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ABSTRACT

Diabetesis aworld-wide issue which canaffect peopleatany age.lt is rankedasone
of the top 10 diseasesesponsiblefor deathworldwide. According to the Internatio nal
DiabetesFederation,424.9million peopleworldwide were estimatedto have diabetes
in 2017(90% with type 2 diabetes)and this numberis projectedto reach629milion
patents by 2045. The current treatments for managing diabetesare linked with a
number of side effects including severe hypoglycaemia, permanent neurological
deficit, stomachache, headachelactic acidosis,liver damage,dizziness and deathin
somecasesTherefore, thereis aneedfor improved anttdiabetic drugswith fewer side
effects to enhancepatient complianceandto control blood glucoselevels moretightly.
Natural products and plants in particulay offer an alternative to synthetic
drugs. Lathyruslinifolius is a plant whosetubers have historically beenused asan
appetitesuppressantduring medieval times in times when food wasscarce Due to the
close link betweenappetite suppressantsand the treatment of diabetes/obesity,the
p | a reavésszand tubers were examined for their potential anttdiabetic and ant+

obestty activity.

This projectaimedto: 1) produceLathyrus linifolius extractsusing Soxhlet apparatus
extraction from which bioactive compounds could be isolated by column
chromatograpy and characterisedby nuclear magnetic resonanceNMR); 2) assess
the antidiabetic andantiobesity activity of the extractsandcompounds 3) investigate
the anttinflammatory and antioxidant activity of the extractsand compoundsin in
vitro assays 4) identify the effects of the tuber treatment on the gene expressionof
appropriatediabesity componentsin normal rat pancreatic tissues obtained from a
previous study in which ratswerefed with tubers and5) re-assess.athyrus linifolius
effects onobeseZucker ratsandmonitor the effects onbodyweight, food intake, water

intake and blood glucose levels.

1) Four compoundswereisolated for the first time from the ethyl acetateextractof the
tubers; these werebetulinic acid, lupeol, stigmasteroland b-stosterol. The isolated
compoundsare known for their beneficial effects on hyperglycaemiaand obesity to

someextent. Betulinic acid wasthe major componentin the tubersand leaves.
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2) In biological assaysthe ethyl acetateextractandbetulinc acid from the tuberswere
potent U-glucosidase inhibitors (P<0.05)with ICsoof 9.5 pg/ml and 5.5 M,
respectively. Moreover, the leaf ethyl acetateand methanolextractswere also strong
inhibitors of U-glucosidase(P<0.05)with ICsoof 0.58 pg/ml and 4.3 pg/ml,
respectively. In an anttobesity assay,basedon pancreaticipase, the ethyl acetate
tuber extract at 30ug/ml and betulinic acid at 30pM showed 50% enzyme
inhibition (P<0.05);andthe hexaneextractfrom the leavesshowed30%inhibition. In
HepG2cells, leaf hexaneextractshowedasignificant increasein glucoseuptakewhich
was comparableto that of insulin. Thesefindings showed promising results for the
plant to be usedasananttdiabetic and antiobesity agent.Inflammation and oxidative

stressareimplicated in diabesity and determinedthe subsequeninvestigation.

3) Moreover, all the plant extracts and isolated compounds at 30 pg/ml or 30 uM
showed a greater than 70% protection (P<0.05)in L929 cels (mouse fbroblasts
commonly usedor anttinfllmmatory studigs from the cytotoxic effects of tumour
necrosis factor alpha (10puM). This was folowed by investigating the abilty of
Lathyrus linifoliusto inhibit nuclear factor kappalight-chainrenhancerof activated B
cels (NF-a Bin the NCTC cell line (human skin celistransfected witha NF-a B
luciferase reporter vectorused in antinflammatory studies) Betulinic acid ethyl
acetateextract of the tubers hexaneand ethyl acetateextracts of the leavesinhibited
NF-a Bvhich gave aNF-a B% inhibition of 70, 40, 30 and 30, respectively. A
betulinic acidinhibition curve wasperformedand found to inhibit NF-& Bexpression
with anlCsp of 22.8uM. Oxidative stresswastheninvestigated following the positive
findings in the antiinflammatory assays.Lathyrus linifolius extracts and isolated
compoundswere not reactive oxygen speciesgeneratorsand significantly (P<0.05)
protectedcells from reactive oxygen speciesgeneratedby tertbutyl hydroperoxidein
SH-SY5Y (neuronal), HepG2(hepatic) and Pancl(pancreatic)cells exceptlupeol in
HepG2cels In HepG2cels, glutathione levels were significantly (P<0.05)increased
by ethyl acetateextract of the tubers which confrmed the potential antioxidant

activity of Lathyrus linifolius
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4) It wasconsideredpertinent to carry out a retrospectiveinvestigationinto any gene
changesusing RNA-Seqiencing andreattime quantitative polymerasechain reaction
(RT-gPCR on RNA isolated from rat pancreatic tissues in a feedng study with
Lathyrus linifolius tubers carried out by Woods (2017) It was found that the
adiponectin gene (Adipog was highly up-regulated (P<0.05) whereas genes that
contribute to pancreatic b-cels damagefor example 111 fand Tnfrsf19were down
regulated (P<0.05).

5) Then, the biological effects of Lathyrus linifoliuson ananimal modelfor diabesity
were followed up. Dried, powderedLathyrus linifolius tubers (100-200 mg/kg BW)

were dissolved in deionised water, mixed with Far | ey 6 s rusabsse and

Zucker ratdaily for 16 daysHowever, the results showedthat there wereno effects
onthe bodyweight food intake water intake or blood glucoseof Zucker ratsandthis
may have occurred due to the low Lathyrus linifolius dosageused and the short
duration of the study. It wasdecidednot to carry out any further investigation (suchas
RNA- Sequencing after this asthere wasno significant differerce in results between

the obeseZucker ratsand normal ratsasobservedn the previous feed study.

Thesefindings suggestthat compoundsirom Lathyrus linifoliuscould possibly beused
as anttdiabetic and antiobesity agens in the future, basedon the positive results
obtained from the in vitro and ex vivo assaysin this study. This study should be
followed by assessinghe effects of Lathyrus linifolius on body weight, food intake,

water intake and blood glucose in humans.
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Chapter 1

1. General introduction

1.1. Introduction

Diabetes mellitus (DM) can be defined as a chronic disease which is chegdctayi

high levels of blood glucosgBG) or hypergly@emia (Punthakee et al, 2018)
Individuals with diabetes are not capable of producing any or sufficient levels of
insulin or cannot utte insulin efficiently (IDF, 2017) Insulin is a hormone which is
produced by the pancreas gland in the body and it plays a fundamental role in
transporting glucose molecules from the bloaest into cells of the body in order to
produce energyRodbard, 2016 Hyperglycemiaoccurs when there is a lack of insulin

or inability of cells to respond to insuliflevels. This increasén bloodstream glucose
levels is a hallmark of diabete@Ogutsova et al, 2017) Uncontrolled diabetes is a
life-threatening condition because it can result in damage to various body organs and
causes other complications such as cardiovascular diseases (CVDs), neuropathy,
nephropathy and retinopathyvhich cancause blindneds(Konstantinoset al, 2018)

However, well controled diabetes can delay or even prevent diabetes complications.

1.1.1. Prevalence of diabetes

Diabetes is a worldvide issue which can affect peoméall ages(Gilespie, 2001)
Diabetes is ranked one of the top 10 diseases responsible for aleath with the

three major norrommunicable diseases (NCD<JVDs, cancer and respiratory
condttions (Ogurtsovaet al, 2017) Diabetes is responsible for 80% of all {pnature
deaths. NCDs were responsible for 39.5 milion out of the 56.4 million wade

deaths in 201%Roth et al, 2018) One of the major chalenges with diabetes is that
30-80% of diabetic people are undiagnosed. Thus, lifestyle changes, early detection

and better therapeutic treatn®ire required to improve diabetes management.

According to be International Diabetes Federation (IDF), 424.9 million people
worldwide were estimated to have diabetes in 200% with type 2 diabete§2DM)
and this number is the highest so far as showfigare 1.1(Chatterjeeet al, 2017)



Diabetes alone was responsible foe teaths of approximately 4 milion people in
2017(IDF, 2017) Diabetes prevalence is projected to increase by 48% and reach 629
milion patients in 2045The IDF Diabetes Atlas depends heavily on the qualty and
availability of data sources fas diabetes estimates. Diabetes estmatecalcelated

for 221 countries and territories which are then groupedtiter toproduce estimates

for regions and the world. Countries without data sources have their difihpetes
projected based on similar countries with data sources. Data sourcd® i+
Diabetes Atlas come from pesviewed articles and national healthrveys which
includes WHO STEP surveys. Other sources include Helstihistries and informal
communication within the IDF network. Any sources of data released before 1990 are

excluded andchrenot used to generate diabetes estimates.

Diabetesalmost equall affects males and femalggigure 1.3. Threehundred and
twenty-sevenmilion diabetics are under the age of 64 and 98 milion patients are over
65 years igure 1.3.). There are seven IDF regioAdica, Europe, Middle East and
North Africa, South ath Central America, SoutBast Asia and Western Pacific. The
number of people with diabetes in 2017 and projected number of diabetics for each
IDF region is summased in Table 1.1. The increase in the number of people with
diabetes has led to increased endgliture on healthcare and reached USD 727 billion

in 2017, which is three times more than what was spent in ZFifig 1.4).

The top five countries in terms of numbers of patients with diabetes are China, India,
the United States, Brazli and MexidtDF, 2017) However, these countries do not
have the highest prevalence of diabetes due to their large populations. Approximately
39 milion people have diabetestine MENA (Middle East and North Africa) region,

of which 18% are in Saudi Arabithe highest prevalence inghregion (Ogurtsovaet

al., 2017) By comparing Saudi Arabia with the UK, the prevalence percentage of
diabetes in adults (209 years) is 17% in Saudi Arabia which is more than three times
that of the UK (5.4%) (IDF, 2017).

Diabetesclassification and diagnosis are complex #wdthree main types are type |
(TLDM), T2DM and gestational diabetes (GDM).
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Figure 1.1: The trend in the number of people with diabetes between 2000 and 2017.
Diabetes has increased over the years and affected 425 million pewplevide in
2017(IDF, 2017)

Prevalenceof diabetes by gender
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Figure 1.2: The world-wide distribution of diabetes among both males and females
aged 2079 yearqIDF, 2017)
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Figure 1.3: Theworld-wide distribution of diab&es by age in 2017 and the projected
increase in 2048DF, 2017)

Table 1.1: The number of diabetic patients per IDF region in 2017 and projected
data for 204%IDF, 2017 Ogurtsovaet al, 2017)

No. of diabetic| Projected no. off Projected

IDF region patients (millions) | diabetic  patients || percentage
in 2017 (millions) in 2045 | increase
Africa 16 41 156
Europe 58 67 16
Middle East and
_ 39 82 110
North Africa
North America and
_ 46 62 35
Caribbean
South and Centrd
_ 26 42 62
America
SouthEast Asia 82 151 84
Western Pacific 159 183 15
World 425 629 48
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1.2. Types of diabetes

Diabetes can be characsed into the following categories:

. T1DM: This type develops wheb-cells in the pancreas are destroyed by the
immune system resulting in no insulin being secret@dM can occur at any
age although it is more frequently seen in chidren in their-teats. The
current therapy is to provide insulin which is delivered rjgctions or pumps.
T1DM accounts for approximately 5% of all diabe{€hauhanet al, 2010)
Currently there are no established and effective ways to prieverdcurrence
(Jacobseret al, 2019)

II. T2DM: This is also known as namsulindependent diabetes mellitus. The
onset ofT2DM is usually later thaiT1DM. It is the most common form of
diabetes and accounts for 9856% of all diabetegChatterjeeet al, 2017)
T2DM is usually intiated when cels in the muscles, Iver and fat tissues do
not utilise insulin properly; this is known as insulin resistance. This will

increase the need fartracellular insulin to lower the levels of glucose inside



them. As a consequencb;cells in the pancreas gradually lose their abiiby
produ@ insulin in sufficient amounts. There are a number of risk factors
associated with developing2DM; including age, obesity, family history of
diabets and/or gestational diabetes, race/ethtyici physical inactivity and

impaired glucose metabolisifiKahn et al, 2006)

lll.  GDM: This is characterised by glucose intolerance which usually occurs in the
second or third trimester of pregnan@i®yckman et al, 2015) Treatnent is
required to protect both mother and infant and this usually involves changing
diet, increasing physical actvity and insulifKoivusalo et al, 2016)
Approximately 10% of women witlisDM continue to have high levels BEG
and this usualy progresses T@DM. The risk factors for developingGDM
are similar to those fof2DM. Infants whose mothers h&DM are at a high
risk of developing obesity and diabetes (maii®DM) at some point in their
Ives (Damm et al, 2016)

Other types of diabetes:

I.  Type lll diabetes: This is regarded a neuroendocrine disease in which W2D
develops and progresses MandAlpateds mer 6 s
share similarb-amyloid depositsin the pancreas and the brdMital et al,

2014 Steenet al, 2005 De la Monte and Wands, 2008)

II. Type 3c diabetes: This is less common than T1DM and T2DM, known as
pancreatogenic diabetébslardt et al, 2008) It is a secondary diabetes caused
as a result of a disease of exocrine pancreas. The most common exocrine
pancreatic disease is chronic paadtis (Ewald et al, 2012) This condition
develops when the pancreas becomes inflamed or pameof it is removed
and this leads to no insulin being produced by the pan¢reaset al, 2016)

Therefore, this type dafiabetes requires urgent insulin therapy



1.3.Pathogenesis and pathophysiology @fiDM and T2DM

1.3.1.Pathogenesis oT1DM

T1DM is an autoimmune disease that occurs as a result of the destruction of the
pancreaticb-cells which are responsible for secreting insulin. The clinical features of
the disease occur when the destruction obtheells reaches the end stage. There are
seven features explained by Al Homsi and Lukic (1992) which categdtif# as
an autoimmunedisease. These are:
A. The infiltrated islets of the pancreas show the presence of some immune system
cels.
B. The disease shows an association with class Il (immune response) genes of the
major histocompatibility complex (MHCII).
C. The presence of specific aatgibodies.
D. Changes to the cells responsible for regulating the immune system, T cells and
specifically, CD4+.
E. The production of some interleukins (IL) by the monokines and T helper (TH1)
cels.
F. The disease responds wel to immune therapy.
G. Other organs ar seen to be affected by autoimmune diseases in people

suffering romT1DM or in theirr famly members.

1.3.2.Pathophysiology ofT1DM

When theb-cel | s ar e dest r-celg detome abhoemalpresuitiog imat i ¢
the secretion of high levels ofughgon (Briant et al, 2016) In normal condtions,

glucagon levels are suppressed when hypesgiyia presents. However, in T1DM,

this does not occur. Asansequencesome metabolic disruptions occur. The most
common metabolic defect is ketoacidosis in the absence of ingMiRronzoet al,

2015a) A number of biochemical abnorm@ls are seen in tissues as a consequence

of insulin deficiency. Levels of free fatty acids in the plasma become abnormal due to
unregulated lipolysis; hence, glucose metabolism is affected and suppressed in skeletal
muscles and other peripheral tissugzougwu et al, 2013) The expression of the

genes responsible ftine expression of mainly glucokinase in iver and GLUT4 family



transporters in adipocyteshich are responsible for controlling the response of tissues
to levels of insulin is decreased (Raju and Raju, 2010). The two main consequences of
T1IDM are glucose metabolism impairment and lipid metabolism abnormalities

(Faerchet al, 2009) which are discussed in the folowing paragraphs.
A. Glucose metabolism impairment

Glucose production is increased by the ivelTIDM (Yki-Jarvinen, 2010)Initially,
glycogen stores are mobilised snch a way as to initiate the gluconeogenesis process
which leads to glucose productighlatting et al, 2018) Nonhepatic tissues are also
affected by insulin deficiency and this sSeen more in skeletal muscles and adipose
tissues, within which insulin is essential fite uptake of gucosd D6 Adamo and
Caprio, 2011)This leads to the glucose transporter protein moving towards the plasma
membrane of these tigss. The reduction of glucose uptake by the peripheral tissue is
faced by a decrease in glucose metabolism. Insulin regulates the levels of glucokinase
which is responsible for targeting insulin inside tiss@vougwu et al, 2013)
Therefore in TIDM, the phosphorylation of glucose is decreased and this leads to high
levels of glucose in the blood. Both the increase of gluconeogenesis in the liver and
reducedglucose metabolism in peripheral tissues detdan increase IBBG levels
(Hatting et al, 2018) The kidney is able to absorb glucose in normal condiions
however in situations wherglucose levels are high, it might be passed into the urine
as glucosuria(Lytvyn et al, 2014) As the kidney loses the abilty to absorb glucose,
water and electrolytes are also lost. Hence, thirst mechanisms are intiated to
compensate, leading molydipsia. Glucosuria and tissue catabolsm cause a negative
calorie balance which increases food intake and appetite leading to polyphagia
(Adinortey, 2017)

B. Lipid metabolism abnormalities

Insulin plays a major role in storing energy following meals in the form of glycogen
in hepatocytes and skeletal musci@ikoulina et al, 2000) With the help of insulin,
hepatocytes are also responsible for the synthesis and storage of triglycerides in
adipogtes. The triglycerides are rapidly mobilised when insulin is not present; hence,
high levels of free fatty acids are found in plasi@nsberget al, 2005) Apart from



the brain, the free fatty acid§FA) are takerup by many tissues to form energy. In

the mitochondria, levels of malonyl Coenzyme(@oA) decrease and levels of Aeyl
CoArise in the absence of insulf®zougwu et al, 2013) Fatty acids are oxidised to

acetyl @A in the mitochondria and further oxidation to acetg/ACtakes place in the
tricarboxylic acid cycle(TCA cycle) (Cronan and Laporte, 2009n contrast, in the
hepatocytesacetyl @A is not oxidised by the TCA cyclébut is instead metabolised

to form ketone bodi elydrogsybutylate(Bukaoedat,2d04b ac et at
The generated ketone bodies are used to produce energy in the heart, brain and skeletal
muscles(Magistretti and Allaman, 2013 T1DM, high levels of free fatty acids and
ketone bodies lead to a reduction in glucose utilisation. Hémppergly@emia occurs
Excessive production of ketone bodies leads to a condition caled ketoacidosis
(Weinstock et al, 2013) One of the metabolites of acetoacetate is acetone which can
be exhaled by the lungs. Therefore, a distinctive smell is emitted from the mouth of a
person who has ketoacidosiBlaikie et al, 2014) Lipoprotein lpase (LPL) is an
enzyme which acts on plasma triglyceridésuses insulin to functiorfMorigny et al,

2016) Therefore, where there is insulin deficiency, hypertriglycerides are produced.

1.3.3 Pathogenesis of2DM

In T2DM, glucose plasma concentration is not well controlled within the acceptable

range and this is beleved be a result of two pathological defe¢®zougwu et al,

2013) One is the disruption of the pancredtiecells which leads to less insulin being
produced and he ot her is the impair ment of inst
resistance mechanisnf®eFronzoet al, 2015a) Environmental factors can contribute

to the pathogenesief T2DM as described below:

1.34. Environmental factors in T2DM

Ageing, physical inactivity, alcohol consumption and obesity, among others are risk
factors of developingi2DM (Chatterjeeet al, 2017 DeFronzoet al, 2015b) Obesity
usually occurs due to physical inactivity which in turns leads to reduced muscle mass
and therefore, insulin resistance is induced in many obese patients. Diet is a major
component that is implicated in obesiiKahn et al, 2006) The ealargement of

adipose tissie as a result of sedentary lfestyle and unbalanced eating patterns is a



cause of obesity and also ofOi (Sainz et al, 2015) There is a 4%b-fold increased

risk of developingT2DM in individuals with mid obesity or whose body mass index
(BMI) is above25 (Ozougwu et al, 2013) Obesity is a major environmental factor
causing diabeteand it can be prevented or managed in many dasesibe et al,

2017) Glycation is the process of glucosetooxidation and changes to the polyol
pathway (LopezDiez et al., 2016) Hence, glycation generates free radicals and
increases oxidative stress. Free radicals can also be generated by macrophages and T

kiler cells are believed to be damaging to pancrdaticells (Gerber and Rutter, 2017)

1.4.Diabesity

Diabetes which is associated with obesity is now termed diabesitpbesity
dependent diabetgfarag and Gaballa, 201@besity is a worldwide problem which

is characterised by excess adipose tissue in the body which leadketohealth
complications (Pappacharet al, 2018) These include T2DM andCVDs such as
hypertexsion. The BMlis the parameter used to class people as overweight or obese
and it is calculated using the body weight and height of individuals as shown in the

formula below(Velazquez and Apovian, 2018)

"1 AW ECGED

oo | AAEGED
°Y U3 RNOAORRJE O

Overweight individuals have aBMif O 2&ndkgbmese people ha
30 kg/n?, more details are ifable 12 (WHO, 2019)

Table 12: Use of BMI for the classification of aduts who are underweight,
overweight and obese.

Classification BMI (kg/m?)
Under weight <185
Ideal body weight 18.524.9
Overweight O 25

Preobese 25-29.9
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Obese O 30
Obese class | 30-34.9
Obese class | 3539.9
Obese class Il O 40

1.4.1.Prevalence of Obesity

Obestty is a worldvide issue and in 2016 there were more than 650 milion people
globally who were considered obese, while 1.9 bilion adults were considered
overweight (WHO, 2018) Obesity can affect all people irrespective of their gender

ard age.

1.4.2.Causes of obesity

Unhealthy eating practices and poor weight control can be seen among vattulis
risks of eating disorders and obegigessleret al, 2013) Thus, the identification of
eating disorders at an early stage is @ faetor in preventing the development of

obestty.

Binge eating disorder (BED): This is the most common eating disorder among adults
and it impacts on an indiv{(wz&tlal 3016)e mot i o
BED is a condition in which people eat large quantities of food in a very short period
of time on a regular basis in a process called binging and this is linked to severe obesity
(Schaget al, 2013) People with ED have been found to develop an overweight state

at an earlier age in comparison to people who do not have(BEDuerdNurst et al,

2018) Binging episodes are associated with foods high in sugar, fats, high salts and
low amounts of vitamins and minerals. BED patientsnollevelop depression as they

are unhappy about their binging hahiGluck et al, 2001) Patients with BED are
susceptible of developing T2DMCVDs, galbladder disease and hyperlgadnia
(Alison et al, 2007) Patients with BED often have a lower qualty of lfe and face
difficulties in their saieties (Gluck et al, 2001)
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1.5.Inflammation in diabesity

Obesity progressing to insulin resistance and eventually to T2DM is poorly understood
but is implicated in the falure of pancreati-cells to serete insulin to overcome
insulin resistance. This results in chronic hyperglycae(Baltiel and Olefsky, 2017)
Obese and T2DM patients have elevated levels of white blood cels and plasma levels
of coagulation factors such as fibrinogen and plasminogen activator inhibitor -1 (PAI
1), acutephase proteins (@eactive protein (CRP)) and serum amyloid A (SAA),-pro
inflammatory cytokines such as tumor necrosis factpha (T N B),Uhterleukin (IL)

1 b dl6 dand chemokines(Duncan et al, 2003 Esser et al, 2014) These
inlammatory mediators were found to improve and reduce in patients folowing
lifestyle changes which cause weight I§Bglalcazaret al, 2013 Bruun et al, 2006
Bastard et al, 2000) Levels of these prmmflammatory mediators are directly
proportional to the degree of insulin resistance. There are several studies that have
identified the possibility of using inflammatory mediators peedictors for T2DM due

to the positive relationship between thébuncan et al, 2003 Esseret al, 2014)

Clinical and experimental data has shown that adipose tissue, pancreas, liver and
skeletal muscle are the sites of inflammation where diabesity is pi(Esseret al,

2014) Diabetic patients as well as diabetic animal models showed that such tissues
were infitrated by macrophageqTate et al, 2016 Kohigruber and Lynch, 2015)
Macrophages are cels capable of producing-iflmmatory cytokines such as
TNFU, I L 1(Vanget &, 2018apThese cytokines act in an autocrine and a
paracrine manner to interfere peripherally with insulin signaling and to promote insulin
resistance by activating-#3JN N-terminal kinase (JNK) and nuclear fact@appa B
(NFFeB) pathways that are found in tissues
play a central role in promoting inflammation in tissy&himobayashiet al, 2018
Chenet al, 2015)

1.6. Current management for diabetes

The aim ofdiabetes management is to achieve adequate control of plasma glucose in
the target range without causing hypogdmia (Raveendraret al, 2018) According

to SIGN guidelines (2010) on managing diabetes, lfestyle management must be
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considered athe frst-line treatment(Raveendraret al, 2018) All types of diabetes

are improved by changing adverse lifestyle factors. Smoking cessation, increased
physical activity, weight loss and a healthy diet are of beneft in preveGWigs. If
diabetes is not well controllethen pharmacological treatment is crugBNF, 2019)

1.6.1. Pharmacological treatment

16.1.1.T1IDM management

As the b-cels of the pancreas do not produce insulinTIDM, the only treatment
available is to administer insulin by injections, pumps or syrif@F, 2019) Insulin
can be obtained from three sources: bovine, porcine andnhulnsulin products are
also classed as rapjdshort, intermediate and longacting insulin (Table 1.3) (BNF,
2019)

Table 1.3: Insulin types used in the management of TLDM.

Duration
Class Name Onset Peak (hours)
(hours)
Insulin _
Rapid-acting . 10-20min 1 3
o glulisine
insulin - _
Insulin lispro | 15min 1-1.5 2-5
Insulin aspart | 10-20 min 1-3 35
Short-acting
insulin Insulin regular| 30-60 min 2-5 6-8
Interme diate- _
o _ Insulin
acting insulin | 1-1.5h 6-12 1524
isophane
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_ Insulin
Long-acting _ 1h N/A 24
o glargine
insulin .
Insulin
_ 3-4h 6-8 24
detemir

16.12. T2DM management

The firstline of treatment for patients diagnosed WIBDM is lifestyle manage me nt

which involves changes in diet and increased physical activity. These measures are
usually sufficient to bring blood glucose levels to norr{lRhveendranet al, 2018
Chauhanet al, 2010) However, if hyperglyeemia is stil not well controled by
changes in lifestyle, then pharmacological treatments are necéRsagendraret al,

2018) These work mainly through three modes of action: stimulating the pancreatic
b-cells to produce more insulin, reducing
the rate of gluconeogenesis in theri@6senberg and van Zyl, 200&urrent drugs

used for the management of T2DM and their mechanisms of actions aredditaile

Table 14.

Insulin can also be administered to people with T2DM only if agents in Tabigol.

not controlBG levels. It can be used in combination with othatidiabetic agents

(BNF, 2019) There are a number of side effects associated wih the above
pharmacological treatments. Hence, herbal medicines are considered to be a good

alternative.
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Table 1.4: Pharmacological treatment for T2DMhaudhuryet al, 2017 Davies et al, 2018 Pappachamet al, 2018 Raveendraret
al., 2018 Van De Laaret al, 2005 Baron, 1998)

Anti -diabetic
class

Biguanides

Sulfonylureas

U-glucosidase
inhibitors

Representative
drugs

metformin

Glimepiride
Glyburide
Glypizide
Gliclazide

Acarbose
Miglitol

% HbA1C
reduction

Duration
of action

Mode of Action

Work by inhibiting 5 hours 1-2
gluconeogenesis in

the Iver and

enhances glucose

uptake by tissues

Their action relies on 1-2
stimulating theb-
cells to produce more
insulin, sulfonylureas
are only ofbeneftt if
there are some
functioning
pancreaticb-cells
They slow down the
rate of carbohydrate
digestion and
postpone the
absorption of
glucose. They inhibit
U-glucosidase which
is the enzyme
responsible for the

0.51

Hypoglycaemia
risk

None

High

Moderate

Effects on
body weight

(BW)
Slight
reduction
in BW

Increase
BW

No effects

Cardiovascular
(CV)
benefits/risks

Decrease
Myocardial
infarction (MI) by
almost 40%, and
coronary heart
associated deaths
by 50%.

Increased CV risks
mainly because of
hypoglycaemic
effects.

Decrease coronary
heart associated
deaths
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Thiazolidinedion
es

Sodiumglucose
cotransporter
(SGLT2)
inhibitor

Glucagonlike
peptide 1 (GLR
1) receptor
agonists

Dipeptidyl
peptidase IV
(DPPIV)
inhibitors

Pioglitazone
Rosiglitazone

Canagliflozin
Dapagliflozin
Empagliflozin

Liraglutide
Exenatide
Dulaglutide

Sitagliptin
Saxagliptin
Vidagliptin
Linagliptin
Alogliptin

breakdown of

carbohydrates

They reduceBG by

making the cells of

the body more

sensitive to insulin
Decrease plasma

glucose by increasing

renal excretion of

glucose (glucosuria).

Block 90% of

glucose reabsorption

in renal proximal

convoluted tubule

Enhance the 24 hours
pancreatich-cells to  4-6 hours
produce more insulin 7 days
by activation of

GLP-1 receptor.

They delay gastric

emptying, decrease
glucagon and

increase feeling of

satiety

Inhibit DPPIV

activity, and

therefore prolong the

action of GLP

0514

0.51.5

0.50.8

Moderate

low

None

low

Increase
BW

Decrease
BW

Cause cardiac
failure

Decrease CV risks

Decrease CVisks

Decrease CV risks
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1.7. Issues withconventional blood glucosdowering agents

Current treatment for managing diabetes is linked with a number of side effects as
shown inTable 15. These include severe hypoglgenia, permanent neurological

deficit, stomachache, headache, lactic acidosis, liver damage, dizziness and death in

some cases.

Table 1.5: Summary of the side effects associated with currentdafitetic drugs
(Prabhakar and Doble, 201Chaudhuryet al, 2017)

Anti -diabetic Target at Target site/ :
. Side effect
drug/ class molecular level tissues
. Hypoglycemia,
Liver, skeletal yp g :
: , weight gain and
Insulin Insulin receptors | muscles, and fat .
. alergies to
tissues L
injections
Sulphonylureas .
-cel f thel H m n
Sulphonylureas | receptor, K ATP b-cels of the ypoglyce. @ ang
pancreas weight gain
channel
Lactic acidosis an(
gastrointestinal
: I - tract GIT)
. . Target is  still Liver and musclg ..
Biguanides g . discomfort  May
unclear tissues .
cause anaemia at
neuropathy in
elderly
Uglucosidase | U-glucosidase . .
9 £ g Intestine GIT discomfort
inhibitors enzyme
per(_)XIsome . Weight gain,
e proliferator Liver,muscle, and .
Thiazolidinedione . . anaemia an(
activated receptg fat tissues oedema
gamma PPARDJ)
| -cels of the| Hypoglycemia,
. ancreas and -l pancreatiis,
GLP-1 agonists | GLP-1 receptors P P
cells of  the| nausea an(
intestinal mucosa| diarrhea
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Pancreatitis,
DPP IV inhibitors | DPP IV enzyme | Intestine nausea ang
headache

Therefore, there is a need foetter antidiabetic drugs with fewer side effects to
enhance patient compliance atadcontrol BG levels more tightly. Natural products

and plants in particulapfter analternative to synthetic drugs.

