CELL CYCLE
2021, VOL. 20, NO. 22, 2321-2336
https://doi.org/10.1080/15384101.2021.1982509

Taylor & Francis
Taylor &Francis Group

REVIEW

W) Check for updates

Therapeutic potential of chelerythrine as a multi-purpose adjuvant for the
treatment of COVID-19

Mehdi Valipour @3, Afshin Zarghi®, Mohammad Ali Ebrahimzadeh?, and Hamid Irannejad ©?

2Department of Medicinal Chemistry, Faculty of Pharmacy, Mazandaran University of Medical Sciences, Sari, Iran; ®Department of
Pharmaceutical Chemistry, School of Pharmacy, Shahid Beheshti University of Medical Sciences, Tehran, Iran

ABSTRACT

Multifunctional nature of phytochemicals and their chemical diversity has attracted attention to
develop leads originated from nature to fight COVID-19. Pharmacological activities of chelerythrine
and its congeners have been studied and reported in the literature. This compound simultaneously
has two key therapeutic effects for the treatment of COVID-19, antiviral and anti-inflammatory
activities. Chelerythrine can prevent hyper-inflammatory immune response through regulating critical
signaling pathways involved in SARS-CoV-2 infection, such as alteration in Nrf2, NF-kB, and p38 MAPK
activities. In addition, chelerythrine has a strong protein kinase C-a/-f inhibitory activity suitable for
cerebral vasospasm prevention and eryptosis reduction, as well as beneficial effects in suppressing
pulmonary inflammation and fibrosis. In terms of antiviral activity, chelerythrine can fight with SARS-
CoV-2 through various mechanisms, such as direct-acting mechanism, viral RNA-intercalation, and
regulation of host-based antiviral targets. Although chelerythrine is toxic in vitro, the in vivo toxicity is
significantly reduced due to its structural conversion to alkanolamine. Its multifunctional action makes
chelerythrine a prominent compound for the treatment of COVID-19. Considering precautions related
to the toxicity at higher doses, it is expected that this compound is useful in combination with proper
antivirals to reduce the severity of COVID-19 symptoms.

ARTICLE HISTORY
Received 7 May 2021
Revised 2 June 2021
Accepted 14 September 2021

KEYWORDS

Chelerythrine; signaling
pathways; SARS-CoV-2; anti-
inflammatory; antiviral;
protein kinase C

1. Introduction among the rich sources of biologically active com-

New emerged [-coronavirus SARS-CoV-2 has
caused global unprecedented problems. According
to the WHO statistics, this virus has infected more
than 170,000,000 cases so far (from December 31,
2019, to June 1, 2021), and has resulted in more
than 3,500,000 deaths (https://covid19.who.int).
However, given the fact that many infected people
are asymptomatic, the actual number seems to be
much higher. To date, no definite treatment has
been identified for the COVID-19 patients infected
with the SARS-CoV-2. Clinical management of
COVID-19 patients is generally directed toward
experimental therapies using FDA-approved anti-
viral drugs and symptomatic therapy [1]. Given the
devastating effects of the SARS-CoV-2 on the
human life, it seems necessary to discover effective
drugs. Natural products and phytochemicals have
been always of a great importance in the treatment
of various human diseases. Natural compounds are

pounds and can be used to find new agents for the
treatment of COVID-19. Chelerythrine is
a quaternary ammonium alkaloid with 2,3,7,8-tet-
rasubstituted  benzophenanthridine  structure
(Figure 1) isolated from the roots of some medicinal
plant families such as Fumariaceae, Papaveraceae,
and Rutaceae [1-2]. This compound has a wide
range of therapeutic effects used in traditional
Chinese medicine (TCM). Chelerythrine has broad-
spectrum antiviral and anti-inflammatory activities
that could potentially be used in the treatment of
COVID-19 patients. Although the therapeutic
effects of chelerythrine have been studied well,
many of its analogs have not yet been evaluated.
In this article, we attempt to review the therapeutic
potential of chelerythrine for the treatment of
COVID-19. Briefly, Table 1 summarizes all the
biological effects, pharmacokinetics and structural
features of chelerythrine discussed later in the text.
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Benzo[c]phenanthridine

Chelerythrine

Figure 1. Chemical structure of chelerythrine and its backbone benzo[clphenanthridine.

2. Chelerythrine has protein kinase
C inhibitory activity

Many FDA-approved protein kinase inhibitors
have valuable antiviral potencies against different
types of viruses through the inhibition of viral
entry, metabolism, or reproduction of viral parti-
cles [3-6]. Protein kinase C regulates a wide range
of cellular processes involved in different stages of
virus replication, and is considered as a potential
host-based target for inhibiting the replication of
viruses. Hence, protein kinase C has been intro-
duced as a valuable target for treating viral diseases
[7,8]. In this case, regulation of the protein kinase
C pathway by small molecules has been considered
as a viable mechanism toward HIV-1 reservoir
eradication [9]. Also, since the Influenza virus
exploits host protein kinase C to regulate its repli-
cation machinery, modulation of this target was
suggested as a sensible strategy for treating the Flu
[8]. Therapeutically, kinase inhibitors could be
used as dual function agents through direct reduc-
tion of viral infection and also suppressing disease
symptoms. These agents can potentially be useful
due to their anti-inflammatory effects, cytokine
suppression, and anti-fibrotic activities [10].
Some older reports, which have been cited by
many recent studies, claimed that chelerythrine
has a selective and potent inhibitory activity
against protein kinase C-a/-p in vitro and in vivo
[11,12]. Although the validity of this chelerythrine
effect has raised questions by some other indepen-
dent studies [13-15], there are numerous studies,
which resulted that chelerythrine is effective on the
modulation of protein kinase C. Since, protein
kinase C is basically documented to be potentially

involved in SARS-CoV-2 infection, and cheler-
ythrine as a protein kinase C-o/-p inhibitor may
be beneficial in the blockade of the virus patho-
genic processes.

