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Summary

Traditional medicinal plants ar@worthy source of secondary metabolitetkgloids,
terpenoids, phenols; flavones and polyphenols) which play a vital role in the defence
mechanismsof the host against pest and microbes. Howeve these secondary
metabolites havebeen shown to possess potential antidiabetic, antioxidant,
immunomodulatory, antasthm#éic and antiinflammatory activities. This research
investigatedhe in vitro andin vivo effectsof five traditionallyusedantidiabetic plants
for insulinotropic and hyperglycaemic potenti&ixtracts (hot water and ethanobf
medicinal plants A. squamosaC. sinensiskE. citriodora A. arabicaand H. fome$}
stimulatedconcentratiordependent insulin releaf@m rat clonalBRIN BD11 cells and
isolated mouse isletdlon-toxic concentrations aéxtractsfurther enhanced the insulin
releasing actiomof glucose, tolbutamide, IBMX and KQhsulin secretory effects were
partially reduced by diazoxide, verapamil and under caldne@ conditions, being
associated with membrane depolarization and increased intracellédfaEgmacts also
increased glucose uptake/insulin action in 3T3L1 adipocyte cells and inhibited protein
glycation, DPPIV enzyme activity, starch digestion andugpse diffusion.Acute
administration of plastto highfat fed (HFF) rats improved glucose tolerance, plasma
insulin and inhibited plasma DHN enzyme activity These results encouragkmhg
termfollow up studies, where plantaducedremarkablébenefical changesn HFF rats

of nonfasting blood glicose, glucose tolerance, plasma insulin &RPIV, body
weight, foodconsumptionfluid intake, pancreatic insulin contesntd theislet, beta cell
and alpha cell arsaA. squamosaignificantlyincreasd unabsorbed sucrose content and
redued both postprandial hyperglycaemia and glucose absorption dumirgitu gut
perfusion.The compoundssolated fronplants rutin fromA. squamosandC. sinensis
isoquercitrin fronC. sinensiandE. citriodora, quercetin fromA. arabicaand quercitrin
from H. fomesandE. citriodora alsoinducedconcentratiordependent insulin secretion
in vitro and enhanced glucose tolerance and plasma insulin in Swiss albino mice. In
conclusion, this researatlemonstrateshe potential of traditionallyusedantidiabetic
plants and their active constituents to modulate multiple signalling pathwayesh#t

in significant antidiabetic activitieSuch plants may provide important dietaryuadis

for treatment of diabetes and offervaluablesourceof newdrugs for the prevention,

treatment and management lo¢ tdisease
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Chapter 1

General I ntroduction



1.1 Diabetes mellitus

Diabetes mellitus is one of the wé&ihown ancient multifactorial metabolic disesse
caused by deficiency of insulin or by diminishing effectiveness of endogenous insulin
(ADA 2009). It is characterised by an elevation of blood glucose levels in the bahglor
deranged or unbalanced metabolism that afféesasculature and &éls to secondary
complications such as cardiovascular disorders, retinopathy and nephr@ratityakar

2016) The pancreati c bchisrequidedsfor the ghudosecuptat@ n s u |
cells. Diabetes mellitus is mainly categorized into main formsthat include type | and
type 1 1. Type | di abetes mellitus (-T1DM)
cells to produce insulin due to desttion by Tcell-mediated autoimmunityGharraviet

al. 2018) while type 1l diabetes mellitus (T2DM) is due to insulin resistancedaielt
insulinsecretion T2DM has astrong association with obesit#l-Goblanet al. 2014)

Diabetes is one of the fastest growing metabolic dissi®t it is predicted that will

affect 629 million peopldy the year 2049English and LentergVestra 2018)Among

these, approximately 90% are suffer from T2DM™Mokobaet al. 2012) T1DM is often
common among childrefnowever, it can appear at any d@ale and Gillespie 2001)

On the other hand, T2DM is more prevalent in adults or obese individliatsuigh

childhood obesitys giving rise tomuchearlier onset in recent yegiSahooet al. 2015)

1.2Pancreas

The pancreas is an organ situated in behind the lower part of the stomach and plays a
significant role in glucose homeostasis.Thi or gands mai n hor mone
glucagon that help regulate blood glucose levels. The pancreas also plays exocrine role
in addition to endocrine functiofSchuitet al. 20Q). The pa-petlsrppaducet i ¢
insulin that is distributed within a cluster of cells calledigiets of Langerhans, named

after the anatomist who identified thef@chuit etal. 2001) Insulin helps to regulate

blood sugar levels by helping to transfer glucose from the blood to adjaceriScallst

et al. 2001)

121 I nsulin synthesi s, s edll furetion on and r egul
Insulinis biosynthesied by asequential cleavage of its precursors such as preproinsulin

and proinsulin(Fu et al. 2013) Following synthesis, preproinsulin undergoes rapid
enzymatic cleavage to produce proinsulin that contains two chains of insulin A and B

linked by Gpeptide(Fu et al. 2013)Pransulin is packed in the form of granules within

2



the golgi complex, whiclthen tansported to the cell surfackt maturation, proinsulin
is cleaved into two equal amounts of insulin andeptide by protease and forms
microcrystals around zinc ions within the secretory granules, formingniersthat

separate quickly followingelease.

Increase in intracellular glucoge beta cellpproduces insulin secretion by activation of
glucokinase followed by the rise in intracellular ATP, resulting in the closureefiK
channel{Fuetal. 2013) Thi s | eads t o -cellempembranesiamddhe i o n
influx of calcium ions, causing fusion of insulin granules with the cell membrane and the
releag of insulinand c-peptideinto the circulations by exocytos{fig. 1.1)(Fu et al.

2013)

GIP adrenaiin,noradrenalin
GLP-1 samatostatin
WP galanin

lucoss Ah FA
¥ ] FE:FHP \a\.f/ ghrelim

GLUT 1/2/3 = A.ﬁT {iGPCR
% L= ,:\{*—f'\
Ak

CCK
Ach

—insulin

paplide

Figure 1.1: The three interconnected intracellular signalling pathways in pancreatic

b ¢ @kelinKlemenet al. 2017) The Kare-dependent triggering pathway is indicated in red, the
metabolic and neurohormonal amplifying pathways are indicated in(§k®jin Klemen et al. 2017p-

cells can sense many nutrients circulating in the blood which include glucose, monosaccharides, amino
acids, and fatty acids. Glucose though is the primary stimuli folinnglease. Glucose is also an essential

source of fuel for neuror®uckale and Solimena 2008)h i | e ot her -ceislateableitorusel udi n
alternative fuel sources if starved for brief periods. Adaptation to this condition could lead them to

glucolipotoxicity (Kim and Yoon 2011)



Although, b-cells do nothave membranebound receptors,but they contain glucose
transportes. GLUT2 ist he only gl ucose tr acispmrcaner t
equilibrate glucose via diffusiof Thorens 2015; Mueckler and Thorens 20Ibhis
transporter is also expressed in the liver, renal and intestinal absorptive cells, while
muscle and fat cells express GLUT4 primarily. GLUT2 mobilization to the plasma
membrane is an insulimdependent process that ensures the high gluofis& (Fig.

1.1) Aft er e n tcells,igluacgse is phosphoryldiee byfglucokinase and at the
end, the metabolite pyruvate is oxidised through the tricarboxylic acid cycle and produces
A T P -celis(Fiidlyand and Philipson 2010)

Albeit, individual amino acids are considered as iwggshed insulin secretagogues,
certain combinations of amino acids can augment glustisrilate insulin secretion
(GSIS)(Sener and Malaisse 198@pr example, glutamine shows no affinity to stimulate
insulin secretion or enhance GSIS when present alone, but in a combination with leucine,
it can enhan-cells (D&&leSal. P003) Fnee Matty acids (FFAs) also
stimulate insulin release r o0 m -cellhaad pétentiate insulin secretion to compensate
for increased insulin need as a result of insulin resistance in type 2 difMe@arry

2002; Nolan et al. 2006; Prentd al. 2002)

1.2.2 Insulin action

Insulin has direct and indirect effects on all tissues in the body. Insulin's metabolic
activities on the liver, muscle, and adipose tissue are of growing interest to global research
as they are responsible for body metam| energy storage and perform important
functions (GutierrezRodelo et al. 2017) Insulin is primarily responsible for the
absorption, use and processing of nutrients into the cells. This hormone increases the
uptake of blood sugar, mainly in muscle and adipose tissues. It also facilitates the
glycogen and triglycerides synthesis from nutrients. In addition, insulin regulates
gluconeogenesis, glycogenolysis, and ketogenesis in the liver, but primarily encourages
protan synthesis in muscle tissi@/ilcox 2005) Insulin also regulates cardiomyocyte
glucose transport, primarily via type 4 (GLUI) glucose transporter, glycolysis,
glycogen synthesis, lipid metabolism, protein synthesis, development, contractility, and
apoptosis(Bertrand et al. 2008; Muniyapead al. 2007.)



1.3 Protein glycation

Chronic hyperglycaemic condition encountered in diabetes cantdedlde proteins
covalently bindingwith circulating plasma glucose in a process named glycéfimgh

et al. 2014) In the pathogenesis of diabetiongplications including retinopathy,
nephropathy, neuropathy, cardiomyopathy and other diseases such as rheumatoid
arthritis, osteoporosis and aging, both protein glycation and advanced glycation end
products (AGEs) are importa(ingh et al. 2014)Glycation interfers with the normal
functions of proteins. This alteration may be due to the disruption of the molecular
conformation of proteins, decrease in the enzymatic activity and interference of the
receptor binbing of short livegrotein. Both mtracellular and extracellular AGEs
interconnect with proteins and other essential endogenous molecules that lead to diabetic
complications. Some findings indicate that AGEs can interact with localized plasma
membrane receptors for AGEs (RAGE) and are lol@paf altering intracellular signals

and gene expression as well as releasingrglammatory molecules and free radicals
(Singh et al. 2014)

1.4 Categprization of diabetes

DM is mainly categorized into two major classes, TLDM and T2DM. Due to the relatively
higher incidence of cardiovascular diseases and acute metabolic disorders in T1DM;
lower life expectancy is more prevalent in type 1 compared tdvl P0openhaver and
Hoffman 2017) Diagnosis and early treatment of all types of diabetes is important in
order to aval ordelaythe longterm complication§Ahmad 2016; Boulton@16; Khalil

2017; Papatheodoraat al. 2016)

1.4.1 Type 1 diabetes mellitus (TDM)

T1DM, also known as insulidependent diabetes and it is a result of insulin deficiency

|l eading to progressive destructi ocellsby ar
Histological study of the pancreas in a T1DM patient revealed infiltration dfpheu

immune cells including T and B lymphocytes, macrophages, dendritic cells and natural
killer cells, as well as islekactive autoantibodies and isteactive TFcells in the

Langerhans islet&Sharma and Alonso 2014)



1.4.1.1Aetiology of T1DM

Juvenile DM is typically termed type 1 d
inherent genetic nedisposition. T1DM is believed to be hereditary, but, few of the
inclined genes, were identified as risk factors for this type of diabetes. This includes a
number of the human leukocyte antigen (HLA) tyfldssaad 2015)While TLDM can

be triggered by various environmental factors such as viral infegtlow ranges of
vitamin D and decrease exposure to ultraviolet (g®n and Jun 2005a few different
elements relevant to dietary and way of life can contribute to the occurrence of the
disease. These include chitdid obesity, rapid increase of infant, older maternal age and
brief duration of breastfeedinilayerDaviset al. 2006) Despite T1DM is specifically

related to the genetic predisposition of an individual, it also involves a complex

i nterrelation of geneti c, i mmune and en\y

mobile malfunctionBurracket al 2017; Soleimanpour and Stoffers 2013)

1.4.2 Type 2 diabetes mellitus (T2DM)

T2DM is specifically related to insulin resistance associated with obesity due to bad
nutritional and life habits. This leads ¢banges oinsulin sensitivity with the intake of
carbohydrateich meals, the amount of physical activity and in addition to stress signals.
Overweight individuals have a greater adipose tissue, that inflicts a higher secretion of
hormones and different chemical$ieh can increase the fluctuation of insulin sensitivity
(Al-Goblan et al. 2014<ahn and Flier 2000)

Moreover, the impaired funct i oellotroughDL c |
sterol accumulation and islet infecti@ontaneet al. 2014) Lipoprotein fractions and

LDL chol esterol m e-telularddilures The lowdensityrlipgiootein e t o
(LDL) that goes through oxidization can lower the-preinsulin expression in isolated
b-cells while verylow-d e nsi t y | i p o p r-celts apoptosis ldowever,ghera | t
is experimental proof that reveals the protective effects of exeedsghdensity

| i popr ot e i-cellsguiditaland thmtnmpéct beneficially on glucose homeostasis
by wusing gr o wdells eatyeaandcptagma glucose dispgRaideret al.

2016) Furthermore, fatty acids can potentiate inflammatory toxicity by means of
activating inflammatory pathway The adipose tissues are vital in generating
inflammatory mediators including TNB , MCIR6, IL-1 fand PA}L. For example

-

TNFFU acts as a proinflammatory <cytokine
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dispensing insulin receptor substrate (IRS) proteins by enhancing serine phosphorylation

on IRS1, causing insulin resistan¢8andet al. 2017)

1.4.2.1Aetiology of T2DM

Even though family history plays a predisposing factor for T2DM, eating regimen and
lifestyle have the foremost influence in the development of type 2 diabetes and insulin
resistance. Intake of carbohydrate meals with low fibre food regimen, sugary drinks and
an inactive | ifestyl e I n(Gaavizesak208n0Obesityd i v i
is frequently related to the increasing occurrence of diabetes. This due to the dacrease
blood glucose takeup by the cells or being utilizethrough themuscles for energy
production because of the low level of bodily acyivitn addition, women with
gestational diabetes, have a higher risk of developing T@Bdviathet al. 2017)

1.4.2.2Insulin resistance in T2DM

Insulin resistance is a centralature of T2DM, a disorder in which cells fail to respond
adequately to insuli(Boucheret al. 2014) Specific modifications, including mutations
and/or postranslation changes in the insulin receptor or IRS or in downregulation effect
of molecules, cause this insulileficient signallingFig. 1.2) The mostommon changes

in insulin resistance include a decrease in the number of insulin receptors and their
catalytic activity(Boucher et al. 2014)hese can include an increase in the state of Ser /
Thr phosphorylation in the insulin receptor and IRS with an increase in the activity of Tyr
phosphatase (primarily PTEB). Further, the Tyr phosphatase bimolshe receptor and
regulates IRS dephosphorylation, which consequently decreases the activity of PI3K and
Akt kinases.

Deficiencies in the expression and role of GLWTalso lead to insulin resistance
(GutierrezRodelo et al. 2017Ultimately, these modifications reduce the tiptake of

glucose in muscle and adipose tissues and encouraging metabolic alterations.
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resistance.n response to protein misfolding, activation of three stsessor kinases are induced in the

ER (GutierrezRodelo et al. 2017)

PERK, IRE1 and ATF6 detecting protein malfunction and triggering a mechanism
known as UPR. These kinases also facilitate pathways which lead tgnthesss of
inflammatory cytokines or kinase activation which control the activation of IRS. PERK
facilitates the release of NEB from its IkB antagonist, inducing its translocation to the
nucleus and stimulating the synthesis of inflammatory cytokines asi such as TNB ,

IL-1 b a6 @Fig.l12).

In addition, various Ser kinases such as JNK and -BiCactivated. This results in
phosphorylation of IRS on Ser, which results in resistance to insulin. The
phosphorylates and activates lREinase JNKwhich in turn phosphorylates IREon

Ser. It affects the pathway by increasing its ability to interact with other signalling
proteins, mainly by modulating the direction of kinases PI3K / Akt and MAP kinase
pathways that causes insulin resistance. Thieway of ATF6 also activates NKB,
resulting in the same piiaflammatory response. Grey arrows and lines show negative
pathways of control (Fig. 1.Z)GutierrezRodelo et al. 2017)in contrast, biochemical

and genetic evidence shows that Ser / Thr hyperphosphorylation can nesluige



stimulated phosphorylation in Tyr by up to 50 percent throughout the structure-af IRS
This level of inhibition is sufficient to cause glucose intolerance in T2DM, particularly at
a stage wh ecetlls faidto pradeca ddéquate nsutiompensatiorfKido et

al. 2000)

1.4.2.3b-cell dysfunction in T2DM

b-cell dysfunction is a major feature of T2DM, with cytokimeluced inflammation,
obesity and insulin resistance, and overconsumption of saturated fat and free fatty acids
(FFA). Progressive down e g u | a tcellcactivityy &nd fesults in its fatiguehich
precedes t-dels(Faranaini 2010p TalchaEt al. 2012)Lo s s -cellfmads

and loss of function is the hallmark of both type 1 and type 2 diabetes (Stotfers

2004) I n T 2 foeM apoiosis is associated with ER str@darchettiet al. 2007)
Proinflammatory cytokines cause an inflantamg response that is associated with
obesity and both ar e ass ecelideath s dlsowaudedbyr e s
proinflammatory cytokinegCnopet al. 2005; Eizik and Cnop 2010; Gurgionveyet

al. 2011) It is stated that cytokinesecreted by immune cells infiltrating the pancreas are
essenti al neelld destructon (8in et fal. 2612) Chronic exposure to
hyperglycaemia leads to increased oxidative stress and inflammation. This
hyperglycaemia may alter gene expression regulations that converge with impaired
insulin secretion and increased apoptd&gbert and Liu 2012)Oxidative stress can
cause damage to cell organelles, especially mitochondria and cell proteins, lipids and
nucleic acid¢Simmons 2007) It can also initiate and lead to both endoplasmic reticulum
(ER) stresgHotamisligil 2010; Kanetet al. 2005and autophagfLeeet al. 2012)

1.5Current treatments for T2DM

1.5.1 Diet and life style modification

The key to triggering T2DM is an inactive lifestyle and egensumption of food and

drink. As a result of that, lifestyle changes can prevent the progression of TR&M

2014; Galaviz et al. 2015} is believed that in addition to taking drugs, patients can also
reduce some serious risk factors by adoptingplmermacological strategies. Ndrug
interventions alone can last long in the management of T2DM and prevents the associated
complicationshowever, diet and life style changes can enhance control of diabetes with
drug therapy. To achieve success for-pbarmacological strategies, patients may also

need routingfollow up on lifestyle and counselling. Comprehensive control of these

9



approachegan avoid diabetes development and can reverse the risk factors and their

related complicationéTanet al. 2019)

1.5.2 Oral anti-hyperglycaemic agents

Patients who has been diagsoned with 7% or above HbAlc (>126 mg/dl blood sugar),
need pharmacological therapy along with lifestyle changes. Most patients dyeabége

to control diabetes and would sometimes require multiple therapies to achieve geod long
term glycaemic contrg{Turneret al. 1999) Hypoglycaemia is the major risk factor in
pharmacological therapy, which should be monitored closely, if several pharmacological
agents are used for combination therapyotJputine monitoring, changes to the drug

dose may be needédarter 2006)

1.5.2.1Biguanide (Metformin)

Metformin is the most frequently prescribed oral antidiabetic drug, particularly in patients
with obesity and overweight. This is still the best choice for both initial and antidiabetic
monotherapiesThe dug gairs control over hyperglycaemia by enhancingsulin
sensitivity, increasing glucose absorption through phosphorylation of &drdb@ncer

factors and suppression of gluconeogenesis in the(eeand Liu 2006)

Metformin also helps to reduce weight with a reduction of triglyceride and serum LDL
cholesterolLin et al. 2018and has the potential to lower levels of HbAlc. Metformin,
however , doaels, sonHbAlc evelhaygradualy rise again after the initial
drop due to lack of muscle insulinrsttivity (Pfeiffer and Klein 2014)

1.5.2.2Sulfonylurea

Sulfonylureasare major insulin secretagogugsedin DM therapy.This class of drugs
mainly targetsK*-channels ofb-cells that are sensitive to AT@roks et al. 2002)
Therefore,they need activgp a n ¢ r ecall$ to showbtheir potentialityThese have
disadvantage ofjlucoseindependent insulin release and subsequent hypoglycaemia.
They are also associated with weight gain, and samiro evidence suggests they can
acc el eelddluee (Halban et al. 2014; Linnemanet al. 2014; Thulé 2012)
Meglitinides or secalled glinides another class of insulin stmgoguesare more costly

as a medications, however they have a shorter duration of action than sulfonylureas and

produce less hypoglycaenfighulé 2012)
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1.5.2.3Thiazolidinediones (TZDs)

Thiazolidinediones (TZDs) ar e paetivatoxsi S 0 mg¢
(PPAR 92), which function by enhancing i ns¢
and the liver(Eldor et al. 2013) T h e s e -cedisnt@ rbdin&in ibsulin secretion,
making them a very effective astisulin resistance therapy in T2DM, showing lasting
effects for up to 5 yearDeFronzoet al. 2013) However, the body weight gain is a
common sideeffectof TZD. Despite the increase in body weight with TZD treatment,
there is a reduction i n HeélAubdigns aadinsulie | | a
sensitivity(Gastaldelliet al. 2007.)

