-2 entry in a dose-dependent manner ECy, = 0.007 1.96 280 Vero E6 31
o inhibits SARS-CoV-2 replication by reduction in viral RNA copy ECsy = 0.46 56.46 122.7 Vero E6 29
o inhibits SARS-CoV-2 cytopathicity IC4y = 0.52 1.13 2 Caco-2 32
o inhibits interaction of viral mRNA with eIF4E EC;, = 0.000147 1.6038 109104  Vero E6 34
e inhibits viral protein synthesis through interaction with the host ribosomes ECy, = 0.00771 2.170 281.5 Vero E6 35
o inhibits SARS-CoV-2 RdRp activity
o prevents the SARS-CoV-2 maturation from destroying viral core assembly
— ICy, = 0.155 - - 293T 36
— 1Cs, =0.273 - - 293T 36
o inhibits host-translation machinery ICyy = 0.47 - - Caco-2 37
— ECy = 0.051 - - Vero E6 27
MERS-CoV o reduces spike (S) protein expression 1C5, = 0.08 >25 >312 Vero E6 33
— EC,, = 0.014 - - Vero E6 27
o inhibits MERS-CoV entry with ECy, = 0.16 uM (using DPP4-expressing EC, =034 3.08 9.06 Vero E6 28
Huh?7.5 cells)
MHV-AS9 — ECy, =0.12 3.51 29.25 DBT 28
HCoV-0OC43 — EC, = 0.30 2.69 8.97 BHK-21 28
o inhibits SARS-CoV-2 nucleocapsid protein expression ECy, =021 >25 >238 HCT-8 38
HCoV-NL63 — ECyo =143 3.63 2.54 LLC-MK2 28
FIP-CoV"” o inhibits SARS-CoV-2 proliferation, assayed by visualization of cytopathic ECy, =0.011 0.03 3 Fewf-4 38

effects on infected Fcwf-4 cells

“FIP-CoV: feline infectious peritonitis coronavirus. bSelectivity index ratio: SI = CCs/ICy.

With the spread of COVID-19, some scientists went back to
emetine in search of anti-SARS-CoV-2 agents and achieved
promising results. Table 1 summarizes the inhibitory effects of
emetine on various human coronaviruses, especially SARS-CoV-
2. Some of these studies revealed that the in vitro antiviral effects
of emetine against SARS-CoV-2, with ECs, = 0.46 uM, were
much stronger than those of some of the famous antiviral drugs
used in clinical trials for the treatment of COVID-19, such as
Remdesivir (ECs, = 23.15 #M), Lopinavir (ECs, = 26.63 uM),
Homoharringtonine (EC = 2.55 M), Ribavirin (ECs, > 500
uM), Galidesivir (ECy, > 100 uM), Ritonavir (EC, > 100 M),
Oseltamivir carboxylate (ECg, > 100 M), Baloxivir acid (ECs,
> 100 uM), and Favipiravir (ECg, > 100 uM). Because of the
good synergistic effects between remdesivir and emetine, the
researchers suggested that combination therapy with these drugs
may offer better clinical benefits in combating COVID-19.>

The use of emetine for the treatment of COVID-19 seems
more attractive when previous studies reported that the
concentration of emetine in the lungs (as the main target
organ of SARS-CoV-2) can be approximately 300 times higher
than that in the bloodstream.”® Recent in vivo pharmacokinetic
studies also displayed that the concentration of this compound
in the lung tissue was significantly enhanced 200-fold higher
than the ECy, of the drug and had over 12 h retention time.”"

Other recent studies have been performed on the inhibitory
effects of emetine against SARS-CoV-2 and have shown
promising results. Here is a summary of the results of the
most important studies.

In a recent study to find active compounds against SARS-
CoV-2 cytopathicity, Bernhard Ellinger and co-workers
performed a high-content screening on a library of 5632
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compounds with special drug effects using microscopy methods
in the human epithelial colorectal adenocarcinoma cell line
(Caco-2). Among the all tested compounds, emetine as a
reference compound was one of the few active compounds
having promising anti-SARS-CoV-2 cytopathicity, with ICy, =
0.52 + 0.09 uM and CCyy = 1.13 + 0.5 uM.>

To potentially find anti-COVID-19 drugs, another new HTS
was performed by Meehyun Ko et al,, in which a collection of
5406 FDA-approved drugs and bioactive compounds were
screened for anti-coronavirus activity against a South Korean
MERS-CoV clinical isolate using Vero cells. In this study, once
again the excellent anti-coronavirus (anti-MERS-CoV) activity
of emetine dihydrochloride, as a previously identified anti-
coronavirus hit, was confirmed with ICy, = 0.08 uM, CCy, > 25
uM, and a favorable therapeutic index ratio (CCsy/ICs,) >
312.5.7

The efficacy of low doses of emetine as a potential anti-SARS-
CoV-2 virus therapy was recently investigated by Aoli Wang et
al. The results of this study showed that emetine could
effectively suppress SARS-CoV-2 replication in Vero cells,
with EC = 0.007 uM (30-fold more effective than Remdesivir,
with ECgy = 0.24 uM), CCysy = 1.96 uM, and a desirable
selectivity index (SI, CCs,/ECs,) of 280. Western blot analysis
of nucleocapsid levels also showed that the level of SARS-CoV-
2-specific nucleocapsid was significantly decreased by emetine
(ECso = 0.019 M) in a dose-dependent manner, indicating the
effect of this compound on the blockade of SARS-CoV-2 entry
in Vero cells. Results from other complementary evaluations also
showed that emetine has a significant anti-inflammatory
potential, allowing it to significantly decrease the lipopoly-
saccharide (LPS)-induced interleukin-6 (IL-6) protein level and

https://doi.org/10.1021/acsptsci.2c00045
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moderately decrease the tumor necrosis factor alpha (TNFa)
protein level in the M1 macrophages derived from THP-1
cells.”

Ram Kumar et al. also evaluated the in vitro anti-SARS-CoV-2
activity of emetine and declared that this compound can
potently suppress SARS-CoV-2 replication in Vero cells (ECy, =
0.147 nM, CCs, = 1603.8 nM, and SI = 10910.4) by disruption
of the SARS-CoV-2 mRNA binding with eukaryotic translation
initiation factor 4E (eIF4E), a cell-specific protein used to
initiate protein translation. It was also shown that emetine can
decrease viral RNA and protein synthesis without affecting other
stages of the SARS-CoV-2 life cycle. In addition, the mechanistic
evaluations of this study suggested that SARS-CoV-2 modulates
the ERK/MNK1/eIF4E signaling pathway for replication in the
host cells.”

For better analysis of SARS-CoV-2 RNA synthesis and
screening of appropriate inhibitors, recently Yuewen Luo et al.
engineered an interesting SARS-CoV-2 replicon system
consisting of four plasmids expressing the required fragments
of SARS-CoV-2. To verify the validity, the researchers evaluated
the system with emetine as a positive reference SARS-CoV-2
RNA-dependent RNA polymerase (RdRp) inhibitor and some
other drugs such as Remdesivir. In the evaluations of this study,
the highly strong anti-SARS-CoV-2 effects of emetine were once
again demonstrated in comparison with other commonly used
anti-COVID-19 drugs (Table 2).*

Table 2. Inhibitory Activity of Well-Known Anti-COVID-19
Drugs upon Replicon RNA Synthesis Compared to Emetine,
Quantified by Detecting Luciferase Activity, and Assessed by
the Newly Engineered SARS-CoV-2 Replicon System

drug ICs (uM)
Remdesivir 12.40
Lopinavir 6.79
Ritonavir 14.77
Emetine 0.27
Disulfiram 9.32

The high potential of emetine to fight SARS-CoV-2, as well as
to alleviate some complications of COVID-19 (discussed
below), has led some researchers to evaluate the effects of this
drug for the treatment of COVID-19 patients. Recently, a
clinical trial examined the effects of a low dose of emetine on
patients with mild COVID-19 symptoms. The researchers
reported that low doses of emetine in combination with
conventional antiviral drugs (Emetine 3.6 mg per os, 3 times per
day, for 10 days + Arbidol, 200 mg per os, 3 times per day) could
improve clinical symptoms compared with the control group.
They also suggested that moderate doses of emetine may have a
better potential for treating and preventing COVID-19.*

3. MECHANISMS OF SARS-CoV-2 INHIBITION

Recent studies have well described the mechanism of infection
and replication of the SARS-CoV-2 over the past 2 years.**~*
Generally, SARS-CoV-2 replication involves several steps,
starting with the identification of the host cell and attaching to
it, and leading to virus assembly and exocytosis. Similar to SARS-
CoV, the binding of SARS-CoV-2 to the host cells occurs also
through an interaction with the host angiotensin-converting
enzyme (ACE2).*"* In short, after the host cell and the
SARS-CoV-2 approach each other, the virus binds to the ACE2
receptor, and then spike (S) glycoprotein is cleaved through
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acid-dependent proteolytic cleavage by the host cell trans-
membrane serine protease 2 (TMPRSS2). After this stage,
endocytosis occurs upon fusion of the viral and host cell
membranes. Once the virus enters the host cell, it gradually
releases its RNA genome in the cytoplasm to be provided to the
host cell ribosomes for translation. By translating the viral
genome, immature polyproteins ppla and pplab are produced.
Under the influence of protease enzymes of the virus (enzymes
papain-like protease (PLpro) and main protease (3CLpro)),
these polyproteins are transformed into non-structural proteins
(NSP1—-NSP16). The NSPs along with RNA-dependent RNA
polymerase (RdRp, NSP12) as the central enzyme form the
replication—transcriptase complex (RTC). This complex is
responsible for the synthesis of the viral RNA genome, and
RdRp inhibitors such as remdesivir inhibit viral RNA synthesis
at this stage.*>** Finally, the structural proteins produced by the
endoplasmic reticulum, NSPs, and replicated RNA are all
assembled by the endoplasmic reticulum—golgi intermediate
compartment (ERGIC) to produce the new SARS-CoV-2 virus.
After this, exocytosis occurs and the new virus is released from
the cell membrane. The RdRp functional complex, which is
composed of NSP12 (a catalytic subunit), NSP7, and NSP8
(which can stimulate NSP12 polymerase activity), is a critical
enzyme in the SARS-CoV-2 life cycle that mediates the
transcription and replication of the RNA genome during the
viral replication processes.”” Since this enzyme is not similar to
any otggr one in humans, so it can be considered a valuable drug
target.

I%ike inhibition of MERS-CoV and Ebola,*** some studies
suggests that remdesivir also exerts its anti-SARS-CoV-2 effects
through inhibition of RdRp. In addition, recent studies have
reported strong effects in inhibiting the RdRp of some viruses for
both emetine and cephaeline. Recently, Shu Yang et al.
examined the inhibitory effect of emetine on Zika RNA-RdRp
function to determine the antiviral mechanism of action. The
results showed that both compounds strongly inhibited the
virus-RdRp activity, with IC, = 121 and 976 nM, respectively.”’
In addition to in vitro assessments, some computational studies
have also identified emetine as one of the strongest compounds
that can effectively interact with the active site of the SARS-
CoV-2 RdRp.”*!

