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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

1.1. An account on Smokeless Tobacco Products (SLT).

Prior to the arrival of Columbus and his crew of sailors to America in fifteenth
century, tobacco chewing was a common practice among the native Americans. A Y-
shaped pipe called “Tobago/Tobaca” (Figure 1.1.), was used by the indigenous
Americans to inhale powdered tobacco. Different tribes of the native Americans also
chewed green as well as dried
tobacco to subdue hunger, relieve
toothache, quench thirst and to
suppress fatigue. Lime or burned

finely powdered molluscs were also

mixed with chewing tobacco. British
. . . . 1 sail d to chew tob i

Figure 1.1. Native American Tobago pipe. flaval satiofs usec fo chew fobacco 1

their vessels when smoking was

forbidden. During the early to mid-1900s, chewing tobacco became vastly popular in

the United States of America in the form of a twist, sweet plug and snuff (International

Agency for Research on Cancer, 2007a).

“Snuff” was first known to be used by the native Brazilians though the Dutch
were responsible for naming it. By the first half of the 1600s, the use of snuff had
become widespread throughout Africa,
Japan, China and South America. In the
1650s, the use of snuff spread out across
Japan and China in the Ching Dynasty.

Snuff use was also prevalent in France,

England, Ireland and Scotland. In

Europe, among the many varieties of

Figure 1.2.Vintage Snuff boxes.
snuff products, Scotch snuff (dry), (Photo Credit: Smithsonian Museum.)

Maccaboy (moist) and Rapee or French snuff (dry) were the three major types during
the 1800s (Figure 1.2) (Encyclopedia Britannica, 2018; Sanchez-Ramos, 2020).

1



With the introduction of tobacco into South Asia, it gradually morphed into
different forms of products besides smoking. Tobacco also became an added ingredient
of pan (chewing betel quid), a 2000-year long practise that existed in South Asia and
straddling the South Pacific Islands. As of 2021, India ranked second worldwide with
757.51 thousand metric tons in tobacco production trailing behind China which is
leading the global tobacco production by 2127.6 thousand metric tons (Shahbandeh,
2023). By virtue of ever-expanding consumer base, the tobacco industry is a lucrative
business with an interminable market. Presently, the use of smokeless tobacco (SLT)
have evolved tremendously catering to the needs of its users across the globe. Various
products including the previously mentioned snuff and pan, such as zarda, mishri,
gutkha, snus, khaini, plug, toombak, khiwam, loose-leaf, iq’mik etc. are available for
purchase including more modern forms like dissolvable tobacco products (Table 1.1.).
These SLTs are usually used orally by sucking or chewing as well as employing other

forms of oral intake besides consumption using the nasal passage.

Table 1.1. List of Smokeless Tobacco Products (SLT).

T
z Name Description Mode of use
e
‘ Burle}{ tobacco and b'rlght'or cigar tobacco Chewed, spat or
Plug immersed in sweetener (liquorice or sugar) covered
swallowed
by a wrapper leaf
Air-cured tobacco, loosely packed strips of Chewed or held in plgce
Loose leaf between the lower lip
shredded tobacco
and cheek
. . . . Cut and placed/held
¢ RollTwist Aged tobacco leaves twisted in a similar fashion to between the cheek and
> arope
= gums
< Dry Snuff Fire-cured, powdered tobacco Used nasally as well as
g orally
= . . o
= Moist/ Aged and fermented tobacco, made into fine A pinch or dip is placed
=  Creamy . between the cheek and
= particles
= Snuff gums
S The pouch is placed
«n Snus Snuff pre-packaged in pouches between the cheek and
gums
Held in the mouth after
Mishri Baked, toasted powered tobacco application on the teeth
and gums
. Tobacco-smoke infused water, liquid tobacco Held in the mouth and
Tuibur spat out after a few
product .
minutes
» . .
S Khiwam Paste made of tobaccq %eaf extract with spices and Chewed
7 other additives e.g., musk



A small amount is

Iq'mik Fire-cured tobacco, mixed with punk ash pinched and chewed

Dried tobacco leaves flavoured with clove, tonka
Rapee bean, camphor, cinnamon powder and ash of Inhaled nasally
selected trees
Applied by finger to the
gums and teeth
Placed between the
inner lining of the lips

Gudhakhu Paste made from powered tobacco and molasses

Powdered tobacco, mixed with wood ash (oak,

Maras walnut, grapevine)
’ and the gums
Sun-dried (partially cured), powdered tobacco
Naswar mixed with ash, oil colouring agents and other Placed under the tongue
additives like slaked lime, menthol, cardamom etc. and sucked

rolled into balls.

Red tooth | Red finely powdered tobacco with an assortment of = Applied onto the teeth
powder additives including herbs, camphor etc. and gums

Powdered tobacco with added oil, ash, lime, black Placed in the inner

Shammah . . lining of the cheeks or
pepper and flavouring ingredients lips
Rolled into a ball called
Fermented tobacco (1 year) and baking soda at a saffa, placed under the
Toombak .
ratio of 4:1 tongue, between the
gums and lip or cheek
Crushed boiled tobacco leaves mixed with Placed and held
Chimo additives like baking soda, brown sugar, vanilla, between the gums and
anisette flavouring and Mamon tree ash lip or cheek
Khaini Coarsely cut sun-dried or fermented tobacco leaves ?rii?:(%ibeltimien;rlllg
mixed with slaked lime p lnmg
gums
Powdered tobacco with molasses and other Applied to tc?eth and
Gul i, gums many times per
additives
day
Zarda Tobacco flakes flavoured with spices, menthol, Used in pan, chewed
saffron, raw khiwam, herbs, silver flakes alone or with areca nut
Pan Betel leaf with areca nuF, slaked lime and tobacco Chewed and swallowed
(raw, sun-dried or roasted)
= Finely chopp@d sun(.irled and rqasted tobacco and Sucked and chewed
= Gutka areca nut mixed with slaked lime, catechu and
- .. and/or swallowed
8 other additives
(3] .
2 Kharra Tobacco, areca nut, c.atcechu, lime and other Sucked and chewed
= additives
= Dhora Moist mixture of tobaccq with lime, areca nut, Sucked and chewed
[ catechu, peppermint, cardamom
=
n Finely cut areca nut mixed with tobacco, slaked
Mainpuri lime, cloves, cardamom, sandalwood and Kewara Sucked and chewed
along with catechu
£ Dissolvable Tobacco Wlth flavouring and preservatives mac}e N yod in the mouth and
= tobacco the form of dissolvable pellets, mints, strips, sticks, .
S dissolved
products etc.

(IARC, 2007b; Lalmuanpuii, 2016; Stanfill et al., 2018, 2011; Stepanov et al., 2015;
Muthukrishnan & Warnakulasuriya, 2018)



Accounting for more than 80 lakh deaths per year, the popularity of tobacco
rarely seems to decline. More than 80% (~1.3 billion) of tobacco consumers live in
lower and middle — income countries which contributes to added poverty due to the
diversion of essential living expenses to tobacco (World Health Organisation, 2013).
In the year 2000, the World Health Organization (WHO) reported that 32.7% (both
sexes combined of adults aged 15 years and over) of the population worldwide were
tobacco consumers. A 10.4% decline was seen within 20 years with 22.3% (7.8% of
all women; 36.7% of all men) of the global populace still using tobacco in 2020. The
global trend in the prevalence of tobacco consumption among adult users peak at the
age group between 45 — 54 for men and 55 — 64 for women. The South-East Asia
Region (SEAR) has the highest average prevalence rate with 29% of its masses using
tobacco in 2020, as compared to other WHO regions. The number of adult male
tobacco consumers rose in the past 20 years (2000 — 2020) in four regions under WHO,
while the number of adult female users has been declining with a total of 1.298 billion

estimated adult tobacco users in 2020 (World Health Organisation, 2021).

The average prevalence of smokeless tobacco consumption among adults (15
years and older) worldwide is estimated at 6.0% (8.5% male and 3.4% female) during
the period of 2010 — 20. SEAR contributes the largest group of SLT users. On average,
the prevalence rate of SLT in this region is 18.3% (both sexes) with an estimated 266.2
million adult smokeless tobacco users. As such, about 2.6%, which accounts for
adolescents aged between 13—15 years, are reported to be currently using SLT products
globally. Rate of SLT use is high in the SEAR and Eastern Mediterranean region where
4.7% of adolescent males each along with 2.9% and 3.1%, of adolescent females,

respectively consume SLT products (World Health Organisation, 2021).

India being the 7" largest country in the world (largest country in South Asia)
with a land area of 32,87,469 km? and accommodating the world’s largest demography
(1.4286 billion as on April, 2023), still ranks 5" place, with a percentage of 21%
among the prime consumers of SLT worldwide, trailing behind Palau (51.3%),
Myanmar (43.2%), Bangladesh (27.5%) and Marshall Islands (21.6%) (Elfein, 2022).
According to the GATS 2 Fact Sheet (2017), India has an overall of 21.4% of current

SLT consumers with 29.6% being male and 12.8% being female. The current tobacco



consumers in India comprises of 28.6% of the adult population ranging from age 15

and above which accounts for 266.8 million individuals.

In India, SLT use is widely and highly prevalent among the Northeast Indian
populace. Tripura place’s first among the Indian states with 48.5% of its population
consuming multiple forms of SLTs. Mizoram is a small state in India covering a land
area of only 21,081 km?, housing a population of roughly 10.97 lakh individuals
forming a total of 0.09 % of India’s population (Census, 2011). Food habits including
addition of condiments such as ash-filtered water or chingal, fermented pork fat and
consumption of smoked meat are commonplace practises (Bhowmick, P.,
Lalrinhlupuii et al., 2022). Though Mizoram is rather secluded and its population
small, it still ranks quite high in the national SLTs consumption rate with 33.5% of its
adult population being smokeless tobacco consumers. Mizoram also places first among
all Indian states as the highest smoking population with 34.4 % (Global adult tobacco
Survey 2, 2017). Moreover, Mizoram ranks second in the prevalence of tobacco use
among the states/Ut’s in India with 58.7% of its population being under the influence
of'tobacco. A total of 61.6 % (56.6% urban, 68.5% rural) of the adult female population
and 72.9% (69.5% urban, 77.4% rural) of the adult male population of Mizoram use
some form of tobacco (NFHSS5, 2021). According to National Centre for Disease
Informatics and Research (NCDIR), the prevalence of smokeless tobacco use (54.1%)
in Mizoram is much higher as compared to that of smoking (43.6%) (Indian Council

of Medical Research-National Centre for Disease Informatics and Research, 2022).

1.2. Indigenous tobacco products of Mizoram — Tuibur.

Among the population with the highest prevalence rate of tobacco consumption

in the country, tobacco has long been imbedded into the tradition as well as culture of
(a) the Mizo tribe. Believed to have originated
from Shinlung/Chhinlungsan situated on

(b) the banks of Yalung river in China, this

= D\ tribe migrated SEAR towards their present

habitation (Mizoram) in India during the

h .
Figure 1.3. (a) Vaibel; (b) Zozial. 16" century ~ (Mizoram  State E-



Governance Society, 2021). The age-old tradition of using tobacco in different
indigenous forms has cultural, social and traditional significance. This can be evidently
comprehended by the common practice of smoking in any social setting or gathering.
Offering tobacco to others was also considered a sign of hospitality. Even in the aspect
of marital courtship, a hand-rolled cigare\tte called Zozial [Figure 1.3 (b)], was known
to be offered by maidens to their suitors while being courted. Similarly, proficiency
in waterpipe smoking was also considered an advantageous trait for potential brides.
Vaibel [Figure 1.3 (a)] is likewise a traditional bamboo smoking pipe which was

mainly practiced by the men-folk of the Mizo tribal community.

Tuibur, which has two modalities of use (smoking and smokeless), is a distinct
form of traditional tobacco use. Tuibur, in the smoking form (Figure 1.4), which bares
similarity to the Indian hookabh, is a waterpipe
made of bamboo and clay comprising five
parts connected using housed joints wedged
together where the bottom container holds \\
water. The pipe is sucked to allow the smoke ‘
to get saturated into the water which is later /

sipped using bamboo/gourd tubes. The other

form of tuibur, which is a liquid SLT, though

categorized as a SLT, is unique because of the Figure 1.4. Tuibur (waterpipe).
fact that it is made by infusing tobacco smoke into an alkaline water called chingal.
The liquid product (tuibur) is sipped, retained in the oral cavity and then spat out after
the user no longer tastes the alkalinity of the concoction. This mode of use is repeated
several times a day. Tuibur in this liquid form was not only used as an oral tobacco
product but also as a remedial means to treat aliments such as toothache and oral
diseases along with its use as a pesticide/insecticide during farming. Tuibur was
prepared at home with small amounts of tobacco for personal use but at present, it is

manufactured in small-scale cottage industries which supply the majority of

consumers (E-governance, 2018).

Early toxicological studies on tuibur used the Allium root tissue as a test
system. This study demonstrated a dose-dependent reduction of the mitotic index,

lagging chromosomes, micronuclei (MN) formation along with tumour formation in
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the Allium root even at low-concentration tuibur exposure (Mahanta et al., 1998). An
epidemiological study by Phukan et al., (2005) revealed the potential increase in
stomach cancer risk among tuibur users of the Mizo populace. Individuals carrying the
glutathione S-transferase genes GSTMI1 (null genotype) and GSTT1 (non-null
genotype) also exhibit a risk of stomach cancer as high as 2.4 times on prolonged
consumption of tuibur as compared to non-users (Malakar et al., 2012). A close
association between mtDNA D-loop mutation and polymorphism, tuibur use and
stomach cancer has also been found; where a high frequency of mtDNA D-loop
mutation was observed in tuibur users as compared to non-consumers, which might

indicate higher risk of gastric cancer in the former (Lalmuanpuii et al., 2015).

Chemical characterization of tuibur demonstrated the presence of a diverse
mixture of harmful compounds, heavy metals and others. A voltametric analysis of
tuibur described the presence of heavy metals such as lead, nickel, arsenic, cadmium
along with the presence of tobacco-specific nitrosamines (TSNAs) where N-
nitrosonornicotine (NNN) was present in high concentration. Nicotine was detected
using flame ionization detector (FID) and secondary tobacco alkaloids like anabasine,
anatabine and myosmine were analysed using thermal ionization detector (TID)
without much success (Sinha et al., 2006). A Fourier transform infrared spectroscopy
(FT-IR) study reported the different functional groups which may be attributable to the
presence of halides along with the presence of vibrational bands due to aromatic
compounds as well as peaks linked to the presence of nicotine (Lalmuanpuii, 2016).
Inductively-coupled plasma atomic emission spectroscopy (ICP-AES) analysis
disclosed the presence of essential elements such as calcium, magnesium and iron.
From an analysis by means of inductively-coupled plasma mass spectroscopy (ICP-
MS) heavy metals like Pb, As and Cd were observed to exist in concentrations much
higher than their USEPA permissible limits. Mass spectrometry analysis uncovered the
presence of alkaloids and its derivatives along with phenolic compounds, quinones

and TSNAs (Lalmuanpuii, 2016).



1.3. The Tobacco plant.

Among the 72 naturally occurring species of Nicotiana, only two species,
namely, Nicotiana tabacum [Figure 1.5.(a)] and Nicotiana rustica [Figure 1.5.(b)], are
highly valued and economically significant as they are extensively cultivated for
manufacturing commercial tobacco. Besides, few other tobacco species are also grown
as ornamental plants. in India, tobacco is mainly cultivated, on a commercial scale, in
the states of Gujarat, Maharashtra and Uttar Pradesh (West and North India); Andhra
Pradesh, Karnataka, Tamil Nadu (South India); West Bengal, Bihar and Orrisa (East
India).

The tobacco plant has a thick and bushy erect stem (round and covered with
viscid-glandular hairs) with simple yet significantly oval shaped leaves which are also
hairy and oily sticky surface. The mature plant may reach about 120 - 185 cm in height
and spawns clustered tube-shaped flowers (4 — 5 cm) which may be rosy (N. tabacum)
or yellow (M. rustica) in colour. The optimal temperature for the cultivation of tobacco
is between 20 — 30 °C but it grows quite well in varied climates and thrives in well
drained, aerated, slightly acidic soils having pH between 5 — 6. The leaves of the
tobacco plant are harvested in such a manner that only a few (2 — 3) fully matured
leaves are picked/plucked by hand from each plant per harvest after which the leaves
are typically tied in pairs and left to cure. Mechanical harvesting also takes place in
countries like America and Canada. Different types of tobacco such as Virginia,
Burley, Perique, Latakia (oriental), Cavendish etc., are mixed together to form blends.
In India, FCV tobacco, bidi tobacco, cigar and cheroot, hookah tobacco, chewing and
snuff, natu (tabacum), burley, lanka (tabacum) and HDBRG as well as pikka tobacco
are grown (ICAR, 2023).



Taxonomic classification of tobacco plant

Domain : Eukarya

Kingdom : Plantae

Phylum : Magnoliophyta
Class : Magnoliopsida
Order : Solanales

Family : Solanaceae

Genus : Nicotiana

Species : Nicotiana tabacum;

Nicotiana rustica
Common Name: Tobacco

Habitats: Native to America;

cultivated in most

tropical / sub- Figure 1.5. (a) Nicotiana tabacum;

tropical regions. (b) Nicotiana rustica.

Tobacco leaves are cured, aged and fermented to improve aroma, flavor while
decreasing the harsh and pungent odour of the leaves in order to develop a better taste.
The most common types of curing methods for tobacco are air, fire, flue and sun
curing. Air-curing is used for tobaccos such as burley and takes place by mechanical
ventilation for 4 - 8 weeks inside a high roof building. Fire-curing employs the heat
from open hardwood fired in barns to cure the tobacco which has been hung for 3 days
to 10 weeks. Flue-curing is performed in small, tightly constructed barns with
ventilators and flues stretched out under or around the floor. It requires 4 - 8 days for
completion and is used for bright (Virginia) tobacco to produce tobacco for high grade
cigarettes. In India, sun curing is the most employed technique used for tobacco curing.
Tobacco is left to naturally dry out in the sun without a cover (World Health

organisation, 2017). Curing turns the green chlorophyl in the tobacco leaves to
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yellowish carotene and ultimately to mild golden brown or dark brown (depending
upon the region), by drying (Figure 1.6.). The cured tobacco leaves are differentiated
according to the extent and
duration of curing into
different grades, and stacked
in large bulks or stored in
closed containers in order to
undergo further fermentation.

This stage is also known as

sweating the tobacco as water
and ammonia are precipitated

out of the leaves which

Figure 1.6. Cured tobacco leaves.

reduces the nicotine, tar and
acidity of the tobacco. Aging and fermentation aren’t easily distinguishable in all cases
save the activity of the former results in a more rapid and substantial release of heat

and gases (Johnson, 1934).

Tobacco being a psychoactive, recreational, legal drug, has undergone
extensive investigation to elucidate its chemical composition. The alkaloid
composition of the Nicotiana genus consists of pyridine alkaloids such as nicotine,
nornicotine, nicotyrine, anabasine, anatabine, cotinine and myosmine. In most species
of Nicotiana, the predominant alkaloid was found to be nicotine, but some other
tobacco species have nornicotine and anabasine as their primary alkaloids (Sisson &
Severson, 1990). Tobacco leaf consists of hydrocarbons such as branched chain
alkanes (iso and anteiso compounds), isoprenoids (farnesene, neophytadiene, etc.),
terpenoids, sterols, aliphatic, aromatic and cyclic alcohols, esters, cyclic esters,
aldehydes, ketones, quinones, phenols, phenolic esters, acids and bases including the
aforementioned alkaloids. Plant metabolites including carbohydrates such as glucose,
fructose, deoxyribose, etc.; amino acids, proteins and other related compounds like
arginine, cystine, glutathione, histidine, tyrosine etc.; and inorganic constituents such
as chloride, nitrate, nitrite, potassium, nickel, chromium, arsenic, cadmium, mercury,
lithium, lead, zinc, copper, manganese, etc. present due to soil and environmental

conditions as well as essential elements; are also present in the tobacco plant (Stedman,
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1968). Several factors like soil pH and type, type of foliage residue, the genotype of
the plant, application of herbicides, pesticides, fungicides, insecticides, fertilizers and
others, can influence the elemental profile of the tobacco plant, hence, rendering a

difference in elemental composition of tobacco leaves from region to region.

Curing influences the composition of tobacco leaves such that green tobacco
leaves have higher starch and nicotine contents while yellowed and cured leaves have
lower starch content with higher reducing sugar content as well as lower nicotine
levels. The pH of the tobacco leaves whether green, yellowed or cured remain the same
at approximately 5 to 6. Tobacco-specific nitrosamines (TSNA) are formed after
harvesting of tobacco leaves and during the process of drying, curing, aging and for
the most part during fermentation. Nitrite concentration of tobacco also plays a
significant role in the formation of TSNAs. During curing of tobacco, due to microbial
activity, nitrate is converted to nitrite, the nitrite thus formed elicits the formation of

TSNAs by undergoing a nitrosation reaction with tobacco alkaloids.

Smoke from tobacco is a multifaceted and dynamic mixture of chemicals.
Cigarette smoke is an aerosol made of droplets and has been classified as mainstream
(inhaled directly through the column of the cigarette via the filter tip) and side-stream
(smoke generated from cigarette by puffing which is inhaled by bystanders) smoke.
Sidestream tobacco smoke is known to have higher concentrations of tobacco smoke
constituents. (Engstrom et al., 2003) The gas or vapour phase of tobacco smoke
consists of N2, Oz, CO, CO2, HCN, H2S, CH4, CH30H, HNO3, CH3;CHO, (CH3)2CO,
other hydrocarbons, acrolein, nitrosamines (gas phase) plus carbonyl compounds
(Borgerding & Klus, 2005; Perfetti & Rodgman, 2011). The constituents of tobacco
smoke particulate phase called total particulate matter (TPM) consist of TSNAs, poly
aromatic hydrocarbons (PAHs), water, phenols, carboxylic acids, humectants,
terpenoids, nicotine, paraffin waxes and aldehydes (Johnson et al., 1973). Tar is a
material also known as particulate matter (TPM) that is containing nano-sized
inorganic particles, PAHS, and carbonaceous materials. Formaldehyde as well as
cyanide was indicated to be present in both phases of tobacco smoke (U.S. Department

of Health and Human Services, 2010).
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A necessary evil with regards to commerce, economics and agriculture,
tobacco has many cons but exhibits some advantageous applications in agriculture
other than for consumption. In some agricultural forums, tobacco decoctions are being
recommended for its application as natural pesticides. Tobacco has been used as a
natural pesticide/insecticide due to its nicotine content. The pyrolysis bio-oil generated
from tobacco leaves produced by Booker et al., (2010) has shown inhibition of
microorganisms such as Pythium ultimum (fungus), Clavibacter michiganensis (Gram-
positive bacteria) and Streptomyces scabies (bacteria) as well as pests like Lepinotarsa
decemlineata (beetle). A study by Weber et al., (2019) showed the repellent activity of
tobacco leaf extract towards R. sanguineus (tick larvae) even upon several dilutions of
the extract; along with significant repelling activity against Mucosa domestica (fly
larvae). These studies show that tobacco has great potential in the field of agriculture
as pesticides and insecticides. Due to the slowly declining consumption of tobacco
(W.H.O., 2024), there is a need for the introduction of alternative uses in regards to
tobacco cultivators globally to ensure no loss of revenue, albeit additional exploration

on the subject is required.

1.3.1. Some tobacco alkaloids.

The most abundant alkaloid found in Nicotiana tabacum and Nicotiana rustica,
Nicotine or 3-(1-methyl-2-pyrrolidinyl) pyridine has been probed extensively. It is also
found in several varieties of the nightshade family (Solanaceae) plants like aubergine,
tea, potato and tomato. Nicotine is stored in the leaf vacuoles and is synthesized in the
root cortical cells of the tobacco plant. Nicotine’s biosynthesis occurs via the canonical
jasmonate-signaling pathway and ~ 95% of total tobacco alkaloid content is made up
of nicotine. Depending on the species of Nicotiana, further metabolism of nicotine can
occur in the leaves giving rise to other alkaloids such as nornicotine. Nicotine is a
strong insect repellent and used as a defence mechanism against herbivores by the
plant. In injured plants or plants subjected to stress such as attacks from herbivores,
correspondingly the alkaloid concentration is increased, indicative of the modulation

of basal level of alkaloid due to different kinds of stimuli (Zenkner et al., 2019).
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Nicotine’s chemical structure consists of nitrogen containing two heterocycles:
a pyridine and pyrrolidine ring with the empirical formula CioHi14N> having a
molecular weight of 162.23 (Figure 1.7.). Nicotine is an oily viscous liquid with a
boiling point of ~246°C and is colourless. The pyrrolidine moiety is synthesized
biologically by the metabolism of polyamine putrescine while the pyridine moiety is a
derivative of nicotinic acid. Nicotine is a polar compound capable of forming hydrogen
bonds with polar protic
solvents such as water,
alcohols and acids. It is
also highly soluble in
solvents like petroleum
ether, ether, chloroform,
kerosene and oils (NCBI,
2023). Owing to an

Figure 1.7. S (-) — Nicotine.

asymmetric carbon
(chiral center) present in the pyrrolidine moiety, nicotine exists in 2 enantiomeric
forms namely, R— and S— nicotine. The nicotine present in tobacco is principally the
levorotatory isomer (S — isomer) which is also the only naturally occurring form of
nicotine. Its R (+) form is derived upon pyrolysis and is rather weaker agonist relative
to the S(-) form such that it does not bind as readily to nicotine receptors. Nicotine has
two pKa values, viz., 3.0 and 8.02, therefore it is a weak base and oxidises to brown
upon air and light exposure. The nitrogen on the pyrrolidine ring of nicotine is more
basic as compared to the nitrogen on the pyridine ring (Gorrod and Warhen, 1993). At
pH 7.4, nicotine exists in both as ionized as well as unionized forms due to the nitrogen
on the pyridine ring remaining un-ionized. The more lipophilic unionized nicotine is
easily absorbed through biological membranes in comparison to the hydrophilic

ionized form (McKinney & Vansickel, 2016; Benowitz et al., 2009).

The endogenous neurotransmitter, acetylcholine, is quite similar in structure
and polarity to nicotine. Consequently, nicotine mimics acetylcholine and therefore,
binds easily to nicotinic acetylcholine receptors (nAChRs) in the Central Nervous
System (CNS) impacting the action of acetylcholine within the body. Belonging to the
Cys-loop family of ligated-ion channels (including serotonin, glycine and GABAA
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receptors), nAChRs form different subtypes under 16 homologous mammalian
subunits (a and ). All these neuronal receptor subtypes are selectively permeable to
small mono and divalent cations. Among the nAChRs subtypes, 042 subtype shows
high affinity towards nicotine. The instigation of addiction to nicotine primarily
involves the nAChRs of the midbrain dopamine area due to the presynaptic o7
nAChRs binding and activation on cholinergic afferents. This process encourages
glutamate to be released onto the dopaminergic neurons of the midbrain. An activation
in addition to desensitization of the nAChRs due to a longstanding exposure to nicotine
in low-concentration may lead the receptors to be inactive. The 042 nAChRs present
in the hippocampus on stimulation also aids in the release of y-aminobutyric acid
(GABA) and glutamate. Dysregulation of nAChRs due to chronic/prolonged
desensitization resulting from inadequate recycling of receptors, eventually leads to
upregulation of nAChRs which is presumed to play a key role in the progression and
sustenance of nicotine addiction. Stimulation of nicotinic receptors in the brain via
nicotine exposure generates the release of neuro-mediators such as acetylcholine,
dopamine, nitric oxide, norepinephrine, epinephrine, vasopressin, etc. (Benowitz &
Gourlay, 1997). Termination of tobacco use among long-term tobacco users normally
manifests in minor but unnerving withdrawal symptoms such as shortfalls in cognitive
abilities, irritability, restlessness, insomnia, anxiety, depression and increased appetite;
which ultimately disappears with abstinence for a duration of a few weeks (Dani, 2001;

Dani & Bertrand, 2007).

Due to the solubility of nicotine in water and lipids, it is easily absorbed by the
respiratory tissues, mucosa, and the skin while much less so by the stomach due its
acidic environment. Nicotine can be administered via ingestion, inhalation, nasal, oral
and transdermal absorption by using tobacco and nicotine containing products. Oral
tobacco products which are made alkaline to facilitate the relatively rapid absorption
of nicotine through buccal mucosal epithelial cells. With a distribution half-life of ~ 9
minutes, nicotine circulates throughout the entire body with a steady-state distribution
range between 2.2 — 3.3 L/kg. Biotransformation resulting in the formation of nicotine
metabolites that mainly occurs in the liver while some in the kidneys and lungs.
Cotinine is produced by the metabolism of nicotine via two steps: hydroxylation of

nicotine by cytochrome P450 2A6 enzyme subsequently the intermediate would be

14



catalysed by aldehyde oxidase. Other metabolites such as nornicotine (0.4 — 0.8%) and
nicotine glucuronide (3 — 5%) produced from nicotine are mediated via phase I and
phase-II enzymes, respectively. Excretion of nicotine occurs via urination (15%) and
renal excretion. Urine acidification reduces the amount of free unionized nicotine and
helps in renal elimination (McKinney & Vansickel, 2016). Similarly, during the curing
and senescence of tobacco leaves also nicotine degradation depends on its ability to
undergo oxidation of the a carbon adjacent to the pyrrolidine nitrogen atom to form

xenobiotics and metabolites (Bush et al., 1999).

One of the minor alkaloids of tobacco, cotinine or 1-methyl-S5pyridine-3-yl-
pyrrolidinone (Figure 1.8.) is a N-alkylpyrrolidine consisting of a N-
methylpyrrolidione holding at the C-5 position (5S- enantiomer) a pyridin-3-yl
substituent. It has a molecular formula C10H12N20 with a molecular weight of 176.21
g/mol and is a viscous oil with a boiling point ranging between 210 —211°C at 6 mmHg
(NCBI, 2022). Cotinine differs in structure from nicotine by the presence of one
carbonyl group which changes the pyrrolidine ring into a cyclic amide. Consisting of

two conformers, cotinine’s conformational

difference mainly relies on the position of the
O/ pyridine substituent which adopts a twisted
|TI \ / ring conformation at the equatorial position.

