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Purpose: Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) infection has
grown into a pandemic and without a specific cure, disease management is the need of the
hour through symptomatic interventions. Studies with severe acute respiratory syndrome-cor-
onavirus (SARS-CoV) have highlighted the role of herbal medicines either in combination with
antiviral drugs or by themselves in curtailing the severity of infection and associated inflamma-
tion. Divya-Swasari-Vati is an Indian ayurvedic formulation used in the treatment of chronic
cough and lung inflammation, which is one of the first symptoms of SARS-CoV-2 infections.
Methods: In this study, we used a A549 cell xenotransplant in the swim bladder of zebrafish and
modeled the SARS-CoV-2 infection by injecting the fish with a recombinant spike protein. The
different groups were given normal feed or feed mixed with either dexamethasone (as the control
drug) or Divya-Swasari-Vati. The changes in behavioral fever, infiltration of pro-inflammatory cells
in the swim bladder, degeneration or presence of necrotic cells in the kidney, and gene expression of
pro-inflammatory cytokines were studied to determine the rescue of the diseased phenotype.
Results: Challenge with the spike protein caused changes in the swim bladder cytology with
infiltrating pro-inflammatory cells, skin hemorrhage, and increase in behavioral fever. This was
also accompanied by increased mortality of the disease control fish. Treatment with Divya-
Swasari-Vati reversed most of the disease symptoms including damage to the kidney glomerulo-
cytes, and complete reversal of behavioral fever. Dexamethasone, used as a comparator, was only
able to partly rescue the behavioral fever phenotype. Divya-Swasari-Vati also suppressed the pro-
inflammatory cytokines, IL-6 and TNF-a, levels in a dose-dependent manner, under in vivo and in
vitro conditions.

Conclusion: The study showed that the A549 xenotransplanted zebrafish injected with the
recombinant spike protein of SARS-CoV-2 is an efficient model for the disease; and treat-
ment with Divya-Swasari-Vati medicine rescued most of the inflammatory damage caused by
the viral spike protein while increasing survival of the experimental fish.

Keywords: zebrafish, A549 xenotransplant, SARS-CoV-2 infection model, herbal
medicines, ayurveda, Divya-Swasari-Vati, behavioral fever, cytokine profile

Introduction
Severe acute respiratory syndrome (SARS) caused by the coronavirus 2019 (SARS-
CoV-2) has caused untold morbidity and mortality worldwide. Due to the novel
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genomic profile of the virus, current medications have
been unsatisfactory in the treatment of the SARS-CoV-2
viral pathology and so far no drugs or therapies have been
approved by the FDA.' The current modality is to treat the
symptoms in an effort to manage the low oxygen concen-
tration in the body and to prevent other incidental infec-
tions and co-morbidities such as Diabetes, Heart diseases,
and gastro-intestinal problems. Though the actual biology
of the infection has been deciphered, treatment still
remains elusive, prompting multiple avenues of research
being tried out including several traditional remedies.*

The ayurvedic system of medicine is known to treat the
body as a whole rather than the symptoms of the disease
and therefore may play a very important role in combating
the SARS-CoV-2. The main symptom of an infection with
coronavirus is sudden breathlessness due to damage to the
alveolar epithelial cells of the lungs. Acute respiratory
distress due to acute lung injury by the viral infection
can trigger a cascade of immune responses within the
pulmonary alveoli. The host immune system is hyperactive
during SARS-CoV-2 infection and can result in a sudden
increase in several pro-inflammatory cytokines including
IL-6, IL-1, TNF-a, and interferons.*> This “Cytokine
Storm” can lead to the infiltration of a multitude of
immune cells, neutrophils, macrophages, and T cells
from the circulation. Neutrophilic infiltration in the pul-
monary alveoli can cause the release of granule proteins
and reactive oxygen species.® Though the exact mechan-
ism of acute respiratory distress is not known in the
SARS-CoV-2 infection, the infiltration of these immune
cells can lead to a destabilization of the cell-to-cell inter-
actions, damage to vascular barrier, edema, and diffuse
alveolar damage.””

The presence of several diverse phyto-compounds in
herbal remedies and other naturally available materials can
often lead to a cumulative effect in treating the disease
symptoms, and many times with much fewer side-effects.
Traditional medicines were successfully used for the treat-
ment of SARS-CoV-2 associated pneumonia like symp-
toms. Studies have suggested a combination of both the
traditional medicine and modern approaches for treatment
of this disease and several paradigms are being trialed for
decreasing viral load in patients.'® A group of experts
from the Wuhan University Zhongnan Hospital included
the use of traditional medicines in the guidelines for the
treatment and prevention of SARS-CoV-2, based on their
demonstrated efficacy against SARS-CoV."" Several her-
bal mixtures are being tried as ACE-2 blockers, and those

that target TMPRSS2, and Papain like proteinase (Plpro)
in addition to the remedies that have been used for allevia-
tion of common cold, chronic cough, and asthma.'?

In this study, we used the herbal formulation Divya-
Swasari-Vati (DSV), as a potential treatment option in a
SARS-CoV-2 infection model. The formulation (Table 1)
is a calcium rich herbal mixture and has been prescribed in
chronic cough, common cold, asthma, and phlegm accu-
mulation in the chest in Ayurvedic system of medicine.
The herbal components include rare herbs like Salt cresse
(Rudanti) and Gall plant (Kakdasinghi), and other com-
monly found such as the liquorice plant (Glycyrrhiza gla-
bra) which is used as a harmonizing agent in several
formulations as well as an ayurvedic treatment for many
diseases, dried ginger (Zingiber officinale), black pepper
(Piper nigrum), and Indian long pepper (Piper longum).
Many of these have a long history of being used in treat-
ment of respiratory infections and bronchitis."?

SARS-CoV-2 virus is speculated to have originated in
bats and been transmitted to humans either directly or
indirectly thorough a reservoir host. Though the particular
reservoir has not been identified, several species like
civets, pangolins, and a few cat species were thought to
be involved. A study by Oreshkova et al'* reported the
isolation of SARS-CoV-2 virus from Mink, while artificial
intelligence based studies showed a close infectivity pat-
with SARS-CoV-2."
Modeling the disease in common laboratory animals may

tern of several Mink viruses
involve the use of genetically modified rodents that
express human ACE-2 protein (either by adenoviral or
CRISPR systems), or the use of a mouse adapted virus.'®
These processes are limited by ethical considerations and
are time-consuming to establish.

The humanized zebrafish (Danio rerio) model was used
to study the effects of induction with a recombinant spike
protein from SARS-CoV-2, and its effects on overall mor-
phology and cytology of zebrafish swim bladder and kid-
ney. Changes in the pro-inflammatory cytokine gene
expression was determined semi-quantitatively in vivo and
was replicated in vitro using A549 cells. The air filled
swim-bladder of zebrafish has been used as a model for
acute lung injury and forms an easy to handle model'” and it
is well documented that a number of viruses such as
Sindbis, Chikungunya,'® and Influenza A'’ in addition to
several airborne bacteria and fungi colonize zebrafish.?’
The zebrafish model has a close similarity with the pro-
cesses that are involved in the progression of a viral infec-
tion in humans including the different signaling pathways,
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Table 1 Composition of Divya-Swasari-Vati Medicinal Formulation. In Addition, Gum Acacia (Acacia arabica) 25 mg, Hydrated

Magnesium Silicate 7.5 mg, and Colloidal Silicon Dioxide Have Been Added as the Excipients

Component Ingredient Weight
Mulethi (Glycyrrhiza glabra) Root 64 mg
Kakadasingi (Pistacia integerrima) Gall 63 mg
Rudanti (Cressa cretica) Fruit 63 mg
Sounth (Zingiber officinale) Rhizome 42 mg
Chhoti Pipal (Piper longum) Fruit 42 mg
Marich (Piper nigrum) Fruit 42 mg
Dalchini (Cinnamomum zylancium) Bark 32 mg
Akarkara (Anacyclus pyrethrum) Root 32 mg
Lavang (Syzygium aromaticum) Flower bud 32 mg
Mukta-Shukti Bhasma Herbally processed ash from calcined shell of Pearl oyster (Pinctada fucata) 12.6 mg
Abhrak Bhasma Herbally processed ash from calcined mica 12.6 mg
Kapardak Bhasma Herbally processed ash from calcined cowry shell of Cypraea moneta. 12.6 mg
Godanti Bhasma Herbally processed ash from rich gypsum 12.6 mg
Sphatika Bhasma Herbally processed ash from calcined form of alum 12.6 mg
Praval Pishti Coral calcium powder processed with rose water 12.6 mg
Tankan Bhasma Herbally processed ash from calcined borax 12.6 mg

chemical interactions, and other physical forces.?'
Xenotransplanted A549 cells in the swim bladder of zebra-
fish is an accepted model and has a very high success rate in
cell transplantation and establishing an in vivo model for

several human lung cancers.”***

Materials and Methods

Chemicals and Reagents

All chemicals and reagents used in the study were of the
highest commercial grade. SARS-CoV-2 Spike protein
(SARS-CoV-2-S) was procured from Bioss Antibodies
(Woburn, MA, USA). The Divya-Swasari-Vati tablets
were sourced from Divya Pharmacy, Haridwar, India
(Batch number #B SWV117). The different components
of this medicinal formulation, per tablet, are given in
Table 1.