Recently, Peng-Xuan Ren and co-workers conducted a multi-
targeted antiviral drug design strategy to identify SARS-CoV-2
inhibitors by considering potential antiviral targets, including
host-based target ribosome (focus on —1 programmed
ribosomal frameshifting region) and virus-based targets RdRp,
viral RNA, and nucleocapsid (N) protein. Using this multi-
targeted strategy, isoquinoline alkaloids lycorine, emetine, and
cephaeline were identified as potent anti-SARS-CoV-2 agents
with inhibitory effects on viral protein synthesis (occurring
through interaction with the host ribosome). In addition, it was
shown that emetine can attenuate SARS-CoV-2 propagation,
inhibit SARS-CoV-2 RdRp activity, and prevent the virus
maturation. The researchers used surface plasmon resonance
(SPR) to evaluate how emetine binds to SARS-CoV-2 RdRp and
to investigate the binding ability of this compound with the
RdRp (NSP-12) catalytic subunit. The results showed that both
emetine and cephaeline bind with NSP-12 with dissociation
constant (Kp) values of 25.7 and 19.6 uM, respectively. It was
also observed that these binding affinities increase sharply
(about 10 times more) in the presence of RNA. The researchers
also suggested that emetine may play a role in preventing SARS-
CoV-2 from maturing by destroying the viral core assembly

https://doi.org/10.1021/acsptsci.2c00045
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through blocking the recognition of the viral genome N protein.
The antiviral efficacy and cytotoxicity of these alkaloids were
also assessed in this study, and the results showed that lycorine,
emetine, and cephaeline have highly potent anti-SARS-CoV-2
activity, with ICs, = 0.439, 0.00771, and 0.0123 uM,
respectively.”

Recently, a study revealed some therapy targets and molecular
mechanisms that are useful in better understanding the role of
SARS-CoV-2 in the modulation of host cell processes by
establishing a human cell-culture model for infection with SARS-
CoV-2."7 The results of this study showed that SARS-CoV-2
also modulates some central cellular pathways, such as host
translation. Translation machine components translate at higher
rates, so SARS-CoV-2 replication is sensitive to host-translation
inhibition. In the past, the host-translation inhibition strategy
has also been used to inhibit the proliferation of coronaviruses in
some studies.””>> Using emetine as a well-known host-
translation inhibitor in this study showed promising results in
the inhibition of SARS-CoV-2 replication, with ICs, = 0.47 uM
at non-toxic concentrations in human Caco-2 cells.””

In another study, pseudovirus entry assays performed by
Liang Shen et al. showed that emetine can effectively block the
MERS-CoV S-mediated entry.”® Given the genetic similarity of
MERS-CoV to SARS-CoV-2 and their identical methods of
entering the cell, it is likely that emetine could prevent SARS-
CoV-2 from entering the host cell by the same mechanism.

4. ANTI-INFLAMMATORY EFFECTS

Sometimes the host’s immune response, especially the
inflammatory reactions that follow diseases, is more problematic
than the diseases themselves. A century ago, emetine was used to
treat patients during the Spanish flu pandemic. Based on the
therapeutic response of patients with Spanish influenza, some
evaluations suggest that the anti-inflammatory effects of emetine
may have played a major role in the treatment of these
patients.53 Because the severe inflammatory immune response
to SARS-CoV-2 infection is more damaging than viral self-
infection, the anti-inflammatory feature of emetine can be useful
in treating COVID-19 as it was in treating the Spanish flu. This
important therapeutic effect of emetine has been considered and
evaluated in some studies. In our previous study, we described
the importance of regulating some signaling pathways such as
nuclear factor kappa light chain enhancer of activated B-cells
(NF-kB) in reducing hyper-inflammatory immune responses in
COVID-19.>* Previous studies indicated that inflammation-
related disorders can disrupt and dysregulate the NF-xB
signaling pathway.”>*® Some previous studies indicated that
emetine has potent inhibitory activity against the NF-xB
signaling pathway. To find small molecules with NF-«xB
inhibitory activity, Susanne C. Miller et al. performed HTS on
a chemical library from the U.S. National Institutes of Health
(NIH)’s Chemical Genomics Center Pharmaceutical Collection
(NPC) containing about 2800 bioactive compounds and
clinically approved drugs, using an NF-kB-mediated f-lactamase
reporter gene assay. The results of this study identified emetine
as a potent NF-xB inhibitor with IC;, = 0.31 uM, by the
mechanism of nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor-alpha (IxkBa) phosphorylation
inhibition.”” In another study, by Vallabh Shah, a natural
product library containing 480 compounds was screened for
their capacity to inhibit the LPS-induced expression of TNFa in
whole blood leukocytes, to inhibit NF-xB activation, and to limit
the generation of pro-inflammatory signals. According to the
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reported results, emetine showed highly potent and broad
inhibitory effects on the LPS-induced expression of pro-
inflammatory cytokines TNFa (ICg, = 0.3 M), interleukin-1
beta (IL-1/3) (ICso = 0.3 uM), and IL-6 (ICyo = 0.4 uM) through
an NF-kB-dependent mechanism.>”

In a recent study, Ming-Cheng Lee claimed to have
discovered a new role for NF-kB in the expression of ACE2
(as the major receptor for SARS-CoV-2 infection and negative
regulator of the renin—angiotensin system) in human lung cells.
In this study, ACE2 expression was assessed in multiple human
lung cell lines in the presence of some NF-xB inhibitors such as
emetine, using Western blotting and RT-qPCR techniques. The
results showed that emetine alone could clearly reduce ACE2
mRNA and protein levels, but in the presence of zinc sulfate
supplementation, emetine had more suppressive effects on
ACE2 expression in H322M and Calu-3 cells.””

5. THERAPEUTIC EFFECTS AGAINST PULMONARY
ARTERIAL HYPERTENSION

Patients with COVID-19 who have underlying pulmonary
arterial hypertension (PAH) are among the most at-risk
COVID-19 patients.”"®® The release of pro-inflammatory
cytokines such as TNFa, IL-15, and IL-6 in the pulmonary
arteries of PAH patients leads to the production of reactive
oxygen species (ROS) and ultimately increases oxidative
stress.”* Cyclophilin A (CyPA) is a multifunctional protein
belonging to the immunophilin family that is upregulated in
inflammatory-related conditions, such as oxidative stress.”> This
chaperone protein increases vascular oxidative stress and
angiotensin II-induced aortic aneurysms, affecting the vascular
system.’® In a study, Kimio Satoh et al. reported that oxidative
stress induces the release of extracellular CyPA from PAH-
PASMC:s in pulmonary hypertension. These conditions increase
the secretion of cytokines/chemokines and growth factors from
PAH-PASMCs by affecting CyPA on its receptor basigin,
increasing the migration of inflammatory cells and the
proliferation of PASMCs. In fact, basigin promotes pulmonary
hypertension by inducing inflammation and proliferation of
vascular smooth muscle cells.”” Other studies showed that Rho-
associated coiled-coil-containing protein kinases (ROCK1 and
ROCK2) are considerably involved in the pathogenesis of
hypoxia-induced pulmonary hypertension,®® post-capillary
pulmonary hyg)ertension, and cardiac dysfunction due to left
heart diseases,”” and activation of them can induce the secretion
of CyPA.”””" Therefore, proper modulation of the Rho-kinase/
CyPA/Bsg signaling pathway can be a rational strategy for the
treatment of PAH.

Mitochondrial function is another important concern that is
extremely influenced under PAH situations, and pathogenic
conditions such as mitochondrial oxidative phosphorylation
(MOP) occur, increasing inflammation, proliferation, and
apoptosis resistance in pulmonary artery smooth muscle
cells.”> Under mitochondrial dysfunction, PAH-PASMCs
perform glycolysis instead of mitochondrial respiration (War-
burg effect), and expression of the hypoxia-inducible factor-1a
(HIE-1a) is enhanced.”” The disproportionate hyper-activation
of HIF-la leads to excessive proliferation and apoptosis
resistance in PAH-PASMCs. In summary, pulmonary artery
smooth muscle cells in PAH conditions acquire certain
characteristics such as apoptosis resistance, increased inflam-
mation, and excessive proliferation, and reducin§ these
disturbances can help control and treat the disease.”””
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Figure 2. Exertion of anti-cancer activity of emetine through the modulation of p38 MAPK and ERK signaling pathways. Activation of the p38 MAPK
pathway can lead to pathogenic conditions such as disruption of cardiac fibroblast function, induction of pro-inflammation, vasoconstriction, pro-
atrophy, and pro-fibrosis situations that eventually lead to cellular heart damage.

Recently, Mohammad Abdul Hai Siddique et al. tried to
identify suitable compounds to modulate the Rho-kinase/
CyPA/Bsg signaling pathway, with the aim of treating PAH. For
this purpose, these researchers first screened 5562 naturally
occurring and synthetic compounds, and after detailed in vitro
and in vivo evaluations, emetine was introduced as an excellent
therapeutic agent for the treatment of PAH. Results of the
comprehensive in vitro assessments showed that emetine, with
strong anti-proliferative and apoptotic inducer activity, elimi-
nates well the imbalance between proliferation and apoptosis in
pulmonary artery smooth muscle cells. Also, it was been shown
that emetine has remarkable inhibitory effects on ERK1/2-Akt
activity and the CyPA/Bsg signaling pathway (decrease in the
secretion of CyPA). Since CyPA secretion from PASMCs is
regulated by Rho-kinase, it was shown that emetine significantly
inhibits the expression of Rho-kinase isoforms and reduces
ROCK1 and ROCK2 protein levels. The protein levels of
bromodomain-containing protein 4 (BRD4) as a key regulatory
protein that promotes the PAH,”® downstream pyruvate
dehydrogenase kinase 1 (PDK1), secretion of cytokines/
chemokines and growth factors (IL-1f, IL-6, and TNFa), and
protein levels of HIF-1la and HIF-2a are other important
parameters that were shown to be significantly reduced by
emetine in vitro. In vivo evaluations also showed that emetine
could well reduce pulmonary hypertension and inflammation of
the lungs in experimental animal models of both sugen/hypoxia-
induced and monocrotaline-induced pulmonary hypertension
(in a dose-dependent manner) and improve right ventricular
function. Effective inhibition of pulmonary arterial hyper-
tension—pulmonary artery smooth muscle cells proliferation
without significant toxic effects on normal cells led those
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researchers to introduce emetine as a promising drug for the
treatment of PAH patients.”®

6. CARDIAC COMPLICATIONS

From the discovery of the anti-amoebiasis effects of emetine by
Vedder in 1912 until the advent of metronidazole in 1965, this
compound was the drug of choice for the treatment of acute
intestinal and extra-intestinal amoebiasis. This long period led to
the identification of emetine-related side effects and toxicities in
patients. Although emetine showed excellent therapeutic effects
during this period, it has generally been reported to have a
narrow therapeutic index.”””® Some studies have reported that
taking therapeutic doses of emetine may cause some
cardiovascular complications during or after treatment,
including electrocardiogram (ECG) abnormalities, ventricular
tachycardia and fibrillation, reversible myopathy, hypotension,
and sometimes pericardial pain and tachycardia.”” " Some
studies have linked emetine-induced cardiac toxicity to calcium
channel blockade by this drug.** Although some old studies
found these side effects to be dangerous,” some other reports
suggested that these side effects persist for a short time after
treatment and then the patient usually improves without any
changes in cardiovascular function. The usual therapeutic dose
of emetine hydrochloride for the treatment of amoebiasis is 1
mg/kg/day for 10 days or less. One study reported that emetine
at an even higher dose (2 mg/kg/day ip. for 9 days) has no
direct adverse effects on cardiac mitochondrial metabolism, and
metabolic damage to the myocardium is not considered to be
due to the toxicity of emetine.**

Since most of these studies were performed decades ago, it
seems necessary to evaluate the cardiac toxicity of emetine using
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novel facilities to contribute to a better understanding of the
advantages/disadvantages of using this compound in current
diseases such as COVID-19. However, old studies also provide
valuable information about the cardiotoxicity of emetine that
can be considered in clinical applications.