1.8. Natural products and diabetes

Over the centuries, plants have been used to treat various diseases including diabetes,
CVDs and cance(Middleton et al, 2000) Diabetes management in the absence of
any side effects remains a challenge in drug discogépmeswararacet al, 2003)
Therearea number ohatural productsecommendedor usein diabetes manageme nt
including Agaricus blazei Panax quinquefoliys Lagerstroenia speciose and
Cinnamomum aromaticunPlants are used therapeutically wenldle because of

their effectivenessfewer side effects and they are also considered to be cheaper than
synthetic drugs. Approximately 800 plants have been used to manageediabet

only 50% of them were experimentallghown to possessantidiabetic activity
(Prabhakar and Doble, 201However, only 109 plantare reported thave a clear
mechanism of actiofPrabhakar and Doble, 201The main activecompoundclasses
arethought to bealkaloids, flavonoids, tannins, terpenoids, polysaccharides, steroids,
carbohydrates, chalcones and phenolic agttabhakar and Doble, 2008plants can

alter carbohydrate rt&bolism by variousmeans These include protecting pancreatic
b-cel |l s from da-ua dguaction, reehantemeni mfginsulin release,
increase glucose uptake by cells aachalso have antioxidant activities (Prabhakar
andDoble, 2011) Table 16 provides a list of synthetic diabetic drugs and traditional
plants used for managing diabetes, their mode of action and target tissues. The market
for herbal medicine is increasing and the scientific evidence of glampound
eficacy is also increasing. However, the regulation of suofarket is stil not well
controlled and therefore the use of plants needs to be evaluated in moréEtesail
2000. Hence, such plants need their efficacy, safety and side effects to be outined.
Table 1.7shows recent clinical trials and their statasinvestigate antiliabetic and
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ant-obesity activity of plant extracts.

Table 1.6: List of synthetic diabetic drugs and traditional plants used for managing

diabetes and their mode of action and target tisqirabhakar and Doble, 2011)

Hypoglycaemia

Targeted tissue
Group/ Class mechanisms o] Synthetic drug Medicinal plant
action
Lagerstroemia
Enhancing  insulin speciose Momordica

Sulphonylurea,

absorbance in th

. release in thg charantig Trigonella
inducers miglitinides
pancreas foenumgraecum
Gymnema sylvestre
Inhibition of | Reduce glucose Phaseolus vulgaris
carbohydrate absorbance in thl Acarbose Plantago ovata T.
absorption intestine foenumgraecum
Reduce glucos

Panax quinquefoliys

Lagerstroemia

) . liver, and increas( Metformin, ]
Insulin sensitisers 1 speciosg
glucose uptake i thiazolidinedone _
) ) Cinnamomum
adipose tissues a _
aromaticum
skeletal muscles
Exenatide, ) ) )
o Salvia hispanica
Others | —==mmmmmmmmmee e pramlintide,

saxagliptin, sitagliptin

Stevia rebaudiana
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Table 1.7: Clinical trials on medicinal plants for diabetes and obesity management.

Study Status Conditions Interventions Results | ID
Yerba Mate lex C Cardiovascular diseasad Diabetes Yerba Mate Extract | None NCT02789722
paraguariensisA.St.-Hil.): Melitus

Assessment of
Cardiovascular Health
(YMCH-2015)

Effect of Pomegranate U Cardiovascular diseasBjabetes Melitus Dietary Supplement:| None NCT02017132
Extract Intake on Body and obesity Pomegranate extrac

Composition and Blood

Pressure

Eficacy Study ofZN-6D4 | C Diabetic foot ulcer IZN-6D4 Gel None NCTO01427569

Gel for the Treatment of
Diabetic Foot Ulcers

Evaluation of Fenugreek | C Diabetes Melitus Dietary Supplement:| None NCT02700477
Seed Extract In Type2 Trigonella foenum

Diabetes: An AdeOn graecumextract

Study

Bauhinia Forficata in C Diabetes Melitus Bauhinia forficata None NCT02760017
Diabetic Patients

Effect of Yoghurts C Obesity and overweight Dietary Supplement:| None NCT02810041
Enriched With XXS yoghurts enriched

(Mixture of Natural with XXS

Polyphenolic Compounds
and Plant Extracts) on the
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Evolution of Weight in
Overweight Subjects
(VITALIM Senior)

Ginger Capsules for the Obesity Dietary Supplement:| None NCT02742194
Chronic Treatment of Dry extract of ginger

Obesity

Safety ancEficacy Study Obesity Dietary Supplement:| None NCTO01057576

of Tarragon on Insulin
Action in Humans (5011)

An alcoholic extract
of Artemisia
dracunculud..

C=completed,U=unknown
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18.1.LathyrusL

LathyrusL. is a genus that belong to the tribe of Fabeae, a subdiisithe Babaceae
family (Allaby, 2012) There areraund 380 species the Fabeae tribe which evolved

in the eastern Mediterranean in the period of middle Miocene (14 milion years ago)
(Jacovoet al, 2019) Species of the Beae are distributed in Eurasia, tropical Africa
and the AmericasLathyrusgenus consists of approximately 160 speeudmsch are
distributed in the Northern Hemisphere, temperate reg@®snussen and Liston,
1998 Kupicha, 1983)They are found in Asia, Europe, North America, South America
and tropical East Africathe number of species in each region is shown in Figute

The Eastern Mediterranean is consideré@ main centre foLathyrusdiversity with

smalker centres in the AmericagGurung and Pang, 201Kupicha, 1983)

The distribution of the species in the
Lathyrusgenus

24 species = Europe
: 52 species m North America
» Asia
30 species South America

Tropical East Africa

Figure 1.5: The distribution ofLathyrusgenus in various parts of the world.

The habitats ofathyrusspecies is very divers@hey can be found in open pastures,

fields, slopes woods, marshes, seashores, forest margins, meadows, sand dunes and
roadsides(Asmussen and Liston, 1998oth annual and perennial species are found

in the genus, with a climbing or sprawiing habit using simple or branched tendrils
(Asmussen and Liston, 1998)athyrusspecies possess bpelinated papiionoid

flowers with various colours (yelow, orange, red, purple, violet, blue or white)
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(Asmussen and Liston, 199Renicer et al, 2005) These species can be productive
in low nutrient soils due to their abilty for biological N fixation (BNF) and some of
the species have rootghich help with stabilty in arid environments and this feature

is relevant td_athyruslinifolius (Reichard) Bassle(Jacovoet al, 2019)

1.8.1.1. Lathyrus linifolius

L. linifolius (LL) (Table 1.8)is cultivated forboth aesthetic purposes and aromatic
flowers andtherefore it is considered ahorticultural specie (Jacovoet al., 2019)

LL plays animportant role in semmatural and ecological interactions by attracting
oligophagous butterfies and moths suek Leucoptera lathyrifoliella form orobi,
Phyllonorycter nigrescentella, Grapholita jungiellaGrapholita lunulana and
Zygaena loniceraeSome ofthesebutterfies became extinct as a consequence of LL
loss from such habita@Nisson et al, 2008) LL is found in both grazed and ungrazed
seminatural grass lands with low altituigl€20-350 m above sea leve(Jacovoet al,
2019) It grows in low nutrient soils with a pH of-4 (Grime et al, 2014) LL is
beleved to be present on approximately 60% of the European terriiodesling
throughout the United Kingaho but does not grow in North Europe where the climate
is extremely coldGrime et al, 2014)

Table 1.8: Characteristics and classification Ldf.

Plant Name L. linifolius

Family Fabaceae

Tribe Fabeae

Genus Lathyrus

Specis Lathyruslinifolius (Reichard) Bassler

Lathyrus tuberosyd._athyrus montanuBernh,
Lathyrus linifolius var. montanus (Bernh.)
Bassler, Lathyrus macrorrhizus Wimm,
Synonyms s
Orobus tuberosud.., Lathyrus linifolius var.
montanugBernh.) BaesslerQrobus linifolius

Reichard(NBN-Atlas, 2019)
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Heath Pea, Bitter Vetch, Bitter Vetchlin

Common names liquor-knots, liquoryknots and liquorice
vetch.

Growing form Perennial plant

Height 1530 cm

Flower Purplebluish colour

Flowering time May-June

Alternate, stalked, stipulate. Blade pinnate,

4-pairs, lacking tendrils. Leaflets elliptic

Leaves _ . . .
lanceolatélinear, blunt, with entire marging
Stipules large.
Eruit Brown-blackish in colour and producesl6
ru

seeds per pod.

1.8.1.1.1. Historical use ofLL

Historical uses dfL have been addressed in a number of records, but spestiically
from the ScottishHighlands in the 1% century. During Medieval times, the tubers of
LL were consumed as food by people for several reasbagwere used to overcome
inebriation symptoms, relieve chest diseases and to relieve flatuldobers were
also used as flavouring agen{dacovoet al, 2019) They were sliced and immersed

in hot water or neutral alcohol whichagthen used to give liquorice-like taste in
beverages; hence, liqu&nots, liquoryknots and liquorice vetch are other common
names for the tubers ofL. Thirdly, tubers were fermged for the production of beers
with aneutral spirit flavour. Thenore general use of the tubers was believed to be as
an appetite suppressaitecausethey prevent thefeeings of hunger (Jacovoet al,
2019) An appetite could besuppressed for weeks and in some cases even up to a

month following the consumption of the tubersLbf

24



1.8.1.1.2. Scientific research on LL

18.1.12.1.Leavesof LL

At the time of writing this report, there was only one article regarding the leaves of LL
which was published in 193@€haraux was the frst person to isolate oroboside from
the leaves of LL{Charaux and Rabate, 1939roboside has been identified in other
plants including fruts ofCudraniatricuspidata(Jo et al, 2017 Songet al, 2017)

fruts of Fructus Sophora€Yang et al., 2019b) peels ofPyrus ussuriensidMaxim

(Qiu et al, 2018) leaves ot.agerstroemia speciosghoi et al, 2010)and leaves of
Eclipta prostrata(Chung et al, 2017)

Oroboside,orobol 7-O-glucoside, is a derivative of orobol (Figure6)l.A study by
Choiet al. showedthat oroboside had antiviral actes with abroad spectrum against
human rhinovirus (HRV) specig€hoi et al, 2010) Orobol is a rare isoflavonahich

has several biological actwvities. To start with, recent researctabg et al. showed

that orobol (20 pM) inhibited the adipocyte differentiation in 3113 preadipocytes
(Yang et al, 2019a) Secondly, orobol was found to enhance the sensitivity of human
ovarian carcinoma to cifggin (Isonishi et al, 2003) Furthermore, isolated orobol
from Eclipta prostratawas evaluated for its amtiffammatory activity against
lipopolysaccharide (LPSipduced nitric oxide (NO), prostaglandin E2 (P{ENd
TNFU release in RAW264.7 cells. The findi
PGE with I1Cso values of 5 M and 50 pM, respectivelyut thatthe compound was
inactive againstT N F(Tewtrakul et al, 2011) Lastly, orobol was found to lae anti
oxidant Qiu et al. showed that orobol scawges reactive oxygen species (ROSain
DPPH assay and had arst@alue of 29 pg/ml(Qiu et al, 2018)
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A: Oroboside

HO OH
OH (0]
HO///,/,'
' 0 O OH
HO (@] (@]
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B: Orobol
OH
HO (e)

Figure 1.6: Chemical structures of Oroboside (A) and orobol (B).

18.1.1.2.2. Flowers of LL

Three anthocyanins, delphinidin, petunidin and mabidin, were identified in the
flowers of LL byPecketvhen studying the flower colour variaton among ltaéhyrus
species(Pecket, 1960)Anthocyanins are hydrophilic fiavonoid compounds which

I mpart colour to (Glosen ansl Martih, [201@)enthacyananea d  f r u
are known to possessbroad spectrum of biological activities. Firstly, anthocyanins

were found to be potent inhibitors of NO which indicathat such compunds have
antrinflammatory activities (Wang and Mazza, 2002 addiion, arftocyanins are

potent antoxidant agents. A study bByang et al. looked at the antioxidant activity

of Hibiscusanthocyanins (HAsjWanget al, 2000) HAs werefound to significantly
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decrease levels of lactate dehydrogenase and malondialdehyde inducedbbtytert
hydroperoxide (BuOOH). The study also showed that oral administration of HAs
vivodecreased oxidative liver damage causedByQOH. Moreover, hepatotoxicity
folowing exposure t@arbontetrachloride is significantly lowered in rats treated with

anhocyanins from petals ¢f. rosasinensigObi et al, 1998)

18.1.1.2.3. Tubers of LL

A private limited company caled Heath Pea Ltd. was established in &20D&
advertised a new slimming aid, which waased orthe tubers of LL. However, this
company was dissolved from the Companies House register in September 2017 and
unfortunately, there was no publication from the company regarding the activity of LL
tubers(LLT). A recentPhD study byWoodsinvestigated thedivity of LLT using
various in vitro andin vivotests(Woods, 2017)An ethyl acetate extract of LL (LLT
EA)was found to be aglucssidaseamgnzymen implidated o r for
diabeteswhich suggested that hastherapeutic potential for diabetes. However, the
compound responsible for this activity was not isolated and tested. Therefore, there
was stil a need to fractionate and isolate compounds froi EA extract and test

a g a i -gledsidase. LL tubersavedso dissolved in water and given to rats by oral
gava@. Their body weight (BW), water intake (WI) and food intake FEI) were
monitored. All of the monitored parameters were comparable to the cantcbihis

might be as a result aohe low LL tuber dose ail or the incorrect route of

administration(oral gavage)used in the research.

Obestty is linked to diabetes and particulatty T2DM. Hence, the current research

aims to investigate the potentiahtidiabetic and antiobesity actvities of LL tubers

ard leaves and isolate compounds responsible far tetivity. This aim wil be
achieved by looking at various research aspects which are discussed and explained in
Chapters 26. A summary of the chapters in the thesis is shown in FiguteBfiefly,

Chager 2 looks at the collection of plant materials and phytochemistry metismits

to isolate and identify compounds present in the tubers and leaves amd.the

isolates and extracts that were used in subsequent chapters. diabatic activity

is asgssed in Chapter 3 using various enzymatic assays and glucose uptake assays in
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cels. Chapter 4 investigates the ammidant and aninfammatory properties of LL
extracts and isolated compounds, whie in Chapter 5, RNA seque(iRiNg-Seq)
was carried ot on pancreatic tissues radrmal Sprague DawleySD) male rats treated
with LL tubers byWoods (2017}o provide a comprehensive picture of the genes and
pathwaysaffected by LL tubers. Ann vivoexperiment was carried out on obese male
and female Zucker rats amlde animals were monitored in terms of tr8w, FI, WI

and BG levels as detailed in Chaptér Lastly, the main findings and concluding

remarks are summarised in Chapter 7.
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Summary, future work and conclusions Chapter 7

Animal study on obese zucker rats (OZR) Chapter 6
RNA Seq

Chapter 5
RT-qPCR

Cytotoxicity on 1929 and NCTC cells
Nfkb in NCTC cells Anti-inflammatory assays

TNFatin 1929 cells

DPPH assay
Cytotoxicity on SHSY-5Y and Pancl cells Chapter 4
SHSY-5Y cells
Anti-oxidant assays
HepG2 cells DCF assay z
Panct cells
GSH-Glo in HepG2 cells Glutathion assay

Thesis outline

- Chapter1

-/ Chapter 2

- Chapter3

General Introduction

LL tubers (LLT)
Phytochemistry
LL leaves (LLL)
a-glucosidase
a-amylase
Anti-diabetic assays using isolated enzymes PTP 18
DPPIV
Lipase

Anti-diabetic assays in cells

Figure 1.7: Diagram outimng the main research aspects of each chapter in the current research.

Cytotoxicity on Caco2 and HepG2 cells
DPPIV in Caco2 Cells

Glucose uptake-Glo in HepG2 cells
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Chapter 2

2. Phytochemical analysis of tubers and extracts df. linifolius

2.1. Introduction

Natur al products play a fundament al rol e
medicine, more than 50% of the drugsthe market are derived from natural products

(Clark, 1996) A number of drugs are considere
pharmaceutical care and originate from natural products. These inolodehine,

digoxin, vincristine, vitamin A, theophylline, quinine, penicillin G, doxorubjcin
cyclosporineand taxols(Cheukaet al, 2017) Natural products and plants have been

used as sources for therapeutics for centuries. Itis documented that Ancient Egyptians
practiced medicine since 2900 BC. The Egyptian pharmaceutical practice was first
recorded in fAEber s ©daepackits Io00BOIéwenan ands b el i
Cragg, 2007)More than 700 active drugs were described in the Papyrus and most of
these drugs were from plants. The Papyrus provided details of various drug
formulations including gargles, tablets, snuffs, ointments and infusions where water,

mik, honey and beer were the vehicles used to deliver the {N&sman and Cragg,

2007) The use of plants as crude samples is nhot commonly used these days. Instead,
isolation and purification of the active consttuentstatee pr eferred met ho
pharmaceutical car@Cheukaet al, 2017) Thiteen new approved natural products

derived agents were afgved between 2005 and 2007, indicating that natural products

are valuabl e s our(RButkers 2008)Isolatedchatuyad rodutts lhvec | n e
shown broad therapeutic spectra, as-laetterial, antcancer and artiabetics

(Cheukaet al, 2017) Approximately 50% othe natural produd have a low log p

val ue, hence they get absorbed easily anc
for oraly avaiable druggGanesan, 2008)

Phytochemistry is a branch of chemistry which deals with the life of plamtsthe
compounds produced by thefBingh, 2011)The use of plants as adiabetic agents

is applied in two preferred forms. The first gscreate a mixture which contains various
plant active ingredients or extracts. These exiracts can be obtained by dissolving plant

materials in solvents with different polarities in order to produce different extracts
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(Sasidhararet al, 2011) The other preferred form is the isolation of the active pure
compounds from plantéRasoanaivoet al, 2011) This second form is superior to the

first, as the dose can be given precisely.

The main active plant classes with hypoglymic actvity are alkaloids, flavonoids,
tannins, terpenoids, chalcones and phenolic &Pidsbhakar and Doble, 201Raut et
al., 2016)

2.1.1. Alkaloids

Akaloids are nitrogncontaining compounds with naturally occurring amines that
possess a broad speotr of pharmacological actionfRaut et al, 2016) In 1819, the

alkaloid name was frst described by a German chemist Carl Friedrich Wihelm
(Aniszewski, 2007) The name fAal kaloi @al kcaolmeds & mad mf
which combined have the meaning of dal kal
are alkaline (basic)Aniszewski, 2007) Berberine (Figure 2.1) is a wé&hown

alkaloid that possesses ampergly@emc effects. It is isolated from various plant

including Tinospora cordifolia (Mittal and Sharma, 2017)Berberis aquifolium

(Cicero and Baggioni, 2016)B. aristata (Semwal et al, 2018) B. vulgaris
(Imenshahidi and Hosseinzadeh, 20X8jd Coptis chinensis(Lee et al, 2018)
Catharanthus roseusas reported to have alkaloids such as catharanthine, vindoline

and vindolinine (Figure 2.1) whichldlave hypoglyeemic effects(Panet al, 2016)
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catharanthine vindolinine

Figure 2.1: Chemical structure of alkaloids with hypoglycemic effects.

2.1.2. Flavonoids

Flavonoids are a group ofany bioactivechemicals with different chemical structures

and featuregPancheet al, 2016) They exist in fruits, vegetables, herbs and other
plant foods. There are at least 6000 phenolc compounds listed lavtheofds class.
These compounds have 15 carbon atoms with two aromatic rings and a heterocyclic
ring (Figure 2.2JHeller and Forkmann, 2017flavonoids are acceptably classed into

6 subclasses: flavonols, flavones, flavanones, flaBamls, isofavones and

anthocyanidins(Pancheet al, 2016)

Figure 2.2: Generic structure of a flavonoid. A & B are aromatic rings and C is a six
membered heterocyclic ring.
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It is believed thatsome flavonoids exhibit hypogh@emic effects by enhancing
glucose and oxidative metabolic pathwdys et al, 2016) Quercetin (Figure 2.3) is
found to elevate glucokinase activity in the liver which enhances insulin release from
the pancreagBerroukecheet al, 2019) Other flavonoids such as hesgia and
naringin (Figure 2.3) are found tdecreaseBG levels in dabetic mice when
administered at a dose of 0.2 gfdji and Howel, 1985)

naringin

Figure 2.3: Chemical structure of flavonoids with hypoglycemic effects.

2.1.3. Tannins

Tannins are also classed as plant polyphenols and they can be found in all parts of
higher plants such as bark, seeds, roots, leaves and(Hatssanpouret al, 2011)

They are called Atanninsod because such ct
(Rautetal, 2016) Tannins are important defense mechanisms for plants which protect
against bacteria, insects and animal herbivory. Tannins are large compounds with
molecular weights ranging from 500 to 30,000 Da and they also possess strong anti
oxidant actities (Serranoet al, 2009) Gallotannins and ellagitams are the most

common type of tannins which can undergo hydrol@bBemetz and Gross, 2005)
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Some gallotannins (Figure 2.4) are found to possesdiabgtic actvity by acting on

the insulin pathways; they phosphorylatee insulin receptorand insulin receptor
substrate 1, and increase MRNA expression of GLUT4 ankiRd8e (Kanaujia et

al., 2010) El'lagitannins have b e e nglucbsidased t o
enzyme in a dosdependent manngiMcDougall et al, 2005)

OH
HO
OH
o
0 o
HO oH
o)
0o OH
HO 0O
o)
0
HO ©
0] OH
o
OH
OH
HO OH OH
HO

Figure 2.4: General structure of gallotanins.

2.1.4. Terpenes and Terpenoids

Terpenes and terpenoids are plant constituents that possess similar chemical structures
and differ in some functional group&wenger and Basu, 2008Jerpenoids are

terpenes that have been modified by oxidative mechanisms, methyl group removal and
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by rearraging the isoprene carbon skelet®agner and Eimadfa, 2003®entacyclic
triterpenes are produced by plants and are responsible for many biological actwities.
These compounds are classed into oleatgre triterpenes, ursaitgpe triterpenes

and lupaneype titerpenes(Laszczyk, 2009)Ursolic acid and oleanolic acid (Figure

2.5) are pentacyclic triterpenes that have been reported to inhibit the activity of protein
tyrosine phosphatase 1B (PTP 1Baet al, 2006 Zhang et al, 2008) PTP 1B is a
negative regulator for insulin release; therefore, deactivating this enzyme is a potential
target for managing diabetes and enhancing insulin rewseg and Lee, 2003)
Ursolic acid also stimulates insulin receptors to be phosphorylated and this enhances

glucose uptakéZhang et al, 2006)

ursolic acid oleanolic acid

Figure 2.5: Chemical structure of pentacyclic triterpeneth hypoglycemic
effects.

2.1.5. Chalcones

Chalcones are a group ounsatprétedt ketenesmwihttwot ue nt
aromatic rings(Sahuet al, 2012) They have various biological activities including

anttdiabetic properties (Enoki et al, 2007) The compound -hydroxy4 O 0
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methoxychalcone (Figure 2.6) is a chalcone with predietgédiabetic activity from
the fact that it possesses aaitierosclerotic activityHsieh et al, 2012) It stimulates
peroxisome proliferateactivated receptor gamma (PPAR) mRNA and

expression in muscle celdisiehet al, 2012)

HO o

7

@)

\CH3

Figure 2.6: Chemical structure of-Bydroxy4 Ordethoxychalcone.

2.1.6. Phenolic acids

Phenolic acids are ndiavonoid polyphenolic compounds that are found in many
fruts and vegetablegRentzsch et al, 2009) These compounds are derived from
benzoic and cinnamic acidPandey and Rizv 2009) Phenolc acids are known as
potent antioxidant compounds(Sroka and Cisowski, 2003)'hey also have anti
diabetic activity e.g. ferulic acid (Figure 2.7) hagheeported to be a hypoghemic
agent (Jung et al, 2007) Moreover, such compounds increase Hwivity of
glucokinases and glycogen production in the liver and therefore redéfaten the
body (Vinayagamet al, 2016) Adiponectin, a positive regulator BfG, wasfound to
be significantly increased by hydrangeic acid (Figure 2Zhang et al, 2009)
Cinnamic acid (Figure 2.7) is also a hypoglymic agent that has been found to
enhance insulin release and attv insulirmediated glucose transpdHafizur et al,
2015)
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Serulic acid hydrageic acid cinnamic acid

Figure 2.7: Chemical structure of phenolic acids with at#ibetic activity.

2.1.7. Plant collectionand extraction

Plants can produce various compounds at different concentrations, depending on the
season and the stresses that surround the fglaigtgeiredo et al, 2008) Therefore, it

is sometimes chalenging to get the same actvity from the plants that have been
collected in differentseasons. Once the plant materials (e.g. leaves, roots, and tubers)
are collected, they amried and then ground using a pestle and mortar or a grinder to

produce fine powder materials. This process is called homogenisation.

2.1.8. Plant extraction

Folowing the homogenisation step, the powder is exposed to various solvents with
different polarities (Azmir et al, 2013) Some classic examples of solvents used in

phytochemistry are shown in Table 2.1.

Table 2.1: Solvents used to yield extracts from plants.

Polarity || Name Chemical structure
CHj
Non-polar | Hexane Hex Hs C/\/\/
o
Semipolar | Ethyl acetateEA )L
HsC O/\CH3
Polar Methano] MeOH H;C——OH
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Maceration and Soxhlet apparatus extraction are the two most common methods of
extracting plant materialfAzmir et al, 2013) Maceration is the process which

plant extracts are yielded by soaking the plant materials in a saifenes and
Kinghorn, 2006) Soxhlet extraction involves soaking the plant in a solvent at a high
temperature and allows for continued extracticube et al, 2008 Azmir et al,

2013) Folowing the extraction process, extracts are daed prepared for the

separation step.

2.1.9. Methods of separation

Plant extracts contain mixtures of several compoundd therefore separation
techniques are required to isolate and purify the compounds present in them. These
techniques include the followindLi et al, 1998 Harborne, 1998Romank et al,

2007) Paper chromatography (PC), Thin layer chromatography (TLC), High
performance liquid chromatography (HPLC), Column chromatography (CC), Gas
liquid chromatography (GLC) and Electrophoresis.

These separation methods assist in separating compounds baked ond o mpound s
molecular weight, charge and the way in which they interact with the stationary phase
(Romanik et al, 2007) TLC and CC are discussed in more depth below as they were

the separation methods used in this project.

2.1.9.1. Thin Layer Chromatography (TLC)

TLC is an easy and simple form of chromatography which is fundamental for
separatig compounds in mixturegStahl and Mangold, 1975)ILC is helpful in
decision making when it comes to choosing mobie phases for other separation
methods such aSC, flash chromatography (FC) and vacuum liquid chromatography
(VLC). TLC separation is achieved bpplying a spot of samples (which have already
been dissolved iasuitable solvent) by capilary tube above the bottom edge (1cm) of
a TLC-grade siica getoated shediMarston, 2011)A mixture of suitable solvents is
then added to the TLC tards a mobie phase and is allowed to settle down for a few

minutes. The TLC plate that is already spotted is inserted inside the TLC tank. The

38



mobile phase is allowed to move until it reaches 1cm from the top of the TLC plate.

The TLC plate wil then be remned and the solvent front is marked with a pencil and

the plate wil be aidried. The TLC platean bevi sual i sed under UV |
and 366nm) after being visually examinad daylight Then, anisaldehydd2SO4

spray can beused to spray the plate (5ml sulphuric acid, 8M8alOH, 10ml glacial

acetic acid and 0.5ml aniseld/de) and the plate is heated for one minute at 110 °C.

The distance travelled by each spot (sample) is then divided by the total distance
traveled by themobie phase to give Rf values for the samples. Rf values aid in
pooling similar samples together, whieltethen dried before being analysed fior

example, nuclear magnetic resonance (NMR).

2.1.9.2. SizeExclusion Chromatography (SEC)

Size Exclusion Chromatography (SEC) is also callgdl fitration chromatography or
molecular sieve chromatographfHong et al, 2012) As its name suggests, SEC
achieves the separation of compounds in terms of their molecular weightw&EC
hereperformed by adding a slurry of 35g of Sephadex2Hto a 20.5cm height and

1.5cm diameter glass columihis separation method is preferred for polar extracts
and in particularMeOH extracts. The extraatan bedissolved in a smal amount of
MeOHand applied to the top of triight bgl ass
achieved byusing a suitable solversuch asl00% MeOH and samples/fractions are

collected for example every 3ml in 10 ml glass vials.

2.1.9.3. Column Chromatography (CC)

This type of chromatography is used to isolate and fractionate both polar apdlaon
compounds from mixturegHostettmann and Marston, 200Qompounds move down

the column at different rates and therefol@C separas compounds based on
differential adsorption to the adsorbent to yield fractions and pure compounds. This
technique is commonly applietd plant mixtures because of several reasons. To start
with, CC hasa variety of column sizes allowing the procedurebt carried out on

both small and large scale materials (from miligrams to kiograms). Secondly, CC is

a simple and inexpensive technique which allows for the disposal of the stationary
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phase;thus, crossontamination is prevented. CC is performed udimg gravity or

vacuum to move solvents.

2.1.10. Spectroscopic techniques

2.1.10.1. Nuclear Magnetic Resonance (NMR)

NMR is a method used to perform structural elucidation for compounds in crude
extracts, fractions and pure samples. NMR is advantageous because it is highly reliable
and robust, as well as being a +aestructive too{Gray et al, 2012) NMR is capable

of identifying the types and numbers of atoms present per safpkman and

Sternhell, 2013) NMR uses radidrequency to cause nuclei excitaton. Common

atoms detected by NMRadlude hydrogen ') and carbonfC) . At oms 6 <cher

shits are expressed either asdre | t a (U) scale or parts
information is shown in the ProtoAH) and Carbor(13C) spectra. The peak area in
NMR spectra is caled the intedr which is an approximate representation of the
number of atoms per signal. Coupling constdns the multiplets value (m) that

provide information on the nuclei number that is coupled to the atom.

