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Abstract Background Coronavirus disease 2019 (COVID-19) is a potentially fatal disease
caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Several studies have shown that hydroxychloroquine (HCQ) significantly inhibits SARS-
CoV-2 infections in vitro.

Objective Since the phytoconstituents of Cinchona officinalis (CO) are similar to those
of HCQ, the objective of this study was to test the antiviral potential of different
homeopathic formulations of CO.

Methods An analysis of the molecular composition of CO was carried out using ultra-
high performance liquid chromatography-quadrupole time-of-flight mass spectro-
metry, followed by a detailed docking study. The constituents of CO were docked
against various targets of SARS-CoV-2, and the binding potential of the phyto-
constituents was compared and quantified. The ligand with the lowest Glide docking
score is considered to have the best binding affinity. The cytotoxicity of several
homeopathic formulations, including CO mother tincture (CO-MT), was also checked
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protein, ACE2 (in host) and spike protein. Quinoline, one of the constituents of CO, can
potentially bind the spike protein of SARS-CoV-2. Quinic acid showed better binding
capabilities with Mpro, PLpro RdRp, nucleocapsid protein and ACE2 (allosteric site)
than other constituents. Quinidine exhibited better binding to ACE2. Compared to
HCQ, other phytoconstituents of CO had the equivalent potential to bind the RNA-
dependent RNA polymerase, nucleocapsid protein, Mpro, PLpro and spike protein of
SARS-CoV-2. In vitro assays showed that homeopathic CO-MT was not cytotoxic and
that CO-MT and remdesivir respectively caused 89% and 99% inhibition of SARS-CoV-2
infection in VeroE6 cells.

Conclusion Based on this in silico and in vitro evidence, we propose CO-MT as a
promising antiviral medicine candidate for treating COVID-19. In vivo investigation is

required to clarify the therapeutic potential of CO-MT in COVID-19.

Introduction

Coronavirus disease 2019 (COVID-19), caused by the novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), is a potentially fatal viral illness that emerged in late
December 2019 in Wuhan, China, and swiftly spread to become
a pandemic.1'2 Its symptoms range from mild, self-limiting,
respiratory disease to severe progressive pneumonia, multi-
organ failure, and death. Despite considerable effort and on-
going clinical trials, no particular therapeutic medicines have
been available to treat or cure a coronavirus infection.>~
However, as per the guidelines and management strategies
published by the National Institutes of Health, corticosteroids
such as hydrocortisone, dexamethasone and prednisolone are
recommended for severe and critical cases of COVID-19. But in
non-severe cases, they reduce the protective immune response,
leading to bacterial and fungal infections, delayed recovery and
hypokalemia, compromising the health of the patient.®

Homeopathy is one of the most popular complementary
and integrative health practices. It is based on the principle of
“like heals like”, which means that sickness can be healed by
a substance that causes identical symptoms in healthy
persons. Homeopathic remedies have been said to strength-
en the natural defensive system.” They may play an immu-
nomodulatory role, which affects the body’s vulnerability to
pathogens.® Cinchona officinalis (CO), a homeopathic medi-
cation, has been claimed to heal low-grade fever (remittent,
intermittent, or malarial) and destroy parasites. Quinine
(Co0H24N305), quinidine, cinchonine and cinchonidine are
the active components of CO bark.>? Synthetic varieties such
as chloroquine (CQ, CygH,6CIN3) and hydroxychloroquine
(HCQ, C;18H26CIN50) are similar to natural quinine in terms
of their chemical structure and in treating malaria. The anti-
malarial drugs CQ and HCQ have been suggested as promising
agents against COVID-19.'" Several in vitro studies showed
that HCQ has significant antiviral activity against SARS-CoV-
2.12 Since the active components of CO are chemically similar
to CQ and HCQ, we hypothesized that CO formulations would
also have antiviral potential against SARS-CoV-2.

The present study was planned to evaluate the potential of
homeopathic CO formulations against SARS-CoV-2 and to
assess their safety in vitro.

Materials and Methods

Materials

All the reagents and chemicals used in the study are of
analytical grade from Sigma, until mentioned otherwise.
CO mother tincture (MT) and potencies were procured
from Hahnemann Publishing Co. Pvt. Ltd., Kolkata, a GMP-
certified company.

