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ABSTRACT

Background: Careya arborea, Punica granatum, Psidium guajava, Holarrhena
antidysenterica, Aegle marmelos and Piper longum are traditional medicines used to
treat diarrheal diseases in India and supported by scientific literature. But their

specific activity against Cholera toxin (CT) has not been explored yet.

Aim and objectives: The current study aimed to investigate the inhibitory activity of
these plants against CT-induced cytotoxicity and enterotoxicity. Polyphenols were
selected from plants that showed efficient neutralization activity against CT. The
inhibitory activity of selected polyphenols against CTB binding to GM1 receptor was

further investigated using computational and experimental approaches.

Methodology: CT in cell free culture filtrate of V. cholerea was quantified using
GM1 ELISA and in vitro efficacy of hydro-alcoholic extracts of six plants against CT
was investigated using cAMP assay and GM1 ELISA. Further in vivo studies were
performed with C. arborea, P. granatum, P. guajava using adult mice model.
Molecular modelling approach was used to investigate the intermolecular interactions
of selected 20 polyphenolic compounds from these three plants with CT using
DOCKG6. Based on intermolecular interactions, two phenolic acids, Ellagic acid and
Chlorogenic acid; two flavonoids, Rutin and Phloridzin were selected along with their
respective standards, Gallic acid and Quercetrin. The stability of docked complexes
was corroborated using molecular dynamics simulation. Furthermore, in vitro
inhibitory activity of six compounds against CT was assessed using GM1 ELISA and
cAMP assay. EA and CHL that showed prominent activity against CT in in vitro

assays were investigated for their neutralizing activity against CT in vivo.
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Results: Significant reduction in elevation of cAMP levels in CFCF treated CHO cell
line was observed for all the selected extracts except P. longum whereas C. arborea,
P. granatum, H. antidysenterica and A. marmelos showed >50% binding inhibition of
CT to GMI receptor. C. arborea, P. granatum and P. guajava that showed efficient
anti-CT activity in vitro further reduced fluid accumulation caused by CT in ligated-
ileal loops of adult mouse. The molecular modelling study revealed significant
structural stability of the CT-EA, CT-CHL, and CT-PHD complexes compared to
their respective controls. All the selected six compounds from these three plants
significantly reduced CT-induced cAMP levels, whereas EA, CHL, and PHD
exhibited > 50% binding inhibition of CT to GM1. The EA and CHL that showed
prominent neutralization activity against CT from in vitro studies, also significantly
decreased CT-induced fluid accumulation and histopathological changes in ligated-

ileal loops of adult mouse.

Conclusion: Out of six selected traditional medicinal plants, C. arborea, P. granatum
and P. guajava showed effective activity against CT as evident from in vitro and in
vivo studies. Among the four selected polyphenols from these plants, Phenolic acids
EA and CHL effectively inhibited CT binding to GMI1 receptor preventing its
internalization and further toxicity as evident from in vitro and in vivo studies. Our
study not only validated their traditional use but also identified the bioactive

compounds neutralizing CT toxicity.

Key words: Cholera toxin; Cell free culture filtrate; GM1 ELISA; Cytotoxicity;

Docking; Molecular dynamics simulation.
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I ntroduction

INTRODUCTION

Diarrhea is a worldwide problem and the second leading cause of death in
children under five years of age. Cholera, an ancient and devastating acute diarrheal
disease caused by pathogenic strains of V. cholerae is a serious global problem as
outbreaks of this disease are occurring in different regions around the globe. Each
year 1.3 to 4.0 million cases and 21000 to 143000 deaths are estimated worldwide due
to cholera '. V. cholerae, the causative agent of cholera is a facultative anaerobic
Gram-negative, motile, non-spore-forming curved rod- shaped bacteria including both
toxigenic and non-toxigenic strains that differ in their virulence gene contents and

polysaccharide surface antigens 2,

Cholera toxin (CT), an 84Kd heterohexameric protein efficiently secreted
into the culture supernatant by the type 2 secretion system of V. cholerae in soluble
form is the key virulence factor responsible for diarrhea observed in cholera. CT binds
to ganglioside GM1 located on the outer leaflet of apical membranes of intestinal
epithelial cells ? followed by endocytosis and then traffics retrograde from the plasma
membrane to the trans-Golgi network, eventually reaching the endoplasmic reticulum
(ER) 4 Inside the ER, the A-subunit dissociates from the B pentamer, followed by
cleavage between Al and A2 polypeptide chains. From NAD, the Al chain catalyzes
ADP-ribose transfer to G protein Gy, in the cytoplasm leading to permanent ADP-
ribosylation of Gy, and activation of adenylate cyclase. This results in a persistent
elevation in cAMP levels which activates the cystic fibrosis transmembrane
conductance regulator (CFTR), causing a dramatic efflux of ions and water from

infected enterocytes, leading to diarrhea .
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I ntroduction

Despite CT being responsible for the pathogenesis observed in cholera,
treatment majorly involves oral rehydration therapy and the use of antibiotics such as
azithromycin and tetracycline targeting the bacteria. This is eventually leading to yet
other outbreaks caused by the multidrug-resistant strains of V. cholerae ® Therefore, a
number of phytocompounds have been investigated for anti-cholera activity. The
potency of phytocompounds against CT has been demonstrated either by disruption of
the binding of CTB to GM1 or by inhibition of CTA1 catalyzed ADP-ribosylation of
Gy, 124 A comprehensive analysis of available scientific literature revealed that most

of the phytocompounds reported against CT were polyphenols 138,166,167

Careya arborea, Punica granatum, Psidium guajava, Holarrhena
antidysenterica, Aegle marmelos and Piper longum are commonly used traditional
medicines against diarrheal diseases in India. These plants were also scientifically
reported to act against diarrheal pathogens viz. Shigella flexneri, V. cholerae,
enteropathogenic and enteroinvasive Escherichia coli (EPEC, EIEC), rotavirus and
giardia. The decoction from unripe fruits of A. marmelos and leaves of P. guajava
showed cidal activity against giardia, rotavirus, and inhibited the binding of CT and E.
coli labile toxin to GM1 receptor ™ The seeds and bark of H. antidysenterica have
been shown to be effective against amoebic dysentery and E. coli- induced diarrhea in
rats °. It has been reported that both the peel and juice extract of pomegranate seeds
have gastroprotective activity and can prevent castor oil-induced enteropooling in rats
0 Bark of C. arborea reduced castor oil-induced diarrhea in mice significantly "
Piperine, a major alkaloid found in the fruits of P. longum has been shown to have

anti-diarrheal and antispasmodic properties 2
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All the six plants selected for the study are reported to show anti-diarrheal
activity but their specific activity against V. cholerae-induced diarrhea was not fully
demonstrated. Hence the present study aims to investigate the inhibitory activity of
hydro-alcoholic extracts of these six plants against CT-induced cytotoxicity and
enterotoxicity using in vitro and in vivo methods respectively. As polyphenols were
reported to act against CT, phenolic acids and flavonoids were selected from plants
that showed effective neutralization activity against CT from in vitro and in vivo
studies. As the initial and critical step in CT pathogenesis involves its binding to the
GMI1 receptor on intestinal epithelial cells for internalization, we proposed to
investigate and derive the role of selected polyphenols in neutralizing the CT-induced

toxicities by using both molecular modeling and experimental studies.
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AIM AND OBJECTIVES

Aim: To evaluate the inhibitory efficacy of traditionally used and scientifically
reported six anti-diarrheal plants and their reported bio-active compounds against

Cholera toxin using in silico, in vitro, and in vivo approaches.

Objectives of the study

1. To assess the inhibitory efficacy of hydro-alcoholic extracts of C. arborea
(bark), P. granatum (fruit peel), P. guajava (leaves), H. antidysenterica (bark),
A. marmelos (fruit), and P. longum (fruit) against CT using GM1 ELISA and
cyclic AMP assay.

2. To screen and select the polyphenolic compounds from plants that are
efficiently neutralizing CT in vitro using system biology tools.

3. To investigate the potency of selected polyphenolic compounds along with
their respective standards against CT using in vitro assays

4. To evaluate the in vivo inhibitory efficacy of hydro-alcoholic extracts of plants
and polyphenolic compounds that are showing notable activity against CT in

vitro using a ligated-ileal loop model of adult mice.
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REVIEW OF LITERATURE

1. Diarrheal diseases

Diarrhea which is annually killing more than 0.5 million children worldwide is
the second leading cause of death in infants and children under five years of age 13,14
It is caused by bacterial, viral or parasitic infections in the intestinal tract resulting
from contaminated water sources, unhygienic food and improper sanitization
strategies. Underlying malnutrition in children augments the symptoms and severity
of disease *°. Diarrhea is usually defined as the passing of more than three liquid

stools per day which are categorized clinically into watery, inflammatory, and

persistent diarrhea 16,

2.5 million
2 million
1.5 million
70+ years old
1 million
500.000 5-14 years old
Under-5s
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Figure 1 Death due to diarrhea by age from the year 1990-2017 (Source: IHME,

Global burden of disease)
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Watery diarrhea caused by V.cholerae, E. coli, and rotavirus leads to extensive
loss of fluids and salts from the body which further progress to failure of critical
organs and dysfunctional circulatory system. Acute watery diarrhea observed in
cholera is caused by extensive loss of fluids and ions from enterocytes Y Treatment
involves the replacement of lost fluids and electrolytes with ORS which can be life-

saving by preventing further dehydration and progression of the disease.

Inflammatory diarrhea also called dysentery is caused by both invasive
(EAEC, EHEC, C. difficile) and noninvasive (Shigella flexneri, Camphylobacter
Jjejani) bacterial pathogens which invade the mucosal layer of the intestine and release
the inflammatory mediators by stimulating the cytokine production 8 This leads to
the destruction of the mucosal layer and bloody diarrheal episodes observed in
inflammatory diarrhea. Effective and early antibiotic treatment heals the degenerated

mucosal tissue and decreases acute complications e

Diarrhea lasting more than 7-13 days is termed as persistent and it results in
malnutrition due to loss of nutrients and poor absorption. Repeated exposure to few
pathogens like S. flexneri, S. dysenteriae, and G. intestinalis were identified with the

occurrence of persistent diarrhea 2
2. Cholera

Cholera, an acute water-borne diarrheal disease is a serious global problem
majorly in countries with improper sanitation strategies. This disease causes an
estimated 21000 to 143000 deaths worldwide 2. In 2017, 34 countries reported a total
of 1227391 cases and 5654 deaths (CFR 0.5%) whereas the most recent 2020 cholera

outbreak in Yemen reported 1384423 cases and 1574 deaths (CFR 0.11%) 22 The
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global burden of cholera is not known as most of the cases are not reported due to the
lack of appropriate laboratories and proper epidemiological supervision. Annually, 1.3
billion people are at risk and 2.86 million cholera cases occur in endemic countries.
Among these cases, there are an estimated 95,000 deaths and cholera has been
reported to be the second leading diarrheal disease causing mortality and morbidity in

children with less than five years of age B,
2.1. Etiology

Cholera is caused by pathogenic strains of V. cholerae, a facultatively
anaerobic, motile, non-sporing forming curved rod-shaped bacteria including both
toxigenic and non-toxigenic strains  1In the year 1854, Filippo Pacini was the first to
observe this bacteria in comma-shaped forms in stool samples of cholera patients. V.
cholerae was first isolated in pure culture by Robert Koch in the year 1884. It is an
aquatic Gram-negative rod-shaped bacteria characterized by the presence of single
polar flagellum including both pathogenic and non-pathogenic strains differing in

their virulence gene contents and polysaccharide surface antigens.

They are salt-loving aerobic bacteria with a generation time of 30 min,
sensitive to low pH and grow actively under alkaline conditions. Based on the O-
antigen present on the lipopolysaccharide of V. cholerae, more than 200 serogroups
have been determined . Among them, Ol and 0139 serogroups are responsible for
causing cholera which can be epidemic, endemic, and pandemic in nature 2627 The
Ol serogroup has (a) two biotypes — Classical responsible for the first six cholera
pandemics from 1817 to 1923 and EI Tor responsible for the seventh pandemic from
1961 to 1971 % (b) three serotypes — Ogawa, Inaba and Hikojima which differ in

the expression of genes coding for A, B, and C somatic antigens 3031 The 0139
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serogroup of V. cholerae was initially identified in South Asia and it originated from
the O1 El Tor biotype by lateral genomic transfer replacing the O1 antigen with O139
32 Reports of non-O1 and non-O139 serogroups have recently emerged and these are

- L3334
reported to cause severe cholera like gastroenteritis .

2.2. Pathogenesis

Primary transmission of V.cholerae occurs by the consumption of
contaminated water from aquatic reservoirs in the environment whereas secondary
transmission occurs from the infected individuals. Consumption of raw or
undercooked sea food which is imported from cholera endemic regions also results in
transmission of disease *°. Clinical manifestations of cholera following an incubation
period 6 to 48 hours ranges from mild without symptoms to severe and life
threatening condition and if untreated, severe dehydration can rapidly lead to shock

and death in hours %,

The major virulence factors in V.cholerae are cholera toxin (CT) and toxin co-
regulated pilus (TCP). The genome of V.cholerae is distributed in two circular
chromosomes with a large 2.96Mb chromosome I and a small 1.07Mb chromosome
mY. A non-lytic bacteriophage CTX® which carries the operon encoding CT
integrates with the bacterial chromosome consists of a core region encoding for CT
and proteins that are required for viral morphogenesis, as well as a RS2 region that

codes for replication, regulation, and integration functions of the CTX® genome 8,

TCP is required for attachment and transmission of CTX® serving as its receptor ¥
The TCP operon is present in Vibrio pathogenicity island (VPI) that is located

separately from CTX® in the large V.cholerae chromosome. The transcription of

ctxAB and TCP operons are directly activated in a co-ordinated manner by a
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regulatory protein ToxT encoded by VPI 4041 TCP P/TCP H and ToxR/Tox$S tightly
regulates the expression of ToxT*. After its assembly in the periplasm, CT is secreted

from V.cholerae in a very efficient manner by Type II secretion system s,

2.3. Epidemiology

Cholera outbreaks continue to happen in many parts of developing countries
which lack proper sanitation strategies. It is grouped under emerging and reemerging
infections with the highest rate of infection in children under five years. The first six
pandemics of cholera caused by classical biotype occurred in India and spread to

many countries **
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Figure 2 Cholera cases reported to WHO by continent and by year from 1989-2009

(Source:WHO Weekly Epidemiological Record no 31, 2010, 85, 293-308)

From the year 1830 to 1850, the second pandemic reached Canada and the
British Isles through the infected immigrants on ships from Ireland *_ The third and

fourth pandemics were most prevalent in the US whereas the fifth pandemic

Page 9



Review Of Literature

extensively affected South America. In the year 1899-1923, the Balkan Peninsula and
middle east populations were affected by the sixth cholera pandemic 46, The seventh
pandemic caused by El Tor biotype on Sulawesi island, Indonesia was considered as
an extensive pandemic as it was spread on large geographical sections for a long

.47
duration *'.

Table 1 Cholera pandemics since 1817

Year Origin Pandemic organism
1817-1823 India Unknown
1829-1851 India Unknown
1852-1859 India Unknown
1864-1879 India Unknown
1881-1896 India V. Cholerae O1, Classical biotype
1899-1923 India V. Cholerae O1, Classical biotype
1961-present Sulawesi, Indonesia V. Cholerae O1, El Tor biotype

Epidemiology of cholera is influenced by several factors which include - [i]
proper hygiene, sanitation, and immunity of individuals, [ii] antibiotic resistance
profile of epidemic strains which changes each year, [iii] seasonal changes, location,
and high incidence of infection in children. The emergence of antibiotic resistant

strains of V. cholerae is responsible for recent outbreaks in Bangladesh ***.
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3. Entero-toxins produced by V. cholerae

Accessory Cholera toxin (ACE) stimulation of ANO6 (Anoctamin) function in
intestinal epithelium causes chloride ion(CI’) secretion and induces diarrhea 0 Zonula
occludens toxin (ZOT) binds to the human a-1 chimaerin receptor increasing mucosal
permeability and promoting the movement of macromolecules through the tight
junction pathway 3! Heat-stable enterotoxin (ST) causes elevation of intracellular
cGMP by activating cystic fibrosis transmembrane conductance regulator (CFTR)
chloride channel which induces anion secretion and diarrhea *>. Cholix toxin (chx)
has ADP-ribose transferase activity against ribosomal eukaryotic elongation factor-2
and it is involved in extraintestinal infections *>. Multifunction autoprocessing
repeats-in-toxin (MARTX) is a pore-forming accessory toxin that causes permanent
dismantling cytoskeleton by the formation of covalent cross-links between
monomeric G-actin forming oligomeric chains ) By utilizing the type-II secretion
pathway, V.cholerae secretes Hemagglutinin protease (HAP), which targets multiple
molecules to exacerbate infection severity. HAP modifies certain toxins, affects
proteins associated with tight junctions, and degrades the protective mucus barrier 33
Non-toxigenic strains of V.cholerae produce V. cholerea cytolysin (VCC), which is
capable of damaging cell membranes and causing cell death. VCC forms a channel
that selectively allows anions to pass through in planar lipid bilayers, resulting in
vacuolation and eventual cell death *°. Haemolysin produced by non-O1 and O1 El
Tor biotypes of V.cholerae causes hemolysis of vertebrate erythrocytes °,
cytotoxicity in adrenal Y-1 cell line and Chinese hamster ovary cells °* and also
causes fluid accumulation in ligated intestinal loops of adult rabbits ¥ Non-

membrane-damaging-cytotoxin (NMDCY) reported in non-O1 EI Tor biotype causes
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cell rounding in cultured HeLa cells and also induces accumulation of non-

hemorrhagic fluid in rabbit ligated ileal loops 60,
4. Cholera toxin

Cholera toxin belongs to the larger family of AB toxins characterized by
having an enzymatically active A-domain responsible for inducing toxicity and a cell-
binding B-domain responsible for cell entry. A-subunit is comprised of an
enzymatically active Al- chain which is non-covalently linked to the pentameric ring
of B-subunits via the A2-chain. CT begins its intracellular journey by binding to the
ganglioside GM1 located on the outer leaflet of apical membranes of intestinal
epithelial cells ! The toxin enters the cell by various endocytic mechanisms
including clathrin and caveolin dependent as well as caveolin and dynamin-
independent mechanisms and traffics retrograde from the plasma membrane to the
trans-Golgi network and ultimately reaches the endoplasmic reticulum (ER). The A2-
chain has a KDEL sequence at its C-terminus which is responsible for retrograde
transport of the toxin to ER 62 Inside the ER, A-subunit dissociates from the B-
pentamer followed by cleavage between Al and A2 polypeptide chains. Al-chain is
recognized by the reduced form of protein disulfide isomerase (PDI) which binds to
and unfolds Al-chain ®. The PDI-AI chain complex is then targeted to a protein on
the luminal membrane of the ER after which ER oxidase Erol oxidizes PDI to induce
the release of the Al-chain. Invitro evidence suggests that HSP 70 chaperone BiP

plays a major role in maintaining Al-chain in a soluble export competent state 6,
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Ingestion of Vibrio cholera via
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Figure 3 Mechanism of action of Cholera toxin (Source: The Lancet (2022),

399;10333, 1429-1440)

In the unfolded state, Al-chain is retro translocated through the Sec61p

channel from ER lumen exploiting the ER-associated protein degradation pathway

(ERAD) *. Al-chain disguises itself as a misfolded protein to enter the ERAD

pathway, escapes Ubiquitin-mediated protein degradation due to its low lysine

content, and finally enters the cytosol. In the cytosol, the Al chain catalyzes the

transfer of ADP-ribose from NAD to G protein Gy, resulting in permanent ADP-

ribosylation of G, and activation of adenylate cyclase which continuously stimulates

the production of cyclic AMP 65 An increase in cyclic AMP levels leads to dramatic

efflux of ions and water from intestinal cells causing severe “rice-water” diarrhea.
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5. Treatment regimen for cholera
5.1. Vaccines

Currently, two types of oral cholera vaccines (OCVs) have been pre-qualified
by the WHO. Dukoral®, which contains killed whole cells and a component of the
cholera toxin, Shanthol™ and Evichol-Plus® which includes only killed whole cells
6 Over two years of age, Dukoral® can be administered with a buffer solution to all
individuals in two doses with not more than six weeks of delay between the two
doses. This vaccine is mainly administered during travels and it gives protection
against cholera for two years. A buffer solution is not required for the administration
of Evichol-Plus® and it is given to all individuals above one year. The time gap
between two doses should not exceed two weeks and this vaccine protects from
cholera for three years. All three vaccines have a two-dose regimen with an interval of
at least two weeks between the doses and they do not give lifelong immunity to the
infection. Shanthol™ manufactured in India is used in private health care systems but

. . . . . . 67
not considered for use in national immunization programme .

