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Chapter I Introduction.............

1.1. Introduction

The widespread use of tobacco products has been shown to have multiple harmful effects on

health, making it a serious global health concern with dire ramifications. The World Health
Organization estimates that tobacco-related illnesses killed more than 8 million people in 2017. If
current trends continue, the group forecasts that number will reach over 1 billion by the 21st
century. [1]. One of the biggest threats to public health is tobacco dependency, which can lead to
a number of life-threatening illnesses that affect the heart, lungs, kidneys, and other organs in
addition to cancer. In India, tobacco-related malignancies contributed to 27% of the nation’s cancer
burden in 2020 [2,3]. 6.6% of women and 32.7% of men all over the world who are at least 15
years old smoke tobacco. Despite being a poisonous and addictive substance, nicotine is widely
used in almost all nations, cultures, and faiths [4]. According to the Global Adult Tobacco Survey
(GATS), India total prevalence of tobacco use in India is 10.38% for smokers and 21.38% for non-
smokers between 2016 and 2017. 28.6% of adults (42.4% of males and 14.2% of women) presently
use tobacco in either smoke or smokeless form. The Demographic Health Survey, commonly
referred to as the National Family Health Survey (NFHS), is one of India's largest health surveys.
It gives disaggregate estimates of a variety of health and demographic factors. [5]. Compared to
men, women smokers are more likely to develop smoking-related illnesses like heart disease,
stroke, reduced lung function, COPD and lung cancer at younger ages [6]. Surprisingly, women
have particular issues related to their biological/reproductive life cycle because of tobacco use.
These difficulties include women's malignancies (such as cervical cancer), early menopause,
menstruation (such as irregular cycles and dysmenorrhea), osteoporosis, impacts on fertility,
pregnancy, and fetus/child development, as well as the negative effects of nicotine on

neurodevelopment. Furthermore, Extrauterine Pregnancies, abruptio/previa placenta, premature
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membrane rupture, miscarriage, stillbirth, low birth weight, preterm delivery, and tiny gestational
age have all been associated to maternal smoking [5]. Congenital anomalies, including cleft lip,
cardiac septal defects, pulmonary, tricuspid valve and great arteries malformations, pyloric
stenosis and clubfoot, as well as various malformations, have also been linked to maternal smoking
[7]. Postmenopausal smokers who smoke cigarettes have greater levels of testosterone,
androstenedione, estrone, and 17-hydroxy-progesterone [8]. Nicotine has been shown to enhance
the growth and spread of lung cancer cells. It can activate pathways that lead to enhanced cell
proliferation, angiogenesis (the development of new blood vessels to feed tumors) and metastasis.
There is a clear correlation between smoking cigarettes and the development of non-small cell lung
cancer (NSCLC) [9]. Lung cancer is a serious global health concern, being the second most
frequent cancer and leading cause of cancer-related death globally. According to the Centers for
Disease Control and Prevention (2022), the primary cause of lung cancer is tobacco smoke and
nicotine is the major contributor for 80% to 90% of lung cancer-related fatalities [10]. Nicotine
promotes lung cancer progression and metastasis through the activation of the PI3K/Akt/mTOR
signaling pathway and nicotine may influence the activity of enzymes involved in carcinogen
metabolism or modulate inflammatory responses, which could exacerbate lung cancer risk [11].
Because of high mortality rates and great prevalence, Lung and cervical cancers continues to be
the leading cause of death. are extremely frequent and difficult to treat. It has also been
demonstrated that in a same way nicotine affects cervical cancer cells by encouraging cell invasion
and proliferation by modifying signaling pathways like the MAPK/ERK pathway, which can alter
the behavior of these cells. [12]. Nicotine can influence the immune response by impacting
different types of immune cells, such as T cells, B cells, and macrophages. It typically inhibits

immunological processes, resulting in heightened vulnerability to infections and compromised
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immune responses [13]. Nicotine has a substantial influence on the cardiovascular system. It raises
the heart rate, blood pressure, and promotes the development of atherosclerosis. Nicotine promotes
the release of catecholamines, which may contribute to these effects [14]. It can change
immunological responses, which may result in an increase in inflammation as well as a suppression
of immune function [15]. It affects mortality and illness risk in the digestive system and
exacerbates respiratory disorders including asthma and COPD. It affects the central nervous
system, which results in altered thought processes and addiction [16]. Nicotine induces oxidative
stress by activating signaling pathways like the NF-kB pathway, which can increase the expression
of pro-inflammatory cytokines and ROS-producing enzymes. Nicotine generates ROS through a
variety of mechanisms, including NADPH oxidase activation, mitochondrial dysfunction, and
poor antioxidant defenses. This increased ROS generation is linked to oxidative stress, which plays
a role in the development and progression of different diseases [17]. Nicotine easily enters the
placenta, and the fetuses of mothers who smoke are exposed to higher nicotine amounts than their
mothers. Nicotine's strong lipophilicity allows it to easily pass the placental barrier. According to
studies, nicotine levels in fetal blood can be much greater than in mother blood. This is related to
the placenta’s ability to carry nicotine from mother to fetus [18]. Long-term impacts of nicotine
consumption during pregnancy on a child's neurodevelopment and health outcomes. In cell
cultures, nicotine has been demonstrated to promote chromosome aberrations and sister chromatid
exchange (SCE). Nicotine can also damage chromosomal integrity and perhaps have mutagenic
consequences. In cell models, nicotine has been shown to function as a clastogen, causing an

increase in sister chromatid exchange and chromosome abnormalities [19].

Protein Energy Malnutrition (PEM) remains a significant public health issue in developing

nations, affecting individuals of all ages including newborns, young children, pregnant and
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breastfeeding mothers, and lower-income populations. Low dietary protein limits the toxicity,
disposition, and biosynthetic activity. Protein Energy Malnutrition (PEM) is a disorder caused by
insufficient protein and energy intake, which can lead to health difficulties [20]. Though it is well
known that nicotine causes many health issues in normal dietary situations, the noxious

implications of nicotine, predominantly in protein-restricted diets, are a source of worry.

Curcumin is a yellow polyphenolic pigment which is obtained from the rhizome of Curcuma
longa L. (turmeric), has been used in Chinese and Ayurvedic medicine, as well as culinary
applications. It exerts a wide range of biological and pharmacological actions, including anti-
inflammatory, antioxidant, antibacterial, antiviral, anti-fungal, anti-hepatotoxic, hypolipidemic,
and anticancer activities. Curcumin contains immunomodulatory and anti-allergic properties and
has been utilized as a chemo preventive drug against several cancers, including liver, gastric,
breast, prostate, and cervical cancer [21-23]. In addition, several in vitro and in vivo studies on
curcumin demonstrate its anti-carcinogenic effects on lung cancer through inhibition of cell
proliferation and induction of apoptosis. Curcumin's preventive function against nicotine-induced
toxicities has been thoroughly shown in protein-restricted conditions. Curcumin's role in nicotine-
induced toxicity has been well established, including hepatotoxicity, cardiorespiratory illness,
renal toxicity, and immunological effects. Curcumin's primary limitations against clinical
application include poor water solubility, limited bioavailability, poor absorption, and quick
elimination from our bodies. Animal research on curcumin absorption, metabolism, and excretion
provide useful information about its bioavailability and elimination. Curcumin is digested, and a
significant amount of the orally supplied curcumin is eliminated in feces. Curcumin's low systemic
bioavailability limits its therapeutic applicability, and understanding its pharmacological effects in

vivo is difficult.
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The advancement of nanotechnology is one of the most significant achievements of the twenty-
first century. Applications of nanoparticle in medical research are getting increasingly popular.
Nanoparticles provide significant advantages over regular therapeutic molecules, including a
higher drug loading rate, increased biocompatibility, and tailored administration, which allows for
more effective treatment of various ailments. Nanomaterials with a wide surface area enhanced
the solubility of indissoluble medications with a high absorption rate, resulting in a lower total
drug dosage [24]. This could lessen the negative side effects of conventional compounds. The
current study has been conducted to investigate the protective effects of nanocurcumin against
nicotine induction under regular protein diet conditions. In this study, nanoparticles of curcumin
were produced by ultrasonication and characterized by FE-SEM, UV-Visible spectrophotometer,
FTIR, and XRD. This produced nanocurcumin were employed against nicotine-induced female
albino rats at a dose of 4 mg/kg body weight. The parameters of various groups of animas were
analyzed, including SGOT, SGPT, ACP, ALP, Urea, Creatinine, MDA, SOD, Catalase, GPX,
GSH, IL-4, IL-6, IFN-y, TNF-a, BCL-2, BAX, Estrogen, and Progesterone. This research also
included a DNA damage study and DNA content analysis. A further study was conducted to
investigate the antiproliferative and anticarcinogenic properties of hanocurcumin on two different
cancer cells through MTT assay, cell morphology assay, DAPI staining ROS generation and DNA

laddering analysis.

Previous research suggests that oxidative stress is a key component in the development and
progression of many problems [25]. It was found that the liver, renal enzymes and lipid component
of the blood were significantly increased as the result of nicotine induced adverse effect in serum
which can be ameliorated by curcumin itself and strikingly it was also observed that nanocurcumin

is much more potent than curcumin. This study established the fact that nanocurcumin has the
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better efficiency to increase the intracellular ROS supporting apoptosis of both cervical cancer and
lung cancer cells. There is increase in the levels of ROS in the treatment group indicating the
apoptic mode of cell death by nanocurcumin through ROS generation. It has been also evident that
nanocurcumin doses are harmless and causes no-side effect to normal human body cells. It has
also been observed that curcumin needs higher doses compared to nanocurcumin to cause
apoptosis of the same cancer cells and more time to initiate therapeutic activities. This study was
paying attention on investigating the effects of nicotine on immunomodulatory and genotoxicity
disruptions in female rats kept on a protein restricted diet, and find out the ameliorative
effectiveness of nanocurcumin after 1 hr of nicotine intoxication. Nanocurcumin ameliorates the
nicotine-induced genotoxic effects, keeps the female sex hormone levels and reestablishes the

normality of immune responses in protein-restricted diet rats with higher efficiency than curcumin.
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1.2. Aims and Objectives

The tobacco pandemic is a significant public health threat globally. Women are
increasingly using tobacco products in various forms, which has emerged as India's largest public
health issue. One key health risk factor that dramatically raises the incidence of malignancies is
cigarette smoke. Nitrosonornicotine, a tobacco-specific nitrosamine, is one of the strong

carcinogens and is accused of the addictive potential of smoking.

Curcumin is a natural biphenolic compound derived from curcumin longa which
significantly ameliorates the nicotine induced toxicity. The main disadvantages of curcumin that
prevent its application in clinical practice are its poor water solubility, limited bioavailability, poor
absorption, and quick elimination from our bodies. Nano-particles of curcumin are therefore
proposed as nano-drugs for oral supplementation to increase their bio-availability against nicotine-

induced toxicities under protein-restricted conditions.

The aims and objectives of this work are:

» To preparation and characterization of Nanocurcumin for its increased bio-availability and
bio-distribution.

» Studies on the ameliorative efficacies of nanocurcumin against various nicotine-induced
physicochemical stresses (oxidative, hepatotoxicity, inflammatory, genotoxicity) and in
female population under protein restricted condition.

» To examine the anticarcinogenic and antiproliferative properties of nanocurcumin on two

different cancer cells.
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2. Literature Review

N icotine is the principle harmful ingredient in tobacco products which is a parasympathetic
alkaloid seen in high amounts mainly in tobacco plant leaves and in slightly in other plants
like the Solanaceae family [1]. The most widespread usage of tobacco in the world is cigarette
smoking. There is no degree of tobacco exposure that is safe, and all kinds of tobacco use are
dangerous. Cigars, Waterpipe tobacco, cigarillos, pipe tobacco, heated tobacco, roll-your-own
tobacco, bidis, kreteks, and smokeless tobacco products are other examples of tobacco products.
Tobacco-derived nicotine is the second most commonly used substance worldwide, behind
caffeine from tea and coffee. Almost all faiths, all nations, and all civilizations frequently use
nicotine [2]. With more than a billion smokers globally, tobacco is currently the second most
widely used psychoactive drug. Smokers who consume cigarettes or cigars develop a nicotine
addiction. More than 4,000 distinct chemicals make up the complex chemical combination that is
tobacco smoke. More than fifty of them are known to be mutagens, cocarcinogens, or carcinogens
[3]. Nicotine usage increases vulnerability to a number of infectious diseases and causes terrible
health issues including heart disease, cancer, lung illness, cardiovascular disease. Almost every
organ in the body is harmed by smoking. The International Classification of Diseases, Tenth
Revision (ICD-10) refers to this addiction as tobacco dependence, whereas the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition, refers to it as tobacco use disorder. Besides
nicotine, additional components found in cigarettes, like non-nicotine compounds and flavorings,
can stimulate the addictive effect of tobacco [4]. Today, tobacco smoking is the world's greatest
cause of death. Of those mortality rate, nearly 7 million are directly linked to tobacco use, and over
1.3 million are related to secondhand smoke exposure for nonsmokers [5]. Approximately 80% of

the 1.3 billion tobacco users worldwide stay in low-and middle-income nations, which bear the




brunt of the cost of tobacco-related death and morbidity [6]. In 2020 nearly 23% of the world’s
population used tobacco: 36.7% of which are men and 7.8% are women. The Global Adult
Tobacco Survey India, 201617, found that about 267 million adults in India who are 15 years of
age or older use tobacco, accounting for 29% of all adults. According to WHO data, the overall
economic expenditures of tobacco use-related illnesses in India for those 35 and older in 2017-18

came to INR 177 341 crore (USD 27.5 billion) [6].
2.1. Over View of Nicotine
2.1.1. History of Nicotine

Nicotine is a naturally occurring chemical substance found in the leaves of plants belonging
to the genus Nicotiana, which includes over 60 species and is often distinguished by its large leaves
and tubular flowers. The main alkaloid found in tobacco is nicotine, an organic substance. Nicotine
occurs throughout the tobacco plant and particularly in the leaves. By weight, the chemical makes
up around 5% of the plant. Tobacco was first grown in America's temperate regions. The native
populations chewed and smoked the leaves, and they spread the plant throughout the Americas.
Tobacco had spread over the continent and neighboring islands by the time Columbus landed on
San Salvador in 1492, and the leaves were being traded. As Spanish, Portuguese, and eventually

English sailors began using tobacco in ports in the 1500s [7].
2.1.2. The Tobacco Timeline

The tobacco plant (Nicotiana tabacum) and its related compound are named after Jean Nicot,
a French diplomat to Portugal, who carried tobacco seeds to Paris in 1550. John Rolfe started

growing tobacco in Jamestown, the first prosperous English settlement in the modern-day United




States, in 1612. Tobacco quickly became the main cash crop and influenced the colonial and early
American currencies. James Bonsack invented the cigarette-rolling machine in 1880, which led to
the widespread use of commercial cigarettes. Billions of cigarettes and cigars were sold annually
at the turn of the century. The public's opinion of tobacco and nicotine underwent a dramatic
change in the middle of the 20th century. In 1964, the U.S. Surgeon General's report highlighted
the health risks associated with smoking, including lung cancer and heart disease. Nicotine was
later shown to be the addictive ingredient in tobacco. The latter half of the 20th century saw
increased regulation of tobacco products, including advertising restrictions and public smoking
bans. Research on nicotine addiction and its negative health implications also increased. About
21% of adults in the USA smoked in 2006, while smoking rates have usually decreased in
industrialized nations [8]. The early 21st century introduced new nicotine delivery systems, such
as electronic cigarettes (e-cigarettes) and vaping devices. These products have been marketed as

alternatives to traditional tobacco products, but their health impacts are still being studied.
2.1.3. Nicotine Intake

India stands second in tobacco production in the world. Smoking tobacco products included
Cigarettes, cigar, Hookah, Chillum, Beedi, ganja, Cohutta and Mava etc. Numerous forms of
smokeless tobacco like khaini, betel quid, snuff, gutkha mishri are used in different parts of the

world. There are many ways to consume tobacco such as chewing, hooking, cigar and sniffing.

2.1.3.1. Smoked Tobacco Products

Cigarettes: Cigarettes a French word for "small cigar”, are a product used up through smoking

and made out of cured, finely cut tobacco leaves and reconstituted tobacco, often mixed with other

flavors and then rolled or stuffed into a paper-wrapped cylinder [9]. Often additional additives are




added for flavor and burn control. When smoked, the tobacco burns and produces a smoke that is
inhaled into the lungs. Cigarette smoke leads to various diseases like cancer, pulmonary disease,

cardiovascular disease, and various health problem that affect every organ of the body [10].

Cigar: Cigars are firmly rolled bundles of dried out and fermented preserved tobacco leaves
which are burned so as to smoke may be drawn into the mouth of the smoker. Generally, cigars
are not inhaled for the reason of the high alkalinity of smoke, which can quickly turn out to be
irritating to the lungs and trachea. Cigars contain many cancer-causing chemicals besides nicotine
and these are harmful not only for smokers but also for nonsmokers. Smoking cigars can lead to
nicotine addiction and can cause cancers of the larynx (voice box), mouth, lung, esophagus, and
pancreas. Heavy cigar smoking can also surge the risk of heart and lung diseases, like chronic

bronchitis and emphysema [11].

Hookahs (Water Pipes): Hookah are generally glass-based single or multi-stemmed water pipe
for smoking. Hookah originated from India, was a symbol of honor and pride for kings, landlords,
and other high-class people. These days, hookah has gained huge popularity, particularly in the
Middle East. Hookah use has been there for a long time, emerging in the North Western provinces
of India, spreading to Arab world, Iran and Turkey and nowadays gaining acceptance in the Europe
and USA [12]. Hookah consumers are at risks of lung disease, infections, cancers, and other
medical illnesses. Long-term effects comprise impaired pulmonary disease, pulmonary function,

chronic obstructive, gastric cancer and esophageal cancer [13].

Snus: The origin of snus is Sweden and other Scandinavian countries and it is one type of

smokeless tobacco product. Snus is not like moist snuff or chewing tobacco because it is not made




from fire-cured tobacco leaves, it is made from steam-cured tobacco leaves. It develops a lower

rate of cancer and other tobacco-related disease than cigarettes [14].

Chewing Tobacco: Chewing tobacco is a smokeless form of tobacco that involves chewing the
leaves to release nicotine. It is available in various forms, including loose leaf, plug, and twist. It

is carcinogenic and responsible for oral cancer [15].

Bidi: These are handmade; sun-cured tobacco which are further roll in non-permeable tendu
leaves. Because of the non-permeable nature of tendu leaf, beedi transfers more nicotine into the
body compared to cigarettes. It typically has a mixture of cultivars to make it ignite for a longer
period. It accounts for about 40% of the tobacco intake and generally a rurally consumed tobacco
variety. Bidis are far more injurious compared to other tobacco-containing products such as
cigarettes as it is in raw form. It alone produces three times more carbon monoxide and five times
more tar than the cigarettes and cigarettes. Studies indicate that bidi smokers have a higher risk of

developing oral, esophageal, and lung cancers compared to non-smokers [16].

Vaping Products: These include electronic cigarettes (e-cigarettes) and vaping devices that
vaporize liquid solutions containing nicotine, flavorings, and other chemicals. While marketed as

a less harmful alternative to smoking, vaping is still linked to health risks [17].

Snuff: Snuff is finely ground tobacco that can be inhaled (nasal snuff) or placed in the mouth (oral

snuff). It provides a smokeless alternative but still poses significant health risks [18].

Kretek: Kretek, also known as clove cigarettes, are a popular form of tobacco product originating
from Indonesia. They are made from a blend of tobacco and crushed cloves, often infused with

additional flavorings. Kretek are widely consumed in Indonesia and have gained popularity in




other countries as well. Kretek typically contains a mix of tobacco, cloves, and various flavorings.
The clove content is what distinguishes them from regular cigarettes and gives them a distinct
aroma and taste. Kretek smoking can lead to chronic respiratory issues, such as chronic obstructive
pulmonary disease (COPD) and asthma. The combustion of cloves can also produce additional
harmful substances [19]. The use of kretek is linked to oral health issues, including gum disease

and oral cancer, due to the carcinogenic compounds present [20].

Dissolvable Tobacco: Dissolvable tobacco products, which include items like orbs, strips, and
lozenges that dissolve in the mouth, are often marketed as alternatives to traditional tobacco
products. They are designed to provide a discreet way to consume nicotine without smoking [21].
Dissolvable tobacco products contain carcinogenic substances, which can increase the risk of oral
cancers, including cancers of the mouth, throat, and esophagus [22]. These products can lead to
gum disease, tooth decay, and other oral health problems. Users may also develop conditions such

as leukoplakia, which are precancerous lesions in the mouth [23].

2.1.3.2. Smokeless Tobacco Products

India is the fifth largest exporter of smokeless tobacco and numerous tobacco products.
Smokeless tobacco contains gutkha, betel quid or pan, mishri, loose tobacco, zarda, khaini and
chewed loose tobacco. 60% of the Indian population consumes smokeless tobacco products.
Commonly among both men and women living in rural areas having low income. Gutkha is vastly
promoted among smokeless tobacco derivatives. Roasted or raw, and packed forms of numerous
number of smokeless tobacco are easily available. Smokeless tobacco comprises of toxic

chemicals and carcinogens which responsible for causing cancer. These products also cause many




reproductive problems such as maternal anaemia, premature birth, placental development and low

birth weight.

Masheri: Masheri or otherwise known as mishri is an alternative for cleaning teeth and is prepared
by burning or partially roasting tobacco powdered. High sugar content in masheri can cause tooth
decay and cavities, because of bacteria in the mouth feed on sugar, producing acids which harm
tooth enamel [24]. Regular consumption of sugary products like masheri can contribute to weight
gain and obesity, particularly if not balanced with physical activity [25]. High sugar intake is
associated with an increased risk of gum disease, as sugar can lead to plaque buildup, which affects

gum health [26].

Mava: Mava typically contains a blend of tobacco, slaked lime (calcium hydroxide), and
sometimes additional flavoring agents or sweeteners. Its appearance resembles gutka but mava is
white in colour. It is chewed or held in the mouth, allowing nicotine to be absorbed through the
oral mucosa. Use of mava is linked to an increased risk of various cancers, particularly oral,
esophageal, and pancreatic cancers, due to the carcinogenic substances present [27]. Regular use
can lead to severe oral health problems, including gum disease, tooth decay, and lesions in the

mouth [28].

Paan along with tobacco: Most frequently used in rural part of India where they coat betel leaf
with areca nuts, lime, sweetening agents, spices condiments and tobacco. We also known this
alternately as betel quid. It’s a form of chewing tobacco and it causes cancer. Paan use is common
in South Asian communities. The combination of areca nut and tobacco significantly increases the
risk of oral cancers, including cancers of the mouth, throat, and esophagus. Regular use can lead

to gum disease, tooth decay, and bad breath. Staining of teeth is also common [29].




Khaini: It is more like mava without having areca nut. It is mainly a combination of sun-dried

tobacco, slaked lime, flavored with cardamom, methanol or some other flavoring. It is also chewed

like mava.

Gutka: Ghutka, a chewable form of tobacco mixed with areca nut and other flavorings, poses
significant health risks. The effects of ghutka on oral health, linking it to conditions such as
leukoplakia and oral squamous cell carcinoma. The use of gutkha has been shown to have

genotoxic and clastogenic properties [30].

The widespread usage of smokeless tobacco in diverse forms leads to oral sub mucous
fibrosis (OSMF) that possibly converts into a malignant state in all age groups. The carcinogenic
effects of smokeless tobacco in oral cavity are because of the formation of ROS and free radicals.
Low cost, pleasant taste and easy availability are the reasons for the extensive use of these tobacco
derivatives by adolescents, and even children. The use of these smokeless tobacco products

precisely among people having lower socioeconomic, are increasing oral cancer rates.
2.1.4. Physical & Chemical Data of Nicotine

Nicotine is a chiral alkaloid that accounts for 2-8% of the dry mass of tobacco leaves and

more than 90% of the tobacco alkaloid content [31].

Chemical formula: Nicotine has a molecular formula of C10H14N2. IUPAC name: 3-[2-(N-
methyl pyrrolidinyl)]pyridine (Figure 2.1). Appearance: colourless, oily, hygroscopic liquid, with
distinctive odour, turns brown on exposure to air. Solubility in water: miscible. Boiling point

(decomposes): 247 °C. Vapour pressure at 20 °C: 0.006 kPa, Density: 1.01 g cm™. Octanol/water




partition coefficient as log Pow: 1.2. pKa = 8.5, Nicotine is a weak base and turns brown through

oxidation processes while exposed to air and light.
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Figure 2.1: The Chemical structure of (A). (S)- (-)-nicotine, (B). (R)- (+)-nicotine (C). (S) (-)-

nornicotine

The majority of total nicotine found in tobacco exists in the S(—) form. A racemic R(+)
form occurs upon pyrolysis [32]. The S(—) form of nicotine readily binds to nicotine receptors,
whereas the R(+) form is a weaker agonist. The pyrrolidine nitrogen ionize at pH 7.4 (37°C),
whereas the pyridine nitrogen remains unionized, forming a compound which exists in two
different states, protonated and non-protonated hydrophilic form. Connelly, Willits, Brice and
Swaim were the first to designate the ultraviolet spectrophotometric determination of nicotine from
tobacco, tobacco extracts and distillates. Since that time, researchers have created a multitude
techniques for the analysis of nicotine. Due to its comparative thermal stability and volatility,
nicotine can be effectively analyzed across various matrices using gas chromatography (GC)

techniques. Liquid chromatography coupled with mass spectrometry (MS) and various




immunoassay methods, such as radioimmunoassay and enzyme-linked immunosorbent assay, are

also employed for the detection of nicotine and its metabolites. [33].

2.1.5. Toxicokinetics
2.1.5.1. Absorption of Nicotine

Nicotine mainly absorbed through the Skin, urinary bladder, oral cavity, lung,
gastrointestinal system and mouth. pH affects nicotine's ability to pass through cellular
membranes. Nicotine does not quickly pass through membranes when it is ionized, as it is in acidic
conditions. Between 60% - 80% of nicotine is absorbed by the respiratory system. The large
surface area of the alveoli and the breakdown of nicotine at physiological pH (about 7.4), promotes
transfer across cell membranes, allow nicotine from cigarette smoke to be rapidly absorbed into
the lung. The absorption process via the alveoli is influenced by the concentration of nicotine
present in the smoke. Nicotine is effectively absorbed in the small intestine, which has a larger
surface area and a higher alkaline pH, but it is poorly absorbed from the stomach because of the

acidity of the gastric fluid [34].
2.1.5.2. Metabolism of Nicotine

Nicotine is a potent psychoactive neurotoxin that functions as both a stimulant and a
sedative, with its absorption and metabolism occurring in the liver, but some transformation also
occurs in the lung and kidneys. Through a two-step process, around 70-80% of nicotine is
converted to cotinine by C-oxidation. The initial phase, catalyzed by the cytochrome P450 2A6
enzyme, generates the nicotine-iminium ion through the hydroxylation of nicotine, resulting in the

formation of 5-hydroxynicotine. The subsequent step is facilitated by aldehyde oxidase, resulting




in the formation of cotinine [35]. In animals, the di-astronomers, the 1'-(R)-2'-(S)-cis and 1'-(S)-
2'-(S)-trans-isomers, are formed when 4-7% of nicotine is converted to another metabolite,
Nicotine N'-oxide [36], through the action of a flavin-containing monooxygenase 3 (FMO3) [37].
Approximately 3-5% of nicotine undergoes transformation through glucuronidation, a process
catalyzed by uridine diphosphate-glucuronosyltransferase, resulting in the formation of nicotine
glucuronide [38]. A minor proportion of nicotine (0.4-0.8%) is also transformed into nornicotine,
a process believed to be facilitated by the cytochrome P450 system [39]. Alternative routes of
nicotine metabolism include the production of nornicotine, trans-3-hydroxy-cotinine,
demethylcotinine, and &-(3-pyridyl)-y-methylaminobutyric acid, as well as the processes of N-
oxidation and N-methylation of nicotine. The phase Il metabolic process encompasses the N- and

O-glucuronidation of nicotine along with its metabolites.
2.1.5.3. Distribution of Nicotine in Body Tissues

Approximately 69% of nicotine remains in its ionized state and 31% in its nonionized form
after entering the circulation (pH 7.4), while it has a modest affinity for plasma proteins (5%) [40].
Due to its lipophilic nature of nicotine quickly crosses the blood-brain barrier. Nicotine and
cotinine concentrations in skeletal muscle are comparable to those in whole blood. Smokers have
a higher receptor binding capacity than nonsmokers due to nicotine's strong affinity for brain
tissues [41-43]. Within minutes, nicotine concentrations in the brain can exceed those in plasma,
contributing to its psychoactive effects. Liver and Kidneys accumulate nicotine and play crucial
roles in its metabolism and excretion. The liver is where nicotine undergoes substantial
biotransformation. Being highly lipophilic nature of nicotine, leading to significant accumulation
in adipose tissue. This can result in a reservoir effect, where nicotine is released slowly into the

bloodstream, prolonging its effects and potentially increasing the risk of dependence. Nicotine




accumulates markedly in gastric juice and saliva [44]. The ratios of gastric juice/plasma and
saliva/plasma concentrations are 61 and 11, respectively, when nicotine is administered
transdermally, while these ratios are 53 and 87, respectively, in the case of smoking. Nicotine
accumulation occurs due to ion-trapping in gastric juice and saliva. Additionally, nicotine is found
to concentrate in breast milk, with a milk/plasma ratio of 2.9 [45]. Nicotine readily penetrates the
placental barrier, and studies indicate that it accumulates in fetal serum and amniotic fluid at
slightly higher levels than in maternal serum [46]. The rate and method of nicotine administration
significantly influence the timeline of its accumulation in the brain and other organs, as well as the
associated pharmacological effects. Inhaling a cigarette allows nicotine to swiftly enter the
pulmonary venous circulation, subsequently traveling rapidly to the left ventricle of the heart, and
then into the systemic arterial circulation and the brain. The interval between inhaling a cigarette
and the arrival of nicotine in the brain is approximately 10 to 20 seconds. The delivery of nicotine
to the brain occurs swiftly; however, there is considerable uptake in the lungs and a delayed release
of nicotine. This is supported by pulmonary positron emission tomography data and the gradual
decline in arterial nicotine concentrations observed between puffs [47]. Nicotine levels in arterial
blood following cigarette smoking can be significantly elevated, potentially reaching as high as
100 ng/ml, although they typically fall within the range of 20 to 60 ng/ml [47-50]. The analysis of
tissue absorption, conducted on rabbit tissues by assessing nicotine concentrations following a 24-
hrs continuous intravenous infusion, revealed that the spleen, liver, lungs, and brain exhibit a
strong affinity for nicotine, while adipose tissue demonstrates a comparatively lower affinity.
Nicotine easily penetrates the placenta, resulting in foetuses of smoking mothers being exposed to

nicotine levels that are higher than those found in their mothers.




2.1.5.4. Nicotine Excretion

Nicotine has been shown to be eliminated by perspiration, breast fluid, bile, saliva, gastric
juice, urine, and feces [51-53]. It has been demonstrated that around 55% of the radioactivity
released by an animal when fed 14C-nicotine is eliminated in the urine. Nevertheless, just 1% of
the radiation was detected as unaltered nicotine. This outcome shows that nicotine is eliminated
after undergoing a thorough metabolism. In human, nicotine has a half-life of 2 hr to 3 hr and
disappeared quickly from the body. Infants whose moms smoke also have nicotine and cotinine
found in their urine, suggesting that the newborn is exposed to tobacco smoke through the mother
[54]. In a different study, researchers found that those with higher nicotine excretion had a daily
nicotine intake that was 18% higher and concluded that the rate of elimination of nicotine affects
the rate of consumption [55]. The pH of the urine has an impact on the rate of nicotine excretion
as well. When the urine's pH is raised to an alkaline level, more uncharged nicotine is present,

nicotine is reabsorbed, and less nicotine is expelled [56].
2.1.6. Neuropharmacology

Nicotine is a tertiary amine that comprises both a pyridine ring and a pyrrolidine ring. The
(S)-nicotine variant, which is present in tobacco, exhibits stereoselective binding to nicotinic
cholinergic receptors (nAChRs). (R)-nicotine, present in minimal amounts in cigarette smoke due
to racemization occurring during pyrolysis, acts as a weak agonist at nicotinic acetylcholine
receptors (NAChRSs). Cigarette smoke extracts nicotine from tobacco and carries it through smoke
particles to the lungs, where it is rapidly absorbed into the pulmonary venous system. After then,
it swiftly travels to the brain via the arterial circulation. Nicotine easily penetrates brain tissue and

attaches itself to ligand-gated ion channels called nAChRs. The channel opens when a cholinergic




agonist attaches to its outside, letting cations like calcium and salt in. Further calcium entry is
made possible by these cations' activation of voltage-dependent calcium channels. Both the
peripheral and central nervous systems include the five subunits that make up the nAChR complex
[57]. There are three B subunits (B2 to f4) and up to nine a subunits (a2 to a10) in the mammalian
brain. In human brains, the most prevalent receptor subtypes are a4f2, a3p4, and a7 (homomeric).
The 04p2+ (possible presence of other subunits too in the receptor) receptor subtype is the most
prevalent in the human brain and is thought to play a key role in the mediation of nicotine
dependence. When the B2 subunit gene is knocked out in mice, nicotine's behavioral effects are
eliminated, preventing it from releasing dopamine in the brain or sustaining self-administration
[58]. B2 deletion mouse’s behavioral responses to nicotine are restored when the 2 subunit gene
is reinserted into the ventral tegmental region. It seems that the a4 subunit plays a significant role
in determining susceptibility to nicotine [59]. In mice, a single nucleotide point mutation within
the pore-forming region leads to the development of a receptor that exhibits heightened sensitivity
to nicotine [60]. This mutation significantly increases the sensitivity of mice to reward behaviors
induced by nicotine, along with its impacts on tolerance and sensitization. It is thought that the
a3B4 nAChR plays a crucial role in mediating the cardiovascular effects associated with nicotine
[61]. The homomeric a7 nicotinic acetylcholine receptor (nAChR) is believed to contribute to fast
synaptic transmission and may be significant in processes related to learning [62] and sensory
gating. [63]. The a5, a6, and/or B3 subunits that may be present in the o4 B2* receptor may alter
the receptor's sensitivity and functionality. a5 knockout mice, for instance, are less susceptible to

hypolocomotion and seizures brought on by nicotine [64].




2.1.7. Neurocircuitry of Nicotine Addiction

Depending on the dosage and related variables like inter-individual sensitivity and
tolerance, nicotine exhibited both positive effects (buzz or "high") and negative effects (dizziness
and nausea) [65]. The combination of disparate impulses from several brain areas that result in
reward and aversion is how nicotine's addictive qualities are displayed. Among the first smokers'
both the unpleasant and reinforcing effects of nicotine combined to produce a comparable
manifestation of long-term usage. Nicotine causes pharmacodynamic alterations in brain circuits
when people become habitual smokers. As a result, the unpleasant effects of the medicine are less
sensitive. Nicotine is a potent reinforcer that causes conditional secondary effects associated with
past drug use. Nicotine withdrawal symptoms, such as irritability, agitation, memory loss, absent-
mindedness, and anxiety, occur when such people go through an abstinence period. Such
unfavorable emotional feelings boost the desire to take nicotine again. The mesolimbic pathways,
which are composed of dopaminergic nerve cells located in the prefrontal cortex and ventral
tegmental area (VTA), are responsible for the pleasant effects of nicotine [66]. VTA expresses
several kinds of nAChR on glutamatergic, dopaminergic, and GABAergic neurons [67,68].
Administration of nicotine can increase dopamine levels by activating dopaminergic neurons.
Nicotine's activity on o4 and B2-riched nAChRs is primarily responsible for this rewarding effect
[69]. Conversely, the negative effects of nicotine reduce drug use and ease withdrawal symptoms
related to the projection of the fasciculus retroflexus. Numerous facets of nicotine dependency
have also been linked to other parts of the brain, including the insula, ventral pallidum (VP),
nucleus tractus solitaries (NTS), and prefrontal cortex (PFC). These brain areas regulate drug-
taking and drug-seeking behaviors and are either directly or indirectly related. A number of

somatic symptoms, including as scratching, shaking, and head nods, as well as emotional




indicators, such as increased anxiety-related behaviors, may be used to quantify nicotine

withdrawal in animal models [70, 71].

2.1.8. Psychoactive Effects of Nicotine and Nicotine Withdrawal

Nicotine from tobacco lowers tension and anxiety while stimulating and enhancing
pleasure in humans. Smoking may enhance one's ability to focus, respond quickly, and complete
certain activities. Smokers utilize nicotine to regulate their degree of arousal and mood regulation
in everyday life. Symptoms of nicotine withdrawal appear when a person quits smoking. These
include irritation, depression, restlessness, anxiety, issues with relationships, difficulties focusing,
increased appetite and eating, sleeplessness, and nicotine cravings [72]. Nicotine withdrawal in
untreated smokers causes mood changes equivalent to those reported in psychiatric outpatients
[73]. Withdrawal from nicotine and other addictive substances can cause hedonic dysregulation,
which is the perception that life is not very enjoyable and that once-pleasurable activities are no
longer appealing [74]. It is proposed that a relative lack of dopamine release resulting from
prolonged nicotine exposure contributes to various mood disorders and anhedonia, along with the
persistent tobacco cravings that many smokers experience long after they have ceased smoking.
The pharmacological foundations of nicotine addiction can be understood as a blend of positive
reinforcements, including enhanced mood or performance, alongside the desire to evade the
adverse effects associated with previous drug use, specifically the alleviation of withdrawal
symptoms in circumstances where nicotine is inaccessible. In addition to these direct
pharmacological processes, conditioning plays a major role in the development of nicotine

addiction.




2.1.9. Genetics Impact of Nicotine

According to Hopkins and Evans and Jones et al., [75 76], smoking is a powerful inducer
of genetic damage in both human and rodent cells and nicotine enhance the production of
aneuploidy [77] polyploidy, and DNA strand breaks in human spermatozoa [77,78]. In human
gingival fibroblasts, nicotine promotes the development of micronuclei which is a sign of DNA
damage [79] Nicotine induced DNA damage was evaluated using the comet test in human
neuroblastoma cells [80], human leucocytes [81], human buccal cells [82], and in vitro culture of
peripheral rat blood [83]. The comet assay is a common technique for assessing genotoxicity [84].
Nicotine increases oxidative damage and inflammation by activating the NF-kB pathway, which
might exacerbate DNA damage and raise the risk of mutagenesis [85]. Nicotine promotes oxidative
stress, which can cause DNA damage via reactive oxygen species (ROS). This oxidative stress is
related to DNA strand breakage and base alterations, increasing the chance of mutations and cancer
formation [86]. According to Huang et al. female smokers had higher levels of DNA damage
indicators, such as 8-OHdG, than male smokers, which may indicate that females are more

susceptible to oxidative stress as a result of tobacco use [87].
2.1.10. Negative Effect of Nicotine

The addictive substance in tobacco is nicotine which has negative health effects in adults
include cancer in almost every peripheral organ exposed to tobacco smoke, as well as long-term
conditions like diabetes mellitus, rheumatoid arthritis, cardiovascular disease, stroke, eye disease,
periodontal disease, and immune system disorders. The harmful impact of nicotine and tobacco
smoke on the central nervous system (CNS) is attributed to the neurotoxic influence of nicotine on

the permeability of the blood-brain barrier (BBB), the expression of nicotinic acetylcholine




receptors, and the functioning of the dopaminergic system. Nicotine affects the central nervous
system by attaching to nicotinic acetylcholine receptors, causing the release of dopamine, which
adds to its addictive properties. This neuroadaptive alteration may eventually impact cognitive
performance and raise the likelihood of mental health issues [88]. Nicotine raises blood pressure
and heart rate via boosting the production of catecholamines (such as adrenaline), which can cause
hypertension and increase the risk of cardiovascular disease and Chronic exposure can cause
endothelial dysfunction and increased atherosclerosis, which are major risk factors for heart attacks
and strokes [89]. Smoking during pregnancy accounts for 20% of low birth weight in newborns,
8% of preterm births, and 5% of all perinatal fatalities. Maternal smoking is associated with
reduced fetal development and premature delivery, miscarriage owing to nicotine's
vasoconstrictive effects on uterine blood flow Tobacco poisoning reduces macrophage phagocytic
capability, modifies mucous membrane immunoglobin levels, and disrupts local infection control
systems. Babies born to smoking moms had considerably lower birth weights and were more likely
to be born preterm than those born to nonsmoking mothers [90]. Nicotine is quickly absorbed into
the circulation and can pass across the blood-brain barrier within 10-20 seconds. This rapid transit
is helped by its high lipophilicity, which allows it to easily permeate cell membranes and the blood-
brain barrier [91]. In rats, nicotine exposure reduces hemoglobin concentration and red blood cell
count, which reduces the blood's ability to transport oxygen and the oxidative characteristics of

nicotine can damage erythrocyte membranes and cause early cell death [92, 93].

2.1.11. Nicotine Negatively Impacts on Various Organ

Nicotine has detrimental effect on different types of organs such as kidney, liver, and

ovaries.




2.1.11.1. Kidney: Nicotine has been proven to exacerbate chronic kidney disease in persons with
diabetes and polycystic kidney disease, hypertension and post-kidney transplantation by raising
oxidative stress and causing inflammation. Nicotine causes oxidative stress in kidney tissues,
resulting in elevated amounts of reactive oxygen species that hampers cellular activity in renal
tissues, perhaps contributing to kidney damage and increasing the chance of chronic kidney disease
(CKD). Chronic nicotine exposure in rats caused glomerular damage and elevated levels of pro-
inflammatory markers that caused higher risk of renal dysfunction and the advancement of chronic
kidney disease [94]. Nicotine binds to non-neural NAChRs found in kidney tissue, activating
pathways that cause inflammation and fibrosis and nicotine activation of these receptors causes
the production of pro-inflammatory cytokines and profibrotic markers, which contribute to kidney
damage over time [95]. Nicotine-induced inflammation in renal tissues causes fibrosis and scarring
in the kidneys which can cause long-term structural damage that reduces kidney filtration capacity
[92]. Nicotine induces vasoconstriction, reducing blood flow to the kidneys and glomerular
filtration rates (GFR) which is a marker for healthy kidney function and potentially impairing renal
function over time [96]. Nicotine exposure lowers serum protein content by causing damage to the
glomerular structures that filter proteins, which results in proteinuria, or the loss of proteins in the

urine due to impaired kidney function [97].

