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Abstract

Background: COVID-19 pneumonia has been associated with severe acute hypoxia, sepsis-like states, thrombosis
and chronic sequelae including persisting hypoxia and fibrosis. The molecular hypoxia response pathway has been
associated with such pathologies and our recent observations on anti-hypoxic and anti-inflammatory effects of whole
aqueous extract of Adhatoda Vasica (AV) prompted us to explore its effects on relevant preclinical mouse models.

Methods: In this study, we tested the effect of whole aqueous extract of AV, in murine models of bleomycin induced
pulmonary fibrosis, Cecum Ligation and Puncture (CLP) induced sepsis, and siRNA induced hypoxia-thrombosis phe-
notype. The effect on lung of AV treated naive mice was also studied at transcriptome level. We also determined if the
extract may have any effect on SARS-CoV?2 replication.

Results: Oral administration AV extract attenuates increased airway inflammation, levels of transforming growth
factor-B1 (TGF-31), IL-6, HIF-1a and improves the overall survival rates of mice in the models of pulmonary fibrosis
and sepsis and rescues the siRNA induced inflammation and associated blood coagulation phenotypes in mice. We
observed downregulation of hypoxia, inflammation, TGF-31, and angiogenesis genes and upregulation of adaptive
immunity-related genes in the lung transcriptome. AV treatment also reduced the viral load in Vero cells infected with
SARS-CoV2.

Conclusion: Our results provide a scientific rationale for this ayurvedic herbal medicine in ameliorating the hypoxia-
hyperinflammation features and highlights the repurposing potential of AV in COVID-19-like conditions.
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Background

Increased alveolar hypoxic response levels are inevita-
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considered to be pro-inflammatory. It leads to transcrip-
tional activation of essential genes implicated in airway
remodelling and inflammation, such as vascular endothe-
lial growth factor, transforming growth factor-beta 1
(TGF-B1), inducible nitric oxide synthase, interleukin -17
(IL-17), and IL-6 [3, 4]. Thus, it is not just a consequence
of diseases, elevated tissue/cellular hypoxia actively par-
ticipates in exaggerating the inflammatory response con-
tributing to progressive lung damage/injury.

HIF-1a also plays a pivotal role in infection, espe-
cially in promoting viral and bacterial replication [5]. In
the present COVID-19 pandemic caused by the severe
acute respiratory coronavirus 2 (SARS-CoV2), the role
of hypoxia response in inducing severe lung inflamma-
tion and other outcomes has been one of the most high-
lighted observations [6—10]. Clinically, the interaction of
the host and SARS-CoV2 is broadly described in three
stages: first, asymptomatic state; second, a non-severe
symptomatic state characterized by upper airway and
conducting airway response; third, severe respiratory
symptomatic state with the presence of hypoxia, acute
respiratory distress syndrome (ARDS) and progression
to sepsis [7]. During incubation and non-severe state, a
specific humoral and cell-mediated adaptive immune
response is required to eradicate the virus and prevent
disease progression to a severe condition. Thus, strategies
to boost immune responses at this stage are undoubtedly
important [7, 11]. However, defective immune response
causes further accumulation of immune cells in the lungs,
progressing to aggressive production of a pro-inflamma-
tory cytokine such as IL-6, TNF-a resulting in an influx
of immune cells and cytokines that damage the airways/
lung architecture. This extended release of cytokines by
the immune system in response to the viral infection
and/or secondary infections causes severe inflammation,
endothelial dysfunction, sepsis and multi-organ damage
[7, 11, 12]. In addition, recent research also reports coag-
ulation abnormalities in severe COVID-19 cases [13].
The relation of hypoxia-coagulation is well known, where
we and others also showed the crucial role of cellular
hypoxic response in the form of thrombosis and bleed-
ing susceptibility through HIF-1a and vWF axis [14, 15].
Thus, medicinal agents that possess immune-boosting
and anti-hypoxic effects could hold a promise for a better
therapeutic option to preclude the SARS-CoV2 infection
and severity.

We have recently shown an extract of Adhatoda Vasica
(AV); an ayurvedic medicine that possesses robust anti-
hypoxic properties and can reduce severe airway inflam-
mation induced by an augmented hypoxic response in
treatment-resistant asthmatic mice [16]. The anti-HIF-1a
effect of AV also restores the cellular hypoxia-mediated
loss of mitochondrial morphofunction in vitro [16]. As a
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follow-up, we evaluated AV’s usefulness in other severe
lung pathologies, where hypoxia signalling is pertinent,
and which are relevant to the clinical course of COVID-
19 namely lung injury, fibrosis, and thrombosis. Since
viral proliferation may be altered by molecular modula-
tion of such pathways, we further tested the potential of
AV in limiting SARS-CoV2 proliferation.

Methods

Preparation of plant extract and LC-MS fingerprinting
Adhatoda Vasica (AV) was collected from Delhi-NCR
region, India in the flowering season (November to
March). Water extract of plant (leaves, twigs and flowers)
was prepared according to classical method described
for rasakriya in Caraka Sambhita [17]. The process for the
formulation involved preparation of decoction condensa-
tion and drying as described in earlier study [18]. Chemi-
cal fingerprinting of prepared AV extract was carried out
by LC—-MS at SAIF, CSIR-CDRI, Lucknow, India.

