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Purpose: Coronil is a tri-herbal formulation containing extracts from Withania somnifera, 
Tinospora cordifolia, and Ocimum sanctum. Recently, it was shown that Coronil 
rescued humanized zebrafish from SARS-CoV-2 induced pathologies. Based on reported 
computational studies on the phytochemicals present in Coronil, it could be a potential 
inhibitor of SARS-CoV-2 entry into the host cell and associated cytokines’ production.
Methods: Through an ELISA-based biochemical assay, effects of Coronil on interaction 
between ACE-2 and different mutants of viral spike (S) protein, crucial for viral invasion of 
host cell, were evaluated. Additionally, using recombinant pseudoviruses having SARS-CoV 
-2 spike (S) protein in their envelopes and firefly luciferase reporter in their genomes, 
effects of Coronil on virus entry into human alveolar epithelial cells were evaluated through 
luciferase assay. UHPLC profiled Coronil also modulated S-protein mediated production of 
pro-inflammatory cytokines in A549 cells, like interleukin-6 (IL-6), interleukin-1β (IL-1β), 
and tumor necrosis factor-α (TNF-α), as evaluated through RT-qPCR and ELISA.
Results: Coronil effectively inhibited the interaction of ACE-2 not only with the wild-type 
S protein (SWT) but also with its currently prevalent and more infectious variant (SD614G) and 
another mutant (SW436R) with significantly higher affinity toward ACE-2. Treatment with 
Coronil significantly reduced the increased levels of IL-6, IL-1β, and TNF-α in A549 cells 
incubated with different S-protein variants in a dose-dependent manner. Likewise, it also 
prevented the SARS-CoV-2 S-protein pseudotyped vesicular stomatitis virus (VSVppSARS- 
2S) mediated cytokine response in these cells by reducing entry of pseudoviruses into host cells.
Conclusion: Coronil prevented SARS-CoV-2 S-protein mediated viral entry into A549 cells 
by inhibiting spike protein-ACE-2 interactions. SARS-CoV-2 S protein induced inflamma-
tory cytokine response in these cells was also moderated by Coronil.
Keywords: Coronil, SARS-CoV-2, pseudovirus, spike protein, ACE-2, pro-inflammatory 
cytokines

Introduction
The COVID-19 pandemic is persistent and not showing any sign of fading away in 
the near future. Naturally, there is high demand toward finding a cure or a vaccine 
against it. The causative coronavirus, SARS-CoV-2, has originated from the same 
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clade that produced SARS (SARS-CoV) and MERS 
(MERS-CoV), back in 2002 and 2012 respectively.1 Like 
SARS-CoV, this virus also enters host cells through ACE- 
2 receptors. Therefore, the alveolar type II epithelial cells 
with high level of expression of ACE-2 are the primary 
target of SARS-CoV-2 coronavirus.2 SARS-CoV-2 infec-
tion triggers an uncontrolled immune response directly 
responsible for severe COVID-19 prognosis.3 Therefore, 
the attempts toward therapeutic interventions are mainly 
focused on the development of drugs or vaccines that 
ultimately prevent the entry of SARS-CoV-2 into the 
host cells. It is presumed that this would automatically 
reduce the viral load and associated mal-adaptive immune 
responses leading to serious pathophysiological 
conditions.4 In order to control the sudden outbreak of 
the disease and rapid spread of the infection at the first 
instance, it has been attempted to repurpose several known 
drugs like hydroxychloroquine and remdesivir.5–7 

However, with the outcomes of clinical trials using such 
repurposed drugs not being quite encouraging, there is 
a pressing need for the development of newer therapeutics 
which can specifically act against SARS-CoV-2. Among 
various modes of therapeutics, traditional systems of med-
icines which are mainly composed of herbal and other 
natural resources provide hope because of their multi- 
targeted functionality and minimal side effects.8

In this study, Coronil, a tri-herbal formulation, has been 
evaluated for its efficacy as an anti-viral therapy by inhibiting 
viral entry into host/target cells. Coronil is formulated based 
on the principles of Ayurveda, which has been used to treat 
respiratory ailments with symptoms overlapping with those 
of COVID-19. Coronil contains extracts of Withania somni-
fera, Tinospora cordifolia, and Ocimum sanctum. A large 
body of experimental evidence has demonstrated the anti- 
viral and immunomodulatory activities of the principal com-
ponents present in Coronil. W. somnifera has been identified 
as one of the medicinal plants capable of boosting immunity 
among poultry infected with Newcastle Disease virus 
(NDV), belonging to Paramyxoviridae family.9 Recently 
root extract of W. somnifera has been reported to inhibit 
infection of chicken embryo fibroblasts by Bursal disease 
virus (BSV) in vitro.10 It was also reported to be effective in 
reducing human immunodeficiency virus (HIV)-induced 
neurotoxicity.11 Phytochemicals present in Withania somni-
fera have potential anti-viral activity against H1N1 influenza 
virus.12 Withaferin A, present in W. somnifera extract, was 
noted to effectively ameliorate inflammatory cytokine 
responses in pulmonary fibrosis and attenuate the 

expressions of fibrotic proteins, thus, proving to be 
a potential therapeutic agent against this lung disorder.13 

Computational studies have shown that phytochemicals pre-
sent in W. somnifera are capable of attenuating the interaction 
between host cell ACE-2, viral spike (S) protein, and main 
protease (Mpro), which is crucial for viral entry into host 
cells.14–16 Like W. somnifera, T. cordifolia is a potent 
immuno-stimulant which has been used as remedy against 
various microbial infections.17 According to a recent report, 
extracts from the stems of T. cordifolia inhibited the growth 
of Herpes Simplex virus (HSV)18 and other extracts of this 
plant have also been reported to be used in treating HIV 
patients.19,20 Extracts of O. sanctum are known for their anti- 
asthmatic and bronchodilation effects against histamine 
induced bronchospasm.21,22 Besides, like W. somnifera and 
T. cordifolia, O. sanctum is also a strong immunomodulant.22

In the current study, the ability of Coronil to inhibit 
ACE-2 and S protein interaction was assessed through an 
ELISA based assay. Once it was established that Coronil 
could remarkably inhibit the interaction of ACE-2 and 
S proteins biochemically, we analyzed its capacity to pro-
hibit entry of SARS-CoV-2 S protein pseudotyped viruses 
into human alveolar epithelial A549 cells, expressing 
ACE-2. We also evaluated the effect of Coronil in ameli-
orating SARS-CoV-2 S protein- and pseudovirus-induced 
cytokine response in human alveolar epithelial cells.