Although emetine has valuable therapeutic effects, it appears
to be associated with risks for the treatment of COVID-19
patients with underlying heart disease. The results of new
evaluations indicate the effect of emetine on some important
cellular processes and signaling pathways that can shed light on
ambiguities related to its cardiotoxicity. As mentioned earlier,
the p38 mitogen-activated protein kinase (p38 MAPK) pathway
is one of the critical targets whose disruption following SARS-
CoV-2 infection can lead to hyper-inflammatory complications
and vasoconstriction.*> Some previous studies have also well
described that an extraordinary increase in p38 MAPK pathway
activity eventually leads to damaging conditions such as
vasoconstriction, pro-inflammation, pro-atrophy, and pro-
fibrosis.®® Overall, new evaluations suggest that abnormal and
severe activation of the p38 MAPK pathway could lead to
cellular damage to the heart.”” Some reputable studies have
reported that emetine has significant stimulatory effects on this
pathway. A study conducted by Ji Hyun Kim et al. showed that
emetine could exert its anti-cancer activity by reducing the
degradation of extracellular matrix components via selective
down-regulation of matrix metalloproteinases 2 and/or 9,
mediated by effects on p38 MAPK and ERK signaling pathways.
According to the results of this study, emetine inhibits
extracellular signal-regulated kinase (ERK) activation, while
stimulating p38 MAPK activation.”® Another recently published
study repeated the findings of stimulatory effects of emetine on
the p38 MAPK pathway and its inhibitory effects on the ERK
and c-Jun N-terminal kinase (JNK) pathways.®” The stimulatory
effects of emetine on the p38 pathway were also reported in
some older studies.”” Although emetine is an approved drug, its
stimulant effects on the p38 MAPK pathway could be one of the
possible causes of cardiac side effects (Figure 2).

7. DRUG RESISTANCE

The emergence of drug resistance is one of the most important
problems that today has challenged the treatment processes in
modern medicine by reducing the longevity of drugs and
limiting treatment options. This is especially true in viral
infectious diseases, as the evolutionary pressure of survival
eventually leads to the emergence and strengthening of
mechanisms and genetic changes (such as site mutations,
deletions, and gene amplification) in these pathogens that
ultimately lead to their resistance to drugs.”' Since the
emergence and spread of this phenomenon severely affects
public health and creates a heavy financial burden, the
development of new strategies to detect and prevent drug
resistance is of great interest. Although a structure-based drug
design strategy has so far been remarkably successful in the
discovery and development of direct-acting antivirals (tradi-
tionally developed by directly targeting essential viral
components), it seems that this strategy should be further
considered for the design and production of host-directed
antiviral therapeutics. Some recent reviews have detailed the
benefits of developing antiviral drugs that target virus-required
host factors but are not mandatory for host cell functions.”~>*
The development of these inhibitors, which block some host
cellular receptors/proteins (host-based virus replication regu-
lators), could overshadow the genetic mutations of viruses that
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are key to the advent of drug resistance. However, drug
resistance against some host-directed agents can also occur
under certain conditions, such as the long-term use of host-
directed antiviral compounds that may give the virus a chance to
adapt to the use of an alternative host agent.

Drug resistance to emetine in the treatment of amoebic
diseases has been reported repeatedly in the past. Some of these
studies reported that, because emetine is a substrate for p-
glycoprotein, these organisms escape the cytotoxicity of emetine
through overexpressing p-glycoprotein genes, which results in
the reduction of effective cellular concentration.”> ™"’ In the case
of emetine fighting viruses, the situation is different. Emetine is
one of nature’s interesting products that manifests its antiviral
effects by both directly countering virus components and
modulating host-based antiviral targets. Because this compound
affects host cell function, it is expected that it should not be
inclined to produce drug-resistant viruses.

In a study conducted by Khandelwal et al,, the potential
development of drug-resistant virus variants on long-term
passage of some DNA and RNA viruses was studied in vitro
using Vero cells in the presence of emetine.'” The results
showed that emetine effectively suppresses the replication of
both RNA and DNA viruses without generating drug-resistant
virus variants. The researchers said that the very low tendency of
emetine to generate drug-resistant virus variants was probably
due to the effects of this compound on host-based factors, by
which altering them indirectly impairs the replication of the
virus.

Emetine and its hydroxyl-containing analogue, cephaeline
(Figure 1), are currently under preclinical development to
inhibit PPRV, NDV, BPXV, BHV-1, ZIKV, and EBOV as host-
directed antiviral agents by affecting lysosomal function.'***"*
Although it is expected that the use of emetine for the treatment
of COVID-19 will not lead to significant drug resistance, the
accurate acquisition of information requires the design and
conduct of independent studies.

8. STRUCTURAL ANALYSIS

Structurally, emetine has a monoterpenoid—tetrahydroiso-
quinoline skeleton consisting of five rings—A, B, C, D, and
E—in which rings D and E are separated by a methylene bridge
from interconnected rings A, B, and C (Figure 3). The

Figure 3. The chemical structure of emetine contains five chiral centers.

structure—activity relationships (SARs) of emetine and its
analogues in the evaluation of some biological activities have
been discussed in previous studies."””'7'%% One of the
important points mentioned in these studies is that emetine
can be biologically active when its C-1" is R-configured. Another
important SAR finding is that, in order to have biological
activity, the N-2’ position must be a secondary amine, which will
be discussed below. Because the active sites of the targets are
different, the SAR findings for a particular biological activity
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Figure 4. General structures of various modified emetine derivatives produced by semi-synthetic approaches using emetine along with various

electrophiles as starting materials.

cannot be generalized to other biological activities. Since
emetine is one of the most potent and promising compounds
identified for the treatment of COVID-19, performing SAR
studies on its derivatives is an undeniable necessity for achieving
the best emetine analogues for inhibiting SARS-CoV-2.
However, some past SAR findings related to the cytotoxic
effects of these derivatives are still useful for achieving safer
emetine derivatives.

In terms of the SAR in medicinal chemistry, the presence or
placement of hydroxyl groups in lipophilic bioactive structures
often reduces systemic toxicity and increases their solubility in
water. 0104 Cephaeline is one of the analogues of emetine
whose antiviral effects have been investigated in some studies.
Due to the presence of a hydroxyl group in its structure,
cephaeline is expected to be less toxic than emetine and better
tolerated in patients. As mentioned above, cephaeline has
antiviral effects similar and comparable to those of emetine, and
in some cases it shows even stronger effects against viruses.”* Ina
HTS effort by Liang Deng et al., in which the inhibitory effects of
2880 known drugs were tested on the replication of vaccinia
virus WR in cultured BSC40 cells, cephaeline was identified as

394

the strongest compound that can inhibit virus replication at non-
cytotoxic doses, with ICyy = 60 nM. Emetine was also identified
as one of the highly potent anti-vaccinia virus compounds in the
same study, with ICgy = 100 nM.'>® Cytotoxicity evaluations
have shown that having a hydroxyl group often causes
cephaeline to be less cytotoxic than emetine. For example, in a
study by Ren et al,, it was found that emetine has remarkable
cytotoxicity, with CCgy, = 2.17 uM, while cephaeline has desired
cytotoxicity, with CCgq = 49.05 M, assessed in Vero E6 cells.”

Structurally, the D ring of the emetine is of great importance.
Since much higher bioactivity has been observed for emetine in
previous studies compared to its analogues containing an
unsaturated D ring, it can be concluded that the saturation rate
of this ring has a key effect on the bioactivity of these
derivatives.'*° The saturation of the D ring in the emetine allows
the secondary amine at the 2’ position to act as both a hydrogen
bond donor and a hydrogen bond acceptor in the physiological
environment and in the interactions with the active site of the
receptors. In addition to the in vivo environment, in synthetic
processes the N-2' position of emetine is a proper place for
electrophilic attacks, thus allowing the production of new semi-
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synthetic modified structures (Figure 4).'°7''> A study by
Akinboye et al. reported that the secondary amine at the N-2’
position of emetine plays a critical role in its anti-cancer activity,
and any structural modification that leads to a change of this
amine from the secondary state greatly reduces its cytotoxicity.
The study’s authors cited the N-2’ position as a golden place to
design prodrugs with decreased systemic toxicity and enhanced
therapeutic usages compared to emetine.'’° This strategy can
also be assessed with the aim of achieving emetine prodrugs with
anti-SARS-CoV-2 effects but having fewer side effects and lower
systemic toxicity. Numerous other studies have also reported
that the cytotoxicity of modified emetine derivatives in which
substitutions are placed on the nitrogen at the 2’ position is
significantly reduced compared to that of emetine.'*>'*%'%%! 1

9. CONCLUSION

Emetine is one of the few highly potent anti-SARS-CoV-2 agents
ever introduced, identified in several studies and HTS efforts.
Many studies have reported that this compound has excellent
broad-spectrum antiviral effects against a wide range of RNA and
DNA viruses at non-cytotoxic concentrations. After the advent
of SARS-CoV-2, several independent studies identified emetine
as one of the most promising compounds in the fight against
COVID-19, and so repurposing it has been suggested.

The high potency of emetine in combating COVID-19 is due
to its beneficial pharmacological activities in addition to its anti-
SARS-CoV-2 effects. As mentioned in clinical evaluations,
proper management of inflammatory complications in COVID-
19 is a key point. Emetine has a significant anti-inflammatory
capability that could potently decrease the severity of hyper-
inflammatory immune responses induced by SARS-CoV-2
infection through decreasing the level of pro-inflammatory
cytokines IL-6, TNFa, and IL-1§ and inhibiting the NF-xB
signaling pathway. Since the concentration of emetine in the
lungs can be much higher than in the bloodstream, these
conditions can provide a good ground in the lungs to effectively
fight the virus. Pulmonary hypertension is a major problem in
some COVID-19 patients. The release of pro-inflammatory
cytokines in the pulmonary arteries of PAH patients leads to the
production of ROS and increases oxidative stress. When
oxidative stress conditions prevail, the body is exposed to a
number of secondary injuries, such as brain damage. It has been
shown that emetine can effectively combat oxidative stress
situations and inhibit pulmonary arterial hypertension and
pulmonary artery smooth muscle cells’ proliferation without
significant toxic effects on normal cells.

Inhibition of SARS-CoV-2 by emetine is accomplished
through interactions with both virus-based and host-based
targets. Although it is clear that emetine has valuable effects on
some host-based antiviral targets, which offers the advantage of
not causing drug resistance (in addition to having direct effects
on SARS-CoV-2), it can cause resistance if overused or misused.
Emetine can disrupt the SARS-CoV-2 mRNA binding with
eIF4E and decrease viral RNA production and protein synthesis.
Actually, emetine exerts part of its anti-SARS-CoV-2 activity by
the modulation of the ERK/MNXK1/eIF4E signaling pathway, a
critical target applied for viral replication in the host cells. RdRp
is a key virus-based target that is critical in the SARS-CoV-2 life
cycle; the results of some mechanistic evaluations suggest that
the potent inhibitory effects of emetine against SARS-CoV-2 are
associated with the inhibition of this enzyme.