A recent review has emphasized on the vitality
and protective role of chelerythrine on the human
erythrocytes as anti-inflammatory cells through
the suppression of protein kinase C unlike the
anemic and eryptosis effects of chloroquine.
Human erythrocytes have protective and immune-
modulatory role in bacterial infection and inflam-
matory response. In the case of respiratory viral
infection, protein kinase C activation facilitates
nuclear transport of the viral ribonucleoproteins
in the infected cells and their subsequent budding
at the cell membrane. Hence, protein kinase C is
an ideal choice for drug targeting and chelerythr-
ine as an inhibitor of protein kinase C-a/-f
mediated viral genome transport would be of
a great importance in the induction of apoptosis
in the SARS-CoV-2 infected cells [16].

3. Chelerythrine has anti-inflammatory
effects

The anti-inflammatory effects of chelerythrine
have been evaluated in various studies. In a study
by Zdenek Dvorak et al., who examined the effects
of chelerythrine and some other alkaloids berber-
ine, sanguinarine, and colchicine, on the glucocor-
ticoid receptors (an important anti-inflammatory
target) and nuclear factor kappa B (NF-xB), (a
pro-inflammatory factor) in HeLa cells. The results
showed that both chelerythrine and sanguinarine
exert their anti-inflammatory effects by different
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Table 1. Summary of chelerythrine activities.
Activity Descript. Ref

Protein kinase C inhibition ® Protein kinases C is a host-based antiviral target and can regulate some cellular [11,12,16,48]
processes involved in virus replication. Chelerythrine is a potent, selective and
a standard PKC inhibitor. Suppression or inhibition of PKC has protective role in
erypthosis and prevention of nuclear transport of the viral ribonucleoproteins in
infected cells and also dysregulation of the viral replication.

Anti-inflammatory activity ® Proper inhibition of the body’s inflammatory response in patients with COVID-19 [17-19]
is crucial in the treatment. Chelerythrine has anti-inflammatory activity and can
exert this effect by different mechanisms. This compound acts through the nuclear
translocation of the p65 subunit of NF-kB and binding to glucocorticoid receptors.
It shows TNF-a inhibitory activity. It also modulates prostaglandin H synthase and
COX-2 to reduce prostaglandin E2 (PGE2).

General anti-viral activity ® Chelerythrine has antiviral activity against a wide range of viruses such as HBV, [48-54]
RSV, WNV, and TMV. Also, it has antiviral activity through the PKC inhibition
and high affinity DNA/RNA intercalation property.

Modulation of the process involved in  ® Chelerythrine has significant inhibitory effects on the p38 MAPK signaling path- [26,27]
SARS-CoV-2 infection way involved in the inflammatory cytokine storm.

® Chelerythrine has strong effects on the regulation of NF-kB pathway and sup- (17]

pression of the cytokine storm.

® Activation of the Nrf2 by chelerythrine leads to the reduction of nuclear translo- [46]

cation of the NF-kB p65, thereby reducing inflammation. It also increases the
expression of Nrf2, and hemeoxygenase-1.

Special therapeutic effects suitable for Chelerythrine could potentially reduce cerebral vasospasm and eryptosis in [57-59,69-
COVID-19 complications COVID-19 patients, and positively suppress pulmonary inflammation and fibrosis. 71,73-77]
® Chelerythrine significantly reduced the mean arterial pressure and renal vasocon-
striction produced by Ang II
® Chelerythrine effectively inhibits the increase of myofilament calcium sensitivity
induced by endothelin-1 in ventricular myocytes thus preventing cardiac
disturbances.
® Chelerythrine can reduce arrhythmias and myocardial ischemia by increasing the
Na-K-ATPase activity. It also activates cystathionine y-lyase/hydrogen sulfide via
PKC/NF-kB Pathway.

Pharmacokinetic and toxicity ® Chelerythrine caused marked parenchymal damage in the liver and showed acute [83,84,88]

hepatotoxicity at dose of 10 mg/kg/day. While, chronic administration of 0.2 mg/kg
(i.p.) did not result in any liver damage or necrosis over 56 days.

® Chelerythrine did not cause any genotoxicity and hepatotoxicity and an average
daily dose of up to 5 mg/kg was completely safe.

® Chelerythrine has a significant sarco/endoplasmic reticulum Ca**-ATPase inhibi-
tory activity.

® The in vivo toxicity of chelerythrine is considerably less than it’s in vitro toxicity
due to its structural changes.

Structural features ® Chelerythrine exists in two forms: “charged iminium” and “neutral alkanolamine” [92-94]

at neutral to mildly alkaline pH.

® Chelerythrine exists almost exclusively in the form of “charged iminium” in the pH
range 1 to 6, and “alkanolamine” form in the pH range 8.5 to 11.