Zebrafish Maintenance

Wild-Type adult zebrafish (Danio rerio) were reared in
standard experimental conditions in fresh water maintained
at 27+1°C with a 14L:10D photoperiod.** Fish were fed in a
diurnal cycle with 5 mg per gram body weight using com-
mercially available feed (TetraBit, Spectrum Brands Pet
LLC, Blacksburg, VA, USA). Water quality and housing
standards were maintained according to Good Animal
Practice as per Institutional Animal Ethics Committee in
accordance with the Committee for the Purpose of Control
and Supervision of Experiments (CPCSEA), India. The

study plan was reviewed and approved by the Institutional
Ethics Committee, Pentagrit Private Limited, Chennai,
Tamil Nadu, India (vide approval number 223/G0062020/
IAEC).

A total of 168 fish were used in seven groups with 24
fish each. Two dosing time points were selected, 3 days
and 6 days post-induction of pathology using the SARS-
CoV-2 spike protein. A schematic of the study is repre-
sented in Figure 1, and the characteristics of the fish used
for the study are described in Table 2.

Cell Line and Cell Culture

The human lung alveolar epithelial cell line A549 was
procured from ATCC licensed repository, National Centre
for Cell Sciences (Pune, Maharashtra, India) and was
maintained in Dulbecco's Modified Eagle Medium with
10% FBS and 1% antibiotic solution and cultured at 37°
C under 5% humidity. The initial stock was passaged
thrice, and the third passage was used for the study. For
in vitro experiments, cells that are at least 70% confluent
were used.

Establishment of Xenotransplant and
Induction of SARS-CoV-2 Infection Model

The xenotransplant model was established in 144 fish for
each time point, by injecting A549 cells into the posterior
lobe of the swim bladder. A549 cells, at a concentration of
2x10?

in minimal volume of PBS, were injected
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Figure | Schematic representing the study design for use of Divya-Swasari-Vati (DSV) as a therapeutic against SARS-CoV-2 in a humanized zebrafish model. Treatment end
points were studied for 4 and 7 days. A parallel experiment was also setup to study the survival of the different groups for 10 days. Transplanted A549 cells in the swim

bladder are highlighted by yellow circles and shown as a magnified image.

intramuscularly at the junction of the trunk and caudal
region, along the midline.”> Post-injection, the fish were
transferred to the respective clutches at 27°C+1°C and
were observed for a period of 7 days. Cytology of the
swim bladder in a few test fish was studied to confirm the
adherence of the human cells to the zebrafish swim blad-
der epithelium.

Recombinant SARS-CoV-2 spike protein stock was
prepared by dissolving 100 pg of the protein in PBS to
get a concentration of 1 pg/uL. This was further diluted to
a concentration of 1 ng/pL by dissolving 1 pL of the stock
(1 pg) in 1 mL PBS. The concentration of the spike
protein to induce symptoms of infection was titrated

Table 2 General Characteristics of Zebrafish Used in the Study

Criteria for Selection of Zebrafish

Gender Male and Female
Age | Year

Body weight 0.5 gm

Body length 25 to 30 mm
No. of fish per group 24

No. of fish per clutch 12

Tank capacity 6 liters

12 based on their studies in mice. Post

from Coleman et a
the 7-day period and after confirmation of a successful
xenotransplantation, 2.8 ng protein was injected carefully
at the site of transplantation.

To prepare the fish for injection, hypothermia was used
as an anesthetic. The anesthesia tank was set with two
adjacent baths maintained at 17°C and 12°C. Each fish
was gently transferred from the respective clutches to the
17°C tank and was in the tank until a decrease in the
operculum movement was observed. After this, the fish
was transferred to the 12°C tank until there was no
response to caudal fin touch. Each of the anesthetized
fish was placed on to the injection stage and the SARS-
CoV-2 recombinant protein was injected at the desired
concentration to the posterior lobe of the swim bladder.
After the spike protein injection, the fish were maintained
at 27£1°C to aid in the stabilization of any physiological
and immunological changes.

Oral Dosing

The equivalent dose for the zebrafish was translated from
the human dose by body weight. The reference compound
(dexamethasone) was given at a single dose while the test
formulation (DSV) was used at three dilutions, 0.2X, 1X,
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and 5X, as described in Table 3. For infusing the fish feed,
the required amount of the compound or formulation was
mixed with the feed based on the amount of 2.5 mg feed
per pellet. The spiked feed was extruded into uniform
pellets and fed to the fish in a 24-hour cycle with the
required number of pellets per fish.

The dosing was performed on each fish isolated in a
feeding tank separately. Control fish were fed with the
unmodified fish feed and were fed under the same condi-
tions as that of the study groups. The dosing was done for
two different time points, 3 days and 6 days, to study the
acute and sub-acute pathophysiological changes as a result
of the SARS-CoV-2 spike protein challenge and treatment
with either the reference or test compounds. The fish were
sacrificed on day 4 or day 7 for the analysis.

Physiological and Anatomical

Observations

Dissection of Swim Bladder for Anatomical and
Cytological Observations

Fish were euthanized in water at 2—4°C and dissected as per
ethical norms. Each fish was dissected through a ventral
incision in the skin from the lower jaw to the vent. The
intestinal tract and gonads were removed to expose the
swim bladder located ventral to the kidney. This was isolated
without any damage to the connected esophagus. The swim
bladder was washed repeatedly in PBS and observed under a
CZM4 stereomicroscope (Labomed, Los Angeles, CA,
USA) at 1X magnification and recorded using a 14 MP
camera for anatomical changes. The whole swim bladder
was mounted on glass slides for cytological examination
and stained with Hematoxylin and Eosin staining.

Dissection of Kidney for Anatomical and Cytological
Observations

Euthanization and dissection of the fish were performed as
above. For harvesting the kidney, the fish was pinned with
the ventral side up and the heart, intestinal cavity, and
gonads were removed to expose the kidney attached to

the dorsal body wall. Anatomical recording was done
using a CZM4 stereomicroscope and recorded as described
earlier. Whole kidney was mounted on a glass slide for
cytological examination and stained with Hematoxylin and
Eosin.

Screening for Skin Hemorrhage

Whole animal imaging was performed using a digital
single lens reflex (D3100, Nikon Corporation, Tokyo,
Japan) camera for demarking the features that represent
the presence of hemorrhagic spots on the skin. Fish were
euthanized and were imaged on a glass slide. The area of
hemorrhage was measured using calipers and was docu-
mented as mm?.

Behavioral Fever

Direct measurement of body temperature is not feasible in
an ectothermic animal like zebrafish. An alternate method
is to observe its behavior in water at different temperatures
as a measure of its body temperature. An experimental
tank was set up with three interconnected chambers and
each chamber was maintained at a constant water tempera-
ture of 23°C, 29°C, and 37°C. The tank is supplied with
continuous heating or cooling to maintain the desired
temperature throughout the experimental period. Each
fish was introduced to the temperature gradient chamber
at 29°C, thereby giving the fish the means to migrate to a
chamber that supports its body temperature. The time
spent by the fish in each chamber was measured for a 3
minute period.