1.5.2.4Sodium-glucose cetransporter 2 (SGLT-2) inhibitors

SGLT2 inhibitors, also known as gliflozins, are suppressors of sodium transport and
facilitate the removal of gkose through the kidneys by preventing glucose reabsorption

in proximal renal tubules, thus reducing plasma glucose (Kaefla 2014) Some of these
seriesnarketing agents are canagliflozin, dapagliflozin, and empagliflozin. These agents
are very useful because these work independently of insulin secretion and action at any
stage of diabete@nzucchiet al. 2015) Common side effects include infections of the
urinary tract, genital mycotic infections especially in women, and symptoms associated
with depletion of (urine or blood) volun{®avidet al. 2014)

1.5.2.5Amylin and Pramlin tide

Amylin is a hormone thatisewecr et ed wi t h i n<elld. Amylinf r om
reduces postprandial glucose levels by suppressing glucagon secretion and increasing
gastric emptying timgGedulinet al. 1997) Pramlintide is the synthetic analogue of
amylin that has similar effects the native hormone and leads to weight loss with side
effects including nausea, vomiting, bloating and increased risk of hypoglycgamdger

and Gloster 2004; Tahraei al. 2011)

1.5.2.6DPP-IV inhibitors

DPPRIV inhibitors or gliptins are argup of antidiabetic drugs, which inhibit dipeptidyl
peptidasdV enzyme. This enzyme is responsible for the inactivation of incretin
hormones, such as glucaglike peptide 1 (GLPL) and ducosedependent intestinal
polypeptide (GIP)Singh 2014a) GLP-1 and GIP are involved in the physiological

regulation of glucose homeostasis following ingestion of f(ddthiesenet al. 2019)
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They stimul ate i nsul icels(Bathaktard 8rsdgemanf20l@ m p a i
wel | as reducing gl uc agceells(De Macimsettal. 2000; f r o n
@rgaard and Holst 2017; Ramracheya et al. 2018; Sasiclo2017) Therefore, the use

of DPRIV enzyme inhibitors delays GL-P and GIP inactivation and resulting in the
increase of the halffe of the peptides and consequently improving hyperglyceamia. Few
adverse effects witlow risk of hypoglycaemia and weight loss have been identified by

the use of the inbitor@runton 2014)

1.5.2.7Dopamine agonist

Dopamine actions on obesity, metabolic syndrome, and T2DM have been reported
(Lamoset al. 2016) A dopamine agonist, Bromocripth@R (QuickReleasg is an
authorized T2DM therapy. In some studies, quick release of dopamine agonist has shown
a modest improvement of glycaemic parameters, cholesterol, and weight loss. Some
evidence published on cabergoline, a lamtjng dopamine agonist, also suggests

improvement of glycaemicontrol (Cincottaet al. 1993; Lamos et al. 2016)

1.5.2.8Bile acid sequestrant (BAS)

Non-absorbable bile acid sequestrants al@&ss of medicines used to decrease serum
cholesterol(Handelsman 2011)t was FDA approved in 2000 as antidiabetic agents.
Colesevelam was noted for the reduction of blood sugar when used in patients with
diabetes(Handelsman 2011)in a 26week randomized trialcolesevelam decreased
HbAlc by 0.5% relative to patients receiving only sulfonylur@amseceaet al. 2010)

The exact mechanism of action remains undetermined, howeve, they may function in the
intestine and liver via the farnesoid X receptor (the bile acid receptor) and TGR5 (a G
proteincoupled receptor)Fonseca et al. 2010y his eventually can lead to the reduction

of the endogenous glucose liberati@oldfine 2008; Staels 2009\dditionally, they

can affect incretin secretion, piaularly glucagorike peptidel (GLP-1) (Marina et al.

2012; Suzuket al. 2007)

1.5.3 Inhibitors of carbohydrate digestion and absorption

Carbohydrates are commonly consumed as starches or other sugary compounds that are
slowly digested enzymatically before they are absorbed. Pancreatic amylase transforms
starches into smaller sugars, maltose, maltotriose, and dextrins in the gut lumen and i

further degraded by enterocyte membrane u ngiucokldases into glucogkebovitz
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1997; Thulé 2012) -Gliicosidase inhibitors are class of drugs that restrict the activity of
digestive enzymes responsible for the brdakvn and absorption of carbohydrates. This
class of drugs is slightly effective in preventing postprandial elevations of blood glucose
(Lebovitz 1997)

1.5.3.1Fibre supplements

With the advent of preventive medicine and pharmacotherapy, some developments have
been attempted recently, but diabetes remains an enormous health piadsManovski

et al. 2019)Diet and lifestyle are the main compotsein the treatment of type 2 diabetes,

and the use of fibre in the diet is believed to result in significant glycaemic cvitiRbe

2018) Nevertheless, in their report in 2014, the AmericaabBies Association (ADA),
emphasised the disappointing effects of fibre in di#sanovski et al. 2019T he report

stated that its potential for glucoregulation is minimal and has a modest decrease in
HbAlc by 0.20.3% in diabeticndividuals, which requires > §0/ day consumption

(ADA 2018a; Evertet al. 2013) Other reports on the use of high fibre content in diet
demonstrated the control of hyperglycaemia and reductionth& progression of
cardiovascular diseag@nderson et al. 2009; Andersat al. 2004; Tabatabai and Li
2000) Other reports from the ADA Medical Care Guidek for Diabetes recommended

in 2018 that increased intake of viscous fibre from oats, legumes, and citrus may reduce
the risk of progression of diabetgSDA 2018b; Jovanovski et al. 201%lthough the
mechanisms of action have yet to be elucidated, it is hypothesized that fibre isolates, such
as g u a rgluogary on psyllium, have the ability to increase viscosity in the human
intestne and decrease the absorption rate of nutrients. Studies on viscous fibre isolates
demonstrasted the greater potential for improving postprandial glyceamic and
insulinemic responses compared to 4vistous fibre(Jovanovski et al. 2019; McRorie
2015a; McRorie 2015byuksanet al. 2009) Nevertheless, it is less clear whether and
how consistently the postprandial effects are expressed iatéomydanges, such as
reduction of HbAlg¢Jovanovski et al. 2019The extent of gain from viscous fibre intake

in diabetes management therefore remains unclear and requires a thorough and rigorous

evaluation(Jovanovski et al. 2019)
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1.5.3.2Digestive enzymes inhibitors

The commer ci aludosidasa mhabitorsdabarbese, Woglibose, and miglitol)
are equally effective in reducing blood sugars, but they have some potential differences.
The acarbose inhibits pancreatic amylase and displays a lower affinity ali&oge for
sucrase. On the other hand, miglitol is the only substantially absorbed compound and
inhibits the transport of glucose across the threshold of the enterocyte membrane
(Lebovitz 1997)

1.6 Injectable drugs

1.6.1 Insulin Therapy

Insulin injection is the main line of therapy for T1DM in st oral hypoglycaemic
agents fail to normalize elevated levels of blood glucose and HbAlc. Insulin may be
administered as monotherapy or in conjunction with oral hypoglycaemic agents if the
scenario occurs in T2DM. The only limiting factor of the usenstilin that it must be
delivered by injections and patients who suffer from needle phobia, may not stick to
regular injections which can lead to inadequatet glycaemic control. Insulin pumps and
patches can be known as replacements with continuous sulmugansulin infusions

that are readily available in the market to encounter such injectable [{Qaindren et

al. 2019; Easa et al. 2019; Hernwtral. 2018)These pumps have already been listed as
moderate to highisk products by the US Food and Drug Administration (FDA) and
clinical trials are continuing for the safety and efficacy to this moldelelivery

(Heinemanret al. 2015)

1.6.2 GLP-1 mimetics

Glucagonlike peptide 1 (GLPL) mimetics are emerging as useful alternative or
complementary treatment option over insulind@betes. The lack of hypoglycaemia as

a side effect when using GLP receptor agonists, together with the ability of these
therapeutic agents to minimise or even reduce weight gain, makes them useful targets in
the development of theragyowever, these adications have short hdifes and require
repeated treatment in order to sustain therapeutic levels. Current pharmaceutical
development has led to the productadrvarious longacting GLR1 mimetics which are

readily availablein the market including ikaglutide, Exenatide LAR, Dulaglutide,

Semaglutide and AlbiglutidéHolst 2019) Moreover, recent research based on-non
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fusion peptide proddion with improved haHives may be more appropriate for oral
administrationMcBrayer and TeGan 2017)

1.7 Natural antidiabetic resources

Many diabetic patients are drawn to complementary and alternative treatments. There
have been studies of many herbs lowering blood glucose (&tetadabadi et al. 2013;
Naimi et al. 2017; Perera and Li 2012erbal medicines could therefore be a better
treatment choice for glycaemia management and/or lower insulin depemespecially

in countries with limited access to pharmaceutical produsisvertheless, proper
selection of herbal medicine is necessary to obtain expected efficacy for the management
of diabetes. It depends on several factors including the stage otedialbems of
comorbidity, accessibility, affordability and, most significantly, the herbal safety profile.
Based on several recent clinical attempts in humans, it is reported that medicinal plants
such asScoparia dulcigSenadheerat al. 2015) Cinnamomum cassigAndersonet al.

2016) Ficus racemosdark (Gul et al. 2013)andPortulaca oleraced.. (Choudhuryet

al. 2017) seeds have antichatic potential. Many of them have already reached
commercial production for diabetic patients namely, Diabecon®, Glyoherb® and Diabeta
Plus® (Choudhury et al. 2017)Thus, herbal supplements could be an adjuvara or

reasonablalternative to treat diabetes.

1.7.1 Anti-diabetic agents from plants

Many isolated medicinal plant derivatives have shown efficacy at different stages of
diabetes. Plant deatives, such as curcumin, have been found to be important4in pre
diabetes therapy and to prevent T2DM progresf@ruengsamarat al. 2012)Among

diabetic patients who are also diagnosed with hypertension, cinnamon may be a better
option (Howardand White 2013)Contrary, theAloe veraleaf extract demonstrated an

i ncrease in insul i-pellsiPethueapet &. 2016) Thenefopeaforc r e a
the next generation of new treatment production in T2DM, it is important to know the
patient history and therapeutic benefits of medicinal plants. Tabkuininarizes the list

of plants that are having insuliike action or enhance insulin secretory responses

whereas Table 1.2 lists phytochemicals potentially respansive
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Table 1.1: List of selectedplants having insulin mimetic or insulin secretory activity

Plant name Common name | Mechanism of action References

Acacia arabica Babool Release of insulin from pancreas (Wadoodet al. 1989)

Aloe barbadensis Gheequar Stimulating synthesis and releasensulin (Nooret al. 2017)

Annona guamosa Sharifa Increase plasma insulin level (Kaleemet al. 2006)

Boerhaavia diffusa Punamava Increase plasma insulin concentration (Pari and Satheesh 2004)

Capsicum frutescens Mirch Increase insulin secretion and reduction of insulin bin¢ (Chaiyasitet al. 2009)
on the insulin receptor

Eucalyptus globulus Eucalyptus Increase insulin secretion from clonal pancreatic betal (Gray and Flatt 1998
(BRIN-BD 11)

Olea europia Olive Increase insulin release apéripheral uptake of glucose| (El-Abhar andSchaalan 2014)

Zingiber officinale Adrak Increa® insulinand decrease fasting glucose level (Mahluji et al. 2013)

Ocimum sanctum Tulsi Decrease serum glucose, increase liver glycogen| (Hannaretal. 2015)
enhanced circulating insulin

Asparagus racemosus | Shatavari Increase pancreatic and plasmsaulin, liver glycogen anq¢ (Hannan et al. 2011; Hannan et
total oxidant status 2007

Trigonellafoenum Methi Glucose transport in 3TB1 adipocytes and increase | (Hannan et al. 2007

graecum insulin action

Swertia chirayita Chirayta Bark extracts involves inthe stimulation of insulin (Thomsonret al. 214)
secretion and enhancement of insulin action
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Table 1.2: List of selectedplants phytoconstituents having insulin secretagogues or insulin mimetic activity

Plant name Constituents References
Aloe vera Pseudoprototinosaponin Alll and prototinosaponins 4 (Bnouhamet al. 2006a)
Bauhiniavariegate Roseoside (Frankishet al. 2010)
Camellia sinensis Epigallocatechin gallate (Singhet al. 2010)
Eriobotrya japonica Cinchonain ib ( Qa Oetlah RO09)
Momordica charantia Momordicin, charantin, and galactesmding lectin (Saxena and Vikram 2004)
Pterocarpus marsupium Epicatechin (Modaket al. 2007; Saxena and Vikram 2004)
Semen coicis Apigenin (Chauharet al. 2010)
Morus alba Chrysin, isoquercitrin (RomanRamoset al. 1995)
Urtica dioica Quercetin, quercetrin, apigenin, rutin, apige®- | (Hussairet al. 2004)
glucoside
Bauhinia varigtla Quercetin, quercetrin, apigenin, rutin, apige®i- | (Hussain et al. 2004)
glucoside
Agaricus campestris U Terpineol, hexanol (Gray and Flatt 1998b)
Biophytum sensitivum Shamimin (Puri 2001)
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Curcuma longa

Curcumin, turmerone, germacrone, zingiberene

(Zhanget al. 2013)

Myrtus communis

3-O-b-D-glucopyranoside

(Alipour et al. 2014)

Trigonella foenum graecum

Diosgenin

(Khoslaet al. 1995)

Andrographis paniculata

Andrographolide

(Yu et al. 2003)

Silybum marianum

Silymarin, silybin, silychristin, silidianin

(Huseiniet al. 2006)
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In this study we included five plant extractbased onprevious stugks and the

ethnopharmacologicalurvey.

1.7.1.1Annona squamosdgleaves)

Annona squamosgig. 1.3), a member of the Annonaceae family, commonly known as
Custard apple. The species is widely cultivated as a commercial fruit tree both within its
native range and in tropical regions around the world. It is now cultivated in countries
such as Indonesj Thailand, and Bangladesh. The Annona species are shrubs or small
trees with an average height 4151 m dependi ng on various f
type of soil, and crop managiiiQuilezet al. 2018) The leaves contain phytochemicals,

such as, 42-nitroethyl}1-((6-O-3-D-xylopyranosyib-Dglucopyranosyhoxy) benzene,
anonaine, benzyltetrahydrasoquinoline, borneol, camphene, camphor, -Zane,

c a r v ecarghyllebe, eugenol, farnesol, geraniokhehtriacontanone, hexacontanol,
higenamine, isocorydine, limonine, linalool, linalool acetate, menthone,
methylanthranilate, meytsalicylate, methylhepteme, p(hydroxybenzyh6,7-(2-
hydroxy,4hydro) isoquinoline, foctacosanol,-# i ne-penehe, ruti-n, st
sitosterol, thymol and-triacontanol(Patel and Kumar 2008)n addition,it has been
reported thBA. squamoséas various pharmacological activities such as antimicrobial,
analgesic, aniinflammatory, and antbxidant. Table (1.3) summarises the distribution,

traditional uses and pharmacological activitie&o$quamosa
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Table 1.3: Distribution, traditional uses and pharmacological activities oAnnona squamosa

Pharmacological

Local name Distributed Traditional use o References
activity
_ o _ o | (Kamarajet al, 2011; Madhumithat
A Acaricidal, insecticidal and larvicida
al. 2012)
V Sweetsop 0 Analgesic A Analgesic and antiinflammatory (Chavan et al. 2010; Yedt al. 2005)
V custard of _ o
o Antihelmintic | . _ (Dholvitayakhun et al. 2012;
sugar apple . A Antibacterial _
g . o Anti- Dholvitayakhuret al. 2013)
V chirimoya |V Tropical _
. inflammatory | (Agarwal et al. 2014; Kawet al. 2013;
V' saramuyo America Antimicrobial Antidiabetic
0 Antimicrobia - i
V pinha V Africa _ _ Tripathi 2014)
_ 0 Antirheumatic|_ . _
V fruta do|V Asia A Antilipidemic (Guptaet al. 2008b)
q v A i o Cancer

onde ustralia o Carminative |- o (MariOd et al. 2012; Nandikumar and
\/ attier A Antioxidant .
v fan i zhi o Digestive Indumathi 2013)

anftzn o Headache A Anti-hyperglycaemic & (Daviset al. 2012)
V sitapha

Hepatoprotective

pd

Immunestimulant

(Soniet al. 2012)
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1.7.1.2Camellia sinensigleaves)

Camellia sinensigL.) (Fig. 1.4) (Tea) is an important commercial crop that is grown
mostly in the tropical and subtropical countries of Asia, Africa and to some extent Latin
America(Sharmeaet al. 2009) Tea is the second mesbnsumed drink in the world after
water. This drink was born in China and has a long history spanning thousands of years
into different countriegGraham 1992)From the ancient era until today, it is believed
that tea is a traditional Chinese medicine that is able to ameliorate or prevent all sorts of
disordergGraham 1992)

Teas are classified into unfermented green tea, semifermented oolong tea, and fermented
black tea based on their respective manufacturing processes. In green tea, the polyphenol
compounds are the main constituenwedbyaccol
its protein content (15%), l'ignin (7%),
acid (2%), and chlorophyll (0.5%Wierzejska 2014)Catechins represent most of the
polyphenb s present -emi gateaohdmiag £ICIyQgc dtigchin
epicatechil3-g a |l | at e ( Edalpcatachid-gallaie (EGCG) are the 4 most
abundant catechinslt has also beenreported that C. sinensis has multiple
pharmacologicalfunctions, including antimicrobial, hypolipidemic, atgimor, anti

oxidant and antdiabetic activities.Table 1.4 summarises the different pharmacological

activitiesreported orC. sinensis
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Table 1.4: Different pharmacological effects reported or€. sinensis

Activity Active compound Observed effect References
1 Destroys exopolysaccharides and membrane ¢
bacterial pathogen (HaraKudo et al. 2005; Noornadi and
EGCG 1 Increases endogenous oxidative stress Dabaghzadeh 2015; Xiong et al. 2017; Yetla
- . 1 Reduce adherence Bf nucleatunto oral al. 2004)
Antimicrobial effect epithelial cells and matrix proteins
Catechins 1 Catechins binding with bacterial lipid bilayer (Sirk et al. 2009)
causes damage to the membrane
Flavonoids 1 Inhibition of activity of bacterial ATP synthase | (Chinnamet al. 2010)
71 Decrease cholesterol synthesis and upregulate
_ hepatic LDL receptors
Hypocholesterolaemi EGCG T Inhibition of 3hydroxy-3-methylglutaryl CoA | (Bursill et al. 2007; Jangt al. 2013)
and hypolipidemic reductase o
1 Increase MDA content and decrease SOD in liy
effects M Inhibit key adipogenic transcription factor
Linalol (peroxisome proliferateactivated receptor (Jang et al. 2013)
1 PPARD)
Antitumor effect Catechin I Unhindered apoptosis (Lee and Jia 2015)
Antioxidant effect , . (Kavanagret al. 2001; eong et al. 2009;
Catechin T Reductionin ROS Sadavat al. 2007)
1 Prevention of islets of Langerhans from destruc]
Anti-diabetic effect EGCG I Reduces gene expression of the gluconeogeni (Chacko et al. 2010; Fu et al. 2017; Nueeal.
enzyme phosphoenol pyruvate carboxykinase | 2014)
T I nhi-glidc dsi dammgase and U
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1.7.1.3Eucalyptus citriodora

Eucalyptus citriodora(Fig. 1.5) is a talltree andoriginate in tropical norteastern
Australia. It is also known as lem@cented gum, blue spotted gum, lemon eucalyptus,
and Corymbia citriodora.This plant is cultivated in tropical zone widely and being

naturalized in Bangladesh.