Proton {H) and Carborf*3C) NMR are known as ordimensional NMR (1D NMR)
techniques which are stil used these days. However, for advanced structural
elucidation, twedimensional NMR (2D NMR) techniques are employed. 2D NMR
includes Correlation Spectroscopy (COSY) which analyses pioton splitting
patterns to find out the number of protons on the adjacent carbon atom. COSY
techniques look dH-'H connectivity where the proton spectra are plotted on two axes
to create cross peaks around the diagonal of the square graph. The2i2®tvidR is

Nuclear Overhauster Effect Spectroscopy (NOESY). This technique looks at signals

created by protons which are close to each other in space and do not have to be bonded.

The third type is Heteronuclear Multiple Bond Coherence (HMBC) which detesmi
the connectivty between carbon atoms and their hydrogen atoms. Lastly,
Heteronuclear Single Quantum Coherence (HSQC) detects heteronuclear correlations

over longer ranges of up to 4 bonds.
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2.2. Aims and Objectives

This chapter aims to isolate and analyse the phytochemical constituents of leaves and

tubers of LL; this wil be achieved by:

1. Colecting and drying plant materials and grinding them into powder form.

2. Performing Soxhlet extraction on the ground plantenis.

3. Analysing the extracts using NMR.

4. Performing CC on th&A extract of the tuber LT EA) to isolate compounds;
this extract showed positive adiabetic activity in previous research, but
responsible compounds for the activity were not isolated.

5. Structural elucidation of the isolates usiHlg and3C NMR techniques.

2.3. Materials and methods

2.3.1. Plant collection

Tubers and leaves bE (Figures 2.8 and 2.9were collected from Reading in England

by Mark Goff, founder of Bitter Vetch Corapy, in September 2016. The leaves and
tubers ofLL were grown using seeds that were originally obtained fBmutra Aisle.
Soutra Aisle was the largest hospital in Scotland during medieval times where
inhabitants of the hospital consumed LL tubers to fight hunger and Piest identity

was confirmed by Dr. KenicefRoyal Botanic Gardens Edinburghyho, studied the
Lathyrusgenus during his PhD and Dr Brian Moffat whvas the excavation leader at
Soutra Aisle. The plant materials were diled to minimise degradation of materials

and to prevent mould contamination.
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Figure 2.8: LL tubers used in this project.

Figure 2.9: LL leaves used in this project.

2.3.2. Plant grinding and powdering

Dried LL tubers and leaves wegeound in a grinderto produce powders for easier
extraction with the Soxhlet apparatus.

2.3.3. Plant Extractions

Compoundswere extracted fromlL tubers and leaves using a Soxhlet apparatus.
Three solvents were used to extract most of the chemicals from thé fheste were

Hex, EA and MeOHThe fine powder was placed in a celulose extraction thimble and
extractions carried out using each solvemin for 6 hours per day over four days.
Extraction flasks contained affitumping granules to prevent solvents from pung
astheyheated. A rotary evaporator was used to concentrate the extracts by evaporating

the solvents at £C under reduced pressure. Extracts were placed i#weighed glass
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beakers which were accurately labelled and left to completely dry undduntiee
hood. Following complete solvent evaporation, the crude extracts were weighed and

the percentage yield was calculated using the following formula:

A X s o~ oA

7 A E ¢ EED ORAO OQ A Q,
WP T T

bOoQQO90-————————————— — =
WA R E G ATADAOGAGR

2.3.4. NMR samples

Twenty mg of each crude extract was dissolved in suitdlelsteratedNMR solvents
(CDCI3, acetonals and DMSQ d6) and then 6G90 bf the solution was placed into an
NMR tube (5 x 178 mm) to a depth of 4cm. NMR spectra were processed using
MestReNovasoftware 8.1.2 (Mestrelab Research, A Coruia, Spain). Structures of
identified compounds were then drawn using ChemDraw Professional software,
Version 17.1.0.105 (19) (PerkinElmer, Yokohama, Japan).

2.3.5.CC

CC was applied to separate compounds prasénte ethyl acetate extract of the tubers
(LLT EA). These crude extracts showed activities agdingiicosidase. Therefore, it
was decidedo find out the compound that was responsible for the activity and test it

in various biological assays.

CC was prepared using an open glass column (55 x 3 cm) that was packed with 509 of
siica gel 60 saturated with 100¥ex solent. Two g of tuber EA extract was
dissolved in the lowest amount EHex and then preadsorbed in siica gel 60 and left

to dry in the fume hood. Then, the paglsorbed extract was added to the top of the
column and folowed by inserting a cotton plug to prewdisiurbance of the loaded
material by the elution solvent system. The elution of samples was started by adding
100%Hex and then the gradient elution was continued. The polarity was increased by
5% each time (30@nl of each solvent system) usifgA until it reached 100%A.

The last solvent system was 5% (VMeOH in EA T higher MeOH percentages can
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dissolve the siica deSamples/fractions were colected every 15ml in a 20ml glass

vial.

2.4. Results

2.4.1. Extraction using Soxhlet apparatus

The percentage yields of the extracts from tubers and leaves of LL are shown in Tables
2.2 and 2.3. Leaves and tubers producedasimjields, MeOH extracts beingthe
highest, followed byEA and thenHex

Table 2.2: % yield ofLL tubers from Soxhlet extraction.

Solvent system | Powder used (g) | Crude extract (g) | % Yield
EA 528 4 0.8
Hex 528 2 0.4
MeOH 528 10 19
Table 2.3: % yield ofLL leaves from Soxhlet extraction.

Solvent system | Powder used (g) || Crude extract (g) || % Yield
EA 420 4 1

Hex 420 1 0.2
MeOH 420 8 2

2.4.2. Characteristics of crude samples by NMR

The characteristics of crude extracts were obtained by analysing the NMR spectra

(Figures 2.0- 2.15). A summary of the main compounds in each extract is given in

Table 2.4.
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Table 2.4: Main class/ compounds present in the extracts of tubers and leaves of LL.

fatty compounds

Part of LL Solvent Extract Name)
Hexane Ethyl acetate Methanol
Tubers
(LL T Hex) (LLT EA) (LLT MeOH)
Mixture of
unsaturated fatty Mixture of sugars ang
Constituents acids fatty Mainly BA possibly some
compoundsand oligosaccharides
betulinic acid (BA)
Hexane Ethyl acetate Methanol
Leaves
(LLL Hex) (LLL EA) (LLL MeOH)
Mixture of , _ Mixture of sugars ang
_ Mainly fatty acids )
Constituents unsaturated fats anc possibly some

and glycerides

oligosaccharides
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2.4.3. CCof LLT EA extract.

Four compounds were isolated fromTEA extract as detailed below:

2.4.3.1. Characterisation of fractions 1216 asBA

The compound (Figure 2)showed a purple coloured spot on the TLC plate after
spraying withanisaldehydesulphuric acid reagent and heating. TRENMR spectrum
(Figure 2.7) showed the presence of twaeethylene protons (#29) atdn ppm 4.74

and 4.61, a methyl #30) attached to a double bonded carbon at 1.69 and five other
methyl protons between 0.-698 ppm. Further, the spectrum showed other signals at
3.19 (dd,J = 11.4, 4.8 Hz, FB) and 3.00 (tdJ = 10.8, 4.8 Hz, HL9). The'3C NMR
(Figure 218) showed a total of 30 carbon atoms including six methyl signals, one
oxygen bearing carbon, one methylene, one quaternary double bonded carbon and one
carboxylic acid carbon signal. The compound was thexeidentified asBA by
comparing the data in Table 2.5 with those reported in the ltergfrakash and
Prakash, 20%2goli and Gray, 2008)

3

292///,

20

0
19 21

HO

24 23

Betulinic acid

Figure 2.16. Chemical structure of the isolatd®iA from LLT EA extract.
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Table 2.5: H and13C NMR (400 MHz,CDCk,) data obtained foBA.

Posi

10

11

12

13

14

15

16

17

18

19

20

21

22

v

u

Carbon

p AVOLT)

38.7 (CH)
27.4 (CH)
79.2 (CH)
38.9 (C)
55.4 (CH)
18.3 (CH)
34.3 (CH)
40.7 (C)
50.5 (CH)
37.2 (C)
20.9 (CH)
25.5 (CH)
38.4 (CH)
425 (C)
30.6 (CH)
32.2 (CH)
56.3 (C)
46.9 (CH)
49.3 (CH)
150.5 (C)
29.7 (CH)

37.0 (CH)

Proton
a p (MOLT, J (H2)

*
*

3.19 (dd,J = 11.4, 4.8)

0.6=(8, 6)

*

*

2 . @ifd=12.9,3.3)

*

3.00 (id,J = 10.8, 4.8)

2 . gddJI=12.2, 3.6)

*
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2 3 28.0 (CH) 0.98 (s)

24 15.4 (CH) 0.76 (s)
25 16.0 (CH) 0.83 (s)
26 16.1 (CH) 0.94 (s)
27 14.7 (CH) 0.97 (s)
28 179.9 (C) -

59 109.9 (CH) 4.74 (m), 4.61(s)

30 19.4 (CH) 1.69 (s)

* Overlapped signals

2.4.3.2. Characterisation of Fractions 222 as Lupeol

The compound in fractions 222 gave a purple spot characteristic of a terpenoid when
sprayed with anisaldehyesulphuric acid reagent and heated. THENMR spectrum
(Figure 220) showed the presence of two methylene protor@9Hatd ppm 4.71 (d,
J=25 Hz), 4.59 (tJ= 2.0 Hz), a methyl attached to a double bond at 1.73Q)+and

six other methyl groups between 0-Z:04 ppm. Proton 8 and H19 were observed

at 3.22 (ddJ = 11.4, 4.9 Hz) and 2.39 (m), respectively. THE NMR (Figure 2)
showed aotal of 30 carbon atoms made up of seven methyl carbons, one oxygen
bearing carbon, one methylene carbon and one quaternary carbon attached to the
methylene. No carbonyl carbon(s) were observed (confrmed by the absence of a
carbonyl carbon in it$3C NMR spectrum). The compound was identified as lupeol
(Figure 2.21) and data in Table 2.6 was compared with those in the lte(Brafeash

and Prakash, 2012, Igoli and Gray, 2008)peol showed a strong similarity BA

with little chemical shift differences except ata8 which inBA was at 179.9 (COOH)

but 17.9 (CH) in lupeol.
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Table 2.6: H and'3C NMR (400 MHz,CDCk,) data obtained for lupeol.

Positi ol

10

11

12

13

14

15

16

~

u

Carbon
ppm

Car bon

38.8(CHy)
27.4(CHy)
78.9(CH)
38.6(C)
55.2(CH)
18.2(CHy)
34.2(CHy)
40.8(C)
50.4(CH)
37.1(C)
20.9(CHy)
25.1(CHy)
38.0(CH)
42.8(C)
27.4(CHy)

35.5(CHy)

( MU @

(u

Proton
ppm ( MUL
Proton (U

3.22 (ddJ=11.4, 4.9)

0.71 (ddJ = 9.0, 2.3)

1.94 (dtd,J = 13.7, 10.3,

8.3)
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17
18
19
20
21
22
23
24
25
26
27
28

29

30

* Overlapped signals.

42.9(C)
48.2(CH)
47.9(CH)
150.9(C)
29.8(CH)
39.9(CH)
27.9(CHb)
15.3(CH)
16.0(CH)
15.9(CH)
14.5(CH)
17.9(Ch)

109.2(CHy)

19.2(CHa)

2.39 (m)

1.98 (m)

0.97 ()
0.79 (s)
0.86 (s)
1.06 (s)
0.99 (s)
0.81 (s)

4.71 (dJ=2.5), 459 (t,
J=2.0)

1.71 (s)
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2.4.3.3. Characterisation of Fractions 8.0 asb-Sitosterol and Stigmasterol

The compounds in fractions-B) (Figure 2.2) also gave a purple colour characteristic

of a phytosterolwhen sprayed with anisaldehydalphuric acid reagent and heating.
The 'H NMR spectrum (Figure 23} showed the presence of three olefinic protons at
dppm 5.38 (d, 2HJ) = 5.1 Hz, H6 for sitosteol and stigmasterol) and 5.18 (dd, 1H,
=15.2, 8.7 Hz, H22a for stigmasterol) and 5.04 (dd, 1H; 15.2, 8.6 Hz, H22b for
stigmasterol) as they integrated in the ratio 2:1:1. The oxymethine preBwdd at

3.54 (td,J = 11.2, 5.4). The spectrum alshowed a set of tertiary methyl groups
between 0.69.58 ppm. Their:3C NMR spectrum (Figure 242 showed the expected
number of carbons with some overlapping signals. It showed an oxygen bearing carbon
a tc 7118 ppm and four olefinic carbon signals 2117 (CH), 129.3 (CH), 139.3 (C)

and 140.8 (C). Their spectra were observed to be identical to those publshed in the
literature for sitosterol and stigmaster(@Chaturvedula and Prakash, 20H&abib et

al., 2007)

e

B—Sitosterol Stigmasterol

Figure 2.222Ch e mi c a l St r uct sitotesol amdfstigniasterol rommo | at e d
LLT EA extract.
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2.4.4. Summary of the phytochemical process caried out oh. linifolius

The extraction process from leaves and tubers of LL as wel as the isolation of

compounds are summarised in Figure22.

L. linifolius
3

Leaves (420 g)

Tubers (528 g)

Soxhlet extraction Soxhlet extraction
LLLHex (1g) LLLEA(4g) LLLMeOH (8 g) LLT Hex (2 g) LLTEA (4 g) LLT MeOH (10 g)

BA (50
(8mg} Lupeol (15 mg)

Sitosterol and Stigmasterol (13 mg)

Figure 2. 25 Schematic diagram showing the extraction and isolation processes
carried out ori. linifolius.
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2.5. Discussion and Conclusions

Tubers and leaves of LL were ground itpowder before being extractdy Soxhlet
extraction. Traditionally, LL tubers were eaten as a whole and there was no known
historical use for the LL leave&or the first time, this study was used to examine both.
In order to extract as many bioactive compounds as possbiginuous Soxhlet
extraction usig three solvents with increasing polarity was considered the ideal
extraction methodHowever, Soxhlet extraction involves continuous extraction with
high temperatures and therefore volatile and-beasitive compounds are lost or
degraded with this exttion method(Luque de Castro and Prietapote, 2010)The
extraction process began wittex folowed by EA and finished withMieOH. NMR
spectra forHex extracts showed the presence of unsaturated fatty acids and fatty
compounds and these types of compounds were expected Hiewe b@inga nonpolar
solvent. EA extracts showed the presence of terpenes,eaghbteOH extracts
contained sugars and possibly somiigosaccharidesvhich are polar compounds and
areexpected to be present in MeOH extra@snakr et al, 2011)

Due to the time limitation in this project, CC was carried out on LLT EA extract only

in order to isolate bioactive compounds.
glucosidase, a negative regulatardiabetes shown in the study carried out by Woods

(2017). However, the compounds responsible for this activity were not isolated or
identi fied. Hence, t her e i s-gumositeeseeimithef or i |
LLT EA extract. CC on LLT EA extict yielded the extraction and the isolation of four
compounds from LL for the first t + me; t

sitosterol and stigmasterol.

BA was the major component in the LLT EA extract and was isolated in large
quantities (50 mgyield 1.3%). This was the first time that BA has been isolated from
the tubers of LL. Woods (2017) showed that BA was present in the LLT Hex extract
by examining the NMR spectra for the crude extract. This is consistent with the finding
of this study as BAwas also identified to be present in both LLT Hex and LLT EA
extracts BA is a pentacyclic lupargype triterpene which is found in abundance in the

Plant Kingdom (Cichewicz and Kouzi, 20Q4rogeeswari and Sriram, 200BA was
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first isolated in 1948 from théark of Platanus acerifolia London plane tre¢Ding,

2012) It is estimated that 2.5% of BA is found in the outer bark of many trees
(Yogeeswari and Sriram, 2009he presence and isolation of BA from variousnis

has been reported in many publications. To illustrate this with some examples, BA was
isolated fromtwigs of Coussarea paniculatg§Prakash Chaturvedul&t al, 2003)
legume ofCaesalpinia paraguariensigArgentinean plant)(Woldemichael et al,

2003) roots ofAnemone raddean@ramashitaet al, 2002) bark ofZizyphus joazeiro
(Schuhly et al, 1999) root bark ofpomea pescapra@<rogh et al, 1999)and leaves

of Syxgium claviforum(Fujioka et al, 1994) LLT EA extract is a good souradf BA

when compared with other plants known for the BA production, Ta@lshows the

% yields of BA isolated from LLT EA and other plants from the lterature.

Table 2.7: Comparisons of BA % vyields from LL and other plants from the literature.

Plant % Yield Reference
Tubers ofLathyrus
o 1.3
linifolius
Twigs of Coussarea 0.2 (Prakash Chaturvedulat al,
paniculata ' 2003)
Leaves oEucalyptus
, 0.2 (Begum et al, 2002)
camaldulensis
Leaves ofStrychnos .
. 0.01 (Chien et al, 2004)
vanprukii
Stem bark of
Dichapetalum 0.32 (Fanget al, 2006)
gelonioides
Leaves ofNerium
0.05 (Fuet al, 2005)
oleander

BA has a broad spectrum céportedbiological activities including antilV, anti
malarial, antioxidant, antibacterial, antdepression, anthelmintic and anti
hyperglycaemia activitieFujioka et al, 1994 Patlolla and Rao, 2013ori et al,
2012) Firstly, BA has antHIV activity; it inhibits the replication of Hf-1 (Fujioka
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et al, 1994) Moreover, BA derivatives have been shown to inhibit HI\éntry to

cels HIV-protease and HRAreverse transcriptaséXu et al., 1996 Bori et al, 2012)
Bevirimat (BVM), a BA derivative, was found to béeetive against HIV1. BVM

belongs to a class of drugs called maturation inhibitors (MIs). This drug was approved
for clinical trials before it failed in the study as 50% of the patients were resistant to
the treatment(Neyret et al, 2019) Secondly, BA has antiancer actiities. It was

found to suppress tumour growth in a number of cancer cells including prostate cancer,
hepatic cancer, colorectal cancer, breast cancer, pancreatic cancer and leukaemia
(Patlolla and Rao, 201 HusseirAl-Ali, 2014). BA is currently in phase I/l clinical

trials for the treatment of dysplastic nevi treatment, a conditon that can progress and
transform into melanomaClinicalTrials.gov, 2019) Thirdly, in vitro and in vivo

studies showed that BA possessesiaftimmatory activities when administered at

high concentrations. Its atiffammatory activity is believed to be caused by its
inhibitory effects on nomeurogenic pathwayfDel Carmen Reciet al, 1995 Huguet

et al, 2000) Fourthly, pentacyclic triterpenes including BA possassdiabetic
activities (Ding et al, 2018) BA was found tdower BG levels in diabetic mice by the
regulation of i nsul i n signal |-gucosiddasep at hwa
(Vinayagamet al, 2017 Ding et al, 2018)

The second isolated compound frdth T EA was lupeol(15 mg, yield 0.39%) and

this was the first time that lupeol has been isolated fromlilthe studyby Woods
(2017)lupeol was not identified in the extracts and thiasagain mainly because the
extracts were not subjected to CC by Woods (20iipeol consists of 5 membered
rings in which four are sismembered rings and one is afivembered ringCorréa

et al, 2009) Like BA, lupeol is a pentacyclic triterpene compound that belongs to the
lupane group(Raoet al, 2017 Wang et al, 2018b) Lupeol is widely distributedin

the Plant Kingdom and is found isomefruit and vegetablegGuo et al, 2018 Beserra

et al, 2018) Sources of lupeol include carrot roots, mango pulp, melon seeds,
cucumber and soybeg®Gallo and Sarachine, 200Buke, 2017) Lupeol has been
isolated from a number of plants including leavesQuiercus obtusaté#Sanchez
Burgos et al, 2015) leaves oWalsura trifoliate(Rao et al, 2017) stems oBetula
alnoides (Chaniad et al, 2019)and bark ofHymenocardia acidglgoli and Gray,
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2008) Unlke BA, LL does not seem to be a good source for lupeol because, as shown
in Table 2.8, there are several plants known to yield higher lupeol when compared with
LL.

Table 2.8: Comparisons ofupeol % vyields from LL and other plants from the
literature.

Plant % Yield Reference
Tubers ofLathyrus
o 0.39
linifolius
Stem bark oCrataeva _
o 0.33 (Bani et al, 2006)
religiosa
Barks ofSorbus
. 2.30 (Naet al, 2009)
commixta
Leaves oPimenta. )
0.10 (Fernandezet al, 2001)
racemosa
Bark ofB. ceiba 13 (You et al, 2003)
Stem bark ofCrataeva o
0.60 (Shirwaikar et al, 2004)
nurvala
Stem bark of
_ _ 0.15 (Nguemfo et al, 2009
Allanblackia monticola
Bark of Bowdichia
o 1.3 (Corderoet al, 2004)
virgiloides
Root bark ofEuclea
7.14 (Deutschianderet al, 2011)
undulata

Lupeol possesses a number of biological activiieduding antinfammatory, ant
oxidant, hepatoprotective, aatithritis, antTB, anttHIV and antidiabetic actvities
(Guo et al, 2018 Lee et al, 2007 Han and Bakovic, 2015A study byGuo et al.
(2018) looked at the effects of lupeol in inhibiting apoptosis that is intiated by high
glucose (HG) levels in rabbit nucleus pulposus cells (NPCs). The HG plus lupeol
group showed a significant decrease in apoptotic ratdR@# level when compared
with the HGonly group (Guo et al, 2018) Moreover, lupeol exhibited &oxidant
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activty by scavenging ROS and inducing the actvity of catalase (CAT) and
superoxide dismutase (SO@Q)ee et al, 2007 Han and Bakovic, 2015)it is also
known that lupeol hapotential anttcancer actvities. A study byiu et al. showed

that lupeol significantly inhibted the proliferation of human pancreatic cancer
proliferating cell nuclear antigeh (Panc-1) cells and the effect was dedependent

(Liu et al, 2015) Lupeol induced apoptosis imRc1 cels and this was believed to
be achieved by cell cycle arrest at GO/G1 phase amdjulating p21 and p27 genes
and downregulating cyclin D1.Suntha et al. (2001) demonstrated the
hepatoprotective effects of lupeol against cadrinduced toxicity in ratSunitha

et al, 2001) The study showed that daily oral administration of lupeol (150 mg/kg)
for three days prior to injecting cadmium chloride improved ldhels of antioxidants

and antioxidising enzymes as well as malonaldehyde levels when compared to control

rats that received cadmium chloride only.

A mi xt usitesterobdnd dtigmasterol (13 mg, yield 0.34%) was isolated from
LLT EA extract for thefirst time and these compounds were not identified in the study

by Woods (2017)This was again mainly because the extracts were not subjected to
CC by Woods (2017pq-sitosterol and stigmasterol belong to a class of phytochemicals
caled phytostersl and they are found in various medicinal plants. These two
phytosterols have generally been considered safe and no undesirable side effects were
associatedwith them (Saeidniaet al, 2014) Stigmasterol was first isolated in 1906

from the seeds of Calab@hdolf Wind Form, 1907) Sources of stigmasterol include
Emilia sonchifolia(Gao et al, 1993) Eclipta prostrate(Han et al, 1998) Croton
sublyratus(De-Eknamkul and Potduang, 200&ypsophila oldhamiané¥ang et al,
1999)and Desmodium styracifoliurLi etal, 2007) Wher e as ,-sitosteralr c e s
include Rubus suavissimu&haturvedula and Prakash, 2013planum surattense
(Gupta et al, 2011) Asclepias curassavicdBaskar et al, 2010) Nyctanthes
arbortristis (Nirmal et al, 2012) Momordica charantia(Sen et al, 2012) and
Odontonema strictunfPierre and Moses, 2015p-sitosterol and stigmasterol are
always inthe form of amixture and it is challenging to separate théfhe only
difference between the two compounds is the presence of C22=C23 double bond in
Stigmasterol and CZ2C2 3 s i n gl esitoskelr{Rierrei amd Mbses, 2015
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Kamboj and Saluja, 2011la) LL i s not  asitosterokdnd sigmasterole f or

when comparing the % yields with other plants as shown in Table 2.9.

Table 2.9: Co mp a r i sgitosterol and stigmasterol % vyields from LL and other

plants from the lterature.

b-sitosterol Stigmasterol
Plant . _ Reference
(% Yield) (% Yield)
Tubers ofLathyrus
o 0.17 0.17
linifolius
Aerial parts of ) )
(Kamboj and Saluja,
Ageratum 0.89 0.89
. 2011b)
conyzoides
Leaves ofRubus (Chaturvedula and
o 6.67 4.33
suavissimus Prakash, 2012)
Leaves of _
(Pierre and Moses,
Odontonema 0.16 0.16
. 2015)
strictum
Fruits of Solanum (Khanam and Sulte,
0.083 0.09
xanthocarpum 2012)
Aerial parts of
_ L i (Karanet al, 2012)
Avristolochiaindica
Leaves ofAsclepias
_ 925 | ameeee- (Baskaret al, 2010)
curassavica
Aerial parts 6
I RS 0.06 (Ghoshet al, 2011)
Bacopa monnieri

Plant phytosterols have been investigated in clinical trials and mainly for their anti
hypercholesteremiceffects as detaied in Table.20. Sigmasterol has a broad range
of pharmacological actionancluding anti-osteoarthritis anti-hypercholesterae mjc
anti-tumour, anti-hyperglycae mia ant-oxidant anti-inflammatory andanti-mutage nic
activities (Gabayet al, 201Q Gao et al, 2008 Batta et al, 2006 Jamaluddinet al,
1994) To start with, Gabay et al. investigated the antisteoarthritis activity of
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stigmasterol using neworn mouse chondrocytes and human osteoarthritis
chondrocytes(Gabayet al, 2010) The chondrocytes were incubated for 18 hours with

or without interleukin 1 betd (L L Hefore incubation with stigmasterol for two days.
Incubation with I L 1fdv 18 hours increased the expressiof genes involved in
cartlage turnover and stigmasterol was found to reduce the expression of such genes.
Another actvity of stigmasterol is affitypercholesterolemiaBatta et al. found that
stigmasterol competes with cholesterol for intestinal gdtism of cholesterol and
therefore lowers cholesterol plasma leviattaet al, 2006) Thirdly, a study carried

out byGaoet al.revealedpotential antttumour activity of stigmasterol in A549 cells,
the compound inhibited the lyase activit:’
the activity of bleomym, a known antcancer drug(Gao et al, 2008) Anti-
hyperglycaemia is another biological effect of stigmasterédmaluddinet al. showed

that oral administration of a dnbform extract oParkia speciosaat 100 mg/kg BW

to alloxaninduced diabetic rats resulted in decreasing leo€BG (Jamaluddinet al,

1994) The extract was i dent-sitdsterel 6%pasnd a mi x
stigmasterol (34%) Folowing the separation of the two compounds, the- anti
hyperglycaemic activity was lost and therefore it was concluded that the activity is
achieved by aynergistic effect. If the study byJamaluddinet al. (1994) was to be
repeated using LLT EA extract and assuming the dhattietic effect of the extract is

due to b-sitosterol and stigmasterokhis extractwould need to be administered at
approximately 29 g/kg BW in order to provide 100 mg/kg BW of the mixtur®- of
sitosterol and stigmasteroThis is a very high doageto be apptd in practice and
thereforethe anttdiabetic actvity othe LL plant is unikely to occur from the mixture

of b-sitosterol and stigmasterol.
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Table 2.10: Clinical trials onplantderived phytosterols

Study Status | Conditions Interventions Results| ID
Phytosterol Supplementation | C Hypercholestere mia Phytosterol None | NCT00153738§
and Cardiovascular Risk
Plant Sterols and Plant Stano| R Non-Alcoholic Fatty Liver | Plant sterolenriched margarine None | NCT03627819
and Liver Inflammation Disease
Effect of the Consumption of { C Mild Hypercholesterolemic | Low-fat dairy fermented product None | NCT01521156
Fermented Dairy Product Subjects (drinkable) enriched with plant sterols
Enriched With Plant Sterols esters (1,6g /dagquivalent as free

sterols)
Effect of the Consumption of { C Mildly Low fat fermented dairy product None | NCT01574469
Fermented Mik Enriched With Hypercholesterolemic enriched with plant sterol esters (0,8
Plant Sterols (France) Subjects equivalent agee sterols)
Genetic Basis for C Hyperlpidemia Dietary Supplement: Plant sterol None | NCT01131832
Heterogeneity in Response ol
Plasma Lipids to Plant Sterold
Effect of the Consumption of { C Mildly Plain low-fat dairy fermented product| None | NCT01574482
Fermented Mik Enriched With Hypercholesterolemic (drinkable) enriched with plant sterols
Plant Sterols (ltg) Subjects esters (1,6g /day equivalent as free

sterols).
Pilot Study in the Cholesterol | C Mildly Low fat drinkable fermented dairy None | NCT01571869
Absorption Reduction After Hypercholesterolemic product enriched with 1.6g of plant
Consumption of Lowfat, Subjects sterol (adree equivalent) per unit

Drinkable Fermented Mik
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Enriched With Plant Sterols

Effects of Fermented Mik
Product Enriched With Plant
Sterols and Policosanols in
Mild Hypercholesterolaemic
Adults)

Mildly
Hypercholesterolemic
Subjects

1-Low fat drinkable fermented dairy
product enriched wit 1.6g of plant
sterol (as free equivalent) + 10 mg of
policosanols per unit

2-Low fat drinkable fermented dairy
product enriched with 1.6qg of plant
sterol (as free equivalent) + 20 mg of

policosanols per unit

None

NCT01571882

C=completed,R=Recruiting
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Similarly t o -siwsteroly nhass tvarious reported fherapeutic
pharmacological actionsincluding ant-hypercholestrolemjc anti-tumour, — anti-
hyperglycae mia anti-oxidant ant-inflammatory anti-mutage nic and neuroprotective
activities (Awad et al, 200Q Wang et al, 2015 Baskaret al, 2012 Gupta et al,

2011) Firstly, Prietoetal.s h o we d-sitasteral thas Brinfammabry actvities it
inhibited the expression of vascular adhesion and intracellular adhesion moleicule 1

T N Fdilmulated human aortic endothelial cells (HAECS) when administered at doses
of 0.1 to 200 pM(Prieto et al, 2006) The compound was also found to inhibit HB-
phosphorylation and therefore it gs®esses aftinf | a mmat or y activity
sitosterol has artumour activity and this was demonstrated Awad et al. (2000)

who found that when the compound was administered to human breast cancer cells
(MDA-MB-231) it was found to induce apoptossd suppressed tumour growth
(Awad et al, 2000) -sifpsterol possesses hypocholesterolemic activity as it decreases
levels of cholesterol and triglycerides in animal modq&ékang et al, 2015) Another

ar ea widiostere is feffective is actihng as anantki di si ng -compou
sitosterol was fond to improve levels of antixidants and antxidising enzymes in
1,2-dimethylhydrazine (DMHjnduced colon carcinogenesi®askar et al, 2012)
Moreover, ti was also found to protect pancreatic tissues by enhancingxatdint

levels (Radika et al, 2013) b-sitosterol is also considered to be-alibetic because

it enhances insulin levels and reduces levels of glucose, nitric oxide (NO) and HbAlc
in STZinduced diabetic ratwhen administered at 10, 15 and 20 mg/kg BSJptaet

al., 2011) However, it is challenging to applthis toalLLT EA extract due to the fact
thatthe% vy i e Fsibstewlf (0.17%) was low and this would require administration

of the extract at high doses-{& g/kg BW.