Survival Analysis by Kaplan—Meier Curve

Mortality of fish was counted on a daily basis to determine
the survival, and to plot the K-M curves of the study
groups with the different therapeutic interventions.

Semi-Quantitative Gene Expression Analysis for IL-6,
IL-10, and TNF-a

Total RNA from peripheral blood was extracted by employing
QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany)

Table 3 Oral Dosage of Divya-Swasari-Vati and Dexamethasone Used in the Study

Dexamethasone

Divya-Swasari-Vati (DSV)

per Fish (0.5 gm) per kg (Body weight)

Human Dose 6 mg per day Human Dose 2 gm per day
Translational Dose 0.04 ngffish Translational Dose (0.2X) 3 ng 6 pglkg
(0.08 pg/kg) Translational Dose (IX) 14 ng 28 pglkg
Translational Dose (5X) 71 ng 142 pglkg
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following manufacturer’s instructions. DNase (New England
Biolabs, Ipswich, MA, USA) treatment was performed to
remove any DNA material. RNA concentrations were deter-
mined by measuring the optical density at 260-nm wavelength
followed by an evaluation for protein contamination by ensur-
ing that the ratios for read out at 260/280 nm were maintained
between 1.8-2.0. cDNA synthesis was carried out from 1 pug
of total RNA using oligo (dT) priming and SuperScript 1I
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) follow-
ing manufacturer’s protocol. The final reaction volume was
set at 20 puL for reverse transcription. PCR reactions were
carried out using REDTaq® ReadyMix™ PCR Reaction Mix
(Sigma Aldrich, St. Louis, MI, USA) following manufacturers
protocols for 30-40 cycles using Applied Biosystems
GeneAmp PCR System 9700 (Foster City, CA, USA).
Primers used for the IL-6 amplification (Forward 5'-
ATGCCATCCGCTCAGAAAACAG-3" and reverse 5'-
CCAAGGAGACTCTTTACGTCCA-3"), for IL-10 amplifi-
cation (Forward 5-AAGCGGGATATGGTGAAATG-3’ and
reverse 5'- CCCCCTTTTCCTTCATCTTT-3’), and for TNF-
o amplification (Forward 5-AGGCAATTTCACTTCCAA
GG-3' 5-AGGTCTTTGATTCAGAGTTG
TATCC-3'). The amplicons were resolved using agarose gel

and reverse
electrophoresis, and fluorescence was quantified by Imagel
software from National Institutes of Health (Bethesda,
MD, USA).

A549 Cell Viability Assay

The cell viability assay was performed under standard con-
ditions using Alamar Blue reagent (HiMedia Laboratories
Pvt. Ltd., Mumbai, Maharashtra, India). In brief, 3x10*
cells were seeded in a 96 well plate, in triplicate, and
incubated in the presence of different concentrations of
Divya-Swasari-Vati (0.1, 0.3, 1, 3, 10, 30 and 100 pg/mL)
for a period of 24 hours. Two hours before termination, 10
pL of Alamar Blue (0.15 mg/mL) was added to each well
and the cell cytotoxicity was measured at an emission of
590 nm with 540 nm excitation, using an Envision micro-
plate reader (PerkinElmer, Waltham, MA, USA).

In vitro Quantification of Cytokines IL-6
and TNF-a Post IL-13 Stimulation in the

Presence of Divya-Swasari-Vati

A549 cells were pretreated with different concentrations of
Divya-Swasari-Vati as above, for 24 hours and for 72
hours. This was followed by co-treatment with 500 pg/
mL human IL-1f and Divya-Swasari-Vati for a further 24

hours. Cell culture supernatant was collected and used for
ELISA (BD Biosciences, San Jose, CA, USA), according
to the manufacturer’s instructions. The absorbance was
measured at 450 nm using an Envision microplate reader
(PerkinElmer, Waltham, MA, USA).

Data Analysis and Statistics

Data is displayed graphically as a meantstandard devia-
tion (SD) for all experiments using the GraphPad Prism
7.04 software (San Diego, CA, USA). Two-way ANOVA
with post-hoc Tukey’s test was used to compare signifi-
cance of data and a P-value less than 0.05 was considered
significant.

Determination of Phytocompounds
Present in Divya-Swasari-Vati

Formulation

Experimental Methods

Analysis was performed by HPLC (Waters Corporation,
USA) equipped with Binary pump (1525), PDAD (2998),
and Auto-sampler (2707). Separation was achieved using a
Shodex C18-4E (5 pm, 4.6x250 mm) column subjected to
binary gradient elution. Two solvents were used for the
analysis and consisted of water containing 0.1% orthopho-
sphoric acid, adjusted to pH 2.5 with diethylamine (solvent
A), and 0.1% orthophosphoric acid in a mixture of acetoni-
trile and water in the ratio 88:12, adjusted to pH 2.5 with
diethylamine (solvent B). Gradient programming of the
solvent system was initially at 95-90% A for 0—10 minutes,
90-65% A from 10-30 minutes, 65-50% A from 30-40
minutes, 50-25% A from 40-50 minutes, 25% A from
50-55 minutes, 25-15% A from 55-65 minutes, 15-95%
A from 65-66 minutes, and 95% A from 6670 minutes,
with a flow rate of 1.0 mL/min. Then 10 uL of standard and
test solution was injected and the column temperature was
maintained at 35°C. Wavelengths were set at 250 nm (for
Ellagic acid and Glycyrrhizin) and 278 nm (for Gallic acid,
Protocatechuic acid, Methyl gallate, Coumarin, Cinnamic
acid, Eugenol, 6-Gingerol, Piperine, and Glabridin).

Sample Preparation

A 0.5 gm powdered Divya-Swasari-Vati sample was diluted
with 10 mL of methanol:water (80:20) and sonicated for 30
minutes, centrifuged at 10,000 rpm for 5 minutes, and filtered
using 0.45 pm nylon filter. The standard compounds: Gallic
acid was purchased from Loba Chemie (Mumbai,
Maharashtra, India); FEllagic acid, Piperine, Eugenol,

Glycyrrhizin, Coumarin from Sigma-Aldrich (St. Louis,
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MO, USA); Protocatechuic acid, Glabridin from Natural
Remedies (Greater Noida, Uttar Pradesh, India), Methyl
gallate from Tokyo Chemical Industry (Tokyo, Japan), 6-
Gingerol from Cayman Chemical (Ann Arbor, MI, USA),
and Cinnamic acid from Sisco Research Laboratories
(Mumbai, Maharashtra, India). Standards were dissolved in
methanol to prepare the appropriate concentrations.

Results
Divya-Swasari-Vati Reverses the Edema
Observed in the Swim Bladder Upon

Challenge with SARS-CoV-2 Recombinant

Spike Protein

The Zebrafish swim bladder is a gas filled chamber that is
two lobed, an anterior and a posterior lobe, connected by a
wide ductus communicans. The inner gas gland is made of
mesothelium comprising of epithelial cells and smooth mus-
cle musculature, and is covered by tunica externa. The pos-
terior lobe is connected to the esophagus via the pneumatic
duct; both the anterior and posterior lobes work in synchrony.

After 7 days of xenotransplant with A549 cells in the air
bladder of zebrafish (HZF), both the lobes of the air bladder
show normal size, shape, and color with continuous tunica
externa and mesothelium lining of smooth muscle, similar
to that seen in the control fish (Figure 2). In contrast, the air
bladder isolated from the xenotransplanted fish spiked with
recombinant SARS-CoV-2 Spike protein (HZF-CoV-2-S)
showed an air bladder that was structurally abnormal, being
inflated in the anterior lobe, suggesting edema. The fish
treated with dexamethasone (0.08 pg/kg body weight),
appeared to have a mildly inflated swim bladder with intact
tunica externa and gas gland. Swim bladders from fish
treated with Divya-Swasari-Vati for 3 days post-spike pro-
tein injection did not show any changes in morphology, as
compared to normal. DSV treatment of 6 pg/kg body
weight, 28 ng/kg, or 142 pg/kg body weight showed normal
inflation of both the chambers based on size, shape, or color
when compared to the control.