E. citriodora contains essential oils such as Cineole, Citronellal and Citronellic Acid
(Low et al. 1974)In the essential oil . citriodora, a total of 22 compounds were found

i ncl u-gi n g-pikkne, BHS cineole, ciwse oxide, transose oxide, isopulegol,
Citronell al, Nergned, Cirahalg, Geranglplsopuledyl acetate, p
Menthane3,8-diol, Citronellyl acet at e, -Qarsynomtley-Humblene,, U
Bicyclogermacrene, Spathulenol, Caryophyllene oxide andDRytethyl-5-heptenal
(Tolbaet al. 2015)

Pharmacological Activities

The dried leaves oE. citriodora (Hook) hot water extractare traditionally used as
analgesic, antinflammatory, and antipyretic remedies for symptoms of respiratory
infections such as cold, fluid, and sinus congesti®@omesCarneiroet al. 1998) The
synthesisof TNFU, ieukintkef,|] | eukotri ene B4 and thron
cells has been reported to be inhibited by eucalyptol ftEonsitriodora essential oil
(Gbenou et al. 2013; Juergens et al. 1998a; Juergens et al. 1998kt 8i2003)

E. citriodora essential oil is known to possess a wide spectrum of biological activities
such as toxicity against a wide range of microbes, bacteria, fungi, {leestst al. 2008;
Lugman et al. 2008; Set al. 2006; Tolba et al. 2018nd antioxidant properti€Singh

etal. 2012; King et al.2018) E. citriodoraHook leaf extract has been reported to reduce
hyperglycaemia inlbbxan-induced diabetic ratéPatraet al. 2009a) Betulinic acid and
corosolic acid from the leaves have also been reported to increase the translocation of
GLUT-4 (Wanget al. 2014)

1.7.1.4Acacia arabica

Acacia arabiceaor Vachellia niloticaor Acacia nilotica(L.), (Fig. 1.6) commonly known

as gum Arabic tree, babul, thorn mimosa, Egyptian acacia or thorny acacia, is a tree that
belongs to the family Fabaceae. This plant is native to Africa, the Middle East, and the

Indian subcontinent. Acacia species haveraylhistory of ethnomedicinal use for the
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treatment of skin, sexual, stomach and tooth problems. It is widely distributed throughout

the arid and serarid zones of the world.

The leaves contain 32% tannin and the flower part contains stearic acid,fé3p
glucoside, isoquercetin, leucocyanidifarzanaet al. 2014) Among the polyphenolic
compounds, several have been identified, such as (+) dicatechin, quercetin, gallic acid
(Gulco 2001; Said 19979 n d - abmy r isitosterbffFarzana et al. 2014Yhe gum
contains 1.8% moisture, galactoseatabinose. trhamnose, and arabinose(O3b-L -
arabinopyranosyl, darabinos€¢Chatterjee A. and S.C. 2000; Gulco 2Q01)

Pharmacological activities

A. arabicaseeds demonstrated inhibition of the blood glucose levels via improving
insulin releasgWadood et al. 1989)A previous study also reported that arabica
decreases serum glueokevels and increases HBEL and CeQ10 in diabetic animals
(Hegazyet al. 2013 The methanolic extract of the bark decreased theirduced
mutagenicity by reverting the formation of pyrimidine dimédan et al. 1987) In
addition,in vitro antibacterial activity against several grpsitive and negative bacteria
was documented by the alcoholic extract of gum, leaf, andMagi and Dave 20107
previous study reported thak. arabicahas potential antioxidant activifyiegazy et al.
2013 andwasalsofound to be effective in the treatment for malaria, sore throat (aeria
part) and toothache (bark)ain et al. 1987)

1.7.1.5Heritetia fomes

Heritiera fomesBuch. Ham. (SynHeritiera minoror Amygdalus mingris an evergreen
moderatesize tree growing abundantly in Sundarbans, Bangladesh (FigH1f@neds

an important mangrove species having ethnomedicinal uses in traditional remedies. The
people living beside the Sundarbans use this plant extensiweliyrelating various
ailments including diarrhoea, dysentery, constipation, indigestion, and stomach ache. It
is a good insect repellefMollik et al. 2010)and has wound healing properti@satra

and Thatoi 2011)

H. fomesontains 0.25% chlorophyll a, 0.09% chlorophyll b, 0.11% caroten®845%
polyphenols, 21.12% tannin®asaket al. 1996) The presence of reducing sugars,

saponins, alkaloids, glycosides, tannins, steroids, flavonoids, and gums has been
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demonstrated by phytochemical exploration of the leaf extiriogsairet al. 2013) The
leaf contains 29.22% protei(Basak etal. 1996) and bark containsi36% tannin
(Mahmudet al. 2014pnd a high content giroanthocyanidinf/Nangensteen et al. 2009

Pharmacological activties

H. Fomeshave significant antioxidanté/Nangensteen et al. 200%ntinociceptive,
antihyperglyceamic(Ali et al. 2011h) antimicrobial(Wangensteen et al. 200%ntk
cancer(Patra and Thatoi 201,3nd cardiovascular disegdollik et al. 2009)

1.8 Hypothesis, Aims, and objectives

1.8.1 Hypothesis

This study hypothesizes that crude extractstiodse five different plants(Annona
squamosaCamellia sinensisndEucalyptus citriodordeaves, and\cacia arabicaand
Heritiera fomedark) may possess insulinotropic and antidiabetic properties.

The objectivesof this study are to investigate the therapeatitidiabeticeffects of
Annona squamosaCamellia sinensisand Eucalyptus citriodoraleaves, andAcacia
arabica and Heritiera fomesbark bothin vitro andin vivo. Furthermore, this research
involves isolation and characterization of plant phytochemicals, thereby defining the

active chemicals.

1.8.2 General objectives

0 Different in vitro and in vivo methodswere usedn this project tostudy the
mechanism of actiorof different plant extracts preaimed for antidiabetic
activity.

0 High-fat diet modeln obese ratsvas used t@xamine the impact of extracts on
glucosehomeostasis.

U Plant constituentsvereisolatedin the searctior novel antidiabetic compounds
usefulin thetreatment of DM.

1.8.3 Specific objectives
The pathway studies were conducted using the selected plant extracts
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1.8.3.1In vitro studies

A

A
A

Use reversegphase HPLC, L&MS and NMR to purify and identify lead
fractions/compoundom plant materials.

Assessment of the insulinotropic effects of plant extracts using ERIN1 cells.
Evaluation of the cytotoxicity of plant extractsagdactatedehydrogenase (LDH)
assay.

Elucidation of the insulinotropic mechanism of actiosing insulin release
modulators tolbutamide, IBMX, verapamil, and diazoxide.

Evaluation of plants extract effects dmeta cell membrane potential and
intracellular calcium.

Assessment of effects of extracts on glucose uptake, acute insulin relead¥, DPP
activity, protein glycation, glucose diffusion and stadipestion

1.8.3.2In vivo studies

A Investigation of uicose homeostasis including (body weight, food intake, fluid

intake, blood glucose, plasma insulin, glucose tolerance (18mmol/kg, orally) and
plasma PP-1V activity on high-fat-fed dietinduced obesity rats.

Evaluation of lbbth an acute and chronic study of glucose tolerance,-INPP
enzyme activity, body weight, and different metabolic parametdrigh-fat-fed
dietinduced obesity rats.

Immunohstochemistry analysis of islet to distinguish changes brought by the

plant extracts treatment.
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Figure 1.3 Leaves ofAnnona squamos@ccession Number 43754)
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Figure 1.4Leaves ofCamellia sinensigAccession Number 43207)

r
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Figure 1.5Leaves ofEucalyptus citriodorgAccession Number 43755)
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Figure 1.6Bark of Acacia arabica/Accession Nmber 4375%
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Figure 1.7 Bark ofHeriteria fomeqAccession Number 43206)
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Chapter 2

M aterials and M ethods
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2.1 Reagents

Analytical quality reagents and deionized water supplied by PURELAB Ultrapure water
purification system was used for all experiments (ELGA Purelab, UK). The reagents
includingsodium chloride (NaClpotassium chloride (KClgodium hydroxide (NaOH),
hydrachloric acid (HCI), D-glucose,sodium dihydrogen orthophosphate (NREY),
sodium bicarbonate (NaHGY) potassium dihydrogen phosphate @RiQy),
dimethylsulphoxide (DMSO), calcium chloride dihydrate (GaZH.0), magnesium
sulphate (MgS0O4.7¥D), acetic aa (glacial), dichloromethane (CGHI2) and
magnesium chloride (MgebH.O) were acquired from BDH Chemicals Ltd. (Poole,
Dorset, UK).

Other reagents, bovine insulin, bovine wseralbumin (BSA), kalanine, foskolin,
1,3,4,6tetrachlore3,6 diphenylycoluti (lodogen), 4(dipropylsulfamoyl) benzoic acid
(Probenecid), 3sobutytl-methylxanthine (IBMX), ethanol (#EisOH), acetonitrile,
triethanolamine (TEA), trifluoroacetic acid (TFA), ethylenediamine tetraacetic acid
(EDTA), N-2-hydroxyethyl peprazin®l é2-ethanesulphonic acid (HEPES), dextran T

70, charcoal (activated/untreated), collagenase Xl, diazoxide, verapamil, ethylene glycol
bissN, N, Ntétraaddiic acid (EGTA), thimerosol, tolbutamide, phorbolmZistate
13-acetate (MA), probenecid, phenol redtryphan blue solution (0.4%)rutin,

isoquercitrin, quercetin and quercitrimere obtained from Sigmaldrich (Poole, UK).

DPRIV enzyme and GKPro-7-Amino-4-Methyl Coumarin were bought from S

Aldrich (Poole, UK) whilst membrane potential and inttadar calcium assay kits were
obtained from Molecular Devices Corporation (California, USA). Rat insulin standard
was supplied from Novo Industrial (Copenhagen, Denmark) and Lactate dehydrogenase
assay (LDH) kits were ordered from Promega (Southamptoi, BKetal bovine serum
(FBS) , HBSS (Hanksd® badilcdh Resdell Baakl Memosab | ut |
Institute 1640) with 0.3 mg/ml kglutamine, Antibiotics(penicillin (100000 U/l and
streptomycin (0.1mg/m)) trypsin (1:250) were bought from Gibco Lifeechnologies

Ltd. (Paisley, Strathclyde, UK). Glucagon like peptld¢GLP-1) was purchased from
EZBiolab (USA) whereas ELISA (Enzymimked immunosorbent assay) kits were
supplied from Millipore (Millipore, Watford, UK). Furthermore, Radiolabeled sodium
iodide(Na'®, 74 MBqg/ 20el stock) were obtained f
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2-NBD-G| ucos e (Fluorescent -anylase assay kiu pnd a k e

Dexamethasone were purchased from Abcam (Cambridge, UK).

2.2 Plant materials and extract preparaton

Five plant materials: Leaves Ahnona squamog#&amily: Annonaceae, Custard apples)
Camellia sinensis(Family: Theaceae, Black teaJucalyptus citriodora(Family:
Myrtaceae, Lemoiscented gum)and bark ofHeritiera fomes(Family: Malvaceae,
Sundr) andAcacia arabica(Family: Fabaceae, Babul) weobtainedfrom University
Ayurvedic Research Centre (UARC), Jahangirnagar University, Dhaka, Bangladesh.
Botanical taxonomist of the Bangladesh National Herbarium, Dhaka completed the
classification of plat materials and an accession number of each plant material was given

individually.

2.2.1 Preparation of hot water extracts

Initially, the plants wereollected,and the leaves were separated from the stems and the
petiole. The leaves were washeih distilled waterand dried in an oven at 4C. A
cyclotec grinding machine was used to grind the leaves (2 kg leaves / plant) in powder
form (200mesh) and held the powder in a plastic container that wastogtlered.
Twenty-five grams of the dried powdef bark or leaves were added into 1L of water and
boiled until achieving the boiling point of thedlvent When it got the diling point, the

blend was allowed to stand around 15 min and was separated utilizing filter paper
(Whatman no. L The oilysepaated solution was then dried under a vacuum (Savant
Speed vac; New York, USA) to leave a final sticky residue of the plant extract collected
and stored at 4°C until the bioassay was performed. Figure 2.1 provides a schematic

diagram of the preparation obhwater extract.

2.2.2 Preparation of ethanol extracts

The phant's leaf and bark powder (2f)0wvas put into a Conical flask and then extracted
with 1L ethanol (80%). The mixture was put on a shak®&00rpnfor 3-4 days at 48 °C

to dissolve the plardomponents completely. The mixture was filtered with Whatman no.

1 filter paper and a rotary evaporator machine.(Ei§ A) was used to evaporate the
filtrate solution to dryness. A membrane pump was used to clear the extract in order to
eradicate the reaining solvent. At last, the end product was fregded using freeze
dryer (Varian 801 LY3-TT, Varian, Lexington, MA, USA):; and it was stored aiG
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until the further experiments. The schematic diagram of the preparation of ethanol extract
has been shun in Figure 2.2.

Crude plant extracts were also purified by the Soxhlet extraction machine #iB)

using soxhlet thimble at the initial stage, before running the samples in the HPLC.

Samples dried and stored as illustrated in the above paragraph.

2.2.3 Preparation of partition fractionations

The ethanol extract (100g) was apportioned between hexane (0.5Lx3) and water (0.5L).
The hexane portion was isolated and hexane soluble material (20g) was obtained after
evaporation to dryness. The watery layeas additionally apportioned by chloroform
(0.5Lx3), ethyl acetate ((0.5Lx3), andbiitanol (0.5Lx3) and soluble materials of
chloroform (179), ethyl acetate (5.5g) anrtidtanol (8g) were obtained after evaporation

to dryness. The leftover watery portismas condensed by rotary evaporator machine and

at last freezalried (459) and then stored at@ until use. The schematic diagram of the

preparation of partition fractionations has been showiguare2.3 and Table 2.1.
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Table 2.1: List of medicinal plants, botanical taxonomy, solvents and extracts used for the experiments

Botanical Name Common name Family Parts used | Solvents used Extracts used
Water Hot water extract
Ethanol Ethanolextract
Annona squamosa Custard Apple Annonaceae Leaf Hexane Hexane extract
Ethylacetae Ethylacetate extract
Chloroform Chloroform extract
Water Hot water extract
Camellia sinensis Black tea Theaceae Leaf
Ethanol Ethanol extract
Water Hot water extract
Eucalyptus citriodora | Lemonscented gun| Myrtaceae Leaf
Ethanol Ethanol extract
Water Hot water extract
Acacia arabica Babul Fabaceae Bark
Ethanol Ethanol extract
o _ Water Hot water extract
Herieteria fomes Sundari Malvaceae Bark
Ethanol Ethanol extract
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2.2.4 Reversegphase highperformance liquid chromatography (RP-HPLC)

2.2.4.1 Purification of crude extracts

Crude extracts were4aissolved in solvent A (0.12% (v/v) TFA/Water) and purified by
reversegphase higkperformance liquid chromatographi(HPLC), Fig 2.8). The
prepared crude extractlaton was injected in to a (22 x 250 mMydac 218TR022
preparatve stainless steel 0 € @rl8 column(Grace, Deerfield, IL, USA) equilibrated

with 0.12% (v/v) TFA/water at a flow rate of 5.0ml/min. The concentration of acetonitrile
within the eluting solvent was expanded gdinear gradients to 20% ovedrhin and to

70% over a period ofi0-60min. The wavelength of 254nm and 360nm were used to
measure the absorbance and fractions were collected according to the appearance of peaks
in individual time points. Fractions were dried using fregmger and10Qul (in 5 ml of

buffer) of peak samples (fraction solution) was used in the screening for insulinotropic
properties. Peak samples (fractions) containing insulinotropic properties had been
collected to measure the molecular mass byM&. Further, insulinotropic fractions

were puified using Vydac 208TP510 (10 x 250 msemipreparative stainless stéek m

C-18 column (Phenomenex, UK). Acetonitrile concentration in the elutingeablwas

raised to 20% over 10 min and t6% over 4060 min at a flow rate of thl/min. Peak
samples were collected at a wavelength of 254nm and 360nm respectively. Peak having
the expected molecular weight of compounds were collected in the consequent runs.
Isolation and characterization of phytochemicals from crude plant extradie sae in

Figure 2.4.

2.2.5 Structural characterization of purified extracts

Molecular weight of fractions (peak samples) was determined using Liquid
Chromatographyass Spectrometry (L®S) via Electrospray ionization mass
spectrometry (ESMS). Fractions (peak s#ples) were separated on a Spectra System
LC (Thermo Separation Products) using a Kinetex 5um F5 LC co((®0 x 4.6 mm)
(Phenomene)) A 10uL injection of the fractions was chromatographed at ambient
temperature using gradient elution. The column alkmved to equilibrate for 4 min at
90% water: 10% acenitrile, then increasing to %0 acetonitrile over 16 min and
returning to the initial conditions for 5 min to allow-equilibration before the next
injection. A flow rate of 0.8 ml/min was maintachever the 25.10 min run time with
UV detection at 220m and 366vm. The LC effluent was routed to an LCQ electrospray
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ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA) for mass
characterization. The system was controlled using Xcalibuwvardt(Thermo Finnigan)
and operated in negative ion mode, scanning over the mass range miz 1ZW0® Da.
Nitrogen gas for the sheath and auxiliary gas were set 65 and 8 arbitrary units
respectively. The spray voltage was set to 4.5kV and the heapdthy temperature

maintained at 250°C. The precision level of the instrument was +0.02%.

MALDI-TOF MS (matrixassisted laser desorption ionisation time of flight mass
spectrometry) also used tietermine molecular mass of the peak samflae matrix

used was U-Cyano4-hydroxycinnamic acid In 1ml of matrix solution (50:50
acetonitril e/ e-tyarmkahydroxycinhanic aci wasfdissblved. The
sample plate was prepared by adding a sal
at room tempeture At an accelerating voltage of 20 kV in the ion source, a voyager DE

PRO instrument (Applied Biosystems, Forster City, USA) operated in reflection mode
with delayed extraction was used. The instrument's accuracy level was +0.02%. The

molecular massef peak samples was determined as a ft@asbharge (m/z) ratio.

2.2.6 Confirmation of extracts purity and identity

The confirmation of extracts purity and idgytwas determined by HPLC (Section
2.2.4.1), LGMS (Section 2.2.5) and NMR. NMR spectra haglen recorded on a 600
MHz Bruker AVIII HD spectrometer outfitted with a 5 mm BBO H&F cryogenic test.
Standard onelimensional composite pulse sequencing (zgcppr) was used to obtain 1H
NMR spectra with the accompanying instrumental settingsnber of scasm = 16;
temperature = 298 K; relaxation delay = 16 s; pulse width = 11.5 us; acquisition time =
1.7039 s; receiver gain = 28; spectral width = 9615.4 Hz; offset = 4125GANMR
spectra were obtained with the aid of the utilization of the reverse-datedpling pulse
sequence (zgig) and the purchase parameters were set as foliovioer of scans = 32,;
temperature = 298 K; unwinding delay = 10 s; pulse width = 6.8250 us; procurement time
= 3.9716 s; spectra width = 36,057.7 Hz; offset = 4125 Hz. Alitspevere physically
staged and routinely baseline corrected. $qitnce rest time (T1) estimations of protons

in glycerol and maleic acid were estimated using a classical inversion recovery pulse
sequence with 10 rel axatlito20s.drelyatgnsof RPU) e
HPLC, Mass spectroscopgind NMR were applied to illustrate the structure of the

bioactive molecule.
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2.31In vitro culture of cell lines

2.3.1 Culture and maintenance of BRINBD11 Cells

Clonal p aalisc(BRENBD 11 cellgbareaninsulin-releasing cell line generated

via electrofusion of RINm5f cells with New England Deaconess Hospital rat pancreatic
islet cells(McClenaghan, et al. 1996Lryogenic vials of 2ml (Greiner bione, UK)
(1x1@ cells/vial) were used to store the cells in freezing medium composed of 10% (v/v)
RPMI-1640 tissue culturmedium (11.1 mM Bglucose), 80% (v/v) foetal bovine serum
(FBS) and 10% (v/v) dimethylsulphoxide (DMSO). Cells were gradually frozen from

20 °C for 4 hr and then moved td0 °C overnight before transferring them to
cryopreservation store. Cells weredalout from liquid nitrogen and defrosted in an ice
bath around 20 min. RPMI640 medium was prepared with supplementation of 10%
foetal bovine serum and 1% penicillstreptomycin antibioticgpenicillin (100 U/ml),
streptomycin (0.1 mg/})and then pravarmed at 3?C around 10 min. The volume of 10

ml prewarmed media was added gradually to stay away from osmotic stun to the cells in
the 15ml tube. The cell suspension was centrifuged at 900 rpm for 5 min (Universal 320,
Hettich Zentrifugen, Germany). Tiseipernatant was disposed of and the cell pellet was
resuspended in 15 ml prearmed RPMI1640 medium and moved into a (75%sterile

tissue culture flask (Nalge Nunc Universal, NY, USA). The cells were incubated@t 37

in an environment of 5% CGOand 95% air (LEEC secure CO2 incubator, LEEC,
Nottingham).

