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Abstract

The incidence of Inflammatory Bowel Disease (IBD), which was previously only seen in
western nations, has recently grown considerably in India. Ulcerative Colitis (UC) and
Crohn's Disease (CD) are the two pathological disorders that are part of the IBD. Individuals
suffering from UC exhibit severe inflammatory changes which include intestinal
inflammation, hematochezia, melena and accumulation of inflammatory immune cells that
occur specifically in the colonic tissue. Inflammation often affects the whole gastrointestinal
system in CD, but only the colon and rectum in UC. Intrinsic defense cells, particularly
macrophages, in the epithelium of the colon, are activated by pathogen invasion and release
pro-inflammatory cytokines that trigger the release of interleukin-1p (IL-1p), IL-6, 1L-18,
transforming growth factor (TGF), and tumor necrosis factor (TNF) when the intestinal
epithelial cell barrier is breached. Despite substantial research in this field, the precise cause
and treatment of this condition are still unclear. Traditional treatments for UC management
include 5-aminosalicylates, immuno-suppressants, antibiotics, and corticosteroids, which
merely treat symptoms and do not treat the underlying cause of the condition. Therefore,
there is an urgent need for innovative pharmaceutical treatments that might induce remission
and prevent illness relapse. The pathogensis of IBD is linked to both inflammation and
oxidative stress. Therefore, a potent anti-inflammatory and anti-oxidative agent that may
inhibit these damages may aid in the treatment of IBD. Melatonin possesses anti-
inflammatory and antioxidant properties which have been proven useful in numerous
experimental and clinical trials, including those on IBD. Therefore, the current thesis
concentrates on comprehending and investigating the molecular basis of epigenetic regulation
as well as enhancing the treatment strategy to reduce inflammation in colitic mice using
melatonin. Melatonin attenuates inflammatory signals and promotes healing in UC conditions
through a variety of molecular mechanisms. In this study, we have investigated the regulation
of the epigenetic molecular process by melatonin in lipopolysaccharide (LPS) activated
murine macrophages (M1) RAW 264.7 cells and colitic mice (female BALB/C). The putative
role and interactions of the epigenetic protein biomarker Enhancer Zeste Homolog 2 (EZH2)
and Nitric Oxide Synthase were explored and investigated in this work. EZH2 is an essential
component of the polycomb repressive complex 2 (PRC2), which is largely involved in gene
silencing. Nitric oxide synthase (NOS2) produces nitric oxide (NO) which is essential for
enhancing inflammatory signals. The therapeutic potential to suppress inflammation of

melatonin is further hampered due to its low solubility and short plasma half-life (t1/2).
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Hence, we have developed a nano-therapeutic approach to overcome these limitations. In
order to achieve the necessary anti-inflammatory activity, we have synthesized and
characterized polymeric nanoparticles of chitosan. Optimized nanoparticles were
administered in colitic mice intravenously for assessing its therapeutic potential in
comparison to a bare melatonin. Chitosan nanoparticles considerably improved pathological
markers and inhibited nuclear localization NFkB in murine macrophages to increase the anti-
inflammatory efficacy of melatonin compared to the bare drug in colitic mice. Although this
approach increases the therapeutic potential of melatonin, there are several drawbacks,
including sterility and issues with patient compliance with intravenous administration.
Generally oral administration is preferred over intravenous administration. Hence, we have
modified chitosan nanoparticles using pH-sensitive polymers for the development of a colon-
targeted drug delivery system. Eudragit-S-100 has been coated on drug-loaded nanoparticles
to target desired location based on the principle of pH difference in gastrointestinal tract
(GIT). Moreover, using ICG-tagged nanoparticles in a bio-distribution study on mice, we
were able to validate the targeted transport of the coated nanoparticles to the colon.
Therapeutic efficacy of the colon targeted nanoparticles was evaluated against colitic mice.
Colon targeted nanoparticles improved anti-inflammatory effect in terms of nitrite assay,
Disease Activity Index (DAI), colon length, body weight improvement, myeloperoxidase
assay, Nitric Oxide Synthase 2 and histoarchitecture evaluations in colonic tissues. Thus, the
thesis concludes that melatonin regulates its anti-inflammatory action via epigenetic
molecular mechanism involving EZH2-NOS2 interaction and the therapeutic efficacy of
melatonin was enhanced by delivering through polymeric nanoparticles. Moreover, colon-
targeted nanoparticles when loaded with melatonin as an anti-inflammatory therapeutic agent
highlighted its significant potential as a therapy option for UC and also increased the

therapeutic efficacy for the same compared to non-targeted nanoparticles.



Synopsis

Inflammation is a general physiological process related to our body's natural immune
response to foreign objects or any other harmful tissue damage. It is marked by redness,
swelling, heat, pain, and loss of function of the tissue [1, 2]. Inflammation typically subsides
quickly after it begins, which is crucial for preserving the body's normal physiology.
However, if it is not resolved and persists for a longer period because of the body's inability
to remove pathogens or harmful waste, this can result in a severe inflammatory response and
pathological conditions like Inflammatory Bowel Disease (IBD), rheumatoid arthritis, or even
cancer [3]. The word “itis” is used as a suffix to present any kind of inflammatory disease i.e.
inflammation of the colon-“colitis” [4]. Inflammatory bowel disease is a chronic
inflammatory condition that can occur as sporadic — Ulcerative colitis or may be genetic -
Crohn’s disease. Ulcerative colitis affects generally the adult population whereas Crohn’s
disease majorly affects children. Pro-inflammatory cytokines, which trigger the inflammation
cascade, are produced by an unchecked immune response, which leads to uncontrolled
inflammation [4]. Pro-inflammatory cytokines like TNF-a, NF-kB, IL-6, histamine, etc. play
a major in activating severe inflammatory responses. TNF-o, NF-kB, IL-6, histamine, and
other pro-inflammatory cytokines have a significant role in triggering severe inflammatory

reactions [5].

The prevalence of IBD has increased significantly in the last few decades in
developing countries which raises an alarm for the health authorities as these countries do not
have sufficient health infrastructure systems for the management of this disease. Because of
their way of life and eating habits, western nations were formerly thought to be more
susceptible to this disease [4]. For the treatment of mild to severe UC, medications such as 5-
aminosalicylates (sulfasalazine and mesalazine), corticosteroids (budesonide and
prednisolone), thiopurines (azathioprine and 6-mercaptopurine), anti-TNF- antibodies
(infliximab, adalimumab, and golimumab), calcineurin inhibitors [6]. However, most of the
drugs used for the management of UC at present have one or the other adverse effect leading
to their compromised use in UC. They can also trigger relapse if stopped abruptly, whilst
prolonged use is linked to serious toxicities. Therefore, in order to get over the
aforementioned restrictions, we now urgently need innovative therapeutic medicines that can
treat the illness and prevent its resurgence. A neurohormone with a well-established function
in preserving circadian rhythm is melatonin [7]. Melatonin has powerful anti-inflammatory



properties as well, which can be investigated for the treatment of UC [8]. The use of
melatonin as an adjuvant in UC therapy has demonstrated its protective impact in the
treatment of UC. Melatonin has not yet been demonstrated to be a potent therapeutic
alternative that can be used in the treatment of UC due to our limited understanding of the
molecular mechanism underlying its activity as well as its limitations deriving from its

physicochemical properties.

The current thesis investigates the molecular mechanism through which melatonin
decreases inflammation in a mouse model of colitis. Particularly, the role of epigenetics in
controlling inflammation in murine macrophages has been thoroughly studied. Additionally,
a nanotherapeutic approach has been investigated for improving its anti-inflammatory
efficacy in colitic mice in order to circumvent physicochemical limits since it offers a smaller
size and greater targeting efficacy to precisely release medication at the diseased site. The
following objectives were achieved to investigate and improve the therapeutic efficacy of

melatonin in treating Inflammatory Bowel Disease preclinical models:

Objective 1 (Chapter 3): Role of melatonin in regulating EZH2, a master epigenetic

regulator, and its beneficiary effect in case of IBD management.

Objective 2 (Chapter 4): Formulation, characterization, and anti-inflammatory efficacy

evaluation of melatonin loaded chitosan nanoparticles in inflammatory models.

Objective 3 (Chapter 5): Formulation, characterization and anti-inflammatory efficacy
evaluation of melatonin-loaded colon targeted chitosan nanoparticles in inflammatory
models.

Chapter 1 of thesis deals with the introduction and review of literature on inflammation and
the diseases associated with it. It mainly focuses on one of the major inflammatory disease
i.e. Ulcerative Colitis- pathophysiology, epidemiology, current management system, and
insight of melatonin as a potential newer anti-inflammatory candidate. It focuses deeply on
current therapeutic agent used in the management of UC and their limitation in managing the
disease. Also, it focuses on the role of inflammation in the normal physiological systems and
diseases associated with unresolved inflammation. The role of epigenetics in UC and

potential of inhibitors in managing UC have been discussed.

Chapter 2 of the thesis deals with various materials, methods, and techniques executed in the

experiments. Protocols for synthesis and characterization of nanoparticles, methods for
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developing inflammatory models in vitro and in vivo, etc. have been discussed in this chapter

in detail.

Chapter 3 (Objectivel) of the thesis deals with the role of melatonin’s anti-inflammatory
effect against in vitro (RAW 264.7 murine macrophage) and in vivo (DSS-induced colitis in
mice) model by administering intravenously (i.v.). Investigating the role of melatonin in
regulating inflammation via enhancer of zeste homolog 2 (EZH2) in managing Ulcerative
colitis has been explored. Exploring molecular interaction between EZH2 and nitric oxide
synthase 2 (NOS2) has been carried out. In this chapter, melatonin anti-inflammatory activity
has been evaluated by estimating nitrite level, gene expression, protein expression, gross
pathological features and histological changes in colonic tissue, etc. Melatonin was used at a
concentration up to 0, 1, 10, 100, 250 and 500 pg/ml against LPS stimulated RAW 264.7
murine macrophages. The expression of protein biomarkers like EZH2, NOS2, and
H3k27me3 has been investigated. It focuses highly on the role of NOS2 in the inflammatory
response in macrophages and colitic mice. Interlink between NOS2-EZH2 and their
connection in the progression of inflammation leading to Ulcerative Colitis. Physical
interaction between EZH2-NOS2 and the binding of EZH2 on promoter region of NOS2 has
been explored in this chapter. Body weight loss, disease activity index, and colon length have
been investigated. Hematoxylin and eosin, alcian blue-nucleus red, and toluidine blue
staining have been performed for evaluating histoarchitecture alterations.
Immunofluorescence staining of EZH2 and NOS2 has been performed for evaluating their

expression.

Chapter 4 (Objective 2) of the thesis deals with the formulation of chitosan nanoparticles for
the delivery of melatonin in an in-vitro and in-vivo (i.v.)colitic mice. Chitosan nanoparticles
were prepared by ionic gelation method and loaded with an anti-inflammatory agent to
evaluate their anti-inflammatory efficacy. Characterization of nanoparticles was carried out
by dynamic light scattering measurement for estimating the mean hydrodynamic size of
nanoparticles, zeta potential to confirm a charge on the surface of nanoparticles, and
transmission electron microscopy for confirming their spherical morphology. In-vitro
cumulative release, cell viability, nitrite level, and cellular uptake for nanoparticles have been
discussed in this chapter. Nuclear translocation of NF-kB has been also performed to check
its migration from cytosol to nucleus. Moreover, a bio-distribution study of chitosan
nanoparticle has been discussed. Gross pathological changes like disease activity index,
weight loss, colon length, gene expression, myeloperoxidase assay, and histological studies
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have been discussed for the same. An immunofluorescence study for evaluating the

expression of NOS2 and nitro-tyrosine in the colon has been explored in this chapter.

Chapter 5(Objective 3) of the thesis deals with the formulation colon targeted chitosan
nanoparticles for specific colon delivery of melatonin in colitic mice. As oral drug delivery is
preferred over intravenous (i.v) due to issues related to sterility and patient compliance.
Simple chitosan nanoparticles are strongly mucoadhesive, which limits their ability to reach
the appropriate colonic region when administered orally and reduces their therapeutic
efficacy. Hence, we have modified chitosan nanoparticles by coating them with pH sensitive
polymer (Eudragit-S-100). lonic gelation process was used to create chitosan nanoparticles as
described earlier, which were then coated with an enteric coating polymer, Eudragit-S-100.
Dynamic light scattering was used to determine the mean hydrodynamic size of
nanoparticles, transmission electron microscopy to verify their spherical form and enteric
coating on their surface, and FTIR to verify any changes in their chemical composition. In
vitro drug release studies at various physiological pH and their best-fitted models have been
discussed. To validate the specific targeting of the colon, biodistribution studies was
performed. Gross pathological alterations have been explored for this, including disease
activity index, weight loss, colon length, myeloperoxidase assay, and histological study. This
chapter has examined an immunofluorescence investigation to assess IL-1 expression and an

immunoblot for NOS2 in the colon.

The thesis therefore concludes that melatonin controls its anti-inflammatory effect via
an epigenetic molecular mechanism involving an interaction between EZH2 and NOS2, and
that melatonin's therapeutic efficacy was increased by delivery through polymeric
nanoparticles. Additionally, colon-targeted nanoparticles that were loaded with the anti-
inflammatory therapeutic agent, melatonin showed its substantial promise as a treatment
alternative for UC and improved the therapeutic efficacy of the same in comparison to non-

targeted nanoparticles.
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Chapter 1:

Introduction







1.0 Introduction

Inflammation is a normal physiological response evoked by the body when it senses any
harmful stimulus from pathogens, toxic compounds or damaged cellular products [1, 2]. It is
a defensive mechanism to clear toxicants and pathogens from the body via immunological
response to maintain homeostasis [3]. Aulus Cornelius Celsus, a Roman physician,
established the four primary signs of inflammation in the first century. They are redness and
swelling with heat and pain (“rubor et tumor cum calore et dolore”) in his treatise called De
Medicinia [4]. Later, Augustus Waller (1846 AD) and Julius Cohnheim (1867 AD) revealed
leucocyte migration from blood vessels and other morphological alterations including
vasculature enlargement, revealing the physiological significance of the aforementioned four
cardinal symptoms. By observing under a microscope Cohnheim noted vasodilation, plasma
leakage, and migration of leucocytes into tissues from blood vessels [5]. Rudolph Virchow
later included the fifth cardinal symptom, disturbance of function (functio laesa), of
inflammation in his book Cellularpathogie [4]. Consequently, we can characterized
inflammation as a necessary immune response that supports the body during an infection or

damage and preserves tissue homeostasis under a variety of adverse conditions [2].

The discovery of phagocytosis in 1892 AD by Elie Metchnifoff, who formulated the
theory of cellular immunity and refuted the notion that only soluble chemicals in the blood
had a role in inflammation, was one of the key turning points in the field of inflammation
research (antibodies). He proposed the idea that not only antibodies but cells also actively
participate in destroying foreign invading substances. Despite, the discovery of cellular
immunity, the theory of humoral immunity was only considered widely until the 1940 AD.
Cellular immunity theory was considered only after scientists began to reexamine the role of
cellular immunity. After the invention of serum therapy against diphtheria and tetanus toxins
by Emil von Behring and Shibasaburo Kitasato in 1890 AD, Paul Ehlrich narrowed his focus
to the function of humoral immunity. Thus, a modern theory of immunity was developed
which considered the role of both i.e. cellular and humoral immunity. Hence, the role of
macrophages and microphages were established and there significance in maintaining
immunological response was addressed. The process of the inflammatory response consists of
series of events which work in a specific manner to regulate immune response and maintain

physiological balance.



1.1 Spectrum of the inflammatory response

Inflammation is a normal physiological response which consists of series of events and
components which are essential for it. Each inflammatory component has several different
manifestations, and its organized function might be connected to various inflammatory
pathways. Inflammatory stimuli that activate specific pathways, such as bacterial infections,
are recognized by Toll-like receptors (TLRs), which are found on tissue resident
macrophages. These receptors stimulate the production of inflammatory cytokines (such as
Tumor Necrosis Factor- (TNF-), Interleukin 1- (IL-1) and Interleukin-6 (IL-6) as well as
chemokines (such as C-C motif chemokine ligand 2 (CCL2) and C-X-C motif chemokine
ligand 8 (CXCLS).

Inducers Sensors
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Figure 1.1: Schematic representation of components of inflammatory pathway: (i)

inflammatory inducers (ii) sensors (iii) inflammatory mediators and, (iv) target tissues.
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These inflammatory mediators exert their effect on target tissues by inducing
vasodilation, infiltration of microphages (neutrophils), macrophages localized in tissue and
mast cells to clear the invading pathogens [2]. Apart from the above response inflammatory
process is aided by plasma components which include antibodies and compliment system.
TNF-a, and IL-6 causes the release of C-reactive proteins from hepatocytes thereby showing
its systemic effect. Prostaglandins like PGE2 can cause stimulate particular neurons in the
central nervous system to promote fever, fatigue, anorexia and depression [6]. The
component of inflammatory response consists of (i) inflammatory inducers (ii) sensors (iii)

inflammatory mediators and,(iv) target tissues.

Cytotoxic lymphocytes are activated when a viral infection causes the synthesis of
type 1 interferon (IFN) by the infected cells. Mast cells and basophils produce histamine,
interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13) in response to a parasite
infection [7, 8].

1.2 Resolving inflammation and non-resolving inflammation

Once the initiating insult is no longer present and has been eliminated from the body, the
acute inflammation often comes to an end. Resolution of inflammation refers to the cessation
of inflammation and return to the normal homeostatic condition. Lipoxins and other factors

have been discovered to be important in this process [9].

Resolution of the inflammation may not be reached if the inflammation-causing
chemical is not eliminated from the body or remains in the system for some reason, which
could result in a chronic condition of inflammation. Chronic infections, inadequate tissue
repair, undigested foreign objects, or endogenous compounds like monosodium urate can all
cause this disease. [10]. Inflammatory Bowel Disease, atherosclerosis, obesity, cancer, and
neurological illness may not all be caused primarily by persistent inflammation, but it
considerably speeds up their etiology. [3]. One of the major diseases brought on by persistent,

unresolving inflammation is ulcerative colitis, which is described in more detail below
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Figure 1.2: Schematic representation of diseases linked to non-resolving inflammation.
1.3 Inflammatory Bowel Disease

Inflammatory Bowel Disease consists of two major pathological conditions which
predominantly affect the gastrointestinal tract causing stomach pain, hematochezia, and
weight loss leading to compromised lifestyle and increased financial burden on IBD patients
[11]. Idiopathic IBDs, such as Crohn's disease and ulcerative colitis, affect clinically
immune-competent patients and are characterized by severe (but noninfectious) cytokine-
driven intestinal inflammation [12]. Excessive IL-12/1L-23 and IFN-/IL-17 production has
been associated to Crohn's disease, which affects the small intestine and colon and causes
discontinuous ulceration and full thickness intestinal wall inflammation with granulomas.
Along with systemic symptoms including weight loss, fever, and exhaustion, patients often
report having gastrointestinal symptoms such stomach pain, diarrhoea, and rectal bleeding.
Patients suffering with Crohn's disease may also develop obstructive intestinal strictures as
well as inflammatory attachments (fistulae) between bowel segments or between the gut and
the skin and other organs. Ulcerative colitis, on the other hand, is associated with increased
IL-13 production and mostly affects the colon [13]. A persistent mucosal inflammation
almost invariably involves the rectum and extends proximally. Despite the absence of fistula

formation, the symptoms are comparable to those of Crohn's disease. Although ulcerative
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colitis may be treated by surgically removing the colon, both illnesses are often chronic and

recurring [14].

Ulcerative colitis is an idiopathic condition, leading to chronic inflammation of the
colonic mucosal layer, originating in the rectum and may extend throughout the entire colonic
region. The main signs and symptoms of UC are hemotochezia, melena, intestinal
inflammation, and colonic immune cell infiltration [15]. Current thesis deals specifically with

UC hence we have on focused on it in detail.

1.3.1 Epidemiology

The highest incidence rates of the Inflammatory Bowel Disease worldwide were found in
northern Europe and North America. Since the western way of life and eating habits are
intimately related to this condition. There are 9—20 instances of UC per year. 1 lakh people
per year, compared to 156 to 291 cases per lakh people per year for its prevalence [16].

The main onset peak of UC is between the ages of 15 and 30; the second, less severe
peak of incidence is between the ages of 50 and 70. This suggests that the incidence pattern
of UC is bimodal [16]. The shift of this disease has occurred from developed to developing
countries like India which is a major concern for health authorities worldwide. Khosla et al.,
reported prevalence of 42.8 per 1 lakh in 1986 in Haryana [17]. Sood et al., reported 44.3
cases per 1 lakh in Punjab in 2003 [18]. A survey carried out in 2012 reported an equal
prevalence of UC in northern and southern states of India [19].