2.1.11.2. Liver: Nicotine causes hepatic steatosis, cellular damage, and decreased liver enzyme
function by increasing the formation of reactive oxygen species in liver cells. The chance of
developing nonalcoholic fatty liver disease (NAFLD) and other liver disorders is raised by this
damage [98]. In liver cells, nicotine produces reactive oxygen species, which damages cellular
components, especially mitochondria. According to Zhang et al. [99] mice exposed to nicotine

showed elevated oxidative stress indicators and mitochondrial malfunction in their liver cells,




which aided in tissue damage and liver cell death. Over time, nicotine exacerbated inflammation
and contributed to liver damage by upregulating pro-inflammatory cytokines including TNF-a and
IL-6 in liver tissues [100]. Long-term nicotine use caused lipid accumulation in liver cells,
interfering with normal liver function and perhaps accelerating the development of more serious
liver illnesses such as nonalcoholic fatty liver disease (NAFLD). According to research, smoking
increases the likelihood of liver fibrosis, higher histological activity index scores, and the
development of cirrhosis in individuals with chronic hepatitis C [101]. Smokers who are exposed
to nicotine have higher amounts of carboxyhemoglobin, which reduces the blood's capacity to
transport oxygen by competing with oxygen for hemoglobin binding sites. Chronic nicotine
consumption dramatically raises carboxyhemoglobin levels, which causes the body to manufacture
more red blood cells in reaction to perceived hypoxia, resulting in secondary polycythemia [102].
Blood viscosity rises as a result of the compensatory increase in red blood cells, potentially putting
stress on the heart. This impact is linked to increased risks of blood clots, hypertension, and other
cardiovascular problems in persistent smokers [103]. Nicotine-induced rat’s livers exhibited
histopathological alterations such as mononuclear cell infiltration, hyperchromatic nucleus, and
expanded sinusoids [104-108]. Nicotine also affects the synthesis of different metabolic enzymes
in the liver. Cigarette smoking was notably linked to elevated levels of gamma-glutamyl
transferase (GGT) and alkaline phosphatase (ALP), while showing an inverse relationship with
increased aspartate aminotransferase (AST) [109]. Increased levels of alanine aminotransferase
(ALT) following nicotine intake among HCV-positive patients was also been reported [110,111].
An elevated level of alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate

aminotransferase (AST) were reported among smokers with reduced total bilirubin compared to




non-smokers [112-115]. Previous studies demonstrated that nicotine causes a significant reduction

of total protein [116,117].

2.1.11.3. Ovary: Nicotine has a negative influence on ovarian function, including fertility, general
ovarian health and hormone regulation. Nicotine exhibits anti-estrogenic properties that disrupt
the equilibrium of the reproductive and hormonal systems, thereby diminishing the likelihood of
successful pregnancy in both healthy women and those receiving assisted reproductive treatments.
Tobacco smoke negatively affects folliculogenesis and development by elevating apoptosis or
autophagy, causing DNA damage, and disrupting the interactions between oocytes and granulosa
cells, all of which contribute to the death of ovarian follicles. Nicotine treatment in rats caused
considerable follicular depletion and elevated rates of follicular atresia (degeneration), reducing
reproductive capacity and hastening ovarian aging [118]. Nicotine-induced follicular depletion and
ovarian aging in rodent models. Hormone production (estrogen and progesterone) and regulation
in ovary are disrupted by nicotine that affect the hypothalamic-pituitary-ovarian (HPO) axis,
resulting in changed sex hormone levels that may impact fertility and the regularity of menstrual
cycles [119]. Previous study showed that Nicotine induced oxidative stress harms ovarian cells,
lowering viability and resulting in a depleted ovarian reserve, which can impair fertility and
reproductive health [120]. Cigarette smoking and its association with liver enzymes: Increased
gamma-glutamyl transferase (GGT) and alkaline phosphatase (ALP) levels and an inverse
relationship with aspartate aminotransferase (AST) [121]. Nicotine stimulates the sympathetic
nervous system, which increases the production and release of adrenaline and norepinephrine.
These effects may include weight loss, higher heart rate, elevated blood glucose, and increased
activation of the hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-thyroid (HPT)

axis, which in turn may result in elevated amounts of thyroid hormone and plasma cortisol.




2.1.11.4. Nicotine's Effects on Lipid Profiles and Cardiovascular Disorders

Nicotine has been found to have a wide range of impacts on both multicellular creatures
and individual cells. Nicotine, the main component of cigarette smoke, is linked to the
development of cardiovascular disease and lung cancer [122,123]. Nicotine is linked to an adverse
lipid profile that includes raised triglycerides, reduced HDL (high-density lipoprotein) cholesterol,
and elevated LDL (low-density lipoprotein) cholesterol in both human and animal models, which
raises the risk of atherosclerosis by causing plaque to develop in arteries [124]. Singh et al. (2016)
observed a substantially higher level of VLDL cholesterol [125]. Nicotine causes oxidative stress
in blood vessels, which leads to endothelial dysfunction and impairs nitric oxide synthesis, a key
element in cardiovascular disease development [126]. It has been shown that the level of lipid
peroxidation increases in smokers [127]. Nicotine administration raised free fatty acid
concentrations as well as levels of malondialdehyde, hydroperoxides, and conjugated dienes.
Nicotine-treated rats' tissues may contain more free fatty acids, which can act as a substrate for
lipid peroxidation. It has also been demonstrated that nicotine treatment reduces the activity of free
radical scavenging enzymes superoxide dismutase, catalase, and glutathione reductase [128].
Nicotine accelerates lipid accumulation within arterial walls, creating plague deposits that restrict
blood flow, increasing the risk of coronary artery disease and other cardiovascular complications
[129]. According to the American Heart Association (AHA, 2023) Smoking continues to be a
substantial factor to cardiovascular mortality, accounting for over 30% of all cardiovascular deaths

in the United States [130].




2.1.11.5. Nicotine and Cancer

Nicotine, the primary alkaloid found in tobacco plants (Nicotiana), is the key factor in
tobacco addiction. This addiction contributes significantly to the alarming rate of smoking-related
premature deaths, totaling approximately 435,000 annually in the United States. The majority of
these fatalities are attributed to diseases such as cancer, cardiovascular conditions, and respiratory
illnesses, all of which are linked to the harmful substances present in tobacco smoke. [131].
Nicotine has an important role in cancer development and progression through mechanisms such
as tumor growth stimulation, angiogenesis, apoptosis suppression, and increased metastasis.
Tobacco smoke contains toxins that can harm or alter a cell's DNA. DNA is a cell's "instruction
manual” that governs its regular growth and function. When DNA is damaged, a cell can grow out
of control, resulting in a cancer tumor. Tobacco contains many chemicals, including aromatic
amines, polycyclic aromatic hydrocarbons, heterocyclic amines, and Nitroso compounds, which
contribute to DNA damage through single and double-strand DNA breaks, bulky adduct formation,
production of a basic sites, and base alterations. All tobacco products include a variety of
carcinogenic chemicals, including as polycyclic hydrocarbons (PAH) and TSNA, which clearly
play an essential part in the development of cancer. The main way that nicotine works is via
activating nicotine acetylcholine receptors (nAChRs), which nicotine binds to more strongly than
acetylcholine. Additionally, the TSNA compounds NNN (N'-nitrosonornicotine) and NNK (4-
(metylnitrosamino)-1-(3-pyridyl)-1-butanone) can be generated from nicotine following oral
intake [132]. The significance of nicotine in the process of carcinogenesis is crucial when assessing
the potentially harmful impacts of non-tobacco sources of nicotine, including e-cigarettes and
nicotine replacement therapies (NRT). Cervical cancer is recognized among women globally and

is related with Human papillomavirus (HPV) [133]. Conventional treatments (surgery,




chemotherapy, radiotherapy etc.) are only efficient in the early stages of cervical cancer as a result,
it is imperative to find new methods for the treatment of cervical cancer [134]. HPV-16 and HPV-
18 are two “‘high risk”’ subgroup of HPVs [133] and encode viral proteins E6 and E7 respectively.
Cellular tumor suppressor proteins p53 and the retinoblastoma susceptibility gene product Rb can
be disrupted by these factors. [135]. HPV infections are typically transient and do not usually
involve to clinically considerable lesions of the cervical mucosa apart from persistent infection
over a significant period of time [134]. Higher number of HPV infection compared with the small
incidence of cervical cancer cofactors like oral contraceptive use, smoking, infection with other
sexually transmitted diseases such as Herpes simplex and host factors are involved in the malignant

transformation of the cervical mucosa [136].
2.1.11.6. Effect of Nicotine on Antioxidants Level

More than 4,000 compounds included in cigarette smoke have the ability to produce free
radicals and are extremely oxidative and carcinogenic [137,138]. Total antioxidant capacity (TAC)
represents the total quantity of antioxidants in the body and is a biomarker of antioxidant defense
against free radicals. There are studies that support the idea that these free radicals have negative
consequences in both smokers and secondhand smokers, inducing oxidative stress [139]. Increase
lipid peroxidation and reduce the radical detoxifying enzymes SOD, CAT, and glutathione
reductase, while raising GSH levels, which may be linked to the glutathione synthesis feedback
mechanism. Nicotine can increase oxidative stress, creating an imbalance between oxidants and
antioxidants. This oxidative stress is linked to a variety of conditions, including cardiovascular
disease and cancer [140]. The high blood level of LDH is an indicator of acute or chronic cell
damage like stroke, blood flow deficiency, heart attack, hepatitis, and tissue death [141]. Catalase

(CAT) is another antioxidant enzyme found in all organisms that converts hydrogen peroxide into




water and oxygen. Catalase is produced and localized in H>O>-producing cellular settings such as
peroxisomes and mitochondria [142,143]. Another major antioxidative enzyme is Superoxide
Dismutase (SOD) that catalyzes the transformation of superoxides to oxygen and hydrogen
peroxide, therefore playing a critical part in the antioxidant defense mechanism at the cellular level
[144]. Glutathione Peroxidase (GXp) is a peroxidase enzyme that protects cells from oxidative
damage [143]. GPx converts lipid hydroperoxides to their respective alcohols and hydrogen
peroxide to water. 2GSH+H0 yields GS-GS+2H,0 [145]. Nicotine-treated albino rats showed
significantly lower levels of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), and glutathione reductase (GR) [146]. Aspera-Werz et al. and Raddam et al. have noted a
similar finding in cigarette smokers [147,148]. On the other hand, tobacco chewers and smokers
had higher levels of GPx and lower levels of SOD and Catalase [149]. Delijewski et al. observed
that nicotine increased SOD levels and CAT decreased GPx activity in cell culture [150]. Nicotine
produces malondialdehyde (MDA) via peroxidation, damages lipids, and releases free radicals. A
significantly higher level of MDA (marker of lipid peroxidation) was measured in nicotine-
induced rat granulose cells [151]. Similar findings have also been documented in murine plasma

[152], rat liver and erythrocytes [153], and human primary endometrial cells [154].

2.1.12. Nicotine Regulates Inflammatory Cytokines, Pro-Apoptotic Indicators, and

Female Hormones

Nicotine and other particulate matter can stimulate the immune system, causing the
production of pro-inflammatory cytokines such TNF-a and IL-6. Chronic exposure can cause a
persistent inflammatory state, which contributes to conditions such as chronic obstructive
pulmonary disease (COPD) and cardiovascular disease, as well as an increased risk of several

autoimmune diseases (including, systemic lupus erythematosus, rheumatoid arthritis, and multiple




sclerosis) [155-158]. Nicotine causes an inflammatory response in the respiratory tract by
activating macrophages and eosinophils, neutrophils, monocytes, and lymphocytes. In terms of
apoptosis, nicotine can influence pro-apoptotic indicators such as Bax and caspase. While it may
increase survival in some cell types (for example, by activating survival pathways), it may also
cause apoptosis in others, particularly under stressful situations. Nicotine stimulates the
development of pro-apoptotic proteins while inhibiting the creation of anti-apoptotic proteins,
influencing the body's inflammation [159]. The female reproductive system can be significantly
impacted by nicotine. In women it can disrupt the normal hormonal balance, affecting levels of
progesterone and estrogen, which are essential for regulating the menstrual cycle and ovulation.

This hormonal imbalance can result in irregular menstrual cycles and decreased fertility [160].

2.1.12.1. Interleukin-6 (IL-6): The two glycoprotein chains that make up the polypeptide IL-6
are an alpha chain with a molecular weight of 80 kDa and a beta chain with a molecular weight of
130 kDa (Figure 2.2). By lacking the intracellular region, the a-chain can only attach to IL-6 with
low affinity and complex molecule then instantly binds to the high-affinity f-chain and uses the -
chain to send information to the cell [161]. Figure 1 illustrates the up-up-down-down structure of
the four lengthy alpha-helical chains that make up IL-6. IL-6 is involved in numerous biological
processes, including inflammation and immune regulation. Unbalanced immune regulation of the
IL-6/1L-6 receptor axis can result in a number of inflammatory disorders, including chronic
hepatitis and rheumatoid arthritis. It can trigger the downstream classical signaling pathways,
including the JAK/STAT3 and PI3K/Akt signaling pathways, after it has specifically bound to sIL-
6R. The process can subsequently activate T cells, leading to the release of inflammatory
substances by immune cells such as neutrophils, fibroblasts, and macrophages, which in turn

facilitates the development of inflammation [162]. Inflammatory responses, immune cell
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activation and regulation, and information transmission are all mediated by these interleukins,
chemokines, and other inflammatory-related cytokines, all of which are strongly correlated with
tobacco smoke use. Previous research has highlighted the connection between tobacco
consumption and various health issues. For instance, smoking is recognized for its effects on the
activation and levels of specific white blood cells, including leukocytes, which are associated with
increased concentrations of inflammatory markers such as IL-6 and C-reactive protein (CRP).
Nicotine affects the synthesis of IL6. Through AP-1 and STAT-3-activated pathways, nicotine
unregulates the production of IL-6 in human endothelial cells [163]. Current smokers have higher

levels of 1L-6 than non-smokers [164-166].

Figure 2.2: Crystallographic structure of I1L-6.
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2.1.12.2. Interleukin-4 (IL-4): Interleukin 4 (IL-4) is a cytokine that promotes the differentiation
of naive helper T cells (ThO cells) into Th2 cells. Mast cells, Th2 cells, eosinophils, and basophils
are the main producers of IL-4 [167] (Figure 2.3). Among the various biological functions of
interleukin-4 are the promotion of T and activated B cell proliferation as well as the conversion of
B cells into plasma cells. It is an important modulator of both adaptive and humoral immunity
[168]. IL-4 increases the synthesis of MHC class Il and induces B cell class flipping to IgE. IL-4
reduces the production of Thl cells, macrophages, IFNy, and dendritic cells. The development of
several immunological illnesses, including allergies and some autoimmune diseases, is
significantly influenced by IL-4. By promoting tumor development, IL-4 can innately stimulate
tumor cells and strengthen their resistance to apoptosis. Rheumatoid arthritis patients produced
more IL-4 after being exposed to nicotine [169]. Similarly, smokers have greater levels of I1L-4
than nonsmokers [170-173]. According to Olsson et al., there was no difference in serum IL-4

levels between those who had never smoked and those who had [174].

Figure 2.3: Crystallographic structure of 1L-4.
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2.1.12.3. Tumour Necrosis Factor- a (TNF- a): TNF (formerly known as TNF-a) is an
inflammatory protein that plays a key role in the innate immune response [175] (Figure 2.4). TNF
is largely generated by macrophages in response to antigens, and it activates inflammatory
pathways via the two receptors TNFR1 and TNFR2 [176]. It belongs to a class of type Il
transmembrane proteins called the tumor necrosis factor superfamily, which also includes
cytokines. Many inflammatory disorders are caused by excessive TNF production, and anti-TNF
treatments are frequently used to treat these conditions. TNF plays such a crucial role in innate
immunity and homeostasis, inhibiting it might raise the risk of infection and create new
"paradoxical” autoimmunity. In the models of myocarditis and arthritis, nicotine was reported to
dose-dependently suppress the release of inflammatory TNF-a and other inflammatory cytokines
[177,178]. Nicotine reduces leukocyte accumulation and TNF-a in the rat stomach through
nAChR. At a dosage of 2 mg/kg, nicotine decreased the mRNA expression of inflammatory
markers in the liver of male Sprague-Dawley rats fed a high-fat diet, including PPAR-y, TNF-q,
and IL-6. Furthermore, nicotine reduced ER stress, which alleviated liver steatosis and hepatic

damage.

Figure 2.4: Crystallographic structure of TNF-a..




2.1.12.4. Interferon- y (IFN-y): IFN-y is a soluble, dimerized cytokine and the sole type II
interferon (Figure 2.5). It was also demonstrated to be generated in human lymphocytes or in the
peritoneal lymphocytes of tuberculin-sensitized mice [179]. Interferon gamma regulates the
immunological response of its target cell through cell signaling. The JAK-STAT signaling
pathway is one of the primary signaling pathways triggered by type Il IFN. IFNG contributes
significantly to both innate and adaptive immunity. Type Il IFN is largely produced by CD4+ T
helper 1 (Th1) cells, natural killer (NK) cells, and CD8+ cytotoxic T cells. Cytokines influence
type 1l IFN expression; both upregulate and downregulate [180]. It can enhance inflammation,
antiviral or antibacterial activity, cell proliferation, and differentiation by activating signaling
pathways in cells such as macrophages, B cells, and CD8+ cytotoxic T cells. Type Il IFN is
encoded by a distinct chromosomal location, interacts to distinct receptors, and differs
serologically from interferon type 1. Because type Il IFN can stop tumor growth, it has contributed
to the development of cancer immunotherapy therapies. IFNG possesses antiviral,
immunoregulatory, and antitumor activities [181]. It changes transcription in up to 30 genes,
resulting in a range of physiological and cellular reactions. In humans, higher levels of IFN gamma
have been linked to an increased risk of miscarriage. An elevated level of IFN-y was found in the
gingival tissue of chronic periodontitis patients [182]. A similar observation was also made among
nicotine smokers [183-185]. Dendritic cells also showed a decreased level of IFN-y [186,187].
Research conducted in vivo revealed that offspring of smokers had lower levels of interferon
gamma (IFN-y) than children of non-smokers, confirming the depressing effects of cigarette

smoking on this hormone.
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Figure 2.5: Crystallographic structure of IFN-y.

2.1.12.5. BCL-2 and BAX: The BAX gene in humans encodes the apoptosis regulator BAX, often
referred to as bcl-2-like protein 4. BAX is part of the Bcl-2 gene family [188]. Members of the
BCL2 family participate in a wide range of cellular processes as pro- or anti-apoptotic regulators
that can form hetero- or homodimers. This protein forms a heterodimer with BCL2 and acts as an
apoptotic activator. This protein has been shown to interact with and open the mitochondrial
voltage dependent anion channel (VDAC), resulting in membrane potential loss and release of
cytochrome ¢ [189]. The tumor suppressor P53 regulates the expression of this gene, which has
been demonstrated to be involved in P53-mediated apoptosis. Smokers had higher levels of BAX
and lower levels of Bcl-2 [190], whereas the reverse thing was recorded in breast cancer cell line
[191]. Nicotine raised the ratio of BAX and BCL-2 in human renal proximal tubular epithelial cells
[192]. Increased BAX expression in the smoker group was observed by Shaik et al., [193]. In
schizophrenia, a neurodegenerative disorder, an aberrant ratio of pro- and anti-apoptotic factors is

seen. BCL-2 is found on the outer membrane of mitochondria and plays a vital function in




supporting cellular survival by blocking the actions of pro-apoptotic proteins. The pro-apoptotic
proteins in the BCL-2 family, including BAX and BCL-2, typically work on the mitochondrial
membrane to enhance permeability and release of cytochrome ¢ and ROS, which are crucial signals
in the apoptosis cascade. BH3-only proteins activate these pro-apoptotic proteins, which are then
blocked by the activity of BCL-2 and its relative BCL-XI. The ELISA test demonstrates that
nicotine exposure reduces the concentration of anti-apoptotic BCL-2 molecules while increasing

the concentration of pro-apoptotic BAX molecules.
2.1.12.6. Estrogen and Progesterone

Estrogen and progesterone are steroid hormones formed by the enzymatic alteration of
cholesterol. In women, estrogen and progesterone are produced mostly in the ovary, but also in the
adrenal gland and other sites, including adipose tissue. Estrogen and progesterone levels are low
throughout infancy, but rise rapidly around puberty due to pulsatile gonadotropin release from the
pituitary gland [194]. Non-pregnant women produce the two most physiologically active
estrogens, estrone and estradiol, whereas pregnant women create considerable amounts of estriol
[195]. Estradiol circulates in larger amounts and has more biological potency than estrone
[196,194]. Sex steroid hormones, such as estrogens and progesterone, play key roles in mammary
gland growth, with excretion rates rising by about 100-fold [197-199]. Studies demonstrate that
greater progesterone levels reduce women's inclination to smoke, estrogen levels alter women's
subjective experience of smoking, and concurrent reductions or rises in these hormones are
connected with increased smoking. Nicotine smoking decreases the activity of the aromatase
enzyme, which catalyzes the conversion of androgens into estrogens. As a result, nicotine lowers
the circulating estrogen levels, causing women to enter menopause earlier [200]. Nicotine alters

the function of the endocrine system and affects the release of female hormones which are very




important agents for the protection of women's health [201]. Deficiency of estrogens results in
irregular periods, infertility, bone weakness, hot flashes, depression, and urinary tract infections
[202]. Similarly, a deficiency of progesterone affects the menstrual cycle, pregnancy, and
embryogenesis of humans and other species. Nicotine decreases estrogen levels in female rats
[200]. Smoking may diminish or eliminate the effectiveness of orally delivered estrogens [203].
According to Ruan and Mueck (2015), smoking cigarettes decreased the effectiveness of both
endogenous and exogenous estrogen [204]. Wistar rats' blood levels of progesterone and estradiol
have been shown to decrease due to nicotine use [205-207]. The ratio of progesterone to estrogen

is inversely correlated with the desire to smoke [208].
2.1.13. Effect of Nicotine on the Female Population

Tobacco smoking is the leading cause of premature death and illness, and it poses additional
dangers for some groups. Risks for women of reproductive age (15-45 years) include lower
fertility; for pregnant women, smoking increases the likelihood of problems, miscarriage, and early
delivery; and post-partum is connected with poor baby health outcomes. Female smokers have
poorer long-term health outcomes than male smokers because some smoke during pregnancy, and
the negative consequences of cigarette smoking during pregnancy are far greater than those of
cigarette smoking during non-pregnant times. There are around 250 million female smokers
worldwide, with the bulk of them living in affluent nations. Previous research revealing that female
smokers experience worse reductions in lung function than male smokers [209]. Women who
smoke are more likely to develop cervical cancer, osteoporosis, cardiovascular disease,
atherosclerosis, and type 2 diabetes, as well as lung cancer, early menopause, preterm delivery,
irregular fetal development, low birth weight, miscarriage, and fetal death. Women who smoke

before and throughout pregnancy have a higher risk of preterm delivery, poor fetal development,




low birth weight, miscarriage, and fetal mortality. Cigarette smoking has a significant impact on
human fertility. Smoking is both pro-androgenic and anti-estrogenic, which means it reduces
estrogen levels in women. Nicotine significantly reduces 17 pB-estradiol and progesterone levels in
female rats fed a protein-restricted diet. Nicotine reduces 17 B-estradiol levels in female rats' serum
due to its anti-estrogenic action on hepatic estrogen metabolism [210]. It reduces progesterone
levels via boosting PGF-2a, which promotes autolysis, and VEGF mRNA expression. Curcumin
and nano-curcumin supplementation increases 17f3-estradiol and progesterone levels in rats on
protein-restricted diets, counteracting nicotine's anti-estrogenic impact. This increase is due to
curcumin, which decreases microvascular endothelial cell angiogenesis by inhibiting COX-2
expression. Women were more vulnerable to smoking-related mortality and morbidity than males
because their immune systems were weaker. Women are more likely than males to get some types
of cancer as a result of smoking. Previous research found that female smokers have a higher risk
of colorectal cancer than male smokers [211]. The risk of breast cancer is higher among smoker
women who have a family history of breast cancer and began smoking during adolescence or pre
menarche than among nonsmokers [212]. Women who smoke are 25% more likely to get
cardiovascular disorders than males [213]. Women smokers experience more overactive bladder
symptoms and incontinence than males [214]. Women gain more weight than men after they quit
smoking. According to Perkins et al. [215] women experienced a greater degree of yearning to
smoke than men did when they were abstinent and in a bad mood. A greater risk of asthma was
seen among smoking women regardless of body weight, however a higher rate of asthma was

found among normal weight and underweight smoker males [216]




2.1.14. Nicotine and Malnutrition

Protein Energy Malnutrition (PEM) continues to be a major public health concern in
developing countries, impacting people of all ages, especially infants, young children, pregnant
and lactating women, and low-income communities. According to the Food and Agriculture
Organization of the United Nations (FAQO), 17.3% (26.5 million) of Bangladesh's total population
was malnourished between 2010 and 2012. The negative health and economic repercussions of
tobacco smoking are mixed with the worldwide concerns of addressing poverty and hunger. Low
dietary protein levels reduce toxicity, disposition, and biosynthetic activity. Protein Energy
Malnutrition (PEM) is a condition characterized by low protein and energy consumption, which
can cause health problems [217]. Though it is widely recognized that nicotine causes numerous
health issues under normal dietary condition, the toxic effects of nicotine, particularly on protein-
restricted diets, are still a subject of worry. Decreased nutritional status of smokers is linked to the
amount of nicotine in cigarettes; the more cigarettes taken; the more nicotine enters the body. This
may slow the rate of metabolism and reduce appetite, affecting a person's BMI [218]. Other
research show that in India, people who smoked had a BMI 30% lower than nonsmokers, and 99
studies found that males who smoked every day had a 3% lower BMI than men who did not smoke

[219].

Several research found a link between smoking and food consumption, demonstrating that
smoking can decrease hunger, reduce appetite, and weight. People frequently feel a reduction in
appetite. In 1988, John Morley [220] defined this decline as 'aging anorexia'. As individuals age,
15% to 30% are predicted to develop aging anorexia, which is most typically encountered by
women in nursing homes and the elderly who are hospitalized [221]. Nutritional deficiencies and

weight loss in the elderly have serious effects associated with poor health and an increased risk of




death [222]. Malnutrition in smokers is connected with the nicotine impact, which affects
cholinergic nicotinic receptors in the autonomic ganglia and brain. Following nicotine and
associated receptors increases the consumption of numerous neurotransmitters. This mechanism
causes systemic catecholamine release, which has the potential role to increase. Nicotine
influences energy balance and food consumption by changing the activity of neurons carrying
orexigenic and anorexigenic peptides in the brain. The hypothalamus is a crucial brain region that
maintains energy balance through the activity of these neuropeptides. Nicotine may change the
balance between these two sets of peptides, resulting in decreased food intake and weight
reduction. Nicotine regulates energy balance via nicotinic acetylcholine receptors (nAChRs).
These receptors are widely expressed throughout the central and peripheral nervous systems, but
are especially well-positioned in the hypothalamus to influence the expression, secretion, or
function of neuropeptides that regulate appetite and food intake, modulating energy homeostasis
and feeding behavior. Nicotine has also been shown to alter the levels of certain peptides in the
periphery by acting on nAChRs found in taste, visceral, and nociceptive vagal afferent pathways,
which also play a functional role in nicotine's ability to influence food intake [223,224]. Nicotine
has been demonstrated to influence several energy-related activities via altering the activity of
AMP-activated protein kinase (AMPK). AMPK integrates hormonal and nutritive signals in
peripheral organs and the hypothalamus, regulating energy balance [225]. Nicotine has been
shown in rats to downregulate AMPK activity in the hypothalamus, which results in a decrease in
food intake and BAT activation, as well as an increase in lipid oxidation. Furthermore, nicotine
has been shown to stimulate the effects of adrenaline on the stomach muscles, hence suppressing
appetite [226]. Other studies have also found that nicotine has an influence on hunger [227],

despite claims that smokers have a lower body weight than nonsmokers. These findings were




consistent with prior research that found smokers, even long-term smokers, had lower body weight
than nonsmokers [228]. Metabolism, as well as epinephrine, dopamine, norepinephrine, and
serotonin expenditure, all of which impact the satiety system, causing a reduction in appetite and
resulting in malnutrition [228]. The higher a person consumes cigarettes will have the risk of
reducing the nutritional status value. Weight and height are determinants of nutritional status, as
weight in the elderly usually tends to decline due to reduced muscle mass [230]. Several studies
have shown that nicotine reduces body weight by increasing energy expenditure and decreasing
food intake [231,232], and that these effects are due to nicotine's modulatory effect on both

metabolic processes and reward circuits [233,234].
2.2. Curcumin

Curcumin, also known as diferuloylmethane, is an active component in the golden spice
turmeric (Curcuma longa) and in Curcuma xanthorrhiza oil. Turmeric, the powdered rhizome of
Curcuma longa, is widely used as a spice in curries and mustards, is often responsible for their
distinguishing color, and contributes significantly to their flavor due to the presence of its
oleoresins and essential oil. Turmeric, a member of the ginger family (Zingiberaceae), is widely
used to treat diseases in traditional Chinese and Indian medicine. Curcuma has a long history of
therapeutic usage (235,236], and it is made up of about 120 different species. Curcuma longa L.
(Curcuma; Turmeric) is the most well-known of the Curcuma species; it is a cultivated plant
growing in warm climates around the world [237]. According to a new study by Grand View
Research, Inc., the global curcumin market size was worth over USD 46.6 million in 2016. North
America was the largest regional market in 2016, while India was one of the largest curcumin
manufacturers. Multitude research endeavors has demonstrated that curcumin serves as a

remarkably effective antimicrobial agent, exhibiting activity against a range of chronic diseases,




encompassing various form of cancer, diabetes, obesity, cardiovascular, pulmonary, neurological
and autoimmune diseases. Moreover, this chemical has been proven to be complementary with
other nutraceuticals including resveratrol, piperine, catechins, quercetin and genistein. Over 100
clinical trials with curcumin have been done to date, demonstrating its safety, tolerability, and
effectiveness against numerous chronic conditions in people. Curcumin is a highly pleiotropic
chemical with a wide range of targets and methods of action, including changes in enzyme activity,

growth factor receptors, cofactors, and other compounds.
2.2.1. The Overview of Curcumin

Curcumin, the principal active ingredient in turmeric, has been extensively researched over
the last few decades for its potential medicinal benefits, particularly its anti-inflammatory,
antioxidant, and anticancer capabilities. The active ingredient presents in turmeric which makes a

magical spice that is curcumin. It is also known as “wonder drug of life” [238].
2.2.1.1. Chemistry of Curcumin

Curcumin's chemical structure is based on a diferuloylmethane backbone, (crystalline yellow-
orange colour) and it is classed as a curcuminoid, a class of chemicals found in turmeric.
Curcumin's IUPAC name is (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione (Figure 2.6), with the chemical formula C21H2006 and a molecular weight of 368.39 g/mol,
and melting point of 183°C. The composition comprises three chemical components: two aromatic
ring systems featuring o-methoxy phenolic groups, along with a seven-carbon linker derived from
an, B-unsaturated B-diketone moiety. From a chemical perspective, it demonstrates keto-enol
tautomerism, wherein the keto form is the dominant species in neutral and acidic environments,

while the more stable enol form prevails in the solid state and in alkaline solutions [239]. There
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exist two further compounds identified as curcumin, specifically curcumin 1l
[demethoxycurcumin, 1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)-1,6-heptadiene-3,5-
dione] and curcumin 111 [bisdemethoxycurcumin, 1,7-bis(4-hydroxyphenyl)-1,6-heptadiene-3,5-
dione] [240]. This chemical structure of curcumin makes it soluble in methanol, ethanol, acetic
acid, alkali, ketone, dimethyl sulfoxide (DMSO), chloroform, and acetone but insoluble in water
at neutral and acidic pH [241]. Curcumin can degrade into dehydrocurcumin (an oxidized form)
when exposed to light or heat, indicating its chemical instability. Curcumin is sensitive to alkaline
pH, causing structural alterations that culminate in the disintegration of its conjugated system. The

curcumin structure was first proposed by Polish scientists in 1910 [242].
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Figure 2.6: Chemical structure of curcumin.

2.2.1.2. Biological Properties of Curcumin

Curcuminoids, the bioactive molecule derived from Curcuma longa, has received great

scientific attention due to its broad biological properties. Curcumin, which was first investigated
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for its medicinal potential in the 1930s, has subsequently been proven to interact with a diverse
spectrum of proteins, metals, growth factors, enzymes, and other important biomolecules. Making
it an effective chemical for treating a wide range of disorders. These interactions help explain its
wide range of biological properties, including anti-inflammatory, antioxidant, anticancer, and
neuroprotective effects [243-248]. Different biological actions of curcumin are shorted in Figure

2.1.

Figure 2.7: Schematic representation of biological activities of curcumin.




2.2.1.3. Pharmacological Property of Curcumin

Numerous advantageous pharmacological attributes have been attributed to the Curcuma
species. These include anti-inflammatory, antidiabetic, antiproliferative, anticancer,
hypocholesterolemic, antihepatotoxic, antithrombotic, anti-diarrheal, carminative, diuretic,
hypotensive, antirheumatic, antimicrobial, antiviral, larvicidal, antioxidant, insecticidal,
antivenomous, and antityrosinase effects, among various others [249-252]. Approximately 31
species of Curcuma have been examined, with the most significant and extensively researched

being turmeric (C. longa) and zedoary.
2.2.1.4. Anti-Oxidant Actions

Several investigations have demonstrated that curcumin has a high ability to scavenge
superoxide radicals, hydrogen peroxide, and nitric oxide (NO) from activated macrophages
[253,254], decreasing iron complexes and preventing lipid peroxidation [255]. Curcumin may
demonstrate its pharmacological and therapeutic properties primarily through these effects. The
anti-oxidant  properties of curcumin and its derivatives demethyoxycurcumin,
bisdemethoxycurcumin, and diacetylcurcumin were examined by Unnikrishnan and Rao [256].
They discovered that these compounds, with the exception of diacetylcurcumin, which has little
effect on the inhibition of nitrite-induced oxidation of Hb, can shield hemoglobin (Hb) from
oxidation at concentrations as low as 0.08 mM. Curcumin has also been demonstrated to suppress
macrophage NO synthase activity [257]. Additionally, it has been demonstrated by Bonte et al.
[258] that curcumin shields human keratinocytes from xanthine oxidase damage by virtue of its
antioxidant properties. Curcumin therapy has also been shown to reduce oxidative stress and lipid

peroxidation brought on by nicotine [259]. It has been demonstrated that curcumin protects brain
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glial cells and renal cells from oxidative damage. Curcumin is also known to increase the activity
of other antioxidants, including glutathione peroxidase, catalase, and superoxide dismutase (SOD)
[260]. Curcumin can also inhibit enzymes that generate ROS, such as
lipoxygenase/cyclooxygenase and xanthine hydrogenase/oxidase [261]. Curcumin's lipophilic
nature makes it an effective scavenger of peroxyl radicals, acting as a chain-breaking antioxidant

[262].

2.2.1.5. Anti-Inflammatory Activity

Curcumin has a high potential for treating a variety of inflammatory disorders [263-266]
Curcumin has been shown to: (i) inhibit pro-inflammatory transcription factors (NF-kB and AP-
1); (ii) reduce the proinflammatory cytokines TNFa, IL-1b, IL-2, IL-6, IL-8, MIP-1a, MCP-1,
CRP, and PGEZ2; (iii) down-regulate enzymes such as 5-lipoxygenase and COX-2 and -5; and (iv)
inhibit the mitogen activated protein kinases (MAPK) and pathways involved in nitric oxide
synthase (NOS) enzyme synthesis [267-270] Through intricate interactions with cytokines, lipid
mediators, and proteolytic enzymes, curcumin regulates a variety of inflammatory mediators both
in vitro and in vivo [271]. Curcumin was found to be more efficient than hydrocortisone in
inhibiting the generation of leukotrienes in rat peritoneal polymorphonuclear neutrophils.
Curcumin suppresses the growth of vascular smooth muscle cells and blood mononuclear cells,
and have clinical application in transplant atherosclerosis as demonstrated by Huang et al. Pro-
inflammatory transcription factors such as AP-1 and NF-kB are inhibited by curcumin [272]. It
reduces the synthesis of proinflammatory cytokines, such as CRP, IL-2, IL-6, and TNF-alpha.
Additionally, it inhibits the pathways of mitogen-activated protein kinases and inhibits enzymes

such as COX-2, -5, and 5-lipoxygenase [263, 267-270].




2.2.1.6. Neuroprotective Effect

Chronic inflammation known as neuroinflammation causes alterations in neuronal
metabolism, which ultimately lead to neuronal death. The activation of astrocytes and microglia
increases neuronal death in neuroinflammatory conditions. The latter are in charge of releasing
proinflammatory cytokines including IL-1 and TNFa. Several previous research confirmed,
curcumin's antioxidant, anti-inflammatory, and anti-protein aggregating properties have made it a
promising therapeutic agent for a number of neurological conditions, including multiple sclerosis,
dementia, AD, PD, and Huntington's disease (HD) [273-277]. Curcumin prevents activated
microglia and astrocytes from producing prostaglandins and inflammatory cytokines [143-264].
In microglial and astrocyte cells, it also reduces the synthesis of TNFa, IL-1b, monocyte
chemoattractant protein (MCP-1), macrophage inflammatory protein (MIP-1b), and IL-8 [278].
Through a variety of mechanisms, including as antioxidant, anti-inflammatory, and anti-
proliferative ones, curcumin has also demonstrated neuroprotective effects in multiple sclerosis,
an autoimmune inflammatory illness that primarily affects women and young people through
demyelinating lesions. Curcumin was also able to modulate several molecular targets, such as
transcriptional factors (NF-kB, Nrf2, AP-1, STAT-1,-3,-4), enzymes (COX-2, iNOS, OH-1, LOX,
XO0), inflammatory cytokines (chemokine ligand, interleukin, TNFa), proteins (caspase-3,-9, Bcl-
2, Prostaglandin, CRP, myosin light chain), protein kinases (AK, JNK, JAK, MAPK), growth
factors and receptors (TLRs, chemokine receptor, TGF-a, TGF-R) [279]. Curcumin is
neuroprotective in multiple animal models and has great potential for the prevention or treatment
of age-related dementia arising from AD or cardiovascular disease, Parkinson’s disease, other

diseases of aging, and aspects of aging itself.
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Curcumin has at least ten neuroprotective effects and it can apparently act at nanomolar or

even picomolar doses are shown in Figure 2.8.
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Figure 2.8: Neuroprotective effects of curcumin.

2.2.1.7. Anticancer Effect

Curcumin has great potential in treating a variety of cancers, including breast, colorectal,
colon, liver, lung cancers and leukemia [280]. Curcumin, a strong anti-inflammatory and anti-

oxidant substance, may help prevent cancer by inhibiting tumor growth in many phases. It also

54



suppresses proliferation and promotes apoptosis in a variety of cell types, including human bladder
cancer cells, and arrests cancer cells in the S and G2/M cell cycle phases. Curcumin has been found
to inhibit carcinogenesis through two mechanisms: angiogenesis and cancer cell proliferation. It
also prevents cancer cell spread and promotes apoptosis. Curcumin has been demonstrated to have
antiangiogenic effect by blocking angiogenic factor stimulators such as VEGF and basic fibroblast
growth factor and downregulate VEGF expression via NF-kB and AP-1 regulation, hence reducing
IL-8 expression [281]. Astinfeshan et al. discovered that curcumin inhibits angiogenesis by
modulating VEFGR and the PI3K/AKkt signaling pathway [282]. Furthermore, curcumin has been
demonstrated to downregulate MMP-2 and MMP-9 while increasing the tissue inhibitor
metalloproteinase-1, ensuring extracellular matrix stability and coherence [281]. Curcumin can
also induce apoptosis in cancer cells through a p53-dependent pathway. p53 is known to be one of
the most important tumor suppressor proteins, affecting cell proliferation apoptosis and DNA
damage [283]. Several studies have revealed an interplay between p53 and cancer related miRNAs
[284,285]. Ye et al. (2015) also showed that the curcumin proapoptotic effect depends on miR-
192-5p and miR-215, which activates the p53 in non-small cell lung cancer. Many studies have
demonstrated that it can inhibit the NF-kB and AP-1 transcriptional factor families [286,287].
Marquardt et al. [288] investigated the effect of curcumin in curcumin-sensitive, liver cancer cell
lines. Curcumin inhibited the expression of PCNA, pPI3K, and NF-kB in lung cancer cells [287].
Curcumin has been shown to suppress STAT expression and decrease the expression levels of
STAT-3-regulated cyclin D1, BCL-2, and BCL-xL in pancreatic cancer cells [289]. Shanmugam
et al. (2015) shown that curcumin might reduce IL-6 mediated STAT-3 phosphorylation and
STAT-3 nuclear translocation in multiple myeloma [290]. Curcumin works on various molecular

targets, either downregulating or upregulating them, as illustrated in Figure 2.9.
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Figure 2.9: Curcumin molecular targets in cancer cells.

2.2.1.8. Therapeutic Properties of Curcumin

2.2.1.8.1. Anti-Viral Effect: Curcumin exhibits moderate to high inhibitory action on a number
of viruses, including type I HIV [291] and human simple virus-2 [292], according to a number of
in vitro and in vivo investigations. It has been demonstrated that curcumin effectively inhibits the
production of P24 antigen in cells infected with HIV-1 either acutely or chronically. It also inhibits
the enzymatic reactions linked to HIK 1 intergase, in contrast to other viral (HIV-1 reverse

transcriptase) and cellular (RNA polymerase I1) nucleic acid processing enzymes. Curcumin failed




to stop HIV-1 from multiplying in MT-4 cells that were acutely infected [293]. Two curcumin
analogues, rosmarinic acid and dicaffeolymethan, have been demonstrated to have stronger

antiviral activity than curcumin [294].

