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Diabetes is a metabolic disorder, which when aggrava’ted y & f
to premature death, Medicinal plants have played a key role in the
of diabetes. Here, plants previously reported to have anti-diabetic
using gene expression profiling technique. Chromolaena odorata displayed
a good glucagon-like peptide | (GLP-1) agonist. Molecular docking  studies
enhancing mechanism of C. odorata to its flavonoid-enriched fraatlon, acting via Takeda
protein receptor 5 (TGRS) activation and GLP-1 release. Streptozotocin (ST
diabetes and its associated complications, were challenged by Chromalaena
flavonoids (CoF) to validate molecular docking studies.

Twenty-one Wistar rats were divided into control (n=7), STZ (n=7) (40 mg/kg body wisl;t>
(b.w.)) and STZ+CoF (n=7) (CoF=30 mg/kg b.w.) groups. Blood glucose levels of the animals
were monitored once weekly for fourty-two days. At the end of the experiment, blood urea
nitrogen (BUN) and serum creatinine (SC) levels were quantified using standard methods.
Kidney and liver functions were assayed using standard kits, Gene expression levels were also
evaluated using reverse-transcription and polymerase chain reaction protocols. Histological
assessment was performed using haematoxylin and eosin staining protocols, No observed
adverse effect level (NOAEL) experiments were also carried out.

The results showed that CoF up-regulated the expression of insulin and pancreatic duodenal
homeobox-1 genes in the pancreas, and GLP-1 in the intestine. In the kidney, BUN/SC levels
were restored to pre-STZ treatment states following CoF treatment. Inflammatory and kidney
injury molecule -1 genes were equally significantly down-regulated (p<0.05) in STZ-CoF
treated group in comparison with STZ-only group. In the aorta, the significant increase of
inflammatory genes as a result of STZ treatment, were down-regulated by CoF intervention.
CoF also significantly increased antioxidant genes that were down-regulated in the STZ-only
group, Histo-structural allerations associated with STZ treatment were completely reversed in
STZ-CoF group in the pancreas, kidney and aorta. NOAEL experiments revealed that CoF is
relatively safe up to doses of 100 mg/kg b.w. Molecular dynamics simulation confirmed TGRS
as the putative targel, where it evolved active state conformation from a starting intermediate
state conformation when bound to CoF. Further studies revealed that the performance of CoF
was highly comparable with metformin (an anti-diabetic drug).

The outcome of this study showed that CoF reversed hyperglycemia and its associated
comorbidities, as well as modulated the expression of GLP-1 and its release via TGRS. This
finding may underscore its anti-diabetic potency.

Keywords: Chromolaena odorata, flavonoid, TGRS, GLP-1, molecular docking, gene
expression




Diabetes is a metabolic disorder characterized by

amounts of glucose in the blood stream leads to life-threa

complications, responsible for high risk of morbidity and mortalit

(Baena-Diez et al., 2016). R

Type 1 diabetes (T1D) and Type-2 diabetes (T2D) are the most common forms of diabetes.

Pathophysiologically, lack of insulin secretion due to autoimmune-mediated dysfunctior :

pancreatic f-cell loss (Atkinson, 2012) and dysfunctional metabolism-induced insulin
resistance (Scheen, 2003) explain T1D and T2D, respectively. TID is managed with
insulinotropic drugs (Atkinson, 2012) while T2D relies chiefly on the improved metabolic
status of the patient (Scheen, 2003, Scheen and Paquot, 2015). Nephropathy, retinopathy,
cardiomyopathy and peripheral neuropathy are all recognized as major complications
associated with 50% of diabetic patients, mostly due to poor glycemic control or to improper

management of the pathology (Ghaed er al., 2012; Baharvand-Ahmadi ef al., 2016).

The prevalence of diabetes in adults, according to International Diabetes Fedérati‘(_m,_ was

estimated to be 8.4% in 2017 with a projected rise to 9.9% in 2045 (Cho et af., 2018); this
means that one in every ten (10) adults will be diagnosed with diabetes by 2030 (Whit
et al., 2011). These predictions, indicate a growing burden of diabetes, particular]

developing countries.

Africa and Asia are said to experience diabetes at an estimated two- to
than in other regions (Eidi et af., 2007). The global prevals
related deaths occurs in low- and medium-income countri

where access to quality health care is rare and the costo




1=

The use of plants and plant products for medicmalpumam

in traditional communities which is regaining global relevance. :

metabolites found in medicinal plants are said to be the key drivers oft

actions (Hussein and El-Anssary, 2019). It has been estimated that 80%

population use herbal regimen for treatment and control of diseases (Mahomb.n‘dfﬂllaéﬁﬁ@i-

this is due to the belief that these products are of natural origin, and so may be quite safe

and potent. Most plants and plant products are probably safe when normal doses are

taken/administered; however, some of them are known to be toxic at high doses, while many

others can cause undesirable adverse side effects (Frantisek, 1991). Plant-derived

compounds, mainly their secondary metabolites, have been used for the treatment of

diabetes, as they have a wide range of anti-diabetic effects (Oh, 2015, Ebrahimi et al., 2017).

Indigenous solutions to diabetes may depend on tapping the vast heterogeneous

phytochemical deposit in plants, microbes and natural bio-resources. An increasing number

of reports now establish that some secondary metabolites of plant origin possess
insulinotropic activities and may represent a new therapeutic strategy for managing diabetes
(Lokman er al., 2013, Shen et al., 2012, Oh, 2015, Ebrahimi et al., 2017). R%Enﬂyfﬂ;ﬁ
World Health Organization recommended the use of medicinal plants for the manage
of diabetes and further encouraged the expansion of the frontiers of scientific evalu

the hypoglycaemic properties of diverse plant species, Consequently,

constituents of natural resources, such as




studies. The most biologically active

include alkaloids, flavonoids, terpenes and phenolic

Flavonoids, a phenomenal group of plant secondary metabolites have ¢
diverse key functions in plant growth and development, many of which

survival. At the molecular level, they interact with multiple biological targets

different physiological activities (Andersen and Markham, 2003). They possess

anti-diabetic, antioxidant properties, More than 5000 naturally oceurring flavonoids hﬂh’
been reported in various plents; these flavonoids show many beneficial effects with
advantages over some conventional drugs (Hossain ef al., 2016). Several studies have
shown the potential health benefits of natural flavonoids against obesity and diabetes (Zeka
et al., 2017, Hossain e/ al., 2016), They may also influence the synthesis and release of

insulin from B-cells (ElLatif er al., 2014).

Chromoleana odorata is one plant that recently gained research attention as a result of its

ability to reverse hyperglycemia (Onkaramurthy et al., 2013; Adedapo et al., 2016a). It is

said to have a wide spectrum of activities (Vijayaraghavan et al., 2017). Reports of the use

of C. adorata as an effective therapy against diarrhea, malarial, toothache, diabetes, skin
diseases, dysentery, and colitis are also available (Odugbemi, and Akinsulire, 200

Akinmoladun et al., 2007).

, Takeda-G-protein-receptor-5 (TGRS), a member of G protein coupled rece I
family plays an important role in energy met_abolilé;-n. It responds |
et gl., 2002) stimulating glucagon-like peptide-1 (GLI
the proximal ligated ileum or its cell lines (Brighton et i.;,«
the pancreatic beta-cells via an adenylyl cyele:

(Maczewsky et al, 2019). The central toles




obesity, atherosclerosis, and fatty liver disease (Pell

previously characterized include: pentacyclic triterpenoid
6u-ethyl-23(S)-methyl-cholic acid (6-EMCA, INT-777) (Gu

and 3-aryl-4-isoxazolecarboxamides (Duboc ef al., 2014). Based on

which strongly suggests that CoF-induced GLP-1 gene expression and f&i@m
experimental rats (Omotuyi ef af., 2018) may also proceed via TGRS activation b

any evidence for biophysical interaction, this research has the following objectives:
Isolate the total flavonoid content of C. edorata (CoF).

Monitor GLP-1 expression of the intestinal crypt, in response to flavoneid

treatment.

Monitor Insulin/PDX-1 expressions in the pancreas of diabetic Wistar rats treated

with flavonoids isolated from C. odorata.

Assess the gene expression levels of inflammatory and antioxidant ;_g‘ei;aﬁ
associated with diabetes in the aorta and kidney as well as investigate the =

insulinotropic mechanisms of C. odorata in STZ-treated Wistar rats. -

Evaluate the histopathological changes in the Pancreas, Kidney, and a

associated with flavonoid treatment in diabetic Wistar rats.

techniques.




* Investigate TGRS interaction and activa

molecular dynamics simulation techniques.




20 LITERATURE REVIEW
21 OVERVIEW OF INSULIN SIGNALING.
2,1.1 INSULIN SECRETION

Glucose enters PBCs via the glucose transporter type 2 (GLUT-2), and once inside

gets phosphorylated by glucokinase, the first step of glycolysis. Furthermore, glyco

oxidative metabolism of glucose eventually leads to an increase in the cytosolic ATP/ADP

ratio, and binding to ATP-dependent-K "-channels, determines the closure of these channels,
which in turn causes cells depolarization. This event provokes the activation of voltage-
sensitive calcium channels, triggering a calcium influx, followed by insulin secretion
. (Kernedy er al., 1999). Insulin facilitates the uptake of glucose, fatty acids and amino acids
into the liver, adipose tissue and muscles, promoting the storage of these nutrients in the
form of glycogen, lipids and protein, respectively. Failure to take up and store nutrients
results in diabetes and its complications.
Insulin secretion is a complex mechanism with multiple points of regulation (Rorsman et
al., 2000). After insulin enters the bloodstream, it binds to a membrane-spanning ;
glycoprotein receptor. The glycoprotein is embedded in the cellular membrane and h
extracellular receptor domain, made of two cc—slubunits, and an intracellul

domain, made up of two B-subunits. The ¢-subunits acts as insulin recept

molecule acts as a ligand, together forming a receptor-ligand e«

to the o-subunit results in conformational changes in the mem!




 aotivity (Saini, 2010),

: Tyrosine kinase, once activated on the insulin rec
proteins, also called Insulin receptor substrates (IRS 1
pathway of Phosphatidylinositol-3-Kinase (PI3K).
metabolic functions such as synthesis of lipids, proteins and glycogen. Mo
the PI3K pathway is responsible for the distribution of glucose for important cell

The activation of PI3K pathway leads to the activation of protein kinase B (P

induces the impact of insulin on the liver. Hence, PKB possesses a crucial role in th ge

of glucose transporter (GLUT4) to the insulin signaling pathway (Fig 2.1) to the cell

membrane and promotes the transportation of glucose into the intracellular medium (Saini,

2010).

The loss of glucose-stimulated insulin secretion is accompanied by marked alterations in

beta cell phenotype and changes in gene and protc.in expressions (Laybutt et al., 2002). As

beta-cell function deteriorates over time, this creates a vicious cycle by which metabolic
abnormalities impair insulin secretion, which further aggravates metabolic perturbations
(Cnop et al., 2007, Poitout ez al., 2010). As expected, the diabetic environment is enriched
with high levels of glucose, advanced glycation end-products (AGEs), proinflammatory
cytokines, free fatty acids, and other lipid intermediates (Robertson ez al., 2007; Roberts
: 2009). These factors are toxic for beta-cells and might activate several stress
pathways, including oxidative and endoplasmic reticulum (ER) stres:

dysfunction, apoptosis, and necrosis (Eizirik et af., 2008).







carbohydrate, fat, and protein metabolisms, leading to severe c
2003). Persistent hyperglycemia is associated with significant morbic

to microvascular (retinopathy, neuropathy, and nephropathy) and macrov

(atherosclerosis) complications (Fowler, 2008).
Diabetes is considered one of the major problems and greatest challenges facing theheaiU; %
care system (Williams, 2009). The prevalence of diabetes in adults, according fo
International Diabetes Federation, was estimated to be 8.4% in 2017 with a projected rise
to 9.9% in 2045 (Cho et al., 2018) where majority (80%) live in low- and middle- income
countries (Mendenhall et al., 2014). This implies that an estimated 425 million people
currently have diabetes worldwide; 5.5 million of this total population are Africans. These
predictions, based on a larger number of studies than previous estimates, indicate a growing

burden of diabetes, particularly in developing courtries (Shaw et al., 2010).

Nephropathy, retinopathy, cardiomyopathy and peripheral neuropathy are all recognized as
major complications associated with 50% of diabetes mellitus (DM) patients, mostly due
a poor glycemic control or to an improper management of the pathology (Ghaed et al.
Baharvand-Ahmadi ef al., 2016). The exponential increase in the prevalenc

mellitus has been linked to obesity and increasing sedentary behavion

modernization, genetics and family history as well as nut

consumption of high energy, fat and cholesterol rich:‘di.e_,_ts.,

al., 2012).




There are two major types of diabetes, these inclt

They are both associated with loss of pancreatic beta

al., 2005; Eizirik et al., 2009). Thus, halting the loss of in

tactic for contending with both types of the disease.