1.3.2 Pathophysiology

1.3.2.1 Epithelial barrier

Figure 1.3 describes the pathophysiology of UC in detail. The mucous-covered epithelial
layer barrier, which isolates the host immune system from the luminal gut microbiota, serves
as the first line of defense. Colonic mucin (mucin 2) production and modification are reduced
in UC [20]. Damage to the epithelial barrier causes an increase in permeability, which leads
in faulty tight junction integrity [21]. Additionally, the host defense system is strengthened by
the epithelial barrier, which produces anti-microbial peptides that prevent the entrance of

dangerous bacteria [22].
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1.3.2.2 Commensal microflora

Maintaining balance between dietary antigens and commensal gut microbiota tolerance is the
job of the intestinal immune system. The commensal gut microbiota colonizes the transgenic
models, causing inflammatory symptoms to emerge, but these symptoms do not appear in the
germ-free condition [23, 24]. Clinical research on humans indicates a substantial role for
enteric gut bacteria in the etiology and severity of intestinal inflammation [25]. As a result,
we might surmise that the gut microbiota, host mucosal immunity, and an imbalance in

homeostasis may all contribute to the etiology of UC.

1.3.2.3 Antigen Recognition

Antigen recognition plays an important role in innate immunity through its interaction with
macrophages and dendritic cells. Dendritic cells can sample and recognize antigens from the
lumen using its dendrite [26]. Macrophage and dendritic cells reside in the lamina propria
that presents antigen to B cells and T cells. In UC condition the number of activated and
mature dendritic cells is increased highly. Dendritic cells express microbial pattern
recognition receptors, including Toll-like receptors (TLR), and Nucleotide-binding
oligomerization domain (NOD)-like receptors which play an essential role in providing
protection from injury, intestinal homeostasis and epithelial barrier integrity. In the lamina
propria of UC patients, TLR4 receptor expression is significantly increased [27]. The
activation of the transcription factor nuclear factor-kB (NF-kB) and other molecules involved
in the inflammatory signaling cascade may occur as a result of TLR stimulation, which might
cause an innate immune response [28]. NF-kB regulates cell survival and pro-inflammatory
signaling in macrophages and T-cells [29]. NF-kB shows a protective effect in case of
intestinal epithelial cells [30] which creates confusion about whether it has a beneficiary or
harmful effects in the case of UC condition.

1.3.2.4 Deregulation of immunological responses

T-regulator and effector T-cell homeostasis are out of balance (eg. Th-1, Th-2, and Th-17).
The report suggests that UC is linked with an atypical Th2 response mediated by natural
killer T cells producing interleukin 5 and 13. Interleukin 13 exhibits a cytotoxic effect on
intestinal epithelial cells [21]. Natural killer T-cells, which play a crucial role in the

pathophysiology of UC, can be positively influenced by interleukin 13 [31]. Additionally, the
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absence of anti-inflammatory signaling is associated with severe ulcerative colitis and
interleukin 10 receptor-1 or interleukin 10 receptor deficiencies [32]. Tumor necrosis factor
(TNF)-a is level is increased in blood, stool, and mucosa of UC patients [33, 34]. This
discovery has aided in the development of numerous therapeutic medicines for treating UC in

patients.

1.3.2.5 Leucocyte recruitment

Due to the release of chemoattractants like CXCL8, which is significantly up-regulated in the
case of UC, leucocytes are drawn to the location of inflamed mucosa [35]. Mucosal addressin
cellular adhesion molecule-1 (Mad CAM-1), which promotes leucocyte adherence and
extravasation into tissue, is one example of a cell adhesion molecule whose expression is

increased by proinflammatory cytokines [36].

1.3.2.6 Genetic factors

Genome-wide association studies have identified several UC-vulnerable genes, advancing our
understanding of the condition. A paper showed a connection between UC and the MHC
area, where associated single nucleotide polymorphisms (SNPs) were correlated with changes
in HLA Class Il expression and IL-23R with UC. Additionally, the strongest connection is
found in the MHC Class-2 area, close to HLA-DRA [37]. The loss of a protein required for
epithelial cell adhesion might result in impaired barrier function, which may worsen the
pathophysiology of UC. This protein is encoded by genes including hepatocyte nuclear factor
- 4a, CDH1, and laminin-1 [38]. Mutation in a protein called E-cadherin was the first genetic

correlation found between UC and colorectal cancer [39].

In summary, we can conclude that inflammation in UC begins with an exaggerated T-
cell (Th2) response that causes mucosal hyper responsiveness to commensal gut microbiota

in genetically prone individuals.

1.3.2.7 Epigenetic factors

Epigenetics deal with heritable features that involve transcriptional regulation without
altering any nucleotide sequences [40]. Hallmark feature of epigenetics is DNA methylation
of cytosine which is followed by guanine (CpG). When DNA methylation occurs in a gene's
promoter region, it silences the gene by blocking transcription proteins from attaching to the
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area [41, 42]. In the case of IBD, there is a considerable change in the DNA methylation of
peripheral blood mononuclear cells. A study [40] found an overlap of 45 % between UC and
CD differentially methylated positions (DMPs). The promoter region of TRIM 39-RPP2, one
of the key IBD-associated PBMC differentially methylation areas, was discovered to be
hypomethylated in the colonic mucosa of young UC patients. Additionally, PBMCs from
IBD  patients were shown to have TRAF6  hypermethylation  [40].
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1.4 Diagnosis

Hematochezia, melena, tenesmus, and stomach pain are among the specific distinctive
symptoms that the majority of UC patients exhibit. Significant deviations from healthy

persons can be seen in the total blood count, liver function test, erythrocyte sedimentation
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rate (ESR), and other measurements [43]. The level of calprotectin is increased in the fecal
matter of IBD patients which can be used as a diagnostic marker for IBD [44]. Endoscopy of
colonic region can be done to confirm disease if required [43]. Differentiating between UC
and CD can be done using magnetic resonance enterography. Extraintestinal manifestations
like arthritis [45], liver sclerosing cholangitis [46], and uveitis (iritis) [47] can also occur in

UC patients.

In  conclusion, a thorough  history, physical exam, lab tests,
esophagogastroduodenoscopy (EGD), and ileocolonoscopy are essential for making an
accurate diagnosis of IBD. Histology is also very important. Additionally, imaging of the

small bowel is required.

1.5 Management of UC

The treatment of UC is given following the guidelines of regulatory authorities of the
healthcare system. The treatment regime may consist of drugs like 1- 5-ASA agents,
corticosteroids, thiopurines, anti-tumor necrosis factor antibodies, antibiotics/probiotics, and

newer agents.

1.5.1 5- Amino Salicylates

Sulfasalazine and mesalazine (5-ASA) are currently the two main treatments options for UC.
These agents can persuade and maintain reduction of UC in the individuals having mild to the
moderate conditions of UC [48]. Sulphasalazine has common side effects like nausea,
vomiting, abdominal pain, indigestion and headache. Consequently, the scientist created 5-
ASA medications to overcome the aforementioned restriction. In order to treat UC
Mesalazine is administered in divided dosages, although a single dose is also just as effective
for keeping UC quiescent [49]. Maintaining remission of UC can be accomplished using
topical preparations of 5-ASA similar to suppositories or enema. Orally 5-ASA is given 4.8
g/day for inducing remission of UC which can be reduced to 2.4 g/day but not lower than that
[50-52]. Failure to achieve this goal after 2-4 weeks is a sign that corticosteroids should be

used as the next treatment.

1.5.2 Corticosteroids
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Corticosteroid therapy is given to a patient with moderate to severe UC condition. It is not
advised for a patient to take for an extended period of time due to its unfavourable toxicities.
Patients should get an intravenous dose of a corticosteroid like methylprednisone that ranges
from 40 to 60 mg (20 mg every 8 hours) on a daily basis [53]. If the medication dosage is
lowered or stopped after three to four months, there is a chance that the illness will return. If
prednisone doesn't work to treat the problem, oral beclomethasone dipropionate may be
advised [54].

1.5.3 Thiopurines

Treatment for UC involves the use of purine analogues such as azathiopurine and 6-
mercaptopurine. The length of the disease's remission is greater and could last 10-14 weeks.
Azathioprine 2.5 mg/kg and 1-1.5 mg/kg are the suggested doses (6-MP). Typically, this
treatment began with a maximal dose [55]. The risk of lymphoma may rise with thiopurine
use. It is vital to routinely monitor blood parameters and do liver function tests because

thiopurine methyltransferase activity may result in myelosuppression [56].

1.5.4 Anti-tumor necrosis factor antibodies

Anti-tumor necrosis factor—o antibodies like infliximab [57], adalimumab [58], and
golimumab [59] are available therapy for induction and maintenance of remission of UC.
Typically, these medications are used with corticosteroids. Only infliximab is utilized for
paediatric patients. An IgG1l monoclonal antibody called infliximab, which is chimeric
(human and murine), has an affinity for TNF- and blocks its effects [60]. Adalimumab and
golimumab are monoclonal antibodies of human origin. Infliximab can be used for steroid-
refractory UC condition in patients. The results obtained by a study done using infliximab
with thiopurine show improvement in the therapy of UC patients [61]. Among all anti-TNF-a.

agents infliximab has the highest efficacy and is the choice of drug for UC.

One of the most frequent adverse effects of anti-TNF medications is infection, which
can include sinusitis, otitis media, and the common cold. It is advised that the patient undergo
tests to rule out latent tuberculosis and chronic hepatitis B infection before beginning
treatment with an anti-TNF medication because they may become active due to an

immunocompromised state [62].
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1.5.5 Calcineurin inhibitors

Calcineurin inhibitors are immunosuppressants generally used for the management of the
autoimmune disease. Cyclosporine can be used for induction of remission in case of severe-
to-fulminant steroid-refractory colitis. Cyclosporine is used at limited places for IBD
treatment but does not have any effect in chronic therapy for IBD. Infusion of cyclosporine is
given at a dose of 2-4 mg/kg/day [63, 64]. Therapeutic drug monitoring should be done every
alternate day to check the range between 200 and 400 ng/ml at a dose of 2 to 4 mg/kg
respectively. Although there is evidence available about the use of tacrolimus for UC therapy,

it is not advised for use [65].

1.5.6 Anti-integrins

Leucocyte migration in the intestines is significantly influenced by the type of protein known
as integrins. Vedolizumab binds to a4-f7 integrin and inhibits the relocation of leucocytes to
the intestines. For the induction of remission in moderate to severe UC, vedolizumab has
demonstrated therapeutic efficacy and been licensed [66, 67]. Vedolizumab was the first anti-
integrin authorized for the treatment of UC. Because of its positive effects on the gut, it is the

safest biological now in use, with little side effects such as intestinal infection [68].

1.5.7 Tofacitinib

A Janus kinase inhibitor called tofacitinib is prescribed for use in UC. Adults with moderate
to severe forms of UC are eligible to receive therapy with it [69]. It is the first oral
formulation of a small molecule which is two times a day at a dose of 5 and 10 mg. If desired
therapeutic effect is not achieved within 16 weeks its usage shall be discontinued for the
same. For people with hepatic impairment, it is not advised. Its side effects are comparable to
those of anti-TNF agents, which include opportunistic infections and infections brought on by
bacteria, viruses, or invasive fungi [69]. It is recommended to get tested for latent TB before

starting this treatment because it could make it active.

1.5.8 Surgical treatment

Surgery for UC may be necessary and classified as elective, urgent, or emergency care. In
cases of life-threatening conditions, emergent surgical surgery is advised if patients do not

respond to any medications. Patients with UC who have been admitted to the hospital and
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who are not responding to medication therapy may need urgent surgical surgery. Due to
uncontrolled inflammation that otherwise could have been fatal to life, the primary goal of
surgically removing a severely inflamed colon on an emergency or urgent basis is to restore

the patient's health.
1.6 Role of nanotechnology in management of UC

To improve the therapeutic efficacy of pharmacological agents various novel technologies are
employed which increase their efficacy many folds and thereby reduces the dose and also the
toxicity associated with that concentration. Nanotechnology based drug delivery system has
gained major attention recently due to their higher efficiency in improving drug delivery
system compared to conventional systems. Conventional methods for ameliorating colonic
diseases include parenteral, rectal, and oral routes of administration. The rectal route has
advantage for delivering drug to the distal colonic region[70] but is not suitable if the disease
is in ascending colon [71]. Moreover, this route of administration causes patient non-
compliance which makes it difficult for application in the management of UC. The most
preferred route of drug administration is oral, which is widely accepted and does not cause

any uneasiness to the patient, and reaches the colon [72].

For oral drug delivery of drugs, conventional therapy includes approaches like pH-
sensitive coating which can assist the delivery of drug specific to the colon by overcoming
physiological barriers. Conventional colon-specific drug delivery system despite having
targeted delivery exhibits patient limited specificity for healthy versus diseased colon [73].
Due to the size of conventional drug delivery systems, which prevents them from penetrating
through the mucus layer and prevents them from helping UC patients repair their damaged
epithelial layer. Due to their smaller size and capacity to quickly be phagocytosed by
inflammatory cells due to their increased permeability, nanoparticle systems can easily
penetrate the mucus layer at the site of inflammation [74, 75]. As a result, the management of
UC in individuals with active disease may benefit greatly from the use of nano-drug delivery

systems for the treatment of colitis.

For designing colon-specific nano-drug delivery system, many physical, chemical,
and physiological barriers need to be considered while synthesis. A targeted drug delivery
system has the great potential to exacerbate UC by improving the therapeutic efficacy of the

drug delivery system. The nanoparticle system present in the human body initiates an
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immunological response via recognition by the mononuclear phagocytic system. The size,
shape, and charge of nanoparticles contribute to their interaction with mononuclear
phagocytic system which is responsible for the fate of nanoparticles like internalization, bio
distribution, and clearance from body. Approaches for nanoparticles targeting IBD are as

follows:

1.6.1 Size mediated targeting

Due to severe inflammation, vascular permeability and epithelial permeability are highly
increased in UC [76]. A study conducted by Lamprecht et al., demonstrated the effect of size
on the accumulation of nanoparticles in the inflamed tissues where they administered
polystyrene particles of various sizes (100 um, 1 um, and 100 nm) orally by gavage. 100 nm
particles revealed the highest retention in an inflamed colon region compared to others
suggesting the role of size in targeting IBD [77]. Another study also suggested localization
of budesonide loaded nanoparticles (200 nm) was found in an inflamed colonic tissue of
colitic mice [78]. Nanoparticles owing to the advantage of smaller can easily penetrate the
mucus barrier and reach up to serosa in an inflamed colon. Another study compared
microparticles (3 pm) with nanoparticles (250 nm) of PLGA exhibited a higher accumulation
of microparticles in ulcers whereas nanoparticles penetrated deep and were found in the

serosal layer [79].

1.6.2 pH-mediated targeting

The strategy of pH-dependent targeting is based on the difference in pH of the entire
gastrointestinal tract (GIT). The pH of the last region of the ileum and colon is higher
compared to the upper region of GIT [80, 81]. Hence, a researcher can exploit this difference
in pH for developing pH-dependent nano-delivery system for targeting drugs to the specific
desired location and releasing the drug. The best approach is to coat the nannocarreir with
pH-sensitive polymers (Eudragit-S-100) [82]. The enteric coating offers a wide range of
protection in terms of degradation of pharmaceutically active agents from harsh environment
of GIT e.g. gastric acid, bile juice and microbial enzymes. Methacrylic acid copolymers
(Eudragit ®) are widely used for this purpose and approved by FDA for the same. Eudragit®
polymers are available in wide ranges based on the pH at which it degrades. Eudragit L 100
and Eudragit-S-100 are the most widely used polymers for colon targeting as it degrades in

pH range of 6 to 7 [83]. Eudragit-S-100 coated chitosan nanoparticles have shown colon
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targeting and attenuated inflammatory conditions in colitic mice [84]. Nanocapsules of
prednisolone coated with Eudragit-S-100 exhibited pH-dependent release in an in vitro
condition with higher loading of lipophilic [85] agents suggesting its advancement in
therapeutic improvement for application in IBD. Also, budesonide loaded PLGA
nanoparticles when coated with Eudragit-S-100 alleviated inflammation colitic mice by
significantly down-regulating the expression of proinflammatory cytokines [86]. Hence,
based on the above results and observation we can speculate on the efficacy of enteric coating
polymer in alleviating IBD in patients.

1.6.3 Charge mediated

In UC condition the mucus layers deplete resulting in the reduction of mucus and thereby in
situ aggregation of positively charged proteins which leads to a higher positive charge at the
site of inflammation. Hence, researchers can exploit this to develop charge-based
nanocarriers for efficient drug delivery to ameliorate UC. A study conducted by Jubeh et al.,
revealed that negatively charged nanocarriers have a higher binding affinity on inflamed
colonic explants compared to healthy [87]. Anionic liposomes adhered to inflamed colonic
mucosal explant (twice) compared to neutral and cationic liposomes. Negatively charged
particles were easily engulfed by monocytes, which caused their apoptosis and thereby
improving disease condition in case of inflammatory disease. Negatively charged microfibers
of ascorbyl palmitate were investigated in UC mice models for their efficacy in improving the

anti-inflammatory action of dexamethasone via rectal route using enema [88].

1.6.4 Ligand receptor-mediated targeting

Severe chronic inflammation causes an increase in expression of certain protein biomarkers
on cell surface i.e. ligands or receptors which can be used for specific targeting of
nanocarriers for alleviating disease e.g. leucocyte migration to the inflamed tissues via
leucocyte-endothelial interaction which increased upon inflammation [89]. Endothelial cell
overexpresses adhesion molecules like vascular cell adhesion molecule (VCAM)-1, P-
selectin, and intercellular adhesion molecule (ICAM-1) on their luminal surface whereas
ligands (P-selectin glycoprotein ligand-1) which participate in leucocyte adhesion are
overexpressed. Integrin like asf7 asPl, alP2, and ampP, are over expressed which helps in
cell adhesion on the endothelial cell surface [89]. Recently, Sakhalkar et al., developed

PEGylated PLA nanoparticles conjugated with recombinant PSGL-1 mimicking leucocyte-
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endothelial adhesion biochemistry which exhibited a significant rolling and adhesion in the
inflamed tissues [90]. B7 integrin targeted liposomal nanoparticles (B7 | -tsNPs) loaded CyD1-
Si RNA having the ability to target a specific subset of leucocytes and treat colitic mice
through silencing Cyclin D1 (CyD1) which is abruptly unregulated in immune cells and
endothelial cells in UC [91]. The CyD1-Si RNA loaded nanoparticle exhibited remarkable
improvement in the leucocyte infiltration in the colonic region, reversed body weight loss,

and hematocrit decrease.

1.6.5 Degradation mediated targeting

Enzymes or specific molecules occur in extracellular matrix (ECM) or microbiota present in
an inflamed colon which can digest nanodelivery systems and can be exploited to deliver
therapeutic agents to exacerbate IBD. Chronic inflammation causes overproduction of
reactive oxygen species (ROS) in a mucosal layer which can be exploited for the degradation
of nanoparticles and deliver drugs [92]. Thioketal nanoparticles developed by Wilson et al.,
degraded in response to ROS at the site of inflammation to deliver TNF-a Si-RNA in colitic
mice [93]. Proteolytic enzymes like matrix metalloproteinase (MMPs) are highly up-
regulated in the inflamed extracellular matrix. MMP-sensitive nanodelivery system could be
used delivery of biologics and drugs to the site of inflammation [94].

1.6.6 Microbiota-mediated targeting

Immunological response due to host bacteria is crucial in IBD and proves to be harmful
leading to uncontrolled severe inflammation. Prebiotics show beneficiary effect by increasing
the growth of probiotics and beneficial microbes [95]. Probiotic bacteria have been developed
using genetic engineering which resides in a specific niche in the colon where they can
release biologically active proteins to get desired beneficial effect. IL-10 has been delivered
using Lactococcus Lactis as an anti-inflammatory therapy in IBD [96]. Lactococcus lactis
secreting LCrV protein and trefoil factors decreased inflammation in the intestines of colitic
mice [97, 98].