2.2.1.8.2. Effect on Immunity: It has been established that curcumin alters immunity. In rat
heterotropic heart transplant models, curcumin enhances the immunosuppressive effects of
cyclosporine [295]. Curcumin treatment increases mucosal CD4 (+) T and B cells, indicating that
it alters lymphocyte-mediated immune responses [296]. The impact of curcumin on
mitogen/antigen-induced splenic lymphocyte proliferation, cytotoxic T lymphocyte induction,
lymphokine-activated Killer cells, and T lymphocyte and macrophage cytokine production was
investigated by Gao et al [297]. Curcumin was shown to permanently impede the generation of
these immune responses. It was suggested that by blocking NF-k B target genes involved in the
production of certain immune responses, the chemical may have suppressed these immunological

functions.

2.2.1.8.3. Effect on Cystic Fibrosis (CF): Mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene cause cystic fibrosis (CF), the most prevalent genetic illness
in the white population. Curcumin has been shown to be able to rectify the mutational
abnormalities of cystic fibrosis in mice, most likely by inhibiting sarco (endo) plasmic reticulum
Ca*2-ATPase [298]. This encouraging discovery was later confirmed by several employees [299].
A few studies corroborated this conclusion in animals, but others were unable to replicate it in

human and other animal models.

2.2.1.8.4. Anti Diabetic Effect: The administration of curcumin or turmeric to alloxan-induced

diabetic rats led to a significant decrease in blood sugar, hemoglobin, and glycosylated hemoglobin




levels [282]. Curcumin also reduced the oxidative stress experienced by diabetic rats. Reduced
TBARS levels and increased glutathione peroxidase activities were observed [300]. The enzyme
sorbitol dehydrogenase, which converts sorbitol to fructose, was also reduced. Nishiyama et al.
found that curcumin has an antidiabetic effect in mice and proposed a molecular mechanism
involving peroximose proliferator-activated receptor (PPAR)-gamma activation [301]. The
primary constituents of turmeric, namely curcuminoids and sesquiterpenoids, have the potential to

lower hyperglycemia through either an additive or synergistic effect.

2.2.1.8.5. Antibacterial and Anti-Fungal, Anti-Parasitic Actions: Curcumin-derived
bioconjugates were found to be more effective than curcumin against numerous common bacterial
and fungal species [302]. The heightened efficacy of these bioconjugates, as compared to
curcumin, may be due to enhanced cellular uptake or diminished metabolic degradation of the
bioconjugates, resulting in a substantial concentration build-up within infected cells. Many studies
proved that curcumin bioconjugates have the potential to be effective antibacterial/antifungal
medicines [303]. Curcumin's leishmanicidal properties have also been confirmed in vitro [304].
Curcumin has recently been found to be effective in malaria treatment [305]. Curcumin was given
orally to mice infected with the malaria parasite (Plasmodium berghei), resulting in an 80-90%
reduction in blood parasitaemia and significantly enhancing the survival rate of the mice.
Numerous  constituents of  turmeric, such as curcumin, demethoxycurcumin,

bisdemethoxycurcumin, and cyclocurcumin, have demonstrated nematocidal properties [306].

2.2.1.8.6. Cardioprotective Effect: Cardiovascular (CV) illnesses are regarded as a global health
threat, with significant morbidity and mortality rates. Curcumin has been found to be helpful for
protecting against cardiovascular disease [307,308]. As previously stated, curcumin cardiovascular

advantages are primarily associated with its preventive impact on conditions such as
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atherosclerosis, cardiac hypertrophy, heart failure, aortic aneurysm, stroke, myocardial infarction,
and cardiovascular issues related to diabetes [309]. Curcumin is a natural p300 histone
acetyltransferase (HAT) inhibitor. Sunagawa et al. [310] and stimulates Nrf2 and induces HO-1,
which are responsible for cytoprotective and anti-inflammatory actions against oxidative stress.
Monfoulet et al. [311] discovered that curcumin can improve endothelial function and reduce
TNFa-induced monocyte adhesion in endothelial cells by inhibiting NF-kB. According to Yao et
al. [312], curcumin prevents CV disorders by lowering the expression of the angiotensin Il type 1
receptor (AT1R) and effectively reduces the AT1R gene promoter's binding capacity with
specificity protein 1 (SP1). Curcumin may reduce chronic heart failure by raising p38MAPK, JNK,
and ASK1 [313-323], as well as having the capacity to lessen the pro-fibrotic effects in idiopathic
pulmonary fibrosis [324-326]. Curcumin function on different types of cardiovascular diseases
which is illustrated below in Figure 2.10.
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Figure 2.10: Curcumin action on cardiovascular diseases.




2.2.1.8.7. Hepatoprotective Effect: Numerous agents, including alcohol, drugs, environmental
pollutants, parasites, and certain dietary elements, can lead to both acute and chronic liver injury.
This may manifest as liver fibrosis, non-alcoholic steatohepatitis, non-alcoholic liver disease, and
potentially progress to cirrhosis. Curcumin has been widely researched for its hepatoprotective
properties [327,328]. Oxidative stress is exacerbated by oxidant and antioxidant imbalances as
well as elevated reactive oxygen species (ROS) in chronic liver disease. It causes ischemia,
necrosis, and apoptosis and impairs the liver's fibrogenic response. It causes progressive liver
damage and altered gene expression [329]. Curcumin treatment (200 mg/kg) in Sprague-Dawley
rats raised hepatic glutathione levels while decreasing lipid peroxidase and activities of ALT
(alanine transaminase) / AST (aspartate aminotransferase) activity [330]. Curcumin has the
potential to safeguard against liver disorders associated with oxidative stress by reducing the levels
of ALT, AST, and alkaline phosphatase, while simultaneously increasing the levels of GST, GR,
GPx, SOD, and CAT. Additionally, it may decrease nitric oxide levels and inhibit the production
of reactive oxygen species [331]. Research indicates that curcumin treatment in Sprague Dawley
rats suffering from streptozotocin-induced diabetes resulted in a reduction of TNF-alpha, IL-1
beta, MAPK, and apoptosis signal-regulating kinase 1 (ASK1) levels in liver tissues [332].
Curcumin was reported to cure nicotine-induced liver damage by reducing alanine
aminotransferase (ALT), aspartate aminotransferase (AST), serum nitric oxide and alkaline
phosphatase (ALP) levels [333]. Curcumin ameliorates carbon tetrachloride (CCl4)-induced liver
damage. Curcumin inhibits the TGF-f1/Smad signaling pathway and CTGF expression [334]. By
scavenging free radicals, promoting the production of antioxidant enzymes, and blocking NF-kB
and transient receptor potential melastatin 2 (TRPM2) channels, curcumin treatment reduced

mitochondrial dysfunction [335]. Curcumin can help treat cadmium-induced liver oxidative




damage [336]. It has also been demonstrated that curcumin can attenuate liver fibrosis and cirrhosis

[337].

2.2.1.8.8. Anti-Lipidemic Effects of Curcumin: Triglycerides and low-density lipoprotein
cholesterol (LDL-C) were both markedly decreased by curcumin [338,339]. Curcumin
administration effectively decreased hyperlipidaemia, which was characterized by elevated
cholesterol, free fatty acids, and triglycerides [340-342]. Curcumin improved cardiovascular
disease outcomes by regulating LDL-C, VLDL-C, IDL-C, total cholesterol, and HDL-C [343].
This natural component was shown to be effective in treating nicotine-induced hyperlipidaemia in

Wistar rats.

2.2.1.9. Curcumin’s Pharmacokinetics

Curcumin, while recognized for its diverse health benefits and established safety profile, faces
limitations in its in vivo effectiveness primarily due to suboptimal pharmacokinetic properties,
particularly its low bioavailability [344,345]. Its short half-life, restricted tissue distribution, low
free serum concentrations, and apparent quick metabolism and excretion are some of the reasons
[346]. Metabolism of curcumin mainly occur in liver and colon and small amount remains in
tissues [344,345]. Curcumin is mostly eliminated by feces following PO treatment. Curcumin and
its metabolites (glucuronide and sulfate derivatives) are excreted in the urine at extremely low
levels, independent of the oral intake. Another study proven that rats exclusively excreted

curcumin in their bile following 1V and IP treatment [344].




2.2.1.10. Antigenotoxicity Properties of Curcumin

Curcumin, a polyphenolic molecule found in turmeric, has been proven to have antigenotoxic
properties, preventing genetic damage and mutations. Curcumin has been proven to protect DNA
from ROS and other genotoxic substances. Curcumin considerably reduces the frequency of micro
nucleated polychromatic erythrocytes in mice exposed to gamma radiation. Curcumin may
potentially improve DNA repair by boosting the production of DNA repair enzymes. Curcumin
reduced cisplatin-induced chromosomal and DNA damage, as measured by the comet assay and
the micronucleus assay. Previous research has found that curcumin protects against copper-
induced genotoxicity in BalbC mice [347]. Curcumin supplementation inhibited the radiation-
induced increase in micronuclei production [348]. Curcumin also has an antigenotoxic impact by
inhibiting micronuclei induction by chromium trioxide [349]. According to Banerjee et al.,

curcumin reduces nicotine-induced DNA damage in blood cells [350].
2.2.1.11. Curcumin's Effect on the Reproductive System

Curcumin, a polyphenol produced from the spice turmeric, has been shown to have a variety
of impacts on the reproductive system in both men and women. Curcumin may protect eggs from
oxidative stress, thereby increasing fertility. Curcumin may impact estrogen levels, which might
disrupt menstrual periods and fertility. Curcumin has been proven to have anti-inflammatory and
antioxidant properties during pregnancy, which may improve fetal growth and reduce pregnancy
problems. Curcumin may also help with breastfeeding, since it has been demonstrated to boost
milk production and raise antioxidant levels in breast milk. Sadoughi (2016) demonstrated that
curcumin increases estrogen and progesterone levels in alloxan-induced diabetic rats while still

maintaining a healthy reproductive system [351]. According to Shah and Shrivastava (2021),
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curcumin can cure letrozole-induced polycystic ovarian syndrome, which is a mix of endocrine

metabolic problems and several forms of inflammation [352].
2.2.2. Drawbacks of Curcumin

Although curcumin is usually regarded as safe and well-tolerated, prolonged usage or large
dosages may have negative consequences. Abdominal discomfort, diarrhea, vomiting, and nausea
might result from high dosages (>2 g/day). High dosages may raise the chance of developing
kidney stones. Curcumin may impair iron absorption, which might exacerbate iron insufficiency.
Curcumin caused liver damage by increasing the production of reactive oxygen species (ROS) and
pro-inflammatory cytokines IL-6, as well as decreasing the levels of the antioxidant enzyme SOD
and the detoxifying enzyme GST. Curcumin has been shown to produce DNA damage both in
vitro and in vivo, perhaps due to pro-oxidant actions. According to recent research, high dosages
of curcumin impact DNA damage and inactivate P53 by interacting with thiol groups on cysteine
residues [353]. Higher dosages of curcumin impair enzyme activity and may cause deleterious
consequences [354]. Curcumin intake of up to 8 g/day for three months by healthy human
participants shown no harm [355]. However, the same dosage is responsible for stomach
discomfort in pancreatic cancer patients. It might be because curcumin inhibits prostaglandin

production and COX [356].
2.2.2.1. Limitations of Curcumin

The pharmacokinetics of a substance are determined by its rate of gastrointestinal absorption,
metabolism, and bioavailability. Several studies have found that curcumin is poorly absorbed after
oral intake [357,358]. Curcumin has relatively limited bioavailability in many tissues and blood

after intake. Dei and Ghidoni (2019) found a very low curcumin content (0.051pug/mL) in human




plasma after treatment with 2 g/kg of curcumin [358]. Curcumin has a half-life of around 4-6 hrs,
requiring regular dosage and susceptible to deterioration under light, heat, and moisture, which
reduces its efficacy. Due to its poor stability curcumin is metabolized and excreted rapidly. After
receiving 2 g/kg of curcumin, a very low quantity of curcumin (0.051pg/mL) was found in human
plasma. Similarly, after giving mice 1 g/kg of curcumin, the estimated plasma concentration of
curcumin was 0.22 pg/mL [356]. In an alkaline media (pH > 7), curcumin breaks down in 30
minutes to provide trans-6-(40-hydroxy-30-methoxyphenyl)-2, ferulic acid, vanillin, and feruloyl
methane [359]. Curcumin is quickly metabolized within the liver. Curcumin is converted into
water-soluble compounds and eliminated via urine. According to Sharifi-Rad et al. (2020), around
90% of curcumin is excreted with the face [355]. Numerous strategies have been proposed to
improve curcumin's cellular permeability, boost its bioavailability, raise its plasma concentration,
and slow down its metabolism [360-362]. Curcumin is mainly water-insoluble and poorly

bioavailable molecule [363-365].

2.3. Nanocurcumin

Nanocurcumin is a nanosized version of curcumin. The nano-formulation improves curcumin's
bioavailability and solubility, allowing the body to absorb and utilize it more effectively. The
synthesis of nanocurcumin solves the issues related with its administration, bioavailability, high
rate of metabolism, and rapid expulsion, hence increasing its bioavailability and efficacy. The
nanoparticle size improves curcumin's solubility in water, making it simpler to include into diverse
items, such as supplements and functional foods. Nanocarriers can mix curcumin with other

substances, increasing its medicinal potential.




2.3.1. Techniques

Through effective delivery methods, including nanoencapsulation, researchers have tried to
improve curcumin's pharmacological and biological activities and get around some of its
disadvantages. Nanocurcumin may be synthesized using a variety of methods [366], each having

unique benefits and uses.

Different techniques are:

e Ultrasonication e lonic gelation method e Antisolvent
precipitation
method

e Fessi method e Thin film hydration method e Solid dispersion
method

e Emulsion polymerization e Coacervation techniques ¢ Nanoprecipitation

method method

e Single emulsion method e Spray drying method Single e Microemulsion

emulsion method

e Green Synthesis e Electrospinning e Ultrasonic
Dispersion

e  Supercritical Fluid
Technology

2.3.1.1. Different Curcumin Nano Formulations and Their Therapeutic Role

During last two decades many curcumin nano formulations have been prepared to overcome
problems associated with its delivery and medicinal activities. The role of different curcumin nano

formulations is described below.

2.3.1.1.1. Liposomes: Liposomes are spherical vesicles that closely mimic cell membranes in that
they are made up of one or more phospholipid bilayers around aqueous units. It boosts curcumin’s

impact by dispersing it throughout the aqueous media and solubilizing it in the phospholipidic




bilayer [367]. Liposomes offer numerous benefits, including excellent biocompatibility and
biodegradability, enhanced stability, low toxicity, improved solubility, targeted delivery to specific
cells, controlled distribution, flexibility, and straightforward preparation [368]. Liposomal
medicines often lung, accumulate in the liver, spleen, bone marrow, and other tissues and organs.
This helps to increase the drug's therapeutic index and reduces negative effects. Extensive research
revealed that liposomal curcumin was the best vehicle for treating various cancer types. Lung
cancer, colorectal cancer, renal ischemia, melanoma, and malaria enhanced anticancer efficacy,
superior bioactivity, increased antimalarial and antimelanoma effects, and increased encapsulation

efficiency [369].

2.3.1.1.2. Polymers: Another popular and efficient drug delivery method for curcumin is
polymers. It can increase curcumin's oral bioavailability and solubility. Colorectal cancer and
wound healing shown improved anticancer action, enhanced cellular absorption, robust wound
healing, prolonged blood circulation, tumor growth reduction, and more growth inhibition in

cancer cells compared to free curcumin [370-372].

2.3.1.1.3. Gold nanoparticles: Gold nanoparticles have distinct physical and chemical
characteristics, as well as diverse surface functions. It offers a versatile substrate for medication
administration (curcumin). Prostate and colorectal cancer cells exhibited enhanced antioxidant
activity, extended blood circulation, improved solubility and stability, increased biocompatibility,

and notable anticancer efficacy [373,374].

2.3.1.1.4. Magnetic Nanoparticles: Magnetic nanoparticles are utilized in numerous
applications, such as the delivery of medicinal compounds (like curcumin), hyperthermia

treatment, and enhanced imaging quality. Cancer and inflammatory cells enhanced cellular uptake,




strengthened curcumin targeting abilities, facilitated magnetic resonance imaging, provided
effective anti-inflammatory protection, regulated curcumin delivery, exhibited high

biocompatibility, and demonstrated anticancer properties [375,376].

2.3.1.1.5. Solid Lipid Nanoparticles (SLNPs): Solid lipid nanoparticles (SLNs) possess a lipid
core matrix capable of solubilizing various drugs, such as curcumin, with the stability of this lipid
core being maintained by emulsifiers. Typically, SLNs exhibit a spherical shape. Allergy, colitis,
cerebral ischemia, and breast cancer are conditions that benefit from improved blood circulation,
which leads to increased anti-inflammatory effects, targeted and enhanced drug delivery to the

brain, and greater efficacy in cancer treatment [377].

2.3.1.1.6. Conjugates: Conjugates are the complexes created when two or more molecules are
joined together, particularly via covalent bonds. The conjugation of curcumin with small
molecules and hydrophilic polymers improves its solubility and enhances its oral bioavailability.
Fibroblasts, breast cancer, and amyloid fragments contribute to enhanced solubility, stability, and
bioavailability, demonstrating significant anti-cancer efficacy, improved stability and

bioavailability, as well as anti-amyloid properties [378].

2.3.1.1.7. Cyclodextrins: Cyclodextrins are oligosaccharides characterized by a bucket-like
structure, recognized for their ability to enhance solubility and provide stabilization. It has the
potential to dissolve curcumin within a lipophilic environment, while the hydrophilic exterior
facilitates the dispersion of the formulation. This is relevant to conditions such as bowel disease,
as well as various types of cancer including lung, pancreatic, breast, colorectal, and prostate

cancers. The bioavailability and solubility were improved, along with enhanced anti proliferative,




anticancer, and anti-inflammatory properties, which were formulated and delivered as eye drops

[379,380].

2.3.1.1.8. Solid Dispersions: Solid dispersions are characterized by the presence of one or more
active ingredients within a specific matrix. This approach can enhance the bioavailability of
hydrophilic pharmaceuticals, including curcumin. Benefits include effects on breast tumors,
reduction of rat-paw edema, and promotion of wound healing, along with prolonged efficacy, anti-
tumor and anti-metastatic properties, increased stability, enhanced bioavailability, anti-

inflammatory and antibacterial effects, as well as improved healing of vaginal wounds [381].

2.3.1.1.9. Micelles: Micelles, ranging from 20 to 100 nanometers in size, are typically colloidal
dispersions made up of amphiphilic molecules. They enhance the solubilization and targeted
delivery of curcumin. This approach has been shown to improve the bioavailability and solubility
of curcumin in lung tumors and colorectal cancer, leading to increased lifespan, customized drug

delivery, high chemical stability, and enhanced antitumor and anticancer efficacy.

2.3.1.1.10. Nanospheres: Nanospheres are solid matrix particles in which the primary component
(drug) is combined, whereas microcapsules include an interior core and an outside polymeric shell.
Candida albicans, Staphylococcus aureus, and Escherichia coli are some of the bacteria. Breast
cancer, melanoma, and Alzheimer's exhibited significant antibacterial and anticancer properties,

efficient target delivery, and anti-amyloid impact [382,383].

2.3.1.1.11. Nanogels: A nanogel is a hydrogel-based nanoparticle that is created by carefully
controlling the physical or chemical cross-linking of polymers. Nanogels' cross-linked structure
provides a solid foundation for medication release and storage. It is a potential method for

preparing and delivering active medications, such as curcumin, to cells for sustained action,




enhancing stability, and avoiding drug immunogenicity. Skin cancer cells, colorectal cancer, and
pancreatic cancer improved anticancer activity, prolonged circulation, improved bioavailability,

and targeted and regulated drug release [384,385].

2.3.1.1.12. Nanodisk: Nanodisks are disk-shaped bilayers that self-assemble and are stabilized
by apolipoprotein. The solubility and targeted release of curcumin are improved. There is an
enhancement in biological activity against Mantle Cell Lymphoma, promoting apoptosis and

exhibiting anticancer properties. [386].
2.3.2. Application of Nanocurcumin
There are many therapeutic role of nanocurcumin which are shown in Figure 2.11.

2.3.2.1. Anti-inflammatory: Curcumin is a potential anti-inflammatory drug that works by
inhibiting enzyme activity, cytokine synthesis, and transcription factor activation. Curcumin-
loaded solid lipid nanoparticles (C-SLNs) were developed to enhance their effectiveness in a rat
model of ovalbumin-induced asthma characterized by allergic reactions [387]. Experimental
results showed that C-SLNs decreased airway hyper responsiveness and inflammatory cell
infiltration. Additionally, C-SLNs predominantly suppressed the synthesis of T-helper-2-type
cytokines, specifically interleukin-4 and interleukin-13, in Broncho alveolar lavage fluid.
Nanocurcumin demonstrates efficacy against two esophageal adenocarcinoma (EAC) cell lines,
OE33 and OE19. It enhances the sensitivity of EAC cells to cytotoxicity induced by T cells while
simultaneously reducing pro-inflammatory signals originating from T cells [388]. Loss of NF-«f
activation reduces COX-2 and iNOS expression, preventing inflammation and carcinogenesis. The
research indicated that curcumin-loaded PLGA nanoparticles (CUR-NP) diminish pro-

inflammatory mediators in mammary tissues impacted by Staphylococcus aureus through the




enhancement of NF-kf signaling. Furthermore, CUR-NP seems to serve as a more effective
alternative to native curcumin in the treatment of murine mastitis [389]. A recent study indicates
that the anti-inflammatory properties of curcumin liposomal formulations (CurLIP) in reaction to
2-hydroxyethyl methacrylate (HEMA) treatment in human dental pulp stem cells have enhanced
the quality of dental care, resulting in a notable impact on the human community [390].
Nanocurcumin inhibits the synthesis of pro-inflammatory cytokines, including TNF-a, IL-6, and
IL-1B, which are critical in the inflammatory response. Nanocurcumin has been investigated for
its effects on rheumatoid arthritis and inflammatory bowel disease (IBD). Research suggests
possible advantages in neuroinflammation-related illnesses such as Alzheimer's disease. When
paired with normal COVID-19 therapy, nanocurcumin has a powerful anti-inflammatory impact,
aiding in the recovery from the acute inflammatory phase of the illness in hospitalized patients
with mild-to-moderate disease severity. Nanocurcumin showed a positive impact in the treatment
of central neurological disorder by reducing the expression of pro-inflammatory cytokines and

raising the production of anti-inflammatory cytokines [391].

2.3.2.2. Anticancer Activity: Curcumin serves as a promising therapeutic agent for various types
of cancers, including those of the lung, breast, prostate, myeloma, colorectal, pancreas, liver, and
melanoma. Its efficacy is attributed to its ability to promote apoptosis, inhibit the proliferation of
cancer cells, and impede the progression of the cell cycle [392]. Curcumin has been shown to
inhibit cancer cell metastasis. Curcumin prevents cancer cells from attacking normal tissue by
inhibiting matrix metalloproteinase activity, which regulates the process. Curcumin inhibits the
production of the gene’s cyclin D1, BCL-2, BCL-xL, and c-myc, which are implicated in tumor
development, proliferation, and apoptosis. Inhibiting nuclear factor-kappa (NF-kB) plays a crucial

role in cancer development and progression. Curcumin has been shown to suppress NF-kB activity,




thereby promoting the expression of genes associated with cell proliferation (such as cyclin D1
and ¢ myc), invasion (including matrix metalloproteinases), and resistance to apoptosis. Basniwal
et al. conducted a study on the anticancer properties of curcumin nanoparticles, utilizing lung
(A549), liver (HepG2), and skin (A431) cancer cell lines. It was demonstrated that curcumin
nanoparticles exhibited a markedly enhanced effect on cancer cells in aqueous conditions
compared to natural curcumin [393]. Triple-negative breast cancer (TNBC) represents one of the
most important histological subtypes of breast tumors known for its metastatic properties.
Research indicates that exogenous p53 and dendrosomal nanocurcumin collaborate effectively to
suppress the proliferation of TNBC cells [394]. Research has demonstrated that anticancer drug
combinations can enhance the effectiveness of chemotherapy-induced tumor growth suppression
and death in ovarian cancer cell lines. Curcumin has been shown to have a multifunctional
anticancer mechanism in primary epithelial ovarian cancer cells that are resistant to platinum and
multidrug-resistance. Curcumin's usefulness is limited due to its poor bioavailability. Curcumin
formulation as nanoparticles might increase absorption and efficacy [395]. A prior investigation
indicated that both curcumin and nanocurcumin can enhance the anticancer efficacy of cisplatin
by decreasing the volume and weight of ovarian tumors. No significant differences were observed
in the effectiveness of curcumin compared to nanocurcumin regarding ovarian morphological
outcomes. Nanocurcumin demonstrated superior results in comparison to curcumin regarding Ki-
67 expressions, which are recognized prognostic markers and indicators of chemotherapy efficacy
in ovarian cancer. The application of nanocurcumin has been evidenced to enhance its plasma

concentrations, with the area under the curve (AUC) increasing by as much as 20 times.

2.3.2.3. Antioxidant Effects: Many researches have demonstrated curcumin's antioxidant action

in biological models. There is a wealth of scientific data supporting curcumin’s capacity to trap




free radicals such as reactive nitrogen and oxygen species in live cells via a variety of mechanisms,
hence demonstrating antioxidant activity [396]. Curcumin has been shown to both boost the
effectiveness of enzymes linked to free radical scavenging activity and to have inhibitory effects
on the enzymes that generate free radicals [397]. In Wistar rats, curcumin nanocrystals prevented
cardiovascular toxicity by lowering lipid peroxidation and enhancing the activity of detoxification
and antioxidant enzymes [398]. The impact of curcumin and nano-curcumin on the oxidant and
antioxidant mechanisms within liver mitochondria was examined using a rat model subjected to
aluminum phosphide (AIP) toxicity. Nanocurcumin was shown to increase oxidative stress
variables while protecting the liver from the harmful effects of AIP by scavenging free radicals

and regulating the oxidative state [399].

2.3.2.4. Antigenotoxic Effect: According to the literature, nanocurcumin's antigenotoxic
properties outperform those of free curcumin due to its higher solubility and bioavailability. In
rats, nanocurcumin showed better effectiveness in tartazine-induced genotoxicity as determined
by the comet assay [400]. It was demonstrated how nanocurcumin can protect against
hyperthyroidism by reducing oxidative stress, inflammation, and DNA damage in rats [401]. When
it comes to testicular genotoxicity caused by cyclophosphamide, curcumin nano formulation
performs better than natural curcumin [402]. According to Yadav et al., nanocurcumin repaired
DNA damage caused by co-exposure to fluoride and arsenic [403]. Nanocurcumin also restored

chromosome damage caused by lodine-131 in peripheral lymphocytes [404].

2.3.2.5. Nephroprotective Effect: It was discovered that the concentration of nanocurcumin in
the renal tissues was greater than that of native curcumin. Compared to native curcumin, the
nanocurcumin's higher bioavailability demonstrated superior renoprotective efficacy. By raising

serum albumin levels and lowering blood urea nitrogen and creatinine levels, nanocurcumin




protects the kidneys from cisplatin-induced nephrotoxicity. Nanocurcumin was used to correct the
histological aspects of kidney tissues that were altered by cisplatin [405]. By lowering blood urea
and creatinine levels, nanocurcumin's superior solubility and delivery ability provide a greater
renoprotective impact than curcumin against streptozotocin-induced diabetes [406].
Nanocurcumin enhances kidney function by inhibiting MMP-9 expression and reducing fibrosis
area in rat kidneys with unilateral ureter blockage. El-Desoky et al. found that nanocurcumin
reduced tartrazine-induced elevations in blood creatinine, urea, and uric acid, as well as alterations

in the histology of kidney tissues [407].

2.3.2.6. Hepatoprotective Effect: Nanocurcumin has higher effectiveness and bioavailability
than native curcumin. This increased effectiveness has several implications in medicine. For
example, nanocurcumin has higher bioavailability and anti-oxidant activity in the mouse brain than
curcumin. Nanocurcumin decreases oxidative stress signs as well as growing levels of AST and
ALP. Nanocurcumin has a stronger hepatoprotective impact against acrylamide-induced stress
than native curcumin [408]. Nanocurcumin reduces the hepatocarcinogenic impact of diethyl
nitrosamine by lowering the toxicity of heterocyclic aromatic amines. According to Kheiripour et
al. [409], nanocurcumin is more effective than natural curcumin at inhibiting paraquat-induced
hepatotoxicity via regulating oxidative stress and gene expression in the Nrf2 signaling pathway.
Paraquat distorts the usual configuration of liver cells and central veins, and nanocurcumin
exposure aids in their rearranging. According to Mohammed et al., 2020, nanocurcumin can be
used to treat diethyl nitrosamine-induced hepatic carcinoma by increasing serum albumin,
glutathione peroxidase (GPx), glutathione (GSH), superoxide dismutase (SOD), and catalase

(CAT) levels while decreasing malondialdehyde (MDA\) levels [410].
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Figure 2.11: Different therapeutic effect of hanocurcumin.

2.3.3. Comparative Characteristics and Efficacy of Nanocurcumin and Curcumin as a

Drug

Nanocurcumin's physical qualities are determined by both its chemical makeup and physical
attributes. The transformation of regular curcumin into the nano form is largely influenced by its
physical and chemical characteristics. Nanocurcumin is more effective than native curcumin due
to essential physicochemical features such as particle size, surface area, surface charge, and
hydrophobicity. Research has indicated that these characteristics may enhance solubility rates and

increase oral bioavailability, which encompasses a favorable pharmacokinetic profile and active




targeting capabilities [411]. The characteristics of curcumin change with variations in particle size
at the nanoscale. Research has shown that decreasing the particle size markedly improves the
efficacy of nanocurcumin, rendering it more effective than its native form. Generally,
nanoparticles ranging from 10 to 100 nm have been utilized in numerous therapeutic applications
and clinical investigations [412]. Because of its higher surface area, nanocurcumin is regarded as
an optimal therapeutic candidate when compared to standard curcumin. Nanocurcumin reaches
organs that curcumin cannot normally access. It was discovered that nanocurcumin may have a
better intracellular absorption capacity than regular curcumin. This characteristic is especially
useful for targeting intracellular microorganisms in infectious disorders. Nanocurcumin has been
shown to have higher systemic absorption in plasma and tissues than free curcumin [413]. Ma et
al. have reported that nanocurcumin enhances in vivo bioavailability and tissue distribution,
resulting in a 60-fold increase in biological half-life compared to traditional curcumin therapy in
rat models [414]. Dende et al. discovered that nanocurcumin had higher bioavailability than natural
curcumin and inhibits degenerative alterations in cerebral malaria tests. An oral dosage of 5 mg
PLGA-curcumin with 350 pg of curcumin increased curcumin content in brain tissues thrice
compared to 5 mg of native curcumin [415]. Curcumin nano formulation has also been shown to
improve its circulation, retention, and mean residence duration inside the body [416]. Surface area
is also an important characteristic of nanoparticles. Materials containing nanoparticles have a
comparatively greater surface area, which enhances the rate of breakdown and water solubility,
resulting in enhanced medication bioavailability. Nonetheless, a big surface area increases a drug's
reaction to a specific molecular target and boosts its pharmacological efficacy [417]. Due to their
increased surface area, drugs administered through nanoparticles will have enhanced exposure to

the particle surface, facilitating swift drug release. Additionally, the substantial surface area of




nanoparticles sets them apart, rendering them highly suitable for a wide range of applications. The
Brunauer-Emmett-Teller (BET) theorem is the simplest and most effective approach for
determining the surface area of nanoparticle materials. Mohanty and Sahoo (2010) report

pharmacological activity.

The significance of surface charges in curcumin nanoparticles has been recognized. Typically,
the electric potential of nanoparticles is determined by their surface charge, which is entirely
influenced by their chemical composition. Muller and Keck discovered that negative and positive
zeta potentials inhibit nanoparticles from aggregating. Thus, nanoparticles are exceedingly stable
in suspension. Curcumin tends to form aggregates and is susceptible to opsonization because of its
poor solubility in water. In contrast, nanocurcumin completely dissolves in aqueous environments
without forming aggregates, attributed to the presence of zeta potential. [418]. The positive charge
acquired on the surface of nanoparticles is always regarded excellent since it may penetrate deep
into cell membranes and absorb at a higher rate than negatively charged particles. Nanoparticles
possessing a slight positive charge enhance their ability to be internalized, whereas an increased
positive charge can lead to cellular toxicity [419]. Conversely, the negative charge does not
penetrate the cell wall; instead, it serves to inhibit degradation under certain conditions and
improves the stability of particles in circulation. Additionally, a correlation between surface charge
and the antibacterial efficacy of nanocurcumin was identified by No et al. No et al. [420] found
that positively charged curcumin nanoparticles had superior antibacterial action against Listeria

monocytogenes.

Many biological activities rely on surface hydrophobicity, including protein adsorption and
denaturation [421], immune cell activation, contact with biological membranes or cellular

absorption, and increased toxicity [422]. Previous research demonstrated that the hydrophobicity




of nanomaterials has a direct impact on nanocarrier stability and biodistribution [423]. As a result,
it is a key component under control in drug delivery systems. Curcumin's hydrophobic nature
makes it difficult for it to penetrate the cell membrane and attach to the fatty acyl chains of
membrane lipids through hydrophobic interactions and hydrogen bonds. As a result, there is
relatively little curcumin in the cytoplasm. Curcumin nano formulations overcome these
challenges and improved its bioavailability, showing potential as a medication delivery strategy.
The choice of carrier system and preparation technique utilized to create nanodrugs have a
significant impact on their loading and entrapment efficiency. Both have a significant influence on
the quantity and degree of medication release from the carrier and are essential to drug delivery.
Entrapment efficiency refers to the percentage of the drug that is successfully adsorbed or
encapsulated within the nanoparticles, while loading efficiency pertains to the ratio of the drug to

the carrier system [424].
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3. Materials and Methods

3.1 Nanocurcumin Synthesis and Characterization

3.1.1 Reagents

Curcumin: Curcumin was purchased from Sigma Chemicals Company, St. Louis
3.1.2 Methodology

Curcumin was dissolved in dichloromethane (DCM) to create a 0.018 M curcumin solution
for nanocurcumin production. For 10 minutes, the solution was added to warm (500C)
Milli-Q ultrapure water at a flow rate of 0.2 mL/min while being continuously stirred using an
ultrasonic-pulse sonicator (Hielscher Ultrasonic Processor UP100H, Germany). It was then
sterilized by autoclaving, freeze-dried at - 800C followed by lyophilization (Eyela-FDU- 2000,

Japan). A dry orange coloured powder of nanocurcumin was obtained.

The laboratory-synthesized nanocurcumin's surface plasmon resonance was optically
examined with a UV-Vis spectrophotometer (UV-3101PC, Shimadzu, Japan). A Field Emission
Scanning Electron Microscope (FE-SEM, FEI INSPECT F50, Netherlands) was used to assess the
size and morphologically characterize the nanocurcumin. The produced nanocurcumin was
analyzed using Fourier Transform Infrared Spectroscopy (FTIR) (Perkin-Elmer FTIR-1600, USA)
after mixing dried nanoparticle powder with KBr. Spectra were taken of 4 cm-1. FTIR was used
to identify the presence of various functional groups. Using XRD, the produced nanocurcumin’s
crystalline nature was identified (Bruker AXS, Inc., Model D8,WI). To identify the crystalline
phase, the sample was subjected to 40 kV voltage, 40 mA current, and a scanning rate of 0.028

min-1 over a range of 20 (5 to 40°).
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3.2 Experiments

3.2.1 Animals and Treatments

Thirty female albino rats of the Wistar strain (Rattus norvegicus), weighing 140-150 g and
aged 60-75 days, were procured from the Animal Housing Facility and maintained with protein
restricted diet according to the guidelines of the Institutional Animal Ethics Committee of the
Jadavpur University, Kolkata, India (Ref. No.: AEC/PHARM/1502/14/2015, Dated: 112
30/07/2015)24. The animals were in polypropylene cages in an air-conditioned room. The animals
were fed a regular protein-restricted diet consisting of 5% casein, 83% carbohydrate, 7% fat, 4%

salt mixture, and 1% vitamin mixture [1].

Thirty female albino rats equally divided into six groups of five rats in each and treated as

below for 21 days:

Group-I: Served as Control group in which animals were received no treatment.

Group-I1: Nicotine treated group in which animals were injected (subcutaneously) with the

effective dose of nicotine (2.5 mg/kg body weight).

Group-I11: Nicotine and curcumin treated group in which animals were injected (subcutaneously)
with the effective dose of nicotine (2.5 mg/kg body weight) and received effective dose of

curcumin (80 mg/kg body weight) orally.

Group-1V: Nicotine and nanocurcumin treated group in which animals were injected
(subcutaneously) with the effective dose of nicotine (2.5 mg/kg body weight) and received

effective dose of nanocurcumin (4 mg/kg body weight) orally.
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Group -V: Nanocurcumin treated group in which animals were supplemented with effective dose

of nanocurcumin (4 mg/kg body weight) orally for three weeks.

3.2.2 Administration of Nicotine

As a stock solution, 2.5 g of nicotine hydrogen tartrate salt was diluted in 1 mL of normal
saline. It was diluted with normal saline to achieve a final concentration of 2.5 pg/uL. A syringe
was filled with the required volume of nicotine solution based on the animals’ body weights, and

it was administered subcutaneously into the animals every day for 21 days.

3.2.3 Administration of Curcumin and Nanocurcumin

Curcumin and nanocurcumin were disseminated separately in sterile distilled water and
supplied orally with gavages three hours after nicotine treatment in their respective groups of
animals. After 21 days of treatment, the animals were starved for 12 hours and then sacrificed the
next day after being given mild anesthesia. The selective dose for this experiment is nicotine (2.5
mg/kg bodyweights/day), curcumin (80 mg/kg bodyweights/day), and nanocurcumin (4 mg/kg
bodyweights/day) for 21 consecutive days to the respective groups of animals as designed. Blood
samples were drawn directly from the heart and preserved in a simple vial with no anticoagulant.
Sera were separated and kept at -20°C for further analysis. To avoid auto-oxidation, vital organs

such as the kidney, liver, and pancreas were dissected out and kept in vacuum desiccators at -20°C.

3.3 Biochemical Analysis

3.3.1. Estimation of Hepatic Enzymes

3.3.1.1. Acid Phosphatase Activity (ACP) in Serum
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The method described by Bessey et al., 1946 [2] was used to measure the serum Acid

Phosphatase level using a commercially available kit (Arkray Healthcare Pvt. Ltd, India).

3.3.1.1.1. Reagents

1. Acid buffer-substrate solution

2. NaOH (0.1N)

3.3.1.1.2. Procedure

Two dry sterile glass tubes were labeled as "sample” and "control”, respectively. Each test
tube was filled with 1ml of acid buffer-substrate solution and incubated for 5 minutes at 37°C. The
tubes were then incubated for another 30 minutes at 37°C after serum (0.2ml) was added to the
"sample”. Each tube was filled with 4 ml of sodium hydroxide (0.1N); serum (0.2 ml) was added
as a "control" and thoroughly mixed. After proper mixing, optical density measured at 405nm
against in Spectrophotometer that recorded was the difference of the "Sample™ and corresponding

"Control".

3.3.1.2. Alkaline Phosphatase Activity in Serum

Using a commercially accessible kit (Arkray Healthcare PVT. Ltd., India), the serum alkaline

phosphatase level was calculated using the methodology outlined by Kind and King, 1954 [3].

3.3.1.2.1. Reagents

1. Buffered substrate (pH 10)
2. Chromogen reagent

3. Phenol standard (10 mg %)
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4. Distilled Water

3.3.1.2.2. Procedure

Four test tubes were taken for every serum sample. "Sample™ was the label for one,
"Control" for another, and "Blank™ and "Standard" for the other two. 1.5 ml of distilled water and
0.5 ml of alkaline buffer—substrate solution were added to each tube, and the tubes were then
allowed to equilibrate for 3 minutes at 37°C. 0.05 ml of serum was placed in the "sample,” and
0.05 ml of phenol standard (10 mg; 0.05 ml) was placed in the "standard" tube. Both were then
incubated for 15 minutes at 37°.Each tube was filled with 1 ml of the chromogen reagent. The
"control” tube was filled with 0.05 ml of serum. Finally, the Spectrophotometer was used to
measure the absorbance of Blank (B), Standard (S), Control (C), and Test (T) at 510 nm against

purified water.

3.3.1.3. Aspartate Aminotransferase (AST) Or SGOT Assay

The AST level was determined as described by Reitman and Frankel (1957) [4] using a

commercially available kit (Arkray Healthcare Pvt. Ltd., India).

3.3.1.3.1. Reagents

1. Alanine o Keto Glutarate substrate (pH-7.4)

2. DNPH (2,4- dinitrophenylhydrazine) colour reagent
3. NaOH solution (4N)

4. 6mM working pyruvate standard (1501U/L)

5. Deionized water
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3.3.1.3.2. Procedure

In this procedure, four dry, sterile test tubes were taken and labeled as "Blank", ""Standard",
"Test", and "Control". Each test tube filled 0.25 ml of buffered aspartate-ketoglutarate solution
(pH-7.4). Then serum sample of 0.05 ml was added into the tube marked as "Test". The vial labeled
"Standard" was filled with 0.05 ml of the working pyruvate standard (6 mM) sample. After that,
the tubes were incubated for 60 minutes at 37°C. Each tube was then filled with 0.25 ml of the 2,
4-DNPH color reagent. In the meantime, 0.05 ml of deionized water was put into the "Blank™ tube.
0.05 ml serum sample was added to the "Control" tube. After being equilibrated, each tube was let
to stand at room temperature (+15°C to +30°C) for 20 minutes. After the incubation period ended,
each tube received 2.5 ml of sodium hydroxide (4N). Lastly, within 15 minutes, O.D. was

measured in a spectrophotometer at 505 nm against purified water.

3.3.1.4. Alanine Aminotransferase (ALT) or SGPT Assay

Reitman and Frankel (1957) used a commercially available kit (Arkray Healthcare Pvt.

Ltd., India) to assess the ALT level [4].