Animals

The study was designed and performed following guide-
lines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA)
and approved by Institutional Animal Ethics Commit-
tee of CSIR-Institute of Genomics & Integrative Biology
(IGIB), New Delhi, India. The BALB/c and C57BL/6 male
mice (8—10 weeks old) were bred under the pathogen-
free condition. They were acclimatized to animal house
environment one week before starting the experiments
at CSIR-IGIB, New Delhi, India and maintained accord-
ing to guidelines of CPCSEA. All the surgical procedures
were performed under sodium pentobarbital anaesthesia
and maximum efforts are taken for minimum suffering of
animals.

Grouping and treatment of mice

Mice were mainly divided into two groups as Vehi-
cle and treatment according to the experiment. In the
case of Cecum ligation puncture (CLP) survival study
experiment, BALB/c mice were divided into Sham (Con-
trol mice, distil water and 10% ethanol, oral, #=5) and
CLP (mice underwent CLP surgery, n=9). CLP mice
subdivide in CLP+Cyclo A (Cyclosporin A treated
CLP mice, n=9) and CLP+ AV-D2 (Adhatoda Vasica
extract-treated CLP mice, n=9) group. Treatment of AV
(130 mg/kg dissolved in distilled water, oral, two times
a day) or Cyclo A (Cyclosporin A, 15 mg/kg dissolved
in 10% ethanol, oral, once a day) was started two days
(48hours) before CLP and was continued till the mice
survive after surgery (Fig. 1). To assess lung histology
and cytokine levels in the CLP experiment, mice sacri-
ficed after 20 h of surgery from Sham (n=3), CLP alone
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Fig. 1 AV reduces the bleomycin and CLP induced inflammatory features of mice lungs. a Schematic representation of bleomycin-induced
pulmonary fibrosis model of mice. Male C57BL/6 mice were treated with bleomycin on day 0 by the intratracheal route. After genesis of fibrosis
features, Bleo mice therapeutically treated with AV-D2 dose (130mg/kg) from day 18-21. On day 22, mice sacrificed to collect the sample as
described in methods. ELISA for b TGF-31 ¢ and HIF-1a levels in mice lung homogenate. d Representative photomicrographs of fixed mouse lung
tissue sections stained with Masson’s Trichome (MT) (10x magnification). Positive staining indicated by black arrow. e Schematic representation of
Cecum ligation and puncture (CLP) mice model protocol. Two days before the CLP surgery, Cyclo A (15 mg/kg) and AV-D2 (130 mg/kg) treatment
was started, on day 0 CLP was done and after 4 hours of surgery Cyclo A (15 mg/kg) and AV-D2 (130 mg/kg) treatment was done and continued
till mice survive ('n"hours). To assess cytokines levels and lung histology after CLP, 3-4 mice from each group was sacrificed after 20 hours of CLP as
described in methods. f HIF-1a g IL-6 h and IFN-g levels in mice lung homogenate after 20 hours of surgery. i Representative photomicrographs of
fixed mouse lung tissue sections stained with H&E (4 x magnification) to asses lung inflammation (indicated by black arrow) and associated blood
exudation (indicated by red arrow). j Survival curve study for 142 hours in CLP induced sepsis mouse. k Number of hour’s survival plotted for each
group showing % survival after 24 and 142 hours in bracket (n= 5-9).Data are shown as mean +SEM of three to five mice per group. Significance
denoted by *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 and determined by ordinary one-way ANOVA) using GraphPad. ns represents the

non-significant. Significance of survival curve was determined by log-rank (Mantel-Cox) test using GraphPad

(n=3), CLP+Cyclo A (n=4), and CLP+AV-D2 (n=4)
group. Similarly, in the bleomycin fibrosis model (n=5
mice/group), C57BL/6 mice were divided into Vehicle
(i.e., Sham), Bleo (bleomycin treated), and Bleo+ AV-D2
(AV 130 mg/kg treated Bleo mice, oral, two times a day).
In that, AV treatment was done from day 18 to 21, as
shown in the schematic (Fig. 1a). Bleomycin (3.5 U/kg of
mice) was given intratracheally to isoflurane-anesthetised
C57BL/6 mice on day 0 of the protocol (Fig. 1) to induce
fibrotic changes in mice as described previously [19]. For
transcriptomic study, BALB/c mice were divided into
Vehicle (distil water, oral, two times a day, »=4) and
Adhatoda Vasica (AV) extract group. AV group was fur-
ther subdivided according to its dose: AV-D2 (Adhatoda
Vasica extract 130 mg/kg, dissolved in distilled water,
oral, two times a day, n=>5) and AV-D4 (Adhatoda Vasica
extract 260 mg/kg, dissolved in distilled water, oral, two
times a day, n=5) as described previously [16]. Distil
water or AV (130 mg/kg or 260 mg/kg) treatment was
given to mice by oral gavage for four consecutive days,
as represented in the Fig. 2a. In PHD2 siRNA-induced
hypoxia model (n=5 mice/group), BALB/c mice were
divided into scrambled siRNA (Scrm siRNA), prolyl
hydroxylase domain-2 siRNA (PHD2 siRNA), and AV-D4
treated PHD2 siRNA group (PHD2 siRNA 4 AV-D4)
group. AV-D4 dose (260 mg/kg, dissolved in distilled
water, oral, two times a day) given for four consecutive
days and 90 pg siRNA (Sigma) administered intrana-
sally which dissolved in ultrapure DNase and RNAse
free water with in-vivo jetPEI as the transfection reagent
(Polyplus Transfection, France) to isoflurane-anesthe-
tised mice on day 1, 3 and 5th of the protocol.