Materials and Methods
Chemicals and Reagents
Cell culture media, namely RPMI1640, DMEM, and supple-
ments like fetal bovine serum (FBS) and penicillin streptomy-
cin mixture were obtained from Thermo Fisher Scientific 
(Waltham, MA, USA). The levels of cytokines such as inter-
leukin-6 (IL-6) (Catalog number: 51–26451E, 51–26452E), 
interleukin-1 beta (IL-1β) (Catalog number: 51–9,002,512, 
519,002,516), and tumor necrosis factor alpha (TNF α) 
(Catalog number: 51–26371E, 51–26372E) were quantified 
using respective ELISA kits from BD Biosciences (San Jose, 
CA, USA). Purified SARS-CoV-2 Spike (S) proteins and 
purified human ACE-2 protein were procured from Sino 
Biological US Inc. (Pennsylvania, USA). Lipofectamine 
3000 (Catalog number L3000015) was obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). All the 
other chemicals and reagents were from Sigma-Aldrich 
(St. Louis, MO, USA) unless stated otherwise. Coronil 
(Batch No. #A-CNT194, expiry June 2023) was obtained 
from Divya Pharmacy (Haridwar, India).
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Compositional Analysis of Coronil
Compositional analysis was performed by Prominence-XR 
UHPLC system (Shimadzu, Japan) equipped with 
Quaternary pump (Nexera XR LC-20AD XR), DAD 
detector (SPD-M20 A), auto-sampler (Nexera XR SIL-20 
AC XR), degassing unit (DGU-20A 5R), and column oven 
(CTO-10 AS VP). The separation was achieved using 
a Shimadzu Shim pack GIST-HP C18 (3 µm, 3 
X 100 mm) column subjected to binary gradient elution. 
The two solvents used for the analysis consisted of water 
containing 0.1% orthophosphoric acid, pH adjusted to 2.5 
with diethylamine (solvent A) and acetonitrile (solvent B). 
Gradient programming of the solvent system was initially 
at 5% B for 0–10 min, 5–15% B from 10–20 min, 15–25% 
B from 20–40 min, 25–65% B from 40–60 min, 65–90% 
B from 60–65 min, 90–95%B from 65–66 min, 5% B from 
66–70 min, with a flow rate of 0.7 mL/min. Next 10 µL of 
standard and test solutions were injected and column tem-
perature was maintained at 30°C. Wavelengths were set at 
227 nm (for Withanone, Withaferin A, Withanoside IV, 
Withanoside V, Codifolioside A, and Magnoflorine), 325 
nm (for Rosmarinic acid and Palmatine), and 210 nm 
(Ursolic acid and Betulinic acid).

The standards used in the compositional analysis of 
Coronil were prepared as follows:

Palmatine hydrochloride (purity-75.1%, Sigma Aldrich, 
Missouri, USA), Cordifolioside A (purity-98.0%, Chem 
Faces, Hubei, China), Magnoflorine (purity-99% Sigma 
Aldrich, Missouri, USA), Withanone (purity-93.6%, 
Natural Remedies, Noida, India), Withaferin A (purity- 
98%, Natural Remedies, Noida, India), Withanoside IV 
(Purity-96.2%, Natural Remedies, Noida, India), 
Withanoside V (purity-97.6%, Natural Remedies, Noida, 
India), Rosmarinic acid (Purity-98%, Sigma Aldrich, 
Missouri, USA), Ursolic acid (purity-97.3%, Tokyo 
Chemical Industries, Tokyo, Japan), and betulinic acid (pur-
ity-98.7%, Natural Remedies, Natural Remedies, Noida, 
India) were dissolved in analytical grade methanol (Sigma 
Aldrich, Missouri, USA) to prepare the appropriate concen-
trations of standard stock solutions.

For preparing the test sample, 0.5 g of powdered 
Coronil sample (Batch No. #A-CNT194, expiry 
June 2023) was diluted with 10 mL water: methanol 
(20:80) and then sonicated for 30 min. This was then 
centrifuged at 10,000 rpm for 5 min at room temperature 
and then filtered using 0.45 µm nylon filter. The filtrate 
thus obtained was used for the analysis.

ELISA-Based Assay to Determine 
Interaction Between Human ACE-2 and 
SARS-CoV-2 Spike (S) Proteins
Interactions between ACE-2 and three different types of 
SARS-CoV-2 spike (S) proteins, namely, wild type (Catalog 
number: 40,592-V08B) and two naturally occurring variants, 
D614G mutant (Aspartic acid “D” at 614th position replaced 
with Glycine “G”) (Catalog number: 40,591-V08H3) and 
W436R mutant (Tryptophan at 436th position replaced with 
Arginine “R”) (Catalog number: 40,592-V08H9) were quanti-
tatively evaluated through an ELISA based SARS-CoV-2 
Inhibitor screening Kit (Catalog number: EP-105) from 
AcroBiosytems, Newark, USA, according to manufacturer’s 
protocol. Briefly, the wells of ELISA plate were separately 
coated overnight with 25 ng of different S proteins as described 
previously. Following thorough washings, 62.5 ng of purified 
biotinylated human ACE-2 protein (Catalog number: 10,108- 
H08H-B) was added to each well in a total volume of 100 µL 
with different concentrations of Coronil (0.001, 0.003, 0.01, 
0.03, 0.1, 0.3, 1.0, 3.0, 10, and 30 µg/mL) and incubated for 30 
min. Negative control included only ACE-2 and S proteins 
without any inhibitor. Positive control was supplied along with 
the kit and included a chemical inhibitor against ACE2-S 
protein interaction. Interactions between ACE-2 and 
S proteins were detected by adding streptavidin conjugated 
horse-radish peroxidase (streptavidin-HRP) along with 
3.3′,5,5′-Tetramethylbenzidine (TMB) (Catalog number: 
555,214, BD bioscience, San Diego, USA) as substrate fol-
lowed by measuring the absorbance at 450 nm using Envision 
microplate reader (Perkin Elmer, USA). Percent (%) inhibition 
of interaction between ACE-2 and S proteins was calculated 
considering the interaction to be 100% in negative control 
group.