1.7 Role of melatonin and its limitation in UC therapy

When individuals do not react to treatment with topical, oral, or 5-aminosalicylates, the

condition is known as refractory UC [99]. As a result, there is a demand for more advanced
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therapeutics that could be employed to more effectively treat this disease. Melatonin was
given as an anti-inflammatory and antioxidant, which can enhance the therapeutic regimen
[100]. In 1958, Aron Lerner and colleagues for the first time extracted and purified melatonin
(N-acetyl-5-methoxy tyrptamine) from the cow pineal gland [101]. Later, it was revealed that
it was also made in tissues such as the gastrointestinal (GI) tract, where it was 400-500 times
higher than in the pineal gland, but that it changed under the influence of disease [102].
Because its physiological function is not well understood, we are unsure of its precise
function in the gut, where enterochromaffin cells produce it [103]. Additionally, Gl illnesses
may be linked to its imbalance in the gut. Locally acting as an antioxidant in the gut,
melatonin can aid in managing increasing oxidative stress. Melatonin regulates sympathetic
and parasympathetic nerves by decreasing the release of hydrochloric acid, triggering an
immunological response, aiding in tissue healing, and improving microcirculation. This
indirect action occurs through the central nervous system [104]. Improvements in clinical
symptoms, a decrease in faecal calprotectin, and improved quality of life were reported with
melatonin administered as adjuvant therapy (3 mg) in UC [105]. The concentration of
melatonin in the gut of UC patients [106] is debatable its concentration in gut is increased but
decreased in plasma [107]. According to a study by Cezary et al., colonic mucosa may have
higher amounts of melatonin synthesizing hormone due to a higher need for antioxidants
brought on by disease-induced stress [106]. UC is a chronic inflammatory condition that
alters the level of various pro-inflammatory cytokines and oxidative stress. Elevated
inflammatory condition and oxidative stress lead to up-regulation in proinflammatory
cytokine NF-kB [108] and assist in the progression of UC. NF-kB increases the severity of
UC by elevating the level of inflammatory cytokines TNF-a, IL-6 and IL-1 [109]. Melatonin
has an inhibitory effect on the expression of NF-kB and thereby attenuating inflammatory
cytokine which is beneficial to UC therapy [110-112]. Due to its limitations in terms of water
solubility, poor absorption, and short plasma half-life in the body, although having substantial
anti-inflammatory activity, its significance in alleviating IBD has not been thoroughly
proven. Because of their ability to improve the aforementioned melatonin constraint,
nanotechnology thus provides us with a clear understanding of how strong a position they can
hold in treating IBD. As part of this thesis, we investigate the role of melatonin via epigenetic
mechanisms involved in the regulation of inflammation in macrophages, as well as

nanotechnology to overcome the physicochemical limitations that limit its efficacy.
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Chapter 2:

Materials and methods







2.0 Materials

Melatonin (>98%, M5250, SIGMA), Dulbecco's Modified Eagle Medium (DMEM) (AT186,
Himedia), lipopolysaccharide (L4391, Sigma), Fetal bovine serum (RM9954, Himedia),
Antibiotic and antimycotic 100x (A002, Himedia), sulphanilamide (65404, sisco research
lab), N-(1-naphthyl) ethylenediamine dihydrochloride (61166, sisco research lab), Dextran
sulfate sodium salt, colitis grade (36,000 - 50,000) (9011-18-1, MP Biomedicals),
QuantiPro™ BCA Assay Kit (QPBCA, Sigma), Protein A/G PLUS-Agarose (sc-2003,
SCBT), Sodium dodecyl sulphate (L3771, Sigma), 2x Laemmli Sample Buffer
(1610737EDU, BIO RAD), Bio-Rad Vertical Filter Paper (1703932, BIO RAD), Bovine
serum albumin (RM3135, Himedia), Tris (hydroxylmethyl) aminomethane (TCO072,
Himedia), Polysorbate 20 (Tween 20) (65296, sisco research lab), Triton™ X-100
(11332481001, Sigma), Anti-ENX-1 Antibody (D-8) (sc-137255, SCBT), Tri-Methyl-
Histone H3 (Lys27) Rabbit mAb (9733, CST), iINOS Antibody (AF0199, Affinity
Biosciences), Anti-p-Actin Antibody (C4) (sc-47778, SCBT), IL1-f Rabbit pAb (A11370,
Abclonal), goat anti-mouse 1gG-HRP (sc-2005, SCBT), goat anti-rabbit 1gG-HRP (sc-2004,
SCBT), TRITC-conjugated secondary antimouse (T5393,SCBT), FITC-conjugated secondary
antimouse (F9887, Sigma), Clarity™ Western ECL Substrate (1705060, BIO RAD),
Acrylamide (79-06-1, Sigma), N,N’-Methylenebisacrylamide (110-26-9, Sigma), Lithium
Chloride (39692, sisco research lab), Sodium Chloride extrapure (41721, Sisco research lab),
EDTA Dipotassium Salt extrapure (62196, Sisco research lab), Proteinase K (TC687,
Himedia), RNase A ( MB087, Himedia), RNA — Xpress ™ Reagent (MB601, Himedia),
Cryomatrix Gel (Thermo Scientific), Paraformaldehyde (158127, Sigma), o-Dianisidine
Dihydrochloride extrapure (13261, Sisco research lab), Haematoxylin (S058, Himedia),
Eosin (S007, Himedia), Alcian blue (48261,Sisco research lab), Nuclear Fast Red (68547,
Sisco research lab), Toluidine Blue O (22134, Sisco research lab), Low molecular weight
chitosan (5-20 mPa), Sodium tripolyphosphate (STPP) ( 238503, Sigma, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide (MTT) (RM113, Himedia),
Indocyanine green (10535, TCI), cDNA reverse transcription kit (Thermo), SYBR-green
(Biorad), Eudragit-S-100 (E 1672, Otto chemie), Laemmli sample buffer (Bio-Rad, CAS
number 1610737EDU), 4', 6- diamidino-2-phenylindole (DAPI) (10236276001, Sigma)
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2.1 Methods

2.1.1 Synthesis of Chitosan nanoparticle and Eudragit-S-100 coated chitosan

nanoparticles

Chitosan nanoparticles were synthesized using our previously published method with slight
modification [1-4]. Briefly chitosan was dissolved in 1% acetic acid at concentration of 1.5
mg/ml. pH was adjusted to 4.5 using sodium hydroxide and filtered to remove insoluble
materials. Sodium tripolyphosphate (STPP) was dissolved in Type-1 water at concentration
of 3 mg/ml. Nanoparticles were formed using ionic gelation by gradually adding STPP in the
chitosan solution till colloidal turbidity appears. Chitosan nanoparticles (CSNPs) were
centrifuged at 15000 rpm and washed 3 times to purify. The ratio of Chitosan and STPP was
optimised to 3:2 for nanoparticle synthesis for oral drug delivery and 2:1 for intravenous drug
delivery. Similarly, melatonin was dissolved in chitosan solution and allowed to interact for 1
hour, melatonin loaded chitosan nanoparticles (Mel-CSNPs) were formed by adding STPP
gradually. We have obtained optimum drug loading at melatonin and chitosan ratio of 1:2 by
following our previous work [1]. For Eudragit-S-100 coated chitosan nanoparticles, ethanolic
solution of Eudragit-S-100 (2 mg/ml) was gradually added to prepared chitosan nanoparticles
with Chitosan: Eudragit-S-100 ratio of 6:1 and stirred at 850 rpm for 12 hours till the ethanol
is completely evaporated [5]. The formulations were purified, lyophilised and stored for
further application.

For preparation of Fluorescein Isothiocyanate (FITC) labelled chitosan nanoparticles,
chitosan (100 mg) was dissolved in 1% acetic acid and 1 mg of FITC was allowed to react for
12 hours. The reacted chitosan and FITC was then dialysed against deionised water for 72
hours for removal of unreacted part. This fluorescent conjugated chitosan was then used to
prepare FITC-CSNPs using ionotropic gelation method using STPP or lyophilized for future
applications [6].

For the preparation of ICG-CSNPs, 2 mL of aqueous CSNP suspension (20 mg/ml)
was combined with 1 mL of ICG aqueous solution (0.5 mg/mL). The resulting colloidal
system was stirred on a rotary shaker for two hours at a speed of 300-400 rpm for two hours.
The colloidal system was centrifuged and the product was washed three times. In order to
disperse the pellet, it was reconstituted in saline and ultrasonically dispersed. ICG-CSNP

samples were freshly prepared before administration [7].
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2.1.2 Drug loading Content

For drug loading analysis, lyophilised Mel-CSNPs and Mel-EUCSNPs were weighed and re-
suspended in methanol at concentration 1 mg/ml. The extraction was assisted by mild
agitation for 24 hours followed by ultra-sonication. Methanolic extract was collected and
used to determine drug loading in polymeric nanoparticle system. The analysis was carried
out using UV-Visible spectrophotometer at 278 nm in 1 ml quartz cuvette. Drug loading was

calculated using following equations:

Drug Loading Content % = (Weight of melatonin in nanoparticles)/ (Weight of nanoparticles)
x100%)

2.1.3 Determination of size, zeta potential and morphology

Dynamic Light Scattering (DLS) was used to determine mean hydrodynamic diameter, zeta
potential and PDI by Malvern zetasizer (Nano ZS, Malvern Instruments, UK). For DLS
analysis we have used 1.2 mg/ ml nanoparticles. Morphological evaluation of CSNPs, Mel-
CSNPs, EUCSNPs and Mel-EUCSNPs were performed using Transmission Electron
Microscope (TEM) (JEOL 2100) by drop-casting on carbon coated copper grids.
Phosphotungstic acid was used as negative stain. Field emission scanning electron
microscopy (FESEM) (Quanta FEG 250) was performed by drop casting sample on silicon

wafer for morphological analysis.
2.1.4 Fourier Transform infrared (FTIR) and X-Ray Diffraction (XRD) analysis

FTIR analysis of chitosan, melatonin, CSNPs, Mel-CSNPs, EUCSNPs and Mel-EUCSNPs
were performed for functional group characterisation. Briefly, 2 mg of powdered sample
were mixed potassium bromide (KBr) and pellet was formed using hydraulic pressure. The
pellets were scanned for analysis and spectra were recorded 4000-400cm™ for each sample.
The changes in crystallinity of melatonin were evaluated using X-ray diffraction (XRD)
analysis after formation of nanoparticles and compared with chitosan and chitosan

nanoparticles.
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2.1.5 In-vitro drug release study
Objective 2

In-vitro drug release of Mel-CSNPs was performed using dialysis bag method[8]. Briefly, 5
mg melatonin loaded CSNPs was filled in dialysis bag and placed in sink condition, 0.1%
tween 20 containing PBS pH 7.4 and acetate buffer pH 4.5.The system was stirred at 30 rpm
and 1ml of samples was taken at predefined time intervals (0, 0.5, 1, 3, 6, 12 and 24 hour)
refilled with fresh buffer of equal volume to maintain sink condition. The samples were
analysed using multimode plate reader (Tecan Inc.) at 278 nm for evaluating the drug release
profile of Mel-CSNPs.

Objective 3

Melatonin release from Mel-CSNPs and Mel-EUCSNPs in a varying pH range from 1.2, 6.8
and 7.4was analysed using the dialysis membrane (12 kDa molecular weight cut off) method
mentioned in our earlier report with slight modification without adding any solubilizing agent
[1].The sink volume was set to be 25 ml for drug release study and 1 ml of sample was
withdrawn for analysis at a definite time interval. 1 ml blank release media was added to
maintain sink condition after removal of sample. The samples were analysed by taking
absorbance at 278 nm using infinite ®200 Pro multimode plate reader (Tecan Austria
GmbH). For better understanding release Kkinetics from nano-formulation we have used
DDSolver software which is an add-in programme highly useful to study dissolution models
based on built-in libraries. The software is freely available and widely used for studying drug
dissolution profile [9].

2.1.6 In-vitro cellular uptake study

In-vitro cellular uptake study was performed for FITC-tagged CSNP to determine the uptake
of nanoparticles in RAW 264.7 murine macrophages procured from National Centre of Cell
Science (NCCS), Pune. The cells were maintained in Dulbecco Minimum Essential Medium
(DMEM, Himedia Lab) supplemented with 10% heat inactivated foetal bovine serum (FBS)
(Gibco), 100Uml™penicillin and 100 pgmL™ streptomycin. Cell line was maintained at 37°C
and 5% CO; in humidified incubator. Cells were harvested and 5x10°cells were seeded on
sterile poly-L-lysine coated coverslips. Briefly, cells were treated with FITC-tagged
nanoparticles for 1 hour [6] and thereafter, coverslips were washed with chilled 10 mM

phosphate buffer saline (PBS) pH 7.4 and fixed with 4% paraformaldehyde solution. Nucleus
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of cells was counter stained using DAPI (4', 6-diamidino-2-phenylindole) before mounting on
glass slide. These cells were observed in a confocal laser scanning microscope (CLSM)

(LSM880, Zeiss) to analyse the cellular localisation of FITC-tagged chitosan nanoparticles.
2.1.7 Biocompatibility of nanoparticles

In order to investigate the cytotoxicity of Melatonin, CSNPs, EUCSNPs, Mel-CSNPs and
Mel-EUCSNPs 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) assay
was performed. RAW 264.7 cells were seeded in 96-wells plate. Nanoparticles were
dispersed in PBS pH 7.4 and cells were treated with different concentration of nanoparticles
for 24 hour. 10 pL of 5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) solution was added to each well and incubated for 2 hours at 37°C. Culture medium
was removed and formazan crystals were dissolved using 100 puL Dimethyl Sulphoxide
(DMSO). Absorbance of dissolved formazan crystals was recorded at 570 nm and percentage

cell viability was determined in comparison with control.
2.1.8 Nitrite estimation (NO)

To estimate anti-inflammatory potential of nanoformulation in-vitro model of inflammation
induced using LPS (Ipg/mL) was followed. The cells were pre-treated with various
concentrations of melatonin for 1 hour before addition of lipopolysaccharide (LPS, 1pg/ml)
based on the earlier published work [1, 10]. After treatment, the nitrite estimation was done
as described previously with slight modification [11]. The nitrite estimation was performed
using Griess method for NO detection. Briefly, 100uL of cell supernatant is mixed with 100
pL of Griess Reagent (1% sulphanilamide and 0.1%
napthylethelenediaminedihydrochloride), incubated at room temperature 10 min in the dark.

The absorbance was recorded at 540 nm [12].
2.1.9 NF-kB p65 nuclear translocation study

NF-kB p65 nuclear translocation were performed using Raw 264.7 cell line[13] The cells
were seeded on poly-I-lysine coated coverslips placed in 6 wells plate at density of 5x10°
cells per well and incubated for 24 hours in complete DMEM media. On next day, cells were
washed with 1X PBS and pre-treated with melatonin and Mel-CSNPs for 1 hour before LPS
(1 pg/mL) mediated stimulation for 30 minutes. After completion of treatment, the cells were
washed with PBS pH 7.4 and fixed with chilled paraformaldehyde 4% in PBS for 20 minutes

and washed three times with 1X PBS. The cells were permeabilised with cold ethanol at -
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20°C for 30 minutes followed by blocking in 1% bovine serum albumin (BSA) in 1XPBS pH
7.4. The cells were incubated with NF-kB p65 primary antibody (SCBT) overnight at 4°C.
After overnight incubation with primary antibody cells were washed three times with 1XPBS
and further incubated Tetramethylrhodamine Isothiocyanate (TRITC)-tagged anti-mouse
secondary antibody. Nuclei were stained using 6-diamidino-2-phenylindole (DAPI) and
image was captured using confocal laser scanning microscope (LSM 880, Zeiss The
translocation of NF-kB was evaluated in the same manner as reported in with a few minor
modifications. For each cell, the mean fluorescence signal of NF-kB located in the nucleus
region (located with DAPI fluorescence) was calculated using ImageJ software. As a brief
summary, fluorescent images of nuclei were taken at the focal layer (positioned with DAPI)

of cells.
2.1.10 Haemolysis assay

The blood was collected in 3.8% sodium citrate was centrifuged to collect Red Blood Cell
(RBC) for haemolysis test of the nanoparticles by following methodology of our previous
study [14]. Briefly, 10 time dilution of 1 mL of RBC was prepared using PBS pH 7.4. 900 pL
of diluted RBC was added to 100 pL nanoparticles and melatonin loaded suspensions. 0.1%
Triton-X 100 and saline were used as positive and negative control, respectively. Finally, 2
mL microcentrifuge tubes were incubated at 37° C and centrifuged at 3500 rpm for 10
minutes. The collected supernatant was utilized to estimate OD values at 540 nm to

determine the % haemolysis using the following equations.

Haemolysis % = (OD of the samples — OD of the negative control)/ (OD of the positive

control — OD of the negative control)
2.1.11 Animals

All the animals used in the experiment were approved by the Institutional animal ethical
committee (IAEC of NIPER and RCB) following guidelines provided by Committee for
Purpose of Control and Supervision of Experiments on Animals (CPCSEA). Balb/C mice, 6-
8 weeks were housed under 12 hours light and dark cycle under controlled environmental
conditions at standard temperature 25 + 2 °C with 50 £ 10% humidity.

2.1.12 In-vivo therapeutics and model development
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Female BALB/c mice (6-8 weeks) were procured and housed in the Central Animal facility
(CAF) and were subjected to 12/12 hours light and dark cycles. DSS (36-50 k Da) was given
at 5 % wl/v in drinking water for five days for induction of ulcerative colitis. For developing
Dextran Sodium Sulphate (DSS) induced Inflammatory Bowel Disease (Ulcerative Colitis) in
mouse model, DSS (36-50 k Da) was administered orally by dissolving in autoclaved

drinking water (5% wi/v) for 5 days.

2.12a Objective 1

Animals were randomly divided in 3 groups (n=6): (Group-1) Control- received autoclaved
RO water (Group-2) received 5 % w/v Dextran Sodium Sulphate (DSS) in autoclaved
drinking water and (Group- 3) received 5 % DSS in autoclaved drinking water + Melatonin
(4 mgl/kg, i.v.) for 7 days. DSS is widely used to establish Ulcerative colitis in mice as it
damages epithelial layer [15]. Melatonin showed its pharmacological effect between 2 to 8
mg/Kg. Hence we have selected 4mg/kg to get its optimum therapeutic effect in colitic mice
following our earlier published report [1]. For an intravenous injection of melatonin, the
mouse was placed in a restrainer and its tail wiped the rubbing alcohol to clean and make it
sterile. Melatonin (4mg/kg i.v.) was administered by a 27 gauge sterile needle and 1 ml
syringe. The needle is placed parallel to the lateral vein and inserted into it. The access of the
lateral tail vein was confirmed and drug was injected gradually (not more than 100 pL) in

saline.
2.1.12b Objective 2

Animals were randomly divided in 3 groups (n=6): Female Balb/C mice were randomly
divided in 5 groups (n=6). Treatment with drug and nanformulations were given
simultaneously for their anti-inflammatory in-vivo efficacy study. The animals were divided
in 5 groups: group 1- Control (RO water), group 2- DSS, group 3- DSS+CSNPs, and group 4-
DSS + Melatonin (4 mg/kg, i.v.) and group 5-DSS + Mel-CSNPs (4 mg/kg, i.v.).

2.1.12c Objective 3

Animals were randomly divided into 4 groups (n=6). Dextran Sodium Sulphate (DSS, 36-
50kDa) was dissolved in 200 ml drinking water (5%w/v) for 5 days to induce to each group
except control mice[16]. The animals were dosed orally once in a day Mel-CSNPs (4

mg/Kg/day, p.o.) and Mel-EUCSNPs (4 mg/kg/day, p.o.) daily for 7 days. The Control group
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received only water. Animals were grouped as: Group 1-Control, Group-2 DSS5%, Group 3-
DSS5%+ Mel-CSNPs (4 mg/kg, p.o.) and Group 4- DSS5% + Mel-EUCSNPs (4 mg/kg,

p.o.).
2.1.13 In-vivo bio-distribution study

Animals were acclimatised for three days prior commencement of the experimental study.
The fur of mouse was removed from thoracic and abdominal region using hair remover
cream. Indocyanine green (ICG) tagged Mel-CSNP (4mg/mL, i.v.) was dispersed in sterile
saline solution and administered intravenously. Similarly ICG tagged Mel-EUCSNPs was
administered orally via oral feeding gavage in mice. Indocyanine green is a fluorescent dye
generally used as medical diagnostics agent used for evaluating cardiac output, hepatic
function, liver and gastric blood flow which makes it highly suitable agent for determining
bio-distribution of Mel-CSNPs and Mel-EUCSNPs. ICG has spectral absorbance at about 800
nm. The imaging was performed using whole body imaging system for animal (IVIS, Perkin
Elmer) at different time points for bio-distribution analysis of 1CG-tagged Mel-CSNPs and
Mel-EUCSNPs. At the end of experiment, mice were sacrificed using CO2 asphyxiation
method and vital organs were collected and imaged using IVIS for tissue distribution study

analysis.