5.2. Oral rehydration therapy

The main treatment for cholera is rapid rehydration, which can be achieved
through oral rehydration therapy or by administering intravenous fluids in severe
cases to replace fluids and electrolytes. Patients with mild or moderate dehydration
are typically treated with oral rehydration salts. Salts of sodium and potassium with
glucose as components in ORS are used in clinical management of diarrhea reducing
the deaths caused due to diarrhea. WHO recommends ORS with reduced osmolarity

of 245 mOsm/l when compared to the standard ORS with osmolarity of 311 mOsm/]
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as an effective treatment for cholera . Supplementation of new ORS with 20mg Zinc
helps to minimize the diarrheal episodes in children with acute diarrhea whereas

10mg is recommended for infants less than six months old ,

Table 2 WHO recommended composition of new ORS

New ORS mmol/litre
Sodium 75
Chloride 65
Potassium 20
Citrate 10
Glucose anhydrous 75
Total osmolarity 245

5.3. Antibiotic therapy

In the treatment of cholera, along with fluid replacement, using of antibiotics
is considered as a useful adjunct. Antibiotics belonging to the class of tetracyclines
(tetracycline and doxycycline), quinolones (ciprofloxacin and norfloxacin), and
macrolides (azithromycin and erythromycin) are commonly used against V. cholerae.
Among these, azithromycin or tetracycline were observed to be effective compared to
other tested antibiotics . Antibiotics like tetracycline, doxycycline, furazolidone,
erythromycin, ampicillin, and chloramphenicol are used thereby to reduce the length

of hospital stays and break the cycle of transmission, especially during epidemics. For
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treating cholera infection in children, WHO guidelines the use of tetracycline for three
days. Due to changing antimicrobial resistance, currently, azithromycin and

erythromycin are used as an effective treatment in paediatric cholera infection 71.

6. Antimicrobial resistance in V. cholerae

Antibiotics are chemical compounds synthesized and secreted naturally by
fungal and bacterial species as a mode of defense against other micro-organisms in
the surrounding environment or to maintain the balance in the microbial ecosystems
2 Selective pressure placed on microorganisms by excessive use of antibiotics and
mutations that arise has eventually led to the emergence of anti-microbial resistance
(AMR). Multi-drug resistant (MDR) V.cholerae with epidemic outbreaks have been

reported worldwide 7.

Target site alteration

 DNA gyrase [RpoB | RpsL|RNA| pge | LPs

Nalicic

Figure 4 Mechanism of antimicrobial resistance in V. cholerae (Source: Vaccine,

2020 29;38:A83-92).
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The genetic framework and competency are the vital factors responsible for
acclimatization and resistance against the antimicrobials in V. cholerae. The
emergence of AMR occurs naturally as an evolutionary process. Several factors such
as environment, pattern of antibiotics used in public health, animal husbandry, and
density of bacterial population in a specific habitat may contribute to the emergence
of AMR. Horizontal gene transfer mediated by genetic recombination mechanisms
such as conjugation, transformation, and transduction contributes to the chromosomal
mutations and acquisition of extrachromosomal genetic elements in bacteria which is

eventually leading to the emergence of AMR ™

Antimicrobial resistance in V. cholerae is majorly contributed by the
acquisition of extrachromosomal mobile genetic elements from related bacterial
species. MDR in V. cholerae occurs by spontaneous mutations in antibiotic targets
such as topoisomerases, RNA polymerase, and DNA gyrase. These mutations are
facilitated by the horizontal transfer of transposons, insertion sequences, and ICEs
from other related bacterial species > MDR was first reported in the O1 serogroup of
V. cholerae in 1970 against streptomycin and tetracycline. In the 1994 cholera
outbreak in Eastern Zaire, this resistant strain was responsible for 12,000 deaths 76
Recent studies have shown that most of the clinical isolates of V. cholerae have
become resistant to commonly used antibiotics such as ciprofloxacin, tetracycline,
chloramphenicol, streptomycin, and erythromycin. The quinolone resistance observed
in V. cholerae was attributed to the point mutations in the gyrA gene encoding for
topoisomerase enzyme ~’. The access of antibiotics to the target sites are inactivated
by the bacterial enzymes and the mutations in these enzymes acquired through

horizontal gene transfer are also contributing to AMR ™
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7. Traditional medicine in treating diarrheal infections

Traditional medicine in India is one of the ancient medical science in the
world. The biodiversity in India offers a wide range of medicinal plants with are used
in various systems of medicine such as Unani, Siddha, ayurveda, and homeopathy for
diverse therapeutic applications. WHO supports the application of this traditional
knowledge using medicines derived from plants for health care. It also encourages the
interaction of indigenous systems of medicine with Western medicine to identify and
develop safer drugs that can be effectively used against ailments ? These medicinal
plants contain an array of phytocompounds belonging to the class of alkaloids,
phenols, flavonoids, saponins, terpenoids, and steroids with distinct biological

activities.

In Ayurvedic texts, more than 100 species of plants from 58 families were
mentioned which were used to treat diarrhea 3°. Most of these plants are used in
various diarrheal formulations which are available commercially. From an extensive
review of available scientific literature, it is understood that most of the traditionally
used plants against diarrhea were evaluated for their activity against diarrheal
pathogens and chemically induced diarrhea. But there is very limited literature
concerning the activity of these traditional medicines against enterotoxins. Therefore
the present study selected six traditionally used plants against diarrhea i.e. Careya
arborea, Punica granatum, Psidium guajava, Holarrhena antidysenterica, Aegle
marmelos, and Piper longum. These plants are also reported to inhibit the growth of
enteric pathogens such as E. coli, V. cholerae, rotavirus, E. histolytica, S. flexneri, and

giardia but their specific activity against CT is not reported yet.
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7.1. Aegle marmelos
7.1.1. Introduction

Aegle marmelos (L.) Correa which is commonly known as Bael/Bilvais a
member of the Rutaceae family. It has been extensively utilized in traditional Indian
medicine for its diverse medicinal properties. Unripe fruits of A. marmelos are used
most prevalently in traditional medicine to treat chronic diarrhea and dysentery. A
decoction from the unripe fruits is reported to significantly reduce the adherence of S.
flexneri, enteropathogenic, and enteroinvasive E. coli to Hep-2 cells. It also showed
cidal activity against giardia, rotavirus and prevented the binding of Cholera toxin and
E.coli labile toxin to GM1 receptor 81 The decoction of the root and root bark is
useful in intermittent fever, hypochondriasis, melancholia, and palpitation of the heart
8283 The effectiveness of A. marmelos fruit in diarrhea and dysentery has resulted in
its entry into the British Pharmacopoeia 8485 As fruits are highly rich in nutrients,
various products such as bael toffee, bael candies, juice and beverages from fruits
were prepared and marketed. The present study used hydro-alcoholic extract of
matured but unripe fruits of A. marmelos to investigate its neutralizing activity against

CT.
7.1.2. Reported bio-active compounds in fruit

Bael fruit is rich in fatty acids, sugars, fiber content, minerals, and vitamins A,
B, and C. Both the fruit juice and fruit pulp are enriched with polyphenols such as
carotenoids, flavonoids, coumarins, and glycosides which provide several health
benefits 3. Phenolic acids such as chlorogenic acid, ellagic acid, ferulic acid, gentistic

acid, caffeic acid, and flavonoids quercetin, rutin, and catechin were reported in fruits
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of A. marmelos ¥. Marmeline and marmelosin are the major alkaloids found in this

plant and they are reported to protect against heavy metal toxicity 8

Caffeic acid
Marmelosin Catechin

Aegelin Marmeline
Lupeol

Figure 5 Reported bio-actives in fruit of A. marmelos
7.2. Careya arborea
7.2.1. Introduction

Careya arborea Roxb belonging to the family Lecythidaceae is a significant
medicinal plant known as kumbhi in Ayurveda. The stem bark of C. arborea has long
been used in traditional medicine for treating various ailments, including tumors,
bronchitis, skin disease, epileptic fits, astringents, abscesses, and ulcers 8 The fruits
are prepared as a decoction to aid digestion, while the leaves and flowers are made
into a paste and used to treat a range of skin disorders ®_C. arborea bark methanolic
extract is reported to significantly reduce castor oil-induced diarrhea in mice -

Hydro-alcoholic extract of bark is used in this study to determine its inhibitory

activity against CT.
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7.2.2. Reported bio-active compounds in bark

The phytochemicals in the stem and bark of C. arborea include flavonoids and
triterpenoids such as betulin, and betulinic acid represented below. Phenolic acids
such as ellagic acid and sterols were also found in bark. The methanolic bark extract
significantly reduced carbon tetrachloride-induced liver toxicity and was also shown
to possess anti-oxidant properties 9293 Antifungal activity against C. albicans, A.
flavus, A. niger and antibacterial activity against enteric pathogens was studied using
disc diffusion method **. The bark methanolic extract also showed anti-inflammatory

and anti-ulcer activity %
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Figure 6 Reported bio-actives in bark of C. arborea

7.3. Holarrhena antidysenterica

7.3.1. Introduction

Holarrhena antidysenterica (L.) Wall commonly known as kurchi belonging
to the Apocynaceae family is a medicinal plant abundantly found in India, especially

in the Himalayan ranges. Its uses are mentioned in the classical Ayurvedic literature
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and by many folklore claims. In Ayurveda, this plant is used in classical formulations,
namely, Kutajarishta, Kutajavleha and Kutajghan vati, Mahamanjishtadi Kashayam,
Stanyashodhana Kashaya, and Patoladi Choornam % Tt is classically known for
curing Pravahika (amoebiasis), Atisara (diarrhea), Jwaratisara (secondary diarrhea),
Asra (blood or blood-related disorders), Kustha (skin disorder), and Trsna (thirst) 7,
The plant is also of extreme economic importance as it is exported in the form of seed
powder, bark powder, kutaja kwatha, Kutaja Prapati Vati, and as an herbal dietary
supplement. The bark and seeds are reported to show activity against amoebic

% Anti-diarrheal formulation,

dysentery and E. coli-induced diarrhea in rats
Kutajarishta contains H. antidysenterica as a major ingredient. Aqueous and alcoholic
bark extract showed antibacterial activity against enteric pathogens — EIEC, EPEC, S.

flexneri, and V. cholerae ”,

7.3.2. Reported bio-active compounds in bark

The methanolic bark extract inhibited biofilm formation by V. cholerae by
down- regulating the expression of aph A and B genes which are responsible for the
regulation of biofilm formation 1% When petroleum ether bark extract was treated
with EPEC, a reduction in plasma membrane damage and mitochondrial swelling was
observed in INT 407 cell line '®. The methanolic bark extract also exhibited
antifungal activity against C. albicans 102 Phytochemicals in bark include steroidal
alkaloids such as conessine, conessimine, kurchinine, and holarrhine. Lupeol and

ursolic acid are the triterpenes found in bark 103
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Figure 7 Reported bio-actives in bark of H. antidysenterica

7.4. Punica granatum

7.4.1. Introduction

Punica granatum L. belonging to the family Punicaceae has been used for
thousands of years to cure a wide range of diseases across different cultures and
civilizations. The fruit of this plant is used as food and as a diet in convalescence
after diarrhea '™. It is used in Siddha, Ayurvedha and Unani medicine, especially
for the treatment of gastrointestinal (GI) diseases. The extract from the rind of P.
granatum has been demonstrated to have gastroprotective activity through its
antioxidant mechanism '%. Many Ayurvedic antidiarrheal formulations contain P.
granatum as one of the ingredients 196 Pruit peel is traditionally used in treating
gastrointestinal disorders. Both the peel and juice extract of P. granatum showed
gastroprotective activity and also prevented castor oil- induced enteropooling in

rats.
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7.4.2. Reported bio-active compounds in fruit

Due to its rich nutritional content and health-enriching qualities, pomegranates
are termed as a super fruit. It is marketed in various forms like fresh juices, capsules,
and tablets with powdered extracts of fruit rind and seeds. Fruits are enriched with
polyphenols comprising hydrolyzable tannins, and ellagitannins which are responsible
for its antioxidant and anti-inflammatory properties 107, Ellagic acid is converted to
urolithins by the microflora of the intestine and it is reported that these urolithins

possess anti-cancer and anti-aging activity 108

Chlorogenic acid Delphinidin 3-glucoside Ellagic acid
o -
Phellatin Punicalin Phlorizin

Figure 8 Reported bio-actives in fruit of P. granatum

7.5. Piper longum
7.5.1. Introduction

Piper longum L commonly called as pippali or long pepper belongs to the
family Piperaceae. Ayurveda considers this herb highly valuable in traditional

medicine, with its use being prescribed as a standalone remedy and also as part of
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combination therapy for treating numerous ailments related to the respiratory and

109 . .. . .
. Long pepper is antioxidant, decongestant, carminative,

digestive system
expectorant, warming, analgesic, and detoxifier 10 The use of this herb in Ayurvedic
medicine is widespread, with applications in treating various health conditions. Long
pepper is a key ingredient in Trikatu churna, which is a formulation used to enhance
gastric function and alleviate dyspepsia "M Tts traditional use also includes treating
respiratory ailments such as asthma, bronchitis, cough, as well as digestive disorders.

Studies with piperine, a major alkaloid in fruits of P./ongum has shown anti-diarrrheal
and antispasmodic activities. Similar to loperamide, piperine at the dose of 10 mg/kg

provided complete protection from castor oil-induced diarrhea in mice nz

7.5.2. Reported bio-active compounds in fruit
The fruits of P. longum are rich in alkaloids such as piperine, pipelongumine,
pellitorine, refractomide, pipercide and piperidine. Unripe fruits are traditionally used

in the treatment of infections related to the respiratory tract and also as an antitode for

3

snake and scorpion bites 3 In the ovalbumin-induced asthma model, piperine is

reported to inhibit the production of Th-2-induced cytokines and infiltration of

114

eosinophils resulting in hyper-response of airway Piperine also showed

hepatoprotective activity as it reduced the hepatotoxicity induced by CCls and d-

115
galactosamine " .
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Brachyamide B Pellitorine Piperine

Pipernonaline i
Piperlongumine p Retrofractamide B

Figure 9 Reported bio-actives in fruit of P. longum

7.6. Psidium guajava
7.6.1. Introduction

Psidium guajava Linn. commonly called guava belongs to the family of
Myrtaceae. Traditionally this plant has been used for decades across different cultures
for treating diarrheal infections and disturbances in the respiratory tract. It is also used
against wound healing, hypertension, inflammation, and diabetes 16 1n guinea pigs
and rats, the leaf extract reduced the incidence of cough induced by aerosol of
capsaicin and showed antibacterial activity against S. aureus and streptococcus
bacteria '”. Leaf and bark decoction is used for curing skin ailments. Young leaves
are chewed for reducing toothaches and tincture from leaves is used for treating
convulsions in children. A crude decoction from leaves showed antibacterial activity
against S. flexneri, V. cholerae and also inhibited the adherence of enteropathogenic,
enteroinvasive E. coli and S. flexneri to Hep-2 cells and binding of CT and LT to

GMI receptor 18,

Page 26



Review Of Literature

7.6.2. Reported bio-active compounds in leaf

Among all the plant parts, leaves harbor a high amounts of bio-active
compounds which are responsible for its antibacterial, anticancer, antidiabetic and
antidiarrheal activities '*°. Guava leaves are a rich source of phenolic compounds and
flavonoids. The essential oils from leaves contain caryophyllene which is reported to
show antimicrobial and antioxidant properties 120 Quercetin, a major bio-active
compound found in guava leaves is reported to show anticancer and anti-

121

inflammatory properties Flavonoids in guava leaves include procyanidin,

quercetin, quercetrin, kaemferol, catechin, avicularin and epicatechin. Caffeic acid,
chlorogenic acid, and gallic acid are the major phenolic compounds found in guava

122
leaves .

/

Avicularin Gallic acid Guaijaverin

Procyanidin :
Quercetrin Rutin

Figure 10 Reported bio-actives in leaf of P. guajava
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8. Justification of the study and research hypothesis

From the extensive literature review, it is understood that despite CT being the
major virulent factor responsible for cholera, treatment majorly involves the use of
antibiotics targeting the bacteria but not the CT. This is resulting in yet another
outbreaks caused by MDR strains of V. cholerae. Even though, access to clean water
for drinking and a good sanitation system forms the pillars of cholera prevention and

control, these are resource-intensive as well as time-consuming to implement.