Determination of Cytokine Response 
Elicited in Alveolar Epithelial A549 Cells 
by Different S Proteins
Human alveolar epithelial A549 cells were obtained from 
ATCC recognized cell repository at National Centre for Cell 
Sciences (NCCS, Pune, India). For this assay, A549 cells 
were seeded at a density of 5 X 105 cells/mL and incubated at 
37°C in the presence of 5% CO2 in a humidified incubator 
until 50–60% confluency. Subsequently, the cells were incu-
bated with 8000 ng/mL, for wild type and W436R mutants 
while 20,000 ng/mL was used for D614G (mutant) for 48 h, 
followed by the estimation of different secreted pro- 
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inflammatory cytokines. IL-6, TNF-α, and IL-1β (BD 
bioscience, San Diego, USA) were estimated in the super-
natants of cultured cells by using specific ELISA kits for each 
of these cytokines, as per the manufacturer’s protocol. 
Absorbance was measured at 450 nm using the Envision 
microplate reader (Perkin Elmer, USA).

Pseudotyping of Vesicular Stomatitis Virus 
(VSV) with SARS-CoV-2 S Protein
VSV pseudotyping with SARS-CoV-2 S protein was per-
formed according to earlier reports.23,24 Briefly, human kidney 
epithelial (HEK293) cells (from NCCS, Pune, India) were co- 
transfected with helper plasmids expressing VSV N, P and 
L proteins and pCG1-SARS-2S plasmid expressing SARS- 
CoV-2S protein 24 h before transducing with VSV*ΔG-FLuc 
viruses for 1 h. VSV*ΔG-FLuc viruses, helper plasmids and 
pCG1-SARS-2S construct were kind gifts from Prof. Stefan 
Pӧhlmann (Deutsches Primatenzentrum GmbH, Leibniz- 
Institut für Primatenforschung, Kellnerweg 4, 37,077 
Göttingen, Germany). The supernatant containing SARS- 
CoV-2S pseudotyped VSV viruses (VSVppSARS-2S) were 
collected after 36 h and stored at −80°C to be used in subse-
quent experiments.

Luciferase-Based Analysis to Check Entry 
of Pseudotyped Virus into Target Cells
Luciferase assay was conducted according to published pro-
tocols with slight modifications.23,25 Briefly, 70–80% con-
fluent A549 cells pre-treated for 16 h with different 
concentrations of Coronil (1, 3, and 10 µg/mL), were trans-
duced with VSVppSARS-2S [at a multiplicity of infection 
(m.o.i.) of 5] and incubated at 37°C for 6 h. Subsequently, the 
medium was aspirated and lysate prepared in 50 µL Cell 
Culture Lysis 5X Reagent (Promega, Catalog number: 
E153A). To 20 µL of this lysate, 30 µL of luciferase substrate 
(Promega, Catalog number: E151A) reconstituted in 
Luciferase Assay Buffer (Promega, Catalog number: 
E152B) was added and immediately, firefly luciferase activ-
ity was measured using Envision microplate reader (Perkin 
Elmer, USA). The luciferase activity was used to depict the 
extent of VSVppSARS-2S entry into the cells and 
was represented as x-fold over background. The cells without 
viral transduction and the cells transduced with 
VSVppSARS-2S but without any treatment, were considered 
as normal control and disease control respectively. Virus 
transduced cells treated with 10 µM of camostat mesylate 
were used as positive control.23

Determination of the Level of 
Transcription of ACE-2 and Cytokines in 
Alveolar Epithelial A549 Cells in 
Response to Transduction with 
VSVppSARS-2S
mRNA levels of ACE-2 and different pro-inflammatory 
cytokines, namely, IL-1β, IL-8, IL-6 and TNF-α in nor-
mal, VSVppSARS-2S transduced and Coronil treated 
A549 cells were determined through RT-qPCR. cDNA 
was prepared using Verso cDNA Synthesis Kit (Catalog 
number: AB1453/B, Thermo Scientific, USA) according 
to manufacturer’s protocol. cDNA, thus synthesized, was 
used in RT-qPCR reaction set up with primers for ACE-2 
(5ʹ- GGGATCAGAGATCGGAAGAAGAAA-3ʹ and 5ʹ- 
AGGAGGTCTGAACATCATCAGTG-3ʹ), IL-1β (5ʹ- AA 
GCTGATGGCCCTAAACAG-3ʹ and 5ʹ- AGGTGCAT 
CGTGCACATAAG-3ʹ), IL-8 (5ʹ- TTCTAGGACA 
AGAGCCAGGAAG-3ʹ and 5ʹ- GGGTGGAAAGGTT 
TGGAGTATG-3ʹ), IL-6 (5ʹ- TCGAGCCCACCGG 
GAACGAA-3ʹ and 5ʹ- GTGGCTGTCTGTGTGGGGCG- 
3ʹ) and TNF-α (5ʹ- ATGAGCACTGAAAGCATGATCG- 
3ʹ and 5ʹ- GAGGGCTGATTAGAGAGAGGTC-3ʹ) using 
PowerUp SYBR Green Master Mix (Catalog no. A25778, 
Applied Biosystems, USA) according to manufacturer’s 
guidelines in qTOWER3G real time PCR machine 
(Analytic Jena, Germany). mRNA levels of ACE-2 were 
expressed relative to the house keeping gene PPIA (5ʹ- 
CCCACCGTGTTCTTCGACATT-3ʹ and 5ʹ- 
GGACCCGTATGCTTTAGGATGA-3ʹ). Alterations in 
the mRNA levels of IL-1β, IL-8, IL-6, and TNF-α genes 
were expressed as fold changes with respect to their cor-
responding levels in normal untreated, non-transduced 
A549 cells.