2.1.14 Disease Activity Index (DAI), % Body weight Change and colon length

measurement

Disease Activity Index (DAI) was calculated considering parameters like stool consistency,
bleeding, and loss of body weight, scored based on criteria mentioned in Table:1 [17]. To
assess the severity of disease in mice model we have measured colon length post sacrifice of
mice. Shortening of colon occurs due to severe inflammatory condition in colon [18]. Daily
change in a body weight of animals was recorded to assess health status of mice and effect of

treatment to determine its efficacy.
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Score Weight Loss Stool Consistency Bleeding

0 None Normal No bleeding

1 1-5%

2 5-10% Loose stools Slight Bleeding
3 10-15%

4 More than 15% Watery Diarrhea Gross bleeding

Table 1: Disease Activity Index scoring parameters

2.1.15 Western Blot, Immunoprecipitation (IP) and Chromatin Immunoprecipitation
(ChIP) assay

In order to study the molecular mechanism behind the protective effect of melatonin we have
performed various molecular techniques. Immunoblotting was performed to study expression
analysis of target proteins. Cells and tissues were treated with melatonin and LPS or DSS as
described in previous experimental sections. To study effect of pharmacological inhibition of
EZH2 we have used EPZ011989 at 10uM and 25 pM.Then, proteins were collected,
immunoblot and IP analysis have been performed by following protocol of previous
study[19]. Colon tissues or RAW 264.7 macrophages were lysed in a cold tissue lysis buffer
(RIPA+ 0.5 mM phenylmethylsulphonylfluoride (PMSF), protease inhibitor cocktail).
Isolated protein was quantified using the BCA protein quantification kit (Sigma-Aldrich,
USA). Immunoprecipitation was performed to study interaction of target protein like EZH2
and NOS2. For immunoprecipitation protein A/G beads (SCBT) were used to isolate EZH2
using its primary antibody. The samples for western blot were prepared using Laemmli
sample buffer and resolved using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by transfer on PVDF membrane using Trans blot
turbo system (Bio-Rad, USA). The blots were blocked for 1 hour at room temperature using
5% BSA in Tris-base Saline-Tween 20 (TBST) pH 7.4 followed by overnight incubation with
primary antibodies of EZH2 (1:1000,SCBT), H3k27me3 (1:1000,SCBT), B-actin (1:1000,
SCBT) and NOS2(1:1000, SCBT) at 4°C. After incubation with primary antibodies, blots
were washed three times using 1X TBST solution and incubated with respective HRP tagged
secondary antibodies. The blots were developed using ECL clarity western substrate (Bio-
Rad) and images were captured in the LAS500 chemiluminescence system (GE). The results
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were quantified using Image J software and represented as relative protein expression with
respect to B-actin for NOS2, EZH2 and H3K27me3.

Chromatin immunoprecipitation study was performed for revealing the interaction of protein
for its target gene. For immunoprecipitation study protein samples (100ug) were incubated
with primary NOS2 antibody (2ul, 1 mg/ml) was incubated for 1 hour at 4 °C. Thereafter 20
ul of A/G and agarose beads were allowed to incubate for 12 hours. The beads were
centrifuged and washed with 1 x PBS thrice. The washed pellets were then resuspended in 40
ul of 2x SDS gel loading buffer and ran on SDS-PAGE and western blotting was performed
to check interaction. Only IgG was used as control for each sample.

The cells were cross linked using formaldehyde 37% (w/v) directly into culture media
at the end of treatment and shake for 15 minutes at room temperature. After the crosslinking
was over it was stopped using glycine to final concentration of 0.125-0.150 M and shake for
5 minutes at room temperature. After this, washing was done with PBS. By adding chilled
PBS + PMSF (1ImM) and scraping the cells in a 15 ml falcon. The cells were centrifuged at
4000 rpm for 5 minutes at 4°C. Then cells were incubated with lysis buffer withPMSF 1mM
having protease inhibitor for 10 minutes on ice at the density of 2x10° cells/ml. The cells
were sonicated to get DNA fragments 250 to 1000 bp (we have sonicated using probe-
sonicator 10 Amplitude, at 2 seconds pulse rate for 4 times). We have used 200 ul lysate per
condition and 20pl was saved for use as INPUT at further stages. These lysates were then
diluted 10 times using a dilution buffer. 20 pl of protein A/G beads were used to preclear the
samples by incubating it for 1 hour at 4°C with samples. Samples were centrifuged at 4000
rpm and supernatant were collected for further study. EZH2 primary antibody was added 4
Mg to each sample and incubated on rotating platform overnight at 4°C.

After the incubation is over protein A/G beads 20 ul was added and incubated at 4°C for 1
hour on a rotating platform. To collect bound fragments with protein A/G beads, samples
were centrifuged at 4000 rpm. Supernatant was saved as an unbound fraction and collected
protein A/G beads were washed with a low salt buffer, high salt buffer, LiCl (Lithium
Chloride) immune complex wash buffer and finally by TE (Tris-EDTA) buffer. Immune
complex attached to protein A/G beads was eluted by an elution buffer by vortexing slowly at
room temperature for 15 minutes. Supernatant was collected by centrifuging at 4000 rpm to
get immune complex. Immune complex was reverse cross linked using 5M NaCl and
incubated at 65°C for 4 hours. After this 1ul 0.5M EDTA, 20 pl 1M Tris-HCI pH 6.5, 2 pl
RNAse (10ug/ul), 2 pl (20 pg/ul) of proteinase K were added and incubated for one hour at
45°C to remove RNA and proteins. DNA was recovered by phenol/chloroform extraction

41



method followed by ethanol precipitation and finally the sample was diluted in the TE buffer.
gPCR analysis was carried out using NOS2 promoter specific primer sequence 1 (Forward
primer  5’-CCACTATTCTGCCCAAGCTGACT-3’ 5’-
ATGGTGCCAATATTCCAACACGCC-3’) and primer sequence 2 (Forward primer 5’-
AGGAGTGTCTTCCTGCTTGGGAAA-3’ 5’-
TGGGTGTGCTTCTTACACCTTCCA-3’) from the earlier published report [20].

and  reverse  primer

and reverse primer
2.1.16 Quantitative polymerase chain reaction (QPCR) study

The quantitative gene expression has been analysed by following protocol of previous study
[19]. For in vitro study RAW 264.7 cells were used and for in vivo study samples were
obtained from colon region of mice. Singlex gPCR analysis for gene expression profile of
interleukin-1f (IL-1B), interleukin-6 (IL-6) and Nuclear Factor of kappa light polypeptide
Gene Enhancer in B-Cells (NF-kB) has been studied. For each gene expression analysis about
100-500 ng/mL reaction cDNA template, 10 pL of SYBR-green (Bio-Rad), 250 nM primers
and nuclease free water up to 20 pL for each reaction was prepared. The data was analysed
using Quant Studio 3 software (Thermo Scientific, Version 1.4.3). GAPDH has been

considered as endogenous control. The list of primers is described in Table-2 the annealing

temperature was fixed at 52°C for IL-1p, NF-xB and 48°C for IL-6.

Gene Forward primer | Reverse primer | Melting Temperature
sequence sequence (Tm)
(5°-3y (5’-3%)

IL-1p AAT CTG TAC TCC | TGG GTA ATT TTT | For=58.4 °C
TGCCTGTT GGG ATC TAC ACT | Rev=55.9°C

CT

IL-6 CCA GCT ATG AAC | GCT TGT TCC TCA | For=52.2°C
TCCTTCTC CATCTCTC Rev=52.9°C

NF-kB CCC CAC GAG CTT | CCA GGT TCT GGA | For=57.7 °C
GTA GGA AAG AAC TGTGGAT Rev=57°C

GAPDH | GAC TCA TGA CCA | AGA GGC AGG GAT | For=57.9 °C
CAGTCCATGC GAT GTT CTG Rev=56.7°C

NOS2 ATGGTGCCAATATT | ATGGTGCCAATAT | For=59°C

1) CCAACACGCC TCCAACACGCC Rev=60.3°C

NOS2 AGGAGTGTCTTCCT | TGGGTGTGCTTCTT | For=60.2°C

2 GCTTGGGAAA ACACCTTCCA Rev=60.4°C

Table 2: List of primer sequence
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2.1.17 Myeloperoxidase (MPO) assay

Tissue samples of colon from mice were collected, cleaned with forceps to remove faecal
matter, weighed and placed in 1.5 ml sterile micro centrifuge tubes. Tissue samples were
placed on ice all time during this process. Tissues were homogenised using hand
homogeniser in appropriate amount of hexadecyltrimethylammonium bromide (HTAB)
buffer according to their weight (50 mg/ml). After complete homogenisation of tissues, clear
supernatants were collected by centrifuging for 6 minutes (13400 x g, 4 °C). Supernatants

were collected were used for MPO assay and unused sample were stored in — 80 °C.

For MPO assay, o-dianisidine solution (100 ml) prepared by mixing 16.7 mg o-
dianisidinedihydrochloride in 90 mL of Type-1 water and 10 ml potassium phosphate buffer.
The solution should be freshly prepared for every assay. 7 pL of tissue supernatants were
placed in 96 well plate. 50 mL of 3% H,0, was added to each well to o-dianisidine mixture.
200 pL H,0, containing o-dianisidine was added to each well. Absorbance at 450 nm was
recorded using spectrophotometer (Tecan Inc.). Triple readings were recorded at 30 seconds
interval. MPO activity was calculated to assess the therapeutic efficacy of

nanoformulations.[21]

2.1.18 Histology
2.1.18a Haematoxylin and Eosin (H&E)

Histological study for evaluations of pathological alterations during DSS induced
inflammatory conditions in colonic tissue sections were carried out using H&E staining.
After sacrificing animals, colon tissue were collected and in formalin solution for 1 week.
Briefly, the tissues were frozen in optimal cutting temperature (OCT) media and sectioned in
7 um thickness using Cryo-microtome (Thermo scientific, USA). The sections were stained
and microscopically examined for evaluation of pathological changes. The sections were
mounted on poly-L-lysine coated slide and stained using standard staining protocol. Briefly,
slides were washed in distilled water for 3 times (5 minutes) followed by 10 minutes staining
in Haematoxylin solution (Himedia lab). Followed by a single dip in ammonia water (bluing
agent) and washed with DI water. After which the slides were stained with Eosin solution
(Himedia lab) for 30 seconds, followed by dehydration using gradient alcohol method and
finally dipped in xylene for complete dehydration. Finally slides were mounted using
permanent mounting medium DPX and allowed to dry for 24 hours. These stained slides

were observed and imaged using optical microscope (EVOS, Thermo).For Histological
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scoring; H&E stained sections were scored blindly scored using published system for the
assessment disease severity. Crypt architecture (normal-1, severely distorted with loss of
entire crypt-3), muscle thickness (base of the crypts sits on the muscular is mucosae-0,
marked muscle thickening present-3), degree of inflammatory cell infiltration (normal-0,
dense inflammatory infiltrate-3), goblet cell depletion (absent-0, present-1) and crypt abscess
(absent-0, present-1) [21].

2.1.18b Alcian Blue and Nuclear Fast Red

Colonic tissue section slides were washed and hydrated with deionised water. The slides were
placed in Alcian Blue (AB) (SRL lab) staining solution for 30 minutes followed by washing
in running tap water for 2 minutes. The slides were rinsed with deionised water,
counterstained using Nuclear Fast Red (SRL lab) for 5 minutes and washed in running tap
water for 1 minute. Slides were dehydrated using alcohol gradient and cleared with xylene.
Finally, it was mounted with resinous mounting medium DPX (Himedia lab). Alcian Blue
stains goblets cells in blue colour whereas Nuclear Fast Red is used as counter stain for
staining nuclei of epithelial cells [22]. Loss of goblet cells observed per crypt can be used as

parameter for assessing the intensity of disease [23, 24].
2.1.18c Toluidine blue staining

Toluidine Blue (TB) stain was performed for detection of mast cell infiltration in colonic

tissue using previously reported protocol [25].

2.1.18d Immunohistochemistry

To study expression of protein in colonic tissue cross section, we performed immune-
histochemical expression study. For immuno-histochemical analysis, colonic tissue cross
sections (5 um) were hydrated and washed with PBS pH 7.4 and incubated in blocking buffer
(2.5 % BSA/1XPBS pH 7.4) for 1 hour at RT. After blocking, samples were incubated with
IL1-B (1:100), EZH2 (1:100) and Inducible Nitric oxide synthase 2 (NOS2) (1:100) primary
Nitro-tyrosine (1:250) antibody antibody overnight at 4°C followed by allophycocyanin
(APC) or fluorescein isothiocyanate (FITC) tagged secondary antibody for 1 hour at RT.
Finally sections were washed, counterstained with 4', 6-diamidino-2-phenylindole (DAPI)
and mounted using mounting media. Fixed slides were imaged and observed using
fluorescent confocal laser microscopy (Zeiss, LSM 880). The fluorescence intensity of

samples were calculated using Imgae J software using and plotted for comparsion (n=6).
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2.1.19 Statistical Analysis

All data were calculated as £S.E.M of each experiment, for in-vitro (n = 3) and in-vivo (n=6).
Significance was determined using analysis of variance (ANOVA) followed by Tukey’s post-

test using GraphPad Prism6. For significance (*p<0.05, **p< 0.001 and ***p=< 0.0001)

45



2.2 References

[1] J.M. Soni, M.N. Sardoiwala, S.R. Choudhury, S.S. Sharma, S. Karmakar, Mater Sci Eng C
Mater Biol Appl, 124 (2021) 112038.

[2] P. Calvo, C. Remunan-Lopez, J.L. Vila-Jato, M.J.J.0.A.P.S. Alonso, 63 (1997) 125-132.

[3] S. Kumar Yadav, A. Kumar Srivastava, A. Dev, B. Kaundal, S. Roy Choudhury, S. Karmakar,
Nanotechnology, 28 (2017) 365102.

[4] M.N. Sardoiwala, S. Karmakar, S.R. Choudhury, Carbohydr Polym, 254 (2021) 117435.

[5] S. Chen, F. Guo, T. Deng, S. Zhu, W. Liu, H. Zhong, H. Yu, R. Luo, Z. Deng, AAPS
PharmSciTech, 18 (2017) 1277-1287.

[6] L.Q. Jiang, T.Y. Wang, T.J. Webster, H.-J. Duan, J.Y. Qiu, Z.M. Zhao, X.X. Yin, C.L. Zheng,
International journal of nanomedicine, 12 (2017) 6383-6398.

[7] D. Sonin, E. Pochkaeva, S. Zhuravskii, V. Postnov, D. Korolev, L. Vasina, D. Kostina, D.
Mukhametdinova, |. Zelinskaya, Y. Skorik, E. Naumysheva, A. Malashicheva, P. Somov, M.
Istomina, N. Rubanova, |. Aleksandrov, M. Vasyutina, M. Galagudza, Nanomaterials (Basel,
Switzerland), 10 (2020).

[8] S. Mao, J. Chen, Z. Wei, H. Liu, D. Bi, International Journal of Pharmaceutics, 272 (2004)
37-43.

[9]1Y. Zhang, M. Huo, J. Zhou, A. Zou, W. Li, C. Yao, S. Xie, AAPS J, 12 (2010) 263-271.

[10] J. Hambleton, S.L. Weinstein, L. Lem, A.L. DeFranco, Proc Natl Acad Sci U S A, 93 (1996)
2774-2778.

[11] W.J. Yoon, S.S. Kim, T.H. Oh, N.H. Lee, C.G. Hyun, Lipids, 44 (2009) 471-476.

[12] J. Benevides Bahiense, F.M. Marques, M.M. Figureureueira, T.S. Vargas, T.P.
Kondratyuk, D.C. Endringer, R. Scherer, M. Fronza, Pharmaceutical biology, 55 (2017) 991-
997.

[13] A.V. Bagaev, A.Y. Garaeva, E.S. Lebedeva, A.V. Pichugin, R.l. Ataullakhanov, F.I.
Ataullakhanov, Scientific reports, 2019, pp. 4563.

[14] A. Dev, S.J. Mohanbhai, A.C. Kushwaha, A. Sood, M.N. Sardoiwala, S.R. Choudhury, S.
Karmakar, Acta Biomaterialia, 109 (2020) 121-131.

[15] P.M. Munyaka, M.F. Rabbi, E. Khafipour, J.E. Ghia, J Basic Microbiol, 56 (2016) 986-998.

[16] J.J. Kim, M.S. Shajib, M.M. Manocha, W.I. Khan, J Vis Exp, (2012).

46



[17] S. Gancarcikova, S. Lauko, G. Hrckova, Z. Andrejcakova, V. Hajduckova, M. Madar, L.
Kolesar Fecskeova, D. Mudronova, K. Mravcova, G. Strkolcova, R. Nemcova, J. Kacirova, A.
Staskova, S. Vilcek, A. Bomba, Cells, 9 (2020).

[18] B.R. Jin, K.S. Chung, S.Y. Cheon, M. Lee, S. Hwang, S. Noh Hwang, K.J. Rhee, H.J. An, Sci
Rep, 7 (2017) 46252.

[19] M.N. Sardoiwala, A.C. Kushwaha, A. Dev, N. Shrimali, P. Guchhait, S. Karmakar, S. Roy
Choudhury, ACS Biomaterials Science & Engineering, 6 (2020) 3139-3153.

[20] T.J. Gross, K. Kremens, L.S. Powers, B. Brink, T. Knutson, F.E. Domann, R.A. Philibert,
M.M. Milhem, M.M. Monick, J Immunol, 192 (2014) 2326-2338.

[21] J.J. Kim, M.S. Shajib, M.M. Manocha, W.I. Khan, J Vis Exp, (2012) 3678.

[22] A. Arbab, G. Yocum, M. Rad, A. Khakoo, V. Fellowes, E. Read, J. Frank, NMR in
biomedicine, 18 (2005) 553-559.

[23] X. Wang, X. Kong, Y. Qin, X. Zhu, W. Liu, J. Han, Food Funct, 10 (2019) 4608-4619.

[24] W. Chen, M. Zhuo, X. Lu, X. Xia, Y. Zhao, Z. Huang, J. Xu, W. Li, C. Yu, Int J Biol Sci, 14
(2018) 2051-2064.

[25] P. Pittoni, C. Tripodo, S. Piconese, G. Mauri, M. Parenza, A. Rigoni, S. Sangaletti, M.P.
Colombo, Cancer Res, 71 (2011) 5987-5997.

47



Chapter 3:

Melatonin mediated inhibition of EZH2-
NOS2 crosstalk attenuates Inflammatory
Bowel Disease in preclinical in vitro and in
vivo models







3.0 Background

Inflammatory Bowel Disease (IBD), which includes Crohn's Disease and Ulcerative Colitis,
has been a major health concern for decades. Infiltration of immune cells and elevation of
inflammatory markers in IBD progression and pathogenesis have been proven in research [1,
2]. Several epigenetic alterations and environmental variables have been identified as
contributing factors to IBD [3, 4]. Many anti-inflammatory drugs have been implicated in the
treatment of IBD. Melatonin has been extensively researched and may be one of the
promising anti-inflammatory choices for IBD treatment.

Melatonin (N-acetyl-5-methoxytryptamine), a wonder molecule, is the predominant
secretory product of the pineal gland in the brain, and it aids in the maintenance of mammals'
circadian and photoperiodic rhythms [5]. Melatonin is well-known as a potent anti-
inflammatory agent used to treat a number of inflammatory diseases, including IBD.
Melatonin's anti-inflammatory activity is attributed to its ability to scavenge free radicals and
suppress inflammatory markers such as nitric oxide synthase (NOS) [6-11]. Melatonin is also
known to inhibit immune cell invasion by acting on the melatonin receptor-1 (MT1), which
causes vasoconstriction and so decreases immune cell vascular permeability [12]. Melatonin
has recently been discovered to play a function in epigenetic regulation and the management
of several diseases such as ageing, neurological disorders, and breast cancer [13, 14]. Recent
research has identified Enhancer of Zeste Homolog 2 (EZH2), a master regulator and part of
the polycomb repressor complex 2 (PRC2), as a critical molecule in the maintenance of
macrophage/microglial activity and autoimmune inflammation [15]. EZH2 depletion has
been demonstrated to inhibit toll-like receptor activation and cytokine signaling 3 expression,
paving the door for IBD therapy. In the treatment of IBD, reduction of EZH2 histone
methyltransferase activity has recently been proven as a therapeutic target to diminish
induction of inflammatory markers interleukin 6 (IL-6) and interleukin-1 (IL-1) [16].
However, no studies have been conducted to investigate the influence of melatonin on EZH2
expression and its downstream regulation in IBD patients.