Traditional medicine uses a variety of medicinal plants to treat diarrheal
infections and most of these traditionally used plants were also scientifically reported
to act against enteric pathogens. A comprehensive analysis of available scientific
literature revealed that most of the phytocompounds that have been investigated to
show anti-CT activity are polyphenols. The term "polyphenols" refers to a larger
family of organic compounds synthesised by plants with structural phenolic features
ranging from simpler phenolic acids to complex structures such as proanthocyanidins.
The potency of these polyphenols against CT has been demonstrated either by
disruption of the binding of CTB to GM1, subsequently preventing its internalization,
or by inhibition of CTA1 catalysed ADP-ribosylation of Gy, Among the different
classes of polyphenols, flavonoids, and phenolic acids were experimentally
investigated to show resistance against CT toxicity both through in vitro and in

vivo studies.

Hence the hypothesis of the present study is that the polyphenols from selected
six plants can inhibit CT toxicity by preventing its binding to the GMI receptor on

intestinal epithelial cells as shown in the image below.
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Figure 11 Research hypothesis representing binding inhibition of CT to GM1 by

lllb

plant polyphenols

Workflow of the present study is represented as follows

Work plan

Extraction of six plants (Hydro-alcoholic 70% in water)

!

Invitro anti-CT assays
Plants selected based on activity

All the major polyphenolic compounds from plant showing anti-CT
activity in vitro are listed from databases and literature

2 phenolic acids and 2 flavonoids along with respective standards are selected using
in silico techniques

Identification of selected compounds in plant extracts using HPTLC

4 compounds tested for their ix#u'bitory effect on CT by in vitro methods

4

2 herbal compounds based on their & vitro activity are firther studied in animal model
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METHODOLOGY

1. Collection and authentication of plants

Unriped fully matured fruits of Aegle marmelos (Indian Bael); bark of Careya
arborea (wild guava), Holarrhena antidysenterica (Kurchi); young leaves of Psidium
guajava (common guava), fruits of Punica granatum (Pomegranate) and Piper
longum (Indian long pepper) were collected from Belagavi district, Karnataka, India
from March to May 2019. The collected plants were identified and certified by a plant
taxonomist at ICMR-NITM. The voucher specimen has been deposited in ICMR-
NITM with accession numbers 1588 (Aegle marmelos), 1590 (Careya arborea), 1591
(Holarrhena antidysenterica), 1589 (Psidium guajava), 1690 (Punica granatum ),

1691 (Piper longum).
2. Plant extraction

All the plant parts were washed, shade dried, and powdered. The juice crushed
from the seeds of pomegranate fruits after removal of the peel is filtered, lyophilized
and stored at -20°C until further use. Before extraction, fruits of Piper longum are
initially defatted using petroleum ether by Soxhlet apparatus. Deffated fruits of P.
longum are then used for extraction. The extraction of six plants was carried out using
cold maceration technique 183 powdered plant material (100 g) was mixed with
fivefold 70% (v/v) ethanol and kept on a shaker at 120 rpm for 48 hrs at room
temperature. The mixture was then filtered using Whatmann filter paper no-1 and the
filtrate was distilled by rotary evaporator. The residual extract was freeze-dried by
lyophilization. The extraction yield of seven extracts from six plants was calculated as

weight of the dried extract/weight of powdered crude plant part * 100. All seven
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extracts from six plants were stored at -20°C for future use. Table 1 represents the

extraction yield from six plants.

Table 3 Extraction yield from six plants and their respective coding

Name of the plant (part) Extract code | Extraction yield
Careya arborea (bark) CAE 7.67
Punica granatum (fruit peel) PGRPE 5.83
Punica granatum ( fruit juice) PGRJ 6.87
Psidium guajava (leaf) PGAE 9.58
Holarrhena antidysenterica (bark) HAE 8.24
Aegle marmelos (fruit) AME 4.86
Piper longum (fruit) PLE 7.47

The selected six plants were evaluated for inhibitory activity against CT using

in vitro anti-CT assays. Plants with efficient inhibitory activity against CT in vitro

were selected and the bio-active compounds from these plants were screened against

CT using computational tools. The phyto-compounds forming stable interaction with

active sites residues at the GM1 binding site of CT were further evaluated using in

vitro and in vivo studies.
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3. Estimation of total polyphenolic content

As polyphenols were demonstrated to possess anti-Cholera toxin activity from
the previously reported literature 14 total phenolic content (TPC) and total flavonoid
content (TFC) in seven extracts were estimated using Folin-Ciocalteu 125 and AICl,

126

colorimetric methods respectively = with little modifications.

Folin-Ciocalteu reagent diluted at 1:20 in distilled water was added to seven
extracts taken at three different concentrations (500 pg, 1 mg, and 2 mg/mL). To this,
4 mL of 7.5% Na,CO; and distilled water were added to make the volume 15 mL.
This mixture was allowed to stand for 2 hrs at room temperature and absorbance was
taken at 750 nm. TPC was expressed as mg gallic acid equivalents per gram of dry

extract.

Seven extracts at varying concentrations were added to the volumetric flask
containing 4 mL distilled water and 0.3 ml NaNO, was added to this mixture. After 5
min, 0.3 mL of 10% AICl; was added and 0.2 mL of 1 M NaOH was added at the 6
min. Total volume was made to 10 mL with dis. H,O and absorbance were taken at

510 nm. TFC was expressed as mg rutin equivalents per gram of dry extract.
4. Source of V. cholerae strains

The V. cholerae strains used in the present study were collected from clinical
isolates during cholera outbreak from June 2012 to July 2013 127128 - Al] these strains
were retrieved from the microbial strain repository of ICMR-NITM which were
preserved as glycerol stocks at -80°C. Ten isolates were selected based on the
presence of the virulence genes required for the pathogenesis, production of Cholera

toxin and multi-drug resistant profile.
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Table 4 Reference codes for selected ten clinical isolates of V. cholerae and their

virulence genes profile

Code Year | ctxA | ctxB | tcpAET | toxS | tox R | tox T | VPI | ace | zot
DCHIP 79 2012 + + + + + + + + +
DCHIP 92 2012 + + + + + + + + +
DCHIP 93 2012 + + + + + + + + +
DCHIP 96 2012 + + + + + + + + +
DCHIP 99 2013 + + + + + + + + +
DCHIP 100 2013 + + + + + + + + +
DCHIP 103 2013 + + + - - + - + +
DCHIP 104 2013 + + + + + + + + +
DCHIP 105 2013 + + + + + + + + +
DCHIP 106 2013 + + + + + + + + +

5. Selective media and bacterial culture

The glycerol stocks were initially thawed and cultured in Mueller Hinton broth

and incubated for 12 hrs at 37°C. Later the inoculum from broth cultures was streaked

on selective TCBS media. V. cholerea grows on TCBS media forming yellow

colonies '*. A single colony from the TCBS plate was transferred to TSA media for

pure culture and further analysis of the bacteria was performed using PCR.
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[b].

Figure 12 Yellow colonies of V. cholerae on TCBS media [a] and subculture of pure

colonies on TSA media [b].
6. Genomic DNA extraction and quantification

DNA was extracted from 16 hrs pure cultures of selected ten strains in Mueller
Hinton broth using enzymes and phenol/chloroform separation 130, Overnight broth
cultures in log phase were taken in 2 mL Eppendorf tubes and centrifuged at 8000
rpm for 20 min to pellet the bacterial cells. This bacterial pellet was resuspended in a
buffer containing 10 pL of lysozyme and incubated for 1 hr at 37°C. After 60 min of
incubation, 50 pL of SDS and 10uL of proteinase K were added and incubated at
60°C for 1 hr. PCI was added to this mixture and centrifuged at 12,0000 rpm for 20
min. The upper aqueous layer after centrifugation was carefully transferred to
Eppendorf tube and an equal quantity of chilled absolute ethanol was added and
further centrifuged for 20 min at 12,000 rpm. The supernatant was discarded and the
pellet was carefully dried at 50°C and resuspended in TE buffer. Further
quantification of DNA as nanogram/mL was performed using a nanodrop
spectrophotometer at 260 nm and the quality of DNA was visually checked by

running the genomic DNA on 1% agarose gel.
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7. PCR for identification of ctxAB gene

PCR was performed with template DNA extracted from ten isolates of V.
cholerae using the phenol/chloroform method. The forward and reverse primer

sequences of the ctxAB gene were obtained from earlier studies B
ctxAB-F : 5- CAGTCAGGTGGTCTTATGC - 3’
ctxAB -R : 5'- ATCGTGCCTAACAAATCCC-3’

PCR amplification was carried out using 25 puL of the master mix comprising
dNTP’s, Taq polymerase, Taq buffer, forward and reverse primers. The amplicon size
of the ctxAB gene was 460 bp based on which the thermal cyclic conditions were
maintained for 35 cycles with an initial denaturation at 95°C for 5 min, annealing at

56°C for 1 min, and final extension at 72°C for 7 min.
8. Preparation of cell free culture filtrate

AKI1 media was used to induce the virulence genes expression and production
of CT by V. cholerae as described 132,133 Initially, the bacteria was streaked on MH
agar medium and a single colony was picked and inoculated in MH broth and grown
for 12 hrs. The inoculum size is adjusted to 10°-10” cfu/mL and 1mL of inoculum was
added to 10mL of AK1 medium taken in stationary tubes and incubated for 4 hrs at
37°C. The culture was then transferred to a flask and then kept on a shaker for 16 hrs.
The culture fluid thus obtained was centrifuged at 14000 rpm for 20 min at 4°C to
pellet the bacterial cells. The cell-free supernatant was filtered using a 0.22 pm

syringe filter and stored as cell free culture filtrate (CFCF) at -20°C. Repeated freeze
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thawing decreases the concentration of CT in CFCF and therefore multiple aliquots

were prepared and stored at -20°C for future use.
9. Selection of single isolate of V. cholerae using cell based assays

CHO cell line was procured from NCCS, Pune and cultured in DMEM media
with 10% FBS at 37°C and 5% CO,, As CT produces cell elongation in the CHO cell
line, cell elongation induced by CT in CFCF on the CHO cell line was analyzed as
described ' by direct observation with an inverted phase-contrast microscope.
Briefly, CHO cells were seeded at 6x10" in 12-well plate culture dishes in DMEM
supplemented with 10% FBS and incubated for 24 hrs at 5% CO; and 37°C. Then the
cells were washed and treated with different dilutions of CFCF of ten isolates in
DMEM media with 2% FBS. After 18 hrs of incubation at 37°C and 5% CO,, cells
were observed under a phase contrast microscope at 40X magnification. CHO cells
were also treated with similar dilutions of AK1 media to establish whether the media
in itself is affecting the pH of tissue culture media. The CFCF of V. cholerae strain
producing cell elongation in CHO cells even at the highest dilution was selected and

was used further for in vitro and in vivo studies.
10. Estimation of Cholera toxin concentration in CFCF

CFCEF-producing cell elongation in the CHO cell line at the highest dilution was
selected for the estimation of CT concentration. Cholera toxin secreted into CFCF
was estimated using GM1 ELISA as described by Dawson RM et al D513 Cholera
toxin (CTX), anti-Cholera toxin antibody, anti-rabbit IgG-peroxidase,
monosialoganglioside Gy used for the experiment were procured from Sigma

Aldrich. Cholera toxin reconstituted as 5 mg/mL in deionized water was used for
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plotting the calibration curve. Briefly Cholera toxin is taken at a known concentration
from 1250 ng/mL serially diluted to 39 ng/mL and 100 pL of CFCF at different
dilutions (1:5; 1:10; 1:20 and 1;30) in PBS (pH 7.4) were added to GM1( 1.44 uM)
pre-coated on 96-well micro titre plate. Distilled water used as solvent control for
CTX and AK1 media for CFCF were taken as a negative control to provide baseline

measurements. The total volume in each well was made to 100 pL. with PBS and
incubated for 1 hr at 37°C, wells were then washed thrice with 0.05% Tween20 in

PBS buffer. ELISA was performed using polyclonal rabbit antiserum diluted 1:600 in
PBS against CT and anti-rabbit IgG-peroxidase diluted 1:200 in PBS. To visualize the
binding of CT to GM1, 50 uL of 0.04% (w/v) of OPD and 0.2% (v/v) of hydrogen
peroxide in citrate buffer (pH-5.5) was added to each well and incubated for 5 min in
dark. To stop the reaction, 50 uL of 2.5 N H,SO4 was added and absorbance was
estimated at 492 nm using a Thermo Scientific ELISA plate reader. The concentration
of CT secreted in CFCF was estimated from the Cholera toxin calibration curve. As
the concentration of Cholera toxin produced by the bacterium is not constant, the

concentration is determined for each batch of CFCF used.
11. In vitro studies with seven plant extracts
11.1. Cytotoxicity assay

Cytotoxicity of seven extracts was determined on the CHO cell line using MTT
assay 57 1Cs corresponds to the concentration of extract causing 50% cell death. The
ICs values of seven extracts were used to calculate their non-cytotoxic concentration.
Two non-cytotoxic concentrations (NC1 and NC2) of each extract were determined

that produces >90% cell viability using MTT assay. CHO cells were grown in

Dulbecco’s modified Eagle medium supplemented with 10% FBS, penicillin-
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streptomycin and amphotericin b in the presence of 5% CO, at 37°C. The stock
solutions of seven extracts was prepared as 10 mg/mL in 5% DMSO and filtered
using a 0.22 um syringe filter. CHO cells were seeded at 3x10* per well in 96-well
plate and incubated for 24 hrs at 37°C and 5% CO,. After 24 hrs, the media was
discarded and cells were washed with PBS. Then the cells were treated with
increasing concentrations of seven extracts in triplicates. The total volume in each
well was made to 200 uL. with DMEM supplemented with 2% FBS and incubated for
24 hrs. Then the cells were washed with PBS and treated with 20 uL of 0.5% MTT
solution in PBS and incubated for 4 hrs. The formazon crystals formed after 4 hrs was
solubilized by adding 100 uL of DMSO. The absorbance was recorded at 570 nm and

the cytotoxicity percentage was calculated as (1- Aes/Acontrol) X 100.

11.2. Binding inhibition percentage of CT to ganglioside GM1 in presence of seven

extracts

The inhibition of CT binding to GM1 by seven extracts was evaluated by
GMI1 ELISA as previously stated. The concentration of CT in CFCF was estimated
from the standard curve and used for the experiment. The CFCF titre with a CT
concentration 1600 ng/mL serially diluted to 100 ng/mL was initially used to estimate
the CT concentration in CFCF that shows the highest absorbance using GM1 ELISA.
Then this CFCEF titre with CT concentration showing the highest absorbance is treated
with two non-cytotoxic concentrations of each of the seven plant extracts and
incubated for 4 hrs on shaker at 120 rpm at 37°C. Then this pre-incubated mixture of
CFCF and seven plant extracts were added to pre-coated GM1 96-well micro titre

plates in triplicates. Each concentration of seven plant extracts and CFCF were added
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to the wells individually to provide the baseline measurements. The binding inhibition

percentage was calculated as (1-Aest/ Acontro) X 100.
11.3. Inhibitory activity of seven extracts against CFCF-induced cAMP levels

Cyclic AMP levels in CFCF-induced CHO cells was estimated using Abcam
cyclic AMP in vitro competitive ELISA kit as per the instructions of the
manufacturer. CHO cells were seeded at 4x10* cells in Nunc 96-well flat bottom
micro plate and incubated for 24 hrs at 5% CO, and 37°C. After 24 hrs, the used
media was discarded; cells were washed and treated with a pre-incubated mixture of
seven extracts at two non-cytotoxic concentrations and CFCF with a CT concentration
of 100 ng/mL. The volume in each well was made to 200 pLwith DMEM
supplemented with 2% FBS and incubated for 18 hrs. The cell lysate was prepared
after 18 hrs by treating the cells with 0.1 M HCI and 1% tritonX-100. Uniform lysis of
cells was observed under a microscope and lysate supernatant was obtained by
centrifugation of cell lysate at 2000 rpm. Cell lysates of test samples were added to
the kit wells in duplicates and assay was performed as per the instructions. Untreated
cells, cells treated with CFCF and cells treated with each of seven extracts alone
served as controls. Cyclic AMP levels were calculated as percent bound cAMP for
cells treated with mixture of seven extracts with CFCF and control cells treated with

each of seven extracts/ CFCF/DMEM.
11.4. Protective activity of seven extracts against CFCF-induced cell elongation

The protective activity of seven extracts against cell elongation induced by CT
in CFCF on CHO cell line was analyzed as described 138 by direct observation with an

inverted phase-contrast microscope. Two non-cytotoxic concentrations of seven
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extracts were treated with CFCF containing 100 ng/mL of CT and incubated for 4 hrs
under shaking conditions at 120 rpm. Briefly, CHO cells were seeded at 6x10" in 12-
well plate culture dishes in DMEM supplemented with 10% FBS and incubated for 24
hrs at 5% CO, and 37°C. After 24 hrs, cells were washed and the pre-incubated
mixture of seven extracts with CFCF was added to the cells in DMEM media with 2%
FBS. After 18 hrs of incubation at 37°C and 5% CO,, cells were washed, replenished
with fresh media and observed under a phase contrast microscope at 40X
magnification. CHO cells were also treated with similar dilutions of AK1 media to

establish whether the media in itself is affecting the pH of tissue culture media.
12. In silico studies
12.1. Mining of bio-active compounds and Molecular docking

C. arborea, P. grantum and P. guajava were observed to show efficient
inhibitory activity against CT from our in vitro studies. Polyphenolic compounds from
these three plants were mined from public database resources like PCIDB
(Phytochemical interactions DB), Dr. Dukes DB and literature search. Structural and
chemical information about these phytocompounds was obtained from PubChem
small molecule database. This compiled dataset of bioactive compounds was filtered
for duplicate entries and ubiquitous molecules. The virtual screening was performed

using Dock6.9 software developed by UCSF 139

. We used a flexible docking approach
for virtual screening as most of the herbal compounds had larger molecular weights.
Also, flexible docking would help to accurately predict the binding mode and

intermolecular interactions of selected 60 phytocompounds with the Cholera toxin

(CT).
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The three-dimensional structure of CT was retrieved from the RCSB structural
database that has five [3-subunits bound to the one a-subunit (PDB ID: 1XTC). We
have prepared the structure of CT by adding missing residues and refining the
generated models by energy minimization in gromacs. The grid was set at the region
where CT binds to the GM1 receptor, the binding pocket residues were taken from the
earlier reported structures 40 The spheres were generated over the entire surface by
producing one sphere per surface point. Further, we have chosen the spheres which

are located at the GM1 binding interface of CT.