Determination of Pseudotyped Virus 
(VSVppSARS-2S)-Induced Cytokine 
Response in A549 Cells
50–60% confluent A549 cells were transduced with 
VSVppSARS-2S pseudoviruses. The levels of secreted 
pro-inflammatory cytokines, IL-6, IL-1β, and TNF-α in 
the supernatant were measured after 48 h of incubation 
through ELISA as described earlier.

Statistical Analysis Used in This Study
All quantitative data were represented as mean ± SEM. 
Statistical significance of the variations observed between 
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the means of different groups was determined through one- 
way ANOVA followed by Dunnett’s multiple comparisons 
and denoted either with # or * depending on whether the 
comparison was with the normal control or transduced cells 
using GraphPad Prism software (version 7) (California, USA).

Results
Coronil is Enriched with Steroidal 
Lactones, Terpenoids, Alkaloids, and 
Furan Glycosides
Basically, Coronil has been formulated by using the aqu-
eous extracts of Withania somnifera, Tinospora cordifolia, 
and Ocimum sanctum. As shown in Figure 1 and Table 1, 
the UHPLC pattern depicted that chemically, Coronil is 
a rich blend of several phytochemicals; steroidal lactones, 
of which Withaferin A (1.752 µg/mg), Withanoside IV 
(2.673 µg/mg) and V (0.822 µg/mg) and Withanone 
(0.008 µg/mg) are the most predominant ones. All these 
steroidal lactones were mainly from W. somnifera. Among 
other phytochemicals the major alkaloids like 
Magnoflorine (1.478 µg/mg) and Palmatine (0.027 µg/ 
mg) and furan glycoside, Cordifolioside A (0.181 µg/mg) 
were from T. cordifolia. Further, O. sanctum contributed 
polyphenolic compound like Rosmarinic acid (0.091 µg/ 
mg) and terpenoids like Betulinic (0.193 µg/mg) and 
Ursolic (0.046 µg/mg) acids.

Coronil Inhibits Interaction Between 
Human ACE-2 Receptor and Viral 
S Proteins
Coronil is a tri-herbal formulation containing phytochem-
icals from Withania somnifera, Tinospora cordifolia, and 
Ocimum sanctum. Based on our earlier computational ana-
lysis we could deduce that withanone and tinocordiside, the 
major phytochemicals present in Coronil as well, could 
impede the molecular interactions between human ACE-2 
receptor and SARS-CoV-2 S protein.16,26 Therefore, as bio-
chemical validation and the first step toward understanding 
the mechanism of action of Coronil as a potent anti-viral 
agent, we assessed its competency to interfere with ACE- 
2-S protein interaction through an ELISA based assay 
(Figure 2A). For this assay, essentially, biotinylated purified 
human ACE-2 protein was allowed to bind to the immobi-
lized naturally occurring variations of SARS-CoV-2 
S proteins, namely, SWT (the one identified at the beginning 
of the pandemic), SD614G (with the D at 614th position 

replaced by G) and SW436R (with R at 436th position instead 
of original W). A known inhibitor of ACE-2-S protein inter-
action provided with the kit was used as a positive control, 
while ACE-2 and S proteins without any inhibitor served as 
the negative control. The extent of interaction observed for 
the negative controls was considered as 100% and relative to 
this the inhibitions as displayed by positive control and 
different concentrations of Coronil, were calculated. Our 
data showed that Coronil exerted a dose-dependent inhibi-
tory effect on the interactions between ACE-2 and all var-
iants of S proteins (Figure 2B–D), albeit the magnitude of 
inhibition varied for each mutant. With our experimental set- 
up, we observed a maximum inhibition of ACE-2-S protein 
interactions ranging between 25–30%, of which the maxi-
mum response was observed with SW436R variant. 
Consequently, in order to perceive the comparative perfor-
mance of Coronil with different variants of S proteins, IC20 

values were calculated for each type and were found to be 
19.08, 20.08, and 0.55 µg/mL for SWT (Figure 2B), SD614G 

(Figure 2C) and SW436R (Figure 2D), respectively, clearly 
suggesting better inhibitory potency of the formulation when 
SW436R mutant is the interacting partner for ACE-2 receptor. 
Therefore, from these observations, the potential of Coronil 
to impede the crucial molecular cross-talk between human 
ACE-2 receptor and viral S proteins becomes evident.

Coronil Attenuates Viral S 
Protein-Induced Cytokine Activation in 
A549 Cells
It has already been reported that SARS-CoV-2 interacts 
with ACE-2 receptors present on the alveolar type II (AT- 
II) epithelial cells invading host immune system. Therefore, 
we chose the pulmonary epithelial A549 cells, character-
ized as AT-II model, for all our further in vitro studies.27 

Although, in case of SARS-CoV-2 infection, the main 
source of pathogenic IL-6 and pro-inflammatory cytokines 
(TNF-α and IL-1β) is myeloid cells,28 increased expres-
sions of these cytokines are also reported in A549 cells 
due to Mycoplasma pneumoniae and Influenza A virus 
infections.29,30 Besides, A549 cells exhibit cytokine activa-
tion in response to inflammatory stimulus by 
lipopolysaccharides (LPS).31 Subsequent to our earlier 
observation that Coronil can inhibit ACE-2-S protein inter-
action, we evaluated the effect on cytokine activation in 
response to viral proteins by incubating A549 cells with 
S protein variants and measured the levels of immunoreac-
tive pro-inflammatory cytokines in the presence of different 
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concentrations (1, 3, 10, and 30 µg/mL) of Coronil. 
Cytosafety of Coronil in A549 cells has already been estab-
lished up to 300 µg/mL (Figure 9a of reference 32).32 The 

cells incubated with S proteins but not treated with Coronil 
were included as disease control to measure the extent of 
respective cytokine activation evoked (Figure 3A). The 