Despite the promising antiviral effects of this drug against
SARS-CoV-2, its cardiac-related side effects have led to serious
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restrictions on its use. Emetine induces some cardiovascular
complications, such as heart rate changes and ECG
abnormalities, ventricular tachycardia, reversible myopathy,
and hypotension, during or after treatment. Some studies
suggest that these side effects persist for a short time after
treatment and then the patient usually recovers without any
changes in cardiovascular function, but these adverse effects
undoubtedly limit the use of emetine in high doses. Accordingly,
emetine does not appear to be a good candidate for the
treatment of COVID-19 patients with underlying cardiovascular
diseases. As reported in previous studies, emetine has significant
stimulatory effects on the p38 MAPK pathway, which could be
one of the possible causes of these side effects.

There is currently very little direct data associated with the
clinical effect of emetine against SARS-CoV-2 infection. More
validation studies, with high-quality evidence (both in vitro and
in animal models as well as on humans), are now needed.
Overall, it seems that emetine can be used in low doses to treat
COVID-19 patients. Some clinical trials showed that low doses
of emetine in combination with conventional antiviral drugs
such as Arbidol could improve clinical symptoms compared with
the control group. Some other assessments have shown a
synergistic effect of concomitant use of emetine and remdesivir
in effectively inhibiting SARS-CoV-2, which could be evaluated
by virologists and clinicians in future clinical trials.

On the topics of drug design and discovery, paying attention
to structures similar to emetine is important. Since the N-2’
position of emetine is a valuable place to design prodrugs with
reduced toxicity, using this atom to produce emetine prodrugs
with fewer side effects also could be a logical idea for future
research into the discovery of appropriate anti-COVID-19
agents.
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B ABBREVIATIONS

ACE2 angiotensin-converting enzyme

ANDV Andes orthohantavirus

Bsg basigin

BHV-1 bovine herpesvirus-1

BPXV buffalopoxvirus

COVID-19  coronavirus disease of 2019

CCy, cytotoxicity concentration 50%

CyPA cyclophilin A

Caco-2 human epithelial colorectal adenocarcinoma cell
line

DNA deoxyribonucleic acid

ECy, half-maximal effective concentration

EBOV Ebola virus

elF4E eukaryotic translation initiation factor 4E

ERK extracellular signal-regulated kinase

ECG electrocardiogram
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ERGIC endoplasmic reticulum—golgi intermediate com-
partment

EV-A71 enterovirus A71

FIP feline infectious peritonitis

FDA U.S. Food and Drug Administration

GFP green fluorescent protein

HTS high-throughput screening

HIV human immunodeficiency virus

HTNV Hantaan orthohantavirus

HSV herpes simplex viruses

HMPV human metapneumovirus

HIF-1a hypoxia-inducible factor-1a

HCoV-NL63 human coronavirus-NL63

HCoV-OC43 human coronavirus-OC43

IL-15 interleukin-1 beta

IL-6 interleukin-6

ICs, half-maximal inhibitory concentration

Ky dissociation constant

IxkBa nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha

IUPAC International Union of Pure and Applied
Chemistry

JAK3 Janus kinase 3

JNK c-Jun N-terminal kinase

LPS lipopolysaccharide

MERS-CoV  Middle East respiratory syndrome coronavirus

MHV-AS9  mouse hepatitis virus strain AS9

MNK1 MAPK-interacting serine/threonine-protein
kinase 1

MOP mitochondrial oxidative phosphorylation

MAPK mitogen-activated protein kinase

NF-«B nuclear factor kappa light chain enhancer of
activated B-cells

NDV Newcastle disease virus

NSP non-structural protein

NIH U.S. National Institutes of Health

PDK1 pyruvate dehydrogenase kinase 1

p38-MAPK  p38-mitogen-activated protein kinase

PCR polymerase chain reaction

PPRV peste des petits ruminants virus

PAH pulmonary arterial hypertension

PLpro papain-like protease

RABV rabies virus

RNA ribonucleic acid

ROCK Rho-associated coiled-coil-containing protein
kinase

RPE retinal pigment epithelium cell line

RdRp RNA-dependent RNA polymerase

RVEV Rift Valley fever virus

RT-qPCR quantitative reverse transcription PCR

RTC replication—transcriptase complex

ROS reacive oxygen species

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

SARS-CoV  severe acute respiratory syndrome coronavirus

SAR structure—activity relationship

SI selectivity index

SPR surface plasmon resonance

TNFa tumor necrosis factor alpha

THP-1 human monocytic cell line

TMPRSS2 transmembrane serine protease 2

T1 therapeutic index

ZIKV Zika virus

3CLPro 3-chymotrypsin-like protease

396

B REFERENCES

(1) Akinboye, E. S.; Bakare, O. Biological activities of emetine. Open
Natural Products Journal 2011, 4 (1), 8—15.

(2) Warowicka, A.; Nawrot, R,; Gozdzicka-Jézefiak, A. Antiviral
activity of berberine. Arch. Virol. 2020, 165 (9), 1935—1945.

(3) Valipour, M. Recent advances of antitumor shikonin/alkannin
derivatives: A comprehensive overview focusing on structural
classification, synthetic approaches, and mechanisms of action. Eur. J.
Med. Chem. 2022, 235, 114314.

(4) Corona, A; Wycisk, K; Talarico, C.; Manelfi, C; Milia, J.;
Cannalire, R.; Esposito, F.; Gribbon, P.; Zaliani, A.; Iaconis, D.; Beccari,
A. R;; Summa, V.; Nowotny, M.; Tramontano, E. Natural Compounds
Inhibit SARS-CoV-2 nsp13 Unwinding and ATPase Enzyme Activities.
ACS Pharmacol. Transl. Sci. 2022, S (4), 226—239.

(5) Glaser, J.; Sedova, A.; Galanie, S.; Kneller, D. W.; Davidson, R. B.;
Maradzike, E.; Del Galdo, S.; Labbé, A.; Hsu, D. J.; Agarwal, R.; Bykov,
D.; Tharrington, A.; Parks, J. M.; Smith, D. M. A.; Daidone, L; Coates,
L.; Kovalevsky, A.; Smith, J. C. Hit Expansion of a Noncovalent SARS-
CoV-2 Main Protease Inhibitor. ACS Pharmacol. Transl. Sci. 2022, S
(4), 255—265.

(6) Firestone, T. M.; Oyewole, O. O.; Reid, S. P,; Ng, C. L.
Repurposing Quinoline and Artemisinin Antimalarials as Therapeutics
for SARS-CoV-2: Rationale and Implications. ACS Pharmacol Transl
Sci. 2021, 4 (2), 613—623.

(7) Grollman, A. P. Structural basis for inhibition of protein synthesis
by emetine and cycloheximide based on an analogy between ipecac
alkaloids and glutarimide antibiotics. Proc. Natl. Acad. Sci. U. S. A. 1966,
56 (6), 1867—74.

(8) Grollman, A. P. Inhibitors of protein biosynthesis V. Effects of
emetine on protein and nucleic acid biosynthesis in HeLa cells. J. Biol.
Chem. 1968, 243 (15), 4089—94.

(9) Sun, Q;; Fu, Q; Li, S.; Li, J.; Liy, S,; Wang, Z.; Su, Z.; Song, J.; Lu,
D. Emetine exhibits anticancer activity in breast cancer cells as an
antagonist of Wnt/f-catenin signaling. Oncol. Rep. 2019, 42 (5), 1735—
1744.

(10) Akinboye, E. S.; Rosen, M. D.; Bakare, O.; Denmeade, S. R.
Anticancer activities of emetine prodrugs that are proteolytically
activated by the prostate specific antigen (PSA) and evaluation of in
vivo toxicity of emetine derivatives. Bioorg. Med. Chem. 2017, 25 (24),
6707—-6717.

(11) Foreman, K. E.; Jesse, J. N., 3rd; Kuo, P. C.; Gupta, G. N. Emetine
dihydrochloride: a novel therapy for bladder cancer. J. Urol. 2014, 191
(2), 502-9.

(12) Khandelwal, N.; Chander, Y.; Rawat, K. D.; Riyesh, T.; Nishanth,
C.; Sharma, S,; Jindal, N.; Tripathi, B. N.; Barua, S.; Kumar, N. Emetine
inhibits replication of RNA and DNA viruses without generating drug-
resistant virus variants. Antiviral Res. 2017, 144, 196—204.

(13) Khalifa, S. A. M.; Yosri, N.; El-Mallah, M. F.; Ghonaim, R.; Guo,
Z.; Musharraf, S. G.; Du, M,; Khatib, A.; Xiao, J.; Saeed, A.; El-Seedi, H.
H. R,; Zhao, C,; Efferth, T.; El-Seedi, H. R. Screening for natural and
derived bio-active compounds in preclinical and clinical studies: One of
the frontlines of fighting the coronaviruses pandemic. Phytomedicine
2021, 85, 153311.

(14) Wang, Z.; Yang, L. Turning the Tide: Natural Products and
Natural-Product-Inspired Chemicals as Potential Counters to SARS-
CoV-2 Infection. Front Pharmacol. 2020, 11, 1013.

(15) Yang, L.; Wang, Z. Natural Products, Alone or in Combination
with FDA-Approved Drugs, to Treat COVID-19 and Lung Cancer.
Biomedicines 2021, 9 (6), 689.

(16) Low,J.S.Y.; Chen, K. C.; Wu, K. X.; Mah-Lee, Ng M; Hann Chu,
J. J. Antiviral Activity of Emetine Dihydrochloride Against Dengue
Virus Infection. . Antivir. Antiretrovir. 2009, 1, 62—71.

(17) Mukhopadhyay, R; Roy, S.; Venkatadri, R;; Su, Y. P.; Ye, W,;
Barnaeva, E.; Mathews Griner, L.; Southall, N.; Hu, X.; Wang, A. Q;
Xu, X.; Dulcey, A. E.; Marugan, J. J.; Ferrer, M.; Arav-Boger, R. Efficacy
and Mechanism of Action of Low Dose Emetine against Human
Cytomegalovirus. PLoS Pathog. 2016, 12 (6), No. e1005717.