2.3.1 TYPE 1 DIABETES
Type 1 Diabetes (T1D), also called insulin dependent diabetes mellitus (IDDM), i

by lack of insulin secretion by pancreatic beta cells. It is an autoimmune ¢

(Wilkinson et a/., 201 1) characterized by the expansion of pathogenic T effector cells which

cause the irreparable destruction of insulin producing P cells and thus limits insulin

production and glucose homeostasis. Several features characterize T1D mellitus as an

autoimmune disease. These include presence of immuno-competent and accessory cells in

infiltrated pancreatic islets; association of susceptibility to disease with the class IT (immune

response) genes of the major histocompatibility complex (MHC; human leucocyte antigens.

HLA); presence of islet cell specific autoantibodies alterations of T cell mediated
immunoregulation, in particular in CD4+ T cell compartment; the involvement of
monokines and T-helper 1 (THI1) cells producing interleukins in the disease process;

response to immunotherapy and; frequent occurrence of other organ specific auto-immune

due to genetic predisposition or a result of faulty beta cells in the pancreas tha

produce insulin. A number of medical risks are associated with T1D many

B

from damage to the tiny blood vessels in the eyes (diabetic re

neuropathy) and kidneys (diabetic nephropathy), heart dis

iy

T1D involves taking insulin.




factors. In a susceptible individual, the immune s

‘autoimmune response against altered pancreatic beta cell.

that resemble a virel protein. Approxmately 85%:&% T1D patients hav
antibodies, and the majority of patients also have detectable anti-in

islet cell antibodies are directed against glutamic acid decarboxylase (G:

pancreatic beta cells (Van belle et al., 2011).

Several scenarios for development of T1D have been put forth. In one model,

environmen'ta] trigger induces islet autoimmunity and beta-cell death in genetically
susceptible individuals, leading to a sequence of prediabetic stages and eventually clinical
onset of T1D (Eisenbarth, 2007). Other scenarios have been proposed to account for wide
variations in the time between initiation of autoimmunity and clinical onset of T1D. For
example, interactions between genetic factors and environmental challenges such as viral
infections might contribute to fluctuations in beta-cell mass observed before onset of T1D
(Chatenoud and Bluestone, 2007). Alternatively, TI1D could be a relapsing-remitting
disease, dependent on cyclical disruption and restoration of the balance between effector

and regulatory T cells (Goemez-Tourino et al., 2016).

2.3.2 TYPE 2 DIABETES

Type 2 diabetes (T2D), also called non-insulin dependent diabetes mellitus (NIDL

2014), environment, behaviour (calorie intake and phy.
risk factors. Unlike patients with T1D, Individuals
circulating insulin, Development of T2D is charas




d impaired insulin

which insulin target tissues communicate with the

resistance and hyperinsulinemia eventually lead to iny
resistance or lack of sensitivity to insulin, happens primarily
Reduced sensitivity is caused by obesity (especially excess visceral

4
glucorticoids (cushing’s syndrome or steroid therapy), excess grow
{acromegaly), pregnancy (gestational diabetes), polycystic ovary disease, lipod;
(acquired or genetic, associated with lipid accumulation in liver), auto antibodies
insulin receptor, mutations of insulin receptor, mutations of the peroxisome prnlifﬁ'm*;
activator receptor y (PPAR v), mutations that cause genetic obesity (€.g., mlelaﬁa'écr&ii
receptor mutations), hemochromatosis (a hereditary disease that causes tissue iron
accumulation) (Guyton and Hall, 2006), Obesity, sedentary lifestyle, stress, as well as aging
are known risk factors for T2D (Kaku, 2010).
Older adults are at high risk for the development of T2D due to the combined effects of
genetic, lifestyle, and aging factors. These factors contribute to hyperglycemia through
effects on both P-cell insulin secretory capacity and on tissue sensitivity to insulin, The
occurrence of T2D in an older person is complicated by the comorbidities and functional
impairments associated with aging (Lee and Halter, 2017).
Hyperglycemia develops in type 2 diabetics when there is an imbalance of g
production (i.e., hepatic glucose production during fasting) and glucose intake (i.e.,
ingestion) as opposed to insulin-stimulated glucose uptake in target tissues, m
muscle (Bajaj and DeFronzo, 2003).
Adipocytes are implicated in the link between obesity an
Macrophage infiltration is especially notaﬁle in the ad
(Weisberg et al., 2003; Xu ef af,, 2003). The adi

attractant protein-1 (MCP-1), a [-chemokine,




 Levels of MCP-1, released by adipocytes, was found to be

to non-obese mice, and the levels are distinctly increased w

with macroﬁhages (Fain et af., 2004; Bruun et al., 2005; Yu et al., 2006).

macrophage infiltration into adipose tissue and the subsequent feleaser

mediator tumor necrosis factor-alpha (TNF-0)) (Yu ef al., 2006), which has

signaling and stimulates fatty acid lipolysis in adipocytes. TNF-o and other
inflammatory cytokines including interleukin-6 (IL-6), interleukin-1 B ('IL—.fB), and
reactive protein are involved in low-grade chronic inflammation and insulin resistance (Fa‘m
et al., 2004; Maury et al., 2007). The inflammatory cytokines inhibit triglyceride synthesis
by downregulating peroxisome proliferator-associated receptor y and its target gene, plasma
lipoprotein lipase, as well as the glucose transporter, glucose transport type 4 (Fain ef al.,
2004; Maury et al., 2007). TNF-g, on the other hand, simultancously downregulates the
lipid droplet-associated protein perilipin, and enhances the cAMP pool, which increase free
fatty acid (FFA) release (Guilherme ef al., 2008), Increased FFA reduces the expression of
IRS-1, impairs the activation of PI3K-AKT (Khorami et al., 2015) signaling in the liver and
skeletal muscles, and increases the expression of ¢c-Jun N-terminal kinase (JNK) siglmlil_lg_
in the pancreas (Cheon ef a/., 2010). Ultimately, the reduced expression of PIBK AKT
causes insulin resistance in the liver and skeletal muscles, and the increased cxpressm 1
INK aggravates apoptosis in the pancreas. Insulin resistance causes an increase in
production and a decrease in glucose uptake, leading to hyper-insulinameia

apoptosis of pancreatic beta cells results in a decrease of insulin sec

W

insulin resistance and beta cell apoptosis lead to diabetes (Guil
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‘Oxidative stress oceurs when the production of free

capability of internal cellular antioxidant swtﬁm

(Halliwell, 2011), Involvement of oxidative stress in the path

suggested not only by the generation of free radicals, especially reactive
(ROS) but also because of on-enzymatic protein glycosylation, auto-oxidation o

impaired glutathione metabolism, modification in antioxidant enzymes and lipid per

NT

formation (Moghaddam ez al, 2015). On the other hand, oxidative stress induces
overproduction of ROS, which activates several inflammatory signaling cascades that will
contribute to inflammation (Samarghandian et al,, 2015).

Elevated levels of reactive oxygen species (ROS) in diabetes may be due to decrease in

destruction and/or increase in the preduction by catalase (CAT-enzymatic/non-enzymatic),

superoxide dismutase (SOD) and glutathione peroxidase (GPx-1). The variation in the levels

of these enzymes makes the tissues susceptible to oxidative stress leading to the

development of diabetic complications (Lipinski, 2001}, Owing to their ability to directly

oxidize and damage DNA, proteins, and lipids, fre.e radicals are believed to play a key role

in the onset and progression of diabetic complications (Résen ef al, 2001). Where

appropriate condensation by antioxidant defense I;etworks are absent, increased oxidative
stress leads to activation of stress-sensitive intracellular signaling pathways and formal :

of gene products that harm cells and contribute to diabetic complications.

In diabetes, ROS is thought to be generated through increased polyol p

stress can also accelerate AGE formation while Al

praduction of more ROS resulting in a vicious eycle




(Ayepola et al,, 2014). AGEs mediate some o

receptors that bind to these chemical moieties. Asmmg

Advanced Glycation End products (RAGE) is the most e:

al., 2005), Evidence from several studies suggest that AGEs are i

inflammation, generation of ROS and increased production of AGEs.
interaction results in activation of pathways such as p21ras, erk1/2 (p44/p42), MAP
p38 and SAPK/INK MAP kinases (Yan et of,,1 994;.Lander etal,, 1997; Goldin er al., 2006).
A consequence of the activation of these pathways is the translocation of Nuclegn_ﬁagtg[-r
Kappa B (NF-KB) to the nucleus, which in turn activates and increases the transeription of
other proteins such as, vascular endothelial growth factor (VEGF), monocyte
chemoattractant protein-1 (MCP-1), vascular cell adhesion molecule-1 (VCAM-1) and
intracellular adhesion molecule-1 (ICAM-1) and pro-inflammatory cytokines such as
interleukin (TL)-1p, [L-6, 1L-18 and tumour necrosis factor (TNF)-a (Schickofer et al.,

2003).

Both type I and type II diabetes are powerful and independent risk factors for coronary
artery disease, stroke, and peripheral arterial disease (Schwartz et al,, 1992, American
Diabetes Association, 1993, Orchard et ¢/, 2006), Diabetics are said to have a 2- to 4-fold
higher risk for cardiovascular events (Ding and Triggle, 2005) and nearly 80% of diabetes-
associated deaths are caused by cardiovascular disease (CVD) (Winer and Sowers, 2
Atherosclerosis, (excessive accumulation of lipids, cholesterol, inflammatory cells,
connective tissue in the vessel wall) accounts for more than §0% of the o

death and disability (Epstein, and Ross, 1999, Libby et al

atherosclerotic plaques can result in occlusion of the vesse!

blood flow to the target tissue (Funk et a/., 2012). Hyp

and insulin Tesistance induces a large number of al




increased oxidative stress, decreased bioavailability of N
signal transduction and increased production of several prothi

2012; Creager et al., 2003).

Ithas been suggested that both conduit and resistance arteries such as aorta

5

in diabetes and impairment of endothelial function underlies both micro and mﬁmﬁaﬁﬁﬁm
complications of diabetes (Sena et al., 2013; Fowler, 2008). Changes in vascular
responsiveness to vasoconstrictors and vasodilators are mainly respensible for dbvélgpmt@f
of some vascular complications of diabetics (Nasri et al., 2011), most of which are due to
increased serum glucose and augmented generation of reactive oxygen species that lead to
endothelial dysfunction (Naito ef al., 2011). An interplay between high ROS generation and
increased formation of advanced-glycation end products (AGEs) exists (Baynes and
Thorpe, 1999), however, the underlying mechanisms between diabetes and atherosclerosis
still remain unclear. Hence, it was suggested AGEs interact with receptor for advanced
glycation end products (RAGE) and the oxidative stress results in the increased production
of free-radicals (ROS). Oxidative stress can accelerate AGE formation while AGE
formation in turn, can also amplify the production of more ROS resulting in a vicious cycle
of AGE formation and oxidative stress (Ayepola ef al., 2014). AGEs can promote the
atherosclerotic process by enhancing the oxidation of low-density lipoprotein (LDL)
trapping LDL in the subendothelium and decreasing the recognition of AGE-modified |

by LDL receptor; the process mediated by RAGE (Bucala et al., 1994). AGE's are

involved in a vicious cycle of inflammation, generation of ROS and iner:

TFactor Kappa B (NF-KB), Translocation of NF-KB to

of proteins such as, MCP-1, and pro-inflammator;




neutraphil and subsequent development or progression

al., 2006, Schiekofer et al., 2003).

2.5 MANAGEMENT OF DIABETES MELLITUS

The main goal of diabetes management is to maintain the blood glucose I

et gl., 2000). Till date, there is no known cure for the disease; however,_-he&hn&n&m&@ﬁﬁ!
including lifestyle modifications, treatment of obesity, oral hypoglycemic agents and nfsullm
sensitizers have been used to manage the disease (Olokoba et al., 2012), Other g:ca}s of
diabetes management are to prevent or treat the many complications that can result from the

disease itself and from its treatment.

2.6 PHARMACOLOGICAL INTERVENTIONS

People with T1D are solely dependent on insulin injections given alone, or in combination
with oral hypoglycemic agents. The general consensus on treatment of T2D is that lifestyle
management is at the forefront of therapy options. In addition to exercise, weight control,
and medical nutrition therapy, oral glucose-lowering drugs and injections of insulin are the
conventional therapies. Since the most important pathological process during the
development of diabetes involves three key organs, i.e., pancreatic islets, liver, andskglstal
muscle (Lin and Sun, 2010), almost all anti-diabetic therapies are aimed at these o :
Pharmacological treatment is indicated when fasting glucose level exceeds 14/

post prandial glucose level exceeds 160 mg/dL.
Current drugs used in diabetes management can be categori:

% Drugs used to increase endogenous insulin

insulin analogues, sulfonylureas, incretins).

18




which are agonists of the peroxisome proliferator-

-

(PPARY) and the biguanide metformin, Insulin sensil

in T2D insulin resistance.

» Drugs that reduce the digestion of polysaccharides and their bioavails
comprise the o~ glucosidase inhibitors such as acarbose (Chehade and Mo

2000; Sheehan, 2003).