3.3.1.4.1. Reagents

1. Alanine o Keto Glutarate substrate (pH-7.4)
2. DNPH (2,4- dinitrophenylhydrazine) colour reagent
3. 8mM working pyruvate standard (IU/L)

4. Deionized water
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3.3.1.4.2. Procedure

In this procedure, four dry, sterile test tubes were taken and labeled as "Blank", ""Standard",
"Test", and "Control". In each test tube, 0.25 mL of buffered Alanine o Keto Glutarate substrate
(pH-7.4) was added. A serum sample of 0.05 ml was placed in the tube labeled "Test". Add 0.05
ml of the working pyruvate standard (8mM) sample to the "Standard" tube. After that, each tube
was incubated for 30 minutes at 37°C. Meanwhile, 0.05 ml of deionized water was added to the tube
labeled "Blank". The "Control" tubes were filled with 0.05 ml of serum sample. After being equilibrated,
each tube was maintained at room temperature (+15°C to +30°C) for 20 minutes. Each tube was then filled

with 2.5 ml of sodium hydroxide (4N). After evenly mixing each tube, the O.D. was determined within 15

minutes at 505 nm using purified water in a spectrophotometer.

3.3.2. Assessment of Renal Parameters

3.3.2.1. Urea Assay

The Diacetylmonoxide (DAM) technique, as outlined by Friedman and Young (2000), was
used to estimate the concentration of urea in serum using a commercially available kit (Arkray

Healthcare Pvt. Ltd., India) [5].

3.3.2.1.1. Reagents

1. Urea reagent
2. Diacetylmonoxime (DAM)

3. Working urea standard (30 mg%)
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3.3.2.1.2. Procedure

Three test tubes, designated "Blank,” "Test,” and "Standard,” were needed for the
experiment. The urea reagent (2.5 ml) was added to each tube. The tube marked as “Test" was then
filled with 0.01 ml of the serum sample. The "Standard" tube was then filled with 0.01 ml of
working urea standard (30 mg%). After proper mixing, Diacetylmonoxime (DAM), 0.25 ml, was
then added. The tubes were immersed in boiling water for 10 minutes, then cooled under running
tap water for 5 minutes. Optical density was measured using a spectrophotometer at 525nm against

"Blank".

3.3.2.2. Creatinine Assay

Creatinine in serum was estimated using the Alkaline Pictrate Method described by Moss

etal., 1975, and a commercially available kit (Arkray Healthcare Pvt. Ltd., India) [6].

3.3.2.2.1. Reagents

1. Picric Acid
2. 0.75 (N) NaOH solution

3. Stock Creatinine Standard (150 mg%)

3.3.2.2.2. Procedure

0.5 ml of water and 3 ml of picric acid was added into the tube containing 0.5ml of serum
samples, this helps in deproteinization. The tube was then immediately cooled by keeping it under
running tap water after being in a boiling water bath for precisely one minute. It was then either
filtered or centrifuged. After that, 2 ml of the filtrate was collected and placed in the "Test" tube.

The "Standard" tube was filled with 0.5 ml of stock creatinine standard (150 mg%). 0.5ml of
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double distilled water was added to the "Blank" tube. Picric acid (1.5ml) was added to the "Blank"
and "Standard" tubes. Finally, stopping the reaction by 0.5 ml of sodium hydroxide (0.75N) was
added to each tube. After thoroughly mixing each tube and incubating them for precisely 20
minutes at room temperature (+15°C to +30°C), the optical densities of "Blank," "Standard," and

"Test" were measured spectrophotometrically at 520 nm against purified water.

3.3.2.3. Estimation of Blood Urea Nitrogen (BUN)

Using a commercially available kit (Arkray Healthcare Pvt. Ltd., India), the BUN in serum

was estimated using the calculation method outlined by Wallker et al., 1990 [7].

3.3.2.2.1. Calculation

BUN= A x 0.467

Here, A= Urea (mg/dl) calculated as above

3.3.3. Total Cholesterol Assay

Using a commercially available kit (Arkray Healthcare Pvt. Ltd., India), total cholesterol

was calculated in accordance with Allain et al., 1974 [8].

3.3.3.1. Reagents

1. Cholesterol mono reagent

2. Cholesterol Standard
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3.3.3.2. Procedure

For each serum sample, three test tubes (dry, sterile) were used. One used as a "Test" and
another two were labeled as "Blank™ and "Control". 1ml of enzyme reagent was added into all
three tubes and the 10ul of cholesterol standard solution (200mg/dl) was added into the "Standard"
tubes only. 10ul of serum sample was pipetted out and added into the tube marked as "Test". All
the tubes were equilibrated properly and kept for incubation at 37°C for 5 minutes. Then the

absorbance was measured against Reagent Blank at 505nm.

3.3.4. Estimation of High-Density Lipoprotein

Using a commercially available kit (Arkray Healthcare Pvt. Ltd., India), total cholesterol

was calculated in accordance with Grundy's 1993 description [9].

3.3.4.1. Reagent

1. Cholesterol mono reagent
2. Precipitating Reagent

3. HDL- Cholesterol Standard

3.3.4.2. Procedure

To separate HDL-cholesterol (HDL-C), 200 pl of serum and 200 ul of precipitating reagent
were placed in a dry test tube, incubated for 10 minutes at 15°C to 30°C, and then centrifuged at
2000 x g for 15 minutes. HDL was estimated using the supernatant. We took three dry glass tubes
and labeled them "Sample," "Blank," and "Standard." Respectively. One ml of cholesterol mono

reagent was taken in each tube. HDL- Cholesterol Standard (100 pl) was added in “Standard”, 100
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ul sample in “Sample,” mixed well and incubated at 37°C for 10 mins. A 505 nm filter was used

to capture the O.D. against "Blank.”

3.3.5. Triglycerides Assay

A commercial kit (Arkray Healthcare Pvt. Ltd., India) was used to quantify serum

triglycerides using the methodology outlined by Werner et al., 1981 [10].

3.3.5.1. Reagents

1. Triglyceride mono reagent

2. Triglyceride Standard solution

3.3.5.2. Procedure

Three tubes (dry, glass) were taken and marked as “Sample,” “Blank,” and “Standard,”
respectively. Each tube was filled with 1 ml of the triglyceride mono reagent. 10 ml of triglyceride
standard solution were placed in "Standard™ and 10 ml of serum in "Sample." All tubes were then

incubated for ten minutes at 37°C. O.D. was obtained against "Blank" using a 505 nm filter.

3.3.6. Estimation of Very Low-Density Lipoprotein (VLDL) Cholesterol

VLDLC was calculated by the formula described by Suchanda, 2008 [11].

VLDLC = Triglycerides (mg/dl)/ 5

3.3.7. Estimation of Low-Density Lipoprotein (LDL)

LDL cholesterol was calculated by the using the formula described by Oliveira et al., 2013 [12].

LDL cholesterol= Total cholesterol (mg/dl) — Triglycerides (mg/dl)/5 — HDL-C (mg/dl).
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3.3.8. Estimation of Lipid Peroxidation

The level of lipid peroxidation was determined using the thiobarbituric acid test as reported by

Chatterjee and Agarwal, 1988 [13].

3.3.8.1. Reagents

1. Phosphate buffer
2. 20% trichloroacetic acid solution

3. Thiobarbituric acid (TBA)

3.3.8.2. Tissue Preparation

0.5 g of liver tissue was homogenized in 5 ml of phosphate buffer (0.1M; pH 7.5) and

centrifugation at 7000 x g for 20 mins. The experiment was performed with the clear supernatant.

3.3.8.3. Procedure

2 ml of homogenate, 1 ml TCA and 2 ml TBA were taken in a Stoppard tube mixed
thoroughly and heated for 10 mins in boiling water bath. Then quickly cooled and centrifuged for

10 minutes at 5000 x g). The OD was measured at 530 nm against a blank.

3.3.8.4. Calculation

The lipid peroxidation level was estimated by the malondialdehyde (MDA\) level produced
by the breakdown of hydroperoxide. The extinction coefficient for MDA is 1.56 x 105/ M/ cm

[14]. The findings were represented as nanomole MDA per mg of protein.
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3.3.9. Estimation of Antioxidant Enzymes

3.3.9.1. Estimation of Catalase (CAT)

Estimation of Catalase (CAT) Catalase was estimated using the enzyme-catalyzed

breakdown of H20>, as described by Cohen et al., 1970 [15].

3.3.9.1.1. Reagents

1. Phosphate buffer (0.01 M; pH 7.0)
2. H202 (6 mM)
3. H2S04 (6 N)

4. KMnOj4 (0.01 N)

3.3.9.2. Tissue Preparation

Homogenizing 0.5 g of liver tissue in 5 ml of phosphate buffer (0.01M; pH 7.5), the sample

was centrifuged for 20 mins at 7000 x g. The experiment was performed with the clear supernatant.

3.3.9.3. Procedure

For this experiment 3 glass tubes (dry, sterile) were taken and leveled as Sample, Blank,
and Standard. Cold sample, buffer, and distilled water were all obtained in separate tubes at 0.5 ml
each. The enzymatic reaction was initiated by thoroughly mixing in 5 ml of cold H.O; for 3
minutes. 1ml of H2SO4 (6 N) was then added to stop the reaction. Optical density was measured at

480 nm as soon as 7 ml of KMnO4 (0.01 N) was added.
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3.3.9.4. Calculation

The catalase activity was expressed by the rate of decomposition of H>O> using the formula:

K=log (So/S3) X 2.3/T

K= (Log So/S3) x 2.3/ T

K = first-order reaction rate constant

T = time interval for which reaction was carried out (3mins)

So = substrate concentration at zero time

S3 = substrate concentration after 3mins

Catalase activity is expressed in nmol H.O> decomposed / min/mg protein

3.3.9.5. Estimation of Superoxide Dismutase (SOD)

Beauchamp and Fridovich (1971) described, the enzymatic reduction of nitro tetrazolium

to pharmazone by superoxides was used to estimate SOD activity [16].

3.3.9.5.1. Reagents

1. 1 mM Phosphate buffer (pH 7.8)

2. Methionine (650 mM)

3. Riboflavin (900 UM)

4. Nitro-blue tetrazolium (NBT) (7.5 mM)

5. EDTA (200mM)

(WAS



Chapter II.  Materials and Methods.............

3.3.9.5.2. Tissue Preparation

5 grams of liver tissue were mixed in 5 ml of phosphate buffer (0.01M; pH 7.8) and centrifuged

for 20mins at 7000 x g. The clear supernatant was used for the test.

3.3.9.5.3. Procedure

300 pl NBT, 600 pl methionine, 150 pl EDTA, 1.7 ml phosphate buffer, and 50 pl tissue
homogenate were collected in a glass tube. The "Control" tube was one that contained no tissue
homogenate. Each tube received 200 pl of riboflavin, which was then maintained under tube light.

optical density. was measured at different times intervals at 560 nm.

3.3.9.5.4. Calculations

Z = (X~ Y)/ X *100

Z= SOD activity in nmol O2 decomposed / min / 100 mg protein

X= Optical Density at zero mins

Y= Optical Density at 2 mins

3.3.9.6. Estimation of Glutathione Peroxide (GPx)

GPx activity was determined by oxidizing selenol with H>O, (Levander et al., 1983) [17].

3.3.9.6.1. Reagents

1. 50 mM Phosphate buffer (pH 7.0)
2. 50 mM EDTA

3. 200 mM Glutathione (GSH)
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4. NADPH

The reaction mixture included 11.808 ml of phosphate buffer with EDTA, 20 ul glutathione
reductase, 64.8 ul GSH, and 1.2 mg NADPH. The pH of the solution was then adjusted to 7.0

using 108 ml of phosphate buffer.

3.3.9.6.2. Tissue Preparation

Liver tissue (5 gm) was homogenized in 5 ml of phosphate buffer (50 mM; pH 7.8) and

centrifuged at 7000 x g for 20 minutes. The experiment was performed with the clear supernatant.

3.3.9.6.3. Procedure

In a glass tube, 3 ml of reaction mixture were mixed with 50 ul of homogenate, and the
optical density (OD) was measured at 340 nanometers. 10 ul of H202 was then added. After
adding H202 for 0, 30, and 60 seconds, the OD was measured. In another tube, combine 3 ml of
reaction mixture, 50 pl of phosphate buffer, and 10 pl of H202. Measure O.D. at 340 nm and use

as 'Blank.

3.3.9.6.4. Calculation

Units/ml enzyme = sample optical density x 2 x total volume of assay x dilution factor (6.22) x

volume of sample used.

GPx activity = Units/ml enzyme amount of protein value were expressed as n mole/ min/ mg

protein
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3.3.9.7. Calculation of Superoxide and Peroxide Handling Capacities (SPHC)

Superoxide and peroxide handling capacities (SPHC) were calculated as described by

Nayak et al., 2014 [18].

GSH-independent SPHC= CAT/SOD

GSH-dependent SPHC = GPx/SOD

3.3.10. Total Protein Estimation from Tissues

The total protein content of several organs such as the liver, kidney, and ovary were

determined using the Lowry technique [19].

3.3.10.1. Reagents

1.

2.

3.

4.

5.

6.

7.

Phosphate buffer (pH 7.0)

Na2CO3 (2%) in 0.1 N NaOH

NaK Tartrate (1%) in H20

CuSO4. 5 H20 (0.5%) in distilled H20
Reagent I: A-48 ml + B — 1ml + C-1ml
Reagent I1- Folin-Phenol [2 N]: water [1:1]

BSA Standard - 1 mg/ ml

3.3.10.2. Tissue Preparation

0.5 gm tissue (liver, kidney, ovary) was homogenized in phosphate buffer (5 ml; 50mM;

pH 7.0) and centrifuged at 7000 x g for 20 minutes. The clear supernatant was used for the test.
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3.3.10.3. Procedure

A standard graph was created using known concentrations of BSA. The quantity of protein
in the test sample was determined using the standard graph provided. The amount of protein in

samples was measured from the standard graph according to the respective OD values.

3.3.11. Protein Oxidation Assay

3.3.11.1. Reagents

1. Phosphate buffer (pH 7.4)
2. Trichloro acetic Acid

3. DNPH (10mM)

4. HCI (2N)

5. Ethanol

6. Guanidine hydrochloride (6 M)

3.3.11.2. Procedure

Protein oxidation was evaluated using the Levine et al. (1994) [20] approach, which
involved measuring the carbonyl concentration of serum. The serum was centrifuged for 10
minutes at 12,000 rpm after being diluted with phosphate buffered saline at a 1:40 ratio.
Centrifugation for 5 minutes was used to precipitate the serum protein after adding cold
trichloroacetic acid (TCA, 20% final concentration). Solution 10 mM DNPH in 2 N HCI was
combined with precipitated protein and stored in the dark for 1 hour with frequent vortexing at 15-
minute intervals. The protein solution was then centrifuged for 5 minutes at 12000 rpm after being

mixed with cold TCA (10% final concentration). The supernatants were discarded and protein
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pellets were washed with 10% TCA by centrifugation. To remove any remaining free DNPH, 1
milliliter of ethanol/ethyl acetate (in a 1:1, v/v ratio) was added. After being suspended in 6 M
guanidine hydrochloride, the samples were well mixed and incubated for 15 minutes at 37 °C. OD

was calculated against 366 nm.

3.3.12. Estimation of Haemoglobin

The Sahli's Haemoglobinometer was used to estimate the percentage of hemoglobin [21].

3.3.12.1. Reagents and Accessories

1. Haemoglobinometer

2. HCI (0.IN

3.3.12.2. Procedure

Two tubes, 20 mm3 of hemolyzed with the same volume of 0.1N HCI and saturated CO
gas, consist of the hemoglobinometer. This tube's color was considered the standard. In a separate
tube, a blood sample was combined with an equal volume of HCI (0.1N), and color development

was noted. The colour intensity of the sample adjusted with that of standard by adding HCI (0.1N).

3.3.13. DNA Extraction from Blood

The DNA was extracted from a blood sample, and its content was assessed using a slightly
modified approach of the National Institute of Health procedure, 2004, as reported by Banerjee et

al., 2012 [22].
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3.3.13.1. Reagents

1. RBC lysis buffer

2. Nuclei lysis buffer

3. SDS (Sodium Dodecyl Sulphate) (10%)
4. Proteinase K

5. NaCl solution (6 M)

6. Ethanol

7. Tris-EDTA (T.E.) buffer (pH 8)

3.3.13.2. Procedure

DNA was extracted using the salting-out technique. RBC lysis buffer (200ul) was mixed
with 200ul EDTA blood and incubated for 20 minutes at room temperature. The tube was
centrifuged at 1000 x g for 10 minutes at 4 °C. The pellet was separated by removing the
supernatant. Nuclei lysis buffer, proteinase K, and SDS were added to the pellet, which was well
mixed and incubated at 65°C for 2-3 hours. Ice-chilled ethanol (100%) was added, and the contents
were mixed by inverting the tube 10-20 times. The tube was centrifuged at 10,000 rpm for 10
minutes to precipitate DNA. Using a wide-mouthed spoon, the DNA was transferred to a
microcentrifuge tube filled with 70% ethanol. At 4°C, the tube was centrifuged for 10 minutes at
13K. The precipitated DNA was dissolved in T.E. buffer (pH-8), and the supernatant was discarded. The

Elico spectrophotometer was used to evaluate the DNA content and purity at A230, A260, and A280.

3.3.13.3. Calculation

Concentration of DNA (pg/ml) = (OD at A260 — OD at A320) X dilution factor X 50 pg/ml.
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Total DNA isolated (ug) = Concentration of DNA X Final sample volume (ml).

Purity of DNA = A260/A280

3.3.14. DNA Extraction from Tissue Cells

The DNA was isolated from the tissue cell, and the content was assessed using a slightly

modified technique reported by Gupta (1984) [23].

3.3.14.1. Reagents

=

Homogenizing buffer (1% SDS, 50 mM EDTA)
2. Tris HCI (1 mM; pH 7.4)

3. Proteinase K (100 pg/uL)

4. Phenol (Distilled)

5. Sevag (chloroform: isoamyl alcohol; 24:1)

6. Ethanol

7. NaCl (5 M)

8. Tris-HCI (50 mM; pH 4)

9. RNAse (100 pg/ml)

10. Tris-EDTA

3.3.14.2. Procedure

50 mg of liver tissue and homogenizing buffer were taken in a tube and homogenized with
tissue rafter (REMI-RQ127A), proteinase K (100 ug/uL) was then added and incubated at 45°C
for 45 mins). 0.5 ml of 1 mM Tris HCI (pH 7.4) was added after incubation, and the mixture was

centrifuged at 4000 x g for 10 minutes at 4°C. The supernatant was discarded progressively with 1
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volume of phenol, 1:1 combination of phenol and Sevag, and Sevag was mixed for 5 minutes, 3
minutes, and 3 minutes, respectively. The separation step involved centrifugation at 14000 x g for
25 minutes at 4°C. NaCl (5 M) 0.1 volume and 1 ml ethanol (100%) was added and stored at -20°C
for one hour. Finally, the DNA was precipitated by centrifugation at14000 x g; for 15 mins. The
precipitated DNA was rinsed twice with 70% ethanol and dissolved in T.E. buffer (0.5 ml). To
remove RNA, RNAse (100 pg/ml) was added to Tris-HCI and incubated for 30 minutes at 38°C.
DNA was dissolved in 0.2 ml of T.E. buffer. The concentration, quantity, and purity were

determined spectrophotometrically at A230, A260, and A280 (Elico Spectrophotometer).

3.3.14.3. Calculation

Concentration of DNA (pg/ml) = (OD atA260 — OD at A320) X dilution factor X 50 pg/ml.

Total DNA isolated (png) = Concentration of DNA X Final sample volume (ml).

Purity of DNA = A260/A280

3.3.15. Assessment of DNA Damage by Comet Assay

The DNA damage was calculated using the comet test, as described by Singh et al., 1988

and Kido et al., 2006, with minor changes [24, 25].

3.3.15.1. Principle

Ostling and Johanson initially described the Comet Assay, which measures DNA damage
in eukaryotic cells, in 1984. The assay uses the single cell gel electrophoresis (SCGE) technique
to assess the type of breaking in single and/or double-stranded DNA. This approach immobilizes

the cells on a double-layered gel slide made of low and high melting agarose. The immobilized
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cells are then lysed in alkaline solution and electrophoresed to determine the type of comet
structure. Because of its overall negative charge, the damaged and fragmented DNA loses its
orderly and compact structure and moves towards the anode. Undamaged DNA, on the other hand,
will remain strongly bound to its nuclear association. This movement of damaged and broken DNA

will generate a distinctive pattern like that of a comet following ethidium bromide staining.

3.3.15.2. Reagents

=

High melting agarose (Melting point 40 — 42°C) (2%;)

2. Low melting agarose (0.5%)

3. Lysis buffer (Tris- EDTA) pH 10

4. Alkaline Electrophoresis Buffer (300 mM NaOH in 1 mM EDTA) pH 13
5. Neutralizing buffer (0.4 M Tris-HCI) pH 7.5

6. Homogenizing Buffer (0.075M NaCl; 0.024M EDTA)

~

Ethidium bromide (20 pg/ml)

3.3.15.3. Procedure

Kido et al., 2006 procedure was slightly modified for the comet assay [25]. On a frosted
transparency slide, 200 pL of high melting agarose (Genei, India) was spread out and covered with
a cover slip, and left to cast. 20 uL of whole blood was combined with 80 pL of melted low melting
agarose (Genei, India) in a microcentrifuge tube. The low melting agarose blood mixture was
carefully deposited in the groove created by removing the cover slip from the previously prepared
slide. After covering it with a cover slip, it was left to cast for fifteen minutes. After carefully
removing the cover slip, the freshly made cold lysis solution was incubated for two hours at 40C.

The slides were immersed in alkaline electrophoresis solution at 40°C, put on a horizontal gel
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electrophoresis device, and left in the dark for 15 minutes. Electrophoresis was initiated (1 v/cm;
250 mA) in the dark for 15 minutes. Following electrophoresis, the slides were washed with
neutralizing buffer. Following Ethidium bromide staining, the slides were examined and

photographed at 40 x magnification using the Leica fluorescence microscope Model 300 FX.

3.3.15.4. Measurement of comet parameter

The comet head diameter, tail length, and percentage of DNA damage were measured using
the technique described by Uhl et al., 2000 [26]. A fluorescent microscope Model 300 FX was
used to screen and evaluate 50 cells per animal at a magnification of 40 x. Using Image J software,

the quantification of DNA damage in each cell was quantified as follows:

Total amount of DNA in the comet = (Total comet Area) x (Mean DNA intensity)

Total DNA in the comet head = (Total Head area) x (Mean DNA intensity)

% Of DNA damage = (Total DNA in comet) — (Total DNA in comet head) x 100

(Total DNA in Comet)

8 Tail length (IT): Distance between the end of the comet head and the end of the DNA migration

8 Head Area (A.H.): The area covered by comet head.

8 Comet Area (A.C.): The area covered by the total comet.

8 Mean Head intensity (I.H.): The mean intensity of the pixels located in the head area.

8 Head DNA (DNAH): The sum of the intensities located in the head area

DNAH = AH x IH
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8 Tail Area (AT): The area covered by the comet tail.

AT =AC - AH

§ Tail DNA, DNAT: The difference between total comet DNA and head DNA.

DNAT = DNAC - DNAH

8 Percent Tail DNA (% DNAT): The percentage DNA in the tail.

% DNAT =100 DNAT / (DNAT+ DNAH)

8§ Tail Moment (M.T.): The product of tail length and fraction of DNA in the tail.

MT =IT x % DNAT

3.3.16. Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA uses solid-phase enzyme immunoassay (EIA) to quantify the lowest range of
ligand/antigen (ng/mL to pg/mL) in a liquid sample. It is a valuable diagnostic technique in
medicine for quality control and detecting particular proteins in solutions [27]. A ligand-specific
antibody measures the ligand. A solid surface (polystyrene microtiter plate) is coated with antigen
(Ag) either non-specifically or specifically (also known as "sandwich™ ELISA). Together with the
antigen, the targeted antibody (Ab) immobilizes and forms an antigen-antibody complex. Any
secondary antibody that has been bio-conjugated by an enzyme can detect the antibody. The
aggregation of both antibodies (primary and secondary) is responsible for altering the color of the
product, indicating the presence of an Ag: Ab complex. It is a diagnostic procedure for qualitative
and quantitative detection of an antigen or antibody. The commercially available ELISA kit

Genetix Puregene (India) was used in my work to quantify insulin, cytokines (IL-4, IL-6, TNF-a,
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and IFN-y), apoptotic markers (BAX and Bcl-2), and hormones (progesterone and estradiol). The
Sandwich ELISA technique was utilized to quantify the above-mentioned parameters. Specific
monoclonal antibody pre-coated microplates were utilized. In the microtitration plate wells
designated for each individual parameter, the corresponding standard, control, and sample were
collected. After washing off the unbound components, the wells were filled with an enzyme-linked
polyclonal antibody that was specific to the parameter. Unbound antibodies, if any, were washed
away and a particular substrate solution was added. The reaction was stopped by adding a stop
solution. Different intensity of colour depending upon products was measured. Quantification of
studied parameters was done by calculating the ODs of samples and standard and control from the

standard curves.

3.3.17. Histo-Pathological Study of The Different Tissues

Following appropriate fixation and staining, histological analyses of the liver and kidney

of treated and untreated rats were conducted.

3.3.17.1. Material / Accessory Required

1. Compound microscope
2. Glass Slides

3. Cover Slip

4. Absolute alcohol

5. Haematoxylin

6. Eosin

7. Bouin’s fluid (for fixation)
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1) Fixation: Soft tissues from important organs such as the liver and kidney were sliced into pieces
and immersed in a significant volume of Bouin's solution for 24 hours. Tissues were cleaned with

70% and 80% alcohol many times to remove the fixative solution, then stored in 70% alcohol.

ii)Embedding: Tissue specimens were gradually dehydrated with increasing alcohol
concentrations (50%, 70%, 80%, and 95%). After that, the tissues were immersed in a combination
of absolute ethanol and chloroform for 4 hours, followed by another 4 hours in chloroform. The
specimens were then moved to a saturated paraffin and chloroform solution. The solution's
temperature was maintained between 560C -580C. in a paraffin bath. The specimens were
maintained in molten paraffin for three hours. The specimen was then put into an embedding frame
consisting of two glass plates and two L-shaped metal bodies with a spatula. The paraffin was soon
cooled by immersing the frame in cool water. The glass plate and metal frames were separated

from the solid paraffin.

iii) Cutting and Handling of Sections: The tissues were sectioned with a rotary microtome. The
specimen block was heated and put on a specific metal disk. By moving the block up and down
against the knife, many pieces of tissue were formed and remained adhered to one another, making
the ribbon. The ribbons were put on glass slides in a sequential order. An egg white and glycerine
combination was utilized as an adhesive. Before staining, the paraffin was removed by soaking in

xylol for 5 minutes.

iv) Staining (Haematoxylin and Eosin staining): Two distinct stains were used: haematoxylin,
a basic dye that stained the nucleus, and eosin, an acidic dye that stained the cytoplasm. First, the
slides with fixed sections were passed through different grades (95%, 80%, 70%, and 50%) of

alcohols then to Water. After adequate hydration, slides were maintained in haematoxylin solution
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for 5 minutes or until the sections became deep blue when seen under a microscope. The slides
were placed in water for 15 to 30 minutes to remove any remaining stain. The portions were then
subjected to several alcohol concentrations (50%, 70%, 80%, and 95%) for one minute each, and
then to 95% alcohol for five minutes. After that, the portions were immersed in an alcoholic eosin
solution for one to five minutes. Excess eosin was cleaned with 95% alcohol until no stains
remained. After that, the stains were immersed in a solution of equal parts absolute alcohol and

xylol for 5 minutes.

V) Clearing and Mounting: Clearing agents make sections visible and noticeable allowing
histological characteristics to be viewed clearly. Xylol is an effective clearing agent for
haematoxylin and eosin staining. Stained slides were immersed in fresh xylol for five minutes.
Once the cleaning agent had been drained, a drop of Canada balsam / DPX was immediately

applied to the tissue sections, followed by a gentle placement of a cover glass and drying.

3.4. Statistical Analysis

The experiments were done twice and all the data of different sets of experiments were entered
in excel sheets. were averaged over N = 12 animals, and given mean + S.D. Significance levels
were determined by using ANOVA, where * implied significant (p< .01) and ** implied highly
significant (p <.001) of the data when compared with the data of nicotine treatment. Similarly, #
implied significant (p<.01) and ## implied highly significant (p<.001) of the data when compared

with the data of nicotine + curcumin treatments.
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3.5. Cell Lines and Cell Culture

Two type cancer cell line used for this study were Human cervical cancer cell line (SiHa) and
Lung cancer cell (A549) and Non- cancerous cell line is human embryonic kidney cell line,
HEK293 which is served as a “Control”. SiHa is a cell line isolated from fragments of a primary
uterine tissue sample from a 55-year-old, female, Japanese patient with squamous cell carcinoma.
It has been discovered that SiHa cells express the p53+ and pRB+ genes, which are implicated in
DNA repair, tumor suppression, and cell cycle control. The karyotype of SiHa cells is
hypertriploid, with an average of 69—72 chromosomes. One to two copies of the viral genome are
integrated into each SiHa cell, indicating that the cells are HPV-16 positive. On the other hand,
A549 cells were isolated from the lung tissue of a White, 58-year-old male with lung cancer. The
A549 cell line is a hypotriploid human cell line that makes up 24% of cells. Its modal chromosome
number is 66. Modal numbers between 64 and 67 are typical with higher ploidies occurring at an

infrequent rate (0.4%).

These cell lines were procured from National Centre for Cell Science (NCCS), Pune, India.
Moreover, these cell lines also require appropriate growth medium and a temperature-controlled
environment to grow optimally. Dulbecco’s Modified Eagle Medium (DMEM), which contains
nearly double amount of amino acids used as the base culture medium for the cultivation of cells.
To provide supplements of growth factors, and attachment factors, 5 — 10% of Foetal Bovine
Serum (FBS) was added with the medium. To make it a ‘complete’ medium, 1 % of penicillin-
streptomycin were also added. These cells were maintained in T-25 sterile flask within a 37°C
humidified temperature and 5% CO> environment, which is essential to maintain the required pH
for the cells to survive. Cells were checked for the presence of any contaminants like Mycoplasma

before passage and commencement of any experiments. DNA extracted from PBS washed cell
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Figure 3.1: Morphology of Siha and A549 cell lines as observed under phase contrast microscope [28, 29].

lines is subjected to 16S rRNA detection. The absence of 16S rRNA molecules ruled out the
presence of Mycoplasma in cell line culture. The sequences of the forward and reverse primers

adopted in this study are:

U1 (forward) - SSGTTTGATCCTGGCTCAGGAYDAAC3';

U8 (reverse) - 5 GAAAGGAGGTRWTCCAYCCSCAC3',

gPCR tests are performed to detect 16S rRNA by using the universal U1 and U8 set of degenerate
primer pairs targeting 1.5 kb fragment. RT-PCR and microscopic DNA negative cultures are
considered for downstream studies only. The medium was changed every alternative day and after
attaining 80 — 90% confluence, the cells were detached from the flask surface by 2 ml of Trypsin-
EDTA solution, containing 0.25% trypsin and 0.02% EDTA in phosphate buffered saline, which
constitutes of 137 mM Na2HPOa, 137 mM NaCl, 2.7 mM KCI, 1.8 mM KH2PO4. Then the cells
were centrifuged at 3000 rpm for 3 minutes and the pellet was resuspended in the culture media
and seeded in new sterile flasks for further experiments and maintenance. For storage of cells, the
pellet was suspended in cell freezing media, containing FBS and DMSO in 9:1 ratio, within a cryo-

vial. The cells were then kept at -20°C for two hours followed by -80°C for overnight and then
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stored at liquid nitrogen. To have the frozen cells back to culture, they are defrosted and washed

in cell culture medium and seeded in a T-25 sterile flask with 5 ml of culture medium.

3.5.1. Drugs Used in the Study

The drug used for this experiment is Curcumin and nanocurcumin. Curcumin was
purchased from Sigma Chemicals Company, St. Louis. Nanocurcumin is prepared according to

the protocols reported 27.

3.5.2. Cell Viability Assay

To assess the direct cytotoxic effect of curcumin and nanocurcumin on Siha and A549 cells
which could lead to cell death, the MTT tetrazolium reduction assay was performed. This assay is
based on the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a
water-soluble yellowish tetrazolium dye, by the activity of mitochondrial dehydrogenases of
metabolically active cells to form purple coloured formazan crystal [30]. Comparing the intensity
of the colour produced by dissolution of the formazan crystals in Dimethyl sulfoxide (DMSO)
between untreated control cells and treated cells can, therefore, effectively provide the amount of
change in percentage of metabolically active cells or viable cells. Siha and A549 cells were plated
in 96-well plates at a density of 2 x 10* cells/well using phenol red free cell culture medium and
treated with different concentrations of curcumin and nanocurcumin, ranging from 10 -60 pM),
for 24 hours and 48 hrs. A 5 mg/ml stock solution of MTT (G-Biosciences) was prepared in PBS,
which was applied onto the cells at a volume of 20 pl/well and incubated at 37°C in dark for 3 — 4

hours following completion of the treatment. Following incubation, the medium containing MTT
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solution was removed from the wells and 100 ul (0.2 mL of DMSO was added in each well to
solubilize the formazan crystals formed by the activities of the viable cells. The plates were then
gently shaken for 10 minutes in dark condition, ensuring proper solubilization of formazan and the
absorbance of the final-coloured product was measured using Bio-Rad iMark™ Microplate Reader
(Bio-Rad Laboratories) at 590 nm. The relative cell survival rate is calculated based on the ratio

of the absorbance of the sample treatment relative to the absorbance of the control treatment.

Succinate

dehydrogenase
V (SDH)

MTT formazan
crystal ®

Figure 3.2: Graphical representation of formation of formazan crystals from MTT reagent.

SiHa and A549 cells were plated in 6-well plates at a density of 2 x 10° cells/well plate and cultured
overnight for adhesion of cells. After removing the culture medium, cells are treated with
inhibitory concentrations of curcumin and nanocurcumin for 48 hrs. SiHa and A549 (2x105) cells
are seeded in a 6 well plate and cultured overnight for adhesion of cells. After removing the culture
medium, cells are treated with inhibitory concentrations of curcumin and nanocurcumin for 48 h,
observed under a microscope (Olympus CKX53, Japan) and images are captured with Magvision

software.
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3.5.3. Cell Morphology Assay

The evaluation of the cell morphological study was carried out using ELISA assay Kkit,
procured from Cayman Chemicals (USA), following manufacturer’s protocol. SiHa and A549
cells were plated in 6-well plates at a density of 2 x 10° cells/well plate and cultured overnight for
adhesion of cells. After removing the culture medium, cells are treated with inhibitory
concentrations of curcumin and nanocurcumin for 48 h. Morphological features of the cells were
done using by inverted microscopy (Olympus CKX53, Japan) and images are captured with

Magvision software.

3.5.4. Detection of ROS by H2DCFDA Staining

Intracellular ROS generation was directly measured by H.DCFDA staining method. In this
study use oxidation-sensitive fluorescent dye, 2°, 7°,-dichlorofluorescein diacetate. H_-DCFDA is
a cell permeable dye which remains non-fluorescent till it reacts with ROS SiHa and A549 cells
are grown in 24 well plates and treated for 24 hrs with curcumin and nanocurcumin at 1Csg. After
removing the medium from the plate, the cells are rinsed with PBS and treated with 1mM
H2DCFDA dye for 20 mins at 37 °C in dark. Then the cells are washed twice with PBS and

examined under a microscope (Zeiss) for fluorescence emitting cells to determine ROS generation.
3.5.5. DAPI Staining to Determine Apoptotic Nuclei

DAPI (4',6-diamidino-2-phenylindole) is a fluorescent stain that binds strongly to adenine-
thymine (A-T) rich regions in DNA. It is commonly used in fluorescence microscopy and flow
cytometry to visualize and quantify cellular nuclei. DAPI emits blue fluorescence when bound to

DNA, allowing for the detection and analysis of DNA content and distribution within cells. To
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analyze the morphological changes in the apoptotic cell nuclei, cells are stained with DAPI and
observed under microscope. 2x105 cells of SiHa and A549 per well are seeded in 6-well plates
and cultured overnight in DMEM medium supplemented with 10% FBS. The medium is then
replaced with DMEM medium supplemented with 0.2% FBS and treated with curcumin and
nanocurcumin for 48 h. Thereafter, the medium is completely removed and the cells are washed
with ice cold PBS twice, fixed in 100% ethanol for 20 min at room temperature, and washed twice
again with cold PBS. Then the cells are incubated with 100 nm of DAPI in PBST for 5 min in

room temperature and observed under a fluorescence microscope (Zeiss).

3.5.6. Quantification of DNA Fragmentation

DNA fragmentation is one of the hallmarks of late apoptosis in majority of cell types. DNA
fragmentation is qualitatively analyzed by agarose gel electrophoresis by observing the DNA
ladder formation. Total DNA is isolated from cells according to the manufacturer’s protocol
(ROCHE Apoptotic DNA-Ladder Kit, Germany). Samples are mixed with loading dye (0.25%
bromophenol blue, 30% glycerol; v/v) and dispensed in wells of a 1% agarose gel. The gel is run
at 5 VV/cm for about 2 hrs, and the DNA is detected by ethidium bromide under UV light (GelDoc;

Bio-Rad XRS+)
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4. Instruments and Apparatus Used in the Research
4.1. Centrifuge

Antonin Prandtl invented centrifuged apparatus in 1864 to remove fat from milk. In my
research, the Plastocraft ROTA 3R centrifuge was used for experimentation. This machine
is used to separate fluids from particles of various sizes and densities. It is mostly utilized

in my research to separate protein, DNA, plasma, and serum from animal peripheral blood. This

centrifuge machine maintains the sedimentation principle and keeps the proper temperature

throughout the process.
4.1.1. Working Principle of Centrifuge

Under the action of gravity, the particles eventually sink to the bottom of the container.
Increasing the gravitational force acting on the particles can significantly speed up the settling
process. A tube filled with a suspension of particles, such tissue homogenate, is inserted into a
centrifuge's rotor and rapidly circulated. The force exerted on suspended particles is significantly
increased by the ensuing acceleration, which speeds up their deposition to the tube's bottom along

pathways perpendicular to the axis of rotation.
The force acting on a particle at the time of centrifugation is explained by the equation

F = mw2x

Where m = mass of the particle.

o = angular velocity of the spinning rotor in radians per second (one unit of circumference
contains 27 radians).

X = Distance of the particle from the axis of rotation
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During centrifugation, the value which has given for the force applied to the particles is a relative
one. It is contrasted with the force that the gravity of earth would have on the same particles. It is

called relative centrifugal force or RCF and is given by the following equation.

Fcentrifugation _ mw?X _ w2x

RCF = =
F gravity mg 9

Where “g” is the acceleration due to gravity and equals 980cm/sec/sec.

In my research, the Plastocraft ROTA 3R centrifuge was employed for experimentation. This
machine is used to separate fluids from particles of varying sizes and density. It is mostly utilized
in my research to extract protein, DNA, plasma, and serum from animals' peripheral blood. This
centrifuge machine follows the sedimentation principle and keeps the needed temperature constant

throughout the process.
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4.2. Spectrophotometer

This device was firstly discovered by Arnold. O. Beckman in 1940. The spectrophotometer
IS an instrument used to determine the quantity of transmittance and reflectance in a solution. The
UV-3101PC (Shimadzu, Japan) UV-VIS single-beam spectrophotometer was employed in this
investigation. This UV-Visible spectrophotometer was used to perform a number of quantitative
estimates of DNA and biochemical tests as well as numerous interaction studies. The
spectrophotometer is commonly used in chemistry, biochemistry, and biophysical chemistry to
quantitatively analyze solutes in a solution by measuring the amount of light absorbed in a cuvette.
It is the most useful technique rapidly used in various biochemical experiments which involve

DNA, RNA, enzyme kinetics Protein, etc.
4.2.1. Working Principle

Spectrophotometers function on the basis of Beer-Lambert’s law. This equation is

expressed as
A =logio (I/Ir)
=logio (1/T)
=-log10 T = ecl = OD
Where, A = Absorbance.
lo = intensity of the incident radiation.
I+ = intensity of the transmitted radiation.

€ = Molar Absorptivity or molar extinction coefficient.
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C = Concentration of the absorbing substance.
L = Optical path length.

A spectrophotometer can determine a compound’s wavelength based on its color. It measures the
quantity of light absorbed by chemical components by analyzing the intensity of light flowing

through a sample. This measurement is helpful in determining a sample’s quantification

Depending on the light source’s wavelength range, there are two main types of

spectrophotometers.

% UV —Visible spectrophotometer.

¢ IR Spectrophotometer.

There are two main types of spectrophotometers: single beam and double beam. The most crucial
tool is a double beam spectrophotometer, which divides beams into two distinct routes and
compares the light intensities of the two directions. One light path contains the reference sample,
while another includes the test sample. In contrast, single-beam spectrophotometers employ a

reference standard to standardize the instrument before measuring samples.
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4.3. Fluorescence Spectroscopy

Fluorescence spectroscopy (also known as fluorimetry or spectrofluorometry) is a form of
electromagnetic spectroscopy that analyses the fluorescence of a material. Fluorescence
spectroscopy is a technique for analyzing the fluorescence characteristics of a sample by
stimulating it with a specific wavelength of light and measuring the released photons. It employs
a light beam typically ultraviolet light to stimulate the electrons in specific compounds’ molecules,

causing them to release light.

LS 50B, Fluorescence spectroscopy, was employed in my investigation to analyze fluorescence

from a sample.