In the selected CT structure, [B-subunits have five chains of which we have
preferred chain F (shown in gold surface representation in Figure 13A) that formed a
larger cavity at the GM1 binding interface, and hence considered as a potential
binding site. The default parameters for flexible docking were selected in this study.
Selected 20 polyphenolic compounds were prepared for docking by adding hydrogens
and converting them into ‘mol2’ file format using Openbabel2.4. The ligand
conformations were ranked by considering their grid score. Best-docked
conformations were selected by analyzing their intermolecular interactions with the

active site of CT causing the disruption of CT to the GM1 receptor.
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(Top view) (Bottom view)

Figure 13 Binding of 20 phytocompounds to the largest binding pocket at chain F of
1XTC. [A] shows the front view, while the top (B) and bottom view (C) are also
shown to highlight the orientation and architecture of whole CT having one alpha and

five subunits of beta chains
12.2. Drug-likeness prediction

Drug likeness prediction and side effects of top 10 hits with 1XTC were
performed by submitting the canonical SMILES of each molecule to an online

prediction server ADMETlab 2.0 H

Based on the docking score and a total number of interactions with active site
residues at the GM1 binding site of CT, we have chosen three phenolic acids (Ellagic
acid, chlorogenic acid and gallic acid) and three flavonoids (rutin, phlorizin, and
quercetrin) from the screened 20 compounds. Gallic acid and Quercetrin were used as
a control for phenolic acid and flavonoids respectively as they were reported to show

neutralizing activity against CT.
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12.3. MD simulations of the docked complexes

Six complexes were selected based on their docking interactions with active
site and grid score viz., CT-Ellagic acid (CT-EA), CT-Chlorogenic acid (CT-CHL),
CT-Gallic acid (CT-GA), CT-Rutin (CT-RTN), CT-Phloridzin (CT-PHD) and CT-
Quercetrin (CT-QRTN). The stability of these six complexes was studied by
performing MD simulation using gromacs 2021 42 We used antechamber module of
AmberTools21 to generate partial charges for the ligand molecules, x-leap was used
to generate topology file for the entire complexes with Amber-99SBildn forcefield.
Complexes were minimized using steepest descent followed by conjugate gradient
method to obtain near global state of all the docked complexes. These minimized
systems were equilibrated using canonical NVT and NPT ensembles, temperature and
pressure was set to 300K and 1 bar respectively. Further, unrestrained all atom
molecular dynamics simulations was performed for 100ns and trajectories at every 2fs
were recorded. The parameters for the Protein-Ligand MD simulations were taken
from the earlier similar studies %% The trajectories obtained were analysed
using inbuilt gromacs tools, chimera was used to analyse individual snapshots and
generate publication quality images. The tool ‘g_mmpbsa’ was used to calculate the
relative binding energy using MMPBSA approach 16 The Grace 5.1.25 software
package was used to represent all the plots generated by analysing the MD
trajectories. Intermolecular interactions were investigated using Biovia-Discovery

studio visualizer 2021 %7,
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13. Quantification of selected polyphenols using HPTLC

Six herbal compounds, including three phenolic acids, Ellagic acid (EA),
Chlorogenic acid (CHL), Gallic acid (GA), and three flavonoids; Rutin (RTN),
Phloridzin (PHD), and Quercetrin (QTRN), selected using in silico studies were
procured from Sigma Aldrich. Quantification of these six compounds in hydro-
alcoholic  extract was performed using High-Performance Thin-Layer

Chromatography (HPTLC).

CAMAG-HPTLC system was used for the detection, separation, and
densitometric analysis of hydro-alcoholic extracts of C. arborea, P. guajava, P.
granatum for selected six compounds 1819 The stock solutions of extracts and
standards were prepared as 1.0 mg/mL in methanol except EA which was dissolved in
99.7% DMSO. Analysis was performed on a pre-coated TLC silica gel G60 Fjsq
plates (ALUGRAM) (10 x 10 cm) for phenolics (EA, CHL, and GA) and RP-
18W/UV;3s54 (ALUGRAM) (10 x 10 cm) for flavonoids (RTN, PHD, and QRTN).
Standards and sample bands (6 mm) were applied using CAMAG Linomat-5 TLC
Sampler using a 100 pL syringe. Band length 6 mm, application rate 50 pL/s distance
from the bottom of the plate (Y) 10 mm, distance from the edge of the plate (X) 10
mm, the distance between bands were auto set. The plates were developed up to a
distance of 80 mm with toluene: ethyl acetate: methanol: formic acid in the ratio of
3:3:0.8:0.6 v/v (for phenolics) and tetrahydrofuran: water: formic acid in the ratio of
4: 6: 0.5 v/v (for flavonoids) as mobile phase. The details of peaks were recorded at
280 nm (for phenolics) and 310 nm (for flavonoids) using CAMAG TLC scanner 3,

WinCATS-Planar Chromatography Manager, (Version 1.4.4.6337), Switzerland.
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14. I n vitro studies with six polyphenolic compounds
14.1. MTT cytotoxicity assay

Six herbal compounds, including three phenolic acids, Ellagic acid (EA),
Chlorogenic acid (CHL), Gallic acid (GA), and three flavonoids; Rutin (RTN),
Phloridzin (PHD), and Quercetrin (QTRN), were procured from Sigma Aldrich, and
CHO cell line was obtained from NCCS, Pune. Cytotoxicity of these six compounds
on the CHO cell line was determined using the MTT assay as described 57 CHO cells
were seeded at a density of 20,000 cells/well and incubated for 24 hrs at 37°C and 5%
COs,. The stock solutions of CHL, GA, RTN, PHD, and QRTN were prepared as 2
mg/mL in 0.05% DMSO, whereas EA stock was prepared as 2 mg/mL in 99.7%
DMSO and filtered using 0.22 um syringe filters. After 24hrs, CHO cells were treated
with increasing concentrations of six compounds, ranging from 18 to 700 pg/mL
each, in triplicates in DMEM media supplemented with 2% FBS and incubated for 24
hrs at 37°C and 5% CO,. Simultaneously, untreated cells and cells treated with
DMSO were taken as cell control and vehicle control, respectively. Subsequently,
cells were washed twice with PBS and treated with 20 pL. of 0.5% MTT solution in
PBS for 4 hrs, and formazan crystals formed after 4 hrs were solubilized using
DMSO. The absorbance was taken at 570 nm and the ICsy of six compounds on the

CHO cell line was estimated using the cytotoxicity percentage.

Using ICs values, two non-cytotoxic concentrations (NC1 and NC2) for each
of the six compounds were determined by employing 25% and 12.5% of their

respective ICsg values, and the viability percentage was estimated by the MTT assay.
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14.2. Binding inhibition percentage of CT to ganglioside GMI1 in presence of six

compounds

The binding inhibition of CT to GMI1 by selected phenolic acids (EA and
CHL) and flavonoids (RTN and PHD) along with their respective standards was
determined by GM1 ELISA as described earlier 135,136 Initially, the CT concentration
in CFCF was estimated from the CT standard curve. CFCF titre with a CT
concentration of 3200 ng/mL was diluted twofold up to 100 ng/mL to plot the CFCF
absorbance curve and to select the CT concentration exhibiting maximum absorbance
at the highest dilution. The selected CFCF titre was treated with NC1 and NC2 of
each of the six compounds and incubated on a shaker at 120 rpm for four hours at
37°C. Later, this pre-incubated mixture was added along with CFCF control to a pre-
coated GM1 96-well micro-titre plate, and GM1 ELISA was performed in triplicates.
Simultaneously, each concentration of six compounds was also added in triplicates to
get the background measurements, and the binding inhibition percentage was

calculated.

14.3. Inhibitory activity of six compounds against CFCF-induced elevated cAMP

levels

Elevated cAMP levels in CT-induced CHO cell lines were evaluated using
the Abcam cAMP in vitro competitive ELISA kit as per the manufacturer’s
instructions. CHO cells seeded at a density of 4x10* cells/well in a 96-well microtitre
plate  were treated with a pre-incubated mixture containing CFCF
(CT=100ng/mL) and each of six compounds at NC1 and NC2 in duplicates. Untreated

CHO cells and cells treated with CFCF alone were taken as cell control and positive

control, respectively. Concurrently, cells were also treated with each of the six
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compounds to establish that the selected compounds have no effect on the
intracellular cAMP levels. The inhibitory activity of six compounds against CT-
induced cAMP levels in the CHO cell line was evaluated as an increase in bound

percent (B%) of cAMP w.r.t. CFCF control.

14.4. Protective activity of six compounds against CT induced cell elongation

The protective activity of six compounds against CT-induced cell elongation in
the CHO cell line was analyzed as described by Saha (2013). CHO cells were seeded
at a density of 6x10%/well in 12-well culture plates supplemented with 10% FBS +
DMEM media and incubated for 24 hrs at 5% CO, and 37°C. CFCEF titre with CT
concentration 100 ng/mL was treated with NC1 and NC2 of each of six compounds
and incubated at 37°C under shaking conditions at 120 rpm for 4 hrs. After 24 hrs, the
pre-incubated mixture was added to CHO cells in duplicates supplemented with 2%
FBS+DMEM media and further incubated for 18 hrs at 5% CO, and 37°C. CHO cells
were also simultaneously treated with six compounds alone to check their effect on
cell morphology. After 18hrs, cells were washed twice with PBS, replenished with
fresh media, and observed for morphological changes under a phase contrast

microscope.
15. In vivo studies

Based on the results from in vitro experiments with plant extracts and phyto-
compounds, three plant extracts (CAE, PGRPE, and PGAE) and three phenolic acids
(EA, CHL, and GA) were further studied against CFCF-induced fluid accumulation

and histopathological changes in vivo using adult mice ligated-ileal loop model 150
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Animal experiments using adult mice were approved by the Institutional
Animal Ethical Committee of ICMR-NITM, Belagavi (Registration number:
1388/GO/Re/S/10/CPCSEA, July 17th, 2018). Six-week-old Swiss albino mice
weighing 25-30g were procured from CPCSEA-approved Central Research
Laboratory, Belagavi, Karnataka, and acclimatized under controlled conditions of
temperature, humidity, and light at the Animal Research Facility of ICMR-NITM,

Belagavi.

A total of 84 Swiss albino mice were randomized into 14groups (n=6) and the
grouping is detailed as (A) Normal (Untreated): received 100ul of PBS/loop; (B)
CFCF control: received CFCF with CT concentration (1pg/loop); (C) CAEL: 100ug
of CAE + CFCF (CT 1pg)/loop; (D) CAE2: 50ug of CAE + CFCF (CT 1pg)/loop;
(E) PGRPEI: 100ug of PGRPE + CFCF (CT 1lug)/loop; (F) PGRPE2: 50ug of
PGRPE + CFCF (CT Ilug)/loop; (G) PGAEl: 100ug of PGAE + CFCF (CT

1ug)/loop; (H) PGAE2: 50ug of PGAE + CFCF (CT 1ug)/loop.

(P) EA1: 50ug of EA + CFCF (CT 1pg)/loop; (Q) EA2: 25ug of EA + CFCF (CT
1ug)/loop; (R) CHL1: 50ug of PGRPE + CFCF (CT 1pg)/loop; (S) CHL2: 25ug of
CHL + CFCF (CT 1pg)/loop; (T) GAl: 50ug of GA + CFCF (CT lpg)/loop; (U)

GA2: 25ug of GA + CFCF (CT 1ug)/loop.

Group C-H received a pre-incubated mixture of each of three plant extracts at two
variable concentrations with CFCF into each ligated-ileal loop whereas group P-U
received a pre-incubated mixture of each of three phenolic acids at two variable

concentrations with CFCF.
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The mice were fasted overnight prior to the experiment providing free access to
the water and then they were anaesthetized by intraperitoneal injection of Ketamine-
Xylazine (87.5 mg/kg; 12.5 mg/kg). A small abdominal incision was made through
which a loop of distal ileum 2-3 cm in length was exteriorized and tied at both ends
using surgical thread. These sealed ileal loops were then injected with
PBS/CFCF/plant extracts + CFCF/phenolic acids + CFCF without causing injury to
the tissue, gently restituted, and sutured. These mice were then allowed to recover
from anesthesia, placed in proper cages and given free access to food and water. After
18 hrs, mice were sacrificed by overdosing with anaesthesia and ileal loops were
excised from the carcass. The length and weight of the ileal loops were measured and
the weight/length ratio was calculated to determine the protective activity of selected
three extracts and phenolic acids against CFCF-induced fluid accumulation in mice,

cellular cAMP levels and histopathological changes in ligated-ileal loops.
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RESULTS

1. Estimation of total polyphenolic content

Total phenol (TPC) and flavonoid content (TFC) was estimated for 1 mg of
seven extracts in terms of gallic acid and rutin gram equivalents based on the
calibration curve of gallic acid (y = 0.0001x + 0.236; R?=0.995) and rutin (0.0002x +

0.126; R*=0.992) respectively.

TPC was observed to be highest for CAE, PGRPE, PGAE, and HAE whereas CAE,

PGRPE, and PGAE showed a higher percentage of flavonoid content (Figure 14).
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Figure 14 Total phenolic content (TPC) and total flavonoid content (TFC) in
seven extracts [A] TPC in seven extracts expressed as mg gallic acid equivalents/g of

extract; [B] TFC in seven extracts expressed as mg rut in equivalents/g of extract.
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2. Genomic DNA extraction and quantification

Genomic DNA extraction from selected ten clinical isolates was performed
using phenol/chloroform method and the obtained DNA was quantified using

nanodrop spectrophotometer (Figure 15).

A. 93 96 99 100 103 104 105 106 [:§ Code Concin ng/ul 260/280 ratio
it " DCHIP79 |275.1 2.13
(WP RN R W [y p— -~ DCHIP92 | 200.1 2.17
DCHIP93 | 4322 2.27
DCHIP96 | 185.9 2.15
DCHIP99 | 2803 2.10
_ DCHIP100 | 235.4 2.18
= : ' DCHIP103 | 353.6 2.17
' ' i ' "' DCHIP104 | 185.8 2.10
’ ' DCHIP105 | 386.1 2.13
DCHIP106 | 277.8 107

Figure 15 Visual quality of genomic DNA on agarose gel (A) and its quantification

using nanodrop (B).

3.PCR for identification of ctxAB gene

Cholera toxin gene in selected Vibrio isolates was identified using ctxAB

primers. All the ten isolates were positive to CTX gene (Figure 16).

L 79 92 93 9699 100 103 104 105 106 N.

Figure 16 PCR for identification of ctxAB gene in selected ten isolates
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4. Selection of single isolate of V. cholerae using cell based assays

CT induces cell elongation in the CHO cell line. CFCF of the V. cholerae
isolates efficiently secreting CT was identified by treating the CHO cell line with
different dilutions of CFCF for 18 hrs and observed for cell elongation using a phase
contrast microscope. It was observed that DCHIP100 showed cell elongation at the
highest dilution among the selected ten isolates and therefore taken further for

quantification of CT in CFCF using GM1 ELISA (Table 5).

[bl.

Figure 17 (a) Control CHO cell line and CFCF-induced CHO cell line (b) at 40X

magnification observed under a phase-contrast microscope.
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Table 5 CFCF-induced cell elongation at different dilutions for the selected ten

clinical isolates of V. cholerae

CFCF-induced cell | CFCF-induced cell | CFCF-induced cell
Ref no. elongation (without elongation (1:5 elongation (1:10

dilution) dilution) dilution)
DCHIP79 No effect No effect No effect
DCHIP92 Observed Observed No effect
DCHIP93 No effect No effect No effect
DCHIP96 No effect No effect No effect
DCHIP99 Observed No effect No effect
DCHIP100 Observed Observed Observed
DCHIP103 No effect No effect No effect
DCHIP104 Observed Observed No effect
DCHIP105 Observed No effect No effect
DCHIP106 No effect No effect No effect
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5. In vitro studies with seven plant extracts

5.1. Cytotoxicity assay

ICso indicates the concentration of the extract where 50% of cell death has

been observed on the CHO cell line by using MTT assay. Among the seven extracts,

PLE showed higher toxicity with ICsy 128.9+14.2 ng/mL. and AME showed least

toxicity with ICsy 646.3+33.7 ng/mL whereas PGRJ was observed to be non-cytotoxic

to CHO cells even at 1 mg/mL concentration of lyophilized juice (Figure 18). Two

non-cytotoxic concentrations (NC1 and NC2) for each of the seven extracts were

determined by taking 25% and 12.5% of ICsy values and the viability percentage at

these concentrations was estimated as > 90% on CHO cells (Table 6).

Table 6 ICsy and two non-cytotoxic concentrations (NC1 and NC2) of seven extracts:

ICs

NC1

Viability

NC2

Plant name Viability %
(mgml) | (ugml) | % | (ug/ml) Y
Careya arborea
+
bark (CAE) 349.3+19.3 85 90.1 42.5 95.1
Punica granatum
+
peel (PGRPE) 446 £5.1 110 93.6 55 98.6
Punica granatum
ND* . 2 4
juice (PGRI) 500 98.8 50 98
Psidium guajava
+
leaf (PGAE) 486.4 +30.8 120 90.7 60 96.2
Holarrhena
antidysenterica 321.4 £22.1 80 89.9 40 91.2
(HAE)
Aegle marmelos
+
fruit (AME) 646.3 £33.7 160 97.6 80 98.8
Piper longum fruit |70 01 142 | 35 91.3 17.5 9
(PLE) 9+ 14. . .

ND#* Not determined
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Figure 18 ICs of seven extracts estimated using MTT assay

5.2. Estimation of Cholera toxin concentration in CFCF

A single clinical isolate of V. cholerae (DCHIP100) was selected that
showed cell elongation in the CHO cell line at the highest concentration of CT in
CFCF. Cholera toxin concentration in CFCF calculated using GM1 ELISA was 18.76
png/mL+0.2. This concentration was not consistent for each batch of CFCF prepared

and calculated each time along with the standard curve using GM1 ELISA.

Binding inhibition of CT to GM1 was determined using CFCF of V. cholerae.
GMI1 ELISA was initially performed with CFCF (1:5 dilution) and the concentration
of CT was determined. CFCF titre with CT concentration at 1600 ng/mL serially
diluted to 100 ng/mL was used to get the CT concentration with maximum
absorbance by GM1 ELISA. Using this absorption curve, CFCF titre with 1600
ng/mL of CT was observed to show the highest absorbance. The CFCF titre with CT

concentration of 1600 ng/mL was treated with each of the seven extracts at two non-
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cytotoxic concentrations and the percentage of binding inhibition was calculated.
CAE, PGRPE, PGRJ, and HAE displayed highest binding inhibition percentage
which demonstrates their CT neutralization activity by disrupting its binding to the

GM1 receptor on intestinal epithelial cells (Figure 19).
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Figure 19 Determination of CT concentration in CFCF and its binding inhibition to
GMI. (A) Calibration curve of CT plotted using GM; ELISA (B) Absorbance curve

of CFCEF titre (C) Binding inhibition percentage (BI%) of CT to GM1 in presence of

seven extracts.
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5.3. Inhibitory activity of seven extracts against CFCF-induced cAMP levels

Elevation in cellular cAMP levels induced by CFCF on the CHO cell line was
investigated using competitive ELISA. A significant increase in cAMP levels was
observed in CECF control (***p < 0.001) compared with CHO cell control. Except
PLE, CAE, PGRPE, PGRJ, PGAE, and HAE at both NC1 and NC2 significantly
(***p < 0.001) reduced cellular cAMP levels compared with CFCF control (Figure

20).