® The two forms have different biological and biochemical behaviors in vivo. While
the charged iminium form binds more strongly to DNA/RNA, but the alkanola-
mine has more binding affinity to the bovine serum albumin.

® The carbon adjacent to the quaternary nitrogen is the most active part of cheler-
ythrine, attacked by the nucleophiles and is responsible for the observed toxicity of
this compound.

® Hydroxylated derivatives of chelerythrine such as decarinium, fagaridine and
fagaronine seem to be better tolerated and less toxic in patients.
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mechanisms compared to the other two alkaloids
colchicine and berberine. These structurally simi-
lar alkaloids strongly elicited nuclear translocation
of the p65 subunit of NF-kB in both non-
stimulated cells and in cells challenged with
TNEF-a, while regardless of the presence or absence
of TNF-a, berberine and colchicine had no effects
on p65 nuclear translocation. Other complemen-
tary analyzes revealed that none of the alkaloids
had the effects to trigger glucocorticoid receptor
and/or NF-xB transcriptional activities. The
ligand-binding studies also displayed that colchi-
cine and berberine did not affect glucocorticoid
receptors, whereas chelerythrine and sanguinarine
interacted significantly with this receptor [17]. In
a new study, the anti-inflammatory activity of
chelerythrine and sanguinarine was also assessed
via interaction with glucocorticoid receptor
in vitro using fluorescence polarization (FP) and
luciferase reporter (LR) assays. FP results stated
that both compounds could bind well to the glu-
cocorticoid receptors (GR) receptors with potent
affinities, while LR results showed that chelerythr-
ine did not stimulate GR transcription in HeLa
cells, nor did sanguinarine. In the same study,
both chelerythrine and sanguinarine showed com-
parable TNF-a inhibitory activity to dexametha-
sone as a standard drug in RAW 264.7 cells,
indicating their remarkable anti-inflammatory
effects [18]. In another study, Xiao-Feng Niu
et al, evaluated the anti-inflammatory activities
and mechanisms of action of this alkaloid in vivo
and in vitro. Confirming the anti-inflammatory
properties of chelerythrine, the researchers sug-
gested that this activity may be relevant to the
prostaglandin E2 (PGE2) through the regulation
of cyclooxygenase-2 (COX-2). They also demon-
strated that chelerythrine effectively inhibits the
protein expression of prostaglandin H synthase
(PGHS), a critical enzyme in inflammatory
responses [19].

4, Chelerythrine can modulate critical
process involved in SARS-CoV-2 infection

4.1. Inhibition of p38 MAPK signaling pathway

The mitogen-activated protein kinases (MAPKs)
are serine-threonine protein kinases divided into

three subfamilies called extracellular signal-
regulated kinases (ERKs), c-Jun N-terminal
kinases (JNKs), and p38 mitogen-activated protein
kinases (p38s), which are involved in the modula-
tion of the subcellular processes during pathophy-
siological and stressed situations [20]. Basically,
involvement of the above three pathways in the
infection of coronaviruses have been documented
[21-23]. Interestingly, the P38 MAPK mediated
cross-talk activation of the NF-kB pathway,
another critical signaling pathway related to SARS-
CoV-2 infection has been determined [24].
Recently, inhibition of the p38 MAPK pathway
involved in inflammatory cytokine storm was
introduced as a promising target for the treatment
of COVID-19. It is argued that the increase in
angiotensin II (Ang II) levels due to ACE2 down-
regulation is a stimulus for the disproportionate
and severe activation of the P38 MAPK pathway
and the development of severe inflammatory reac-
tions. Therefore, inhibition of the P38 MAPK
pathway can be a rational strategy to reduce the
severity of the COVID-19 symptoms [25]. Some
studies have reported that chelerythrine has sig-
nificant inhibitory effects on this target. The effect
of chelerythrine on p38, JNKI1, and ERK/MAPK
signaling pathways has been studied by Rong Yu
et al. Correspondingly, they treated HeLa cells
with chelerythrine by sub-micromolar concentra-
tions around 0.66 uM (reported ICs, for protein
kinase C inhibition) and the results revealed that
chelerythrine strongly regulated p38 and JNKI1
activity (but not ERK2) in a dose-dependent man-
ner, through an oxidative stress mechanism, and
without any inhibitory effects on protein kinase
C [26]. In another study, Weifeng Li et al., stated
that the suppressing effects of chelerythrine on
LPS-induced TNF-a level and nitric oxide (NO)
production is related to the selective effect of this
compound on the inhibition of p38 MAPK path-
way, and regulation of inflammatory mediator’s
expression [27].

4.2. Inhibition of NF-kB signaling pathway

Nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-«B) has a critical role in cytokine
production [28]. NF-kB pathway disruption is
associated with inflammatory and autoimmune



diseases, as well as viral infections [29]. In prior
epidemics of coronavirus SARS and MERS, some
studies suggested that certain viral proteins such as
spike and nucleocapsid proteins may play an
important role in disease severity through over-
activation of the NF-kB pathway [30,31]. With the
elucidation of the SARS-CoV-2 pathogenesis, the
role of the NF-kB pathway in patients with severe
COVID-19 has also received much attention.
Some studies have suggested that hyper-
activation of the NF-kB pathway is critical in the
pathogenesis of the severe COVID-19 phenotype
[32,33]. The “cytokine storm,” which occurs in
severe forms of COVID-19, triggers the release of
cytokines/chemokines, leading to severe inflam-
mation and tissue damage in some organs, espe-
cially the lungs. Accordingly, it seems that proper
regulation of the NF-kB pathway using NF-
kB-inhibitors is a sensible strategy to reduce cyto-
kine storm and COVID-19 severity. As mentioned
in the earlier section, chelerythrine has strong
effects on regulating the NF-«kB pathway [17].