4.4. Fourier Transform Infrared Spectroscopy (FTIR)

In 1880s, Albert A. Michelson pioneered Fourier-transform infrared (FT-IR) spectroscopy.
FTIR stands for The Fourier transform infrared spectrometer, the preferred method of infrared

spectroscopy. It is the most advanced type and is preferred over other dispersive spectrometers. It
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is due to its excellent precision, accuracy, speed, increased sensitivity, ease of use, and sample
non-destructiveness. The fundamentals of infrared spectroscopy technology are based on atomic
vibrations in a molecule, which only absorbs specified frequencies and energy of infrared light.
FTIR can identify and classify molecules since various compounds have distinct infrared
spectrums. The FTIR spectrometer simply employs an interferometer to detect the energy
transferred to the sample. The infrared radiation released by the black body reaches the
interferometer, where signals are spectrally encoded. The resulting interferogram signal passes
through or bounces off the sample surface, absorbing specific energy wavelengths. The beam
ultimately passes through the detector and is then sent on to the processing computer for Fourier

transformation of energy signals.
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Figure 4.1: Schematic diagram of a Michelson interferometer, configured for FTIR

Fourier transform infrared spectroscopy (Perkin Elmer -FTIR-1600, USA) was employed in my

research to determine the functional group present in nanocurcumin.
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4.5. Ultrasonic Probe Sonicator

Ultrasonic probe sonicators are used in scientific and industrial applications to homogenize
samples, destroy cells, and reduce particle size. It disturbs particles or cells in a liquid by producing
high-frequency sound waves, also known as ultrasonics, using a probe. This approach is excellent
for sample preparation and processing in fields including biology, chemistry, and nanotechnology.
In nanotechnology probe sonicator mainly used to break the particle size and made it nano form.

In my study for preparing nanocurcumin Hielscher Ultrasonic Processor- UP100H (Germany) was

used.

4.6. Lyophilizer

A lyophilizer, also known as a freeze dryer, is a device that eliminates water from a
substance via a process known as freeze-drying or lyophilization. Earl W. Flosdorf and Ronald
produced the first commercial lyophilizer. In 1906, Jacques-Arséne d'Arsonval and Frédéric

Bordas collaborated to construct the first modern lyophilizer. This procedure is used to preserve
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perishable products, such as food, pharmaceuticals, and biological samples. It extends their shelf

life and makes them simpler to carry.

Lyophilizer works through 3 stages:

(1
(i)
(iii)

Freeze: The sample is frozen to a very low temperature.
Reduce pressure: The pressure around the sample is reduced.

Sublimate: The frozen water in the sample turns directly from a solid to a gas without

going through a liquid state.
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Lyophilizers are utilized in numerous areas, including medicines, biotechnology, food

preservation, and research facilities. It is mostly used to improve the shelf life of products by

160



Chapter IV Instruments and Apparatus................

eliminating water from frozen materials. The orange powder of nanocurcumin was obtained using

an EYELA-FDU-2000 (Japan) lyophilizer.

4.7. Field Emission Scanning Electron Microscope (FESEM)

Scanning electron microscopy is a flexible and non-destructive tool for analyzing the
structure and composition of natural and manmade materials. A scanning electron microscope uses
a narrow electron beam from an electron cannon to rapidly scan a specimen's surface. The signals
generated when the electrons interact with the atoms that make up the sample offer information on
its surface topography, composition, and electrical conductivity. The FESEM can detect several
signals, including current transmitted electrons, cathodoluminescence, X-rays, secondary
electrons, and back-state electrons (BSE). While secondary electron detectors are a standard
component of FESEMs, it is uncommon for a single machine to have detectors for all potential
signals. Signals are formed when atoms near the sample's surface interact with an electron beam.
Secondary electron imaging (SEI) is the most often used or standard method of detection. It
produces high-resolution pictures of a sample surface, revealing details smaller than 1 nm in size.
SEM micrographs, with their narrow electron beam, provide a detailed three-dimensional view of

a sample’s surface structure.

The particle size of the nanocurcumin was determined using a FE-SEM, the FEI INSPECT
F50 (FEI Europe BY, the Netherlands). FESEM is dried, gold-coated, and stored in desiccators
before examination using an INSPECT F50. Elastic scattering reflects backscattered electrons
(BSE) from the material. Since the intensity of the BSE signal is closely correlated with the
specimen’s atomic number (Z), BSE is frequently utilized in analytical FESEM along with spectra

generated from characteristic X-ray’s. BSE pictures can provide information about the distribution
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of different components in the sample. The distinctive X-rays are produced when an electron from
the sample's inner shell is removed by the electron beam, causing a higher-energy electron to fill
the shell and release energy. Because of these characteristics, X-rays are used to quantify the

elemental abundance of the sample and ascertain its composition.

4.8. Dynamic Light Scattering

Dynamic light scattering (DLS) can measure the size of particles based on their Brownian
motion. When particles are scattered in a liquid, they travel randomly in every direction. The notion
of Brownian motion states that particles are continually interacting with solvent molecules. These
collisions convey a certain amount of energy, inducing particle movement. Energy transmission is
more or less constant, hence smaller particles are affected more. As a result, smaller particles are
traveling faster than bigger ones. If you know all of the other factors that impact particle

movement, you can calculate the hydrodynamic diameter by measuring the particles' speeds.
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Dynamic light scattering is a well-established, standardized technique for measuring particle size
in the nanoscale range and particle size distribution. In current study DLS is most commonly used

to analyze nanoparticles.

4.9. X-ray diffraction (XRD)

X-ray diffraction is a commonly used method to analyze atomic spacing and crystal
structure. It operates by employing constructive interference between a crystalline sample and
monochronic X-rays. A cathode ray tube generates these X-rays, which are then converted into
monochromatic radiation, collimated, and directed towards the sample. When Bragg's Law ray (2d
Sin© = nA, where n is an integer, A is the wavelength in angstroms, d is the interatomic spacing in
angstroms, and © is the diffraction angle in degrees) is satisfied, the interaction between the
incident rays and the sample results in both constructive interference and diffracted rays. This law

establishes how a crystalline sample's diffraction angle and lattice spacing affect the wavelength

beam phosphor

window

diffractometer vacuum chamber

Figure 4.2: Graphical presentation of XRD test.
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of electromagnetic radiation. The diffracted X-rays are next analyzed and tallied. The random
orientation of powdered materials requires scanning the sample across a range of 26 angles to
identify all potential diffraction directions of the lattice. XRD is used to determine the
crystallographic state of a material. The crystallinity of nanocurcumin was determined using a

Burker AXS, Inc. model D8, WI.

4.10. Fluorescent Microscope

The fluorescent microscope is the most powerful optical instrument utilized in cell
imaging. Fredrick W. Herschel created the microscope in 1845. Fluorescent microscopy measures
the absorption of light by a particular fluorescent probe. Fluorescent probes can be a single
synthetic molecule that fluoresces or a mix of fluorescent and indicator molecules. Usually, they
are either toxins or antibodies. The process of fluorescence starts with light absorption and
concludes with light emission. The phenomena rely on the quantum behavior of light, rather than

its wave-like nature. Fluorescence occurs when a material or probe is triggered by another light
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source. A fluorescent microscope uses an exciter filter between the light source and condenser lens
to transmit only excitation light. The condenser lens focuses the beam on the specimen, forcing
fluorescent chemicals to pass through the objective lens. A barrier filter eliminates the excitation
wavelengths. This allows the emission wave lengths to form the final picture. The resulting image
seems brilliant on a dark background. Fluorescent dyes, also known as fluorophores or
fluorochromes, are used to stain cellular components. These dyes are stimulated by a certain
wavelength of light and emit light at a longer wavelength. The application of fluorescence
microscopy in biology is expanding quickly. It is a very helpful method for identifying the cell’s
dynamic activity. The comet test method was employed in this investigation to identify DNA
damage within the cells using a fluorescence microscope. In the current investigation, the
fluorescent microscope was employed in the comet assay to calculate the proportion of DNA
damage in whole blood cells. This experiment was conducted using a Leica Model 300 FX

fluorescent microscope.
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4.11. ELISA Reader

The ELISA reader, also known as a micro-plate reader, is widely used in fields such as
biological science, chemistry, biotechnology, and pharmaceutical science. It is commonly used in
research to quickly identify biological events and bioassays. Reactions typically take place in 96-
well microtitre plates, with volumes ranging from 100-200uL per well. The 1-1536 well format is
typically used for research and diagnostic purposes. Microplates with a greater density are
commonly utilized for screening applications. Microplate assays offer several detection
techniques, including absorbance, luminescence, fluorescence, time-resolved fluorescence,
fluorescence polarization, light scattering, and nephelometry. Absorbance detection is commonly
employed in ELISA experiments to quantify proteins, nucleic acids, cell viability, ROS generation,

and enzymes.
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5. Results
5.1. Nanocurcumin Characterization

anocurcumin was prepared by ultra-sonication method from curcumin. The prepared
N nanocurcumin looks as a yellow powder. The morphology of the as prepared nanocurcumin
is shown in Figure 5.1a, where the average particle size of the nanocurcumin was 60 + 10
nm approximately. DLS analysis was utilized to determine size distribution profile of
nanocurcumin and the average hydrodynamic diameter of prepared nanocurcumin was 65 nm
which is shown in Figure 5.1b. The zeta potential of the as prepared nanocurcumin was less than

- 25 mV as seen from Figure 5.1c.
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Figure 5.1: (a). Physical appearance and average particle size (60 £ 10 nm) as measured by FESEM. (b)
DLS study of nanocurcumin. (c) Zeta potential of nanocurcumin. (d) Absorption peak showed at 350 nm
by UV-visible spectrophotometer. (¢) FTIR spectrum of synthesized nanocurcumin. (f) Crystalline
properties of prepared nanocurcumin as evidenced by XRD.
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The powder is soluble in water, and gives a reddish yellow solution, with an absorption
peak at 350 nm as determined by a UV-visible spectrophotometer (Figure 5.1d). The as prepared
nanocurcumin showed a weak peak at 717 cm ™! assigned for the C—H vibrational stretching of the
aromatic ring. Another peak of nanocurcumin at 857 cm™ correspond to the C-H bending and 958
cm™! corresponds to benzoate trans-C—H vibration. Peak of nanocurcumin at 1149 cm™ is due to
the C—H stretching. Other peak at 1277 cm™! represents the C—O vibrational stretching, peak at
1425 cm* assigned to phenolic C—O stretching and peak at 1504 cm™ correspond to C=0. The
strong absorption peak of nanocurcumin at 1598 cm™ can be designated for the symmetric
stretching vibrations of aromatic C=C group. Additional absorption peak observed at 1626 cm™*
which may be assigned for aliphatic (C=C) stretching. The peak at 3508 cm—1 expresses that there
is presence of OH stretching in nanocurcumin. X-ray diffraction confirmed the crystalline nature

of prepared nanocurcumin (Figure 5.1f).

5.2. Nanocurcumin Ameliorates Nicotine-Induced Toxicity in Female Rats Under

Protein Restricted Condition

Nicotine is recognized to be hazardous to human health. Long-term nicotine use has harmful
consequences at the biochemical, cellular, histopathological, immunological, and molecular levels.
Curcumin demonstrates the capacity to counteract the harmful effects of nicotine. However, due
to its poor pharmacokinetic qualities, it has limited medicinal use. The current study evaluated the

potential of nanocurcumin against nicotine toxicity and compared it to that of curcumin.

5.2.1. Effects of Nanocurcumin on Nicotine-Induced Alterations in Hepatic Enzymes

Under Protein Restricted Condition

The activity of all four hepatic enzymes, ACP, ALP, ALT, and AST, were considerably raised
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(42.6%, 106.5%, 78.6%, and 90.77%, respectively) in the nicotine-treated rats as compared to the
control group. Both curcumin and nanocurcumin demonstrated strong protective benefits against
nicotine-induced liver damage due to which both reduce the activity level of those enzymes which
are due to nicotine treatments. However, nanocurcumin showed to be more helpful in this regard

than curcumin. Table 5.1 shows the results of hepatic enzymes levels.

Table 5.1: Levels of Four Hepatic Enzymes in Different Study and Control Groups of

Female Rats Under Protein Restricted Condition

Nicotine +
Nanocurcumin

Nicotine +

Control Nicotine .
Curcumin

1.94+0.11 1.52% 0.12** 1.42% 0.10%*##

ACP (mmol/ h/100 ml 1.36 +0.10

42,6 1) (11.8 1) (441
19.20+ 0.30 12.95+ 0.30* 10.42+ 0.23* ##
ALP (mmol/ h/100 m1 [CEETX) (1065 1) 3921) 1201)
17.50 4.00 11.32+ 0.70% 10.354 0.90**##
+
AST (IU/L) 9.80+ 1.60 786 1) 1551) 5617)
71.35+ 1.61 42,91+ 3.49* 39.99+ 2.86**##
+
ALT (IU/L) 37.40% 2.60 0077 1) 147 1) 691)

The experimental setup was repeated twice and all data were averaged over n = 12 animals and given mean
+ S.D. Significance levels were determined by using ANOVA, where * implied significant (p < 0.01) and
** implied more significant (p < 0.001) of the data when compared with the control. Similarly, # implied
significant (p < 0.01) and ## implied more significant (p < 0.001) of the data when compared with nicotine

treatment.
5.2.2. Effects of Nanocurcumin on Nicotine Induced Changes on Renal Function
Parameters

Nicotine-exposed animals had significantly higher blood urea and creatinine levels 48.3% and 37.0
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%, respectively than normal mice (Table 5.2). The administration of curcumin and nano-curcumin
along with nicotine showed beneficial effects by declining the levels of urea and creatinine. In
nicotine-treated rats, nanocurcumin reduced blood urea and creatinine levels more effectively 2.4
% and 3.7 %, respectively than natural curcumin 22.7 % and 15.6 % respectively. Table 5.2 shows

the findings of serum urea and creatinine levels.

Table 5.2: Levels of serum urea and creatinine in different study and control groups of

female rats under protein restricted condition

Nicotine +
Nanocurcumin

Nicotine +

Parameter Control Nicotine .
Curcumin

Urea 56.80 + 2.60 47.00+2.78* 39.23 + 2.06**##

(mg/100 ml)) 38.30£2.15 483 1) 2.7 1) 24 ])
Creatinine 355 010 1.85+021 1.56  0.50* 130+ 0.10%##
(mg/100 ml) (37.0 1) (156 1) (67 1)

The experimental setup was repeated twice and all data were averaged over n = 12 animals and given mean
+ S.D. Significance levels were determined by using ANOVA, where * implied significant (p < 0.01) and
** implied more significant (p < 0.001) of the data when compared with the control. Similarly, # implied
significant (p < 0.01) and ## implied more significant (p < 0.001) of the data when compared with nicotine

treatment.

5.2.3. Effects of Nanocurcumin on Nicotine Induced Changes in Lipid Profile

A ssignificant increase in triglyceride, cholesterol, VLDL-C and LDL-C (75.9%, 29.3%, 74.4%
and 75.9 % respectively) and decreased level of HDLC concentration (24.6%) in the serum of the
nicotine treated rats were recorded in respect to control arm (Table-5.3). However, curcumin and
nanocurcumin demonstrated potential ameliorative benefits by lowering the amounts of

triglycerides, cholesterol, VLDL-C, and LDL-C in the rats' serum. When compared to the nicotine-
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treated arm, both curcumin and nanocurcumin arms showed higher levels of HDL-C.
Nanocurcumin performed better than unformulated curcumin in preserving the lipid profile owing

to nicotine toxicity.

Table 5.3: Levels of Lipid Profile in Different Study and Control Groups of Female

Rats Under Protein Restricted Condition

Nicotine + Nicotine +
Curcumin Nanocurcumin

Parameter Nicotine

Triglyceride(mg/dl) 105.6 + 8.4 1?;-;;9)-1 109(-; ;-r %-6** 106.?5:%**##
Cholesterol (mg/dl) 1073+7.9 1523-; :;—‘T9)-0 115(-(7). ;-“ %6 109.?1%%**##
el P CRr R
VLDL (mg/dl) 211+1.6 3(67.2;: %7 3(2(.175 «_; 1T)8 21.521%0%4%*##
LDL (mg/dl) 46121 8(17.?; %1 64(.23; ;)2 43.5(;;.1;;*##

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean
+ S.D. Significance levels were determined using ANOVA, where, * implies P < 0.01 and ** implies P <
0.001 compared to control. The data presented in the parenthesis showed average (%) increase (1) or

decrease (|) in respect to the control.

5.2.4. Effects of Nanocurcumin on Nicotine Induced Changes on MDA

MDA levels are used to measure the rate of lipid peroxidation by various free radicals in

plasma and the liver. Nicotine-induced lipid peroxidation by free radicals resulted in elevated
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MDA levels in plasma and liver cells 42.2% and 53.0%, respectively. Both curcumin and
nanocurcumin reduced MDA levels in nicotine-treated rats. Nanocurcumin was more efficient than

curcumin at decreasing MDA levels in nicotine-treated rats (Table 5.4).

Table 5.4: Levels of MDA in Different Study and Control Groups of Female Rats Under

Protein Restricted Condition

Nicotine + Nicotine +
Curcumin Nanocurcumin

MDA level Control Nicotine

798+1.3

6.30 + 0.5** 6.32 +1.1**

Serum (nmol/ml)

42.21) (12.3 1) (12.7 1)
. . 22.92+£0.5 16.01 £ 2.96** 15.50 + 0.9**#
Liver (nmol/mg protein) 1498 + 0.4 (53.0 1) 691) 351

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean
+ S.D. Significance levels were determined using ANOVA, where, * implies P < 0.01 and ** implies P <
0.001 compared to control. The data presented in the parenthesis showed average (%) increase (1) or

decrease () in respect to the control.

5.2.5. Effects of Nanocurcumin on Nicotine Induced Changes on Antioxidant Enzymes

Antioxidants are enzymes that neutralize free radicals, reducing oxidative stress. In my current
investigation, it was noticed that the levels of SOD, CAT, GSH, and GPx were considerably lower
in the nicotine treated group compared to the control group by 54.7%, 27.3%, 12.02%, and 10.2%,
respectively. Curcumin and nanocurcumin increased the levels of antioxidants in nicotine-treated
rats. It was discovered that the nanocurcumin group had a greater capacity than the curcumin group

(Table 5.5).
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Table 5.5: Levels of Antioxidant Enzymes in Different Study and Control Groups of

Female Rats Under Protein Restricted Condition

Nicotine +
Nanocurcumin

Nicotine +

Enzymes Nicotine :
Curcumin

SOD

(nmol/O2 decomposed/  [MRCIVELV 409£01

6.72 +0.14* 715+ 0.5%#

min/100 mg protein) (& ) (2551) (2074)
CAT 2922+1.0 32,9 +0.5¢ 35.50 + 1.0%#
(nmol/H202 decomposed/ 40.21£1.0 '27 3_ l ' 18_2 l' ’ 1 1_7 :
min/mg protein) (2731) (1824) (11.7.])
GSH 18.75+1.76 12.02+1.13 14.00 £ 1.41* 16.00 + 1.41**#

(pg/mg protein)

GPx 15052 + 2.5 135.11 £2.9 144.34 +2.2* 149 50 + 2.5%#
(nmol/ min/mg protein) T (10.2 ]) 41)) (0.6 ])

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean

+ S.D. Significance levels were determined using ANOVA, where, * implies P < 0.01 and ** implies P <
0.001 compared to control. The data presented in the parenthesis showed average (%) increase (1) or

decrease () in respect to the control.
5.2.6. Effects of Nanocurcumin on Nicotine Induced Changes on Haemoglobin Under
Protein Restricted Condition

The concentration of hemoglobin dropped to 25.52% in the nicotine treated group, but both
natural curcumin and nanocurcumin increased haemoglobin concentration in the nicotine treated

group (Table 5.6).

Table 5.6: Levels of Haemoglobin Content in Different Study and Control Groups of

Female Rats Under Protein Restricted Condition

. .. Nicotine + Nicotine + .
Parameter Control Nicotine Nanocurcumin

Curcumin Nanocurcumin

Haemoglobin 1234034  9.1620.29%*  11.66+0.18*##  12.30.18*## 13.440.5
(g/dL) (n=12) (25.52 ) (5.48 ) (0.0) (8.94 1)
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The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean
+ S.D. Significance levels were determined using ANOVA, where, * implies P < 0.01 and ** implies P <
0.001 compared to control. The data presented in the parenthesis showed average (%) increase (1) or

decrease (|) in respect to the control.

5.2.7. Effects of Nanocurcumin on Nicotine Induced Changes in Total Protein in
Different Tissues

The total protein content of several organs such as the liver, kidney, and ovary were
dramatically reduced in nicotine-treated animals (7.12%, 7.5% and 12.02% respectively) (Table
5.7). Nanocurcumin treatment considerably raised the protein level of those tissues (p < 0.001)

compared to curcumin (p < 0.01).

Table 5.7: Contents of Total Protein in Different Tissues of Different Study and

Control Groups of Female Rats Under Protein Malnourished Condition

Nicotine +
Nanocurcumin

Nicotine +

Parameter Nicotine .
Curcumin

el 15.00 + 0.70 7.12 + 159 12.85+0.91" 13.77+0.70™%
(mg/9)

; ki
Kidney 155 + 2.12 75+ 1.41 11.50 + 2.53" LMl AL
(mg/g)

Ovary 18.75 + 1.76 12.02 +1.13 14.00 + 1.41" 16.00 +1.41"%
(mg/g)

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean
+ S.D. Significance levels were determined by using ANOVA, where * implied significant (P < 0.01) and
** implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment.
Similarly, # implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when
compared with the data of nicotine + curcumin treatments. The data within the parenthesis represent the

average percentage of increase (1) or decrease () relative to the control.
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5.2.8. Effects of Nanocurcumin on Nicotine Induced Changes in Total DNA Content in

Different Tissues of Animals and Percentage of DNA Damage

The whole blood DNA contents was drastically reduced (29.81 %) by nicotine as observed
in nicotine treated rats (Table-5.8). Nicotine hampered DNA synthesis in the tissues of the blood
liver, kidney, and ovary of the rats under protein restricted diet as seen in Table 5.8. DNA contents
in those tissues were reduced to more than 20%, which was significant (P < 0.001). Nicotine
treatment was responsible for a massive DNA damage (48 %) of the whole blood cells in female
rats in protein restricted condition where as it was only 13.3 % in control group (Table 5.9). The
ameliorative action of nanocurcumin against nicotine in DNA synthesis was found to be significant
(P < 0.001) than that of curcumin.

Administration of curcumin or nanocurcumin alone did not produce any negative effect on

DNA content of blood cells rather they showed healthy condition of blood cells (Figure 5.2).

Table 5.8: Total DNA Content in Blood Cells and Different Tissues in Different Study

and Control Groups of Female Rats Under Protein Restricted Condition

. Nicotine + Nicotine + .
parameter Control Nicotine Nanocurcumin

Curcumin Nanocurcumin

Whole blood 110674531 7767£675  87.36£9.39 104.82+4.08 113.94+3.86
(1g/300uL blood) S (29.81 d)* (21.06 L)*# (5.28 1)*# 2.951)
Liver 17004213 1329+160  1489+051 16.16% 3.91 17.06+1.41
(Hg/mg) e (21.82 {)* (12.41 1)*# (4.94 )4 (035 1)
Kidney re6s04p 1349%154  1563£023 1(67":)171)2;? 17.74+0.75
(Hg/mg) D (23.61 d)* (11.49 1)*# ' (0.457T)
13.84+0.36  15.29+0.24 18.44 +0.05 19.39+0.04
19.72£0.67 (29.81 1)* (22.46 1)*# (6.49 L)*# (1.67 1
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Data are Mean + SD. * and * indicate significant differences with Control and Nicotine groups, respectively.

Values in parenthesis indicate the percentage of increase (1) or decrease (| ) relative to the control.

Table 5.9: Percentage of DNA Damage and Tail Moment in Different Study and Control

Groups of Female Rats Under Protein Restricted Condition

Nicotine +
Nanocurcumin

Nicotine +

. Nanocurcumin
Curcumin

Parameter Control Nicotine

% of DNA 13.36+0.5
damaged

3.12+0.14

48.00+4.2* 26.89+2.17*

20.06+0.5*#

Tail moment 80.93+2.50  636.95£5.04*  210.8+6.42* 184.27+8.44*# 19.44+8.35
arbitrary unit

Data are Mean + SD. * and * indicate significant differences with Control and Nicotine groups,
respectively. Values in parenthesis indicate the percentage of increase (1) or decrease () relative

to the control.

5.2.9. Effects of Nanocurcumin on Nicotine Induced Changes in Cytokine Molecules

Cytokines have a significant function in influencing the pathophysiological manifestation
of several clinical characteristics controlled by the host immune system. The concentration levels
of all the observed cytokine molecules (IL-4, IL-6, TNF-a, and IFN-y) were increased due to the
action of nicotine in female rats maintained under protein restriction conditions. Nicotine therapy
resulted in substantial increases in blood levels of IL-4, IL-6, TNF-a, and IFN-y to 1.4, 1.8, 2.1
and 1.3 folds respectively compared to the control group (Figure 5.3). All four cytokine levels
were significantly reduced in nicotine-induced rats treated with curcumin or nanocurcumin.
Supplementation of nano-curcumin to nicotine- exposed and protein-restricted animals reduced
those cytokine levels very significantly (p < 0.001), due to which the concentration levels of 1L-4,

IL-6, TNF-0, and IFN-y b became 1.0, 1.3, 1.2 and 1.1 folds respectively.
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-
-

Figure 5.2: Photomicrographs of the comet assay of blood cell DNA of animals under protein- restricted
conditions. (2A) represents the comet picture of blood cell DNA in protein-restricted diet-fed rats. (2B)
represents the comet picture of blood cell DNA in the nicotine-exposed group. (2C) represents the comet
picture of blood cell DNA in the nicotine + curcumin-exposed group. (2D) represents the comet picture of
blood cell DNA in the nicotine + nano-curcumin-exposed group. (2E) represents the comet picture of blood

cell DNA in the nanocurcumin supplemented group.
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Figure 5.3: Cytokine profile determined by ELISA. Columns are Mean = SD. * and # indicate significant
differences with Control and Nicotine groups, respectively.
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5.2.10. Effects of Nanocurcumin on Nicotine Induced Changes in Apoptosis Regulator

Proteins

A significantly declined level (78.3 %) of apoptosis regulator protein, BCL-2 was recorded
among nicotine treated animals than the animals of control arm whereas the opposite event was
noticed with increased level of BAX (62.4%). Nicotine induced lower level of BCL-2 was

increased effectively (p < 0.01) by curcumin and more significantly (p < 0.001) by nanocurcumin.

2:5- B control
- Nicotine
- Nicotine+curcumin

2.0 -

Nicotine+nanocurcumin

- Nanocurcumin

Apoptosis regulator protein (ng/mL)

Figure 5.4: Apoptosis regulator protein determination by ELISA.

Columns are Mean + SD. * and #indicate significant differences with Control and Nicotine groups,
respectively.
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5.2.11. Effects of Nanocurcumin on Nicotine Induced Changes in Steroidogenic Female

Hormones

Nicotine substantially lowered steroidogenic female hormone levels, including estradiol
(26.9%) and progesterone (29.6%) in female rats maintain under a protein restricted diet compare
to their restricted control (Table 5.10). Curcumin efficiently restored nicotine-induced reduced
levels of these hormones, and nanocurcumin almost nullified the action of nicotine and restored
the normal concentration levels of estradiol and progesterone more significantly (p < 0.001) than

curcumin in the nicotine-exposed and protein restricted diet fed female rats.

Table 5.10: Levels of Steroidogenic Hormones in Different Study and Control Groups

of Female Rats Under Protein Restricted Condition.

Nicotine + Nicotine +

. . Nanocurcumin
Curcumin Nanocurcumin

Parameter Control Nicotine

63.69+13.57

71.11£10.1 78.88+5.09 84.06+5.01

Estradiol(pg/mL) 79.62%5.25

(26.94)** (16.4)* (6.2)*## .37

8.95£0.04  9.49+0.121 10.740.19 13.28+0.20
Progesterone(ng/mL) EBTEIPA

(29.64)** (20.4) (10.54)*## (11.7 1

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean
+ S.D. Significance levels were determined using ANOVA, where, * implies P < 0.01 and ** implies P <
0.001 compared to control. The data presented in the parenthesis showed average (%) increase (1) or

decrease () in respect to the control.

5.2.12. Histological Study

Figure 5.5A depicts the histological analysis of liver tissue from control group mice.

Figure-5.5B depicts the altered cell arrangement and central vein (indicated by an arrow head) of
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the nicotine exposed liver. Curcumin and nanocurcumin supplemented liver pictures are shown in
Figures 5.5C and 5.5D, respectively. The histological studies of the kidney tissues of control rats,
nicotine exposure distorted kidney tissue, curcumin and nanocurcumin supplemented kidney
tissues are presented in Figures. 5.6A — 5.6 D respectively. The histological studies of the ovary
tissues of control rats, nicotine exposure distorted ovary tissue, curcumin and nanocurcumin

supplemented ovary tissues are presented in Figures. 5.7A — 5.7D respectively.

Figure 5.5: Photographs showing the histopathological changes of liver: (A). Control group, (B). Nicotine
treated group, (C). Nicotine plus curcumin treated group and (D). Nicotine plus nanocurcumin treated

group.
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Figure 5.6: Photographs showing the histopathological changes of kidney: (A). Control group, (B).
Nicotine treated group, (C). Nicotine plus curcumin treated group and (D). Nicotine plus nanocurcumin
treated group.

Figure 5.7: Photographs showing the histopathological changes of ovary: A). Control group, B). Nicotine
treated group, C). Nicotine plus curcumin treated group and D). Nicotine plus nanocurcumin treated group
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5.2.13. Cytotoxic Effects Induced by Curcumin and Nanocurcumin in Cancer Cell Lines

The effect of different doses of curcumin and nanocurcumin on cervical cancer cell line
SiHa and lung cancer cell line A549, as well as on normal epithelial cell line HEK293 are shown
in Figure 5.8A and 5.8B. The IC50 value of Nanocurcumin for SiHa and A549 cells within 48 h is
about 10.66 £ 1.04 and7.65 = 1.35 uM (Table 5.11). Curcumin treatment at 101M, the cell viability
of SiHa and A549 declines to 60.22% and 54.21% respectively compared to normal cell line,
HEK?293 (Figure 5.8A). Cancerous cell line SiHa and A549, the increasing concentrations of nano
curcumin (10-60 pM) in the media decreases the percentage of viable cells significantly after 48h

(Figure 5.8B).

Table 5.11: Inhibitory Effects (ICso In uM) Of Curcumin and Nanocurcumin on Cancer
Cells (Siha and A549) and Normal Epithelial Cell Line (HEK293) After 24 H and 48 H
Incubation.

Nano-curcumin
ICso value (uUM)
48h

Curcumin Nano-curcumin Curcumin
Cell Line ICsovalues(uM) ICsp values (uM) ICsovalues(uM)

24h 24h 48h

HEK293 57.36 £2.08

51.31 £ 0.59 46.79 £1.14 36.10 £ 1.09
25.64 + 0.87 19.27 +1.34 14.57 +1.17 10.66 + 1.04

25.33 £ 0.74 17.80+£1.13 12.17 + 0.44 7.65 +1.35
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Figure 5.8: Cell viability changes of SiHa, A549 and HEK293 cells, where (A) Viability of the cells after
48hrs of 10-60 uM of curcumin treatment. (B) Viability of the cells after 48hrs of 10-60 uM of
Nanocurcumin treatment.

5.2.14. Changes in Cellular Morphologies Induced by Curcumin and Nanocurcumin in

Cancer Cell Line

The morphological changes (indicated by arrows) of SiHa and A549 cells by curcumin and
nanocurcumin are depicted in Figure 5.9A and 5.9B. Potent morphological changes in cancer cells
(SiHa and A549) including cell shrinkage and star-shape with membrane blabbing which
represents a typical apoptosis. During treatment, at inhibitory concentration of curcumin and
nanocurcumin both SiHa and A549 cells became round in shape. Morphological changes in cell
nuclei have also been analyzed by fluorescence microscope. The treatment group showed

shrunken, emarginated nuclei and fragmented apoptotic bodies compared to the control. The large
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nucleus in the untreated cells is demonstrating the apoptotic efficacy of curcumin and
nanocurcumin. Apoptosis causes many morphological changes such as nuclear fragmentation,
chromatin condensation and emargination of nucleus (marked by arrows in Figure 5.9B) for both

cancer cells.

5.2.15. Effect of Curcumin and Nanocurcumin on the Level of Intracellular ROS

Generation and In Promoting Apoptosis and DNA Damage

Curcumin induced apoptosis in SiHa and A549 lung cancer cells when cells are exposed to
14 uM and 12 pM curcumin respectively while nanocurcumin induced apoptosis when cells are
exposed to 10 uM and 7 uM respectively. The fluorescence microscopic images show an increased
proportion of cells with higher fluorescence intensity when cells are treated with nanocurcumin
for 48h (Figure 5.10A and 5.10B). This is an indication of increased level of ROS in SiHa and
A549 cancer cells by nanocurcumin. Curcumin can induce similar magnitude of ROS generation
only at very higher doses in comparison to nanocurcumin. DNA laddering indicating
nanocurcumin ability to induce apoptosis in both SiHa and A549 cells (L2 and L4 respectively in
Figure 5.11). Lesser magnitude of DNA laddering is observed in the treatment of curcumin (L1
and L3 respectively) on SiHa and A549 cancer cell lines Figure 5.11). Lesser magnitude of DNA
laddering is observed in the treatment of curcumin (L1 and L3 respectively) on SiHa and A549

cancer cell line.
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Figure 5.9: (A) Morphological changes (shown by arrows) of SiHa and A549 cells by curcumin and
nanocurcumin. (B) Fluorescence microscopic images of SiHa and A549 cells treated with respective
IC50 concentrations of curcumin (14pM for SiHa and 12 puM for A549) and nanocurcumin (10 uM for
SiHa and 7 uM for A549) and stained with 100 nM DAPI for 5 min. The curcumin and nanocurcumin
induced DNA damage/ chromatin condensation are shown by arrows. Data represent mean + SD of two

experiments. “P < 0.05.
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Figure 5.10: (A) Determination of ROS generation and apoptotic cell death in SiHa and A549 cell lines.
Where, SiHa and A549 cells treated with 1Csp doses of curcumin and nanocurcumin and stained with
H,DCFDA. ROS generation is observed under fluorescence microscope. (B) Determination of ROS
generation and apoptotic cell death in SiHa and A549 cell lines. Where, representative fluorescence
intensities of H,DCFDA which are plotted in the bar diagram after treatment with curcumin and

nanocurcumin.
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Figure 5.11: DNA fragmentation study, were M -represents molecular weight marker (1Kb DNA ladder),
C1 - SiHa cell control, (L1) - exposed with curcumin for 48h, (L2) - SiHa cell incubated for 48hrs with
nanocurcumin, (C2) - A549 cell control, (L3) - incubated with curcumin for 48h, (L4) - A549 cells exposed

to nanocurcumin for 48h.
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N umerous studies in animal models maintained at normal dietary condition have shown that
curcumin effectively mitigates nicotine induced toxicities. The clinical effectiveness of
curcumin in human subjects is limited by its undesirable pharmacokinetic properties, which
include poor absorption, poor bioavailability, chemical instability, rapid metabolism, and rapid
systemic elimination of curcumin [1]. Nanocurcumin is water soluble and more bioavailable than
curcumin [2]. For these advantages Scientists are attempting to employ nanocurcumin against a
variety of disorders to generate therapeutic applications [3,4]. The benefits of curcumin
nanoparticles included greater drug-loaded capacity in tissues and increased bioavailability in
bodily fluids and tissues with a long half-life [5,6]. The current study provides a helpful use of
nanocurcumin against the exacerbated toxic effects generated by nicotine in rats under protein

deficient conditions.

Nanocurcumin, in contrast to curcumin, dissolves readily in water without any surfactants
[7]. The solubility testing of synthesized nanocurcumin in water showed a dense reddish coloured
solution. The UV-visible spectrum investigation of prepared nanocurcumin revealed the distinctive
peak of nanocurcumin at 350 nm, as demonstrated by Alam et al., 2012 and Ghosh et al., 2011
[8,9]. FTIR spectrum of nanocurcumin showed a weak peak at 717 cm™ assigned for the C—H
vibrational stretching of the aromatic ring. Another peak at 857 cm™ correspond to the C-H
bending and 958 cm™ corresponds to benzoate trans -C—H vibration. Peak at 1149 cm™ is due to
the C—H stretching. Other peak at 1277 cm ! represents the C—O vibrational stretching, peak at
1425 cm™! assigned to phenolic C—O stretching and peak at 1504 cm™ correspond to C=0. The
strong absorption peak at 1598 cm™ can be designated for the symmetric stretching vibrations of
aromatic C=C group. Additional absorption peak observed at 1626 cm™ which may be assigned

for aliphatic (C=C) stretching. The peak at 3508 cm™ expresses that there is presence of OH
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stretching in nanocurcumin. Similar findings were reported by others [10-14]. The XRD pattern
verified the nanocurcumin's crystalline state, which has previously been reported by numerous
studies [15,16]. FE-SEM analysis revealed that the produced nanocurcumin particles were 60+10
nm in size. DLS analysis showed the size distribution profile of nanocurcumin, and averaged
hydrodynamic diameter (65 nm) of the as prepared nanoparticles. The zeta potential of the as
prepared nanocurcumin was less than - 25 mV. Therefore, curcumin's chemical characteristics in
its nano form stayed unchanged. It is well known that nicotine is a hazardous substance that has a
number of negative consequences on people. Although curcumin has demonstrated beneficial
benefits against nicotine toxicity [17-19], nanocurcumin's effects have not been previously

investigated.

Autopsy samples from smokers revealed that the liver, kidney, spleen, and lungs had the
highest affinity for nicotine [20]. Nicotine biotransformation, which mostly occurs in the liver, has
disastrous consequences. Nicotine is easily absorbed via the lungs and processed in the liver during
smoking. Nicotine damages the hepatic cell membrane, increasing the release of hepatocytic
cytosomal enzymes and raising their concentration in serum [21]. Nicotine causes oxidative stress,
which raises the activity of ACP and ALP in serum. Increased oxidative stress promotes tissue
damage, which may be linked to the ROS generation. [22]. The ACP and ALP levels were
dramatically raised in protein-deficit conditions, indicating a more severe impact of nicotine on
the tissues (Table 5.1). Nanocurcumin administration significantly improved the antioxidant state
of protein starved female rats (P < 0.001), resulting in restored ACP and ALP activity. Nicotine
also ruptures the cell membranes of liver tissues, resulting in liver injury. As a result of the loss of
functional integrity in liver cells, AST and ALT activities rise [21]. Curcumin has already been

shown to correct liver enzyme levels to some extent in normal protein conditions [23,24]. The
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condition became more severe in protein malnourished situation because of exacerbated liver
damage. The current investigation found that the activities of nanocurcumin at a dose of 4 mg/kg

body weight are superior to that of native curcumin (Table 5.1).

Nicotine triggers the pathophysiology of kidney disease. Nicotine-mediated albumin
discharge and proteinuria are exacerbated by nicotine and contribute to renal dysfunction [25].
Nicotine-induced oxidative stress impairs the kidney's ability to filter. Nicotine causes damage to
the glomerulas and raises the levels of creatinine and urea in the serum [26]. The levels of urea
and creatinine were considerably higher in the serum of the nicotine-exposed protein starved group
than in the control group (Table 5.2), perhaps due to increasing kidney failure, as described by
Addo et al. [24]. It is evident that progressive Kidney failure is clearly associated with a slow fall in
nicotine excretion, both renal and non-renal, which may enhance the incidence of nephrotoxicity
[24]. Heavy metals included in tobacco, such as cadmium, mercury, and lead, may also contribute
to kidney injury [27]. Several studies have shown that curcumin functions as an anti-inflammatory
agent, lowering the risk of kidney injury [28-30]. In my research the mean difference of urea and
creatinine are significantly elevated (P < 0.001) in nicotine exposed group in compared to controls
under protein malnourished condition. According to my research, nanocurcumin supplementation

is a superior restorative phenomenon than curcumin for the repair of kidney injury.

Cholesterol is an essential biomolecule that helps to maintain membrane structure and
synthesize steroid hormones and bile acids. According to Balakrishnan and Menon (2007) [22],
nicotine increases the production of catecholamines, which in turn promotes the lipolysis of
adipose tissues and raises serum cholesterol and triglyceride levels. According to my current study,
increase in triglyceride (75.9%), VLDL (74.4%), LDL (75.9%), and cholesterol (29.3%) and

decrease in HDL (24.6%) levels in the serum of rats treated with nicotine that nicotine had a
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significant negative impact on the lipid profile in protein malnourished condition (Table 5.3).
Similar observations were also reported by various researchers [22,31-33]. Curcumin reduces total
cholesterol levels in the blood via increasing CYP7A1 gene expression (a rate-limiting enzyme in
the production of bile acid from cholesterol) [34]. Curcumin may reduce the triglyceride level by
interacting with multiple targets like peroxisome proliferator-activated receptor PPAR-y, alpha
(PPAR-a), lipoprotein lipase, and cholesteryl ester transfer protein (CETP) [35]. Curcumin has an
effect on lipoprotein metabolism [36]. In my research it was shown that curcumin raises blood
levels of HDL-C and decreases levels of triglycerides, cholesterol, LDL-C, and VLDL-C in serum
under protein malnourished condition. These findings are consistent with previous research
[23,37]. The decreased cholesterol levels in the curcumin-treated group might be attributed to
increased expression of the CYP7AL gene [38]. The significant amelioration of lipid peroxidation
by nanocurcumin was observed in this study. Because of nanocurcumin superior pharmacokinetic
qualities, it showed better hypocholessterolaemia effect than curcumin in protein malnourished
condition. It might be attributed to an increase in total cholesterol absorption [39] or breakdown

and rapid removal of total cholesterol [40].