Il CHO Cell Control
[_] cFcF control

B \C

80 | it v - ch
)
C *kk
: —
8 AAA

40—

20—

0

CCCFCF CAE PGRPE PGRJ PGAE HAE AME PLE

Figure 20 Effect of seven extracts on increased cAMP levels in CFCF induced
CHO cell line. All values were expressed as mean + SD, One Way Analysis of
Variance (ANOVA) followed by Dunnett test. ""Ap <0.001, compared with CHO cell

control. ***p<0.001 compared with CFCF control.
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5.4. Protective activity of seven extracts against CFCF-induced cell elongation

The protective activity of seven extracts against CFCF (CT=100 ng/mL)
induced cell elongation in the CHO cell line was investigated by direct observation
under phase contrast microscopy at 40X. Except for PLE, all the selected extracts
showed protective activity against CFCF-induced cell elongation (Figure 21). CAE,
PGRPE, and PGAE were observed to be more effective compared to the other

selected extracts which were consistent with the results from the cAMP assay.

Figure 21 Protective activity of seven extracts (NC1) against CFCF-induced cell
elongation. (i) CHO cell control (A), CHO cells treated with CFCF (CT=100ng/mL)
(B), CAE+CFCE (C), PGAE+CFCE (D), PGRPE+CFCE (E), PGRJ+CFCE (F),

HAE+CFCE (G), AME+CFCE (H).
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6. Mining of bio-active compounds and Molecular docking

plants, excluding the pervasive molecules (Table 7).

Previously reported 20 polyphenolic compounds were chosen from three

Table 7 List of 20 polyphenolic compounds selected from C. arborea, P. granatum,

and P. guajava using databases and literature survey.

S Plant name Name of the PubChem Classification
No. compound 1D
1. Punica granatum Catechin 9064 Flavonoid
2. Psidium guyavd, Careya Quercetin 5280343 Flavonoid
arborea, Punica granatum
3 | Psidium guajava, Careya Ellagic acid 5281855 | Phenolic acid
arborea, Punica granatum
4 Punica granatum Chlorogenic acid 1794427 Phenolic acid
5 Punica granatum Kaempferol 5280863 Flavonoid
6 | Punicagranatum, Psidium Rutin 5280805 Flavonoid
guajava
7 Punica granatum Luteolin 5280445 Flavonoid
8 Punica granatum Cyanidin 128861 Flavanoid
o | Psidium guajava, Punica Gallic acid 370 Phenolic acid
granatum
10 Punica granatum Phlorizin 6072 Flavonoid
11 Punica granatum Caffeic acid 689043 Phenolic acid
12 Punica granatum Phellatin 44258781 Flavonoid
13 Punica granatum Delphinidin 3- 443640 Flavonoid
glucoside
14 Punica granatum Ferulic acid 445858 Phenolic acid
15 Psidium guajava Gentisic acid 3469 Phenolic acid
16 Psidium guajava Procyanidin b1 11250133 Flavonoid
17 Psidium guajava Procyanidin b2 122738 Flavonoid
18 Psidium guajava Procyanidin b3 146798 Flavonoid
19 Psidium guajava Quercitrin 5280459 Flavonoid
20 Psidium guajava Eugenol 3314 Phenolic acid

The docking study reveals the stable binding of selected 20 compounds to the

preferred binding site (expected to bind to the GM1 receptor) with varying binding

affinity. The grid score cut off for flavonoids and phenolic acids was selected based

on grid scores of standards QRTN (-37.249) and GA (-28.355) (Tables 8 and 9).
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Table 8 The grid score resulted from flexible virtual screening and other energy

components van der Waals (vdw), electrostatic energy (es) of 13 flavonoids docked

with 1XTC (Chain F).

Pubchem Grid_Score | Grid_vdw_energy | Grid_es_energy
CID Compound name (kcal/mol) (kcal/mol) (kcal/mol)
5280805 Rutin -48.042801 -45.469723 -2.573079
6072 Phlorizin -44.387592 -40.547153 -3.840439
44258781 Phellatin -43.699451 -40.455997 -3.243455
122738 Procyanidin b2 -43.479301 -40.645905 -2.833396
11250133 Procyanidin b1 -42.414948 -39.893745 -2.521202
146798 Procyanidin b3 -40.048206 -39.379646 -0.668559
443650 Delphinidin -38.179119 -32.950298 -5.22882
5280459 Quercetrin -37.249252 -34.549435 -2.699819
5280343 Quercetin -35.541042 -31.458048 -4.082994
5280863 Kaempferol -34.439274 -30.487968 -3.951307
5280445 Luteolin -33.997169 -29.748465 -4.248707
128861 Cyanidin -32.527771 -27.560312 -4.967459
9064 Catechin -31.774496 -28.145555 -3.628941
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Table 9 The grid score resulted from flexible virtual screening and other energy

components van der Waals (vdw), electrostatic energy (es) of 7 phenolic acids docked

with 1XTC (Chain F).

Pubchem ID | Compound name | Grid_Score | Grid_vdw_energy | Grid_es_energy
1794427 Chlorogenic acid | -39.264503 -34.880714 -4.383787
5281855 Ellagic acid -36.419472 -31.110126 -5.309345
689043 Caffiec acid -28.51786 -23.899292 -4.618569

370 Gallic acid -28.355522 -23.503485 -4.852037
445858 Ferulic acid -27.67881 -22.11463 -4.24631

3469 Gentistic acid -26.730343 -22.38484 -4.345502

3314 Eugenol -25.38118 -22.887379 -2.4938

We have carefully analyzed the top 10 hits (including standard-gallic acid) to

get more structural insights into their intermolecular interactions. All the selected 10

top hits from the flexible virtual screening show maximum binding affinity when

compared to the standard GA. Table 10 represents the list of top 10 hits, their grid

scores, and intermolecular interactions. The maximum number of combined H-

bonding and other interactions are observed in the complex CT-Ellagic acid

(10), followed by CT-Procyanidin B3 (9) and CT-Delphinidin (9).
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Table 10 List of top 10 hits interacting with active site residues of 1XTC (chain F)

binding to GM1 receptor using Dock6.9.

Van der Waals, Pi- Total no
Alkyl, CH, Pi- Of )
Compound Grid Hydrogen bond | Cation, Pi-Sigma, Active site interactions
P interactions (No. | Pi-Pi stacked, Pi-Pi | residues within . .
name Score . . . . with active
of interactions) T-shaped interactions site
interactions (No. of residues
interactions)
Rutin -48.042 | Asnl4, GIn61, His13 AGSEJ 1541 %%111\2.661’ ‘
(Flavonoid) Glu51, GIn56(2) ] ’
His13
Phlorizin | -44.3875 | Asn90, Asnl4, | His57, Trp88(2), AGslrlllgs(i’ ]’,\3?84’ .
(Flavonoid) GluS1 TleS8 Poo,
1le58
: Glu51, Glull,
(Fplgsgigﬁi) -43.699 %11‘1115516 ((3}11‘1‘]1611’ Trp88, His13(2) Glu56, GIn61 7
’ Trp88, His13
Procyanidin 43.4793 His13, GIné61, His13, Glné61,
B2 ' Glu51, His57, Trp88(3), 11e58 Glu51, GIn56, 8
(Flavonoid) GIn56 Trp88(3), 1le58
PmcyBimdm 42.4149 | Trp88, GluS1(2), Tro(88) Trp88, Glus1, 5
. Ser55, Asn90 p Asn90
(Flavonoid)
Procyanidin | o 0,00 | Gly33, Glnél, gilylgi g}ﬁgé
B3 ' Glu51, GIn56, Trp88(2), 11e58 Glull’ Trp88’ 9
(Flavonoid) Glul1(2), His57 Te58
Chkﬁﬁe“lc 300645 | Gly33. Glnl, Gly33, GIn61,
(Phenolic ' Trp88, Lys9l, Nil Trp88, Lys9l, 8
. GIn56(3), GIn61 GlIn56, GIn61
acid)
. . His13, Asn90
Delphinidin | -38.1791 | His13(2), Asn90, ’ ’
(Flavonoid) Glus1, Gly33 Trp88(4) Glus1, Gly33, ?
Trp88
Quercetrin -37.2493 Asnl4, GIn61, . GIn61, GIn56,
(Flavonoid) GIns6 His37, Trp88 Trpss 3
Ellagic acid 36.4194 GIn61(2), GIln61, Asn90,
(Phenolic ) Asn90(2), Glu51, Trp88(5) Glu51, Gly33, 10
acid) Gly33, His57 Trp88
Gallic acid GIn61(2),
(Phenolic | 2537 | Asn90(2). Glus, Trp88(2) %11‘:16511’ /,}S“zg’ 7
acid) His57 - LIP
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7. Drug-likeness and side effects

The ADMET profile and drug-likeness of the top 10 hits are listed in Table 11. Phenolic acids showed a more favourable ADMET

profile and drug-likeness compared to flavonoids.

Table 11 ADMET profile and drug-likeness of top 10 compounds

Compound name LogS | LogD | LogP 'HIA Caco- | "PPB ’NPL | Ames Carcinogenicity Lipinski oSk

2 (%) rule rule
Rutin (Flavonoid) -3.93 | 0.69 | -0.76 | 0.92 | -6.34 | 83.81 | 2.01 | 0.80 0.06 Rejected | Rejected
Phlorizin (Flavonoid) -3.07 | 094 | -0.26 | 0.95 | -6.32 | 65.30 | 1.80 | 0.52 0.24 Accepted | Rejected
Phellatin (Flavonoid) -3.67 | 095 | 0.58 | 0.82 | -6.17 | 89.11 | 2.06 | 0.77 0.05 Rejected | Rejected
Procyanidin (Flavonoid) 396 | 1.66 | 1.85 | 0.96 | -6.77 | 88.71 | 1.93 | 0.27 0.03 Rejected | Rejected
Delphinidin3-glucoside (Flavonoid) | -3.09 | 0.59 | -0.20 | 0.87 | -6.42 | 85.93 | 2.08 | 0.68 0.04 Rejected | Rejected
Quercetrin (Flavonoid) -403 ] 1.59 | 0.82 | 0.53 | -6.14 | 89.52| 2.16 | 0.82 0.07 Rejected | Rejected
Chlorogenic acid (Phenolic acid) -1.19 | 0.01 | -0.16 | 0.87 | -6.13 | 67.19 | 2.25 | 0.03 0.06 Accepted | Accepted
Ellagic acid (Phenolic acid) -4.60 | 0.79 | 1.12 | 0.198 | -5.31 | 78.23 | 0.59 | 0.38 0.31 Accepted | Accepted
Gallic acid (Phenolicacid) -1.2 | 034 | 0.64 | 0.08 | -5.73 | 53.49 | 0.98 | 0.05 0.02 Accepted | Accepted
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From among the top 10 hits, we selected two phenolic acids and two
flavonoids complexes with their respective standards based on their grid score and
drug-likeness for further molecular dynamics simulation studies (CT-Ellagic acid,

CT-Chlorogenic acid, CT-Gallic acid, CT-Rutin, CT-Phloridzin, and CT-Quercetrin).

These complexes are abbreviated as CT-EA, CT-CHL, CT-GA, CT-RTN, CT-
PHD, CT-QRTN, and these abbreviations are used in the entire manuscript hereafter.
The binding modes (in 3D) and their atomic level intermolecular interactions (2D) for

these six selected complexes are represented in Figures 22 and 23.

[E]

_ o \; ’; "{.gif .'I 2

(grid score: -39.264) (grid score: -36.519) (grid score: -58.355]

Figure 22 The 3D representation of binding mode and the interactions of the six
selected compounds with 1XTC with their respective grid score. (A) CT-RTN, (B)

CT-PHD, (C) CT-QRTN, (D) CT-CHL, (E) CT-EA, (F) CT-GA.
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Figure 23 The 2D representation of the binding mode and atomic level intermolecular
interactions of six selected compounds with 1XTC. (A) CT-RTN, (B) CT-PHD, (C)

CT-QRTN), (D) CT-CHL, (E) CT-EA, (F) CT-GA.

8. MD simulations of the docked complexes

Out of the 20 studied complexes, phenolic acids and flavonoids were selected
based on a number of interactions with active site residues of the GM1 binding site of
CT. We have selected two phenolic acids (CT-EA, CT-CHL) and two flavonoids (CT-
RTN, CT-PHD) complexes with their respective standards CT-GA acid and CT-

QRTN for further molecular dynamics simulation studies.
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8.1 Structural stability of the docked complexes using MD

These six complexes are used for investigating their structural stability and
intermolecular interactions using molecular dynamics simulations. The quality check
performed over the 100 ns trajectory generated using gromacs by analyzing the
potential energy of the simulated systems and equilibration of the simulated
complexes was confirmed by plotting the temperature and pressure over the MD
simulation trajectory. It is observed that the temperature, pressure and potential
energy of the simulated complexes are stable with no considerable fluctuations. The
temperature and pressure were maintained constant at 300 K and 1 bar during the

simulation in all the studied complexes (Figure 24).
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Figure 24 Temperature and pressure equilibration plot of six complexes
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The average backbone RMSD value of these six complexes ranges between
1.5 and 3.5 A. It was observed that these complexes are well equilibrated during the 0
to 60 ns of the simulation and thereafter show stable dynamics throughout the
simulation period (Figure 25A). The RMSD of chain F is stabilized at a value below
2.25 A except for the CT-GA complex, which showed a maximum RMSD value after
60 ns of simulation time (Figure 25B). The complex CT-EA and CT-PHD show the
lowest RMSF values except for the flexible loop at the binding pocket region in the
CT. The residues participating in the non-bonded interactions showed fewer
fluctuations as their flexibility was arrested by stable intermolecular interactions

(Figure 25C).

(AL | . (B].

RMSD(A)

Figure 25 (A) The structural stability of the simulated complexes analysed by plotting
backbone RMSD of CT-complexes (B) RMSD of chain F i.e. GM1 binding pocket

(C) Residual fluctuations of GM1 binding pocket
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The Rg value, analyzed for the entire CT complex and separately for Chain F,
also revealed the stable dynamics during the 100 ns simulation in all the complexes
(Fig. 5A, 5B). A similar observation was made for solvent-accessible surface area
analysis of the overall CT complex. However, variations in the SASA value of chain
F (GM1 binding pocket) were observed during the simulation. The graphical

representation of SASA with for CT and chain F is shown in Figure 26C and Figure

26D, respectively.
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Figure 26 The compactness of the CT-complexes and chain F GM1 binding pocketis
shown as (A) and (B) respectively. The hydrophobicity of CT-complexes is also
quantified by analysing solvent accessible surface area for the entire CT-complex (C)

as well as chain F (D).
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8.2. Intermolecular interactions in docked complexes

From structural stability analysis, it is observed that docked complexes are
well stabilized during the simulation. Therefore, we characterized intermolecular
interactions in the initial and final MD simulation conformations. Furthermore, we
also noted the intermolecular interactions precisely with the active site residues. The
maximum number of H-bonds formed between CT and ligands during the MD

simulations in all six complexes is shown in Figure 27.
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Figure 27 The maximum number of H-bonds promoting stable complex formation for
all the CT-complexes are shown in A and number of H-bonding interactions between
CT chain F are shown in B. The number of non-bonded contacts including
hydrophobic and electrostatic interactions observed between the pentameric CT

subunits and ligands are shown in C for all the complexes.
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The list of all the nonbonded interactions (H-bonds, hydrophobic
interactions, etc.) that trigger stable complex formation before and after simulations is
given in Table 5. Total non-bonded interactions are increased in the complexes CT-
PHD (6 to 9) and CT-QTRN (3 to 12), whereas other complexes showed a decrease in
the total non-bonded interactions in initial and final MD conformations. This revealed
the consistent interactions with the binding pocket residues are increased in the
complexes CT-PHD and CT-QRTN, whereas in other complexes these interactions
are not consistent. The initial (0 ns) and final (100 ns) snapshots of the MD simulation

trajectory are shown in Figure 28.

Figure 28 The MD simulation snapshots revealing the stable complex formation
during the 100ns of simulation. The starting MD conformations are shown in gold
(A1-F1) while MD simulation end structure (100ns) are shown in cyan (A2-F2),
where A, B, C, D and E represents complexes CT-RTN, CT-PHD, CT-QRTN, CT-

CHL, CT-EA and CT-GA respectively.
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To gain more structural insights into these intermolecular interactions, we
plotted the minimum distance between the six compounds and CT chain F (Figure
29). It showed the distance of CT-EA and CT-PHD is constant <2.5 10\, whereas in

other complexes it showed significant fluctuations (up to 7 A).
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Figure 29 The variations in the minimum distance observed between the GM1

binding pocket (chain F) with the six phytochemicals during the simulation

The relative binding energy of six complexes was calculated using the MM/PBSA
approach and is represented in Table 2. The order of binding free energy was
observed as CT-EA > CT-CHL > CT-GA for phenolic acids and CT-PHD > CT-
QRTN > CT-RTN for flavonoids. The selected polyphenolic compounds showed
much higher binding affinity than their respective controls (Table 12). This highlights

the potency of these compounds in the successful inhibition of CT.
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Table 12 Calculation of binding free energy (in kcal/mol) of six complexes using

‘emx_MMPBSA’ tool

COIIlplCXCS AEVDW AEELE AEGB AESURF AGGAS AGSOLV ATOTAL
-31.86+| -34.04+ | 4268+ | -3.78% -65.9 = 389 %
CT-EA 27 £2.67
0.02 2.61 0.58 0.01 2.61 0.58
-7.86+ | -78.25+ | 62.39 211+ -86.11 £ 60.27 -25.83 £
CT-CHL
0.28 4.2 1.69 0.02 4.21 1.69 4.54
727+ | -81.88+ | 67.01 -89.15 64.91 + -24.25 £
CT-GA 210
0.01 1.57 0.55 1.57 0.55 1.66
-33.33+| -76.09+ | 8048+ | -521% -109.42 75.27 -34.16 £
CT-PHD
0.65 2.98 3.16 0.06 +3.05 3.16 4.39
285+ | -38.14+ | 426+ -4.03 £ -66.64 + 38.57 £ -28.07 £
CT-QRTN
1.26 3.51 1.33 0.03 3.73 1.33 3.96
-24.62 £ | -19.52+ | 29.71 -3.31+ -44.14 + 26.4 + -17.74 +
CT-RTN
1.18 8.84 3.92 0.21 8.92 3.92 9.75

Evpw = van der Waals contribution; Eg g = electrostatic energy; Egp =electrostatic
contribution to the solvation free enrgy; Gsyrr = solvent-accessible surface area;

GsoLv = polar solvation free energy; TOTAL= Binding free energy.