2.6 INSULIN THERAPIES

Insulin, a peptide hormone secreted by the pancreatic beta cells, is essential for glucose
homeostasis. Patients who suffer from T1D are solely dependent on exogenous. insulin
therapies to maintain their blood glucose levels. The discovery of insulin as a therapeutic
agent in 1922 marked a major breakthrough in medicine and therapy in patients with
diabetes (Quianzon and Cheikh, 2012) where the goal is to achieve glycemic status as near
to normal as possible. Insulin therapy helps regulate glucose metabolism and is the most
effective method of reducing hyperglycemia.

Insulin is usually administered to diabetic patients through subcutaneous injection. This
maode of therapy has certain inherent disadvantages such as local pain, itching and insulin
lipodystrophy around the injection site. Hence, pharmaceutical scientists have been trying
to design an oral delivery system for insulin. Many challenges are associated Wiﬂ'l.:tha .
delivery of insulin, relating to the physical and chemical stability of the h

2.62 SULFONYLUREAS ;

Sulfonylureas were the first widely used oral hyptl}glytié

widely used drugs for the treatment of T2D, They are

insulin release by direct action on the KATP channel




In recent fimes, incretin-based therapies have shown promise ,

treatment strategies for diabetes (Brubaker, 2007; Lovshin and

demonstrated that the G-protein coupled receptor, TGRS (also known

or GPBARI) signaling improves glucose homeostasis by inducing incretin secr

as GLP-1 (Katsuma et a/., 2005; Thomas ef al., 2009), Activation of transmembrane

acid receptor TGRS stimulates insulin secretion in pancreatic cells (Kumar et af., 2012), via

GLP-1 activation. GLP-1 is a gut peptide hormone derived from the precursor, proglucagen,
which is synthesized in the enteroendocrine L-cells of the intestinal epithelium (Baggio and
Drucker, 2007; Nauck, 2009}, GLP-1 has been shown to be a potent anti-hyperglycemic
hormone, inducing glucose-dependent stimulation of insulin secretion while suppressing
glucagon secretion (Holst, 2007). In addition to its insulinotropic effects, it inhibits gastric
emptying, decreases food intake (Tang-Christensen ef a/., 1998), inhibits glucagon secretion
(Chelikani et a/.,2005), and slows the rate of endogenous glucose production (Prigeon ef
al., 2003), all of which help to lower blood glucose in T2DM. GLP-1 has been shown to
protect f-cells from apoptosis (Thomas er al., 2008) as well as stimulate B-cell proliferation
by up-regulation of the B-cell transcription factor pancreatic duodenal homeobox-1 protein
(PDX-1) (Perfetti et al., 2000), known to augment insulin gene transcription and up-regulate
glucokinase and glucose transporter 2 (GLUT2) (Wang et al., 2011). Continuous GLP-1
treatment in T2D is beligved to normalize blood glucose, improve B-cell function, ﬂud
restore first-phase insulin secretion and “glucose competence™ to B cells (Zmd’étf Lol
2002); hence, It is anticipated that therapies directly ta.rgeting_i-:itéstinall:«é"s}lij

GLP-1 secretion will have certain advantages (Zheng et al,, 2015).

Pancreas duodenum homeobox-1 (PDX-1) is a transori

and differentiation of the pancreas, as well as the hon



on the pancreas, triggers intracellular ATP aceumula

through the improved expression of PDX-1 gene (Zheng et al,, 201

this factor to the insulin promoter, restores glucose homeostasis (Perfetti et al.,

2.6.4 BIGUANIDES

These reduce hepatic glucose output and increase uptake of glucose by the periphery,
including skeletal muscle. Metformin, an example of this class of drug, is approved by the

U.S. Food and Drug Administration as a prescription medication to treat diabetes. This.

medication is used to decrease hepatic (liver) glucose production, to decrease

: gastrointestinal glucose absorption and to increase target cell insulin sensitivity. Metformin

is mainly used in the treatment of T2D, especially in overweight people. In addition to

suppressing hepatic glucose production, metformin increases insulin sensitivity, enhances
peripheral glucose uptake (by phosphorylating GLUT-4 enhancer factor), increases fatty
acid oxidation and decreases absorption of glucose from the gastrointestinal tract. Increased
peripheral utilization of glucose may be due to improved insulin binding to insulin receptors:
(Collier et al., 2006).

Metformin, a biguanide derivate, is mainly used as the first-line oral drug to treat p




Lz ﬂﬁ&m’ﬂmﬁﬁﬁﬂﬁﬂ "ibibg_lzi‘tazﬁue,f mmghtw, ;

glitazones, are a class of drugs used in the treatment of T2

group of nuclear receptors peroxisome proliferator-activated receptors
greaest specificity for PPARy (Spiegelman, 1998). After activation, these rece
DNA in complex with the retinoid X receptor, thus regulating transcription
specific genes. The major clinical effect of thiazolidinediones is to improve.

sensitivity of muscle and fat cells to exogenous and endogenous insulin, thereby increasing

glucose uptake and reducing hepatic glucose output (Bell, 2003),

2.6.6 ALPHA-GLUCOSIDASE INHIBITORS

These agents slow down the digestion of starch in the small intestines, so that glucose from
starchy meal enters the blood stream more slowly, and can be matched more effectively by
an impaired insulin response or insensitivity, Miglitol and acarbose are examples of alpha-
glucosidase inhibitors and they are very effective in the treatment of T2D (Haffner ef al.,

2007).

2.7 MEDICINAL PLANTS

The search for natural products to cure diseases has received considerable attentions i
which medicinal plants have been the most important source (Okwu, 2001). They are
believed to be an essential source of new chemical substances with potential ther
effects (Kuhn and Winston, 2000), and due to the crucial role that plant-derived comy

have played in drug discovery and development for the treatm

isolation of ﬁew bioactive compounds from medicinal plants based or

appears to be a very promising approach (Newman, 2008),

It has been estimated that about 80-85 % of people, bot

countries rely on traditional medicine for their primar;




of the world papulation stil rely on medicinal plants f
2008), ey

2.9  Chromolaena odorata (L.)

Chromolaena odorata (L) is a tropical species of flowering shrub behmgffzg«i;g
sunflower family, Asteraceae (Chakraborty ef al,, 2011), Tt is a fast-growing perennial :
invasive weed native to America, but has also been dispersed to tropical regions of Asia,
Africa and other parts of the world. It is an aggressive competitor that occupies: different
types of lands where it forms dense strands that prevent the establishment of other flora
(Akinmoladun et al, 2007). The plant is hairy a‘nd glandular and the leaves give off a
pungent scent when crushed. The leaves are opposite; triangular to elliptical
with serrated edges. Leaves are 4-10 cm long by 1-5 cm wide (up to 4 x 2 inches), They
possess one-seeded fruits called achenes and are somewhat hairy. They are mostly spread
by the wind, but can also cling to fur, clothes and machinery, enabling long distance
dispersal. Seed production is about 80,000 to 90,000 per plant. Sceds need light to
germinate. The plant can regenerate from the roots. In favorable conditions the plant can
grow more than 3 cm per day (Lalith, 2009). It was earlier taxonomically classified under
the genus Eupatorium, but is now considered more closely related o other genera.

C odorata also goes by the common names Siam weed, Christmas bush, devil we
camphor grass, and common floss flower (Lalith, 2009). In Nigeria, C. odorata is comm
called “Ewe Akintola™ in Yoruba, “riffi weed” in Hausa and "Obx'mczhu"’-,ti_nig‘hﬁ =

C. odorata can reproduce apomictically (Rambud.a and Johnson,

producer of light, wind dispersed seeds. A single shrub cart prod

in one season. At the start of the wet season, established.

the crown or from higher, undamaged auxiliary buds,




stands and suppress the growth of other plants, This is due

allelopathic effects,




Figure 2.3: Clhromolaci odorate (1) leaves collected from Akungba-Akoko

(7°28"38.647"N: 345" LYB"E)




ingdom: Plantae.
Subkingdom: Tracheobionta
Superdivision: Spermatophyta
Division: Magnoliophyta
Class: Magnoliopsida
Subelass: Asteridae
Order: Asterales
Family: Asteraceae
Genus: Chromolaena

Species: Chromolaena odorata

2.9.1 PHYTOCHEMICAL CONSTITUENTS OF Chromolaena

LEAVES

odorata  (L.)

Analyses of C. odorata have identified chemical constituents such as mono-terpenes,

sesquiterpenes hydrocarbons, triterpenes/steroids, saponins, alkaloids and flavonoids

(Akinmoladun et al., 2007, Zhang et al., 2012, Heiss et al., 2014). The leaves, containing

the highest concentration of allelochemicals isolated from a plant, are reported to be a rich

source of flavonoids including quercetin, sinensetin, sakuranetin, padmatin, kaempferol an

The erude ethanol extract of C. odoraia contains phenoli

p-coumaric, ferulic and vanillic acids) and ¢
£

flavonoid aglycones (flavanones, flavonols, ﬂavongs

benzoic,




tamarixetin, two chalcones and odoratin and its alcuholin compound), es

bornyl acetate and p-eubeden), saponin triterpenoids, tannins, organic

trace substances (Zhang er af,, 2012). The preserice of saponins justifies the ahéiimg:
lowering properties of C. odorata. Saponins are Imown to inhibit Na© efflux Icadihgﬁ
higher Na* concentration in cells, thereby activating a Na*- Ca?" antiport, this effect
produces elevated cytosolic Ca?" which strengthens the contraction of the heart musele,
reducing congestive heart failure (Anyasor ef al, 2011).

Other compounds isolated from this plant include Sao.,6,9,9ap,10-pentahydro-10B-hydroxy-

7-methylanthra[1,2-d] [1,3]dioxol-5-one, 1,2-methylenedioxy-6-methylanthraquinone, 3-

hydroxy-1,2,4-trimethoxy-6-methyl anthraquinone, 3-hydroxy-1,2-dimethoxy-6-

methylanthraquinone, 7-methoxy-7-epi-medioresinol, 3f-acetyloleanolic acid, ursolic acid,

ombuin, 4,2'-dihydroxy-4',5',6'-trimethoxychalcone, (-)-pinoresinol, austrocortinin, tianshic

acid, cleomiscosin D, (-)-medioresinol, (-)-syringaresinol, and cleomiscosin A (Zhang et

al., 2012)

2.9.2 BIOLOGICAL ACTIVITIES OF Chromolaena odorata (L)

C. odorata is used as a source of medicine in traditional medicinal practice in West Africa

treatment of wounds (Phan et al., 2001). Leaf extracts of C. odorata added with

as gargle for sore throat and colds. C. odorata is used extensively in’

improvement as well as for medicinal and omamental purpose

Decoctions of this plant are popularly used for wound heal

properties (Odungbemi, 2006). Concentrations of 0.2:

ethanolic extract of C. odorata exhibited antimierob;




activity (Mishra er al., 2010, Patel et al,, 2010), analgesic activity (Jena and

Al anti-inflammatory, antipyretic and antispasmodic properties (Taiwo et ¢
anti-cancer (Adedapo et al, , 2016b), anti-inflammatory activity (Owoyele et al., '%ﬂﬂf'}a 5
diuretic activity (Rejitha et al., 2009), Cardioprotective effects (Ikewnchi and Ikewuoh],"

2011), anti-oxidant effects on human dermal fibroblasts and epidermal keratinocytes (Thang

et al., 2001).

2.10 FLAVONOIDS

Flavonoids (FLVs) or bioflavonoids get their name from the Latin word flavis, meaning
yellow. They are ubiquitous in plants and are the most abundant polyphenelic compounds
in human diet (Prasad et a!., 2010; Castellarin and Gaspero, 2007). They are a diverse group
of polyphenols (pheny! benzopyrans) which function as phytochemicals (Corradini ef al,,
2011) possessing a 1 5-carbon skeleton containing two phenyl rings and a heterocyelic ring,
FLVs are commonly found in fruits, vegetables, grains, bark, ro.ots, stems, flowers, tea and
wine. These natural products are well known for their beneficial effects on health, with

multi-directional biological activities including anti-diabetic efficacy.

Experimental evidence has shown that flavonoids exhibit anti-inflammatory (Middlsfb_
al., 2000}, anticarcinogenic (Batra and Sharma, 2013), antiviral (Selway, 1!
antiallergic properties. These effects are generally associated with free r
activity of flavonoids, The antioxidant effécts of flavonoids are en

and position of hydroxyl groups in the molecule. The catee

ynsaturation and 4-0x0 function in the C-ring also &t

30




the transition meta] ions, which play a role in glycooxidation,

catalysed formation of hydroxyl radicals or related speeies from hys
and Rauen, 1998), FLVs are now considered an indispensable component in a

nutraceutical, pharmaceutical, medicinal and cosmetic applications,

Based on several animal and some human studies, FLVs may play a role in many metabolic
processes. They can modulate carbohydrate and lipid metabolism, hypoglycemia,
dyslipidemia and insulin resistance, improve adipose tissue metabolism, and alleviate
oxidative stress and stress-sensitive signaling pathways and inflammatory processes
(Tohnston et al., 2005; Jung ef ai,, 2004). A number of studies have been carried out on
properties of antioxidant in relation to different flavonoids and these studies emphasized
that flavonoids can be used as potential drugs to prevent oxidative stresses (Hollman and
Katan, 1998) caused by imbalance between oxidant antioxidant systems, which could result
from elevated free radical generation and decreased activity of antioxidants. In addition to
their specific pharmacological effect, the antioxidant potential of flavonoids renders them
interesting molecular targets to induce therapeutic benefits while Fighting oxidative stress

(Nicolle et al., 201 1).