I n conclusion, LL i s -sitosterel wndtgmasteral evhich f BA,
were isolated for the first time from the EA extract of the tubers. These isolated
compounds are known to possess various biological actvities and include anti
hypergly@emia effects. Therefore, the adiabetic activity of leaves antuber

extracts, as well as the isolated compounds wil betigeg¢ed in depth in Chapter 3.

Future work should consider fractionation of the extracts of LL leaves and isolate

bioactive compounds.
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Chapter 3

3. Investigation of the potential antidiabetic activity of L. linifolius

3.1.Introduction

For centuries, natural products from medicinal plants and herbs have been used for the
management of diabetes. These days, a number of plants stttlirassativum, Aloe

ferox Mill, Vinca major.. and Cannabis ativalL are being heavily investigated for

their antidiabetic potentialOdeyemi and Bradley, 201&}lants containing peptides,
soluble fibres, and phenolcs have been found to have sormdicdudtic effects
(Lacroix and LKChan, 2014)Historically, LL tubers were consumed imedie\al

times which allowed peopleto survive without food for weeks or even a month. The
appetite suppressant activity of tllbers vasstudied by (Woods, 2017) and there was
some evidence supporting this belef. As there is a clear link between obesity and
T2DM (Nguyen et al, 2011), LL tubers and leaves were chosen for-diatbetic
investigation. Tubers were selected due to the fact that they were traditionally eaten,
whereas the leaves were selected for the first time as this part of the plant is renewable,
unlke the tubersSome of the means by whianttdiabetic agents achieve therapeutic
effects are through enzyme inhibition and glucose uptake enhancement, as described
below.

3. 1 :almy | @& s egluesiddse U

Two enziymys as ddlucaesidase, play important roles in regulatiBgs

l evel s. The two enzymes ar e -amygaseb(dmy dr at e
saliva and pancreas) degrades starch and polysaccharides to smaller oligosaccharides
such as mal® e . Oligosacchari des can be- metab
glucosidase to form absorbable monosaccharides asigfucose which enter the

blood stream (Figure 3.1(Pa Cosh Mousinho et al, 2013 Bothon et al, 2013)
Therefore, hi-g my | acstegucasitiabee ®sult anf hypdiglycae mic
effects, whi ch c acels ahd im@aig glucopeauptake dyatissuas b
(Jyothi et al, 2012 Joshiet al, 2015) Therefore, an assay that measures the inhibition
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of these enzymes can be a good approach to determinirenttioiabetic activity of
chemicals (Da Costa Mousinhcet al, 2013 Narkhedeet al, 2011)

Dietary starch

pancreatic a-amylase

Maltose

!ntestinala-glucosidase

Glucose

—_—

Figue 3.1: Pat hway of <car bohy-amylasé¢e andtgeosidasgeo | i s ms

I n the UK, acar bos e-anfyl&se guddghcosBlas® hhbitos t he
available to manage T2DM. Acarbose is a natural product obtained by the fermentation

of Actinoplanessp.(Schwientek et al, 2012 Schaffertet al, 2019) It reversibly binds

to the enzymes and prevents break down of carbohydrates to small molecules
Acarbose reduces HbAlc by 8166(Wenget al, 2015) As a reult of this inhibition,
carbohydratesarrive atthe large bowel and get digested by bowel microbes and this
causes flatulence, bloatihg and diarrh@agueiredeGonzalez et al, 2016) In

practice, these side effects are minimised by starting acarbose at low doses (50mg) and

then titrated up every two weekSu et al, 2015)

CH,OH

HO CHg

OH

I 4

CH,OH

O,
OH CH,OH

HO O,
OH (o}

HO OH

Figure 3.2: Acarbose chemical structure.
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There are a number of p | agiocosidasd énaytme. $oh o we d
start with, a study byChenet al. showed that ldaand stem extracts &mpelopsis
grossedentata n h i b-glucosidhse (Ghenet al, 2016) The activity was as a result

of acompound cled 406 0-(2-N,N-hydroxy ethytolue ne4-sulfonyl)}-ethyl myricetin

which gave anlgbo f 9. 3 OMilucesigase; rihis tompdund wadministe red

orally to normal and streptozotocin (ST@jluced diabetic mice at a dose of 50mg/kg

and resutted in decrsad postprandiaBG. Moreover, this compound reduced the
fasting BG of STZinduced diabetic miceRengasamyet al. showed thatEcklonia

maxima Xt r a c t s -glicosilaséd and thedactive) compounds were dibenzo [1,4]
dioxine-2,4,7,9tetraol and hexahydkyphenoxydibenzo [1,4] dioxine (eckol)
(Rengasamyet al,2013) Ot her pl ant s wi-glubosidasehriclodet or y
led extracs of GarciniabancanaMiq, Garcinia daedalanther@ierre,Garcinia kydia

Roxb, Garcinia hombronianaandGarcinia rigida (Mahayasih et al, 2017) Several

plants have been reported be potent i-amiglasd. | Theser ivclud® f U
Bryophyllum pinnatungOjo et al, 2018) Teucrium specie¢Dastjerdi et al, 2015)

andMyrcia salicifolia (FigueiredeGonzalezet al, 2016)

3.1.2. Dipeptidyl peptidase IV(DPPIV)

Normaly, folowing the consumption of a meal, L and K cells in the intestine secrete
the incretin hormore GLP-1 and glucose dependent insulinortopic polypeptide (GIP),
respectively (Pais et al, 2016) GLP-1 and GIP play an important role in glucose
homeostasis by enhancing the secretion of insulin and inhibiting glucagon secretion
(Paiset al, 2016) People with T2DM have an impaired incretin response to meals.
Hence, the development of new drugs that improve the incretin response to meals is
crucial for managing diabetes. Agents which improve the response of incretin include
agonists for the GLR receptor (incretimimetics) and other inhibitors @PPIV.

DPPIV deactivates GLR and GIP and other peptides like GRPand peptide YY
(PYY); hence, drugs inhibiting DPPIV could play a major role in managing diabetes
(Figure 3.3)Olvares et al, 2018) There are a number of studies using mice that have
shown DPPIV null mice to have improved glucose tolerance as well as a resistance to
developng obesity, despite a high fat diet being consumed by the (Qoparello et

al., 2003 Dobrianet al, 2010) Other studies showed the benefits of DPPIV inhibition
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in regulating blood pressure and therefore reducing the risk of developing CVD
(Zhang et al, 2019) Current DPPIV inhibitors used in practice include sitagliptin,
saxagliptin, vidagliptin, and linagliptin (Figure 3.4).

There are several plants with agilbetic activity that are inhibitors of DPPIV such
as Lagerstroemia specioseNigella sativa Swietenia macrophyll&King, Hedera
nepalensis and Fagonia cretica(Elya et al, 2015, Saleenet al, 2014) A study by
Semaaret al.showed thatflavonoids fraction extracted frorllophyluscominig a
plant traditionally used in Cuba to treat T2DM, inhibit€PPIV with an inhibitory
constant (Ki) of 2.¢g/ml (Semaaret al, 2017) The plant was also found te lactive
agai-asny | digueosidast, and PTP 1B enzymatic assays. Incretin agonists can
be used as therapy in T2DM, as they prolong the action ofIGARd GIP Srivastava
et al. showed that the administration of agueous extract éfueraria tubersatubers
(PTY-2), a known DPPIV inhbitor, to rats with SFibduced diabetes resutted in
improved blood glucose leveltSrivastava et al, 2018) PTY-2 treatment given to
diabetic rats showed increased levels of ALBnd GIP in plasma. Moreover, PY

significantly increased pancreatic expressiBbP-1R, GIRR, Bcl2, and insulin.

Incretin mimetics and DPPIV inhibitors do not cause hypeghyaia, which is a
common side effect of othemtidiabetic agents. However, incretin mimetics are not
preferred due to their very short ki (2 min) as thg are rapidly degraded and
inactivated by DPPIMSharmaet al, 2018) Hence, DPPIV inhibitors are favoured
over incretin mimeticsHowever, there are a number of side effects that might develop
when DPPIV is inhibited. These include pancreatiis, angioedema and other infective
disorders(Sumanet al, 2016) DPPIV is also seen to be expressed in inlammatory
cels, thus it is bleved that DPPIV inhbitors can also be beneficial to treat

inlammatory diseases such as rheumatoid arthritis (RAgumanset al, 2015)

3.1.3.Protein tyrosine phosphatase 1EBnzyme (PTP 1B)

PTP 1B is a negative regulator of the insulin signalling pathway (Figure 3.5). The first
step in glucose uptake by cels through GLUT4 is phosphorylation of the insulin and

insulin substrate receptors within the cells, a mechanism deactivated by a PiE® 1B d
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(Krishnan et al, 2018) This deactivation ofthe phosphorylation step leads to a
reduction in the glucose uptake by céiBbanda and Cefalu, 2013jence, PTP 1B
inhibitors can prolong the phosphorylation process and enhance glucose uptake by
cels. PTP 1B also negatively regulates the leptin receptor pathway (Figure 3.5). In
previous studies, PTP 1B knockout mice demonstrated an improved glycaemic control
and greater resistance to weight gain on a high fat(Tsetu et al, 2014) Hence, the

identification of novel PTP 1B inhibitors is an objective of this project.

A number of plants used traditionally for managing diabetes were found to inhibit PTP
1B. A study byTiong et al. showed thatCatharanthus roseud..) G. Don leaves
extract, which is used to traditonally manage diabetes in India, South Africa,
Malaysia, and China, inhibited PTP 1B actvi{fiong et al, 2013) The active
alkaloids in this plant were vindolidine, indolicine and vindolinine withlsol@f 18.2

MM, 11.6 pM, and 14.1 pM, respectively. Moreovétim and Kim showed thatan
agqueous extract dforeanred ginseng (KRG)Panax ginsengwas given to 5 week

old Goto-Kakizaki (GK) male rats at daily doses of 0.2 g/kg for 5 weeks until the age
of 12 weeks(Kim and Kim, 2012) The study revealed that treatment with KRG
showed a significant decrease in blood glucose in comparison with the control group;
adipose and skeletal muscles showed a dmgulation ofPTP 1B. Moreover, the

pancreas showed a significant insulin-regulation in the treated group
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In the intestine: GLP-1 and
GIP are released as a
response to elevated
glucose concentrations

Key: @ ActiveGLe1 @ ActiveGip

-
(_J Inactive GLP-1

DPPIV degrades incretins

DPPIV
» inhibitor

@ po
> A

, @&

DPPIV inhibitor prevents incretins degradation ’ a®

{> Inactive GIP

Effects of incretins:
& Insulin release
'R Glucagon release

Potentiate Effects of
incretins:
«ZInsulinrelease
¥ Glucagon release

Figure 3.3: Regulation of insulin release by incretins and their inhibildPPIV.
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Figure 3.4: Chemical structures of DPPIV inhibitors used in the clinic for managing

T2DM.
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Figure 3.5: The physiological signaling pathways involving PTP (®in et al,

2016)
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3.1.4. Pancreatic Lipase

Pancreatic lpase (PL) is a fundamental enzyme in fat absorption and digestion. PL is
responsible for the cleavage of approximately 70% of dietary fats including
triglycerides and phospholipids (Figure 3.6), which contribute to ob@isan etal,

2017) Finding inhibitors of PL is beneficial in obesity as less fats wil be absorbed.
Currently, Orlgat (Figure 3.7), derivative of the natural product lipstatin, is the only
licenced PL inhibitor in the UKJeonget al, 2014 Booth et al, 2015)

PLinhibition by a number of plants was investigated previouslgt number of studies.
A study bySellami et al. showed that aqueous extracts@hnamomum verutmark
(cinnamon) andientha aquaticdeaves (mint) resutted in 92% and 8P¥inhibition,
respectively (Selami et al, 2017) On the dter hand, these two plants showed no
activity againstPL when extracted witheA or Hex In addition, Julnaryret al, (2012)
investigatedeffects ofa number of edible plants agaifdt, aqueous extracts dorus
alba (mulberry) andGinkgo biloba(ginkgo) inhibted the enzyme with ¥gof 10
pg/ml and 50 pg/ml respectivelfdulnaryn et al, 2012) A study byKiageK Mokua et
al. showed thatethanolic extracts oFabebuia impetiginosarctium lappa L.,
Calendula officinalis, Helianthusannuus, Linum usitatissimum and L. propolis
inhibited PL in vitro (KiageK Mokua et al, 2012) In a folowup study, these plants
were assessed vivofor their ability to inhibit PL. Plant extracts weradministered
oraly to rats with a high fat diet. Extract of barkTatbebuia impetiginosahowed

significant reductionin postprandial plasma triglycerides.

Pancreatic lipase =0

Triglyceride Monoglyceride Free fatty acids

Figure 3.6: Conversion of triglycerides to monoglycerides and free fadfgls by PL.
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Figure 3.7: Chemical structure of orlistat, a PL inhibitor.

3.1.5. Cell viability

Cel viability is assessed by various methods; these include integrity of plasma
membrane, abiity to synthesise DNA, total DNA activity, ATP presence, enzyme
actvity, and more commonly cellular reducing conditiofislenberger et al, 2018)

d amar Bl ueE (Figure 3. 8s)studydo emsure tiabtigpeested t h a-
samples are neoytotoxic to the cedl before commencing screening or in order to
evaluate not oxi ¢ concentrations to carry out a
ability to reduce resazurin (indicataf cell metdolic activity). Viable cells maintain

a reducing environment in the cytosol of the cel. The actve compound in
alamarBlueE is resazurin, whi c hcoloused a s af
and nonfluorescent (Prabstet al, 2017) Once resazurin is inside the cells, healthy

cels are capable of reducing it to resorufin. Resorufin is a highly fluorescent red
coloured compound. Therefore, viable cells wil simultaneously reduce resazurin to
resorufin, resulting in high fluorescendeeing generated. On the other hand,-non

viable cels are unable to carry out the conversion of resazurin to resorufin and

therefore wil be coloured blue and show no fluorescefitienbergeret al, 2018)
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HepG2 cells
seeded in a 96-well G

were

plate and incubated
with samples for the
desired time

alamarBlue™ cell viability
assay

D
N
Do N (‘/-
e & e

(PGEL 7NN
B B
Ch o
9 %

alamarBlue™ was added
to all wells containing
cells, except for wells D2-
D11, as 10% of sample
total volume

A S R T e o feet A P el a R
d - e &

4-hour

Following a
incubation time, live cells
in column 1 and wells A2-
Al11, B2-B11, and C2-C11

reduced resazurin to
resorufin (red-coloured
compound). Cells in wells
of column 12 were non-
viable as they were killed
by Triton X, and therefore
cells retained the resazurin
colour.

Figure 3.8: d a mar Bl wiabflity assay work template.
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3.1.6. Glucose uptake in HepG2 cells

In this research, glucose uptaketire HepG2 cell line was investigated using the
Promega Glucose Uptakdl o E ki t (Figure 3.9) followin
LL tubers and leavesThis assay is superior to other assays as it is -glagioactive
bioluminescence assay that is capable of determining the glucose concentration in
viable mammalian cellgChoromanskeet al, 2018) The assay is sensitive to detecting
2-deoxyglucoses-phosphate (2DG6P). In normal condtions, whedebxyglucose
(2DG) is administered into cells, 2DG wil be trposted across the cel membrane

and then phosphorylated (as glucose, G6P). G6P is further modified by cell enzymes;
however, these enzymes are not able to modify 2DG6P. Hence, 2DG6P accumulates
inside the cells. Folowing this accumulation (10 min), a diafler, which is highly

acidic, is added to stop the 2DG uptake by intiating cell lysis and stop any NADPH
activity in the cells. Then, a very basic solution (neutralisation buffer) is added to bring
the acidic environment to a neutral state. The finap 3 the addition of a detection
reagent which contains the folowing components: glu@pbosphate
dehydrogenase (G6PDH), NADP+, reductase, luciferase reagent and reductase
substrate. G6PDH converts 2DG6P tptsphodeoxygluconate (6PDG) by oxidation

and continuously reduces NADRo NADPH. The enzyme reductase converts
reductase substrate to luciferin by using NADPH. Then, luciferase uses luciferin to
generate luminescence signals that are directy proportional to the 2DG6P

concentrations in cells.
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2DG

1. 2DG is added
DG ,necp to cells

U

2. Acidic and basic solutions are added
to terminate the reaction and remove
NADPH

2DGBP

2DGEP NADPH
G6PDH
3. Detection reagent is
6PDG
NADP* added.
reductase
substrate
NADPH +
redyctase .
luciferase ;
luciferin |:> ) luminescence
ATP |

Figure 39: Glucose UptakéGl o E assay used to determine
lines.

3.2. Aims and Objectives

This chapter aims to evaluate the -alibetic potential of LL extracts and isolated

compounds. The specific aims were:

1. To test the inhibitory activity of LL extracts and isolated compounds against
the following isolated enzymatic assaysommonly used to assess anti
diabesity activity inin vitro studies.

f Uglucosidase

! Uamylase

T PTP 1B

1 DPPIV
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1 PL
2. To test the cytotoxic effects of the extracELL tubers and leaveand the
isolated compounds on Caco2 and HepG2 cels before performing anti

diabetic assaysn them to ensure that tested samples arecyiotoxic to the
cells.

3. To test the inhibitory activity of LL extracts and isolated compounds against
cellexpressedDPPIV in Caco2 cels

4. To study the effects of LL extracts and isolated compounds on glupdake

by HepG2 cells, cels known to possess glucose transporters

3.3. Materials and methods

3.3.1.Enzyme inhibition assays

3.3.11. Sample preparation

Samples (10mg/ml or 10mM) were diuted usingan assay buffer to yield a

concentration of 3@ g/ ml for extracts and 30 &M for
were tested at sever al concentrations i n
concentration.

3.3.12. General protocol for the enzyme inhibition assays

Tenge lof extracts, isolated cgmounds omareference standard was added to wels of

a 96wel halfarea plate. Then 20 bf enzyme was added to the wells and the plate

was shake for 1 min on a plate shaker. The plate was incubated at 37°C for 10
minutes f o egluctsidase, 3fin f o ramyldse, PTP 1B and DPP&Ad 15 min for

PL. Tene Dbf substrate was added to all wells and the plate was incubated at 37°C for
another 10min f o rgluctbidase, 3@nin f o ramyldse and DPPIV and 28in for
pancreatic lipase. Optical density 450nmo r-gl Uc os i d aasngase and U
fluorescence at 355nm/460nm (Excitation/Emission) for PTRPLBand DPPIV was

read on a Wallac Victor plate reader.
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3.3.13. -gMcosidase inhibition assay

T h e-gluddsidase inhibition assay was carried with some modifications to the
method described bikwon et al. (2008) The assayuffer waspreparedoy mixing

24.5ml of 0.2M sodium phosphate dibasic heptahydrate with 25.5ml of 0.2M sodium
phosphate monobasic dehydrate before being teppdd 100 ml using distiled water
and calibrated to pH 6. 8glucogdass twascpkepamd nc e n
in distlled water as 75 units/ml and stored2(°C. The final enzyme concentration
used in the assay was 0.2 unis/ml. The assay substrate -nimephenyU-D-
glucopyranoside. The substrate was prepared in a phosphate buffieepaad-20°C

untl required. The fnal substrate concentration required was 1mM. Acarbose was
used as a positive control for the assay. Acarbose was dissolved in distilled water and
was then tested at concentrations ranging from 12pMnM.

3.3.14. U-amylase inhibition assay

T h eamidase inhibition assay was carriedt with some modifications to the method
described by Funke and Melzig (2005) HEPES (4-(2-hydroxyethyl) 1-
piperazineethanesulfonic aciuffer was prepared atconcentration of 5énM, and

the pH of the buffer was 7.1 atBT. A stock concentr-ation
amylase was prepared in distiled water as 280ml and stored at20°C. The final

enzyme concentration used in the assay was WR3. The assay substrate- 4
nitrophenytU-D-maltohexasidewas prepared iassay buffer andtoredat-20°C until
required. The fnal substrate concentration required was 1.5mM. Acarbose was used
as a positive control for the assagdwas dissolved in distilled water then tested at
concentrations ranging from 300 AMMM.

3.3.15. PTP 1B inhibition assay

The PTP 1Binhibition assay was carriedut with some modifications to the method
described byZhang et al (2006) The assay buffer was mady dissolving 25 mM
HEPES, 50 mM sodium chloride, 2 mM dithiothreitol (DTT), 2.5 mM ethylene
diaminetetraacetic acid (EDTA) and 0.01 mg/ml bovine serum albumin (BSA) in 500
mL distiled water. The buffer pH was calibrated to pH 7.2. Catalase (0.25am]) w
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added to the assay buffer to scavenge RS that occur as a result of interaction
between DTT and natural products. ROS can inhibit PTP 1B and hence generate false
positives. The enzyme buffer consisted of 25 mM HEPES 5DV, 1 mM EDTA

and 0.05% (W) NP-40.The fnal PTP 1B enzyme concentration used was 2 nM. The
assay substrate was &j@uoro-4-methylumbelliferyl phosphate (DIFMUPand was
prepared in DMSO as a stock concentraton of 10 nlWe inal substrate
concentration required was 10 pM. sBktrifluoromethylsulfonamidophenyl ,4-
disopropylbenzine (TFMS) was useda postive control for the assay. TFMS was
then tested at concentrations ranging flo:/®3uM -100 pM.

3.3.16. PL inhibition assay

The PL inhibition assay was carriedut with some modifications to the method
described byZhang et al. (2015) The assay buffer was 0.1 mM THKCL andthe
solution pH was 8 at 37°®L (type Il from porcine pancreas) was the enzyosed

in this assayand thesubstrate wadg-methyl umbelliferyl oleate The substrate was
prepared irassay buffer as 30/ml and kept at20°C until requiredThe fnal substrate
concentration required was @@QM. Orlistat was used as a positve contiOrlistat

was dissolved in distlled water and was then tested at concentrations ranging from 10
nM-30e M.

3.3.17. DPPIV inhibition assay

The DPPIV inhibition assay was carriedut with some modifications to the method
described bySchapé et al. (1988) The buffer was prepared by dissolving 100 mM

Tris-HCI and 0.1 mg/ml BSA in 500 mL of distilled water to yield a concentration of

100 mM. The final buffer solution was at pHaB37°C. DPPIV was dissolved a@ssay

buffer to produce 0.22 M of t he enzy me20°®bntladyuresdkads st ot
stock solution of 0.6 nM (containing 5¢6bf enzyme) was prepared and added to 2.5

mL of DPPIV buffer to produce a final concentration of 0.3 nM. The assay substrate

was gly-pro-7-amido-4-methylcoumarin hydrobromide (Gjgro). The required final
substrate working c o n ¢ @kmdwn BRPIVonhbitowawas 3 0 ¢

used aspositive control tested at concentrations ranging from 43nM ¢ M.

87



3.3.18. Calculation of inhibition

Al extracts and isolated compounds were tedtetfiplicate as a minimumand the
results were compared with the control and expressed pascent inhibition. The
control was assumed to haee0% inhibitory effect in the enzymatic assays. The

percent inhibition was calculated using the following equation:

bET EEA E(I)F\éﬁé. C)Iii ‘@ c'Q "QE B N)i A’ Q(g)a "Q
O — nm
WE £ 0l BaQ Qe "Q P

3.3.2.Anti -diabetic assessment o@aco2and HepG2 cells

3.3.2.1. Cell culture ofCaco2and HepG2 cels

Cels were incubated and grovimahumidified incubator at 37°C with 5% GOr'hey
were cultured in DMEM culture media supplemented with 10% (v/v) Foetal Calf
Serum (E£S), 1% penicillinstreptomycin, 1% iglutamine, and 1%onessential
amino acids (NEAA).

Tissue cutture flasks, size 75¢nvere seeded at 1x16ells/cnd. Cells were grown to
75-85% confluency before being used for assays. The cels were washed with HBSS
before being dissociated with 208 TripLE Express.Then, cells were incubated for

5 min to dissociate the cels from the flablefore the addition of.3 ml of culture

media to stop the action of TripLE Expreskhe cels wveretransferred into a 15ml
centrifuge tubeandcentrifuged for 2 min at 1000 RPMh@& supernatant was discarded
and the cell pellet resuspended in culture media before being counted under the

microscope.

3.3.2.2. Cytotoxicity assessment ddaco2and HepG2 cells

Cytotoxicity assays were carried out to ensure the samples were noixicytot the

cell line prior to enzyme assays being carried. @els were seeded in 9%el clear
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plates at 1x19cels/ml. Plates were incubated for 4i8ha humidified incubator at
37°C with 5% CQ prior to adding samples.

Samples were diuted in DMEMulure media; 3@ g/ mlextrdcsar 30 &M f o
isolated compoundsStock amples were prepared at concentrations of&l20/ ml or
120 €M as they were dilut ed-fivd ©lofsamglesme s i
were added to the piglated 7% bf cells. Triton X (a cytotoxic agent) was used as a
positive control for the assay, whie cels only were used as a negative control.
Samples/cells were incubatdolr 4h before adding 10 J of alanBlwe® reagent and
then further incubated for 4h a humidified incubator at 37°C with 5% COThe
plates were read using fluorescence (560nm excitation, 590nm emission) on a M5
Spectramax Plate Reader using Softmax Pro software. The cell viability was calculated
using the formula below:

LOLE & il ‘@ dQ "Qe ¢ Ni A Qe "Q

bEIl EEAEOE —_— : WP T T
WE £ 0l BaQ Qe "Q P

3.3.3. DPPIV inhibition assay inCaco2cell line

Caco2cels were seeded at 20%1€els/ml (50¢ per well) in 96well halfarea clear

bottom black plates. Cells were left to differentiate in the plate for 5 days, and media
was changed on day 3 of differentiation. On day 5 of differentiation, tested samples
and P32/98 were prepared in PBS in an#fl round bottom diution platé stock was

placed in column 12, and thewrially diuted starting rom 10e M t o 0. 03 ¢ M.

Sampleson the other hanavere prepared at 60 g / ml or 60 &M as the
twice in the assay platdledia from the seeded agsplate was removed. Cells were

washed twice with 56 PBS solution. Then, 20 bf samples and P32/98 were added

to the cels and allowed to incubate in a humidified incubator at 37°C with 5% CO

for 20 min. Folowing incubation, 20 b f 2 5 O-prdMva&adged to all wells and

for a further 20 min. The plate was read on a Wallac Victor plate reader at excitation

355 nm and emission 460 nm. The above procedure was repeated at least three times.
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3.34. Glucose uptake levels in HepG2 cells using a Gluw® UptakeG | o E

A Glucose UptakeG| o E

kit wa s

3.34.1. 2DG6P Detection Reagent

This reagent was prepared by addihg following components in Table 3.1.

used

per

Table 3.1: Components used in the preparationthefGlucose UptakéGl o E assay.
Component Per reaction Per 5 ml
Luciferase 50 W 5ml
NADP+ 0.5 50 i
G6PDH 1.25 125
Reductase 0.25 25
Reductase Substrate 0.03125 3.125

manuf ac

The reagent was prepared fresh, one hour prior to performing the assay and not stored.
The total volume prepared was adjusted according to the number of reactions/wells
needed; 50U 2DG6P Detection Reagenis required per reaction/well 2-
deoxyglucose @O0 mM) was diuted to 1mM using PBS.

3.34.2. 2DG6P standard

2DG6P was diuted in PBS to produce a curve with a concentration rangei 80 0.5
UM; 25 used per well.

3.34.3. Glucose uptake in HepG2 cell line

HepG2 cels were seeded in ratba tack plates witha clear bottom at 1 x %0
cels/well (50 liwell) and were alowed to adhere overnight in a humidified incubator
at 37°C with 5% CQ@ The next day, samples were prepared 6ol or 60uM as

it was diuted 1:1 with cells to give afinghmple concentration of 30/ml or 30uM.

Insulin (100 nM) was used asposttive controlwhich is known to enhancglucose
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uptake in HepG2 cells, whereas cytochalsin B (50 pM) was used as a known inhibitor
of glucose transporin cells. The samples wer@cubated with the cels for 5h in a
humidified incubatorat 37°C with 5% C@ As HepG2 is plated using DMEM which
contains glucos¢hatcan interfere with the assapetmedia was removednd replaced

with 50 4 of 1mM 2DG. The plate was incubated atmotemperature for 10 min after
being shaken for 1 min using a plateaker. Twenty-five Y of stop buffer and 2%l

of neutralisation buffer wer@added to all wells. Then, 50 of 2DG6P detection
reagent was added to all wells and pfete was incubate@t room temperature for 3h
after being shaken again for 1 mibhuminescence withan integration time of 0.5

seconds/well was read on a M5 Spectramax Plate Reader using Softmax Pro software.

3.34.4. Statistical analysis

ANOVA with a -tBstiin PryghPad Prigmo 40t was used to perform
statistical analysis, P < 0.05 was considered statistically significant.

3.4. Results

3.4.1. Antidiabetic assays ofisolatedenzymes

3. 4 . Glucbsidasé assay

Al the extracts and isolated compounds were s t e d -gmiopsidase sdtivity hat
had been serially diuted. Highest concentration of extracts was 30 pg/ml, whereas 30
UM used for pure compounds. Acarbose was used as a positive control (Figure 3.10)

and producedan|Cso of 0.38 mM.