8.3. Secondary structural changes during simulation

We analyzed conformational changes at the binding site over the simulation
period using the DSSP tool. Figure 30 represents the distortions in the secondary
structure calculated in all the complexes (A-F). The binding pocket architecture was
well stabilized in complexes CT-EA and CT-PHD compared to other complexes,

mainly due to the increased helical content in the chain-F.

Page 72



Results

Resldue

kesidue

Residue

ue

Figure 30 The distortion in the secondary structures during the 100ns MD simulation
for complexes CT-RTN[A], CT-PHD[B], CT-QRTN[C], CT-CHL[D], CT-EA[E],

CT-GA[F].
8.4. Contribution of the binding pocket residues in the intermolecular interactions

The residue decomposition energy calculated over the stable trajectory
revealed the contribution of the individual resides in the binding energy (Figure 31).
The positive contribution energy refers to the specific residue that does not favour the
interactions, while the negative contribution energy refers to favourable interactions,
binding pocket residues show the least binding energy. Most of the residues in
complexes CT-EA, CT-PHD, and CT-CHL showed negative contribution energy. But

in other studied complexes, the contribution energies varied a lot, which makes it hard

for them to form stable complexes.
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Figure 31 Per residue decomposition energy reveals the contribution of key binding

site residues in the binding energy.

9. Quantification of selected polyphenols using HPTLC

Quantitative analysis of phenolics (EA, CHL, and GA) and flavonoids (RTN,
PHD, and QRTN) in hydro-alcoholic extracts of C. arborea, P. guajava, and P.
granatum performed using HPTLC is represented in Table 13. The HPTLC-PDA
chromatogram is represented separately for phenolic acids and flavonoids in Figure

32.
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Table 13 HPTLC analysis of six compounds in C. arborea, P. guajava and P.

granatum

Compound name

C. arborea

P. guajava

P. granatum Linearty
Ellagic acid 0.3+0.01 0.7 £0.02 10.30 £ 0.76 y =47780x - 1459.5
Chlorogenic acid | 0.4 +0.05 0.45 £0.03 0.6 £0.02 y =14317x - 37.442
Gallic acid 458.25£26 | 732.4+19.7 ND y =6610.2x + 1578.99
Rutin ND 2.31£0.15 19.70 £0.06 | y= 7053.3x + 163.01
Phloridzin ND 4.83 £1.06 ND y = 6964.6x + 259.35
Quercetrin ND 5.60+1.5 20.60 £2.8 y =8577.3x + 224.48
a- b. amo
-»>ca i ey
i EA \ / II
A LA |
! \ i |
I‘I B = ‘1 p’ ::::“ i ll i P grasatum
j‘_ L fiak--/ -

A4
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Figure 32 HPTLC-PDA chromatogram of phenolics (a) at 280nm and flavonoids (b)

at 310nm in C. arborea, P. guajava and P. granatum
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10. In vitro studies with six compounds

10.1. MTT cytotoxicity assay of six herbal compounds

Among the six selected compounds, GA was observed to be more cytotoxic to

CHO cells with an ICsy of 102.7+1.14 pg/mL whereas CHL, with its ICsy value of

398.245.4 ng/mL, showed the least cytotoxicity (Figure 33). The MTT assay revealed

that two non-cytotoxic concentrations (NC1 and NC2) of each of the six compounds

showed > 90% viability on the CHO cell line. Table 14 lists the ICsy of six

compounds along with their respective NC1 and NC2.

Table 14 The ICs of six herbal compounds and their non-cytotoxic concentrations

(NC1 and NC2).

Plant name ICso (ug/mL) | NC1(pug/mL) | Viability (%) | NC2 (ug/mL) | Viability (%)
Rutin (RTN) 287.4+6.9 70 92.4 35 97.6
Phloridzin (PHD) | 297.9+3.9 75 94.8 37.5 97.6
Quercetrin
233.5+£3.7 60 91 30 96.3
(QRTN)
Chlorogenicacid
398.2+5.4 100 90.5 50 97.2
(CHL)
Ellagic acid (EA) | 115.5%£9.6 30 93.2 15 97.5
Gallic acid (GA) 102.7+1.1 25 93.5 12.5 97.9
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Figure 33 ICs of six herbal compounds determined by MTT assay on CHO cell line

10.2. Binding inhibition percentage of CT to ganglioside GMI in presence of six

compounds

Using the CT standard curve, the average concentration of CT in CFCF was
calculated as 19.78+0.52 pg/mlL. The maximum absorbance shown by the highest
dilution of CFCF with a CT concentration of 1600 ng/mL indicated the saturation of
GMI1 with CT. The selected six compounds (NC1 and NC2) were pre-incubated with
CFCEF titre with a CT concentration of 1600 ng/mL and binding inhibition percentage
(BI%) was evaluated using GM1 ELISA. Phenolic acids, EA, and CHL showed
distinct activity against CT binding to GM1 compared to the standard GA, whereas,

among flavonoids, PHD showed higher BI1% (Figure 34).
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Figure 34 Binding inhibition percentage (BI1%) of six herbal compounds to GM1.

(A) CT calibration curve; (B) CFCF absorbance curve; (C) B1% of three phenolic

acids (CHL, EA, GA) and three flavonoids (RTN, PHD, QRTN) to GM1 at their

respective non-cytotoxic concentrations (NC1 and NC2) using GM1 ELISA.

10.3. Inhibitory activity of six compounds against CFCF-induced elevated cAMP

levels

The elevation of cAMP levels in the CHO cell lines was determined as the

bound percent (B%) of cAMP using competitive ELISA (cellular cAMP levels are

inversely proportional to B%) following kit instructions. Significant reduction in

cAMP levels (¥**p<0.001) was observed for all three phenolic acids compared with

CFCF control at both NC1 and NC2, whereas flavonoids showed a significant

reduction in cellular cAMP levels (¥**p<0.001) at NC1 only (Figure 35)
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Figure 35 Efficacy of six herbal compounds against elevated cAMP levels in CHO
cell line. ““p<0.001 compared with CHO cell control. **#p<0.001 compared with

CFCF control.

10.4. Protective activity of six compounds against CFCF-induced cell elongation

The protective activity of phenolic acids and flavonoids against
CFCF (CT=100 ng/ml) induced cell elongation was investigated by phase contrast
microscopy. All the selected compounds, excluding RTN, showed protection against
CT-induced cell elongation at both NC1 and NC2. Further, EA and CHL showed

greater protective activities among the selected six compounds (Figure 36).
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Figure 36 Protective activity against CT-induced cell elongation in CHO cell line.

[1] a. CHO cell control, b. CFCF control (CT=100ng/mL); [2] c. RTN (NC1)+CFCF,
d. RTN (NC2)+CFCF; [3] e. PHD (NC1)+CFCF, f. PHD (NC2)+CFCF; [4] g. QRTN
(NC1)+CFCF, h. QRTN (NC2)+CFCF; [5] i. EA (NC1)+CFCEF, j. EA (NC2)+CFCF;
[6] k. CHL (NC1)+CFCF, 1. CHL (NC2)+CFCF; [7] m. GA (NC1)+CFCF, n. GA

(NC2)+CFCF at 40X magnification (scale bar Sum).

11. In vivo studies

Based on results from in vitro studies, three plant extracts CAE, PGRPE,
PGAE and two phenolic acids, EA and CHL showed efficient inhibitory activity
against CT. All these three extracts along with the standard GA were further analyzed

in vivo using adult mice ileal-ligated loop model.
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11.1. CFCF-induced fluid accumulation in ligated-ileal loops

Initially, we determined the amount of fluid accumulated in ligated ileal loops
of 2-3 cm in length of adult Swiss albino mice by instilling CFCF containing 1pg of
Cholera toxin following the incubation period of 18 hrs. The mean weight/length ratio
of CFCF-treated ileal loops was determined as 0.249 g/cm + 0.02 whereas that of
untreated ileal loops instilled with PBS was 0.078 g/cm + 0.01. It was observed that
the mice ileal loops treated with CFCF containing lug of CT caused prominent
intestinal fluid accumulation after 18 hrs of incubation period showing the

diarrhegenic potential of CFCF.

The test groups categorized into 12 groups (n=12) were treated with a pre-
incubated mixture containing two concentrations (100ug and 50ug) of each of three
extracts — CAE, PGRPE, PGAE and CFCF (CT=1pg) and each of the three phenolic
acids EA, CHL and GA at two variable concentrations (50 pg and 25 pg) into each
ligated loop. Among the three selected extracts, a significant reduction in intestinal
fluid accumulation in test groups expressed as *P < 0.001 was observed for CAE
(0.091 g/cm, 0.184 g/cm) and PGRPE (0.080 g/cm, 0.190 g/cm) at 100 ug and 50 pg
respectively. PGAE (0.150 g/cm) showed a significant reduction (*P < 0.001) in
fluid accumulation at 100 pg concentration only (Figure 37(), (ii)). Both
EA (0.091g/cm and 0.094 g/cm)and CHL (0.132 g/cm, 0.176 g/cm)showed a
significant decrease (***p<0.001) in mean W/L ratio at 50 ug and 25 pg respectively,
whereas standard GA (0.188 g/cm) showed a significant reduction (**p<0.01) at 50

ug in fluid accumulation compared to CFCF control (Figure 37(iii), (iv)).
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Figure 37 Inhibitory activity of plant extracts and phenolic acids against CFCF

induced fluid accumulation.

[i]. [A] Saline control (100ul PBS), [B] CFCF control(CT=1pg/loop), [C]
CAE(100pg)+CFCF, [D] CAE(50ug)+CFCF, [E] PGRPE(100ug)+CFCF, [F]
PGRPE(50n2)+CFCF, [G] PGAE(100ug)+CFCF, [H] PGAE(50ug)+CFCF. [iii]. [A]
Saline control (100ul PBS), [B] CFCF control (CT=1pg/loop), [P] EA (50ug)+CFCF,
[Q] EA (25pg)+CFCF, [R] CHL(50pg)+CECF, [S] CHL (25pg)+CFCF, [T] GA

(50ug)+CFCF, [U] GA (25pg)+CFCF.

[ii], [iv] Weight/length ratio of mice ligated-ileal loops; All values were expressed as

mean = SEM (n=6) One Way Analysis of Variance (ANOVA) followed by Dunnett
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444
p

test. <0.001, compared with saline control. ***p<0.001 compared with CFCF

control.

11.2. CFCF-induced cellular cAMP levels in ligated-ileal loops

Cellular cAMP levels in ligated-ileal tissues were estimated as an increase
in bound percent (B%) using competitive ELISA. When compared to the Saline
control group, there was a significant increase in cAMP levels in the CFCF control
(AAAp<O.001). CAE, PGRPE, and PGAE inhibited CFCF-induced cAMP levels in
ileal tissues significantly (***p<0.001) at 100 pg and 50 pg, as evidenced by their
reduction in cellular cAMP levels (Figure 38[A]). All three selected phenolic acids
also showed significant reduction (***p<0.001) in CFCF-induced elevation of cAMP

levels in ileal tissues at both concentrations (50 pg and 25 pg) (Figure 38 [B]).
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Figure 38 Cellular cAMP levels in ligated-ileal tissues

All values were expressed as mean + SD, One Way Analysis of Variance (ANOVA)
followed by Dunnett test. ““p<0.001, compared with Saline control. ***p<0.001

compared with CFCF control.
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11.3. Histopathology

Histological examination of CFCF-treated ileal loops revealed significant
changes in intestinal tissues when compared to the Saline control group. After 18 hrs
of CFCF administration into ligated-ileal loops, there was prominent inflammatory
cellular infiltration in the submucosa (green arrows, Figure 8.2¢), as well as further
mucosal layer degeneration and diffused edema in the intestinal villi (red arrows,
Figure 8.2d). The morphology of the mucosal and submucosal layers was normal in
the Saline control group. Among the three plant extracts, 100 ug of CAE and PGRPE
greatly reduced the histopathological changes induced by CFCF in mice ileal loops as
indicated by the decreased infiltration of inflammatory cells and edema. Among the
three selected phenolic compounds, 50 ug of EA and CHL showed substantial
protective activity against CFCF-induced histopathological changes as evidenced by
decreased inflammation and edema in the intestinal tissues (Figure 39).
However, indistinct amelioration in histopathological changes was observed for the

standard GA compared to CFCF control.
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Figure 39 Histopathological analysis of mice ileal loops

Intestinal tissues of mice ileal sections stained with hematoxylin, eosin and observed
at 40X magnication (scale bar=30um). Green arrows represent inflammation in

submucosa; red arrows represent mucosal layer degeneration and diffused edema.

[la,b] Saline control; [2c,d; 6k,] CFCF control (CT=1pg); [3e,f] CAE
(100pug)+CFCF  (CT=1pg); [4g,h] PGRPE(100ug)+CFCF(CT=1pg); [5i,]
PGAE(100ug)+CFCF (CT=1pg) [1a,b] Saline control; [2¢,d] CFCF control; [7m,n]

EA+CFCEF; [80,p] CHL+CFCF; [9q,r] GA+CFCF.
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Other outcomes of the study

CFCF of a selected clinical isolate of V. cholerae contains non-membrane
damaging cytotoxin (NMDCY) along with Cholera toxin. When CFCF was treated
with CHO cell line, we observed different morphology in CHO cells unlike cell
elongation induced by CT on CHO cells. CHO cells when treated with increasing
concentration of CFCF showed cell rounding and further cell death without
accompanying membrane damage. From the literature review, there were earlier
reports about NMDCY which causes dramatic cytotoxic effects characterized by cell
rounding observed in CHO and HeLa cell lines and eventually cell death without
accompanying membrane damage 51 It is also shown to possess enterotoxigenic
potential as it causes non-haemolytic fluid accumulation in rabbit ileal loops. It is also

the main cause of diarrhea in non-toxigenic clinical strains of non-O1 and non-O139

152 . . . .. . .
V. cholerae "~ as well as in residual diarrhea elicited in OCV (oral cholera vaccines)
individuals .
Clinical strains of V.
cholerae
Entero-toxins |
N NMDCY
Binding to intestinal epithelial cells
and receptor-mediated endocytosis
r Activation of GTP-binding proteins 1
Rise in Rise in
cAMP Cca®?
levels levels
Efflux of ions and water from enterocytes Perturbation of cytoskeleton in enterocytes

Severe watery diarrhoea Cell rounding, profused blebbing of plasma

Membrane and cell lysis

Figure 40 Flow chart depicting the mechanism of action of CT and NMDCY
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There are reports which stipulated the secretion of NMDCY by both Ol,
0139, and non-O1, O139 serogroups of V. cholerae. The percentage positivity of
NMDCY was determined to be 81.3% in the case of clinical O1 strains *" underlining
the relevance of this secretogenic protein in cholera pathogenesis which augmented
our interest to study the inhibitory activity of selected plants against this cytotoxin

also.

1. Inhibitory activity of plant extracts against NMDCY-induced cytotoxicity in

CHO cell line

The cytotoxicity in NMDCY-induced CHO cell line was analysed was
estimated using MTT assay. Briefly CHO cells were seeded at 6x10* in 12-well plate
culture dishes in DMEM supplemented with 10% FBS and incubated for 24 hrs at 5%
CO; and 37°C. Then the cells were washed and treated with equal volumes of twofold
serial dilutions of non-concentrated CFCF in the same media. Untreated cells and
cells treated with AKl media were taken as cell control and solvent control
respectively. The total volume in each well was made to 200 pL. with DMEM
supplemented with 2% FBS and incubated for 24 hrs. After 24 hrs, cells were washed
with PBS and treated with 20 pL of 0.5% MTT solution in PBS and incubated for 4
hrs. The formazan crystals formed after 4 hrs was solubilised by adding 100 puL of
DMSO. The absorbance was recorded at 570 nm and cytotoxicity percentage was

calculated.

In the succeeding experiment, the two non-cytotoxic concentrations (NC1 and
NC?2) of all seven plant extracts were pre-incubated with ICsy titre of CFCF for 4 hrs

at 120 rpm at 37°C and treated with CHO cells for 24 hrs. Untreated cells served as
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cell control and CHO cells treated with CFCF was used as CFCF control.
MTT assay was performed as previously described and the inhibitory activity of seven

extracts against CFCF induced cytotoxicity was expressed as viability percentage.

Viability percentage= At %100

A cell control

CFCF at its 16-fold dilution produced 50% viability in the CHO cell line using
MTT assay and is considered as ICsy titre of CFCF (Figure). In the subsequent
experiment, when CHO cells were treated with a pre-incubated mixture comprising of
NC1 and NC2 of each of seven extracts and ICs titre of CFCF, a significant increase

in cell viability% (***p<0.001) was observed for CAE, PGRPE, and PGAE compared

with CFCF control.
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Figure 41 ICsy of CFCF on CHO cell line using MTT assay [A]. Viability percentage
in CFCF treated CHO cell line [B]. All values are expressed as a mean + SD (n=3),
One Way Analysis of Variance (ANOVA) followed by Dunnett test, ***p<0.001

compared with CFCF control.
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2. Inhibitory activity of plant extracts against NMDCY-induced morphological

alterations in CHO cell line

The morphological changes in the NMDCY-induced CHO cell line were
analyzed as described with slight modifications 154 by direct observation with an
inverted phase-contrast microscope. Briefly, CHO cells were seeded at 6x10" in 12-
well plate culture dishes in DMEM supplemented with 10% FBS and incubated for 24
hrs at 5% CO, and 37°C. The cells were washed and treated with equal volumes of
twofold serial dilutions of CFCF in DMEM media with 2% FBS. After 24 hrs of
incubation at 37°C and 5% CO,, cells were observed under a phase contrast
microscope at 40X magnification. CHO cells were also treated with similar dilutions
of AK1 media as a negative control. The reciprocal of the highest dilution of CFCF at
which 100% of CHO cells showed two levels of morphological changes i. e. cell-
rounding and cell death induced by NMDCY was quantified and taken as 100% tissue
culture infective dose (TCID;(y). The NC1 and NC2 of each of the seven extracts is
treated with TCID gy of CFCF producing two different morphological alterations and
incubated on a shaker at 120 rpm for 4 hrs at 37°C. This CFCF pre-incubated with the
extracts was then treated with CHO cells seeded at 6x10* in a 12-well plate in
duplicates; cells treated with only CFCF served as positive control and untreated cells

as cell control.