Nitric oxide (NO) is a free radical that is an essential signaling molecule that plays a
significant function in exacerbating inflammation in disease conditions. NOS activity was
reported to be eight times higher in ulcerative colitis mucosa than in healthy individuals [17].
NO and its toxic derivatives worsen the severity of IBD pathology. In the case of IBD,
pharmacological EZH2 suppression was favourable. M1 macrophages express iNOS, which

can be utilised to identiutilizedfy these cells. M1 macrophages play a vital part in host
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defense systems during pathological infection induced by microorganisms in a variety of
inflammatory disorders. However, uncontrolled macrophage activation can lead to serious
autoimmune inflammatory diseases [18].

As a result, we studied melatonin's effects on EZH2 expression and activity in in vitro and in
vivo IBD models. In addition, we investigated the role of EZH2-NOS2 crosstalk in the
evolution and pathophysiology of ulcerative colitis. Melatonin was found to have a
recuperative effect on EZH2, NOS2, and Histone 3 lysine 27 trimethyl (H3K27me3)
expression in a DSS-induced IBD model.

3.1 Results and discussion

The recent upsurge in IBD incidence globally could enhance the risk of colorectal cancer in
the long term. For severe pathophysiological conditions, the involvement and linkage of
epigenetic regulators in IBD is vital. The major epigenetic alterations, such as histone and
DNA methylation, render them excellent targets for IBD therapeutic intervention [19]. EZH2
is an important epigenetic regulator and a member of the polycomb repressive complex 2 [20]
, however its role in inflammation and IBD is still unknown. Recent research provides a clear
picture of the role of EZH2 in the genesis of IBDs. It reveals that EZH2 depletion or
suppression slows colitis progression and pathogenesis by limiting cytokine signaling, IL6
and IL1 expression [15, 16]. Due to the adverse reactions of existing IBD medication, such as
nonsteroidal anti-inflammatory medicines (NSAIDs) presenting a modest response and anti-
TNF-a therapy revealing inadequate intervention due to secondary infections, a new
therapeutic candidate is desired [21]. Furthermore, melatonin has emerged as a strong anti-
inflammatory molecule having negligible side effects and has been investigated as a
therapeutic agent for a variety of inflammatory disorders, including IBD. Melatonin has been
explored as a radical scavenger and anti-inflammatory medication for the treatment of IBD
[6-10]. The effect of melatonin on EZH2 expression in IBD therapy, however, has not yet
been explored. According to our knowledge, we are the first to look into the effect of
melatonin on EZH2 expression in order to better comprehend the EZH2-mediated epigenetic
regulatory role of melatonin in IBD treatment.

3.1.1 Melatonin scavenged Nitric Oxide (NO) production in LPS stimulated RAW?264.7
cells

Melatonin's effect on NO generation was studied in murine macrophages RAW264.7 cells
treated with LPS (1 pg/ml). To assess NO scavenging capacity, different doses of melatonin
(0-500 pg/mL) were studied. LPS has demonstrated 225 % of overall NO production as an
inflammatory hallmark. Melatonin has been shown to have a dose-dependent effect in NO
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scavenging. Melatonin at 1g/mL had no effect on NO levels, 10 pg/mL lowered NO
production to 145-150% from 225%, and 100-500 pg/mL had an anti-inflammatory effect,
lowering NO levels by 100% from 225%. Melatonin displayed dose dependent NO
scavenging effect at lower doses ranging from 1-100 pg/mL, but at higher doses ranging from
100-500 pg/mL, melatonin exhibited dose dependently significant alterations in NO

scavenging action against LPS driven stresses (Figure 3.1-A).

Increased NO production is a well-known characteristic in inflammatory diseases
including such UC [22]. Melatonin is also intensively explored as a NO scavenger to reduce
inflammatory diseases [6, 23]. We have also verified melatonin's NO scavenging activity,

which suppressed half of the NO levels caused by LPS exposure.

3.1.2 Melatonin attenuated EZH2, H3k27me3 and NOS2 expression in RAW 264.7 cells
Melatonin's effect on the epigenetic biomarkers EZH2 and H3k27me3 was studied by
assessing its protein expression profile in response to LPS-induced inflammatory conditions.
LPS triggered conditions resulted in considerable upregulation of EZH2, H3k27me3, and
NOS2. Melatonin, on the other hand, inhibited EZH2 and H3k27me3, as well as diminished
NOS2 expression levels as compared to LPS-induced damages. (Figure 3.1-B) The
quantitative protein expression of EZH2, NOS2 and H3k27me3 has been depicted in Figure
3.1- C, D and E. Melatonin has been shown to inhibit EZH2 expression. As a result, we used
a potent inhibitor of EZH2 (EPZ011989) to demonstrate that EZH2 has a direct association
with inflammatory regulation. We observed that EPZ011989 treatment inhibited EZH2 and
H3k27me3 (10uM and 25uM). Interestingly, the decline of NOS2 has also been witnessed
with inhibition of EZH2 expression (Figure 1-B). The protein expression has been measured

and demonstrated in Figure 1-D.
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Figure 3.1: In vitro therapeutic effect of melatonin: (A) Nitrite estimation in LPS stimulated
RAW 264.7 (B) Western blot analysis for determining effect of Melatonin and EPZ011989
on protein expression when challenged with LPS (C,D,E) Quantification for protein

expression analysis of EZH2, NOS2 and H3K27me3. (*p<0.05)

Furthermore, the protein expression of UC, NOS2, and IBD-associated epigenetic
marker, EZH2, was taken into account in the study to reveal a relationship between these
therapeutic targets. Several investigations have found that NOS2 is modulated during 1BD
conditions [24, 25]. The role melatonin in attenuating expression of NOS2 has been

frequently documented [26, 27], which supports our current work, that likewise indicated an
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inhibitory impact of melatonin on NOS2. Similarly, EZH2 has been identified as an IBD-
associated epigenetic marker, and inhibition has been shown to be a viable treatment option
[15, 16]. Melatonin inhibited EZH2 expression in the present research, which validates the
outcomes of the described report. As a result, the reduction in NO concentrations, NOS2
expression, and EZH2 expression suggests that melatonin has therapeutic potential in the
treatment of UC. EPZ011989 pharmacological inhibition of EZH2 established linkage
between two potent therapeutic targets, NOS2 and EZH2. NOS2 inhibition has been
connected to EZH2 suppression.

3.1.3 Melatonin mechanistic action of epigenetic regulation revealed direct interaction
of NOS2 and EZH2

The outcomes of pharmacological inhibition of EZH2 have shown hopeful correlation
between EZH2 and NOS2 expression. As a result, an immunoprecipitation study was carried
out to validate the relationship between EZH2 and NOS2. The result uncovered direct
physical interaction of both target proteins Figure 3.2-A. In this study, we found that NOS2
and EZH2 interaction was more evident in LPS-induced environments. On the other hand,
reduced interaction of these proteins has been discovered as a result of melatonin treatment,
implying its regulatory mechanism in inflammation mitigation. Melatonin's anti-
inflammatory impact decreases EZH2 expression, resulting in a smaller pool of EZH2 for
promoter binding and stimulation of NOS2 expression. Melatonin inhibits EZH2 binding to
the NOS2 promoter region via decreasing EZH2 availability at the NOS2 promoter site.

To confirm the novel finding, an immune-precipitation study was performed, which
established a direct physical connection between NOS2 and EZH2. Melatonin seems to have
an inhibitory effect on NOS2 and EZH?2 interaction, which protects against UC repercussions.
As a result, EZH2 plays an essential role in anti-inflammatory activity in macrophages, and
the severity of the inflammatory response can be lowered by directly targeting it with
melatonin [15]. Furthermore, an earlier published report reveals that EZH2 has a direct
connection with NOS2 because it binds to the promoter site and modulates its expression
[28]. This divulges that EZH2 may have a modulatory effect on NOS2 expression,
concluding in an inflammation management.

3.1.4 Melatonin has regulatory effect on EZH2 binding at NOS2 promoter

We explored EZH2 binding to the NOS2 gene promoter sequence region to see if melatonin's
anti-inflammatory mechanism works through epigenetic regulation. We conducted a ChlP-
gPCR test to determine whether the EZH2-NOS?2 relationship has any consequence on NOS2
transcription regulation. In the LPS-stimulated group, the findings confirmed strong EZH2
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binding to the NOS2 promoter sequence region. Our findings corroborate with an earlier
study that suggested H3K27me3 binding to a specific area of the NOS2 promoter in an
inflammatory situation [28, 29]. In Figure 3.2-C, with LPS stimulation, there is a
considerable increase in EZH2 binding to the NOS2 promoter area, and melatonin has an
inhibitory effect on EZH2 binding to the NOS2 promoter site. The outcome of agarose gel
electrophoresis has also depicted the amplicon products of ChIP-qPCR in Figure 3.2-B. As a
result, the findings suggest that melatonin's anti-inflammatory activity is epigenetically

regulated by lowering EZH2 expression.
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Figure 3.2: EZH2-NOS2 crosstalk: (A) Immuno-precipitation analysis for protein interaction
study in Raw 264.7 murine macrophages (B) Agarose gel electrophoresis of PCR products of
ChIP assay (C) ChIP-Quantitative PCR result shows EZH2 binding on NOS2 promoter
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regions (PS1=Promoter Sequence 1 and PS2= Promoter Sequence 2) (D) Schematic
representation of EZH2 binding to promoter sequence. (*p<0.05)

3.1.5 Melatonin treatment reduced DSS induced ulcerative colitis symptoms in mice
Melatonin's effect on UC was studied; mice were fed a daily dose of 5% (w/v) DSS for five
days in drinking water. During the experiment, the mice were treated with a daily intravenous
(i.v.) dose of 4mg/kg melatonin. Melatonin therapy significantly reduces the percentage
bodyweight loss induced by DSS, as per our findings (Figure 3.3-A). DSS causes a 20%
decrease in bodyweight percentage, which is reversed by melatonin, which results in a 10%
recovery in bodyweight percentage. Interestingly, the disease activity index (DAI) was
dropped by four index numbers in the melatonin-treated group as compared to the DSS-
induced colitis condition (Figure 3.3-B). Colonic inflammation was found in DSS-induced
conditions by a 5 cm reduction in colon length when compared to the control group.

Melatonin reduced DSS-induced symptoms by restoring 2 cm colon length (Figure 3.3-C

and 3.3-D).
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Figure 3.3: In vivo mice model and therapeutic effect of melatonin: (A) Percentage body
weight change in BALB/c mouse, (B) Disease Activity Index for assessing severity of

inflammation in mouse daily (C-D) Change in colon length analysis. (¥*p<0.05)
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Melatonin's therapeutic efficacy in an in vivo UC mouse models and effects on EZH2
expression were also explored after in vitro investigations to further understand its efficacy.
DSS is a commonly used chemical agent that causes intestinal inflammation in mice,
mimicking the immunological and histological aspects of human IBD [30]. Melatonin has
been proven in studies to have therapeutic promise in the reduction of inflammation in
chemically induced IBD models [7-10]. We have shown that melatonin can restore body
weight and colon length with the DAI index. The current study's findings also support the
concept that melatonin dosing lowers the onset and clinical signs of DSS-induced UC in mice
models.

3.1.6 Reduced MPO activity and inflammatory genes expression as restorative effect of
melatonin in UC mice model

To validate melatonin's anti-inflammatory effect, the enzyme myeloperoxidase (MPO) was
assessed in colonic tissues. MPO levels in DSS-induced colonic tissues varied by 6 U/mg
when compared to controls, and melatonin treatment mitigated DSS-induced injuries (Figure
3.4-A). Furthermore, the gene expression of inflammatory markers IL1, IL6, and NFB has
been investigated to comprehend melatonin's anti-inflammatory action. There was an
approximate 1.5 fold increase in the expression of the investigated inflammatory markers in
the DSS-induced inflammation compared to control group. Melatonin significantly restored
IL1B, IL6, and NFB expression to normal levels as an effective intervention to alleviate DSS-
induced inflammatory symptoms (Figure 3.4- B, C and D).

Melatonin also altered the inflammatory process by decreasing gene expression in colonic
tissue that produces inflammatory indicators such as IL1p, NFkf and IL-6. Existing data
support our findings of reduced inflammatory gene expression by melatonin, implying anti-
inflammatory efficacy in IBD management [31, 32]. In addition, the Myeloperoxidase (MPO)
enzyme levels were examined to validate the restriction of immune cell invasion. MPO is
found in neutrophils and acts as an indicator of neutrophilic infiltration as a consequence of

an inflammatory response; melatonin restores its level [8, 33]
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Figure 3.4: Inflammatory gene expression analysis: (A) Myeloperoxidase activity study in
colon tissue homogenate (B-D) Gene expression study of IL1p, IL6 and NF«kB in colon tissue

homogenates. (*p<0.05)

3.1.7 Melatonin inhibited EZH2 and NOS2 expressions to suppress UC symptoms in
mice

To explore the effect of melatonin in vivo, the protein expression of EZH2 and NOS2 was
also addressed. The findings are consistent with those of an in vitro UC model, which
indicated that melatonin had a greater therapeutic efficacy in vivo with a ~50-fold
suppression of NOS2 against DSS-induced changes. Similarly, ~3 fold reduction of EZH2
(Figure 3.5-B) and ~3 fold reduction in H3k27me3 (Figure 3.5-C) has been found due to
therapeutic effect of melatonin in UC prevention. The immunohistochemical examination
was carried out to determine the protein expression of EZH2 and NOS2. Overexpression of
EZH2 (Figure 3.6) and NOS2 (Figure 3.7) have been observed with the DSS treated group
and decline of expression level of both protein targets have been found by melatonin
treatment. In addition, as shown in Figure 3.8, we undertook a co-localisation experiment to
confirm if EZH2 is selectively up regulated in colon associated macrophages. Up regulation

of co-localized NOS2 and EZH?2 in the intestinal area indicates DSS-induced inflammation.
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Melatonin, on the other hand, has been demonstrated to effectively suppress NOS2-EZH2

signaling.
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Figure 3.5: Protein expression analysis: (A) Western blot analysis in colon tissue
homogenates (B-D) Quantification for protein expression analysis of EZH2, H3K27me3 and
NOS2. (*p<0.05)

Interestingly, EZH2 is responsible for regulating macrophage numbers at the site of
inflammation [34], , and a decline in EZH2 expression may be responsible for such a fall in
macrophage numbers at the site of inflammation. Furthermore, melatonin's curative impact in

an in vivo animal has been verified by a declined protein expression profile of NOS2, EZH2,
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and H3k27me3 [34], the reduction in EZH2 expression might be responsible for such
reduction in macrophages population at the inflammation site (colon). Further, down
regulated protein expression profile of NOS2, EZH2 and H3k27me3 has confirmed the

restorative effect of melatonin in in vivo models.
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Figure 3.6: IHC analysis: Immuno-histochemical analysis of EZH2 (Red) expression in the

colonic tissue section using DAPI (Blue) counterstained for nucleus. (¥*p<0.05) (Scale: 10um)
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Figure 3.7: NOS2 expression analysis: Immuno-histochemical analysis of NOS2 (Red)
expression in the colonic tissue section using DAPI (Blue) counterstained for nucleus.
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Figure 3.8: Colocalization analysis: Immuno-histochemical co-localisation study of EZH2
and NOS2 in a cross section of colon tissue (Red- EZH2, Green- NOS2 and Blue-Nucleus).
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3.1.8 Melatonin reversed pathological demarcation, restricted mast cells infiltration and
restored goblet cells

An H&E staining investigation has revealed pathological demarcation as a consequence of
DSS-induced inflammatory symptoms. With DSS detrimental impact, altered crypt
architecture with profound immune cell infiltration was noted, and melatonin restored crypt
structure with recovery in pathological symptoms (Figure 3.9). The assessment of
histopathological score demonstrated that melatonin has an anti-inflammatory function,
reducing the score against DSS-induced abnormalities by 5 times. In Figure 3.10 shows
Toluidine Blue stained microscope images used to distinguish mast cells with inflammatory
properties. Mast cells were observed penetrated in DSS-induced colonic tissues. Melatonin
therapy, on the other hand, inhibited mast cell invasion. In Figure 3.11, the microscope

photographs reveal that melatonin has therapeutic effects on goblet cells/crypt in DSS
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impaired colon tissues. The quantification of goblet cells/crypt indicated a 5 fold restoration

of goblet cells, confirming that melatonin has the ability to treat inflammatory illnesses such

as 1BD.
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Figure 3.9: Pathological demarcation study: Haematoxylin& Eosin staining for evaluation of

colonic tissue section (5uM) for analysis of pathological alterations due inflammatory

condition. (*p<0.05) Scale: 200um, 100um, 50pum) (Arrow head shows immune cells

infiltration and arrow shows crypt damage)
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Figure 3.10: Mast cells determination: Toluidine Blue stain examining localisation of mast

cells (Violet) due inflammatory condition in colonic tissue section (5puM).
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Figure 3.11: Goblet cells examination: Alcian Blue and Nuclear Fast staining for evaluation
of colonic tissue section (5uM) for analysis of pathological alterations due inflammatory
condition on specifically Goblets cells responsible for mucous secretion. (*p<0.05) (Scale:
200pm, 100pm, 50um)

A thorough histopathological analysis of DSS-treated mice colonic lesions exhibited
significantly damaged crypt architecture, mucosal ulceration, profound immune cell
infiltration, and swelling. Melatonin, on the other hand, has been documented to restore crypt
structure and limit immune cell infiltration, and our findings back up previous results [35].
Indeed, mast cell activation and infiltration in the colonic epithelial layer causes a severe
inflammatory response, resulting in an accumulation of immune cells in the colonic region.
[36]. Mast cells can generate histamine, which promotes inflammation and immune cell
infiltration. Mast cell recruitment in colonic tissue is higher in DSS-treated groups, indicating
inflammatory aggravation [37]. Goblet cell loss is also a key indicator of colonic
inflammatory disorders. Goblet cells secrete mucin, which acts as a protective covering for
epithelial cells. The mucous layer serves as the first barrier layer against harmful external
elements. Goblet cell depletion causes mucous layer depletion, which leads to ulcer
development [38-40]. The current study found staining of goblet cells, indicating that
melatonin has a therapeutic effect by shielding goblet cells from DSS-induced damages. As a
result, histo-pathological analysis confirmed that melatonin has a substantial therapeutic

efficacy in reducing the intensity of diseased conditions caused by inflammation.
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3.2 Conclusion

We propose that LPS and DSS-induced UC inflammatory impairments in an in vitro and in
vivo mouse model require macrophage activation and colon damage, which is rescued by
melatonin. The investigation highlighted the significance of the epigenetic regulator EZH2 in
the development of IBD. The present study establishes a physical link between EZH2 and
NOS2, which mediates the advancement of IBD pathogenesis. Melatonin offers therapeutic
potential because it inhibits EZH2-NOS2 signaling. Thus, our findings show that the
therapeutic potential of melatonin with an inhibitory effect on EZH2 in the treatment of IBD

may be an epigenetic therapeutic target in preclinical and translational clinical research.

Note:
*The following published works was included into the current thesis with the authors, corresponding author's,

and publisher's permission. The following works is associated with this chapter:
1) Sardoiwala, M.N., et al., Melatonin mediated inhibition of EZH2-NOS2 crosstalk attenuates
inflammatory bowel disease in preclinical in vitro and in vivo models. Life Sciences, 2022. 302: p. 120655.
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Chapter 4:

Melatonin-loaded chitosan nanoparticles
endows nitric oxide synthase 2 mediated
anti-inflammatory activity in inflammatory
bowel disease model







4.0 Background

Inflammatory bowel disease (IBD) is a multifactorial disorder caused by an abnormal
immune response to the host gut bacteria. Two major pathological conditions included in this
category which includes Ulcerative Colitis (UC) and Crohn’s Disease (CD). Ulcerative
Colitis (UC) is a disorder characterised by ulcers in the mucosal and submucosal layers of
colonic tissue, resulting in gut-epithelial layer damage localized to the colon and rectum
portions of the gastrointestinal tract [1, 2]. Histological findings of UC are distinguished by
acute and chronic inflammation of polymorphonuclear leucocytes, mononuclear cells, pus,
crypt destruction, and goblet cell depletion [3]. Crohn's disease (CD) can affect any part of
the gastrointestinal tract; however it is most typically seen in the ileocecal region in that case,
the inflammation can spread to the serosa, resulting in sinus tracts (crohn like structure).
Histological investigation may demonstrate submucosal inflammation as well as non-
caseating granuloma development [3]. Rectal haemorrhage is more common in UC patients,
whereas CD patients exhibit weight loss and perianal illness. Similarly, the risk of
autoimmune illness is higher in people with CD than in healthy people [4].

The worldwide occurrence of IBD is rising, worsening the probability of getting
colorectal cancer in the near future. According to a survey, 3.9 million females and 3 million
males worldwide suffer from IBD [5]. Initially, it was thought that IBD was exclusively seen
in developed countries. However, the prevalence of IBD is increasing in developing
countries, raising doubts about the disease’s threat.