3.4.1.1.11L tuber extracts and isolates

LLT EA extracts strongy R< 0. 05) -gluoosidabei viitte ah K5dd 9.5 pg/ml

(Figure 3.11), whieLLT Hex extractshowed approximately 40% enzyme inhibition

when tested at 30 pg/ml and this activity disappeareldwadr concentrations LLT

MeOH extract was inactive. The compounds obtained fror EA were BA, lupeol,

and a mixture of sitost er glcossldsea garshasvh er o |
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in Figure 3.12. Lupeol showed 50% and 30% inhibitidh<(.05)when tested at 30
and 10 oM, respectivel y. Sitosterol/ sti
glucosidase. BA was astronB€0 . 05) i n-glicbsidase with am &50fB.5

HM.

3.4.1.1.2. LL leaf extracts

LLL Hex showed som¢P < 0.05) nhibition activity against}glucosidase when tested
at 30, 10, and 3 pg/ml, LLL EA showed the strongd3k (0.05) inhibition activity
a g a i fylscosidasé among all the tested samples, with anof®.6 pg/ml, LLL
MeOH strongly P<0 . 05) i -glicosilase witd an K5of 4.3 ug/ml ashown
in Figure 3.13.

a-Glucosidase Assay
Acarbose

120~

IC5y = 0.38mM
n=4

1004

©
<

60

(% Control)

401

a-Glucosidase Activity

201

Log Concentration (M)

Figure 3. 10: The inhibitory effects of various concentrations axfarboseo n - U
glucosidase activity. Data was analysed using-®fagy ANOVA with a Dunnet Post
Test. ***P<0.001 vs control, **P<0.01 vs control.
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a-Glucosidase Assay

LLT EA
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©
2O 60-
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a-Glucosidase Assay
LLT MeOH
140-
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& = 1004 n=5
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w £ 801
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o
g
3 40-
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3
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Figure 3.11: The inhibitory effects of various concentrations of extractsLofubers
onUglucosidase activity. Data was analysed using -®iagy ANOVA with a Dunnet
PostTest. ***P<0.001, **P<0.01, *P<0.05 vs control.
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a-Glucosidase Assay

Lupeol
> 120~ IC50>30mM
= n=3
% 1004
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U') +—
s S 60+
o *
©
S o
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o = 40+
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8 20+
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Log Concentration (M)
a-Glucosidase Assay
sitosterol/stigmasterol
> 120+
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~ n:
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a-Glucosidase Assay
Betulinic acid
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Figure 3.12 The inhibitory effects of various concentrations lgfeol, mixture of
sitosterol/stigmasterol anBA o n -glldosidase activity. Data was analysed using
OneWay ANOVA with a Dunnet Postest. **P<0.01, *P<0.05 vs control.
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a-Glucosidase Assay
LLL Hex

120+

100+ 1C50>30mg/ml
804 z T n=3

60+

a-Glucosidase Activity
(% Control)

-7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0
Log Concentration (g/ml)

a-Glucosidase Assay
LLL EA

120+
100+ n=3

60+
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Log Concentration (g/ml)

a-Glucosidase Assay
LLL MeOH
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100+ n=3

60+

404

(% Control)

20+

e.x

a-Glucosidase Activity

-75 -70 -65 -60 -55 -50 -45 -40
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Figure 3.13: The inhibitory effects of various concentrations of extractslofeaves
0 n-gludosidase activity. Data was analysed using-®iagy ANOVA with a Dunnet
PostTest. ***P<0.001, **P<0.01, *P<0.05 vs control.
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3.4.1.1. 3. -gbaosidaseraysay sl U
Four sampl es from LL eXxtract sgucositiade i s ol &

inhibition, the IGo values are summarised in Table 3.2.

Table 3.2: Summary of the activity of the LL extracts and isolated acmmgs onl+
glucosidase Red indicatesi n hi b i tglucosidaseo f U

Part of LL Sample ID ICs0
LLT Hex >30 pg/ml
LLT EA 9.5 pg/ml
LLT MeOH >30 pg/ml
Tubers BA 5.5 uM
Lupeol >30 uM
sitosterol/stigmasterol >30 uM
LLL Hex >30 pg/ml
LLL EA 0.58 pg/ml
Leaves LLL MeOH 4.3 pg/mi

3. 4 . -AmyRse adsay

Fol | owi-gugosidade eassay results, samples were tested against their abiity to
i n hi-bnylhse. Bcarbose was used as a positve control and inhibited the enzyme
with an 1Gso of 1.2 mM and results were statistically significam <{0.01) (Figure
3.14).

a-amylase Assay
Acarbose
120+ IC50=1.2mM
1004 n=3
80+

60+

(% Control)

404

a-amylase Activity

204

-6 -5 -4 -3 -2 -1
Log Concentration (M)

Figure 3.14: The inhibitory effects of various concentrations ashrbose n- U
amylase activity. Data was analysed using -@f&y ANOVA with a Dunnet Post
Test. **P<0.001, *P<0.01 vs control.
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3.4.1.2.1 LL extracts and isolated compounds

All the extracts of the tubers and the leaves as well as the isolated compounds were
i nact i veamylaseathenasshy results are shown in Appehdix

3.4.1.3.PL assay

Orlistat, current licenced artbesity drug, was used as a positRe inhibitor in this
assay. Orlistat inhibited PL with an 4€of 0.23 pM and results were statistically
significant @ < 0.05) as shown in Figure 3.15.

Pancreatic Lipase Assay
Orlistat

1207 ICso=0.23 MM
n=>5

N
© O
2

N
o
L

N
o
1

Pancreatic Lipase Activity
(% Control)
3

IO
[¢e]
o

'
A
&
&
A

Log Concentration (M)

Figure 3.15: The inhibitory effects of various concentrations Qufistat on PL
activity. Data was analysed using GWay ANOVA with a Dunnet Postest.
***P<(0.001 vs control.

3.4.1.3.1. LL tuber extracts and isolated compounds

LLT EA showed 50% inhibition < 0.05) of PL when tested at 30 pg/ml as in Figure
3.16, whereas LL MeOH and LLT Hex extracts were inactive at the tested
concentrations. Lupeol and the mixture of stigmasterol/sitosterol produced no
inhibitory activity against PL as shown in Figure 3.17, BA produced comparable
results to LT EA extract, causing 50% reductiam the PL activity when tested at 30

LM.
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3.4.1.3.2. LL extracts of the leaves

LLL Hex extract showed some inhibitory effect (30%) against PL when tested at 30
pg/ml, and the results were statistically significaRt<(0.05) as per Figure 3.18. LLL
EA and LLL MeOH extracts did not inhibit PL at the tested concentrations.
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- 1401
g 1204
< 1001 ICs0 > 30ng/ml
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© = 804
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2 1201 ¥ ; ¥ I 3 n=5
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- -
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e 20-
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LLT MeOH
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—~ 100'
e
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5 O 601
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T < 40-
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-70 65 60 -55 50 -45 -40
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Figure 3.16: The inhibitory effects of various concentrations of extractsLofubers
on PL actvity. Data was analysed using &ay ANOVA with a Dunnet Postest.
*P<0.05 vs control.
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Pancreatic Lipase Assay
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Figure 3.17: The inhibitory effects of various concentrations lupieol, mixture of
sitosterol/stigmasterol ar@A on PL activity. Data was analysed using Oneay
ANOVA with a Dunnet Postest.
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Pancreatic Lipase Assay
LLL Hex
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Figure 3.18: The inhibitory effects of various concentrations of extractcELoleaves
on PL actvity. Data was analysed using &iay ANOVA with a Dunnet Postest.
**P<0.01 vs control.
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3.4.1.33. Summary ofPL assay results

Threesamples from LL extracts and isolated compounds shd®edhibition, the %

inhibition values are summarised in TablS.3.

Table 3. 3: Summary of the activity of the LL extract80 pg/m) and isolated
compunds (30uM) onPL. Red indicates inhibition of PL.

Part of LL Sample ID % Inhibition of PL
LLT Hex Inactive
LLT EA 50
LLT MeOH Inactive
Tubers BA 50
Lupeol Inactive
sitosterol/stigmasterol Inactive
LLL Hex 30
LLL EA Inactive
Leaves LLL MeOH Inactive

3.4.1.4. PTP1B screening assay

In this screening assay, TFMS was used@ssitive inhibitor for PTP 1B and strongly
(P<0.05) inhibited the actvity of the enzyme with arsd©f5 UM (Figure 3.19).

PTP 1B Assay

TFMS
120 IC5, = 5nM
n=3
= 100-
=3 801
2z
60+
o
2o
oy 407
L=
o 204
O-
-8 -7 -6 -5 -4 -3

Log Concentration (M)

Figure 3.19: The inhibitory effects of various concentrations T6iMS on PTP 1B
activty. Data was analysed using GWay ANOVA with a Dunnet Postest.
***P<0.001, **P<0.01, *P<0.05 vs control.
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3.4.1.4.1. LL extracts and isolate@ompounds

Al the extracts of the tubers and the leaves as well as the isolated compounds were

inactive againstPTP1B the assay results are shown in Apperidix

3.4.1.5. DPPIV screening assay

All samples from LL were tested for their abilty to inhib@PPIV enzyme. P32/98,
known DPPIV inhibitor, strongly R <0.05) inhibited DPPIV with an 165 of 77.6 nM
as shown in Figure 3.20.

DPPIV Assay
P32/98

1201 ICsy = 77.6 NM
1004 n=13

DPPIV Activity
(% Control)

Log Concentration (M)

Figure 3.20: The inhibitory effects of various concentrations R82/98on DPPIV
activty. Data was analysed using GWay ANOVA with a Dunnet Postest.
***P<(0.001, **P<0.01 vs control.

3.4.1.5.1. LL tuber extracts and isolated compounds

LLT EA showed 20% reductiorP& 0.05) in DPPIV actvity when tested at 30 pg/ml
(Figure 3.21), whie LI MeOH was inactive against DPPIV at the tested
concentrations, and 20% enzyme inhibitioR <0.05) was obtained with O Hex
extract at 30 pg/ml. None of the isolated compounds fronf HA showed any

positive results against DPPRBI the tested concentratioi@@ppendix 1).

3.4.1.5.2. LL extracts of the leaves

Al LL L extracts showed 20% DPPIV inhibition at 30 pg/ml; results were statistically
significant @ < 0.05) as per Figure 3.22.

10z



DPPIV Activity
(% Control)

DPPIV Activity

DPPIV Activity
(% Control)

140+

140+

120-
100- I_‘H\H n=3

(% Control)

[
o N
2

DPPIV Assay
LLT EA

IC5, > 30 ng/m

I—H\;\I n=3

o
92

40+

-70 -65 60 55 50 -45 -40
Log Concentration (g/ml)

DPPIV Assay
LLT MeOH

ICs0> 30 ng/m

T T T T T 1
-70 -65 6.0 -55 50 -45 -40
Log Concentration (g/ml)

DPPIV Assay
LLT Hex

140-
IC50 > 30 no/ml

1204
100- I ~$ n=3
*

-70 -65 -6.0 -55 50 -45 -40
Log Concentration (g/ml)

Figure 3.21: The inhibitory effects of various concentrations of extractsLofubers
on DPPIV activity. Data was analysed using @wiay ANOVA with a Dunnet Post
Test. **P<0.01, *P<0.05 vs control.
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Figure 3.22 The inhibitory effects of various concentrations of extractsLof
leaves on DPPIV activity. Data was analysed using-®fag ANOVA with a
Dunnet PosfTest. **P<0.01 vs control.
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3.4.2. Cell Viability: alamarBlue® Assay

3.4.2.1. Caco2 and HepG2 cells

Al samples were tested for cytotoxic effects on Caco2 and HepG2 cels before
carrying out the DPPIV inhibition assay @aco2cels and glucose uptake assay in
HepG2 cells to ensursamples were naytotoxic to the cells. Samples were tested at
30 pg/ml for extracts and 30 uM for isolates. All tested samples wereytaioxic to
Caco2and HepG2 cels as shown in Figure 3.23.

AlamarBlue® Assay AlamarBlue® Assay
Caco?2 cell line HepG2 cell line
120+ 120+
1004 100+ m [ N
3 401 3 401 g §
= "] Al
& & &
Sample ID Sample ID

Figure 3.23: The effect of LL extracts and isolated compounds on Caco2 and
HepG2 cells.Data represents mean + SEM, n=3.

3.4.3. DPPIV assay in Caco2 cells

3.4.3.1. LL extracts of tubers and leaves and the isolatedmpounds.

Al LL extracts and isolated compounds were not capable of inhibiting the activity of
DPPIV enzyme when tested at concentrations of 30 pg/ml for the extracts and 30 pM
for the isolated compound@ppendix 1).

3.4.5. Glucose UptakeG| o E Hap@2 cell line
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2DG6P standard was used to ensure the assayrunat optimum performance,
2DG6P range of concentrations (30 pM to O pM) showeeclirve with # of 0.995

which indicates a good curve fit as shown in Figure 3.24.

Glucose Uptake-GloO Assay
2DG6P Standard

20000+
=)
|
¥ 15000+
(D)
2
& 10000+ B
o n=3
e r2=0.9948
£ 50001
>
|
0 L | n |
0 10 20 30 40

Concentration (mV)

Figure 3.24: Standard curve for 2DG6P used in the Glucose Upatkeo E ass ay .
Data represents mean + SEM, n=3.

3.4.5.1. LL extracts and isolated compounds

The results obtained with LL extracts and isolated compounds are summarised in
Figure 3.25. Insulin (100 nM) was used apositive control and increased glucose
uptake in HepG2 cells by 50% (p<0.05), whereas cytochalsin B (50 uM) was used as
a known inhibitor of glucose transpahd it caused 60% (p<0.05) reduction in glucose
uptake. Al tested concentrations were 30 pg/ml for extracts and 30 pM for isolated
compounds. LI Hex showed comparable results to insulin; it was the tier
extract that increased glucose uptake byepimately 50% (p<0.05). LLL EA and

LLL MeOH as well as the mixture of sitosterol/stigmasterol showed 30% reduction in
glucose uptake and results were statistically significant (p<0.05). The other tested
extracts and isolated compounds showed no eff€tt9.05) on glucose uptake at the
tested concentrations.
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Glucose Uptake-GloO Assay
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Figure 3.25: The effects of LL extracts and isolated compounds on glucose uptake
levels in HepG2 cell linesBlue represents increased glucagaake, red represents
decreased glucose uptake and black represents unchanged in glucose uptake. Data
represents mean + SEM, n=3. *P<0.01, *P<0.05 vs control.

3.5. Discussion andConclusiors

Diabetes is a complex disease that involves complex signaling pathways. Therefore,
LL extracts and isolated compounds were tested againstaffitieliabetic a s s a-y s , U
gl uc o s rathgasee DPPINJ) PTP 1Bnd PL assays to assess the awmtiabetic

effects in different pathways. Alof the chosen assays are useful for high throughput
screening (HTS).

3.5.1. Il nhi bitory effects of {glucosaaseé ract s
activity

Uglucosidase enzyme plays an important role in increasing podtpta

hyperglycaemia, as it enhances carbohydrate digestion. Its critical role is in the



catalysis of monosaccharide cleavage, starting from disaccharides and
oligosaccharidegChenet al, 2016) T h e r -glicasidase actlity inhibitionis
preferred in diabetic patients to decrease postprandial hyperglycaemia. Currently,
there are a nu-glcesidaseoifhibitasbrf thec naikat eand these
include acarbose, voglbose, and miglitol. Despite the effectiveness of these drugs,
they are associated with a number of unpleasant side effects, including abdominal pain,
iver disorders, diarrhoea and flatulence; such undesirable effects can lead to patient
non-compliance (Penget al, 2016) As a consequence of this, there is a need to find
new p odumsidase Whibitors witfewer unwanted e effects. LLtubers and

|l eaves were assessed -gummsidase, wihi acarbesb ada t y

positive control.

Acarbose confir med t he ef figlocoselase wmctiviyf t he
with an 1Gso of 380 pM, the 1Go is conparable with the ones obtained from the

literature (180-500 pM) (FigueiredeGonzalez et al, 2016 Elya et al, 201%
Habtemariam, 2011Kang et al, 2011) In this study, the tested samples were only
considered actve when tH€sowas O 30 Og/ ml for crude ¢

isolated compounds.

LLT Hex and LIT Me OH cr ude extracts -gucesidase.i nac't
However, LITEA extr act sghcosease inhibition @atviy wih an &

of 9.5 pg/ml. The LLT EA extract contains several compounds of whiobr were

isolated (lupeol,a mixture of stigmasterdditosterol andBA) and tested ag
glucosidase. Lupeol and the stigmastsitdsterol mixture showed no activity in this

assay. Ortiz-Andrade et al. studied the inhibitory effectof an MeOH extract of
Tournefortia hartwegian@ ME T h ) agyic@didase(Ortiz-Andrade et al, 2007)

Seven compounds were isolated from METh, and three of them were lupeol,
stignast er o | and sitoster ol-glucoddase withaniCgpni f i c a
of 3.16 mg/ml, which is 100 times more than the highest concentration ustt for

LL extracts This suggeststhatthe concentration of compounds in METh is also much

higher thanthat of the ones used in this study. The isolated compounds from METh

wer e not t e-gutosidhse amdya 0o n $ t Us not possible

10¢€



glucosidase inhibition activity to lupeol, stigmasterol and sitosterol. In another study

by Mbaze et al., in which lupeol and a mixture of stigmasterol and sttosterat w

isolated fromFagaratessmanna nd s u b j-ghiapgidase intibition tissayone

of the compounds s ho we-ducosidasei vihenttestedyat 8@0f f e c t
UM, and this suports the finding obtained in the current resear@baze et al,

2007) BAfrom LLTEA extr act wa s aglugosmase adtvity iwithh i b i t o
an IGoof 5.5 pM. BA was almostwice more potent than its parent extract, TLEA

and 70 times str onge r-gudoddase. Therchare, bt & bighlyi n i r
ikely that LLTEA act i vi-glycosidase aisi duestd the Presence of Baet

al. showed that BA isolated from the fruitsf Malus domesticanhibited glucosidase

activity with an 1Goof 14 pM, which is comparabléo the findings in this studyHe

et al, 2014) A study byDing et al. showed that the mechanisms of action of BA on
Uglucosidase was achieved by the formation of alBdlucosidase completDing et

al., 2018) BA was found t o bigiocdsidaseo and theeeforact i v €
prevent the enzyme substrate binding and hetheeenzyme activity decreased.

For the first time, LL leaves werets t e d  aylgcasidass enzyrde. LLL EA and

LLL MeOH extracts of LL I-ducosidas witemIC st r or
of 0.58 pg/ml and 4.3 pg/ml, respectively. LLL Hex shoveedCso> 30 pg/ml against

U glucosidase.More phytochemistry workeeds to be performed on LLL MeCatd

LLL EA exrack t o f i nd out t he r e s p eghicosidasee cCom
inhibition activity. There are several classes and compowmih have been isolated

and s hown -duesidase $tbiticn sactidyTriterpenoids saponins isolated

from the roots ofGypsophila oldhamianglLuo et al, 2008) akaloids isolated from
Campanulaceae Lobelispecies (lkeda et al, 1999) quinones isolated from

Himalayan rhubarb Rheun{Babuet al, 2004)and flavonoids isolated frolachilus

philippinensis(Lee et al, 2008)haveall shown U-glucosidase inhibition activity.

| nhi bi tghoosdaseo dre not only beneficial for enhancing insulin release and
lowering postprandial blood glucose, they are also hunger suppressants and satiety
enhanceryHaoet al, 2017)GLP-1 act i vi ty igecospase hhibitogse d by
and this has been directly linked with delayed gastric emptying (DGE) which enhances

satiety, reduces hunger and Ienitalorie intake(Lee et al, 2002) Kakuet al.carried



out a randomised clinical trial on 20 healthy volunteers to investigate the anorexigenic
effects of -glicagitlaset imhibitor(KakL@dal, 201P) The study looked

at the effets of 50 mg MG on the levels of GLE peptide YY (PYY) and ghrelin
(appetite inducer) and simultaneously determined the appetite scores using visual
analogue scales (VAS) over hgeriod following the ingestion of a 592 kcal cookie.
MG (50 mg) was admstered to 12 individuals three times a day for one week and
both hormone levels and VAS ewe recorded. GLPL and PYY levels were
significantly enhanced by MG treatment, whereas ghrelin level was suppressed.
Moreover, MG treatment suppressed appetite ahdreed satiety as per VAS ahe
gastric emptying rate was inhibited following the cookie ingestion. These findings
correlate with the historical usand anecdotal reportsf LL tubers as appetite
suppressants which seems to be mediated by their abifty i n-flicdsidase atd

prolong GLR1 activity, which increasethe feeing of satiety.

In summary, the leaves and tubers of tbntain chemical constituents capable of
strongly i rgldodidase ienrygne. Cdnsequedtly, showed promising
results to be @otential new source foantidiabetic agents through the inhibition of
Uglucosidase.Therefore, LL extracts and isolatedmpoundswere then tested against
Uamylase, atarget for T2DM treatment.

3.5.2. Inhibitory effects of LL extractsand i sol ated -anylageounds
activity
The enzymeUa my | as e i sgucssidase,l itabreakst down disaccharides and

oligosaccharides into monosaccharides in the intestines that are absorbed and increase

postprandial hyperglycaemiéSaleset al, 2012)

The current study investigated the effects of the leaves and tubdrsasfpossiel U-
amyl ase inhibitors, f ol lgoosidasg. Adalb@se was pot e
used as a positive control and inhibited the enzyme activity amittCsoof 1.2 mM.
None ofthe LL extractsor the isolated compounds were active agdihaimylase.BA
di d no t-amylasé which tonfirids the study by Noguérdiaga et al. (2018)

in which pistachio kernelsP{stacia vera L) were found to have high content of BA
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but did +amytase.Maréoveh upeol iddlated frorPhyllanthus amarusas

tested at 100 pjVands howe d no i n hanlylasé This is corsigieati witls t U
the findings of the current studyYonemoto et al, 2014) Despite -the fa
amy | as egucasidage Have similar activity on carbohydrate hydrolysis, several

plants were found to be potent inhibitors to denot tothe other.YimazerMusa et

al. showed thagr een tea extract, TeavigoE- and v
glucosidaseinhibitors with ICsovalues < 2.5 pg/ml, bubat they were inactive against

Uamylase and showed d€values > 30 pg/ml(YimazerMusa et al, 2012) This

trend was seewith LLT and LLL extracts and BA in the current study.

3.5.3. Inhibitory effects of LL extracts and isolated compoundson PL activity

Approximately 95% of dietary fats are consumed in the form of triglycerides which
are then intially hydrolysed in the stomach by gastric sépdGupta, 2019)
Triglyceride hydrolysis is further continued in the duodenimpsynergstic actions of
gastric and colipasdependentPL. This @ntinued hydrolysis leads to monoglycerides
as wel asFFA formation. Enterocytes absorb FFA and start synthesising new
triglycerides, which are distributed into various body organs kppripteins and
chylomicrons, in particular folowing meal consumptid8elami et al, 2017) The
majority of dietary fats (5070%) are hydrolysed by PL. Therefore, agents inhibiting
PL can help in managing obesity and T2DM. Thisdgtiested extracts of Lleaves

and tubers as wel as the isolated compounds against PL. Orlistat, was used as a
positive control and gave andébf 0.23 pM. LLT EA extract at 30 pg/ml and BA at

30 M showed 50% inhibition of PL activity; the results wstatistically significant.
Moreover, LLL Hex extracts from the leaves showed 30% enzyme inhibition at 30
pg/ml which was statistically significant. BA in this study showed the highest
inhibition for PL among all the tested samples, the-@mtisity actMy of BA was
published by several researchers. Kimal. investigated the antibesity activity of

BA following the oral administration of lipid emulsion in rgtéim et al, 2012) BA

was found to inhibit PL in a dose dependent manner, with ofQ1 M. Moreover,
elevation oftriglyceride plasma levels was inhibited by BA, 2 h folowing the
administration of a lipid emulsionin addition to this, BA administration to 3T3L1

adipocytes inhibited the development of adipogenesis confrming itsolzeity
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activity. Therefore, BA is one of theompounds responsible for PL inhibition by LL.
However, more fractionation for LL extracts and in particular LLL Hex is required to
identify other lipase inhibitors.To summarise, these results support the use of LL for
the management of obesity and T2DKuture work would involve assessing the LL
extractsin vivousing diabetic/ obese rats such as Zucker rats and monitor the effects

on theBW and food consumption.

3.5.4. Inhibitory effects of LL extracts and isolated compounds on PTP 1B

PTP 1B is indued by inlammation- it is known to negatively regulate insulin
signaling pathways (Zabolotny et al, 2008) PTP 1B inhibitors can reduce
postprandial glucose levels and enhance insulin relgesdlouraet al, 2013) LLT

and LLL extracts were tested against PTP 1B in the presence of catalase enzyme. As
the assay buffer containedithioreitol, it is known that interaction between natural
products and dithioreitol can lead to ROS and particularly hydrogen peroxide which
can generate false positives. Catalase was included in the assay buffer to elminate
ROS formation. TFMS was usedas a posttive control which inhibited PTP 1B and
gave an IGoof 5 pM. However, none of the tested LL extracts or isolated compounds
showed PTP 1B inhibition at the tested concentratams$this might indicate thathe

LL antidiabetic mechanism of actiadnes not involve PTP 1B inhibition.

3.5.5. Inhibitory effects of LL extracts and isolated compoundson DPPIV

Other approaches to decrease postprandial glucose levels include the prolongation of
incretins such as GLR and GIP. These two incretins aa$ insulinotropic gut
hormones, involved in blood glucose regulation. Following a meal ingestion; 1GLP
and GIP trigger insulin secretion and inhibit glucagon secretion which result in
decreasedBG (Lutz et al, 2014) DPPIV is an incretin inhibitor, and therefore finding
agents inhibiting DPPIV can be beneficial for the management of T2DM.

Extracts of LL tubers and leaves as wel as isolated compounds were studied

DPPIV assay. P32/98 was used as a positve DPPIV inhibitor and showedoah IC
77.6 nM. The samplethat showed significant activity were the TLEA, LLT Hex,
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and all the extracts of LL leave$l T EA was found to bep ot egutosidése
inhibitor and showed some inhibition against DPPIV. The inhibition of these two
enzymes is linked with increasing GLIP which is known to increase satiety and
suppress appetitddowever, this activity was considered weak as all these samples
showed no more than 20% imition and the IGowas > 30 pg/ml. As this was
performed on an isolated enzyme assay, this was follayeah Caco2cels which are
known to express DPPI\However, noeffect on Caco2DPPIV was observed in all

the tested extracts and isolated compouf@ssummarise, extracts bE in this study

did not show strong DPPIV inhibition, and therefore tlight have antdiabetic

effects byadifferent mechanism of action.

From all the five antdiabetic and antiobesity assays used to assess the biological
activity of the extracts of LL tubers and leaves as wel as the isolated compbaunds
possesses sometential antidiabetic and antiobesity effects particularly through the
inhibition of U-glucosidaseand PL enzymes. The selectivity aflL to U-glucosid se

might be beneficial for diabetic patients. The selectivity of drugs is associated with
high eficacy and less side effects which therefore can improve patient compliance
(Hung and Chen, 2014lence, the patility of LL extracts and isolated compounds

to enhance glucose uptaketive HepG2 cell ine was investigated.

3.5.6. Effects of LL extracts and isolated compounds on glucose uptake in HepG2
cells

Glucose uptake in hepatic cells (HepG2) was used as a-fafostudy for the extracts

of tubers and leaves bE. The HepG2 celline was chosen in this experiment because
such cells possess glucose transporters. Moreover, HepG2 cells do not need to be
differentiated and so are less time consuming when compared to othes cekh as
adipocytes(3T3-L1 cely which requiresa differentiation procesgArimochi et al,

2016) Insulin (100nM) was used as a positive control which increased glucose uptake
by 50%; whereas cytochlastin B (50 M) was used as it is known to inhibit glucose
transport and reduce glucose uptake by approximately 60%. Héx produced
comparable results that of insulin which was statistically significant, whie TIEA

and lupeol showed results similar to the control (untreated celld). M&OH extract
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and BA increased glucose uptake by 25%, but the results were statistically
insignificant. The mixture os$itosterol and stigmasterol decreased glucose uptake by
30% (p<0.05). LLL Hex extract was similar to the control, whereas LLL EA and LLL
MeOH extracts decreased glucose uptake by approximately 30 % and the results were

statistically significant.

A number of discussion points emerge from the results obtained in this assay. To start
with, the LLT Hex enhanced glucose uptake in HepG2 cells, and this extract showed
slight inhibition in the DPPIV assay, confrming the possibiity of itingctas a
potential antidiabetic agent. Secondly, samples which showed no or a slight increase
in glucose uptake might be beneficial for management of T2DM, but by different
mechanisms. To ilustrate this, LLEA extr act and BA were pol
glucosidaseand did not increase glucose uptake in HepG2 cells. This might mean such
samples act aantidiabetis by inhibiting enzymes that are responsible for breaking
down carbohydrates to smaler molecules such as glucose, and not by enhancing
glucose uptake intocells. Samples which reduced glucose uptake in HepG2
(stigmasterol/sitosterol, LLL EA, and LLL MeQHmight act asantidiabetic agents

by different mechanisms. To make this clddd. EA, and LLL MeOHwere potent
inhibitors of U-glucosidase, but did nenhance glucose uptake in HepGastly, the

action of LL samples in HepG2 cells might differ when tested in other Geliwefore,

it is recommended that this test would be repeated using pancreatic, skeletal muscles

and adipocyte cells as LL extractgghti be more selective to specific cels.