(18) Valadio, A. L.; Abreu, C. M,; Dias, J. Z.; Arantes, P.; Verli, H.;
Tanuri, A.; de Aguiar, R. S. Natural Plant Alkaloid (Emetine) Inhibits

https://doi.org/10.1021/acsptsci.2c00045
ACS Pharmacol. Transl. Sci. 2022, 5, 387—399


https://doi.org/10.2174/1874848101104010008
https://doi.org/10.1007/s00705-020-04706-3
https://doi.org/10.1007/s00705-020-04706-3
https://doi.org/10.1016/j.ejmech.2022.114314
https://doi.org/10.1016/j.ejmech.2022.114314
https://doi.org/10.1016/j.ejmech.2022.114314
https://doi.org/10.1021/acsptsci.1c00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.0c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.0c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.56.6.1867
https://doi.org/10.1073/pnas.56.6.1867
https://doi.org/10.1073/pnas.56.6.1867
https://doi.org/10.1016/S0021-9258(18)93283-7
https://doi.org/10.1016/S0021-9258(18)93283-7
https://doi.org/10.3892/or.2019.7290
https://doi.org/10.3892/or.2019.7290
https://doi.org/10.1016/j.bmc.2017.11.015
https://doi.org/10.1016/j.bmc.2017.11.015
https://doi.org/10.1016/j.bmc.2017.11.015
https://doi.org/10.1016/j.juro.2013.09.014
https://doi.org/10.1016/j.juro.2013.09.014
https://doi.org/10.1016/j.antiviral.2017.06.006
https://doi.org/10.1016/j.antiviral.2017.06.006
https://doi.org/10.1016/j.antiviral.2017.06.006
https://doi.org/10.1016/j.phymed.2020.153311
https://doi.org/10.1016/j.phymed.2020.153311
https://doi.org/10.1016/j.phymed.2020.153311
https://doi.org/10.3389/fphar.2020.01013
https://doi.org/10.3389/fphar.2020.01013
https://doi.org/10.3389/fphar.2020.01013
https://doi.org/10.3390/biomedicines9060689
https://doi.org/10.3390/biomedicines9060689
https://doi.org/10.4172/jaa.1000009
https://doi.org/10.4172/jaa.1000009
https://doi.org/10.1371/journal.ppat.1005717
https://doi.org/10.1371/journal.ppat.1005717
https://doi.org/10.1371/journal.ppat.1005717
https://doi.org/10.3390/molecules200611474
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

REVIEY

pubs.acs.org/ptsci

HIV-1 Replication by Interfering with Reverse Transcriptase Activity.
Molecules 2015, 20 (6), 11474—11489.

(19) Abate, C.; Niso, M.; Abatematteo, F. S.; Contino, M.; Colabufo,
N. A; Berardi, F. PB28, the Sigma-1 and Sigma-2 Receptors Modulator
With Potent Anti-SARS-CoV-2 Activity: A Review About Its
Pharmacological Properties and Structure Affinity Relationships.
Front. Pharmacol. 2020, 11, 589810.

(20) MacGibeny, M. A.; Koyuncu, O. O.; Wirblich, C.; Schnell, M. J.;
Enquist, L. W. Retrograde axonal transport of rabies virus is unaffected
by interferon treatment but blocked by emetine locally in axons. PLoS
Pathog. 2018, 14 (7), No. e1007188.

(21) Andersen, P. L; Krpina, K; Ianevski, A.; Shtaida, N.; Jo, E.; Yang,
J.; Koit, S.; Tenson, T.; Hukkanen, V.; Anthonsen, M. W,; Bjoras, M.;
Evander, M.; Windisch, M. P.; Zusinaite, E.; Kainov, D. E. Novel
Antiviral Activities of Obatoclax, Emetine, Niclosamide, Brequinar, and
Homobharringtonine. Viruses 2019, 11 (10), 964.

(22) Tang, Q; Li, S;; Dy, L.; Chen, S.; Gao, J.; Cai, Y.; Xu, Z.; Zhao,
Z.; Lan, K,; Wy, S. Emetine protects mice from enterovirus infection by
inhibiting viral translation. Antiviral Res. 2020, 173, 104650.

(23) Yang, S.; Xu, M.; Lee, E. M.; Gorshkov, K.; Shiryaev, S. A; He, S.;
Sun, W,; Cheng, Y. S.; Hu, X.; Tharappel, A. M.; Lu, B,; Pinto, A.; Farhy,
C.; Huang, C. T.; Zhang, Z.; Zhu, W.; Wy, Y.; Zhou, Y.; Song, G.; Zhu,
H.; Shamim, K.; Martinez-Romero, C.; Garcia-Sastre, A.; Preston, R.
A,; Jayaweera, D. T.; Huang, R.;; Huang, W.; Xia, M.; Simeonov, A,;
Ming, G.; Qiu, X,; Terskikh, A. V.; Tang, H,; Song, H,; Zheng, W.
Emetine inhibits Zika and Ebola virus infections through two molecular
mechanisms: inhibiting viral replication and decreasing viral entry. Cell
Discovery 2018, 4, 31.

(24) Loe, M. W. C.; Lee, R. C. H.; Chu, J. J. H. Antiviral activity of the
FDA-approved drug candesartan cilexetil against Zika virus infection.
Antiviral Res. 2019, 172, 104637.

(25) Edwards, M. R.; Pietzsch, C.; Vausselin, T.; Shaw, M. L.;
Bukreyev, A.; Basler, C. F. High-Throughput Minigenome System for
Identifying Small-Molecule Inhibitors of Ebola Virus Replication. ACS
Infect Dis. 20185, 1 (8), 380—7.

(26) Maltezou, H. C.; Theodoridou, K; Poland, G. Influenza
immunization and COVID-19. Vaccine 2020, 38 (39), 6078—6079.

(27) Dyall, J; Coleman, C. M,; Hart, B. J.; Venkataraman, T.;
Holbrook, M. R.; Kindrachuk, J.; Johnson, R. F.; Olinger, G. G., Jr;
Jahrling, P. B.; Laidlaw, M.; Johansen, L. M.; Lear-Rooney, C. M.; Glass,
P.J.; Hensley, L. E.; Frieman, M. B. Repurposing of clinically developed
drugs for treatment of Middle East respiratory syndrome coronavirus
infection. Antimicrob. Agents Chemother. 2014, S8 (8), 4885—93.

(28) Shen, L.; Niu, J.; Wang, C.; Huang, B.; Wang, W.; Zhu, N.; Deng,
Y.; Wang, H,; Ye, F.; Cen, S.; Tan, W. High-Throughput Screening and
Identification of Potent Broad-Spectrum Inhibitors of Coronaviruses. J.
Virol. 2019, 93 (12), No. e00023-19.

(29) Choy, K. T.; Wong, A. Y.; Kaewpreedee, P.; Sia, S. F.; Chen, D.;
Hui, K. P.Y.; Chu, D. K. W.; Chan, M. C. W.; Cheung, P. P.; Huang, X,;
Peiris, M.; Yen, H. L. Remdesivir, lopinavir, emetine, and
homoharringtonine inhibit SARS-CoV-2 replication in vitro. Antiviral
Res. 2020, 178, 104786.

(30) Asano, T.; Ishihara, K.; Wakui, Y.; Yanagisawa, T.; Kimura, M.;
Kamei, H.; Yoshida, T.; Kuroiwa, Y.; Fujii, Y.; Yamashita, M,;
Kuramochi, T.; Tomisawa, H.; Tateishi, M. Absorption, distribution
and excretion of 3H-labeled cephaeline- and emetine-spiked ipecac
syrup in rats. Eur. J. Drug Metab Pharmacokinet. 2002, 27 (1), 17—27.

(31) Wang, A.; Sun, Y,; Liu, Q; Wu, H; Liu, J.; He, J.; Yu,J.; Chen, Q.
Q.; Ge, Y,; Zhang, Z.; Hu, C.; Chen, C.; Qi, Z; Zou, F.; Liu, F.; Hy, J;
Zhao, M.; Huang, T.; Wang, B.; Wang, L.; Wang, W.; Wang, W.; Ren,
T,; Liu, J.; Sun, Y,; Fan, S.; Wu, Q.; Liang, C.; Sun, L.; Su, B.; Wei, W.;
Liu, Q. Low dose of emetine as potential anti-SARS-CoV-2 virus
therapy: preclinical in vitro inhibition and in vivo pharmacokinetic
evidences. Mol. Biomed. 2020, 1 (1), 14.

(32) Ellinger, B.; Bojkova, D.; Zaliani, A.; Cinatl, J.; Claussen, C.;
Westhaus, S.; Keminer, O.; Reinshagen, J.; Kuzikov, M.; Wolf, M,;
Geisslinger, G.; Gribbon, P.; Ciesek, S. A SARS-CoV-2 cytopathicity
dataset generated by high-content screening of a large drug repurposing
collection. Sci. Data. 2021, 8 (1), 70.

397

(33) Ko, M.; Chang, S. Y.; Byun, S. Y.; Ianevski, A.; Choi, I.; Pham
Hung d’Alexandry d’Orengiani, A. L.; Ravlo, E.; Wang, W.; Bjoras, M.;
Kainov, D. E.; Shum, D.; Min, J. Y.; Windisch, M. P. Screening of FDA-
Approved Drugs Using a MERS-CoV Clinical Isolate from South Korea
Identifies Potential Therapeutic Options for COVID-19. Viruses 2021,
13 (4), 651.

(34) Kumar, R.; Afsar, M.; Khandelwal, N.; Chander, Y.; Riyesh, T.;
Dedar, R. K,; Gulati, B. R;; Pal, Y.; Barua, S.; Tripathi, B. N.; Hussain,
T.; Kumar, N. Emetine suppresses SARS-CoV-2 replication by
inhibiting interaction of viral mRNA with eIF4E. Antiviral Res. 2021,
189, 105056.

(35) Ren, P. X; Shang, W. J.; Yin, W. C.; Ge, H.; Wang, L.; Zhang, X.
L; Li, B. Q; Li, H. L; Xu, Y. C;; Xu, E. H; Jiang, H. L; Zhu, L. L;
Zhang, L. K; Bai, F. A multi-targeting drug design strategy for
identifying potent anti-SARS-CoV-2 inhibitors. Acta Pharmacol. Sin.
2022, 43 (2), 483—493.

(36) Luo, Y.; Yu, F;; Zhou, M; Liu, Y.; Xia, B.; Zhang, X; Liu, J;
Zhang, J.; Dy, Y,; Li, R;; Wu, L.; Zhang, X,; Pan, T.; Guo, D.; Peng, T;
Zhang, H. Engineering a Reliable and Convenient SARS-CoV-2
Replicon System for Analysis of Viral RNA Synthesis and Screening of
Antiviral Inhibitors. mBio 2021, 12 (1), No. e02754-20.

(37) Bojkova, D.; Klann, K; Koch, B.; Widera, M.; Krause, D.; Ciesek,
S.; Cinatl, J.; Miinch, C. Proteomics of SARS-CoV-2-infected host cells
reveals therapy targets. Nature. 2020, 583 (7816), 469—472.

(38) Yang, C. W,; Peng, T. T.; Hsu, H. Y.; Lee, Y. Z.; Wu, S. H,; Lin,
W.H,; Ke, Y. Y,; Hsu, T. A,; Yeh, T. K;; Huang, W. Z,; Lin, J. H.; Sytwu,
H.K,; Chen, C. T.; Lee, S. J. Repurposing old drugs as antiviral agents
for coronaviruses. Biomed. J. 2020, 43 (4), 368—374.

(39) Fan, S.; Zhen, Q.; Chen, C.; Wang, W.; Wu, Q;; Ma, H.; Zhang,
C.; Zhang, L.; Lu, B.; Ge, H.; Yong, L.; Li, B.; Yu, Y.; Chen, W.; Mao, Y.;
Qu, G,; Su, L.; Wang, A; Ding, Z.; Li, H.; Zhang, J.; Wang, Y.; Gao, Y.;
Xu, X,; Zhu, Z.; Chen, J.; Zhang, L.; Liang, H.; Wu, S.; Huang, M.; Xia,
Q; Li, P,; Sun, Y.; Liang, C.; Wei, W.; Liu, Q.; Sun, L. Clinical efficacy of
low-dose emetine for patients with COVID-19: a real-world study. J.
BioX Res. 2021, 4 (2), 53—59.