Figure 1 Chemical composition of Coronil. Overlap HPLC chromatogram of standard mix (black line) and Coronil (blue line). Cordifolioside A, Magnoflorine, Withanoside 
IV, Withaferin A, Withanoside V and Withanone were quantified at 227 nm, Rosmarinic acid and Palmatine at 325 nm, and Betulinic and Ursolic acids at 210 nm wavelength.
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cells without S proteins and Coronil treatment were taken as 
normal control. While in the presence of SWT and SW436R, 
we observed significant increases in the levels of immunor-
eactive cytokines, such reaction was not observed in case of 
SD614G variants for any of the cytokines tested by us (Figure 
3B–D). Interestingly, treatment of cells with increasing 
concentrations of Coronil resulted in the reduction of 
these cytokines, although, dose-dependency was found 

only in some cases (Figure 3B–D). As shown in Figure 
3B, the levels of IL-6 were elevated by about 4-fold in 
response to both SWT and SW436R proteins (p<0.05). 
Coronil was found to reduce the level of IL-6 close to 
normalcy in a dose dependent manner in SWT protein trea-
ted cells. A significant reduction in the level of IL-6 in 
SW436R protein treated cells was noted in response to 
Coronil, however, no dose dependent effect was observed 
in case of this mutant. The disease control groups of SWT 

and SW436R treated cells experienced almost 3.6- and 
5.5-fold increases in TNF-α levels, respectively, as com-
pared to vehicle treated control groups (p<0.05). However, 
treatment with Coronil demonstrated a dose-dependent 
inhibition of this elevated TNF-α level restoring it close to 
normal control (Figure 3C). When tested for IL-1β, as 
shown in Figure 3D, a 10-fold increase in the level of IL- 
1β was observed when the A549 cells were incubated with 
SWT protein which was subsequently attenuated almost 
close to normalcy upon treatment with Coronil (p<0.05). 
We did not notice any dose dependent effect of Coronil in 
this case, which needs further validation with lower doses of 

Table 1 Phytochemical Composition of Coronil

S. No. Compound Name Result in µg/mg

1. Cordifolioside A 0.181
2. Magnoflorine 1.478

3. Rosmarinic acid 0.091

4. Palmatine 0.027
5. Withanoside IV 2.673

6. Withaferin A 1.752

7. Withanoside V 0.822
8. Withanone 0.008

9. Betulinic acid 0.193
10. Ursolic acid 0.046

Figure 2 Inhibitory effect of Coronil on interactions between human ACE-2 receptor and viral S proteins. (A–D) Through an ELISA based assay (A), the dose-dependent 
effect of Coronil on the interactions between human ACE-2 receptor and different types of SARS-CoV-2 S proteins, namely, SWT (B), SD614G (C) and SW436R (D) were 
evaluated and represented as percent (%) inhibition relative to the extent of ACE-2-S protein interactions observed in the reaction mix without any inhibitor. Data are 
represented as mean ± SEM from three independent experiments. The statistical significance of the observed differences in the means compared to the no inhibitor group 
(first column in each case from (B–D)) was analyzed through one-way ANOVA followed by Dunnett’s multiple comparison test and represented as *, ** or *** depending 
on whether the calculated p value was <0.05, <0.01 or <0.001. IC20 doses of Coronil against ACE-2 and each variant of S protein were determined.
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this drug. When analyzed for SW436R variant, it was found 
that the production of IL-1β increased only by ~3-fold 
which was significantly inhibited by Coronil close to the 
level of normal control, although here we also did not 
observe any dose dependency (Figure 3D). Taken together, 
it is evident that purified SARS-CoV-2 S proteins can elicit 
cytokine response in pulmonary epithelial cells in vitro and 
that Coronil can attenuate that response mostly restoring the 
cytokine levels to normalcy albeit its impacts vary based on 
the type of mutation that exists in the viral S proteins.

Coronil Inhibits Entry of VSVppSAR2S in 
Alveolar Epithelial Cells
The efficient management of S protein induced cytokine 
responses suggests that Coronil might act as entry inhibitor 
for SARS-CoV-2 virus. Vesicular stomatitis virus (VSV) pseu-
dotyped with SARS-CoV-2 S protein was used to check this 
possibility. HEK293 cells were used to produce VSVpp2S 
viruses. Transduced VSV*ΔG fLuc viruses were repackaged 
with SARS-CoV-2 S glycoprotein in their capsid instead of its 
native G protein (Figure 4A). VSVpp2S viruses, thus 

produced, elicited cytopathic effects (Figure 4A, panel b) in 
HEK293 cells (Figure 4A, panel a) thereby confirming their 
release into the medium. The SARS-CoV-2 S protein pseudo-
typed VSV viruses (VSVppSARS-2S) were collected for 
transducing A549 cells for future experimentations. A549 
cells pre-treated with different concentrations of Coronil (1, 
3, and 10 µg/mL) were transduced with VSVppSARS-2S 
particles. Coronil treatment was continued in these cells. 
Pseudovirus transduced cells without any treatment and unin-
fected untreated cells were included as disease and normal 
controls, respectively. We did not observe any difference in 
the mRNA levels of ACE-2 across different groups (Figure 
4B). The amount of VSVppSARS-2S entering the pulmonary 
epithelial A549 cells was quantified through luciferase activity 
produced by firefly luciferase gene (fLuc), stably integrated in 
the genome of VSVppSARS-2S25 (Figure 4C). The pseudo-
virus-transduced cells exhibited around 35-fold more virus 
entry when compared to uninfected cells (considered as back-
ground) (Figure 4D). The infected cells treated with camostat 
mesylate, a clinically proven serine protease effective against 
TMPRSS 2, showed almost 3.5-fold decrease in virus entry 