To conclude, from théndings obtained in this chapteL,LT and LLL extractspossess

anttd i abet i c acti vi t-gucosmase.tBA end LLT EA dxtiadt waven o f
found t o-glbcesidase nhibimsg Motkover, LLT and LLL extractishibited

PL, which suggest thahey might bebeneficial for T2DM and obesity. Lastly, the

LLT Hex extract enhanced glucose uptake in HepG2 cels and showed a similar
response to that of insulin. These results led to further investigation regarding the
possibiity of the plant containing amiflammatory and antoxidant constituents

which could also be beneficial in managing diabetes as detai€tapter 4.
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Chapter 4

4. The potential antroxidant and anti-inflammatory activity of L. linifolius

4.1. Introduction

The link between T1DM and inflamation is established and wedviewed (Bending

et al, 2012 Goudaet al, 2018 Fatima et al, 2016) However, relationships between
T2DM and infammationare quite a recent concefffsalamandriset al, 2019) The
concept that links inflammation and metabolic conditiomeluding obesity and
insulin resistangewas first mooted in 1993 bilotamisligil et al Their publication
showed that the prinflammatory cytokineT N Fwias highly expressed in the adipose
tissues of obese animals, and tHisN F dXpression was linked to increased insulin
resistance (Hotamisligil et al, 1993) These animals showed improved insulin
resistance when th@ N F Was neutralised using solub N F técepto. These
observations gave the first link between insulin resistance and an increased level of a
pro-inflammatory cytokine(Dandonaet al, 2004) T2DM and obesity are considered

to be risk factors for developing ischemic heart disease and premature atherosclerosis
(Imai et al, 2013) Both of these conditons are now linked to inflammation and
oxidative stresgSjoholm and Nystrom, 2006)herefore, folowing positive arti
diabetic findings from Chapter 3, tuber and leaf extracts ofwdre assessedh
inlammatory and oxidativestress assays. These assaysnamluced andlescribed

below:

4.1.1. Antrinflammatory

4111.NFaB luciferase assay

NF-aB is a protein that consists of a numb
asp50, p65, and-Rel ( D N teteaks 2010, Bolshakovaet al, 2013) These factors are

known to be stimulatedby stress, immune, and inflammatory responses. In normal
situations where cells are unstimulatedi--a B i s i natytdplasiie idhibitory

of kappa B (Gridrearn ang Srimvasan, 8048) Act i vation of
(IKK) by pro-i nfl ammatory cytokines, LPS, and
phosphorylation to cause it to be degrad@didharan and Srinivasan, 2013ehling
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and Harris, 2015) Degr adation of da&@8BcoeplbeEkesimntr
them to translocate into the nucleus where they bintheédNF-a B DNA r espon:
element and therefore transcriptional facsoare inducedLawrerce, 2009)Cells can
be transfected wittaNF-a B | uci fer ase reqa®rtier acecvate
vector is bound tothe NE B and |l uciferase wildl be det e
wavelength. Therefore, amiflammatory agents show low limscence readings

while inflammatory agents show high luminescence readings.

4.1.2. Antroxidant assays

4.1.2.1. 2,Diphenyl-1-picrylhydrazyl (DPPH) Assay

The DPPH assay is a widely used-axidant assay in natural product research due

to its simpicity and sensitivity (Aqil et al, 2014) The basic principle of the assay is

the fact that anto x i dan't reagents are hydrogen don
is a stable free radical t hat is availahb
radical that accepts hydrogen from amtidant méerials to form DPPH that is yellow

in colour (Figure 4.1)Kedare and Singh, 2011) DPPHO® has its highe
level when at 517nm and therefore the-amilant actviy can be detected using

optical density at 517 wavelength (Akar et al, 2017) Generaly, samples and

DPPH are incubated in the dark for 2 at room temperature before being read (OD

517nm). To sum up, artixidant samples turn the DPPH colour from purple to yellow

and decrease the absorbant&1anm.
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O,N NO, > O,N NO,
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Oxidised DPPH Reduced DPPH
(purple) (yellow)

Figure 4.1: Unstable purple DPPH is reduced by-anidant agents to yieldyellow
DPPH colour.

4.1.2.2. DCFDA / H2DCFDA- Cellular Reactive Oxygen Species Detection Assay

This assay use® 0 | dichibrofluorescein diacetate (DCFDA or H2DCFDA) which is

a cel permeable reagefEruslanov and Kusmartsev, 201@MCFDA is a dye that
measures RO&ctivity such as hydroxyl and peroxyl free radicals in q@#ojtala et

al., 2014) DCFDA enters the cells by diffusion and cellular esterases deacetylate it to
a nonfluorescent reagenfOukarroumet al, 2013) This compound is oxidised by
ROS t o fidichlorofl@d@scein’ (BCF) which is a highly fluorescent agent that
can be detected by fluorescence spect@s@ian excitation wavelength of 485nm

and an emission wavelength of 535nfwang et al, 2019) ROS scavenging
compounds show low fluorescence readings, whie ROS generatihg compounds show

high fluorescence readings.

4.1.2.3. Glutathione (GSH)



Glutathione (GSH) is a tripeptide molecule ttbansists of three amino acids: glutamic
acid, cysteine, and glycindBachhawat and Yadav, 2018)Jhe thiol group in the
cysteine amino acid gves the molecule its importafde Floraet al, 2018) This

group acts as an antioxidant and plays a fundamental role in the detoxification process
of toxins. GSH exists itwo forms, the oxidised form (GSSG) and the reduced form
(GSH) (Figure 4.2YWinterbourn, 2019)In normal helthy cels, the rato of GSH
concentraton to GSSG concentration is greater than(ZitRa et al, 2012)
Glutathione reductase (GSR) is the enzymepamesible for converting GSSG to the

GSH in the presence ofcotinamide adenine dinucleotide phosphate (NADPH) (see

the equation below{Bradshaw, 2019)
|

Glutathionr reduced form (GSH) Glutathione oxidised form (GSSG)

HS
o] o o
H
)k/N
- .
HO N OH <
H
e} NH,

Figure 4.2: The structure of the two forms GISH

The folowing equations represent the redox statgSSit

Glutathione
GSSG + NADPH + H+ > 2GSH + NADP+
reductase
2GSH + H202 Glutathione= GSSG + 2 H20
peroxidase
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GSH is one of the most abundant low molecular weight molecules in the body. The
cytosol, the mitochondria, and the nucleus are the poolG®Ifi The GSH

concentrations can vary rom 0.1 mM to 5 mM depending on the cel types. The
highest concentrations (5 mM) are seen in the liver, which can be justified by the fact

that the detoxification mechanisms occur mainly in the hepato(@te=net al, 2013)

In this research, LL extracts and isolated compounds were subjected to testing for their

potential for being antbxidant and arinfammatory agents.

4.2. Aims and Objectives

This chapter aims to evaluate the potential of LL extracts and isolated compounds to

possess animflammatory and antbxidant properties. These wil be achieved by:

1. Testing the extracts and isolatedngpounds on their abilty to protatbie L929
cell line (mouse fibroblast cells commonly used for-amflammatory studiels
from cytotoxicity following exposure t& N F U

2. Testing the extracts and isolated compounds on their ability to inkiBi& B
release (pranflammatory factor) in the NCTC cell line (human skin cells
transfected withaNF-a B | uci feras)e reporter vectol

3. Evaluating the inhibitory action of LLT and LLL extracts and isolated
compounds on DPPH actiity.

4. Testing the abiity ofLLT and LLL extracts and isolated compounds to
generate/inhibit ROS using the DCF assay in various cels, SHSY
(commonly used to investigate diabetic neuropathy caused by, R@§J2
(iver), and PancIpancreas)els.

5. Studying the effects of LL extree and isolated compounds on GSH levels in
the HepG2 cell line.



4.3.M ethods

4.3.1. Antrinflammatory assays in cells

Celis were incubated and grown at 37°C with 5% CO2 and 100% humidity. The L929
cell line was cultured in DMEM culture media supplemented with 10% BBS, 1%
penicillin-streptomycin, and 1%-blutamine. The NCTC cell line was cultured in
M199 culture med which contained 10% (VAFBS, 1% penicillinstreptomycin, and

1% L-glutamine.

4.3.1.1.alamarBlue® Assay

Cytotoxicity assays were carried out to ensure the plant samples were not cytotoxic to
the ceb prior to carrying out the antiflammatory assays. Cells were seeded using
96-well clear plates at 1x®Qcells/ml, and 2x19cels/ml for L929 and NCTC cell

ines, respectively and aslamarBlue® cell viabiity assay was carried out as per
section 3.3.2.2.

4.3.12. TNFU assay in L929 cell line

On day 1 of the assay, L929 selvere seeded in a 96ell clear plate at a seeding
density of 1x16cels/well, 75U per wel. Seeded plates were incubated overnight
ahumidified incubator at 37°C with 5% C@®n day 2, 25 Y4 of media was removed
from the plate and replaced with 25 pl test agent. All test agents were tested at 30
pg/ml or 30 pM. The plate was then incubated for 30 miahumidified incubator at
37°C with 5% CQ.Next, 12.5 4 of 1QuM Actinomycin D was added to all wells
containing samples including wels A1, E12H12. The plate was then incubated

for a further 30 min at 37°hefore12.5 4 of SOPMTNFU being added
containing samples and wels -, E12H12. Then, tb plate was incubated
overnight as before. On day 3, 10 J of alamarBlua®s added to all wels, and the
plate was incubated for 5 h at 37eC as
was read in fuorescence mode (ex 560, em590a bI» Spectrarax Plate Reader

using Softmax Pro software.
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4313 NFaB Luciferase assay in NCTC celll [0

Onday 1, NCTC cels were seeded at 3xdélis/well in a volume of 20@/well using

96-well black clear bottom plates. The platerere seeded using 10% (VABBS in

M199 medium and incubated for 48 hin a humidified incubator at 37°C with 5% CO

On Day 3, media from alvells was removed and replaced with 50 p of phenol red
free DMEM (without FBS) and incubated for 30 min. In the meantime, samples were
prepaed using phenol red free DMEM containing O.@§ml T N E MG132 (a
proteasome inhibitor that blockRsN Fddtivity), was used as a positve control whilst
media with no TNFUWe ooarelbackgraund. BMS(salvenh e g at i
control) wastestedas for the samples. Samples and DMSO were tested at 30 pM for
pure samples and 30 pg/ml for rpore samples. Fity Yl of samples/DMSO/M G132
were added to the plate and incubated for 4 h at 37°C. Then, all media were removed
and 50 g of 1:1 BrightGlo: DMEM was added to each wel. The plate was covered
with foil and kept at room temperature {25°C) for 10 min in the dark. The plate was

then read using luminescence on a M5 Spectramax Plate Reader using Softmax Pro

software.

4.3.2. Antroxidant assays

4.3.2.1. DPPH assay

4.3.2.1.1. DPPHpreparation

DPPH was stored at 4°C until used. A stock concentraton of 10 mM was made by
dissoving 7.98 mg of DPPH in 2 ml ethanolhe working DPPH solution
concentration was 200 OM and therefore t1I
diuted twice in the assay plate. For an assay plate, bfthe stock was added to 3ml

ethanol.
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4.3.2.1.2. Preparation of Samples

Plant extrats were prepared at 30g / ml and isolated compound
e M.

4.3.2.1.3. Standard/inhibitor preparation

Ascorbic acid was used as a positive control asatkeown antioxidant (Baba and
Malik, 2015) The displacement curve of ascorbic acid was obtained by using a range

of ascorbic acid concet r at i ons from 100 €M to 30 nM.

4.3.2.1.4. Assay assembly

The assay was performed in a®8ll halfarea clear flat bottom plate. Twenty lof
ascorbic acid or 20 bf sample were added to wells. Then,e26f DPPH was added
to all wells and the plate was covered with foill and incubated for 20 min at room
temperature. Optical density (OD) was readaatavelength of 512 nm oa M5
Spectramax Plate Reader using Softmax Pro software. The percent inhibibdP df
was calculated as follows:

), Qé & O10EGK dan aQ

PbO00OENOQ éFt——F—————— WP N T
DQOwe ol € a

4.3.2.2. DCFDA assay on SHS®Y, Pancl, and HepG2 cells

4.3.2.2.1. Cell culture

Al cels were cultured in DMEM culture edia supplemented with 10% (v/v) FBS,

1% penicillinstreptomycin, and 1%-glutamine.

4.3.2.2.2. AlamarBlue® Assay

Cytotoxicity assays were carried out to ensure that the samples were not cytotoxic to
the cel lines prior to performinghe DCFH-DA and GSHGI o E assays. Cel
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seeded using 9@ell clear plates at 2x®Cels/ml, 75¢ per well before performing

the alamarBlue® cell viability assay as per section 3.3.2.2

4.3.2.3. DCFDA assay in SHS38Y, HepG2, and Pancl cell lines

On day 1, SHSY5Y, HepG2, andPancl ce# were seeded at 1.5x105 cels/well in a
volume of 50uliwell using halirea 96well black clear bottom plates and pladgedca
humidified incubator at 37°C with 5% GOOnN Day 2, media from all cels were
removed and0 J of phenol red free HBSS (containing 10% FBS) was used to wash
the cells once. Then, 50 pl of 10 M DCHBA was added to wells AH11, and 56 |

of phenol red free HBSS was added to column 12 (wells-iA12) and then the plate
was placedn ahumidified incubator at 37°C with 5% G@r 30 min.

In the meantime, samples were prepared using FBS phenol red free HBSS (containing
10%v/v FBS) at concentrations of 20g/ ml -pore nsamples or 30
samples. Folowing the DCFBA incubation, DCH-DA was removed and cells

were washed once with 50 g of phenol red free HBSS (containing VID%BS).

Then, 454 of samples were added to wells-iARL, 454 buffer was added to wells

E1-H1, and 50 buffer was added to wels AD1; the plate was incubad in a
humidified incubator at 37°C with 5% CG@r 40 min.

Then, 54 of 1mM of4BuOOH was added to wels H11 and A2H11 and the plate
was incubated for 30 mim ahumidified incubator at 37°C with 5% COThe plate
was then readt fluorescence (ex485nm/em535nm) on a M5 Spectramax Plate Reader

using Softmax Pro software.

4.3.2.4. GSHGI| o E

The assay was <carried out as per the man
seeded in halirea black plates witaclear bottom at 1 £0* cells/well (50 liwell)

and were allowed to adhere overnigihita humidified incubator at 37°C with 5% CO

The next day, samples were prepared aggb@ll or 60pM as they would be diluted

1:1 with cells and give afinal sample concentration as 30 pg/ml or 30 pM. The samples
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were incubated with the cells farfurther 5 h. Asthe HepG2cels wereplated using
DMEM which contains serum and phenol redhch can intrfere with the assays, the
media hadto be completely removed before the next step. Then) BOGSHGI| o E
reagent 1Xwas added to all wells. The plate was incubated at room temperature for
30 min after being shaken for 1 min using a p#iaker. Fiity P of Luciferin
Detection Reagentwas added to all wels. The plate was incubated at room
temperature for 15 min after being shaken for 1 min using a-gialeer.
Luminescence with an integration time of 0.5 seconds/well was read on a M5

Spectramax PlatReader using Softmax Pro software.

4.4. Results

4.4.1. Antrinflammatory assays

4.4.1.1. AlamarBlue® Assay

Cytotoxicity testing usingan alamarBIu& cell viability assay was carried out on all
samples prior to pedBolrudinfge rtahsee TalFda yas di
cels. Al samples were nexytotoxic to L929 and NCTC cel lnes at the tested
concentrations (30 pg/ml for extracts and 30 4 iSolated compounds, Figure 4.3)
and therefore these were theNFaBp |lucnd emtars

assays.
AlamarBlue® Assay
1929 cell line AlamarBlue® Assay
120+ NCTC cell line
- 52 1201

1004
1004

Cell Viability
(% Control)
o2}
o
Cell viability
(% Control)
3

s |

7

Sample ID Sample ID

Figure 4.3: The effect of LL extracts and isolated compounds on the L929 and NCTC
cells. Data represents mean = SEM, n=3.
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4.4.1.2TNF assay

Al extracts as well as the isolated compounds were tested for their abilty to protect

the L929 cell line from the cytotosi effects oTNFU (10 OM cau)ses 50°¢
LLT and LLL extracts as well as the isolated compounds showed at least 90% cell
protection (P < 0.01) wagtheimost protedive Rample yt ot

at110% as shown in Figure 4. 4.

TNFa Assay
L9229 cell line

120 =3 Kk
-I *f kux.3 n=3
100 i ff: Conc. 30ng/ml
=3 8o B Ed Or 30V
== &
< = %
—_ <<
=3 ©° =
Z i
S 40 v s
o 555 g
20 2 e
i |
55 g
o g A k]
. Y Y
P S T F S
S .\o@ \/\)Q F> > NES
hd = Y \/\,\’\/ ¥
> (&)
N
Sample ID

Figure 4. 4: The protective effects of LL tuber extracts and isolated compounds
against T N F & the L929 cell line. Data represents mean + SEM, n=3. Data was
analysed using Oré/ay ANOVA with a Dunnet Postest. *P<0.01is significant
increase in cel viabilityvs Cels +T N F U

4413.NFaB assay

All the extracts as well as the isolated compounds were testdekifoability to inhibit
NFFAB in the NCTC cell i ne. MGl13&ABwa® us
ensure the assay was at optimum conditons. MG132 inhibitech BF wi t daof an | C

2.4 uM as illustrated in Figure 4.5.
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NF-kB Luciferase assay
NCTC cell line
MG132

120+
n=4

100+ 2 |C50=2.4M

**

60+ -
404 .

20' *k
**

NF-kB Luciferase Activity
(% Control)

-8 -7 -6 -5 -4 -3
Log Concentration (M)

Figure 4.5: The percentage inhibition of N6 B | uci ferase by MGL1
control). Data represents mean + SEM, n=3. Data was analysed usingV&yne

ANOVA with a Dunnet Posflest. **P<0.01is a significant decrease ilNF-a B

luciferase activity vs control.

4.4.1.3.1. LL extracts and isolated compounds

NF-aB activity wag HexoltT Me®H, &Lt MeQH, lupepl andL
stigmasterol/sitosterol as shown in Figure 4.6T IEA showed 40% reduction in NF

aB activity and this was statistically significant €</®.05). BA, isolated from LT EA,

was the strongest N&E B i nhi bi t or LA raadrilg. samples agitegave e d
approximately 70% inhibition when tested at 30 uM. réf@e, a serial diution of

BA was carried out and a desesponse curve generated (Figure 4.7). The ¢€CBA

was just under 23 pM.
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NF-kB Luciferase assay

NCTC cell line
120+
l i n=3
100+ T Conc. 30nmg/ml
80 w« » [ Or30mv

60+

40+
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Figure 4.6: The percentage activty of N& B | uci ferase following
LL tuber extracts and isolated compounds. Data represents mean * SEM, n=3. Red
colour indicates inhibiton of N B | uci fer ase. Dat aWwawas an
ANOVA with a Dunnet PetTest. **P<0.01 vs control, *P<0.05 vs control.

NF-kB Luciferase assay

NCTC cell line
Betulinic acid
> 120+
E n=3
§ 100+ ] IC50=22.8 MM
©S 801
gg 60 N
g3
3 § 40+ Fk
S 20-
T
Z O L] L] L] L] L] n 1
75 7.0 -65 -60 -55 -50 -45 -40
Log Concentration (M)
Figure 4.7. The percentage actvity of N&e B | uci fer ase followin

various concentrations of BA. Data represents mean = SEM, nt8.vi2s analysed
using OneWay ANOVA with a Dunnet Postest. **P<0.01s significant decrease in

NF-a B | u cactivily vsacentol.



4.4.2. Anttoxidant assays

4.4.2.1. DPPH Assay

LLT extracts, LLL extracts and isolated compounds were investigated for their ability
to scavenge DPPH activity. Ascorbic acid, a known-a@xtlant, was used as a
positive control and tested at a range of concentrations where 100pM was the highest.
Ascorbic acid significantly (P < 0.05)scavenged the DPPH activity at concentrations

100 pM, 30 pM, and 10 pM, it had andevalue of 20 uM as shown in Figure 4.8.

DPPH Assay
Ascorbic Acid

140~
120+
100+
80+
60-
404
20-

C L] L] L] L]
-8 7 -6 5 -4 -3

Log Concentration (M)

n=5
1C50=20mM

DPPH Activity
(% Control)

Figure 4.8: The percentage inhibition of DPPH by Ascorbic acid (standard). Data
represents mean * SEM, n=5. Data was analysed using\W@geANOVA with a
Dunnet PosfTest. **P<0.01, *P<0.059s significant decrease in DPPH activitys

control.

4.4.2.1.1LL tuber extracts and isolated compounds

LLT extracts, BA, lupeol and stigmasterol/sitosterol showed no inhibition activity
against DPPH when tested at 30 pg/ml or 30 pM and lower concentrations (results in

Appendix 2).

4.4.2.1.2. Extracts of LL leaves

LLL Hex extracts did not scavenge the DPPH activity as shown in Figure 4.9 when
tested at 30 pg/ml. On the other hand, LLL EA significan®< 0.05)inhibited DPPH
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activity at concentrations 30, 10, 3, and 1 pg/mith anlCsoof 6.5 pg/ml. Moreover,
LLL MeOH extract also significantly B < 0.05) inhibited DPPH activity at
concentrations of 30 and 10 pg/mL and produced andf24.8 pg/ml.

DPPH Assay
LLL Hex
140+ n=5
1204 s K ICs5q > 30ng/ml
'
2~ 1001
=20
G = 804
<5
E ] 60+
(=]
% S 404
204
0 T T T '
-8 -7 -6 -5 -4
Log Concentration (g/ml)
DPPH Assay
LLL EA
140+
120 n=5
- |C50:6.5 rTg/ml
£~ 1001 .
) ok
g %' 80+
E O 60+ Sk
% S 40 dok
20+
0 T T T d
-8 -7 -6 5 -4
Log Concentration (g/ml)
DPPH Assay
LLL MeOH
140+
n=>5
120+
o L IC50=24.82 mg/ml
£ 100
o
5 = *
:(; *g 80+
E O 60+ Sk
% S 40+
20+
0 T T T '
-8 -7 -6 -5 -4

Log Concentration (g/ml)

Figure 4.9: The percentage inhibition of DPPH lhyL extracts. Data represents
mean + SEM, n=5. Data was analysed using -@®fagy ANOVA with a Dunnet Post
Test. **P<0.01is significant decrease in DPPH activitsg control.



4.4.2.2.alamarBlue® Assay

Cytotoxicity testing usingan alamarBIu& cell viability assay was carried out on all
samples prior to performing the DCHPA and GSH assays. Samples were tested at
30 pg/ml for extracts and 30 pM for pure compounds. All samples wereytotoxic

to SHSY5Y, Pancl, and HepG2 cels at the tested concentrations (Figure 4.10) and
therefore all of the samples were used at these concentrations or below in the DCFH
DA and GSH assays.

AlamarBlue® Assay AlamarBlue® Assay
AlamarBlue® Assay Pancl cell line HepG2 cell line
SH-SY5Y cell line

. AR i'ﬁ = zISIEIN
i 8 n 6 NELN
=8 S5 N 35 ANELN
3 ; N ° ANEIN
N N N
. x\“”+ \j\Q{@Oi@OXQz"\Q \0\\}\5‘&@ @OY\ ®
¥ VA v@@vv\y

Sample ID Sample ID Sample ID

Figure 4.10: Percentage of SI3Y5Y cell viability in alamarBlue® assay folowing
treatment with LL extracts and isolated compounds. Data represests + SEM.
Data was analysed using OWéay ANOVA with a Dunnet Postest.

4.4.2.3. DCFHDA assay

The DCFHDA was carried out to assess the abiity of the extracts and isolated
compounds to generate ROS. The results were compared to the control which had only
cells and DCFFDA. All LL (tuber and lefy extracts and isolated compounds showed
comparable results to those for the control when tested at 30 pg/mL for extracts and
30 UM for isolated compounds in SY5Y, Pancl, and HepG2 cells, except for lupeol in
HepG2 cels as shown in Figure 4.11-A3. Lupeol ncreased ROS by more than
three times in comparison with the control in HepG2 and the result was statistically
significant (P < 0.01). Then, extracts and isolated compounds were tested in the same

cels for their abilty to protect cells againsBuOOH, known asa ROS generatora
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summary of the results is shown in Figure 4.11H31 All tested samplesignificantly
(P < 0.01) protected cels from ROS generated {Bu®OH apart from lupeol in
HepG2 cels which caused more ROS to be generated (P<0.01).
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Al DCFH-DA Assay in SHSYS5Y cell line A2 DCFH-DA Assay in Panc1 cell line A3 DCFH-DA Assay In HepG2 cell line

320 320 320 x=
280 280 280
240 240 240
T 200 T 200 2 200
5 160 5 160 g 160
X 120 X 120 X 120
80 80 80
40 40
o o o
+
f&"’ v‘y«rf \,ef@?f,a "‘je)’ AL ELS
& o Y < © R R
Ng & v Ry R4
r
Qfé &N
q’Sample D %arnple D Sample ID
B1 DCFH-DA Assay in SH-SYS5Y cellline B2 DCFH-DA Assay in Panc1 cell line B3 DCFH-DA Assay in HepG2 cellline
t-BuOOH t-BuO OH t-BuOOH

* %

100 100 s *% ek

.
1004 , . e
x

30 80

5 5 5
E 60 § 50 3
2 40 &g 40 £
: s :
= 20 28 &
g 0
& & 9‘2\ & &L & F & Qb &e. f & \# f
% QI 2 2 & é‘
NN & N > Ng
S Y &
<& & é’(
i &
¥ Sample ID Sample ID

Sample ID

Figure 4.11: The percentage induction of ROS generated by LL extracts and isolated compoundé&3nwhére ared colour indicates
significant increase in ROS (B01); whereas BB3 show the abilty of tested samples to protect cels from ROS generateBuOH
whereablue colour indicates significant protection (P<0.01) and red represents significant contribution to ROS generation (P<0.01)
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4.4.2.4. GSHG| o Bssay

GSH standard was used to ensure the assay is at optimum perforiaaange of
concentrations (5 pM to O pMacurve was generategvith r2 of 0.9859 which indic ats
agood curve fit as shown in Figure 4.12.

GSH-GloO Assay
Glutathione Standard

10000+

)

I 80004

x

S 6000+

o

(&S] =
? 4000+ n2 4
= r“=0.9859
€ 2000-

-

0 1 2 3 4 5 6
Concentration (mV)

Figure 4. 12 GSH standard curve generated from the @3HO E Ass ay . Dat a
represents mean = SEM, n=4.

4.4.2.4.1. LL extracts and isolated compounds.

LLT MeOH and BAshowed a20% increase in GSH levels? € 0.05), LLT Hex
elevated GSH levels by 50% & 0.05), and L0 EA doubled GSH levels in HepG2

cells P <0.05). Lupeol decreased GSH levels by approximately 15%, but this decrease
was statistically insignificant R > 0.05). However, the mixture of sitosterol and
stignasterol decreased GSH levels by 30% and results were statistically signifcant (
<0.05). Extracts of LL were comparable to the control, except for LLL Hex extract
which increased GSH levels by 50P<{0.05). Asummary of these findings is shown

in Figure 4.13, and Table 4.1.
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GSH-GlIoO Assay
LL samples
HepG2 cells

240+

200+
n=3
. Conc. 30ng/ml
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Sample ID

160+ **

Glutathione levels
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Figure 4.13: The effects of LD extracts and isolated compounds on GSH levels in
HepG2 cels.Data represents mean + SEM, n=3. Blue columns represent significant
increasein GSH, red represents significant decrease in GSH and black indicates no
significant change in GSH levels. Data was analysed usingVZayeANOVA with a
Dunnet PosfTest. **P<0.01, *P<0.05 vs control.

Table 4.1: GSH concentaitions quantified following treatment with LL extracts and
isolated compounds.

Sample 1D GSH Conc. (uM)
| Control 1.62
LLT Hex 2.44
LLT EA 3.29
LLT MeOH 2.06
Tubers BA 2.08
Lupeol 1.44
Sitosterol/

) 1.09

stigmasterol
LLL Hex 225
Leaves LLL EA 2.11
LLL MeOH 1.59
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4.5. Discussion andConclusiors

Extracts of LL tubers and leavetiowed positive results in the adiabetic and anti

obesity assays as described in Chapter 3. Thus, it was pertinent to test these samples
in some antinflammatory and antbxidant assays. Inlammation and oxidative stress
have recently been linked to the development of diabetes and obesity. Therefore, this
chapter explored the potential usetwfers and leaves bt as antinfammatory and

antroxidant agents.

4.5.1. Antrinflammatory assays

The antiinflammatory and antbxidant properties of Llwere assessed im vitro
assays using L929 and NCTC seNoncytotoxic concentrations of the extracts and

compoundswere used as determined &y alamarBlue® cell viability assay.

4.5.1.1 TNFU assay in L929 cell |Ilines

Studies in rodents have shown thatla TNFU
Costaet al, 20186 Liang et al, 2008 Togashiet al, 2002) Suppressioro f TNF U i n
rodents have shown improvements to insulin resistance in obese af#ohieffler,

2017) Interestingly, al extracts of both tubers and leaves as well as the isolated
compounds ofL showed almost 10 protection (P < 0.01) against ©®M of TNF U,
the concentration that was found to be cytotoxic to 50% of the cells. Among al of the
tested samples, BA and LLL MeOH extract were the most protective samples against
TNFU giving appr oxitni®29edisyThelBA prétectiprnr againstc t i o n
TNFU has been shown i n as FabegnewihYaohet publ i c
al. demonstrated that treatment with BA in human umbiical vein endothelial cells
(HUVEC) were found to be strong inhibitors of tkascular inlammation process

which was mediatec y T KBob et al, 2010) The study showed that BA pre

treatment on HUVEC stopped the expression of cell adhesion molecules such as
intracellular adhesion molecuk (ICAM-1), vascular cel adhesion molecule

(VCAM-1), endothelial cell selectin {Belectin) as wel as gelatnasen TNF U
activated HUVEC that occur when TNFU is

that BA could be used as an amtflammatory agent in vasculanfammation.
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Moreover, Dash et al. revealed that BA préreatment showed protection against
inlammaton produced by doxorubicin, a chemotherapeutic athaitis used to treat

certain types of canc¢Dashet al, 2015) Lupeol and stigmasterol wepeot e nt  TNF U
suppressors in this study and this is concordant with the lterakiargsamaksinet

al. quantfied TNFU gene e x pgP@R BomddOVEC thegited Rvilh 5 pM

l upeol and stigmasterol. These two compo
< 0.05) despite the fact that the concentrations of the compounds were 6 times lower

than the ones in the current stygangsamaksiret al, 2017)

Extracts of LL leaves and tubers require further phytochemistry work to isolate and
identify compounds r espons.iSelral commundst he T
from various plants wer e Neouvard fodtidavad e pot
shown toi nhi bit TNFU and t he acti @ comp
acetylacuminolide which inhibited expression TolN FitJa dosedependent manner

with an 1Gso of 2.7 pg/ml (Mouna et al, 2010) Moreover, Dexheimer et al. have

studied the effects of ethanol and hexane extrad@alyptranthes grandifolidD.Berg
(Myrtaceae) orCacc?2 cell ine. Cace2 was stimulated with LPS and treated with

plant extracts ranging from 25 to 20@ml (Dexheimer et al, 2017) Then, the total

RNA wasextracted for gene expression analysis. The ethanolic extract was found to
decrease TNFU expression at con€entrat
grandifoliadecreasedf NFU expression when it wa s gi:
showing that this plant was not highly poteRtom the points discussed above, it can

clearly be said that tubers and leavesLlofhave somepotential antiinfllmmatory

eflects by protecting L929 cels from treatment wilhN F U . -inflaPnmatory
cytokines such a sactivatdNFLA Band mediate ninflammatictn o
(Shanmigam et al, 2015) As a result of this, it was desirable to evaluate the effects

of LL extracts fromtubers, leaves, and isolated compountddNF-a B act i vi t y.