Cotinine  being capable of forming
) o intramolecular hydrogen bonds C-H---O=C
Figure 1.8. Cotinine.

might as well be a factor that facilitates the

rotation of the methyl group (Uriarte et al., 2017). It is also clear from its structure that
it is susceptible to further oxidation at the carbon and nitrogen centres. N-
demethylation can also take place to produce nornicotine from cotinine in some species
excluding humans (Gorrod & Schepers, 1999). Cotinine is a predominant metabolite
of nicotine by means of enzyme-mediated oxidation in humans and animals also used
as a biomarker to detected exposure to nicotine since it can be expelled by most species
while remaining unchanged. Nicotine is mostly metabolised in the liver to form
cotinine (Figure 1.8.) though research findings suggest cotinine is also formed in the

brain (Benowitz & Jacob, 1994; Jacob et al., 1997; Zhu et al., 2013). It is also known

to be produced in small quantities during the tobacco curing process possibly by way
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of oxidation and bacterial activity on nicotine (Tan et al., 2021). 70 — 80% of the total
nicotine consumed is converted to cotinine in the human body. It is photodegradable
with a half-life of 15 hours and exposure to cotinine is commonly through ocular or

dermal contact.

Studies have shown myriad effects of cotinine across diverse systems including
cardiovascular, endocrine, immune, neurobehavioral system besides the nervous
system and may congruently play a role in the tobacco dependency. Biotransformation
of cotinine does not take place in the brain which leads to a higher degree of
accumulation compared to nicotine. Cotinine is a stimulant which promotes the release
of dopamine via the nAChRs in the nigrostriatal pathway but non-neuroactive in doses
seen in smokers. In rats, at high doses, cotinine, in a dose-dependent manner lowers
heartrate, blood pressure and aldosterone levels albeit such physiological changes are
normally not observed in humans. Though cotinine is not categorized as a carcinogen
by the International Agency for Research on Cancer (IARC), it has been found to
inhibit anticancer drug doxorubicin induced cell death by supressing the caspase
enzyme mediated apoptosis via Akt/PI3 kinase pathway and hence exacerbates the risk

of cancer (Gray & Hall, 2014).

Nornicotine (3-pyrollidin-2-yl-pyridine), easily obtained by the demethylation
of nicotine, has a similar structure yet different from nicotine only by the absence of
methyl group at the pyrrolidine nitrogen.

(Figure 1.9.) It is a hygroscopic colourless or

pale-yellow liquid with a molecular formula of

CoH12N2, a molecular weight of 148.20 g/mol \ W N

and has a boiling point of 260°C. Much like

nicotine, it 1s miscible in water and easily ‘
dissolves in solvents such as chloroform,

alcohols, ether a well as petroleum ether, N
kerosene and oils. On heating it decomposes to Figure 1.9. Nornicotine.

toxic vapours of hydrochloric acid and nitrogen oxides though it is comparatively more
stable than nicotine and does not change colour on exposure to light or air (NCBI,

2022).
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Nornicotine makes up about 2 to 5% of the total alkaloids found in the tobacco
plant and its biosynthesis involves both the pyridine and pyrrolidine pathways;
following the ring fusion of the two rings to form nicotine, demethylation takes place
to produce nornicotine (Figure 1.10.). The conversion of nicotine to nornicotine
happens in the root and leaf tissues by the role of the nicotine N-demethylase (NND)
enzymes programmed by the CYP82E gene in tobacco plants. Specifically, CYP82E4,
CYP82ES and CYP82E10 genes, belonging to the cytochrome P450 monooxygenase
family, have been observed to be involved in the demethylation process of nicotine to
nornicotine (Guo et al., 2021). The presence of nornicotine is considered to be
undesirable due to it being an antecedent of the tobacco-specific nitrosamine, N-
nitrosonornicotine (NNN), which is classified as a Group 1 carcinogen. Knezevich et
al., (2013) observed that incubating saliva with [pyridine-D4] nornicotine alone could
produce detectable levels of [pyridine-D4] NNN and demonstrated that NNN could be
formed just from nornicotine without addition of other substances using human saliva.
Therefore, researchers have also developed ways to decrease nornicotine production
in the tobacco plant by RNA interference-induced silencing of the CYP82E4 gene and
its homologues to supress the conversion of nornicotine from nicotine (Gavilano et al.,
2006; Siminszky et al., 2005). The formation of nornicotine via nicotine ingestion in
humans have also been confirmed by the presence of nornicotine in human urine in
very less quantity (1%) suggesting the further metabolism of nornicotine into other

chemical compounds (Neurath et al., 1991).

As nornicotine is a major metabolite of nicotine, it is likely that it exhibits
similar interactions with nAChRs though potentially with differing efficacy and
affinity. Studies have shown that nornicotine exposure leads to the activation of a7 —
receptors which may play a role in affecting cognition and concentration as well as
mediating the activation of a6 — containing neuronal receptors reinforcing the effects
of nicotine (Papke et al., 2007). It was found that dopamine release in animal models
(rats) is nicotinic receptor-mediated. Also, the desensitization of neural nicotinic
receptors occurs on exposure to S-(-)-nornicotine along with the occurrence of cross-
desensitization indicating the contribution of common subtype of nicotinic receptors

for both S-(-)-nicotine and S-(-)-nornicotine (Dwoskin et al., 2001).
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Figure 1.10. Metabolism of nicotine to cotinine and nornicotine.

1.3.2. Other chemical components of interest.

Nitric oxide (NO°®), diatomic hydrophobic gaseous free radical, can diffuse
across cellular membranes due to its high diffusion capacity . NO* synthesis, in plants,
occurs mainly via two routes — reductive (based on reduction of nitrite to NO*) and
oxidative (oxidation of "NH4 species). Nitrate reductase reduces nitrate to nitrite and
can cause further reduction of nitrite to produce NO*. Plants are capable of releasing
NO?* from their leaves which is enhanced by the use of herbicides or nitrogen dioxide
(NOy) treatment. Under aerobic conditions, the levels of nitrate increases ensuing a
100-fold increase in NO*® emission. Plant mitochondria is also responsible for the
generation of NO*® from nitrite similar to animal mitochondria including several other
nitrite-dependent mechanisms involved in NO*® synthesis (Sun et al., 2003). A study
showed in tobacco (Nicotiana tabacum) that NO*® emission from tobacco leaves were
exclusively from the reduction of nitrite to NO* (Planchet et al., 2005). Epidermal cell
types such as trichomes, intercostal and costal epidermal cells, guard cells, subsidiary
cells as well as palisade mesophyll cells have the potential to form NO*. Although

chlorophyllous cells are associated with NO® production, wherein tobacco short
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trichomes may also be responsible for the generation of NO* and derivatives (Gould

etal., 2003).

NO* has a biologically short half-life attributable to its rapid reaction with a
wide range of molecules (Csonka et al., 2015; Bryan & Grisham, 2007). Reactive
nitrogen species (RNS) are a group of molecules occurring as derivatives of NO*
radical and O™ anion formed by nitric oxide synthase (NOS) and various enzymes
such as lipoxygenase, NADPH oxidase, cyclooxygenase etc. Nitrosative stress occurs
when there is excess of RNS surpassing the system’s capability to eliminate or
neutralize them. Peroxynitrite (ONOQO") is a resultant of the reaction between O2~ and
NO* and initiates the formation of RNS. It can directly react with transition metal
center containing proteins leading to modification of heme proteins like cytochrome
¢, haemoglobin and myoglobin as well as causing a change in protein structure on
reaction with amino acids of the peptide chain (Thuy le et al., 2017). One of the main
pathways of NO*® metabolism, in mammals, is its oxidation to nitrate and nitrite along
with its oxidation in the presence of molecular oxygen to NOz. NO> further reacts with
NO* molecule to produce N2Os which may decompose to give nitrite. Nitrite may
further be oxidised by oxyhaemoproteins to nitrate in addition to the direct reaction of
NO* with oxyhaemoproteins forming nitrate (Csonka et al., 2015; Bryan & Grisham,
2007).

Tobacco-specific nitrosamines (TSNA) are a class of highly carcinogenic
nitrosamines derived via tobacco alkaloids such as nicotine, nornicotine, anabasine
and anatabine. TSNAs primarily consist of N-nitrosonornicotine (NNN), 4-(methyl
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N-nitrosoanabasine (NAB), N-
nitrosoanatabine (NAT) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)
(Figure 1.11.). NNN and NNK are classified as Group 1 carcinogens while NAT and
NAB are Group 3 carcinogens (IARC, 2016). Gas or solid phase nitrosation of tobacco
alkaloids resulting from the presence of NOx in tobacco during storage under warm
temperature leads to the formation of TSNAs. Though the presence of nitrate in
tobacco does not directly lead to TSNA formation, the presence of microbes which are
able to convert nitrate to nitrite, which is highly reactive, enables the facile conversion

of secondary tobacco alkaloids to nitrosamines (J. Wang et al., 2017).
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Figure 1.11. Tobacco specific nitrosamines (TSNAS).

Since tobacco uptakes considerably higher levels of nitrogen, potassium and
phosphorous when compared to other plants, hence it demands lavish nitrogen rich
fertilizer amendments. The lavishly applied nitrogen fertilizers greatly enhances the
nitrate nitrogen (NO3—N) levels in tobacco leaves, consequently accentuate the nitrite
concentration levels. With the abundant nitrogen oxides in presence of alkaloids during
the curing of tobacco leaves leads to the facile TSNAs formation (Lewis et al., 2012).
Tricker et al., (1988) has also shown that under simulated gastric conditions,
endogenous formation of NAT, NAB and NNN can in fact occur on exposure to oral
tobacco products, where a constant nitrite content plays a crucial role. Poor oral
hygiene which exacerbates the microbial reduction of nitrate to nitrite in the oral cavity
combined with tobacco alkaloids from oral tobacco use contributes to the endogenous

formation of TSNAs (Nair et al., 1996).

Quinones, having a structure that constitutes a benzene core with two carbonyl
groups, is a group of compounds which naturally occur in bacteria, fungi as well as

plants. In nature, they exist as benzoquinones, anthraquinones, naphthoquinones and
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polycyclic quinones. They are crystalline yellowish solids which cause itching on

dermal contact. Quinones have a characteristic unpleasant smell and is an oxidizing
agent. Complete reduction of o- and p-quinones to their corresponding catechol and
hydroquinone takes place. In the liver, the reduction of quinones may be catalysed by
carbonyl reductases (Devi and Mehendale, 2005). When quinones are produced in
biological systems, they undergo reactions with cellular nucleophiles or go through
redox reactions to generate reactive oxygen species (ROS). Among the many pro-
oxidant chemical compounds found in tobacco smoke, hydroquinone is the most
abundant. Major metabolites of hydroquinone are hydroquinone sulphate and
glucuronide conjugates (in high levels of exposure). The product of oxidation of
hydroquinone to p-benzoquinone is a reactive metabolite which may produce
mono/polyglutathione conjugates (IARC, 1987). Semiquinone radicals are formed as
an intermediate during the conversion of hydroquinone to p-benzoquinone. More akin
to other free radicals, the semiquinone radical species deprotonates the remaining
hydroxyl group establishing an acid-base equilibrium (Figure 1.12.) (Asmus &
Bonifaci¢, 2000).

OH o 0
i s M -e/-H' o
~ —_—————————
HO HO e}
Hydroquinone Semiquinone radical 1,4-Benzoquinone

Figure 1.12. Hydroquinone to p-benzoquinone conversion with intermediate.

Tobacco-smoke tar phase contains significant concentrations of stable free
radicals which were identified using electron paramagnetic resonance (EPR) as
carbon-centered radicals (-C°) and semiquinone (QH") radicals. EPR spin-trapping
detection of quinone/semiquinone/hydroquinone (Q/QH¢/QH>) system in tar phase
tobacco smoke was performed by Pyror (1992), where the stable free radicals were
recognized as o- and p-benzosemiquinone radicals and the mechanism of conversion

of Oz to Oz by QH’ radicals, which can cause dismutation to produce H>O> followed
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by a reaction with Fe?" (which is abundant in tobacco-smoke tar phase) generating
highly reactive and oxidizing hydroxyl radicals (HO") through the Fenton reaction as
seen bellow (Valavanidis et al., 2009):

Q+QH; $ 2QH
QH'+0;, - Q+0Oy +H'
Oy +2H" — Hy0,
QH; + 02 — H,0,+Q

QH,+0; — Oy +QH +H"

Fenton Reaction

Fe?' + H)O, — Fe*"+ HO' + HO™

Tobacco is a proficient metal accumulator in its leaves; particularly Cadmium
(Cd) and zinc (Zn) (Kozak & Antosiewicz, 2023). Cd and zinc are taken up by the
plant via the root system as divalent cations, by selective transporters contained at the
plasma membrane. Metal species are mainly stored in the vacuoles, and metal
transporter proteins play key role in the translocation of metals from root to the shoot
and leaves (Kozak & Antosiewicz, 2023). Lugon-Moulin et al., (2006) conducted a
quantitative study of Cd in 755 types of tobacco from across the globe comprising of
burley, flue-cured and oriental tobacco; the concentration range of Cd in the tobacco
samples was between 0 — 6.78 pgg~! dry mass. Zinc and nickel (Ni) concentration
determination in flue-cured tobacco leaves range between 24 to 33 ugg~' dry mass of
Zn and 2.20 to 2.92 ugg~' dry mass of Ni (Tso, 1972). The raw as well as processed
Ethiopian tobacco leaves were also found to contain Cd, copper (Cu), chromium (Cr),
Ni and Zn but lead (Pb) was non-detectible with Zn metal ions exhibiting higher
concentration in the tobacco samples as compared to other heavy metals (Regassa &
Chandravanshi, 2016). A multi-elemental study of tobacco leaves, roots and stem in
by neutron activation analysis (NAA) as well as atomic absorption spectrometry
(AAS) determined the presence and concentration of essential elements (calcium,
magnesium, potassium, sodium, manganese, copper, iron, zinc) and 28 non-essential
elements including heavy metals such as Cd, Pb, Cu, Ni, Cr and Zn along with rare

earth metal ions in Northeast Indian tobacco samples (Lalrammawia et al., 2022).
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1.4. Consequences of the tobacco industry.

From decades’ worth of research, it is a well-known fact that tobacco
consumption is an avoidable unhealthy habit. Tobacco cultivation also impacts the
environment severely such as deforestation which in turn induces soil degradation and
erosion concomitantly with biodiversity loss, water pollution and increased
atmospheric CO» levels. The use of various agro-chemicals, for instance, growth
regulators, fertilizers, pesticides, etc. for the crop to attain maturity is substantial and
environmental run-off of these chemicals may contaminate water sources used for
drinking, not to mention the depletion of nutrient from the soil as tobacco is nutrient
(N, P, K) greedy compared to other crops. Moreover, non-recyclable waste containing
nicotine and toxic waste (HCl, NH3, methyl benzene and butanone) as by-products of
the manufacturing process have irrevocable effects on the environment (Novotny et
al., 2015). Over 124 countries in the world use an estimated 32 lakh hectares of tillable
land for growing tobacco. This poses a questionable outcome as it impinges on land
that can be otherwise used for the essential food crop cultivation as major tobacco
producing countries are food-deficit and economically developing nations. India, with
the largest population in the world riddled with poverty and food insecurity, is one of

the third largest producers and the second largest consumer of tobacco in the world.

Green tobacco sickness (GTS) is caused due to tobacco poisoning in
workhands engaged in tobacco cultivation and harvesting. Thus, the exposure of
mature tobacco leaves ensues dermal nicotine absorption leading to intoxication.
Symptoms characteristic of GTS include headache, nausea, vomiting, dizziness,
muscle weakness and in extreme cases, seizures. It mainly occurs when garments of
workers or tobacco leaves become wet by perspiration, dew or rain. Studies have
concluded that incidence of GTS was 37% in individuals working with tobacco
production with urine cotinine levels of 700 to 1000 ng/mL because of GTS (Cezar-

Vaz & Cargnin, 2019; Park et al., 2018).

In human beings, different types of cancer of the respiratory tract and other
vital organs, besides heart diseases including aortic aneurism, ischemic as well as
respiratory heart disease, stroke, pneumonia and others, are epidemiologically linked

with smoking tobacco (Wald & Hackshaw, 1996). Besides, the consumption of
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smokeless tobacco also portends various non-communicable diseases. Moreover, SLTs
use induces elevation of blood pressure with studies showing increase in the blood
pressure with increased absorbed nicotine levels. (Fant et al., 1999) An increased heart
rate of 1642 beats per minute with approximately 50% epinephrine increase was also
reported which makes SLT use as a hemodynamic as well as autonomic stimuli (Wolk
et al., 2005). Furthermore, SLT use has many ill effects related to oral health. Gingival
recession together with exposed teeth, periodontitis following calculus and plaque
accumulation, leucoplakia, erythroleukoplakia, erythroplakia, oral submucous fibrosis
and oral cancers including squamous cell carcinoma and verrucous carcinoma are
common findings in patients with a history of SLT use (Muthukrishnan &
Warnakulasuriya, 2018).

Diabetes, specifically type 2 diabetes, has been observed to have an increased
risk of development with hazard ratio (HR) 1.15 (95%) in SLT current consumers
versus former users with a HR of 0.86 (95%). Dose — dependent studies likewise
revealed the relationship between increased SLT intake and increased risk of diabetes
(Carlsson et al., 2017). In the middle-class Indian population, smoking/smokeless
tobacco use is prevalent in diabetic patients (26.6%) compared to those without
diabetes (14.4%) (Gupta et al., 2014). Reduction in birth weight of about 105 grams
(p=0.02) and 6.2 days (p=0.0001) decrease in gestational age in infants with maternal
SLT use has been observed (Gupta & Sreevidya, 2004).

Global cancer burden is greatly influenced by chronic tobacco use. The World
Health Organization (WHO) estimates 80 lakhs preventable yet premature mortalities
per year due to tobacco use. SLT use in particular has been observed to cause
pancreatic, oesophageal as well as oro-pharyngeal cancers (International Agency for
Research on Cancer, 2020). Furthermore, a systematic review of cohort studies showed
that there was a high risk of oral cancer [Odds ratio (OR) 1.48 - 27.4], pharyngeal
cancer (OR 1.6 - 2.1) plus oesophageal cancer (OR 2.06 - 12.8) occurrence in SLT
consumers. A meta-analysis has likewise suggested a positive association between
malignancy of the upper digestive tract and the consumption of SLTs with OR of 2.17
(95%, confidence interval 1.42 - 3.22) (Gupta et al., 2018; Sinha et al., 2018).
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In 2020, 193 lakh new cancer cases besides 100 lakh deaths owing to cancer
was estimated to have occurred worldwide. The Asian population has considerably
contributed to 58.3% of global cancer deaths (Sung et al., 2021). In India, tobacco —
related cancer accounts for nearly half, 49.3% (males) and 22.8% (females) of all
cancer cases. On account of the Indian Council of Medical Research — National Centre
for Disease Informatics and Research (ICMR-NCDIR) (2021) cancer profile of the
North - Eastern region of India, it was observed that oesophageal cancer is the leading
site associated to tobacco use in both males (13.6%) and females (7%). Similarly in
Mizoram, where more than 77% of the populace are tobacco users, tobacco related
cancer was observed to be 43.3% among males and 22.1% among females (Indian
Council of Medical Research-National Centre for Disease Informatics and Research,
2022). In addition, the leading site for the proportion of cancer associated with tobacco
use in Mizoram is the oesophagus (16.2%) in males and the lung (15.6%) in females
(Indian Council of Medical Research-National Centre for Disease Informatics and

Research, 2021).

1.5. Oxidative stress.

The consequence of an imbalance between the generation and accumulation of
oxidants and the ability of intracellular antioxidant system to deactivate these oxidants
is described as oxidative stress. These oxidants are generated as by-products of aerobic
metabolism in the mitochondria during adenosine triphosphate (ATP) biosynthesis, but
under pathological conditions, can be induced in elevated rates. Redox enzymes are
the primary oxidant and antioxidant sources as well as sinks (Sies, 2020). Low-level
physiological oxidative stress is a requirement for redox signalling while high-level
supraphysiological oxidative stress is toxic therefore, maintaining presumptive redox
homeostasis is imperative for minimizing oxidative stress. In tissues and cells, all
forms of agents, i.e., physical, medical and/or microbial, can instigate oxidative stress.
Oxidative stress occurs endogenously via cell metabolism as well as exogenously
(exposome). Moreover, this phenomenon takes part in fundamental life processes
including cell respiration in the mitochondria, synthesis of lipids, metal metabolism,
lysosome function, phagocytosis of foreign bodies along with xenobiotic metabolism

of organic compounds (Sies, 2019). An estimated 1 to 4 % of the oxygen is converted

25



to superoxide radical (O2~*) species during the oxidative phosphorylation process.
Oxidative stress is reported to be associated with the pathogenesis of numerous non-

communicable diseases including different types of cancer (Finkel & Holbrook, 2000).

Reactive oxygen species (ROS) are molecules comprising of no less than one
oxygen atom with one or more unpaired electrons which exist only transiently. They
include chemical substances formed oxygen may be partially reduced. Most ROS are
generated as by-products during mitochondrial electron transport. ROS include free
radicals like superoxide radical (O2*"), hydroxyl radical (*OH), hydroperoxyl radical
(HO*), singlet oxygen ('02) and nitrogen-based radicals or reactive nitrogen species
(RNS) (Jakubczyk et al., 2020). These are principally signalling molecules in addition
to inducing cell differentiation and apoptosis, contributing to the process of aging.
ROS when produced in excess can cause damage to, plasma membrane, proteins
and/or DNA besides they disrupt the signal transduction pathways and essential
cellular metabolic processes. The unabated production of ROS combined with the
moderate antioxidants content renders depleted antioxidant capacity, which limit the
system’s capability of neutralizing and eliminating ROS and thereby induce the
oxidative stress. Enzymatic reactions are mainly responsible for the production of
ROS. Endogenous formation of free radicals may occur due to immune cell activation,
ischemia, inflammation, infection, cancer, excessive exercise, aging and mental stress;
while exogenous formation of ROS may occur from the exposure to environmental
pollutants, chemical solvents, heavy metals, specific drugs, cooking, alcohol, tobacco

smoke and high energy radiations (Pizzino et al., 2017).

Antioxidants consisting of different types of antioxidant enzymes and low
molecular mass antioxidants are the important defence mechanism against excess
ROS. According to Halliwell & Gutteridge (1989), ‘any substance that, when present
at low concentrations compared with that of an oxidizable substrate, significantly
delays or inhibits oxidation of that substrate’, is termed as an antioxidant. They reduce
oxidative stress-related damage by breaking the radical chain reactions induced by
ROS. Primary enzymatic antioxidants directly act on ROS generated from incomplete
reduction of singlet oxygen, and hydrogen peroxide. Superoxide dismutase (SOD)
which is a metalloenzyme, scavenges the superoxide anion radical by catalysing the

dismutation of O2* radical to hydrogen peroxide and molecular oxygen while catalase
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(CAT) and glutathione peroxidase (GPx) using glutathione S-transferases (GSH)
eliminates hydrogen peroxide (Sharifi-Rad et al., 2020).

Lipid peroxidation is the oxidation of lipids where the products formed can be
used as biomarkers for oxidative stress. Increase in lipid peroxidation products from
smoking causes DNA and protein lesions which potentially poses a threat to biological
processes. Malondialdehyde (MDA) is a product of the degradation of polyunsaturated
fatty acids (PUFAs) and is used as a biomarker for lipid peroxidation in blood plasma,
urine and saliva. Oxidation of proteins can be categorized into two forms: reversible
and irreversible. Irreversible protein oxidation including carboxylation and nitration
are consequences of tobacco smoke-induced ROS formation (Caliri et al., 2021). It can
initiate formation of 8-ox0-2’-deoxyguanosine (8-OHdG), a malicious DNA lesion,
which is possibly responsible for mutagenesis. Loss of epigenetic information, DNA
oxidation, DNA structure modification, to name a few, are outcomes of oxidative stress
(Pizzino et al., 2017). Oxidative stress, furthermore, instigates the breakdown of cell
tissue along with DNA damage which can result in inflammation. Chronic

inflammation entail lifestyle disorders like cancer and diabetes.

Apoptosis or cellular suicide, is a type of programmed cell death in biological
processes, where damaged cells are selectively removed in an orderly manner from the
tissue. This process is used for quality control during the development as it is an
energy-dependent stochastic process leading to rapid but discrete removal of cells
wherein excess cells are systematically dismantled and discarded. It naturally occurs
during development and aging to maintain the cell population as well as a defensive
mechanism involved in immune reactions. The cellular damage via apoptotic
mechanisms occurs because of stimuli such as noxious agents or diseases (Robertson
et al., 2009). Apoptosis involves the activation of caspases, a group of cysteine-rich
proteases, which provide crucial links in cell regulatory networks responsible for
orchestrating inflammation as well as cell death. Activation of executioner caspases
(caspases -3, -6 and -7) via initiator caspases (caspases -8 and -9) coordinate their
activity to stimulate other enzymes and destroy structural proteins. Two main apoptotic
pathways, intrinsic or mitochondrial apoptosis and extrinsic or death receptor
pathways encompass most apoptotic pathways (Mcllwain et al., 2015). Shrinkage in
size (dense cytoplasm, tightly packed cell organelles) and pyknosis (due to chromatin
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condensation) of the cell are characteristic features of apoptosis. Apoptosis is vital in
the maintenance of cellular homeostasis and its deregulation is involved in the
pathology of various disorders in humans (Elmore, 2007). Apoptosis can clearly be
distinguished from necrosis such that there is damaged or compromised cell membrane
integrity followed by swelling and lysis of the cell undergoing necrosis. Necrosis
occurs in a cluster of cells or tissue in a specific site, whereas apoptosis takes place
only at the unit cell level, and is programmed genetically leading to fragmentation of
DNA and formation of apoptotic bodies. Excess oxidative stress leads to either
apoptosis or necrosis. Antioxidants have the ability to check apoptosis similar to
caspase inhibitors. Bcl-2, an anti-apoptotic gene, with its antioxidant properties
suppresses oxidative stress induced apoptosis. Mitochondria also plays a central role
in apoptosis, where mitochondria permeability transition occurs under extreme stress

(Kannan & Jain, 2000).

As mentioned earlier, tobacco use is a promoter of oxidative stress in the human
body. Most of the metal species in tobacco have free radical generating capabilities.
Pb has shown to exhibit pro-inflammatory effects due to oxidative stress. Likewise,
arsenic (As) in tobacco causes pro-inflammatory effects by inducing ROS production
in different cell type though its mechanism of action remains to be fully
comprehended. By virtue of the exposure to As, the inhibition of cellular respiration
perturbs oxidative phosphorylation leading to excess H2O> production. Aluminium
(Al), Ni, Cd and mercury (Hg) present in tobacco and tobacco smoke can also induce
pro-inflammatory effects due to their ability to trigger oxidative stress by ROS
generation (Milnerowicz et al., 2015). The main source of nicotine-induced free
radicals are O>™* and H2O», which also acts as oxidative stress markers. A decrease in
antioxidant activity, uric acid levels, up-regulation of lipid peroxidation along with a
strong correlation of nicotine and cotinine with nitroxidative stress markers was
observed in a study of human saliva from SLT consumers (Begum et al., 2018).
Salivary samples from both smokers and SLT users where a marked increase in
salivary SOD and MDA followed by a decrease in GPx and CAT was observed in a
case-control study by Balasubramaniam & Arumugham (2022). A cohort study on 934
tobacco consumers (smoking and SLT) showed an increase in MDA levels suggesting

increased lipid peroxidation and decrease in antioxidant enzyme levels such as SOD,
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CAT and glutathione reductase (GR) indicating significantly increased oxidative stress
(Supriya et al., 2017). Comparative study of SLT consumers placentae vs. nonuser
placentae showed that maternal SLT use during pregnancy may be associated with
villus hypoxia and oxidative DNA damage since 8-OHdG as a biomarker was
observed in SLT consumers when compared to nonusers. (Kumar et al., 2021) Tobacco
related oxidative damage of sperm DNA may also be a causation of non-familial
sporadic heritable retinoblastoma (NFSHRb) in children whose fathers had tobacco
use history (Kumar et al., 2015). High micronuclei with DNA damage levels were
reported (p <0.05) in the buccal epithelial cells and peripheral blood of tobacco users
(Chandirasekar et al., 2019).

Oxidative stress related diseases (OSRDs) are diseases linked to oxidative
stress and excess free radical production which can be influenced by factors such as
lifestyle, diet and environment. Due to the susceptibility of neural cells in the brain to
oxidative stress compared to other tissues, in the late years of human life, when failure
of the oxidative stress repair pathways are probable, oxidative stress related lipid
peroxidation may give rise to oxidation of nucleic acid bases, protein damage followed
by aggregation of neuronal dead cells. Examples include diabetic neuropathy,
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis as well as amyotrophic
lateral sclerosis (Halliwell, 2006). Reduction of NO* levels due to the formation of
ONOO™ from the reaction of O™ and NO® may be a major mechanism of vascular
diseases. Atherogenesis with mechanisms including redox-sensitive transcription
factor activation, induced lipid peroxidation, oxidation of proteins as well as nuclear
and/or mitochondrial DNA damage is reported to be induced by vascular oxidative
stress (Forstermann, 2010). Osteoporosis is another OSRD where it is believed that
ROS is responsible for degrading and modifying fibronectin molecules in bone nodule
(Saeidnia & Abdollahi, 2013). Cancer has been strongly correlated with oxidative
stress related mutagenesis and sensitivity to mutagenic agents due to elevated levels
of ROS. High ROS levels can provoke tumour proliferation through ligand-
independent transactivation of the receptor tyrosine kinase (RTK) resulting in cancer

metastasis (Saeidnia & Abdollahi, 2013).
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1.6. Spectroscopic and analytical techniques.

Characterization of tobacco and associated additive chemicals has been an
ongoing research interest. As the tobacco industry becomes more innovative in the
creation of its products for consumption, spectroscopic methods are useful tools to
discern the contents of these tobacco products. Molecular Spectroscopy methods,
dependent on the wavelength of radiation, also encompasses the study of the
interactions of particles such as protons, electrons and ions with other particles as a
function of collision energy. Spectroscopy can utilize nearly the entire electromagnetic
spectrum, from the lowest to highest frequencies i.e., radio waves, infrared radiation,
UV-visible radiation, X-rays and y-rays. Spectroscopic techniques are exceptionally

sensitive, and are applied in both fields of science and technology (Chu et al., 2023).