4.3. Activation of Nrf2 signaling pathway

Nuclear factor erythroid 2-related factor 2 (Nrf2)
is an important transcription factor involved in
regulating some important processes such as meta-
bolism, immune response, and inflammation. Nrf2
also prevents oxidative damage caused by inflam-
mation and injuries, through regulating the
expression of antioxidant proteins [34]. Due to
the decrease in Nrf2 activity with increasing age,
body resistance to diseases such as viral infections
decreases over time [35]. Some other evidence
suggest that Nrf2 activity may be involved in reg-
ulating mechanisms affecting virus susceptibility
and replication [36]. The role of Nrf2 signaling
pathway in controlling inflammatory processes is
crucial. Nrf2 regulates heme oxygenase-1 (HO-1),
an important enzyme with significant anti-
inflammatory and antioxidant properties [37]. In
addition, the Nrf2 controls and regulates the
release of cytokines, matrix metalloproteinases
(MMPs), COX-2, iNOS production and etc [38].
These mediators can affect other pathways asso-
ciated with inflammation, such as NF-xB and
MAPKs [39,40]. Because patients infected by
SARS-CoV-2 often have signs of systemic
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inflammation and oxidative stress, some studies
suggest using Nrf2-inducers to prevent these
pathologic complications [41]. Their rationale is
that activation of Nrf2 could protect the airway
epithelium against disassembly of tight intracellu-
lar junctions during the inflammatory phase and
acute respiratory distress syndrome (ARDS). They
also state that the use of Nrf2-inducers protects the
vascular endothelium against damage caused by
inflammatory cytokines or oxidative stress,
increases glutathione content, and it helps more
vulnerable COVID-19 patients (such as the elderly
and those with hyperglycemia) for better resistance
[42]. Some recent experimental studies also sug-
gest that Nrf2 activators may be effective in treat-
ing COVID-19. In a study by Joe M. McCord
et al, the therapeutic potential of a three-
component Nrf2 activator PB125 was assessed
against COVID-19. Using GeneChip microarray
and RNA-seq methods, they reported that the
potent Nrf2-activator PB125 can downregulate
ACE2 and TMPRSS2 mRNA gene expression in
HepG?2 cells. They have also reported the remark-
able downregulation of some genes encoding cyto-
kines in endotoxin-stimulated primary human
pulmonary artery endothelial cells, such as IL-
1-beta, IL-6, TNF-a. Based on the results, the
researchers suggested that Nrf2 activation may
significantly reduce the severity of COVID-19
cytokine storm [43].

Plants have been identified as rich sources of
anti-inflammatory Nrf2-inducers. Many natural
compounds have been identified as Nrf2-
dependent anti-inflammatory agents that can
exert their therapeutic effects by activating the
Nrf2 transcription factor and regulating cytopro-
tective genes [44,45]. Chelerythrine is a natural
compound and can effectively activate the Nrf2/
ARE signaling pathway. In a study, Lu Fan et al,
examined the anti-inflammatory eftects of cheler-
ythrine on acute lung injury caused by lipopoly-
saccharide in vitro and in vivo. They reported that
chelerythrine significantly ameliorated pathologi-
cal injuries in the lungs by suppressing the inter-
leukin 6 (IL-6), interleukin 1b (IL-1b), and tumor
necrosis factor-alpha (TNF- a) induced by lipopo-
lysaccharides. Furthermore, they showed that
modulation of the nuclear factor kappa-B (NF-
kB) pathway by chelerythrine is an important
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mechanism for suppressing the inflammation in
RAW264.7 cells. In fact, the activation of the
Nrf2 by chelerythrine leads to the reduction of
nuclear translocation of the NF-kB p65, thereby
reducing inflammation [46]. In another study by
Ling Peng et al., the effect and mechanism of
chelerythrine on pulmonary fibrosis were evalu-
ated. In conclusion, this study reported that che-
lerythrine can significantly alleviate bleomycin-
induced pulmonary fibrosis via activating the
Nrf2/ARE signaling pathway. Results showed that
chelerythrine can effectively reduce the expression
levels of alpha-smooth muscle actin (a-SMA),
fibronectin, and transforming growth factor-beta
(TGEF-P), increase the expression of Nrf2, hemeox-
ygenase-1 (HO-1), and quinone oxidoreductase
(NQOL1), upregulate the levels of superoxide dis-
mutase (SOD) and glutathione (GSH), and also
decrease the levels of hydroxyproline (HP) and
4-hydroxynonenal (4-HNE) [47].