Currently, pharmacological interventions used to manage IBD include salicylates,
immunomodulators, corticosteroids, and anti-TNF-alpha drugs [6][7]. Despite their limited
therapeutic efficacy, these medicines have undesirable adverse consequences, limiting their
use as curative agents. Immunotherapy is also available for the treatment of IBD; however
the cost of immunotherapy limits its application and feasibility to the average person. As a
result, novel pharmacological drugs with improved therapeutic efficacy are required for IBD

treatment.

Melatonin is a naturally synthesized neurohormone having anti-inflammatory,
antioxidant, and neuroprotective properties [8, 9]. Melatonin is accessible over the counter
(OTC), indicating its excellent safety profile. Melatonin has demonstrated promising anti-
inflammatory properties in a murine model of ulcerative colitis (UC) [10]. Melatonin's

therapeutic efficacy is reduced due to its poor solubility and burst drug release, which raises
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its dosage interval and therapeutic dose [10]. To address this issue, we designed a chitosan-

based nano-formulation of melatonin to augment its therapeutic potential.

Chitosan is a pharmaceutical excipient that is extremely biodegradable,
biocompatible, and non-toxic. Chitosan is a naturally produced cationic polymer of
glucosamine and N-acetylglucosamine with a pKa of 6.5, making it soluble in acidic
conditions due to amine protonation [11]. Nanotherapeutic techniques based on nano-drug
delivery systems have gained popularity in recent years. Chitosan nanoparticles-based drug
delivery systems are also being investigated extensively in order to optimize the drug release
profile and therapeutic efficacy of hydrophobic drug molecules [12].

As a result, we encapsulated melatonin in chitosan nanoparticles to improve
melatonin release profile and hence improve therapeutic efficacy. We used anionic sodium
tripolyphosphate (STPP) to synthesise melatonin-loaded chitosan nanoparticles to investigate
their in-vitro and in-vivo therapeutic potential [13]. In-vitro therapeutic efficacy is assessed
against LPS-stimulated macrophages, and the DSS-induced Ulcerative colitis mouse model is
employed for assessing in-vivo therapeutic potential [14]. We have effectively demonstrated
the therapeutic efficacy of a chitosan nanoformulation incorporating melatonin for the

treatment of IBD in this study.
4.1 Results and discussion
4.1.1 Size and morphological analysis of nanoparticles

Dynamic light scattering (DLS) measurements revealed that the mean hydrodynamic size of
CSNPs and Mel-CSNPs was 135 nm and 155 nm, respectively in Figure 4.1a (A). The mean
PDI was determined to be 0.133 £ 0.01 and 0.166 + 0.022, respectively. CSNPs (36 = 2mV)
and Mel-CSNPs (35 +1mV) showed positive zeta potential accredited due to cationic nature
of Chitosan Figure 4.1a (B). We witnessed a slight reduction in zeta potential in Mel-CSNPs
which may be due to loading of melatonin. Because nanoparticles were designed for
intravenous (i.v.) delivery, managing size was a crucial consideration, as revealed by TEM
images. As a result, TEM pictures of our formulations' surfaces revealed their spherical and
monodisperse character in Figure 4.1a (C). FESEM pictures also demonstrate that
nanoparticles are spherical and monodisperse in Figure 4.1b. Morphological and size study
results demonstrate that melatonin-loaded chitosan nanoparticles with sizes ranging from 110

to 300 nm have a spherical form [13, 27].
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Figure 4.1a: Characterization of nanoparticles (A) Dynamic Light scattering measurement
of mean hydrodynamic size of chitosan nanoparticles (CSNPs) and Melatonin loaded
chitosan nanoparticles (Mel-CSNPs) (B)-Surface zeta potential measurement of CSNPs (+ 36
+ 2mV) and Mel-CSNPs (+35 £ 1mV ) and (C)TEM images of CSNPs and Mel-CSNPS
shows nano-sized particles.

Figure 4.1b: Field emission scanning electron microscopy (FESEM) of CSNPS (A) and Mel-
CSNPs (B). (Scale bar = 500nm)

4.1.2 Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD)
analysis

Chitosan exhibited a large hydroxyl (-OH) absorption band obtained at 3400 cm-1 and free
amino (-NH2) at C2 position in glucosamine 1157 cm-1 peak obtained shows -C-O-C-bridge
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that confirms the presence of chitosan [28]. a sharp peak for N-H bending at 3300 cm-1 and a
peak for C-N stretching at 3078 cm™ Melatonin has peaks at 1495 cm™, 1556 cm™, and 1627
cm-1 for aromatic -C= and -C=0, respectively. CSNPs exhibited a wider -OH stretching peak
at 3400 cm™, which might be attributed to nanoparticle production, and the difference
between Mel-CSNPs and CSNPs spectrum, FTIR indicated full encapsulation of melatonin in
Figure 4.2 (A). An X-ray Diffraction (XRD) analysis was performed to determine the
physical properties of chitosan, melatonin, CSNPs, and Mel-CSNPs. Chitosan exhibited large
diffraction peaks at 10.43° and 20.31°, indicating a low degree of crystalline nature, which is
consistent with earlier research [13]. Melatonin exhibited a prominent and intense peak at
10.75°, 11.42°, 14.76°, 16.45°, 18.89°, 20.48°, 22.53°, 24.14°, and 24.93°, showing that it is
extremely crystalline [13, 29]. CSNPs had a wider diffraction peak at 20.31°, and Mel-
CSNPs have a similar diffraction pattern with minute crystalline peaks of melatonin,
confirming the presence of melatonin in chitosan nanocarriers [30]. The findings back the
previous research that showed XRD analysis of chitosan nanoparticles and melatonin-loaded
chitosan nanoparticles indicating amorphous nanoparticle structure [13, 31] in Figure 4.2
(B). Furthermore, the drug loading efficiency of our nanoformulation was measured at three
distinct drug polymer weight ratios: 1:10 (3.1%), 1:5 (8.5%), and 1:2 (20.4%). For our
investigation, we utilised the optimal drug loading ratio of 1:2, which was 20.4%. The
synthesized nanoformulation demonstrated higher loading efficiency (20.4%) than previous
reports of melatonin-loaded lecithin/chitosan nanoparticles (7.2%), indicating that our

nanoformulation has superior properties [32].
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Figure 4.2: (A)-FTIR spectra of CSNPs, Mel-CSNPs, Melatonin and Chitosan (B) - X-RD
diffraction spectra of CSNPs, Mel-CSNPs, Melatonin and Chitosan.

4.1.3 In-vitro drug release study

Mel-drug CSNP's release profile exhibited a biphasic pattern, with an initial burst release
followed by prolonged release. Within 1 hour of the experiment, Mel-CSNP displayed a
cumulative release of 22.05%, and at the end of 24 hours, it had increased to 76.35%
cumulative release in PBS pH 7.4. According to earlier research, biphasic drug release from
nanoparticles is one of the key reasons for boosting the therapeutic efficiency of melatonin,
which has a low retention duration in the body [13] as shown in Figure 4.3a (A). The drug
release analysis in acidic conditions at pH 4.5 revealed a similar pattern as in PBS pH 7.4 but
was faster and more drug release occurred at 24 hours, which is up to 96.22% in acidic

conditions Figure 4.3b.
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4.1.4 In-vitro cellular internalization of nanoparticles

One hour after treatment, FITC-tagged Mel-CSNP had higher cumulative cytoplasmic uptake
in Figure 4.3a (D). This suggests that nanoparticles have the ability to infiltrate cells and
deliver drugs. RAW 264.7 murine macrophages, which have a basic physiological role of
phagocytosis, could be explored as a plausible mechanism of nanoparticle cellular

internalisation [18].
4.1.5 In-vitro anti-inflammation analysis

Chitosan is a non-toxic and biocompatible polymer. As a result, CSNPs and Mel-CSNPs
exhibited negligible cytotoxicity. In Figure 4.3a (B) CSNPs and Mel-CSNPs used at several
concentrations up to 1000 pg/mL did not show any major cytotoxicity which is in lieu to
reports that demonstrated highly biocompatible nature of CSNPs [13, 32]. RAW 264.7 cells
were treated with lipopolysaccharide (LPS) to create an inflammatory response in order to
assess the anti-inflammatory properties of melatonin and Mel-CSNP. LPS can cause an
inflammatory immune response by activating the TLR-4 receptor. Following previous
reports, a 1pg/mL dosage of LPS, a bacterial endotoxin, was used to cause inflammation [33]
Mel-CSNPs and melatonin were found to have anti-inflammatory properties, both in Figure
4.3a (C) by reducing 55% and 40% NO generation. In this study, we discovered that our
nanoformulations surpassed prior melatonin studies that showed 10% nitrite reduction at 250
MM dosage [34]. Furthermore, they demonstrated a larger 60% reduction with a 2000 uM
dosage. Indeed, with 200 uM dosage of melatonin, our nanoformulation reduced NO by 55%.
It suggests that chitosan nanoformulation improves melatonin anti-inflammatory efficiency. It
also has the advantage of lowering the required effective medication concentration in the

treatment of inflammatory diseases.

4.1.6 Nuclear factor kappa-light-chain-enhancer of activated B (NF-kB) p65 - nuclear
translocation study

NF-kB p65 is a transcription factor family that regulates a number of genes involved in
immunological and inflammatory responses. LPS binds to macrophage TLR4 receptors,
activating the redistribution of nuclear factor kappa B (NF-kB p65) transcription factor from
the cytosol into the nucleus, leading in the transcription of target genes [35, 36]. Mel-CSNP
(200 pg/ml) pre-treatment improved anti-inflammatory response by interfering with NF-kB

nuclear translocation compared to bare melatonin and placebo CSNPs treatment group as
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observed in the Figure 4.4. Our nanoformulation's ability to inhibit NF-kB nuclear
translocation suggests that it has anti-inflammatory properties. As observed in Figure 4.4 A
and B we can conclude that Mel-CSNPs exhibit significant reduction in inflammation by
inhibiting activation of macrophages. Almost each cell was activated upon LPS stimulation
which can be clearly concluded from Figure 4.4 B. These findings support previous findings
that NF-kB nuclear translocation inhibition is an effective therapeutic potential of anti-
inflammatory drugs [37, 38]. Immunofluorescence experiments with an activated RAW?264.7
macrophage cell line treated with LPS (1pg/ml) exhibited active nuclear translocation in
comparison to cells not treated with LPS. As a result, Mel-CSNPs reduce gene expression of
several NF-kB target inflammatory genes, exacerbating the inflammatory response. The
agreement of MTT assay, NO quantification, and NF-kB nuclear translocation data verifies

our nanoformulation’s anti-inflammatory and therapeutic potential.
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Figure 4.4: CLSM micrographs (A) anti-inflammatory action of Mel-CSNPs by showing
reduction in nuclear translocation of NF-kB p65against LPS stimulation. (B) Percentage of
activated cells based on nuclear translocation of NF-kB
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4.1.7 Haemolysis analysis

The haemolysis test was carried out to determine the biocompatibility of nanoparticles for
safe intravenous administration. The haemolysis assay results showed no significant
difference between Mel-CSNPs and CSNPs at doses of 1mg/ml and 5 mg/ml, respectively as
observed in Figure 4.5. This confirms that our nanoformulation is safe for intravenous usage
and does not cause red blood cell lyses. The findings are consistent with a previous study that
found chitosan nanoparticles to be more hemocompatible [39]. Because of their composition,

chitosan nanoparticles have exhibited selective targeting when administered intravenously.
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Figure 4.5: Haemolysis analysis (A) Percentage lysis of RBC upon treatment with

nanoformulations (B) Images of blood sample after treatment with nanoformulations.

4.1.8 In-vivo bio distribution study

As depicted in Figure 4.6, an in-vivo biodistribution investigation of ICG-tagged Mel-CSNP
revealed initial distribution in highly perfused tissue, namely the heart and liver. The decrease
in fluorescence intensity was observed at later time points, showing that the
nanoparticles were gradually cleared from the body. As a result, the fluorescence intensity in
the kidney and liver rose as compared to the original time point, indicating the nanoparticle
clearance path. The findings support previous reports indicating a liver and kidney-mediated
clearance mechanism for nanoparticles [40, 41]. Ex-vivo imaging also revealed lower

fluorescence intensity in important organs such as the brain, kidney, liver, heart, and spleen
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due to low nanoparticle retention and removal from these tissues. High fluorescence intensity
detected in target colonic tissue, on the other hand, indicates more retention of nanoparticles
in colon. This could be owing to increased availability and expression of melatonin receptors,

as well as a larger cumulative fraction of macrophages in the intestinal region [42, 43].
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Figure 4.6: (A) In-vivo bio-distribution study of Indocyanine green (ICG)-tagged Mel-
CSNPs and (B-C)-Ex-vivo bio-distribution of ICG-Mel-CSNPs, (a-stomach, b-deodenum, c-
ileum+jejunum, d- colon, e- spleen, f- heart, g-kidney, h- brain and i-liver) show good bio-

distribution and clearance path of nanoparticles.
4.1.9 In-vivo therapeutic efficacy study

Disease Activity Index was recorded for each experiment to evaluate the severity of disease
produced by DSS treatment in order to estimate the therapeutic efficacy of nano-formulation.
Melatonin and Mel-CSNPs were also tested for their therapeutic impact in DSS-induced

ulcerative colitis in mice.
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The increased DAI in DSS-induced colitic mice suggest severe inflammatory pathological
states such as diarrhoea and bleeding, and considerable recovery has been observed with Mel-
CSNPs in contrast to other treatment groups as observed in Figure 4.7 (A). As indicated in
Figure 4.7 (A), no significant difference was seen between the melatonin and Mel-CSNPs
groups, but after the fifth day, Mel-CSNPs exhibited a considerable improvement in
therapeutic efficacy when compared to bare melatonin. Similarly, in Figure 4.7 (B), Mel-
CSNPs treatment significantly restored body weight compared to the melatonin treatment
group against DSS-induced weight loss. Weight loss occurs as a result of decreased gut

function caused by DSS exposure in mice with leaky gut pathological diseases.
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Figure 4.7: (A)- Disease Activity Index, (B) Percentage change in body weight,(C-D) Colon
length evaluation, (E) Myeloperoxidase (MPO) assay in colonic tissue homogenates
and(F)Gene expression of analysis in colonic tissue sample of mice confirms anti-
inflammatory potential of Mel-CSNPs.(*p<0.05, **p< 0.001, ***p< 0.0001and ns: non-
significant)

In Figure 4.7, the curative effect of Mel-CSNPs was validated by noticing a negligible
reduction in colon length compared to the control group vs DSS-induced colon damage (C-
D). In terms of colon length parameter study, our Mel-CSNPs showed superior in-vivo
therapeutic efficacy in comparison to bare melatonin [44]. As a result, our nanoformulation
demonstrated therapeutic efficacy by improving health indices in mice with DSS-induced

IBD symptoms. Because melatonin has a short plasma half-life in the body, it is taken out of
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the system, which could explain why its anti-inflammatory effect is compromised. Mel-
CSNPs significantly improved anti-inflammatory action, as evidenced by the results shown in

Figure 4.7.
4.1.10 Myeloperoxidase assay (MPO)

A positive correlation exists between myeloperoxidase (MPO) activity and the degree of
intestinal inflammation and neutrophil infiltration. During an inflammatory situation, there is
a greater amount of neutrophilic infiltration [45]. MPO is found in neutrophils and can be
utilised to determine the degree of neutrophilic infiltration and inflammation. The ability of
the therapeutic drug to limit immune cell infiltration into disease sites demonstrates its anti-
inflammatory potential. MPO activity was shown to be increased in groups 2: DSS and 3:
DSS + CSNPs, however it was significantly lower in groups 4: DSS + Melatonin and 5:
DSS+ Mel-CSNPs in Figure4.7 (E). The results of this study indicate that our
nanoformulation lowers immune cell infiltration to the DSS-induced colon by two fold as
compared to other anti-inflammatory drugs [46, 47]. Mel-CSNPs (MPO U/mg: 1.32) reduced
MPO activity more than bare melatonin (MPO U/mg: 0.49), indicating an improvement in
therapeutic efficiency via a nanotherapeutic method. Thus, MPO activity data demonstrated
that our nano-formulation has anti-inflammatory effect. This claim has been confirmed by

gene expression analysis of inflammatory genes.
4.1.11 gPCR analysis — gene expression study

There was a significant upsurge in gene expression of numerous inflammatory genes such as
IL-1, IL-6, and NF-kB in DSS induced mouse models of Ulcerative colitis were performed
using colonic tissue [48, 49]. As a result, we examined the expression of IL-1p, IL-6, and NF-
kB to corroborate the anti-inflammatory activity of our nanoformulation. As shown in Figure
4.7(F), our nanoformulation significantly reduced the expression of inflammatory genes in
response to DSS-induced insults. The results showed similar double fold declines when
compared to previous reports that showed reductions in inflammatory markers as therapeutic
action of anti-inflammatory drugs [24, 50]. There is a one-fold reduction in inflammatory
indicators with Mel-CSNPs versus Melatonin against DSS induced expression, indicating an

enhancement in therapeutic action due to nanoformulation versus bare melatonin.
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4.1.12 Haematoxylin and Eosin staining

To assess protection against DSS-induced toxicological demarcation, colonic tissue sections
were stained with Haematoxylin and Eosin (H&E). Microscopic pictures of colonic tissue
sections from different treatment groups were stained with H&E, as shown in Figure 4.8 (A).
The control group had normal colonic tissue morphology, but the DSS group had total
destruction to the colonic crypt and villi. Immune cell infiltration was shown to be greater in
DSS-treated colonic tissue sections. The DSS + CSNPs exposed group did not show a
reduction in immune cell infiltration, as shown in Figure 4.8 (A), indicating a substantial
difference between the bare Melatonin (Histological Score: 5.5) and Mel-CSNPs treated
groups (Histological score: 3.1). Furthermore, the results are consistent with MPO activity,
confirming that the nanoformulation has better anti-inflammatory action over bare Melatonin
in the treatment of DSS-induced IBD. The gross pathological in-vivo therapeutic evaluation
presented in Figure 4.7 shows that Mel-CSNPs improved the anti-inflammatory therapeutic
efficacy of melatonin. Additionally, histological examination performed H&E study highly
corroborated and validated these findings. The histopathological study indicated noteworthy
inflammatory pathological changes in a a cross-section of colon, such as epithelial layer
erosion, fibrotic changes, immune cell infiltration, goblet cell destruction, and so on, which

were greatly reduced in Mel-CSNPs, implying therapeutic efficiency.
4.1.13 Alcian Blue and Nuclear Fast Red staining

Alcian blue staining was used to assess goblet cell loss and damage in mice during DSS-
induced inflammatory conditions. In Figure 4.8 (B), the control group had a normal amount
of goblet cells (blue colour) in the crypt of colonic tissue sections. In DSS and DSS + CSNPs
therapy groups, there is a significant decrease in goblets cell number per crypt, indicating the
amount of severity and damage during inflammatory circumstances. Crypt destruction occurs
in mice as a result of DSS-induced epithelial injury, which leads to the depletion of goblet
cells, which are crucial for maintaining gut homeostasis and protecting the epithelial layer
from pathogenic assaults by secreting mucin, a sticky protective material. In comparison to
the DSS + Melatonin treated group, DSS + Mel-CSNPs showed improved protection of

immune cell infiltration and little damage to the colonic crypt.
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Figure 4.8: (A) - Haematoxylin and Eosin (H&E) staining of cross section of colon (7um)
indicates pathological demarcation. (B)- Alcian Blue and Nuclear Fast Red (AB-NR) staining
of cross section of colon (7um)for evaluating goblet cells (Blue) and epithelial cells (Red)
(C) Histological score for H&E stained cross section of colon. (D) Goblet cell(s) count per
crypt in cross section of colon. (*p<0.05, **p< 0.001, ***p< 0.0001and ns: non-significant)

Goblet cells were detected in substantial numbers in colonic tissue sections from the DSS +
Melatonin (10.8 goblet cell/crypt) and DSS + Mel-CSNP groups (13.6 goblet cell/crypt). This
result also indicates Mel-CSNPs' superior therapeutic efficacy when compared to melatonin
alone. Our findings imply that bare melatonin and Mel-CSNPs provide protection against

DSS-induced epithelium damage, resulting in goblet cell depletion and crypt destruction,
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which is consistent with previous research [51]. Furthermore, the current work adds that
nanoformulations of melatonin greatly strengthen therapeutic potential, as illustrated in
Figure 4.8 (C) and (D).