The humanized zebrafish with the spike protein (dis-
ease control) had a more drastic structural change in the
swim bladder with 6 day induction. The anterior lobe of
the bladder was structurally collapsed due to the presence
of edematous gas. The group treated with dexamethasone
also showed structural anomaly with an enlarged anterior
lobe and a narrower posterior lobe due to edematous gas
gland. Among the DSV treated fish, the group treated with
6 pg/kg body weight showed structurally collapsed and a

slightly reduced inflation of the anterior lobe, indicating
that the dosage was not enough. The group treated with 28
ng/kg body weight showed an enlarged anterior lobe indi-
cating edema of the gas gland which appeared to be dis-
figured. The last group with 142 pg/kg body weight
dosage showed recovery of normal features of the swim
bladder in terms of size, shape, and color similar to that
seen with the control group.

Cytology and Immunological Profile of
Swim Bladder After Induction with the

SARS-CoV-2 Spike Protein and Treatment

with Divya-Swasari-Vati

Cytological examination of the swim bladder after staining
with Hematoxylin and Eosin showed nuclear morphology
characteristic of the different cells present in the bladder.
The different cell types identified in the control fish were,
spherical nucleated squamous epithelium, oval nuclei of
columnar epithelium, elongated nuclei of smooth muscle,
and predominant staining of eosinophilic collagen present
prominently in the cytology slide (Figure 3). The xeno-
transplanted group showed similar cytological features as
compared to the control group after 7 days of A549 cell
transplantation. Induction of disease phenotype with the
Spike protein of SARS-CoV-2, however, showed a heigh-
tened immune response with the presence of cellular deb-
ris and edema identified by the presence of basophilic
nuclear debris and attenuated eosinophilic staining. As a
response to the inflammation, the cytological examination
showed infiltration of granulocytes and macrophages, as
identified by their nuclear morphology (Table 4).

The dexamethasone treated group showed moderate
infiltration of granulocytes and lymphocytes with promi-
nent cellular debris indicating rescue from immune
response. Fish treated with Divya-Swasari-Vati at dosages
of 6 pg/kg and 28 png/kg body weight showed moderate
infiltration of granulocytes and elevated lymphocyte count
with normal epithelial and myocyte cytology. Treatment
with the DSV dose of 142 pg/kg showed a significant rescue
of the disease morphology with reduction of granulocytes
which are cellular inflammatory markers. A significantly
(P<0.0001, compared to the HZF-CoV2-S group) elevated
lymphocyte count and reduced cellular debris are clearly
seen in the cytology post 3-day treatment (Table 4).

When compared with 3-day induction with the SARS-
CoV-2 spike protein, 6-day shows no infiltration of granulo-
cytes, macrophages, or lymphocytes beyond the normal
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Figure 2 Lateral view of swim bladder with the dorsal region on top and the cranial facing region to the left. The anterior and posterior lobes are labelled. Images were
taken at 10X magnification. (A) Normal Control (B). Humanized Zebrafish with xenotransplanted A549 cells (HZF) (C). Diseased fish with SARS-CoV-2 spike protein
(HZF-SARS-CoV-2-S) (D). Dexamethasone (0.08 pg/kg) treatment (E). Divya-Swasari-Vati treatment (6 pg/kg) (F). Divya-Swasari-Vati treatment (28 pg/kg) (G). Divya-
Swasari-Vati treatment (142 pg/kg).
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Figure 3 Cytological examination of the whole swim bladder after staining with Hematoxylin and Eosin at 200X magnification. (A) Normal Control (B). Humanized Zebrafish with
xenotransplanted A549 cells (HZF) (C). Diseased fish with SARS-CoV-2 spike protein (HZF-SARS-CoV-2-S) (D). Dexamethasone (0.08 ug/kg) treatment (E). Divya-Swasari-Vati
treatment (6 pg/kg) (F). Divya-Swasari-Vati treatment (28 pg/kg) (G). Divya-Swasari-Vati treatment (142 pg/kg). Black arrowheads depict the nuclei of normal cells. Green arrowheads
show granulocytes and the yellow arrowheads show macrophages.
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Table 4 Quantification of the Immune Cell Infiltration in the Air Bladder Cytology. Infiltration of Lymphocytes, Macrophages, and

Granulocytes Was Quantified on a Hematoxylin and Eosin Stained Air Bladder from Each Fish. The Results are Expressed as Mean
1SD. Statistical Analysis Was Performed Using ANOVA and Significance as Denoted by * P<0.0001 When Compared with the HFZ-

CoV2-S Group

Study Groups 4 Day 7 Day

Granulocyte Macrophage Lymphocyte Granulocyte Macrophage Lymphocyte
Control 0 0 0 0 0 0
HZF 0 0 0 0 0 0
HZF-CoV-2-S 11£5.2 735 0 0 0 0
Dexamethasone 5%+£2.9 0* 20*+5.0 0 9*%+5.4 10%+6.2
DSV-6 pglkg 7.08%+4.6 0* 31466 0 0 23.71*45.0
DSV-28 pglkg 5.33*%+3.1 0* 53.96%+5.7 0 0 19.17%£6.8
DSV-142 pglkg 3.42%+3 0* 113.29%+5.5 0 0 16%+6.3

distribution of epithelial cells and myocytes. A heightened
inflammatory response was seen due to the presence of
basophilic nuclear debris and attenuated eosinophilic stain.
The dexamethasone treated group did not show any infiltrat-
ing granulocytes but had a significantly (P<0.0001) higher
number of macrophages and lymphocytes (Table 4).
Cytological staining also identified prominent cellular debris
that could be a result of rescue from immune response
(Figure 3). The Divya-Swasari-Vati treated group showed a
gradual dose-dependent rescue of disease markers seen by
cytology and a significantly (P<0.0001) higher infiltration of
lymphocytes but no presence of either macrophages or gran-
ulocytes at 6 pg/kg body weight dosage. The group given 28
ug/kg and 142 pg/kg body weight showed well defined
epithelial and myocyte count with a significantly increased
lymphocyte count. A dose-dependent rescue of disease mor-
phology was evident with no cellular inflammatory markers
such as macrophages or leukocytes.

Treatment with Divya-Swasari-Vati
Rescued the Vascular Degeneration and
Necrosis of the Kidney Upon Induction

with SARS-CoV-2 Spike Protein

The zebrafish kidney is divided into the head, saddle or trunk,
and a tail extending from the anterior to the posterior of the
body. It is located in the dorsal wall of the body cavity
attached to the parenchymal liver. Anatomical observation
of the kidney from control fish showed well defined internal
arrangements where the mesonephric nephrons are packed in
the head kidney with glomerular tufts followed by proximal
and distal tubule segments. The mesonephros appeared to be
highly pigmented with melanocytes and are distributed
throughout the kidney from head to tail (Figure 4). Even

after 7 days of A549 cell transplant into the air bladder,
there was no change in the morphology of the kidney in the
HZF group, indicating that there was no deleterious effect of
adding the cells to the fish. In contrast, the group of fish with
the SARS-CoV-2 spike protein, after 3 days, revealed struc-
tural anomalies with the loss of tubular segments and vascu-
lar degeneration indicating renal necrosis.

Treatment with dexamethasone showed a slow return to
normal morphology with arborized kidney network with
packed glomerular tufts and tubular segments indicating
normal renal architecture. This was not as prominent as that
seen with DSV treatment where all the three dosages showed
a packed network of mesonephros with highly pigmented
melanocytes that could be seen distributed throughout the
kidney indicative of a normal renal morphology.

After 6 days of induction with the spike protein of
SARS-CoV-2, structural anomalies were seen with the
loss of tubular segments and vascular degeneration indi-
cating renal necrosis. Treatment with dexamethasone did
not fully rescue the disease as seen by a disorganized
kidney network with irregular glomerular tufts and mela-
nocyte pigmentation, indicators of structural anomaly
(Figure 4). Treatment with DSV showed complete rescue
of the anatomical changes and a normal renal morphology
was observed, with a packed network of mesonephros and
highly pigmented melanocytes that are distributed
throughout the structure. Such a rescue phenomenon was
seen with all the three dosages of DSV formulation tested.