4512.NFaB assay in NCTC celll l i ne

NF-aB is an inflammat omiyplcated dni diabetes; NE B a t h a

inhibition wasshown to improve insulin resistand&chaeffler, 2017)Therefore,LL
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extracts and isolated compounds were investigated in terms of their ability to inhibit

ordecreasélF-a B expressiosn in NCTC cell

MG132, used as a posttive inhibitor for the expression ofdNB1 monocytes showed
an 1Gsoof 2.4 pM. This finding confirms the MG132 inhibition of NE B expr essi o

in the human monocyte cell line U937 that was found @stizK Lazareno et al.
(2008)

Tuber extracts and isolated compounds fram showed nosignificant (P > 0.05)

inhibitory effects on the expression NF-a B a p ar tT EA exvact ahdLBA

which showed approximately 40% and 70% inhibition, respectively. A-cesmnse

BA study was pedrmed and it was found to inhibit N« B e xpr es sissdih  wi t h
22.8 tM. Onthe other hand, LLL MeOH extracts showed no inhibition whereas LLL

Hex and LLL EA extracts showed 30% inhibition (P < 0.05). This data supports the
findings which were obtainetom theT N Fddsay inthe L929 cell line in which the

tested samples were considered to beiflmmatory. The study byoon et al.
(2010)showed that BA inhibited @ B expr ession in HUVEC an
findings obtained in the current studiloreover, pretreatment with BA in LPS
stimulated BV2 microglial cells significantly (P < 0.05) inhibited IKB degradation,

which caused Nl B t o be in the cytoplas@&aB wahser ef
suppressed by B&Kim, 2013)

For future work, LL should be considered for vivo experiments to examine the
effects onNFA B and gl uc o diet alHookect ai thet extwity ®Gynura
divaricata(L.) DC (GD), a plant which has been reported to possess therapeutic effects
in animals as wel as humandi et al, 2018) GD was studied to identify the
mechanisms by which the plant improves insulin resistance in obese mice which were
given STZ to induce diabetes. The aqueous extr&GD significantly reduced fasting

BG levels, recovered the pancreatic function and reversed the dyslipidstate.
Moreover, obese mice showedpimvements teheir BW. The study also showed that

in HepG2 cells, the expression of NFB  wa s  hréageld byGD diaec extract

whereas molecules involving insulin pathways suchnaglin receptor substrate 1



(IRS-1), protein kinase B (PKB)andgucose transporter 1 (GLUTlere enhanced

in the treated mice. One of the major complicationsurafontrolled diabetes is the
development of cardiovascular abnormaliti®agul et al. (2015) demonstrated that
resveratrol, aphytoalexin protected and improved the cardiac hypertrophy and
electrocardiographic (ECG) abnormalities as well as oxidativessstivhich was seen

in hearts oSDrats which were on a fructose diet for 8 wefagul et al, 2015) The
diabetic ratsdé hearts wer-aBpf6bant showedoa e x pr
decreased expression of seHlin(SIRT-1). Resveratrol was fod to express its
therapeutic effects on the didlwech was rats
associated with decreased actiities of bothdNBp65 and NADPH oxidase (NOX).
Therefore, LL extracts and isolated compounds should be investigatderfuor their

ability to activate SIRTL in orderto get a better picture of tleechanisms bwhich

LLT EA extract and isolated BA showed decreased leveNFed B .

Thus, LL could be beneficial to the management of T2DM and in particular EA
extract and isolated BA as -glhosidase sahdo we d
decreasedPL activity. In this chapter they also showed -arfltammatory activities by

protecting L929 cels againsT N F U, and inhibitiprgB tme aex
NCTC cell line. These results were folowagb by exploring the arbxidant activity

of LL extracts and isolated compounds as oxidative stress is implicated in diabetes and

inflammation.

4.5.2. Anttoxidant assays

The anttoxidant actvity ofLLT and LLL extractsand isolated compounds were tested
in DPPH,DCFDA and GSH assays.

4.5.2.1. DPPH assay

It is now clear that free radicals or ROS are implicated in a number of diseases
including inflammation, atherogenesis, neurodegeneration, cancer and d{@maigs
et al, 2011). A DPPH assay was used to assess the abilty of samples to scavenge

ROS; this assay has a number of advantages. DPPH is stable, sensitive, simple, feasible
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and the most reliable amikidant assay for plant extractSannaet al, 2012)
Therefore, LLT and LLL extractsand isolated compoundegere firstly tested in a
DPPH assay.

Ascorbic acid was used in this assay as positive control due to its knovexidatnt
activity; it inhibited DPPH with an 1650f 20 M. Tuber extracts as well as the isolated
compounds showed no aofidant activity in the DPPH assay when tested at
concentrations < 30 pg/ml or 30 pM. BA was found to be inadtivéhe DPPH assay
and this finding is concordant widpublished study by Cesari et al(2013) The LLL
Hex extract was inactive, whereas LLL EA ddd. MeOH extracts showed activity
against DPPH with 165 of 6.5 pg/ml and 24.8 pg/ml, respectivelfdowever, these
two extracts of LL leaves require fractionation and isolation of compounds to identify
those responsible for the DPPH inhibition activi§ylvie et al.investigated the types
of compounds present in methanol extract$safcinia lucidg Hymenocardia lyrata
and Acalypha racemosavhich are DPPH inhibitors (163 1.74 pg/ml 2.61 pg/ml)
(Symvie et al, 2014) The phytochemical screening of these extracts showed th
presence of various classes of compoundsiuding alkaloids, tannins, glycosides,

terpenoids and flavonoids.

4.5.2.2. DCFDA assay

There are variousnethods for detecting ROS in cels and one of these is the use of
suitable fluorescent probes. DCFDA was used frsthyBtandt as a fluorescent probe

to detect hydrogen peroxide ABk) (Brandt, 1965) Later, it was discovered that
DCFDA oxidation was not limited to hydrogen peroxide, peroxyl and hydroxyl
radicals are also DCFDAxalisers (Gomes et al., 2005) Therefore, LLT and LLL
extracts and ischted compounds were subjected to a DCFDA assay to further
investigate whether they contribute to oxidative stress ¥FSSHY, Pancl and HepG2
cels. Al of the tested samples were nogtotoxic to the ced at the tested
concentrationsby the alamarBlu® cytotoxicity assay. All of the extracts and isolated
pure samples showed negative results in producing ROS in the testempeeifrom
lupeol which produced posttive results only in HepGZ.céherefore, it was desirable

to study the ptential of the tested samples to protect cells from a known ROS
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producing agent. Thus, the DCFDA assay was repedted in the presence of
tBUOOH a known ROS generator.

In the SH-SY5Y cell line, tuber extracts and isolated compounds protected cells from
tBUOOH with gatistical significance (P < 0.01) apart from sitosterol/stigmasterol.
LLT EA extract was the most protective sample (70%) folowed bl Hex extract
(60%). LLT MeOH extract and BA showed 50% protection and lupeol gave 30%
protection. Extracts of LL leaves also showed a reduced ROS generation by tBuOOH
in SHSY5Y. ROS decreased by 70% in LLL Hex and LLL EA extracts and 40% in
LLL MeOH extract (P <0.01). In PancZkels, extracts and isolated compounds were
the most protective. ROS generatedtByOOH were decreased to less than 10% and

in some samples reached 0% (P <0.01) by LL extracts and BA. Lupeol and
sitosterol/stigmasterol showed the lowest protection ptiepewith 80% protection (P

< 0.01). The resultswith HepG2 indicated that all of the samples tested showed
protection against ROS generated by tBuOOH by at least 50% except for lupeol which
increased generated ROS to over 280%s research showed thapéol generates
ROS in HepG2 cells and this is not concordant with the literature. Petethahowed

that in vivo lupeol possesses hepatoprotective activity against ROS generated by
alfatoxins, which are known hepatotoxic and hepatocarcinogenic afaetsthaet

al., 2006) Moreover, cadmium is hepatotoxend has its action by generating ROS

and changing the hepatic redox state; lupeol was administered at 150 mg/kg daiy for
three days prior to injectingats with cadmium chloride, lupeol changed the hepatic
redox state and scavenged ROS. However, the mismatch between the results obtained
in this project and the literature can be due to two reasons;Vvifyo studes do not
always correlate withn vivostudies; 2) HepG2arehuman hepatic cells, whereas the
previous studies were on rats and therefive diference in speciesan generate
opposing results In general, the DCFDA assay showed that Lall extracts and
isolated compounds did not produce ROS in the tested or protected cels from ROS

generated by tBUOOH except for lupeol in HepG2 cells.
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4523.GSHGI o E Assay

Al of the tuber extracts showed an increase in GSH levelsT BA increased
synthesis of GSH by 100% reaching 3.3 uM while the control sample showed 1.6 uM
GSH. LLT Hex and LIT MeOH extracts showed GSH levels of 2.4 pM (60%
increase) and 2.1 pM (30% increase), respectively. Isolated BA fromBA. extract
significantly (P < 0.05)ncreased GSH levels by 30% (2.1 pM)upeol insignificantly

(P > 0.05)decreased GSH levels by 10% (1.4 uM) and this decrease was expected
becausdROS generators in HepG2 cells can decrease GSH leMats was confirmed

in a study byLugman et al. where ROSgenerators such as tBuOOH depleted GSH
levels in HepG2 celis(Lugman et al, 2009) Sitosterol/stigmasterokignificantly (P
<0.01)reduced GSH levels by 30% (1.1 pM). By looking at the effects of extracts of
LL leaveson GSH levels, GSH synthesis increased to 140 % (2.25 pM) and 130% (2.1
pM) when HepGZells werereated with LLL Hex and LLL EA extracts, respectively
and the results were statistically significant (P < 0.05). LLL MeOH extracts showed
comparable result$o the control which showed a GSH concentration of 1.59 M (P >
0.05).However, compounds in the LL leaves need to be isolated and idemifeder

to find outthe agents responsible for elevating GSH levdle sum up, tuber and léa
extracts of LLas well as isolated compounds (except sitosterol/stigmasterol) showed
enhancement of GSH synthesis. This indicates that this @antompounds that have
antroxidant activty by raisihng GSH levels; BA increased GSténcentration in
HepG2 cels (< 0.05)in this stug and this is comparable to the findings in the
literature. A study byCho et al examined theneuroprotective effects detula
platyphyllabark (BPB) in an b-amyloidinduced amnesic mouse modélho et al,

2016) The study showed that the memory and cogntive function in mice were
improved by treatment with BPB, botuln and BA. These samples were found to
increase GSH levels ithe hippocampus. The study concluded that these samples
could be used for the managemé of Al zhei meraddisordefi seas
characterised by progressive neurodegeneration that inlegg and which can
eventually result in dementia developmdgAthmed et al, 2015) A study carried out

by de la Monte and Wand2005)showed that AD was associated wihnormalities

in energy metabolsm and glucose uptéfte la Monte and Wands, 2003Joreover,

deficiencies in insulin, insulin growth factor (IGF), and insulin receptors (IR) in AD
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were linked to inglin resistance in the neuropathology of ADraft, 2012) All of the

above evidence that links both insulin resistance and AD has resulted in the term type
[l diabetes to be coined for ADQvhich is considered a braspecific type of diabetes
(Schaeffler, 2017)

A study byDinger et al. (2002) investigated the relationship between reduced GSH

levels and glycaemic control idiabetic patients; poorly controled T2DM showed

lower GSH levels in blood samples in comparison with-eatitrolled T2DM patients

(Dincer et al, 2002) Minette et al. justified the decrease in GSH levels in T2DM

patients as this was as a result of compromised GSH synthesisnesadolising

enzyme levels(Minette et al, 2015) The study showed thatansforming growth
factor beta (TGFbh) was increased in plasmab siasmpl e:
a cytokine that decreases the synthesis of reduced GSH Nufd bther cytokines

were also associated with decreased levels of GSF2DM. Al the above points

suggest that one of the mechanisms by which LL can improve glucose homeostasis is

by increasing levels of GSH.

In conclusion, LL maybe a promising plant to be used for the management of T2DM
as it contains potent inhibitors rfdJ-glucosidase, strong protection agaiBtN F U
mediated cel death and increases GSH levels. These findings directed the project to
look back at the animal study B¥oods (2017)where rats were fedL tubers.
Pancreatic tissues of the animals were therefore subjected to RNA sequencing analysis
(Chapter 5) to examine tlehanges iraffected pathways and genes caused by the tuber
treatment and investigate whether there is some evidatit®e gene exprasa level

supporting the findings obtainexb farin this project.
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Chapter 5

5. RNA Sequencing of Pancreatic Tissues

5.1.Introduction

The project findings in Chapters®suggested that the tubers and leavdd gfossess
ant-diabetic and antbbedy actvities. BA was isolated from théLT EA extract
(Chapter2), andasthe compounds known to have some awtiabetic actvity (Ding

et al, 2018) Both LL tuber and leakxtractsas well as the isolateBA i nhi b-i t e d
glucosidase and PL, and hamced glucose uptake in HepG2 cels (Chapter 3);
protected angdatedchcelt deatl il E9Z9 cels and inhibited NF-3 B
expression in NCTC cels (Chapter 4); and acted as aroxadint by inhibiting
DPPH, protecting against ROS in SY5Y, Pancl and HepG2 cels, and increased
GSH levels in HepG2 cells (Chapter 4). Following on from the above findings, it was
thought pertinent to investigate tlehanges in gene expression painceatic tissue
from animals treated withL tubers by Wood§017)

One of the most advanced technologies which enables investigatisamples of
interest and looks at gene expression is RNA sequencing {82 RNASeq
applies next generation sequegciiNGS) technologies to quantify and confrm the
presence of RNA molecules in biological sampfes and Li, 2018) RNA-Seq has
replaced conventionalComplementary DNA(CDNA) gene expression microarrays
due to a number of advantages. Generaly, R®dé&4 analysis is carried out in five
main steps(1) The initial step involves the fragmentation of RISAmplesprior to
reverse transcription antDNA synthesis and then sequenced using Higloughp ut
platiorms. (2) A genome or a transcriptome is mapped from the generated sequenced
cDNA. (3) The next step involves the estimation of expression levels of each gene or
isoform. (4) Normalisation of mapped data is carried out using statistical and machine
learning techniques to identify differentially expressed genes (DE@swing

treatment (5) The data is evaluated usimgoiological context.
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5.2.Aims and objectives

This chapter aims to apply RNBeqto investigatethe effects of LI on rat pancreatic

tissue. Thiswas achieved by:

1. Isolating total RNA from the pancreas of control rats &atd treated with an
extract from the LT.

2. Carrying out a transcriptomwide gene expression analysis from these
groups using RNASeq

3. Conducting a bioinformatics analysis of the RI$8q differentially
expressed genes to try to understand the effectsedfLih extract on rat
pancreatic tissues

4. Performing quantitative PCR experiments on the key genes highlidtded
the RNA Seq analysis.

5.3. Materials and methods

5.3.1. Animals

Ten maleSD rats aged 12 weeks were obtained from Charles River Laboratangs
treatment started when the rats were 15 week8/itbds 2017) Briefly, the animals
were divided into two groups with 5 rats per group. Groubelgontrol received 0.9%
(v/iv) saline by oral gavage on day 1 of the experiment. Group 2 were treated with 42
mg/kg of LL tubes on day 1 of the experiment. The LL tubers were ground into
powder and dissolved in 1ml of deionised (dH20) water bdfeimg administeed by

oral gavage. Both grgs were then monitored for 7 dagsd the tuber dose was
increasedon day 7 to 210 mg/kg. Four hours latiie animals were anaesthetised with
pentobarbitone sodium tartrazine (20% viv, 0.1ml per 100g BW)., Toardiac
punctures were performed and dissaan of the ratscarried out in whichpancreatic
tissues were removed. All tissues were immersed in R solution for 24ours

at 4°C to preserve the RNA. Thahge RNA solution was removed attie tissues were

storedat -80°C until required.
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5.3.2.RNA extraction

Total RNA from the pancreatidissue wasisolated usinga RNeasy Plus Universal
Midi Kit. Typically, 100 mg of tissue was added to ml2microcentrifuge tube with

1 ml of QIAzol lysis reagent. A 6mm cone bal was addedtbadissuehomogenised
using a MM300 beaemil for one min at 30Hz. The resultant disrupted sample was
processed as per the RNeasy Plus Universal Midi Kit protocol. Total RNA was eluted
from the spin column with 250 4 of RNa$ee water and stored a80°C until

required.

5.3.3. RNA quality and integrity

The concentrations of the extracted RNA were measured asNgnoDrop ND
2000CM spectrophotometer. The RNA integrity was assessed usifgjo-Rad
ExperionE automated el ectr op hAnalysis thes syst

procedure was carried out per the manufac

5.3.4. RNA sequencing

Four RNA samples (two controls and two treated) were selected for-&RgA

analysis. The selection of samples was based on the RNA integrity scores obtained
fomthe BeRad ExperionE StdSens Analysi-s Kit.
Tech (Shenzhen, China) to perform RMN#eq using llluminia HiSeq4000 technology,

with 20Mb ckan reads per sample. RNgeq was applied to outine the effects of LL

tubers on rat pancreatic tissues. Pairwise experiments were carried out on Six
experimental groups. These were: (1) controlvitsuscontrol 14; (2) control 11
versusrepeated tubetreated 18; (3) control 1dersusrepeated tubeireated 20; (4)

control 14versusrepeated tubetreated 18; (5) control 14ersusrepeated tuber

treated 20(6) tubertreated 1&ersudubertreated 20These comparison results were

then illustrated usinghe interaction of heatmap and heatmap correlation.

5.3.5. Pathway enrichment analysis

Cytoscape Software (version 3.3.hannon et al, 2003) with ClueGO plugin
(version 2.2.4)Lotia et al, 2013)that has the abiity to relate a group of genes to a
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particular biological activity was used to analyse the RBRY resulis received from
BGI. The ClueGo plugin is a visualising tool that is capable of relathg a group of
genes to their functionsdisplaying a cluster network of results. The following

parameters (Table 5.1) were applied with the ClueGo plugin:

Table 5.1: Parameters applied with the ClueGo plugin.

Parameter Applied in ClueGo

Statistical test Two-sided hypergeometric  option wi
BenjaminiHochberg correction

Pathway Significant KEGG (Kyoto Encyclopedia o
Genes and Genomepathway enrichment (
<0.05)

Kappa score 3

GO Term/Pathway selection (3/4%)

5.3.6. Real time quantitative PCR (RTgPCR)

RT-gPCR was carried out to validate the results obtained from the &¢fanalysis.
RNA-Seq analysis is very expensive and as such was performed on only four samples
out of ten. RTQPCR was therefore used on all of the ten pancreatic RNA samples to
incresse the depth of investigation by examining more of the biological replcates. The
expression of selected genes related to obesity, diabetes, and inflammation was

analysedusing RT-gPCR for ten samples (five controls, and five tuber treated).

5.3.7.Complementary DNA (cDNA) synthesis

For gene expression analysis, the isolated RNA samples must be converted to cDNA

to function asatemplate to be eslin RT-gPCR.A Tetro cDNA Synthesis Kit was

used per the manufacturer 6s the tarspancraatic i ons
RNA samplesFivee g o f eRoNRandam Hexamer primer, €l bf 10mM dNTP

mix, 4e lof 5xRT Buffer, £ lof RibboSafe RNase Inhibitor, 4 lof MMLV Reverse
Transcriptase and DEPfteated water up to a total reaction volume ofe2@final

cDNA concentration 258gk )l were mixed and termed as RT (+) samples. Random
hexamers were used as the primer for these experiments due to the level of degradation

present in the RNA from the pancreatic tissues. In paralel to the preparatidn(ef R
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samples, RT -j samples were prepared which used 1DEPGtreated water to
substitute for & bf MMLV Reverse Transcriptase. RT) Gamples were used to check

for genomic DNA contamination. Moreover, a-tmmplate control (NTC) was also
prepared inthe absence of RNA with and without reverse transcriptase (NTC (+) and
NTC (-)). Folowing sample preparation, the samples were incubated fonir3@t

45°C in a DNA thermal cycler, the reaction was stopped by further incubatior?Gat 85
Samples were remed from the incubator and placed on ice for copliigy were

used immediately for RGPCR or stored aR0°C until neededTo permit a number

of RT-gPCR technical replicates to be performed on each batch, the cDNA was further
diuted 1:5 with 1xRT Bufferwith 80¢ bf buffer added to the 20 bf cDNA.

5.3.8. Primer design

Three candidate reference genes were examined in this study with their selection based
on the current Iterature for reference genes for pancreatic samples. These were: Beta
2-microdobulin  (B2m), hypoxanthine phosphoribosyltransferase Hpr{l), and

TATA box binding protein Tbp). Seven target genes were selected based on the RNA
Seq results; these were: adiponec#dipog, interleukin 1 betalllb), TNF receptor
superfamily memberl9 (Tnfrsf19, CD40 molecule ©d40, CD40 lgand Cd40lg,

leptin (Lep), and GC motif chemokine ligand 2a(CL20.

The PrimerBLAST website from NCBhitps://www.ncbi.nlm.nih.gov/tools/pner-

blast) was used to design primers for reference and target genes. Designed primers
had a product size of 1360bp, and the melting temperaturen)Was between 59

61°C. Al primers were checked against th#RNA and genomic DNA database to
ensure there were no other potential targets or amplicons generated. Additional details

of the designed primers are shown in Tables 5.2 and 5.3.

The olgonucleotide PCR Primers were synthesised by IDT (Integrated DNA
Techm | ogi es, Leuven, Bel gi um) and were dil
stock primer concentratiorifene bf t he 100 €M stock solutic
1:10 with water (9G )land used in the RGPCR reactions.


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/

Table 52: Primer sequences for the reference genes.

_ _ _ _ Amplicon
Accession Designed Primers Primer
Reference Gene Name | Gene Symbol N R Length
No. (56 to 30) Tm (°C)
(bp)
) . B2m F:CTTGTCTCTCTGGCCGTCGTGC 60.22
Beta2-microglobulin NM_012512.2 147
R: ATTTGAGGTGGGTGGAACTGAGACAC 59.62
F: ATACAGGCCAGACTTTGTTGGA 59.62
oxanthine
P , Hprtl NM_012583 150
phosphoribosyltransferase 1 60.40
R: GCCGCTGTCTTTTAGGCTTTG
o _ Thp F: AGCTCCAAAATATTGTATCCACCG 59.18
TATA box binding protein NM_001004198 148
R: ATCAACGCAGTTGTTCGTGG 59.41

F=Forward, R=Reverse
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Table 5.3: Primer sequences for the target genes

R: CACAAATCAGGTCTGTGCAGTG

Accession Designed Primers Primer Amplicon
Reference Gene Name| Gene Symbol R R
No. (56 to 30) Tm (°C) | Length (bp)
F: CCACCCAAGGAAACTTGTGC 59.61
Adiponectin Adipoq NM_ 144744 136
R: GACCAAGAACACCTGCGTCT 60.25
F:GGCTTCCTTGTGCAAGTGTC 59.69
Interleukin 1 beta [11b NM_031512 144
R: AAGGGCTTGGAAGCAATCCT 59.59
TNF receptor superfamil F: CGCCATTCTCCTAGTCGGTC 59.97
Tnfrsf19 NM_001044229 149
member 19 R: CGAAGCCACATTCCTTGGAC 59.20
F: ACCGACTAGTTAGCCACTGC 59.47
CD40 molecule Cd40 NM_134360 133
R: AGCCCTTGATTGAGTTCGCA 59.96
i F: GCATCTGTTCTTCAGTGGGC 59.19
CDA40 ligand Cd40lg NM_053353 158
R: CGTTGACTCAAAGGTTCCCG 59.13
) F:TCCTGTGGCTTTGGTCCTATC 59.44
Leptin Lep NM_013076 131
R: GGATACCGACTGCGTGTGT 59.79
. 60.41
C-C motif chemokine ligand F: GCACCTCCTCAGCCTAAGAAC
Ccl20 NM_019233 140
20 60.03

F=Forward,R=Reverse
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5.3.9. SYBRGreen RT-gPCR

Power UpE SYBRE Green

Master Mi x was

RT-gPCR reactions were performed in triplicate in separate wels in MicroAmp® Fast

Optical 96well reaction platesThe total volume per reaction was 10 J consisting of

Power Up EE GBe¥rBMRaster Mix, primers, nucleaee water, and cDNA as

shown in Table 5.4; reactiomixtures were stored at room temperature until needed
for RT-gPCR. ABI StepOne Plus RelBime PR System (Appled Biosystems,
Paisley, UK) with fast cycle conditons (Table 5.5) was used for running all the

reactions.

Table 54: The components required for each-BFCR reaction

Constituent Volume (ul)
Power Up EFE Gee¥rBMRaster Mix (2x)| 5
Forward primer (10pmol/ul) 0.5
Reverse primer (10pmol/ul) 0.5
Nucleasefree water 3

cDNA 1

Table 55: ABI StepOne Plus Redlime PCR System with fast cycle conditions

used for RTgPCRexperiments.

Step Temperature (°C) Duration Cycles
UDG Activation
50 2 min Hold
Dual-Lo c k E
Polymerase 95 2 min Hold
Denature
95 3 sec
Anneal/Extend 40
60 30 sec

5.3.9.1. Reference gene stability

Prior to testing the control arideatedcDNA samples with the RGPCR primers of

interest, reference gene stability was established. One control and one treated sample
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were tested against the three reference geipetl, Tbp andB2m The results were

compared using RefFinder platformhttp//www.leonxie.com/referencegene.php

which compares the results using integrated computational programmes, BestKeeper,

geNor m, Nor mfinder and the comparative

5. 3.9.2. RTgPCR product seqencing

RT-gPCR products from each of the RT+ gene expression assays underwent agarose

gel separation Each band was cut out and purified per llustra GFX PCR DNA and
Band Purification Kitods I nstructions.
Biotech AG(KdIn, Germany) for Sanger sequencing to confrm the identity ofthe RT
gPCR products.

5.4. Results
5.4.1. RNA extraction and quality control

5.4.1.1. Nanodrop analysis

The pancreatic RNA samples were analysedsing a Nanodrop 2000c
spectrophotometeto quantify and assedbke quality and purityof the isolated RNA.

The summaryof these findings is shown inallle 5.6 The RNA purity was assessed
by the absorbance ratio at 260nm and 28Qoptimum RNA purity has aratio close

to 2). In addttion, the qually of RNAis also assessdwy the ratio of 260/230wherea

ratio of 22.2 is ideal. Therefore, the obtained results for all ten pancreatic RNA

samples were considered as acceptablehé&se studies
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Table 56: A summary of the RNA extraction results from rat pancreatic tiséses
Appendix 3for Nanodrop traces)

Weight of  RNA Conc.

Group Sample no. | sample (mg) (ng/ul) A260/A280 | A260/A230
11 149 2349.1 2.06 2.21
12 239 3196.0 2.08 2.25
Controls 13 228 2290.6 2.06 2.22
14 250 2027.6 2.07 2.23
15 225 2505.9 2.06 2.28
16 197 3693.3 2.07 2.25
17 250 2540.0 2.07 2.31
Tuber- 18 248 2879.8 2.07 2.27
Treatment | 19 214 2465.5 2.06 2.30
20 224 1674.8 2.07 2.27

5.4.1.2.Experi cAndyssRNA StdSens

AnExperionE RNA StdSens kit was used in
ability to assess RA qualty and integrity trough RNA qualty indicator (RQI) or

RNA Integrity Number (RIN) determination. RQI is an RNA integrity determination
scale which ranges from -1.0, 1 being extensive RNA degradation and 10 is intact
RNA and is simdr to the RIN standard developed by Agient for their similar
BioAnalyzer systemgDenisov et al, 2008) For optimum RNASeganalysisand RF

gPCR assgyRQl is preferred to be 7 or greater.

The ExperionkE RNA StdSens kit also meas
(rRNA), mainly 28S and 18S rRNA, which can also give an indication of the RNA
integrity. Eighty percent of total RNA is rRNA of which 28S and 18S are the majority.

28S rRNA is at least twice the size of 18S rRNA. Therefore, 28S to 18S ratio of 2 is
accepted for iatct RNA, a ratio of greater than 1 is also acceptable. A virtual gel is
produced by ExperionE RNA StdSens kit fo

shown in Figure 5.1.
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For BGI to perform RNASeganalysis, samples are required to have RIN with values

of O7. All the isolated pancreatic RNA s
6.3, and 28S/18S ratio was in the range of @B as shown in Table 5.7. It is
chalenging to isolate RNA with high quality frothe pancreas, this is mainly due to

the pesence of high endogenous levels of RNases, DNases, and proteases in the

pancreas which enhance autolysis immediately folowing disse@agereauet al,

2016) Folowing communication of these findings to BGI, their experts cosfitm

that RNA sequencing ouild be

performed on samples with RIN values o8,%ut

could not be guaranteed to be successful. Hence, it was decided to send four samples

instead of six to minimise the

risks and costs if the experimeste net successful.

Samples no. 11 and 14 showed the highest RIN values in the control group, whil

samples no. 18 and 20 had most intact RNA in comparison to the others in the treated

group. Therefore, these four samples were sent to BARN#-Seq analysis
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Table 5.7: Ratio of 28S:18S and RQI values for all the extracted ten RNA samples.

Group Sample No. Ratio (28S/18S) RQI
11 0.62 5.9

12 0.61 5.7

c | 13 0.67 5.9
ontro 14 0.66 6.0
15 0.59 5.9

16 0.64 6.0

17 0.61 5.9

18 0.66 6.3

Tuber Treatment 19 0.62 6.1
20 0.64 6.2

5.4.2. RNASeq analysis

The purpose of the RN&eq analysis was tobtain an overview of the effects on
pancreatic tissues ofilier treated rats. This informatiorwas obtained taact as

guidance for future work and the next steps involved in this project.