To subculture cells, Hankds bal anced sal
monolayer of cells which was attached to the surface of the flask. The volume of 3ml of
prewarmed trypsin0.25% (w/v) containing 1 mM EDTAwas added to the flask and
incubated at 37C for 3-5 min to detached the cells and the detached cells were
resuspended in to 10ml of RPNI640 medium and the cell suspension turned into
centrifuged at 900 rpm for 5 min prewarmed RPM1640 medium of 20ml volume.

100 pl of cell suspension and 100 pl trypan blue was added in the Eppendorf to mix
together and the Neubauer haemocytometer was used for counting the cells before
seeding into the well plates for experiments.riaintain the cell culture, 1 ml of cell
suspension was resuspended into tissue culture flask and finished up with 25 ml of pre
warmed RPM1640 medium containing 11.1 mM glucose and kept at 37 °C until the
flask became around 80% confluent. Cells usetartest were between passages sixteen
and forty. BRIN BD11 cells cabesea in Figure 2.6 A.
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2.3.2Culture and maintenance of 3T3L1 cells and adipocyte differentiation

3T3L1 cells were purchased from the American Type Culture Colle¢(®nhCC),
Virginia, USA). Dulbecco's modified eagle medium (DMEM) was prepared with
supplementation of penicillin (50 U/ml), streptomycin (50 pl/ml) and foetal bovine serum
(10% v/v). A vial of 3T3-L1 pre-adipocyte cells was obtained from Ulster University,
Coleraire cryostorage and defrosted in a water bath AC3After defrosting the cells
were transferred to a 15ml tube filled with 5ml of DMEM media and centrifuged at 1000
rpm for 5 min. The resulting supernatant was discarded and 5 ml of fresh DMEM media
was alded dropwise and pipetted up and down to break up the cells. The cells were then
transferred and seeded in a T75 tissue culture flask with an extra addition of 10 ml DMEM
media and maintained by incubating at°87at the atmosphere of 5% eénd 95% air
(LEEC secure C&incubator, LEEC, Nottingham). Once the T75 flask reache8080
confluence it was then split it into 3 further T75 tissue culture flasks by washing with 10
ml HBSS, then 2 ml of 0.25% trypsin / 2.21mM EDTA solution was added to detch th
cells from the flask. The flask was incubated for 3 min &C3After 3 min, the trypsin

was neutralized using 8 ml of DMEM. The DMEM media was changed every two days.
Moreover, Once the T75tissue culture flasks reache8080 confluence they were
seeded at a density of 10,000 cells per well i@l plates for differentiation. The media
(DMEM containing 10% foetal bovine serum) was changed every two days until the cells
reached 100% confluence in the wells. Growth arrest was initiated via irculath
DMEM + 25 mM glucose along with 10% foetal bovine serum, 1 pg/ml insulin, 1 pM
dexamethasone, and 0.5 mM isobttyihethylxanthine. The cells were cultured for 4
days. After 4 days, the media was changed to DMEM + 25 mM glucose along with 10%
foetal bovine serum and 1 mg/ml insulin. The cells were cultured for a further 4 days.
After the further 4 days, the media was changed to DMEM + 25 mM glucose along with
10% foetal bovine serum. The media was changed every 2 days until it reached 100%
differentiation. Following these cells had been kept to the original medium till the
experiment -2 days). Cells of passagel2 were used. 3T3L1 cells before and after

differentiation has been shownkigures2.7 A and B.

2.41n vitro insulin-release studies

2.4.1 Insulinreleasing studies with BRINBD11 cells

Acutein vitro insulin release studies were investigated as previously des¢Abedl
Wahab et al. 2008; Conlat al. 2008)In brief, Trypsin/EDTA(0.25% (w/v) were used
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to detached BRIN BD11 cells from the tissue culture flask and seededsiarile 24

well tissue culture plates at a density of 150,000 cells/well and incubated for 24 hr at 37
°C. After incubation the culture media was poured off and the cells weirquigated

with 1 ml of Krebs Ringer Bicarbonate (KRB) buffer (115 mM Na&Z7 mM KCl, 1.28

mM CaCl2, 1.2 mM MgS04, 1.2 mM KH2PO4, 20 mM HEPES, 25 mM NaHCO3, 0.1%
bovine serum albumin (BSA), pH 7.4) containing 1.1 mM glucose for 40 min at 37 °C.
After preincubation, the assay buffer was replaced with 1 ml of treatments ajapeop

to each experiment. All the treatment groups were made in KRB buffer containing 5.6
mM glucose, unless otherwise mentioned. Treatment groups containing secretagogues,
crude or purified plant extracts were added to their respective wells and inciadr&@d

min at 37 °C. Aliquots (950 ul) were collected from each well and storé&20&C until

the insulin radioimmunoassayas performed as described iacBon 2.4.4.

Insulin release modulators such IB8MX, tolbutamide,KCI, verapamil and diazoxide
were used to study the mechanism of insulinotropic actions of plant extracts.BEERIN

cells were incubated with KRB buffer containing 5.6 mM glucose and one of the
modulators(verapamil (50 uM), diazoxide (300 uM), IBMX (200 uM) or tolbutamide
(200 uM)) in the presence or absence (control) of bioactive compounds. This includes
crude and purified extracts from medicinal plants. Another set of experiments was carried
out by incubating BRINBD11 cells with KRB buffer containing 16.7 mM glucose and

KCI (30 mM) in the presence or absence (control) of bioactive compounds.

Insulin release studies without the presence of extracellular calcium were performed by
incubating BRINBD11 cells with calciurrfree KRB buffer containing 115 mM NacCl,

4.7 mM KCI, 1.28 mM Caf2, 1.2 mM MgS04, 1.2 mM KH2PO4, 20 mM HEPES, 25
mM NaHCO3, 0.1 mM EGTA and 0.1% BSA (pH 7.4). The culture media&maeved,

and cells were incubated with 1 ml of calciiree KRB buffer containing 1.1 mM
glucose for 40 min at 37 °C. After pnecubation,the cells were incubated with test
treatments containing bioactive compounds in caleitea KRB buffer containing 5.6

mM glucose for 20 min at 37 °C.
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2.4.2 Insulinreleasing studies using isolated mouse islets

2.4.2.1 Isolation ofislets by collagenase digestion

Adult lean mice (Fig 2.15 B) were sacrificed following ethically approved and
established protocols. Pancreatic islets were isolated as described by Lacy and
Kostianovsky (Lacy and Kostianovsky 19670 si ng <col |l agenase di
Balanced Salt Solutiof(HBSS), (8 g/l NaCl,0.4 g/l KCI, 0.14 g/l CaCl2, 0.1 g/l
MgCl2.7H20, 0.1 g/l MgCI2.6H20, 0.06 g/l Na2HPO4.H20, 0.06 g/l KH2PO4, 1 g/l
glucose, 0.02 g/l phenol red, 0.35 g/l NaHCO3, 10 mM HEPES and 5% B&aused

as wash buffer throughout the experiment. CollageRas@uion (1.4 mg/ml), prepared

in BSA-free HBSS, was injected into the pancreas. This caused the pancreas to inflate.
The pancreas was then excised and kept notetwash buffer. The pancreas collagenase
mix was placed in a shaking water bath at’G7for 8-10 min. The tube was shaken
vigorously 1020 seconds to dissociate the tissue by mechanical digestion and placed in
water bath for further digestion if mechanical digestion had not been achieved. And the
tube was immediately filled with ice cold wash teufand centrifuged for 2 min at 1200

rpm. Supernatant was discarded and the wash step was repeated twice in succession. The
solution was filtered through a strainer to remove undigested tissue and particles. The
tube was then filled with wash buffer andntrifuged for 2 min at 1200 rpm. The
supernatant wadiscardedand the pellet was resuspended in 10 ml Histopaque (Sigma,
Poole, UK) for density gradient separation. The tube was further centrifuged for 20 min
at 1200 rpm and the supernatant containiegslets was collected into a tube with 25 ml

of wash buffer. The tube was centrifuged at 1500 rpm for 4 min and the pellet was
resuspended in wash buffer. The tube was further centrifuged at 1200 rpm for 3 min and
the pellet was resuspended in RPMI mexdiataining 10% BSA and 1% antibiotics and
transferred to Petri dishes. Islets were

72 hours after isolation. Isolated islet cells can séggure 2.6 B.

2.4.2.2 Acute insulinreleaseusing isolated moug islets

Islets isolated as defined Bection 2.4.2.1 were used for acute insulin release studies.
After 48 hr culture in RPMI media, ten islets were collected via observation under a
microscope and added in 1.5 ml Eppendorf tubes. After centrifuging rion at 1200

rom to remove media, islets wereprenc ubat ed wi t h 5(018 mM | of
NacCl, 4.7 mM KCl, 1.28 mM CaCl2, 1.2 mM MgS04, 1.2 mM KH2PO4, 20 mM HEPES,

25 mM NaHCO3, 0.1% bovine serum albumin (BSA), pH) &dntaining 1.4 mM
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glucose for hr at 37 °C. After préncubation, test incubations with extracts from plant

and insulin secretagogues had been carried out using KRB buffer containing 16.7 mM
glucose for 1 hr at 37 eC. Aliquots of t|
at-20e C for i nsulin radi oiSaechoo4odalsssliaopntemtodf r e p

the islets was determined as illustrate®action 2.4.2.3.

2.4.2.3 Measurement of islet insulin content

Overall insulin content of the islets was measured as defined by(Otani, et al. 2004)

using acidethanol extraction method. The islets used for insulin release studies were
treated wi t{ethabod lutienl (1.586fHCIa7&% ethanol and 23.590H

The islets were disrupted wusing pipette
containing the islets were centrifuged at 1200 rpm for 2 min and the supernatant was kept
at-20 eC for insulin measurement using the
depicted inSection 2.4.4.

2.4.3 lodination of insulin

lodination of bovine insufi was obtained by modifying a method as described by Fraker

and Speck J(Fraker and Speck978) Eppendorf tubes were ¢
iodogen (1,3,4,6 tetrachlof@a,6adiphenylglycoluril) solution prepared by dissolving 1

mg of iodogen in 10 ml of dichloromethane. The solvent was allowed to evaporate,
resulting in a uniform coating @ddogen at the bottom of the tube. Bovine insulin solution
(125 eg/ ml) was prepared by adding 1 mg
volume diluted to 8 ml with 500 mM sodium phosphate buffer (pH 7.4). For the iodination
reaction,i n20 iens wlfi mosvol uti on (125 &g/ ml)
100 mCi/ml stock, Perkin Elmer, Cambridge, UK) were added to the ioetpad

tubes. The reaction tube was put in ice at all times and was shaken gently each minute for
15 min. The rea@in was stopped by the removal of the reaction mixture into a fresh
Eppendorf tube. The iodogeno at ed tube was washed with
phosphate buffer and added to the reaction mixture in the fresh tube. A \\RIGE&

x 250 mm) analyticaleverse phase HPLC column was used to separate iodinated insulin.
The flow rate was set at 1.0 ml/min and the fractions were collected at 1 min intervals.
The concentration of acetonitrile in the eluting solvent was increased in linear gradients,
from 0 to56% over a period of 50 min and to 70% over a further period of 10 min (Fig

2. 3) . The radioactivity of collected fr.
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automatic gamma counter (Perkin EImer, USA). The fractions were then subjected to a
binding testusing different antibody dilutions (1:25,0001: 45,000). Fractions with

desired binding activity were diluted in 1 ml of 40 mM sodium phosphate buffer (pH 7.4)
containing 1% (w/v) BSA and thimerosal (

separation oifodinated bovine insulin cdve seernn Figure 2.9.

2.4.4 Insulin radioimmunoassay

Insulin  measurements were carried out using a dexwated charcoal
radioimmunoassay (RIA) developed by Flatt and Bajdgtt ard Bailey 1981) Assay

buffer contained 40 mM disodium hydrogen orthophosphate, 0.2 g/l thimerosol and 0.3%
(w/v) sodium chloride. The pH of the solution was adjusted to 7.4 using 40 mM sodium
dihydrogen orthophosphate solution. Working RIA buffer wapared by adding 0.5%
(w/v) BSA to the stock buffer. Insulin standards were prepared using rat insulin, by
diluting a stock preparation (40 ng/ml) in KRBB containing 0.1% BSA to obtain 20 ng/ml

standards. Serial dilutions were performed to obtain coratenis from 20 ng/ml to

0.039 ng/ ml. Each reaction mixture cont
duplicate for unknowns and triplicate fo
porcine antibody (1: 25,0001: 45,000) made up inassaylmff and ¥méuline| of
(~120, 000 counts per minute (CPM) in 100

i ncubated at 4 e C -doated chér8oal (DCC) w&stpregaked iy e x t
dissolving 5 g of dextran T 70 in 40 mM sodium phosphate buffer (1 L). Chab€og) (

was added to the dextran with continuous mixing. Working DCC was prepared by diluting
stock DCC with assay buffer without BSA (1:5 dilution). 1 ml of working DCC was added

to all the sample tubes (excluding the totals of the standards) and incidv&@dnin at

4 eC. The tubes were then cent6Bcehtifugesd at
Beckman instruments Inc., UK) and the supernatant was discarded. The radioactivity in
the pellet was measured using a gamma counter and the insulin cdraentras
determined using the spliwairve fitting algorithm. An example of the insulin standard

curve and the general principle of radioimmunoassay are shdvguires 2.10 and 2.11.

2.5 Cytotoxicity studies
Determination of the amount of lactate delogbnase (LDH) enzyme released from the
cells provides a sensitive and precise method for assessiitgp beta cell cytotoxicity

(Korzeniewski and Callewaert 1983)LDH concentrations were measured using a
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CytoTox 96® nonradioactive cytotoxicity kit (Promega, UK) following the
manufacturerdds protocol . Cell s werwel seed
tissue culture plates and the plates were incubated overnight at 37 °C. After 24 hr
incubation the culture medium was poured off and the cells were incubated with 1 ml of
Krebs Ringer Bicarbonate (KRB) buffer containing 1.1 mM glucose for 40 min at 37 °C.
After preincubation, the assay buffer was replaced with 1 ml of KRB buffer containing

5.6 mM ducose in the presence of plant extract (concentration range5 D60 0 € g / ml )
and incubated for 20 min at 37 °C. LDH concentration in the sample supernatant was
measured by adding 50 ¢l of supernatant
microplateprotected from light and incubating at room temperature for 30 min in the dark
place. Colour change was observed as a result of the conversion of a tetrazolium salt into
a red formazan product in the presence of LDH. The intensity of the colour walydirect
proportional to the amount of LDH rel eas
stop solution and absorbance was read at 490 nm using a microplate reader (Molecular
Devices, USA).

2.6 Changes in membrane potential

Changes in membrane potentiathin BRIN-BD11 cells after treatment with crude and
purified extracts were analysed using a FLIPR membrane potential kit and a FlexStation
3 scanning fluorimeter (Molecular Devices, USA) as described by Matleéves,
(Mathewset al. 2006) This assay detects the changes in ion channels by changing the
fluorescent signal based on the membrane potential. The intensity of the signal éncrease
during membrane depolarization as the dye is transported into the cells along with
positively charged ions and vieersa. BRINBD11 cells were seeded in 96 well
microplates and allwed to attach overnight at 8€ for 18hr. The media was discarded,
andthe cells vere incubated for 1I0minat8¢ wi t h 100 €1 of KRBB
gl ucose. I n the end, the cells were the
potential dye (reconstited using assay buffer) at 32 for 60 min.

Fluorescent signaisere read using a FlexStation microplate reader. Excitation, emission,
and cutoff wavelengths were set to 530 nm, 565 nm, and 550 nm respectively. The
interval between each reading was set at 1.52 seconds. Treatment groups containing plant
e x t r a cl,t5X cofcénfratian) were added to the wells 20 secs after the start of data

acquisition at a rate of ~62 ¢l / sec. KClI
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agent, was used as a positive control. Concentrations of the plant extracts used for the

treament are provided in correspondi@bapters.

2.7 Changes in intracellular calcium ([C&*]i) concentration

Changes in intracellular calcium concentration after treatment with plant extracts were
measured using a FLIPR calcium assay kit and a FlexStation 3 scanning fluorimeter
(Molecular Devices, USA) as described by Mathewsl, (Mathews et al. 2006)The

assay employa calciumsensitive dye that is transported into the cells during incubation

and binds to the intracellular calcium reserves within the cells. This leads to emission of
fluorescence. An increase in intracellular calcium levels can be detected by ingreasin
signal intensity. BRINBD11 cells were seeded in 96 well microplates and allowed to
attach overnight at 37 eC for 18hr. The «
e | of Kt&iBng 10cndvinNaHCO35. 6 mM gl ucose and 500
Finally , t he cells were incubated with 100 ¢

assay buffer) at 37 eC for 60 min.

FlexStation microplate reader was used to measure fluorescent signalsacitdkian,
emission, and ceff wavelength®f 485 nm,525 nm and 515 nm respectivellanine

(10 mM) was used as a positive contihe detailed procedure is described in Section
2.6.

2.8 Glucose uptake studies

2. 8.1 Cell culture and adipocyte differentiation

3T3-L1 cells were acquired from the American Type Culture Collec{i&:TCC),
Virginia, USA). Dulbecco's modified eagle medium (DMEM) was prepared via
supplementation of DMEM with penicillin (50 U/ml), streptomycin (50 pl/ml) and foetal
bovine serum (10% /v). 3T3L1 fibroblasts cells were cultured, and adipocyte
differentiation initiated for experimentation as describe8dation 2.3.2.

2.8.2 Glucose uptake assay

3T3-L1 cell monolayers were incubated with serfree DMEM media for 2hr at 37C,
atmospheric at 5%0O; in the incubator. After the incubation, the DMEM media was

di scarded using a 1ml mi cropi petRinger usi n
Bicarbonate buffer (KRBB}(116 mM NaCl, 4.7 mM KClI, 1.28 mM KH2PO4, 1.2 mM
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MgS04, 24 mM NaHCO310 mM HEPES, (pH 7.4was added into each well and
incubated for 30 min at 3%C incubator in an atmosphere of 5% £nd 95% air. To

each treatma group wells, 50l of 200pg/noncentration of treatment with or without
100nM insulin was added and dabated for 30min at 37C. 2NBDG, 2-(N-(7-
Nitrobenz2-oxa1,3-diazot4-yl) Amino)-2-Deoxyglucose (50nM) was added in each
well incubated for 5 min. The wells were washed withdoll PBS (0.5Elml) and a
sufficient amount of normal PBS or warm (37) PBSwas added cover the coverslip.
Three to four coverslips were mounted in each slide and blocked with nail polish. Four
images were taken of the four corners of the coverslips using a 10X magnification on the
microscope. The fluorescence intensity wasasured or alternatively, the number of
cells in the ZImage were counted. The raw was analysed Graph pad-prisnages of

cells before and after differentiation has been shovigares 7 A and B.