Clotting and bleeding time assay, blood collection

and platelet measurement

Tail bleeding was measured as described previously
[15]. Briefly, anesthetized mice’s tail amputated with a
sharp scalpel, and bleeding time was then determined
by monitoring the duration of animal tail bleeding
until it ceased and was kept in a prone position and
immersed in PBS. Clotting time measured by the cap-
illary tube method. The mice’s tail was cleaned with
70% alcohol and punctured with a 1 ml syringe needle.
Filled two capillary tubes with free-flowing blood from
the puncture site after wiping the first drop of blood.
Stop clock started and capillary tubes were broken to
see whether a thin fibrin stand formed between two
broken ends. After fibrin stand is observed, clotting
time measured from the average of two capillary tubes.
For platelet measurement, blood obtained by cardiac
puncture and collected in EDTA coated MiniCollect
tubes (Greiner Bio-One Gmbh, kremsmiinster, Austria)
as described [15]. The whole blood was used to meas-
ure total and of active Platelet count and was carried
out through flow cytometry using FACSCalibur (BD
Biosciences, USA). Briefly, diluted whole blood (1:4) in
PBS was incubated with APC conjugated anti-CD62P
(eBioscience Inc, San Diego, CA, USA) and FITC con-
jugated anti-CD41 (eBioscience Inc, San Diego, CA,
USA) for 15 min. Matched fluorescein-conjugated iso-
type control antibodies were used simultaneously for
staining for comparison. The activity was compared
using CellQuest Pro software (BD Biosciences, USA).

Bronchoalveolar lavage fluid collection and histopathology
Bronchoalveolar lavage fluid (BAL) was collected by
instilling 1 ml PBS into the tracheotomised airway and
recovered BAL fluids were processed to get total leu-
kocyte count, as described previously [16, 20]. For lung
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Fig. 2 AV treatment to mice is protective against the blood coagulation phenotype in HIF-1a dependent manner. a Schematic representation of
AV treatment protocol to naive BALB/c mice. AV treatment was given for 4 consecutive days using AV-D2 (130 mg/kg) and AV-D4 dose (260 mg/
kg). b Representative photomicrographs of fixed mouse lung and liver tissue sections stained with H&E (4x magnification) to asses AV mediated
any effect on histological architecture in terms of inflammation. ¢ Mice body weights measured before the start of the AV or Veh treatment and
after the completion of treatment (AV or Veh) on day 5th of the protocol. d Total (CD41+) and active platelet (CD 62P+) count in mice whole
blood (anticoagulated) measured by flow cytometry. e Tail bleeding time (in seconds) measured in Vehicle or AV treated mice as per the method
described in the protocol. f Schematic representation of the siRNA experiment protocol. Scrambled or PHD2 siRNA was given intranasally to mice
ondays 1,3, and 5. AV-D4 treatment was started therapeutically from day second and continued till 5h day of protocol as described in methods.
On day six, mice were subjected to tail bleeding and clotting time assay. g Clotting and tail bleeding time (in seconds) measured in mice groups
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GraphPad

as described in methods. h Total (CD414) and active platelet (CD 62P+) count assessed in mouse whole blood via flow cytometry. ELISA for
estimation of i VWF and j HIF-1a levels in mouse plasma. Data are shown as mean £SEM of four to five mice per group. Term ns represents the
non-significant. Significance denoted by *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 and determined by ordinary one way ANOVA) using

histology, the lungs were excised and fixed in 10% buff-
ered formalin. The fixed, paraffin-embedded tissues cut
into 5um sections and either stained with hematoxylin
and eosin (H&E) to asses inflammation or Masson’s tri-
chome (MT) staining to assess collagen content.

Cecum ligation puncture (CLP) procedure

Mice were anesthetised by injecting intraperitoneally
a solution of 1:1 ketamine (75 mg/kg) and xylazine
(15 mg/kg). The abdomen was shaved, and the perito-
neum area was disinfected betadine solution followed
by wiping with a 70% alcohol. Under aseptic conditions,
a 1 cm midline incision was made, and the cecum care-
fully exposed with the adjoining intestine. The cecum
was then tightly ligated with a 3.0 Mersilk (PROLENE,
8680G; Ethicon) sutures at the base and punctured once
with a 19-gauge needle on the same side of the cecum. A
small amount of stool extruded to ensure patency of the
puncture sites. The cecum then returned to the perito-
neal cavity, and the wound was closed with 3.0 Mersilk
sutures. Control mice (i.e. Sham), the cecum was exposed
out and then returned to the peritoneum without ligation
or puncture. Mice were resuscitated by injecting subcu-
taneously 1 ml of pre-warmed 0.9% saline solution using
a 25G needle. After surgery, animals placed immediately
to a cage with exposure to a heating lamp of 150 W until
they recovered from the anaesthesia. The recovery time is
from 30 min to 1 h. Mice were monitored every 12 h for
survival or euthanised after 20 h (n=3-4) for measure-
ment of cytokines while they were fed with their regular
diet and water. Two independent experiments recorded
the mortality of mice after CLP surgery.

TGF-b, IL-6,IFN-y, HIF-1a, PHD2, and vWF measurement

The levels of TGF-b, IL-6, IFN-y (BD, USA), HIF-la
(R&D, USA), PHD2 ((USCN, China) and vWF (USCN,
China) were measured in lung tissue homogenate or in

plasma of the mice by sandwich ELISA, as per manufac-
turer’s protocol.