Infrared (IR) spectrometry is based on the absorption of infrared radiation from
~10,000 to 100 cm™ which reflect the vibrational energies of the molecules. The
spectra is seen as vibrational bands exhibited by single vibrational energy change
together with a number of rotational energy change. The band intensities are plotted as
transmittance (ratio of transmitted radiation to incident radiation on the sample) and
absorbance (the logio of the reciprocal of transmittance). Molecular vibrations caused
by IR are of two types: stretching which is a rhythmical motion along the bond axis
and bending which brings about a change in bond angle. Only rhythmical change in
dipole moment of molecules due to molecular vibrations are reflected in IR. The main
focus of IR spectroscopy is the detection of functional group vibrations as the
‘fingerprints’ of molecules under probe (Silverstein et al., 2005). Fourier transform
infrared (FT-IR) is the most popular and/or preferred method of infrared spectroscopy.
FT-IR is precise, sensitive, enables sample recovery and is faster as compared to earlier
techniques. It utilizes an interferometer which generates an interferogram, which is
then transformed to the vibrational frequencies via the Fourier transform (a time-
dependent mathematical function that deconvolutes wave forms into their

corresponding frequencies) (Ernstsson & Wirnheim, 2007).

Attenuated Total Reflectance (ATR) is a sampling technique where IR radiation
passes through a crystal, which enables total internal reflection at the sample-crystal

interface and travels to the FT-IR detector. The evanescent wave (a portion of IR
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radiation) travels into the sample during internal reflection and can be absorbed. Either
liquid or solid samples can be placed onto the ATR crystal and analysed. Geranium
and Zinc-Selenium are commonly used as crystal materials for ATR sampling while
diamond is the best ATR crystal material. ATR-FTIR allows for rapid sampling,
enhanced sample-sample reproducibility, reduced sample variation and improved

spectrum acquisition as well as reproducibility (Kurrey et al., 2022).

Using solvent extraction method, FT-IR was used to qualitatively characterize
nicotine in selected raw tobacco and local cigarette brands in Iraq (Al-Dahhan et al.,
2022). A comprehensive chemical analysis of rapé (smokeless tobacco product of
South America) using FT-IR also pointed out that the SLT is made from Nicotiana
rustica. Identification of Nicotiana species as well as components of SLT other than
tobacco such as areca nut, detection of nicotine and TSNAs using FT-IR was also
performed on oral tobacco products (Stanfill et al., 2011; 2015). FT-IR analysis of
tuibur tar has also presented a complex mixture of chemical constituents and has
illustrated the heterogenous chemical environment of the SLT tar (Lalmuanpuii &
Muthukumaran, 2016). In recent studies, employing chemometrics coupled with ATR-
FTIR, total nicotine content has been quantified in Algerian SLTs via acid-base

extraction of nicotine from the samples (Fekhar et al., 2023).

Raman spectroscopy is similar albeit complementary to IR given that it detects
the interaction of light with matter but Raman spectrum arising from the scattering of
photon that causes the change in polarization that manifests as vibrational frequencies
of functional groups of molecules. This spectroscopic method employs Stokes and
Anti-Stokes scattering to discern molecular structure of a sample. It is based on the
principle of Raman scattering. When the LASER radiation of the near IR (NIR) or
visible range interacts with a molecule, the LASER can undergo multiple scattering
effects. Raman scattering is produced at higher energy levels when photons are
scattered by excited molecules in which inelastic scattering of photons occur
whereupon the kinetic energy of the incident particle is composed of Stokes and Anti-
Stokes portions. Unlike Rayleigh scattering, Raman scattering is dependent on the
polarizability of the molecule where the frequency of photons in the monochromatic

light changes as it interacts with the vibrational states of a molecule. This makes
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Raman Spectroscopy more sensitive to discern a molecule’s framework as compared

to IR which detects functional groups.

An advanced form of Raman Spectroscopy, Surface-Enhanced Raman
spectroscopy (SERS), is a highly sensitive method in detection of molecules as a result
of significant signal enhancement in comparison to normal Raman Spectroscopy. It
utilizes nanotechnology by employing the surface chemistry of nanoparticles which
exhibits higher surface area-to-size ratio of the material for better adsorption. The
enhanced signal intensity being directly related to concentration of molecule, the
increased surface area of the nanoparticle elicits a significant enhancement of the

intensity of observed signal enabling better characterization and analytical capability.

Raman spectroscopy has been applied for the determination of alkaloid
compounds from different plants including tobacco. Raman Optical Activity (ROA)
spectroscopy was used to determine the presence of two trans nicotine conformers by
obtaining ROA spectrum (Baranska et al., 2012). SERS with gold coated porous Si
has been successfully used to characterize the presence of tobacco alkaloids in
Nicotiana tabacum (A. Kumar et al., 2019). Raman spectroscopy has also been
employed for the classification of three volunteer groups where tobacco consumers
and oral cancer patients were differentiated from the healthy volunteer group using

their saliva samples (Hole et al., 2022).

High-performance liquid chromatography (HPLC) is an analytical technique
in chemical sciences used for the separation of compounds present in a chemical
mixture. There are two phases in HPLC — mobile phase (composed of solvents/eluents
comprising of a mixture of polar and nonpolar liquid components where the phase is
in motion flowing through the column from sample injection to the detector) and
stationary phase (immobile phase where the analyte undergoes physical separation).
HPLC is able to detect different analytes via each analyte’s retention time. The
retention time is described as the time taken by the sample to move from the sample
injection and the analyte‘s maximum peak signal in a chromatogram. When the affinity
of analyte to the mobile phase is stronger, the faster retention time achieved, whereas
greater the affinity of analyte to the stationary phase, slower retention time for that

particular analyte is observed.
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Two modes are generally applicable in HPLC depending on the mobile phase’s
composition. The HPLC system is referred to as a gradient eluent system when the
composition of the mobile phase is changed (continuously or stepwise), however if the
composition of the mobile phase remains the same during the entire separation period,
it is referred to as an isocratic elution system. The column of HPLC is responsible for
the desired separation of analytes in the sample as its efficiency is dependent on its
inner diameter, length and particle size of the packing material. The detector produces

a signal output in response to the separated analytes from the column.

HPLC is a common and effective separation technique for isolating compounds
from tobacco and nicotine products. Nicotine was successfully separated and
quantified from tobacco leaf extract by HPLC using ethanol as an eluent in the mobile
phase (Fathi et al., 2018). The R and S enantiomers of nicotine have also been isolated
from SLT, tobacco leaf extract, cigarette and e-liquids using normal phase HPLC;
where the dominant (S)-(-)-nicotine was found in higher concentration than (R)-(+)-
nicotine whose concentration was found to be much lower and similar all across the
products. (H. Zhang et al., 2018) Aside from nicotine, HPLC has similarly been applied
for the isolation of other components like tobacco sugars, solanesol and TSNAs

(Hoffmann et al., 1979; Pang et al., 2006; Hu et al., 2015).

Mass spectrometry (MS), another powerful analytical tool in chemistry, works
on the principle of ionization of a compound where the ions are differentiated based
on their mass to charge (m/z) ratio. A number of ionization methods including gas-
phase, electron impact, chemical, desorption, field desorption, fast atom
bombardment, plasma desorption, laser desorption, evaporative, thermospray and
electrospray methods are utilized for different samples. MS is commonly coupled with
some sort of chromatography to introduce the sample into the spectrometer though
direct insertion is possible in many instruments. An ion collector typically consisting
of collimating slits, guides ions (a set at a time) onto the collector where ions are
detected and amplified via the electron multiplier. The mass analyzer separates the ions
according to mass-to-charge ratio (m/z) and it is typically recorded as a mass spectrum

(Silverstein et al., 2005).
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MS/MS or tandem mass spectrometry allows the fragmentation of the ‘parent’
ion of the initial fragmentation (from the conventional mass spectrum) to undergo
further fragmentation leading to the formation of ‘daughter’ ions. These characteristic
fragments or daughter ions, in complex mixtures, gives undeniable evidence for the
presence of known compounds by providing further structural information. MS/MS is
popularly used for ionizing crude samples owing to its selective detection of the
required ions of study from the sample making it a powerful screening tool. This
‘spectroscopic’ technique of analysis eliminates the application of complex separation
procedures. One way to accomplish MS/MS is to link in series, two or more mass
analyzers to enable single ion selection followed by examination of the fragment ion

(Silverstein et al., 2005).

HPLC tandem mass spectrometry (LC-MS/MS) is an impressive analytical tool
that incorporates the impeccable separation ability of liquid chromatography with the
highly precise and sensitive analysis of triple quadrupole MS. This technique is ideal
for trace analysis and structure confirmation of the desired compound. N-
nitrososarcosine (NSAR) was characterized using LC-MS/MS in both cigarette
tobacco and smokeless tobacco products by electrospray ionization method proving to
be a suitable analytical technique. (Wu et al., 2012) Tobacco sugar levels, alditols and
humectants present in SLT products were determined using LC-MS/MS of which
chewing tobacco contained the most sugar levels [9.3 — 27.5%(w/w)] (Wang et al.,
2019). LC-MS/MS also proved useful for the determination of tobacco alkaloids and
metabolites in urine samples with complete and efficient separation of nicotine and its

metabolites (Marclay & Saugy, 2010).

UV-Vis spectrophotometry is a simple, reliable and cost-effective analytical
technique that enables the determination of compounds at low concentration in
samples of minimal quantity. This technique involves the absorption of near-UV and
visible radiation by chemical species in solution. Electronic transitions occur in
chemical species when they interact with the electromagnetic spectrum and absorb the
energy. The amount of radiation absorbed by an analyte in solution under controlled
conditions can be directly related to its concentration. Therefore, it can be useful in
quantification of both organic and inorganic species (Worsfold, 2005). Absorption of

the UV-Vis wavelength in the light spectrum is a frequent occurrence in organic
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compounds and biomolecules. This spectroscopic technique is widely used in the
determination of metabolites and proteins in biochemistry along with the kinetics of
biochemical processes. It can be employed to determine micromolar concentrations of
substances even though less sensitive than fluorimetry, it has a much wider range of
applications (Rojas, 2005). Proteins absorb UV radiation owing to the presence of
tyrosine, tryptophan and phenylalanine residues and conformational change
determination can be performed using appropriate protocol and UV-Vis
spectrophotometry (Biter et al., 2019). Enzyme activity and their kinetics can likewise
be investigated by measuring the absorbance as well as rates of reactions using UV-

Vis spectrophotometry methods.

1.7. Cell lines as model systems.

In vitro experiments are carried out using microorganism or cells outside their
normal biological environment as model systems. These studies provide a starting
point for biomedical researchers to garner insight into how the models respond to
chemicals in an isolated environment. Cell culture is an in vitro model where the
behaviour of plant or animal cells are studied under controlled environments. The
exploratory experiments in cell culture began during the late 1800°s and by the early
1900’s, the first ‘cell line’ was developed (Rodriguez-Hernandez et al., 2014). Since
then, cell culture technology has seen significant advancements and now is considered
arobust, reliable and relatively established technology. Cell culture is extensively used
in academia as well as the industrial sector such as production of vaccine and drug
discovery. They serve as excellent experimental models in basic and medical sciences
by simplifying the experimental design and data analysis since cell lines are genetically
defined and characterized. Studies on the effects of growth modulating substances,
cytotoxicity of xenobiotics or other compounds, apoptosis, cell proliferation,
activation and signalling can be executed using cell culture. In addition, genetic
expression and cell cycle studies, pathology of cells, genetic manipulation and
production of therapeutic drugs are all applications of cell culture (Arango et al., 2013).

Establishing cell culture systems can be accomplished from whole organisms,

tissues, organs or biological fluids although it comes with biosafety risks. Newly
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isolated cells or continuous cultures as well as supplementation of culture media with
required organic and inorganic nutrients and antimicrobial agents counteracting
contamination are key requirements to maintain proper a cell culture system. The main
advantage of cell lines in experimental settings is the reproducibility and consistency
of outcomes and results owing to their highly and precisely controlled
physicochemical environment. Cell preparation techniques such as separation,
fractionation followed by characterization are performed to obtain suitable samples for
analysis and allow high yield and recovery. The first culture that grows successfully
after isolation of cells from tissue is called the primary culture, then, the cells are sub-
cultured/passaged until they reach senescence or in some cases, the cells are
immortalized (Arango et al., 2013). Human cell lines are derived and propagated from
primary cultures of human tissue or biological fluids and are immortalized cells. They
are critical biological resources and are key players in toxicological studies,
bioindustries and a variety of other applications. The American Type Culture
Collection (ATCC) in their Cell Biology Collection has more than 1900 types of
human cell lines in their roster which shows the importance of human cell culture in
research.

Three types of cell lines are available, namely, primary (excised directly from
tissue), immortalized (single cell type which can undergo serial propagation) and stem
(self-renewable) cell lines. There are two modes for growing cell culture: cells in
suspension (single cells or free-floating clumps) and attached/adherent cells
(monolayer attached to the culture flask). The mode of growth reflects the type of
tissue from which the cell line was derived.
Adherent cells can be roughly classified
into 4 main types depending upon their
morphology, which are, epithelial [Figure
1.13.(a)], endothelial [Figure 1.13.(b)],
neuronal [Figure 1.13.(c)] and fibroblast

[Figure 1.13.(d)] cell types, while
suspension cell lines are generally rounded
) Figure 1.13. Types of adherent cells.
in shape. The growth curve of cultured cells (a) Epithelial; (b) Endothelial;
display a sigmoidal pattern to reach (¢) Neuronal; and (d) Fibroblast.

confluency. Firstly, they undergo the lag phase where cells adapt to their culture
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conditions and do not undergo division, secondly, they reach the logarithmic growth
stage where active proliferation and cell density increases exponentially, this stage is
where cells are most viable. The plateau or stationary phase is where proliferation
decelerates and the cells become confluent and lastly, comes the decline phase where
cell death is predominant and a reduction is seen in the number of viable cells
(ECACC, 2018).

There are major advantages of using in vitro model systems as opposed to in vivo.
In vitro systems use cells derived from tissues and have an infinite lifespan. This
system provides the ability to study various biological processes under controlled
conditions outside of the living organism. In vitro systems allow for specified
experimental setups by the isolation of required components which in turn removes
confounding factors otherwise present in complex organisms. It avoids the need for
test subjects for research and drug testing eliminating ethical dilemmas concerning
animal testing and human tissue/blood collection. This system also provides simple,
cost-effective but efficient experimental models with reproducible outcomes besides
enabling the management of multiple experiments simultaneously when compared to
in vivo models.

Cell lines are invaluable in vifro model systems in molecular biology and
biomedical research. They are widely used in cancer research as well as drug
discovery. Historically, HeLa, RAJI, K562 and NB4 cell lines have been instrumental
in the development of vaccines, treatment of cancer and the unravelling of infectious
mechanisms (Mirabelli et al., 2019). Bioactivity of a variety of substances including
plant extracts, fruit and tuber extracts, hormones as well as synthesized drugs have
been successfully studied using cells lines by evaluating cytotoxicity (Pollio et al.,
2016; Yao et al., 2019; Zaini et al., 2011; S. Zhao et al., 2002). Toxicity and/or
bioactivity of tobacco in the form of smoked cigarette leachates, cigarette smoke and
smokeless tobacco have been assessed using different kinds of cell lines as model

systems (Johnson et al., 2009; Xu et al., 2019).
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1.8. Bioactivity Assays.

The analytical techniques used for qualitatively or quantitatively measuring the
presence, amount or activity of a target chemical substance, is termed as an assay.
Cellular or cell-based assays are frequently used for compound screenings to
determine if the substance has any effects on the proliferation of cells or cause
cytotoxic effects eventually leading to cell death. For in vitro experiments, it is crucial
to determine the viability of cells in use. There are a number of assays that can be
utilized to estimate the number of viable cells such as tetrazolium reduction, protease
activity and resazurin reduction assays which evaluate the enzyme activity or general
metabolism as markers for the viability of cells. All these assays involve the conversion
of a substrate to coloured or fluorescent products when incubating the cells with a
reagent which can be detected using a spectrophotometer. Dead cells lose the ability
to convert the substrate to product, this difference in product formation of live versus

dead cells, forms the basis for many cell viability assays (Riss et al., 2004).

Tetrazolium reduction assays are frequently used assays in the determination
of cell viability. Commonly used compounds include 3 - (4, 5 - dimethylthiazol - 2 -
yl) - 2, 5 - diphenyltetrazolium bromide (MTT), 3 - (4, 5 - dimethylthiazol -2 - yl) - 5
- (3 - carboxymethoxyphenyl) - 2 - (4 - sulfophenyl) - 2H - tetrazolium (MTS), 2,3-
bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-tetrazolium-5-carboxanilide (XTT) and
water-soluble tetrazolium salt (WST-1) out of which MTT (positively charged) readily
enters viable eukaryotic cells while the rest do not due to their negative charge. MTT
was the first developed homogeneous assay for cell viability suitable for high
throughput screening (HTS) to be performed in a 96-well plate format. It is a reliable
and sensitive cellular metabolic activity indicator preferred over other methods. It is
based on the ability of cellular nicotinamide adenine dinucleotide
phosphate (NADPH) — dependent oxidoreductase enzymes to reduce the MTT dye to
formazan crystals (Figure 1.14.) which is then dissolved using appropriate solvents.
MTT assay has become the gold standard for the study of cell viability and
proliferation from its inception and has inspired may modified versions of the assay
including the previously mentioned MTS, XTT and WST assays (Gutiérrez et al.,
2017; Igbal & Keshavarz, 2017).
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Figure 1.14. Reduction of MTT tetrazolium salt to MTT formazan crystal.

Dose-dependent cytotoxicity of smokeless tobacco extract on gingival
epithelial cells (GEC) was assessed by Patil & Baeshen (2021), using the MTT assay.
Tobacco dust exposure of bidi factory workers was studied to estimate tobacco dust
induces genotoxicity by performing MTT assay in human blood lymphocytes treated
with tobacco extract (Khanna et al., 2014). Tobacco smoke treated human
adenocarcinoma lung epithelial cells (NCI-H292) was used as a model to determine
the usability of MTT assay as a cytotoxicity assay where they found that the effect of
complex chemical compounds such as tobacco smoke on cell viability could be
assessed by using MTT assay (Caruso et al., 2021). Smokeless tobacco extracts
prepared from different SLT products in Tabuk region, Saudi Arabia, were used to test
for cytotoxicity and cell viability on human gingival fibroblast (hGF), human diploid
lung tissue (MCRS5), human liver cancer (HepG2) and human colorectal
adenocarcinoma (HT29) cell lines by employing MTT assay as a high throughput
screening method (Mesaik et al., 2022).

Protein estimation assays are analytical experiments designed to determine the
concentration of specific or an array of proteins in a solution. Numerous colorimetric
assay techniques as well as spectrophotometric and fluorescent-based assays have
been developed over the years which has increased the accuracy and sensitivity of the
process for protein content estimation. Before performing any kind of proteomics or
comparative experiments, the estimation of total protein concentration in sample
solutions is a key and routine step in molecular biology. These different kinds of assays

are preferred over each other depending upon the downstream experiments to be
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carried out. All of these protein assays have their advantages and disadvantages
relative to ease of use, sensitivity and accuracy. Some of the colorimetric assays used
for protein estimation are: (1) Biuret reaction, based on the formation of cupric ion and
protein complex which gives a violet-purple colour at its end point; (2) The Lowry
method, based on the amplification of the biuret method followed by a reaction with
Folin phenol reagent; (3) Bradford assay (or CB dye-binding assay), works on the
principle of Coomassie brilliant blue G-250 (CB) dye binding to proteins in acidic pH,
resulting in a blue dye-protein complex with an increase in Amax at 595 nm from 465
nm in solution; and (4) Bicinchoninic acid (BCA) assay, an adaptation of the Lowry
method, where cuprous ions, generated from cupric ions by reacting with protein in an

alkaline environment, are detected (Becker et al., 1996; Shen, 2023).

Enzyme linked immunosorbent assays or ELISA(s) are assays utilized for the
detection of minute quantities of antigens, antibodies, glycoproteins, proteins,
peptides, nucleic acids, hormones, viruses and other substances in biological systems.
ELISA, both a quantitative and qualitative colorimetric method, has evolved from
other kinds of immunoassays and is at present a popularly used biological technique
in clinical as well as basic science. ELISA utilizes antibody specificity and affinity to
a diverse assortment of antigens for identification and quantitation of the analyte or
molecule. To measure the presence of a particular analyte/molecule, an antigen or
antibody is affixed to a solid surface which successively binds to a complementary

antibody or antigen (Anagu & Andoh, 2022).

There are four main types of ELISA based on process of immobilization of the
analyte, namely, direct, indirect, sandwich and competitive ELISA (Figure 1.15.).
Direct ELISA is realized when the antibody is coupled or adsorbed directly onto the
enzyme; whereas, in the case of indirect ELISA, the analyte is bounded by using a
primary antibody after which a secondary enzyme-antibody conjugate is further added.
Sandwich ELISA commonly requires the utilization of a pair of distinct monoclonal
antibodies or alternatively, a mixture of polyclonal antibodies for capture and detection
of the analyte. Competitive ELISA employs the addition of known quantity of the
analyte to the analyte-containing sample along with a specific antibody (Drijvers et

al., 2017).
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Figure 1.15. Schematic representation of types of ELISA.

Antioxidant enzymes are often used as oxidative stress biomarkers which
include enzymes such as SOD, GPx and CAT. In order to detect and quantify these
biomarkers, some form of ELISA is commonly used. Measurement of activity of these
enzymes using ELISA can shed light on the mechanisms of oxidative stress in a
biological system caused by a toxic substance. Antioxidant capacity is a fundamental
tool used to measure the collective activity of antioxidants present in the biological
system offering an integrated parameter as compared to a sum of single quantifiable
antioxidants, thus, giving a more biologically relevant account. Total antioxidant
capacity (TAC) assay assesses the redox status of the interaction of ROS with
antioxidant enzymes and molecules helping to evaluate the environmental, nutritional
and physiological factors in the system being studied. Common methods to measure
total antioxidant capacity are the trolox equivalence antioxidant capacity (TEAC),
ferric ion reducing antioxidant power (FRAP) and oxygen radical antioxidant capacity
(ORAC) assays (Ghiselli et al., 2000; Fraga et al., 2014). TAC assay has been used for
assessing the cellular total antioxidant capacity of cell lines (CHL/IU, TK6, L5178Y)
treated with cigarette smoke (Yamamoto et al., 2022). Total antioxidant capacity assay
was likewise used to determine the cellular antioxidant defence system of electronic
cigarette aerosols treated human epithelial normal bronchial cells (Nulil) (Ganapathy

etal., 2017).

Nitric oxide (NO®) measurement is one of the frontline methods in research to
assess pathological and physiological processes. Total NO* determination is difficult

as NO* has a short half-life, i.e., a few seconds, therefore, total NO* production is
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estimated using nitrate as well as nitrite. Many advances in the development of various
analytical techniques to determine nitrate and nitrite in biological samples has been
observed. Some of these techniques include direct and indirect methods like
colorimetric assay called Greiss Assay, fluorescent analysis, chemiluminescence, flow
or sequential injection analysis and electrochemical detection in addition to
chromatographic separation techniques. The determination of nitrate and nitrite can be
accomplished using different biological fluids such as saliva, urine, blood serum and
plasma, cerebrospinal fluid (CSF) and tissue culture medium (Guevara et al., 1998;

Jabit et al., 2009).

Greiss assay, also known as diazotization assay, has been used extensively in
biological sample analysis. This assay is based on the treatment of nitrite in acidic
media with a diazotizing agent (e.g., sulphanilamide) forming an intermediate
diazonium salt, which reacts with a coupling reagent (N-naphthyl-ethylenediamine)
forming a stable azo compound whose absorbance can be spectrometrically measured
at ~540 nm. The reagents mostly widely used for this assay in quantitative analyses
are sulphanilamide and N-naphthyl-ethylenediamine (NED or NEDA) (Csonka et al.,
2015; Tsikas, 2007; Sun et al., 2003). The azo dye produced at the end of Greiss
reaction is purple in colour and is water soluble with the formula CisH13N3SO:s.
Acidified Greiss reaction held much importance in the estimation of NO®, formed from
macrophages and released via endothelium, in haemoglobin. Diazotization from
sulfanilic acid with naphthylamine and derivatives yields azo dyes with an absorbance
in visible range i.e., 540 nm while 2, 3 - diaminonaphthotriazole results in a highly
fluorescent and stable 2, 3 — naphthotriazole (NAT). Diazotization reaction is nitrite
specific and depends on the presence of acid (Tsikas, 2007). Greiss assay has been
successfully used for the determination of NO*® generation in body fluids such as
serum, urine and CSF by Guevara et al. (1998). A modified Greiss assay was also
employed to asses NOx in blood plasma with precision and accuracy as well as to
quantify the rate of recovery of nitrate and nitrite (Giustarini et al., 2008). The
endogenous production of NO*® was also assessed in Murine endothelial cells using

the Greiss reaction (Cartwright et al., 2000).

Fluorescence microscopy functions on the basis of a phenomenon called

fluorescence. Fluorescence is a type of photoluminescence, where, the absorption of
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photons (from ultraviolet or visible light) in the singlet ground state results in
excitation of the molecule to singlet excited state with re-emission of radiation which

S, ceases very shortly after the excitation source
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Figure 1.16. Jablonski diagram. with the ability to undergo fluorescence is
called a fluorophore. The principle of fluorescence microscopy lies in the utilization
of fluorescent dyes or stains called fluorophores for tagging cellular
structures/molecules of concern. It is an useful tool to discern the functioning and
spatial information concerning endogenously auto-fluorescent and exogenously
tagged/labelled structures or molecules. There are two main sources of light in
fluorescence microscopes: mercury vapour and xenon arc lamps; they excite the
fluorophore/fluorochrome which then emits fluorescent light. Fluorescence
microscopes separate emitted light from the excitation light which is achieved via
optical filters and efficient imaging depends on the selection of light with respect to

the indicators in use. This device is applied as an investigative instrument for organic

as well as inorganic materials and live or fixed cells or tissues (E. C. Jensen, 2012).

There are different types of fluorescence microscopes used today.
Epifluorescence microscopy operates by focusing the emitted light as well as
fluorescence on the detector using the same objective as that of the excitation.
Confocal microscopy includes one or more detectors, multiple wavelength selective
laser systems, a beam scanning ensemble and computer for output, image display,
processing as well as storage. Multiphoton fluorescence excitation microscopy use
high energy lasers which results in non-linear optical effects like multiphoton

fluorescence due to the large energy density at the focal point. Total internal reflection
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fluorescence (TIRF) microscopy, fluorescence correlation spectroscopy (FCS),
fluorescence recovery after photobleaching (FRAP), fluorescence lifetime imaging
(FLIM) and fluorescence resonance energy transfer (FRET) are other techniques used

in fluorescence microscopy (E. C. Jensen, 2012; Sanderson et al., 2014).

Fluorescent dyes are substances which absorbs as well as emits light strongly
in the visible region of the electronic spectrum and have intense fluorescence
properties. Fluorescent staining is an advanced visualization technique that provides
high resolution imaging with specificity and applications in flow cytometry,
immunofluorescence as well as fluorescent in situ hybridization (FISH). There are
different fluorophores employed for tracking, isolating and identifying a specific
molecule or substance within the cell. Rhodamine and fluorescein are good examples
for amine-reactive probes used for cell tracing, immunochemistry, FISH, fluorescent
analogue cytochemistry and radiolabelling by forming bioconjugates. Proteins and
nucleic acids are commonly labelled by using thiol-reactive probe for detecting ligand-
binding mechanisms, conformational change and multi-subunit complex formation

(Huber et al., 2018).

Dyes such as acridine orange easily navigates the cell membranes and
accumulates in the lysosomes since it is a weak base and facilitated by means of an
ATP dependent proton pump in the membrane. This helps in detection of and
differentiation of cell death because of the acridine orange being intact in the initial
stages of apoptosis in the lysosome and removed from the organelle when necrosis
occurs (Vermes & Haanen, 1994). Ethidium bromide, a fluorescent dye, which
intercalates between DNA base pairs as well as RNA, is another valuable dye for DNA
visualization and yields consistent results. Dual staining by acridine orange and
ethidium bromide (AO/EB) on osteosarcoma cells to differentiate apoptotic cells
proved to be a reliable method by Liu and collegues (2015). AO/EB fluorescent
microscopy verified to be a reliable technique in detecting apoptosis in human
leukocyte cells giving reproducible results (Baski¢ et al., 2006). Dual AO/EB staining
therefore, is an economical, consistent and reproducible method to be used for

fluorescent microscopy staining.
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Flow cytometry (FC) is a laser-based technique for the qualitative as well as
quantitative measurement of intrinsic (size, shape, granularity, density and pigment
presence) and extrinsic (DNA composition, content and/or synthesis; receptors —
internal and external, like antibodies; structural modifications of cellular membrane,
apoptosis and necrosis plus physiological factors) characteristic properties of
individual cells in a heterogenous cell population. FC runs on the principle of physical
property dependent scattering of light based on the size of a particle passing through a
laser beam which is recorded using an opto-electronic coupling system. Fluidic
systems (solution suspended cells) are introduced into the sheath flow stream within
the flow chamber where up to thousands of events can be measured per second.
Modern FCs are multi-color system, i.e., they sort cells with the application of three to
five laser systems by measuring over 15 parameters. As the laser beam encounters the
cell, forward scattering of light (FSC) reveals size, while side scattering (SSC)
discloses internal complexity and granularity of the cell. Besides, FC measures the
intensity of fluorescence emitted from individual cells when labelled with fluorescent
stains or molecules. Absorption and emission spectra of these fluorescence compounds
are specific at particular wavelengths of excitation as well as emission. Detectors
produce an electronic pulse upon collecting light signals processed via the electronic
system. The parameters of the electronic pulse is dependent on the cell size and shape
in addition to fluorescence intensity (Alfonso & Al-Rubeai, 2011; Chantzoura & Kaji,
2017).