Figure 3 Coronil inhibits viral S protein induced cytokine response. (A) Schematic representation of the experimental plan. (B–D) Activation of pro-inflammatory 
cytokines, IL-6 (B), TNF-α (C), and IL-1β (D) in alveolar epithelial A549 cells treated with different SARS-CoV-2 S proteins and dose-dependent effect of Coronil treatment 
thereof were measured through ELISA. Observations are depicted as levels of secreted cytokines. Data are represented as mean ± SEM from three independent 
experiments. The statistical significance of the differences observed between the means was analyzed through one-way ANOVA followed by Dunnett’s multiple comparison 
test and represented as ### for p<0.001 when compared to normal cells without Coronil treatment and exposure to S protein and as *, **, and *** for p< 0.05, 0.01, and 
0.001, respectively, when compared to cells exposed to S protein induction but not treated with Coronil.
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Figure 4 Coronil moderates VSVppSARS-2S pseudovirus induced expressions of inflammatory cytokines. (A) Pictorial depiction of the experimental plan showing the steps involved 
in pseudotyping VSV with SARS-CoV-2 protein to obtain VSVpp2S viruses, subsequent treatments and end-point readouts. Representative bright field images of HEK293 cells before 
(panel a) and after (panel b) being induced for pseudotyping. Manifestation of successful pseudotyping was observed as cytopathic effects in the form of cytopathic islands (demarcated 
with brown dotted lines), plaques and syncytia (red arrow heads) in panel (b). (B) ACE-2 level was assessed through RT-qPCR in normal, infected and Coronil treated A549 cells and 
represented as mRNA expression relative to the housekeeping gene, peptidyl-prolyl cis-trans isomerase (PPIA). (C) Schematic representing the difference in the genomes of regular
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relative to the infected cells.23 Interestingly, virus entry 
observed for cells treated with Coronil (1, 3, and 10 µg/mL) 
was significantly reduced as compared to untreated cells and 
was almost comparable to that found in cells treated with 
camostat mesylate. Thus, based on these data it would be 
conceived that Coronil is capable of preventing entry of SARS- 
CoV-2 into host cells. The transcript levels of different pro- 
inflammatory cytokines namely, IL-6, TNF-α, IL-1β, and IL-8 
were found to be significantly elevated in the cells transduced 
with pseudoviruses (Figure 4E–H). Upon Coronil treatment, 
the mRNA levels of these cytokines exhibited dose-dependent 
reduction, suggesting a cytokine-moderating effect of this 
medicine.

Coronil Rescues the Alveolar Epithelial 
Cells from VSVpp2S-Induced Cytokine 
Release
SARS-CoV-2 infection sets the immune system into an 
active mode thus triggering cytokine release syndrome 
which in general terms is also called “cytokine storm”. 
In a pragmatic context, mimicking SARS-CoV-2 virus 
induced cytokine surge, we used non-pathogenic, replica-
tion defective SARS-CoV-2 S protein pseudotyped vesi-
cular stomatitis viruses (VSVpp2S) to transduce A549 
cells and follow the levels of immunoreactive pro- 
inflammatory cytokines through ELISA with and without 
Coronil treatment. For this part of the experiment, 
VSVpp2S transduced A549 cells (without any Coronil 
treatment) were considered as disease control while unin-
fected cells served as normal control (Figure 5A). The 
infected cells were treated with different concentrations 
of Coronil (1, 3, and 10 µg/mL) and the subsequent effects 
on the levels of immunoreactive TNF-α, IL-1β, and IL-6 
were assessed through ELISA as described earlier. 
VSVpp2S virus infected A549 cells experienced 4.5, 10, 
and 7-fold increases in IL-6, TNF-α, and IL-1β levels, 
respectively (Figure 5B–D). Treatment with Coronil sig-
nificantly reduced their levels, close to the level shown by 
normal control (uninfected) cells. Surprisingly, the reduc-
tion in the level of the tested cytokines in response to 
Coronil was not found to be dose-dependent. This fact 

needs further validation with a wider range of doses for 
Coronil in our future studies. Taken together, these obser-
vations implicate the potential of Coronil as an antagonist 
of cytokine release syndrome.

Discussion
SARS-CoV-2 coronavirus infection engenders a strange sort 
of immune response, in which the initial phase resembles the 
regular innate anti-viral reaction, but soon a mal-responsive 
adaptive immune retaliation sets in that eventually leads to 
severe outcomes, like acute respiratory distress syndrome 
and multi-organ failure.33–36 Despite several studies, a clear 
understanding of COVID-19 associated immune response is 
still unmet and appears to be a combination of several patho-
logical manifestations with several unresolved prognoses. 
Plausibly, these features of SARS-CoV-2 are responsible, to 
a great extent, for the continuing absence of specific COVID- 
19 treatment. Knowledge-base of traditional systems of med-
icines, particularly Traditional Chinese Medicine (TCM) has 
been successfully used against the SARS-CoV pandemic in 
2003.37 On similar lines, TCM has been employed against 
the current pandemic as well, although, in both cases, its 
application has been restricted to China. Nevertheless, 
some of the reported information is encouraging enough to 
explore other ancient systems of medicine, Ayurveda being 
one of them. Ayurveda is a 5000-year old system of tradi-
tional Indian medicine worth considering as an option for 
treating COVID-19.8,38

The current study was designed with a straightforward 
objective of evaluating the ability of an Ayurvedic formula-
tion, Coronil, to inhibit viral entry into the host cell. There are 
several independent computational studies, a few initial ones 
being from our group as well, that predicted anti-viral effects 
of the phytochemicals identified in Coronil, like 
Cordifolioside A, Magnoflorine, Rosmarinic acid, 
Palmatine, Withanoside IV, Withaferin A, Withanoside V, 
Withanone, Betulinic acid and Ursolic acid, against SARS- 
CoV-2. Earlier, we demonstrated through molecular docking 
and dynamic simulation that Withanone is capable of inhibit-
ing the interaction between human host cell ACE-2 receptor 
and viral S protein.16,26 Similarly, the study by Kumar et al15 

VSV and recombinant VSV [VSV*ΔG(Luc)] used in pseudotyping. (D) VSVppSARS-2S entry into the transduced A549 cells and the effect thereof due to treatment with Coronil and 
positive control Camostat mesylate, assessed through luciferase assay, were represented as fold change in luminescence units relative to the normal cells, taken as background. (E–H) 
Expression levels of pro-inflammatory cytokines, IL-6 (E), TNF-α (F), IL-1β (G) and IL-8 (H) represented as fold change with respect to the untreated, non-transduced normal control. 
Data represented as mean ± SEM from three independent experiments. The statistical significance of the observed differences between the means was analyzed through one-way 
ANOVA followed by Dunnett’s multiple comparison test and represented as ns, ## and ### for p which was non-significant, <0.01 and 0.001, respectively, when compared to non- 
transduced cells without any treatment and as ** and *** for p< 0.01 and 0.001, respectively, when compared to untreated virus transduced ones.