The cells were then incubated at 5% CO, and 37°C for 24 hrs after which the
media was discarded and cells were washed. The cells were replenished with fresh
media, observed for morphological changes under the microscope and photographed

at 40X magnification. Among the selected seven extracts, three plant extracts viz.
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CAE, PGRPE, and PGAE showed effective protective activity against NMDCY-
induced cell rounding [Figure 5.ii(I) to ii(L)] and cell death [Figure 5 iii(M) to iii(P)]

compared with CFCF control.

Figure 42 Protective activity of seven extracts (NC1) against NMDCY-
morphological alterations. (ii) CHO cell control treated with CFCF TCID for cell
rounding (CFCR) (I), CAE+CFCR (J), PGRPE+CFCR (K), PGAE+CFCR (L). (iii)
CHO cells control treated with CFCF TCIDoy for cell death (CFCD) (M),
CAE+CFCD (N), PGRPE+CFCD (0O), PGAE+CFCD (P) using phase contrast

microscopy at 40X magnification (scale bar-5um).
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DISCUSSION

Our current research validates the traditional use of six plants and their bio-
active compounds in counteracting CT which is the major virulent factor in cholera
pathogenesis using in silico, in vitro, and in vivo approaches. Initially in vitro studies
were performed with CFCF which includes binding of CT in CFCF to GM1 receptor
using GM1 ELISA and estimation of CT concentration in CFCF followed by
cytotoxic effects and elevation of cyclic AMP levels in CFCF treated CHO cells. The
protective activity of seven extracts against CFCF-induced morphological alterations
was analyzed by treating CHO cells with TCID,oy of CFCF. The results from in vitro
studies showed the promising inhibitory activity of three plant extracts i.e. CAE,
PGRPE, and PGAE against CFCF. Among the 20 screened polyphenolic compounds
from these three plants, two phenolic acids (EA, CHL) and two flavonoids (RTN,
PHD) along with their respective standards (GA and QRTN) were selected using
computational tools based on their interaction with active site residues of GMI1
binding site of CT. The presence of these compounds in selected plants was
investigated using HPTLC. All the selected herbal compounds along with respective
standards were analyzed for inhibitory activity against CT using GM1 ELISA and
cAMP assay. Phenolic acids, EA and CHL exhibited effective neutralizing activity
against CT compared to standards GA and QRTN. These two compounds along with
CAE, PGRPE and PGAE that showed prominent activity against CT from in vitro

studies were further studied using adult mice ligated-ileal loop model.
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1. Production of CT and NMDCY into CFCF of V. cholerae

This study utilized the cell-free culture filtrate of O1 El Tor Ogawa V.
cholerae isolated from clinical samples during cholera outbreaks in Karnataka, India
127128 for both in vitro as well as in vivo studies. It has been well reported that O1 El

Tor Ogawa strain of V. cholerae produces Cholera toxin 135 Non-membrane

54 into culture supernatant along with other toxins such as

damaging cytotoxin
Accessory Cholera toxin 30 Zonula occludens toxin *!, Multifunction autoprocessing
repeats-in-toxin 3 Haemolysin > which are responsible for the pathogenesis of V.
cholerae. It was reported in earlier studies that both CT and NMDCY are efficiently
secreted by the bacterium in AK1 media D213 The clinical strain of V. cholerae used
in the current study when grown in AK1 media produced both CT and NMDCY into
the culture filtrate.
2. Estimation of CT in CFCF

The concentration of CT in CFCF was estimated as 18.76 ug/mL + 0.2 using
GM1 ELISA whereas NMDCY showed 1Csy on CHO cell line at 16-fold dilution of
CFCF by MTT assay. Both CT and NMDCY produce cytotoxic effects on the CHO
cell line; CT induces elevation of cAMP levels and alters the cell morphology in the
CHO cell line. Cell elongation observed in CFCF-treated CHO cells is the distinctive
effect of CT secreted into CFCF by the bacterium. This elongation morphology
observed in CHO cells treated with CT is due to elevated levels of cAMP caused by
permanent ADP-ribosylation of Gy, and activation of adenylate cyclase which
continuously stimulates the production of cAMP > It was observed that 100 ng/mL of
CT in CFCF caused cell elongation and a significant increase in cellular cAMP levels

in the CHO cell line; an earlier study by Saha et al., (2013)"* also reported similar

results.
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3. Estimation of NMDCY in CFCF using cell based assays

NMDCY secreted into CFCF produced cell rounding and cell death in the
CHO cell line as reported in a similar study by Saha et al., (1996) 34 The
morphological changes observed in CFCF-treated CHO cells in our study showed a
close resemblance with that of NMDCY-induced cellular intoxication observed in
CHO and HeLa cells. Evidently, with a further increase in concentration of CFCF,
CHO cells switched from cell rounding to cell death without accompanying the
membrane damage as observed under the phase contrast microscope. Cell death is
caused by a cascade of events that includes major alterations in cellular synthetic,
secretory, cell cycle-dependent functions during the earlier phase of NMDCY
intoxication and disorganization of cytoskeleton at the later phase 51 The assay for
cytotoxic activity of NMDCY on CHO cell line producing cell rounding and cell
death was performed using 100% tissue culture infective dose (TCID;qy) and direct
observation under phase contrast microscope as reported in previous study 152
TCID, ¢ was estimated as the reciprocal of the highest dilution of CFCF producing a
100% cytotoxic effect on CHO cell line. The present study showed 100% -cell
rounding and cell death in the CHO cell line at 8-fold and 2-fold dilutions of CFCF

respectively, while the earlier study by Saha 152 showed 100% cell rounding at 16-fold

dilutions of CFCF.
4. In vitro studies with seven plant extracts

Seven extracts from six plants (A. marmelos, P. guajava, H. antidysenterica,
C. arborea, P. granatum, and P. longum) were selected based on their traditional use
and reported anti-diarrheal activity. Their efficacy against CFCF-induced cellular

toxicities was investigated using their non-cytotoxic concentration (NC1 and NC2)
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that showed >90% cell viability on the CHO cell line. The initial and crucial step in
CT intoxication involves binding of its B subunit to the GM1 receptor on intestinal
epithelial cells through which CT is transported retrograde into cytosol 136 " A subunit
of CT that accesses the cytosol of enterocyte has ADP-ribosyl transferase activity and
catalyzes the permanent ADP-ribosylation of G, This results in continuous
stimulation of adenylate cyclase and a rise in cellular cAMP levels. Elevated cAMP
levels in host cell activate cystic fibrosis transmembrane conductance regulator
(CFTR) causing a dramatic efflux of ions and water from infected enterocytes leading

to diarrhea ',

4.1. Binding inhibition percentage of seven plant extracts

As CT binds with ganglioside GM1 with high affinity and specificity, we
investigated the inhibition of CT binding to GM1 (BI%) by seven extracts using GM 1
ELISA. Among these six plants, A. marmelos fruits and P. guajava leaves showed
55% and 40% binding percentage of CT to GMI1 with 10% of their respective
decoctions in an earlier study ™8 In our study, hydroalcoholic extracts of A. marmelos
and P. guajava showed 55% and 48% binding inhibition of CT to GM1 at NCI
respectively. However, no previous reports were found for other plants. The B1% of
the other four plants was estimated as CAE (94%, 88%), PGRPE (99%, 91%), PGRJ
(97%, 97%), HAE (92%, 81%), PLE (31%, 19%) at NC1 and NC2 respectively. The
results from GM1 ELISA explain that excluding PLE all other extracts exhibited anti-

CT activity by inhibiting the binding of CT to the GM1 receptor.
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4.2. Protective activity of seven extracts against CFCF-induced elevated cAMP levels

Elevation of cyclic AMP levels is the chief attribute of CT toxicity. Using
competitive cAMP ELISA, the efficacy of seven extracts against CT-induced
elevation of cAMP in CHO cell line was evaluated as an increase in bound percent
(B%) of cAMP. From selected seven, five extracts showed a significant increase
(p<0.001) in B% i.e. CAE (87%, 83%), PGRPE (85%, 84%), PGRIJ (76%, 72%),
PGAE (81%, 73%), and HAE (73%, 72%) at NC1 and NC2 respectively compared
with CFCF control (44%). The results from the cyclic AMP assay were correlated
with the protective activity of seven extracts against CT-induced cell elongation in
CHO cell line. The protection against CT-induced cell elongation in CHO cells was
observed to be prominent in the presence of CAE, PGRPE, PGRJ, PGAE, HAE, and
AME which were consistent with the results from the cAMP assay. The cumulative
results of in vitro studies corresponding to anti-CT activity of seven extracts conclude
that except PLE all other extracts showed varying degree of neutralizing activity
against CT which validates the traditional use of these plants in treating CT-induced

diarrheal infections.

4.3. Counteracting activity of seven extracts against NMDCY-induced celluar

toxicities

The counteracting activity of seven extracts against NMDCY-induced
cytotoxicity was determined as viability% using MTT assay. CFCF control (16-fold
dilution) showed 50% cell viability in the CHO cell line and two plant extracts CAE
(93%, 78%), PGRPE (90%, 73%) showed a significant defensive activity (p<0.001)
against NMDCY induced cytotoxicity at NC1 and NC2 whereas PGAE (86%, 52%)

showed significant protective activity at NC1. The results from the MTT assay were
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observed to be correlated with protective activity of the seven extracts against the
NMDCY-induced morphological alterations in CHO cell line. CAE, PGRPE and
PGAE also showed efficient protective activity against NMDCY-induced cell
rounding and cell death in CHO cell line whereas PGRJ, HAE, AME, PLE showed no

activity against NMDCY.

From our in vitro studies performed with CFCF of V. cholerae, it is apparent
that there is differential activity of seven extracts against CT and NMDCY-induced
cellular toxicities. Except for PLE, all other plants exhibited anti-CT activity whereas
only CAE, PGRPE and PGAE showed neutralizing activity against NMDCY in
CFCF. Interestingly a correlation was observed between the total phenolic and total
flavonoid content in extracts to binding inhibition of CT to GMI, decrease in CT-
induced elevated cAMP levels and NMDCY- induced cell rounding in CHO cells.
Specifically, the plants with higher phenolic content i.e. CAE, PGRPE, PGRIJ, and
HA exhibited >90% BI% of CT to GMI1, whereas plants with higher flavonoid
content i.e. CAE, PGRPE and PGAE showed more protection against CT induced
cAMP and NMDCY induced cytotoxicity. The current study substantiates the
effectiveness of hydroalcoholic extracts of C. arborea, P. granatum, and P. guajava
extracts against cytotoxicity induced by CT as well as NMDCY secreted by V.

cholerae.

5. In silico studies with polyphenolic compounds

Using molecular modeling studies, two phenolic acids (EA and CHL) and two
flavonoids (PHD and RTN) were selected from C. arborea, P. granatum, P. guajava
based on their binding affinity and interactions with active site amino acid residues

involved in stable binding of CTB to the GM1 receptor on intestinal epithelial cells.

Page 96



Discussion

Further, GA was selected as a standard for phenolic acids as it is reported to inhibit
CT binding to GM1 receptor % and QRTN as a flavonoid standard as it was reported to

decrease CT-induced cAMP levels ',

5.1. Molecular docking of 20 polyphenolic compounds against -subunit (chain F) of

CcT

The 3D structure of CT (1XTC) was retrieved from the RCSB structural
database and missing residues in the structure were added. Among five -subunits of
CT (chain B, C, D, E, F), we have considered chain F as it formed a larger cavity at
the GM1 binding interface, and the grid box was set around binding pocket residues
that interacted with GM1 viz. Glull, His13, Gly33, Glu51, GIn56, GIn61, Trp88,
Asn90, and Lys91 40 Substitution of Gly33 residue with Asp was reported to abolish
the binding affinity of CTB to GM1 [2]. From the selected 20 compounds, EA, CHL,
Delphinidin, and Procyanidin B3 showed H-bond interactions with Gly33. The
maximum number of interactions with active site residues was observed for Ellagic
acid (10), followed by Procyanidin and Delphinidin. Based on the drug-likeness score,
grid score, and a total number of interactions, CT-EA (-36.42, 10), CT-CHL (-39.26,
9), CT-RTN (-48.02, 6), and CT-PHD (-44.39, 6) complexes were further analyzed
for their stability by 100ns MD simulations along with their standards, CT-GA (-

28.35, 7) and CT-QRTN (-37.25, 3).

5.2. Molecular dynamics simulation studies of docked six complexes with CT using

gromacs

Simulation studies using gromacs were performed for ligand-CT complexes

(CT-EA, CT-CHL, CT-GA, CT-RTN, CT-PHD, CT-QRTN), and their structural
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stability was studied by analyzing the root mean square deviation (RMSD), root mean
square fluctuation (RMSF), radius of gyration (Rg), and solvent accessible surface

area (SASA).

5.2.1. Structural stability of the docked complexes using MD

The complexes CT-RTN, CT-EA, and CT-PHD showed relatively stable
dynamics and reached an equilibrium state earlier within 35ns, of which the flavonoid
standard QRTN showed the least RMSD value amongst all the studied complexes.
RMSF analysis over the C-a atoms of the chain having binding pocket showed a
similar trend in the residual fluctuations in all the complexes. Also, it is interesting to
observe that phenolic acid complexes (CT-EA and CT-CHL) showed the least RMSF
values compared to the GA standard. However, flavonoid (CT-PHD) showed
relatively less fluctuation than the standard (CT-QRTN). The Rg values for complex
CT-EA and CT-PHD showed much more stable Rg values after the equilibration
period of 40 ns. The CT-QRTN complex also showed a stable Rgvalue comparable to
the CT-PHD. The complexes CT-EA, CT-PHD, and CT-GA showed stable dynamics
through the conserved binding pocket interactions as observed in the MD simulation
movies. During the MD simulation, EA and PHD fit well in the binding pocket, while
RTN moves away from the binding pocket after 30 ns. The complex CT-GA chain-F
showed an increased SASA value, highlighting the exposure of chain F to the solvent.
Complex CT-PHD and CT-EA showed large variations in the SASA value in chain F
and it further decreased, hence making these complexes very stable during the course

of simulation of 100 ns.
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5.2.2. Intermolecular interactions in docked complexes

CT-PHD shows the maximum number of H-bonding interactions (8) formed
during MD simulation; these interactions are consistent throughout the simulation
period, whereas the number of H-bonds decreased from 5 to 2 for CT-RTN. CT-
QRTN also shows a decrease in the H-bonding interactions during simulation. In
general, flavonoids complexed with CT show a relatively higher number of H-bonds
than phenolic acids. CT-EA complex initially showed ~7 H-bonding interactions, but
steadily these interactions decreased to 3, which were consistent throughout the
simulation. We also analyzed other non-bonded contacts of six compounds with CT.
This shows that in complexes CT-PHD and CT-EA, the number of contacts steadily
increases, making these complexes very stable. However, in other complexes, the
number of contacts is either decreasing or steady but less in number. It is interesting
to note that the flavonoids and phenolic acids selected have maximum contact when

compared to their respective standards.

5.2.3. Secondary structural changes during simulation

We have analyzed conformational changes at the binding site over the
simulation period using the DSSP tool. The binding pocket architecture is well
stabilized in complexes CT-EA and CT-PHD compared to other complexes mainly

due to the increased helical content in the chain-F.

5.2.4. Contribution of the binding pocket residues in the intermolecular interactions

Calculations of residue decomposition energy showed negative contribution
energy by most of the residues in CT-EA, CT-CHL, and CT-PHD, favouring their

stable complex formation. From the cumulative analysis of results from MD
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simulations, it is evident that CT-EA and CT-PHD showed stable dynamics compared
with standards CT-GA and CT-QRTN. The order of stability of six complexes as
observed through 100ns MD simulations and binding free energy were ranked as CT-
EA > CT-CHL > CT-GA for phenolic acids and CT-PHD > CT-QRTN > CT-RTN for
flavonoids. Subsequently, the efficacy of six complexes against CT binding to

ganglioside GM1 was further validated experimentally by in vitro assays.

6. I n vitro studies with selected six polyphenolic compounds

6.1. HPTLC analysis of C. arborea, P. granatum and P. guajava extracts

Both the qualitative and quantitative analysis of phenolic acids and flavonoids
selected using in silico studies was performed HPTLC. The phytochemical analysis
showed the presence of phenolic acids, EA and CHL in all three plants; GA in C.
arborea and P. guajava whereas flavonoids PHD, RTN, and QRTN in P. guajava and
P. granatum in varying concentrations. EA, an organic hetero-tetracyclic compound
formed by the dimerization of gallic acid, is the most active and abundant
phytocompound found in P. granatum 38 It is an investigational drug and reported to
show several therapeutic properties as an anti-oxidant and anti-proliferative agent
159,160 CHL, an ester formed by the condensation of caffeic acid and quinic acid, is
found majorly in coffee and black tea 161 Tt is reported to activate the immune system
and also acts as a potent anti-oxidant and carcinogenic inhibitor 162163 RTN prevents
displacing of reduced CTA1 from CT holotoxin in the endoplasmic reticulum of the
host cell by inducing conformational changes in protein disulfide isomerise (PDI),

thus restricting the translocation of CTA1 into the cytosol as reported 164
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6.2. MTT cytotoxicity and binding inhibition percentage of six compounds

MTT cytotoxicity assay was performed with six compounds on the CHO cell
line to determine their non-cytotoxic doses that showed > 90% cell viability, and
further in vitro assays were carried out using their respective NC1, NC2. The
neutralizing activity of selected phenolic acids and flavonoids against CT (1600
ng/mL) binding to the GM1 receptor was evaluated as BI% using the GM1 ELISA.
Phenolic acids EA (97%, 97%) and CHL (92%, 81%) demonstrated remarkable B1%
at NC1 and NC2 when compared to their standard GA (31%, 12%). Among
flavonoids, PHD (59%, 24%) showed prominent BI% compared with RTN (9%, 2%)
and standard QRTN (23%, 6%) at NC1 and NC2 respectively. Earlier similar studies
with GA (50mM) showed 40% binding inhibition of CT to GM1 % and in another
study, binding of FITC-CTB to Vero cells in the presence of 10 pg/ml GA and QRTN
was inhibited by 23% and 20%, respectively 24" These results explain that the
interaction of phenolic acids EA and CHL with B-pentamer efficiently inhibits CT
binding to GM1 receptor and eventually neutralizes CT toxicity by preventing its
internalization into enterocytes. Further confirmatory studies were performed to
investigate the protective activity of six compounds against CT-induced cell

elongation and elevation of cAMP levels in the CHO cell line.
6.3. Inhibition of CFCF-induced cell elongation and cAMP levels by six compounds

The hallmark of CT toxicity is an increase in cellular cAMP levels that results
in the dramatic efflux of ions and water from infected enterocytes, leading to diarrhea
165 The protective activity of six compounds against CT-induced elevation of cAMP
in the CHO cell line was evaluated using competitive cAMP ELISA as an increase in

bound percent (B%) of cAMP. Phenolic acids showed a significant increase
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(»<0.001) in B%, i.e. EA (82%, 81%), CHL (81%, 78%), and GA (80%, 60%) at
NC1 and NC2 respectively compared with CFCF control (44%). Flavonoids showed
the least protective activity compared to phenolic acids, i.e. PHD (71%, 50%), RTN
(53%, 44%), and QRTN (66%, 47%) at NC1 and NC2 respectively. Surprisingly, EA,
CHL, and PHD showed efficient defensive activity against CT-induced cAMP levels
compared to standard GA and QRTN. Similar results were observed in an earlier
study that showed 76% and 59% of the decrease in cAMP with 10 pg/mL of GA and
QRTN compared to CT control 24 However, no previous reports were found for the
remaining four compounds. The results from the cAMP assay were correlated with
the protective activity of six compounds against CT-induced cell elongation in the
CHO cell line. The protection against CT-induced cell elongation in CHO cells was
observed to be prominent in the presence of EA and CHL, which were consistent with

the results from the cAMP assay.