2.10.1 STRUCTURE AND CLASSES OF FLAVONQIDS
Flavonoids can occur as aglycones, glycosides and methylated derivatives. Aglyc

consists of a benzene ring (A) condensed with a six- membered ring (C), whic

2-position carries a phenyl ring (B) as a substituent (Fig 1). The six-m

with the benzene ring is either a o -pyrone (flavonols

dihydroderivative (flavanols and flavanones). The position of |

o
divides the flavencid class into flavonoids (Z-posl’tiﬁﬁ)




and agetylesters of the alcohol group are known to oceur
fi P
ormed, the glycosidic linkage is normally located in positions 3

can be Lerhamnose, D-glucose, glucor-hamnose, galactose or arabino:

2001)

Fl i i 3
avonoids are classified based on functional groups on the rings, generic structure o
L6 i i i . 5 . - :
and connection position of ring B in relation to ring C, into: Flavones, Flavonals,

Flavanones, Flavonols, Anthocyanidins and Isoflavonones
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Mavonols anthoeyanidins flavanols
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Figure 2.4: Structures of various flavonoid classes
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dihydroflavonols — anthocyanins, Although the central pathway for flavono

is conserved in plants, depending on the species, a group of enzymes, such as m;ﬁ:
reductases, hydroxylases, and several Fe?*2-oxoglutarate-dependent dioxygenases modify
the basic flavonoid skeleton, leading to the different flavonoid subelasses (Martens et ah ;
2010). Lastly, tranferases modify the flavonoid backbone with sugars, methyl groups and/or
acyl moieties, modulating the physiological activity of the resulting flavonoid by altering
their solubility, reactivity and interaction with cellular targets (Bowles ef al., 2005; Ferrer

et al., 2008).

2.11 ROLES OF FLAVONOIDS IN DISEASES

2.11.1 Anti-oxidant Properties

The adverse effects of oxidative processes on organic molecules like carbohydrates, lipids,
DNA and proteins in biological systems are reduced by a wide range of substances found
in flavonoids. Flavonoids are present in fruits and vegetables as phytonutrients, containing
flavones and catechins, which are important sources of antioxidants. Antioxidant activil
flavonoids exhibit double action by scavenging ROS and by inhibiting oxidases. One
important antioxidants is quercetin, which scavenges highly reacti

and the hydroxy! radicals (Unnikrishnan, 2014). Th@i’lén‘

peroxynitrite i

quercetin works to reduce oxidative injury induced in the ¢
I

injury is induced by a number of oxidizing agents such




(Prochazkova ef al,, 2011). Different discases cdn
that are present in our food in the form of flavonoids in fruits and
2.11.2 Antimicrobial Properties

Inseveral pharmaceuticals, plant parts and their extracts are used to improve h

system against diseases (Atoui ez al, 2005). The antimicrobial properties of p

compounds and polyphenols of different wines against pathogens were investigated, and it
was observed that bacterial species exhibited different sensitivities towards the different
concentrations of phenolic compounds. (Vaquero ef al,, 2007). Additionally, the
antimicrobial activity of naringin and quercetin has also been established. Plants from
different species rich in flavonoid are found exhibiting enhanced antibacterial activity
(Mishra, 2009). Numerous flavonoids such as apigenin, galangin, glycosides, flavones,
isoflavones, chalcones, flavanones, flavonol have shown effective antibacterial activity (Xu
and Lee, 2001). Flavonoids that act as antibacterial agents possess different cell targets, as
opposed to one particular site of activity. It has also been investigated that flavonoids which
are lipophilic in nature may also disturb microbial membranes. Thus, such antimicrobial
functions can be correlated to minimizing microbial adhesions, intracellular transport
proteins ete. Study has depicted the use of flavonoids to Fight antibiotic resistant bacteria.
(Xu and Leg, 2001). "

2.11.3 Role in Cardiovascular Diseases



good source of quercetin is cranberries, which can el lowwen the Blagil

2.11.4 Anti-inﬂm‘nmatury Properties

Flavonoids are present in various plant parts and reportedly possess anti-
properties (Ginwala et al., 2019). Apigenin, luteoiin and fisetin are some of the flavonoids
reported to have good anti-inflammatory properties (Funakoshi-Tago ef al., 2011).

2.11.5 Anti-diabetic Properties

Several lines of evidence suggest that flavonoids of plant origin such as shamimin, diadzein,
epicatechin, myricetin, epigallocatechin, hesperidin, naringenin, hesperitin, chrysin,
apigenin, genistein, kaempferol, lwteolin, quercetin and rutin, have beneficial effects
on diabetes by improving glycaemic control, lipid profile, and antioxidant status (Ghorbani,
2017). Flavonoids can restrain aldose reductase that converts sugars to sugar alcohols and
are involved in diabetic intricacies, for example, neuropathy, cardiac disorder and
retinopathy (Tadera e al., 2006). Another mechanism, by which flavonoids are known to
help reduce hyperglycemia, is by interrupting absorptien of glucose from the infestine. The
transport activity of sodium-dependent glucose transporter was markedly inhibited by green

tea polyphenols (Kobayashi et af., 2000).
2.12 FLAVONOIDS AND DIABETES

Several studies have demonstrated the likely protective potential of flavonoids in the

treatment of diabetes and they indicate the hypoglycaemic actions of flavonoids in diffe

experimental models and treatments (Sabu et al., 2002; Tsuneki ef al., 2

2005: MacKenzie et al., 2007). Flavonoids have been shown to exert

effects on hyperglycaemia and prevent diabetic complicati

oxidative and lipid metabolisms of diabetic states (Pinent

' al., 2006). Some flavonols, such as kasmpferol, mys
- 35



Quercetin, show hypoglycemic activity Cansertiosns
2006, Bhathena and Velasquez, 3002 T gariionlie, ol &

rats results in a plasma glucose levels reduction (Kamalakkannan and P

studies indicate that some flavonoids compete with glucose in several a

mechanisms signifying that intestinal absorption reduction may represent one hypo
effect. In fact, this action was observed in the intestinal brush border membrane vesicles of
rabbits with a soybean extract which contains the two isoflavones genistein and daidzein
(Bhathena and Velasquez, 2002).

Flavonoids have the ability to scavenge free radicals and chelatc metals. Given the
hypothesized relation between diabetes and inflammation and the potential of flavonoids to
protect the body against free radicals and other pro-oxidative compounds (Duncan et al,
2003; Rice-Evans er al., 1996), it is biologically plausible that consumption of flavonoids
or flavonoid-rich foods may reduce the risk of diabetes (Bahadoran et al., 2613). New
concepts have appeared with this trend, such as nutraceuticals, nutritional therapy,
phytonutrients and phytotherapy. These functional foods and phytomedicines play positive
roles in maintaining blood glucose levels, glucose uptake and insulin secretion and
modulating immune function to prevent specific DM (Hanhineva et al, 2010;
Hajiaghaalipour ef al,, 2015). Naturally occurring Flavonoids such as Diosmin, Fisetin,
Morin, Isoflavones, Tangeretin, Quercetin and hesperedin have been reported to
significantly lower plasma glucose levels (Prasath et al., 2014), increased plasma insulin
levels in diabetic rats by ameliorating oxidative stress (Srinivasan and Pari, 2012),
diabetic associated complications (Jain e# a,, 2014) decrease adipocytoki
adiponectin, leptin, resistin, interleukin-6, and mcrul:cytc chemoatts
et al, 2011; Kim et af., 2012), stimulate -cell proliferation ang

secretion (Qin ef al, 2013; Sundaram et al,, 2014), £



STZ, a well-known toxic agent (Weiss, 1_93.2?) with pro-di

‘hyperglycemia as a result of damaged PBC (Najafian er al, 20

the kidney (Wang e al., 2015) and inflicts injury fo epithelial vella ot thuikg

2016). PBCs function primarily in the transcription of the gene encoding
secretion of insulin, in response to high glucose ;:oncentrations (Rorsman, 1997). Insulin
production is dependent on the functionality of PBCs. T1D results, due fo autoimmune-
mediated destruction of PBCs and so little or tio insulin is available to mop up excess
glucose circulating in the blood. Similarly, in the case of T2D, increased glucotoxicity,
lipotoxicity, endoplasmic reticulum-induced stress, and apoptosis lead to the progressive
loss of beta cells (Petersen ez af., 2017).

The study by ElLatif er al. (2014) reported that oral administration of genistein to STZ-
diabetic rats, increased insulin secretion from mouse pancreatic islets. The mechanism
underlying this biological effect may have involved a rise in intracellular cAMP through the
increase of adenylate cyclase activity and the activation of protein kinase A (PKA). Another
study on the same flavonoid, genistein, suggests that it exerts its insulinotropic action
through the activation of the cAMP/PKA signaling cascade (Liu et af., 2006).
O-linked-B-N-acetylglucosamine (O-GlcNAc) glycosylation (O-GleNAcylation), which
involves the covalent attachment of N-acetylglucosamine to serine or threonine residues of
proteins, is a distinct post-translational modification (Vosseller et al, 2002), which serves
as a key regulator of nutrient and stress-induced signal transdugtion pathway;;-
other biological processes (Zeidan and Hart, 2010; Ma and Hart, 2013), an must

within an optimal zone in the various fluctuations of cellular e

normal cellular functions (Yang and Qian, 2017). Protein O-Gl

regulated by 2 enzymes — 0-GlecNAg transferase (OGT) ai
ddition of a single UDP-G
37

(OGA) - which catalyze the a



i Protein, respectively. Aberrant O-GlcNAcylation |
Progression of diseases such as diabetes mellius et
et al,, 2016), Diabetes significantly elevates global 0-GlcNAg levels in tissues e

heart (Fricovsky et al., 2012). The inhibitory effect of flavonoids on glycation, ‘have been
said in part to be due to their antioxidant properties (Wu andYen, 2005). :

2.13 TAKEDA G-PROTEIN RECEPTOR 5/ GLUCAGON-LIKE PEPTIDE-1

(TGRS/GLP-1) SIGNALING

TGRS (also known as GPRI31, M-BAR or GPBAR1) is a G-protein coupled receptor
expressed in different body organs such as the pancreas, intestine, brain, skeletal muscle,
brown and white adipose tissues and gallbladder, which is responsive by bile acids (BA).
BAs can improve glycemic control so, they play an important role in glucose homeostasis
(Zarrinpar and Loomba, 2012). When activated by BAs and potent TGRS agonists
(Pellicciari et af., 2009, Wang e af., 2017), TGRS has been shown to promote GLP-1
secretion in murine enteroendocrine cell line STC-1 (Katsuma et al., 2005). Activation of
TGRS by bile acids and TGRS agonists in murine intestinal L-cells, elicit the release of
GLP-1, an incretin with beneficial effects on glucose homeostasis, such as increased insulin
secretion and thus improved glucose tolerance. (Katsuma et al., 2005, Thomas et al., 2009).
Activated TGRS also increases cyclic adenosine monophosphate (cAMP) (Lee and Jun,
2018) that may activate protein kinase A (PKA) and downstream signaling (Kawamatﬂ,,.gi
al., 2003, Lefkowitz, 2007). Glucagon-Like Peptide 1 (GLP-1), an incretin, typi
augments glucuse-stimulated insulin secretion in PBCs (MacDonald ef gl {
functions of GLP-1 related to PBCs include - acting synergistica[ly i
insulin gene transcription, improve PBC proliferation (Brubaker
improved glucose homeostasis (Thomas et al., 2009), and &

of AGEs on PBCs, preserving both function and survi
38




relevant strategy to repair deficient beta-cell mass and preserve beta-cell function

al,, 2011), ot

GLE-1 has been shown to stimulates insulin gene transcription and biosynthesis (Drucker
et al., 1987} via the insulin transcription factor pancreatic duodenal homeobox-1 (PDX-1),
a key effector for the GLP-1R signaling pathway (Le Lay and Stein, 2006). GLP-1 causes
PDX-1 protein translocation from the cytaplasm to the nucleus of pancreatic f-cells cyclic
adenosine monophosphate/protein kinase A-dependent (cAMP/PKA) signaling, which
activates insulin gene transcription and biosynthesis, as well as differentiation, proliferation,

and survival of the beta cell (Wang et al., 2001, Le Lay and Stein, 2006).
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Figure 2.5: TGR-5-stimulated GLP-1 production in improved glycemic control (Kim

and Fang, 2018)




CHAPTER THREE
MATERIALS AND METHODS

3.0

31  PLANT MATERIAL

Fresh
C. odorata leaves were collected from Akungba-Akoko (7°28°58.64

5°45°1.98” ;
98"E). They were washed with clean tap water and macerated using a mortar and

pestle.

3.1.1. PREPARATION OF PLANT EXTRACT AND FLAVONOID ISOLATION
Total Flavonoid content (TFC) from fresh C. odorata leaves was extracted as previously
documented (Omotuyi et al., 2013), Briefly, the leaves were soaked in HCL (1%, v/v)
overnight, filtered and concentrated with a rotary evaporator. TFC. was purified using

DOWEX-50 column (Raman et al., 2004}, resulting in C. odorata Flavonoid (CoF).