5. Anti-viral activity of chelerythrine
5.1. Broad spectrum anti-viral activity

Chelerythrine has a moderate antiviral activity against
a wide range of viruses. Most related studies indicate
that chelerythrine prevents the replication of viruses.
Especially, viruses that use the protein kinase
C during their pathogenesis, chelerythrine can be
a potential inhibitor. So far, few studies have been
performed on the antiviral effects of chelerythrine.
Most of these studies were not designed to investigate
the antiviral effects of chelerythrine but used cheler-
ythrine as a standard protein kinase C inhibitor. In
astudy by LAN LIU, effects of hepatitis B core antigen
(HBcAg) on cell proliferation and apoptosis were
assessed against DC2.4 cells using chelerythrine as
a standard positive control. The results showed that
chelerythrine causes blockade of the NF-«kB pathway,
and also eliminates the effects of HBcAg on p-IkB,
p-P65, p-PKC, and Bcl-2 levels. Results of MTT assay
also showed that chelerythrine significantly reduced
the effect of HBcAg on DC2.4 cell proliferation com-
pared to untreated cells. These results suggest that
chelerythrine reduced the effects of HBcAg in
increased proliferation and apoptosis through regula-
tion of the PKC/NF-kB signaling pathway [48]. In
another study, Homero San-Juan-Vergara et al,

stated that protein kinase C-a activity is necessary
for the fusion of the Respiratory Syncytial Virus
(RSV) with human bronchial epithelial cells. This
study showed that chelerythrine can inhibit RSV
infection with an ICs, of 7.5 uM in NHBE cells, and
did not exhibit significant cytotoxicity in both crystal
violet toxicity and MTT assays [49]. Some studies
showed that chelerythrine can significantly inhibit
flaviviruses multiplication. In this case, a new study
by Ana B. Blazquez et al., showed that chelerythrine
effectively inhibits West Nile Virus (WNYV) replica-
tion, without affecting cell viability. Quantitative RT-
PCR evaluations in this study represented that the
amount of the viral RNA released to the supernatant
in chelerythrine-treated infected cells significantly
decreased. Also, assessment of the number of mouse
monoclonal antibody J2 against double-stranded
RNA (dsRNA) intermediates using the immunofluor-
escence method confirmed the significant disruption
in WNV viral replication exerted by chelerythrine
[50]. It has also been reported that chelerythrine has
significant effects against plant viral diseases. In
a recent study, anti-Tobacco Mosaic Virus (TMV)
effects and mode of action of chelerythrine and
some other alkaloids having antiviral activity such as
chelidonine and sanguinarine were evaluated by
Wenhui Guo et al. The results showed that cheler-
ythrine exhibits the best effects against TMV (at
0.5 mg mL ™" concentration) compared to other tested
alkaloids [51].

5.2. Chelerythrine as a viral-DNA/RNA
intercalating agent

The genetic material of viruses has always been one
of the most attractive targets for the discovery and
development of antiviral drugs. Whereas most of the
direct-acting antiviral agents are active against the
structural proteins (SPs) of the viruses, antiviral
DNA/RNA-intercalators can potentially suppress
the viral replication inside the host cell by interacting
only with the nucleic acids of the genome. In most
cases, these compounds have planar structures with
multiple and fused aromatic rings that can be
inserted and stacked in between the DNA base
pairs or paired regions of RNAs. Depending on the
concentration and affinity of the intercalators for
binding to DNA/RNA, nucleic acid strands are sta-
bilized in such a way that replication is suppressed.



Quaternary isoquinoline alkaloids are high-affinity
DNA binders and their potential ability to bind
human G-quadruplex (G4) and dsDNA helix have
been reported in two studies performed by the
research group of Sissi C. and Gratteri P. using of
various techniques such as fluorescent intercalator
displacement assay, fluorescence melting, crystalliza-
tion, X-ray diffraction and molecular modeling
[52,53]. The two natural alkaloids chelerythrine and
coptisine, respectively, with benzophenanthridine
and phenylisoquinoline structures are strong DNA
intercalators and have superior G4 stabilizing prop-
erties and also G4 versus dsDNA binding selectivity.
The role of the benzo-1,3-dioxolo group in the inter-
action of guanine residues was studied comprehen-
sively and showed that the oxygen atoms of this
group has key hydrogen bonding to the guanine
atoms to stabilize the G4 structure. The results
showed that the benzodioxolo group is preferred
than the two methoxy groups in the same position
for binding and promotes the interaction with G4.
These alkaloids also showed a significant selectivity
to G4 over the random double-helix DNA for bind-
ing. Chelerythrine has slightly higher stabilization
ability of G4 over coptisine and benzophenanthri-
dine structure has better interaction with the human
telomeric G quadruplex than the phenylisoquinoline
scaffold in coptisine. The presence of large aromatic
surface and also positive nitrogen of chelerythrine
are important features for DNA interaction and
intercalation. Some m-m stacking interactions and
salt bridge formed by charged nitrogen are funda-
mental bonding forces to stabilize the complex. The
results also highlighted that the planarity of the scaf-
fold is not only a determinant factor, but the pre-
sence of an extra benzodioxolo group can constitute
stronger interactions with guanine residues. The
results also indicated that a degree of flexibility is
important in selectivity toward G4 vs dsDNA, which
is seen in the structure of coptisine with partially
reduced isoquinoline scaffold. Coptisine can adopt
a bent conformation with a dihedral angle of around
18° between its phenyl and quinoline parts and con-
fers higher selectivity than chelerythrine to G4.

In conclusion, DNA intercalators not only stop
DNA replication, but also inhibit DNA polymer-
ase, reverse transcriptase, RNA polymerase and
protein biosynthesis at ribosomal level. Hence,
these compounds are potential antiviral agents
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against various panels of viral infections including
coronaviruses. A recent review on chelerythrine
and similar alkaloids (Figure 2), has introduced
them as a potential strong nucleic acid intercala-
tors of the single-stranded RNA SARS-CoV-2
virus [54].