From the cumulative results of in silico and in vitro studies, it is apparent that
there is a differential activity of phenolic acids and flavonoids against CT. From
docking and simulation analysis, it is evident that EA, CHL, and PHD formed more
stable complexes with CT. However, phenolic acids EA and CHL were found to be
effective in inhibiting CT binding to the GM1 receptor and also significantly reduced
CT-induced cAMP levels and cell elongation in CHO cell lines in vitro. When MD
simulation analysis of six complexes was compared with in vitro results, EA, CHL,
and PHD were observed to form stable complexes with CT during simulations as well

as inhibit CT binding to GM1 and further CT toxicities.
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7. In vivo studies

Among the selected seven extracts, CAE, PGRPE, and PGAE showed
prominent inhibitory activity against CT from the studied six polyphenolic
compounds, EA and CHL showed distinguished activity against CT in vitro which
were further validated in vivo against CT-induced fluid accumulation using adult mice

ligated-ileal loop model along with standard GA.

7.1. Inhibition of CFCF-induced fluid accumulation in ligated-ileal loops by CAE,

PGRPE, and PGAE

CT has potent enterotoxigenic activity and causes fluid accumulation in
ligated-ileal loops of adult mice (Saito et al., 2002). CFCF containing 1 pg of CT
when instilled into distal ligated ileal loops of 2-3 cm in length, elicited fluid
accumulation after 18 hrs and loop mean (n=6) weight/length ratio was estimated at

150
showed

0.25 g/cm#0.023 whereas a similar study by Sawasvirojwong (2013)
0.19240.042 g/cm. This fluid accumulation induced by CFCF was observed to be
significant (p<0.001) compared with the saline control group (0.09+0.1 g/cm). A pre-
incubated mixture of CFCF containing 1ug of CT and three extracts at two different

concentrations (100 ug,50 pug) showed significant reduction (p<0.001) CFCF induced

fluid accumulation.

7.2. Decrease in CFCF-induced elevated cAMP levels and histopathological changes

by CAE, PGRPE, and PGAE

The pooled ileal tissues from each group were estimated for their cellular
cAMP levels as an increase in bound percent (B%) using competitive ELISA.

Significant increase in cAMP levels (p<0.001) were observed in the CFCF control
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group (29.5%) compared to the Saline control (0.1%). CAE (0.41%, 0.73%), PGRPE
(0.76%, 0.66%) and PGAE (0.6%, 1.2%) showed a significant reduction in cAMP
levels (p<0.001) at 100 pg and 50 pg respectively. Histopathological analysis of
CFCF-treated ileal loops showed inflammation in sub mucosa and diffused edema in
the mucosal layer of the intestine and similar results were also reported previously 150
CFCF-treated ileal loops in the presence of CAE and PGRPE showed a prominent
reduction in inflammation and edema. However, amelioration of histopathological
changes in PGAE was found to a lesser extent compared with CFCF control. Previous
studies with tea polyphenols 166 and apple polyphenols 167 reported decreased CT
induced fluid accumulation in ligated-ileal loop of rabbits and adult mice reflected the
anti-diarrheal effect of polyphenols in these plant extracts. The higher polyphenolic

content in CAE and PGRPE could be responsible for their efficient enterotoxic

activity against CT- induced fluid accumulation.

7.3 Inhibitory activity of EA, CHL and GA against CFCF-induced fluid accumulation,
cellular cAMP levels, and histopathological changes in ligated-ileal loops of adult

mice

A pre-incubated mixture of CFCF containing 1ug of CT and EA/CHL at two
different concentrations (50 pg, 25 ug) showed a significant reduction (p<0.001) in
CT-induced fluid accumulation. GA showed a significant decrease (p<0.0[) against
CT-induced fluid accumulation at a higher concentration but was found to be less
effective at a lower concentration (25 pg). Cellular cAMP levels in ligated-ileal
tissues were estimated as an increase in bound percent (B%) of cAMP using
competitive ELISA. Significant increase in cAMP levels (p<0.001) were observed in

the CFCF control group (29.5%) compared to the Saline control (0.1%). EA (0.62%,
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1.31%), CHL (1.18%, 1.89%), and GA (1.79%, 3.39%) showed a significant
reduction in cAMP levels (p<0.001)at 50 pg and 25 pg respectively.
Histopathological analysis of CFCF-treated ileal loops showed inflammation in sub
mucosa and diffused edema in the mucosal layer of the intestine and similar results
were also reported previously 130 CECF treated ileal loops in the presence of EA and
CHL showed a prominent reduction in inflammation and edema. However, with GA,

amelioration of histopathological changes was found to a lesser extent compared with

CFCF control.

Polyphenols were reported to show anti-CT activity either by inhibiting CTB
binding to GM1 receptor thus blocking CT entry into host cells or by interfering with
CTAI1- induced catalysis of ADP-ribosylation of Gsa that results in continuous
stimulation of adenylate cyclase and increased cellular cAMP levels. Tea catechins
and 6-gingerol have been shown to provide resistance to V. cholerae-induced fluid
accumulation in rabbit ligated intestinal loops by blocking CT binding to GM1 and
preventing its internalization into enterocytes 166,138 Apple and grape polyphenols
were also reported to inhibit CT toxicity by various mechanisms, which included their
interference with CTAI catalytic activity and CTB binding to GM1 receptor 167,124

These leads from the literature encouraged us to further investigate the role of

polyphenols in preventing CT-induced diarrhea.
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CONCLUSION

The current study investigates the efficacy of traditionally used six anti-
diarrheal plant extracts and their reported bioactives against CT-induced cyto- and
enterotoxicities. Among the selected six plants, the hydroalcoholic extracts of C.
arborea, P. granatum, and P. guajava showed notable activity against CT from our in
vitro studies. In addition to CT, these three plants also significantly reduced NMDCY-
induced cell rounding and cell death in the CHO cell line. Further in vivo studies with
these plants decreased CT-induced fluid accumulation and histopathological changes
in adult mice ligated-ileal loop model. Our study demonstrates the use of these three
plant extracts as a supplement with regular oral rehydration therapy in treating cholera
and is also expected to minimize the excessive use of antibiotics against these
enteropathogens in treating the infection in cost-effective way with health and
environmental benefits. Polyphenolic compounds were screened and selected using
system biology tools from these three plants based on their intermolecular interactions

with active site residues of GM1 binding site on B-pentamer of CT.

Based on computational screening, two flavonoids and two phenolic acids
were selected along with reported known inhibitors (GA and QRTN) for further
experimental validation. Among the selected six compounds, EA and CHL showed
efficient inhibitory activity against CT-induced toxicities in vitro. Further, in vivo
studies with EA and CHL were correlated with in vitro results as evidenced by
decreased CT-induced fluid accumulation and histopathological changes in the adult
mouse ligated-ileal loop model. Thus, our observations from computational molecular
modeling studies are in good agreement with experimental results. Our study

elucidated the inhibitory activity of EA and CHL against CT by interacting with B-
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pentamer and subsequently inhibiting CT binding to the GM1 receptor on enterocytes.
Clinical studies would further help to validate the application of hydro-alcoholic
extracts of three plants (CAE, PGRPE, and PGAE) and their reported bioactive

compounds, EA and CHL as a supplement to standard therapies during cholera

outbreaks.
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SUMMARY

Anti-Cholera toxin activity of hydro-alcoholic extracts of C. arborea (bark),
P. granatum (fruit peel), P. guajava (leaves), H. antidysenterica (bark), A. marmelos
(fruit), and P. longum (fruit) was initially investigated using in vitro assays. From the
selected six, C. arborea, P. granatum, P. guajava exhibited prominent neutralization
activity against CT by inhibiting its binding to GM1 receptor and eventual reduction
in CT-induced elevated cellular cAMP levels. Further animal studies with these three
plants also significantly reduced CT-induced fluid accumulation, cAMP levels, and
histopathological changes in ligated-ileal loops of adult mice correlating with the
results from in vitro studies. The results from in vitro and in vivo studies encouraged
us to further explore the bio-active compounds from these plants that has the potential
to neutralize CT toxicity. As polyphenols were reported to show anti-CT activity, four
polyphenolic compounds from these plants interacting with CT were screened and

selected using system biology tools.

Based on molecular docking and dynamics simulation studies, two phenolic
acids (Ellagic acid, Chlorogenic acid) and two flavonoids (Rutin, Phloridzin) were
selected along with their respective standards (Gallic acid and Quercetrin) for
evaluating their potency against CT wusing in vitro assays. Ellagic acid and
Chlorogenic acid showed efficient inhibitory activity against CT as evidenced by a
higher binding inhibition percentage of CT to GM1 receptor and reduction in cellular
cAMP levels. These two phenolic acids when tested in vivo against CT, significantly
reduced fluid accumulation and histopathological changes in ligated-ileal loops.
Interestingly these phenolic acids showed higher inhibitory activity against CT

compared to the standard Gallic acid. Our study validated the traditional use of these
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plants against CT-induced diarrhea and identified the bioactive compounds

responsible for the activity.

LIMITATIONS AND PROSPECTIVE

This study for the first time used cell-free culture filtrate (CFCF) of clinical
isolates of V. cholerae in which CT was quantified using GM1 ELISA. Non-
membrane damaging cytotoxin (NMDCY) was also quantified as 100% tissue culture
infective dose (TCIDjqp) using cell-based assays. Along with anti-CT activity, the

selected six plants were also evaluated for their activity against NMDCY using CFCF.

Crude hydro-alcoholic extracts of selected six plants were used for evaluating
their activity against CT and NMDCY. From the selected six, C. arborea, P.
granatum and P. guajava were observed to act efficiently against CT and NMDCY
from our in vitro studies. Further fractionation of these crude extracts into
polyphenols and alkaloids can give us the leads about the group of phytocompounds
acting against CT and NMDCY which is the prospective of present findings. Clinical
studies with C. arborea, P. granatum, and P. guajava along with their bio-active
compounds Ellagic acid and Chlorogenic acid will approve their use against CT-

induced diarrhea minimizing the use of antibiotics which is a rising concern now.
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¢ Certificates of plants authentication

Unriped fully matured fruits of A. marmelos, bark of C. arborea and H.
antidysenterica; young leaves of P. guajava; fruits of P. granatum and P. longum were
collected from Belagavi district, Karnataka, India and certified by a plant taxonomist at

ICMR-NITM, Belagavi.
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harshah@icmr.gov.in ____ Ministry of Health & Family Welfare, Govt. of India
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This is to authenticate that the plant materials submitted by
Ms. Rajitha Charla, ICMR-SRF, ICMR-NITM, Belagavi are identified as Punica
granatum L. (Lythraceae) and Piper longum L. (Piperaceae). The herbarium
specimens of the same have been deposited in our herbaria with accession

numbers RMRC-1690 and RMRC-1691 respectively.
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ANNEXURE - B

Animal Ethical Approval certificate

¢ Ethical approval for animal studies

This animal experiments were performed in the present study after receiving the
ethical clearance from Institutional Animal Ethics Committee (IAEC) of ICMR-NITM
Belagavi; resolution number I[AEC/ICMR-NTM BGM/2018/2, Reg. No. (Reg
no:1388/GO/Re/S/10/CPCSEA) dated 21-07-2018.

ICMR-National Institute of Traditional Medicine

* : 3
ﬁﬂ (Formerly Regional Medical Research Centre)
gk Nehru Nagar, Belgaum - 590 010

Institutional Animal Ethics Committee
Reg. No. 1388/GO/Re/S/10/CPCSEA
Resolution No. IAEC/ICMR-NTM BGM/2018/2
Date: 21-07-2018

ERTI
his is to certify that the project proposed by Dr. Subamna Roy entitles Evaluating the anti-
holera toxin activity of herbal compounds. Validating the traditional use™ has been approved by

he IAEC. The approval granted for:

Species Gender Number
Wistar Rats Female 36
Swiss albino mice Either 96 |

he Investigator must report the outcome of the experiment 1o IAEC/CPCSEA. The approved

umber/ species/ gender of animals should not be changed without prior permission of

PCSEA/IAEC.

r. AHM Viswanath Swamy Dr.Banappa
PCSEA Main Nominee ~ Member Secretary
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Abstract: Careya arborea, Punica granatum, Psidium guajava, Holarrhena antidysenterica, Aegle marmelos,
and Piper longum are commonly used traditional medicines against diarrhoeal diseases in India.
This study investigated the inhibitory activity of these plants against cytotoxicity and enterotoxicity
induced by toxins secreted by Vibrio cholerae. Cholera toxin (CT) and non-membrane damaging
cytotoxin (NMDCY) in cell free culture filtrate (CFCF) of V. cholerae were quantified using GM1 ELISA
and cell-based assays, respectively. Hydro-alcoholic extracts of these plants and lyophilized juice of
P. granatum were tested against CT-induced elevation of cAMP levels in CHO cell line, binding of CT
to ganglioside GM1 receptor and NMDCY-induced cytotoxicity. Significant reduction of cAMP levels
in CFCF treated CHO cell line was observed for all extracts except I longum. C. arborea, P’ granatum,
H. antidysenterica and A. marmelos showed >50% binding inhibition of CT to GM1 receptor. C. arborea,
P. granatum, and P. guajava effectively decreased cytotoxicity and morphological alterations caused
by NMDCY in CHO cell line. Further, the efficacy of these three plants against CFCF-induced
enterotoxicity was seen in adult mice ligated-ileal loop model as evidenced by decrease in volume of
fluid accumulation, cAMP levels in ligated-ileal tissues, and histopathological changes in intestinal
mucosa. Therefore, these plants can be further validated for their clinical use against cholera.

Keywords: cholera toxin; cytotoxicity; GM1 ELISA; morphological alterations; non-membrane
damaging cytotoxin; cell free culture filtrate

Key Contribution: Cell free culture filtrate of clinical isolate of V. cholerae containing CT and NMDCY
toxins was utilised in the present study and the inhibitory efficacy of six traditionally used anti-
diarrhoeal plants against these toxins were investigated by in vitro and in vivo methods.

1. Introduction

V. cholerae, the causative agent of cholera is a facultative anaerobic gram negative,
motile, non-spore forming curved rod-shaped bacteria that contains both toxigenic and
non-toxigenic strains that differ in their virulence gene contents and polysaccharide surface
antigens [1]. The production of Cholera toxin (CT), an 84Kd oligomeric protein efficiently
secreted into the culture supernatant by the bacteria’s type 2 secretion system, is a defining
feature of epidemic V. cholerae strains. CT is a traditional A-B toxin with a larger A subunit
(CTA, catalytic domain) and five B subunits (CTB, binding domain). Its intoxication
is caused by a series of events that begin with CTB binding to the GM1 receptor on
intestinal epithelial cells and end with constitutive activation of adenylate cyclase, which
continuously stimulates cAMP production [2]. This causes an electrolytic imbalance in

Toxins 2022, 14, 649, https:/ /doi.org,/10.3390 /toxins14100649
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Anti-Cholera toxin activity of
selected polyphenols from
Careya arborea, Punica
granatum, and Psidium guajava
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Venkanna Balaganur*®, Rajesh K. Joshi®,
Darasaguppe R. Harish™ and Subarna Roy™

Intreduction: Careya arborea, Punica granatum, and Psidium guajava are
traditionally used to treat diarrheal diseases in India and were reported to show
anti-Cholera toxin activity from our earlier studies. As polyphenols are reported
to neutralize Cholera toxin (CT), the present study investigated the inhibitory
activity of selected polyphenols from these plants against CTB binding to GM1
receptor using in silico, in vitro, and in vivo approaches.

Methods: Molecular modelling approach was used to investigate the
intermolecular interactions of selected 20 polyphenolic compounds from three
plants with CT using DOCKE. Based on intermolecular interactions, two phenolic
acids, Ellagic acid (EA) and Chlorogenic acid (CHL); two flavonoids, Rutin (RTN)
and Phloridzin (PHD) were selected along with their respective standards, Gallic
acid (GA) and Quercetrin (QRTN). The stability of docked complexes was
corroborated using molecular dynamics simulation. Furthermore, in vitro
inhibitory activity of six compounds against CT was assessed using GML ELISA
and cAMP assay. EA and CHL that showed prominent activity against CT in in vitro
assays were investigated for their neutralizing activity against CT-induced fluid
accurmulation and histopathological changes in adult mouse

Results and discussion: The molecular modelling study revealed significant
structural stability of the CT-EA, CT-CHL, and CT-PHD complexes compared to
their respective controls. All the selected six compounds significantly reduced CT-
induced cAMP levels, whereas EA, CHL, and PHD exhibited > 50% binding inhibition
of CT to GML The EA and CHL that showed prominent neutralization activity
against CT from in vitro studies, also significantly decreased CT-induced fluid
accurmulation and histopathological changes in adult mouse. Our study identified
bicactive compounds from these three plants against CT-induced diarrhea,

KEYWORDS

cell free culture filtrate, Cholera toxin, cytotoxicity, docking, GM1 ELISA, molecular
dynamics simulations
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ANNEXURE - D

¢ List of Presentations

1. Poster on “ In silico and in vitro studies of selected polyphenols from C.
arborea, P. guajava and P. granatum against Cholera toxin at International
Conference On Current Technologies And Opportunities In Bio-Sciences; Mar
2023 (Secured first prize for this poster presentation)

2. Poster on “Investigating the inhibitory efficacy of selected traditional medicinal
plants against Cholera toxin and Non-membrane damaging cytotoxin of V.
cholerae” at International Conference On Drug Discovery; Nov 2022.

3. Poster on “Pre-Clinical Studies on hydro-alcoholic extracts of C. arborea, P.
guajava and P. granatum against Cholera toxin” at National Conference On
Advances In Analytical Techniques For Materials And Bio-medical

Application; Dec 2022.

(Certificates are attached)
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