3.2 EXPERIMENTAL ANIMALS

Thirty (30) male Wistar albino rats, weighing between 100 — 120 grams were purchased and
maintained with a 12-hour light/12-hour dark cycle in the experimental animal unit of the
Centre for Bio-Computing and Drug Development, Adekunle Ajasin University, Akungba-
Akoko. They were allowed to acclimatize for two weeks and fed with commercial pelletized
rat feed and water ad fibitum. Protocols related to animal studies were approved by the

Animal Ethics Committee of Centre for Research and Development (CRD), Adekunle

Ajasin University, Akungba-Akoko.

3.2.1 INDUCTION AND CONFIRMATION OF DIABETES IN EXPERIMENTAL

ANIMALS

All chemicals used for experiments were of analytical grade. Streptozot

the induction of diabetes was prepared by dissolving in sodium

Healthy male rats were first divided into twa groups. Group'!



- while group § (n=25), Befare diabetes induction, blood g
from the tail vein blood using an AccuChek Compac; glucometer
Indianapolis, IN, USA). After an overnight fast, animals in group S were
freshly Prepared STZ solution (Furman, 2015) (40 mg/kg b.w., i.p.) once every
for a total of three (3) times. Seven (7) days after the termination of STZ treatment, ai
blood samples were drawn from the tail vein as previously described (Zou ef al., 2017) for =

B inat ;
G determination, An animal should have the BG value of 300 mg/dL consistently for 14

days post STZ treatment, which confirms diabetes, to be used for the next experiment.

3.3 EXPERIMENTAL DESIGN

Fourteen (14) animals which were confirmed diabetic from group S above were further
grouped inte B (STZ, n=7) and C (STZ+CoF, n=7). CoF treatment (30 mg/kg b.w. oral) was
performed once daily, for 60 days, Fasting Blood Glucose (FBG) was measured after fasting
rats for 9 hours, once every seven (7) days after treatment commenced. At the end of the
experiment, animals were sacrificed under light anesthesia and blood samples were drawn
using venepuncture from each animal into properly labelled tubes for biochemical analysis,
while the Pancreas, Kidneys and Aortas of the animals were harvested and immediately
fixed in 10% neutral buffered formalin for histological studies. 100g of Pancreas, Kidney,
Aorta and the proximal end of the ileum, were also collected and immediately placed in

100yl TRIzol for gene expression analysis (Kakhki, 2014),

3.4 GENE EXPRESSION STUDIES

RNA was isolated from the Pancreas, Kidney, Aorta and the proximal end

using TRIzol Reagent (ThermoFisher Scientific), following manuf:
Purified RNA was quantified and converted to cDNA using

<DNA Synthesis Kit (NEB). PCR amplification was done usi

(NEB) using the following primer set:



INSULIN

PDX-1

GLP-1

OGT
0GA
MCP-1
TNF-a

p———— ]

]

— |

Forward Primer (8'-39

AACCCTAAGTGACCAGCTACAATCA

ACAC

GGAATTCCGGGGOGE

GGGTCCTTGTAGAGCTGT

TCCCAAAGGAGCTCCACCTG

TTCTCCTCCGTGTCTTGAGGG!

GCGGGGCACTTGATJ‘GTAAC

TTCCCGATGTGCCAACTCAG

CAGTGGAAGAAGCTGAGCAAC

TGTGCATGTGCAAAAGAACTGA

TGCCAAGTAGCCACATCCAG

CACAGTGTGAGCAACTGGGA

CTCAAAACTCGAGTGACAAGC

IL-6

CCGTGATGTCTAAGTACTTGG

CATTCTGTCTCGAGCCCACC

GCTGGAAAGTCTCTTGCGGAG

IL-1{

TTGAGTCTGCACAGTTCCCC

TCCTGGGGAAGGCATTAGGA

CAT

CACAGTGTGAGCAACTGGGA

GAGGCCATAATCCGGATCTTC

GPx-1

CCGACCAGGGCATCAAAA

GAGGCCATAATCCGGATCTTC

KIM-1 GGTGCCTGTGAGTAAATAGATCA TAAACTTCAACTACCTTAAACACAATAAGATG

EYCL?)PHILIN TGGAGAGCACCAAGACAGACA TGCCGGAGTCGACAATGAT
contro

B-ACTIN GTCGAGTCCGCGTCCAC AAACATGATCTGGGTCATCTTTTCACG
(control):

Source: Primer synthesis report (Inquaba biotec)

3.4.1 PCR CONDITIONS

Initial denaturation — 94°C for Smins
Denaturation — 94°C for 30 secs
Annealing — 55°C for 30 secs
Elongation — 74°C for 30 secs

Termination — 74°C for 10 mins




creatine imas :
(SC) estimations using commercial assay kits, following manufacturer

3.6 NOAEL EXPERIMENTS

3.6,1 EXPERIMENTAL DESIGN

. ‘
*oup 1 served as the control, Groups 2, 3, 4 and 5, were given (10, 30, 100 and 300) mgfkg

body weight (bwt), CoF, respectively. Body weight was taken every 3 days, blood was
drawn from the tail vein, every 7 days for a period of 28 days.

3.62 LIVER FUNCTION TEST

in vitro test for the quantitative determination of aspartate amino-transferase (AST) and
alanine amino-transferase (ALT) in blood plasma were carried out using standard
commercial assay kits, following manufacturer’s protocols.

3.6.3 KIDNEY FUNCTION TEST

Enzymatic in vifro test for the quantitative determination of urea in bloed plasma was
carried out using standard kit.

3T HISTOLOGICAL EXAMINATION

Slide preparation protocol

For histology specimens, the tissue pieces were first immersed in freshly prepared 10%

routinely processed and subsequently embedded in melted paraffin

formal saline solution,

wax. The wax block was then cutona microtome fo yield thin 5 um slice sections of paratfin

containing the tissue. The specimen slice was then applied to'a microscope slid

to cause the specimen to adhere to the glass slide. R

and heated

dissolved, followed by rinsing with an acid-alcohol followed by ri

remove the acid-alcohol. The slide was introduced into & con

: solution to obtain a pH between 4 and 5 to turn the Hemat

44



W L ' : o
48 removed by nnsing with water, Other eyteiplautiic sleginn g
aleoholic solution of eosin Y, ared stain, and light green or fast

remo ; :
ved and water by a series of sequential washes in a dehydrating reagent.

was introd; : A : : _ 3 e
uced into a chemical-clearing agent (toluene, xylene, or t-butanol) to remeve

=N

resid ) e

esidual dehydrating reagent remaining from the washing step. A cover-slip mountant

4 ot ; s
cover-slip were applicd after first removing the slide from the chemical-clearing agent.

The cleari
¢ clearing agent evaporates and the mountant hardens leaving a stained and mounted slide

(Slaoui and Fiette, 201 1)

Photomicrographs were taken at x100 and x400 magnifications with a Digital Microscope,
VI-2005 DN MODEL BIO-MICROSCOPE®. The morphometrical analyses was done
using TS View CX Image® Software, File version 6.2.4.3 and Motic Image 2000 (China).
3.8 STATISTICAL ANALYSIS

Gel electrophoresis images, Bowman’s space thickness and Bowman’s capsule diameter
were quantified using Image J, and the values were plotted as mean + SEM as representative
bar graphs. Statistical analysis was done by comparing differences between groups using

one-way ANOVA nonparametric test (p<0.05) with GraphPad Prism Software, version 7.0a

on a Mac OSX; 2013.

3.9 STARTING TGR5 MODEL FOR MOLECULAR DOCKING STUDIES
Molecular simulations starting from active-state Beta-2 adrenergic receptor have been used

to investigate structural ensembles preferentially sampled in activated receptor states and

mechanism of activation in human adenosine A;4 receptor bound to agonists stg_{fﬁnﬁi‘g <

intermediate state con- formation. Here, active-state evolution of TGRS is intended

from an intermediate state con- formation therefore, the ‘starting :

NP 001308879.1) model was built on human adenosine Ay, Tece

PDB ID: 2YDO, Sequence identity=19.

adenosine) template ( ok

Adenosine receptor/TGRS alignment using Biologics



RAM- PAG] : :
AGE web-service (Bttp:/www-cryst bioe, camac.uksampage)

was us 2
ed for mode] quality assessment, where only 1,8% of theresiduss:

3.10 2 =
D COORDWATES OF LIGANDS AND DOCKING PROTOCOLS

The 2D atomic coordinates of TRX (CID 5546), CoF (CID 5320438) and INT-777
45483949) were retrieved from PubChem repository and prepared using LigPrep scripts"gs.'
implemented in Small-Molecule Drug Discovery Suite of Schrédinger. The ligands were
docked into TGRS model using Glide (Schrodinger Suite 2017-4 Induced Fit Docking
protocol; Glide, Schrdinger, LLC, New York, NY, 2016; Prime, Schrédinger, LLC, New
York, NY, 2017) extra-precision methods taking adenosine coordinate as the reference

point,

3.11 BIOSYSTEMS SETUP AND MOLECULAR DYNAMICS (MD)
SIMULATION

Hydrogen and semi-empirical AM1-bce charges were added to the ligands using the UCSFE
Chimera tool (Lovell ef al., 2003) and parameterized using ParamChem web-service

(https:/cgenff.paramchem. org).

TGRS (APO) and three complexes (TGR5+CoF, TGR5+INT-777 and TGR5+TRX) were
prepared for simulation. For cach complex, insertion into pre-equilibrated lipid (1

palmitoyl- 2-01eoyl-sn-glycero—3-phosphocholine, POPC, 68 lipids per leaflet) and

generation of topology files following CHARMM36 force field parameters (Lovell e

2003) were done using High-Throughput Molecular Dynamics for Molecular Di

(HTMD) python seripts (Pettersen ef al., 2004). The biosystems we:

. ek
i ith0,15M Na /CL . Mi
explicit water model and neutralized with 0. a

convergence threshold was performed on ¢ach complex using



Equilibration mae TS
lion mulqmla_r dynamigs simulation was at 2fs time % 10
onded interactions in o three-stage protocol. First, NVT ensemble was ui
lipid, wat ; i
Pid, Water and ions as the fixed protein-ligand complex (heavy atoms) for 50 ns

Next, a 10 T -
118 equilibration using NPT ensemble at 310K was performed with restraints

rotein-li ; !
P 1gand as described above, Finally, 40 ns equilibration simulations were performed

on fully unrestrained biosystems using NPT protocols. NPT conditions were maintained by
Berendsen equation for temperature and pressure coupling algorithms as implemented in
GROMACS (ver. 5.0) (Huang and MacKerell, 2013). Two randomly selected biosystems
were retrieved from fully unrestrained equilibration step for production MD simulations.
Production MD simulations were run on ACEMD software (Doerr et al., 2016) using
parameters previously described (Van Der Spoel et al., 2005) for 1000 ns each with
snapshots saved every | ns. All MD simulation softwares were compiled on HPZ800

workstations with GPU (GTX-980, GTX680) cards.

3,12 POST-SIMULATION TRAJECTORY QUALITY ASSESSMENT

Prior to data analysis, convergence of the biosystems was confirmed using the stability of
the protein C-alpha-backbone and lipid bilayer parameters, Root-mean-square deviation
(RMSD) values (protein) and area-per-lipid/lipid bilayer thickness (Lipid bilayer)

parameters were computed. At <200 ns, the protein C (-backbone had stabilized around

~0.5 nm. The area-per-lipid represents an important parameter for assessing whether the
lipid bilayer systems has achieved convergence in molecular simulations (Harvey et al.,

2009) Area-per-lipid of the POPC hilayer used in this study was maintained at an average -

of82 A2 lipid hi]ayerthickﬂess was maintained between 3~4 nm throughout the simu

and the values remained consistent with previous studies.



Analysis Tools) and in-bui GROMACS analysis (g rims, gz distance; g

dihedral, gmx sham) tools were used for post MD simulation analyses, MATHEMAT]

was used to draw the 3D surface plots; Volmap plugin (VMD) was used to geﬁe.::ﬂ\g‘ r
helical water density. Dynamical networks and community interaction between TMIIL-
TMVI during each trajectory was caleulated using Network Analysis Tools in VMD, Line

graphs were plotted using GraphPad prism (ver 6.0e, 2014) as the mean of two independent

simulations




CHAPTER FOUR
40  RESULTS

4.1
CoF REVERSES STZ-INDUCED HYPERGLYCEMIA

Blood glucose levels of 70-99 mg/dl are said to be normal for non-diabetic subjects, .
fasting blood glucose levels in diabetic state is given as 80130 mg/dl. Healthy functional
islets of the pancreas are ahle to produce insulin capable of maintaining blood glucose
levels. The blood glucose levels of the animals were monitored by measuring fasting blood
sugar levels, once every seven days, for the treatment period. STZ treatment evidently

destroyed PBCs as recorded by high glucose levels in STZ-alone treated group. This is

however reversed by CoF treatment (Fig 4.1 see pg S1).