Several in vitro and in vivo investigations demonstrated that nicotine can cause oxidative
stress and disrupt the peroxidant/antioxidant balance in blood cells, plasma, serum, and tissues
[31,37]. Nicotine disrupts the mitochondrial respiratory chain, increasing the formation of different
free radical ions (e.g., hydrogen peroxide ions, superoxide ions etc.) and enhancing lipid
peroxidation on human circulating lymphocytes. [41]. It was also reported that nicotine could
reduce the level of antioxidant enzymes (SOD, Catalase, GSH, GPX [41-43]. Oxidative stress
generates free radicals, which target lipid membranes and cause the generation of malonialdehyde

(MDA), resulting in peroxidative tissue damage [44,45]. Previous research found that curcumin
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reduced MDA levels by inhibiting the generation of free radicals [46,47]. Nanocurcumin's
substantial ameliorative impact demonstrated its ability to scavenge free radicals while
maintaining cell membrane interiority and functionality by suppressing membrane lipid
peroxidation. The higher protein content in diverse tissues shows that nanocurcumin can better
protect tissues from nicotine-induced injury. Nicotine reduces muscle mass by decreasing protein
synthesis, promoting proteolysis and also reduces the protein content in kidney, liver and ovarian
tissues owing to its harmful action. Nicotine impacts the expression of genes involved in muscle
protein degradation. Nicotine also causes organ failure in the liver, kidney, and ovary [48]. The
current data demonstrated that nicotine reduces 20 to 25% tissue protein either by lowering protein
production or by increasing the rate of protein catabolism (Table 5.7). Reduction of muscle protein
causes structural and functional abnormalities in the cells. Curcumin modulates the action of a
variety of targets, including apoptotic proteins, cell cycle regulators, growth factors, receptors,
protein kinases, and transcription factors [49], which safeguard our bodies. Curcumin and
nanocurcumin effectively inhibited nicotine induced stress in several tissues in protein restricted

condition.

Previous research found that nicotine dramatically lowered the content of haemoglobin in
blood under protein restricted diet conditions. Thomas and Lumb (2012), showed that carbon
monoxide from tobacco smoking impacted the binding of oxygen to haemoglobin [50]. Carbon
monoxide has a higher binding affinity (>300 times) for hemoglobin than oxygen. Banerjee et al.
(2010) found a nicotine induced drop in RBC count, which might be attributed to peroxidative
damage to the RBC membrane, resulting in a decrease in total haemoglobin content of the blood

[51]. In the current investigation, the Hb% level was considerably lower in the nicotine-treated
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group. Table 5.6 clearly reveals that nanocurcumin has a better effect on nicotine-induced Hb

content than unformulated curcumin.

In protein restricted condition, 300 pL of blood contains 110.67ug of DNA. Banerjee et al.
(2010) reported comparable results [51]. The DNA content reduced considerably in the nicotine-
treated group. The drop in total DNA content might be attributed to nicotine-induced oxidative
damage. The decreased level of total DNA content of the blood cells was more effectively (p <
0.001) corrected by nanocurcumin. This was proven by a similar quantity of total DNA in the
nanocurcumin supplemented nicotine-induced group compared to the control group of mice.
Compared to native curcumin, the ameliorative impact of nanocurcumin was observed to be more
pronounced (Table 5.8). It was shown that the percentage of DNA damaged in protein restricted
control group is 13.36%. However, compared to the control group, the average DNA damage in
the nicotine-treated group was considerably larger (48%; p<0.001). Due to various physiological
stress amount of DNA damage (<10%) always occurs in normal condition. In my study it was
observed that protein restricted causes additional stress which may cause a slightly higher
percentage of DNA damage. The DNA damage might be caused by nicotine induced chromosomal
aberration, sister chromatid exchange, or single-strand DNA breakage [52]. Banerjee et al. (2010)
found that nicotine-induced oxidative stress enhanced DNA damage in the blood and liver tissues
of female albino rats. They reported that curcumin efficiently interacted with both nicotine and
DNA, reducing nicotine induced oxidative stress and thereby DNA damage. The current study
shown that nanocurcumin reduces the percentage of DNA damage more efficiently than curcumin

against nicotine induced toxicity.

IL-6 is vital to the cytokine network. During the first stage of inflammation, it is released

from the local lesion and transported to the liver via the bloodstream. It promotes the release of
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serum amyloid A (SAA), al-antichymotrypsin, haptoglobin, fibrinogen, CRP, and fibrinogen.
Long term preservation of serum amyloid A (SAA) at greater concentrations causes various
chronic inflammatory disorders [53]. A high dose of IL-6 decreases serum iron and zinc levels
[54]. According to Wang et al. (2012), increased IL-6 expression is linked to higher tiredness
ratings [55]. TNF-a is a pro-inflammatory cytokine. Abnormal TNF-a signaling can lead to
autoimmune and inflammatory disorders [56]. TNF-a is also found to be associated with fatigue
condition [57]. The primary cytokine that causes allergic inflammation is 1L-4 [58]. Another pro-
inflammatory cytokine that contributes to a number of inflammatory conditions, including
exacerbate chronic lung disease, is interferon gamma (IFNy) [59]. According to earlier research,
patients with schizophrenia and bipolar disorder, particularly those who experienced childhood

trauma, have greater levels of pro-inflammatory cytokines (IL-6, TNF-a) [60].

In my current investigation, it was shown that nicotine treated group had higher levels of
pro-inflammatory cytokines under protein restricted condition. A similar finding was made earlier
by Maiti et al., 2015, where nicotine toxicity increased pro-inflammatory cytokine release and
caused an overabundance of reactive oxygen species [61]. In a variety of cell types and
pathological situations, curcumin, a natural medicinal drug, was shown in many studies to exhibit
anti-inflammatory properties by downregulating numerous pro-inflammatory cytokines and
chemokines [62,63]. In my research, | found that nanocurcumin was more effective than curcumin

at lowering the levels of pro-inflammatory cytokines.

BCL-2 is important because it influences cellular survival and inhibits the function of pro-
apoptotic proteins. Any damage to the BCL-2 gene has been linked to several types of
malignancies, as well as schizophrenia and autoimmune illnesses [64]. Hardwick et al. (2013)

discovered that the defective BCL-2 gene inhibited the effectiveness of anticancer medicines [65].
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They also discovered that a hetero-dimmer of the apoptosis regulator protein BAX with BCL-2
acts as an apoptotic activator. In the current study, nicotine stressed rats exhibited a drop in anti-
apoptotic protein BCL-2 and an increase in pro-apoptotic protein BAX. Thus, nanocurcumin had
a greater immunomodulatory impact against apoptosis than normal curcumin under protein

restricted dietary condition.

The study found that nicotine significantly reduced 17 B-estradiol and progesterone levels
in female rats on a protein restricted dietary condition. Nicotine may have an anti-estrogenic
impact, leading to a decrease in 17 B-estradiol levels in nicotine treated group under protein
restricted dietary condition. Nicotine reduces progesterone levels by upregulating PGF2a and
VEGF-mRNA expression. Curcumin's strong affinity for estradiol allows it to prevent nicotine's
effect on estrogen metabolism. Nanocurcumin was shown to be more effective in boosting 17p-
estradiol and progesterone levels among nicotine induced rats, perhaps due to its increased

bioavailability and binding affinity with nicotine.

The histology of liver tissue was investigated after eosin haematoxylin staining using a
compound microscope (40X). The control group animals' liver tissue showed a regular
arrangement of hepatic cells, normal morphology of hepatocytes, and a central vein. Under protein
restricted dietary conditions, nicotine-exposed rats had altered hepatic cell arrangements and
dilated central venous and sinusoidal spaces (Figure 5.5B). Curcumin administration helps restore
normal hepatic cell shape and central vein diameter (Figure 5.5C). Nanocurcumin demonstrated
more efficacy than native curcumin in restoring the natural arrangement of hepatocytes and the

central vein (Figure 5.5D).
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Histological examination of the kidney tissues revealed the usual configuration of the glomerulus,
bowman space, and proximal/distal tubules of kidney tissue of control rats under protein restricted
condition. Nicotine administration considerably altered this pattern, as shown in Figure 5.6B.
Curcumin treatment partially restored the natural organization of the glomerulus, Bowman space,
and proximal/distal tubules in kidney tissue (Figure 5.6C). Nanocurcumin supplementation
efficiently restored the natural organization of the glomerulus, Bowman space, and proximal/distal
tubules in kidney tissue (Figure 5.6D). In the ovary of female rats on a protein-deficient diet,
nicotine therapy caused the regression of graafian follicles with damaged cellular structures
generating vacuoles (Figure 5.7B). This was most likely owing to the combined effect of protein
malnutrition stress and nicotine toxicity on ovarian hormone forming in such conditions, as
documented by Sinha et al. 2012 [66]. Both curcumin (Figure 5.7C) and nanocurcumin (Figure
5.5D) restored graafian follicular structures, although nanocurcumin had a greater effect on

restoring normal ovarian structure than curcumin.

cytotoxicity is an essential part of the immune system, a highly complex and controlled
process that is executed by various cytotoxic cells of our immune system. The cytotoxic granzyme
B/perforin pathway produces cytokines like IFN-y and TNF-a by which cytotoxic CD8+T cells,
NK, and NK-like T cells generate immune responses against cancer. IFN-y suppresses
angiogenesis and cellular proliferation which encourages apoptosis of the cancer cells. The
reduction of IFN-y is likely the reason for the suppression of pro-tumor microenvironment and the
survival of cancer cells. Furthermore, it stimulates the adaptive immune system, which helps in
efficient production and processing of antigen [67]. According to some research, curcumin reduces
inflammation by downregulating TNF-a, IL-1B, and IL-6 and altering antioxidant enzymes.

Curcumin inhibits the paclitaxel-induced NFkB pathway in cancer cells and has anti-apoptotic
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effects [68]. The current experiment's findings support curcumin's anti-inflammatory properties
and concurred with earlier research showing curcumin decreased the production of pro-
inflammatory cytokines. The study also verifies the importance of nanocurcumin in cancer
treatment by utilizing nano-sized herbal powder to overcome the limits of curcumin's low

solubility and absorption for increased anti-inflammatory properties.

In my present study it was observed that nanocurcumin treatments possessed a higher
impact toward the cervical cancer cell like SiHa and lung cancer cell line like A549 cells compared
to curcumin. Interestingly, following an increase of curcumin and nanocurcumin concentration in
the medium, the growth of normal cell line HEK293 was not affected significantly (P<0.05), but
at doses greater than 35uM concentration, the growth inhibition of HEK was also significantly
affected (P<0.05). Moreover, at the 50% inhibitory concentrations of nanocurcumin towards the
cancer cell lines, no significant effect was observed in the normal HEK293 cells. Effective
morphological changes in cancer cells (SiHa and A549) including cell shrinkage and star-shape
with membrane blabbing which represent a typical apoptosis. When cells are treated with
inhibitory concentration of curcumin and nanocurcumin cells become round in shape (Figure

5.9A).

Assessing apoptosis is essential to distinguishing it from necrosis. One of the hallmarks of
the apoptotic process is nuclear fragmentation which leads to cell death. Using fluorescent
microscope, morphological changes in cell nuclei are identified. Identifying the condensed nuclei
of apoptotic cells using blue fluorescent Hoechst 33342 cell permeable nucleic acid dye, chromatin
condensation and disintegration can be determined. Fluorescence microscopy is used to assess the
nuclear morphology of cells after DAPI staining. The distinctive nuclear alterations that

distinguish apoptosis from necrosis. DAPI is a nuclear stain that exhibits blue fluorescence when
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stimulated under a fluorescence microscope. DAPI staining revealed the changes associated with
apoptosis in SiHa and A549 cells when both were treated with curcumin and nanocurcumin. The
treatment group showed fragmented apoptotic bodies, shrunken and emarginated nuclei, as
opposed to the control and large nucleus in the untreated cells, demonstrating the apoptotic
potential of curcumin and nanocurcumin. Both cancer cells exhibit morphological alterations
consistent with apoptosis, such as chromatin condensation, nuclear fragmentation, and nucleus

emargination, upon treatment (Figure 5.9B).

ROS generation usually associated with cell apoptosis. Fluorescent microscopy images
revealed that the proportion of cells with higher fluorescence intensity is increased in cells treated
with nanocurcumin for 48h (Figure. 5.10A and 5.10B), indicating that nanocurcumin significantly
increased the level of ROS in SiHa and A549 cancer cells. Curcumin could only induce ROS
generation at very higher doses as compared to nanocurcumin. It was clearly observed that the
elevation of intracellular ROS is perhaps the attributing factor for nanocurcumin dependent cell
death which might be due to initiation of apoptosis in SiHa and A549 cells. Apoptotic induction
can also be facilitated by ROS intermediates [69]. It has been observed that ROS may have a role
in downregulating BCL-2 [70] in mitochondria, while releasing the cytochrome C into the
cytoplasm, enabling Fas-associated proteins leads to caspase 3 activation and apoptosis [71].
Increased levels of ROS in the treatment group indicate the apoptotic mode of cell death induced
by nanocurcumin through the generation of ROS. These observations clearly suggest that that
nanocurcumin has better efficacy to increase the intracellular ROS supporting apoptosis of both
SiHa (cervical cancer) and A549 (lung cancer) cells. Also, the nanocurcumin doses are found to

be harmless and causes no-side effect to normal human body cells. On the other hand, curcumin
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needs higher doses to cause apoptosis of the same cancer cells and more time to initiate therapeutic

activities.

DNA laddering is one of the defining indicators that helps differentiate apoptosis from
necrosis [72]. In the treatment group, the existence of the laddering (smear) pattern of DNA
fragments and the lack of the necrotic stripe further support apoptosis, as shown in Figure 5.11.
DNA fragmentation assay, which is an indicative of apoptosis, is used to define the mechanism of
cell death. DNA is extracted from cell lines after the administration of various doses of curcumin
and nanocurcumin and subjected to agarose gel electrophoresis for evaluation. DNA laddering
indicating nanocurcumin ability to cause apoptosis in both SiHa and A549 cells (L2 and L4
respectively). Laddering is also observed in treatment of curcumin which was comparatively lesser

(L1 and L3 respectively) on these two cancer cell lines.

Formulation of nano particulate curcumin may bring about reduction in dose and
improvement its efficacy than native curcumin against nicotine induced toxicities and higher
efficacy of nano sized curcumin in inhibiting the proliferation of both human SiHa (cervical
cancer) and A549 (lung cancer) cells in comparison to normal sized curcumin. Natural curcumin
exhibits slow and low therapeutic activity. Thus, the study re-establishes the scope of

nanotechnology in developing alternate nature based herbal drugs in the treatment of cancer.
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The ultrasonication process was used to synthesis nanocurcumin, which was then physically
characterized. The plasmon resonance (SPR) band pattern, as measured by a UV-Vis
spectrophotometer, verifies the distinctive absorbance peak of 350 nm, which is identical to that
of nanocurcumin. The morphological analysis of nanocurcumin using Field Emission Scanning
Electron Microscopy revealed an average particle size of 60+10 nm, falling within the range of
nanoparticles (below 100nm). DLS analysis showed the size distribution profile of nanocurcumin,
and averaged hydrodynamic diameter (65 nm) of the as prepared nanoparticles. The zeta potential
of the synthesis nanocurcumin was less than -25 mV. Fourier transform infrared spectroscopy
(FTIR) demonstrated that the functional groups of lab-synthesized nanocurcumin were similar to
curcumin. The crystalline nature of the nanocurcumin powder was evaluated using an X-ray
diffractometer. Reddish yellow agqueous solution demonstrated its water solubility.

A variety of animal investigations demonstrated its protective benefits against nicotine
toxicity at the biochemical, cellular, and molecular levels.

As demonstrated by changed hepatic enzymes, lipid profiles, SODs, free radicals, apoptotic
proteins, LFT, RFT, levels of various cytokines, and disastrous alterations in molecular levels,
nicotine-mediated toxicities were clearly established in the animals in the control group.

Nanocurcumin outperformed native curcumin at substantially lower doses in terms of
ameliorating nicotine-mediated toxicity. Nanocurcumin was shown to be more efficient than
curcumin in preventing adverse histopathological alterations at the cellular level in important
organs such as the liver and kidney caused by nicotine use.

Nanocurcumin's superior protective performance over native curcumin may be attributed
to its higher effective surface area, water solubility, rapid intestinal absorption, cellular dispersion,

and long half-life.
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There were no adverse side effects documented in the nanocurcumin treated group,
showing that it is safe to use.

The anti-carcinogenic and antiproliferative properties of curcumin and nanocurcumin on
two different cancer cell was examined. Anticancer efficacy of nanocurcumin and curcumin in
terms of cell viability (MTT assay), apoptosis (DAPI staining) and proliferation (morphological
studies) to human cervical cancer cells (SiHa) and lung cancer cells (A549).

The MTT assay establishes the viability and cytotoxic effects of curcumin and

nanocurcumin on cancerous cell lines in vitro.
The inhibitory mechanism of nanocurcumin on the proliferation of SiHa and A549 cancer cells
through ROS induced apoptosis. Nanocurcumin is more potent than curcumin in inhibiting the
proliferation of cancer cell through apoptosis and reveals the importance of curcumin size in
mounting potent anticancer activity.

We demonstrate the use of safe herbal drugs (curcumin and nanocurcumin) in effective
treatment of cancer using in vitro experiments. Nano sized curcumin displays better anticancer
property at a relatively smaller dose in comparison to standard curcumin powder. Therefore, we
hypothesize that nano-sized curcumin may be considered for treating cervical and lung cancer.

To conduct a human experiment on nanocurcumin's effectiveness against nicotine toxicity
in smokers, adequate guidelines, clearance from the Drug Control Authority of India, and approval

from an authorized Human Ethics committee are required.
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Efficacy of nano-curcumin on nicotine-induced genotoxicity
and immunomodulatory disruption in protein-malnourished
female rats

Somashree Biswas, Krishna Chattopadhyay, Brajadulal Chattopadhyay

ABSTRACT

Background: Aggravated nicotine-induced DNA damage and immunomodulatory disruption are more prominent in female populations
under proteinrestricted conditions. Females seem to be more susceptible to nicotine-induced complications due to their low innate
immunity. Though the anti-inflammatory and anti-genotoxic properties of curcumin are able to overcome effectively nicotine-induced
complications, still its therapeutic use is hindered due toits poor aqueous solubility and low bioavailability. Nano-curcumin appears to
be a better therapeutic agent because of its increased aqueous solubility and higher bioavailability than curcumin. Methods: This study
investigated the effects of nicotine (2.5 mg/kg body weight injected subcutaneously for three consecutive weeks) on genotoxicity and
immunomodulatory disruption in female rats maintained under a protein-restricted diet (5% casein). It also measured the ameliorative
efficacy of nanocurcumin (4 mg/kg body weight supplemented orally after one hour of nicotine exposure) against nicotine. Results:
It is observed that nicotine decreases hemoglobin and DNA contents and causes severe DNA damage in blood cells under protein-
restricted conditions. It disrupts theimmune system and affects the endocrine functions of the female rats maintained under protein-a
restricted diet. Nano-curcumin ameliorates the nicotine-mediated genotoxic effects significantly, maintains the female sex hormonal level
effectively, and restores the normalcy of immune responses in protein-restricted diet rats more efficiently than curcumin. Conclusion:
Nano-curcumin looks like a potential blocker of nicotine due toits enhanced bioavailability and acts as a prospective therapeutic herbal

agent to protect the health of the protein-malnourished female population.
Keywords: Genotoxicity; Nano-curcumin; Nicotine; Protein malnutrition.

Indian Journal of Physiology and Allied Sciences (2024);

INTRODUCTION

e tobacco epidemic is one of the biggest public health
threats the world has ever faced. It kills more than 8
million people a year, including around 1.2 million deaths
from exposure to second-hand smoke' N'-Nitrosonomicotine,
a tobacco-specific nitrosamine, is one of the strong
carcinogens and is accused of the addictive potential of
smoking. It is mediated by neuronal nicotinic acetylcholine
receptors in the central nervous system.2Nicotine promotes
endothelial cell migration, proliferation, and nitric oxide
(NO) production in-vitro, mimicking the effect of other
angiogenic growth factors.> * It also stimulates growth
factors, fibroblast proliferation, collagen release, and
expression of myofibroblast markers.> Cigarette smoke
causes airway epithelial cell damage® and global epigenetic
changes, including DNA methylation and chromatin
remodeling, which negatively impact genes involved in
physiologic lung repair and regeneration.”  Smoking yields
chemicals with carcinogenic potential, and the metabolism
of nicotine produces reactive intermediates capable of
binding to proteins and DNA, which increases the risk of
hepatocellular carcinoma.’ The genotoxic effect of nicotine
and its reactive metabolites induce chemical modifications
of DNA (DNA adducts) and play a key role in chemically
induced carcinogenesis. DNA adducts can lead to mutations
during cell division and may ultimately disrupt the regular
functioning of the systems regulating normal cell growth.
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Recently, nicotine has been shown to increase the frequency
of micronuclei in human gingival fibroblasts,'® and DNA
strand breaks in human spermatozoa.'

At the cellular level, the induction of autoimmunity is a
manifestation of animbalance between pathogenic effectors
versus protective requlatory responses.'? Nicotine-induced
production of pro-inflammatory cytokines (IL-163; IFN-y
from Th1 cells and IL-4 and IL-5 from Th2 cells) trigger the
signaling pathway, which plays an essential role in the
cellular survival, death, and various pathological states.”*"'®
IFN-y has antitumor, antiviral, and immunomodulatory
activities. It coordinates both innate and adaptive immune
responses.” IL-4, a cytokine produced by activated Th2
lymphocytes, mast cells, and basophiles, is involved in many
immunologic processes, such as Th2 differentiation, class
switching, and B cell proliferation.'® Cigarette smoke exerts
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Cytotoxicand both pro-inflammatory and anti-inflammatory
effects on nasal epithelial cells, leading to increased reactive
oxygen species (ROS) production, Toll-like receptor (TLR) 4
expression, and lipopolysaccharide (LPS).'*2° Changes in the
redox status within the cell initiate the activation of redox-
sensitive transcription factors, such as nuclear factor-xB
(NF-kpB) and activator protein-1 (AP-1). NF-k3 plays a significant
role in gene expression of pro-inflammatory mediators (IL.-6
and TNF-a), linked to cigarette smoke exposure and altered
cytokine production.?” *2 The imbalance between oxidants
and antioxidants resulting from exposure to tobacco smoke
leads to oxidative stress and increases mucosal inflammation
and inflammatory cytokines (IL-6 and TNF-a) expression.
The primary role of TNF-alies in the regulation of immune
cells. It is an 11-enigmatic cytokine controlling signaling
pathways towards cell proliferation and death. Complex-I
and complex-Il are the two complexes formed by TNF-a
binding with TNF-R.2* Complex-Ilinduces the pro-apoptotic
protein BAX that releases Cytochrome-C and reactive oxygen
species (ROS) from the mitochondria. Cytochrome-C causes
apoptosis, where ROS induces necrosis of the cell.?* BCL-2 is
localized to the outer membrane of mitochondria, where it
plays an important role in promoting cellular survival and
inhibiting the actions of pro-apoptotic proteins.®

Nicotine also alters the endocrine function, perhaps at the
level of the ovary, which in turn affects the release of female
hormones. Smoking is an established modifiable risk factor
for a number of serious complications in pregnancy and
maternal-fetal health. These complications include preterm
delivery, intrauterine growthrestriction, placental abruption,
and prenatal mortality, etc. The endocrine disruption likely
contributes to the reported associations of smoking with
adverse reproductive outcomes, including menstrual
dysfunction, infertility, and earlier menopause.

Protein Energy Malnutrition (PEM) continues to be a
major public health problem in developing countries and
affects mostly all age groups like infants, young children,
pregnant and lactating mothers and poorer segments of
the population. Low dietary protein imposes a constraint
on biosynthetic activity, disposition, and toxicity.?” Though
it is already proven that in normal dietary conditions,
nicotine causes various damage to our body, the toxic
effects of nicotine, particularly in protein-restricted dietary
situations, are still a cause for concem. The therapeutic use
of curcumin, anatural yellow polyphenolic pigment isolated
from the rhizomes of the plant Curcuma longa L. (turmeric),
in diet can inhibit the antigen-mediated activation of mast
cells, IgE production, and airway inflammation. It shows a
wide spectrum of biological and pharmacological effects,
such as anti-inflammatory, antioxidant, antimicrobial, anti-
hepatotoxic, hypolipidemic, and anticancer properties.
Curcumin also has immunomodulatory and anti-allergic
activities. Poor aqueous solubility, low bioavailability, poor
absorption, and rapid excretion from our body are the basic
drawbacks of curcumin against its use in clinical practice.
Curcumin, in the form of nanoparticles, is more active

than curcumin because of its more aqueous solubility and
increased bioavailability. Nano-particles of curcumin are
therefore proposed as nano-drugs for oral supplementation
to increase their bio-availability against nicotine-induced
toxicities under protein-restricted conditions.

MaAaTErIALS AND METHODS

Nicotine hydrogen tartrate and curcumin were purchased
from Sigma Aldrich Chemicals Company, St. Louis, USA. The
preparation and characterization of nano-curcumin was
done in our laboratory, which had already been discussed
elaborately elsewhere.?® Spectrochem Pvt. Ltd. India and
Merck India supplied all others analytical grade chemicals.
PUREGENE-made ELISAKits were supplied by Genetix Biotech
Asia Pvt. Ltd. and were used for the detection of cytokines,
apoptotic proteins, and steroidogenic hormones.

Protein Restricted Diet and Animals

Female albino rats of Wistar strain (Rattus norvegicus) having
130-150 gm body weight were procured from the Animal
housing facility of Jadavpur University and maintained one
week by feeding with the standard pellet diet (Hindustan
Liver Ltd., India) and water ad libitum. The animals were fed
a protein-restricted diet during the nicotine exposure period,
which was three consecutive weeks. The protein-restricted
diet contains carbohydrates (83%), protein(5%), fat (7%),
salt mixture (4%), and vitamin mixture (1%).2° The rats were
maintained with a naturallighting schedule, i.e., 12 hours light
and 12 hours dark cycles, by following strictly the guidelines
of the Institutional Animal Ethics committee of the Jadavpur
University, Kolkata, India (Ref. No.: AEC/PHARM/1502/14/2015,
Dated: 30/07/2015). There were 30 rats were taken and divided
equally into five groups of six rats each.

Group -C: Animals in this group received no nicotine
exposures and served as a control group.

Group-NT: Animals in this group were exposed to nicotine.
Nicotine tartrate solution was subcutaneously injected atan
effective dose of 2.5 mg nicotine/ kg body weight.
Group-NTCS: Animals in this group received an effective
dose of nicotine followed by a supplemented effective dose
of curcumin (80 mg/kg body weight), which was given orally
after one hour of nicotine injection.

Group —-NTNCS: Animals in this group received an effective
dose of nicotine followed by a supplemented effective dose
of nano-curcumin (4 mg/kg body weight), which was given
orally after one hour of nicotine injection.

Group -NCS: Animals in this group received an effective dose
of nano-curcumin (4 mg/kg body weight) only, which was
given orally after one hour of nicotine injection.

After the completion of exposure for three consecutive
weeks, all animals were kept fasting overnight and sacrificed
the next day by decapitation.

Sample Collection

After decapitation, blood samples were collected from the heart
immediately, divided into two parts, and stored with or without
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an anticoagulant (Heparin). The serum was separated from the
blood, kept in anticoagulant containers by centrifugation, and
stored at - 20°C for further analysis. The liver, kidney, and ovary
were dissected out and stored in vacuum desiccators at -20°C
to prevent auto-oxidation for future studies.

Hemoglobin Estimation

Percentages of hemoglobin estimation were done using the
method described elsewhere 3

DNA Content Estimation

DNA contents from blood and tissues (liver, kidney, and ovary)
were determined by following the protocol as described by
Bandyopadhyay et al.>' After the extraction of DNA, it was
dissolved in TE buffer (pH 8) and its concentration and purity
were measured by using a spectrophotometer at the range
of 230, 260 and 280 nm.

Comet Assay

The whole procedure of comet assay was followed by a
slightly modified technique as described by Bandyopadhyay
etal. 3 The photomicrograph of each slide was taken in Leica
Fluorescent Microscope at the 40x magnification, Model 300
FX. Measurements of the total comet tail length and mean
DNA density, etc. were done by using the Perceptive Comet
Assay IV software version 4.3. The parentage of DNA damage
and tail moment were done accordingly. A total of 50 cells
were screened per animal, and the data were averaged.
Quantification of DNA damage for each call was as follows:
Total DNA in comet = (Total comet area) x (mean DNA
intensity)

Total DNA in comet head= (Total head area) x (mean DNA
intensity)

% DNA damage = (Total DNA in comet) - (Total DNA in comet
head) x100

Tail moment = (Tail length) x (Mean DNA intensity in tail)

Cytokines and Apoptotic Molecules by ELISA

Various cytokines such as IL-6, IL4, TNF-a, and IFN-y and
apoptosis regulatory proteins (BCL-2 and BAX), which were
induced by nicotine and nano-curcumin, were measured
from the serum of protein-restricted rats. This process was
conducted with the help of Quantikine Immunoassay Kits
(Genetix Biotech Asia Pvt.Ltd.) as per the manufacturer’s
protocols. The quantitative sandwich enzyme immunoassay
technique did this assay. The intensity of the color measure
was proportional to the amount of rats IL-4 and IL-6 and
bound in the initial step. After the completion of this assay,

the plates were read for optical density at 450 nm and then
compared with the standard curve.

Female Hormones by Radioimmunoassay

Un-conjugated forms of female hormones, viz., estradiol
and progesterone hormones, were estimated with the help
of an ELISA kit supplied by Genetix Biotech Asia Pvt. Ltd. as
per the manufacturer’s protocol. The concentration of the
hormonesin the serum of control and experimental rats was
determined by interpolating the measured OD values at 450
nm from the standard curves.

Statistical Analysis

Each experimentwas repeated twice, and data were averaged
(N = 12) and tabulated as a mean + standard deviation (SD).
The statistical analysis of the data obtained from control,
nicotine, nicotine+nano-curcumin, and only nano-curcumin
supplemented animals was performed by one-way analysis
of variance (ANOVA). The significant levels of the observed
data were determined at p <0.05.

RESULTS

Nicotine exposure caused a significant (p <0.001) decrement
in total hemoglobin content (25%) in the RBC of the animals
under protein-restricted diet conditions. It was observed
that both curcumin and nano-curcumin increased the
hemoglobin concentration in RBC effectively (Table 1).
Nicotine hampered DNA synthesis in the tissues of the rats’
blood, liver, kidney, and ovary under a protein-restricted
diet, as seen in Table 2. DNA contents in those tissues were
reduced to more than 20%, which was significant (p < 0.001).
The ameliorative action of nano-curcumin against nicotine
in DNA synthesis was found to be significant (p < 0.001) than
that of curcumin (Table 2).

Comet assay (Figure 1 and Table 3) showed that nicotine
caused aggravated DNA damage (almost 50%) to the blood
cells of female rats in protein-restriction conditions. Both
curcuminand nano-curcuminresisted the deleterious action
of nicotine against DNA damage. Table 3 shows that nano-
curcumin possesses better ameliorative efficacy (p < 0.001)
than curcumin in the case of repairing DNA damage.

The concentration levels of all the observed cytokine
molecules (IL-4, IL-6, TNF-a, and IFN-y) were increased due
to the action of nicotine in female rats maintained under
protein-restriction conditions (Figure 2). Results suggested
thatIL-4 increased 1.4 folds in nicotine-exposed and protein-
restricted animals compared to control protein-restricted

Table 1: Hemoglobin levels of animals in different groups

Groups
Parameter (@] (NT) (NTCS) (NTNCS) (NCS)
Haemoglobin (g/ 123+0.34 9.16 £0.29" 11.66 +0.18™# 12.3+0.18" 134405
dL") (n=12) (25.521) (5.481) (0.0) (8.941)

Data are Mean + SD. * and* indicate significant differences with C and NT groups, respectively.
Values in parenthesis indicate the percentage of increase () or decrease (1) relative to the control.
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Table 2: Total DNA content in different tissues of animals in different groups

Groups

Parameter (@] (NT) (NTCS) (NTNCS) (NCS)
Blood (pg/300 pL) 110.67 +5.31 77.67 £6.75 87.36 £9.39 104.82 + 4.08 113.94 +3.86

(29.811)" (21.06 1) (5.28 )" (2.951)
Liver 17.0+2.13 13.29 +1.60 14.89 +0.51 16.16 +3.91 17.06 + 1.41
(ug/mg) 1.824)" (1241 )" (4.94 1) (0351
Kidney 17.66 +0.42 13.49+1.54 15.63 +0.23 16.41 +2.36 17.74+0.75
(ug/mg) (23614)" (11.49 1) (7.07 1) (0451
Ovary 19.72 +0.67 13.84+0.36 15.29+0.24 18.44 +0.05 19.39 +0.04
(ug/mg) (29.811)" (2246 1) (6.491)"* (1.671)

Data are Mean = SD. * and ¥ indicate significant differences with C and NT groups, respectively.

Values in parenthesis indicate the percentage of increase (1) or decrease (1) relative to the control.

Table 3: DNA damage percentage and tail moment in whole blood of

different groups
Groups
Parameter (@] (NT) (NTCS) (NTNCS)  (NCS)
9% DNA 1336+ 4800+ 2689+ 1606+ 13.12%
damaged 0.5 4.2 217" 0.5 0.14
Tail moment 8093+ 63695 2108+ 16427 1944+
arbitrary unit  2.50 +5.04° 642 +8.44% 835

Data are Mean + SD. * and # indicate significant differences with Cand NT
groups, respectively.

.

Figure 1: Photomicrographs of the comet assay of blood cell DNA
of animals under protein-restricted conditions. (1A) represents the
comet picture of blood cell DNA in protein-restricted diet-fed rats. (1B)
represents the comet picture of blood cell DNA in the nicotine-exposed
group. (1C) represents the comet picture of blood cell DNA in the
nicotine + curcumin-exposed group. (1D) represents the comet picture
of blood cell DNA in the nicotine+nano-curcumin-exposed group. (1E)

represents the comet picture of blood cell DNA in the nano-curcumin-
supplemented group.

animals. Similarly, IL-6, TNF-a, and IFN-y were increased
by 1.8, 2.1, and 1.3 folds, respectively, in nicotine-exposed
and protein-restricted animals than in control protein-
restricted animals. Curcumin supplementation reduced
the concentration levels of all these cytokines, and the
concentration levels of IL-4, IL-6, TNF-a, and IFN-y became
1.1, 1.6, 1.8, and 1.1 folds, respectively, in nicotine-exposed
and protein-restricted animals. Supplementation of nano-

Cytokines profile ( pg / ml)

IL -6 IL-4 TNF - = IFN -y

Figure 2: Cytokine profile determined by ELISA. Columns are Mean
+ SD. * and # indicate significant differences with Cand NT groups,
respectively

Apoptosis regulator proteins (ng / ml)

BAX

BCL -2

Figure 3: Apoptosis regulator protein determination by ELISA
Columns are Mean + SD* and # indicate significant differences
between the Cand NT groups, respectively

curcumin to nicotine-exposed and protein-restricted animals
reduced those cytokine levels very significantly (p < 0.001),
due to which the concentration levels of IL-4, IL-6, TNF-aq,
and IFN-y b became 1.0, 1.3, 1.2 and 1.1 folds, respectively.
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Table 4: Levels of steroidogenic hormone released in serum of rats under protein restricted dietary condition determined by ELISA

Steroidogenic hormone control Nicotine Nicotine + curcumin  Nicotine + Nanocurcumin Nanocurcumin
Estradiol (pg/mL) 7962+ 525 63.69 + 13.57 71.11+£10.1 78.88 £5.09 84.06+ 5.01
Progesterone (ng/mL) 11.59+0.23 8.95+0.04 9.49 +£0.121 10.7 £0.19 1328+ 0.20

The concentration of anti-apoptotic molecule (BCL-2)
was drastically reduced (2.8-fold) by nicotine exposure in
female rats under protein-restricted conditions (Figure 3).
The concentration level of BCL-2 became 1.2 folds (p < 0.01)
by curcumin and 1.0 folds (p < 0.001) by nano-curcumin
supplementation in the nicotine-exposed and protein-
restricted diet-fed female rats (Figure 3).

Nicotine also caused a decrement of female sex hormones
(estradiol by 1.3 folds and progesterone by 1.3 folds) in
the female rats maintained under a protein-restricted diet
compared to their respective controls (Table 4). Nano-
curcumin almost nullified the action of nicotine and restored
the normal concentration levels of estradiol and progesterone
more significantly (p < 0.001) than curcumin in the nicotine-
exposed and protein-restricted diet-fed female rats.

Discussion

Different forms of tobacco consumption are widely spread
over socio-economically handicapped populations in
developing countries, particularly in India, and therefore,
this study is worthy of investigation. The study shows that
nicotine causes a significant reduction (p < 0.001) of total
hemoglobin concentration in the blood cells of female rats
when maintained under protein-restricted diet conditions.
This is in agreement with our previous study,® where it is
shown that nicotine inducesa low RBC count and affects the
binding efficacy of hemoglobin with oxygen. Hemoglobin
concentrationis therefore becoming low in nicotineexposure.
Numerous studies have demonstrated that low hemoglobin
(Hb) is a strong prognostic indicator of poor disease control.
The observed increased concentration of hemoglobin by
curcumin or nano-curcumin is due to their protective efficacy
against nicotine, as explained by Banerjee et al.3° The more
bio-available nano-curcumin shows enhanced ameliorative
efficacy than curcumin against the nicotine-induced effect.
Nicotine causes suppression of cellular proliferation and
increases DNA breakdown, resulting in increased cell death
(Mohammed et al., 2004). The present finding supports
the earlier studies®' as nicotine causes a very significant
(p < 0.001) reduction of DNA content in various tissues
(blood, liver, kidney, and ovary) of the female rats under
protein-restricted conditions (Table 2). Chattopadhyay
and Chattopadhyay®? have shown that nicotine enhances
lipid peroxidation in female rats under a protein-restricted
diet, which results in increased oxidative DNA damage and,
therefore, the total DNA content in various tissues becomes
less compared to their respective controls in such conditions
(Table 2). Though curcumin and nano-curcumin both are
able to minimize the toxic effect of nicotine against the DNA
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content of the tissues, nano-curcumin shows better efficacy
against nicotine due to its more bioavailability, resulting in
less decrement of total DNA content in various tissues of
nicotine-exposed animals. Itis reported that nano-curcumin
possesses higher binding efficacy with DNA than nicotine.*®
Therefore, the nano-curcumin vs. DNA complex is more
stable than the nicotine vs. DNA complex. Nano-curcumin
thus protects DNA from nicotine, resulting in increased DNA
concentration in various tissues.

The comet assay results, as shown in Figure 1, clearly indicate
that nicotine can break DNA strands, which is why the comet-
like appearance is seenin the picture. The cometassay isa well-
established genotoxicity test for in-vitro testing of chemicals
against biological macromolecules.3* The retrenched head
diameter, extended tail length, decreased head diameter vs.
tail lengthratio, and amplified percentage of DNA damage are
seen to be significantly higher in nicotine-exposed protein-
restricted animals. In the comet assay, it is observed that the
percentage of DNA damage in the protein-restricted control
groupis 13.36.9.Some amount of DNA damage (< 10%) always
occurs in normal conditions due to various physiological
stresses. Protein restriction causes additional stress, due to
which aslightly higher percentage of DNA damage is observed
in our study. Figure 1 for comet assay clearly indicates that
nicotine plays a significant role in genotoxicity to the blood
cells of female rats in protein-restricted conditions. This
may be due to the increased production of free radicals
and reactive oxygen species (ROS) that attack all types of
macromolecules, including DNA, as reported in an earlier
study.3® Curcumin significantly reduces DNA damage due
to its anti-mutagenic, tumor-inhibiting, and anti-oxidant
properties. Nano-curcumin supplementation (p < 0.001)
significantly prevents nicotine-induced DNA damage in the
protein-restricted group. It suggests that more bio-available
nano-curcumin has better efficacy in combating nicotineand
restoring DNA damage than in nicotine-stressed conditions.
ELISA test was performed to determine the concentration
of cytokines (IL-6, IL-4, TNF-a, IFN-y) in serums of rats
exposed to nicotine, curcumin, and nano-curcumin under
protein-restricted dietary conditions. The results of this
study demonstrated that cytokine levels were influenced by
nicotine. At the physiological level, IL-6 plays an important
role inthe cytokine network. However, excessive production
of IL-6 in response to exposure to lipopolysaccharide has an
inflammatory effect, resulting ininjury.3® IL-4in extravascular
tissues promotes alternative activation of macrophages into
M2 cells and inhibits the classical activation of macrophages
into M1 cells. It stimulates the activation of B-cells and the
proliferation of T-cells, and it differentiates B-cells into
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plasma cells.” TNF- q, along with IL-1beta, up-regulates the
expression of VCAM-1 on hepatic sinusoidal endothelium
in-vivo, which promotes cancer cell adhesion and liver
metastasis. IFN-y possesses immune regulatory property
that alters the transcription of~30 genes producing a variety
of physiological and cellular responses.®® Activated T cells
release macrophage-activating factor IFN-y which activates
macrophages to secrete many inflammatory proteins such
as IFN-y inducible protein (IP-10), IFN inducible T cell a -
chemoattachment (I-TAC), and monokine induced by IFN-y
to orchestrate the inflammatory process. ELISA results for
the cytokines of serum demonstrate that the cytokines are
elevated rapidly after nicotine exposure in normal protein
dietary conditions, and curcumin prevents that elevation,
whereas nano-curcumin supplementation helps more
effectively than curcumin to regain the normal level of
cytokines as released under normal dietary conditions.
Apoptosis plays an important role in regulating a variety of
diseases. In the case of schizophrenia, a neurodegenerative
disease, an abnormal ratio of pro- and anti-apoptoticfactors
is observed.?® BCL-2 is localized to the outer membrane of
mitochondria, where it plays an important role in promoting
cellular survival and inhibiting the actions of pro-apoptotic
proteins. The pro-apoptotic proteins in the BCL-2 family,
including BAX and BCL-2, normally act on the mitochondrial
membrane to promote permeabilization and release of
cytochrome C and ROS, which are important signals in the
apoptosis cascade. These pro-apoptotic proteins are, in
turn, activated by BH3-only proteins and are inhibited by
the function of BCL-2 and its relative BCL-XI.*® ELISA test
shows that nicotine exposure decreases the concentration
level of anti-apoptotic BCL-2 molecules and increases the
concentration of pro-apoptotic BAX molecules. The more
bio-available nano-curcumin supplementation regains the
normal concentration levels of both apoptotic molecules
more significantly than that of curcumin released under
protein-restricted dietary conditions.