(40) Shang, J.; Wan, Y.; Luo, C; Ye, G.; Geng, Q.; Auerbach, A; Li, F.
Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. U. S. A.
2020, 117 (21), 11727—11734.

(41) Harrison, A. G; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2
Transmission and Pathogenesis. Trends Immunol. 2020, 41 (12),
1100—-111S.

(42) Jackson, C. B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of
SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23 (1), 3—
20.

(43) Yang, J.; Petitjean, S. J. L.; Koehler, M.; Zhang, Q.; Dumitru, A.
C.; Chen, W,; Derclaye, S.; Vincent, S. P.; Soumillion, P.; Alsteens, D.
Molecular interaction and inhibition of SARS-CoV-2 binding to the
ACE2 receptor. Nat. Commun. 2020, 11 (1), 4541.

(44) Dutta, K. Allosteric Site of ACE-2 as a Drug Target for COVID-
19. ACS Pharmacol Transl Sci. 2022, S (3), 179—182.

(4S) Yin, W.; Mao, C.; Luan, X.; Shen, D. D.; Shen, Q.; Su, H.; Wang,
X.; Zhou, F.; Zhao, W.; Gao, M.; Chang, S.; Xie, Y. C,; Tian, G.; Jiang,
H.W,; Tao, S. C; Shen, J.; Jiang, Y.; Jiang, H.; Xu, Y.; Zhang, S.; Zhang,
Y.; Xu, H. E. Structural basis for inhibition of the RNA-dependent RNA
polymerase from SARS-CoV-2 by remdesivir. Science. 2020, 368
(6498), 1499—1504.

(46) Gao, Y; Yan, L,; Huang, Y.; Liu, F.; Zhao, Y.; Cao, L.; Wang, T ;
Sun, Q;; Ming, Z.; Zhang, L.; Ge, J.; Zheng, L.; Zhang, Y.; Wang, H;
Zhu, Y.; Zhu, C; Hu, T.; Hua, T.; Zhang, B.; Yang, X,; Li, ].; Yang, H,;
Liu, Z.; Xu, W.; Guddat, L. W.; Wang, Q.; Lou, Z.; Rao, Z. Structure of
the RNA-dependent RNA polymerase from COVID-19 virus. Science
2020, 368 (6492), 779—782.

(47) Machitani, M.; Yasukawa, M.; Nakashima, J.; Furuichi, Y.;
Masutomi, K. RNA-dependent RNA polymerase, RARP, a promising
therapeutic target for cancer and potentially COVID-19. Cancer Sci.
2020, 111 (11), 3976—3984.

(48) Gordon, C.]J.; Tchesnokov, E. P.; Feng, ]. Y.; Porter, D. P.; Gétte,
M. The antiviral compound remdesivir potently inhibits RNA-

https://doi.org/10.1021/acsptsci.2c00045
ACS Pharmacol. Transl. Sci. 2022, 5, 387—399


https://doi.org/10.3390/molecules200611474
https://doi.org/10.3389/fphar.2020.589810
https://doi.org/10.3389/fphar.2020.589810
https://doi.org/10.3389/fphar.2020.589810
https://doi.org/10.1371/journal.ppat.1007188
https://doi.org/10.1371/journal.ppat.1007188
https://doi.org/10.3390/v11100964
https://doi.org/10.3390/v11100964
https://doi.org/10.3390/v11100964
https://doi.org/10.1016/j.antiviral.2019.104650
https://doi.org/10.1016/j.antiviral.2019.104650
https://doi.org/10.1038/s41421-018-0034-1
https://doi.org/10.1038/s41421-018-0034-1
https://doi.org/10.1016/j.antiviral.2019.104637
https://doi.org/10.1016/j.antiviral.2019.104637
https://doi.org/10.1021/acsinfecdis.5b00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.5b00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.vaccine.2020.07.058
https://doi.org/10.1016/j.vaccine.2020.07.058
https://doi.org/10.1128/AAC.03036-14
https://doi.org/10.1128/AAC.03036-14
https://doi.org/10.1128/AAC.03036-14
https://doi.org/10.1128/JVI.00023-19
https://doi.org/10.1128/JVI.00023-19
https://doi.org/10.1016/j.antiviral.2020.104786
https://doi.org/10.1016/j.antiviral.2020.104786
https://doi.org/10.1007/BF03190401
https://doi.org/10.1007/BF03190401
https://doi.org/10.1007/BF03190401
https://doi.org/10.1186/s43556-020-00018-9
https://doi.org/10.1186/s43556-020-00018-9
https://doi.org/10.1186/s43556-020-00018-9
https://doi.org/10.1038/s41597-021-00848-4
https://doi.org/10.1038/s41597-021-00848-4
https://doi.org/10.1038/s41597-021-00848-4
https://doi.org/10.3390/v13040651
https://doi.org/10.3390/v13040651
https://doi.org/10.3390/v13040651
https://doi.org/10.1016/j.antiviral.2021.105056
https://doi.org/10.1016/j.antiviral.2021.105056
https://doi.org/10.1038/s41401-021-00668-7
https://doi.org/10.1038/s41401-021-00668-7
https://doi.org/10.1128/mBio.02754-20
https://doi.org/10.1128/mBio.02754-20
https://doi.org/10.1128/mBio.02754-20
https://doi.org/10.1038/s41586-020-2332-7
https://doi.org/10.1038/s41586-020-2332-7
https://doi.org/10.1016/j.bj.2020.05.003
https://doi.org/10.1016/j.bj.2020.05.003
https://doi.org/10.1097/JBR.0000000000000076
https://doi.org/10.1097/JBR.0000000000000076
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1016/j.it.2020.10.004
https://doi.org/10.1016/j.it.2020.10.004
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41580-021-00418-x
https://doi.org/10.1038/s41467-020-18319-6
https://doi.org/10.1038/s41467-020-18319-6
https://doi.org/10.1021/acsptsci.2c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.2c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abc1560
https://doi.org/10.1126/science.abc1560
https://doi.org/10.1126/science.abb7498
https://doi.org/10.1126/science.abb7498
https://doi.org/10.1111/cas.14618
https://doi.org/10.1111/cas.14618
https://doi.org/10.1074/jbc.AC120.013056
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

REVIEY

pubs.acs.org/ptsci

dependent RNA polymerase from Middle East respiratory syndrome
coronavirus. J. Biol. Chem. 2020, 295 (15), 4773—4779.

(49) Tchesnokov, E. P; Feng, J. Y.; Porter, D. P.; Gotte, M.
Mechanism of Inhibition of Ebola Virus RNA-Dependent RNA
Polymerase by Remdesivir. Viruses 2019, 11 (4), 326.

(50) Gurung, A. B;; Ali, M. A;; Lee, J.; Farah, M. A.; Al-Anazi, K. M.
The potential of Paritaprevir and Emetine as inhibitors of SARS-CoV-2
RdRp. Saudi J. Biol. Sci. 2021, 28 (2), 1426—1432.

(51) Snoussi, M.; Redissi, A.; Mosbah, A.; De Feo, V.; Adnan, M.;
Aouadi, K;; Alreshidi, M.; Patel, M.; Kadri, A.; Noumi, E. Emetine, a
potent alkaloid for the treatment of SARS-CoV-2 targeting papain-like
protease and non-structural proteins: pharmacokinetics, molecular
docking and dynamic studies. J. Biomol. Struct. Dyn. 2021, 1—14.

(52) Pillaiyar, T.; Meenakshisundaram, S.; Manickam, M. Recent
discovery and development of inhibitors targeting coronaviruses. Drug
Discov. Today. 2020, 25 (4), 668—688.

(53) Bleasel, M. D.; Peterson, G. M. Emetine Is Not Ipecac:
Considerations for Its Use as Treatment for SARS-CoV2. Pharmaceut-
icals (Basel) 2020, 13 (12), 428.

(54) Valipour, M.; Zarghi, A.; Ebrahimzadeh, M. A; Irannejad, H.
Therapeutic potential of chelerythrine as a multi-purpose adjuvant for
the treatment of COVID-19. Cell Cycle 2021, 20 (22), 2321—2336.

(55) Tak, P. P.; Firestein, G. S. NF-kappaB: a key role in inflammatory
diseases. J. Clin Invest. 2001, 107 (1), 7—11.

(56) Yamamoto, Y.; Gaynor, R. B. Role of the NF-kappaB pathway in
the pathogenesis of human disease states. Curr. Mol. Med. 2001, 1 (3),
287-96.

(57) Miller, S. C.; Huang, R; Sakamuru, S.; Shukla, S. J.; Attene-
Ramos, M. S.; Shinn, P.; Van Leer, D.; Leister, W.; Austin, C. P.; Xia, M.
Identification of known drugs that act as inhibitors of NF-kappaB
signaling and their mechanism of action. Biochem. Pharmacol. 2010, 79
(9), 1272-80.

(58) Shah, V.; Ferguson, J.; Hunsaker, L.; Deck, L.; Vander Jagt, D.
Cardiac glycosides inhibit LPS-induced activation of pro-inflammatory
cytokines in whole blood through an NF-«B-dependent mechanism.
Int. J. Appl. Res. Nat. Prod. 2011, 4, 11—19.

(59) Lee, M. C.; Chen, Y. K; Tsai-Wu, J.J.; Hsu, Y. J.; Lin, B. R. Zinc
supplementation augments the suppressive effects of repurposed NF-
kB inhibitors on ACE2 expression in human lung cell lines. Life Sci.
2021, 280, 119752.

(60) Belge, C.; Quarck, R; Godinas, L.; Montani, D.; Escribano
Subias, P.; Vachiéry, J. L.; Nashat, H.; Pepke-Zaba, J.; Humbert, M.;
Delcroix, M. COVID-19 in pulmonary arterial hypertension and
chronic thromboembolic pulmonary hypertension: a reference centre
survey. ERJ Open Res. 2020, 6 (4), 00520-2020.

(61) Ryan, J. J.; Melendres-Groves, L.; Zamanian, R. T.; Oudiz, R. J.;
Chakinala, M.; Rosenzweig, E. B.; Gomberg-Maitland, M. Care of
patients with pulmonary arterial hypertension during the coronavirus
(COVID-19) pandemic. Pulm. Circ. 2020, 10 (2), 1-7.

(62) Farha, S.; Heresi, G. A. COVID-19 and Pulmonary Arterial
Hypertension: Early Data and Many Questions. Ann. Am. Thorac Soc.
2020, 17 (12), 1528—1530.

(63) Puthia, M.; Tanner, L.; Petruk, G.; Schmidtchen, A. Experimental
Model of Pulmonary Inflammation Induced by SARS-CoV-2 Spike
Protein and Endotoxin. ACS Pharmacol. Transl. Sci. 2022, S, 141.

(64) Lerner, T.R.; Borel, S.; Greenwood, D. J.; Repnik, U.; Russell, M.
R; Herbst, S.; Jones, M. L.; Collinson, L. M,; Griffiths, G.; Gutierrez, M.
G. Mycobacterium tuberculosis replicates within necrotic human
macrophages. J. Cell Biol. 2017, 216 (3), 583—594.