Analysis by Ultra-High Performance Liquid
Chromatography-Quadrupole Time-of-Flight Mass
Spectrometry (UHPLC|Q-TOF-MS)

Identification of the phytoconstituents of CO-MT and poten-
cies 3¢, 6¢ and 12c were performed by UHPLC/Q-TOF-MS
using the Agilent 1290 Infinity LC system coupled to an
Agilent 6545 Q-TOF mass spectrometer with Agilent Jet
Stream Thermal Gradient Technology. The UHPLC system
was assembled with a diode array detector and auto-sam-
pler. Raw data were deconvoluted into individual chemical
peaks with Agilent Mass Hunter Qualitative Analysis (Mass
Hunter Qual, Agilent Technologies, Santa Clara, CA, United
States).13 Data acquisition on the LC-Q-TOF was performed
using Agilent Mass Hunter Acquisition software which
contains validated profiles of various phytoconstituents.
Accordingly, the phytoconstituents of CO-MT were identi-
fied on the basis of m/z values of the individual chemical
peaks.

Molecular Docking

Crystallized three-dimensional structures of targets ACE2
(6LZG), Mpro (6LU7), PLpro (3E9S), RdRp (7BV2), Nucleo-
capsid Protein (6VYO) and Spike Protein (7DWY), with their
co-crystallized ligands if available, were retrieved from
Protein Data Bank (https://www.rcsb.org). All the ligand
structures were subjected to the generation of multiple
conformations and, finally, prepared using a LigPrep mod-
ule in Schrodinger at a pH of 7.4. The SiteMap program was
used to identify the suitable binding site(s) in the targets
which do not contain co-crystalized ligands. SiteMap gen-
erated 5, 5 and 3 sites, for ACE2, nucleocapsid protein and
spike protein, respectively. The program produced probable
binding sites based on cavity size, volume, and scores for
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suitability as a drug target. Site 1 was chosen for ACE2 and
nucleocapsid protein, while site 2 was selected for spike
protein based on their respective druggable scores. In
addition, site 5 was considered for docking in the case of
ACE2, which represents an allosteric site. Glide grids were
generated using SiteMap output for the above-mentioned
targets and co-crystallized ligands in the case of other
proteins. Glide was employed to perform the molecular
docking, using the ExtraPrecision (XP) mode to generate the
binding poses. The best-docked pose with the lowest Glide
docking score (DS; negative number) was recorded for each
ligand'*"® and is expressed as the DS, which measures
binding affinity.®

In vitro Antiviral Studies against Severe Acute
Respiratory Syndrome Coronavirus 2

Cytotoxicity Assay on VeroE6 Cells

The assay was performed in a 96-well plate format in three
wells for each sample. VeroE6 cells (1 x 10e4 per well) were
incubated overnight at 37°C in a humidified incubator with
5% CO, for monolayer formation. The next day, VeroE6 cells
were incubated with the test substance at the indicated
concentration (4 pL of the sample [original, 1:10 or 1:20
dilution in ethanol] in a 200 uL reaction).!” Control cells were
incubated with the solvent for CO-MT (1.40% ethanol). After
30 hours incubation, all live and dead cells were stained with
Hoechst 33342 (a cell-permeant nuclear counterstain that
emits blue fluorescence when bound to dsDNA) and Sytox
orange dye, which stains dead cells only. Using Image Xpress
Microconfocal microscopy (Molecular Devices), 16 images
per well (10X magnification) were taken to cover 90% of each
well’s area. The software counts the total number of cells in
the Hoechst-stained images and the number of Sytox-stained
dead cells.

Antiviral Screening (Immunofluorescence Assay)

VeroE®6 cells were cultured and treated with test substances,
as explained in the previous section. Ethanol-treated
VeroE6 cells served as control. Initially, VeroE6 cells were
infected with SARS-CoV-2 at a multiplicity of infection
(MOI) of 0.1 virions/cell.18 After 30 hour incubation, cells
were fixed in 4% paraformaldehyde and permeabilized
with 0.3% Tween-20. Next, VeroE6 cells were stained se-
quentially with a primary antibody that explicitly detects
SARS-CoV-2-infected cells (SARS-CoV-2 nucleocapsid mouse
monoclonal antibody: Catalog Number: 40143-MMO05) and
a secondary anti-mouse antibody conjugated to Alexa fluor
568. Hoechst 33342 dye was used for nuclear staining.
Images of cells stained for SARS-CoV-2 nucleocapsid (Alexa
flour-568) and total nuclei (Hoechst) were captured at 10X
with 16 images per well. Using a multi-wavelength cell
scoring module in Meta Xpress software, nucleocapsid
positive cells and total nuclei were counted and compared
with the control. All experiments related to SARS-CoV-2
were performed in a biosafety level-3 laboratory, and the
personnel involved were equipped properly to maintain
safety precautions.'®

Statistical Analysis

All data were statistically analyzed by Student’s t-test using
GraphPad Prism V5. Values are given as mean =+ standard
error of the mean.