Cigarette smoking has major effects on the reproductive
potential of humans. Being pro-androgenic, smoking is also
anti-estrogenic, which means it has a negative effect on
estrogen levels in women.*! Nicotine significantly reduces 17
[-estradiol and progesterone levels in female rats maintained
on a protein-restricted diet. Nicotine has an anti-estrogenic
effect of which affects the hepatic estrogen metabolism,*?
thereby reducing 17 B-estradiol levels in the serum of those
female rats. It also induces a decrease in progesterone levels
by increasing PGF-2q, an important factor for autolysis, and
also byincreasing VEGF mRNA expression. Both curcuminand
nano-curcumin combat the anti-estrogenic effect of nicotine,
and increased 173-estradiol level and progesterone levels
are noted when supplemented in rats maintained under
a protein-restricted diet. This increment occurs because
of curcumin, which inhibits microvascular endothelial cell
angiogenesis through the inhibition of COX-2 expression.*?
Nano-curcumin shows a more significant ameliorative

effect than curcumin, increasing the 17 B-estradiol and
progesterone levels near normal levels in the serum of rats
maintained under protein-restricted conditions.
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Abstract

The potential use of curcumin against diverse cancers is limited due to its poor
bioavailability though curcumin possesses significant anti-invasion, anti-proliferation, anti-
inflammatory and anti-angiogenesis activities. Nanocurcumin (NCur) having better
bioavailability and bio-absorption properties, shows similar activities of curcumin. This work
compares the anticancer efficacy of NCur and curcumin in terms of cell viability (MTT assay),
apoptosis (DAPI staining) and proliferation (morphological studies) to human cervical cancer
cells (SiHa) and lung cancer cells (A549). The MTT assay establishes the viability and cytotoxic
effects of curcumin and NCur on cancerous cell lines in vifro. The human embryonic kidney cell
line (HEK293) serves as a control. The study reveals that NCur is more efficacious in killing the
cervical cancer cells SiHa (ICs, value 10.66 £ 1.04 uM) and the lung cancer cell A549 (ICs, value
7.65 +£1.35 uM) compared to curcumin (ICs, for SiHa is 14.57 = 1.17 and for A549 is 12.17 +
0.44) post 48 h of treatment. However, at 50% inhibitory concentrations of NCur towards the
cancer cells, no noteworthy effect is observed in the normal HEK293 cells. DNA fragmentation
assay indicates pronounced ability of NCur to induce apoptosis in cancerous cells compared to
curcumin. These outcomes provide insights into understanding the inhibitory mechanism of
NCur on the proliferation of SiHa and A549 cancer cells through ROS induced apoptosis. This
study shows that NCur is more potent inhibitor than curcumin towards cancerous cells
proliferation through apoptosis and reveals the importance of curcumin size in mounting potent

anticancer activity.

Keywords:  Apoptosis, Carcinogen, Inflammation, Nano-curcumin, ROS.
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Introduction

Cancer is the foremost reason of fatality because of high occurrence and mortality'. Among
different type of cancers cervical cancer and lung cancer are extremely common and deadly **.
Cervical cancer is recognized among women globally and is related with Human papillomavirus
(HPV) *. Conventional treatments (surgery, chemotherapy, radiotherapy etc.) are only efficient in
the early stages of cervical cancer ° as a result, it is imperative to find new methods for the
treatment of cervical cancer. HPV-16 and HPV-18 are two ‘‘high risk’’ subgroup of HPVs * and
encode viral proteins E6 and E7 respectively, which can interfere with cellular tumour
suppressor proteins pS3 and retinoblastoma susceptibility gene product Rb respectively’. HPV
infections are typically transient and do not usually involve to clinically considerable lesions of
the cervical mucosa apart from persistent infection over a significant period of time °. Higher
number of HPV infection compared with the small incidence of cervical cancer cofactors like
oral contraceptive use, smoking, infection with other sexually transmitted diseases such as
Herpes simplex and host factors are involved in the malignant transformation of the cervical
mucosa .

Non-small cell lung cancer (NSCLC) occurs in 80% of all lung cancer cases and small cell
lung cancer (SCLC) occurs 20% among all lung cancer cases ®. Due to the asymptomatic nature
at early stage and limitations of effective screening of the disease, most lung cancer patients are
diagnosed at an advanced stage °. Standard treatments until today including SCLC and NSCLC
cancer patients are surgery, chemotherapy or radiation therapy . Although the major advances
in diagnostic and therapeutic approaches five-year survival rate for all stages collectively remain
just about 16% among all the lung cancer patients '. Poor survival rate is associated with late

diagnosis, drug resistance, and toxicity ". As a result, further research on lung cancer

3
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mechanisms, non-toxic therapeutics drugs, and new intervention targets would prove useful in
lung cancer therapy. In this context, we hypothesize the use of Phyto-chemicals or herbal drugs
in treating lung cancer.

Plant extracts and natural Phyto-chemicals are widely studied anticancer agents because of
low toxicity and minimal side effects than synthetic compounds. Over 35,000 plants species are
being consumed around the world as they are thought to contain several healing properties with
less side effects. Curcuma longa, well-known as turmeric has been used extensively since very
old times as a spice in traditional cuisine as well as a traditional medicine in India and China '*%.
Curcumin (C,HxOs, MW 368.37) the natural poly-phenol compound, derived from the rhizome,
is an orange-yellow crystalline powder with a mild bitter taste . It has been used as an effective
chemo preventive agent inhibiting tumour progression against liver cancer”, gastric cancer ‘¢,
lung cancer', breastcancer'®, prostate cancer”, and cervical cancer * etc. Curcumin is known for
several therapeutic actions including anti-oxidant and anti-inflammatory * and anti-microbial,
anti-viral and anti-fungal®. In addition, several in vitro and in vivo studies on curcumin
demonstrate its anti-carcinogenic effects on lung cancer through inhibition of cell proliferation
and induction of apoptosis *?. In spite of all these valuable chemo protective properties of
curcumin, its use in patients is hindered owing to various major problems like poor
bioavailability, poor aqueous solubility, low absorption and rapid excretion from the body .
To resolve these issues, encapsulated nano-formulations of curcumin has been adopted®*. Here,
we evaluated the anticancer properties of NCur and curcumin on lung cancer cells (A549) and
cervical cancer cell SiHa cells. This study clearly showed that the anticancer properties of NCur
was superior to that of conventional curcumin because of better absorption, higher aqueous

solubility and greater cellular uptake of NCur than that of curcumin.
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Materials& Methods

Nicotine hydrogen tartrate and curcumin were purchased from Sigma Aldrich Co. (St.
Louis, MO, USA). All other analytical grade and fine chemicals were supplied either by Spectro
Chem Pvt. Ltd. (India) or Merck (India).
Preparation of and characterization of NCur

The preparation and characterization of NCur was done in our laboratory by a modified
technique as follows”. Firstly, a 0.018 M curcumin solution was prepared by dissolving
curcumin in dichloromethane (DCM) solvent, which was then added to warm (50°C) Milli-Q
ultrapure water drop slowly (with a flow rate of 0.2 mL/min) for 10 min with a continuous
stirring by a ultrasonic-pulse sonicator (Hielscher Ultrasonic Processor- UP100H, Germany).
The mixer solution turned into reddish-yellow colour. The coloured solution was separated by
centrifugation technique, sterilized by autoclaving, and lyophilized to make powder form (Eyela-
FDU- 2000, Japan). The orange coloured NCur powder was used the treatment of cancer cells.

The morphology of the as prepared NCur was observed by Field Emission Scanning

Electron Microscopy (FE-SEM- FEI INSPECT F50, The Netherlands). DLS analysis was used
to find out the size distribution profile of NCur. Fourier transform infrared spectroscopy (FTIR)
(Perkin-Elmer FTIR-1600, USA) was used to characterize the characteristic functional groups. of
the as prepared NCur. The crystalline nature of the NCur powder was determined by X-ray

diffraction study (Bruker AXS, Inc., Model D8, WI).

Preparation of Cell lines and Cell Culture
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The National Centre for Cell Science, Pune, India provided the HPV positive human
cervical cancer cell line SiHa, human lung cancer cell line A549 and non-cancerous human
embryonic kidney cell line, HEK293. Before initiating the experiments, the cell lines are tested
for the presence of Mycoplasma as it escapes ultra-filtration and visualization under routine
microscopic examination. DNA extracted from PBS washed cell lines is subjected to 16S rRNA
detection.

The absence of 16S rRNA molecules ruled out the presence of Mycoplasma in cell line
culture. The sequences of the forward and reverse primers adopted in this study are:

Ul(forward) - SGTTTGATCCTGGCTCAGGAYDAAC3';

U(reverse) - 5 GAAAGGAGGTRWTCCAYCCSCAC3,

qPCR tests are performed to detect 16S rRNA by using the universal Ul and U8 set of
degenerate primer pairs targeting 1.5 kb fragment. RT-PCR and microscopic DNA negative
cultures are considered for downstream studies only. The cells are grown in Dulbecco's Modified
Eagle Medium (North American Origin, Gibco) with 10% Fetal Bovine Serum (FBS, North
American Origin, Gibco), and 1% Penicillin/Streptomycin solution (Gibco). The cells are
incubated at 37 °C with 5% CO, and sub-cultured at regular intervals. The preparation and

characterization of NCur is done according to the protocols reported elsewhere .

MTT assay

In 96 well plates, 0.2 ml of cell suspension (containing 2x10" cells) is seeded and cultured
till ~ 90% confluence is achieved. Then, the culture medium is discarded and cells are treated
with different concentrations (10-60 uM) of curcumin and NCur for 24 and 48 h, in triplicate in
fresh phenol red free culture media and FCS. The culture medium is removed and the cells are

washed with PBS. Then, 0.2 mL MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
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bromide] reagent (0.5 mg/mL) is added to each well and incubated for 4 h, followed by addition
of 0.2 mL DMSO to dissolve the purple-coloured crystals and absorbance measured at 590 nm
with an ELISA plate reader (Bio Rad Mark TM Microplate Reader). The relative cell survival
rate is calculated based on the ratio of the absorbance of the sample treatment relative to the

absorbance of the control treatment.

Cell morphology assay

SiHa and A549 (2x10°) cells are seeded in a 6 well plate and cultured overnight for
adhesion of cells. After removing the culture medium, cells are treated with inhibitory
concentrations of curcumin and NCur for 48 h, observed under a microscope (Olympus CKX53,

Japan) and images are captured with Magvision software.

DAPI staining to Determine Apoptotic Nuclei

To analyse the morphological changes in the apoptotic cell nuclei, cells are stained with
DAPI and observed under microscope. 2x10° cells of SiHa and A549 per well are seeded in 6-
well plates and cultured overnight in DMEM medium supplemented with 10% FBS. The
medium is then replaced with DMEM medium supplemented with 0.2% FBS and treated with
curcumin and NCur for 48 h. Thereafter, the medium is completely removed and the cells are
washed with ice cold PBS twice, fixed in 100% ethanol for 20 min at room temperature, and
washed twice again with cold PBS. Then the cells are incubated with 100 nm of DAPI in PBST

for 5 min in room temperature and observed under a fluorescence microscope (Zeiss).

Quantification of DNA fragmentation
DNA fragmentation is one of the hallmarks of late apoptosis in majority of cell types.
DNA fragmentation is qualitatively analysed by agarose gel electrophoresis by observing the

DNA ladder formation. Total DNA is isolated from cells according to the manufacturer’s

7
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protocol (ROCHE Apoptotic DNA-Ladder Kit, Germany). Samples are mixed with loading dye
(0.25% bromophenol blue, 30% glycerol; v/v) and dispensed in wells of a 1% agarose gel. The
gel is run at 5 V/cm for about 2 hr, and the DNA is detected by ethidium bromide under UV light

(GelDoc; Bio-Rad XRS+).

H.DCFDA staining

H,DCFDA staining is a well-known technique for determining total intracellular Reactive
Oxygen Species (ROS) levels. H,.DCFDAIs a cell permeable dye which remains non-fluorescent
till it reacts with ROS. SiHa and A549 cells are grown in 24 well plates and treated for 24 h with
curcumin and NCur at ICs,. After removing the medium from the plate, the cells are rinsed with
PBS and treated with 1mM H,DCFDAdye for 20 min at 37 °C in dark. Then the cells are washed
twice with PBS and examined under a microscope (Zeiss) for fluorescence emitting cells to

determine ROS generation.

Statistical analysis

All experiments were done in triplicate and data were averaged over (N = 3) and presented
mean £+ S. D.
Results
Characterization and cytotoxic effects induced by curcumin and Nano-curcumin in cancer
cell lines

The morphology of the as prepared NCur is shown in Fig. 1, where the average particle

size of the NCur was 60 = 10 nm (approximately). DLS analysis (Fig. 2) showed the size
distribution profile of NCur, and averaged hydrodynamic diameter (65 nm) of the as prepared
nanoparticles. The zeta potential of the as prepared NCur was less than - 25 mV as seen from
Fig. 2b. The as prepared NCur shows a weak peak at 717 cm ' allocated for the C—H vibrations of the

8
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aromatic ring (Fig. 3). Another peak at 857 cm' correspond to the C-H bending and 958
cmcorrespondsto benzoate trans-C—H vibration. Peak at 1149 cm™ is assigned to the functional group of
C-H stretching. Other peak at 1277 cmrepresents the C—O stretching group, peak at 1425 cm™
corresponds to phenolic C—O stretching and peak at 1504 cm™ correspond to C=0. The strong absorption
peak that arises from 1598 cm™ can be denoted for the symmetric stretching vibrations about the aromatic
ring (C=C ring). Anothcr absorption pcak noticed at 1626 cm™ might be duc to the (C=C) stretching. The
peak at 3508 expresses that there is presence of OH stretching in NCur. For analyzing the crystalline
nature and purity of NCur using XRD (fig.4). Very sharp intense and characteristic peaks of Ncur
were observed at 260 diffraction angle; 14.55°, 17.30°, 18.24°, 23.41°, 24.55°, 25.63°, 27.33°, and
31.63°.

The effect of different doses of curcumin and NCur on cervical cancer cell line SiHa and
lung cancer cell line A549, as well as on normal epithelial cell line HEK293 are shown in Fig.5A
and Fig 5B. The amount of solvent (DMSO) used in the culture of SiHa and A549 is 0.2%. The
toxicity of DMSO is nullified by adding equal volume of solvent in the control group of cells
HEK293. Notably, at this DMSO concentration no significant difference (P > 0.05) is observed
on the cell viability of SiHa and A549 and HEK293. In Fig. 5B of cancerous cell line SiHa and
AS549, the increasing concentrations of NCur (10-60 pM) in the media decreases the percentage
of viable cells significantly after 48h. The IC, value of NCur for SiHa and A549 cells within 48
h is about 10.66 + 1.04 and7.65 + 1.35 uM (Table 1). In Fig. 5A, it is observed that with
curcumin treatment at 10uM, the cell viability of SiHa and A549 declines to 60.22% and 54.21%
respectively compared to normal cell line, HEK293. The morphological changes (indicated by

arrows) of SiHa and A549 cells by curcumin and NCur are shown in Figs. 6A and 6B.

Effect of Curcumin and NCur on the level of intracellular ROS generation and in

promoting apoptosis
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It is seen that curcumin induced apoptosis in SiHa and A549 lung cancer cells when cells
are exposed to 14 uM and 12 uM curcumin respectively while NCur induced apoptosis when
cells are exposed to 10 uM and 7 pM respectively. The fluorescence microscopic images show
an increased proportion of cells with higher fluorescence intensity when cells are treated with
NCur for 48h (Figs. 7A and 7B). This is an indication of increased level of ROS in SiHa and
A549 cancer cells by NCur. Curcumin can induce similar magnitude of ROS generation only at

very higher doses in comparison to Ncur.

DNA damage assay

DNA fragmentation assay, showed distinctive DNA laddering indicating the ability of
NCur to induce apoptosis in both SiHa and A549 cells (L2 and L4 respectively in Fig. 8). Lesser
magnitude of DNA laddering is observed in the treatment of curcumin (L1 and L3 respectively)

on these two cancer cell lines.

Discussion

Health risks from cancer is growing significantly worldwide and accordingly, researchers
are putting their efforts in developing highly effective therapeutic processes for the disease. Here
we demonstrate the use of safe herbal drugs (curcumin and NCur) in effective treatment of
cancer using in vitro experiments. We further demonstrate that nano sized curcumin displays
better anticancer property at a relatively smaller dose in comparison to standard curcumin
powder. Therefore, we hypothesize that nano-sized curcumin may be considered for treating
cervical and lung cancer.

Cytotoxicity is an important component of the immune system and is a highly regulated,
multi-factorial process carried out by different cytotoxic cells of the immune system. Cytotoxic
CD8+T cells, NK and NK-like T cells mount immune responses to cancer via pathways that

10
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include the cytotoxic granzyme B/perforin pathway and by release of cytokines including IFN-y
and TNF-¢. The decreased IFN-y is likely to contribute to the suppressive pro-tumour
microenvironment and the survival of cancer cells, as this cytokine inhibits angiogenesis and
cellular proliferation and promotes apoptosis of the cancer cells. In addition, it activates the
adaptive immune system, and thus contributes to effective antigen processing and presentation *.
Curcumin treatment for human cervical cancer and lung cancer come in this area. Curcumin has
been considered as a promising approach for the treatment of multiple cancers, including gastric
cancer, bladder cancer, renal cancer, etc. **. Curcumin, being a lipophilic molecule, interacts
with the cellular membrane and is subsequently internalized, probably by diffusion. The higher
curcumin uptake by tumour cells, against normal ones, has been assigned to various hypothetic
factors, including the different membrane structure, protein composition and larger size *. The
antioxidant activity of curcumin has been identified as the key mechanism by which this dietary
phytochemical prevents cancer in vivo*. Some studies suggested that curcumin attenuates
inflammation by modulation of antioxidant enzymes and down regulation of IL-1p, IL-6 and
TNF-a *. Curcumin also suppresses the paclitaxel-induced NF«xB pathway in cancer cells and
shows anti-apoptotic properties. The results of the present experiment confirmed the anti-
inflammatory effects of curcumin and are in agreement with the previously published data in
which curcumin led to a reduction in the formation of pro-inflammatory cytokines. The study
similarly validates the significance of NCur in cancer treatment by using nano sized herbal
powder for overcoming the limitations of poor solubility and absorption of curcumin for
enhanced anti-inflammatory effects.

Bioavailability of a drug to the cells, whether in vitro or in vivo, is critical for its optimal

efficacy. The ICs, values of NCur for SiHa and A549 cells within 48 h are about 10.66 = 1.04

11
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and7.65 £ 1.35 uM respectively (Table 1). From Fig. 5A, it is been observed that curcumin
treatment at 10uM, the cell viability of SiHa and A549 declined to 60.22% and 54.21%
respectively in 48 h. Whereas, NCur treatment at 10 uM, the cell viability of SiHa and A549
declined to 43.54% and 35.42% respectively in 48 h. This outcome implied that, NCur
treatments possessed a higher impact toward the cervical cancer cell like SiHa and lung cancer
cell line like A549 cells compared to curcumin. Interestingly, following an increase of curcumin
and NCur concentration in the medium, the growth of normal cell line HEK293 was not affected
significantly (P<0.05) (Figs. SA & 5B), but at doses greater than 35uM concentration, the
growth inhibition of HEK was also significantly affected (P<0.05). Moreover, at the 50%
inhibitory concentrations of NCur towards the cancer cell lines, no significant effect was
observed in the normal HEK293 cells.

Evaluation of apoptosis is crucial to differentiate it from necrosis. Nuclear fragmentation is
one of the characteristic features of apoptotic mode of cell death. In view of the morphological
features of the cells observed in response to using inverted microscopy, potent morphological
changes in cancer cells (SiHa and A549) including cell shrinkage and star-shape with membrane
blabbing which represent a typical apoptosis. When cells are treated with inhibitory
concentration of curcumin and NCur cells become round in shape (Fig. 6A).

Morphological changes in cell nuclei are determined by fluorescence microscope. The blue
fluorescent Hoechst 33342 is a cell permeable nucleic acid dye usually used to identify
chromatin condensation and fragmentation by staining the condensed nuclei of apoptotic cells.
Cell nuclear morphology is evaluated by fluorescence microscopy following DAPI staining.
Apoptosis can be differentiated from necrosis by their characteristic nuclear changes. DAPI is a

nuclear stain which is observed as blue fluorescence when excited under fluorescence

12
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microscope. In our present study, DAPI staining revealed the changes associated with apoptosis
in SiHa and A549 cells are both treated with curcumin and NCur which are shown in Fig. 6B.
The treatment group showed fragmented apoptotic bodies, shrunken and emarginated nuclei in
contrast to the control and large nucleus in the untreated cells, proving the apoptotic potential of
the sample(drug). The morphological changes associated with apoptosis such as chromatin
condensation, nuclear fragmentation (marked by arrows in Fig. 6B) are evident in both cancer
cells upon treatment.

DNA laddering is one of the hallmark indications that helps in the differentiation of
apoptosis from necrosis . In the treatment group of our present study, the presence of the
laddering (smear) pattern of DNA fragments and the absence of the necrotic streak further
confirm apoptosis as noted in Fig. 8. DNA fragmentation assay, which is an indicative of
apoptosis, is used to define the mechanism of cell death. DNA is extracted from cell lines after
the administration of various doses of curcumin and NCur and subjected to agarose gel
electrophoresis for evaluation. The results showed distinctive DNA laddering indicating ability
of NCur to cause apoptosis in both SiHa and A549 cells (L2 and L4 respectively in Fig. 8).
Laddering is also observed in treatment of curcumin which was comparatively lesser (L1 and L3
respectively in Fig. 8) on these two cancer cell lines.

ROS generation usually associated with cell apoptosis. To compare the level of ROS
generation in both cancer cell with or without the curcumin and NCur, we use an oxidation-
sensitive fluorescent dye, 2', 7’-dichlorofluoresceindiacetate. Fluorescent microscopy images
revealed that the proportion of cells with higher fluorescence intensity is increased in cells
treated with NCur for 48h (Fig. 7A and 7B), indicating that NCur significantly increased the

level of ROS in SiHa and A549 cancer cells. Curcumin could only induce ROS generation at
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very higher doses as compared to NCur. These results suggested that the elevation of
intracellular ROS is perhaps the attributing factor for NCur dependent cell death which might be
due to initiation of apoptosis in SiHa and A549 cells. Apoptotic induction can also be mediated
through ROS intermediates *. It is reported that ROS could play a role in down regulating  Bcl-
2% as well as in triggering the release of cytochrome C from the mitochondria into the cytoplasm
along with FAS associated proteins recruitment and finally leading to the activation of caspase 3
and apoptosis . In our present study, increased levels of ROS in the treatment group indicate the
apoptotic mode of cell death induced by NCur through the generation of ROS.

These observations clearly suggest that that NCur has better efficacy to increase the
intracellular ROs supporting apoptosis of both SiHa (cervical cancer) and A549 (lung cancer)
cells. Also, the NCur doses are found to be harmless and causes no-side effect to normal human
body cells. On the other hand, curcumin needs higher doses to cause apoptosis of the same

cancer cells and more time to initiate therapeutic activities.

Conclusion

This research establishes higher efficacy of nano sized curcumin in inhibiting the
proliferation of both human SiHa (cervical cancer) and A549 (lung cancer) cells in comparison
to normal sized curcumin. Natural curcumin exhibits slow and low therapeutic activity. Thus, the
study re-establishes the scope of nanotechnology in developing alternate nature based herbal

drugs in the treatment of cancer.
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Table
Table 1: Inhibitory effects (ICs, in pM) of curcumin and NCur on cancer cells (SiHa and

A549) and normal epithelial cell line (HEK293) after 24 h and 48 h incubation.

" : Curcumin Nano-
. Curcumin ICs, Nano-curcumin "

Cell Line ICs,values curcumin IC;,
values (uM), IC,, values (uM), 48h vailkie (uM)
24h (M), 24h Wk WXh

48h

HEK293 57.36 £2.08 51.31+0.59 46.79 =+ 1.14 36.10+1.09

SiHa 25.64 +0.87 1927+1.34 1457+1.17 10.66 = 1.04

A549 2533+0.74 1780+ 1.13 12.17 £ 044 7.65 +£1.35
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Fig. 1: SEM image of as prepared NCur
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Fig. 2: DLS analysis of the as prepared NCur,
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Fig. 3: Nanocurcumin was characterized by Fourier transform infrared spectroscopy (FTIR) (Perkin-

Elmer FTIR-1600, USA) by mixing dried powder of nanoparticles with KBr. The data of FTIR revealed

the information about the functional groups which were present in the nanocurcumin.
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Fig. 4: The crystalline nature of the NCur powder was determined by X-ray diffraction

study
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Fig. 5. Viability and morphological changes of SiHa, A549 and HEK293 cells, where (A)
Viability of the cells after 48hrs of 10-60 uM of curcumin treatment. (B) Viability of the cells

after 48hrs of 10-60 uM of NCur treatment.
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Fig. 6: (A) Morphological changes (shown by arrows) of SiHa and A549 cells by curcumin and
NCur. (B) Fluorescence microscopic images of SiHa and A549 cells treated with respective 1Cs,
concentrations of curcumin (14uM for SiHa and 12 uM for A549) and NCur (10 uM for SiHa
and 7 uM for A549) and stained with 100 nM DAPI for 5 min. The curcumin and NCur induced
DNA damage/ chromatin condensation are shown by arrows. Data represent mean = SD of two

experiments. P < 0.05.
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Fig. 7. (A)Determination of ROS generation and apoptotic cell death in SiHa and A549 cell
lines. Where, SiHa and A549 cells treated with ICs, doses of curcumin and NCur and stained
with H,DCFDA. ROS generation is observed under fluorescence microscope. (B) Determination
of ROS generation and apoptotic cell death in SiHa and A549 cell lines. Where, representative
fluorescence intensities of H,DCFDA which are plotted in the bar diagram after treatment with

curcumin and NCur.
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L3

Fig. 8. DNA fragmentation is evaluated as described in Materials and Methods, were M -
represents molecular weight marker (1Kb DNA ladder), C1 - SiHa cell control, (L1) - exposed
with curcumin for 48h, (L2) - SiHa cell incubated for 48hrs with NCur, (C2) - A549 cell control,

(L3) - incubated with curcumin for 48h, (L4) - A549 cells exposed to NCur for 48h.
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ABSTRACT

Topic: Nicotine, the core addictive component presents in a substantial quantity in tobacco. Addiction of nicotine in female populations
especially who belong to lower socio-economic status causes many adverse effects, like inducing oxidative stress, genotoxicity and
disrupting immune response in the body. The investigation was designed to determine first time the improved efficacy of nanocurcumin
against aggravated nicotine-induced toxicity on female system.

Experiments: Experiments were conducted on female albino rats maintained under protein malnourished condition where animals
were subcutaneously injected with effective dose of nicotine (2.5 mg kg-1 body weight day-1) and orally supplemented with effective dose
of nanocurcumin (4 mg kg-1 body weight day-1) for 21 days. The animals were then sacrificed and various biochemical and histological
experiments were performed on serum and different tissues.

Significant Findings: Disruption of liver and kidney functions, alteration of phosphatase enzymes activities, triglycerides and
total cholesterol in serum and aggravated lipid peroxidation in serum and liver tissues were observed in nicotine-induced and protein
malnourished condition. Nicotine also decreased the antioxidant enzymes activities and disrupted severely the structural integrity of liver,
kidney and ovary tissues in such condition. Supplementation of nanocurcumin restored the normalcy of various biochemical functions and
maintained the structural integrity of liver, kidney and ovarian tissues.

Conclusions: Nanocurcumin exhibited more effective (P < 0.001) amelioration than curcumin against the deleterious nicotine-
induced toxicities and therefore, it can be used as a potential therapeutic blocker for protecting the health of malnourished female

population against nicotine.

Keywords: Antioxidant; Nanocurcumin; Nicotine toxicity; Oxidative stress; Malnourished

INTRODUCTION

Increasing use of different forms of tobaccoproductsisanalarming
danger for human health worldwide. Along with the common
tobacco forms like cigarettes and pipes consumed worldwide, the
Indian populations are also habituated with smoking of Chutta and
Beedi, (locally used handmade smoking elements) and chewing of
tobacco leaves [1]. Consumption of different forms of tobacco is also
increasing among the women and this has now become the biggest
problems in India [2]. The route of administration for nicotine is
through a variety of ways including smoking, insufflations, chewing,
transdermal and vaporization etc. In addition, depending on the
route of administration, the exposure time and dosage, the amount of
nicotine enters in the body may vary.

Nicotine is well known to have serious systemic side effects in
addition to being highly addictive [3]. It is the most acute acting
pharmacological agent and major component of tobacco and plays
a significant impact in the development of cardiovascular disorder
[4], Chronic Obstructive Pulmonary Disease (COPD) and lung
cancer [5] and many other non- communicable diseases [6]. It also
aggravates Th1/Th2 cytokine imbalance, alters transcription factor,
lipid peroxidation in the liver and other tissues and effects on the
activities of antioxidant enzymes in rats [7,8]. Nicotine disrupts
antioxidant mechanism by enhancing the production of Reactive
Oxygen Species (ROS) and thereby decreases antioxidant level that
causes peroxidative tissue damage [8-10]. The chemicals present in
tobacco smoke alter the endocrine function, perhaps at the level of
the ovary which in turn affects the release of female hormones. This
endocrine disruption likely contributes to the reported associations
of smoking with adverse reproductive outcomes, including menstrual
dysfunction, infertility and early menopause [11].

Nutritional factors play an important role in the metabolism and
pharmaco-toxicological activities of various drugs and xenobiotic
[12]. The major nutritional disorders which are widely prevalent
in all developing countries are due to Protein Energy Malnutrition
(PEM) which affects all age groups and more so of poorer segments
of the population. However, the repercussions are the strongest in
children and women [12]. Low dietary protein possesses a constraint
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on the biosynthetic activity, disposition and toxicity. Report says
that the protein content present in the nicotine induced hepatic
cell decides either cell-survival pathway or cytotoxic pathway [13].
Though it is already established that nicotine causes various damage
in our body in normal dietary condition but the toxic effects of
nicotine particularly in protein restricted dietary situation are still
cause of concern.

Curcumin is a natural diphenolic compound derived from
turmeric Curcuma longa, and possesses many therapeutic properties
like antihepatoxic, antioxidant, anti-inflammatory, antidiabetic,
antitumour, hepato-protective, and anti-HIV activities [14,15]. It
has proven to be a modulator of intracellular signaling pathways
that control cellular inflammation, invasion and apoptosis [13].
Curcumin significantly ameliorates the nicotine-induced toxicity and
regulates the imbalance between cell survival and death induced by
nicotine [13,14]. Nanocurcumin is a nanoparticles form of curcumin
in which the particles of curcumin are more soluble and deliverable
in the body [16]. These particles have been shown to be more
targeted to the tissue of interest that leads to better drug delivery
and faster treatment without any wastage or side effects [17,18]. Our
previous results revealed that nanocurcumin under normal dietary
condition effectively ameliorated the nicotine-induced toxicities at
much lower concentration due to its higher aqueous solubility and
more bioavailability [19]. Curcumin in itself is an extremely effective
and non-toxic compound for which it is preferred for therapy. But
nanoparticles that are used to coat or carry curcumin molecules to
the body might be toxic. Thus, recent research is now focusing not
only on the formation of a better nanocurcumin medication but also
on increasing the safety levels of nanoparticles and reducing the side
effects of the drug to a minimum against the aggravated nicotine-
induced toxicities under protein malnourished condition.

MATERIAL AND METHODS
Chemicals

Dichloromethane used as a solvent for the preparation of
nanoparticles of curcumin was purchased from Merk, India.
Nicotine hydrogen tartrate and curcumin were purchased from the
Sigma Chemical Company, USA. All other required chemicals were
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purchased from Spectrochem Pvt. Ltd. India. All the chemicals and
reagents used were of analytical grade.

Animals and diet

Adult female albino rats of Wistar strain (weighing approximately
120-150 g) were taken from Animal Housing Facility of Jadavpur
University, Kolkata, India. Prior to use, all animals were acclimatized
under standard conditions of temperature and humidity with 12
h light/dark cycles. They were maintained in accordance with the
guidelines of the rule of Instructional Animal Ethics Committee
of Jadavpur University, Kolkata, India (Reference No. AEC/
PHARM/1502/14/2015, Dated: 30th July, 2015). The animals were
housed in polypropylene cages in an air-conditioned room. Animals
were allowed to protein-restricted diet (5% casein, 83% carbohydrate,
7% fat, 4% salt mixture and 1% vitamin mixture) according to Hawk et
al. [20] throughout the experiment and water adlibitum. Twenty four
female albino rats were equally divided into four groups of six rats in
each and treated as below for 21 days.

e Group-I: Served as Control group in which animals were
received no treatment.

e Group-II: Nicotine treated group in which animals were
injected with the effective dose of nicotine.

*  Group-III: Nicotine and curcumin treated group in which
animals were injected with the effective dose of nicotine and
received effective dose of curcumin orally.

e Group-IV: Nicotine and nanocurcumin treated group in
which animals were injected with the effective dose of nicotine
and received effective dose of nanocurcumin orally.

Preparation of nanocurcumin

The preparation and characterization of nanocurcumin was done
by modifying the method of Basniwal et al. [16] as already reported
[19]. The as prepared nanocurcumin was used in this study.

Mode of treatment

The animals were maintained on their respective dietary regimen
well before (1 week) the treatment start to till the completion of the
treatment. The mode of treatment and effective doses of nicotine (2.5
mg kg-1 body weight day-1), curcumin (80 mgkg-1 body weight day-
1) and nanocurcumin (4 mg kg-1 body weight day-1) were similar to
the study of Chattopadhyay et al. [19]. The animals in control group
received subcutaneous injection of 0.5 ml physiological saline only at
the same time.

Collection of samples

After the last dose of injection received, animals were kept
fasting overnight and sacrificed on the following morning after mild
anesthesia. Blood was collected from the heart in sterilized with or
without anticoagulant (heparin) containing tubes and serum was
separated out after centrifugation and stored at -20° C prior to further
analysis. Liver, kidney and ovary were dissected, cleaned properly and
stored for further investigations. The tissues were kept under ice-cold
conditions throughout the experiment.

Biochemical assays

Serum and tissues (liver, kidney and ovary) protein contents
were determined by the method of Lowry et al. [21]. The Alkaline
Phosphatase (ALP), Alanine-Transaminase (ALT), and Aspartase-
Transaminase (AST) activities in the serum were measured by using
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the standard kit supplied by ARKRAY Healthcare Pvt. Ltd., Surat,
India. The other liver function enzyme, Acid Phosphatase (ACP)
in the serum was assayed according to the method illustrated by
Bergmeyer and Bernt [22] by using para nitrophenyl-phosphate as
the substrate. The lipid components such as TC: Total Cholesterol;
HDL-C: High Density Lipoprotein-Cholesterol and triglyceride in
serum were estimated by using standard kits supplied by Ranbaxy
Diagnostic Ltd., Mumbai, India. VLDL-C and LDL-C: Low
Density Lipoprotein-Cholesterol were calculated from the values of
triglyceride, TC and HDL-C by using the Friedwald and Fredicksons
formula [23]. Lipid Peroxidation (LPO) was measured in plasma
and liver by the determination of Thiobarbituric Acid-Reactive
Substances (TBARS) according to the standard protocol. The amount
of MDA was calculated by taking the extinction coefficient of MDA
as 1.56 x 105 M cm'. Antioxidant enzyme activities in liver such as
Superoxide Dismutase (SOD) and Catalase (CAT) were determined
from rats of all the groups [24]. The Glutathione-Reductase (GSH)
and glutathione-peroxidase enzymes activities of the liver tissue were
determined by the methods described by Griffith [25]. All the entire
biochemical assays were repeated twice and data were averaged (n =
12).

Histological study

Cleaned tissues of liver and kidney were fixed by using Bouin’s
fluid. After fixation, the tissues were washed several times by different
graded alcohol to remove excess fluid and then embedded in paraftin.
Using of rotary microtome the embedded tissues were sliced. The
paraffin sections were then attached on the slide and washed by
xylol before staining. The tissue sections were then stained by using
haematoxylin and eosin staining. Histological study of liver, kidney
and ovary tissues were accomplished by using Leica DFC450C
microscope at 20X by using CFP filter.

Statistical analysis

The experimental setup was repeated twice and all data were
averaged over n = 12 animals, and given mean + S.D. Significance
levels were determined by using ANOV A, where " implied significant
(p<0.01) and " implied more significant (p < 0.001) of the data when
compared with the nicotine treatment. Similarly, * implied significant
(p <0.01) and ** implied more significant (p < 0.001) of the data when
compared with the nicotine plus curcumin treatments.

RESULTS

The as prepared nanocurcumin is shown in figure 1. The most
sensitive and widely used liver enzymes i.e., AST and ALT activities
in the serum were significantly increased due to nicotine treatment
in protein malnourished condition (Table 1). The levels of activities
of those two enzymes were decreased significantly (P < 0.01) in
curcumin supplementation and more significantly (P < 0.001) in
nanocurcumin supplementation as seen in table 1. Similar results
were observed for ACP and ALP liver function enzymes activities
(Table 1). Urea and creatinine levels in the serum of nicotine exposed
animals were significantly elevated compared to the control group
animals (Table 2). The supplementation of nanocurcumin showed
much more ameliorative effects than curcumin by decreasing the
levels of urea and creatinine respectively in the serum. Nicotine
caused significant alterations of cholesterol, triglyceride, LDL-C, and
VLDL-C concentrations and decreased HDL-C concentration in the
serum under protein malnourished condition (Table 3). However,
administration of nanocurcumin to the nicotine-induced animals
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showed more significant ameliorative effects by normalizing almost
the concentrations of those parameters in the serum of the rats.
The results of lipid peroxidation both in the serum and liver tissue
of rats as shown in table 4 similarly suggested that supplementation

shown in table 5. Nanocurcumin was found to be comparatively
more active against nicotine-induced effect on antioxidant enzymes
particularly in protein malnourished condition. Estimation of protein
content in different tissues is given in table 6.

of nanocurcumin was more effective than curcumin in protein
malnourished rats. The degenerative effects of the antioxidant
enzymes (SOD, CAT, GSH and GPx) due to nicotinic stress and
ameliorative effects caused by curcumin and nanocurcumin are

The histological study of the liver tissue of control group animals
is shown in figure 2A. The distorted central vein (marked by arrow
head) and irregular cell arrangement of the nicotine exposed liver are
shown in figure 2B. The photographs of curcumin and nanocurcumin
supplemented ratliver are shown in figure 2C and 2D respectively. The
histological studies of kidney tissues of the control, nicotine treated,
curcumin and nanocurcumin supplemented groups are presented in
figure 3A to 3D respectively. Here destruction of Bowmann’s capsule
and cell walls are seen in nicotine treated condition (Figure 3B) which
almost restored in nanocurcumin supplementation as seen in figure
3D. The toxic effect on ovary by nicotine (Figure 4A and 4B) and
the corresponding protective effects of curcumin (Figure 4C) and
nanocurcumin (Figure 4D) similarly shown in figure 4.

DISCUSSION

Though several studies in animal models has demonstrated
the effective amelioration of curcumin against nicotine-induced
toxicities, the undesirable pharmacokinetic properties restricts the
clinical efficacy of curcumin in human subjects [26]. Nanocurcumin
is aqueous soluble and more bio-available than curcumin [27].

Figure 1: SEM picture of curcumin nanoparticles. Scientists are thus trying to use nanocurcumin against various

Table 1: Effect of nanocurcumin on hepatic enzymes in protein malnourished condition.

Enzymes Control Nicotine Nicotine + Curcumin Nicotine + Nanocurcumin
ACP (m mol/h/100 ml) 1.36+0.10 1.94 +£0.11(42.61) 1.52 +0.127(11.81) 1.42 +0.10"#(4.41)
ALP (m mol/h/100 ml) 9.30+0.60 19.20 + 0.30(106.51) 12.95+0.307(39.21) 10.42 + 0.237%(12.01)

AST (lU/L) 9.80 + 1.60 17.50 + 4.00(78.61) 11.32 £ 0.70" (15.51) 10.35+ 0.907*(5.611)

ALT (IUL) 37.40+260 71.35+1.61(90.771) 4291 +3.49" (14.71) 39.99 + 2.86"%(6.91)

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S.D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and ** implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data
within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.

Table 2: Effect of nanocurcumin on renal function parameters in protein malnourished condition.

Parameter Control Nicotine Nicotine + Curcumin Nicotine + Nanocurcumin
Urea (mg/100 ml) 3830+ 215 56.80 + 2.60(48.31) 47.00 £2.78(22.71) 39.23+2.06™%(2.4])
Creatinine (mg/100 ml) 1.35+0.12 1.85+0.21(37.01) 1.56 + 0.50°(15.61) 1.30+ 0.10"= (3.7})

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S.D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and ** implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data
within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.

Table 3: Effect of nanocurcumin on Lipid profile in protein malnourished condition.

Parameters Control Nicotine Nicotine + Curcumin Nicotine + Nanocurcumin
Triglyceride(mg/dl) 1056+84 185.8 +9.1 (75.91) 109.5+8.6" (3.71) 106.4 + 2.5"= (0.81)
Cholesterol (mg/dl) 107.3+79 138.7 £9.0 (29.31) 115.0+56" (7.21) 109.3 +2.4"=(1.91)

HDL-C (mg/dl) 39570 298+4.0(2486)) 31.7+1.0°(19.7)) 335+ 15%(15.2 |)
VLDL-C (mg/dl) 21116 36.8+ 0.7 (74.41) 30.7 + 1.8 (45.51) 21.5+0.4"=(1.031)
LDL-C (mg/dl) 46.1+21 81.8+4.1(75.91) 64.79 + 1.2 (40.51) 435 +15"%(56])

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S.D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and ** implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data
within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.
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Table 4: Effect of nanocurcumin on lipid peroxidation in protein malnourished condition.

MDA level Control Nicotine Nicotine + Curcumin Nicotine + Nanocurcumin
Serum (n mol/ml) 561+06 7.98 +1.3(42.21) 6.30 + 0.57(12.31) 6.32 +1.1" (12.71)
Liver (n mol/mg protein) 14.98+04 2292 +0.5(53.01) 16.01 +2.967(6.91) 1550 + 0.9 (3.51)

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S_D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and *implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data
within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.

Table 5: Effect of nanocurcumin on antioxidant enzymes in protein malnourished condition.