Cytological Examination of the Kidney for

Detecting Necrosis
The renal epithelial cells are identified by their tubular struc-
tures with hematoxylin and eosin staining of the cytological
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Figure 4 Structural examination of the kidney at 10X magnification. The three regions of the kidney Head (H), Trunk or Saddle (S), and Tail (T) extend from the anterior to
the posterior of the body. (A) Normal Control (B). Humanized Zebrafish with xenotransplanted A549 cells (HZF) (C). Diseased fish with SARS-CoV-2 spike protein (HZF-
SARS-CoV-2-S) (D). Dexamethasone (0.08 pg/kg) treatment (E). Divya-Swasari-Vati treatment (6 pg/kg) (F). Divya-Swasari-Vati treatment (28 pg/kg) (G). Divya-Swasari-Vati
treatment (142 pg/kg).

mount of the kidney. The normal control and A549 xeno-  glomerulocytes representing the normal renal pathology
transplanted group showed arborized tubular network of the  (Figure 5). In the HZF-CoV-2-S group, cytological examina-
mesonephros with evenly scattered erythrocytes and tion showed disorganized cellular arrangement, including
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Figure 5 Cytological examination of the kidney after staining with Hematoxylin and Eosin at 200X magnification. (A) Normal Control (B). Humanized zebrafish with
xenotransplanted A549 cells (HZF) (C). Diseased fish with SARS-CoV-2 spike protein (HZF-SARS-CoV-2-S) (D). Dexamethasone (0.08 pg/kg) treatment (E). Divya-Swasari-
Vati treatment (6 pg/kg) (F). Divya-Swasari-Vati treatment (28 pg/kg) (G). Divya-Swasari-Vati treatment (142 pg/kg). Black arrowheads depict the nuclei of normal cells,
yellow represent degenerative cells, while the red arrowheads depict necrotic cells.
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erythrocyte aggregation, with significantly (P<0.0001)
higher degenerative and necrotic epithelial cells (Table 5).
The degenerative cells are mostly basophilic with a mildly
stained nucleus.

Treatment with dexamethasone (0.08 pg/kg) after 3
days showed normal distribution of erythrocytes (identified
by their defined nucleus), epithelial podocytes, and endo-
crine cells. There was a significant (P<0.0001) reduction in
the percentage of degenerative cells and overall necrosis
(Table 5). The DSV treated group showed dose-dependent
rescue of cytological features. Treatment with 6 pg/kg and
28 ng/kg body weight showed mildly stained basophilic
renal epithelial cells with a significantly (£<0.0001) lower
percentage of necrotic and degenerative cells. The group
treated with 142 pg/kg DSV for 3 days showed the best
cytological profile with well-defined erythrocytes and tub-
ular epithelial cells distributed throughout (Figure 5), with
very low cellular necrosis and degeneration.

Induction of disease pathology with the recombinant
SARS-CoV-2 spike protein showed cytological changes to
the kidney with disorganized cellular arrangement after 6
days. Erythrocyte aggregation and a higher percentage of
mostly basophilic degenerative and necrotic renal epithe-
(Figure 5).
Treatment with 0.08 pg/kg body weight dexamethasone

lial cells with mildly staining nucleus

showed mildly basophilic epithelial cells and erythrocytes
with mildly stained nuclei, suggesting a loss of normal
cytological traits. There was a significant (P<0.0001)
reduction in the percentage of the degenerative and necro-
tic cells when compared to the HZF-SARS-CoV-2-S group
(Table 5). The DSV treated group showed a gradual dose-
dependent rescue of cytological damage. The 6 ug/kg
group showed loss of renal epithelial cell architecture

with highly distributed necrotic and degenerative cells.
When compared to the infected control, the low dose of
the test formulation showed a non-significant reduction in
the percentage of nephrotic cells and a slightly significant
(P<0.05) reduction of degenerative cells. Treatment with
28 ng/kg showed moderately distributed degenerative cells
with an aggregated erythrocyte network. There was a sig-
nificant (P<0.0001) reduction in the percentage of necrotic
and degenerative cells. The group treated with 142 ug/kg
body weight DSV showed the most recuse phenotype with
normal renal epithelial cytology similar to that of the
normal control fish, and significantly lower degenerative
and necrotic cell percentage.

Induction with the Recombinant Spike
Protein of SARS-CoV-2 Causes Skin
Hemorrhage That Was Reversed by

Treatment with Divya-Swasari-Vati

The presence or absence of hemorrhagic spots under the
skin of zebrafish was scored and the total area of the
hemorrhagic region was quantified. In contrast to the nor-
mal control and the xenotransplanted control fish, the
HFZ-CoV-2-S group showed clinical signs of hemorrha-
ging at the pelvic, anal, dorsal, and caudal fin. Treatment
with either dexamethasone or DSV (in three different
dosages) reversed the clinical signs of hemorrhaging at
the skin after both the time points, 3 and 6 days, used in
the study (Figure 6).

The regions of hemorrhage were measured in seven
individual fish and the 3-day induction with SARS-CoV-2
spike protein showed an average area of 21.23+0.6 mm?®
which was significantly (£<0.0001) higher than that of the

Table 5 Cytological Profile of the Renal Tissue to Determine Necrotic and Degenerative Cells. Renal Epithelial Cells Were Identified
by Their Tubular Morphology in a Hematoxylin and Eosin Stained Slide from Each Fish and the Percentage of Degenerative and
Necrotic Cells Was Calculated. The Results are Expressed as Mean*SD and Statistical Analysis Was Preformed Using ANOVA.
Significant Differences When Compared with the HFZ-CoV-2-S Group Were Denoted by ** P<0.0001 and by * P<0.05

Study Groups 4 Day

% Necrosis

% Degenerate Cells

Control 0 0

HZF 0 0
HZF-CoV-2-S 8.04+ 4.7 40+5.9
Dexamethasone 2.17%+1.7 19.92%%46.0
DSV-6 ug/kg 1.75%%+1.2 19.63*%+5.2
DSV-28 pg/kg 1.96%%+1.2 12.33%45.5
DSV-142 pg/kg 1.46%%£1.0 6.96%%+4.7

7 Day

% Necrosis % Degenerate Cells
0 0

0 0

20.33+6.5 49.54+5.3

10.25%*+6.5 34.71%%£5.8
20.04%+5.4 44.75%%+6.6
13.04+%+6.9 19.29%%+5.8
3.08%+2.3 6.96%%+3.5
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Figure 6 Whole animal imaging for the presence of hemorrhagic regions on the skin. (A) Normal Control (B). Humanized Zebrafish with xenotransplanted A549 cells
(HZF) (C). Diseased fish with SARS-CoV-2 spike protein (HZF-SARS-CoV-2-S) (D). Dexamethasone (0.08 pg/kg) treatment (E). Divya-Swasari-Vati treatment (6 pg/kg) (F).
Divya-Swasari-Vati treatment (28 pg/kg) (G). Divya-Swasari-Vati treatment (142 pg/kg).
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HZF control and the normal control group which did not
show any signs of hemorrhage. The average area of skin
hemorrhage after 6-day induction was slightly lower at
9.43+0.6 mm?* and was still significantly higher than the
control groups. Treatment with dexamethasone or with the
three different dosages of DSV ameliorated the skin
hemorrhage and the appearance of the fish was similar to
the normal controls.

Divya-Swasari-Vati Rescues Behavioral

Fever Phenotype Post Induction with
Spike Protein of SARS-CoV-2

Behavioral fever is a synergic response to infection in
zebrafish where the fish move to regions that are having
the same temperature as that of their body during the fever
associated with an infection. It was observed that the
normal control and the xenotransplanted control group
(HZF) spent more time in the temperature chamber at
29°C indicating healthy individuals without any behavioral
fever. The fish with the recombinant spike protein of
SARS-CoV-2 (HZF-SARS-CoV-2-S) spent more time in
the chamber at 37°C indicating changed behavior due to
the induction of disease phenotype (Figure 7). Treatment
with dexamethasone for 3 days, lowered the time spent by
the fish at 37°C compared to the infected group (Table 6).
However, the behavioral fever was distinctly dissimilar to
the normal control group, suggesting that the symptoms of

-
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induction were still persistent even after 3 days treatment.
When treated with DSV, the fish showed a dose-dependent
reduction in the time spent at 37°C and a corresponding
increase in the time spent at 29°C (Table 6). This is a very
strong indication of rescue of behavioral fever with the test
formulation within 3 days.