One important application of FC is the separation of sub-populations of cells
predicated on viability, reactivity, phenotype, DNA content and physiological aspects.
Fluorescence-activated cell sorter or Flow-activated cell sorting (FACS) is a
specialized form of FC dependent on the deflection of charged droplets. The vibration
of the flow chamber deflects the charged droplets where they undergo electrostatic
charge via deflection plates and are deflected to the right or left collection tube
dependent on their charge. In simple terms, cell isolation is indicated via FSC, SSC
and fluorescence intensity of a channel (Alfonso & Al-Rubeai, 2011; Chantzoura &
Kaji, 2017). Conventional FC analysis consists of gating a cell population and
applying analytical parameters on the gated cells. cell cycle analysis is performed via

ploidy modelling to determine the cell cycle phases and high dimensional data analysis
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uses analytical tools such as Spanning-tree progression analysis of density-normalized
events (SPADE), t-Distributed Stochastic Neighbour Embedding (tSNE), Principal
component analysis (PCA) and FLOW clustering without K (FLOCK) (McKinnon,
2019).

Some common applications of flow cytometry includes protein expression
studies using fluorescent proteins such as GFP, CFP, YFP and mCherry; cell
proliferation studies using dyes such as fluorescein and cell physiology analyses. Cell
physiological processes such as intracellular pH determination. Cellular membrane
potential, antioxidant concentration, calcium concentration as well as ROS generation
can all be determined using FC. The intracellular production of H>O> can be monitored
and quantified using FC. The most widely used ROS activity fluorogenic probes are
dihydrorhodamine 123 (DHR123) and 2°,7’- dichlorofluorescin - diacetate (DCFH-
DA) (Alfonso & Al-Rubeai, 2011). The measurement of induced ROS production
using DCFH-DA and flow cytometry in nanomaterial treated human leukocytes and

whole blood was found to be reliable and accurate (Kermanizadeh et al., 2018).
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CHAPTER 2

MATERIALS AND METHODS

The age-old practise of tuibur is a traditionally significant custom among the
people of Mizoram. Research studies on characterization, environmental as well as
biological effects, whether related to the pros or cons of tuibur, is extremely limited. It
is crucial to put to light the constituents along with the health effects of this distinct
tobacco-smoke infused concoction as analogous products related to tuibur are a rarity.
This chapter describes the detailed protocol of characterization of different grades of
tuibur using analytical spectroscopic techniques, in addition to providing
comprehensive protocols used to assess the biological effects, in the form of biological

assays combined with spectroscopy and microscopy.

2.1. Tuibur manufacturing.

Tuibur is uniquely prepared from burning tobacco even though it is categorized
as a smokeless tobacco product. Locally made by small scale cottage industries in
Mizoram, it employs an exceptionally innovative method of manufacturing though it
has been traditionally practised for ages. Tuibur production starts with obtaining a
mixture of different parts of the tobacco plant i.e., tobacco stalk, veins and petioles.
Harvested Nicotiana tabacum, grown by Mizo farmers, undergo tramping and sun
drying followed by dissection of the dried brown leaf to isolate the petioles, stalk,
central vein and lamina. Though used for home production of tuibur as well as zozial
(lamina of the leaf), locally grown tobacco is deemed undesirable for mass production
of tuibur; consequently, jute bags of mixed tobacco petioles, stalk and veins are
imported from the neighbouring country of Myanmar. Myanmar grows two main
varieties of tobacco — Nicotiana rustica (hsey ywet kyee) and Nicotiana tabacum
(Viginia), mainly in the regions of Mandalay and Magway (Sein, 2020). These two
varieties are combined in a 1:3 ratio (Nicotiana rustica : Nicotiana tabacum) and is
deemed as the standard for tuibur production. Myanmar tobacco curing follows a
procedure where tobacco leaves sprayed in brine solution (slaked lime solution) to

prevent fungal growth, are layered in piles inside a pit with a depth of ~ 3 to 4 ft and
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covered with soil for fermentation. The fermented brown coloured leaves are taken
out after ~1 or 2 months, the leaves get separated into lamina (retailed for the
manufacturing of cigarettes), veins and petioles. In addition, the main stalk of the plant
is likewise cut down and sundried, and are cut along with the veins and petioles into

even sizes and packed (Lalmuanpuii, 2016).

The tuibur manufacturing setup consists of iron containers stacked upon one
another. The upper chamber called ‘Tuibur Lu’ is literally translated to ‘tuibur head’.
It has on its underside a hole at the center to insert ‘Tuibur Lai’ (joint/connector) which
is placed vertically below it to connect the upper chamber to the lower chamber ‘Tuibur
Mawng’, situated at the bottom of the contraption. The tuibur lai is sealed on the
outside using clay to keep the apparatus fixed which can be eventually destroyed to
decant tuibur and discard by-products like tar from the lower chamber. Pipes are
connected to the lower chamber to allow hydro-powered suction of air inside the lower
chamber via a body of running water such as a small stream or river near the
manufacturing site. This is achieved by placing pipes in rapidly flowing/running water
diverted from rivulets or streams through large pipes. This is to ensure that aspiration
takes place inside the lower as well as upper chamber of the setup to allow smoke to

pass (Figure 2.1.).

' TUIBUR LU

P SMOULDERING

PLASTERED TOBACCO
USING CLAY

STEP II:
Infusion of tobacco smoke
into Feedstock

- - TUIBUR LAI g i o A HYDROPOWERED
i ‘ [ ASPIRATION

OF THE GASEOUS
— PHASE

TOBACCO

TUIBUR SMOKE

MAWNG
FEEDSTOCK FEEDSTOCK

STEP I: TOBACCO
. . . SMOKE
Filtration of water INFUSED
through Ash FEEDSTOCK STREAM
= ——————————
\—' TOBACCO STALK ASH
: 3
e ——————

TUIBUR

STEP III: MARKETED

Filtration of Tobacco-smoke infused — WITHOUT
Feedstock through Tobacco Stalk Ash TUIBUR WARNING LABEL

Figure 2.1. Tuibur Manufacturing setup.
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The general protocol followed for tuibur manufacturing is as follows:

Step 1: Feedstock is prepared by filtering
water through ash to render it alkaline. The
water used for feedstock preparation is
acquired from the stream or rivulet near the
factory, local wells, government supplied tap
water or water bought in tanks from water
sellers, though it is more likely the former. The
ash used for turning the water alkaline is either

bought in bags from rural areas inside

Mizoram or the tobacco ash burnt up during

Figure 2.2. Ching al preparation.

tuibur processing is used. This practise differs
from factory to factory. The ash filtered water (feedstock) thus produced is called
“Chingal” (Figure 2.2.).

Step 2: Production of tuibur ensues by tightly packing the tuibur Iu with the tobacco
stalk, veins and petioles. Tuibur mawng is filled with the previously prepared chingal,
just enough to submerge a part of the tuibur lai (joint). The tobacco placed in the upper
chamber is then scorched, the smouldering tobacco produces tobacco smoke, which
is sucked through tuibur lai into the liquid ching al contained inside the lower chamber
[Figure 2.3.(a-d)]. The polar components or particulate phase of tobacco smoke such
as nicotine, TSNAs, phenols, humectants, terpenoids, carboxylic acids, etc., gets
dissolved with ease into the alkaline water. The smoke passes over the alkaline water
and bubbles inside tuibur mawng, followed by the release of excess smoke via the
pipes connected to the stream. The hydro-powered aspiration process employed via

the pipe system allows for this to occur easily.

Step 3: In this step, crude tuibur is poured out of the tuibur mawng. This concoction is
now ready for commercial distribution. Furthermore, some factories add an extra step
where they filter the concoction through the tobacco ash that has been used for
producing tobacco smoke. Others also add lime to their tuibur mixture in order to

increase the alkalinity and heighten its potency.
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Figure 2.3. (a) Smouldering tobacco stalk inside tuibur lu; (b) Tuibur
manufacturing apparatus; (c) Water source; (d) Tuibur factory; (e) Bottled Tuibur.
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There are different grades of tuibur available for purchase. The different grades
of tuibur are produced based on the amount of tobacco per litre of water used as well
as the duration of smouldering the tobacco (approximately 12 hours). The longer the
duration of smouldering, the higher the grade, likewise, the greater the amount of
tobacco used, the higher the grade of tuibur. The duration of smouldering automatically
becomes longer while producing the higher grades of tuibur due to the greater amounts
of tobacco used. Local names of tuibur grades include terms like Al, Al lo, Double,
Bol Bol, etc. which literally describes whether the tuibur is alkaline (Al) or not (Al lo).
Tuibur is bottled/re-bottled (used plastic bottles from commercial beverages) in plastic

disposable containers which are reused over and over [Figure 2.3.(e)].

2.2. Sample Collection.

For this study, a total of 10 Tuibur samples of different grades (Figure 2.4.)
were collected in and around Aizawl, Mizoram; covering the major manufacturers and
suppliers of the city. Tuibur samples
are graded locally by sellers, such
that the alkalinity or grade of the
product is reflected. For uniformity
in this study, the samples were
graded according to the
concentration (g/L) of tuibur, i.e., the
amount of tobacco used per litre of

water. This study’s tuibur grading

system is as follows — low (100-300
g/L), medium (300 — 500 g/L) and
high (500 and above g/L). The list of

Figure 2.4. Collected Tuibur samples.

collected tuibur samples is as seen in Table 2.1. The pH measurements of each tuibur
sample was taken using a pH meter (Electronics India Deluxe pH meter, Model 101)

at room temperature, in triplicate.
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Table 2.1. List of tuibur samples collected.

Iil(; Sample ID  Place of Collection = Grade = g/L of Tobacco
1 T1 Armed Veng Medium 333
2 T2 Armed Veng Low 167
3 T3 Falkland 1 Medium 357
4 T4 Falkland 1 Medium 429
5 T5 Falkland 1 High 571
6 T6 Falkland 1 High 857
7 T7 Falkland 2 Medium 438
8 T8 Falkland 2 Low 250
9 T9 College Veng High 686
10 T10 Armed Veng High 500

2.3. Chemical analysis using ATR-FTIR.

Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy is a
technique that allows the detection of functional groups through vibrational transitions
via absorption of infrared radiation in a chemical compound. Attenuated total
reflectance allows direct examination of the samples by means of a high refractive
index crystal, requiring minute amounts of sample leading to minimal sample loss.
ATR-FTIR measurements was coupled with chemometrics (a statistical analysis tool)

to semi-quantify specific chemicals present within 21 collected samples.
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2.3.1. Standard Samples.

Benzoquinone (>98%), Hydroquinone (=99%) and Nicotine (1.0 mg/mL in
methanol) were purchased from Sigma-Aldrich. Methanol (99.5%), analytical reagent,
was purchased from SDFCL Sd Fine Chem Limited. The high solubility of quinones
and nicotine in methanol was used to obtain accurately mixed solutions. 1.0 mg/mL of
Benzoquinone and Hydroquinone in Methanol (w/v) were prepared as stock solutions.
The stock solutions were thoroughly mixed using a vortex. Serial dilution was
performed (v/v) for each of the standard chemicals (Benzoquinone, Hydroquinone and
Nicotine) using Methanol as a common solvent from the stock solution in
concentrations ranging from (v/v) 1 to 0.0019 mL in 1.5 mg/mL microcentrifuge tubes
(Tarsons). The standard samples were mixed thoroughly by pulsation using a pipette

(Tarsons Accupipette).
2.3.2. Sample Preparation.

Tuibur samples (10) of different grades were collected from factories
(consisting of major local Aizawl market suppliers) located in Aizawl, Mizoram.
(Table 2.1 & 2.2) The samples were refrigerated in order to retain their properties prior

to measurement. No digestion or extraction of the samples was performed.
2.3.3. ATR - FTIR Spectral measurement.

ATR - FTIR spectroscopy measurements were performed using IRAffinity-1S
Fourier Transform Infrared Spectrophotometer, SHIMADZU, Japan. The standard
chemicals and test sample spectra were collected between 4000 — 400 cm™, with a
nominal resolution of 16 cm™ and a scan rate of 40 scans per spectrum. A background
scan (blank) was performed before introducing each sample. To avoid contamination
and to ensure the elimination of residuals from the previous samples, the sample holder
and tip of the ATR sample holder was wiped down thoroughly with chloroform before
measuring each new standard and test sample. Each liquid sample was vortexed to
ensure homogenisation before loading onto the sample holder. The absorbance values
for the spectral data of each standard and test samples were exported using Lab

Solutions software.
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2.3.4. Multivariate Analysis using Chemometrics.

For prediction of concentration of nicotine, hydroquinone and benzoquinone
in unknown (tuibur samples), multivariate analysis was utilised. Multivariate analysis
produces a more reliable and accurate quantification as compared to univariate method
by allowing the identification of incongruities in the selected region of the spectral
data by means of using a large number of variables. Partial Least Square (PLS)
Regression analysis was performed using Unscrambler X (version 10.4.1) by Camo
Analytics. PLS enables the discovery of latent (hidden) variables in the X-matrices by

modelling the X and Y matrices.

The PLS-R decomposition takes the form as follows:
X=TPT+E (1)

y=Uq"+f (2)

where, T & P = the scores and loadings of spectral data matrix X, £ the
residual matrix of .X;
u = the scores matrix of concentration matrix;

v, ¢ & f = the loading and residual vector of y.

2.3.5. Standard Solution Calibration and Validation models.

10 standard samples each of benzoquinone and hydroquinone were taken as
calibration and validation sets. 7 samples form a calibration set while 3 samples were
used as a validation set. As for the Nicotine calibration model, 11 samples were taken
as calibration and validation sets. 7 samples form a calibration set while 4 samples
were used as a validation set. Significant spectral regions of the standard samples were
selected for predicting the concentrations in tuibur samples. Tuibur sample
concentration prediction was executed using the calibration model of prepared

standard solutions of known concentration.
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2.4. Nicotine characterization using SERS.

Raman spectroscopy is a technique that utilizes the existence of Stokes and
Anti-stokes scattering in the examination of the vibrational and rotational modes of a
molecule. Surface-Enhanced Raman Spectroscopy utilizes nanomaterials to increase
surface area to enable signal enhancement which produces a highly sensitive chemical

structure probing technique.

2.4.1. Synthesis of spherical-shaped gold nanoparticle.

Spherical-shaped gold nanoparticles were synthesized by a single step heating
method. In 99 mL of deionized Milli-Q (Resistivity: 15 MQ.cm) was taken in a three-
neck round-bottom flask with one neck fitted with water condenser while the other two
were fitted with stopper used for chemical addition. The water in the three-neck round-
bottom flask was heated to boil under a constant magnetic stirring (150 RPM) after
which 1.25 mL of 102 M HAuCl4.3H>O solution was added dropwise into the water
and made to boil. In this vigorously boiling water, 750 mL of 1% trisodium citrate
solution was further added drop-by-drop at a constant rate under constant stirring
condition As the solution started boiling again, the colour of the solution changed from
black to blue, then violet, and finally to blood red. The solution was kept under the
same boiling and stirring condition for another 30 minutes to complete the reaction.
Upon completion of the reaction, heating was discontinued and subsequently, the
solution was allowed to cool down to the room temperature with constant stirring. the
cooled nanoparticle solution was then centrifuged at 5000 RPM in a Thermo Scientific
Heraeus Biofuge Stratos centrifuge. The centrifuged nanoparticle was then collected,
diluted and its absorbance was measured to understand its plasmonic properties and
TEM was performed to ascertain their size, shape, and crystallinity.

2.4.2. Sample preparation and spectral data collection.

SERS was performed using a homemade Raman setup. A continuous
wavelength diode-pumped solid-state laser from Laserglow Technologies, Canada
(LRS0671- PFM-00300-03), operating at 671 nm as an excitation light source was
used (at a fixed excitation energy of 3 mW, using neutral density filters throughout the
experiment). An In Photonics made 670 nm fiber optics Raman probe with a spectral
range of 200-3900 cm™' (Stokes) for sample excitation and data collection was used

for efficient focusing and filtering. The Raman probe consists of two single fibers (105
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um excitation fiber and 200 um collection fiber) with filtering and steering micro-
optics (numerical aperture 0.22). The excitation fiber was connected to a Thorlabs-
made fiber port to align the laser, whereas the collection fiber was connected to a
spectrometer. A miniaturized QE65000 scientific-grade spectrometer from Ocean
Optics was used as the Raman detector with a spectral response range of 220-3600
cm !, The Raman spectrometer was equipped with a TE-cooled 2048-pixel charge-
coupled device and was interfaced with a computer through a USB port. The obtained
Raman spectrum was collected using the Ocean Optics data acquisition SpectraSuite

software.

20 puL of the above synthesized gold nanoparticles (AuNP) colloidal
suspensions was dispersed into 5 pL each of tuibur (10 samples) and nicotine standard
solutions, respectively. These mixtures were then diluted to 200 pL. This diluted AuNP
composite was then taken in a sample holder for surface-enhanced Raman spectral
(SERS) measurements. SERS measurements assess the intensity of nicotine C-N
vibrational frequency peak at 1030 cm™' for standard as well as tuibur samples,
respectively. Obtained raw data were subsequently processed using Origin Pro (2018)
for plotting the vibrational spectral features.

2.4.3. Statistical Analysis.

Pearson’s correlation analysis was performed using SPSS v16.0 statistical
software. Correlation between the pH and peak intensity in conjunction with the
nicotine vibrational frequency band intensity versus concentration (g/L of tobacco) of
tuibur samples was performed. The result of statistical evaluation was regarded as

significant when the P < 0.05.

2.5. Alkaloid concentration estimation using LC-MS/MS.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was utilised
to offer a highly selective and sensitive technique for concentration determination of

nicotine and cotinine in the collected tuibur samples (Table 2.1).
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2.5.1. Sample preparation and LC-MS/MS analysis.

Stable isotope-labelled internal standards (ISTDs) were prepared prior to
sample analysis. The tuibur samples were diluted using 1M ammonium acetate buffer
(pH 6.5) and filtered using a syringe filter (13mm, 0.22um). After further dilution
using deionized water, the samples were mixed with the ISTDs. The prepared tuibur
samples (10 pL/sample) were injected into the LC-MS/MS instrument. LC — MS/MS
was performed following the experimental method described by Shih et al. (2019). The
eluted samples were ionised to generate charged particles using electrospray
ionisation. The charged particles then pass through a series of three quadrupoles where
the parent ion is selectively rendered to pass through the ionizer (first quadrupole) to
generate fragment daughter ions. The generated fragments then travel to the third
quadrupole (mass filter) which only transmits ions with a specified m/z value. These
fragmented ions are the quantified via an electron multiplier. This is also known as
multiple reaction monitoring (MRM) mode as fragmentation a induced by colliding
inert nitrogen gas with the parent ion and the prominent daughter ion is considered for
quantitation. Since both the parent and subsequently the daughter ion is quantitatively
analysed, the analysis of nicotine and cotinine are considered more reliable and more
accurate. Henderson-Hasselbalch equation was used to calculate the amount of

unionised nicotine in each sample as follows:
pH = pK. + Log 10 ([A™ J/[HA])
2.5.2. Statistical analysis.

Linear regression along with Pearson’s correlation were performed using
Origin Pro (V 8) and SPSS v16.0 to assess the relationship between g/L of tobacco
used vs. concentration of tobacco specific alkaloid. The result of statistical evaluation

was regarded as significant when the P < 0.05.
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2.6. Assessment of oxidative stress effects of Tuibur.

Behavioural studies of biological systems exposed to tuibur are scarce in
number. The following set of experiments aims to highlight toxicity in terms of
oxidative stress as well as DNA damage in cells exposed to tuibur and its

corresponding chemical constituents.
2.6.1. Micronucleus assay on buccal epithelial cells.
2.6.1 (a). Sample collection, preparation and dual staining.

As a preliminary investigation, Micronucleus assay was performed on a
randomised group of volunteers. The population chosen for sample collection was
aged between 20 — 60 years of age, having no tobacco habits along with volunteers
with tuibur habits and sahdah habits. A total of 300 epithelial cells swabs from the oral
mucosa of tuibur consumers (n =100), sahdah users (n=100) and no tobacco habit
control group (n=100) were collected from willing volunteers from certain regions of
Mizoram. The buccal epithelial cells were collected by swabbing the buccal mucosa
(inner lining of both cheeks) by means of an interdental brush. The volunteers were
advised to rinse their mouth prior to swabbing. The collected epithelial cells were
stored in 1X PBS for further analysis. Cells were fixed onto glass slides using 70%
ethanol. Fluorescent staining was performed using acridine orange dye. Stained cells
were scored using a EVOS fluorescent microscope (Invitrogen by Thermo Fisher
Scientific). The number of micronuclei per cell were scored per 1000 cells per sample

in duplicate.
2.6.1 (b). Statistical analysis.

Pearson’s correlation was performed using SPSS v16.0 to assess the
relationship between age vs. MN count, Dose vs. MN count and duration of use vs.
MN count. ANOVA test was performed followed by the Tukey's HSD test to determine
the significant difference between the three sample groups - controls, tuibur users and
sahdah users. The statistical evaluation output was regarded as significant when P <

0.05. Statistical analyses were performed using SPSS v16.0.
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2.6.2. Choosing cell line as a model system.

Tobacco use has been linked to several forms of cancer. Cancer of the gastro-
intestinal tract including stomach, intestinal and oesophagus have been associated with
the use of tobacco products. The association of increased gastric cancer incidence and
aggressiveness as well as mortality due to tobacco use has been widely documented.
(Trédaniel et al., 1997) Phukan et al. (2005) has also linked stomach cancer and
tobacco use among the population of Mizoram. Moreover, Malakar et al. (2012) had
also stated that tobacco use along with tuibur use were important risk factors for the
development of gastric cancer in Mizoram. Therefore, Human Gastric
Adenocarcinoma (AGS) cell line, was chosen for the experimental model system of
this research. AGS cell line originates from the isolated gastric adenocarcinoma tissue
of a caucasian female, aged 54, in 1979. It is a hyperdiploid human cell line exhibiting
epithelial morphology and is an adherent (monolayer) cell type. (American Type
Culture Collection, 2003) AGS cell lines have been used for a number of cytotoxicity
studies for different types of substances ranging from drugs to plant extracts to
nanoparticles. All the following cell culture experiments were conducted inside a
laminar-flow cabinet or tissue culture hood which was sterilised using uv light and

wiped down with alcohol each time prior to the start of the experiments.

The AGS cell line used in the following experiments was purchased from the
National Centre for Cell Science (NCCS), Pune, India. The purchased cells were kept
in a T-25 (Tarsons) cell culture flask with RPMI 1640 (Gibco) culture media and
supplemented with 20% Fetal Bovine Serum (FBS) and 5% Penicillin — Streptomycin
Pen Strep (Gibco) at 37° C with 5% COz in an incubator and left to grow. The RPMI
1640 cell culture medium is a mammalian cell culture medium composed of
glutathione, vitamin Bi2 and others, biotin and para-aminobenzoic acid (PABA), in
addition to the main constituents such as glucose, salts and amino acids. Fetal bovine
serum, a widely used serum-supplement in cell culture, is used due to its elevated
content of embryonic growth promoting factors to satiate specific metabolic
requirements of the cell in culture. Pen Strep is added as an antibiotic supplement to
the culture media to restrict bacterial contamination. Upon attaining 70 - 80%
confluency (population doubling time is approximately 20 hours), the cells were

detached from the flask using Trypsin (Gibco), a proteolytic enzyme; and sub —
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cultured/passaged into T-25 (with 5 mL culture media) and T-75 (with 10mL culture

media) cell culture flasks for further use.
2.6.3. Cell seeding.

Cell seeding at the correct density is an integral part of cell culture basics. The
confluent flask of AGS cell line was detached using Trypsin (covering 0.5 mL per 10
cm?) from the wall of the flask. The cells were processed according to the normal
passaging protocol for adherent cells as per the GIBCO, cell culture basics handbook.
The pelleted cells were suspended in a minimal volume of media. Trypan Blue
exclusion was performed by mixing AGS cell line in media (10 pL) with 0.4% Trypan
blue in 1X PBS (10 pL) in a 1:1 ratio, to score the viable cells. Trypan blue is an
anionic hydrophilic azo-dye which labels only dead tissue/cells to a blue colour. The
dye was incubated with the cells for 3 minutes to allow the dye to penetrate the cell
membrane of dead cells. After incubation, the cell and dye mixture was loaded onto a
haemocytometer for counting. The viable cells were counted from all 4 quadrants of

the haemocytometer, and the cell concentration was calculated as follows:

Cell concentration (per mL) = Average number of cells per square x Dilution factor

x Depth of Haemocytometer
where, the dilution factor =2 (for 1:1 cell to dye ratio)
the depth of hemacytometer = 10* (for 0.1 mm depth,
i.e., each large sq. is 1/10,000™" of a mL)

The cell suspension after counting, was diluted to the seeding density as
recommended by GIBCO, cell culture basics handbook, for each type of culture well-

plates used.
2.6.4. MTT Assay for Cell Viability.

MTT or 3 - (4, 5 - dimethylthiazol - 2 - yl) - 2, 5 - diphenyltetrazolium bromide
assay is a colorimetric assay used for measuring the metabolic activity or viability of
cells. The assay is based on the principal that viable cells with metabolic activity
promotes the reduction of MTT tetrazolium salt to a purple-coloured insoluble

formazan crystal with an absorbance maximum (Amax) close to 570 nm. MTT is
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reduced by the enzymes in the mitochondria and lysosomal/endosomal compartments
after entering cells via endocytosis and is transferred to cell surfaces to form needle-
like MTT formazans. MTT assay measure viability in terms of reductive activity as
dehydrogenase present in mitochondria of living cells convert tetrazolium to insoluble
formazan though there is involvement of reducing agents as well as enzymes in

organelles like endoplasmic reticulum in this process. (Kuete et al., 2017)

Dead cells lose the ability to convert MTT to purple formazan hence making
the change in colour a convenient viability marker. The insoluble MTT formazan
crystals accumulate inside the cell and also deposits on the cell’s surface as well as
culture media. These crystals require solubilization prior to absorbance measurement.
This is commonly achieved by solvents such as acidified isopropanol (IPA),
dimethylsulfoxide (DMSO), dimethylformamide (DMF), sodium dodecyl sulphate or
sodium lauryl sulphate (SDS) along with combinations of organic solvent and
detergent to stabilize the colour formation, avoid evaporation and to reduce phenol red

and other culture media interference.
2.6.4 (a). Cell viability.

To access cell viability, AGS cell lines in RPMI 1640 (Gibco) with 20% Fetal
Bovine Serum, FBS (Gibco) and 5% Penicillin - Streptomycin Pen Strep (Gibco)
culture media were seeded in triplicate at a cell density of 0.05 x 10° cells/well in 96-
well flat-bottomed culture plates (Tarsons). The cells were exposed to varying
concentrations of serially diluted Tuibur (0 — 160 pg/uL), S - (-) - Nicotine (0 — 0.0032
png/uLl), Hydroquinone (0 — 0.16 pg/uL), Potassium Nitrate (0 — 0.16 pg/uL) and
Sodium Nitrite (0 — 0.16 pg/uL) (Sigma Aldrich) along with control wells where the
cells were left without treatment, for 24, 48 and 72 hours. After the treatment
incubation, the media and chemicals were aspirated and the cells were washed once
with 1X PBS. 110 pL of 1:10 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in culture media made from Smg/mL MTT (HiMedia)
stock solution was added to each well and incubated at 37°C for 3 — 4 hours. 100 pL.
of dimethyl sulfoxide (DMSO) was added to dissolve the tetrazolium salt. The well
plates were incubated in the dark for 2 — 3 hours at room temperature. The absorbance

was measured at 570 nm using a microplate reader (Varioskan LUX Multimode
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Microplate Reader, Thermo Fisher Scientific). The MTT assay protocol was performed
as mentioned by Riss et al. (2004) Cell viability was calculated using the absorbance
or optical density (O.D.) values as follows:

% Cell viability = (Sample O.D. — Blank O.D.) X 100
(Control O.D. — Blank O.D.)

2.6.4 (b). Statistical analysis.

Pearson’s correlation was performed using SPSS 16.0 to assess the relationship
between concentration of chemical and cell viability. 50% Inhibition concentration
(ICs0) was calculated by performing non-linear regression dose-response inhibition
(logarithmic regression) using GraphPad Prism 6. The result of statistical evaluation

was regarded as significant when the P < 0.05.
2.6.5. ELISA for oxidative stress assessment.
2.6.5 (a). Cell Lysate Preparation.

AGS cells were cultured using RPMI 1640 (Gibco) with 20% FBS (Gibco) and
5% Penicillin - Streptomycin Pen Strep (Gibco). 0.3 x 10° cell/well were cultured in a
6 well culture plate (Tarsons). After 24 hours, the cells were treated with the ICso of
Tuibur, Nicotine, Hydroquinone and Potassium Nitrate for 72 hours. After the
treatment period, the media was aspirated and the cells were washed once with ice-
cold 1X Phosphate Buffer Saline (PBS). 200 uL of Protease Inhibitor and 1X RIPA
lysis buffer (HiMedia) mixed in a 1:100 ratio was added to lyse the cells. The adherent
cells were detached using a cell scraper. The lysate was collected in a 1.5 mL
microcentrifuge tube and agitated by vortexing for 30 minutes at 4 “C. The cell lysate
was centrifuged at 12000 rpm for 20 minutes. The supernatant was collected in fresh
microcentrifuge tubes and total protein was estimated using the Bradford Method.
2mg/mL bovine serum albumin (BSA) in RIPA buffer was used as the standard

solution for Bradford total protein estimation.
2.6.5 (b). Total Antioxidant Capacity (TAC) Assay.

TAC assay was performed using the Total Antioxidant Capacity Assay Kit
(MAK187) purchased from Sigma Aldrich. The kit was equipped with Cu?* reagent,
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assay diluent, protein mask and trolox standard (1 pumole). To obtain a standard curve,
the Trolox standard provided in the kit was diluted into serial concentrations as

instructed by the kit. The standard solutions prepared are as listed below:

Table 2.2. Trolox standard solution preparation.