Enzymes Control Nicotine Nicotine + Cur i Nicotine + N
SOD(n mol/O, decomposed/ min/100 mg protein) 9.02+0.2 4.09+0.1(54.7]) 6.72 +0.14'(25.5)) 7.15+0.5"%(20.7])
CAT\ (n mol/H,0, decomposed/ min/mg protein) 4021+1.0 2922 +1.0(27.3}) 329 +0.5(18.2)) 35.50 + 1.0™%(11.7})
GSH (ug/mg protein) 1875+ 1.76 12.02+1.13 14.00 £ 1.41 16.00 £ 1.41™
GPx (n mol/min/mg protein) 150.52+25 13511+ 29(10.2}) 144.34 +2.2'(4.1]) 149.50 + 2.5"0.6])

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S_D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and *implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data
within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.

Table 6: Protein content of the tissues in nicotine stress and nanocurcumin supplemented condition of rats under protein malnourished condition.

Protein content(mg/g wet tissue) Control Nicotine Nicotine + Curcumin Nicotine + Nanocurcumin
Liver 15.00 +0.70 7.12+159 12.85+ 091" 13.77+0.70™*
Kidney 165+212 75+141 11.50 £ 2.53" 14.00 £ 1.4™=
Ovary 18.75+1.76 12.02+1.13 14.00 £ 1.41° 16.00 +1.417%

The experimental setup was repeated twice and all data were averaged over n = 12 animals, and given mean + S_D. Significance levels were determined by using
ANOVA, where * implied significant (P < 0.01) and ™ implied more significant (P < 0.001) of the data when compared with the data of nicotine treatment. Similarly,
# implied significant (P < 0.01) and ## implied more significant (P < 0.001) of the data when compared with the data of nicotine + curcumin treatments. The data

within the parenthesis represent the average percentage of increase (1) or decrease (| ) relative to the control.

Figure 2: Histological section of Liver (20X)
A: Control Liver

B: Nicotine treated Liver

C: Nicotine and curcumin treated Liver

D: Nicotine and Nanocurcumin treated Liver

diseases to achieve its clinical benefits [17,18]. We have recently
reported the effectiveness of orally supplemented nanocurcumin
against the nicotine-induced toxicities in rats under normal protein-
diet condition [19]. This study furnishes the useful application of
nanocurcumin against the aggravated toxic effects that are induced
by nicotine in rats under protein malnourished status.
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The oxidative stress generated by nicotine increases the activities
of ACP and ALP in the serum. The increased oxidative stress causes
tissue injury which is related to the ROS generation [27]. In protein
malnourished condition, the levels of ACP and ALP were elevated
drastically showing more aggravated effect of nicotine on the tissues
(Table 1). The supplementation of nanocurcumin showed more
significant (P < 0.001) effect on the antioxidant status of protein
malnourished female rats due to which the ACP and ALP activities
were normalized. Nicotine also damages the cell membranes of liver
tissues causing liver injury. The activities of AST and ALT are thus
increased due to loss of functional integrity of liver cells [28]. It is
already reported that curcumin can normalize the levels of the liver
enzymes to some extent in normal protein condition [19,29]. The
situation became more serious in protein malnourished condition
because aggravated liver injury was observed in such condition.
Our results suggest that nanocurcumin is better than curcumin to
nullify the nicotinic toxicity in liver (Table 1). The smaller dimension
of nanocurcumin is more bio-available than curcumin which may
explain these findings.

Urea and creatinine levels were significantly elevated in the serum
of nicotine exposed protein malnourished group compared to the
control group (Table 2) which could be related to the progressive
kidney failure as described by Addo et al. [30]. Usunobun et al. [31]
have reported that some heavy metals in tobacco (e.g., Cadmium,
Mercury, Lead etc.) may play some role in tobacco-induced renal
damage. This finding suggests that nanocurcumin supplementation
is a better restorative phenomenon compared to curcumin for the
healing of kidney damage.
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The increment of triglyceride (75.9%), VLDL-C (74.4%), VLDL-C
(75.9%) and cholesterol (29.3%) levels and decrement of HDL-C
(24.6%) level in the serum of rats under nicotine treatment clearly
revealed that nicotine affected the lipid profile severely in protein
malnourished condition (Table 3). This result is in agreement with
the finding of Chattopadhyay et al. [10]. Balakrishnan and Menon
[28] have shown that nicotine-stimulated catecholamine synthesis
lipolysis adipose tissue which increased the serum cholesterol level.
The absorption of total cholesterol and increase CYP7A1 gene
expression (which is a rate limiting enzyme in the biosynthesis of
bile acid from cholesterol) by curcumin helps to reduce the total
cholesterol level in the serum [32]. The multiple inductions of fatty
acid catabolism may lower the triglyceride level by curcumin.
The increased lipid peroxidation in the plasma and liver tissues
due to nicotinic stress in protein malnourished condition (Table
4) corroborates with the earlier findings [10,19]. The significant
amelioration of lipid peroxidation by nanocurcumin was observed in
this study. It may be inferred that due more bioavailability and higher
intake of nanocurcumin into the cells, the above-mention beneficial
effects of curcumin become more prominent for nanocurcumin in
protein malnourished condition.

Figure 3: Histological section of Kidney (20X)
A: Control Kidney

B: Nicotine treated Kidney

C: Nicotine and curcumin treated Kidney

D: Nicotine and Nanocurcumin treated Kidney

Figure 4: Histological section of Ovary (20X)
A: Control Ovary

B: Nicotine treated Ovary

C: Nicotine and curcumin treated Ovary

D: Nicotine and Nanocurcumin treated Ovary
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Nicotine interrupts the mitochondrial respiratory chain and
causes increased generations various free radical ions (e.g., super oxide
ions, hydrogen peroxide ions etc.) and enhances lipid peroxidation on
human circulating lymphocytes [33]. The primary role of antioxidant
enzymes is to take part in defense mechanism for protecting the
cells and cellular organelles from oxidative damage. It was noted
that the activities of two main antioxidant enzymes (SOD and CAT)
decreased significantly in the nicotine-treated rats compared to the
control group (Table 5). Dispose of the free radicals, production of
hydrogen peroxide or inactivation of the enzyme proteins by ROS
generation and depletion of the enzyme substrates and/or down
regulation of transcription and translation processes due to nicotine
toxicity are the possible causes for the decreased activities of those
scavenging enzymes [34]. Similarly, depletion of GSH and GPx levels
not only weakens cell defense system but also enhances the oxidative
stress that damages various tissues and organs [27]. The significant
ameliorative effect of nanocurcumin proved its scavenging free
radicals activity and maintained the cell membrane interiority and
functions through inhibiting membrane lipid peroxidation. Nicotine
also causes reduction in the protein concentration of liver, kidney and
ovarian tissues due to its toxic effect. The increased concentration
of the protein in different tissues suggests that nanocurcumin can
protect the tissues in a better way against nicotine-induced damage
as seen from table 6.

Significant histological changes were observed in hepatocytes
of protein malnourished female rats under nicotine exposure. The
regular hepatic cells arrangement and normal central vein (marked
by arrow head) of the liver tissue of control group rats were noted in
figure 2A. Nicotine abuse affected the liver tissues for which distorted
cell arrangement and the enlarged central vein filled with sinusoidal
fluid was observed in figure 2B under protein malnourished
condition. This was in agreement with the observation of Bateman
[35] who suggested that the histological changes might be preferred
as standard for the assessment of liver cell damage. Nicotine stress
caused damage of liver cells by enhancing the levels of liver enzymes
(AST and ALT) into the blood which indicated the liver disease.
Curcumin and nanocurcumin appeared to reduce the levels of those
liver enzymes and thus prevented liver damages by maintaining the
structural integrity of the liver cell membrane as seen from figures
2C and 2D respectively. Histological studies of kidney tissues (Figure
3A to 3D) of the protein malnourished animals were similarly
revealed the effect of nicotine and corresponding amelioration of
curcumin and nanocurcumin. Nicotine exposure distorted the
normal arrangement of the glomerulus (marked by arrow head), the
bowman space and the proximal/distal tubules of kidney tissue which
were more significantly (P < 0.001) restored by supplementation of
nanocurcumin (Figure 3D) in comparison to curcumin (Figure 3C).
In the ovary of female rats maintained with protein malnourished diet,
the regression of graafian follicles with disrupted cellular structures
forming vacuoles were seen due to nicotine treatment (Figure 4B).
This was probably due to the synergistic effect of nicotine toxicity
and protein malnourished stress which decreased the production of
ovarian hormones in such condition as reported by Sinha et al. [8].
Curcumin (Figure 4C) and nanocurcumin (Figure 4D) both restored
the graafian follicular structures but the effect of nanocurcumin was
more prominent in restoration of the normalcy of ovarian structure
than curcumin.

CONCLUSION

The living organisms depend essentially on proteins, which
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directly or indirectly regulate the biochemical processes. Protein
malnutrition induces marked changes in the functioning form,
leading to several biochemical defects, structural disruption and
altered physiological functions. Thus the detrimental effects of
nicotine are more pronounced in protein deficient condition.
The undesirable complications of inorganic nanomaterial can be
overcome by using the protein-based nanomaterial or herbal-
nanomaterial as they exhibit less cytotoxicity [36,37]. Our study
demands that nanocurcumin more effectively ameliorates nicotine-
induced toxicities in protein malnourished condition by normalizing
the hepato-enzymes activities, kidney function parameters, lipid
profiles, anti-oxidant status and also maintaining the structural
integrity of different tissues under nicotine stress condition. The safer
and more effective nanocurcumin may be used as better therapeutic
agent to protect the health of female population who are suffering
both from protein malnutrition and nicotine-induced complications.
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Abstract: Long-term exposure to nicotine severely affects the immune system. Nicotine-addicted women suffer
more to diseases because of their history to several disorders or susceptibility to nicotine-related morbidity and
mortality. The beneficial uses of nano-curcumin in nicotine-addicted women are still unknown, possibly due
to its poor pharmacokinetics and limited bioavailability. Nanocurcumin is administered to study the immune-
protective effects in nicotine exposed female rats. Female albino rats of Wistar strain (Ratfus norvegiciis)
are nicotine injected (2.5 mg/kg bodyweights s.c., daily) for 21 days. Three hours later nanocurcumin is
administered by oral gavages (4 mg/kg bodyweights/day). The dose and period of nanocurcumin is adopted
from our earlier publications elsewhere. Animals are eradicated after the treatment period and immune-related
cytokines, apoptotic markers, sex hormones and other parameters are measured from individual serum.
Molecular docking, as well as, in vifro interactions of nanocurcumin with nicotine and some specific cellular
proteins are measured for understanding the mechanism of action of nanocurcumin. Nanocurcumin reduced
protein oxidation, augmented the immune system by regulating the expression of immunity-related cytokines
and apoptotic markers. It helps maintaining the healthy levels of sex hormones and protein content of cells under
nicotine-stressed condition. Molecular docking and in vitro interactions reveal that nanocurcumin possesses
higher binding ability to nicotine and several cellular proteins. Cytokines, apoptotic markers and steroidogenic
hormones are severely affected by nicotine exposure. Bio-soluble nanocurcumin acts as significant immune-
modulator, which offers better protection than curcumin to female rats from nicotine-induced complications.
Heightened therapeutic effects of nanocurcumin are discussed.

Keywords: Apoptotic molecule, Cytokines, Female hormones, Nicotine, Nanocurcumin.

Introduction socio-economically handicapped. Females are

Intake of nicotine through tobacco (smoking or
through any routes) generates oxidative stress .
It disrupts the immune system resulting cardiac
disorders 2, and various cancers °. Tobacco
consumptions in different forms like smoking
of beedi, leaf tobacco chewing, consumption of
zarda pellets are a common addiction in female

population of India, particularly women who are

seen to differ in strength and nature of immune
responses against various diseases *. Females are
more susceptible to immunopathology, especially
autoimmune disorders compared to males and
smoking-related complications and mortality °.
Nicotine-addicted women have greater increased
risk of coronary heart disease °.

Nicotine affects blood cells and hampers
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the cellular and immune responses due to the
generation ofreactive oxygen species ’. Itreduces
the haemoglobin concentration and therefore
body loses its normal ability to supply oxygen
in the vital organs leading to shortness of breath
and others complications %. In serious cases, the
symptoms like inflammation of arms and legs,
excessive sweating, heartburn, vomiting etc. are
noted in some individuals. Nicotine also induces
DNA damage in the tissues °.

Oxidative stress causes oxidative damage
in the tissues (e.g., liver, kidney, ovary
etc.) leading to several diseases. Nicotine
abuse elicits acute phase response in liver
by activating monocytes and macrophages
and thereby causes acute liver injuries . In
addition, nicotine enhances the productions of
interleukin-4 (IL-4) and interleukin-6 (IL-6)
11 TL-4 induces differentiation of native helper
ThO cells to Th2 cells. Increased production
of Th2 cells is associated with allergies and
various types of cancers !°. Higher expression
of IL-6 is associated with the development
of encephalitis in children and asthma .
Aberrant expression of IFN-y, an important
activator of macrophages associated with auto-
inflammatory and autoimmune diseases, inhibits
viral replication directly and possesses immune-
stimulators and immune-modulators characters
14, Exposure to tobacco smoke leads to the
over-expression of tumour necrosis factor alpha
(TNF-a) Y. Nicotine also affects the Bcl-2 vs.
Bax ratio 6. These two molecules are important
apoptotic proteins. The pro-apoptotic proteins
in the Bcl-2 family (including Bax) normally
act on the mitochondrial membrane to promote
permeability. The activity of pro-apoptotic
protein is inhibited by the action of Bcl-2 and its
relative-protein Bel-X1 7.

In addition, nicotine alters the function of
endocrine system and affects the release of female
hormones, which are very important agents for
the protection of women health '®. Deficiency of
estrogens results in the irregularity of periods,
infertility, bone weakness, hotflashes, depression,
and wurinary tract infection !°. Similarly,
deficiency of progesterone affects the menstrual
cycle, pregnancy, and embryogenesis of humans

and other species .

Curcumin possesses a wide range of
pharmacological properties *°. It works against
DNA damage also °. The promising therapeutic
uses of curcumin are limited because of its
poor water solubility and limited bioavailability
21, Curcumin is well adapted by individuals
but it exhibits toxicity in our body at high
dosages **. Piperine has been used to enhance
bioavailability of curcumin without altering the
mechanism or magnitude of effect **. Several
studies are designed to formulate nanocurcumin
for enhancing its bioavailability **. The current
work is an attempt to improve bio-distribution by
increasing the bioavailability of curcumin which
may help for better functioning of the immune
system. We hypothesize that nanocurcumin may
combat more effectively than curcumin against
nicotine-induced immunological disruption and
will lead to a healthy individual, particularly for
nicotine-addicted female population.

Material and methods

Chemicals

Nicotine hydrogen tartrate, curcumin,
o-Lactalbumin (a-LA), Cytochrome complex
(Cyt-c) and Haemoglobin (Hb) proteins
are purchased from Sigma Aldrich Co. (St.
Louis, MO, USA). All other analytical grade
chemicals are supplied either by SpectroChem
Pvt. Ltd. (India) or Merck (India). PureGene
AG (Zeiningen, Switzerland) made ELISA Kkits
supplied by Genetix Biotech Asia Pvt. Ltd.
(India) are used for the detection of cytokines,
apoptotic protein and steroidogenic hormones.
Nanocurcumin used in the study is prepared
in our laboratory following the methodology
published elsewhere 4.

Animals and treatments

Female albino rats of Wistar strain (Ratfus
norvegicus), 30 in number, 60-75 days old,
weighing 140-150 g are procured from the
Animal Housing Facility and maintained with
normal protein diet according to the guidelines
of the Institutional Animal Ethics Committee
of the Jadavpur University, Kolkata, India
(Ref. No.: AEC/PHARM/1502/14/2015, Dated:

256



Publications

Anwesha Samanta et al. / J. Biologically Act. Prod. Nat. 12 (4) 2022 pp 366 - 377

368

30/07/2015) **. The animals were maintained
with normal protein diet and divided into 6
groups, each containing 5 animals as described
below -

Control group (C) - Animals injected with 0.2
ml physiological saline.

Nicotine treated group (NT) - Animal injected
by effective dose of nicotine.

Nicotine treated and curcumin supplemented
group (NTCS) - Animal injected by effective
dose of nicotine followed by supplementation of
effective dose of curcumin orally.

Nicotine treated and nanocurcumin supple-
mented group (NTNCS) - Animal injected
with effective dose of nicotine followed by
supplementation of effective dose of nano-
curcumin orally.

Curcumin supplemented group (CS) - Animal
supplemented of effective dose of curcumin
orally.

Nanocurcumin supplemented group (NCS)
- Animal supplemented of effective dose of
nanocurcumin orally.

A solution of nicotine hydrogen tartrate
salt (2.5 g of nicotine salt dissolved in per mL
of normal saline water) is prepared as stock
solution. The nicotine solution is diluted by
normal saline water to make a final concentration
2.5 pg/pL. Before use, the required volume of
nicotine solution (based on the bodyweights of
the animal) is taken in a tube to which normal
saline water is added to make a volume of ~ 0.2
ml, which contains effective dose of the drug and
is injected subcutaneously daily to the respective
animals. Both curcumin and nanocurcumin
are separately dispersed in sterilized distilled
water and administered by oral gavages after 3
h of nicotine treatment to the respective groups
of animal. The effective doses of the drug i.e.,
nicotine (2.5 mg/kg bodyweights/day), curcumin
(80 mg/kg bodyweights/day) and nanocurcumin
(4 mg/kg bodyweights/day) are determined
in our previous study *. Injection of effective
dose of nicotine and oral supplementation of
effective doses of curcumin and nanocurcumin
respectively are continued for 21 days. After 21
days, animals are kept under fasting condition
for 12 h and eradicated on the next day after

mild anaesthesia. Blood samples are collected
immediately from the heart and stored in without
anticoagulant (heparin) containing containers.
Sera are separated and stored at - 20°C for future
analysis. Vital organs are dissected out and stored
for future studies in vacuum desiccators at -20°C
to prevent auto-oxidation.

Preparation and characterization of nano-
curcumin

The synthesis of nanocurcumin is described
earlier **. In brief, a solution of 0.018 M
curcumin is prepared by dissolving curcumin
in dichloromethane (DCM). The solution is
added to warm (50°C) Milli-Q ultrapure water
with a flow rate of 0.2 mL/min for 10 min
under ultrasonic-pulse sonication subjected
to constant stirring (Hielscher Ultrasonic
Processor- UP100H, Germany). The solution
containing nanocurcumin turned yellow and was
separated by centrifugation. It is then sterilized
by autoclaving, freeze-dried at -80°C followed
by lyophilization (Eyela-FDU- 2000, Japan). A
dry orange coloured powder of nanocurcumin
is obtained. The details of characterization
of the nanocurcumin are discussed earlier *
where, the morphology of the nanoparticles is
observed by Field Emission Scanning Electron
Microscopy (FE-SEM, FEI INSPECT F50,
The Netherlands), and characterized by Fourier
transform infrared spectroscopy (FTIR) (Perkin-
Elmer FTIR-1600, USA). The crystalline nature
of the nanocurcumin powder is determined by
X-ray diffractometer (Bruker AXS, Inc., Model
D8, WI).

Total protein estimation from tissues and
protein oxidation from serum

The total protein content of various tissues from
different vital organs (liver, kidney and ovary)
are estimated according to the method of Lowry
etal ».

Protein oxidation is determined by measuring
the carbonyl content of serum as described by
Levine et al. *°. Here, serum was first diluted
with phosphate-buffered saline (10 mM sodium
phosphate, pH 7.4, and 0.14 M NacCl) in the
ratio 1 : 40, and centrifuged at 12,000 rpm for
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10 min to remove all the particulate materials.
Cold trichloroacetic acid (TCA, 20% final
concentration) was added to the serum to
precipitate the serum proteins by centrifugation
similarly for 5 min. The precipitated protein was
then dispersed to a solution containing 10 mM
DNPH in 2 N HCI and kept in the dark at room
temperature for 1 h with repeated vortexing in
every 15 min. The protein solution was then
mixed with cold TCA (final concentration
10%) and centrifuged at 12000 rpm for 5 min.
After discarding the supernatants, the protein
pellets were washed with 10% TCA through
centrifugation similarly and 1 ml of ethanol/
ethyl acetate (in the ratio of 1:1, v/v) was added
to it to eliminate any free DNPH. Samples were
then suspended in 6 M guanidine hydrochloride
and kept at 37°C for 15 min with vortex mixing.
Carbonyl contents present in the protein was
estimated from the absorbance at 366 nm by
using a molar absorption coefficient of 22,000
M1 em

ELISA of cytokines, apoptotic proteins and
steroidogenic hormones

Nicotine, cucumin and nanocurcumin induced
expression of different cytokines (IL-4, IL-6,
TNF-0, and IFN-y) and apoptotic regulating
proteins (Bcl-2 and Bax) in the serum of rats
under different groups are determined as per the
protocols outlined in Quantikine Immunoassay
Kits (PureGene).

PureGene ELISA Kits for Progesterone (PG-
6770R) and for 17-B Estradiol (PG-5600) are
used for detection of the total unconjugated form
of steroidogenic hormones.

Molecular docking study

Human serumproteins, o-LAandCyt-carechosen
for the Molecular docking studies. The docking
experiments are performed by using GemDock, a
program for computing a ligand conformation and
orientation relative to active site of the receptor
and Ucsf Chimera 1.13.1., which is an extensive
molecular modeller algorithm. From protein data
bank, a-LA protein (PDB ID: 1A4V) and Cyt-c
protein (PDB ID: S5EXQ) are used as receptor
molecules and nicotine (PubChem CID: 89594)

and nanocurcumin (PubChem CID:969516) are
taken as ligand molecules for docking. Human
serum protein has 73% homology with the serum
protein of Rattus norvegicus and thus adopted for
molecular docking study. The chemical structure
of nanocurcumin and curcumin being same,
the PubChem ID of curcumin is considered for
further analysis ?’.

In vitro interaction study

Earlier, it is observed that addition of 500 uM of
nicotine completely suppressed the absorbance
peaks of different cellular proteins or bio-
molecules (50 pg/mlwater) 8. Therefore, the initial
absorbance spectrum ofnicotine hydrogen tartrate
solution (500 pM) is recorded from 230 nm to 300
nm by using a UV-Visible spectrophotometer.
Freshly synthesized nanocurcumin is then
gradually added to the nicotine solution (final
concentration of nanocurcumin to the mixture
solution ranging from 10 puM to 100 pM),
incubated for 15 minutes at ambient temperature
and the absorbance spectrum of each addition is
recorded from 230 to 300 nm. All the absorbance
data of the interacting solutions are taken against
its corresponding reference or control solutions.

In nicotine-treated o—LA protein vs. nano-
curcumin interaction, at first absorbance
spectrum of o-LA protein solutions (50 pg/
ml water) is recorded from 230 nm to 500 nm.
Nicotine (500 pM) is then added to the a-LA
protein solution and absorbance spectrum of
the mixture solution is recorded similarly from
230 nm to 500 nm. Various concentrations of
nanocurcumin are added then gradually to the
nicotine-treated protein solution so that the final
concentration of nanocurcumin in the solution
mixture ranges from 10 uM to 100 pM and
the absorbance spectra are recorded similarly
from 230 nm to 500 nm. Similar experiments
are performed by using nicotine-treated Cyt-c
protein vs. nanocurcumin.

The fluorescence spectra of o-LA (50 pg/
ml water) or Cyt-c protein (50 pg/ml water)
and nicotine (500 uM)-treated o-LA (50 pg/ml
water) or Cyt-c protein (50 pg/ml water) are
studied by intrinsic fluorescence spectroscopy.
The excitation wavelengths are fixed at 255 nm
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for a-LA protein and 420 nm for Cyt-c protein.
The emission spectra for both are recorded from
300 to 600 nm. The spectra of nicotine (500 pM)-
treated a-LA (50 pg/ml water) or Cyt-c protein
(50 pg/ml water) vs. different concentrations of
nanocurcumin are recorded similarly. The final
concentrations of nanocurcumin are attained
between 10 uM to 100 pM in the nicotine-treated
protein solutions.

Statistical analysis

The experimental set up is repeated twice and the
data (N = 10) are tabulated as a mean = standard
deviation (S.D.). The statistical analyses are done
by one way analysis of variance (ANOVA), where
* indicates p < 0.01 and ** indicates p < 0.001
of the data in comparison to nicotine treatment.
Similarly, # is p < 0.01 and ## is p < 0.001 of the
data compared to nicotine + curcumin treatment.
The data within the parenthesis represent the
average percentage of increase (1) or decrease
(]) relative to the control.

Results

Nicotine treatment decreased the total protein
contents of liver, kidney and ovary tissues (Table
1). The protein contents of those tissues are
increased more significantly by supplementation
of nanocurcumin (p < 0.001) than curcumin (p <
0.01). Almost 4 times more carbonyl contents are
detected in the serum proteins of nicotine-treated

rats. In contrast, both curcumin or nanocurcumin
supplementation showed a reduction of carbony!
content in the serum protein of nicotine-treated
animals. The effect of nanocurcumin against
protein oxidation is more pronounced than
curcumin (Table 1).

The levels of IL-4, IL-6, TNF-a and IFN-y in
the serum are increased in nicotine treated rats
(Table 2), while a significant decrease of cytokine
levels are observed in rats supplemented with
either curcumin or nanocurcumin. The reduction
is highly significant (p <0.001) for nanocurcumin
than that of curcumin (p < 0.01). The low level of
apoptotic molecule Bcl-2 due to nicotine stress is
increased effectively (p < 0.01) by curcumin and
more effectively (p < 0.001) by nanocurcumin
(Table 3). The increased concentration of Bax
in the nicotine-treated serum of rats is decreased
significantly (p < 0.01) by supplementation of
curcumin and nanocurcumin both. Interestingly,
nanocurcumin  supplemented female rats
restored effectively (p < 0.001) the steroidogenic
hormonal levels (estrogen and progesterone) of
nicotine-treated female rats (Table 4).

In-silico docking studies of nicotine vs. a-LA
proteinand nanocurcuminvs. o-LAproteinclearly
demonstrate the formation of complex structures
between nicotine and a-LA protein (Fig. 1A) as
well as between nanocurcumin and o-LA protein
(Fig. 1B). Out of 10 ligand conformations, the
best free binding energy between nanocurcumin

Table 1. Total protein content in wet tisssue (mg/g) of animals in different groups

Parameter Groups
(©) (NT) (NTCS) (ININCS) (CS) (NCS)
Liver 23.9+0.10 17810 198+1.8 212x1.6 24.1+0.1 253=x0.1
25.35])" (17.2))y" (1L5))™ (1.01) (5.87)
Kidney 206+32 162+20 179+03 19.1+16 22.1+£0.5 22.7+0.5
21.5])" (13.2])" (7.3])* (7.27) (10.217)
Ovary 20.9£1.1 158*x1l6 17819 18718 21114 22.1%+14
(24.3])” (15.0]) ™ (10.7])* (1.07) (5.77)

The experimental setup was repeatd twice and all data were averaged over n =12 animals and
given mean + S.D. Significance levels were determined by usuing ANOVA, where * implied
significant (p <0.01) and ** implied more significant (p < 0.001) of the data when compared with
the nicotine treatmentl. Similarly, # implied significant (p < 0.1) and ## implied more significant
(p < 0.001) of the data when compared with nicotinxe + curcumin tratment. The data within the
parenthesis represent the average percentage of increase (1) or decrease () relative to the control
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Table 2. ELISA of cytokine molecules

Parameter Groups
©) (NT) (NTCS) NTNCS) (CS) (NCS)
IL-4 (pg/mL) 33.6+x1.1 519+35 41.7+21 36510 32.1x1.2 328+ 1.2
(54.51)" 24.11) (8.61)" 4.5]) (2.4))
IL-6 (pg/mL) 136.8+59 3035+35 201.0x1.7 154.1x7.1 1464=x=17.1 1444+=17.1
(121.81)™ (46.91) (12.:.67)" (7.07) (5.67)
TNF-a (pg/mL) 172.8 6.0 4034 +6.5 2174+34 1885+42 150.6=56 1564=5.6
(13347 (25.61) (L) (12.8)) (9.5))
IFN-y (pg/mL) 92.0+£64 136.0+6.0 1102+6.4 97.0+7.7 89.7+103 903=10.3
(47.81)" (19.87)" (5:2F)* (3.0)) (L.8))
The experimental setup was repeatd twice and all data were averaged over n =12 animals and given mean
+ S.D. Significance levels were determined by usuing ANOVA, where * implied significant (p < 0.01) and
** implied more significant (p < 0.001) of the data when compared with the nicotine treatment. Similarly,
# implied significant (p < 0.1) and ## implied more significant (p < 0.001) of the data when compared with
nicotine + curcumin tratment. The data within the parenthesis represent the average percentage of increase
(1) or decrease (]) relative to the control

Table 3. Apoptosis regulator proteins

Parameter Groups
©) (NT) (NTCS) (NTINCS) (CS) (NCS)
BCL-2 (ng/mL) 1.99+0.01 0.56+0.05 0.93+0.11 142+0.04 2.08=+0.20 2.14+0.20
(71.8])" (53.3])" (28.6])F 4.57) (7.57)

BAX (ng/mL) 1.02+0.06 1.68=0.21 1.44+0.02 140+0.02 0.98 0.94 +£0.20

(64.71)" (39.31)” (37.31)™* (3.9]) (1.1))
The experimental setup was repeatd twice and all data were averaged over n =12 animals and given mean
+ S.D. Significance levels were determined by usuing ANOVA, where * implied significant (p < 0.01) and
** implied more significant (p < 0.001) of the data when compared with the nicotine treatment. Similarly,
# implied significant (p < 0.1) and ## implied more significant (p < 0.001) of the data when compared with
nicotine + curcumin tratment. The data within the parenthesis represent the average percentage of increase
(1) or decrease () relative to the control

Table 4. ELISA of Steroidogenic hormonal levels

Parameter Groups

©) (NT) (NTCS) (NTNCS) (CS) (NCS)
Steroidogenic hormones
Estradiol 81.1+33 61.7+24 694+24 778+4.7 850+1.7 87.2=%1.7
(pg/mL) (23.90)" (144}  @1ly= (10D (7.51)
Progesterone 12.41 +0.05 8.98+0.02 9.53+0.09 11.2+0.22 12.87=0.80 13.68+=0.80
(ng/mL) 27.6))" (23.2))" 97" 5.7 (10.27)

The experimental setup was repeatd twice and all data were averaged over n =12 animals and givenmean +S.D.
Significance levels were determined by usuing ANOVA, where * implied significant (p <0.01) and ** implied
more significant (p < 0.001) of the data when compared with the control. Similarly, # implied significant (p <
0.1) and ## implied more significant (p < 0.001) of the data when compared with nicotine tratment. The data
within the parenthesis represent the average percentage of increase (1) or decrease () relative to the control
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Free Energy = - 573 kcal

Nicotine

Free Energy = - 65.6 kcal

A Cytochrome c
Nicotine

Figure 1. Molecular docking studty between nicotine/nanocurcumin vs. a-LA/Cyt-c protein. Inset
A shows the docking interaction between nicotine vs. o-LA; Inset B shows the docking interaction
between nanocurcumin vs. o-LA; Inset C shows the docking interaction between nicotine vs. Cys-c,
and Inset D shows the docking interaction between nanocurcumin vs. Cyt-c protein

and o-LA protein is around -73.9 kcal. The free
binding energy between o-LA vs. nicotine seems
to be -57.3 kcal. Similar docking experiment on
nicotine vs. Cyt-c and nanocurcumin vs. Cyt-c
demonstrate that the probability of complex
formation between nanocurcumin vs. Cyt-c is
more favourable (free energy -74.4 kcal) than
nicotine vs. Cytc complex formation (binding
free energy - 65.6 kcal).

The UV-Visible spectral studies indicate that
nanocurcumin causes significant suppression
of the characteristic absorption peak (A =
260 nm) of nicotine with the gradual addition
of nanocurcumin (10 pM to 100 pM) to the
nicotine solution (500 uM) (Fig. 2A). Similarly,
the characteristic absorption peak of a-LA (A

max

= 280 nm) and Cyt-c (A__ = 410 nm) proteins
are suppressed substantially by nicotine (Figs.
2A and 2B). Gradual addiction of nanocurcumin
reversed the quenching action of nicotine on
these proteins.

The intrinsic fluorescence emission spectrum
of a-LA with emission maxima at A__ = 345 after
excitationat 255 nmisshown in Fig. 3A. The blue
shift of maxima (A =330 nm) of a-LA protein
occurred due to tllé)li;\resence of nicotine. Gradual
addition of nanocurcumin to the nicotine-treated
protein solution, the fluorescence intensity of the
treated protein is seen to increase and wavelength
maxima overlap the native protein. Similar
interaction is observed between nanocurcumin
vs. nicotine-treated Cyt-c protein (Fig. 3B).
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Figure 2. UV-Vis study of nicotine-nanocurcumin interaction. Inset A - Nicotine hydrogen tartrate
solution (500 pM) was taken in a cuvette and its absorbance spectrum was recorded (230 nm - 300
nm) using UV-Visible spectrophotometer. Different concentration of freshly synthesized Cur-NPs
was added to nicotine solution gradually (final concentration of Cur-NPs was 10 uM to 100 pM),
incubated 15 min at ambient temperature and absorbance spectra of each interaction was recorded
at 230 - 300 nm; Inset B shows the interaction absorption spectra of nanocurcumin vs. nicotine (500
pM) mediated pure protein of a-LA (50 pg/ml water); Inset C shows the interaction absorption
spectra of nanocurcumin vs. nicotine (500 pM) mediated pure protein of Cyt-c (50 ng/ml water)

Discussion
Curcumin is a well-known potent anti-oxidative,
anti-carcinogenic, and anti-inflammatory agent
222 Inadequate bioavailability and adverse
pharmacokinetics limit the use of curcumin
against various complications *'. Scientists
working on curcumin are trying to increase
its usage against several diseases through the
formulation of nanocurcumin, because it is more
water soluble and has higher physical stability *.
It is known that the constituents of cigarette
smoke (mainly nicotine) and the systemic
inflammatory mediators enhance proteolysis
and inhibit protein synthesis, leading to a loss of
muscle mass. Nicotine causes oxidative damage
in the tissues (e.g. liver, kidney, ovary tissues etc.)
leading to several diseases. Our investigation
shows that nicotine causes a decrement (20
to 25%) of tissue protein (liver, kidney and
ovary), either by decreasing protein biosynthesis
or increasing protein catabolism (Table 1).

Depletion of tissue protein certainly declines
the self-protective efficacy of the body due to
the structural and functional deformity of the
cells. Curcumin protects our body by regulating
the action of other targets, such as apoptotic
proteins, cell cycle regulators, growth factors,
receptors, protein kinases, and transcription
factors ®*. Thus, curcumin or nanocurcumin
acts by blocking nicotine-induced stress in
different tissues (Table 1). Increased oxidative
stress by nicotine aggravates protein oxidation.
It leads to increase in carbonyl contents of the
tissues resulting dysfunction of biological
enzymes, hormones, and immune system .
The anti-oxidative nature of curcumin reduces
carbonyl content in the tissues by inhibiting
the protein oxidation 2%, Our results show
that nanocurcumin, being more bio-available
molecule, has a better self-protective ability
against protein oxidation than that of curcumin
(Table 1).

262



Publications

Anwesha Samanta et al. / J. Biologically Act.

Prod. Nat. 12 (4) 2022 pp 366 - 377 374

| &)

«-LA Protein(P)

P+ N+100 uM Nanocurcumin
P+ N+80 uM Nanocurcumin
P+ N+60 pM Nanocurcumin
P+N+40 uM Nanocurcumin
P+ N+20puM Nanocurcumin
P+N+10 uM Nanocurcumin
P+ Nicotine (N)

300 320 340 360 380
Wavelength (nm)

8001 () | .
S w—  Cyt-c Protein (P) %
: wmm P+ N+100 pM Nanocurcumin
= 600 e P+N+80 uM Nanocurcumin
S we P+N+60 uM Nanocurcumin
W= P+N+40 uM Nanocurcumin
2 400- we= P+ N+20uM Nanocurcumin
.- === P+N+10pM Nanocurcumin
z === P+ Nicotine (N)
& 200
=
0
420 425 430 435 440 445
Wavelength (nm)

Figure 3. Fluorescence study of protein-nicotine-nanocurcumin interaction. The Fluorescence
measurements of protein(s) (50 pg/ml) under different conditions of nicotine (500 pM) and
nanocurcumin (10 pM to 100 pM) were studied by intrinsic fluorescence spectroscopy. The excitation
wavelength was fixed at 255 nm for a-LA protein and 420 nm for Cyt-c protein respectively. The
emission wavelength windows were recorded at 300-600 nm. At first nicotine was added to the
protein solution and spectrum was taken similarly. Next, to the nicotine added protein solution,
curcumin nanoparticles (final concentration 10 uM to 100 pM) was added gradually and absorption

spectrum was recorded again

At the physiological level, IL-6 plays an
important role in the cytokine network. However,
elevated expression of IL-6 is related to fatigue
scores. Higher magnitude of TNF-a can also be
seen in fatigue condition. In particular, scientists
have observed that childhood trauma and stress
factors enhance the levels of pro-inflammatory
cytokines (IL-6, TNF-a, IL-1B, INF-y) and
chemokines (MCP-1) in either patients or
controls *°. Our results thus corroborate with the
earlier reports in which it is shown that nicotine
augments the secretion of pro-inflammatory
cytokines and generates excess amount of ROS
within the cells '***. Furthermore, it is known that
curcumin supplementation leads to simultaneous
co-expression of p53 and TGF-B along with
down-regulation of Thl & Th2 cytokines and
increases immunity of cells. Here we find that
the elevated levels of cytokines under nicotine

exposure, are normalized by curcumin or
nanocurcumin supplementation (Table 2). The
immune response of nanocurcumin is more
prominent than that of curcumin in terms of
different cytokine levels under nicotine stressed
condition (Table 2).

Bcl-2 plays an important role by promoting
the action of cellular survival and inhibiting the
function of pro-apoptotic proteins. Damaged
Bcl-2 gene is identified as a cause of a number
of cancers and a possible cause of schizophrenia
and autoimmunity !°. Hardwick et al. have
shown that the damaged Bcl-2 gene is a cause of
resistance to cancer treatments also !”. They have
also shown that the apoptosis regulator protein
Bax forms a hetero-dimmer with Bcl-2 and
functions as an apoptotic activator. This study
shows that there is a decrement of anti-apoptotic
molecule Bcl-2 and increment of pro-apoptotic
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molecule Bax in nicotine treated rats (Table 3).
Nanocurcumin works more effectively to restore
the normalcy of the levels of apoptotic molecules
and plays a promising beneficial immuno-
modulatory role against apoptosis.

Nicotine is seen to cause a significant
reduction of 17 p-estradiol and progesterone
levels in normal protein fed condition which in
turn affects the reproductive system (Table 4).
This is in accordance with our other findings 524,
17 B-estradiol levels are decreased in nicotine
treated group due to the anti-estrogenic effect of
nicotine. Nicotine also decreases progesterone
level by increasing PGF2a and VEGF-mRNA
expressions. Here, curcumin is seen to reduce
the action of nicotine on estrogens metabolism
due to its high estradiol binding capacity.
Nanocurcumin is seen to have better effect on
increasing of 17B-estradiol and progesterone
levels of nicotine treated animals because of its
higher bioavailability and greater binding ability
to nicotine.

Molecular docking experiments provide a
theoretical interpretation about the interactions
amongst the nicotine, nanocurcumin and cellular
proteins (a-LA and Cyt-c protein). The docking
results indicate that nanocurcumin (curcumin)
binds to a-LA protein (free energy -73.9 kcal) to
form a nanocurcumin - a-LA protein complex.
The formation of nanocurcumin - a-LA protein
complex is more favourable than that of nicotine
bound o-LA protein (free energy -57.3 kcal)
complex. Similarly, nanocurcumin bound Cyt-c
protein (free energy -74.4 kcal) complex is more
favourable than the nicotine bound Cyt-c protein
(free energy -65.6 kcal) complex (Fig. 1). This
implies that nanocurcumin resists the nicotine to
further interact with the protein moiety due to its
higher binding probability (as revealed from free
energy calculations) and thereby it provides extra
protection against nicotine. Our previous study
showed that curcumin had a strong interaction
with nicotine (free energy -51.29 kcal) **. Strong
binding ability of nanocurcumin (curcumin)
may help the molecule to be a potent immune-
modulator against nicotinic effects.

The interpretations of Molecular docking
experiments have been substantiated by the wet-

lab interaction studies amongst nanocurcumin,
nicotine and cellular proteins. Nicotine has a
tendency to bind with the tryptophan residue of
proteins &, due to which the absorption intensities
of the two important mammalian proteins (o-
LA and Cyt-c) are quenched by nicotine (Fig.
2A and 2B). Nanocurcumin also shows strong
interaction with nicotine. Thus, in presence
of nanocurcumin, availability of free nicotine
molecules for interaction with the protein is
less in the reaction medium. Nicotine, therefore,
produces lesser damage to the proteins in the
presence of nanocurcumin.

The emission maximum wavelength of a-LA
protein (345 nm) is seen to shift towards 330 nm
(blue shift) due to interaction with nicotine. It
indicates increase in absorption energy due to the
binding of nicotine with the internal sites of the
protein leading to the conformational change of
the protein (Fig. 3A). With the gradual addition
of nanocurcumin to the nicotine bound protein
solution, the intensity, as well as the emission
maximum wavelength, is significantly overlap
the emission maxima of the native protein.
Nanocurcumin thus steadily assists the protein
to restore its native state by lowering the energy
due to the H-bonding or m-m conjugation. A
similar phenomenon is observed in case of Cyt-c
emission spectra (Fig. 3B).

The bioavailability of nanocurcumin is greater
than that of curcumin due to its higher aqueous
solubility. The higher binding ability to nicotine
as well as to cellular proteins, it protects the
cells from nicotinic effects. The enhanced self-
protective efficacies of the tissues related to
protein content, protein oxidation, cytokines
and apoptotic markers expression and hormonal
concentrations are more pronounced in case
of nanocurcumin supplementation in rats than
curcumin-treated group. Nanocurcumin thus
may be used as a significant protective and
therapeutic agent against nicotine-induced
complications particularly in nicotine intoxicated
female population.
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