After 6 days of treatment with dexamethasone, the fish
with the spike protein were observed to spend nearly equal
time between the three different temperature chambers
suggesting a reduction in the behavioral fever. The fish
treated with the test formulation spent a majority of time in
the 29°C chamber when compared to the 23 or 37°C
chambers, showing a reversal of the behavioral fever
seen in the infected fish. The time spent in each of the
three temperature chambers by the 142 pg/kg treatment
group was similar to that of the normal control fish
(Table 6) suggesting a total reversal of the symptoms of
induction with the recombinant spike protein.

Treatment with Divya-Swasari-Vati
Enhances Survival After Induction of
Disease Symptoms with the Recombinant
Spike Protein of SARS-CoV-2

The survival of fish in all the seven groups was plotted
against number of days after induction with the SARS-
CoV-2 spike protein and starting the treatment with either

dexamethasone or Divya-Swasari-Vati (DSV), as a

Figure 7 Heat map of behavioral fever. The time spent by individual fish in each temperature chamber is depicted as increased color intensity with an increase in the time

spent. Data is presented as a mean of the observations.
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Table 6 Behavioural Fever as a Reflection of the Body Temperature. Time Spent by Fish in Each of the Different Temperature
Chambers is a Reflection of Their Body Temperature. A Single Fish Was Introduced to the 29°C Chamber, and the Time Spent in Each
of the Temperature Chambers Was Measured. Results are Shown as Mean+SD for Each Group of Fish. # P<0.0001 When Compared
to the Normal Control While * P<0.0001 When Compared to the Disease Control

Study Groups 4 Day Treatment 7 Day Treatment

23°C 29°C 37°C 23°C 29°C 37°C
Control 35.58+3.0 129.63%1.4 14.92+2.7 24.13+0.7 130.0+£0.8 25.88+0.7
HZF 37.79%1.5 134.0£1.5 8.21+2.0 25.88%1.3 135.75£1.5 18.38+1.3
NZF-CoV-2-S 15.96#1.6 7.04#£1.3 157.08#+1.6 2.38#%1.1 4.75#%1.3 172.88#+1.3
Dexamethasone 21.13%£2.3 30.46%+2.3 128.29%+1.9 45.54%£1.6 57.54%42.0 76.92%£2.1
DSV-6 pglkg 0* 129.75%+2.0 50.29%+2.0 3.54%£1.5 151.50%+1.9 25.0%4£2.0
DSV-28 pglkg 0* 133.96*%1.8 45.83*%+1.8 9.04*+2.1 132.17*%+2.2 38.79%+1.8
DSV-142 pglkg 0* 170.0%+1.7 9.92*%+1.8 22.29%+1.7 125.83*%+2.1 31.88%+2.1

Kaplan—Meier Survival Curve. The normal control and
A549 xenotransplanted fish had a 100% survival until
day 10 when the study was terminated. The HZF-SARS-
CoV2-S group had only 80% survival during the same
time (Figure 8). Fish treated with a single dose of dexa-
methasone and three different dosages of DSV had 100%
survival with no observed mortality, similar to the normal
control group.

Divya-Swasari-Vati Ameliorates Cytokine
Release in vivo and in vitro

Expression levels of the different cytokines IL-6, IL-10, and
TNF-a were assessed by semi-quantitative RT-PCR. Total
RNA was isolated from all the different groups of zebrafish

and cDNA was reverse transcribed. The disease control fish
showed a significant (P<0.0001) increase in the expression
levels of all the three cytokine gene expression after 4 days
and 7 days of the study period. Treatment with dexametha-
sone for 3 days and 6 days, decreased the expression sig-
nificantly (P<0.0001), as shown in Figure 9. There was no
significant reduction in IL-6 expression levels with 6 pg/kg
Divya-Swasari-Vati after 3-day treatment but was significant
(P<0.001) by 6 days. All the other treatments showed highly
significant (P<0.0001) reduction in IL-6 gene expression
levels. IL-10 levels were significantly down-regulated only
with the highest dosage of Divya-Swasari-Vati (142 pg/kg)
after 3 days and 6 days of treatment. Down-regulation of
TNF-o was seen at significant levels (P<0.0001) only with
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Figure 8 Survival analysis of the different groups of zebrafish presented as a Kaplan—-Meier survival curve.

submit your manuscript

1234

Dove

Journal of Inflammation Research 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Balkrishna et al

A
Gene expression levels for IL-6
150+ rrrry - 4D

a

é"’ I_ * %k Kk 7 D y
ay

S ns

S 1004 | I |

o T

©

'8

o

S 504

B T

& I I

B
Gene expression Levels for IL-10
50- * %k ok k
[ Hm 4 Day
(o] T ok k ke
S 40+ [ 7 Day
£
O30
5 30
Q
P 204 l
2
®
©
(14

Gene expression levels for TNF-a

40+

w
o
1

Kok ke ke

x Hm 4 Day
7 Day

Relative Fold Change
N
o

Figure 9 Gene expression levels of IL-6, IL-10, and TNF-a. in vivo. (A) Dexamethasone and DSV at 28 pg/kg and 142 pg/kg showed highly significant (P<0.0001) reduction in
the IL-6 expression levels while 6 pg/kg was significant at P<0.001. (B) IL-10 showed highly significant reduction with 142 pg/kg of DSV treatment and with dexamethasone,
while the other dosages were not significant. (C) Dexamethasone showed significant (P<0.005) reduction of TNF-a levels at 4 days and P<0.0001 at 7 days. Divya-Swasari-
Vati showed similar effects to the dexamethasone group, with 142 pg/kg dosage and only a slight reduction (P<0.05) with 28 pg/kg dosage after 7 days, rest of the treatments

were not significant (ns). * P<0.05, ** P<0.05, *** P<0.001, **** P<0.0001.

142 pg/kg after 6 days of treatment but was only slightly
significant (P<0.01) with 3 days of treatment.

In the A549 cells, under in vitro conditions, IL-1B
induced secretory levels of IL-6 and TNF-a were deter-
mined by ELISA in
Pretreatment of the A549 cells with various concentrations

the cell-culture supernatants.
of Divya-Swasari-Vati for a period of 24 hours had no
effect on the viability of the cells. Simulation of the
in SARS-CoV2
mimicked by incubating the A549 cells for 24 hours in

cytokine storm seen infection was
the presence of 500 pg/mL human IL-1f; and a significant
increase in IL-6 and TNF-a release was observed when
compared to untreated control (Figure 10). When the cells
were co-incubated with different concentrations of DSV

along with IL-1p, a dose-dependent reduction in the levels

of both the cytokines were observed. This reduction was
significant with 30 pg/mL and 100 pg/mL DSV, when
compared to the cells that were stimulated with IL-1B
but were untreated with the test formulation. There was
no significant difference in the cytokine levels between 24
hours and 3-day treatment.

HPLC Analysis of the Phytocompounds

Present in Divya-Swasari-Vati

Divya-Swasari-Vati formulation contained a number of
different phytocompounds detected upon HPLC analysis.
Gallic acid was the fastest eluate, as shown in Figure 11.
Eugenol was the most abundant compound present in the
DSV medicinal
Glycyrrhizin, and Gallic acid, as shown in Table 7.

formulation followed by Piperine,
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Figure 10 Release of IL-6 and TNF-o from human lung (A549) cells post stimulation with IL-1p in vitro. (A) Cell viability was estimated by Alamar blue assay during a 24-
hour period. Results are expressed as meantSD in triplicate analysis. (B) Cells were pre-treated with different concentration of DSV for either | day or 3 days before
addition of IL-1f and DSV in the desired concentration. Cell supernatant was used in ELISA for the estimation of IL-6 expression 24 hours post-stimulation. Results are
expressed as meanSD in triplicate analysis. (C) Cell supernatant was used for TNF-a expression as above. Results are expressed as meanSD ## P<0.001 when compared
to the normal control (NC) and ** P<0.01 when compared with the IL-1B stimulated control without any test formulation treatments.