Volume of

Final Final
Trolox volume of | concentration
Standard standard Volume of
standard of standard
Sample Inmole/ul.  water (uL) ; i
L solution solutions

(uL) (L) (nmole/well)
Standard 1 20 80 100 20
Standard 2 16 84 100 16
Standard 3 12 88 100 12
Standard 4 8 92 100 8
Standard 5 4 96 100 4
Blank 0 100 100 0

In a 96-well plate, 100 pL of each standard solution and 30 pL of sample in
each well brought up to a total volume of 100 pnL with the addition of water were mixed
with 100 pL Cu?** working solution using a pipette. The reaction was incubated for 90
minutes at room temperature and protected from light. Absorbance was measured at
570 nm (As7o) using a microplate reader (Varioskan LUX Multimode Microplate
Reader, Thermo Fisher Scientific). The Trolox standard curve was obtained using
Origin Pro (V 8) to calculate the trolox equivalent of unknown sample per well. The
concentration of trolox equivalents in nmole/uL of each sample was calculated as

follows:
C= Sa/Sv
where, C = Concentration of antioxidant in sample (nmole/ pL)

Sa = Trolox equivalent of unknown sample per well from standard
curve.

Sy = Sample volume ( nL) added into the wells.
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2.6.6. DCFDA (ROS generation) Assay.

AGS cell line was seeded at 0.05 x 10° cells/well in a 96 well flat-bottomed
plate in duplicate. RPMI 1640 (Gibco) with 20% FBS (Gibco) and 5% Penicillin -
Streptomycin Pen Strep (Gibco) was used as the culturing media. After 24 hours, the
cells were treated with the ICso concentrations of KNOs3, Hydroquinone, Nicotine and
Tuibur. The treated cells along with untreated control cells were incubated for 72 hours
at 37°C with 5% CO,. After Incubation, the media was aspirated and cells were washed
once with serum-free media. Cells were stained with 10 uM DCFDA (Sigma Aldrich)
in serum free media and incubated at 37°C. After a waiting time of 30 minutes, the
cells were washed with 1X PBS and detached using trypsin. The action of trypsin was
neutralized by adding 1X FBS and the cells were collected in 1.5 mL microcentrifuge
tubes. The cells were centrifuged at 1500 rpm for 5 minutes and washed once with 1X
PBS while vortexing. The cells were centrifuged once again and resuspended in 100
uL of 1x PBS while vortexing and statistical data was recorded (10,000 events/sample)
between 485 — 535 nm using BD Accuri™ C6 Plus Flow Cytometry (FACS).

2.6.7. Griess Assay for Nitrite determination.

AGS cells were seeded at 0.3 x 10° cells/well in a 6 well plate (Tarsons) in
duplicate. Treatments with ICso of Tuibur, Nicotine, Hydroquinone and Potassium
Nitrate were given to the cells along with untreated control well of cells. Incubation
period of 72 hours was imposed on the cells and cell lysates were prepared from the
control and treated cells as stated above in 2.6.4 (a). Griess Assay was performed using
the Griess reagent Kit for Nitrite Determination (G-7921) purchased from Invitrogen.
This kit is specific for nitrite quantitation in biological samples. Greiss reagent kit
provided two components — N-(1-naphthyl)ethylenediamine dihydrochloride (0.01%)
and Sulfanilic acid (1% in 5% phosphoric acid which are to be mixed to prepare the
Griess reagent. The kit also comes with a nitrite standard solution (1.0 mM sodium
nitrite in deionized water) ready for use. All the components of the assay kit were
stored in a 2°C refrigerator prior to use. The nitrite standard solution was serially
diluted using deionized water into concentrations ranging between 0 - 100 uM of

sodium nitrite. Standard curve was plotted using Origin Pro (V 8) to calculate the
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nitrite concentrations. The standard solutions and their concentrations are listed below

in Table 2.3.

Table 2.3. Nitrite standard solution preparation.

Volume of
nitrite Volume of
standard ! Final volume @ Final concentration
) diluent/
Sample solution deionized water of standard of standard
1000 (uL) solution (uL) solutions (uM)
uM/1.0 mM K
(uL)
Standard 1 15 135 150 100
Standard 2 12 138 150 &0
Standard 3 9.0 141 150 60
Standard 4 6.0 144 150 40
Standard 5 3.0 147 150 20
Standard 6 1.5 148.5 150 10
Diluent 0 150 150 0

150 uL each of the standard solutions thus prepared and the cell lysates (control
and treatments) prepared beforehand were mixed with 20 uL each of Griess reagent
and 130 pL of deionized water with a reference sample of 20 puL Griess reagent and
280 pL of deionized water. The mixtures were incubated for 30 minutes and the nitrite-
containing samples’ absorbance was measured at a wavelength of 548 nm using a
microplate reader (Varioskan LUX Multimode Microplate Reader, Thermo Fisher
Scientific). The extent of nitrite released (in uM) by the samples was determined using

linear regression in comparison to the Nitrite Standard solution.
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2.6.8. Acridine Orange/Ethidium Bromide (AO/EB) Staining for Apoptosis.

AGS cells were seeded at 0.3 x 10° cells/well in a 6 well plate (Tarsons) in
duplicate. Treatments with ICso of Tuibur, Nicotine, Hydroquinone and Potassium
Nitrate were given to the cells. After 72 hours, the treatments and media were aspirated
and the cells were fixed using 70% ethanol. 100 pL of 1:1 mixture of Acridine Orange
(5§ mg/mL) and Ethidium Bromide (3 mg/mL) in each well was used to stain the cells.
The fluorescent images were observed under an inverted Fluorescence Microscope
(Olympus - IX71). Cells were scored using Image J and differentiated into normal,
early-stage apoptotic and late-stage apoptotic cells for each sample. 1000 cells were
scored per each well for each treatment in triplicate. The formula for calculation of

apoptotic index (Al) was used as described by Pinzaru et al., (2021):

Al (%) = (Number of apoptotic cells/Total number of cells) x 100
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CHAPTER 3

CHEMICAL CHARACTERIZATION AND OXIDATIVE STRESS RELATED
BIOLOGICAL ACTIVITY OF TUIBUR

3A. Chemical characterization of Tuibur.

Tobacco specific alkaloids as well as other chemical species present in tuibur
were qualitatively and quantitative characterised using attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) combined with chemometric
tools such as partial least square regression analysis, surface enhanced Raman
Spectroscopy (SERS) and high-performance liquid chromatography tandem Mass
spectrometry (HPLC- MS/MS) methods. Tuibur samples collected were categorised
into different grades based on the concentration i.e., amount of tobacco matter
combusted (in g) per litre of alkaline extract employed during the production of each

grade of tuibur.
3A.1. pH.

The pH of tuibur samples (T1 — T10) analysed were in the pH e range of 8.85

to 9.33. The mean average pH of tuibur samples collected are presented in Table 3.1.

Table 3.1. pH of grades of tuibur samples collected at different production

sites in Mizoram, India.

Sample ID Production Site Grade g/L of Tobacco pH
T1 Armed Veng Medium 333 9.02
T2 Armed Veng Low 167 8.85
T3 Falkland 1 Medium 357 9.19
T4 Falkland 1 Medium 429 9.21
T5 Falkland 1 High 571 9.24
T6 Falkland 1 High 857 9.26
T7 Falkland 2 Medium 438 9.08
T8 Falkland 2 Low 250 9.12
T9 College Veng High 686 9.29

T10 Armed Veng High 500 9.33
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3A.2. Characterization of different grades of Tuibur samples using FT-IR.

Assessment of vibrational frequency features of nicotine, hydroquinone and
benzoquinone as well as different grades of tuibur samples was performed using ATR-
FTIR spectroscopy method. Characteristic vibrational bands corresponding to
different functional groups are depicted in figure 3.1. The nicotine standard (1 mg/mL
in methanol) solution exhibited vibrational bands corresponding to methanol and
nicotine. A broad vibrational band observed at 3317 cm™ was ascribed to hydroxyl
group possibly arising from the solvent methanol. Bands at 2939 cm™ and 2831 cm’!
can be attributed to characteristic C-H sp? stretching and C-H sp? stretching vibrations,
respectively. The vibrational bands at 1450 cm™ attributed to C=C ring stretching and
the concomitant C-H bending vibrations atl411 cm™ were observed. The sharp
vibrational band at 1018 cm™ was observed which is indicative of the presence of C-
O stretching mode most likely arising from a primary alcohol. The weak vibrational
band around 1110 cm™ ascribed to C-N stretching vibration, more likely due to
secondary aliphatic amine, was observed. The weak peak at 771 cm™! linked to the
mono-substituted C-H bending vibration of aromatic ring protons that was masked by

the broad N-H out of plane vibrations at 623 cm™! is shown in the figure 3.1.

The hydroquinone (standard) showed a broad peak at 3172 cm™! corresponding
to -O—H stretching of the hydroxyl group. The vibration bands indicative of aromatic
C=C stretching vibrations at 1629 ¢cm™, 1516 cm™ and 1465 cm™ were observed.
Bands observed at 1257 cm™!, 1097 cm™ and 1009 cm™ corresponds to C-O stretching
vibrations of the phenolic groups. Vibrational bands corresponding to para- and ortho-
substituted aromatics C-H bending vibrations were also observed at 832 cm™ and 754
cm’!| respectively. The observed vibrational bands are indicative of the functional
groups present in hydroquinone. In the case of benzoquinone, a sharp peak at 3057 cm”
Iattributed to aromatic C-H stretching (SP?) was demonstrated. A vibrational band at
1724 cm™ was observed which corresponds to C=O stretching along with C-C
stretching vibration observed at 1308 ¢cm™ as an indication of the presence of a
carbonyl group. The sharp band at 754 cm™' suggests aromatic C-H bending due to

ortho- or para- substitution in the compound.
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Figure 3.1. ATR-FTIR spectra of Nicotine, Hydroquinone and Benzoquinone

standard (neat) samples.
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Figure 3.2. ATR-FTIR spectra of 10 tuibur samples of different grades.
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Different grades of tuibur samples showed similar spectral features (Figure
3.2.) where a broad peak at 3302 cm™! corresponding to -O—H functional group most
likely due to the water molecules of tuibur solutions was observed. A band at 1635 cm™
I corresponds to C=C stretching which may be an indication of the presence of an
aromatic ring containing compound (also observed in the hydroquinone standard
spectrum) or may be attributed to C=0 stretching of amides being present. In the
fingerprint region of the FT-IR spectra, a weak absorption band at 1363 cm™ indicates
aromatic C-N stretching, pointing towards the presence of compounds such as
pyridine. This band can also correspond to more likely presence of aliphatic NO»
compounds in the tuibur. C-C-O and C-O vibrational bands attributable to alcohols,
phenols and/or carboxylic acids were observed as weak bands at 1219 cm™ and 1099
cm’!, similar to that of the hydroquinone. Within the far-infrared region, a weak band
at 769 cm™! corresponding to substituted aromatic compounds is also seen, more akin
to those of nicotine, hydroquinone and benzoquinone. The vibrational spectral data of
nicotine, hydroquinone, and benzoquinone as chemical, standards for the present

study, and different grades of tuibur samples are displayed in table 3.2.

Table 3.2. ATR-FTIR spectral data of nicotine, hydroquinone, benzoquinone and

tuibur.

Spectral Wavenumber, cm’! Functional
reglgn Nicotine Hydroquinone Benzoquinone Tuibur sroup
(cm™) assignments

3317 3172 - 3302 O-H
- 3032 3057 - C-H stretch
4000 - 2500 2939 ) ) i C-H sp’
2831 - - - C-H sp?
- - 1724 - C=0 stretch
- 1629 1639 1635 C=C stretch
2500 - 1400 - 1516 - - C=C stretch
- 1465 - - C=C stretch
1411 - - - C-H bend
- - - 1363 C-N stretch
- - 1308 - C-C stretch
- 1257 - 1219 C-C-O
1400 - 600 1110 1097 1081 1099 C-O0
1018 1009 - - C-O0
- 832 - - C-H bend
771 754 754 760 C-H bend

71



3A.2.1. Identification of significant region of the ATR-FTIR spectra for analysis.

Table 3.3. displays the PLS analysis of specific spectral regions of three neat
chemical compound spectral features under consideration. When the full spectra
ranged between 4000-400 cm™' were used for the PLS model, and the corresponding
R? values of 0.90, 0.84 and 0.73 were obtained for nicotine, hydroquinone and
benzoquinone, respectively. Benzoquinone showed a rather low goodness of fit for the
PLS model in most of the spectral sub-regions under consideration with the exception
of the considered spectral range as mentioned below. Similarly, a R? value <0.85 was
observed for hydroquinone. However, all spectral regions under consideration for
nicotine, R’ value was >0.88. Since R’-values of each spectral sub-regions showed
only low to moderate goodness of fit, significant regions in the IR spectra of nicotine,
hydroquinone and benzoquinone as well as the samples under study (tuibur) were
identified and isolated to assess the best fit for the PLS calibration models. The
significant regions were selected to include specific vibrational bands corresponding
to each chemical species without solvent interference as well as to cancel out spectral
noise with the aim of attaining the maximum R? value in the calibration models. When
the spectral regions of 760-650 cm! for nicotine, 860-440 cm™ for hydroquinone and
1700-1600 cm™ for benzoquinone were selected for the PLS calibration models,
maximum R’-values of 0.99, 0.93 and 0.98 were obtained. Table 3.3 presents the

analysis of specific sub-regions of spectra for the development of the prediction model.

Table 3.3. R? — values for PLS models using different spectral regions of chemical

standard spectra.

Spectral Region R? - value
(cm™) Nicotine Hydroquinone Benzoquinone
4000 — 400 0.9040 0.8354 0.7261
3000 - 2500 0.8838 0.1603 0.4322
2500 - 2000 0.9255 0.8426 0.1142
2000 - 1500 0.9166 0.5455 0.1395
1500 - 1000 0.9444 0.5280 0.1737
1000 — 500 0.9372 0.1911 0.1451
1700 - 1600 - - 0.9824
860 — 440 - 0.9312 -

760 — 650 0.9999 - -
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3A.2.2. Calibration models for quantitative analysis of nicotine, hydroquinone

and benzoquinone.

The PLS model performance indicators are shown in table 3.4. The R’ — values
for nicotine, hydroquinone and benzoquinone spectral analysis approximates > 0.93
for the calibration and > 0.74 for the validation data sets. The SEC estimates were <
0.05, likewise, SEP estimates were also < 0.30. Hence, the PLS calibration model for
the standard chemicals using the selected significant spectral regions were chosen for
the prediction of the unknown concentrations of nicotine, hydroquinone and
benzoquinone in the different grades of tuibur samples. Figure 3.3. shows the PLS

calibration models plots of the three standard spectra.

Table 3.4. Chemometric analysis of chemicals using significant spectral regions.

Chemicals Spectral region Calibration model Validation model
(cm™) R’ —value SEC R’ —value SEP
Nicotine 760 - 650 0.9999 0.0029 0.8821 0.1507
Hydroquinone 860 - 440 0.9312 0.0473 0.7434 0.2899

Benzoquinone 1700 - 1600 0.9824 0.0466 0.8989 0.1259

Predicted vs. Reference

Predicted ¥ (Conc., Fadlor-5)
2 8 8 - B

N

Predicted vs. Reference Predicted vs. Reference

0 01 02 03 04 05 0 02 04 06 08 1
Reference Y (Conc, Factor-2) Reference ' (Conc., Factor-3)

(b) (c)
Figure 3.3. PLS calibration model plots of (a) Nicotine, (b) Hydroquinone and

(c) Benzoquinone.
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3A.2.3. Chemical analysis of tuibur samples using PLS model.

Serial dilutions of nicotine, hydroquinone and benzoquinone in methanol were
prepared and subsequently analysed via a combination of ATR-FTIR spectroscopy and
chemometrics methods for the development of calibration models from PLS regression
analysis. The observed results for the predicted concentrations of nicotine,
hydroquinone and benzoquinone ranged between 4.49+0.77 to 7.69+1.40 mg/mL,
1.78+4.34 to 2.19+4.27 mg/mL and 7.96£11.61 to 13.81£17.29 mg/mL, respectively.
The predicted concentration values were summarized in table 3.5. From the estimated
results, the relative grading of different tuibur samples based on the predicted
concentrations of nicotine, hydroquinone and benzoquinone could not be achieved
because of negligible difference between the predicted concentration values for each

grade of tuibur with respect to each chosen chemical species of interest.

Table 3.5. Outcome of the predicted concentration in tuibur samples using standard

chemical calibration models.

Predicted Predicted Predicted
Name/ID | Grade Nicotine Hydroquinone Benzoquinone
Concentration =~ Concentration Concentration
(mg/mL) (mg/mL) (mg/mL)
T1 Medium 4.49+0.77 2.00+4.05 7.96 £11.61
T2 Low 7.17£1.43 2.07+4.40 11.33+£16.97
T3 Medium 7.69£1.40 1.78+4.34 11.50+16.81
T4 Medium 6.95+1.41 1.85+4.26 11.63+£16.69
T5 High 7.15+1.41 1.98+4.28 12.16+17.04
T6 High 7.54 £1.48 2.10+4.33 13.10£17.65
T7 Medium 7.03+1.45 2.18+4.32 13.23£17.78
T8 Low 7.50+1.45 2.07+4.16 13.49+£17.73
T9 High 7.02+1.33 2.19+4.27 13.08+17.08
T10 High 7.21£1.41 2.04+4.17 13.81+17.29
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3A.3. Nicotine characterization using SERS.

To further assess the concentration levels of nicotine in different grades of
tuibur, surface enhanced Raman spectral (SERS) analysis was performed for both
nicotine solution and different grades of tuibur samples (T1 - T10). The rationale for
our attempt to assess tuibur by applying a robust and sensitive Raman spectroscopic
method, viz., SERS is that water being a strong dipolar compound present in tuibur
samples as a solvent which could have interfered strongly during the FTIR
measurements by absorbing as many IR photons. However, Raman spectroscopy
method is based on the inelastic scattering of laser photons in the visible region, and
water is relatively a poor scatterer of visible radiation photons. Besides, nicotine in its
unionized state is a non-polar molecule that could exhibit better polarizability
attributes by virtue of inelastic scattering in the visible region. By virtue of favourable
surface plasmon resonance conditions in presence of noble metal nanoparticles in
solution that substantially enhances signal intensity, it is feasible to detect very low

concentrations of chemical compounds in solution.

In addition, Figure 3.4. represents the SERS spectrum of a neat nicotine
solution. Evidently distinct from the corresponding IR spectrum, the observed SERS
spectrum of nicotine solution displays a neat spectrum with characteristic peaks in the
fingerprint region (2000 - 900 cm™'). A weak band at 913 cm™ was observed which is
most likely due to the pyrrolidine moiety of nicotine (Alharbi et al.,, 2014). An
intensely sharp band was observed at 1030 cm™ which may be attributable to the
symmetric pyridine ring ‘breathing” mode (Farquharson et al., 2019). The more
accentuated and characteristic vibrational band at 1030 ¢cm™ was thus selected as
internal standard for the estimation of nicotine content in tuibur samples since the band

is relatively free from interference.
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Figure 3.4. SERS spectrum of nicotine standard solution.

The observed SERS spectra of different tuibur samples (T1-T10) are displayed
in Figure 3.5. For every tuibur variant (T1 - T10), an accentuated peak at 1030 cm™!
can be observed corresponding to the symmetrical pyridine ring breathing mode of
vibration. The band originates from C-N vibrations of pyridine moiety at 1030 cm™!
which commensurate with the nicotine spectral features which in turn proves not only
the presence of nicotine in tuibur samples but also acts as the internal standard to
quantify nicotine in various tuibur samples. The intensity of the 1030 cm™ peak
observed in the SERS of each tuibur sample as well as the nicotine standard solution
was subjected to the background correction, i.e., the observed baseline was subtracted

from the observed maximum intensity of the peak at 1030 cm™ for each sample.
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From the assessed peak intensity, it was observed that tuibur samples made by
infusing (bubbling) tobacco smoke for longer duration in feedstock, viz., high
concentrations of volatile, water soluble and polar components of tobacco smoke in
the alkaline feedstock correspondingly exhibited accentuated peak intensity albeit the
occurrence of a few exceptions where some lower concentration tuibur samples (lower

grade tuibur) also exhibited relatively higher peak intensity.

Raman Intensity

| L 1 " 1 " | L 1

600 800 1000 1200 1400

Raman shift (cm™)

Figure 3.5. SERS spectra of tuibur samples with AuNP colloidal solution.
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However, due to the prevailing alkaline pH conditions in different grades of
tuibur solutions, in our present study, the vibrational bands of C-N stretching
frequencies corresponding to the mono-protonated and di-protonated nicotine species
were not observed (Baranska et al. 2012). It is important to note that the comparison
of SERS peak intensity (1030 cm™') between nicotine neat solution (1mg/mL) and
different grades of tuibur samples (T1-T10), revealed that moderate to modest

concentrations of nicotine are present in various tuibur samples as shown in Figure

3.6.
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Figure 3.6. Peak Intensity at 1030 cm™ of nicotine standard and tuibur solutions.

The lowest and highest SERS peak intensity for nicotine among the collected
samples was observed to be lowest for T2 and highest for T6 where, 167 g/L and 857
g/L of tobacco stalk was combusted for tuibur production, respectively. From this
observation, it is evident that, qualitatively, the peak intensity of the different grades

of tuibur correlated with the amount of tobacco used for tuibur production.
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Moreover, Pearson’s correlation was performed between pH and the peak
intensity of tuibur samples (T1-T10) which resulted in a non-significant weak positive
correlation as shown in Table 3.6. Pearson’s correlation between SERS peak intensity
of tuibur samples and the concentration of tuibur (g/L of Tobacco used) was also
performed which likewise revealed a positive correlation albeit it was not statistically

significant as shown in Table 3.7.

Table 3.6. Pearson’s correlation of pH vs. Peak Intensity of tuibur samples.

Correlations
pH | Peak Intensity
pH 1 382
Peak Intensity | .382 1

Table 3.7. Pearson’s Correlation of Peak Intensity vs. Concentration of tuibur

samples.

Correlations

Peak Intensity | Concentration

Peak Intensity 1 0.517

Concentration 0.517 1
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3A.4. LC- MS/MS quantification of tobacco specific alkaloids in tuibur.

By the virtue of its inherent sensitivity and selectivity, the quantitation of
tobacco specific alkaloids, namely, nicotine and cotinine in different grades of tuibur
can be effectively performed by applying LC-MS/MS methods. The tuibur samples
were categorized into three grades — low, medium and high depending on the amount
of tobacco used per litre of water during the manufacture of tuibur. The concentration
of nicotine in the 10 tuibur samples ranged between 506 — 1877 pg/mL while cotinine

concentrations ranged between 6.5 — 44.4 pg/mL (Table 3.8.).

Table 3.8. Concentration of tobacco specific alkaloids — nicotine and cotinine, in

tuibur solutions (T1 — T10).

Tobacco Specific Alkaloids

3. No. ID Amount of Tobacco (ng/mL)
/L) Nicotine Cotinine
1 T2 167 569 6.5
2 T8 250 845 14.8
3 T1 333 666 7.5
4 T3 357 747 13.6
5 T4 429 962 16.4
6 T7 438 1083 20.0
7 T10 500 506 9.5
8 T5 571 1114 22.8
9 T9 686 1114 14.5
10 T6 857 1877 44 .4
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Figure 3.7. (a). Linear regression plot for Amount of tobacco.
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Figure 3.7. (b). Linear regression plot for Amount of tobacco
vs. Cotinine.

81



The relationship between the amount of tobacco used for tuibur production and
the concentration of nicotine was studied using linear regression and Pearson’s
correlation where, the goodness of fit of the data set in the linear regression model was
moderate (R? = 0.657) [Figure 3.7 (a)] along with a strong positive correlation which
is statistically significant (r =.810, p <0.01) (Table 3.9.). Similarly, for the amount of
tobacco used vs. cotinine concentration, the data set showed a moderate fit for the
linear regression model (R? = 0.604) [Figure 3.7 (b)] and the Pearson’s correlation
coefficient showed a strong and statistically significant correlation (r=.777,p <0.01)

(Table 3.9.).

Table 3.9. Pearson’s correlation between amount of tobacco used and concentration
of alkaloids (LC-MS/MS).

Correlations
Nicotine | Cotinine
Amount of | Pearson Correlation | .810™ 777
Tobacco
Sig. (2-tailed) .004 .008
N 10 10

**_ Correlation is significant at the 0.01 level (2-tailed).

The amount of unprotonated or unionized nicotine was calculated using the
Henderson-Hasselback equation from the measured pH and concentration of total
nicotine in different grades of tuibur. The pH of tuibur ranged between 9.5 — 9.8,
indicative of high alkalinity of tuibur. The calculated unprotonated tuibur
concentrations in each tuibur sample was found to be > 97% of the total nicotine

concentrations as quantified by LC-MS/MS methods (Table 3.10.).
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Table 3.10. Calculated unprotonated nicotine concentration of tuibur samples.

Amount of Total Unprotonated
SL o % Unprotonated o
ID  tobaccoused pH  Nicotine Nicotine
No. Nicotine
(mg/mL) (ng/mL) (ng/mL)
1 T2 167 9.6 569 97.32 554.16
2 T8 250 9.6 845 97.60 824.75
3 Tl 333 9.8 666 98.29 654.26
4 T3 357 9.7 747 97.95 731.24
5 T4 429 9.7 962 97.81 941.19
6 T7 438 9.7 1083 97.76 1058.61
7  TI0 500 9.5 506 96.65 489.05
8 T5 571 9.8 1114 98.17 1093.55
9 T9 686 9.8 1114 98.39 1095.84
10 To6 857 9.8 1877 98.25 1843.967

3A.5. Discussion.

Tuibur is normally prepared as an alkaline solution as feedstock solution is
rendered highly alkaline by allowing relatively acidic rapid stream water to percolate
through tobacco ash or plant ash. Subsequent infusion of tobacco smoke through
feedstock apparently moderates the high pH of feedstock solution by at least 0.6 — 1.1
units of pH. The observed pH of tuibur solutions therefore, was also found to be
alkaline in this study. More akin to other popular smokeless tobacco products, tuibur
is an orally consumed SLT and retained in the mouth for several minutes as this
practice would allow the moderate nicotine content in tuibur, to preponderantly exist
as unionized and non-polar nicotine, that can be more readily absorbed by buccal
epithelial tissue. Concomitantly, the orally absorbed non-polar nicotine would be
metabolized to cotinine, trans-3'-hydroxy cotinine, and nornicotine. The rate of
absorption of nicotine by the oral epithelial cells is relatively rapid while using these
types of high alkaline SLTs, however the consequent increase in nicotine levels at the

brain is rather slower compared to smoking tobacco products (Benowitz et al., 1988).
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Although the alkalinity of tuibur is most likely due to the feedstock as well as filtration
of crude tuibur through ash, some manufacturers tend to add slaked lime to make
feedstock to be more alkaline. Tuibur is subsequently graded by the alkalinity of the
product as well as the duration of tobacco smoke extraction. “Al” is the name of the
higher (more alkaline) grade and “Al-lo” is the less alkaline or lower grade tuibur.
However, the grade of tuibur used by the consumers is dependent on personal
preference. It has been widely reported in literature (Tomar & Henningfield, 1997;
Richter et al., 2008; Stepanov et al., 2015) that the rate of nicotine transport across the

plasma membrane is related to the concentration of nicotine in its free-base form.

Once nicotine (pka2 = 8.02) is deprotonated to its free-base form (completely
unprotonated or un-ionized form) at higher pH, it can easily diffuse through buccal
mucosa and more readily adsorbed orally to a greater extent than the corresponding
ionized forms (Richter et al., 2008). Natural tobacco is acidic in nature and hence
nicotine remains in its ionic form (monoprotonated form), which is unsuitable for the
transmembrane transport and subsequent adsorption (Figure 3.8.). Even though saliva
contains bicarbonate (HCO3™) ion which can act as a salivary buffering agent albeit it
can only transform modest quantity of nicotine into its unionized form at a modest
alkaline oral pH milieu, however this process may take place over a longer period of
time and hence not at all a preferred way of tobacco consumption. Thus, the primary
effect of alkaline pH in a SLT formulation is to elevate the rate of nicotine absorption

as well as potentiate and reinforce the drug's psychoactive attributes (Yildiz, 2004).
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(a) Unprotonated nicotine (b) Mono-protonated nicotine  (c) Di-protonated nicotine

Figure 3.8. Structure of (a) unprotonated nicotine, (b) mono-protonated nicotine, and

(c) di-protonated nicotine.
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Tuibur is manufactured in such a manner that the predominant ingredient is
water. Consequently, almost all the polar and ionic chemical constituents of tuibur,
either arising from tobacco ash (involatile inorganic and organic constituents) or from
tobacco smoke (volatile and semi-volatile inorganic and organic components), would
be present only in diluted concentration levels. Though this is the case, it does not
mean that the chemical composition of tuibur is any less harmful and/or toxic as it is a
complex mixture of several components, some of which, are directly linked to some
of the debilitating lifestyle disorders including gastritis and cancer. ATR-FTIR, being
a non-destructive method of chemical analysis, sample loss was minimised while
maintaining its sensitivity to detect chemical species present in tuibur. As seen in figure
3.2., in the FT-IR spectra of tuibur samples, O—H broad band is predominant in all the
samples. This broad band overlaps with the C—H stretching vibrations as well as N—H
stretching vibrations usually found around 3500 — 2200 cm™~!. Moreover, C—H bonds
are nonpolar and exhibit weaker peaks in the IR spectrum. These vibrational bands are
found in the IR spectra of tobacco plant extracts may be attributed, in part, to
polysaccharides, amines, nitrosamines and proteins. (Zhang et al., 2022) Tuibur is
considered as the alkaline aqueous extract of tobacco smoke and therefore exhibits
characteristic vibrational bands such as C-O and C=C stretching vibrations as well as
vibrations due to amides as observed in tobacco smoke such as aromatic amines, acids,
esters, quinones, etc., (Terpugov et al., 2019; Zhang et al., 2022). The observed
vibrational frequencies are more akin to nicotine, hydroquinone and benzoquinone
vibronic signatures corresponding to C—N str., C=C str., C—H bend., C-O str. etc., in
the tuibur samples of this study, cannot be absolutely determined most likely due to
overwhelmingly the most accentuated and the coinciding O—H stretching, bending and
the H-bonded H---O-H vibrational bands (Figure 3.2.) (Lalmuanpuii &
Muthukumaran, 2016). It is important to note that tuibur is a heterogeneous mixture
of different types of water soluble polar and ionic chemical constituents, where
vibrational bands of different chemical compounds may be overlapping in the mid-IR
and Far-IR regions of FT-IR spectrum. However, it is evident from our preliminary
study of the IR spectrum of ‘dry’ tuibur (which is relatively dry and devoid of water
as compared to tuibur), a kind of precipitation or deposition of reddish-brown layer

along the sides of tuibur container, that these chemicals are in fact, present in tuibur.
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The occurrence of these chemicals were also described by Lalmuanpuii, (2016b) along
with the presence of a series of minor tobacco-specific chemical constituents including
cotinine, nornicotine, anabasine, anatabine; TSNAs - NNN, NNK, NNAL; quinones,
alcohols as well as an assorted list of organometallic as well as inorganic compounds

including heavy elemental species.