4.1.14 Nitric Oxide Synthase 2 (NOS2) and Nitro-tyrosine

To confirm the mechanism of nanoformulation as an anti-inflammatory drug,
immunohistochemical (IHC) examination was done. As a result, IHC analysis revealed that
inflammatory biomarkers such as NOS2 and Nitro-tyrosine were up-regulated in DSS-
induced inflammation in mice, as shown in Figure 4.9. (A). NOS2 is an inflammatory
biomarker associated with increased infiltrating inflammatory M1 macrophages in DSS-
induced colitis [52]. As shown in Figure 4.9(A), the DSS + Mel-CSNPs treated group had
significantly lower NOS2 expression than the bare Melatonin treated group. The fluorescence
intensity is quantified and found to be significantly lower in Figure 4.9 (B) of DSS+ Mel-
CSNPs treated (fluorescence intensity=1.03) compared to the bare DSS+Melatonin treated
(fluorescence intensity=1.51) group, indicating that the therapeutic potential of
nanoformulations has improved. In murine ulcerative colitis models melatonin has exhibited
ability to lower NOS2 expression [53]. We investigated the enhancement in anti-
inflammatory activity of melatonin loaded nanoformualtion, which resulted in improved

melatonin therapeutic efficacy.

Melatonin can also influence host response by down regulating the innate immune system,
resulting in a reduction in the inflammatory process [51]. Because macrophages are an
important component of the innate immune response, melatonin reduces macrophage
expression, resulting in anti-inflammatory effects. Melatonin's inhibition of NOS2 is
connected to its effect on NF-kB expression [52]. We evaluated nuclear translocation of NF-
kB, which is suppressed by melatonin, and melatonin loaded nanoformulations, which
resulted in lower expression of NOS2 in colonic tissue. Melatonin-loaded nanoformulation
exhibited a substantial reduction in NOS2 expression, resulting in increased therapeutic
efficacy. Increased NOS2 expression results in higher nitrite radical generation, which aids in
the generation of increased oxidative stress. These results in amplified level oxidative stress

which causes uncontrolled inflammation and thereby causing pathological injury to colonic
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Figure 4.9: (A) Immuno-histochemical staining of Nitric Oxide synthase 2 (NOS2) indicates
M1 macrophage infiltration due to inflammation (B) Quantification of the fluorescence
intensity. (*p<0.05, **p< 0.001 and ***p< 0.0001)



tissue in mice as shown in histopathological analysis study in Figure 4.8 where H&E staining
done on DSS challenged mice results in increased pathological score compared to control
where no damage is observed. Even when tested with DSS, melatonin and Mel-CSNPs

dramatically improved pathology score.
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Figure 4.10: (A) Immuno-histochemical stained CLSM images for Nitro-tyrosine represents
inflammatory condition (B) Quantification of the fluorescence intensity. (*p<0.05, **p<

0.001 and ***p< 0.0001)

Furthermore, immunohistochemical examination of Nitro-tyrosine was done to assess the
degree of peroxynitrite-mediated protein nitrosylation that occurred in mice during DSS-

induced colitis. Nitro-tyrosine expression was significantly increased in DSS-induced colitis
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animals [54]. Tyrosine nitration occurs in biological systems as a result of oxidative damage

or stress triggered by harmful conditions [55].

In Figure 4.10 (A), a greater reduction in fluorescence intensity of nitro-tyrosine expression
verifies our nanoformulations' superior therapeutic efficacy over bare Melatonin by reversing
the DSS-induced pathological markers. As shown in Figure 4.10 (B), the quantification of
fluorescence intensity is evaluated for a comparative study of the efficacy of bare Melatonin
treated (fluorescence intensity =2.51) group and nanoformulations treated (fluorescence
intensity =1.41) group, which clearly indicates a significant reduction in expression of
nitrosylation status in colonic tissue cross section, resulting in an improvement in Melatonin

therapeutic efficacy.

Our results are in agreement with earlier studies accomplished using melatonin against
inflammatory pathological condition [56]. Generally, Mel-CSNPs have demonstrated
tremendous anti-inflammatory and therapeutic potential, as evidenced by numerous in-vivo
therapeutic assessments. The fact that Mel-CSNPs outperform bare melatonin in terms of
therapeutic efficacy demonstrates that they have anti-inflammatory activity in the prevention
of IBD.

4.2 Conclusions

Mel-CSNPs significantly improve anti-inflammatory action both in vitro and in vivo when
compared to bare melatonin, according to the results of a study. The reduction of NF-kB
nuclear translocation and nitric oxide verifies Mel-CSNPs' anti-inflammatory potential in an
in-vitro LPS-induced IBD model. The remarkable reduction in disease activity index (DAI)
and Myeloperoxidase (MPO) activity demonstrates the in-vivo therapeutic efficacy of our
nanoformulation by lowering immune cell infiltration to the disease site. Our nano
formulation's efficacy is revealed by the downregulation of IL-1(, IL-6, NFKB gene markers,
and NOS2, Nitro-tyrosine inflammatory hallmark molecules. Thus, the thorough examination
of the in-vitro and in-vivo studies shows strong evidence for improved anti-inflammatory
efficacy with the use of nanotherapeutic approach in IBD treatment as compared to bare

melatonin.

Note:

*The following published works was included into the current thesis with the authors, corresponding author's,

and publisher's permission. The following works is associated with this chapter:
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1) Soni, J.M., et al., Melatonin-loaded chitosan nanoparticles endows nitric oxide synthase 2 mediated
anti-inflammatory activity in inflammatory bowel disease model. Mater Sci Eng C Mater Biol Appl, 2021. 124:
p. 112038.
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Chapter 5:

Colon targeted chitosan-melatonin
nanotherapy for preclinical Inflammatory
Bowel Disease







5.0 Backgroud

Inflammatory Bowel Disease (IBD) is a broad term that encompasses two pathological
conditions: Ulcerative Colitis (UC) and Crohn's Disease (CD). The precise cause of this
condition is unknown. UC is characterised by inflammation that results in ulcers in the
colonic and rectum regions of the gastrointestinal system (GIT) [1]. In UC, inflammation
develops and primarily destroys the mucosal layer, resulting in superficial damage to the gut
surface. UC is also characterized by severe diarrhoea with blood. Inflammation in CD is
characterised by patchy lesions that can appear anywhere in the GIT [2]. Transmural
inflammation causes fibrosis, stricture, and fistula throughout the GIT in CD.

5-aminosalicylates, immunosuppressants, and antibiotics are among the medications
used to treat UC, and they can provide symptomatic relief [3]. Until the discovery of
corticosteroids in 1955, moderate to severe UC had a devastating effect on the patient's
health, with mortality rates of more than 50% [4]. Nonetheless management with the
corticosteroid for longer period give rise to secondary infections [5], osteoporosis [6],
depression, type 2 diabetes mellitus [7] and cataract [8]. As a result, novel treatments that can
induce remission and prevent illness relapse are urgently needed. Melatonin (N-acetyl-
methoxytryptamine) is a neurohormone produced by the pineal gland and excreted during the
night [9] possessing pleiotropic effects that can be employed as an anti-inflammatory, anti-
oxidant, anti-aging, and neuroprotectant in addition to maintaining circadian rhythm [10].
Melatonin's chemical structure includes an indole ring and an amide group, which can be
deprotonated to get acidity constant values (pKa). Melatonin's pKa values in totally secure
aqueous mediums were discovered to be 5.777 0.011 and 10.201 0.024 [11]. Precursor of
melatonin is tryptophan which is converted to 5-hydroxy tryptophan by enzyme
tryptophanhydroxylase.  Serotonin is synthesized from 5-hydroxytryptophan by
decarboxylation using enzyme decarboxylase. N-acetyl transferase converts serotonin to N-
acetyl serotonin. Finally this N-acetyl serotonin is converted melatonin by hydroxyindole-O-
methyltra Precursor of melatonin is tryptophan which is converted to 5-hydroxy tryptophan
by enzyme tryptophanhydroxylase. Serotonin is synthesized from 5-hydroxytryptophan by
decarboxylation using enzyme decarboxylase. N-acetyl transferase converts serotonin to N-
acetyl serotonin. Finally this N-acetyl serotonin is converted melatonin by hydroxyindole-O-
methyltransferase (HIOMT) [12]. Inflammation is caused by a cascade of inflammatory gene
overexpression. Nuclear transcription factor-kappa B (NF-kB) has been shown to over-

express in inflammatory responses. NF-kB reaches the nucleus and activates other

89



inflammatory genes [12]. Melatonin suppresses NF-kB nuclear translocation, which lowers
NF-kB DNA binding and so inhibits the inflammatory process [13]. Melatonin has
immunosuppressive effect via influencing the Th17 subgroup of T-helper cells, which is
important in the pathophysiology of autoimmune disorders [14].

Melatonin's pharmacokinetic parameters are poor, forcing frequent dosages to
maintain consistent plasma concentration in the body. Melatonin's plasma half-life (T1/2) in
experimental animals ranges from 18 to 35 minutes [15, 16]. Melatonin's oral bioavailability

is also poor, limiting its use as a therapeutic agent [17].

As a result, targeted drug delivery systems come into play to target and maintain
prolonged drug release, reducing dose intervals and maximizing melatonin therapeutic
efficacy. Because of their physicochemical features, polymeric nanoparticles are commonly
used in the synthesis of targeted nano-drug delivery systems to overcome the limitations of
active pharmacological agents [18]. Carbohydrate polymers such as chitosan, chitin, starch,
and others have been widely used in the production of nanocarriers for drug delivery
applications [19]. Nanotechnology offers customized and site-specific drug delivery systems,
which improve a medicine's therapeutic potential while minimizing any unwanted effects
connected with it through dose reduction and site-specific release [20]. Chitosan is the most
appropriate option for use as a nanocarrier system because to its high biocompatibility, and it
is also permitted as a food dietary ingredient by the US FDA [21]. Chitosan can improve
permeation by opening epithelial tight junctions. In acidic pH, the main amine group interacts
with negatively charged mucin but fails when pH is raised above its pKa, limiting its
mucoadhesive function. Due to this mucoadhesive nature, it tends to adhere in the upper GIT
and cannot access the distal location where Ulcerative Colitis originates. Traditional chitosan
nanoparticles' targeting efficacy is hampered when given orally for particular delivery to the
colon due to their mucoadhesive characteristic and tendency to remain in the upper GIT [22].
To address this drawback of chitosan nanoparticles, a pH-dependent drug delivery method
was developed in which the nanoparticles are coated or synthesized from pH-sensitive. The
pH-sensitive methacrylic acid copolymers are frequently employed for oral drug
administration to distal areas of the gut [23]. When coated with the colon-specific polymer
Eudragit-S-100, nanoparticles enable effective sustained release and directed delivery of
medication at the desired region of inflammation, preventing premature release, which results

in superior drug activity [24].
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In this study, we developed, characterized, and assessed the therapeutic efficacy of
colon-targeted chitosan nanoparticles for drug delivery to the specific colon region to treat
UC in mice. Chitosan nanoparticles and colon-targeted nanoparticles have exhibited
remarkable anti-inflammatory activity against LPS-stimulated macrophages. Furthermore,
colon-targeted nanoparticles provided greater protection in an in-vivo DSS-induced UC
mouse model. Colon-targeted nanoparticles provide improved protection against body weight
loss, colon shortening, and disease activity index. In addition, colon-targeted nanoparticles
inhibited myeloperoxidase activity more effectively. Furthermore, histopathological findings
suggest that colon targeted nanoparticles augment therapy efficacy. Whenever given orally to
mice, colon-targeted nanoparticles greatly improve the in-vivo therapeutic potential of

melatonin compared to basic chitosan nanoparticles.
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Figure 5.1: Scheme elucidates better targeting potential of Eudragi-S-100 coated colon

targeted chitosan of nanoparticles. (red= CSNP, blue- Eudragit coat and orange-melatonin)
5.1.0 Results and Discussion

5.1.1 Size and morphological examination of nanoparticles

Mean hydrodynamic size of chitosan nanoparticles synthesized by ionotropic gelation was
255.2 nm, with a Polydispersity Index (PDI) of 0.22 +0.06 measured by dynamic light
scattering (Figure 5.2C). Similarly, Eudragit-S-100 coated chitosan nanoparticles showed an

increase in mean hydrodynamic size due to the creation of a coating of pH-sensitive polymer
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used for colon targeting. Eudragit-S-100 coated chitosan nanoparticles have size of 342 nm
and a PDI of 0.36 +£0.08. (Figure 5.2C). Increase in mean hydrodynamic size clearly shows
the surface change caused by the Eudragit-S-100 coating on the surface of the chitosan
nanoparticles. Chitosan nanoparticles have limitations for oral administration to the distal
region of the colon, as depicted in the bio-distribution study in Figure 5.7. Chitosan
nanoparticles aggregate in the stomach, limiting its use as a nanocarrier for treating
Ulcerative Colitis via the oral route. The mucoadhesive nature of chitosan nanoparticles
(CSNPs) is desirable for their use in drug delivery via the oral route, which leads to increased
absorption and reduced dose frequency [25]. Protonated amino groups in CSNPs can react
with epithelial cells and disrupt tight junctions between cells, enhancing drug transport [26].
Chitosan has considerable mucoadhesive activity at low pH and a low mucoadhesive value at
high pH, indicating that it accumulates in the upper GIT. To circumvent this limitation of
chitosan nanoparticles, several surface modifications are used. Eudragit-S-100 and other
enteric soluble polymers do not dissolve in acidic pH and can aid in drug delivery to distant
targeted GIT locations. Chitosan nanoparticles coated with Eudragit-S-100 have been
designed to deliver drugs to colon areas for targeted delivery [27, 28]. Furthermore, to verify
the coating, we conducted Transmission Electron microscopy imaging of nanoparticles,
which presented a strong coating of pH-sensitive polymer, Eudragit-S-100 on the surface of
chitosan nanoparticles, causing an increase in size (87 nm) of chitosan nanoparticles (Figure
5.2D-E), whereas simple chitosan nanoparticles do not have any coating on the surface, as

shown in TEM images TEM pictures support the coating on chitosan nanoparticles.
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Figure 5.2: Size and morphology analysis: (A-B) Transmission Electron Micrograph of
Chitosan nanoparticles (CSNP) (D-E) Eudragit-S-100 coated Chitosan nanoparticle (EU-
CSNPs) (C) Mean hydrodynamic size of Chitosan nanoparticles (CSNPs) and) Eudragit-S-
100 coated Chitosan nanoparticle (Eu-CSNPs).

5.1.2 Fourier transform infrared spectroscopy (FT-IR)

FTIR investigation demonstrates a characteristic peak of hydroxyl (-OH) group at 3342 cm-1
and free amino group (-NH2) at C2 position in glucosamine at 1018 cm™ representing -C-O-
C- bridge, which validates chitosan, as previously reported [29]. In Figure 5.3, chitosan
nanoparticles showed a broad hydroxyl (-OH) peak at 3342 cm™, while Mel-CSNPs showed a
comparable broad -OH peak. The narrowing of the OH transmittance peak in CSNPs and
Mel-CSNPs relative to bare chitosan suggests involvement in nanoparticle production.
Melatonin had transmittance peaks at 3269 cm™ and 3315 cm™, which corresponded to the
amine vibration peak found in melatonin. Melatonin also showed bending vibration of amines
at 1552 cm™ and 1623 cm™. Melatonin is confirmed by the observed peaks matching with
previously reported FTIR transmittance studies [30]. The OH peak at 2948 cm™ of carboxylic
acid in Eudragit-S-100 matched the peak disclosed in an earlier research [31]. EU-CSNPs and
Mel-EUCSNPs exhibited a carboxylic acid -OH peak at 2848 cm™. At 1712 cm-1, a moderate
narrow transmittance peak of C=0 stretching is found in Eudragit-S-100 [32] which is not
observed upon its coating on CSNPs. Mel-CSNPs and CSNPs exhibited broad OH peaks
between 3200 and 3400 cm™. Transmittance peaks at 1537 cm™ were observed in CSNPs and
Mel-CSNPs, indicating amide band 1 of chitosan. According to the FTIR measurement, the
production of chitosan nanoparticles induces a decrease in the strength of the OH peak
detected at 3342 cm™, implying its function in nanoparticle formation. Furthermore, when
chitosan nanoparticles were coated with Eudragit-S-100, the C=0 peak at 1712 cm™was
observed, indicating that this bond is involved in the development of coating layers on
CSNPs. The drop in intensity of the carboxyl group of Eudragit S-100 at 1712 cm™suggests a
reduction in the number of carboxyl groups involved in the production of the amide bond, N-
H stretch peak at 3683 cm™. According to the FTIR study, the reduced peak intensity at 1700
cm™ could be due to the interaction of chitosan and Eudragit S-100, which contrasts with
previous findings that demonstrate a similar decreasing intensity of the peak which indicates
the chitosan and Eudragit S-100 interaction [31, 33].

93



' | i~ Mel-EUCSNPs
| |
| | |
| | |
! : | EUCSNPs
|
| | |
| | |
8 ! : ! Eudragit-S-100
= I
© I I
,,":,' I 1
g ! : L Mel-CSNPs
| | |
1 B
m | | |
| | |
I: | ; ! CSNPs
| i |
| | |
| | |
: : : Chitosan
| | |
| | |
| | |
' : I Melatonin
| | | |
| | |
| | |
| ] | ] | | ] | ]
Qo Qo Qo Qo Qo QQ Qo QQ
o () o () o () o ()
o 0 o L o H o H
< o ™ N N - -
Wave number (cm-1)

Figure 5.3: Functional group interaction analysis: Fourier transform infrared (FT-IR)
analysis of Melatonin, Chitosan, CSNPs, Mel-CSNPs, Eudragit-S-100, EuCSNPs, Mel-Eu-
CSNPs.
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5.1.3 Drug loading and In-vitro drug release study:

Drug loading of Mel-CSNPs was found to 18.9 % wi/w at ratios of drug to polymer (1:2) and

Mel-EUCSNPs was observed to be 10.8 % w/w assessed by taking absorbance of melatonin
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Figure 5.4: In vitro drug release (4A) pH dependent release of Melatonin from Chitosan
nanoparticle (Mel-CSNPs) (4) pH dependent release of Melatonin from Eudragit-S-100
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coated Chitosan nanoparticle (Mel-EUCSNPs) (C, E, G) Best fitted Weibull mathematical
model for dissolution of Mel-CSNPs at pH 1.2, 6.8, and 7.4 (D, F, H) Best fitted Weibull
mathematical model for dissolution of Mel-EUCSNPs at pH 1.2, 6.8, and 7.4.

at 278 nm. Targeted nano-drug delivery system enables regulated and site-specific drug
release from nanoparticles, making them more efficient and appropriate for the treatment of
Ulcerative Colitis than conventional drug delivery methods. The anti-inflammatory efficacy
of melatonin-loaded conventional chitosan nanoparticles is limited by rapid and premature
release (Mel-CSNPs). The drug was released in vitro from melatonin-loaded chitosan
nanoparticles (Mel-CSNPs) and melatonin-loaded Eudragit-S-100coated  chitosan
nanoparticles (Mel-EUCSNPs) at pH 1.2, 6.8, and 7.4 to replicate the fluctuations that occur
during nanoparticle passage through the gastrointestinal tract (GIT) [27, 34]. A pH-dependent
drug release study would allow us to evaluate its performance in delivering pharmaceuticals
to the targeted colonic site based on changes in GIT pH and increase its efficacy in treating

Ulcerative Colitis in an in-vivo mouse model.

Here, in Figure 5.4A, we found that simple chitosan nanoparticles released drug (melatonin)
about 74.43 + 4.5% at pH 1.2, 84.53 + 3.4% at pH 6.8 and 88.11+3.35% at pH 7.4 and in
Figure 5.4B which is 47.14 + 2.19 % at pH 1.2, 55.27 + 2.34% at pH 6.8 and at pH 7.4,
96.47 +3.35% cumulative release. As shown in Figure 5.4B with increasing pH there is
increase in quantity of drug release which designates that the developed targeted drug
delivery system is following pH-dependent drug release. Because chitosan is a cationic
polymer, it tends to interact with negatively charged mucus and adhere in the upper GIT due
to its acidic nature, preventing drug delivery to the targeted region in Ulcerative Colitis,
where the true pathological damage occurs [35] To improve Melatonin's anti-inflammatory
activity, which is impaired due to the above qualities of chitosan since it fails to reach the
target site. As a result, we expected that covering chitosan nanoparticles with pH-
sensitive colon targeting material will enhance melatonin therapeutic efficacy and hence aid
to reduce disease severity. Eudragit-S-100coated chitosan nanoparticles would aid in drug
delivery and release. We believe that by developing a colon-targeted nano-drug delivery
system, we will be able to manage UC disease therapy more efficiently. There are also
previously published reports that support our theory that by establishing a colon targeting
system, we can more effectively treat the condition [20, 36]. The pH-sensitive nano-delivery

system released the drug higher amount of drug at higher pH which is in line with earlier
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published report [37] and is more capable in ameliorating UC in mice compared to simple

chitosan nanoparticle.