42  CoF REVERSES PANCREATIC BETA CELL DAMAGE IN STZ-INDUCED
HYPERGLYCEMIA

It has been established that STZ treatment causes damage to PBCs. Damaged beta cells are
unable to produce sufficient insulin to maintain glucose homeostasis. The results showed
significant decreased insulin expression in the STZ-alone group (Fig 4.2 see pg. 52) and
decreased islet cell density (Fig 4.4 see pg. 54), compared to control. CoF treated group
however, shows increased (not significant, p<0.05) insulin production and islet cell density.
PDX-1 (Fig 4.3 see pg. 33) and GLP-1 (Fig 4.6 see pg. 56) gene expressions in the CoF-

treated group also show increased expression.

4.3 §TZ TREATMENT IS ASSOCIATED WITH ORGAN HISTO-

STRUCTURAL DAMAGES IN THE PANCREAS; REVERSIBLE WITH Ci

TREATMENT

Inside the substance of the pancreas arc Broups of speciali

connective Lssuc, which form the endocrine part of the gland any

and glucagon. These are the Islet of Langerhans, which at



from whichsepta pass it the gend,subviding it

secretions from the acini, The plate also showed the inter and intralobular

between and within the lobules, respectively, which represents the normal physiology:

pancreas (Plate 4.5 A see pg 55). In contrast, hyalinized islets, fatty droplets (ED) in the
Intralobular ducts, hyperplasia of intercalated duct cells was detected in the STZ group.

(Plate 4.5 B see pg 55). As seen in the CoF-treated group (Plate 4.5 C see pg 55), there is

reduced FD, and regeneration of islet cells.
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Figure 4.1: Fasting blood glucose levels of treatment and control groups.
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Figure 4.2: Expression pattern of insulin gene in the pancreas of treatment and control
groups. Bar graph represented mean and SEM values of quantified band from control and

treatment groups. The gel image i the representative snapshot of the pooled samples. Each |

bar represented control normalized relative expression (gene/cyclophillin). Statistical i
il

] at (p<! aleult @ displayed. !
comparison between groups was done at (p<0.05), the calculated p values are displaye: i

* means significant difference compared to control, ns means not significant. {
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Figure 4.3: Expression pattern of pancreatic duodenal box - | (PDX-1) gene in the pancreas
of treatment and control groups. Bar graph represented mean and SEM values of quantified
band from control and treatment groups. The gel image is the representative snapshot of the
pooled samples. Each bar represented control normalized relative expression
(gcne/cycloplnllin). Statistical comparison between groups was done at (p<0.05), the

calculated p values are displayed. * means significant difference compared fo control, ns

means not significant.
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Figure 4.4: Islet cell density of pancreas. Bar graph represented mean and SEM values,
Statistical comparison between groups was done at (p<0.05), the calculated p values are

displayed. ** significant difference compared to control, ns means not significant.
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Plate 4.5 Representative Hematoxylin and Eosin stained photomicrograph (x400 objective)
sections of pancreas. A-Control group; B-STZ group; C-STZ+CoF group. IntralD:

Intralobular duct; A: Acini; InterLD: Interlobular duct; InterCD: Intercalated duct; FD:

Fatty droplets in the Intralobular ducts; HI: Hyalinized islets.
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Figure 4.6: Expression pattern of glucagon-like peptide - 1 {GLP-1) gene in the intestinal
crypt of treatment and control groups. Bar graph represented mean and SEM values of
guantified band from control and treatment groups. The gel image is the representative
snapshot of the pocled samples. Each bar represented control normalized relative expression
(genefcyclophluin)- Statistical comparison between groups was done at (p<0.03), the

calculated p values are displayed. * means significant difference compared to control, ns

means not significant.




EXPERIN.[ENTAL NEPHROPATHY

Routinely, ki iyt : T
¥ Kidney function is clinically examined by monitoring the serum levels.

urea nitrogen (BUNY and serym creatinine (SC). An animal should have the BG/S(
of 2300 mg/dL /> g0 mmol/L consistently for 14 days post STZ treatment to be ‘used fm '
the next experiment. Fig. 4.7 (see pg. 59) shows that STZ treatment is associated with
inereased (not significant, p<0.05) serum BUN which is reduced to control levels with CoF
intervention. Similarly, SC i statistically (p<0.05) increased following STZ treatment but

not with CoF treatment. There is no significant difference between the control and STZ-

CoF group.

4.5 STZ TREATMENT IS ASSOCIATED WITH UP REGULATION OF
ANTIOXIDANT AND PRO-INFLAMMATORY GENES IN THE KIDNEY;

REVERSAL BY CoF

Figures 4.9, 4.12 (see pgs. 61, 64) show significantly upregulated TNF-¢ and MCP-1,

respectively in STZ group which is reversed by CoF treatment. TNF-R (Fig. 4.10 see pg.
62) and IL-10 (Fig. 4.11 see pg. 63) were both upregulated in STZ and STZ-CoF groups in

comparison with basal control. Figures 4.13, 4.14 and 4.15 (see pgs. 65, 66, 67) show

significantly upregulated GPx-1, CAT, and OCC-1, respectively, in STZ group. CoF

treatment reverses theses effects. KIM-1 (Fig. 4.16 see pg. 68) gene upregulation by STZ,

on the other hand is completely reversed following CoF intervention.



(bl

4.6

STZ TREATMENT 15 ASSOCIATED
STRUCTURAL DAMAGES IN THE KIDNEY;
TREATMENT

This kidney section (Plate 4,84 see pg 60) of the contrel group showed normal histolof :
the cortical part of the kidney, consisting the renal corpuscle, which is perhaps the most
distinctive microscopic feature of the kidney; each of the renal corpusele has Eowmaﬂ:“s

Capsule (BC) - the outer epithelial wall of the corpuscle, the Bowman’s Space (BS) also
called urinary space found lying within the BC, the Glomerulus (G), comprising Glomerular
capillaries, Podocytes (P), and Mesangial cells (M). The Proximal Convoluted Tubules
(PCT), which reabsorbs most minerals and other nutrients from the tubular fluid and passes
them to the blood in the Peritubular Capillaries (PC), are also identified in this section, The
PCT and corresponding Distal Convoluted Tubules are lined by simple cuboidal epithelium,
Also, shown is the Macula densa (MD), a patch of densely-packed epithelial cell nuclei i

along the DCT, adjacent to the BC, which functions as a sensor for sodium and/or chlorine

concentration as well as regulate blood pressure and the filtration rate of the glomerulus.

The kidney ultrastructure depicts various abnormal manifestations in the STZ-alone treated
group (Plate 4.8B see pg 60), such as enlarged Bowman’s space to thickened basement
membrane to atrophied distal tubular epithelial cells and glomerulosclerosis, which are

reversed in STZ-CoF group (Plate 4.8C see pg 60).
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Figure 4.7: Kidney function tests: Bar graph representing mean and SEM values of Blood
Urea Nitrogen and Serum Creatinine in control, STZ and STZ+CoF treatment groups.
Statistical comparison between groups was done at (p<0.05). Calculated p values are
displayed. *** means significant difference compared to control, ** means significant

difference compared to STZ group, ns means not significant.




Plate 4.8: Haematoxyhn and Cosin stained photomicrographs of kidney histomorphological

presentations (x400) in Adult male Wistar rats across the various groups: A-Control; B- :
STZ; C-STZ+CoF. (BC — Bowman’s capsule, BS — Bowman’s Space, PCT — Proximal

Convoluted Tubules, DCT — Distal Convoluted Tubules, G — Glomerulus, E — Erythrocytes
in glomerular capillaries, MD - Macula densa, P — Podocytes, M — Mesengial cells, C —
Capillaries, PC - Peritubular
between tubules, Atrophy — A, NG

Blue arrows — F SGS tip variant, TL
means significant difference compared to control and STZ group, ns

Capillaries, BM — Basement Membrane, I — Interstitial space
< - Nodules of Glomerular Scar, LD — Lipid deposit; !
D - Tubular Lipid Deposits, V — Vacoular

modifications). ***

means not significant.
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Figure 4.9: Expression pattern of inflammatory gene, tumor necrosis factor - alpha (TNF-
o), in kidney of treatment and control groups. Bar graph represented mean and SEM values
of quantified band from each sample for specified inflammatory gene in control and

{reatment groups. The gel image is the representative snapshot of the pooled samples. Each

bar represented control normalized relative ' expression (gene/B-actin). Statistical

comparison between groups was done at (p<0.05), the calculated p values are displayed. *

significant compared to control; #%% means significant difference compared to STZ group.
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Figure 4.10: Expression pattern of inflammatory gene, tumor necrosis factor receptor
(TNF-R), in kidney of treatment and control groups. Bar graph represented mean and SEM

values of quantified band from each sample for specified inflammatory gene in control and

treatment groups. The gel image is the representative snapshot of the pooled samples. Each

bar represemed contrel normalized relative expression (gene/f-actin). Statistical

comparison between groups was done at (p<0.05), the calculated p values are displayed.

* means significant difference compared to control.
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Figure 4.11: Expression pattern of inflamimatory gene, interleukin -10 (IL-10), in kidney of

treatment and control groups. Bar graph represented mean and SEM values of quantified

band from each sample for specified inflammatory gene in control and treatment groups.

The gel image is the representative snapshot of the pooled samples. Each bar represented
o BY

d relative expression (gene/p-actin), Statistical comparison between

control normalize
ues are displayed. **** means significant

groups was done at (p<0.05), the calculated p val

difference compared t0 control, ns means not significant.
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Figure 4.1 2: Expressien pattern of inflammatory gene, monocyte chemoattractant protein
| (MCP-1}. in kidney of treatment and control groups, Bar graph represented mean and
SEM values of quantified hand from each sample for specified inflammatory gene in control

and treatment groups. The gel image is the representative snapshot of the pooled samples.

Each bar 1'eprcsenled control normalized relative expression (gene/B-actin) Statistical

on between groups was done at (p<0.05), the calculated p values are displayed. **

comparis
difference compared o control, *** means significant difference

means significant
ns means not significant.

compared to STZ group,
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Figure4.13: Expressicn pattern of antioxidant gene, glutathione peroxidase - 1 (GPx-1), in
kidney of treatment and control groups. Bar graph represented mean and SEM values of

quantified band from each sample for specified inflammatory gene in control and treatment

ps. The gel image is the representative snapshot of the pooled samples. Each bar

grou
| normalized relative expression {gene/Bractin). Statistical comparison

represented contro
between groups was done at (p<0.05), the calculated p values are displayed. *** means

significant difference compared to control, ns means not significant.
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Figure 4.14: Expression pattern of antioxidant gene, catalase (CAT), in kidney of treatment
and control groups. Bar graph represented mean and SEM values of quantified ‘band from
each sample for speciﬁed inflammatory gene in control and treatment groups. The gel image
is the representative snapshot of the poaled samples. Each bar represented control
ive expression ( gene/B-actin). Statistical comparison between groups was

normalized relat
¢ calculated p values are displaye

done at (p<0.05) th

d. *** means significant difference

compared 0 control, ns means not significant.




CTR

A s1z
B STZ+CoF
0.0022 *
" 0.0087
3 =
X' 20
[
' =
0
-8 % 0 1.59
0w O
N Po
T a_ 1.0+
Ed o5
3 B
0.0~

0CC

on pattern of oecludin (OCC) in kidney of treatment and control

Figure 4.15: Expressi
groups. Bar graph rcprcscnlcd mean and SEM values of quantified band from each sample
for specified inflammatory gene in control and treatment groups. The gel image is the
representative snapshot of the pooled samples. Each bar represented control normalized
relative expression (gene:‘ﬁ-autiu) Satistical comparison between groups was dome at
[p<0‘05), the calculated P values are displayed. ## means significant difference compared

to control and STZ, ns means not significant.
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47  CoF j 3
oF RESTORES PROTEIN GLYCOSYLATION

AORTA TO NORMAL LEVELS IN STZ-INDUCED RATS
The results show that O-GleNAc transferase (OGT) was significantly upr
STZ group (Fig. 4.18 see pg, 71), while B-N-Nacetylglucosaminidase (OG.
was upregulated (not significant) in STZ group (Fig. 4.19 see pg. 72) compmdmthe
control. CoF treatment was able to reverse the e;apressiun of OGA and OGT to normal

levels.

4.8 STZ TREATMENT IS ASSOCIATED WITH UP REGULATION OF
ANTIOXIDANT AND PRO-INFLAMMATORY GENES IN THEA AORTA;
REVERSAL BY CoF

Pro-inflammatory genes, 1L-6 (Fig. 420 pg: 73), IL-1p (Fig 421 pg. 74), TNF-0 (Fig. 4.22
pe. 75) and MCP-1 (Fig, 4.23 pg, 76) were significantly upregulated in STZ group which
was reversed by CoF treatment. Antioxidant genes, CAT (Fig, 4.24 pg. 77) and GPx-L(Fig.