RNA isolation and whole transcriptome analysis

Total RNA was isolated from mouse lung tissue treated
with AV (AVD2 and AV-D4) or distilled water (vehicle)
using the RNeasy Plus Mini Kit (Qiagen, CA, USA) fol-
lowing the manufacturer’s protocol. For genome-wide
expression analysis, the Affymetrix GeneChip MTA
1.0 array was used according to the manufacturer’s
instruction. For each sample, 250 ng of RNA was quan-
tified and hybridized to microarray chips following a
series of consecutive steps described in the protocol.
After hybridization, microarray chips are then scanned
using an Affymetrix GCS 3,000 scanner (Affymetrix,
CA, USA) and the signal values are further evaluated
using the Affymetrix® GeneChip"™ Command Console
software. Raw data automatically extracted using the
Affymetrix data extraction protocol in the Affymetrix
GeneChip® Command Console® Software (AGCC).
CEL file import, mRNA level, all analysis, and export
of the results were all performed using Affymetrix®
Expression Console™ software. A comparative study
between the vehicle and the AV treated samples done.
Genes considered to the differentially expressed by
applying the criteria of significance p-value less than or
equal to 0.05.

Functional enrichment and Connectivity map analysis

For functional analysis, we used Enrichr (amp.pharm.
mssm.edu) tool. For pathway and gene ontology analy-
sis, we examined gene enrichment in Cellular Com-
partment, Biological Processes, BioPlanet, Wiki, KEGG
human pathway and gene set enrichment was considered
if P-value less than 0.05 in Enrich r tool. For connectiv-
ity map (CMap) analysis, differentially expressed genes
ranked according to fold change and list of top 150 up
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and down-regulated genes compatible with the CMAP
data signatures was used to query the connectivity using
clue.io touchstone database. A positive score in CMap
analysis indicates a similar expression pattern of AV
with compared compounds’ gene expression signature,
whereas a negative score indicates an opposite pattern.

Molecular docking

The complete genome sequence of the novel SARS-
CoV-2 virus was obtained from the National Centre for
Biotechnology Information (NCBI) nucleotide data-
base (NC_045512.2). The available 3D crystal structures
of all the target proteins such as 3CLpro, PLpro, RdRp,
S-protein, ACE2 and JAK2 were taken from protein data
bank [21]. Others structures (NSP4, NSP7, NSP8, NSP9,
NSP13, NSP14, NSP15 and NSP16, and TMPRSS2) were
built using homology modelling with suitable templates
using Swiss model [22] and I-TASEER web-servers [23].
The active regions of the proteins were identified by
COACH meta-server and the results were compared
with results from CASTp web server [24]. The impact
on SARS-COV2 target protein were investigated for
the compounds of Adhatoda Vasica as well as known
antiviral, antimalarial and JAK inhibitors compounds
by Molecular Docking studies using Schrodinger suite
(Maestro) [25] and AutoDock vina packages [26]. In
Schrodinger suite, all the target proteins were prepared
using protein preparation wizard that included opti-
mization followed by minimization of heavy atoms of
proteins. The energy minimized 3D structures of all the
ligands were prepared using LigPrep. The best pose of
ligands that fit well in the protein cavity was carried out
using OPLS3 force field with Glide package in Extra Pre-
cision mode (XP) mode. According to the size of binding
cavity of the proteins, the coordinates x, y and z of the
grid box were chosen with the grid resolution of 1 A for
calculations using AutoDock vina package.

Cellular model, drug treatment and detection

of SARS-CoV-2 using a qPCR assay

Vero cells were maintained in Dulbeco Minimum Essen-
tial Medium (Gibco) containing 10% Fetal Bovine Serum
(Gibco) at 37 °C, 5% CO,. Cells were seeded into 96-well
tissue culture plates 24 h prior to infection with SARS-
CoV2 (Indian/a3i clade/2020 isolate) in BSL3 lab of
CSIR-CCMB. The effect of (AV) aqueous extract was
tested against the SARS-CoV2 virus [27] by taking differ-
ent concentrations of AV: 100, 50, 12.5, 6.25 (ug/mL) in
DMEM media. Briefly, the cells were primed with the AV
for 2 h. The virus inoculum (0.1 MOI) was added to the
cells along with different concentrations of AV and were
left for infection for 3 h. Post-infection, viral inoculum
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was replaced with fresh media containing 10% FBS and
were maintained at 37 °C, 5% CO, until 72 h. After 72 h,
cell supernatant was collected and spun for 10 min at
6,000 g to remove debris and the supernatant was trans-
ferred to fresh collection tubes. RNA was extracted
from 200 pL aliquots of sample supernatant using the
MagMAX"™ Viral/Pathogen Extraction Kit (Applied Bio-
systems, Thermofisher). Extraction of viral RNA was car-
ried out according to the manufacturer’s instructions.
The viral supernatants from the test groups were added
into the deep well plate (KingFisher" Thermo Scientific)
along with a lysis buffer containing the following com-
ponents—MagMAX " Viral/Pathogen Binding Solution;
MVP-II Binding Beads; MagMAX " Viral /Pathogen Pro-
teinase-K of 260 uL; 10 pL; 5 pL respectively for 200uL
of sample. RNA extraction was performed using King-
Fisher Flex (version 1.01, Thermo Scientific) by following
manufactures instructions. The eluted RNA was immedi-
ately stored in -80 °C until further use. The detection of
SARS-CoV2 was done using COVID-19 RT-PCR Detec-
tion Kit (Fosun 2019-nCoV qPCR, Shanghai Fosun Long
March Medical Science Co. Ltd.) according to the man-
ufacturer’s instructions. The kit detects Envelope gene
(E; ROX labelled), Nucleocapsid gene (N- JOE labelled)
and open reading framelab (ORFlab, FAM labelled)
specific to SARS-CoV2 for detection and amplification
of the cDNA. SARS-CoV-2 cDNA (Ct~28) was used as
a positive control. The log viral particles and a semi—log
graph was plotted through the linear regression equa-
tion obtained using the RNA extracted from the known
viral particles by RT-qPCR, using N- and ORF1lab genes
specific to SARS CoV2 virus and percent viral reduction
was calculated, as described previously [28]. However,
Ct value of N gene is considered to calculate the % viral
reduction [28].