← 
Figure 4 (Continued).  
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predicted that Withaferin A could bind to TMPRSS 2, the 
host serine protease important for SARS-CoV-2 entry.23 

Shree et al39 observed through computational study that 
Withanoside V and Ursolic acid can bind SARS-CoV-2 
MPro with high affinities. Likewise, an in-silico study by 
Tripathi et al40 determined that Withanoside IV and V can 
bind to MPro. Sagar and Kumar41 noted that Magnoflorine 
and Palmatine bind to SARS-CoV-2 MPro, surface glycopro-
tein and RNA polymerase. Chowdhury et al42 predicted that 
tetrahydropalmatine, an important phytoconstituent of 
T. cordifolia, can bind SARS-CoV-2 Mpro, although, this 
phytocompound was not detected in Coronil by UHPLC 
analysis. Carino et al43 showed biochemically that Betulinic 
acid disrupts ACE-2-RBD interaction. Betulinic acid, 
a naturally occurring pentacyclic triterpenoid and its deriva-
tives are reported to be effective in inhibiting the growth of 
HSV, HIV, IFV, and ECHO6 viruses in vitro.44–46 Similarly, 
other phytochemicals like Ursolic have been found to be 
effective against rotavirus47 and Rosmarinic acid against 
enterovirus 71 in vitro48 and Japanese Encephalitis virus 

(JEV) in a mouse model.49 A study by Yan et al50 found 
that rosmarinic acid can also bind to SARS-CoV-2 MPro. 
Tinocordiside, a major phytochemical present in 
T. cordifolia has been reported by multiple independent 
computational studies to interact with SARS-CoV-2 surface 
glycoprotein and RNA polymerase,41 besides the viral 
MPro.39,41 In-silico study from our group also showed that 
tinocordiside binds at the interface of ACE-2-RBD complex 
and energetically weakens this interaction.26 Altogether, this 
evidence suggests that the herbal constituents present in 
Coronil have a proven record of anti-viral activities, albeit 
to a wide range of viral strains/species, which actually sub-
stantiates our current observations. Therefore, it was intri-
guing to experimentally evaluate the existing computational 
observations.

An ELISA-based protein-protein interaction assay was 
used in this study to assess the ability of Coronil to inhibit 
ACE-2-S protein interactions. Three different variants of 
S protein, namely, SWT (the original strain that appeared in 
the beginning of the pandemic), SD614G (Aspartic acid “D” at 

Figure 5 Coronil reduced pseudovirus elicited cytokine response in A549 cells. (A) The experimental plan involving the transduction of A549 cells with VSVpp2S viruses 
and subsequent measurement of levels of secreted pro-inflammatory cytokines in the medium through ELISA are shown in this schematic. (B–D) Measured levels of 
secreted IL-6 (B), TNF-α (C) and IL-1β (D) show the evoked cytokine responses and their reduction upon Coronil treatment. Data are represented as mean ± SEM from 
three independent experiments. The statistical significance of the differences observed between the means was analyzed through one-way ANOVA and represented as ### 
for p<0.001 when compared to non-transduced cells and as *** for p<0.001 when compared to untreated virus transduced ones.
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614th position has been naturally replaced by a Glycine “G”), 
and SW436R (Tryptophan “W” at 436th position replaced by 
Arginine “R”) were used in this interaction study. Currently, 
SARS-CoV-2 with SD614G mutation is the predominantly 
circulating variety.51 D614G mutation does not affect the 
affinity of S protein for ACE-2 receptors. An indirect reflec-
tion of this fact was noticed in the comparable inhibitory 
effects that Coronil exerted on ACE-2 – SWT and ACE-2 – 
SD614G interactions, as evident from similar IC20 values of 
19.08 and 20.08 µg/mL, respectively. However, it does 
increase the viral infectivity as evident from higher respira-
tory tract viral loads in case of infections caused by this 
variant of SARS-CoV-2.51 This mutation quantitatively 
improved S protein incorporation into the virions during 
packaging, which explains the observed increase in transmis-
sion and infectivity.52 However, D614G mutation was not 
associated with disease severity.51,52 Our observation that 
A549 cells exposed to SD614G protein did not exhibit increase 
in the levels of any of the secreted pro-inflammatory cyto-
kines, namely IL-6, TNF-α, and IL-1β, corroborates the 
clinical report of no association of this mutation with disease 
severity.51 Being an RNA virus, SARS-CoV-2 genome is 
undergoing mutations albeit at a slower pace than reported 
for HIV.51 Nevertheless, based on the evolutionary advantage 
to be gained by the virus, residues included under hot and 
cold spots of positive selection pressure have been predicted. 
W436 is one such hot-spot residue and the W436R mutation 
displayed increased ACE-2 affinity.53,54 Complex formed 
due to ACE-2 - SW436R interaction is more rigid than ACE- 
2-SWT complex.54 We observed that Coronil inhibited ACE-2 
- SW436R interaction with much greater efficiency than it did 
for ACE-2-SWT or ACE-2-SD614G interactions, as shown by 
IC20 value being almost 36 times less than those for the latter 
cases. This suggested that Coronil would be a promising viral 
entry antagonist for SARS-CoV-2 SW436R mutant with higher 
affinity for ACE-2, should it happen to make mass appear-
ance. Until now, this mutation has been reported in only one 
isolate.54 The cytokine response evoked by SW436R protein in 
A549 cells was prominent and comparable to that observed 
for SWT protein. Our data showed that Coronil attenuated this 
response with equal efficiency in both the cases. Finally, 
infecting A549 cells with SARS-CoV-2 S protein pseudo-
typed vesicular stomatitis virus (VSV) elicited cytokine 
response as well as the expression of luciferase gene, both 
of which were efficiently attenuated by Coronil. Taken 
together, these observations can be attributed to the effective 
inhibition of virus entry into the host cell by Coronil.