4.25 pg. 78) which were downregulated as a result of STZ were restored to control levels

with CoF treatment

IS ASSOCIATED WITH ORGAN HISTO-

49  STZ TREATMENT
IN THE AORTA; REVERSIBLE WITH CoF

STRUCTURAL DAMAGES

TREATMENT

From the histomorphological presentations of the aorta (Plate 4.26 s¢e pg. 79), the control

a normal acrta consisting of tunica intima, tunica media,

group (A) showed

adventitia, and elastic fibers. The diabeti

¢ section (B) showed & signiffémﬁ

thickness of tunica media, characterized mainly by compaction of :
i
(myoeytes) and atherosclerotic Jesions (ASL). The CoF-tre

of the abnormalities induced by STZ
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Figure 4.17: Aorta Diameter (mm) in treatment and control groups. Bar graph represented

mean and SEM values of measured aorta diameters. Statistical comparison between groups

ated p values are displayed. ns means not significant.
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Figure 4.18: Expression pattern of protein glycosylation enzyme, 0-GlcNAg transferase
(OGT) gene in the aorta of treatment and control groups. Bar graph represented mean and
SEM values of quamtﬁed band from control and treatment groups. The gel image is the
representative snapshat of the pooled samples. Each bar reptesented control normalized
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Figure 4.20: [Expression patierm of inflammatory gene, interleukin 6 (TL-6), in the aorta of
treatment and control groups. Bar graph represented mean and SEM values of quantified

band from control and treatment groups. The gel image is the representative snapshot of the

Each bar represented control  normalized relative expression

pooled samples.
(genefcycluphillin). Statistical comparison between groups was done at (p<0,05), the
calculated p values are displayed. #x means significant difference compared to control and

STZ.
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Plate 4.26: Photomicrographs

histomorphological presentat

groups: A-

Tunica adventitia, E

ULL - Ule

showing panoramic views of aorta general '
ions (x100) in Adult male Wistar rats across the various
STZ+CoF. TI — Tunica intima, TM — Tunica media, TA -

Control; B-STZ; C-
ty droplets, ASL — Artherosclerotic lesion,

F - Elastic fibers, FD — Fatl

or-like lesion, H — Haemorrhage, M — Macrophages
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b e

and a ; N
A -spartate aminotransferase (Fig. 429 pg. 83) lev els, which is a biomarker of livel
toxicity, showed that the trend was maintained across the groups. From the
histomorphological presentation, the islet cells (Fig. 4.31 see pg 85) did not present
observable lesions. In the kidney, no visible lesions were seen across groups one to four;
group five, however, showed mild interstitial oedema (Fig. 432 see pg 86). The liver
sections (Fig 4.33 see pg 87) showed mild diffuse vacuolar degeneration of hepatocytes in
group 1, mild portal congestion (long arrow), with moderate diffuse vacuolar degeneration
of the hepatocytes (short arrows) in group 2. groups 3 and 4 did not present any notable

lesions, while very mild portal congestion (long arrows), with diffuse vacuolar degeneration

of hepatocytes (short arows) was observed in group 5.
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Figure 4.27: Graph of Mean Body Weight of control and treated groups for NOAEL

Experiment
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Figure 4.28: Graph of Urea Concentration in blood plasma of control and treated groups

for NOAEL Experiment
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Plate 4.31: Photomicrographs showing panoramic views of pancreas for NOAEL

experiment (x400). Group | served as the control; Group 2: 10mg/kg bwt.; Group 3:

30mg/kg bwt.; Group 4. 100mg/kg bwt.; Group 5: 300mg/kg bwt. The islets did not present _

observable lesions
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Plate 4.32: Photomicrographs showing kidney sections for NOAEL experiment (x400).
Group 1 served as the control: Group 2: 10mg/kg bwt.; Group 3: 30mg/kg bwt.; Group 4:
100mg/kg bwi., Group 5: 300mg/kg bwt. The amrows indicated in group 5 shows pink
staining oedema fluid in the interstitial space of the renal cortex (arrows), all other groups

did not have lesions
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Plate 4.33: Photomicrographs showing liver sections for NOAEL experiment (x400):
Group 1 served as the control; Group 2: 10mg/kg bwt.; Group 3: 30mg/kg bwt.; Group 4:
100mg/kg bwt.; Group 5. 300mg/kg bwt. The arrows indicated in the Figure show group 1-
mild diffuse vacuolar degeneration of hepatocytes; group 2-mild portal congestion (long
arrow), with moderate diffuse vacuolar degeneration of the hepatocytes (short arrows);
groups 3 and 4 did not present any notable lesiops while group 5-very mild portal congestion -
(long arrows), with diffuse vacuolar degeneration of hepatocytes (short arrows). 5
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4.11

S SIMITA
R TGRs 1y
TERACTION
MOLECULAR DOCKING STUDIES gl
The lack of 3D

structure congti
Onstituteg :
1¢8 a major drawback to the development of novel drugs

actingat TGRS, Tg ¢
> cireu :
R s challenge, TGRS model built on thodopsin template

(inactive state) has b d d bind ng. This model
€en used {o j if ar
1 ldﬁnl]fy key residues involved in llg inding, i L

explicitly explained the
P the roles of Y8522 gng No332 4y agonist binding but not E169°%
whose roles have been establ; |
een cstublished from mutagenesis studies, The apparent inability of

rhodopsin-based model 1o acc 5 §
odel to aecount for all interactions may have instructed the choice of an

active state el bui , .
€ state model built on B2 adrenergic receptor-Gs protein complex. Another model built

on human adenosine A2A receptor (intermediate state) in adenosine (agonist)-bound state

alse accounted for the roles of Y8932%, N93?* and E169543 when bound to 6a-ethyl-3a,7a-
di|1yu.h'uxy—2-l-nm'-5ﬁ—ch::lun-])—yI—ZJ-lrielhylummonium sulfate (INT-767) after taking
full advantage of ligand mobility and side chain flexibility associated with MD simulation.
In this study. rather than starting from the fully active conformation, an intermediate

conformation was preferred in order to study the evolution associated with intermediate-

active state transition. Therefore, the starting model was built on human adenosine A2ZA

receptor (PDB 1D: 2YDO) template. This model revealed that only Y8932 and N93*3

interacted with atoms nl'57-dihvdro.\vi-6.4-dimelhﬂx)'1 flavanone (CoF) but not E1697

interacted with atome ) ¥ y

7.42 orted for bile acids (Fig. 4.34 B see pg. 89) in
i e, 89) and 52707 as rep

(Fig. 4.34 A se¢ PE

previous mutagenesis studie
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Figure 4.34: Binding pose of ligand within TGRS orthosteric site. The docking pose of CoF
(A) and INT-777 (B) within the orthosteric Site of TGRS showing proximity to Tesidues
3.29) previously identif;&:ﬁi in mutagenesis studics. (C): Molecular dynamics
g of E169 i intémt‘l;e helical core during the simulation. (D):
between 5270 hydx_'oxyl side chain and the atoms of CoF e

333
(N93  and Y89

simulation shows the flippin
g the distance

Line graph showin ;
g the simulation.

. and INT-777 durin|
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412 TGRS IN
CoF

WATER PA BOUND statp ELICITS CONTINUOUS INTERN

THWAY THA_T S[NKS N T (E) ) ) IN I_ Eﬂ N,

Several G -DRY MOTIF

-protein-coupled ]
Teceptors (GPCRs), whose 3D stinsties nve beonee e

(crys&allography) in agonist bound states have sh i i ;
e s e s own highly ordered internal water
k-~ membrane helices. The functional tole of the waters has been
pinned to receptor activation using molecular dynamics simulations. NPxxY motif is shown
to play a significant role in the water tunneling mechanism by Yuan et al. (2014] which is
required for breaking the ionic lock contributed by the DRY-motif, In this study, TGRS was
investigated for such internal water pathways in the presence of CoF, INT-777 in
comparison to an antagonist and apo state. In all the four complexes studied, no internal
water tunnel was observed within the first 20 ns post equilibration (Fig. 4.35A see pg. 90). |
TGR5-bound CoF began to evolve continuous internal water patterns starting from 140 ns

with an interesting pattern at 150 ns (Fig, 4.35B, 1)
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: (inuous internal water pathway in CoF and INT-777 bound
el 4.‘jST-h'rGRcSr: V: :;Y:jc‘t:g:e Eetwecn 0 and 20ns showed no internal water pathway in
states. (A) ] CT:(TJ%T- and CoF-bound states. (B. i). A representative snapshot of CoF-
e TGRS howing highly ordered water pathway _ot.mnectmg the ligand to the :]Mlﬂ-t
e T 1 s; (B, i) Volumetric analysis of the water tunnel during the

e at 150 ns; (B apshot of l'NT-T'I‘?-baum}_ TGRS showing hxgh!y
simulation. (C, 7)- ting the ligand to the TMII-TMVI interface at 278 ns; f:f iy
i w_ater i f the watet tunnel during the simulation: (TGRS is presented as
Volumetric analysis © el < rface plot).

cartoon, water 15 reprcsented as
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413 LIGAND.
SENSITIVE TOGGLE SWITCHES 1IN
TGRS

Aromatic Ami ;
N0 agcids linj;
ng ¢ : ‘
& the crevice of he orthosteric site have been shown to play a.

key role in r
eceptor activati
vation, The
; 8¢ aromatic amj . |
; no acid clusters fi 1 itch vig
rotameric mechanigms The orm a toggle switch via

rotamery .
B ric mechanism has been well reported in adrenergic:
-Catecholamine b
eund state, Aromatic catechol ring in this complex influences the

rotameric angles y
gles adoptable by waggsss and F290%%? which ultimately promote a large

conformational change around the transmembrane (TM) [1TI and TMVI and rupturing of the
ionic lock which keeps the receptor in the inactive state (Humphrey et af., 1996). Agonist
bound rhodopsin is another classical example of highlighting the key role of rotameric
toggle switch in agonist-mediated activation. The side chain of W265%4% (TMVI) of
rhodopsin protrudes into the ligand binding space in the apo state but retracts in the presence
of an agonist; this movement significantly contributes to the disruption of the ionic lock \

formed between E113%% (TMIII) and K296™4 (TMVID) thus, resulting in receptor

activation (Fig. 4.36 sce pg. 93)-



Figure 4.36: Dynamic network and free-energy surface plots. (A,

between cytoplasmic ends of TMIIL
projected along TMIHI-TMVI distance and )
network between cytoplasmic ends of TMIIL-TMVL
surface plots (i) projected along ”i"l\/ﬂl!-TMVl distanc
amic network between cytoplastmic €n
mree energy (if) projected along TMIIL-T
arameters. (D, Dynamic netVor en eytop

Eound state éud i?s free energy surface plots (i) projected
NPxxY rmsd parameters:

93

i) Dynamic network
_TMVI in apo state and its free energy surface plots (ii)
NPxxY rmsd parameters. (B, ) Dynamic
n COF-bound state and its free energy ~ |
¢ and NPxxY rmsd parameters. (C, 1) i
ds of TMIII-TMVI in INT-777-bound state and




Al

B, Hl [rar
way
Al d
50 ns
00ns
APO
+COF
+INT-777 ¢
+TRX '

5
8
1
” (4

X2Y89-(deg)

X X2Y165-(deg)
L
H
2

R I

X2¥240-{deg)

| T T T 1
o 200 400 400 BOO 1000

Time (ns)

— T T T 1
0 200 400 600 B0O 1000
Time (ns)

Figure 4.37: Rotameric Switch candidates in the ortho;tcric sile’ of TGRS. (f‘v ) CpF (pink
stick, without hydrogen) in TGRS bound state showing proximal aromatic- amino acids
(Y893’29 vi 65> Y2406'5l and w2376‘45) (A, #f) Linc graph of +2-dihedral angle of
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173754 along the sajectories (B i) Superposiion of 100 ns (gréen carioer)
anglehwl RS and 450 ns (cyan cartoon) showing W237 (stick) and the ligands (stick).
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414 PANCREATIC RESPONSE T, Coll ANE SATE

Insulin (Flg 4.38 See pe. 96) and PDX'I(Flg 439 see pg/97) Em

slecheased inthe STz E10UD, compared tq the control, This effect was reversed in

treated group, where insulin and px.