Statistical analysis

Statistical significance determined by one-way analy-
sis of variance and analysis was done using GraphPad
Prism software. In the case of mice experiment, all data
represent mean=+ SEM; n=3-10 in each group and sig-
nificance denoted by *p<0.05, **p<0.01, ***p<0.001.
p-value>0.05 is considered non-significant (NS). Sig-
nificance of the survival study determined by Log-rank
(Mantel-Cox) test using GraphPad Prism software.

Results

AV treatments inhibits the bleomycin induced pulmonary
fibrosis features as well as increased HIF-1a levels in mice
To test the effect of AV treatment on lung fibrosis, bleo-
mycin treated mice were orally administered with AV
(130 mg/kg, AV-D2) as shown in Fig. 1a. We observed a
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(See figure on next page.)

Fig. 3 Enriched gene expression pattern of AV treatment may prevent the SARS-CoV?2 infection-induced transcriptional changes a The volcano
plot represents the variable expression status of genes upon AV-D2 and AV-D4 treatment in mice’s lungs compared to the vehicle group. Red and
green coloured dots represent up and down-regulated genes (FC > |2|, P-value < 0.05). b Heatmap represents the top 50 most variable genes in
the AV-D4 group and their expression status in Vehicle, AV-D2, and AV-D4 group. ¢ Enriched pathways and biological process in up-regulated and

down-regulated genes after AV treatment compared to vehicle mice group

significant increase in TGF-B1 and HIF-1a levels in bleo-
mycin (Bleo) treated mice lung than control-Sham mice,
which decreased after AV-D2 treatment (Fig. 1b, ¢). Mas-
son’s trichrome staining showed a marked increase in col-
lagen deposition in Bleo mice lungs compared to Sham
mice (Fig. 1d). AV-D2 treatment reduces this increased
collagen deposition in Bleo mice (Fig. 1d).

AV ameliorates the hallmarks of lung inflammation

and injury in mice model of sepsis

Mice that underwent CLP (Cecal ligation and puncture)
surgery did not show significant increase in HIF-1a lev-
els after 20 h of surgery (Fig. 1f). Still, its downstream
target, such IL-6, was significantly increased (Fig. 1g),
and IFN-y was decreased (Fig. 1h) in lung homogen-
ate after 20 h of surgery compared to sham mice. AV
pre-treatment restored the levels of both cytokines in
mice lungs, whereas Cyclo-A (a positive control) pre-
treatment reduced only IL-6 levels in mice (Fig. 1g, h).
Besides, histological analyses showed that CLP mice lung
sections stained with haematoxylin and eosin (H&E) had
increased inflammation and blood exudation (Fig. 1i,
Additional file 1: Fig. S5a). Pre-treatment of AV-D2 and
Cyclo A to CLP mice showed reduced inflammation and
blood exudation in lung histological sections (Fig. 1I).
CLP surgery also leads to a significant decrease in mice
survival rate compared to sham group (Fig. 1j). Treat-
ment of Cyclo-A or AV-D2 to CLP mice significantly
increases their survival rate compared to CLP untreated
mice (Fig. 1j). In CLP 4 Cyclo A and CLP + AV-D2 group,
the mice survival rate after 24 h is 66.6 and 44.4%, respec-
tively (Fig. 1k). Though, in both groups, survival rate is
33.33% at the end of 142 h of CLP surgery (Fig. 1k).

AV treatment inhibits hemostatic outcomes of hypoxia
response induced by PHD2 siRNA in mice

Next, to test whether anti- HIF-1a effects of AV also pre-
vents the blood coagulation phenotype [15], we treated
naive BALB/c mice with AV-D2 (130 mg/kg) and AV-D4
(260 mg/kg) concentration (Fig. 2a). Oral administra-
tion of AV-D2 and AV-D4 to naive mice does not cause
any significant change in body weight and lung and liver
histological architecture (Fig. 2b, ¢, and Additional file 1:
Fig. S5b), indicating its non-toxic nature in the tested
doses. In the hemostasis parameter, treatment of AV-D4
dose to naive healthy BALB/c mice causes a decrease

in total as well as activated platelet count, although not
statistically significant. Still, it does not affect mice tail
bleeding time (Fig. 2d, e). To confirm the above-observed
effect of AV-D4 on blood parameters, we induce cellular
hypoxia response in mice by specific PHD2 siRNA treat-
ment (Fig. 2f), as described previously [15]. PHD2 siRNA
treatment (Additional file 1: Fig. Sla) leads to a signifi-
cant decrease in blood clotting and tail bleeding time
(Fig. 2g). It also causes an overall increase in total and
activated platelet count in mice blood (Fig. 2h). These
changes induced by PHD2 siRNA are associated with
increased blood HIF-1a and vWF levels, indicating the
development of platelet aggregation (Fig. 2i, j). Interest-
ingly, AV-D4 treatment to PHD2 siRNA mice causes a
significant reversal of blood coagulation phenotype in
terms of mice’s blood clotting time, platelet count (total
and active), and vWF levels (Fig. 2g—i). These effects of
AV are associated with the reversal of increased blood
HIF-1a levels (Fig. 2j). However, AV treatment does not
affect the mice’s bleeding time, which was reduced after
PHD2 siRNA treatment (Fig. 2g).