Human lungs are the primary targets of SARS-CoV-2 
infection. Therefore, we chose to conduct our studies with 
A549 cells of human alveolar epithelial origin which are 
also shown to express ACE2 (Figure 4B), the host cell 
receptor protein indispensable for SARS-CoV-2 entry. 
Vero E6 cells, on the other hand, are monkey kidney 
cells used for general cytotoxicity assessments, and also 
for the replication studies for certain viruses like SARS- 
CoV-2.55–57 In addition, A549 cells also elicit sizable 
cytokine response on stimulation by SARS-CoV-2 
S proteins, therefore, these cells are an ideal model system 
to study SARS-CoV-2 entry and induced inflammatory 
responses. Although A549 cells express ACE2 receptors, 
the gaseous exchange and its concomitant effect on virus 
entry into host cells could not be simulated under these 
conditions. Moreover, our observations were based on near 
maximal bioavailability of Coronil, as under in-vitro con-
ditions, which may not be the case in real life context, 
particularly when it is administered orally. Thus, the in- 
vitro experimental set-up cannot really be correlated with 
in-vivo conditions in terms of pharmacokinetics. 
Nevertheless, such a system seamlessly ensures the 
authenticity of the biochemical and cell biological studies, 
more importantly - in this context of understanding - the 
mode of action of Coronil as the SARS-CoV-2 entry 
inhibitor. In addition, we included only three SARS-CoV 
-2 variants in our current study, which might be seen as 
a limitation. However, when this study was being con-
ducted, these mutations were the prominent ones, particu-
larly the D614G variant.

According to Butterweck and Weber, severe COVID-19 
prognosis can be an outcome of cross-reactivity of anti-SARS- 
CoV-2 nucleoprotein antibody with human interleukin-11 (IL- 
11), the anti-inflammatory cytokine responsible for tissue 
protection.58 Our current data showed that Coronil can effec-
tively suppress the initial cytokine response resembling the 
innate anti-viral reaction. In fact, one of our recent studies 
showed that Coronil could rescue zebrafish with swim blad-
ders xenotransplanted with human alveolar epithelial A549 
cells from SARS-CoV-2 spike (S) protein induced 
pathologies.32 Subsequent to SARS-CoV-2 entry into the 
human body, cytokine responses are mounted in which pro- 
inflammatory cytokines, interleukin-6 (IL-6), interleukin-1β 
(IL-1β), and tumor necrosis factor-α (TNF-α) are highly ele-
vated. These cytokines affect each other’s levels which is 
responsible for the complex cytokine response that follows 
SARS-CoV-2 infection in humans. In our recent study32 this 
situation was mimicked in vitro by treating pulmonary 
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epithelial A549 cells with pro-inflammatory cytokine IL-1β to 
induce increase in IL-6 and TNF-α levels. The dose-dependent 
effect of Coronil was checked in this set-up. It was observed 
that the levels of IL-6 and TNF-α in IL-1β treated cells were 
reduced in a dose-dependent manner upon treatment with 
Coronil (Figures 9 of the reference 32).32 TNF-α is one of 
the master transcriptional regulators known to mediate cyto-
kine response through a downstream effector, NF-κB, which is 
also a transcriptional regulator. So, the effect of Coronil on 
TNF-α induced NF-κB-mediated response was checked using 
a transactivation assay (Figure 9d of the reference 32).32 For 
this purpose, a stable cell line, HEK-Blue engineered to 
express secreted alkaline phosphatase (SEAP) enzyme from 
an NF-κB/AP-1 (co-factor Activator protein-1) regulatable 
promoter was used. When TNF-α was added to these cells, 
NF-κB expression was triggered which resulted in SEAP 
expression, quantifiable through an enzymatic reaction. This 
quantification indirectly reflected the amount of TNF-α to 
which the cells have been exposed. Secreted TNF-α harvested 
from Coronil treated A549 cells with induced inflammation 
showed lower SEAP activity than that collected from 
untreated cells (Figure 9d of the reference 32).32 This indicated 
that Coronil helped in reducing the inflammatory rise in TNF- 
α levels. All these observations suggested that Coronil can 
prevent viral entry and associated immunogenic responses, 
implying reduced chances of disease progression beyond the 
innate immune response phase into the adaptive response 
stage. Also, the chances of the adaptive response getting over- 

driven are also reduced. All these may finally eliminate the 
possibilities of anti-nucleoprotein antibody-mediated organ 
failure and severe disease outcomes.

Conclusion
In conclusion, this study provides evidence in support of 
a tri-herbal formulation based on Ayurvedic (Indian tradi-
tional medicinal) system, that can effectively ameliorate 
the cytokine response mounted during SARS-CoV-2 infec-
tion and thus inhibit the viral infection by acting at various 
levels of physiological systems (Figure 6). In light of the 
current evidence, Coronil has turned out to be a promising 
candidate, particularly with its similar effectivity against 
different variants of S protein. It is further considered, that 
being a purely tri-herbal formulation, and the long history 
of usage of its phytoconstituents for curing various ail-
ments (including anti-viral), that all the anti-COVID-19 
effects imparted by this formulation would have minimum 
adverse side effects. In fact, Kaplan-Meier survival analy-
sis from our recent study32 (Figure 2C of reference 32) 
showed that Coronil did not have any adverse effects on 
the zebrafish. All these data thus warrant pre-clinical and 
clinical studies to develop Coronil into an anti-COVID-19 
therapeutic agent, which is our future study and is in 
progress. For all future studies, the data obtained out of 
this initial but well-planned and consistent experimental 
set-up, have provided a strong base and strengthened the 

Figure 6 Proposed mechanism for anti-viral activity of Coronil against SARS-CoV-2. The proposed model shows the pathogenesis of COVID-19 infection and the steps at 
which Coronil can inhibit COVID-19 pathogenesis.
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hope for development of a cure for COVID-19 using the 
knowledge of traditional healthcare systems like 
Ayurveda.
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