Results

Identification of Constituents of Cinchona Officinalis
Formulations

As per guidelines of the Homeopathic Pharmacopoeia of
India (HPI), the CO (Batch 0752) for this study had the
required specific gravity (0.8590=0.8556 g/mL; pH: 5.86),
alcohol strength: 1350=77.03% (v/v), and solid content:
0.201% (w/v). The Batch 0752 had no sediments and was
near colorless. The identity and purity of the CO-MT were
established by thin layer chromatography, which showed the
presence of three expected spots with different Rf values (Rf:
0.07,0.13, 0.33, and lambda max [A max]: 278.80 nm).

LC-MS analysis: The total ion chromatogram (TIC) of CO-
MT and comparison of TICs of CO-MT, potencies 3¢, 6¢ and
12c are given in =~Fig 1A and ~Fig 1B, respectively.

A comparison of the ion chromatograms of CO-MT
and its magnified view (=~Fig. 1A and 1A1) show distinct
peaks of phytoconstituents of MT. The list of identified
phytoconstituents of CO-MT is given in =Table 1. No phyto-
constituents were identified in the three potencies (3¢, 6¢
and 12c).

In silico Study of the Constituents of Cinchona
Officinalis against Coronavirus Disease 2019 Target
Proteins

Several reports suggest that specific SARS-CoV-2 proteins
are targets for antiviral drugs. Therefore, we performed in
silico analysis to determine if any of the phytoconstituents of
CO (=Fig. 1 and ~Table 1) showed significant binding with
spike protein, RNA-dependent RNA polymerase (RdRp), nu-
cleocapsid protein, ACE2 (site of entry), Mpro and PLpro of
SARS-CoV-2. HCQ, CQ and remedesvir monophosphate
(RMP) are the established inhibitors of SARS-CoV-2 and
were used as positive controls in docking studies. Docking
results for the selected constituents against the COVID-19
target proteins are given in =Table 2. Though multiple
conformations are possible for these phytoconstituents,
the results are for the best conformation with the best
DS. Three crucial inferences can be made from =Table 2.
First, remdesivir (RMP) shows good binding to RdRp,
followed by ACE2 (site 1) and PLpro. The active form of
remdesivir is remdesivir-monophosphate, and it may be pres-
ent in mono- and dianionic forms, and binding scores of
both forms are quite comparable. HCQ exhibits good binding
to both sites of ACE2 including allosteric and active sites, and
the binding score of CQ is quite comparable to HCQ at site 5. The
cationic centers of both HCQ and CQ mostly participate in the
formation of ionic interactions with Asp and Glu residues in
most targets. However, in the case of the spike protein, the
cationic center (tertiary amine group) of these drugs is in-
volved in cation-pi interaction with Phe392 in the hydrophobic
cavity.
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Fig. 1 LGMS analysis of the Cinchona officinalis (CO) mother tincture and the potencies 3c, 6c and 12c. Identification of the components
of CO-MT and potencies 3¢, 6¢ and 12c were performed by UHPLC/Q-TOF-MS using the Agilent 1290 Infinity LC system coupled to an Agilent
6545 Q-TOF mass spectrometer with Agilent Jet Stream Thermal Gradient Technology. (A) Total ion chromatograms (TICs) of CO-MT.

(A1) Magnified view of A showing the peaks of identified molecules. (B) Comparison of TICs of CO-MT with potencies 3¢, 6¢c and 12c.

No constituents are found in 3¢, 6¢c and 12c.
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Table 1 List of compounds identified in Cinchona officinalis MT by molecular feature analysis

Formula m/z Mass RT (Min) Height Compound Name

C7H1206 215.0519 192.0628 0.8 21430 Quinic acid

Cy9H24N50, 313.1903 312.1830 0.9 236358 Dihydroquinidine

CoHsN 130.0645 129.0573 1.3 48299 Quinoline

Cq9H52N50 295.1798 294.1732 3.1 971894 Cinchonidine/Cinchonine/
Epicinchonine/ Epicinchonidine

Cr0H24N50, 325.1915 324.1846 3.6 6010683 Quinine/Quinidine/
Epiquinidine/Epiquinine

Co0H24N50, 325.1915 324.1846 5.8 90594 Quinine/Quinidine/
Epiquinidine/Epiquinine

Abbreviation: MT, mother tincture.