Modulation of immune response and hypoxia pathway
genes: revealed from lung transcriptome of AV treated
mice

Lung transcriptomic analysis showed an upregula-
tion of 1258 genes after AV-D4 treatment and 375 gens
after AV-D2 treatment in naive mice. While 1133 genes
in AV-D4 and 262 genes in AV-D2 were downregu-
lated, compared to Vehicle (distilled water) treated mice
(Fig. 3a, b, and Additional file 2). We observed enrich-
ment of pathways like IL-2 signaling, T cell signaling,
T cell-mediated immunity, natural killer cell-mediated
cytotoxicity, Haematopoietic cell lineages in the AV-D4
up-regulated genes. Similarly, biological processes like
neutrophil activation and degranulation, neutrophil-
mediated immunity, immune response regulation, and
cellular defense response was enriched in AV-D4 up-reg-
ulated genes (Fig. 3c). In AV-D2 up-regulated genes, path-
ways relevant in mitochondria, T cell signaling, cytotoxic
T cell-mediated immune response are enriched (Fig. 3c).
At the same time, pathways like collagen biosynthesis,
extracellular matrix organization, TGF beta regulation,
hypoxia, and associated inflammatory MAPK-signaling
are significantly enriched in both AV-D4, and AV-D2
downregulated genes (Fig. 3c). Overall, it indicates that
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Table 1 Binding affinity of compounds of Adhatoda Vasica with different target proteins of SARS-CoV- 2 virus in kcal/mol using

Schrodinger XP Glide package

Compounds 3CLpro PLpro RdRp S-pro NSP14 NSP16 ACE2 TMPRSS2  JAK
Choline —204 —2304 —302 —2403 —1.903 —2721  —6246 —2314 —1.769
Betaine — 2638 —259 — 3449 —2775 —3.109 —2732 —6079 — 3328 — 2.851
Vasicinol — 4523 —2542 — 2941 —3.187 — 5557 — 3848 —3546 —3.591 — 7.001
Adhavasicinone —4291 —2715 —2963 —342 — 5246 —3.147 —3.702 —3.0M —7.132
Linarinic_acid — 4547 —3.161 — 3486 — 3449 —6.048 — 4593  —3539 — 426 —6.181
Vasicine —4.027 —2835 —1961 —2843 —5313 —3292 —3026 — 3473 —5973
Vasicinolone — 4098 —2.787 —3.627 —3.207 — 5939 —4303 —353 — 4371 — 7.249
5_methoxyvasicine —4009 —3234 —372 —2676 —5.199 —1982 —3.155 —273 —5.08
Vasicine_glycoside — 6387 —3.692 — 3803 —4.239 — 9359 — 5857  —3964 — 6.069 — 8374
Vasicinone — 3762 —2416 —3.062 —3.007 — 5152 —1.35 — 2.884 — 459 —7.027
Luteolin_6_8_di_C_glucoside —9913 —7451 —9574 —9429 —15251 —9894 —9823 —11.124 —12.28
Luteolin_6C_gluco side_8C_arabinoside — 1159 —7.161 — 106 — 6864 — 14993 —9519 —6449 — 9442 — 1346
Kaempferol_3_O_rutinoside — 8879 —6.889 — 7518 —6606 — 12022 — 7604 —5177 —6888 —117
Apigenin_6C_gluc oside_8C_arabinoside — 1057 —6.194 —723 —5865 —1367 — 8532 —5762 — 6918 — 1167
Luteolin-6_8-di-Carabinoside —9978 —7.082 —9778 —6324 —12728 —1086 — 7.249 — 7.768 —13.82
Luteolin_6C_gluco side —108 — 5599 —8.126 — 5991 — 10.659 — 8749 —5576 — 7.688 — 9974
Apigenin-6_8-di-Carabinoside —11.04 —6.062 — 8711 —6.011 — 12173 —9899 —437/8 — 7.286 —10.77
Apigenin_6C_glucoside —8789 —401 — 7647 —5016 — 9825 —823 —4.18 —6.826 —835
Luteolin-6-Carabinoside —9046 —4.262 — 8744 —6.631 — 10316 —10578 —4.268 — 7116 —10.83
Quercetin_3_0_glucoside —8119 —6.111 —8233 —7416 —10.757 —7.54 — 5078 — 7827 — 1249
Apigenin-8-Carabinoside — 5679 —5.185 — 6216 —6.15 — 9971 —6.764 —4922 —5119 —10.77

AV treatments favour the expression of genes important
in immunity and adaptive immune response and inhibi-
tory to genes involved in hypoxia associated angiogen-
esis, fibrosis, and inflammatory cascade. These findings
of AV might be relevant in COVID-19 treatment, where
inhibition of adaptive immune response and induc-
tion of hypoxia-inflammatory response seen in SARS-
CoV2 infected patients samples [9, 10, 29-31]. Besides,
increased levels of immune cells in bronchoalveolar lav-
age fluid (BAL) of mice treated with AV, compared to
vehicle-treated mice (Additional file 1: Fig. S1b) further
support our observation. Furthermore, to identify simi-
larities and differences in AV gene expression pattern
with other FDA-approved drugs and bio-actives, we
mapped the transcriptomic signature of AV using Con-
nectivity Map (CMap) database. We observed drugs like
glucocorticoids, HDAC inhibitors,and NSAIDS agents
(that target cyclooxygenase) have a similar gene expres-
sion patterns with AV (Additional file 1: Fig. S1c). These
drugs or compounds are shown to have therapeutic
potential against COVID-19 [32-35]. The possibility of
such directs effects was further examined.