2.9 Glycated insulin studies

2.9.1 Preparation of leagents

Disodium orthophosphate anhydrous and sodium dihydrogen orthophosphate were used
to prepare sodium phosphate buffer (10mM, pH 7.4ylugose (247mM) solution was
prepared in this buffer solution. lo®ld 10mM NaOH was used to dissolve sodium
cyaroborohydride ((NaBH3CN), (85.3mg/m)) immediately before use. The human
insulin peptide (1mg/ml) was dissolved in 10mM HCI.

2.9.2 Glycation of insulin

An in vitro model was used to evaluate the effects of plant extracts on the development
of glycated i nsul i netals(Oldaeterevah $996r ad &d. -Dgyl Od
glucose (246./AM) prepared in the sodium phosphate buffer (L0mM) was added into an
Eppendorf tube (Sarstedt, Germany) with or without (control) plant extracts (50, 100,
200eg/ ml) . I n these conditions, 100 and
added respectively. Thelstion was incubated at 3Z for 24hr (made up to a volume

1. 0ml , pH 7. 4). The reaction was stopped

to each tube.

2.9.3 Separation of glycated and noglycated insulin
Glycated and noglycated insulin had been isolated by-RPLC (Reverse Phaddigh
Performance Liquid Chromatograph{)'Harteet al. 2000) The HPLC system usedrfo
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the isolation consisted of a Thermo Separation Products (Hertfordshire, UK) HPLC
workstation using a model P2000 pump, an AS3000-samapler, and a UV2000
turntable absorbance detector. 200¢l of
Vydac (G18)analytical column (The Separations Group, California, USA) at a flow rate
of 1ml/min. The mobile phase was composed of solveftt. B22% (v/v) TFA/H2Q and
solvent B(0.1% (v/v) TFA in 70% acetonitrile + 29.9% H2QA linear gradient of O

35% (v/v) acetortrile over 10 min, followed by 356% (v/v) acetonitrile over 20 min,
ending with 5670% acetonitrile over 5min was established to separate the glycated and
nonglycated insulin. Elution profiles were observed at 214 and 208nm. Glycated insulin
peak areabad been expressed as a percentage of glycated amgtiyoated. Experiments

were completed in triplicate.

2.10 DPRIV enzyme inhibitory assayin vitro

An in vitro fluorometric method was implemented to determine the-DPiRhibitory

activity of the plant extracts. A THdC| (100mM) buffer was prepared (0.2 M THECI

and 0.1 M NaCl) and the pH was adjusted to 8.0 by using a 100mMbases
Accordingly, the refegnce standard was prepared within the rangeioBO ¢ mo | / |
AMC. Afterwar d, 3Gl wasladdedfto each @ath pateTincludsg the
following1 0 ¢ | of a sample and 50-PreAMC)and 200
incubated for& minat37C.Fi nal | y, -I¥ &asadded tofinitiddeRhe reaction
process after a 30 min incubation at°87 Any changes in fluorescence were observed
usinga FlexStation 3 (Molecular Devices, CA, and the USA) with excitation and emission
at 370 nm and 440 nwith a 2.5 nm sliwidth. The observing parameter for this
experiment was the rate of fluorescence emission by each sample tested. The inhibitory
activity of dipeptidyl peptidasdV was calculated by using the percent of inhibition by
each plant extract ahe various concentrations as previously descrip@thauer, et al.

2003) A typical standard curve for the DRY? assay can see fFigure 2.12.

2.11 Starch digestion

Starch digestion was assessedvitro by modification of the method employed by
Granfeldt et al1992. Soluble starch (100 mg) from Sigma, Poole, UK, was added into
3ml deionized water with and without plant/acarbose. A volume of 40ul of 0.01% heat
s t a bamyase(ffrom Bacillus Leichenifamis) (SigmaAldrich, St. Louis, USA) was

added and the mixture was vortexed, then incubated % &Y 20 mn. This solution
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was then diluted to 10ml with deionized water. 2ml of 0.1M sodium acetate buffer of pH
4.75 was added into 1ml of diluted mix¢uiFurthermore, 30ul of 0.1% amyloglucosidase
(from Rhizopus mold), (Sigma, Poole, UK) was introduced into the volume of 3ml of the
mixture and then incubated at 8D for 30 min. Samples were stored in ice immediately

to stop the thermophilic enzyme reaaat Plant extracts were tested at 5mg/ml and
compared to a control (without plant extradt)e dosedependent effects (62.5, 125,250,

500 and 1000 pg/ml) of previously tested extracts were studied and the control study was
performed in the absence of ptaextract. Incubations were additionally implemented
with acarbose ranging from 62.5 to 1000 pg/ml (Glucobay, Bayer, AG, Germany) as
positive control. Further nestarch controls were assessed for the plant extracts, in order
to establish if the plant ereicts contained any starch for any possible assay interference.
The samples were analysed for glucose liberation on the Hitachi 912 Automatic Analyser
along with the aid of liquid GOD/PAP (glucose oxidaseAanmnnophenazonphenol)
method (Randox GL 2623Jhe analyser was aligned for calibration with a Calibrator for
Automated Systems (Roche Diagnostic 759350). The samples had been measured at
500nm against a blank reagent ab@7The standard curve for glucose analysis by GOD
PAP reagent can seekigures2.13 A and B.

2.12 Glucose diffusion

An in vitro glucose diffusion model was employed using cellulose ester (CE) dialysis
tubes (20cm x 7.5mm, Spectra/Por®CE layer, MWCO: 2000, Spectrum, Netherland). A
2ml of 0.9% NaCl (BDH Chemicals Ltd, Poole UK) containing 220mM glucose either in
the presence or absme ofplant extract/gaur gum or pectin was added into the tube. The
tube was sealed tightly at both ends of the tube and inserted into a 50ml centrifuge tube
(Orange Scientific, Ca, USA) containing 45ml of 0.9% NaCl. The tubes had been kept
on an orbitalshaker with the temperature maintained at’G7during the period that
applied for the orbital shaker. The change in diffusion of glucose into the exterior solution
was estimated by aliquogr0.5ml of dialysate mixture aft@dhr.Gaur gum and pectin
(Sigma-Aldrich, St Louis, USA) at a concentration of 5mg/ml had been used as the
positive controls. Plant extracts were first tested at 5mg/ml compared with a control
incubation in the absence of plant extra&#ective plants on inhibition of glucose
diffusion, were tested further in a dasspendent manner at a range between {62.5
1000eg/ ml ) .
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Samples were investigated for glucose liberation using the Hitachi 912 Automatic
Analyser with the guide of the liquid GOD/PAP (glucose oxidase/dminophenazone
phenol) technique (Randox GL 2623) as previously describ8eldtion 211.

2.13In vivo studies

2.13.1 Animal models

2.13.1.1 Normal male Spragu®awley rats

All in vivo experiments were executed in accordance with the UK Animals (Scientific
Procedure) Act 1986 and EU directive 2010/63EU for animal experiments. Actions were
taken to minimize any potential animal suffering. SpraDawley rats were acquired
from Harlan UKLtd., Blackthorn, UK. Animals were housed in groups within an air
conditioned room maintained at 22 £ with a 12hr light and *Bour dark cycle at the
Ulster University Behavioural and Biomedical Research Unit by fully trained and
qualified personnelAge-matched animals with similar body weight and blood glucose
levels were housed separately anddddibitumwith standard rodent diet (10% fat, 30%
protein and 60% carbohydrate; percentage of total energy = 12.99 KJ/g; Trouw Nutrition,
Cheshire, UK) Fig. 2.11A). These animals, when required for experiments, were used as

and when needed. An image of normal Sprague Dawley Rakesm® in Figure 2.5 A
(a).

2.13.1.2 Highfat diet-induced obesity rats

Age-matched male Spragugawley rats (68 weeksold, Harlan Ltd, Blackthorn, UK)
were given higkfat diet containing 45% fat, 20% protein and 35% carbohydrate
(percentage of total energy = 26.15 KJ/g; Special Diets Services, Essex, UK) to consume
for 3 months before the start of experimental proceedidgdyweight, blood glucose,
and insulin levels were monitored at regular intervals, providing an indication of
wellbeing and animal model progression. Prioritovivo studies, animals with a
significant increase in body weight elevated blood glucossdeand insulin resistance
were selected for use within the experiment. Aggtched animals that were on a normal
diet were used as controls for these experiments. FigusA gh)l shows the image of the
high-fat-fed rat.
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2.13.2 Ord glucose tolerance test

Oral glucose tolerance tests were conducted to assess the effects of plant extracts on
glycaemic control. The male SpragDawley rats were fasted overnight and
administered with glucose (18 mmol/kg body weight) alone (controflwsose (18
mmol/kg body weight) in combination with plant extract (extract doses are provided in
correspondinghapters). Tail vein bleeding was carried out on the rats and their blood
glucose levels were measured at O min (prior to oral administramahat 30, 60, 120,

180, 240, 360, and 480 mins pasiministration using an Ascencia Contour Blood
Glucose Meter (Bayer, Newbury, UK). Blood samples were collected in heparinized
microvessel blood collection tubes (Sarstedt, Numbrecht, Germany). Plassya w
separated from the blood via centrifugation of the microvessel tubes at 12000 rpm for 5
min at 4°C and was stored at0 °C for plasma insulin analysis by radioimmunoassay as
described irBection 2.4.4.

2.13.3 Foodenegy and fluid intake and body weight studies

A twice-daily oral gavage dose of either saline vehicle (0.9% (w/v)) or plant extract
(250mg/5ml/kg body weight) was given to hitdt induced obesity in rats (n = 8) for 9
consecutive days. The dose was selected from the results of atpdgtvgith an
investigational dose of 250 and 500mg/kg body weighiring the study, ats were
provided with food pellets and water of a known weight and cumulative food intake,

energy intake, fluid intake, and body weight were mesaswithin an intervabf 72hr.

2.13.4 Measurement of blood glucose
Blood glucose concentrations (fasting and-festing animals) were determinedthe
interval of 72hr using an Ascencia Contour Blood Glucose Meter (Bayer, Newbury, UK)

during the study period.

2.13.5 Measuement of plasma insulin concentration

Plasma insulin concentrations were analysed using the dexdeted charcoal insulin
radioimmunoassay as described earlieBaation 2.4.4. Plasma samples for this assay
were prepared by diluting 20 pl of plasmah 180 pl of 40 mM sodium phosphate buffer
supplemented with 0.5% (w/v) BSA.
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2.13.6In vivo DPP-1V enzyme inhibitory activity

High-fat-fed rats (356400gm body wt.) were used to study the BIRfhhibitory activity

of medicinal plats in vivo. Animalswere fasted for approximate/ hr prior to study,

blood samples were collected from the cut tip of the tail from conscious rats before and
after oral administration of the plant extract (250mg/5ml/kg) and in conjunction with
DPPRIV inhibitor (10umol/5ml/kg) at the time points (0, 30, 60, 120, 180, 240, 360 and
480 mirs). The rats were fasted to reduce the secretion of-GlRd GIP, which is
significantly higher in the postprandial state rather than in the fasting Statastava et

al. 2017%. Af ter t his, sampl es wer e -costedr e d
microcentrifuge tubes and centrifuged at 12000 rpm for 5 min. The supernatant (blood
serum) was pipetted out carefully and kept in an Eppendorf tube, labelled sequentially
and stored &-20°C for measurement of DHW activity. The activity of DPRV was
determined in plasma by a fluorometric assay based on the liberation of AKIGI\0-
4-Methyl-Coumarin) from the DP#V substrate, GIyProAMC with modification of
previously describethethod(Duffy et al. 2007; McKillopet al. 2009)

In brief, the plasma sé&mploer (3100 eni)n wai st hi
HCI (100mM) bufferpH7 . 4) and -Plo®AMIC ¢ 200GleyM) substrat
plate. The fluorescence products such as1ino-4-Methyl Coumarin group (AMC),

was released while the blood serum containing DPRenzyme hydrolysed the
fluorogenic substrate bonds {Bly-Pro) onjugated to the AMC group (Bly-Pro

AMC). After incubation, fluorescence changes were monitored using FlexStation 3

( Mol ecul ar Devices, CA, and the USA) on
slit-width at 37°C and AMC was measured via comparisatihwa standard curve (0.061

50 umol/l). The whole experiment took place on a microwell plate 96 and the inhibitory
activity of each sample was determined through observing the amount of fluorescence
product emitted on each sample test that resemblesttitétany activity of extractsA

typical standard curve for the DRY assay care seerin Figure 2.12.

2.13.7 Tissue excision

Upon completion of the treatment period, all rats used were sacrificed via cervical
dislocation. pancreatic and intestinalstie was extracted, covered with aluminium foll
and immediately frozen in liquid nitrogen. Blood samples were collected from the heart

by a 5ml syringe. All tissues and blood samples were stord@°& until required.
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2.13.8 Estimation of pancreatic isulin content

Pancreatic insulin content was evaluated from the pancreata of normal asdttiegh

rats used within the experimental procedures. Pancreata were homogenized in extraction
buffer (20 mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 0.53%on X

100, pH 7.5) using a VWR VDI 12 handheld homogenizer (VWR, UK) and their insulin
content measured using insulin radioimmunoassay as descrilsedtion 2.4.4. Total
protein content in the pancreata were measured using a Bradford assay. Tissue
honrogenate (5 ¢€l) was aliquoted into 96 we
reagent at room temperature for 15 min. Absorbance was read at 595 nm. Pancreatic
protein homogenate was calculated using a reference standard curve (BSA concentration:
12.5 mg/mli 0.024 mg/ml.

2.14 Immunohistochemistry

Isolated tissues from loAgrm in vivo studies in animals, were set within 4%
paraformaldehyde and processed using an automated tissue processor (Leica TP1020,
Leica Microsytems, Germany) and sectio®s ¢ m . tEmbeddkd tissues in
paraformaldehyde were cut using a microtome (Shandon Finesse 325, Thermo Scientific,

UK) and placed on Polysine slides (Thermo Scientific, UK).

2.14.1 Study of islet morphology using insulimnd glucagon double staining

Tissue sample sections containing the islets were dewaxed by applying histoclear for 10
min and then rehydrated using ethanol solutions (100% for 5 min, 95% for 5 min and
80% for 5 min) and deionized water. The antigens within these sections were retrieved
by incubating the slides within citrate I
BSA for 30 min, the slides were further incubated with primary antibody (mouse anti
insulin antibody (1:500) and guinea pig agliicagon antibody (1:40ppvernightat 4 e C.
The slides were rinsed with PBS twice and the secondary antibody mixture (Alexa Fluor
594 goat antmouse antibody and Alexa Fluor 488 goat anti guinea pig antibody) was
added. The sl i des wer. €he sliesweleartsagiate agaanr 4 5
with PBS andncubated with 4'@&liamidino2-phenylindole (DAPI) stain for 25 min

for nuclear staining. The slides received a final rinse with PBS and mounted using the
anti-fade mounting medium. The slides were then analysed using tdtsdrhetdamine

isothiocyanate filter (TRITC,594 nm) or fluorescein isothiocyanate filter (FITC, 488 nm)
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using a fluorescent microscope (Olympus System Microscope BX51, Olympus
instruments, UK) and images were captured using a DP70 camera adapter system as
described by Vaset al, (Vasu et al2013). Cell*F imaging software (Olympus System
Microscope BX51, Olympus instruments, UK) was employed to determine overall islet
distribution, islet area, betzll and alpha cell area. A representative image of the

fluorescent microscope caesea in Figure 2.5.

2.15 Residual gut sucrose content

Sucrose solution (2.5 g/kg body weight) with or without extract (0.5 g/kg) was fed to the
twenty-four hours fasted rats. Blood samples were obtained from the tail tip laefdre

30, 60, 120 and 240 min after sucrose administration for the determination of glucose and
some of the rats were sacrificed at 30, 60, 120 and 240 min. The gastrointestinal tract was
excised and divided into 6 segments: the stomach, the upper 20dufte,rand lower 20

cm of the small intestine, the cecum, and the large intestine. Each segment was washed
out with icecold saline, acidified with F$Os and centrifuged at 3000 rpm (10§Pfor

10 min. The supernatant thus obtained was boiled fau2stio hydrolyze the sucrose

and then neutralized with NaOH. The blood glucose level and the amount of glucose
liberated from residual sucrose in the gastrointestinal tract were measured. Then the
gastrointestinal sucrose content was calculated from the arobuibierated glucose

(Goto et al1995). Glucose was measured by glueosielase (GOBPAP) method using

commercial kit (Boeringer Mannheim GmbH kit) as described in Sectidn 2.

2.16 Intestinal glucose absorptioin situ

An intestinal perfusion techniqué&wintosky & Pogonowskawala 198%vas used to
study the effect of the plant materials on intestinal absorption of glucose in rats fasted for
36 hours andanesthetized with sodium pentobarbital (50 g/kg). The plant materials
suspended in Kreb solution (g/l, 1.02 CgCI37 NaCl, 0.20 KCI, 0.065 NaRQ:.6H-0,

0.6 NaHCQ, pH 7.5) supplemented with glucose (54.0 g/l) was passed through upper
part of duodenum (just after stomach) and the perfusate was collected from a catheter set
at the end of ileum. The plant extracts were added to Kreb solution to a final
concentrationof 25 mg/ml, so that the amount of extract in the perfused intestine is
equivalent to the dose of 1.25 g/kg. The control group was perfused only Kreb
supplemented with glucose. The system was set at a constant temperatut€ ahd87

the perfusion rate as 0.5 ml/min. The perfusion time was 30 min. The results were
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expressed as percentage of absorbed glucose, calculated from the amount of glucose in

solution before and after the perfusion.