6. Some special therapeutic effects of
chelerythrine for COVID-19 patients

6.1. Protective effects on renal-vascular system

Since ACE2 is highly expressed in renal tubular cells
and podocytes, the kidney is a vital organ which can
be seriously endangered by SARS-CoV-2. Many
patients with COVID-19 have kidney abnormalities
such as proteinuria, hematuria, and acute kidney
damage [55]. In addition to direct infection, this
organ can be severely damaged by secondary pro-
blems caused by COVID-19, such as cytokine storm
and hypoxia [56]. On the other hand, heavily admi-
nistered drugs and renal excretion of their metabolites
during COVID-19 treatment exert extra strain on this
hard-working organ. Therefore, continuous protec-
tion of this vital organ by using drugs with nephron-
protective effects and/or minimal renal-complications
seems essential during the treatment of COVID-19.
The significant effect of chelerythrine on the renal
arteries clearly was confirmed in several studies. In
fact, chelerythrine inhibits the vasoconstriction effect
of Ang II. An earlier study reported that chelerythrine
at 1 uM concentration can attenuate myogenic vaso-
constriction of the renal afferent arteriole (in a dose-
dependent manner) in the rat model [57]. A study
reported that chelerythrine significantly reduced the
mean arterial pressure (MAP) and renal vascular
resistance (RVR) responses to Ang II [58]. Another
study also stated that chelerythrine can effectively
reduce the renal vasoconstriction produced by Ang
I (with a maximum inhibition of 60%) in a dose-
dependent manner [59]. T. Nagahama et al., showed
in a direct manner that chelerythrine can block the
Ang II-induced arteriolar constriction in both Ang
IT-induced afferent (AFF) and efferent (EFF) of renal
microvessels, with higher responsiveness for EFF.
Since, chelerythrine was found to have no effect on
KCl-induced AFF contraction but tend to cause vaso-
dilation in the presence of calcium antagonists.
Hence, researchers concluded that the vasodilatory
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effect of this compound has not been exerted by
acting on  voltage-gated calcium  channels
(VGCCs) [60].

Interestingly, the abnormal increase in the Ang II
levels caused by downregulation of ACE2 (by SARS-
CoV-2), has been one of the main causes of severe
complications of COVID-19 and activation of the
p38 MAPK and consequent hyper-inflammatory
immune response [61,62]. Therefore, the inhibitory
effects of chelerythrine on Ang II-induced vascular
contractions could potentially be beneficial in pro-
tecting the renal vascular system.

6.2. Anti-cerebral vasospasm

Some acute neurological and cerebrovascular symp-
toms such as headache, speech confusion, epilepsy,
and limb paralysis have been reported by neurolo-
gists during the visit and treatment of COVID-19
patients [63,64]. This indicates that COVID-19
severely affects the central nervous system (CNS) in
some patients. Also, clinical data show that COVID-
19 patients with underlying cerebrovascular involve-
ment are among the patients with the highest mor-
bidity and mortality rates [65,66]. Although the
lungs are more directly affected by COVID-19,
acute respiratory distress syndrome can cause some
life-threatening secondary problems such as hypox-
emia. While COVID-19 patients experience hypox-
emia due to severe respiratory dysfunction, the brain
is the first organ to be affected and a series of patho-
physiological changes occur. Hypoxia causes major
CNS-problems such as dilation of cerebral blood
vessels (increasing intracranial blood flow and capil-
lary blood pressure), production of free radicals, and
increasing cerebral vasospasm [67,68].

Protein kinase C (PKC) has a well-known role
in cerebral circulation by the regulation of myo-
genic tone through phosphorylation of ion chan-
nels. Numerous studies confirm that PKC
activation is involved in cerebral vasoconstriction
[69,70]. In a study, Shigeru Nishizawa et al,
showed that chelerythrine could effectively prevent
cerebral  vasospasm and  protein  kinase
C translocation, and suggested that this compound
could be a useful agent in preventing cerebral
vasospasm after subarachnoid hemorrhage (SAH)
[70]. In another study, the role of chelerythrine in
the inhibition of cerebral vasospasm after experi-
mental SAH was evaluated in a rat model by Arif
Aladag et al. These researchers displayed that che-
lerythrine has beneficial therapeutic effects and
significant systemic activities on cerebral vasos-
pasm [71]. This evidence suggests that chelerythr-
ine has valuable therapeutic effects in the
treatment of cerebrovascular patients with
COVID-19.

6.3. Effects on cardiovascular system

Since angiotensin-converting enzyme 2 (ACE2)
which is the gateway for the SARS-CoV-2 to
enter the cell is highly expressed in the heart,
people with cardiovascular illnesses are among
the most COVID-19 patients at-risk. This risk
elevates when the medications used by these
patients have cardiovascular side effects.
Therefore, it is important that the drugs prescribed
for these patients have minimal cardiovascular
adverse effects [72]. In addition, it makes sense
to use compounds that have protective effects on
this vital system.

Chelidonine

Sanguinarine

Coptisine Dicentrine

Figure 2. Chemical structure of some DNA/RNA intercalating alkaloids with antiviral activity.