In silico and in vitro analysis demonstrates the therapeutic
potential of AV against SARS-CoV2

Chemical components present in Adhatoda Vasica
(Additional file 1: Tables S1 and S2) were examined by
molecular docking analysis with SARS-CoV2 and host
proteins. Tables 1 and Additional file 1: Table S1 repre-
sent the docking results of the constituents of Adhatoda
Vasica with key target proteins of the SARS-CoV-2 virus.
The flavonoid derivatives from the extract of Adhatoda
Vasica are found to be potential candidate against SARS-
CoV-2 targets (Luteolin_6C_glucoside_8C_arabinoside
has — 11.58 for 3CLpro and — 7.45 for PLpro, Luteolin-
6_8-di-C-arabinoside has -9.77 for RdRp and — 13.82
for JAK2, Luteolin_6_8_di_C_glucoside has -9.42 for
S-protein, — 12.08 for JAK1 and — 9.82 for ACE2, -15.25
for NSP14 and — 11.12 for TMPRSS2, Luteolin-6-C-ara-
binoside has — 10.57 for NSP16 and Apigenin_8_C_ara-
binoside has — 11.28 kcal/mol for JAK3 protein) than
quinazoline alkaloids analogues such as Choline and
Betaine (Table 1 and Additional file 1: Table S1). The
key residues of target proteins that contribute more for
binding with the compounds of AV are shown in Addi-
tional file 1: Table S2. The compound Luteolin-6-C-
glucoside-8-C-arabinoside makes cation-m interaction
with residue (His 41) of 3CLpro with higher affinity
-11.59 kcal/mol (Fig. 4a). The m-m stacking interaction
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between the Luteolin-6,8-di-C-glucoside and residues
(Phe 426 and Phe 506) of NSP14 protein enhances the
binding affinity to -15.25 kcal/mol when compared to
other compounds as shown in Fig. 4b, and other inter-
action plots are represented in Supporting material

Additional file 1: Fig. S2, S3, and S4. In addition, AV’s fla-
vonoids are also shown to have a higher binding affinity
for proteins involved in hypoxia and inflammation [16].
We also compared docking analysis of AV (Table 1) with
known antivirals, JAK inhibitors and hydroxychloroquine
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Table 2 Binding affinity of JAK inhibitors, anti-malarial and anti-viral compounds with multiple target proteins of SARS-CoV-2 virus in

kcal/mol using Schrodinger XP Glide package

Compounds 3Clpro PLpro RdRp S-pro NSP14 NSP16 ACE2 TMP RSS2 JAK2 NSP4 NSP7 NSP8
JAK inhibitors
Ruxolitinib —529 —2388 —3.07 —293 —568 —623 — 365 —4 —943 —357 =101 — 215
Baricitinib — 462 — 245 —341 —304 —698 —591 —21 —32 -9.15 -4.06 -1.98 -2.95
Momelotinib — 427 — 277 —4.08 —275 —58 —623 — 245 -5 —9.55 -3 —093 — 357
Oclacitinib — 506 —296 =307 — 269 —6.62 —4.08 —386 —49 —934 —269 =233 —192
HCQ —597 —467 =264 —461 — 598 — 477 — 467 —43 —725 —436 —143 —233
Antiviral
Lopinavir —503 —499 —398 —432 —926 —4.26 —254 =39 — 6.56 —236 =035 —-18
Ritonavir —572 —474 —539 =565 —422  —6.76 —243 —-22 —6.82 — 427 —204 —218
Daclatasvir —49 —321 —237 =246 —539 —58 — 225 —38 — 576 —239 —-18 -1