1 gene expressions were significantly m&m
compared to contro] and STZ Broups. Metformin restored insulin gene expression to contro

levels, however, it did not haye any effect on the PDX-1 gene.
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Figure 4.38: Expression patiern of insulin gene in the pancreas of treatment and control

Bar graph represented mean and SEM values of quantified band from control and
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Figure 4.39: Expression pattern of pancreatic duodenal box-1 gene in the pancreas of

treatment and control groups. Bar graph represented mean and SEM values of quantified
nd treatment groups. The gel i
nted control normalized relative expression (gene/| B-actin).

ne at (p<0.08), ais significant, compared to |

o is significant, compared to MET

band from control & mage is the representative snapshot of the
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Statistical compariso
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418 CoF, BUT NoT METFORMIN, MoDyL AT CIRC
GLP ’

-2 IN INTESTINAL CRYPT

GLP-1 and GLp-3 EENC expressions were significantly upregulated in the
Broup, compared to ajf gthe, Eroups {Fig 4.40 and 4,41, respectively see pgs. 99 and 100
Metformin treatment showed significant expression of GLP-1 and GLP-2 gene compared
to the control and STZ, groups,
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Figure 4.40: Expression pattern of glucagon-like peptide-1 gene in the intestinal crypt of

treatment and control groups. Bar graph represented mean and SEM values of quantified
The ge! image is the representative snapshot of the

pand from control and treatment groups.
presented control normalized relative expression (gene/B-actin). }
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Statistical com
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EXPERIMENTAL ANIvap
OGT gene wag signifi

significantly reduceq th

not have any effect on the expression of this pepe

GPx-1 (Fig. 4.44 see np
(Fig. 4.44 sce pg. 104) and CAT (445 see pg. 105) genes which were significantly

downregulated in STZ group were upregulated in CoF group. Metformin upregulated GPx-

1 but not CAT gene. Significantly upregulated TNF-u (Fig 4.46 sce pg. 106), MCP-1 (Fig
4.47 see pg. 107) and TL-1 (Fig 4.48 see pg. 108) genes in STZ group were fully reversed
with CoF and metformin treatments, CoF restored IL-6 (Fig 4.49 see pg. 109) even beyond

control levels, but metformin treatment had no effect on IL-6 gene expression.
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417 ACTION of
CoF  Anp METFORM;
EXPERIMENTAL ANIMAL g IN ON THE KIDNEY OF

As expected
-1 gene

expression (Fig, 4,50
¢ pg. 11
8. 111). CoF and Mgt however, downregulated KIM-1 expression

to normal control levels, ST,
< 8TZ treatment i associated with decreased antioxidant activity as

well as u lati B
pregulation of pro-inflammatory genes in the kidney. GPx-1 (Fig, 4.51 pg. 112)

ene expressi as signific ;
E p On was significantly decreased in STZ, group, however, this is reversed in CoF

and MET treated groups. Treatment with MET and CoF significantly decreased TNF-a (Fig.
4.52 pg. 113) and TNF-R (Fig. 4.53 pg. 114) genes. CoF also significantly decreased the
expression of MCP-1 (Fig. 4.54 pg. 115) gene. MET however did not have any effect on
MCP-1 gene. The expression of anti-inflammatory gene IL-10, was significantly decreased

in STZ group, compared 1o the control, whereas, CoF and MET treatments upregulated the

expression levels of IL-10 (Fig, 4.55 pg. 116).
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s of the experimental animals (Fig, 4.1), Treatment of diabetic tats

with CoF was, howe ;
‘ ver, able to lower the blood glucose levels, This result clearly shows

the hypoglycemic properties of CoF. Increased insulin gene expression was also observed
in the CoF-treated group compared to STZ group (Fig 4.2). This suggests that CoF treatment
restored PBC integrity and function, which further validates the insulin-enhancing property
of CoF. CoF possibly modulated the expression of GLP-1 and its release via TGRS to

produce increased insulin secretion via ¢AMP/PKA signaling pathway. Increased GLE-1

expression might have been responsible for increased PDX-1 expression (Fig 4.3) in the |

pancreas. PDX-1, in turn, might have acted to prevent PBC apoptosis and restore PBC mass,
improving insulin produclion ultimately amelioraling the effects of STZ-induced diabetes.
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averwhelms the detoxification capacity of intercellular antioxidant system (Halliwell,
2011). The results of this study show that STZ treatment caused significant increase in IL-

6 (Fig. 4.20), IL-1p (Fig. 4.21), TNF-¢ (Fig. 4.22) and MCP-1 (Fig. 4.23) genes in the aorta,

as a result of STZ treatment, which is reversed following CoF treatment which shows
downregulation of these genes. This result is in line with a study by Barai ef al. (2012) who |
reported that the antioxidant property of the flavonoid, silymarin, a substance e l
i IL-6. |
(Silybum marianum) reduced inflammatory agents such as TNF-0. and
induced glucotoxicity s associated with endothelial dysfuniction & areslt
ja-indu
Hyperglycemia in o %
Capellini ot al., 2010): As expected,

gulation of CAT and

4 in the downT® T
oxidant enzymes 10 normal levels, which might
it

store these ar b
flavoroids: (Observed imp

: tion (
of increased ROS product! GPx-1 genes in the aorta

causes cellular stress resulte

CoF treatment Was able toT®

have been due t0 their free T :
itric oxide sy

ndgthelial n

increased gl ;
This result

might be due 0

to greater nitri prove diabeti Aorta
0l

i erarif,
flavonoid Pu 121



oxidase-derived oxidag,,
¢

“indyy iabetj
| ced diabetic rats (Li et al,, 2016). CoF might
10n of NADPH oxidase,

Expressions of QG
T and O
A genes w
€8 Were upregylated comparedto cantial, Blbwing 8
o , following STZ

treatment. This
5 expected
48 excess g
; Xpressiol
GlcNAcylation, i : g
A : en shown to alter
g calcium cycling, which is a contributing f

ributing factor. to cardiac

dysfunction, and increased 0GleN
Acylation is directly linked to b 18-i
i mxmw e o hyperglycaemia-induced
J rK of diabetic icati e
e ; complications, This is in line with a study carried
e et al. (2012), where O
) GT

| s OGA mRNA levels were increased as a result of

pressure overload. T i igni
reatment with CoF significantly (p<0.05) decreased OGT expression,

The results ibi /
esults exhibited by the CoF-treated group might be due to alteration of UDP-GIcNAc
amounts available via the HBP, as a result of enzyme inhibition.
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1n and loce i
o ; ocalized, It is, therefore, safe to say that flavonoid
s could red i i
uce the risk of developing coronary heart disease by decreasing the
LDL oxidation. T § i
he results of this study were seen to be in line with another research carried
out to study the effects 4 i
y ects of total flavonoids of astragalus on atherosclercsis formation (Wang

et al., 2012). The results showed that these flavonoids can significantly reduce plasma total

cholesterol levels, fatty streak area, aortic arch total cholesterol content, and the ratio of

plaque intima/media thickness. Several studies have shown that {he main mechanism by |

which flavonoids inhibit the development of fatty streak lesions in atherosclerosis was a
orted that macrophages

reduction in LDL oxidation. Furthermore, Fuhrman et al (2000) rep!
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Sisimental it oxidant genes in the aorta and kidney of

which ig .
consistent with
1th previous studies where metformin alleviated
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oxidative stress and i
nd inflam
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10Ty response as well as improved end
ved endothelial cell function
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( da et al ) 2006; Alhalder elal, 011 Wan 1
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Based on the
performance
of i :
Sl ameliorating complications associated with STZ

induced diabetes, thi
, this served as an indicati
ed as an indication that it could be a good drug candidate. For thi
1date. For tnis

reason, the No Obser
ved Adverse Effect level (NOAEL) was investigated in order to gather:
preclinical data fi
or CoF drug development. The NOAEL results revealed that pure CoF

fraction did not impair liver and ki
not impair liver and kidney functions and were safe up to levels of 100mg/kg

bwt.

The application of computational techniques such as molecular docking and molecular

dynamics simulation in the drug discovery pipeline is a vital tool which currently provides ;

insight to protein-ligand interactions. In this study, atomistic simulation was deployed to
study active-state signatures in TGRS complexed with CoF and compared with a well
reported agonist G»alpha-cthyl-ﬂ-(S)—methyl- cholic acid (S-EMCA, also known as INT- |
777). The results were compared with those evolved in antagonist (triamterene, TRX) bound 1‘
and apo-states in 1 imicrosecond trajectories. The results obtained strongly indicaté CoF .ﬂS '
a TGR5 agonist s active-state consistent signatures evolved its trajectories, The TGRS
d revealcd that the E1695-“3 side chain carboxylic functional group
e thout the possibility of making ﬂﬂﬂtwm“ﬂth

starting model in this
clical cor® wil
9342 gide chain flipp d in

hi
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- Next, the interaet:
. Taction by ust
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S 5 oF and 827074 was probed using
ng coordinate

§27 the side chain hydroxyl group of

0742 is oriented towards th
e
: core of the helix but placed t i
contacts with the ligand, how ol
s ever, along e
B g the trajectories; starting at 200 ns through 300 ns
on ring A moved at a dj ’
{ a dist ~ i
B e stance of ~ 5 A from the hydroxyl side chain
. & . These data i
provided key structural insight into the agonist’s
property of flavonoids acting at TGRS
From Fig 4.35B i, the C4 ! i i
hydroxyl of ring A links 12 water molecules from the orthosteric
site to the DRY i i i i
motif through a curved ring of hydrophobic residues contributed by TMIL

(T70%9, A67*%, 163252, L5924, §5624%), TMIII (L873Y, F942, 898, A10124,

L105%45, and the (E)-DRY motif, TMIV (P135*), and TMV (L1755 (Fig. 4.35B, ii).

This water tunneling pattern is consistent with previous findings that it may play 2
significant role in breaking the DRY ioni¢ lock, which results in teceptor activation and in
s interrupted, antagonists are turned into super agonists.
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s (amino aci 1 i
acid residues) and edges (weighted strength of
interaction between node cent i
nters). Here, an edge is defined as an atomic contact befween

the nodes at a cut-off distance of 4.0 & occurring more than 85% of the period of simulation.

Similarly, when the jonic lock is ruptured, conformational transition around NPxxY motif

located on TMVII prevents the reformation of ionie lock, thus the projection of TMIII-

TMVI distance and NPxxY root mean square deviation (rmsd) along the free energy surface

ing, active state, inactive state and meta-states

has been used to identify conformations sampling,

in MD simulation trajectories and delineation of GPCR activation mechanisms. (E)-DRY |
£ TMVI (residues R22

1351, TMIT) and those ¢
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1642.A227%%)

es Lio4-Yll

motif (residu
community in a0

g interaction (edges) and assemble
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(Fig, 4.36B, ii and Fi;
f 2. 4.36C, i
i), thus, CoF and INT behave like classical TGRS agonist
R5 agonists

by evolving patter; .
ns previous Y
y reported in atomistic simulation involving LPAL o
receptor

in agonist-bound states whi
hich had been experimentally validated, TGRS in TRX bound stat
g €
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equally evolved an inacti
active state conformation with the formation of TMII-TMVI ioni
lock (Fig. 4.36D, i i : - c
, 1) shown as inter-helical residue community formation. The evidence for
this is more obvious i
us in the free energy surface plot as inactive conformation is preferentially

sampled during the trajectories (Fig. 4.36D, if).

TGRS was also examined for possible rotameric signature(s) that can distinguish between

apo, agonist and antagonist bound states. Y8932, Y165°4, Y2405 and W235““ (Fig. 1

4.37A, i) 2 angles were monitored along the trajectories. The data here did not show a clear i

ligand-dependent rotameric patter for Y8932, Y165°4 and 24065 (Fig. 4.37A, i) but
w2375 |2 angles indicated {izand-dependent paieri In the presence of a ligand, the
w2376 48 adopts ~-100° in the presence of a ligand but ~+100° in the ap0

indole moiety 0
that in
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61 CONCLUSION

This s i i
tudy investigated the putative
anti-diabetic principle i
mechanisms using in silico and principle in C. odorata and its underlying
nd in vi ;
e in vivo experiments. Comorbidities associated
EAb il experiment ‘ ciated with STZ
al
animals were challenged by CoF. The study d
these comorbidities : Vool
are reversi
versible by CoF administration in experimental animals vi
s Via

countering of oxidativ i
[ :
and inflammatory -processes. TGRS is suggested as the putative

receptor, resulting in GLP-1 release and

ultimate reversal of hyperglycemia. Tyrosine-89 (Y™), Asparagine-93 (N*), Glutamic acid-

169 (E'®) and Serine-270 (S
results obtained from molecular dy

state conformation in CoF-

Metformin. NOAEL experiments reveal t

it is relatively safe to consume up 10

findings from this study clearly sh

may represent an emerging bior

6.2 RECOMMENDATION

Given the anti-diabetic prope
als, it is recomme

experimental anim
ots in hur?

ascertain these rePO“ed effe

CHAPTER SIX

270\ . : : o
0y are key residues involved in ligand binding based on the
namics simulation studies where TGRS ev

bound state. CoF exhibited com|

|00mg/ke body weight
ow that CoF possess

250UTCce and new

rties displ®

CONTRIBUTIONS TO

insulin stimulation via PDX-1 expression and

olved active
parable properties to the drug {

hat there are no adverse effects on the organs and

in experimental animals. The
es anti-diabetic properties thug, it ‘

management option in diabetes treatment.

and its 1% adverse  effec

yed by CoF,

human clinical {rigls
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The following contributions o know|
Wledge v
I The study suggested T ¢ were made from this research ,
akeda & . Pt
ke -Protein re :
bind ceptor-5 as th ; ;
ng of flavoneids olbts ot o e plausible receptor for
- odorata,

2, The study id
Y 1dentified k .
ey residues involved in flavonoids binding to TGRS at th
I at the

active site.

The plausible insuli
nsulinotropic m i :
S pic mechanisms of action of CoF in STZ-treated Wistar
m Sl
might be via GLP-1/Insulin/PDX-1 signaling pathway
4, The stud 5
udy presents the gene expression profiles of genes involved with diabetes

and changes associated with CoF treatment, in the pancreas, aorta, kidney and

ileum.

3 Histopathological changes in the Pancreas, Kidney and Aorta associated with

STZ- and CoF treatment in diabetic Wistar rats are now available.

6. The study has pre-clinical data from No-observed adverse effect levels
o are safe up to doses of ‘

suggesting {hat flavonoids isolated from C. odorat

100mg/kg bwt.
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