Endothelin-1 (ET-1) is a potent vasoconstrictor
and its disproportionate activity can cause some
cardiac disturbances. A study showed that cheler-
ythrine effectively inhibits the increase of myofila-
ment calcium sensitivity induced by endothelin-1
in ventricular myocytes [73]. An earlier study
about the effect of endothelin-1 on cardiac fibro-
blast proliferation also showed that chelerythrine
completely abolished the effects of endothelin-1 on
DNA synthesis and cell proliferation [74].
Chelerythrine can also have some antiarrhythmic
effects [75]. A study reported that chelerythrine
could prolong cardiac action potentials in rat ven-
tricular myocytes [76]. Also, it has been shown
that chelerythrine can reduce myocardial ischemia
by increasing the Na-K-ATPase activity [77].
A recent study reported that chelerythrine has
a protective role on the myocardium, and can
attenuate  renal ischemia/reperfusion-induced
myocardial injury by activating cystathionine y-
lyase/hydrogen sulfide (CSE/H,S) via modulating
the protein kinas C/NF-kB Pathway ([78]. It is
obvious that chelerythrine has a significant effect
on the cardiovascular system. The possible and
beneficial therapeutic application of chelerythrine
for COVID-19 associated cardiac complications,
should be further evaluated by cardiologists.

6.4. Anti-pulmonary inflammation

Because the SARS-CoV-2 virus attacks the lungs
more than any other organs, treating patients with
pulmonary fibrosis who develop COVID-19 infec-
tion would be difficult. Furthermore, clinical data
indicate that significant fibrotic consequences can
occur for COVID-19 patients. Therefore, the role
of anti-fibrotic therapy in these patients would be
very prominent [79,80]. Chelerythrine has benefi-
cial effects in suppressing pulmonary inflamma-
tion and fibrosis, which may be useful in treating
COVID-19 patients. These effects of chelerythrine
have been considered and evaluated in a study by
Ling Peng described above (section 4.3) [47].

7. Pharmacokinetic and toxicological
properties of chelerythrine

Toxicity and safety are important parameters that
determine whether a drug candidate can be used
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in clinic or not. Chelerythrine and its structural
analogue sanguinarine have a long history of usage
in traditional Chinese medicine (TCM). The tox-
icological properties of these alkaloids have been
evaluated in several studies in vitro and in vivo.
Hepatotoxicity is one of the most important toxi-
cities studied for these compounds. A study
reported that sanguinarine (single ip. dose,
10 mg/kg) had significant hepatotoxic effects man-
ifested by increasing the activity of SGPT and
SGOT, and reducing the activity of cytochrome
P450 [81]. While the short-term toxicity of san-
guinarine which was assessed by Peter ]. Becci
et al., showed that sanguinarine chloride does not
have remarkable toxicity expressed as parameters:
acute oral LDs, of 1658 mg/kg and acute iv LDs,
of 29 mg/kg in rats, and acute dermal LDs,
> 200 mg/kg in rabbits. The researchers also stated
that there was no statistically or toxicologically
significant inhibition of the enzyme in rats fed by
sanguinarine diet for 14 days (up to 150 ppm) and
in rats treated for 30 days by gavage (up to 0.6 mg/
kg body weight) [82]. In another study, hepato-
toxicity effect of the three alkaloids chelerythrine,
sanguinarine, and fagaronine (structural analog of
chelerythrine having hydroxyl group) was
assessed. Evaluation of the acute hepatotoxicity at
a dose of 10 mg/kg/day (i.p.), showed that cheler-
ythrine and sanguinarine caused marked parench-
ymal damage in the liver, while fagaronine was not
found to be hepatotoxic. Chronic administration
of 0.2 mg/kg (i.p.) did not cause any liver damage
or necrosis over 56 days [83]. In terms of the
structure—activity relationship (SAR), this differ-
ence in toxicity due to the presence of a hydroxyl
group can be a valuable point in the future design
of novel analogs and their structural modifications
to have safer drugs. In a study by Pavel Kosina
et al., the safety and toxicity of chelerythrine and
sanguinarine was evaluated in a feeding experi-
ment in pigs for 3 months. The results showed
that these compounds did not cause any genotoxi-
city and hepatotoxicity and that an average daily
dose of up to 5 mg/kg was completely safe [84].
Some other studies suggest that chelerythrine ana-
logues interact with cytochrome P450 CYPIA
through the metabolization processes [85,86].
After investigating the effect of chelerythrine and
some of its analogues on the expression and
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activity of CYP1Al in HepG2 cells, Zdarilova
et al., reported that although CYPIA modulates
the cytotoxicity and genotoxicity of these struc-
tures, they don’t affect CYP1A1l expression. The
researchers also stated that metabolism of these
compounds by hepatic microsomes can lead to
the generation of DNA adducts [87]. A study con-
ducted by S. M. Vieira et al., also reported that
chelerythrine has a significant sarco/endoplasmic
reticulum  Ca**-ATPase  (SERCAI1)-inhibitory
activity, and this effect could be a possible cause
of the chelerythrine cytotoxicity by the resulting

loss of the cell calcium homeostasis [88].
The in vivo toxicity observed for chelerythrine is

considerably less than it’s in vitro toxicity [89].
This toxicity difference may be related to the
structural changes of chelerythrine in vivo, which
is explained in the next section. Overall, quatern-
ary benzo[c]phenanthridine alkaloids (cationic
derivatives) bearing a quaternary nitrogen atom
have higher toxicity compared to the neutral
benzo[c]phenanthridine such as

chelidonine.
The pharmacokinetic parameters of chelerythr-

ine and its metabolite dihydrochelerythrine after
oral and intramuscular administrations in pigs
have recently been reported. Results showed that
chelerythrine and its metabolite rapidly reached
peak plasma concentration (Cg.,) less than
an hour after IM administration. The time to
reach peak plasma concentration in a single oral
administration was also rapid and was obtained in
less than 2 hours. Half-life (T %) of chelerythrine
was calculated to be 2.03 hours and it is metabo-
lized rapidly after a single oral administration [90].