Nonetheless, IR spectrum cannot be exclusively applied as an quantitative
analytical method as it can only provide qualitative information about functional
groups’ vibrational frequencies and hybridization/polarity of chemical bonds.
However, FT-IR spectral vibrational frequency assignments of nicotine, hydroquinone
and benzoquinone, in combination with chemometrics, could become a powerful
analytical tool for the prediction of selected chemical constituent(s) in a mixture of
compounds (Fekhar et al., 2023). Multivariate analysis performed by using PLS
regression method for a heterogenous mixture such as tuibur while carrying out the
requisite standard calibrations to predict the concentrations of some chemical
constituents, an easy as well as accessible method for a possible semi-quantitation
analysis may be achieved. This method could predict the selected chemical species’
contents — nicotine, hydroquinone and benzoquinone present in the different grades of
collected tuibur, besides to a certain extent, it may also be possible to assess whether
the amount of tobacco used in production has any effect on the levels of these

chemicals in the tuibur samples collected.

This semi-quantification method of applying ATR-FTIR in conjunction with
chemometrics, however, has its own limitations. The most dominant and the broad
vibrational band(s) due to water in tuibur (~3000 — 3400 cm~" and 1600 cm™") as well
as overlapping vibrational bands of different chemical constituents present in tuibur
can cause the unwarranted masking of vibrational bands which may prevent the
requisite classification and the potential quantitation of different chemical components
in tuibur. Moreover, by virtue of the limited solubility of nicotine in polar solvents
during the preparation of the standard solutions at different concentration levels, viz.,
a methanolic stock solution of nicotine where the highest prepared standard
concentration could not exceed 1 mg/mL, i.e., the concentration of the purchased stock
solution. Benzoquinone and hydroquinone are volatile compounds and extremely

reactive chemical species. They readily undergo oxidation on contact with light and
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air making it extremely challenging to accurately prepare standard solutions. The
standards prepared via serial dilution (v/v) could not be obtained beyond certain
concentrations. Hence, only a limited number of standards were prepared for
establishing a calibration curve. The increasing amount of solvent further complicated
the semi-quantitative analysis, with the dilution of nicotine solution. This could
potentially affect the signal-to-noise aspects of IR spectrum of the standard itself,
where unwarranted masking of the vibrational bands of nicotine/hydroquinone could
take place. This may render the constructed semi-quantitative method less reliable and
may yield results with varying degrees of accuracy. In PLS regression, R? values as
much close to 1 in the calibration model is highly desirable to achieve considerable
accuracy of predicting the concentrations of the unknown sample. However, in the
present study, for the PLS calibration models for the spectral data of chosen standards,
R? values of only >0.90 could be obtained only within narrow spectral regions of
approximately 100 cm™! ranges especially for hydroquinone and benzoquinone. This
significantly impacted the ability of this method in incorporating all specific spectral
peaks of the species under study which in turn may have a negative effect on the
reliability of prediction. Moreover, while obtaining the IR spectrum of volatile
substances, loss of sample due to oxidation of benzoquinone and hydroquinone may
take place, which negatively influences the accuracy of the observed results in FTIR
with chemometrics technique. Hence, from the results observed in this study, the
grading or ranking of tuibur samples could not be accomplished based on nicotine
levels as predicted by this method. Therefore, the application of other spectroscopic
techniques is warranted for the estimation of nicotine levels in different grades of

tuibur solutions.

Subsequently, a more sensitive surface-enhanced Raman Spectroscopy (SERS)
method was performed to identify and estimate nicotine levels in different grades of
tuibur samples. SERS method is also a non-destructive analytical technique while
ensuring negligible quantities of sample loss. SERS analysis, is considered a more
sensitive approach as compared to FT-IR in a mixture of compounds with varying
polarity such as tuibur, since O—H peak due to water is observed as a narrow and weak
peak around ~3450 cm~' (Pershin, 2005) leading to negligible interference or

overlapping of O-H peak with the characteristic vibronic frequencies required to
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identify and possibly quantify nicotine contents. SERS assay was formulated by
preparing a composite by adding trisodium citrate (TSC)-capped AuNPs either into
neat nicotine solution or tuibur solution. Nicotine molecules present in tuibur can
interact through chemisorption. Chemical constituents of tobacco can be adsorbed or
bound to the surface of gold nanoparticles through electrostatic interactions and/or
chemisorption else physisorption forces depending on the charge, non-bonding lone
pair of electrons in nitrogen atoms. The substituent group(s) on the nitrogen atoms of
heterocyclic compounds in nitrogen impose steric hindrance and impede the
chemisorption and therefore, for such compounds most probably the physisorption
may occur (Yajima et al., 2012). Nitrogen-containing functional groups in nicotine,
such as the pyridine ring and pyrrolidine ring could elicit chemisorption or
physisorption interactions with the gold atoms at the surface of Au NPs. The SERS
spectrum of nicotine standard solution obtained as well as the spectra of different
grades of tuibur are markedly different from the corresponding IR spectra and exhibit
a neat spectrum with distinctive and characteristic spectral features in the range of
1300 - 800 cm™. Comparison of the SERS spectral features of tuibur samples and
nicotine solution clearly demonstrate the presence of nicotine in the different grades
of tuibur samples. Therefore, this study establishes a simple, rapid and robust
evaluation method for the identification and evaluation of nicotine levels in different

grades of tuibur.

The ability to detect tobacco alkaloids in tobacco samples using SERS is well
documented in literature (Barber et al., 1994; A. Kumar et al., 2019). In SERS, a
roughened surface of noble metal nanomaterial, chiefly Au or Ag, is prepared where
the target analyte/molecule, in our case, nicotine, is adsorbed on surface in close
proximity to the rough surface. The optical activity of metal-based nanomaterials and
SERS activity are closely related and allows for the enhancement of the local
electromagnetic field, which can be largely attributable to the induction of surface
plasmon resonance. The molecular polarizability and the concomitant inelastic
scattering, the hallmark of Raman phenomenon is therefore, substantially enhanced,
which imparts high sensitivity, specificity and selectivity for the detection as well as
identification of the molecules containing lone pair of electrons or polarizable

functional groups. The strength of the SERS signal is dependent on the location of
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number of hotspots and analyte molecule in the plasmonic structure (Pérez-Jiménez et
al., 2020). In this study, the observed gradual increase in the peak intensity at 1030 cm’
"in tuibur samples is in good agreement with the increase in the amount of tobacco
stalk combusted for generating tobacco smoke (vide supra) during the tuibur
production process demonstrating the ability to classify or grade the tuibur sample as
a function of the characteristic nicotine vibrational band intensity at 1030 cm™' in
tuibur SERS spectra. Nonetheless, the nanoparticle used for the enhancement of signal
strength in each sample — nicotine standard and tuibur, were not recovered after use.
Therefore, it is unascertainable as to whether or not each aliquot from the same batch
of nanoparticles used for this study, have the same roughness, number of hotspots or
dimensions. The experimental design of this study, excludes the acquisition of data
required to calculate the number of molecules in known standard solution involved in
the adsorption forces. This is because the standard preparations via serial dilution of
the nicotine stock solution, much like the standard preparation for IR, has drawbacks
and limitations, therefore it was not attempted for this analysis. Also, all nicotine
molecules in the volume of the sample being probed will not have an equal
contribution to the overall Raman signal. Consequently, the grading and evaluation of
nicotine levels in different grades of tuibur samples could be achieved as no more than

a semi-quantitative estimation.

Finally, for a more reliable and precise quantitation of nicotine and cotinine in
the collected different grades of tuibur samples, LC-MS/MS method was employed.
By exploiting variations in the chemical constituents’ polarity, the analyte of interest
was separated out from the tuibur solution with syringe filtration and liquid
chromatography by employing suitable eluent system, which enables a better
separation, simultaneous detection and the concomitant determination of selected
groups of chemical components present in a heterogenous mixture like tuibur. When
liquid chromatograph is hyphenated with tandem mass spectrometry (MS?), in
multiple reaction mode (MRM) the identification and the analysis of both the parent
ion as well as selected daughter ions can take place, thus the analytical method
becomes a highly sensitive, more precise and selective method for the quantitative
determination of tobacco specific alkaloids. From the heterogenous mixture of tuibur,

nicotine and cotinine are co-eluted using high-performance liquid chromatography
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(HPLC) method. With the precise calibration of liquid chromatography, polar eluent
system(s) to separate out nicotine and cotinine from tuibur, well resolved peaks can be
achieved. Mass spectra of nicotine was reported where a base fragment peak at m/z 84
and a small molecule peak at m/z 162, while cotinine exhibited peaks at m/z 98 and
m/z 176 (Iwai et al., 2013). Similar ion peaks were selected from the first quadrupole
using mass spectrometry and were further fragmented to yield product ions for
quantification in the MRM mode. As observed in table 3.10., the tobacco specific
alkaloids present in different grades of tuibur are present in modest (ng/mL)
concentrations. There is little or no relevant data available on the quantitation of
nicotine or cotinine in tuibur and therefore this is the first quantitative study that has
revealed the concentrations of these tobacco specific alkaloids in tuibur. In our study,
a linear relationship although moderate, is observed along with a positive correlation
between the amount of tobacco combusted and the alkaloid concentrations determined
in different grades of tuibur indicating that an increase in the amount of tobacco stalk
combusted during the production concomitantly increases the concentration of
nicotine and cotinine in tuibur. Therefore, an appropriate grading in tuibur samples
based on the concentration levels of nicotine could be achieved confirming the
hypothesis that with the increasing amounts of tobacco stalk used for the production,
an increase in the nicotine contents of ascending range for a wide range of tuibur

samples can be achieved.

From table 3.10., there are some exceptions from the results of this study,
where the concentration levels of nicotine increased with increase in amount of
tobacco, though this is true for most of the samples. In the case of samples T8 (250 g/L
of'tobacco) and T10 (500 g/L of tobacco), the nicotine contents were not in accordance
with the presumed concentrations based on the observed trend. This may be due to the
variations in the nicotine content in the tobacco stalk used or the production conditions
(rapid stream water flow rate / wind speed at the site of production on the day of
production) were different during the preparation of these tuibur samples and it would
be immature to speculate on these variants as these conditions were not followed
critically. Sein (2020) has stated that both N. tabacum and N. rustica commonly known
in Myanmar as hsey ywet kyee are grown. As the tobacco stalk for the tuibur

manufacture is procured from Myanmar (Lalmuanpuii, 2016b) by layman merchants,
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the tobacco purchased may contain a mixture of both Nicotiana rustica and N. tabacum
stalks of which Nicotiana rustica is known to contain higher nicotine content than N.
tabacum (Sierro et al., 2018). The nicotine content in both smoked and smokeless
forms of tobacco products vary considerably according to the varieties of tobacco. In
addition, the alkaloids content in tobacco plant is dependent on a wide range of factors
such as agriculture practices, soil moisture content, genetic potential, blending
proportion of varieties, etc. (Djordjevic & Doran, 2009). Nicotine in plants is
metabolised to cotinine as well as to nornicotine. Nitrosation products of tobacco
specific alkaloids like nicotine and nornicotine are termed as tobacco specific
nitrosamines (TSNAs). They include species such as NNN, NNK, NAT, NNAL, NAB,
etc., where, NNN and NNK are potent carcinogens and play major roles in the
induction of many malignancies (Hoffmann et al., 1991). The lethal dose of nicotine
for adults is 60 mg or less (30-60 mg) (Mishra et al., 2015). Though this may be the
case, it appears that tuibur contains sufficient unprotonated nicotine contents to initiate
and sustain the psycho-addictive dependency on tobacco. It is important to note that
chronic tuibur intake may be insidious for tuibur consumers as tuibur may also contain
TSNAs (vide supra) since de novo synthesis of TSNAs occur during the combustion

of tobacco matter (Muthukumaran et al., 2023).
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3B. Biological Activity of Tuibur.

The putative negative effects of tuibur was examined on the viabilities of AGS
cells in a series of biological assay studies where the dosage and incubation times were
varied. These biological assays provide a measure of plausible cytotoxicity,
genotoxicity and putative DNA damage because of tuibur exposure to cells in vitro,
since isolated and immortal cells are considered as a rudimentary and simple model
system. MTT assay, ELISA and fluorescent staining assays were performed for
assessing the putative negative effects of tuibur in vitro. Since, tuibur is essentially an
alkaline aqueous extract of polar and possibly semi-polar chemical constituents, both
inorganic and organic chemical species with a wide range of polarities, the possible
cytotoxic and oxidative effects of few of the potential and putatively preponderant
components of tuibur, such as nicotine, hydroquinone, and nitrate anion, were also
examined, independently, in a series of in vitro studies, similar to tuibur for gaining a
better insight into the possible adverse health effects of tuibur using in vitro

experiments.

3B.1. Tuibur oxidative stress biomarker assessment.

Micronucleus (MN) assay was carried out by using the DNA-specific
fluorescent stain (acridine orange) for fluorescence microscopy as a biomarker of
oxidative stress and genotoxicity in tuibur and sahdah users. Normal buccal epithelial
cell and buccal cell detected with MN are shown in figure 3.9. The demographic profile
of individuals such as age, gender, years of SLT use and SLT dosage are summarized
in table 3.11. The frequency of micronuclei formation in the three study groups are
shown in figure 3.10. The mean micronuclei scores for control (healthy volunteer),
tuibur user and sahdah user groups are 2.3 + 0.99, 20.59 + 12.09 and 14.36 + 6.72,
respectively (Table 3.12.). The difference between MN frequency of tuibur users,
sahdah users and controls were compared as shown in table 3.12. Pearson’s correlation
analysis for tuibur users showed weak negative correlation between age and MN count
along with weak positive correlation between dose vs. MN count as well as duration
of use and MN count however it was statistically insignificant. Similarly, weak
negative correlation was observed in sahdah users between age vs. MN count, dose vs.

MN count and duration of use vs. MN count albeit statistically not significant.
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Table 3.11. Characteristics of the three groups under study.

Tuibur users Sahdah users Control
Characteristics (n=100) (n=100) (n=100)
Mean + SD (range)
Age (years) 3776 £9.45 36.52+823 39.94+10.81
Dosage 9.624+549 10.94+523  0.00+0.00
(frequency of use per day)
Duration of use (years) 18.18+8.84 15.84+9.89 0.00+0.00

Table 3.12. Mean micronuclei count in the three study groups.
Groups N  Mean MN count Standard Deviation

Control 100 2.3 0.99
Tuibur users 100 20.59 12.09
Sahdah users 100 14.36 6.72

NUCLEUS

Figure 3.9. (a) Normal buccal epithelial cell; (b) Buccal epithelial cell with
micronucleus.
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Figure 3.10. Comparison of MN frequency in control and smokeless tobacco
user populations.

93



The analysis of variance (ANOVA) also indicated a significant difference in
micronuclei (MN) counts among the three groups: Tuibur users, Sahdah users, and the
control group (p <0.001). The Tukey's Honestly Significant Difference (HSD) test was

then conducted to compare the mean MN counts between the groups.

The Tukey's HSD test revealed significant differences in MN counts between
tuibur users and sahdah users (q = 7.91, p < 0.001), tuibur users and controls (q =
22.96, p < 0.001), as well as sahdah users and controls (q = 15.04, p < 0.001). The
highest difference was observed between tuibur users and controls, indicating
substantial negative health effect of tuibur by virtue of high frequency of MN
formation compared to healthy volunteers who do not indulge in any type of tobacco

use (Table 3.13.).

Table 3.13. Multiple comparisons of mean MN in the three study groups.

Mean
Groups N  Mean MN + S.D.
Difference
Control 100 2.3+0.99
Tuibur users = 100 20.59 +£12.09
18.37
P value <0.001
g-tukey 22.96
Control 100 2.3+0.99
Sahdah Users 100 14.36 £ 6.72
12.04
P value < 0.001
g-tukey 15.04
Tuibur users 100 20.59 +12.09
Sahdah Users 100 1436 +6.72 633
P value <0.001 '
g-tukey 7.91
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3B.2. In vitro cytotoxicity screening via MTT assay.
3B.2.1. Tuibur cytotoxicity.

The serial dilutions of tuibur were introduced for AGS cell colony in the
treatment regime in order to assess the cytotoxicity effect(s) of tuibur (MTT bioassay)
and it is followed by analysing the proliferation of AGS cells in presence of tuibur. The
concentration range of tuibur used for the treatment is between 0 — 160 ug/uL. No
significant change in cell viability was observed up to 10 pg/uL in the 24 h tuibur
treated AGS cells. However, a rapid decline to 56% (SE = 5.84) cell viability of tuibur
treated AGS cells was observed from treatment of 20 pug/uL of tuibur. An anti-
proliferation of AGS cells to ~ 27% (SE = 5.29) for the highest dose tuibur treatment
i.e., 160 pg/uL was detected. A modest variance in the trend was observed for 48 h
tuibur treated AGS cell line, where, at 5 pg/uL of tuibur treatment, a decline to 69%
(SE = 2.95) cell viability was observed. A continuous decline in the cell viability
ensued upon higher dosages to 22% (SE = 2.28) cellular proliferation for the highest
dose treatment. However, when AGS cells treated tuibur for 72 h, a decline of cell
viability was witnessed, with 38% (SE = 2.16) cell viability at the low dose of 1.25
png/pL of tuibur, subsequent dose-dependent reduction in cell viability of 89% (SE =
5.77) for 2.5 pg/uL of tuibur treatment was observed. A similar declining trend was
followed as found in the two former incubation periods, however, only ~ 15% (SE =

0.96) viable cells remaining at the highest dose treatment regime (Figure 3.11.). The
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Figure 3.11. Cytotoxicity of tuibur on AGS cells. Cells were exposed to tuibur in
concentration ranging from 0 to160 pg/uL for 24, 48 and 72 h. Cell viability was
determined using MTT assay. The data presented are shown as mean + S.E, n = 3.
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Pearson’s correlation indicated a negative correlation between the tuibur concentration
levels and AGS cell viability for three time-dependent tuibur treatment groups in

which only 24 h (p< 0.05) study was statistically significant.

To measure the cytotoxicity of tuibur in AGS cells, 50% inhibitory
concentration (ICso) was calculated for the time — and concentration — dependent
tuibur treatment using non-linear regression, dose-response-cell viability. The
normalized absorbance vs log [inhibitor] curve depicting the kinetics of cell viability
is shown in Figure 3.12. The ICso values were obtained for 24, 48 and 72 h tuibur
exposed AGS cell line, 15.30 pg/uL (R? = 0.9130), 6.606 ng/uL (R? = 0.9402) and
6.808 pg/uL (R%=0.9682), respectively, as shown in Figure 3.13. The ICso value after
the 24 h incubation was approximately 2-fold higher than the estimated ICso values for
the 48 and 72 h incubation time experiments. Since, the data set for incubation time of
72 h was the best fitted using the regression model as compared to the other two
incubation times, hence this model was chosen with its ICso value for the subsequent

in vitro studies.
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Figure 3.12. Kinetics plot of tuibur treated AGS cells. Data presented as log[tuibur]
vs. % absorbance for evaluating ICso.
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Figure 3.13. Effect of incubation time on ICso (ug/uL) values of tuibur exposed
AGS cells after 24, 48, and 72 h, respectively, in cell counting assay.
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3B.2.2. Nicotine cytotoxicity.

MTT assay was performed to assess the possible cytotoxicity potential of
nicotine on AGS cells by measuring the cell viability in a cell counting assay. The
incubated cells were treated with gradually increasing doses of nicotine besides cells
were also incubated with nicotine in a time dependent manner. Figure 3.14. illustrates
the dose and time-dependent nicotine treated AGS cells. For an exposure period of
24 h, the nicotine treated cells did not show any noticeable change in the cell growth,
rather, the cell viability remained practically constant with ~ 100 % cells were still
viable after the incubation time for the incrementally increasing doses of nicotine.
However, an increase in cell growth and the percentage cell viability was observed
after 48 h nicotine treatment when compared with the untreated cells. Indeed, an
accentuated growth spurt as high as 125% (SE = 3.38) for AGS cells upon 0.0008
png/uL of nicotine exposure was obtained. More importantly, cellular proliferation to
~102% (SE = 3.20) was observed at 0.0002 pg/uL nicotine treatment, followed by a
small but a steady anti-proliferation leading to ~60% (SE = 6.44) cell viability at
0.0032 pg/uL nicotine treatment (which is the highest dose) after 72 h treatment period

was observed.
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Figure 3.14. Cytotoxicity of nicotine on AGS cells. AGS cells viability after 24, 48
and 72 h treatment with the dosage of nicotine ranged from 0 to 0.0032 pg/uL. The
data were presented as mean = S.E, n = 3.

The correlation coefficient of the 24 and 48 hrs MTT nicotine treatment studies
showed non-significant negative correlation between cell viability and nicotine dose

while the 72h cell viability study revealed a strong negative correlation (p<0.01).
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In order to measure the cytotoxicity of nicotine on AGS cell line, ICso value
was calculated for the time— and dose—dependent nicotine treatment studies using non-
linear regression, dose-response-inhibition. The log [inhibitor] vs cellular response
was summarized as a plot in figure 3.15. The calculated ICso values for nicotine
exposed AGS cells were 0.000161 pg/uL (R? =0.2322) for 24 h and 0.001104 pg/uL
(R? = 0.7886) for 72 h as shown in figure 3.16. The 48 h nicotine treatment data did
not follow a trend (neither proliferation nor inhibition of proliferation) and could not
be fitted by applying the regression model. Hence, the calculation of ICso could not be
accomplished. The remaining time-dependent study, i.e., 72 h study data was fitted by
applying the non-linear regression model and the calculated ICso value for nicotine

was for further experiments.
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Figure 3.15. Kinetics of nicotine cytotoxicity on AGS cells. Cells were observed by
relative absorbance and ICso value for nicotine was calculated. The data are presented
asmean = S.E, n= 3.
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Figure 3.16. Time evolution of ICso (ug/uL) values of nicotine in AGS cells with
increasing incubation times (24, 48 and 72 h). Bars represent mean = SEM for 3
replicates.
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3B.2.3. Hydroquinone cytotoxicity.

The inhibition of AGS cell proliferation due to hydroquinone exposure was
evaluated by means of MTT assay (Figure 3.17.). AGS cells treated with 0.002 pg/uL
hydroquinone for 24 h exhibited a 56% inhibition of proliferation demonstrating a
considerable cytotoxicity by the lower dose of hydroquinone and higher dosage of
hydroquinone exhibited more efficient cytotoxicity effects. Indeed, AGS cells showed
significant sensitivity towards hydroquinone and markedly enhanced cytotoxic
potency of hydroquinone was witnessed for 0.16 pg/uL hydroquinone exposure and
concomitantly only 19% (SE = 1.86) AGS cell viability was observed. However, the
antiproliferative trend of hydroquinone was noticeably reversed in AGS cells at higher
exposure times. The 48 h treatment experiment showed a much steadier ~ 29% (SE =
0.80) cell viability for 0.02 pg/uL hydroquinone exposure followed by a further rise
in cell viability to 41% proliferation (SE = 4.39) for 0.16 pg/uL of hydroquinone
exposure. With prolonged exposure, apparently, AGS cells may have more likely
supressed the antiproliferative effects of hydroquinone. Interestingly, after 72 h
exposure, due to 0.005 pg/uL hydroquinone treatment, ~ 40% (SE = 3.67) viable AGS
cells was observed. With higher dose exposure (0.01 pg/uL hydroquinone) after 72 h,
only a modest 14% (SE = 2.99,) cell viability was observed. More importantly, with
0.08 pg/uL hydroquinone dose, consequently 0.85% (SE = 1.52,) of AGS cells only
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Figure 3.17. Cytotoxicity of hydroquinone on AGS cell line. The cells were exposed
to hydroquinone doses ranged between 0 to 0.16 pg/puL for 24, 48 and 72 h,
respectively. Cell viability was measured using MTT assay. The data presented are
mean = S.E, n = 3.
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remained viable. Nevertheless, for the MTT assay, all hydroquinone treatment groups

showed an insignificant negative correlation between cell counts and cell viability.

Cytotoxic activity of hydroquinone on AGS cell line was measured for
calculating the ICso value for hydroquinone dose-response-inhibition study using a
non-linear regression model. The log [inhibitor] vs normalised response curves are
shown in Figure 3.18. The calculated ICso values for hydroquinone exposed AGS cells
were 0.001115 pg/uL (R* = 0.8403), 0.001373 pg/uL (R?> = 0.6843) and 0.00463
pg/uL (R? = 0.9793) for 24, 48 and 72 h exposure, respectively (Figure 3.19.). As the
72 h study data was demonstrably best fit for the non-linear regression model, and

therefore, the corresponding ICso value of hydroquinone was chosen for further

experiments.
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Figure 3.18. Concentration-response curve for hydroquinone exposure to AGS

cells after 24, 48 and 72 h incubation, respectively. The data are presented as mean
+S.E.n=3.
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Figure 3.19. The histogram depicting the time evolution of ICso values of
hydroquinone in AGS cells. MTT Assay was applied to measure the proliferation
inhibition rate of hydroquinone. Bars represent mean+SEM for 3 replicates.
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3B.2.4. Potassium Nitrate (KNO3) cytotoxicity.

The cell viability of AGS cells were evaluated when exposed to KNO3 by
measuring the extent of cell growth by employing the MTT assay. Figure 3.20.
displays dose-response curve of KNOj3 in AGS cells for various incubation times. The
nitrate induced cytotoxicity in AGS cells were apparently modest depending upon the
incubation period and dose regimen. The KNOs treated AGS cells after 24 h incubation
time showed a negligible antiproliferative activity from the lowest concentration (84%
at 0.0012 pg/ul, SE = 5.85) to the highest (85% at 0.16 pg/uL , SE = 4.67)
concentration levels. Cells treated with KNOs3 for 48 h did not exhibit any noticeably
significant cell growth inhibition activity, on the contrary, upon treatment with 0.0012
ng/ul KNOs (SE =3.08), 102 % cell viability was observed, followed by increased
cell growth at higher KNO; concentrations, whereas a modest antiproliferative activity
for the highest KNO3 concentration (87.54% at 0.16 pg/uL, SE = 2.78) was detected.
After 72 h incubation time, the cell growth remained practically unchanged till a
sudden drop in percentage cell viability of 0.47% (SE = 0.33) was seen at 0.08 pg/uL
of KNOs treatment, to 0.43% (SE = 0.34) cell viability at the highest exposed
concentration (0.016 pg/uL). The Pearson’s correlation coefficient for the 24 h MTT
KNO:s treatment study showed a statistically insignificant weak negative correlation
between cell viability and growth inhibitor concentration while strong negative
correlation was observed for both 48 (p<0.05) and 72 (p<0.01) h MTT assay due to
KNOs treatments.
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Figure 3.20. Dose-response curve for the growth inhibition activity of potassium
nitrate at various incubation times (24, 48, and 72 h) with increasing concentrations
of KNOs. Growth inhibition of AGS cells was assessed by MTT assay. The data
presented are depicted as mean = S.E, n = 3.
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Toxic effect or potency of KNO3 on AGS cell line was measured by finding
the half-maximal growth inhibitory concertation (ICso) using non-linear regression,
dose-response-inhibition model. The log [inhibitor] vs normalised response curves are
shown in Figure 3.21. The estimated ICso values for KNO3 exposed AGS cell line
were 0.012555 pg/ul (R? = 0.1246), 0.002063 pg/uL (R? = 0.05138) and
0.046433pg/uL (R? = 0.9752) for 24, 48 and 72 h, respectively (Figure 3.22.). It was
evident from the time evolution of growth inhibition studies for KNO3 exposure to
AGS cells that the 72 h data set was best fitted with the non-linear regression model,

and the corresponding ICso value was chosen for further experiments.
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Figure 3.21. Dose-response curve of potassium nitrate exposure to AGS cells with

varying incubation periods (24, 48, and 72 h). The data are presented as mean +
S.E,n=3.
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Figure 3.22. Effect of incubation time on ICso values of KNO; exposure to AGS
cells after 24, 48 and 72 h and MTT assay was applied for calculating the growth
inhibition rate of KNOs. Bars represent mean + SEM for 3 replicates.
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3B.2.5. Sodium Nitrite (NaNQO2) cytotoxicity.

Sodium nitrite exposure to AGS cells was evaluated for the putative toxicity
effects of NaNO> by measuring the growth inhibitory effects of NaNO; using MTT
assay (Figure 3.23.). NaNO; treated AGS cells after 24 h incubation time surprisingly
demonstrated a proliferative effect on AGS cells, i.e., the number of viable cells
increased to 104 % (SE =2.07) at 0.01 ug/uL of NaNO; exposure. Subsequently, with
a much higher concentration exposure, a modest growth inhibition of AGS cells (98%
at 0.16 pg/uL, SE = 8.04) was detected. More akin to 24 h of incubation, exposure to
0.02 pg/pL of NaNO: for a 48 h incubation period (% cell viability: 151%, SE =11.30)
as well as 72 h incubation period, NaNO?2 exhibited growth stimulatory effects, i.e., at
most dosage regimen of NaNO», the AGS cells were demonstrably proliferated. It was
evident from the dose-response curve after 72 h of exposure that initially the cell
proliferation was detected with 110% (SE = 12.93) cell growth due to 0.01 pg/uL
NaNO; exposure. Ultimately, growth inhibition to 37 % (SE = 3.50) cell viability was
revealed for the highest exposed NaNO> concentration (0.16 pg/uL). Besides, 72 hrs
NaNO: treatment MTT study also has shown a strong negative correlation between
concentration and cell viability (p<0.01), whereas Pearson’s correlation data showed
that a non-significant negative correlation between concentration and cell viability for

both the 24 and 48 hrs studies.
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Figure 3.23. Dose-response curve for the putative cytotoxic effects of NaNO>
on AGS cells using MTT assay. The resulting growth inhibition data is
represented as mean = S.E, n = 3.
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Using non-linear regression, dose-response-inhibition model, the inhibitory
concertation 50 (ICso) was estimated based on the growth modulation potency of
NaNO; with AGS cells exposed to increasing doses of nitrite ions, as shown in Figure
3.24. The ICso values for NaNO, exposed AGS cell line were 0.058221 pg/uL (R* =
0.04201) for 0.006637 ug/uL (R? = 0.003024) and 0.081033 pg/uL (R? = 0.3066) for
24, 48 and 72 h, respectively (Figure 3.25.). Because of greater variability in the
interaction of NaNO; with AGS cells, there was variations in the ICs¢ values without
exhibiting any clear trend, hence none of the data for the time evolution studies fit the
non-linear regression model, consequently, the ICso values were not taken into

consideration for further experiments.
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Figure 3.24. Growth altering effects of NaNO2 with AGS cells on exposure to
increasing concentrations of NaNO,. Growth modulation(s) were assessed by
MTT assay and ICso values were calculated. The data are represented as mean +

S.E,n=3.
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Figure 3.25. Effect of incubation time on ICso (ug/puL) values of NaNO; exposure
to AGS cells using MTT assay. Bars represent mean + SEM for 3 replicates.
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3B.3. Effect of tuibur exposure on Total Antioxidant Capacity (TAC).