Table 2 Docking results for the constituents against COVID-19 target proteins

Molecule ACE2 Mpro PLpro RdRp Nucleocapsid Spike
(6LZG) (6LU7) (3E9S) (7BV2) (6VY0) (7DWY)
Site5 Sitel Sitel Site2
RMP_Monoanion -5.35 —-7.43 -5.45 -6.29 -5.72 —-4.63 -5.38
RMP_Dianion —-5.78 —7.61 —5.36 —-6.79 7.1 —6.21 —4.56
Hydroxychloroquine -8.78 -8.93 —4.98 -6.19 -5.46 —4.82 -5.93
Chloroquine —8.50 —7.58 —4.04 —4.36 —3.66 —3.46 -7.00
Quinidine —4.82 —6.11 —4.83 —2.53 —4.50 —4.50 —5.56
Cinchonine —4.53 —3.46 —1.98 —5.69 —2.65 -3.39 —4.13
Dihydroquinidine —5.37 —3.86 -3.89 —-2.92 —2.37 —-3.36 —-3.94
Quinoline —2.55 -3.26 —4.06 -3.57 -2.33 —2.36 -6.32
Quinic acid —5.56 —5.59 —6.09 —6.00 —4.56 —6.24 —5.45

Abbreviations: COVID-19, coronavirus disease 2019; RMP, remdesivir monophosphate; PLpro, papain-like protease; RdRp, RNA-dependent RNA

polymerase.

These results for HCQ and CQ are in agreement with the
literature?® and therefore validate our docking approach.
Second, quinoline showed a DS of —6.32 against the spike
protein, which is the best score among all phytoconstituents
of CO and COVID-19 target proteins. It forms mainly hydro-
phobic interactions in the active site of spike protein
(=Fig. 2). Third, it is notable that RMP, HCQ, CQ, and three
phytoconstituents of CO-MT (quinidine, quinoline and quinic
acid) showed equivalent DSs, with a few exceptions. For
example, quinic acid showed better binding capabilities
with Mpro, PLpro RdRp, nucleocapsid protein and ACE2
(allosteric site) compared to other constituents. Quinic
acid shows three to five hydrogen bonding interactions
with different targets. Quinidine shows three hydrogen
bonding interactions and one ionic interaction between
the cationic center of ligand with ASP206 in site 1 of ACE2.
In most targets, the dianion form of the phosphate group, the
hydroxyl group of the sugar, and the amino group of RMP are
involved in binding with residues of target proteins. Overall,
these in silico data suggest that HCQ, CQ and specific phyto-
constituents of CO-MT have equivalent potential to bind the
spike and nucleocapsid proteins and could prevent SARS-
CoV-2 entry into cells.

In vitro Antiviral Assay
In silico data suggested that HCQ, CQ and certain phytocon-
stituents of MT have equivalent binding potential for the
spike and nucleocapsid proteins of SARS-CoV-2 (=Table 2).
Therefore, an antiviral assay against SARS-CoV-2 was per-
formed in VeroE6 cells, which are commonly used for virus
culture.?’ Initially, an immunofluorescence cytotoxicity as-
say was performed to assess the safety of the CO formula-
tions. The results confirmed that the CO-MT formulation and
its potencies were not cytotoxic at the selected doses.
Antiviral activity of CO-MT and potencies was tested in
SARS-CoV-2 infected VeroE6 cells using the established
antiviral drug remdesivir as a positive control. The total
VeroE6 cell number was visualized with a nuclear stain
(Hoechst blue color). Infected Vero cells were visualized
with a dye conjugated to an antibody against nucleocapsid
protein of SARS-CoV-2 (Alexa flour-568—orange color). Con-
focal microscopy images clearly show the presence of Vero
cells in all panels (=Fig 3C). As expected, uninfected VeroE6
cells show a Hoechst stain but no orange stain.

Similarly, SARS-CoV-2-infected Vero cells treated with
remdesivir or CO-MT also show Hoechst stain and little or
no orange stain, since both these drugs potently inhibited
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Fig. 2 Binding mode of phytoconstituents of MT against different targets of SARS-Cov-2.

intracellular replication of the virus. Indeed, calculations
revealed that remdesivir (10 uM) and CO-MT (concentration
of 4 uL/200 puL) showed respectively a 99% and 89% inhibition
of SARS-CoV-2 infection (~Fig 3B). However, SARS-CoV-2-
infected Vero cells treated with three potencies (CO 3¢, CO 6¢,
and CO 12c) showed only 5% to 15% inhibition of SARS-CoV-2
infection (=Fig 3B, -3C). This is consistent with our obser-
vation that the active phytoconstituents of CO are absent in
the three potencies (CO 3c, CO 6¢, and CO 12c) (~Fig 1).

Thus, =Fig 3B and -3C indicate that the antiviral activity of
CO-MT is comparable to that of remdesivir, an established
antiviral drug for COVID-19.