2.17 Statistical analysis

A statistical analysis software for Wlaws, Graph Pad prism 5, used for all types of
analysis and interpretation of data. All data recorded in the experiments were analysed by
unpai r ed -teSti(norgpaametidcswith twiailed P values) and oneay ANOVA

with Bonferroni post hoc testsherever applicable. To plot area under the curve (AUC)
with baseline correction, trapezoidal rules were followed. Values were presented as mean

+ SEM,; the significant limit was determined as P<0.05.
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Figure 2.1: Schematic diagram of peparation of hot water extract of plants

Weigh 25 gm/| of dried powder plants (leaves or barks)
Added water (1 L)
Boiled in water

Once boiling, the suspension was removed from the heat and allowed to infuse over
15min

The suspensionwgd t er ed ( What man no. 1 ylIlt
Evaporated to dryness using a rotary evaporator

The dried sample will have stored aCluntil use

Figure 2.2: Schematic diagram of preparation of ethanol extract of plants
Weigh 200 gm/I of dried powder pfarts (barks or leaves)
Added 80% Ethanol (1 L)
Put in to shaker for-2 days at room temperature
The suspension was yltered (What ma
Ethanol extract will be further evaporated and dried using a rotary evaporator

The dried samplwill have stored at 4C until use
Note:
2 kg of dried powder required 10 L of 80% ethanol
200 gm of dried powder required 1 L of 80% ethanol

Higher concentration = 5000 pg/ml and
Lower concentration = 1.6 pg/ml
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Figure 2.3: Schematic diagram ofpartition fractionation of plant extracts

Ethanol (80%) extract dAnnona squamosd.00 g)

l Hexane + HO

l l

Hexane soluble part H20 part
l Chloroform (CHCH$)

l l

H.0 part CHClzsoluble part

Ethyl acetate (EtOAC)

l l

H>0O part
l 1-Butanol (:BuOH)

l l

1-BuOH soluble part H20 part

EtOAc soluble part

Note:

Organic solvent: aqueous solvent=3:1=3L: 1L

For example

For 20 gm ethanol extract, we need 300ml organic solvent + 100 ml aqueous solvent
For 100 gmethanol extract, we need 1500 ml organic solvent + 500 ml aqueous solvent
Note: When the organic solvent will separate from aqueous solvent then we have to
collect organic layer from separating funnel and evaporate the organic solvent by using

rotary evgporator.
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Figure 24:. Flow-chart representation of steps involved in isolation and

characterization of phytochemicals from crude plant extracts
Powder form of plants (leaves or barks)
Partial purification of crude powder%ng Soxhlet Extraction Method

Purification of partially purified crude extraQusing reverse phase HPLC and collection

of fractions

Insulin-release studies to identifysalinotropic fractionsising 10@ | of fracti
collected from RFHPLC

Further purification of insulinotropic fra%ns to homogeneity to obtain purified

compounds

Structural characterization using Mass Spectrometry (LCMS) and Nuclear Magnetic
Resonance (NMR)

Insulin-release studig@s vitro andin vivo
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Figure 25: Image ofRotary evaporator machine(A) and Soxhlet extraction machine

(B)

(A) Rotary evaporator machine

(B) Soxhlet extraction machine
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Figures 26: BRIN-BD11 Cells (A) and isolated mouse islet cells (B) growing in

culture

(A) BRIN-BD11 Cells

(B) Isolated mouse islet cells
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Figures 27: 3T3L1 adipocytefibroblast cells growing in culture before (A) and
after differentiation (B)

(A) 3T3L1 fibroblast cells before differentiation

(B) 3T3L1 fibroblast cells after differentiation to adipocytes
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Figure 2.8: Image ofreversedphase HPLC
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Figure 2.9: HPLC Separation of iodinated bovine insulin
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lodinated'® - bovine insulin was purified from theactionmixture by reverseghase

HPLC, operated at a flow rate of 1 ml/min. All fractions were collected using an

automated fraction collectdrRadioactivity ofeach fractiorwas determinety running5

Ol sampl e

from each

on

Wi z a(Petkih Elindr, 7JUSA),a ut o |

gamma counter. Fractions collected betwe&nnsin (Peak A) contain unbound Sodium

iodide (Nal125l)andhence it waslisposed offWhereas the fraction between-2& min

(Peak B) contained iodinated insulin which was selected torpeetibody binding test.
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Figure 2.10: General principle of radioimmunoassay

Optimal Assay Binding
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Figure 2.11: A standard curved used for insulin radioimmunoassay
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Rat Insulin (20ng/ml) standards were serially diluted to obtain a range of concentrations
from 20ng/ml to 0.039ng/ml. These were incubated with guinea pigrandin antibody
and radiolabelled insulin for 48hr at°’@. Dextran coated charcoal (1ml) watdead to
each tube and centrifuged for 20 min at 2500 rpm. Radioactivity in the pellet was
determined by gamma counter. Counts in unbound radiolabelled insulin are inversely

proportional to the concentration of insulin in the samyédues are mean tSEM%B).
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Figure 2.12: A typical standard curve for the DPP-IV assay
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A DPPIV standard curve with standard concentrations of AMC ranging fromi QL8246
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Figure 2.13: Standard curve for glucose analysis by GOBPAP reagent
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Glucose standards ranged from 1, 2, 4, 8, 121&wM. Linear regression was used for

determination of unknown sample glucose concentratitalses are mean +SEM (n =4).
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Figure 2.14: Bradford assay standard curve for the absorbance of BSA

concentrations
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BSA standardsanged from 0.000, 0.130, 0.170, 0.230, 0.300, 0.400, 0.550, 0.750, 0.980,
1.310, 1.750 and 2.000mg/ml. Linear regression was used for determination of unknown
sample BSA concentrationalues are mean £SEM (n =3).
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Figure 2.15: Representative images of Sprague Dawley rats (A) and lean mice (B)

(A) Sprague Dawley Rats

a. Normal rats b. High fat fed rats

(B) Lean mice
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Figure 2.16: Image offluorescent microscope (Olympus System Microscope BX51,

Olympus instruments, UK).
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Chapter 3

Evaluation of the antidiabetic and insulin
releasing effects ofA. squamosa
Including isolation and characterization

of active phytochemicals
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3.1 Summary

Antidiabetic actions oAnnona squamogaave been well documented but the underlying
mechanisms are not well understood. In the prestadi,hot water and ethanol extracts
and partition fractions of. squamosdeaf were investigateth vitro andin vivo, to
elucidate the mechanism underlyiagtidiabeticactions together with the isolation and
characterisation of active compounds. Hot water and ethanol extracts and partition
fractions (hexane and ethylacetate)fofsquamosdeaf significantly (P<0.080-001)
stimulated insulin release 2225fold at 5.6mM or 16.7mM glucose at concentrations
between 8&000ug/ml from BRINBD11 cells.Chloroform fraction at a higher dose
(5000ug/ml) also increased insulin release (P<0-001) at 5.6mM or 16.7mM glucose.
Similar insulin secretory responses teZEug/ml A. squamosaxtractswere observed
using isolated islets with stimulatory effects equivalent in magnitude to 1uMIGLP
Insulinotropic effects ofA. squamosd200ug/ml, nortoxic concentration) on BRIN
BD11 cells were significantly inhibited by vewapil (38% in hot water extract and 30%

in ethanol extract), diazoxide (37% in hot water extract and 38% ethanol extract) and
calcium free conditions (64% in hot water extract and 62% in ethanol extract) showing
importance of ion channels and <@ mechaism of action. Secretion was further
potentiated by activation of multiple pathways using IBMX (200dM;fold, P<0.00},
tolbutamide (200uM, 1-A.5fold, P<0.05) and KCI (30mM, 1-@ld, P<0.001). At
200pg/ml, A. squamosaextracts induced membrangepolarization and increased
intracellular C&" by 4.57 and 7.27.5fold respectively. Both hot water and ethanol
extracts significantly inhibited starch digestion, protein glycation, -DPRnzyme
activity and glucose diffusiorn vitro by 1039%, 850%, 8.533.5% and 1£B2%
(P<0.050.001) respectively. In addition, extracts increased transport of glucose and
insulin action in 3TA.1 adipocytes. Following the ingestion of sucrose, the extract
substantially reduced postprandial hyperglycaemia and, increasgbsorbed sucrose
content throughout the intesting. squamosaeduced glucose absorption duringsitu

gut perfusion with glucose. Treatment of hiigih dietinduced obeseiabetic rats with

hot water extracts &&. squamos&50mg/5ml/kg) over 9 day improved blood glucose,
fluid intake, pancreatic insulin content, islet, and, beta cell mass and body weight in
comparison to higifiat fed controls. This was associated with increased in plasma insulin
(P<0.05) from 6 days. Impaired oral glucose toleeaof highfat fed rats was markedly
improved by 6 days administration of plant extract. Highdiet fed rats exhibited
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significantly increased plasma DM activity which was strongly inhibited b.
squamosgP<0.050.01). Compounds isolated from plaextracts showing molecular
weights in range 594-810.3 Da stimulated concentratidependent insulin release with

a 610.3 Da (erHz001s6 (rutin)) being the most potent. The isolated compound rutin
induced membrane depolarization and enhanced the imtlaceC&* in BRIN BD11
cells. It also improved the glucose tolerance (P<0.0D1) and increased the plasma
insulin (P<0.080.01) in Swiss albino mice. These results suggesiimabna squamosa
leaf improves the beta cell function and is capable ofawipg glucose homeostasis in
T2DM by a variety of actions. A small molecular weight component rutin, with strong

insulin-releasing activity is an important contributor to the antidiabetic effects.

3.2 Introduction

Diabetes mellitus is a chronic and complex group of metabolic disorders that is growing
rapidly around the globéAround 2.8% of the world's populatidras diabetes aritlis
anticipatedto increase t®.4% by the year 2028atelet al. 2012) Type 2 diabetes
mellitus is the mst prevalent among these two types. T2DM has manifested witkin 90
95% of total DM patient§ADA 2009). Il n T2DM, -cefl fancton ieimdaired b
and together withinsulin resistance in hepatic and peripheral tissues, causes over
productionin hepatic glucose and reduction in peripheral glucose ugtdaeli and
Ferrannini 2006)

Additionally, progressive abnormalities in the insulin secretory responses from the beta
cells also become prevalent in T2D{eFronzo 2009)Oral hypoglyceamic agents
(OHAS) can reduce insulin resistance and are able to facilitate insulin secretion during
the early stage of disease pragien (DeFronzo 2009; Wallia and Molitch 2014)
However, hey increase the risk of developing hypoglycaemia, gastrointestinal
disturbances, weight gain, diarrhoea, renal failure and hypersensftivatycchi et al.

2015) One sich avenue to combat adverse effects is to use natural sources such as

medicinal plants andnimal productgKato 2019; Sarmientet al. 2019)

Herbal medicines have been valuable source of pharmacological therapeutics for the
treatment of DM. They have become a growing part of modern medEkwe 2014)
Different plants have been studied in recent times to evaluate their hypoglycaemic

properties (insulinomimetic or insulin secretagogues activities) and improvement of
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glusose toleranddgato 2019) The active phytoconstituents with insutimmetic activiy

of these plants have been also investigdt€abti et al. 2016) Antihyperglyceamic
activity of the plants are mainly due to their ability to restore the functiemadcrine
pancreatic tissue by increag the insulin output, inhibihg the intestinalglucose
absorption and/ofacilitating the insulinproduction(Patel et al. 2012) To date, more
than 400 plant spees have been identified having hypoglyceamic activity, and yet new

compounds are being searched for greater effi(Ratel et al. 2012)

Annona squamosdocally known as Custard apple or Ata, ' belongs to the Annonaceae
family and is a small tree native to Bangladesh. The plant is well known locally for
different therapeutic values such as antioxidant, antidiabetic and hepatoprotective activity
(Li et al. 2004) Several phytochemicals were isolated from different fraction&. of
squamosaincluding alkaloids, terpinoids, phenolics, wax and fats, kamepherol,
farmarixetin, tannins, flavonoids and stero{8arma and Goray 2009; Varadhagapgl.

2012)

Severalstudies on different animal models usidAgsquamosdas showmnreduction of

total cholesterol, LDL and triglyceride, bincreased HDI(Gupta et al. 2005; Shirwaikar

et al. 2@4). A. squamosalso has the ability to reduce blood glucoseiankase plasma
insulin levels(Kaleem et al. 200&nd to protecromp a n ¢ r «al testactidn from
oxidative stres (Guptaet al. 2008 Pandaet al.2013; Sangala et al. 2011; Sharetal.

2013) In addition, this plant has been reported to have hepatoprotective properties
(Sobiya Ragt al. 2009) Similarly, another study reportéd squamosaxtracttreatment
reduced the liver toxicity induced by the isoniazid + rifampimeikudumaret al.

2008). Additionally, other pharmacological properties include-defiressant, analgesic,

antrinflammatory(Sharmaet al. 2010jand antibacterial effect§Sharma et al. 2010)

Despite these studiefigfull mechanism of action &. squamos# not yet knowrand
the present study investigated ttiors of A. squamosasan anti-diabetic agentThe
effects ofhot waterethanol extrastand three partition fractions &. squamosdeaves
were evaluated for insulin secretion using BREBR11 cells and isolated moussets.
Furthermore, the acute and letegm effects ofA. squamosan vivo wereevaluated in
normal and higHat-fed diabetic rats. Rats were treated wAh squamosaorally

(250mg/5ml/kg body weight) for 9 days. Oral glucose tolerance, intestinal glucose
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absorption, DPRV activity, islet morphology and body weight were investigated to
determine the effects &. squamosaFinally, the active compounds froA squamosa
extracts were isolated using RHPLC andtheir mass to charge ratand identity were
defined by NMR.

3.3 Materials and Methods

3.3.1 Reagents

All the chemicals and reagents used in #gtiglywere mentioned previously Bection
2.10of Chapter 2

3.3.2 Collection and preparation of plant extracts

Annona squamodeaves were purchased from the University Ayurvedic Research Centre
(UARC), Jahangirnagar University, Dhaka, Bangladesh and were identified and
documented by the botanicahxbnomist Bangladesh National Herbarium, Mirpur,
Dhaka,and giveraccession number 4375Rlant leaves were obtained, washed and air
dried, before proceeding with both water and ethanol extraction and partition fractions as
described irBections 2.2.12.2.2 and 2.2.3.

3.3.3In vitro insulin-releasing studies using BRINBD11 cells
The insulinrreleasing effects of plant extracts and partition fractions were tested using
BRIN-BD11 cell lines as described previously (Thomebal, 2014). The BRINBD11

cel culture process is describedSaction 2.3.1.

3.3.4 Cytotoxicity assays

Effects of plant extracts on the release of LDH (lactate dehydrogenase) from the BRIN
BD11 cell line were measured from supernatants of ingaleasing experiments\
cytotoxicity assay kit, CytoTox 96 (Promega, Southampton, UK) wastaosgetermine

the LDH concentrations as decribed in detailSention 2.5Ojo et al. 2013)

3.3.5 Insulin-releasing studies using isolated mouse islets

Islets were isolated from the pancreas of all@wiss mice (4660gm)(Gotoet al. 1995;
Lacy and Kostianovsky 1967hy digesting with collagenase P fro@lostridium
histolyticum (SigmaAldrich, Dorset, UK. Islets were cultured for 48 hrs, and then

subjected to an insulirelease study as describedSections 2.4.2.1 and 2.4.2.Zhe
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supernatant samples were extracted stodedat -20°C for insulin radioimmunoassay,
and the islets were retrieved tneasure islet insulin content following aethanol
extraction(Hannan et al. 20@6 Ojoet al. 2015)

3.3.6 Membrane potential and intracellular calcium([Ca?']i) concentration
Changes in membramotential and intracellular [¢§i concentrationf BRIN-BD11
cellsin response to incubation with hot water and ethanol extrags sffuamosavere
determined using a FLIPR Membrane Poterisgay Kit and a FLIPR CalciuAssay
Kit (Molecular DevicesSunnyvale, CA, USA) as described previouslySections 2.6
and 2.7( Ojo et al. 2011AbdelWahabet al. 2007; Miguelet al. 2004.

3.3.7 Glucose uptake assay

Dulbeccos modified eagle medium (DMEM) sv@repared containing penicillin (50
U/ml), streptomycin (50 pl/ml) and foetal bovine serum (10% v/v). 3FL1 fibroblast

cells were regularly cultured and differentiated to adipocytes for testing various plant
extracts as described 8ections 28.1 and 28.2.

3.3.8 Glycation of insulin
An in vitro techniqugKasabriet al. 2010was performed to assess the effects of various
plant extracts on protein glycation as previously describ&tdtions 2.2 ard 29.3.

3.3.9 DPRIV enzyme activity in vitro
A fluorometric method was used to evaluate the IWPhhibitory activity of plant
extracts as described 8ection 2.D.

3.3.10Starch digestion
The starch digestion studies were performed as previously descril#sttion 2.11
(Thomsoret al 2014).

3.3.11Glucose diffusionin vitro

Thein vitro glucose diffusion model was based on a cellulose ester (CE) dialysis tubes
(20cm x 7.5mm, Spectra/Por®CE layer, MWCO: 2000, Spectrum, Netherland). Briefly,
a 2ml volume of 0.9% NaCl (BDH Chemicals Ltd, Poole UK) supplemented with 220mM

glucose was incubadl into dialysis tubings either in the presence or absence of plant
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extract / gaur gum or pectin. Both ends of each tube was sealed tightly and placed in a
50ml centrifuge tube (Orange Scientific, Ca, USA) containing 0.9% NacCl (45ml). The
tubes were pubn an orbital shaker and maintained at@7during shaking for 24hr as
illustrated inSection 212.

3.3.12 Animak

SpragueDawley male rats (Envigo UK, approximately 3800g) were fed a higfat diet

(20% protein, 45% fat and 35% carbohydrate; 2&14&) total energy percent (Special

Diet Service, Essex, UK5 - 6 weeks before the start of experimentations.-Agéched

rats were maintained on standard rodent maintenance diet (10% fat, 30% protein and 60%
carbohydrate making 12.99 KJ/g total energypulv Nutrition, Cheshire, UK) as controls
(described inSections 2.13.1.1. and 2.13.1.2). All animal experiments were done in
accordance with the Principles of Laboratory Animals Care and the UK animals Scientific
Procedures Act 1986.

3.3.13Residual gut sucrose content

The effects ofA. squamos#aves on sucrose absorption from the gastrointestinal tract
were evaluated as previously described (Hamatah 2012). Briefly, fasted nodiabetic

rats (24hr) were given a 50% sucrose solutiorllyoi@.5 g/kg body weight) in the
presence or absenceffsquamoskeaves (250 mg/kg). After a sucrose load, the quantity

of unabsorbed sucrose content was determined. Before and after the sucrose load, blood
samples were obtained at 30, 60, 120 andh@i#8 from the tail for measurement of blood
glucose levels. GIT sucrose content was measured as the amount of the glucose release.
Details of the experimental procedae mentioned in Section 2.15.

3.3.14Intestinal glucose absorptiorin situ
Theeffects ofethanol extract ofA. squamos&éaves(5 mg/ml equal to 0.25 g/kg) on the
absorption of intestinal glucose were evaluated using the techniguesitdl intestinal

perfusion as previously describedSection 2.1§Hannaret al 2012).

3.3.150ral glucose tolerance
To evaluate the effects of hot water extracho$quamoséeaves andisolated compound
(rutin) on glyceamic contrgbral glucose tolerance tests were conducted as described in

Chapter 2,Section 2.13.2. Plasma serum was separated from the whole blood by
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centrifugation for 5 min at 4C at 1200 rpm and stored aR0°C to be tested for insulin

by radioimmunoassay as previously describe@hapter 2 Section 2.4.4.

3.3.16 DPPRIV enzyme activity in vivo

High-fat-fed rats (388400gm body wt.) were used to study DRAnhibitory activity of

A. squamosaxtractin vivo as described iChapter 2,Section 2.13.6 The activity of
DPPRIV was determined in plasma byflaorometric assay based on the liberation of
AMC (7-Amino-4-Methyl-Coumarin) from DPRV substrate, GlyProAMC with the
modification as previously describedSection 2.13.6Duffy et al 2007; McKillopet al
2009).

3.3.17 Glucose homeostasis after-8ay treatment with hot water extract of A.
squamosdeaves in highfat fed rats

For 6 weeks before the experiment, adult, male SpraDagvley rats were fed on a high

- fat diet. A twice daily oral administration of salirfeontrol) or hot water extract
(250mg/5m/kg was given for 9 days to weightnatched animals. The entire process is
as described irsection 2.13.1.1 and 2.13.1.Blood samples collected were used to
measure blood glucose (ChapterS2ction 2.13.4), plema insulin (Chapter Zection
2.13.5) and plasma DPPIV (Chapter 2,Section 2.13.6)Blood wasobtained 3 days
before and after 0, 3, 6 and 9 following the oral administration of plant extracts. During
this period, body weight, food and fluid intakere also monitored. Glucose tolerance
was evaluated after 6 days of treatment as describ&chapter 2,Section 2.13.2.
Furthermore, for immunohistochemistry studies, tissues (pancreas and intestine) had been
obtained from sacrificed male Spragu@awleyrats (both higkat fed and normal rats).

The content of pancreatic insulin was measured as shoGlmaipter 2 Section 2.13.8.

3.3.18Islet morphology after 9-days treatment with hot water extract ofA. squamosa
leavesin high fat fed rats

At the end of the study, pancreata extracted from bothfaigled (treated or untreated)
and normal rats (control) were placed within 4% paraformaldehydéCafat 48 hr and
an automated tissue processor was used to process the tissues. Tissueanthithiam

analysis were processed as mentionedhapter 2 Section 2.14.1.
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3.3.19 Purification of crude extracts
The crude extracts obtained from plant were purified usindHREC as described in
Chapter 2Section 2.2.4.1.

3.3.20Structural characterisation of purified extracts

In order to characterise the structures of the purified extractsM&C(Liquid
Chromatography Mass Spectrometry) was performed to measure the molecular mass of
collected HPLC fractions through Eleaspray ionization mass spectrometry (B883)

as described i€hapter 2 Section 2.2.5.

3.3.21 Confirmation of extract purity and identity

Confirmation of each extracts purity and identiigs acheivedy HPLC, LGMS and

NMR respectively. Nuclear magnetic resonance (NMR) was fundamentally related to
magnetic properties of certain nuclear core; eminently the core of the hydrogen molecule,

the proton, the carbon, and an isotope of carbon as descriGhdpier 2 Section 2.2.6.