AGS cells treated with the effective inhibitory concentrations (ICso) of tuibur,
nicotine, hydroquinone and potassium nitrate were evaluated for their total antioxidant
capacity. The mean value TAC levels of AGS cells exposed to a polar chemical
mixture of as well as 3 chemical constituents of tobacco smoke, viz., tuibur, nicotine,
hydroquinone and nitrate ions, respectively, were estimated to be 0.91 + 0.02, 1.01+
0.0001, 0.82 = 0.02 and 0.71 + 0.03 nmole/uL, respectively. The mean TAC level of
the AGS cells without any chemical exposure (control) was observed to be 0.94 +
0.005 nmole/pL. A reduction in the TAC by a factor 0of 0.03 + 0.02 nmole/pL in tuibur
treated AGS cells was observed when compared to the TAC of untreated cells. In
summary, nicotine putatively induced a modest increase in TAC of AGS cells, whereas
other tobacco smoke constituents exerted a moderate suppression of antioxidant

capacity in AGS cells (Figure 3.26.).
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Figure 3.26. Total Antioxidant capacity of tuibur, nicotine, hydroquinone and
potassium nitrate treated AGS cells. The data are presented as mean+S.D, n=3.
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3B.4. Effect of tuibur treatment on intracellular ROS production.

The intracellular production of reactive oxygen species (ROS) in toxicant
treated AGS cell line was further assessed using DCFDA stain with FACS methods.
In comparison with fluorescence microscopy methods, Fluorescence-Activated Cell
Sorting (FACS) method combines the detection of fluorescent tagged cells with cell
sorting to isolate specific cell populations, enabling the rapid assessment of ROS
production in live or fixed cells via fluorescent probes like DCFDA which emit
fluorescence due to ROS generation after treatment. Figure 3.27. presents the
fluorescence intensity shift in control and AGS cells treated with tuibur, nicotine,
hydroquinone and KNOj3, in addition to a positive control treatment with H>O». The
unstained and untreated AGS cells were used as auto fluorescence control. From the
experimental observations, AGS cells treated with nicotine has shown the highest ROS
levels with a 79.74 + 0.0034 % change in the ROS production in comparison with the
untreated cells. Relatively higher ROS levels, an increase of 65.59 +0.033 % and 49.38
+ 0.019 % were observed in AGS cells treated with tuibur and hydroquinone,
respectively. Equivalent ROS production was observed for the positive control
hydrogen peroxide treated AGS cells and KNO;j treated cells with 75.54 + 0.049 %
and 75.23 £ 0.029 %, respectively. The stained untreated control group showed an
increased ROS production with 76.94 + 0.012 %. Among all the control and treated
cells, maximum intracellular induced ROS production was seen in AGS cells treated
with nicotine followed by the untreated control group. The histogram representing the

percentage ROS production in the study groups is shown in figure 3.28.
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Figure 3.27. Fluorescence intensity change in DCFDA stained cells using FACS;
(a) % ROS in H>O» treated cells; (b) % ROS in tuibur treated cells; (¢) % ROS
in nicotine treated cells; (d) % ROS in hydroquinone treated cells; () % ROS in
KNO:s treated cells. (Black indicates unstained control cells, red indicates stained
control cells and green indicates stained chemical treated cells).
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Figure 3.28. Degree of % change in intracellular ROS production in control and
treated AGS cells. The data is presented as mean = S.D., n=2.
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3B.5. Effect of tuibur treatment on cellular NOx level in AGS cell line.

The total cellular NOx concentration levels (consisting endogenous as well as
induced levels) in AGS cells treated with tuibur as well as in nicotine, hydroquinone
and potassium nitrate treated AGS cells were determined using Griess Assay Kit. A
calibration curve with R? = 0.97 was obtained by using sodium nitrite standard
solution. In the control system, i.e., AGS cells without exposure to any tobacco related
chemicals, the nitrite levels were found to be 131.45 +0.18 uM, while not surprisingly,
the nitrite content of KNOs3 treated cells (128.38 + 0.004 uM) was more akin to the
control system. Interestingly, in tuibur and nicotine treated cells, 126.23 + 0.03 uM
and 120.48 = 0.03 uM of nitrite levels, respectively, were detected. Whereas, the nitrite
concentration in cells treated with hydroquinone was observed to be the lowest at 90.40
+ 0.08 uM. The difference in nitrite concentration with respect to control, for KNO3
treated cells, 3.07 + 1.54 uM; for tuibur treated cells, 5.22 £ 2.60 uM; for nicotine
treated cells, 10.97+ 2.60 uM; and for hydroquinone, 41.05 £ 20.52 uM, respectively.
A histogram that summarizes the comparison of nitrite levels in treated AGS cell line
is depicted in figure 3.29. The results of in vitro Griess assay for NO*® formation in the
control and hydroquinone treated cells were consistent with the earlier studies that
indicated the NOx levels were modestly supressed in cells treated with hydroquinone
(Rao & Snyder, 1995; Snyder & Hedli, 1996). Whereas, no appreciable differences in
NO* levels of KNOs3, tuibur, and nicotine treated cells in comparison with the untreated

AGS cells (control) were observed.

160

Hul

Control Tuibur Nicotine Hydroquinone Potassium Nitrate

(M)

Nitrite concentration

Figure 3.29. Comparison of NOx levels in AGS cells exposed to tobacco smoke
components. NOx species levels as nitrite ion content was determine by Greiss
Assay. The data are presented as mean + S.D., n = 3.
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3B.6. Tuibur treatment induced apoptosis.

The morphological characteristics of AGS cell line treated with the 1Cso values
of tuibur, nicotine, hydroquinone and KNO3 were assessed by dual fluorescent staining
using acridine orange and ethidium bromide (AO/EB) dyes. It is important to note that
ethidium bromide is only capable of staining nonviable cells which have obviously
lost their membrane integrity, while acridine-orange can stain both viable as well as
nonviable cells. The nuclear dye staining experimental results have shown that after
incubation of AGS cells with the ICso levels of tobacco smoke chemical constituents
as mentioned above, the cells have undergone a series of morphological changes which
include condensation of nucleus, formation of early-stage apoptotic and late apoptotic
bodies in contrast to untreated AGS cells (control) which have only showed much
lower number of early-stage apoptotic cells and revealed the inherent morphology of
for the majority of normal viable cells (Figure 3.30.). Early-stage apoptotic cells
exhibiting yellowish-green fluorescence as well as late-stage apoptotic cells with
orange-red fluorescence with their intact cytoplasm were observed. Table 3.14.
displays the apoptotic cell count in the samples. It was observed that >84% cells
remained normal in control and all treatment group cells. The AGS cells treated with
hydroquinone have displayed the highest frequency of late-stage apoptosis (~ 4%),
while in cells treated with nicotine the greatest number of early-stage apoptotic cells
were observed. Even though, in tuibur treated AGS cells, there were preponderantly
normal (~88%) cells, however, amidst its population ~10% cells with early-stage
apoptosis were observed. (Figure 3.31.) From the apoptotic index (%AlI) calculated for
control and treated cells, nicotine treated cells showed highest % Al followed by tuibur

treated AGS cells (Figure 3.32.).
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Table 3.14. AGS cell scoring for normal, early-stage and late-stage apoptosis,

n=1000 cells/well. The data is presented as mean + SD, n=3.

Early-stage
apoptosis
23.5+£0.5

109.5+0.5

126 £5.00
24.5+2.50

38 £5.00

Late-stage
apoptosis
0+0.00
10+ 1.00

31.5+0.5
38 £2.00

36 +£13.00

Samples Normal cells

AGS Control 976.5 £0.05

AGS treated with Tuibur 880.5 £ 1.50

AGS treated with Nicotine 842.5 £4.50

AGS treate?d with 937.5 + 0.05
Hydroquinone

AGS treated‘wr[h Potassium 926 + 8.00
Nitrate

Figure 3.30. (a) Normal AGS cells, (b) early-stage apoptotic (white arrows) and late-

stage apoptotic (orange-red arrows) AGS cells. Cells magnified to 16X.
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Figure 3.31. Frequency of apoptosis in
control and treatment groups of AGS cell

line.
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3B.7. Discussion.

Micronuclei (MN) are nuclei-like bodies arising from chromosome fragments
or lagging chromosomes persisting into the interphase and are not incorporated into
daughter nuclei, indicative of apparent DNA damage. The characteristic features of
genetic materials trapped in micronuclei are asynchronous and impaired DNA
replication as well as DNA repair defects due to compromised nucleus envelope
integrity. Micronuclei detection in exfoliated oral cells has been used as a biomarker
for induced chromosomal and/or DNA damage because of genotoxic agents some
which are the well-known lifestyle products, viz., tobacco, alcohol and betel nut (Jyoti
et al., 2015). Early detection of putative biomarkers such as detection of high
frequency of MN or oral lichen planus and/or leukoplakia in the oral cavity of SLT
users by virtue of exposure to potent genotoxic and carcinogenic agents of SLT is also
one of the prominent and important significant predictors of the preventable adverse

health risks pertaining to SLT use (Borse et al., 2020).

This study aimed to investigate the relationship between tuibur and sahdah use
related DNA damage in the SLT user population and the assessment of MN frequency
in the oral cavity of SLT users. The results of present study have suggested that overall
elevated MN frequency levels were detected in tuibur users when compared to both
sahdah users and control groups (tobacco unexposed group). No such comparative
studies between tuibur users, sahdah users and control group related micronuclei
formation have been documented. The results of the present study which examined the
oral epithelial cells of SLT users also revealed that all pairwise comparisons between
the SLT user groups were statistically significant (p<0.001), indicating that both tuibur
(alkaline “liquid” SLT) and sahdah (premixed ‘solid” SLT) use are associated with
higher MN frequencies when compared to non-users (control). The development of
micronuclei in oral epithelial cells of smokers and SLT users have been well
documented (Upadhyay et al., 2019). Earlier studies have documented that
micronuclei formation is greater in SLT users as compared to smokers (Bansal et al.,
2012) and significantly higher MN frequency in dual or poly-tobacco users
(individuals who use frequently both smoke and smokeless tobacco products) (Dash

etal., 2018).
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Demographic and epidemiologic factors such as age, dietary habits, lifestyle
habits and work environments manifest oxidative stress and further exacerbate the
micronuclei frequency in individuals (Maldonado et al., 2023; Raimondi et al., 2007,
Zhang et al., 2022). For the present study, sampling was performed to exclude the
effect of age on the frequency of micronuclei as age has been reported to a major
confounding factor as with the progression of senescence, the oxidative stress
exasperates (Peace & Succop, 1999). Hence, tuibur user, sahdah user and the control
groups’ have a mean age of 37.76 £ 9.45,36.52 +£ 8.23 and 39.94 + 10.81, respectively.
From all three group of populations, exfoliated epithelial cell samples were collected.
The demographic profile of the sahdah users indicated a mean frequency of use, 10.94
+ 5.23 times per day, which is marginally higher as compared to tuibur users (9.62 +
5.49/day). The mean duration of tuibur use (in years) by the participants was 18.18 +
8.84 years while the SLT exposure profile of sahdah users was moderately lower
(15.84 £ 9.89 yrs) as summarized in table 3.11. Surprisingly, the correlation between
age and MN count, dosage (mean SLT use/day) and MN count besides the duration of
SLT use and MN count for both tuibur and sahdah user groups did not show any
significant elevated health risk, perhaps due to the limited number of samples. In this
study, factors influencing micronuclei formation such as alcohol intake, other tobacco
habits etc., were not taken into consideration although Mizo male population tend to
indulge in dual or poly-tobacco products (more than two tobacco products) use. In
addition, owing to the limited range of variability in the sample set as described above
(vide supra), the variability of the data set may not be substantially adequate to depict
any significant consequences. However, previous epidemiological studies have
demonstrated that virtually all types of SLT use either alone or concurrent use of betel
quid with SLT are important causative risk factors of oesophageal and/or stomach

cancers (Dhillon et al., 2018; Phukan et al., 2005).

The results of the present study indicated that among the three study groups
considered in this study, the formation of micronuclei, a biomarker of DNA damage,
was significantly higher in tuibur users when compared to the other two groups. This
important finding of the present study is consistent with the earlier studies that have
suggested significantly increased cancer risk in tuibur users of Mizoram (Malakar et

al., 2012; Phukan et al., 2005). Furthermore, an earlier study on MN formation where
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a gradual increase in the frequency of micronuclei in normal oral mucosa portend pre-
cancerous lesions and eventually to carcinoma, and thus inferred that the increase in
MN frequency more likely linked with the tumorigenic progression (Casartelli et al.,
2000). Therefore, investigation of the mechanism of damage of genetic material which
may potentially lead to tuibur-related carcinogenesis is required in order to elucidate
the harmful effects of tuibur on the user population. Consequently, AGS cell line was
chosen as a rudimentary model system in vitro to illustrate the putative biological

effects that may occur because of the avoidable tuibur exposure in vivo.

Assays designed for in vitro toxicological research have been widely used to
assess the biological consequences of tobacco products such as cigarette smoke and
different types tobacco extracts. Rather very limited studies on the negative health
effects of tuibur in vitro, in vivo or ex vivo, were carried out since, it is a ‘smokeless’
tobacco product predominantly available in Northeast Indian region (Mahanta et al.,
1998; Sanjeev, 2019). In the present study, the cytotoxic potential of tuibur on AGS
cell line was assessed using MTT assay. The cell viability/toxicity study sheds light
on the relationship between concentration of the toxicant, duration of exposure and the
rate of induced cell death. Cell proliferation assays are potential tools for gaining an
insight into the mechanism of action of certain proteins, genes and pathways involved
in the survival or death of cells exposed to toxicants. MTT assay is the gold standard
in cytotoxicity testing because it is simple, robust, cost-effective and highly

reproducible.

In the present study, a discernible inhibition in the cell growth was observed at
rather lower doses of tuibur treatment on the dose- and time-dependent studies,
suggesting a most likely tuibur induced cytotoxicity. After 24 h of treatment, tuibur
could significantly (p<0.05) inhibit the growth and aggregation of adherent AGS cells
in a dose-dependent manner. During 24 h, the potency of tuibur is at its maximum,
where the polar chemical constituents of the tobacco smoke concentrate (tuibur) have
more probably been permeated the cells and induced cytotoxicity. After 48 and 72 h
of exposure, an increased cytotoxicity or decreased cell viability is observed at each
treatment concentration. This observation has indicated that more likely a gradual
uptake of major chemical constituents and their intracellular metabolism may have

further augmented the putative cytotoxic potency of polar constituents of tuibur. This
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MTT study has demonstrated that tuibur can induce cytotoxicity in a dose-dependent
and time-dependent manner in AGS cells indicating the potential negative effects of
chronic tuibur use. Similar to this study, tuibur exposed to HPBLs, Hela, V79 and DLA
cells were reported to exhibit dose-dependent cytotoxicity (Lalruatfela et al., 2020).
Furthermore, aqueous tobacco extracts triggering cell death upon administering
increasing dosages of the extract on gingival epithelial cells have been reported (Patil
& Baeshen, 2021). Tuibur also exhibited half-maximal inhibitory concentrations of
15.30 pg/uL (24 h), 6.606 pg/uL (48 h) and 6.808 pg/uL (72 h) on AGS cells in this
study. While the magnitude of differences in ICso values of tuibur was varied, however
the overall order of cytotoxicity was consistent (downward trend). In comparison with
other components of tuibur, pure nicotine, hydroquinone and nitrate, tuibur certainly
contains various organic/inorganic components whose intermolecular interactions
would vary according to the pH and these interactions would further influence the
putative cellular functions. Consequently, the fate of tuibur treated cells would be
based on the balance of cellular functions. It seems reasonable that the ICso trend for
tuibur is plausibly altered by the cellular metabolic activities in the treated cells over
the course of time. This set of data provided a measure of putative cell growth
inhibitory effect of tuibur demonstrating the cytotoxic potency on immortalised AGS

cell line.

Tuibur is an alkaline tobacco smoke concentrate where tobacco smoke was
generated using tobacco stalk consisting stem, petiole, and midvein. In tobacco plant,
major organic and inorganic mineral chemical constituents preponderantly
concentrated in tobacco leaf lamina, while stem and petiole contain moderate to
modest levels of majority of chemical constituents. Previous studies have suggested
that a wide range of chemical constituents present in tuibur mainly those corresponding
to tobacco smoke constituents (Lalmuanpuii et al., 2015). Alkaloids, the principal
constituents of tobacco, particularly nicotine, is of pg/mL (ppm) range in different
grades of tuibur as observed in this study. The nicotine levels determined in tuibur is
approximately three orders lesser than other commercially available SLTs (Stanfill et
al., 2023; Stepanov et al., 2005, 2015). In present study, we used a ‘specific’ grade of
tuibur for which 500 mg/mL of tobacco stalk is used during the production.

Furthermore, taking into account that the tuibur used for treatment (vide supra) in
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which the evaluated concentration of nicotine was 506 ng/mL, whereas the amount of
nicotine concentration we used in our present in vitro study ranged between 0.001 —
0.162 pg/uL for treatment, for a positive control group. However, at 100 uM nicotine
exposure, normal human endothelial cells and fibroblasts have exhibited an elevated
DNA synthesis and altered gene expression patterns (Laytragoon-Lewin et al., 2011).
More importantly, considering the heterogeneity of tuibur, the experimentally
observed cytotoxicity in vitro cannot be attributed to nicotine alone even though
nicotine is the preponderant chemical constituent among many other carcinogenic
constituents determined in tuibur (Chang, Muthukumaran, Hu and Chao, 2024,
unpublished results). A plethora of other chemical species such as oxidative stress
inducing heavy elemental ions, carcinogenic TSNAs, pro-oxidants such as quinones,
carbonyl compounds, aromatic amines, along with high levels of nitrosating species
such as (NOz), (NOs), etc., could also be other potential contributing factors for the

putative cytotoxicity of tuibur.

In order to gain a better understanding of the toxicity of tuibur constituents,
independently, the cell viability of selected chemical species present in tuibur were
assessed. Subsequently, the cytotoxicity of S-(-) nicotine was examined using MTT
assay. The results showed that nicotine induced cell proliferation occurred on exposure
at lower concentration of nicotine in AGS cell line. This illustrates the stimulating
effects of nicotine on enhanced cell proliferation on gastrointestinal cancer cells. This
stimulatory effects of nicotine is in agreement with earlier studies on nicotine exposure
augmented cell proliferation in AGS cells because of elevated PGE; production and
COX-2 activity (Shin et al., 2008). Other in vitro and in vivo studies have also labelled
nicotine as a major risk factor for gastric cancer (K. Jensen, Afroze, et al., 2012). Only
with prolonged exposure (72 h) to lower concentration levels of nicotine, the cell
viability significantly decreased (p<0.01) indicative of the time-dependency of cell
growth inhibitory effects of nicotine treatment. Intriguingly, this important finding of
the present study is in disagreement with earlier reports on the proliferating effects of
low-concentration nicotine. However, there are reports of cytotoxicity of nicotine such
as a gradual yet noticeable suppression of cell growth in other immortalised cell lines

have been reported (Chioran et al., 2022; Kang et al., 2011). The potency of nicotine
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on AGS cell line was demonstrated by evaluating the ICso values in a dose-and time-

dependent manner where the agonist activity of nicotine decreased over the period.

Similarly, in vitro cytotoxicity of hydroquinone in AGS cells was assessed
using MTT assay. Hydroquinone, a chemical constituent of tuibur, is possibly present
in modest concentrations, (Lalmuanpuii, 2016), capable of generating free radicals
(semi-quinone intermediate) while oxidized to benzoquinone. In this study, the cell
viability was found to be supressed by ~50% due to lower concentrations of
hydroquinone after 24 h of treatment. The cytotoxic effect of hydroquinone was found
to diminish in a dose-dependent manner. The ICso concentration of hydroquinone for
AGS cells varied with prolonged exposure duration. Apparently, the cell inhibitory
effect of hydroquinone was subdued as the duration of exposure increased. This shows
that the inhibitory effect of hydroquinone was diminished in a time-dependent manner.
This study coincides with an earlier report of hydroquinone exhibiting negative effects
on cell viability in other cell lines (Sharma et al., 2012). Though there are evidences
supporting anti-oxidant effects and supplementary data positively associated with
hydroquinone, whereas the induction of cancer and tumours in rodents by
hydroquinone has also been reported (Byeon et al., 2018). Similarly, various studies
have reported the genotoxicity and cell transforming activity of hydroquinone in
mammalian cells (Enguita & Leitdo, 2013). Furthermore, hydroquinone and catechol,
which are arising from the pyrolysis of lignocellulosic content of tobacco matter, were
demonstrated to inhibit ribonucleotide reductase and prevent the progression of human

T lymphocytes through the S-phase of cell cycle (McCue et al., 2000).

Potassium nitrate (KNOs3) and sodium nitrite (NaNO;) were also assessed using
MTT assay, since nitrate and nitrite ions are potential nitrosating agents under different
physiological conditions and capable of nitrosating tobacco alkaloids in situ leading to
the formation of TSNAs. Endogenous TSNA formation have been reported to occur
where the major influencing factors are the pH conditions as well as the levels of
nitrosating agents which ultimately form NOx under physiological redox conditions
(Nair et al., 1996). When AGS cells were exposed to KNOs3, an elevated cell growth
was observed thus demonstrating the proliferating activity in AGS cells after 24 and
48 h treatment regime, respectively. Interestingly, KNOs3 in lower concentrations have

been reported to exhibit positive symbiotic effects in vivo (Liubertas et al., 2023). After
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72 h of exposure to KNO3, a diminution of cell viability in AGS cells was observed in
a dose-dependent manner. Aledwany et al., (2018) also reported in a recent study
showing the gradual attenuation of cell growth caused by KNOj3 in a dose-dependent
manner in the established human cell lines such as HepG2 and THLE2. At present, the
inhibitory effects of KNO3; on AGS cell growth were modest and was independent of
duration of exposure. Similarly, NaNO; was also assayed with AGS cells by using
MTT demonstrating the proliferative effects in a dose-dependent manner. Inhibitory
effects of NaNO> remained insufficiently consistent because of the observed
experimental conditions where the data set depicted a low goodness of fit for the
logarithmic regression model used for analysis. The inconsistency in the results for
NaNO; may be possibly because of the lower concentration regime that was applied
for the in vitro study. The present study was mainly carried out to compare and assess
the cellular response towards the preponderant chemical components of tuibur,
independently and towards tuibur in order to elucidate the biological effects of tuibut
observed. Clearly, additional chemical constituents in the alkaline tobacco smoke
concentrate such as heavy element ions, aromatic amines, TSNAs etc., appear to
have played a more prominent biological effects over those of nicotine,
hydroquinone, (NO2)~ and (NO3)~. Besides, common inorganic anionic species such
as (NOz)7, and (NOs)~ are not known to cause acute cytotoxicity or genotoxicity at

lower concentration ranges (Kobayashi, 2018).

From the cytotoxicity experiments in this study, it is evident that tuibur has
shown cytotoxic and genotoxic activity in vitro more akin to many other SLTs.
Tobacco use induced oxidative stress is a potential causative risk factor for the
corresponding inflammatory response. In order to assess the extent of oxidative stress
induced because of exposure to tuibur and the major chemical constituents of tuibur,
independently, total antioxidant capacity was assayed in AGS cells. AGS cell line
treated with ICso levels of tuibur showed a decrease in the antioxidant capacity as
compared to the untreated control cells. This indicates the reduction of antioxidant
potential in the cells which would significantly attenuate the ability of cells to scavenge
free radicals, ROS and RNS, and instigate acute oxidative stress in the cells. The
purported increase in ROS production due to the tuibur exposure in the AGS cells leads

to the depletion of antioxidants and probable suppression of antioxidant enzymes
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activities within the cells. This result is also consistent with the cytotoxicity assessment
in this present study where cell senescence occurred upon tuibur exposure. Cell death
is an inflammatory reaction to oxidative stress. The imbalance of free radicals and
antioxidants can lead to the alteration of lipids, proteins and DNA. In a population
studies, salivary antioxidant capacity tested in smokers as well as tobacco chewers
were reported to be significantly lower than that of non-smokers or non-users. In
addition the antioxidant capacity of the saliva of tobacco chewers were the lowest as
compare to the other two groups (Ghazi et al., 2020; Shwetha et al., 2018). Cigarette
smoke, at the cellular level triggers oxidative stress via ROS, leading to lipid
peroxidation, DNA damage and activation of damage-associated molecular patterns
(DAMPs) (Roh & Sohn, 2018). Much like the oxidative constituents present in
cigarette smoke, tuibur, a variant of tobacco smoke, viz., tobacco stalk smoke, is also
likely to consist of similar chemical species capable of intracellular generation of ROS
by virtue of disrupted redox status. It is a known fact that, tuibur also contains the polar

phenolic species of cigarette smoke, hydroquinone and catechol (Lalmuanpuii, 2016).

Analogous results were observed in cells treated with hydroquinone and KNO3
similar to the impact of tuibur on the antioxidant capacity of AGS cells. Diminution
of antioxidant capacity in the treated cells was more pronounced for the
aforementioned chemicals in comparison with tuibur. Hydroquinone is a well-known
carcinogen, capable of generating the semi quinone based free radicals besides reactive
oxygen species such as superoxide species. The hydroquinone cytotoxicity experiment
from this report is also consistent with the TAC. Intracellular metabolism of
hydroquinone catalysed by cytochrome-P4so results in the production of different
concentrations of benzoquinone compounds which has potential to form mono- or
poly-glutathione conjugates (IARC, 1987). Polyphenolic-GSH conjugates are known
mutagens having cytotoxic and genotoxic properties, which may be a contributory
factor for hydroquinone-mediated carcinogenesis (Monks & Lau, 1997). The effect of
KNOs on AGS cells in terms of antioxidant capacity can be seen as depicted in figure
3. It should be noted that when compared to control and other treatments, KNOj treated
cells showed significantly diminished antioxidant potential. This reduced antioxidant
capacity more likely due to the formation of reactive nitrogen species (RNS) resulting

in nitrosative stress. under acidic conditions, nitrite anion, derived from nitrate,
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spontaneously decompose to nitrogen dioxide and nitric oxide (Suzuki et al., 2005).
The reaction of nitrites with secondary amines lead to the endogenous formation of
carcinogenic nitrosamine species. Moreover, the presence of excess intracellular
nitrates could also target biomolecules like lipids, proteins and DNA leading to
significant toxicity further causing mutagenesis as well as carcinogenesis (Karwowska

& Kononiuk, 2020).

In contrast to the previously discussed 3 treatments (tuibur, hydroquinone, and
(NO3)7), nicotine, the preponderant alkaloid of tobacco, showed an elevated total
antioxidant capacity in AGS cells. The TAC of control system (untreated cells) was
also lower when compared to cells treated with nicotine. This observation
commensurate with the enhanced cell proliferation in the nicotine treated cells (vide
supra). Studies have suggested low doses of nicotine may exhibit antioxidant
properties and have a role in neuroprotective effects. On the contrary, high levels of
nicotine have also been reported to induce oxidative stress and toxicity (Zhang et al.,
2007). Nicotine’s antioxidant properties may be due to the intracellular activation of
nicotinic receptors (Newman et al., 2002). An earlier research study by Linert et al.,
(1999), proposed that antioxidant properties of nicotine may be due to characteristic
binding of nicotine with Fe (II) and the concomitant transferrin receptor-mediated
reduction of Fe uptake. This study also suggested that the antioxidant properties of
nicotine could be tissue-specific. The present investigation observed an enhanced
antioxidant capacity in nicotine treated cells although this observation might be
possibly due to the type of assay used for this analysis. Resultant data may be affected
by the concentration of nicotine used (0.0011 pg/uL) for this study since low levels of
nicotine have been documented to exhibit antioxidant effects. Higher concentration
levels of nicotine might produce more contrasting results as suggested by Laytragoon-
Lewin et al., (2011). Hence, a more in-depth study is warranted to distinguish as well

as to gain a better understanding of the antioxidant-oxidative attributes of nicotine.