Discussion

The SARS-CoV-2 spike protein is a homo-trimer attached
to the surface of the virion and is the primary point of
contact with the ACE2 receptor on host cells. This inter-
action is the initial requirement for host cell recognition
and entry that can lead to the establishment of a potent
infection. Although not much is known about the suscept-
ibility markers for this infection, genetic predisposition,?’
and a few risk factors such as several underlying condi-
tions like diabetes, and hypertension may increase the
risk.?® Certain population groups may have a higher allele
frequency for the ACE-2 gene and the susceptibility of this
group may be different compared to other population
groups under similar conditions.”® Several variants have
been identified in the ACE-2 protein that can alter the

binding efficiency of the spike protein; however, these
variations are rare and therefore may not have a wide
population effect on reduction in viral infections.*”
Previous studies with the SARS-CoV spike protein were
shown to induce innate immune responses in human macro-
Similarly, the SARS-CoV-2 spike protein
is being heralded as the ideal vaccine candidate due to

phages in vitro.”'

previous studies in Hamster where it was shown to be
highly immunogenic and protective against SARS-CoV
challenge®? and several virus neutralizing antibodies iso-
lated from memory B cells from humans infected with
SARS-CoV*? and MERS-CoV.** A study published in
July 2020 identified several epitopes on the spike protein
of SARS-CoV-2 to be used as a multi-epitope vaccine

against the virus.*
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Figure 11 HPLC profile showing the different phyto-compounds identified in Divya-Swasari-Vati used in the present study. The quantified phytochemicals in DSV have been

listed in Table 7

Due to the lack of a clear candidate drug for treatment
of SARS-CoV-2 infection, several alternative methods of
treatment including probiotics, aptamers, medicinal plants,
and other natural compounds are being tried as either a
cure or a preventive against the coronavirus.’®>’” Many of
these, such as extracts of eucalyptus, and ginsenoside-Rbl1,
are being used either by themselves or in combination with
prescribed anti-viral agents including Vitamin C, ritonavir,
lopinavir, ribavirin, and others.8

In-silico docking studies by our group identified various
phyto-compounds that can potentially reduce SARS-CoV-2
infection at multiple stages during the course of an infection,
including Withanone and Tinocordiside.*® Tinocordiside
from Tinospora cordifolia reduced the free binding energy
of the host cell ACE-2 and the SARS-CoV-2 spike protein’s
Receptor Binding Domain.*® Other studies identified the
potential use of several phyto-compounds such as diterpene,
tetranortriterpenoid, phytosterols, and several other FDA
approved compounds for efficient blocking of the major
protease, Nsp9 replicase, and spike proteins of the SARS-
CoV-2 virus.*'"** The various bioactive compounds present
in Withania somnifera (Ashwagandha), such as Withanone,
Withanoside X, Ashwagandanolide, Dihydrowithaferin A,
and Withanolide N were identified as potent inhibitors to
the entry of the virus into the host cell using docking experi-
ments in-silico.>>* Others have shown the stable binding of
Withanoside V to the MP™ protease through dynamic
simulations.**

In this study, we have used a calcium rich herbal formula-
tion, Divya-Swasari-Vati, in a zebrafish xenograft model
using A549 cells. The changes to the swim bladder, which
is analogous to a human lung, morphology, and cytology was
studied along with changes to the kidney due to the toxicity
presented by the recombinant spike protein of SARS-CoV-2.
Dexamethasone was used as a reference control as it is
generally used as a high dose corticosteroid during the
“Cytokine Storm” syndrome.*>*¢ Divya-Swasari-Vati con-
tains a mixture of different phytocompounds such as Gallic
acid, Ellagic acid, Cinnamic acid, Eugenol, 6-Gingerol,
Piperine, and Glycyrrhizin, as identified by HPLC. The for-
mulation has been used for treatment of common cold,
chronic cough, and other respiratory ailments in Indian
Ayurveda. Glycyrrhizin has been shown to be the most active
in inhibiting the replication of SARS-associated virus with
very few side-effects.*”*®

Many of the components of the Divya-Swasari-Vati
medicinal formulation have been in use, In India, for the
symptomatic treatment of common cold, asthma, and
chronic cough. Essential oils from P. integerrima have
been known to exert an anti-asthmatic activity due to
their action on reducing TNF-a activity.**>* TNF-a has
been implicated in several aspects of airway pathology
including asthma®' and retrospective analysis of plasma
levels in cases of SARS-CoV-2, has shown increasingly
higher levels of TNF-o with increasing severity of the
infection.”> Whole Cressa cretica plant is also known to
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Table 7 Phytocompounds Present in Divya-Swasari-Vati Medicinal Formulation as Determined by HPLC (Figure 11). The Relative
Abundance (w/w) of the Different Compounds are Shown. The Chemical Structures Shown Have Been Sourced from www.pubchem.
com

Peak Number Phytocompound Structure Retention Time (min) Quantity (ng/mg)

| Gallic acid 7.12 3.402

L,

2 Protocatechuic acid 12.50 0.026

3 Methyl gallate 18.34 0.278

4 Ellagic acid 26.03 0.278
T\/L
T X
2
5 Coumarin 32.89 0.013
I
6 Cinnamic acid 37.25 0.030

7 Glycyrrhizin 43.01 3611
L
groe;
IR
8 Eugenol ) 44.53 5.832
9 6-Gingerol 47.58 0.474
P
(Continued)
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Table 7 (Continued).

Peak Number Phytocompound Structure Retention Time (min) Quantity (ug/mg)
10 Piperine 49.40 5.705
I Glabridin 52.49 0.215

>/\

have broncho-dilatory activity, while the aerial parts con-
tain many active compounds including coumarin deriva-
tives and have anti-inflammatory and anti-oxidant
activities.”® The combination of airway dilation and anti-
inflammatory properties may play a very important role in
proper lung function, which is one of the major causes of
death in SARS-CoV-2 infections.

Eugenol is the most abundant phenolic present in the
essential oil of the dried flower bud of Syzygium aromaticum
(clove) and is also found in the bark of cinnamon
(Cinnamomum zylancium). Eugenol is known for its function
as a free radical scavenger and an anti-inflammatory.’*>>
Cinnamon has been shown to suppress IL-1B, IL-6, and
TNF-o activity in LPS-activated macrophages.”® In this
study, we observed increased infiltration of macrophages
during disease phenotype induction after 3 days which was
abolished by treatment with DSV. Methyl gallate is a pheno-
lic acid that is prevalent in the plant kingdom and is quite
often found in herbal remedies for its potent anti-inflamma-
tory and anti-oxidant activities. In an experimental model of
inflammation in arthritis, methyl gallate was shown to reduce
neutrophil recruitment, and the production of mediators of
inflammation, and macrophage activation.’” The presence of
such a wide range of anti-inflammatory compounds in the
Divya-Swasari-Vati medicinal formulation could be seen in
the drastic reduction in the numbers of infiltrating granulo-
cytes in the treatment groups regardless of the dosages used.

The rhizome commonly called Ginger, Zingiber offici-
nale, has been used for centuries as home remedy against
common cold, asthma, and bronchitis. In modeling studies,
a novel compound was identified, which has structural
similarity to 6-gingerol and was found to have a strong
binding affinity to the SARS-CoV-2 viral receptors.’®
These authors demonstrated strong binding affinity to a

variety of targets including viral proteases, RNA binding
protein, and Spike protein using molecular docking experi-
ments. In addition to 6-gingerol, another group using
computational approaches identified Piperidine and
Piperanine from Piper nigrum and 8-Gingerol from ginger,
to have a strong binding affinity to the SARS-CoV-2
particles.”® Black pepper has been shown to exhibit
endothelial barrier protective effects and suppressed leu-
kocyte migration in vivo,*® in a LPS induced inflammation
model in mice. In our study the use of Divya-Swasari-Vati
negated the hemorrhage observed by the induction of dis-
ease by the SARS-CoV-2 spike protein.