(HCQ) against SARS-CoV2 and host target proteins
(Table 2, Additional file 1: Table S3). We observed the
AV’s components show a numerically higher binding
affinity for SARS-CoV2 and host target proteins impor-
tant for virus entry and replication than HCQ, antiviral
(namely Lopinavir, Ritonavir, and Daclatasvir), and JAK
inhibitors (namely Ruxolitinib, Baricitinib, Momelotinib,
and Oclacitinib) compounds (Table 1 and 2). Although
various JAK inhibitors have binding affinity numerically
more than -9.0 kcal/mol against JAK2 protein (Table 2),
the most of the flavonoid’s derivatives from extract of AV
are found to have binding energy numerically more than
-11.0 kcal/mol (Table 1). An anti-malarial compound
HCQ (— 4.61 kcal/mol for S-protein) which obstruct the
binding between ACE2 and spike protein to inhibit the
invasion of SARS-CoV-2 virus [36]. Three anti-viral com-
pounds (Lopinavir, Ritonavir and Daclatasvir) have less
binding affinity when compared to flavonoids derivatives
of AV with all target proteins of SARS-CoV-2 virus. In
AutoDock vina, the compound Luteolin-6,8-di-C-gluco-
side has higher binding energy of — 9.0 kcal/mol (Addi-
tional file 1: Table S2) than other JAK inhibitors such as
Ruxolitinib has — 8.2, Baricitinib has — 7.5, Memelotinib
has — 8.1 and Oclacitinib has — 7.4 kcal/mol (Additional
file 1: Table S3) for JAK2 protein. The trend obtained
from AutoDock vina is in close agreement with previ-
ous literature [37]. Overall, results obtained from the two
docking methods are found to be similar. These findings
suggest that the AV extract’s flavonoid derivatives are
a higher binding affinity than other drugs such as anti-
viral, anti-malarial, and JAK inhibitors against all target
proteins of the SARS-CoV-2 virus. To confirm the in-
silico observation, we tested the anti-SARS-CoV2 poten-
tial of AV using in vitro model of SARS-CoV2 infection.
We observe a 63% viral reduction after AV treatment
(100 pg/ml) in Vero cells infected with SARS-CoV2,
compared to the untreated group (Fig. 4c). These results

further substantiate the potential of AV in management
of COVID-109.

Discussion

Adhatoda Vasica or Vasa has been extensively used in
Ayurveda for treating a wide range of inflammatory and
respiratory conditions [38]. Even in modern clinical
practice, it is recommended for strong bronchodilatory
and antitussive effects [38, 39]. AV’s active ingredients
and their derivates such as Bromhexine, and Ambroxol
are effective against various respiratory ailments like
asthma, COPD, and tuberculosis [38]. We have recently
shown that AV alleviates the severe airway inflammation
in steroid-nonresponsive asthmatic features by inhibition
of HIF-la (key transcription factor in hypoxia) via its
negative regulator, PHD2. AV thereby modulates hypoxic
response, which forms the basis for its diverse therapeu-
tic effects including amelioration of mitochondrial dys-
function [16]. In this study we examined anti-hypoxic
effects of AV in other hypoxia-inflammation prevalent
conditions such as lung injury, fibrosis, and thrombo-
sis. These are relevant to the current global pandemic
of COVID-19, specifically progression and sequelae of
SARS CoV2 infection (Fig. 5).

Our study shows that AV could reverse the pulmonary
fibrosis (PF) pathological features in the bleomycin mice
model (Fig. 1). HIF-1a stabilization is observed in many
cell types of PF lungs and causes increase in collagen syn-
thesis, fibrosis, TGF-f1, VEGF levels, and proliferation
of fibroblasts [1, 40]. AV treatment reduces the increased
expression of HIF-1a protein in bleomycin treated mice
lungs and attenuates increased TGF-f1 and collagen
content in mice lungs (Fig. la—d). These preliminary
results substantiate the hypoxia modulating effect of AV
in chronic lung disease conditions such as fibrosis. There
were strong effects of AV treatment on inflammatory
lung injury and CLP induced lung injury and mortality in
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mice was reduced (Fig. 1i-k). Interestingly, we observed
a decrease in IFN-y levels upon CLP in mice, which was
restored after AV treatment (Fig. 1h). Our observation
with the IFN-y level in CLP mice is not in line with pre-
vious studies [41], and it is likely due to the differences
in the time of measurement after CLP. We speculate
that the mechanism of AV action may not be directly
anti-inflammatory but rather restoration of appropriate
inflammatory responses and blocking of inappropriate
inflammation. This would be similar to the clinical find-
ings that support the adjuvant IFN-y immunotherapy
concept to improve the host immune response against
infection [42, 43]. AV treatment also reduced the HIF-1a
induced pro-thrombotic state that may additionally be
relevant to lung injury and inflammation (Fig. 2f-j).

In the course of our study, we realized that the effects
of AV on phenotypic features of the lung and systemic
inflammation could also prove beneficial for the pre-
sent pandemic situations. In SARS-CoV2 infection, ele-
vated hypoxia response seems to be a consequence of
hyper-inflammation that contributes to disease severity
[6, 7]. We relate the therapeutic relevance of AV for the
above-observed effects against severe patho-phenotypes

associated with the critical stage of COVID-19, char-
acterized by severe lung inflammation, hypoxemia,
angiogenesis, sepsis, and altered coagulation profile [6,
8, 11-13]. Therefore, the anti-hypoxic property of AV
would be advantageous in attenuating the critical inflam-
matory stage of COVID-19. Our transcriptome results
of AV treated mice also show down-regulation of genes
related hypoxia-inflammation pathway (Fig. 3). In view
of the multitude of effects of AV that may alter cellular
response to infection (Fig. 5), we further determined
whether there may be a direct or indirect effect of AV on
SARS-CoV2 proliferation. We screened AV’s chemical
components against SARS-CoV2 and host target proteins
and found possible interactions with both (Table 1, Addi-
tional file 1: Tables S1 and S2) [44]. The in vitro viral inhi-
bition supports that these may be relevant (Fig. 4c). More
studies are warranted to confidently determine whether
there is meaningful anti-viral activity against SARS-CoV2
(Additional file 2).
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Conclusion

Treatment of Adhatoda Vasica extract alters the cellu-
lar hypoxic response and modulates the inflammation-
thrombosis axis to reduce lung injury, thrombosis and
fibrosis. Moreover, in-silico and in vitro analysis suggest
it may be able to prevent SARS-CoV2 infection and its
progression.
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