Discussion

This study was performed to identify the antiviral potential
of CO against the SARS-CoV-2 virus, which causes COVID-19.
First, we found that the homeopathic formulations of CO in
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L VeroE6

Cell survival (%)
Antiviral activity
(% Inhibition)

¢ Hoechst 66642 SARS CoV2 nucleocapsid

Remdesivir

Uninfected

Magnified view: 2

Fig.3 (A) Effect of Cinchona officinalis (CO) on VeroE6 cells. Cells were incubated with the test substance at the indicated concentrations (4 pL of
the sample [original, 1:10 or 1:20 dilution in ethanol] in 200 pl reaction). After 30 hours, cells were stained with Hoechst 33342 (live and dead
cells) and sytox orange (dead cells). Cell viability was calculated by taking images (10X) of cells and total cell numbers from the software. (B)
Antiviral activity of CO on SARS-CoV-2. The graph shows that SARS-CoV-2-infected cells treated with Remdesivir or CO-MT (4 pL/200 pL) show
approximately 89% growth inhibition. Values are mean + SEM. (C) Immunofluorescence images for the effect of CO on SARS-CoV-2 in vitro.
Hoechst stained (blue) images (10X) indicate the total VeroE6 cell number. Alexa flour-568 stained cells (orange) indicate SARS-CoV-2-infected
cells stained for viral nucleocapsid protein. Uninfected control cells lack an orange stain. SARS-CoV-2-infected cells treated with remdesivir or
CO-MT have low orange stain since both drugs significantly inhibit viral replication. SARS-CoV-2-infected VeroE6 cells treated with CO-MT
potencies show a bright orange stain because these potencies have weak antiviral activity. A magnified view of the cells stained with Hoechst and
Alexa flour 568 is also provided for reference.
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MT and three different potencies (3c, 6¢ and 12¢) were not
cytotoxic to VeroE6 cells (=~Fig. 3A). Using state-of-the-art
immunofluorescence methods to specifically identify SARS-
CoV-2 infected cells and viable cells, we showed that CO-MT
(dose of 4 uL/200 pL) and remdesivir caused >90% inhibition
of the viral replication in VeroE6 cells. Therefore, the in vitro
antiviral potential of CO-MT against SARS-CoV-2 is compa-
rable to that of remdesivir. = Table 2 shows quinoline had a
good DS against the spike protein SARS-CoV-2. Quinic acid
showed better binding potential with Mpro, PLpro RdRp,
nucleocapsid protein and ACE2 (allosteric site) compared to
other constituents. Quinidine exhibited better binding to
ACE2. Interestingly, docking scores of quinidine and quinic
acid for the Mpro, PLpro, spike, nucleocapsid and RdRp
proteins are very similar to those of HCQ and CQ for these
proteins. Thus, compared to antivirals which exclusively
target the spike protein, CO-MT could potentially be more
effective against SARS-CoV-2 variants or mutants because
five of its phytoconstituents can bind multiple SARS-CoV-2
target proteins. Therefore, the potent in vitro antiviral activ-
ity of CO-MT observed (~Fig. 3C) is strongly supported by the
molecular docking data in =Table 2.

A recent review examined the pathogenesis of systemic
conditions of COVID-19 and compared them with the
pathophysiological effects of various homeopathic medi-
cines. The review concluded that the sphere of action of CO
makes it a suitable medication for the relief of COVID-19
symptoms.?! Our study supports this by establishing in
silico and in vitro data, which provide clear scientific
explanations and evidence for the antiviral potential of
CO-MT against SARS-CoV-2.

Limitation of the Research

A key limitation of this research is the lack of a suitable
experimental COVID-19 animal model at our laboratory to
test the efficacy of the CO formulations in vivo.

Conclusion

Cinchona officinalis, a homeopathic formulation, lacks toxic-
ity and also has significant antiviral activity in VeroE6 cells.
Molecular docking studies suggested that HCQ, CQ, and
certain phytoconstituents of CO bind the major protein
targets of SARS-CoV-2 (Mpro, PLpro, spike protein, nucleo-
capsid protein and RdRp) with similar affinity. Our study is a
preliminary approach that validates the antiviral potential of
CO suggested by others. It also provides a valuable founda-
tion for designing future studies in vivo to investigate the
therapeutic potential of homeopathic CO for the treatment of
COVID-19 infections.

Highlights

* Quinine derivatives have shown promising results
against SARS-CoV-2.

* Our in silico and in vitro findings identified Cinchona
officinalis, a homeopathic formulation, as a potential
remedy for COVID-19 infection.
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* Further scientific evidence is necessary to identify the
therapeutic potential of Cinchona officinalis in COVID-19.
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