The use of several “Bhasma”, the incinerated ash
derived from various animal exo-skeleton or minerals
treated with herbal decoctions, is unique to Ayurveda and
is considered to be efficacious and non-toxic in nature.
Bhasma are added to provide optimal alkalinity by neu-
tralizing harmful acids in the body, as well as to provide
easily absorbable and usable calcium to the body.®' The
mineral preparations have certain advantages over herbal
formulations in that they are fast acting and effective in
small doses. Divya-Swasari-Vati has seven different
bhasma most of which have reported anti-inflammatory
activity. Kapadrak Bhasma, Abhrak Bhasma, Godanti
Bhasma, and Mukta-Shukti Bhasma, are calcium rich and
are highly anti-inflammatory in nature.** Sphatika Bhasma
is derived from calcined form of Alum and is known for
its hemostatic and anti-inflammatory properties along with
Tankan Bhasma (herbally processed ash from calcined
borax), have been shown to have therapeutic efficacy in
“disease of throat” and “disease of palate”.®> Praval pishti
which is processed coral calcium, is used for the treatment
of inflammation, cough due to phthisis, and several other
ailments.®> Several of the symptoms associated with
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SARS-CoV-2 infection, are centered around inflammation
and severe cytokine reactions. The various herbal and
mineral components of Divya-Swasari-Vati, work as anti-
inflammatory agents and could be highly beneficial in
symptomatic reliefs.

Induction with the spike protein showed gross changes
to the morphology of the swim bladder, analogous to that
seen in human lung, most notably edema. The formation
of an edematous gland within the bladder caused structural
collapse which was not fully recovered with dexametha-
sone. This was also corroborated in the cytological exam-
ination where large amounts of cell debris were seen in the
disease control air bladder, while the dexamethasone treat-
ment group showed the presence of lymphocytes and
macrophages in low numbers and slightly lower amount
of cellular debris. Divya-Swasari-Vati treatment showed
normal appearance of air bladder in size, shape, and
color after 3 days. Longer presence of the spike protein
for 7 days caused a collapse of the anterior lobe of the
swim bladder which was not fully recovered in low and
medium doses of the test formulation (6 ug/kg and 28 ug/
kg) while a high dose (142 pg/kg) showed complete
recovery. Over a 7-day period, the group treated with
lower doses of DSV showed a moderate infiltration of
granulocytes and elevated lymphocytes count. A substan-
tial reduction of inflammatory cellular debris is clearly
observed in the cytology indicating rescue morphology.
The highest dosage used in the study, showed much higher
lymphocyte count and a very low leukocyte count suggest-
ing a marked reversal of the disease. A longer treatment
showed normal epithelial cell and myocyte distribution
along with a total lack of granulocytes in the cytology,
suggesting that the inflammatory response to the disease
has been ameliorated.

The gene expression levels of 1L-6, IL-10, and TNF-a
were measured in the study animals semi-quantitatively.
The high dose of Divya-Swasari-Vati (142 pg/kg) showed
highly significant reduction in the gene expression levels
just after 3 days of treatment. The cytokine profile of the
A549 cells that have been xenotransplanted in fish cannot
be studied and, therefore, cells in culture were treated with
IL-B and the effect of treatment with DSV was studied.
A549 cells in culture showed an increased IL-6 and TNF-a
secretion in the presence of IL-1p.

IL-6 upregulation has been linked to downregulation of
ACE-2 and blocking the activity of this cytokine has
already been used for managing hyper-inflammation in
COVID-19 patients. Similarly, TNF-a has been shown to

cause severe immune based pulmonary injury in COVID-
19 patients.®***3 In the current study, both IL-6 and TNF-a
levels showed an increasing trend from day 4 to day 7 in
the disease group and can be directly linked to the inflam-
matory pathology. However, this high level of the pro-
inflammatory cytokines was significantly reduced upon
treatment with Divya-Swasari-Vati. Together with the
cytological identification of inflammation and recovery of
the disease morphology when treated with DSV, we can
conclude that the test formulation plays an important role
in the reduction of the “Cytokine Storm” and promotes a
healing immune response to the presence of the SARS-
CoV-2 spike protein.

Untreated, SARS-CoV-2 infection has been known to
cause multi-organ failure in about 11% of the patients.®® In
our study, we looked at the gross morphological and
cytological changes to the kidney as a measure of organ
failure. Induction of the disease phenotype with the recom-
binant spike protein caused a loss of tubular segments and
vascular degeneration indicating renal necrosis, this was
much more significant in a 7-day model compared to a 4-
day model. The treatment with Divya-Swasari-Vati
showed a kidney with packed network of mesonephros
and highly pigmented melanocytes distributed throughout,
suggesting a normal renal morphology. Cytological exam-
ination showed a dose-dependent reduction in the percen-
tage of degenerative and necrotic cells compared to the
HZF-SARS-CoV-2-S group. Treatment with the test for-
mulation for a longer period in the presence of the spike
protein showed a more gradual recovery of the kidney
morphology. Lower doses did not rescue the disease mor-
phology completely, with a high to moderate percentage of
degenerative and necrotic cells, while a high dose (142 pg/
kg), showed near normal kidney morphology with very
low necrotic cells.

Another aspect of the SARS-CoV-2 infection is the
loss of vascular integrity due to endothelial cell infection.-
7 In zebrafish this was seen as hemorrhagic regions on the
skin in all the fish that were injected with the recombinant
spike protein. Neither the dexamethasone treated nor the
DSV treated fish had any hemorrhagic spots on the skin.
This was also corroborated by the observation of beha-
vioral fever. The normal control and the xenografted zeb-
rafish spend more time in the 29°C chamber indicating
normal body temperature, while the HZF-SARS-CoV-2-S
group spent more time at 37°C indicating behavioral fever.
Treatment with dexamethasone showed reduction in the
behavioral fever reduction as the fish spent nearly equal
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amount of time in the three temperature chambers. The
Divya-Swasari-Vati treated group spent a majority of time
in the 29°C chamber suggesting the rescue for high fever
seen during the viral infection. Survival at the end of a 10-
day period was determined and showed that only 80% of
the fish survived when injected with the Spike protein of
SARS-CoV-2 while the normal, xenotransplanted fish, and
the treatment with dexamethasone, or with DSV had 100%
survival.

Taken together these data suggest that induction of
disecase phenotype with SARS-CoV-2 spike protein
induces several changes in the zebrafish that mirror the
changes seen during the coronavirus infection. While dex-
amethasone alleviates most of the cytokine mediated
immune responses, some of the morphological and cyto-
logical changes were not completely recovered. Treatment
with Divya-Swasari-Vati for 7 days, not only changed the
cytokine profile and associated immune cell infiltration,
the morphological and cytological changes were comple-
tely reversed. All of the different phytocompounds identi-
fied in the DSV medicinal formulation have previously
been shown to have potent anti-inflammatory effects. In
our study, the infiltration of inflammatory immune cells
was significantly reduced when treated with DSV for a
period of 3 days. This change in immune cell profile when
combined with the cytokine profile in A549 cells in vitro,
suggest that the medicinal formulation Divya-Swasari-
Vati, has potential anti-inflammatory effects in a SARS-
CoV-2 spike protein-induced disease phenotype model in
zebrafish.

Conclusion

In the present study, Divya-Swasari-Vati medicinal formu-
lation was screened for therapeutic efficacy in a xenotrans-
planted zebrafish model for SARS-CoV-2 by injecting
recombinant spike protein. The formulation showed mod-
erate baseline rescue at lower doses (6 pg/kg and 28 ug/
kg), and a complete recovery of preclinical end points such
as renal degeneration and necrosis, improvement of beha-
vioral fever, absence of skin hemorrhage, and survival rate
at 142 ng/kg dose. The phytochemical rich formulation
showed progressive recovery of immune cell infiltration
with very few pro-inflammatory infiltrates at the end of the
study period, suggesting it as an effective immunomodu-
lator. The presented preclinical study shows the effective-
ness of Divya-Swasari-Vati in reducing the inflammatory
damage caused by SARS-CoV-2 spike protein; and

detailed clinical investigations are recommended in
human subjects of SARS-CoV-2 infection.
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