DDsolver software was used to apply multiple mathematical models to understand release
kinetics from nano-formulation through dissolution. We investigated drug release for Mel-
CSNPs and Mel-EUCSNPs at pH 1.2, 6.8, and 7.4 using the best fitted dissolution models of
the Weibull model, namely Mel-CSNPs (R?=0.9971 pH1.2, R?>= 0.9961 pH6.8, R?>=0.9950
pH7.4) and Mel-EUCSNPs (R?= 0.9887 pH1.2, R?*= 0.9948 pH6.8, R*= This method could
more precisely explain the release kinetics from both formulations than other known
mathematical models, as illustrated in Figure. 5.4 C-5.4 E-5.4 G and 5.4D-5.4G-5.4H. The
shape parameter of the Weibull method is B whose value is used to determine whether the
dissolution profile is exponential (B =1), sigmoidal S-shaped with upward curvature followed
by turning point ( >1), or parabolic with high starting slope (B<1) [38]. Here, in our study
we have measured B value values for analysis of dissolution profile which was f= 0.391Mel-
CSNP and = 0.540 Mel-EUCSNPs at pH 7.4. As a result, the shape parameter derived after
using the Weibull mathematical model suggests a parabolic and steep site specific dissolving

profile of drug from both formulations at different pH levels, as shown in Figure 5.4.
5.1.4 Nitrite estimation

Nitric oxide (NOe) is a signaling molecule that functions as a mediator in a variety of
physiological processes. It is produced by nitric oxide synthase isoforms that mediate the
immunological process. NO« is essential in the advancement of inflammatory signaling that
leads to pathogenic infiltration of the immune system [39]. Nitrite (NO2-) is a later outcome
of NOe that can be utilized to measure the degree of inflammation created by macrophages in
response to bacterial lipopolysaccharide activation, as well as the anti-inflammatory activity
of various pharmacological treatments. In Figure 5.5 Mel-CSNPs and Mel-EUCSNPs
presented marked drop in NO2- production upon treatment with formulation. As shown in
Figure 5.5 Mel-CSNPs showed significantly improved NO2- scavenging compared to Mel-
EUCSNPs. Melatonin facilitates anti-inflammatory activity by NO scavenging which is
supported by earlier published literature [40]. The NO scavenging activity of Mel-CSNPs is
better compared to bare melatonin which is stated in our earlier work [41]. Mel-CSNPs'
enhanced potency could be attributed to the cationic nature of chitosan nanoparticles, which
are readily absorbed by macrophages. Furthermore, when coated with negatively charged

Eudragit-S-100, the cationic nature is compromised, resulting in lower in-vitro efficacy.
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However, Eudragit-S-100's limitation proves advantageous in an in-vivo system, resulting in

delayed pH dependant release.
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Figure 5.5: Nitric Oxide (NO) scavenging activity of Melatonin, Mel-CSNPs and Mel-
EUCSNPs in LPS stimulated RAW 264.7 macrophages.

5.1.5 Bio-distribution study

In order to inspect whether the nanoparticle system is competent to reach the preferred target
colonic site when given orally, we have conducted a bio-distribution study. To conduct this
experiment, we loaded nanoparticles with Indocyanine Green, a near-infrared fluorescent dye
(ICG). ICG is an amphiphilic dye that emits fluorescence in the near-infrared spectral region
(700-900 nm), allowing for deep signal extraction from tissues with minimal interference
from auto-fluorescence [42]. Apart from this, it has several clinical applications in the realm
of diagnostics, such as assessing cardiac output, ocular angiography, and liver clearance [43-
45].
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Figure 5.6: Biodistribution study: (A) In-vivo & (A’) ex-vivo bio-distribution analysis of
Indocyanine green-Chitosan nanoparticle (ICG-CSNPs); (B) & (B’) In-vivo bio-distribution
analysis of Indocyanine green- Eudragit-S-100 coated Chitosan nanoparticle (ICG-EU-
CSNPs)(a=stomach, b=duodenum, c=jejunum, d= ileum, e=colon, f=spleen, g=heart,

h=kidney, i=brain and j=liver).

In Figure 5.6, we found that ICG-loaded chitosan nanoparticles accumulated in the upper
gastrointestinal tract GIT when imaged with a fluorescence whole body animal imager VIS
(Perkin Elmer), whereas ICG-loaded colon targeted nanoparticles reached the desired target
site, as evidenced by a robust radiant efficiency signal in mouse organs when imaged ex-vivo
after sacrificing the mice after 24 hours of administration. After sacrificing mice, all essential
organs were scanned for radiant efficiency signal assessment. The stomach (for CSNPs) and
colon (for ICG-EUCSNPs) showed the strongest expression for radiant efficiency. As a
result, the findings demonstrate that the developed colon-targeted nanoparticle system has

met the criterion for a targeted nanocarrier system to treat Ulcerative colitis in mice.

99



5.1.6 In-vivo therapeutics

The murine model of Ulcerative colitis was established using earlier reported protocol with
Dextran Sulphate Sodium (DSS, 36-50 kDa) for 5 days in drinking water at 5% (w/v, 200 ml
given initially) to evaluate the therapeutic efficacy of Mel-CSNPs and Mel-EUCSNPs [46,
47]. Daily bodyweights were measured for each group to check for gross changes in order to
evaluate the efficacy of nano-formulations for oral delivery in the UC mice model. Weight
loss is the most noticeable symptom in UC patients due to low dietary status [48]. As seen in
Figure5.7A, percentage changes in body weight have been provided to measure disease
severity. It is obvious that the DSS group lost weight significantly more than the control
groups who solely received drinking water. When UC mice were given Melatonin nano-
formulations, they improved significantly from 5 to 7 days. On day 7, the DSS group lost
23.7% of their body weight. On day 7, the DSS + Melatonin loaded chitosan nanoparticles
(Mel-CSNPs) groups lost 19.17% of their body weight. DSS+ Melatonin loaded Eudragit-S-
100 coated chitosan nanoparticles reduced body weight by 6.33%. The enhanced protection
against body weight loss in Mel-EUCSNPs supports our theory that chitosan nanoparticle
coating may effectively strengthen melatonin's therapeutic potential to reduce inflammatory
pathology in UC mice. This is also supported by data from days 5 to 7 when Mel-EUCSNPs
showed a considerable improvement in pathological severity compared to Mel-CSNPs. Our
findings imply that melatonin protects against DSS-induced UC pathology, which is
consistent with previous research [49, 50]. Furthermore, Mel-CSNPs, when administered
intravenously, provide greater protection than melatonin alone [41]. However, because the
intravenous route has several disadvantages such as sterility, isotonicity, and patient
compliance, we designed a targeted oral nano-formulation that can overcome the
aforementioned drawbacks. Furthermore, as shown in Figure5.7A, the colon-targeted nano-
delivery system provides greater protection when compared to simple chitosan nanoparticles
(Mel-CSNPs).

Based on different gross pathological parameters, the Disease Activity Index (DAI) is
calculated to assess the degree of UC pathology in mice. In Figure 5.7B, the group getting
only 5% DSS had a significant increase in DAI of roughly 3.3 on the final day, but the
control group receiving only drinking water had no such value. When we examined Mel-
CSNPs with Mel-EUCSNPs, we discovered substantial differences, with Mel-EUCSNPs
providing stronger protection than Mel-CSNPs, as shown in Figure 5.7B. On the final day,
Mel-CSNPs had a DAI of 2.3, whereas Mel-EUCSNPs had a DAI of 0.8, which is
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considerably superior in protection than the previous day, confirming our theory and can be

applied to clinical therapy of UC.

A B ..
1054 | = Control
1001 x [+ DSS5%

& 3{=—DSS 5%+Mel-CSNPs
= 95 £ |-+ DSS 5%+ Mel-EUCSNP
o) >
S i =
g 90 5 2]

- S
§ ° Control <

) ontrol o 17
@ 801 ., psss% N
> 75] -+ DSS5%+Mel-CSNPs 3 0.

70 —+— DSS5%+Mel-EUCSNPs a *
4 0 1 2 3 4 5 6 7 8 4 0 1 2 3 4 5 6 T 8
Day(s) Day(s)

Figure 5.7: (A) Percentage body weight (daily) (B) Disease Activity Index analysis for

assessing the inflammatory pathology.
5.1.7 Myeloperoxidase (MPQO) Assay

MPO activity can be used to determine the level of invasion of granulocytes such as
neutrophils, which express this enzyme. Enhanced neutrophilic infiltration worsens disease
severity. As a result, the MPO assay can be used to calculate the extent of inflammation and
infiltration. There is a large body of clinical data that HOCL/OCL- and hypochlorite
synthesized by MPO induces lipid peroxidation, which leads to inflammation and associated
pathologies [51, 52]. Melatonin suppresses MPO which can be more useful in mitigating the
inflammatory pathogenesis [53]. In this investigation, we observed that Mel-EUCSNPs
revealed higher efficacy by reducing MPO expression and activity, which is a major marker
of inflammatory response in colonic tissue (Figure 5.8). MPO activity was considerably
reduced in Figure 5.8, indicating that Mel-EUCSNPs (0.59 U/mg) outperformed Mel-CSNPs
(1.16 U/mg). The aforesaid findings support the idea that it has superior anti-inflammatory
efficacy due to colon targeting as a drug available at the site of pathology owing to an
enhanced nano-delivery mechanism. As a result, as compared to Mel-CSNPs, the colon
targeted nanoparticle approach has outstanding MPO reduction activity via reducing

neutrophilic infiltration to reduce UC in mice.
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Figure 5.8: Myeloperoxidase assay in colon tissue homogenates to determine degree of

neutrophilic infiltration.
5.1.8 Western Blot

Nitric Oxide Synthase 2 (NOS2) is involved in the acute inflammatory phase in macrophages,
which is important in disease progression. NOS2 produces NOe, which is mutagenic and can
promote nitrosative and oxidative damage [39]. NOS2 up regulation leads to an increase in
inflammatory pathophysiology. NOS2 is abundantly expressed in M1 macrophages and can
serve as a unique marker for macrophages when activated by bacterial lipopolysaccharide.
Because NOS?2 is activated by lipopolysaccharide, it is also known as inducible nitric oxide
synthase (iNOS) in macrophages. Furthermore, in the case of UC, M1 macrophages infiltrate,
causing an acute inflammatory response and worsening the pathophysiology [54]. Melatonin
is known to suppress NOS2 through suppressing NF-kB activity and nuclear translocation
[55].
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Figure 5.9: (A) Expression of Nitric oxide synthase 2 (NOS2) in colon tissue lysate (B)
Densitometry analysis of Nitric oxide synthase 2 (NOS2) in colon tissue lysate Western Blot

expression of Nitric oxide synthase 2 (NOS2).

DSS-treated colonic tissue homogenate has a high level of NOS2 expression, as seen in
Figure 5.9, whereas groups treated with Mel-CSNPs and Mel-EUCSNPs had a significant
decrease in NOS2 expression. Furthermore, Mel-EUCSNPs outperformed Mel-CSNPs in

terms of protection due to their colon-targeted drug release.
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5.1.9 Histology

Haematoxylin and Eosin (H&E) staining offers a thorough examination of histo-architectural
changes that occur during disease states. Pathological characteristics such as crypt damage,
neutrophil infiltration, epithelial damage, and so on are obviously visible. We examined the
damage that occurs in UC in Figure 5.10A to determine the efficacy of colon-targeted nano-
formulation. The group which received only DSS presented a histological score of 8.5+0.71,
indicating extremely severe tissue damage. Furthermore, this score was lowered in the DSS +
Mel-CSNPs group to 5.16+0.30 and in the DSS + Mel-EUCSNPs group to 2.5+0.34
indicating their efficacy in attenuating tissue damage in the UC condition. Histological
scoring is done to evaluate the degree of inflammatory pathology that has occurred during the
UC condition in mice, like crypt damage, muscle thickening, immune cell infiltration
etc.,[56].
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Figure 5.10: (A) Haematoxylin & Eosin (H&E) stain of colon sections (B) Alcian blue stain
for goblet cells stain (C) Histological score for determining degree of inflammation in H&E
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stained cross section (10um) of colon (D) Goblet cell number per crypt in cross section

(20pum) of colon.

Goblet cells play an important role in the maintenance of gut homeostasis by generating a
defensive mucosal layer on the epithelial surface, establishing the first line of defense in the
gut. However, during UC disease, this barrier is almost reduced owing to epithelial layer
washout, which allows bacteria and other pathogenic agents to come into direct contact with
the epithelial layer. Because the epithelium layer is already injured, this toxic agent induces
disease exacerbation, resulting inincreased disease severity. Goblet cell alterations or
depletion are linked to UC pathophysiology [57]. As depicted in Figure 5.10B, goblet cells
were almost depleted in only the DSS-treated group (1.8 0.48 cells/crypt), but treatment with
colon-targeted nano-formulation reduced severity (11.9 0.64 cells/crypt), indicating the

efficacy of nano-formulation against DSS-induced goblet cell depletion.
5.1.10 Immuno-histochemical analysis

Activation of the pro-inflammatory cytokine interleukin-1p (IL-1p), which play an important
in the onset of pain, inflammation, and autoimmune diseases [58]. Cells such as monocytes,
macrophages, natural killer cells, activated T and B cells release cytokines from the IL-1
family [59]. IL-1p immunohistochemistry expression can be employed to determine the
extent of inflammatory damage exhibited in colonic tissue cross-sections during disease
progression [60]. Melatonin's anti-inflammatory properties have been shown to suppress the
expression of pro-inflammatory cytokines such as IL-1p [61]. Melatonin-loaded nano-
formulation suppressed IL-1B expression, which is consistent with previously published
findings [62, 63]. In Figure 5.11, higher IL-1p fluorescence intensity indicates a greater
severity of inflammatory pathology after the DSS challenge. Mel-EUCSNPs reduce
fluorescence intensity more than Mel-CSNPs, indicating their therapeutic potential as UC

treatment in mice.
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Figure 5.11: Immuno-histochemical expression analysis of Interleukin 1-f (IL-1B) in cross

section (10um) of colon tissue.
5.2 Conclusion

In this investigation, we found that CSNPs coated with colon targeting polymer (Eudragit-S-
100) showed pH-dependent and prolonged drug release, potentially enhancing
melatonin’s efficacy due to prolonged release to the target colon region. If administered
orally, CSNPs fail to reach the intended colonic region, but when coated with Eudragit-S-
100, they reach the target site, as proven by a bio-distribution study. The colon-targeted
nanoparticles also demonstrated a pH-dependent release profile, indicating that drug
is released in the colonic region when pH is 6-8. We evaluated the therapeutic efficacy of
Mel-CSNPs and Mel-EUCSNPs in an in-vivo UC mouse model, and the results show that
colon-targeted nanoparticles outperform Mel-CSNPs. We propose that the preclinical results
of colon- targeted nanoparticle systems indicate the potential for future drug delivery systems

for UC management.
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Note:

*The following published works was included into the current thesis with the authors, corresponding author's,

and publisher's permission. The following works is associated with this chapter:
1) Mohanbhai, S.J., et al., Colon targeted chitosan-melatonin nanotherapy for preclinical Inflammatory

Bowel Disease. Biomaterials Advances, 2022. 136: p. 212796.
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Chapter 6:

Summary and conclusion







Summary and conclusions

In the context of ulcerative colitis, this thesis investigates and explores the anti-inflammatory
effects of melatonin using an epigenetic molecular mechanism. This thesis also presents a
nanotherapeutic strategy for the development of polymeric size and pH-dependent
nanocarrier systems to enhance the therapeutic effectiveness of melatonin. Utilizing in-vitro
and in-vivo systems, the physicochemical characterization of nanoparticles and the

assessment of their anti-inflammatory activity are carried out.

In Chapter 1 of the thesis, the literature on inflammation and the disorders associated with it
is introduced and reviewed. It largely focuses on one of the most common inflammatory
illnesses, ulcerative colitis, including its pathophysiology, epidemiology, current therapeutic
strategy, and understanding of melatonin as a potential novel anti-inflammatory alternative.
The limitations of the present therapeutic agents utilized in the treatment of UC are a major
emphasis of the article. Additionally, it emphasizes how inflammation affects both diseases
brought on by untreated inflammation as well as the physiological systems that are typical for
humans. There has been discussion on the role of epigenetics in UC and the possibility of

inhibitors in UC management..

Chapter 2 of the thesis deals with various materials, methods, and techniques executed in the
experiments. Protocols for synthesis and characterization of nanoparticles, methods for
developing inflammatory models in vitro and in vivo, etc. have been discussed in this chapter

in detail.

Chapter 3 of thesis deals with role melatonin anti-inflammatory effect against in vitro (RAW
264.7 murine macrophage) and in vivo (DSS induced colitis in mice) models. Investigating
the role of melatonin in regulating inflammation via enhancer of zeste homolog 2 (EZH2) in
managing Ulcerative colitis has been explored. Exploring molecular interaction between
EZH2 and NOS2 has been carried out. In this chapter, melatonin anti-inflammatory activity
has been evaluated by estimating nitrite level, gene expression, protein expression, gross
pathological features and histological changes in colonic tissue etc. Melatonin was used at a
concentration up to 0, 1, 10, 100, 250 and 500 pg/ml against LPS-stimulated RAW 264.7
murine macrophages. The expression of protein biomarkers like EZH2, NOS2, and
H3k27me3 has been investigated. It focuses highly on the role of NOS2 in the inflammatory

response in macrophages and colitic mice. Interlink between NOS2-EZH2 and their
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connection in the progression of inflammation leading to Ulcerative Colitis. Physical
interaction between EZH2-NOS2 and the binding of EZH2 on the promoter region of NOS2
has been explored in this chapter. Body weight loss, disease activity index and colon length
have been investigated. Hematoxylin and eosin, alcian blue-nucleus red and toluidine blue
staining have been performed for evaluating histo-architecture alterations. For the purpose of

assessing their expression, immunofluorescence labeling of EZH2 and NOS2 was done.

Chapter 4 of the thesis deals with the formulation of chitosan nanoparticles for the delivery
of melatonin in in-vitro and in-vivo inflammatory model. Chitosan nanoparticles were
prepared by ionic gelation method and loaded with an anti-inflammatory agent to evaluate its
anti-inflammatory efficacy. Characterization of nanoparticles was carried out by dynamic
light scattering measurement for estimating the mean hydrodynamic size of nanoparticles,
zeta potential to confirm a charge on the surface of nanoparticles, and transmission electron
microscopy for confirming their spherical morphology. In-vitro cumulative release, cell
viability, nitrite level, and cellular uptake for nanoparticles have been discussed in this
chapter. Nuclear translocation of NF-kB has been also performed to check its migration from
cytosol to nucleus. Moreover, a bio-distribution study of chitosan nanoparticles has been
discussed. Gross pathological changes like disease activity index, weight loss, colon length,
gene expression, myeloperoxidase assay, and histological studies have been discussed for the
same. An immunofluorescence study for evaluating the expression of NOS2 and nitro-

tyrosine in the colon has been explored in this chapter.

Chapter 5 of the thesis deals with the formulation of the colon targeted chitosan
nanoparticles for a specific colon delivery of melatonin in the colitic mice. Chitosan
nanoparticles were prepared using ionic gelation method as mentioned earlier and were
coated with enteric coating polymer like Eudragit-S-100. Characterization of nanoparticles
was carried out by dynamic light scattering measurement for estimating the mean
hydrodynamic size of nanoparticles, and transmission electron microscopy for confirming
their spherical morphology and enteric coating on the surface of chitosan nanoparticles and
FTIR to confirm any changes in its chemical nature. In vitro drug release studies at various
physiological pH and their best-fitted models have been discussed. Bio-distribution study to
confirm the specific colon targeting has been discussed. Gross pathological changes like
disease activity index, weight loss, colon length, myeloperoxidase assay and histological
studies have been discussed for the same. An immunofluorescence study for evaluating the
expression of IL-1p and immune blot for NOS2 in colon has been explored in this chapter.
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In light of this, we can say that the thesis contributes to our understanding of how epigenetic
regulation in inflammatory macrophages contributes to melatonin's anti-inflammatory effect.
By overcoming the limitations of premature drug release and nonspecific drug targeting,
colon-targeted nanodelivery systems might lessen the severity of ulcerative colitis more
efficiently than bare drugs alone. If expanded to human research, this colon-targeted

nanodelivery method indicates positive insight to be extremely successful.
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