3.3.22 Statistical analysis

A statistical analysis software for windows, Graph Pad prism 5, used for all types of
analysis and interpretation of data. All data recorded in this experiment was analysed by
unpaired Smanphemdirio, svithtwaoaileel B values) and oreay ANOVA

with Bonferroni post hoc tests wherever applicable. To plot area under the curve (AUC)
with baseline correction, trapezoidal rules were followed. Values were presented as mean

+ SEM,; the significat limit was determined as P<6.0

3.4 Results

3.4.1 Acute effects of extracts and fractions @&&. squamosdeaves on insulin release

from BRIN -BD11 cells

Insulin secretion from BRINBD11 cells vasincreased ina concentration dependent
manne(l.65000¢& g/ ml ) by h o tsandtadtleae partivon fnaetions of e x |
A. squamosasillustrated in the Figres 3.1-3.5 (A & B). Alanine (positive control, 10

mM) and KCI (30mM) were used. Hot water and ethanol extracts, dose dependently
induced increase in insulin secretion by & and2 - 6.5 fold in comparison to 5.6mM

and 16.7mM glucose alone (P<Oi®x0-001). The extract concentrations up to
200¢eg/ ml d i dviability but iacfedsedele¢asenf EDH llevels by 16 to 60%

79



was observed withigher dose¢ > 2 0 0 ¢ g /. 811-3)2;C &(DR.iIngulin secretion
from 200 to 5000¢gg/ ml was enhanced by
squamosgP<0-05 P<0-00, Fig 3.3-3.4 (A & B)). At a higher concentratiol00G

50 0 0 ¢,¢ghé IbdH yelease was inasedoy 33-70% (Fig 3.3-3.4 (C & D)), compared

to control (P<0-0<0. 001) . At hi gher doses (100
fraction enhancedinsulin release ((P<0-001, Fig8.5 (A)) at 5.6mM glucose.
Furthermore, chlorofornréction also enhanced insulin release (P<0.0013M5%gB)) at

higher concentrations 2880 00e g/ ml ) at 16. 7 mM gl ucose
rise n LDH release ((30960%, P<0.08°<0.001, Fig3.5 (C & D)).

3.4.2 Effects of extracts oA. squamosdeaves on insulin release from isolated mouse
islets

Hot water and ethanol extracts Af squamosanduced insulin release from isolated
mouse islets in the presence of 16.7 mM glucB8s¢h extracts showed concentrations
dependent 32 00 € g/ ml ) i ninducedirssein dearetion byut2i®fcelde
as compared to control (16.7mM glucose alq®e0.0% 0.001, Fig3.6 A & B). GLP-1
(10® & 10®M) and danine (10 mM)usedas positive control showed a significant
(P<0.001) increse in insulin release. GERinduced insulirrelease from mouse islets
was more potent than alaninB<0.001; Fig 3.6). The insulinrreleasing effect was
measured as a percentage of total insulin content as showmunesE3@ A & B.

3.4.3 Insulinotropic effects of extracts ofA. squamosaleaves in the presence of
known modulators of insdin release and, inhibitors or absence of extracellular
calcium

These studies were performed to understand the mechanism/s underlying the insulin
secetory actions of notioxic concentration (200ug/ml) of Asquamosaextract. As
shown in Figires 3.7 (A & B) and 3.8 (A & B), hot water and ethanol extractAof
squamosaleavesinduced insulin release (P<0-001) and was enhanced by various
modulators inclding, 16.7 mM glucose (P<0.05), isobutylmethylxanthine (IBMX;
P<0.001) and tolbutamide (P<0.001) respectively. On the other hand, the presence of
diazoxide and verapamil partially reduced insulin release but was not completely
abolished (P<0.00.001). Moeover, extracts maintained their ability to increase insulin
secretion from the cells depolarized with 30mM KCI (P<0.001; Fig. 3.7A & 3.8A) at
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16.7mM glucose. Absence of €adons from the incubation buffer reduced insulin
releasing activity of the plant extracts blid not completely abolish (P<0.050.01; Fig
3.7B & 3.8B).

3.4.4 Effects of extracts ofA. squamosadeaves on membrane depolarization and
intracellular calcium in BRIN-BD11 cells

The effects of hot water and ethanol extractd.adquamosan membrane potential and
intracellular calcium ([ CH]i) in BRIN BD11 cellsareshown in Figires 3.9 and 3.10.

Hot water (Fig. 3.9A & 3.9C) and ethanol (Fig. 3.9B & 3.9D) extracts induced membrane
deplorization (P<0.001) and caused a significant increase in intracellular catrium
concentration at 5.6mM glucose (P<0.001) (Bid0A & 3.10C; 3.1 & 3.10D). Both,

KCI (30mM) andalanine (10mM) were used as positive control resulting in an increase
in membrane potential (Fig. 3.9, P<0.001) and intracellular calcium levels (Fig. 3.10,

P<0.001) compared to the control (5.6mM glucose alone).

3.4.5 Effeds of extracts on glucose uptake and insulin action

The effects ofA. squamosan glucose uptake and insulin action were determined by 2
NBDG (2-(N-(7-Nitrobenz2-oxa1,3-diazot4-yl) Amino)-2-Deoxyglucose) fluorescent
hexose, a glucose analogusing the 3T3L1 adipocyte cells. Fige 3.11 showsthe
microscopic fluorescencatensity images of-AIBDG uptakeA. squamos§ 2 0 0 € g/ ml )
treated cells with or without insulin (100nM), showed a significant increase in
fluorescence intensity compared to control (Bdl and 3.2). Ethanol extract oA.
squamosamproved the glucose uptake bydd in 3T3L1 differentiated adipocyte cells
whereas a 1:Pold increase was reported with hot water extract compared with the control
groups ((P<0.0®.01, Fig 3.12 (A & B)). In the presence of insulin, ethanol extrachof
squamosdeaves showed the highest cellular intensity ¢d2BG fluorescence (Fig
3.12B). Both extracts (hot water and ethanol) increased glucose uptake in 3T3L1
adipocyte cells by 280% in thepresence of insulin (100nM) and by23% in the
absence of insulin (P< 0.01, F§)12 (A & B)). Insulin alone mulated glucose uptake

up by 15-fold compared to the basal control incubatidfig.(3.12).

3.4.6 Effects of extracs of A. squamosdeaves orglycation of insulin
The effects of hot water and ethanol extract\osquamosan insulin glycationare

illustrated in Figurs 3.13A and B respectively. Aminoguanidine (44mM) used as a
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positive control inhibitedinsulin glycation by 82.7% K<0.001; Fig.3.13. The
percentage of insulin glycation was decreassed 2§0% by hot water extract in a
concentration dependent manner-gaid pg/ml) (P<0.0%.001; Fig. 3.BA). Similarly,
the ethanol extract reduced insulin glycation by@% (P<0.050.001; Fig. 3.3B)

compared to control (200mM glucose + 1mg/ml insulin).

3.4.7 Effects of extract ofA. squamosdeaves on DPHV enzyme activity in vitro

Thein vitro DPRIV enzyme inhibitory effects of sitagliptid. squamosaxtracts (hot
water and ethanol) and their fractions have been evaluated as showikiguties3.14
(A-F) and 3.5 (A-F) respectively. Sitagliptin an established inhibitor of ERRnzyme,
reduced enzyme activity in a dedependent manner-{I0pM) andinhibited DPRIV by
1598% (P<0.010.001; Fig. 3.4 A & D). Hot water and ethanol extracts exerted
significant inhibitory effects on DRR/ enzyme at a concentrations range between 200
and 5000ug/ml (P<0.08.001; Fig. 3.4 (B & E), 3.14 (C & F)). Both etracts (2066000
pg/ml) produced 2% (P<0.050.001; Fig. 3.4 B & E) and9-33% (P<0.080.001; Fig.
3.14C & F) decrease in AMC liberation from GBro-AMC in the presence of the DPP
IV enzyme. The Hexane fraction Af squamosalso reduced AMC liberation from Gly
Pro-AMC in the presence of the DHF enzyme in a dose dependent manner {2000
pg/ml; P<0.050.001; Fig. 3.5 A & D). Similarly, the ethylacetate fraction (1000
5000pg/ml) inhibited the enzyme activity when compangith the controlgroup (Gly
ProAMC (200 uM) + DPP4 (8 mU/mt)) alone ((P<0.0®.001; Fig. 3.5 (B & E)).
However, chloroform reduced the DI activity at only a higher concentration of
500Qug/ml ((P<0.05; Fig. 3.3 (C & F)).

3.4.8 Effects of extract of A. squamosdeaves on starch digestion

The effects ofA. squamosan starch digestion are presented in Fig3té6 B and 3.5

C respectively. Acarbose (621900ug/ml)usedas standardhhibitory drug produced

17-72 % decrease in starch digestiowitro in a dose dependent manner (P<€00E1,

Fig. 3.16 A). At the higher concentrations (5A@00ug/ml) the hot water extracof A.
squamosaFig. 3.16 B; P<0.050 . 0 1) reduced eamyimasecangd
glucosidase) digestion of starch 18:28%. Ethanol extract wasorepotent in inhibiting

starch digestion than hot water and reduced enzymatic activities3§ea@ompared to
controls (1251000 pg/ml, P<0.0®.001; Fig 3.16 C).
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3.4.9 Effects of extracts oAA. squamosdeaves orglucosediffusion in vitro

Hot water and ethanol extracts Af squamosaesulted in a significant inhibition of
glucose diffusion after a 2dr incubation as compared to the control. As showgare
3.17, the extracts decreased the total diffusioruadfage by 180% ((P<0.050.001, Fig
3.17 (A & B)). The extract was most effectivé a concentration of 25mg/ml, (30%,
P<0.010.001, Fig3.17 (A & B)).

3.4.10 Acutein vivo studies

3.4.10.1 Acute effects of hot water extract oA. squamosdeaves on oral glucose
tolerance

Oral administration of glucose (18mmol/kg body weight) with hot water extraét of
squamosd250mg5ml/kg) significantly (P<0.0%.01) improved oral glucose tolerance
in high-fat fed rats compared to control raggucose alone), (Fig. 3.18 (A & B)). This
was associated with an increase in the plasma insulin within 30 min for rats that received
hot water extract (250nmgml/kg) togethemith oral glucose (P<0.05; Fig. 3.18 &D)).
Both highfat fed rat groups had a si§oantly higher level of blood glucose (P<0:01
0.001) and plasma insulin (P<0-091) compared to the normal learsréfig. 3.18 (A

& B), (C & D)).

3.4.10.2 Acute effects of hot water extract dk. squamosdeaves on DPAV enzyme
activity in vivo

The DPPRIV activities of A. squamosare illustrated ifrigures 3.19A and B respectively.
High-fat fed rats received glucose (18mmol/kg) in the presence of extract
(250mgbml/kg) showed a reduction in DAN enzyme activity significantly (P<0.01)
from 30 min onwards witl20-24% deaeasecompared to the higfat fed control rats
(glucose alone). Sitagliptin and vidagliptin (10umol/kg), established inhibitors of DPP
IV enzyme resulted insignificant reductions of the enzyme activity (P<0.001) .(Big9

(A & B)). Both sitagliptin and vidagliptin reduced the DRPenzyme activityby 69
71%from 30min onwards (P<0.001; Fi§.19(A & B)).

3.4.10.3 Effect of ethanol extract ofA. squamosaeaves on serum glucose after
sucrose load

The ethanol extracts &. squamosahowedsignificant19-25% (P<0.01) reduction in
serum glucose at 30 and 60 mins time pgia&) and 500m&iml/kg, P<0.050.01; Fig.
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3.20 in normal rats as comparémcontrol (sucrose alone). At the higher concentrations

of 500mgbml/kg, the extracts significantly decreased serum glucose at 120 min (P<0.05.
Fig.3.20. However, there was no decrease in glucose levels in rats receiving oral sucrose
alone (Fig 3.20. This may indicate the positive effects of plant extracts on the
secretion/action of insulin however, direct measurement of sucrose in the intestine may

provide better evidence of delayed absorption.

3.4.10.4Effects of ethanol extract of A. squamosdeaveson residual gut sucrose
content

The effects of the oral administration of sucrose (2.5g/kg body weight) with plant extract
or without (control) on residual gut sucrose content in normal rats are shown insFigure
3.21 A-F respectively. Unabsorbedcsase content after sucrose ingestion with plant
extract was observed in the stomach, upper, middle and lower small intestine at 30 and
60 mins respectivelySucrose abs@tion was slower in the presence of the plant extract

at a dose of 250 and 500r&gil/kg (P<0.050.001;Fig. 3.21(A-D)). Some amounts of
sucrosaemainunabsorbed at 2 hr in the middle and lower intestine, caecum and large
intestine in the treategroups (P<0.09.001; Fig. 3.21C-F)). The sucrose content was
almost nil after 4 hr in the control group (sucrose alone), whereas a small amount of
sucrose was detected in the caecum edited groups with plant extract a dose of
500mgbml/kg (P<0.05Fig. 3.21E).

3.4.10.5 Effecs of ethanol extract of A. squamosaleaves on intestinal glucose
absorption in situ

Combinationof theextract (500md@ml/kg) with glucose caused a significant decrease in
intestinal glucose awrption (P<0.0®.001; Fig. 3.24A & B)) throughout most of the
perfusion time. Similarly, at 250ntghl/kg dose, glucose absorption was suppressed in
the gut within 10, 15 and 3@ins as compared to the control (glucadene), (P<0.05
0.001; Fig. 3.22A & B)).
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3.4.11 Long termin vivo studies

3.4.11.1Effects of twice daily oral administration of hot water extract ofA. squamosa
leaves on body weight, food intake, energy intake, fluid intake, nefasting blood
glucose and plasma insulin concentration in SpraguPawley rats fed on a highfat
diet.

Leaf extract (250mg/5ml/kg) was administeoedlly twice daily for 9 consecutive days
and this reduced the body weight of the ignificantly (P<0.05; Fig. 3.23). The
change in body weight (presented as a %) wdsiced by 26% (P<0.01; Fig. 3.B83
compared tdiigh-fat fed diet rat controlRig. 3.23B). Furthermorethis coincidedwith
reduced food, energy, fluid intake and blood glucose by 16%, 17%, 10% and 7%
respectively(P<0.050.001) from day 6 onwards (Fi®.24 (AC), 3.25(A & B) and3.29
A). The extract also enhanced the plasma insulin levels frday$ onwards compared
to hightfat fed diet control rats alone (P<0.05; RBR5(C & D) and3.29B).

3.4.112 Effects of treatment with hot water extract ofA. squamosdeaves on glucose
tolerance

An oral administration ofA. squamos#50mg/5ml/kg) for 6 days remarkably (P<0.01)
improved oral glucose tolerance (18mmol/kg body weight) froomm8® onwards, as
conpared to higkat fed dietcontrols (P<0.08.01; Fig. 3.21{A & B)). Similarly, in the
group treated withA. squamosg250mg/5ml/kg) showed a sharp increasensulin
secretion within 30 min of oral glucose administration (Big.7 (C & D)), with a 1.4
fold increase in insulin responses (P<0.01) as compared to théahifgu dietcontrol
rats (P<0.05; Fig. 3.2(C & D)).

3.4.113 Effects of treatment with hot water extract of A. squamosdeaves on DPP
IV enzyme activity

The effects of the hot water extractAafsquamosan DPRIV enzyme activity in high
fat fed ratsare illustrated in Figures 3.26 and 3r28pectively. A twice daily oral gavage
of A. squamos&50mg/5ml/kg) reduced the DRW enzyme activity byl6%for 9 days
treatment (P<0.05; Fig. 3.26 {B) and 3.29C) compared to higlfat fed diet control

alone.
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Oral administration oAA. squamos#250mg/5ml/kg)alsoremarkably (P<0.01) reduced
DPPRIV enzyme activityby 13-17% on 6-day treatmenfrom 60min onwardsluring oral
glucose tolerance tef?<0.050.01;Fig. 3.28(A & B)).

3.4.114 Effects of twice daily administration of hot water extract of A. squamosa
leaves on pancreatic insulin content

Rats (lean control, highat fed diet control, and treated with hot water extracAof
squamospdid not show any significant differencespancreatic weight (Fig. 3.3Q).
There wasan increase in the pancreatic insulin content (by 43%) in-fagfed teated
rats with extract compared tedn controls (P<0.001, Fig. 3.3). A. squamosa
significantly reduced this by 21%®ompared to high faefl control{P<0.001, Fig. 3.30
B).

3.4.115 Effects of treatment with hot water extract of A. squamosdeaves on islet
distribution and area, beta cell and alpha cell area

Pancreatic islet morphology was evaluated in all groups-@eatrol, highfat fed diet
control and higkfat fed diet rats treated with hot water extracho$quamosgat the end
of the9 daytreatment period as illustrated in kigs3.31A, B and C respectively. In the
islets, insulin is shown in re@D), glucagon in gree(E) andDAPI in blue (F). In high
fat fed groups, the number of islets per fimpancreas ashigher than in the lean contro
group (P<0.05, Fig 3.3&). In highfat fed rats, significant ¢®ld, P<0.001, Fig3.32
A) increase in the islet area as compared to lean control group. Simidrigh-fat fed
rat islets, beta and alpha cell areasengrcreased significantly as compared ¢an
controls (P<0.001, Fig. 3.3B and C)). The hot water extract®f squamosaroduced

a significant reduction of the islet area of high fed rats (by 15%, P<0.05, Fi§32A)
compared to a higfat fed control aloneThe number of large and mediusizeislets
reduced significantly (P<0.05 and ®81) and the number of smaikeislets (P<0.05
and P<0.01) increased significantly in thesquamosareatedgroups (Fig. 3.3D). It
was shown that beta and alpha cell area decreas&daha{P<0.05) in the treated group.
In addition, the proportion of beta cells was higher in Haghled groups compared to the
normal rats (P<0.08.001, Fig. 3.32D and E) and the % of alpha Iselvere decreased.
Furthermore, the proportion of beta cells were increased in the treated group compared to
lean control (P<0.05, Fi®.32(F)).
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3.4.12 Purification and structural characterization of purified extract

Reverse HPLC phase was used toifguhe crude extract (Fig. 3.33The molecular
mas®sof peak fractions ohot extract ofA. squamosaveredetermined using LBAS
(Table 31, Fig. 3.34 and MALDI-TOF (Fig 3.395.

3.4.13 Acute effects of peak samplesf A. squamosdeaves on insulin release from
BRIN-BD11 cells

The effects of a range of concentrations of peak samplésszgfuamoséeaf on insulin

secretion from BRINBD11 cells are illustrated in Fige 3.36 In these studiegjanine

(10 mM) was used as a positigentrol. There was a concentratidapendent release of

insulin observed by the pe@kfraction ((610.3Da), (8to1x¥® M) ) compar ed t
(5.6 mM glucosejFig. 3.36A). Peak3 and Peald stimulated insulin release at higher
concentrations (2x£01x10° uM) compared to control (5.6 mM glucog&)g. 3.36B &

C). The cell viability (Fig 3.36D, E & F) was not affected by various concentrations of

the peaks between 8 to 1¥E0M.

3.4.14 Confirmation of extract purity and identity

HPLC, LGMS andNMR confirmed the identification of the compounds. Uf&g3.37
shows the identical retention time for PéakA), Rutin (B) and Peak + Rutin (C).
Figure 3.38 and 3.39 indicates th¢and'3C NMR for commericially avavilable Rutin.
The characteristics of the isolated compound usidgFig. 3.40 and**C (Fig. 3.4])

NMR are agpresentd below.