derivatives

Reactive
position

Iminium form

(R)-enantiomer

8. Structural evaluation of chelerythrine

Chelerythrine is a benzophenanthridine alkaloid
by the IUPAC name 1,2-dimethoxy-12-methyl-
[1,3]benzodioxolo[5,6-c]phenanthridin-12-ium,
has a rigid structure bearing four fused rings.
Previously, the chemical structure of the cheler-
ythrine was examined by various methods such as
elemental analysis, infrared spectroscopy (IR), 1D,
and 2D nuclear magnetic resonance (NMR), elec-
tron ionization mass spectrometry (EI-MS), che-
mical ionization mass spectrometry (CI-MS) and
etc. Under near-neutral pH to mildly alkaline
conditions, chelerythrine derivatives have two
“charged iminium” and “neutral alkanolamine”
forms that convert to each other in an equili-
brium reaction (Figure 3) [91,92]. Structural ana-
lysis by Motilal Maiti et al., also showed that the
chelerythrine exists almost exclusively as an imi-
nium form in the pH range 1 to 6, and alkano-
lamine form only exists in the pH range 8.5 to 11
[93]. These different structures can have different
biological and biochemical behaviors in vivo. For
example, a multi-spectroscopic investigation by
Sutanwi Bhuiya et al., revealed that alkanolamine
form has a greater binding affinity on bovine
serum albumin (BSA) compared to that of the
iminium form [94]. In another study by Motilal
Maiti, when the interaction of these different
structures with single and double-stranded DNA
was evaluated using spectrofluorimetric, spectro-
photometric, and circular dichroic methods, the
results showed that iminium form binds strongly
to all DNA structures, while the alkanolamine
form does not bind to DNA [93].

OH

(S)-enantiomer

Alkanolamine forms

Figure 3. Chemical structure of chelerythrine and its equilibrium forms iminium and alkanolamine under near-neutral pH.



In terms of the reactivity, the carbon adjacent to
the quaternary nitrogen is the most active part of
chelerythrine, which is well attacked by nucleo-
philes and produces neutral structures. Because
there are many nucleophiles in vivo, the iminium
form can react with these agents to produce neu-
tral structures. This could be a plausible reason for
the difference in toxicity of chelerythrine in in vivo
and in vitro.

Chelerythrine has many famous structural
analogues such as berberine, palmatine, and san-
guinarine, all of which have significant antiviral
activities [95]. In the minimized free energy
state, these compounds have perfectly planar
structures that make them suitable for viral-
DNA/RNA intercalation (Figure 4) [96].

The pharmacological effects of some other deri-
vatives have not yet been well studied. Some of
them such as decarinium and fagaridine contain
hydroxyl groups that seem to be better tolerated
and less toxic in patients (Figure 5). An animal
study showed that fagaronine (10 mg/kg/day; i.p.)
had no liver toxicity effects, whereas chelerythrine
and sanguinarine showed remarkable hepatotoxi-
city at this dose [83]. Some derivatives are structu-
rally polymethoxylated, reminiscent of colchicine
alkaloid (Figure 4), which is now recommended
for the treatment of COVID-19 due to its promising
anti-inflammatory and anti-viral effects [97].
Structural analogues of chelerythrine can be used
as a valuable source by researchers to find new
agents for the treatment of COVID-19.

Chelerythrine
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9. Conclusion

Today, research to find agents with high thera-
peutic potential against COVID-19 is one of the
most essential human needs. Because natural
compounds are rich sources of bioactive agents,
they can be used for this purpose. In the past
years, therapeutic profile of some natural com-
pounds have been appropriate so that they have
been approved by competent authorities for the
treatment of diseases. In some other cases,
despite having valuable therapeutic effects, sev-
eral adverse effects prevented them from enter-
ing the clinical phases. These compounds were
often used as leads in drug discovery and devel-
opment processes, and their efficacy or potency
shortcomings was eliminated by various methods
such as semi-synthetic approaches. As stated,
chelerythrine is an interesting compound,
which can potentially be used for the treatment
of COVID-19 infections. In addition to the ther-
apeutic effects reviewed here, chelerythrine can
also prevent eryptosis as an important side effect
of drugs used for COVID-19 treatment. Despite
having valuable therapeutic effects, high doses of
this compound can be a limiting factor.
Therefore, any clinical use of chelerythrine is
recommended to be in a low and safe dosage
range. We also draw the attention of scientists to
investigate the therapeutic effects of less toxic
derivatives of this compound such as decari-
nium, agaridine, decarine, and isodecarine
which can be used in higher doses.

Figure 4. Rotation of the 3D optimized structure of chelerythrine around X-axis shows the planar structure suitable for DNA/RNA

intercalation.
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