(65) Nigro, P.; Pompilio, G.; Capogrossi, M. C. Cyclophilin A: a key
player for human disease. Cell Death Dis. 2013, 4 (10), No. e888.

(66) Satoh, K.; Nigro, P.; Matoba, T.; O’Dell, M. R.; Cui, Z.; Shi, X;
Mohan, A;; Yan, C; Abe, J; Illig, K. A.; Berk, B. C. Cyclophilin A
enhances vascular oxidative stress and the development of angiotensin
I-induced aortic aneurysms. Nat. Med. 2009, 15 (6), 649—656.

(67) Satoh, K.; Satoh, T.; Kikuchi, N.; Omura, J.; Kurosawa, R.;
Suzuki, K; Sugimura, K; Aoki, T.; Nochioka, K; Tatebe, S.;
Miyamichi-Yamamoto, S.; Miura, M.; Shimizu, T.; Ikeda, S.; Yaoita,
N.; Fukumoto, Y.; Minami, T.; Miyata, S.; Nakamura, K; Ito, H,;

398

Kadomatsu, K; Shimokawa, H. Basigin mediates pulmonary hyper-
tension by promoting inflammation and vascular smooth muscle cell
proliferation. Circ. Res. 2014, 115 (8), 738—50.

(68) Shimizu, T.; Fukumoto, Y.; Tanaka, S.; Satoh, K; Ikeda, S.;
Shimokawa, H. Crucial role of ROCK2 in vascular smooth muscle cells
for hypoxia-induced pulmonary hypertension in mice. Arterioscler
Thromb Vasc Biol. 2013, 33 (12), 2780—91.

(69) Sunamura, S.; Satoh, K.; Kurosawa, R.; Ohtsuki, T.; Kikuchi, N.;
Elias-Al-Mamun, M.; Shimizu, T.; Ikeda, S.; Suzuki, K, Satoh, T;
Omura, J; Nogi, M,; Numano, K,; Siddique, M. A. H,; Miyata, S,;
Miura, M.; Shimokawa, H. Different roles of myocardial ROCK1 and
ROCK2 in cardiac dysfunction and postcapillary pulmonary hyper-
tension in mice. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (30), E7129—
E7138.

(70) Satoh, K.; Nigro, P.; Berk, B. C. Oxidative stress and vascular
smooth muscle cell growth: a mechanistic linkage by cyclophilin A.
Antioxid Redox Signal. 2010, 12 (S), 675—82.

(71) Satoh, K.; Shimokawa, H.; Berk, B. C. Cyclophilin A: promising
new target in cardiovascular therapy. Circ J. 2010, 74 (11), 2249—56.

(72) Malenfant, S.; Neyron, A. S.; Paulin, R.; Potus, F.; Meloche, J;
Provencher, S.; Bonnet, S. Signal transduction in the development of
pulmonary arterial hypertension. Pulm Circ. 2013, 3 (2), 278—93.

(73) Ryan, J. J.; Archer, S. L. Emerging concepts in the molecular basis
of pulmonary arterial hypertension: part I: metabolic plasticity and
mitochondrial dynamics in the pulmonary circulation and right
ventricle in pulmonary arterial hypertension. Circulation. 2015, 131
(19), 1691-702.

(74) Zhao, L.; Luo, H; Li, X; Li, T.; He, J.; Qi, Q;; Liu, Y;; Yu, Z.
Exosomes Derived from Human Pulmonary Artery Endothelial Cells
Shift the Balance between Proliferation and Apoptosis of Smooth
Muscle Cells. Cardiology. 2017, 137 (1), 43—53.

(75) Meloche, J.; Potus, F.; Vaillancourt, M.; Bourgeois, A.; Johnson,
L; Deschamps, L.; Chabot, S.; Ruffenach, G.; Henry, S.; Breuils-Bonnet,
S.; Tremblay, E; Nadeau, V.; Lambert, C.; Paradis, R.; Provencher, S,;
Bonnet, S. Bromodomain-Containing Protein 4: The Epigenetic Origin
of Pulmonary Arterial Hypertension. Circ. Res. 2015, 117 (6), 525—35.

(76) Siddique, M. A. H,; Satoh, K.; Kurosawa, R.; Kikuchi, N.; Elias-
Al-Mamun, M.; Omura, J.; Satoh, T.; Nogi, M.; Sunamura, S.; Miyata,
S.; Ueda, H.; Tokuyama, H.; Shimokawa, H. Identification of Emetine
as a Therapeutic Agent for Pulmonary Arterial Hypertension: Novel
Effects of an Old Drug. Arterioscler. Thromb. Vasc. Biol. 2019, 39 (11),
2367-238S.

(77) Bell, D. R. Treatment of amoebiasis. Trop. Doct. 1973, 3 (3),
140-3.

(78) Knight, R. The chemotherapy of amoebiasis. J. Antimicrob.
Chemother. 1980, 6 (S), 577—93.

(79) Yang, W. C.; Dubick, M. Mechanism of emetine cardiotoxicity.
Pharmacol. Ther. 1980, 10 (1), 15—26.

(80) Adler, A. G.; Walinsky, P.; Krall, R. A.; Cho, S. Y. Death resulting
from ipecac syrup poisoning. JAMA 1980, 243 (19), 1927—1928.

(81) Mateer, J. E.; Farrell, B. J.; Chou, S. S.; Gutmann, L. Reversible
ipecac myopathy. Arch. Neurol. 1985, 42 (2), 188—90.

(82) Lemmens-Gruber, R.; Karkhaneh, A.; Studenik, C.; Heistracher,
P. Cardiotoxicity of emetine dihydrochloride by calcium channel
blockade in isolated preparations and ventricular myocytes of guinea-
pig hearts. Br. . Pharmacol. 1996, 117 (2), 377—83.

(83) Brem, T. H.; Konwaler, B. E. Fatal myocarditis due to emetine
hydrochloride. Am. Heart J. 1955, S0 (3), 476—81.

(84) Dubick, M. A; Yang, W. C. Effects of chronic emetine treatment
on mitochondrial function. J. Pharm. Sci. 1981, 70 (3), 343—345.

(85) Grimes, J. M.; Grimes, K. V. p38 MAPK inhibition: A promising
therapeutic approach for COVID-19. J. Mol. Cell Cardiol. 2020, 144,
63—65.

(86) Marber, M. S.; Rose, B.; Wang, Y. The p38 mitogen-activated
protein kinase pathway—a potential target for intervention in infarction,
hypertrophy, and heart failure. J. Mol. Cell Cardiol. 2011, S1 (4), 485—
90.

https://doi.org/10.1021/acsptsci.2c00045
ACS Pharmacol. Transl. Sci. 2022, 5, 387—399


https://doi.org/10.1074/jbc.AC120.013056
https://doi.org/10.1074/jbc.AC120.013056
https://doi.org/10.3390/v11040326
https://doi.org/10.3390/v11040326
https://doi.org/10.1016/j.sjbs.2020.11.078
https://doi.org/10.1016/j.sjbs.2020.11.078
https://doi.org/10.1080/07391102.2021.1946715
https://doi.org/10.1080/07391102.2021.1946715
https://doi.org/10.1080/07391102.2021.1946715
https://doi.org/10.1080/07391102.2021.1946715
https://doi.org/10.1016/j.drudis.2020.01.015
https://doi.org/10.1016/j.drudis.2020.01.015
https://doi.org/10.3390/ph13120428
https://doi.org/10.3390/ph13120428
https://doi.org/10.1080/15384101.2021.1982509
https://doi.org/10.1080/15384101.2021.1982509
https://doi.org/10.1172/JCI11830
https://doi.org/10.1172/JCI11830
https://doi.org/10.2174/1566524013363816
https://doi.org/10.2174/1566524013363816
https://doi.org/10.1016/j.bcp.2009.12.021
https://doi.org/10.1016/j.bcp.2009.12.021
https://doi.org/10.1016/j.lfs.2021.119752
https://doi.org/10.1016/j.lfs.2021.119752
https://doi.org/10.1016/j.lfs.2021.119752
https://doi.org/10.1183/23120541.00520-2020
https://doi.org/10.1183/23120541.00520-2020
https://doi.org/10.1183/23120541.00520-2020
https://doi.org/10.1177/2045894020920153
https://doi.org/10.1177/2045894020920153
https://doi.org/10.1177/2045894020920153
https://doi.org/10.1513/AnnalsATS.202008-1014ED
https://doi.org/10.1513/AnnalsATS.202008-1014ED
https://doi.org/10.1021/acsptsci.1c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1083/jcb.201603040
https://doi.org/10.1083/jcb.201603040
https://doi.org/10.1038/cddis.2013.410
https://doi.org/10.1038/cddis.2013.410
https://doi.org/10.1038/nm.1958
https://doi.org/10.1038/nm.1958
https://doi.org/10.1038/nm.1958
https://doi.org/10.1161/CIRCRESAHA.115.304563
https://doi.org/10.1161/CIRCRESAHA.115.304563
https://doi.org/10.1161/CIRCRESAHA.115.304563
https://doi.org/10.1161/ATVBAHA.113.301357
https://doi.org/10.1161/ATVBAHA.113.301357
https://doi.org/10.1073/pnas.1721298115
https://doi.org/10.1073/pnas.1721298115
https://doi.org/10.1073/pnas.1721298115
https://doi.org/10.1089/ars.2009.2875
https://doi.org/10.1089/ars.2009.2875
https://doi.org/10.1253/circj.CJ-10-0904
https://doi.org/10.1253/circj.CJ-10-0904
https://doi.org/10.4103/2045-8932.114752
https://doi.org/10.4103/2045-8932.114752
https://doi.org/10.1161/CIRCULATIONAHA.114.006979
https://doi.org/10.1161/CIRCULATIONAHA.114.006979
https://doi.org/10.1161/CIRCULATIONAHA.114.006979
https://doi.org/10.1161/CIRCULATIONAHA.114.006979
https://doi.org/10.1159/000453544
https://doi.org/10.1159/000453544
https://doi.org/10.1159/000453544
https://doi.org/10.1161/CIRCRESAHA.115.307004
https://doi.org/10.1161/CIRCRESAHA.115.307004
https://doi.org/10.1161/ATVBAHA.119.313309
https://doi.org/10.1161/ATVBAHA.119.313309
https://doi.org/10.1161/ATVBAHA.119.313309
https://doi.org/10.1177/004947557300300318
https://doi.org/10.1093/jac/6.5.577
https://doi.org/10.1016/0163-7258(80)90007-8
https://doi.org/10.1001/jama.1980.03300450041020
https://doi.org/10.1001/jama.1980.03300450041020
https://doi.org/10.1001/archneur.1985.04060020106024
https://doi.org/10.1001/archneur.1985.04060020106024
https://doi.org/10.1111/j.1476-5381.1996.tb15202.x
https://doi.org/10.1111/j.1476-5381.1996.tb15202.x
https://doi.org/10.1111/j.1476-5381.1996.tb15202.x
https://doi.org/10.1016/0002-8703(55)90169-1
https://doi.org/10.1016/0002-8703(55)90169-1
https://doi.org/10.1002/jps.2600700335
https://doi.org/10.1002/jps.2600700335
https://doi.org/10.1016/j.yjmcc.2020.05.007
https://doi.org/10.1016/j.yjmcc.2020.05.007
https://doi.org/10.1016/j.yjmcc.2010.10.021
https://doi.org/10.1016/j.yjmcc.2010.10.021
https://doi.org/10.1016/j.yjmcc.2010.10.021
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

REVIEY

pubs.acs.org/ptsci

(87) Turner, N. A; Blythe, N. M. Cardiac Fibroblast p38 MAPK: A
Critical Regulator of Myocardial Remodeling. J. Cardiovasc Dev Dis.
2019, 6 (3), 27.