Rutin (G7 Hzo O1¢): EI-MS m/z 610.3 Da [M]; (600MHz, CD30OBH-NMR (tiin ppm):

7.57 (dd, 1H, J=2.4Hz, J=8.4Hz), 6.78 (d, 1H, J=8.4Hz), 6.30 (s, 1H), 6.11 (s, 1H), 5.01
(s, 1H), 4.74 (d, 1H, J=7.8Hz), 4.2 (d, 1H, J=1.8Hz), 3221 (m, 7H), 3.20 (d, 2H,
J=17.4), 1.18 (d, 3H, J= 6.6H2fC NMR (600MHz, CD30D}{iin ppm); 1782 (CO9),

164.6 (G13), 161.8 (C11), 157.9 (C15), 157.0 (C7), 148.8 (C3), 144.4 (G4), 134.4

(C-8), 122.1 (G6), 121.7 (CH1), 116.5 (CH2), 114.7 (CH5), 104.5 (G10), 98.5 (CH

12), 93.4 (CH14), 101.0 (CiG), 74.3 (C2G), 75.8 (C3G), 72.5 (C4G), 76.8 (C5G),

68.3 (C6G), 103.3 (CiR), 73.7 (C2R), 72.4 (C3R), 72.5 (C4R), 73.9 (C5R), 16.5

(C6-R) [The letters R and G respectively, symbolise the signals of glucose and rhamnose

molecules].
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For the primary flavonoid, rutin, the HPLC conditions méd in the experimental
Section2.2.4 HPLC was used to separate and quatiftin within the samples as the
results obtained for rutin were in strong agreement with previous studies. The amount of
rutin in 1mg/ml ofA. squamoséaves after the purifican process was 180%.Figure

3.42 indicates the molecular structure of compound isolated froA.tekguamosdeaf

and their deravatives isoquercitrin and quercetin.

3.4.15 Acute effects of isolated compound rutin on insulin release from BRIRD11
cells

The effects of a range of concentrationsutin, isolated compound @&. squamosaon
insulin secretion from BRINBD11 cells are illustrated in Rige 3.43 In thesestudies,
aanine (10 mM) was used as a positive contRaltin, stimulated insulin secretion at
concentration range-8000ug/ml (P<0.09.001, Fig 3.43A) from BRIN-BD11 cells.
LDH release was increased at a higher concentration of 12000ug/mB (#31B).

3.4.16 Effects of isolated compound rutin on membrane depolarization and
intracellular calcium concentration in BRIN-BD11 cells

Rutin (50&gg/ ml) i nduced meBbll alhsat 5bmNd ol ar
glucose (Fig. 3.44A & B)). The effectie magnitude was lower than that generated by
30mM KCI but was considerablyreater(P<0.050.001) than that produced by glucose

alone. Similarly,rut i n (50eqg/ ml) and al ani ne (10r
intracellular C&" (P<0.050.001)overglucosealone (Fig. 3.44C & D)).

3.4.17 Acute effects of isolated compound rutin on oral glucose tolerance

Oral glucose administration (18mmol/kg body weight) with rutibOOmg/kg
significantly (P<0.080.001)lower blood glucose duringral glucose tolerandestat 30
and 60 misin mice byl18-20%compared to the erol (Glucose alone) (Fig. 3.4B &
B)). Rutin also increased plasma insulin at 30 anth@ by 30-33% following the oral
glucose loaqP<0.05; Fig. 3.4%C & D)).

3.5 Discussion
A.squamosa al so known as fdatao i n Bendgletici, ha
plant in scientific studie€Gupta et al. 2008a; Gupta et al. 2008b; Panda AK 2013; Sharma

et al. 2013; Shirwaikar et al. 2004jowever, its mechanism of action(s)still poorly
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understood. In this study, we investigated the insulinotropic and antidiabetic effacts of
squamosghot water and ethanol) extracts in bottvitro andin vivo models including;
acute studi es o-celliod (BRINNBD11p isolated neoast islets ahd
otherin vitro parameters (Starch digestion, protein glycation, glucose diffugiocose
uptake and DPV activity). Moreover, the effects of the extracts were evaluatet/m

on glucose homeostasis, pancreatic insulin ecdrdad islet morphology in higfat fed

rats were also investigated. Both hot water and ethanol extract along with three partition
(ethylacetate, hexane and chloroform) fractions showed concentration dependent
elevation in insulin release. Similarlyy. sguamosa(hot water and ethanol) extracts
increased glucose stimulated insulin release from isolated mouse islets. Additionally, all
extracts and fractions showed increase in insulin secretion in a dose dependent manner.
Chloroform fraction was effective gnat higher concentration and was associated with

beta cell toxicity.

Mechanistic studiesvere performedvith modulators of insulin release to analyse the
specific pathway of insulin secretion. Membrane potential and intracellular calcium were
assessetb link the ion channel involvement in insulin secretion. Effecthe extracts
were also screenedin the presenceof tolbutamide, a membrane depolarizing
concentration of KCI (30mM) and 16.7mM glucose. It is known that tHersylurea

drug, tolbutamideworks by blocking Kre channels, inducing plasma membrane
depolarization and G& output stimulation by activating voltagiependent calcium
channelgHannan et al. 2007 Similar mechanism/s of actions of both hot water and
ethanol extraatin stimulatinginsulin release was observed, suggesting that plant extracts
exertat least part ofts actions via Krp and C&*-dependent pathway. Furthemore, the
inaulin secretory actiorof the plant extract was also sustained during depolarizing
situations, indicatig the involvement of intracellular messenger pathways such as
adenylate cyclase/cAMP stimulation or the pathway of phosphatidylinositol or specific
impacts on exocytosisiannan et aR007). A. squamosaignificantly enhanced insulin
secretion in the presence cAMP phosphodiesterase modulator IBMX. This in agreement
with previous studies ofrigonella foenurrgraecum which indicates the role of cAMP
phosphodiesterase modulator IBMX in insulin secreftdéannan et al. 2007Similarly,
traditional use oA. squamos&n asthma treatment has been repo(fetiq et al. 2017)
which involves elevation of cAMP in bronchial smooth muscles, relaxing the airway

passage and downregulating cellular replication in smooth muSiabeslinsonet al.
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1995)A.squamosaas resulted in a partial -cell®hibi
in the presence aliazoxide; a krp-channel opengiFlattet al. 1991) This implies that
A.squamosa s g e n e r mlf actia inhobres the closing ofafe channels. This

finding is also supported by experiments with verapamil, a veliegendent Ca
channel blockefWeinhauset al. 1995Wwhich partially suppressed the extract's insulin
releasing activities. Interestingly, the experiment on extracelluldf iGa8BRIN-BD11

cells shows that Cafree buffer could neabolish the insulin secretory effects of both
extracts completely. This evidence suggests that the extract can mobilize intracellular

C&* via second messenger pathways.

A. squamosavas further investigated to see its effects amcgée uptake via 3T3L1
adipocyte cells. The insulin release activity shown by the extract in earlier experiments
was associated with its ability to stimulate glucose uptake in 3T3L1 adipocyte cells. This
study suggests tha#. squamosaignificantly promogs insulin actio. In target cells,
insulin initiates a signal transduction, which increases glucose uptake and @rage

et al. 2004) The activation of insulin receptors leads to internal cellular mechanisms that
directly affect glucose uptak@hese mechanisms regulate the functions of glucose
transport protein in the cell membrane and thus glucose exteaspancreatic cells such

as adipocyteglucose transporter, GLUT A previous study showed that the activation

of Akt and p70 S6 kinase camcrease glycogen, lipid, and protein synthesis and in turn
promote glucose uptaK&altiel and Kahn 2001)n our studiesA. squamosdreatments
showed that the plant extracts argoaide of enhancing insulin action by increasing
glucose uptaken vitro in 3T3L1 differertiated adipocytes waranting further studies are
required to elucidate such mechanis of action.

Glycation is as common post translational modification of proteins encountered in
diabetes and can lead to letegm complicationgChenet al. 2018) Insulin glycation is

an example of glycation of shdited protein that can be glycat@dvivoin diabetes and

can lead to insulin resistan@dattet al. 1997pecause of its reduced biological activity
(AbdelWahab et al2007; Hansert al. 1992) In our studyA. squamosahibited the

insulin glycationin vitro and it can be utilised as a useful tool for the prevention of the
progression of diabetic complications and the decrease of insulin resistance. Furthermore,

recent studies of A. squamosdias been reported to have a significant-axriiant
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properties(Kalidindi et al. 2015; Mariod et al. 2012; Rej al. 2009)that might also

protect against beta cell damage and apopotosis.

The effects oAA. squamosaxtracts on carbohydrate digestion was also expiarettiro.
Acarbose was used aglucesidaseeifihibitory and eepordet ton d a
completely reduce glucose liberation by inhibiting carbohydrate diggdtioGarty and
DiNicolantonio 2015at a 1 mg/ml dose. The extracts were also found to be effective in
inhibiting carbohydrate digestion and potentiality reducing glucose absorption. The
identification and characterizatiaf the extract components revealed the presence of
different alkaloids and phenolics frofn squamoséMa et al. 2017) Previous studies on

the plant al kal oi ds and -gllcesdasaimhibitbry actioe v e a |
(Kasabri et al. 2010; Kavibataet al. 2003) Additionally, this plant has also been reported

with antioxidant activity(Florence et al. 2014; Kalidindit al 2015; Mariod et al. 2012;

Rajet al. 2009)Similary, our studies revealed that plant extracts have the ability to inhibit
carbohydrate digestions confirming it may be mediated by the presence of flavonoids
derivati ves -gledsidake inhibitergactiorn e U

In this study, arin vitro method was employed to investigate the effects of the plant
extract on glucose diffusion. It has been reportedAhaguamosahowed antidiabetic
activity in in vivo due to the ability of its soluble components to increase the
uptake/metabolism of glucose in muscle or by stimulating insulin secretion. Furthermore,
studies have revealed that tAe squamosaxtract decreased gastrointestinal glucose
absorption and diffusion, which might suggest the antihyperglyceamic &Etovards,

et al. 1987) The model we used for glucose diffusion is partially mimicking
gastrointestinal modeh vivo but not completely similar and has its limitions on the
physiological mechanism of glucose absorption observed in the gut. However, guar, a
known inhibitor of glucosabsorotion, substantiallgduced glucose diffusion in vitro
model(Gallagheret al. 2003)

The ethanol extract &&. squamosaignificantly reduced glucose absorption during gut
perfusion which was assessed by the remaining amount of unabsorbed sucrose content in
different segments of the gut. Our study found a significantly higher amount of sucrose
left in the stomach, upper,iddle, and lower intestine compared to fiogated rats. In an

earlier studies bidannan et al.(Hannan et al. 2007hit has been demonstrated that the
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lowering effects of the circulating blood glucose in diabetes Titigonella foenum
graecum(fenugreek), may begptly due to the reduction of intestinal glucose absorption.

The last three segments of the GI tract are the most important for the absorption of
nutrients including glucoséMathijs et al. 2014)and the extract inhibited glucose
absorption in those segments. Since, disaccharide is not naturally absorbed due to the lack
of carriers in the Gl tract, but monosaccharide carriers are present intthet@eynell

and Spray 1956}herefore, the disaccharides need to be converted into monosaccharides
prior to absorption within the Gl tract. Thus, an elevated sucrose content in the Gl tract
observed byA. squamosdreatment maye due to reduction in sucrose catabolism and

digestion across the Gl tract.

Obesity is one of the main predisposing factor of T2DM. Previously, it has been reported
that highfat diet in normal rats induces obesity and metabolic abnormalities, such as
insulin resistance which can lead to T2Bielohubyet al. 2013; Benbroeket d. 2014;
Winzell and Ahrén 2004 Smilarly, increase in dietary fat is also associated with greater
weight again(Lamont et al. 2016; Mirhasherat al. 2011)In acutein vivo studies A.
squamosdreated higkfat fed rats improved glucose tolerance and plasma insulin. These
results encouraged to continue further to lotegm studies in higifiat fed rats that
showed significant improvements in ntasting bloal glucose, glucose tolerance, plasma
insulin, food, fluid and energy intake. The observed effect might be due to the reduction
in glycaemic contenf{DelghingareAugusto et al. 2009)that affected the glucose

homeostasis and lowered body weiffatyaeianet al. 2017)

The DPPRIV inhibitors are class of oral artiyperglyceamic agents that reduce blood
glucose level and has become prevalent as potential target in the treatment of type 2
diabetes while searching for new adi@betic moleculesgBarnett 2006) Several
pharmacologial approaches have been made to treat type 2 diabetes and obesity by
targeting the GLRL systen(Chatterjeeet al. 2016; Sadry and Drucker 2083hce GLR

1 is an incretin hormone produced incell of the intestine that improves glyceamic
control,increases insulin secretioduce food intake an@&nhancemsulin sensitivity.
However, DPHV enzyme causes rapid degradation of @LPunder normal
physiological conditiongMizokami et al. 213; Zandeet al. 2002) Therefore, DPRV

enzyme inhibition and the creation of GIR agonists, resistant to enzymatic

degradationareimportant strategies for pharmaceutical treatment of TZBinget al.
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2018a) In our studiesA. squamosahowed significant inhition of DPRIV enzyme

activity in concentration depedent mannein vitro. Similarly, in acuten vivo studies in
high-fat fed rats treated witA. squamosahowed significant inhibition of plasma DPP

IV enzyme activity. In our longerm studies in higifat fed rats with plant extract, there

was a significat inhibition in plasma DP®V enzyme activiy. These results are in
agreement with previous studies conducted on other various medicinal plants that showed
inhibitory effects(Srivastavaet al. 2017h)

Our studies have revealed thatsquamosaxtract reversed the increase in pancreatic
insulin content, islet size, beta cell area and alpha cell area Hfighifgid rats. The number

of smallsizeislets increased significantly. However, the number of large and medium
size islets decreased. Thavas also a significant reduction in the number of islets per
mm?. Pancreatic insulin decreased and so does the area of the islet and beta cells with a
propensity to decrease the number of beta cells. Previous studies reported that increased
consumptionotl i et ary fat affects i1islets acalyl oi d
dysfunction(Ojo et al. 2015)It is also repord that the plant extract may have effects

on beta cell proliferatiofGolson, et al. 2010) It was presumed that this effect may be

due to direct action on beta cell or indirect effects on entero endocciretice of GLR

1. However, the molecular mechanism of this effect yet to be delineated.

Phytochemical isolation and characterizationAofsquamosavas performed to identify
various comopound/s responsible for the antidiabetopgaties. RPHPLC fraction
isolatedaspeak2 sample in our studsevealed a molecular mass of 610&ewed the

same retention time in the chromatograshcommercially available rutin. Thsolated
compound (peaR) spectrum ofH NMR displayed a charactstic proton signal at 7.57,

6.78, 6.30, 5.11 and 5.01PPM respectively. In contrast, five aromatic protosas we
observed in the spectrum ¥ NMR; ortho-coupling protons were detected at 7.57 (dd,
1H, J=2.4Hz, J=8.4Hz) and 6.78 (d, 1H, J=8.4Hz) and+o@ipling protons at 6.1(s,

1H) and 5.01 (s, 1H). Th&H NMR spectrum also endorsed glucose and rhamnose
moieties at 4.74 ppm with the glucose anomeri proton signal and 4.42 ppm with the
rhamnose signal. At 1.18ppm (d, 3H, J=6.6Hz), a doublet of rhamreibglrgroup was
observed at a high field. The remaining protons resonated between 3.37 and 3.21 ppm in
the sugar moiety. A doublet of methyl group of rhamnose was also observed at high field
at 1.18 (d, 3H, J= 6.6Hz). The rest of protons in the sugar ymesbnated between 3.37
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and 3.21 ppm. Previous studies with rutin showed similar results to our isolated
compound fromA. squamosavith a chemical structuref Co7Hz0016 (He and Liu 2006;
Rajendranet al. 2016) Recent studies also reported the presence of both rutin and
isoquercitrin inA. squamoséDesaiet al. 2011)

Theisolated compound (Peak 2) from our plamtract of A. squamosa&onfirmed as
rutin, increased insulin release from BRBID11 cells, improved glucose tolerance and
plasma insulin levels in the mice igh isin agreement with previous studigalzadaet

al. 2017) Earlier studies also demonstrated that rutin and isoquercitrin, another isolated
phytochemical from aidiabetic plants, competitively inhibit DPIF enzyme activity by
directly blocking the DPRV active binding sitgFanet al. 2013a; Zhang et al. 2018a)

and thus enhancing insulin secretion.

Intrestingly, flavonoids such as rutin showed antihyperglyceamic action ifrigilized

diabetic rats(Hunyadiet al. 2012) Thi s acti vity was associ
glucosidase activityMa et al. 2A.5; Munhoz and Frode 2018; Pham et al. 2014;&tan

al. 2013)and increased insulin secretion from rat pancreatic i&staaeiliet al. 2009)

Similarly, rutin can be biotransformed into quercetin and isoquercitrin by different
microbial speciegYadav et al. 2017; Zhargt al.2015) Rutin is a glycoside derivative

of quercetin and widely diributed in edible plan{dManachet al. 1997)Glycosides are
know to be poorly absorbed that has-to be
glucosidases in the small intestine before being absorbed as aglf\tatlest al. 2004)

Rutin has also been reported to be absorbed at a slower rate in mammals than quercetin,
due to hydrolysis of the cecal microflora, while quercetin is readily absorbed in mammal
through small intestingManach et al. 19973his would be more effective as a therapeutic

being a hydrolysed product of rutin, i.e. quercetin anejisercetini\Wanget al. 2011)
Furthermore, quercetin and igoiercetin have been reported to have a higher plasma
concentration and bioavailability than rutimanach et al. 1997)in addition, both of

these flavonoid derivatives are well known for their antioxidant and-daattietic
propertiefMunhoz and Frode 2018)

In summary, this research has demonstrated Ahatquamosalant possess various
antidiabetics properties. These include; enhancing insulin secretionirbeitro in

isolated mouse islets amdvivoin animal models of diabetes; inhibiting protein glycation
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and starch digestion, delaying glucose absorptioméngut and suppressing D
enzyme activites, thus improving the actions of circulating GIP and I5[ahang et al.
2018a) Furthermore, the present study demonstrateditrefjuamosanproved glucose

h o me o st a-eell fanctiamvih mbltiple pathways in T2DM representing a novel
source for future dcovery of antidiabetic agents. Howevehjs warrants further
investigation to fully understand the roleffsquamosand its constituents in improving

glucose homeostasis.
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Figure 3.1: Dosedependent effects of various concentrations of hot water (A & C)
and ethanol (B & D) extract ofAnnonasquamosdeaves at 5.6 mM glucose on insulin
release (A & B) and LDH release (C & D) from BRINBD11 cells
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Figure 3.2: Dosedependent effects of various concentrations of hot water (A & C)
and ethanol (B & D) extract of Annona squamosdeaves at 16.7 mM glucose on

insulin release (A & B) and LDH release (C & D) from BRINBD11 cells
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Figure 3.3: Dosedependent effects of various concentrations of hexane fraction of
Annona squamosdeaves at 5.6mM glucose (A & C) & 16.7mM glucose (B & D) on
insulin release (A & B) and LDH release (C & D) from BRINBD11 cells
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(C

Cellular LDH Release

Figure 3.4: Dosedependent effects of various concentrations of ethylacetate fraction
of Annona squamosdeaves at 5.6mM glucose (A & C) & 16.7mMjlucose (B & D)
on insulin release (A & B) and LDH release (C & D) from BRINBD11 cells
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Figure 3.5: Dosedependent effects of various concentrations of chloroform fraction
of Annona squamosdeaves at 5.6mM glucose (A & C) & 16.7mM glucose (B & D)
on insulin release (A & B) and LDH releas€C & D) from BRIN -BD11 cells
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Values are Mear8EM with n= 8 fa insulin and n= 4 for LDH. *P<0.05 **R%x01 and
***P<(0.001 compared to 5.6mM and 16.7 mM glucose alone.
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Figure 3.6: Dose dependent effects of hot water (A) and ethanol (B) extract Af

squamosdeaves on insulin release from isolated leananseislets
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Insulin release was measured after-n@@ incubation wih a range of
concentrations (25 to 20@/ml) of hot water and ethanol extractAafsquamosa
leaves in 16.7mM glucose where as GLPLO®M & 108M) and Alanine (10mM)
were used as a reference conteslpectively. Values are Mean + SEM with n=4.
*P<0.05, *P<0.01 and ***P<0.001 compared to 16.7mM glucose.
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Figure 3.7: Effects of hot water extracts ofAnnona squamosdeaves on insulin

release from BRIN-BD11 cells in the presence of known modulators (And in the
presence or absence of extracellular calcium (B)
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the plant extract®®®<0.001 compared to respective incubation in the absence of the
plant extract.
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