Reactive oxygen species includes species such as superoxide anion radical
(0O27), , hydroxyl radical(*OH), hydroperoxide (*OOH) and the pro-oxidant species,
hydrogen peroxide (H20z). The excess concentrations of these species depicts the state
of oxidative stress and thus deleteriously impairing cellular structures by causing the

damage to DNA, protein, and the membrane bound lipids (Hayat, 2015). Nicotine is
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also known to induce oxidative stress in different types of cells including epithelial,
alveolar, hepatocytes, macrophages and mesangial cells both in vivo and in vitro
(Jensen et al., 2012). Nicotine-instigated significant levels of ROS production in
mouse proximal tubule cells of the kidney via NADPH oxidase has been reported
(Arany et al., 2011). Nicotine is also reported to increase ROS generation in a dose-
dependent manner in mesencephalic cells (Barr et al., 2007). Lung epithelial cells also
showed an elevated levels of ROS production when treated with nicotine (Zhang et al.,
2020). Cigarette smoke has been reported to trigger elevated ROS concentrations and
thereby inducing the upregulation of iNOS expression (Zi et al., 2023). Zhao et al.,
also demonstrated that HUVEC cells treated with an aqueous extract of snus exhibited
elevated levels of ROS production which entail cellular damage (J. Zhao et al., 2021).
Hydroquinone induced production and the consequent accumulation of elevated ROS
levels in different cells is also well documented (Heluany et al., 2021; Y. J. Kim et al.,
2009; Hong et al., 2014). Highly reactive NO* and H2O; are likewise well-known ROS
responsible for mediating oxidative stress. In the present study, ROS generation was
slightly elevated by 2.8 % in AGS cell line on exposure to nicotine as compared to
untreated cells. A decrease fluorescence intensity change was observed in AGS cells
treated with tuibur, KNO3 and positive control H>O>. Hydroquinone showed lowest
degree of ROS production among the treatment groups. The change in ROS for the
untreated control cells was observed to be 76.94% which is very high. The reason for
this anomaly cannot be explained and hence also affects the outcome for the treatment
groups. DCFDA is a widely used dye for ROS detection but has drawbacks. DCFDA
is not specific to any ROS, after staining the dye can leak from the cells, the speed of
increase in fluorescence intensity is retarded at low concentrations and the occurrence
of photo-oxidation of the dye during observation may play a role in any errors that
could have occurred, inadvertently, during the experiments (Afzal et al., 2003).
Therefore, this assessment of ROS production in our FACS study yielded rather vague

and inconclusive results.

Reactive nitrogen species also play a key role in nitrosative/oxidative
stress due to tobacco consumption. Griess assay was used for the determination of
nitrite levels in AGS cells treated with tuibur, nicotine, hydroquinone and KNOs. A

small but apparent diminution of nitrite levels in tuibur treated AGS cells was observed
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when compared to untreated cells. This implies that tuibur more likely inhibit the
intracellular production of NO*® under the prevailing conditions in AGS cells. A
reduction in exhaled nitric oxide levels in smokers when compared to never-smokers
have also been reported. Passive smokers have also been reported to exhibit reduced
NO?* levels upon exhalation (Malinovschi et al., 2006). NO*® plays diverse roles in
cellular milieu one of which is cell signalling, thus upregulation or downregulation of
NO* production may have detrimental effects in various physiological processes.
Unregulated production of NO* can cause cell death via oxidative stress and DNA
damage (Murphy, 1999). Nicotine treated cells also exhibited lower intracellular nitrite
levels than that of both tuibur treated as well as untreated cells in this study
demonstrating that nicotine also possibly supresses intracellular nitrite levels. This
agrees with the findings of Pisarcik et al., (2008) where reduced nitrite levels in
nicotine treated human umbilical artery endothelial cells (HUAECs) was detected
when compared to untreated cells. The putative mechanisms of reduction in NO*
concentrations in cells treated with nicotine and tuibur were not explored in this study.
Nevertheless, studies on superoxide-mediated inactivation of NO* by tobacco smoke
and reduction of activity of endothelial nitric oxide synthase (eNOS) by cigarette

smoke have been reported (Peluffo et al., 2009; Zhang et al., 2006).

From our results, hydroquinone treated cells have the lowest nitrite levels
among the control and treatment group. The reduced levels of NO*® production may be
due to the ability of hydroquinone to scavenge nitrite via nitration and nitrosation (Lu
et al., 2016). Scavenging of peroxynitrite by hydroquinone and suppression of NO*
production in RAW264.7 cells have been reported (A. R. Kim et al., 2005).
Lipopolysaccharide induced nitric oxide production by neutrophils have likewise been
revealed to be quenched by hydroquinone (Enguita & Leitdo, 2013). Interestingly,
KNO:s treated AGS cells exhibited slightly reduced but comparable nitrite levels to the
untreated cells. The intracellular conversion of nitrate to nitrite seems to be non-
existent since nitrate is essentially reduced to nitrite via microbial activity. AGS cells
are cultured and maintained in a sterile, controlled environment without
contamination. Hence, the presence of microbes responsible for nitrate to nitrite
conversion in the cultured AGS cells in the present study can be ruled out entirely. The

above results implies that RNS may not be a causative factor of the putative oxidative
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stress upon exposure of AGS cells to tuibur and other chemical species studied.
Therefore, cytotoxicity in AGS cells treated with tuibur is more likely due to ROS and

obviously not by RNS mediated oxidative stress.

The assessment of induced apoptosis in treated AGS cells was performed using
AO/EB dual staining probes and fluorescence microscopy. It is well-known fact that
AO can penetrate normal cells and early apoptotic cells with normal morphology, and
a green or greenish-yellow fluorescent emission can be observed when the dye is
bound to DNA. EB on the other hand only enters cells having damaged membranes
and emits orange-red fluorescent light when bound to apoptotic bodies. Tuibur and
nicotine treated cells displayed greater number of apoptotic cells count, however, the
rate of apoptosis in nicotine treated cells were relatively higher than in tuibur. It was
experimentally observed in this study that tuibur concentration of 6.81 pg/uL was
found to be apoptotic for AGS cells. Hydroquinone and KNO3 treated cells also
showed similar apoptotic cell counts. Apoptosis due to mitochondrial damage via
tobacco exposure in A549 epithelial cell line have been reported (Ramage et al., 2006).
Mitochondrial-dependent induction of apoptosis in gingival epithelial cells due to
tobacco aqueous extract exposure was also reported (Patil & Baeshen, 2021). The
present investigation did not probe the putative pathways by which apoptosis induction
occurred in tuibur treated cells. There are two type of apoptotic triggering pathways,
intrinsic and extrinsic. The intrinsic pathway is regulated by the protein BCL-2. A
decreased expression of Bcl-2 genes and an increase in expression of caspase-3 in AGS
cell line as a result of tobacco extract exposure have been reported (H. Y. Wang et al.,
2003). An overexpression of Bcl-2 was observed in a study on U-937 cells treated with
tobacco smoke, though increased Bcl-2 expression was insufficient to prevent
apoptosis (Vayssier et al., 1998). Therefore, from the present study and the findings of
the earlier studies, it is plausible that the pathway involved in tuibur induced cell death
in AGS cell line may be intrinsic, involving the expression of the anti-apoptotic gene

Bcl-2.

122



CHAPTER 4

SUMMARY AND CONCLUSION



CHAPTER 4

SUMMARY AND CONCLUSION

Smokeless tobacco consumption is a rampant epidemic in Mizoram surpassing
the frequency of smokers in the state (Indian Council of Medical Research-National
Centre for Disease Informatics and Research, 2022). Tuibur, by virtue of the
autochthonous manufacturing practices as well as the mode of use, has been a
preventable and avoidable habit with negative health consequences as various
epidemiological studies have implicated chronic and acute tuibur consumption is
injurious to the health of tuibur users (Phukan et al. 2004; Phukan et al. 2005).
Determination of different chemical constituents of tuibur and their putative effects in
biological systems is either lacking or very much limited. The present research study
evaluated and quantitated the preponderant alkaloid — nicotine, and cotinine, besides
other components to provide a new insight into the quality of tuibur that is being
distributed commercially among the local population. Local grading of tuibur only
based on its astringency that essentially reflects its alkalinity and also possibly on the
amount of tobacco stalk combusted. Correspondingly, grading of tuibur is
individualised as per tuibur cottage personnel who are mostly illiterate laymen and no
standard grading procedures exists. This study attempts to systematically grade

commercially available tuibur based on its nicotine content.

From the pH measurements, it was ascertained that all tuibur samples were
alkaline and their pH ranged between 8.85 to 9.33. This provided a more scientific way
of classifying commercial tuibur rather than the local grading system of tuibur which
is differentiated as “al” and “al lo”, literally translated as alkaline and non-alkaline,
respectively, based on the amount of tobacco combusted. The higher the grade, the
greater the amount of tobacco used for generating tobacco smoke, according to the
cottage industry. However, the alkalinity of tuibur stems from the preparation of
feedstock since ‘feedstock’ is basically stream water percolated through known
quantity of plant ash. From this observation, it was hypothesized that the amount of
tobacco used for production must have an influence over the overall quantity of

chemical constituents, in particular, nicotine. Therefore, the grading of collected tuibur
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samples based on the correlations between the amount of combusted tobacco stalk and

the determined nicotine content was attempted.

ATR-FTIR spectroscopy in conjunction with chemometrics, a variant of linear
regression analysis, was performed to estimate the concentration of nicotine in
different grades of tuibur samples. Additional vibrational spectral data on the
concentration of carcinogenic hydroquinone and benzoquinone were also collected.
The identification of nicotine, hydroquinone and benzoquinone in the IR spectral data
of the samples was masked by predominantly broad and intense peaks arising from
water (3000-3400 cm~! and ~ 1600 cm™') which made the spectral data interpretation
very difficult in all tuibur samples. Although few distinct vibrational bands in the IR
spectral data corresponding to tuibur samples were observed, it could not be discerned
as to whether these functional group bands belonged to which molecule since tuibur is
a heterogenous mixture. The attempt at the estimation of nicotine using the specific
spectral features of mid-IR region selected for the standards and tuibur samples,
seemingly unsuccessful. The predicted concentrations of nicotine, hydroquinone and
benzoquinone in all the samples, be it in lower or higher grades of tuibur, showed no
variability and were similar in all the samples tested. Hence, this method was
considered ineffective for the quantification of the chemicals of interest in the tuibur
samples, most likely due to the presence of polar solvent water since tuibur is an

aqueous tobacco stalk concentrate.

The estimation of nicotine and the possible grading of tuibur samples was
further attempted by applying more sensitive SERS methods based on the ‘Raman’
(inelastic) scattering. The observed characteristic vibrational band at 1031 cm™
corresponding to the C-N stretching vibration band of unionized pyridine moiety of
nicotine, allowed us to directly measure the nicotine content in different grades of
tuibur samples. This prototype experiment is the first of its kind to measure the nicotine
content in different local grades of tuibur by using AuNP-based SERS spectroscopy.
The varying size, shape, roughness and ligand chemistry of noble metal nanoparticle
may have enabled the detection of vibrational bands corresponding to nicotine which
is present in tuibur at trace levels. The nicotine levels, however, were measured by

peak intensity and not as actual concentration measurements (by the integration of the

area of vibrational band). The absolute concentration of nicotine in tuibur sample could
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not be ascertained using this technique. Nevertheless, the applied SERS method could
successfully as well as qualitatively observe an increase in the concentration of
nicotine corresponding to the increase in amount of tobacco used for the preparation

of different local grades of tuibur.

A more accurate quantification of nicotine along with cotinine in the tuibur
samples was accomplished by using LC-MS/MS methods based on internal calibration
methods also known as isotopic dilution methods. Owing to the specificity of this more
rigorous analytical technique, the more precise measurements of nicotine and cotinine
concentrations present in the 10 different grades of tuibur samples under investigation
could be achieved. The nicotine concentration of the tuibur samples studied ranged
between 506 to 1877 pg/mL. Cotinine levels in the different concentrations of tuibur
ranged between 6.5 — 44.4 pg/mL. This provides a clear picture of the quality of tuibur
being distributed commercially. Grading in terms of nicotine concertation offers a
more reliable and scientifically robust approach to the determination of different
grades of tuibur enabling the categorization based on the subtle variations in nicotine
contents exhibited by the analysed tuibur samples. The assumption that nicotine is
present in its unprotonated form owing to the alkalinity of tuibur (pH >8) was also
proven by calculating the % unprotonated nicotine in each sample. It was demonstrated
that >96% of nicotine determined in tuibur existed in its unionised form. This “free-
base” form of nicotine rapidly passes through the hydrophobic biological membranes
leading to more rapid absorption in the oral mucosa spiking the blood nicotine level
(Mallock et al., 2022). Therefore, with the information provided above, it is most likely
that tuibur use can increase the risks of nicotine-dependency and repeated use, also
concomitantly instigate the vulnerable people’s susceptibility to maintain this
insidious lifestyle habit and become addicted. Furthermore, higher alkalinity of tuibur

more likely may cause more acute oxidative stress on its own.

Almost 1/3™ of the Mizo population are smokeless tobacco users. Additionally,
indigenous and unique tobacco use habits of Mizo tribal population engender a
challenging and complex public health problem. Detailed scientific data on the
putative ‘adverse’ effects of tuibur is warranted because rather few experimental
studies on the deleterious health effects of chronic tuibur use except some

epidemiological studies on smokeless tobacco habits in Mizo population. Tobacco
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smoke extracts (mainly cigarette smoke from smoking machine regime) have been
reported to mediate cytotoxicity in vitro by using different cell lines. Population based
epidemiological studies have also provided evidence on the relationship between
chronic tobacco use and various lifestyle disorders including cardiovascular diseases
and cancer. Persistent tuibur use has also been linked to the increased risk of
developing stomach cancer (Phukan et al., 2005). The current investigation provides
the preliminary information on the intracellular toxicity of tuibur using cellular model
system study. However, further studies are certainly warranted to quantitatively assess
the insidious health effect of tuibur use and to gain a better understanding of the

putative biochemical mechanisms of the carcinogenic potential of tuibur.

An easy and efficient mutagenicity test like the micronucleus assay can provide
information on chemically induced DNA fragmentation and chromosomal damage.
The present study has made an account on the status of this biomarker in the tuibur
user population of Mizoram. An increase in micronuclei formation is linked with
mutagenesis, chromosome instability and genome rearrangements. Nuclear envelope
rupture in micronucleus abruptly exposes DNA inside the micronucleus to the
cytoplasm and is thought to be an almost irreversible process (Krupina et al., 2021).
Our resultant data on oral epithelial cells of tuibur users indicated the high levels of
chromosomal fragmentation and the subsequent nuclear envelop deposition in the
form of micronuclei formation among the Mizo populace who consume tuibur
frequently. Compared to the micronuclei score of healthy individuals without any
tobacco habits, tuibur consumers displayed elevated levels of micronuclei formation.
Even when compared with sahdah (coarse tobacco flakes mixed with lime more akin
to khaini) user population, significant levels of micronuclei were observed in buccal
cells of tuibur consumers. Thus, micronuclei assay has suggested that tuibur use is an
important risk factor for the chromosomal instability and DNA damage which also in
good agreement with the epidemiological studies (Phukan et al., 2005; Malakar et al.
2014).

The toxicological studies based on relatively simpler model systems have been
long practised. Animal models are deemed unethical while the use of cell lines as
model systems do not break any ethical codes and are useful tools for the health

assessments and the associated clinical studies. Mitochondrial integrity is crucial in

126



cell survival. An array of diseases, directly or indirectly, stem from mitochondrial
dysfunction. The MTT assay is applied for assessing the metabolic or cellular viability
in cells. Tuibur mediated cell cytotoxicity on AGS cell lines was illustrated in the
present study. AGS cells were also exposed to varying concentrations of tuibur,
nicotine, hydroquinone, KNO3 and NaNO; solutions. The control cells remained
without treatment. These control and treatment groups were incubated for 24, 48 and
72 hrs. The data of these experiments demonstrated the dose-dependent as well as
time-dependent attenuation of AGS cells viability when exposed to tuibur and
hydroquinone. The cellular proliferation inhibitory capacity of tuibur as well as
hydroquinone in AGS cell line was observed in a time-dependent manner. In contrast,
nicotine induced proliferative effects on AGS cell lines which qualitatively consistent
with earlier studies of this kind. Though at 72 hrs treatment, the cells eventually lost
viability in a dose-dependent manner for nicotine also. Thus, the observed AGS cell
proliferative effects of nicotine decreased with time. This indicated that at low
concentrations, nicotine induced cell proliferation in gastric adenocarcinoma cells.
Treatment of AGS cells with KNO3z demonstrated a concentration and time-dependent
proliferative effect on cells. The potency of KNO3 in inhibiting cell growth was
independent of time. The data for the treatment of AGS cells with NaNO; yielded
rather inconclusive results. The results of the MTT studies demonstrated the
cytotoxicity of tuibur and hydroquinone even in low concentrations and their potential
ability to induce different types of cellular damage. This study also demonstrated the
induction of cell proliferation by nicotine and KNOs in epithelial cancer cells in low
doses indicating the chemicals’ ability to promote cellular proliferation.

Reactive nitrogen species (RNS) are types of free radicals which can induce
oxidative/nitrosative stress. Evaluation of RNS species in AGS cell line treated with
ICso concentrations of tuibur, nicotine, hydroquinone and KNO3 was carried out by
using the Griess assay. In Griess assay, decreased levels of nitrite in each of the
treatment groups as compared to that of the control untreated cells were observed. The
observed results indicated that RNS formation may not be the cause of oxidative stress
within the cell system. Although this may be the case, the suppression of nitric oxide
(NO?®) production, which plays an important role in cell signalling, may also more

likely occurred. The reduced NO* levels cause the disruption of cellular signalling
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pathways that can prevent the normal cellular functioning. Thus, apparently tuibur
promotes the suppression of NO* production within the cell leading to the disruption

of normal cellular functions potentially causing damage to the cells.

Fluorescent probes are useful tools in the evaluation of cellular morphology
and genotoxicity. Apoptosis upon treatment with ICso concentrations of tuibur,
nicotine, hydroquinone and KNO3 in AGS cells were evaluated. Induced apoptosis
however, is a consequence of exposure to genotoxic agents. The outcome of apoptotic
assay via AO/EB staining and fluorescence microscopy indicated that apoptosis in the
control untreated cells was much lower as compared to the treatment groups. Apoptotic
cell score in tuibur and nicotine treated cells were highest among the treatment groups.
It is important to note that nicotine has shown non-specific functions as on one hand it
has stimulated higher antioxidant levels, however, on the other hand, it also strongly
induced apoptosis. This indicates the genotoxicity of tuibur in AGS cells leading to
DNA damage as well as cell death. The abovementioned data have suggested that

tuibur is a genotoxic agent and is a risk factor for induced cell death and DNA damage.

Antioxidants, small molecule or enzymatic, play a huge role in scavenging free
radicals to maintain a state of balance between production and accumulation of
oxidative species. With excess of free radicals in the biological milieu, oxidative stress
occurs leading to cell and tissue damage. Cell death is an inflammatory response
induced by oxidative stress. The MTT assay has demonstrated the cytotoxicity of
tuibur via monitoring cell viability which led to a dose-dependent increase in cell
death. Oxidative stress was assessed by measuring the total antioxidant capacity (TAC)
of AGS cells treated with the ICso concentrations of tuibur, nicotine, hydroquinone and
KNOs. Decreased total antioxidant capacity in AGS cells treated with tuibur,
hydroquinone and KNOs3 were observed. Since, hydroquinone is a well-known inducer
of oxidative stress and the concomitant apoptosis, our results were in good agreement
with earlier studies (Bertram et al. 2009). These results indicated that in these treatment
groups, there is an imbalance between free radicals and antioxidants, thus reducing the
quantity of antioxidants in the system that could scavenge these species. On the other
hand, nicotine showed increased levels of antioxidant capacity suggesting at low
concentrations, nicotine could potentially exhibit some antioxidant effects in AGS

cells and thus enhance cell proliferation potency of gastrointestinal cancer cells. The
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outcome of these experiments thus proved that tuibur upon exposure to cells promotes
the formation of free radicals or reactive oxygen species (ROS) thus instigating

oxidative stress in the system leading to cellular damage.

Reactive oxygen species (ROS) accumulation is the cause of intracellular
oxidative stress when scavenging antioxidant enzymes and small molecule
antioxidants such as vitamin c, glutathione etc., are depleted. Assessment of increased
ROS generation in AGS cell line treated with ICso concentrations of tuibur, nicotine,
hydroquinone and KNO3 was performed using the nitrite determining DCFDA
staining and flow cytometry. It is important to note that for the nicotine treated AGS
cells, an increase in ROS levels were observed. Conversely, for the rest of the
treatment groups including cells treated with tuibur showed attenuated ROS were
observed when compared to untreated ‘control” AGS cells. A large body of scientific
studies have demonstrated that all types of tobacco products, irrespective of whether
smoked or smokeless forms, evoked significantly elevated levels of ROS in various
cell line (Bertram et al., 2009; Sobus and Warren, 2014). The results of our FACS
assay displayed rather contrasting and inconsistent results in comparison with MTT,
TAC and micronuclei assays, and therefore more detailed in vitro studies are certainly
required to gain a better understanding of the mode of action of tuibur, a smokeless

product with unknown or rarely-studied long-term serious health outcomes.

Tuibur, is an easily accessible, affordable ‘smokeless’tobacco product
although which is an unwanted, unhealthy and avoidable lifestyle habit among the
Mizo population in general, female population more specific. Though there are
numerous commercially available SLT products, the cultural nostalgia as well as a
relatively lower cost of tuibur entices its users to retain the habit. Tuibur, made from
smoldering tobacco stalk in artisanal ‘rusted’ steel barrels and containers is a major
health hazard. Being a heterogenous mixture containing an assortment of trace
elements and organic carcinogens are abundant in quantity in tuibur which are capable
of inducing oxidative stress, DNA damage and eventually different disorders such as
gastritis, cancer, etc. Moreover, the presence of TSAs, TSNAs and other organic and
inorganic components in tuibur were identified out of which some are proven group 1
and group 2 carcinogens (IARC, 2004; Lalmuanpuii, 2016). The production process

of tuibur is also likely to have a negative environmental impact. The tuibur consuming
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populace of Mizoram have much less awareness on the health hazards and
consequences of consumption. The present study, as a preliminary study has shed light
on the putative detrimental health effects of tuibur consumption which is also
qualitatively consistent with the earlier epidemiological studies (Phukan et al. 2005;
Phukan et al. 2006; Malakar et al. 2014). The proper hygienic packaging, attachment
of suitable health warning labels would improve the awareness among its consumers,
especially rural and suburban users. Therefore, pertinent in vitro as well as in vivo
research studies are required to spread the awareness, and to enable scientific
scrutinization of the chemical constituents and negative health effects of tuibur and its

chronic use.
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ABSTRACT

Originating from the Northeastern state of Mizoram, India, traditionally tuibur
is a part of the cultural heritage of the Mizo people. As a tobacco-smoke infused liquid
preparation, tuibur lacks comparable analogous products. Tobacco stalk, petioles, vein
and lamina considered otherwise as tobacco waste is imported from Myanmar and
serves as the raw material. A makeshift hydro-powered aspirator allows for dispensing
tobacco smoke into an alkaline feedstock (water percolated through ash) and thereby
generating the resultant product, tuibur. Depending on the amount of tobacco used as
well as alkalinity of tuibur, it is locally graded into ‘Al” and ‘Al lo’. Normally tuibur
is sipped, retained in the lower buccal space of the mouth (yet occasionally
unintentionally also swallowed) and discarded after its alkalinity has been spent. There
are numerous quality and health concerns related to tuibur use, aside from tobacco-
related health impacts.

Characterization of and grading tuibur based on nicotine contents in tuibur was
attempted by performing three different kinds of analytical methods. Firstly, the use
of Attenuated Total Reflectance Fourier-transform Infrared Spectroscopy (ATR -
FTIR) paired with multivariate analysis using chemometrics enables the assessment of
target analytes present in a mixture. Using this semi-quantitative method, three
chemical constituents of tobacco smoke varying polarities, viz., nicotine,
hydroquinone and benzoquinone, were analysed in tuibur samples to discern the
variance of different grades of tuibur. Though this method could predict the probable
concentrations of each chemical within the tuibur samples, it was incapable of
qualitatively differentiating the grades of tuibur based on the amount of nicotine
present in each sample more likely due to the inherent limitations of FTIR methods for
the evaluation of a mixture of constituents with similar polarities present in the aqueous
solutions.

Secondly, Surface-enhanced Raman Spectroscopy (SERS) is an analytical
technique complementary to ATR-FTIR with high sensitivity in molecule detection
owing to its signal enhancement ability in presence of nanoscale metallic particles.
Gold nanoparticles were synthesized and utilized for the semi-quantitative evaluation

of nicotine in different grades of tuibur samples using SERS methods. The SERS peak



intensity of the purchased standard S(-)-nicotine sample displayed a characteristic
vibrational band at 1030 cm™! (for a pyridine-based alkaloid) which was selected to
assess the nicotine concentrations, the predominant alkaloid present in tobacco
products like tuibur. The same peak was observed with different intensities in each of
the analysed tuibur samples. The peak intensities for each sample were determined and
the grade of tuibur was categorized based on nicotine concentration levels with respect
to the amount of tobacco used during preparation. The SERS method could evidently
differentiate various grades of tuibur in a semi-quantitative manner, wherein nicotine
concentrations (or nicotine peak intensity) were observed to be increasing
corresponding to the amount of tobacco used for tuibur samples. This method provided
a better classification to assess different grades of tuibur albeit in a semi-quantitative
manner, by probing the nicotine contents in tuibur.

In order to gain a better understanding of the grading of tuibur, for the
determination of tobacco alkaloids, nicotine and cotinine in various grades of tuibur
samples, Liquid-Chromatography tandem Mass Spectrometry (LC-MS/MS) methods
were utilised. In general, LC-MS/MS methods are aptly suitable for determining
selected target analytes in a heterogenous mixture. Multiple reaction monitoring
(MRM) allows for the identification and quantification of chemical compounds with
high accuracy owing to its’ better selectivity and high sensitivity aspects, both the
parent and daughter ions for the quantification of desired polar chemical constituents
in an alkaline solution. The determination of concentration levels of nicotine ranged
between 569 to 1877 pug/mL and the concentration of cotinine ranged between 6.5 to
44.4 ng/mL in different grades of tuibur was successfully accomplished by using
internal calibration LC-MS/MS methods. This robust and sensitive analysis also
revealed that the concentration of both nicotine and cotinine increased as the amount
of tobacco increased for the preparation of tuibur. Therefore, the analysed tuibur
samples could be categorized into specific grades, in a more reliable and convincing
manner, depending on their nicotine concentration levels.

To examine the biological activity of tuibur, a variety of biological assays were
performed. For the preliminary assessment of DNA damage due to tuibur use,
micronuclei formation in buccal cells of tuibur consumers, sahdah consumers and

tobacco non-user was assessed within the Mizo population. This study revealed that
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tuibur consumers have increased micronuclei formations as compared to that of sahdah
users as well as tobacco non-users. These results indicated that chronic tuibur exposure
via repeated tuibur use can be a major risk factor for DNA damage with signs of
chromosomal instability.

To study the toxicological effects of tuibur at the cellular level, gastric
adenocarcinoma (AGS) cell lines was chosen as a model system. 3-(4, 5-
dimethylthiazol -2-yl)-2’,5’-diphenyltetrazolium bromide (MTT) test was performed
to assess the purported cytotoxicity of tuibur on AGS cells. AGS cells were exposed
to varying concentrations of tuibur, nicotine, hydroquinone, KNO3 and NaNO; and
incubated for 24, 48 and 72 hrs. Tuibur and hydroquinone were observed to inflict a
dose and time-dependent diminished cell viability as well as proliferation of AGS
cells. Low concentrations of nicotine exposure displayed moderate proliferative effects
on AGS cell lines indicating induced cell proliferation. KNO3 was observed to
stimulate a concentration and time-dependent proliferative effect on AGS cells. The
data for the treatment of AGS cells with NaNO; produce non-specific and inconclusive
results. MTT studies revealed that tuibur and hydroquinone are highly cytotoxic even
at low doses.

Apoptosis was assessed in AGS cells by exposure of ICso concentrations of
tuibur, nicotine, hydroquinone and KNOj3 via dual acridine orange and ethidium
bromide staining and the associated fluorescence microscopy studies. The results
indicated a lower degree of apoptosis in untreated cells when compared to the
treatment groups. Tuibur and nicotine exposed AGS cells showed highest apoptotic
cell counts among the treatment groups indicating the genotoxicity of tuibur in AGS.

Reactive nitrogen species (RNS) were evaluated in AGS cell line exposed to
ICs0 concentrations of tuibur, nicotine, hydroquinone and KNOs by Griess assay. The
oxidative assay revealed a decrease in nitrite levels for all the treatment groups in
comparison to untreated cells indicating that RNS formation may not be inducing the
purported oxidative stress. Nevertheless, a decrease in nitrite level may indicate tuibur-
related suppression of nitric oxide (NO) production, disrupting normal cellular

functions plausibly causing potential damage to the cellular functions.



Oxidative stress was evaluated by the total antioxidant capacity (TAC) assay on AGS
cells exposed to ICso concentrations of tuibur, nicotine, hydroquinone and KNOs.
When treated with tuibur, hydroquinone and KNO3 a decreased TAC was observed,
demonstrating an ‘induced’ imbalance of free radicals and antioxidants in the AGS
cells. However, nicotine showed increased TAC, insinuating nicotine’s potential
antioxidant effects at low concentrations that corroborate with the cell proliferation on
AGS cells due to nicotine exposure. Therefore, tuibur exposure on AGS cells promotes
free radicals or reactive oxygen species (ROS) formation imposing unpleasant side
effects of oxidative stress that engender the cellular damage.

The assessment of relative ROS levels in AGS cells treated with ICso
concentrations of tuibur, nicotine, hydroquinone and KNO3 was performed by using
DCF-DA fluorescent dye combined with flow cytometry methods. However,
according to the flow cytometry study, in contrast to the TAC assay methods, an
increase in ROS for nicotine exposed AGS cells whereas in other treatment groups a
decrease in ROS generation relative to untreated AGS cells were observed. Though a
large body of scientific studies implicate the elevation of ROS levels in cells due to
the aqueous extracts of tobacco products (smoked or smokeless), our results failed to
explain the observed results that needed more detailed investigations.

Tuibur’s cultural nostalgia and cost factor are compelling determinants for its
users to retain the habit though less convincing health warnings are displayed on its
packages, recently. As a heterogenous mixture, tuibur is comprised of heavy element
species (factors for oxidative stress and DNA damage), tobacco specific alkaloids
(TSAs), tobacco-specific nitrosamines (TSNAs) and other organic and inorganic
constituents of which some are proven group 1 and group 2 carcinogens. Indigenous
and unique tobacco use habits of Mizo tribal population engender a challenging and
complex public health problem. The present research highlights the detrimental health
effects of tuibur consumption and demands for devising proper regulatory standard
protocols in order to spread and maintain an improved awareness among its

consumers, especially the relatively less-literate rural as well as suburban populace.
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