(88) Kim, J. H.; Cho, E. B,; Lee, J.; Jung, O.; Ryy, B. J.; Kim, S. H,;
Cho, J. Y; Ryou, C,; Lee, S. Y. Emetine inhibits migration and invasion
of human non-small-cell lung cancer cells via regulation of ERK and p38
signaling pathways. Chem. Biol. Interact. 2015, 242, 25—33.

(89) Son, J.; Lee, S. Y. Emetine exerts anticancer effects in U20S
human osteosarcoma cells via activation of p38 and inhibition of ERK,
JNK, and f-catenin signaling pathways. J. Biochem. Mol. Toxicol. 2021,
35 (10), No. e22868.

(90) Barros, L. F.; Young, M.; Saklatvala, J.; Baldwin, S. A. Evidence of
two mechanisms for the activation of the glucose transporter GLUT1
by anisomycin: p38(MAP kinase) activation and protein synthesis
inhibition in mammalian cells. J. Physiol. 1997, 504 (3), S17—525.

(91) Kurt Yilmaz, N.; Schiffer, C. A. Introduction: Drug Resistance.
Chem. Rev. 2021, 121 (6), 3235—3237.

(92) Kumar, N.; Sharma, S.; Kumar, R.; Tripathi, B. N.; Barua, S.; Ly,
H.; Rouse, B. T. Host-Directed Antiviral Therapy. Clin. Microbiol. Rev.
2020, 33 (3), No. e00168-19.

(93) Artese, A.; Svicher, V.; Costa, G; Salpini, R;; Di Maio, V. C;
Alkhatib, M.; Ambrosio, F. A.; Santoro, M. M.; Assaraf, Y. G.; Alcaro, S.;
Ceccherini-Silberstein, F. Current status of antivirals and druggable
targets of SARS CoV-2 and other human pathogenic coronaviruses.
Drug Resist. Updat. 2020, 53, 100721.

(94) Ma, Y.; Frutos-Beltran, E,; Kang, D.; Pannecouque, C.; De
Clercq, E.; Menéndez-Arias, L.; Liu, X.; Zhan, P. Medicinal chemistry
strategies for discovering antivirals effective against drug-resistant
viruses. Chem. Soc. Rev. 2021, 50 (7), 4514—4540.

(95) Borgnia, M. J.; Eytan, G. D.; Assaraf, Y. G. Competition of
hydrophobic peptides, cytotoxic drugs, and chemosensitizers on a
common P-glycoprotein pharmacophore as revealed by its ATPase
activity. J. Biol. Chem. 1996, 271 (6), 3163—71.

(96) Samuelson, J.; Ayala, P.; Orozco, E.; Wirth, D. Emetine-resistant
mutants of Entamoeba histolytica overexpress mRNAs for multidrug
resistance. Mol. Biochem. Parasitol. 1990, 38 (2), 281-90.

(97) Gant, T.W,; Silverman, J. A.; Thorgeirsson, S. S. Regulation of P-
glycoprotein gene expression in hepatocyte cultures and liver cell lines
by a trans-acting transcriptional repressor. Nucleic Acids Res. 1992, 20
(11), 2841-6.

(98) Descoteaux, S.; Ayala, P.; Samuelson, J.; Orozco, E. Increase in
mRNA of multiple Eh pgp genes encoding P-glycoprotein homologues
in emetine-resistant Entamoeba histolytica parasites. Gene. 1995, 164
(1), 179—84.

(99) Ghosh, S. K.; Lohia, A.; Kumar, A.; Samuelson, J. Overexpression
of P-glycoprotein gene 1 by transfected Entamoeba histolytica confers
emetine-resistance. Mol. Biochem. Parasitol. 1996, 82 (2), 257—60.

(100) Zhou, Y. D.; Kim, Y. P.; Mohammed, K. A; Jones, D. K;
Muhammad, L; Dunbar, D. C,; Nagle, D. G. Terpenoid tetrahy-
droisoquinoline alkaloids emetine, klugine, and isocephaeline inhibit
the activation of hypoxia-inducible factor-1 in breast tumor cells. J. Nat.
Prod. 2005, 68 (6), 947—950.

(101) Gupta, R. S; Krepinsky, J. J.; Siminovitch, L. Structural
determinants responsible for the biological activity of (—)-emetine,
(=)-cryptopleurine, and (—)-tylocrebrine: structure-activity relation-
ship among related compounds. Mol. Pharmacol. 1980, 18 (1), 136—
143.

(102) Troconis, M.; Ma, W.; Nichols, D. E.; McLaughlin, J. Molecular
modeling study of tubulosine and other related ipecac alkaloids. J.
Comput. Aided Mol. Des. 1998, 12 (S), 411-8.

(103) Balachandran, P.; Wei, F.; Lin, R. C.; Khan, I. A.; Pasco, D. S.
Structure activity relationships of aristolochic acid analogues: toxicity in
cultured renal epithelial cells. Kidney Int. 2008, 67 (S), 1797—805.

(104) Cramer, J.; Sager, C. P.; Ernst, B. Hydroxyl Groups in Synthetic
and Natural-Product-Derived Therapeutics: A Perspective on a
Common Functional Group. J. Med. Chem. 2019, 62 (20), 8915—30.

(105) Deng, L.; Dai, P.; Ciro, A.; Smee, D. F.; Djaballah, H.; Shuman,
S. Identification of novel antipoxviral agents: mitoxantrone inhibits

399

vaccinia virus replication by blocking virion assembly. J. Virol. 2007, 81
(24), 13392—402.

(106) Akinboye, E. S.; Rosen, M. D.; Denmeade, S. R.; Kwabi-Addo,
B.; Bakare, O. Design, synthesis, and evaluation of pH-dependent
hydrolyzable emetine analogues as treatment for prostate cancer. J.
Med. Chem. 2012, 55 (17), 7450-9.

(107) Debenham, J. S.; Madsen, R.; Roberts, C.; Fraser-Reid, B. Two
new orthogonal amine-protecting groups that can be cleaved under
mild or neutral conditions. J. Am. Chem. Soc. 1995, 117 (11), 3302—
3303.

(108) Pettit, G. R.; Melody, N.; Chapuis, J. C. Antineoplastic Agents
607. Emetine Auristatins. J. Nat. Prod. 2020, 83 (5), 1571—1576.

(109) Akinboye, E. S.; Bamji, Z. D.; Kwabi-Addo, B.; Ejeh, D.;
Copeland, R. L,; Denmeade, S. R.; Bakare, O. Design, synthesis and
cytotoxicity studies of dithiocarbamate ester derivatives of emetine in
prostate cancer cell lines. Bioorg. Med. Chem. 2018, 23 (17), 5839—4S.

(110) Madsen, R.; Roberts, C.; Fraser-Reid, B. The pent-4-enoyl
group: A novel amine-protecting group that is readily cleaved under
mild conditions. J. Org. Chem. 1995, 60 (24), 7920—7926.

(111) Paull, D. H.; Scerba, M. T.; Alden-Danforth, E.; Widger, L. R;
Lectka, T. Catalytic, asymmetric alpha-fluorination of acid chlorides:
dual metal-ketene enolate activation. J. Am. Chem. Soc. 2008, 130 (51),
17260—1.

(112) Itoh, A.; Ikuta, Y.; Baba, Y.; Tanahashi, T.; Nagakura, N. Ipecac
alkaloids from Cephaelis acuminata. Phytochemistry. 1999, S2 (6),
1169-76.

(113) Akinboye, E. S.; Brennen, W. N.; Rosen, D. M.; Bakare, O.;
Denmeade, S. R. Iterative design of emetine-based prodrug targeting
fibroblast activation protein (FAP) and dipeptidyl peptidase IV DPPIV
using a tandem enzymatic activation strategy. Prostate 2016, 76 (8),
703—714.

https://doi.org/10.1021/acsptsci.2c00045
ACS Pharmacol. Transl. Sci. 2022, 5, 387—399


https://doi.org/10.3390/jcdd6030027
https://doi.org/10.3390/jcdd6030027
https://doi.org/10.1016/j.cbi.2015.08.014
https://doi.org/10.1016/j.cbi.2015.08.014
https://doi.org/10.1016/j.cbi.2015.08.014
https://doi.org/10.1002/jbt.22868
https://doi.org/10.1002/jbt.22868
https://doi.org/10.1002/jbt.22868
https://doi.org/10.1111/j.1469-7793.1997.517bd.x
https://doi.org/10.1111/j.1469-7793.1997.517bd.x
https://doi.org/10.1111/j.1469-7793.1997.517bd.x
https://doi.org/10.1111/j.1469-7793.1997.517bd.x
https://doi.org/10.1021/acs.chemrev.1c00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/CMR.00168-19
https://doi.org/10.1016/j.drup.2020.100721
https://doi.org/10.1016/j.drup.2020.100721
https://doi.org/10.1039/D0CS01084G
https://doi.org/10.1039/D0CS01084G
https://doi.org/10.1039/D0CS01084G
https://doi.org/10.1074/jbc.271.6.3163
https://doi.org/10.1074/jbc.271.6.3163
https://doi.org/10.1074/jbc.271.6.3163
https://doi.org/10.1074/jbc.271.6.3163
https://doi.org/10.1016/0166-6851(90)90031-G
https://doi.org/10.1016/0166-6851(90)90031-G
https://doi.org/10.1016/0166-6851(90)90031-G
https://doi.org/10.1093/nar/20.11.2841
https://doi.org/10.1093/nar/20.11.2841
https://doi.org/10.1093/nar/20.11.2841
https://doi.org/10.1016/0378-1119(95)00533-C
https://doi.org/10.1016/0378-1119(95)00533-C
https://doi.org/10.1016/0378-1119(95)00533-C
https://doi.org/10.1016/0166-6851(96)02733-8
https://doi.org/10.1016/0166-6851(96)02733-8
https://doi.org/10.1016/0166-6851(96)02733-8
https://doi.org/10.1021/np050029m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np050029m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np050029m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1008019720578
https://doi.org/10.1023/A:1008019720578
https://doi.org/10.1111/j.1523-1755.2005.00277.x
https://doi.org/10.1111/j.1523-1755.2005.00277.x
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/JVI.00770-07
https://doi.org/10.1128/JVI.00770-07
https://doi.org/10.1021/jm300426q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300426q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00116a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00116a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00116a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2015.06.072
https://doi.org/10.1016/j.bmc.2015.06.072
https://doi.org/10.1016/j.bmc.2015.06.072
https://doi.org/10.1021/jo00129a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00129a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00129a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807792c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807792c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0031-9422(99)00361-1
https://doi.org/10.1016/S0031-9422(99)00361-1
https://doi.org/10.1002/pros.23162
https://doi.org/10.1002/pros.23162
https://doi.org/10.1002/pros.23162
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