BGI were able to successfully perform the RI$q analysis on the samples despite
the low RIN values. The average raw sequencdsreere22,364,443, and 22,364,810

for the control and treated groups respectively, whie 22,318,249, and 22,2&@yé93

the average of clean sequence reads for Miathcontrol and treated grosp

respectively. A summary of the alignment statistics @wshin Table 5.8.
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Table 5.8: Aignment statistics for the four pancreatic RNA samples, provided by

BGI.
Group Sample | Total Total Unique Multi - Total
no. Clean Mapped Match position Unmapped
Reads Reads (%) Match Reads (%)
(%) (%)
Control 11 22,327,263 91.31 77.63 13.69 8.69
14 22,309,235 92.19 78.12 14.07 7.81
Treated 18 22,231,442 92.41 76.99 15.43 7.58
20 22,284,144 92.37 77.51 14.86 7.63

5.4.2.1. Genexpression

Total clean reads were mapped against transcriptome, reference genome UCSC rn6,
(17,449 genes) to quantify the number of genes expressed among the four samples

(Figure 5.2). When mapping genes against transcriptome, some genes are expected to

be lost due to unannotated transcripts. Therefore9(Rd of expressed genes is

considered

to be acceptable.

However, the samples from this study showed

approximately 66% of gene expression. This slightly low percentages Garedalt

of the degraded parmatic RNA samples sent to BGIl. Besunderreporting of gene

expressionsare to beexpected.
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Figure 5.2: Total clean reads were mapped against transcriptome (17,449 genes) to

quantify the number of genes expressed among the four samples

5.4.2.2. Correlation between samples

The relationship between the four samples in terms of the expressed genes was
assessed usindPearson values(Huang, 2008) Values closer to 1 show a high
correlation between samples. Pearson values were 0.997 and 0.998 for control 11 vs
cortrol 14, and treated 18 vs treated 20, respectively (Figure 5.3). Hence, these was
high correlation between samples of the same group. The comparisons of the treated
samples with the control samples showed less correlation and this indicates there is a
difference between the two groups. By considering treated samples 18 and 20, sample
no. 20 was found to be more similar to the control groups (0.985, 0.988) than sample
no. 18 (0.975, 0.978).
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Figure 5.3: Heatmap correlation for all four samples that were RNA sequenced.

5.4.2.3. Differentially expressed genes (DEp

Four pairwise comparisons were carried out in terms of the differentially expressed
genes (DEGs) and a summary of these results is giveigures 5.45.7. These results
mimic the heatmap correlatiershown in Figure 5.8. When comparing treated samples
with control 11, higher DEGegrereobtained, whie lower DEGaere seen with control

14.



Define: Regulated {FDR <= 0.001 & abs(log2(Y/X)) == 1} = Mo (12185) + Up(35) + Down (108)

L]
as
) .
e

—
= R
= :
o -
[t .
L—_ s
©
Q
a
Q
o
[T
o 2
9
Q
-
c
0 A
B N
7]
Qo I
D- L]
> H
(1] L]
o 01 !
o
0] '
el
o [}
—
o ]
s} !I
—_ [

» [

» .

n B B EOSIGE BN B

-2 4 L] [N TT) . - *
-2 0 2 4

log10(Gene Expression Level of RepeatControl11)

Figure 5.4: Differentially expressed genes (DEG) between control 11 and treated 18
with pairwise comparisons.
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Figure 5.5: Differentially expressed genes (DEG) between control 11 and treated 20
with pairwise comparisons.



Define: Begulated {FDR <= 0.001 & abs(log2(Y/X)) >=1} = Mo (12288) + Up(25) + Down (17)

o E-)
1 1

log10(Gene Expression Level of RepeatTreatmenti8)

—92 4 " s e e o

-2 0 2 4
log10(Gene Expression Level of RepeatControl14)

Figure 5.6: Differentially expressed genes (DEG) between control 14 and treated 18
with pairwise comparisons.
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Define: Begulated {FDR <= 0.001 & abs(log2(Y/X)) >=1} = Mo (12234) + Up(14) + Down (12)
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Figure 5.7: Differentially expressed genes (DEG) between control 14 and treated 20
with pairwse comparisons.
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Hierarchical Clustering of DEGs(Union)
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Figure 5.8: Heatmap of clustering analysis of differentially expressed genes using
Java Treeview softwareRed colour indicates upegulated genes; blue indicates
downregulated genes; white indicates no change. Pairwise comparisons are
represented in each column, whereas the rows represent DEGs. Branches on the left
represent gene clusters, which are basethe@expression patterns.
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5.4.2.4. Pathway enrichment analysis

Deep analysis of the RN&eqdata provided by BGI was carried out using Cytoscape
software with a ClueGo pluginOnly Si gni f i cant (P 0. 05) aff
(GO) from KEGG pathway @as selected. The genes that showed at leastote/o
change in comparison with the control were only considered in this analysis. A
summary of the ClueGo results is shown in Figures5512, Tables 5:%.12. When
comparing control 11 with treated 18, theneere 1, 5, 1 significant GO terms
associated ih all genes, ugegulated genes, and dowegulated genesespectively.

On the other hand, comparison of control 11 vs treated 20 showed 12 GO terms
associated with all genes together, only 2 GO terms were associated “nathulaped

genes, and 9 GOrtes associated with downegulated genes. The two treated samples
were then compared with control 14 to investigate the trend of the results. A
comparison of control 14 vs treated 18 produced 5 GO terms associated with all genes
in general, 4 GO terms witbnly upregulated genes, and no significant GO terms
were affected by dowregulated genes. The last comparison was with control 14 vs
treated 20 and resulted in 3 GO terms associated with all genes, 1 GO term associated

with both upregulated genes, amtbwnregulated genes.
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Figure 59: Cluster results obtained from Cytoscape GlueGO using DEGs in the
control 11 vs treated 18. (AlRepresents all the DEGs, -upgulated, and down

regulated combined together. (BRepresents upegulated DEGs alone (C)
Represents dowregulated DEGs alone. Size of the circles is directly related to the
number of genes in ealked t&De sigifitaece ofitrec | e 0 s
affected pathway.
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Table 59: Lists of significant genes linked with particular gene ontology when

comparing control 11 vs treated 18. The number of genes involved in particular GO
from the submitted Iist is indicated, the percentage is the proportion of affected genes
in this experiment from the total number of genes associated with that KEGG pathway.

Number |
KEGG Pathway | P-value | (%) List of genes
of genes
All genes (upregulated, anddown-regulated are combined together)
Ccl19, Ccl20, Ccl7, Ccrl, Ccrlo,
Ccr5, Ccr7, Ccr9, Cd40, Cd40lg,
, . Clcf1, Csf2ra, Csf2rb, Cxcl10,
rizfpkt'(’)‘fl‘;&’é?;g%r 0.0000051 14 93| 33 Cxcl13, Cxcr3, Fit3, Hgf, Ifnirl,
I112rb1, 1117rb, 1118, 111b,1120ra,
[123a, Lep, Ngfr, Tnfrsf17, Tnfrsf1§
Tnfrsf25, Tnfrsf4, Tnfsf13b, Tnfsi
Up-regulated genes
Ccl20, Ccrl, Ccrb, Ccr9, Cd4o0,
Cytokine cytokine Cd40lg, Csf2rb, Cxcl13, Cxcr3,
receptor interactior 0.0002 8.14 18 FIt3, Hgf, 1117rb, II1b, Lep,
Tnfrsf17, Tnfrsf19, Tnfrsf4, Tnfsfl
Intestinal immune
Ccr9, Cd40, Cd40lg, Itga4, RT1
network for IgA | 0.0001 | 16.33 8 DMb, RT1DOb, Tnfrgsfl?, Tnfsf13
production
Cd40, Cd40lg, Hbal, Hbb, Hbb
Malaria 0.00001 | 16.95 10 b1, Hgf, ll1b, Kirblb, LOC689064
Thbs2
Down-regulated genes
Retrograde 10.68 Gabrb3, Gabrg2, Gabrr3, Gnb3,
endocannabinoid| 0.0005 ' 11 Gng3, Gria4, Kcnj3, Kcnj9,
signalling Mapk10, Prkcb, Slcl17a8
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Figure 5.10: Cluster results obtained from Cytoscape GlueGO using DEGs in the
control 11 vs treated 20. (AlRepresents all the DEGs, -upgulated, and down
regulated are combined together. (Bgpresents upegulated DEGs alone(C)
Represents dowregulated DEGs aloneSize of the circles is directly related to the
number of genes in each GO, the circl
affected pathway.
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Table 510: Lists of significant genes linked with particular gene ontology when
comparing control 11 vs treated 20. The number of genes involved in particular GO
from the submitted Iist is indicated, the percentage is the proportion of affected genes
in this experirant from the total number of genes associated with that KEGG pathway.

No. of
genes

All genes (upregulated, and down regulated are combined together)
Adcy2, Adcy4Adcy7, Adcys,
Adrb3, Agtrlb, Atp2b2, Avprlg
Avprlb, Cacnalb, Cacnalc,
Calcium signalling Cacnalg, Cacnalh, Camkz2b,
pathway 0.00001 16.04 1 30.00 Camk4, Chrna7, Gnal5, Hrhl
Nosl, Oxtr, P2rx2, P2rx6,
Pdela, Pdelb, Pdelc, Phkgl
Plcd4, Slc8a3, Thxa2r, Thncl
Amhr2, Ccl19, Ccl2, Ccl28,
Ccl7, Ccrl, Ccril0, Ccrb, Ccr7,
Cntfr, Cxcl11, Cxcr5, Cxcr6,
Cytokine cytokine Flt3lg, Hgf, 110ra, 1112rb1,
receptor interaction 0.00007 14.48 | 32.00 112rb2, 1118, 1118r1, 111b, 1120ra,
1120rb, 11234, ll12ra, 112rg, Osm,
Pf4, Tnfrsf18, Tnfrsf19, Tnfrsf2
Tnfrsf4
Ccl2, Comp, Hbaal, Hdgf, 1118,
l11b, Kirbla, Kirk1, LOC689064
RGD1565355, Sele, Selp, Thb
Tlr4
Adcy2, Adcy4, Adcy7, Adcy8,
Akt3, Ccl19, Ccl2, Ccl28, Ccl7
Ccl9, Ccrl, Ccril0, CcrbCecr7,
Chemokine signalling Cxcll, Cxcll1, Cxcrb, Cxcr6,
pathway 0.00000005 19.10 | 34.00 Gnb3, Gnb5, Gng3, Gng8, Grk
Hck, Pf4, Pik3cd, RSA4-44,
Rac2, Rasgrp2, Shc2, Shc3,
Shc4, Vavl, Was
Cd274, Cd80, Cd8e6, Cldn1,
Cldn15, Cldn20, Cldn23, CntnZ
Itgb8, Mpz Ncam1, Nectinl,
0.00019 15.12 26.00 Negrl, Nign2, Nrxnl, Nrxn2,
Ntng2, RTACE1, RT1CE15,
RT1CE2, RTiDMb, RT1DOa,
RT1:M1-2, Sele, Selp, Vicnl
Adcy4, Adcy8, Cacnalc, Gabrg
Gnat3, Gnb3, Htrlb, P2rx2,
Taste transduction| 0.000034 | 20.22 ( 18.00 Pdela, Pdelb, Pdelc, Scn24
Scn3a, Scnnla, Taslrl, Tasln
Tas2rl37, Trpm5
Adcy2, Adcy4, Adcy7, Adcy8,
Adoral, Adrb3, Akt3, Agp7, Cg
Irs3, Npy, Npylr, Pik3cd, Plinl
Tshr
Adcy2, Ady4, Adcy7, Adcys,
Cacnalc, Cacnalg, Cacnalh

KEGG Pathway | P-value (%) List of genes

Malaria 0.0004 23.73 | 14.00

Cell adhesion
molecules (CAMSs)

Regulation of

lipolysis in adipocytes 0.000009 | 25.42 | 15.00

Circadian entrainmer 0.0001 18.56 18.00




Camk2b, Gnb3, Gnb5, Gngs3,
Gng8, Gria4, Gucylb2, Kcnj3,
Kcnj9, Nosl, Per3

Retrograde
endocannabinoid
signalling

Adcy2, Adcy4, Adcy7, Adcy8,
Cacnalb, Cacnalc, Gabra4,
0.00008 18.45| 19.00 | Gabrgl, Gabrg2, Gabrr3Gnb3,
Gnb5, Gng3, Gng8, Gria4,
Kcnj3, Kcnj9, Mapk1l, Slcl7ad

Cholinergic synapse

Ache, Adcy2, Adcy4, Adcy7,
Adcy8, Akt3, Cacnalb, Cacnal
Camk?2b, Camk4, Chrna3,
Chrna7, Chrnb2, Gnb3, Gnb5,
Gng3, Gng8, Kcnj12, Kcn;j3,
Pik3cd, Slcba7

0.00003 18.75 | 21.00

GABAergic synapse

Adcy2, Adcy4, Adcy7, Adcy8,

Cacnalb, Cacnalc, Gabra4,

0.0001 18.89 | 17.00 | Gabrgl, Gabrg2, Gabrr3, Gad2

Gnb3, Gnb5, Gng3, Gngs, PIcl
Slc38al

Morphine addiction

Adcy2, Adcy4, Adcy7, Adcy8,
Adoral, Cacnalb, Gabra4,
Gabrgl, Gabrg2, Gabrr3, Gnb3
Gnb5, Gng3, Gng8, Grk3, Kcnj
Kcnj9, Pdela, Pdelb, Pdelc,

Pde7b

0.0000001 | 22.83 | 21.00

Up-regulated genes

Ether lipid Chptl, Enpp6, Lpcat2, Pafahll
metabolism 0.0002 15.91 7.00 Pafah2, Pla2g3, Pla2g5
Osteoclast Camk4, Ctsk, Fosl1, Il1b, Lilra4
. o 0.0004 8.96 12.00 Lilrb3l, Mapk11, Ncf2, Nox1,
differentiation

Oscar, Spil, Trem2

Down-regulated genes

Taste transduction

Adcy4, Adcy8, Cacnalc, Gabrg
0.0003 13.48 | 12.00 Gnat3, Gnb3, Htrlb, Pdelb,
Scn3a, Taslrl, Taslr3, Trpmj

Circadian entrainmen

Adcy4, Adcy7, Adcy8, Cacnal

Cacnalg, Cacnalh, Camk2b,

Gnb3, Gng3, Gria4, Kcnj3,
Kcnj9, Nosl, Per3

0.00004 14.43 | 14.00

Retrograde
endocannabinoid
signalling

Adcy4, Adcy7, Adcy8, Cacnal
Cacnalc, Gabra4, Gabrgl,
Gabrg2, Gabrr3, Gnb3Gng3,
Gria4, Kcnj3, Kcnj9, Sicl7a8

0.00002 14.56 | 15.00

Cholinergic synapse

Ache, Adcy4, Adcy7, Adcy8,
Akt3, Cacnalb, Cacnalc,
Camk2b, Chrnb2, Gnb3, Gng3J
Kcnjl2, Kenj3, Pik3cd, Slc5a7]

0.00005 13.39 | 15.00

GABAergic synapse

Adcy4, Adcy7, Adcy8, Cachal
Cacnalc, Gabra4, Gabrgl,
Gabrg2, Gabrr3, Gad2, Gnb3,
Gng3, Plcl1

0.00008 14.44 | 13.00

Morphine addiction

Adcy4, Adcy7, Adcy8, Cacnal

0.000005 | 16.30 | 15.00 Gabrad, Gabrgl. Gabra?.
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Gabrr3, Gnb3, Gng3, Grk3,
Kcnj3, Kcnj9, Pdelb, Pde7b

Nicotine addiction 0.0002 20.00

Cacndlb, Chrnb2, Gabra4,
Gabrgl, Gabrg2, Gabrr3, Griad
Slcl7a8

8.00
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Table 511 Lists of significant genes linked with particular gene ontology when
comparing control 14 vs treated 18. The number of genes involved in particular GO
from the submitted Iist is indicated, the percestaythe proportion of affected genes

in this experiment from the total number of genes associated with that KEGG pathway.

No.
KEGG Pathway | P-value | (%) of List of genes
genes

All genes (upregulated, and downregulated are combined together)

Acvr2b, Ccl20, Ccl22, Ccl27, Ccl3
Ccrl0, Ccr9, Cd40, Cd40lg, Csf2rg
Csf2rb, Cxcll11, Cxcl13, Cxcl9,
Cytokinecytokine Cxcr3, Cxcr4, Cxcr6, Epor, Ifnird,

receptor interaction 0.000006 | 15.84 ) 35.00 1111, 112rb1, 1118r1, llI1b, 1120ra,
1121r, 1123a, Lep, Ngfr Thpo,
Tnfrsf18, Tnfrsf19, Tnfrsf9, Tnfsf13
Tnfsf4, Tnfsf9
Ccl20, Ccl22, Ccl27, Ccl3, Ccrl0,
Ccr9, Cxcll, Cxclll, Cxcl13, Cxcl9
Chemokine Cxcr3, Cxcr4, Cxcr6, Gnb4, Gngl4
signalling pathway 0.00007 1 15.73 | 28.00 Gng7, Gngt2, Grk3, Grk4, Hck,
Pak1, Pikr3, Prkcb, Rac2, Rasgrp}
Shc3, Src, Vav3
Adora2a, Adra2a, Adrb3, Agtrlb,
Cbarl, Chrna2, Chrna3, Cysltrl,
Ednra, F2rl2, F2rl3, Gabra4,
Gabrb2, Gabrb3, Gabrgl, Galrl,
0.00009 | 13.36| 39.00 | Galr3, Gcgr, Glp2r, Glra2,Gpr83,
Grik5, Grinl, Grin2d, Hcrtrl, Hrh1,
Hrh3, Lep, Lparl, P2rx2, P2rx7,
P2ryl13, Ptger2, Ptger4, Ptgir, Pthl
Slpr4, Tshr, Vipr2
BInk, Btk, Fcgrla, Fcgr2a, Fcgr2b
Fcgr3a, Fosll, Fosl2, II1b, Lck,
0.0002 16.42 | 22.00 | Lcp2, Lilra5, Lilrb4, Ncf4, Nfatc2,
Nox1, Oscar, Pik3r3, Pparg, Socs]
Spil, Tyrobp
Bid, Fcgr2a, Fcgr3a, Gzmb, Kird1,
Klrk1, Lat, Lck, Lcp2, Nerl, Nfatc2)
Pak1, Pik3r3, Prkcb, Rac2, Shc3
Tnfrsf10b, Tyobp, Vav3, Zap70

Neuroactive ligand
receptor interaction

Osteoclast
differentiation

Natural killer cell
mediated 0.00002 | 19.80 | 20.00
cytotoxicity

Up-regulated genes

Acvr2b, Ccl20, Ccl27, Ccr9, Cd40
Cd40lg, Csf2rb, Cxcl13, Cxcl9,

0.0004 8.60 | 19.00 Cxcr3, Cxcr4, Cxcr6, Epor, ll1b,

1121r, Lep, Tnfrsf18, Tnfrsf19,

Cytokine cytokine
receptor interaction

Tnfsf13b
Ccl20, Ccl27, Ccr9, Cxcll, Cxcl13
Chemokine Cxcl9, Cxcr3, Cxcr4d, Cxcr6, Gnb4
signalling pathway 0.0002 9.55 | 17.00 Gng13, Gngt2, Hck, Rac2, Shc3, S
Vav3

Adrb3, Agtrlb, C5arl, Cysltrl,
0.0002 8.22 | 24.00 F2rl2, Gabra4, Gabrb2, Gabrgl,
Glp2r, Glra2, Grik5, Grinl, Grin2d,

Neuroactive ligand
receptor interaction
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Hcertrl, Hrhl, Hrh3, Lep, Lparl,
P2ry13, Ptger4, Pthlr, Slpr4, Tsh
Vipr2

Ccr9, Cd40, Cd40IgCd86, Cxcr4,
Iltga4, RT1Bb, Tnfsf13b

Intestinal immune
network for IgA 0.0003 16.33| 8.00
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Figure 512 Cluster results obtained from Cytoscape GlueGO using DEGs in the
control M4 vs treated 20. (A)Represents all the DEGs, -upgulated, and down
regulated are combined together. (Represents upegulated DEGs alone(C)
Represents dowregulated DEGs alone. Size of the circles is directly related to the

number of genes in e kted G de signifibamce ofithec | e 6 s
affected pathway.
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Table 512 Lists of significant genes linked with particular gene ontology when
comparing control 14 vs treated 20. The number of genes involved in particular GO
from the submitted Iist is indicated, the percentage is the proportion of affected genes
in this experirant from the total number of genes associated with that KEGG pathway.

No.
KEGG Pathway | P-value | (%) of List of genes
genes

All genes (upregulated, and downregulated are combined together)
Acvr2b, Amhr2, Ccl2, Ccl22, Ccl27
Ccl28, Ccl3, Ccrl0, Cntfr, Cxcl10,
Cytokinecytokine Cxcr5, 1110ra, 1111, 1112rb1, 1112rb2,
receptor interaction 0.0002 13.12 | 29.00 117rb, 1118r1, l11b, 1120rb, l121r,
1123a, 112ra, Osm, Pf4, Thpo,
Tnfrsf17, Tnfrsf19, Tnfrsf9, Tnfsf4
Adcy7, Akt3, Ccl2, Ccl22, Ccl27,
Ccl28, Ccl3, Ccl9, Ccrl10, Cxcll,

Chemokine Cxcl10, Cxcr5, Gnb4, Gngl3, Gng]
signalling pathway 0.00002 | 15.171 27.00 Gng7, Gng8, Gngt2, Hck, Pakl, Pf
Pik3r3, RSA14-44, Rasgrp2, Shc4,

Vav3, Was

112rb1, 1112rb2,1118r1, lI1b, 1121r,
0.0002 20.00 | 13.00| 1l123a, LOC688090, RTBb, RT1
DOb, Stat4, Tbx21, Tlr4, TIr5

Inflammatory bowel
disease (I1BD)

Up-regulated genes

Ccl2, Ccl27, Ccl9, Cxcll, Cxcl10,
0.0006 7.87 | 14.00| Cxcr5, Gnb4, Gngl3, Gng8, Gngt4
Hck, RSA14-44, Shc4, Vav3

Chemokine
signalling pathway

Down-regulated genes

112rb1, 1112rb2, 1118r1, 11234,
0.00006 | 15.38| 10.00 [ LOC688090, RT-DOb, Stat4, Thx21l
TIr4, TIr5

Inflammatory bowel
disease (I1BD)

After analysing the results using Cytoscape ClueGo playitmkine-cytokine receptor
interaction was the only common KEGG pathway significantly affected among the
four controltreated comparisons. Despite the existencethef gtokine-cytokine
receptor interaction pathway in all comparisons, only two common geeesfound,
interleukin 1 betglllb), and TNF receptor superfamily member 1®nfrsfl9. The

log2 fold change olllb and Tnfrsfl19areshown in Rkgures 5.13 and 5.14
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Expression of lI1b gene

Log2 Ratio

Group

Figure 5.13: A bar chart showing the Log2 ratio hfb RNA-Seqgene expression
among the four comparisons. Log2 ratio was 2.8 for al comparisons. Tuber treatment
showsup-regulated (P < 0.05)ll1b gene expression.
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Figure 5. 14: A bar chart showing the Log2 ratio dfnfrsf19 RNA-Seq gene
expressionin pancreatic RNAamong the four comparisons. Log2 ratio was 2.8 when
comparing the two controls with treated 18, whie a 3.8 ratio was obtained from
comparing both controls with treated 20. Tuber treatnsatws up-regulated (P <
0.05)Tnfrsf19gene expression.
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5.4.2.5. Adponectin

The adiponectin gen@Adipog has been upegulated by the tuber treatment as shown
in Figure 5.17. This gendés of interest in the context of diabetes and obesity it

produces the adiponectin protein which plays afundamental role in gluegsiation

and fatty acid metabolism.

Expression of Adipoq gene

Log2 Ratio

Group

Figure 5.15: A bar chart showing the Log2 ratio Atlipoggene expression among

the four comparisons. Log2 ratio was 8.5 when comparing the two treated samples
with control 11, while a 3 ratio was obtained from comparing both treated samples
with control 14. Tuber treatment has statistically (P < 0.05)egplaed the Adipoq

gene expression.

174



5.4.3. Real time quantitative PCR (RTgPCR)

5.4.3.1. Reference gene stability

Prior to testing the control and treated cDNA samples with theRTR primers of
interest, reference gene stabilty was established. The results were comparedeusing
RefFinder tool which compares the results using integrated computational
programmes, st Keeper , geNor m, Normfinder and
shown in Figures 5.26.20. The results from the comprehensive gene stability method
were examined andéiprtl was found to be the most stable gene out of the three

assessedHprtl was therefag used as a reference gene for thegRTCR experiments.

Comprehensive gene stability

15 1.414
1.189

HPRT1 B2M TBP

<== Most stable genes Least stable genes ==>

Figure 5.16. Comprehensive gene stability provided by RefFinder tool.

Gene stability by Delta CT method
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0.45 0423
0.4
0.35
0.3
0.25
0.2
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0.1
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<== Most stable genes Least stable genes ==>

Figure 5.17: Delta CT gene stability provided by RefFinder tool.
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Gene stability by normFinder
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Figure 5.18 normFinder gene stability provided by RefFinder tool.

Gene stability by BestKeeper
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Figure 5.19: BestKeeper gene stabiity provided by RefFinder tool.

Gene stability by Genorm
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Figure 5.20: Genorm gene stability provided by RefFinder tool.
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5.4.3.2. Melt curve analysis (MCA)

The primers and reaction conditons can determine the specificity of ttgPRR
assay It is possible that evemvel-designed primers can form prirgimers or
amplify nonspecific products. Moreover, it is possible that the RNA sampén be
contaminated with genomic DNA which can then be amplifiedhélRT-gPCR assay
(Akey et al, 2001 Ahmed et al, 2017) MCA is an approaclusedto assess the
specificity of the of RTIgPCR reactionsCybergreen used in this RGPCRIis only
fluoresceh when it is bound to doublstranded DNA (dDNA) and notto single-
stranded DNA (ssDNA) or when the dye is free in solution. The thermal cycler used
for the RFQPCR is programmed to produce melt curves following the completion of
the amplification cycles. At the end of the assay run, the thernekrcgtars at a
temperature above the primer melting temperaturg §ihd measures the fluorescence
intensity. Then, incremeal increass in the temperature of the sampeecarried out

and the fluorescence is measured. As the temperature rises, dsdbiAds denatured
ssDNA and this results in cybgreen dissociaton and hendbe fluorescence
decreasegDowney, 2014) The slope change of the curve is then plotted to produce
MCA for the tested samples.

Al primers of interest were tested against all control and treated samples and
normalised tddprtl gene. Each primer was tested againstteomplate control (NTC),
RT- and RT+.

5.4.3.2.1. Nortemplate control (NTC)

Al of the designed primers were tested in the absence of cDNA samples to ensure the
RT-gPCR reactions do not generate false posithedymts from contamination of the
reaction or reaction components. In €A of NTC samples, theravere no sharp

single peaks generated Byy of the primers as shown in Figure 5.Zhis is, along

with the undeterminedcycle threshold (Cts) obtained confimed that the designed

primers did not generate false positive products in the PCR reactions.



Derivative Reporter (-Rn')
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Figure 521: MCA of gRT-PCR products from oHprtl, Adipoq, IL1b, Tnfrsf19,
Cd40, Cd40ig, LepandCcl20genes. No amplicons were generated using the primer
sets for the target genéSurves are representative of all NTC samples in thejRTR
assay analyses.

5.4.3.2.2. cDNA synthesis in the absence of Reverse Transcriptase {RT

The conversion of mRNA ithe pancreatic total RNA samples to cDNA requires
reverse transcriptase (RT). R3amples, where no reverse transcriptase was used in
the cDNA synthesis reaction, do not produce single peaks i@ unless they are
contaminated with genomic DNA whichay have been carried over from the RNA
isolation. All the RT samples did not produce peaks in €A indicating that they
were not contaminated with genomic DNA and would not produce false positve PCR

amplcons as in Figure 5.22
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Figure 5220 MCA of RT-gPCR products from thélprtl, Adipoq, IL1b Tnfrsf19,
Cd40, Cd40ig, LepandCcl20 gene expression assays. No amplicons were generated
using the primer sets for the target genes and no distinct single peaksbaereed

in melt curve analyses. Curves are representative of alldamples in the RGPCR
assay analysis.

5.4.3.2.3. cDNA synthesis in the presence of Reverse Transcriptase (RT+)

Al RNA samples were converted to cDNA in the presence of reverse ripgase
and then RIGPCR was performed against the reference and target primers of interest.
Al samples showed single sharp peaks onM@A as shown in Figures 5.23.30Q
This indicaes that the designed primers were specific and selective to their target

genes of interest.
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Figure 523 MCA of RT-gPCR products from thélprtl gene expression assay.
Single amplicons were generated using the primer sets dotatiget gene, which
produced single peaks in melt curve analyses. Curves are representativédpotiall

RT+ samples in the RGPCR assay analysis.
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Figure 524: MCA of RT-gPCR products from thAdipoq gene expression assay.
Single amplicons were generated using the primer sets for the target gene, which
produced single peaks in melt curve analyses. Curves are representativAdgicd

RT+ samples in the RGPCR assay analysis.
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Figure 5.25: MCA of RT-gPCR products from thilb gene expression assay. Single
amplicons were generated using the primer sets for the target gene, which produced
single peaks in melt curve analyses. Curves are representativell bih &IT+ samples

in the RFgPCR assay analysis.
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Figure 526 MCA of RT-gPCR products from th&nfrsf19gene expression assay.
Single amplicons were generated using the primer sets for the target gene, which
produced single peaksin melt curve analyses. Curves are representativenbkélo

RT+ samples in the RGPCR assay analysis.
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Figure 5.27: MCA of RT-qPCR products from dZd40gene expression assay. Single
amplicons were generated using the primer sets for the target gene, which produced
single peaks in melt curve analyses. Curves are representative ©f40 RT+
samples in the RHPCR assay analysis.
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Figure 528 MCA of RT-gPCR products from th€d40iggene expression assay.
Single amplicons were generated using the primer sets for the target gene, which
produced single peaks in melt curve analyses. Curves are representative daifOad

RT+ samples in the RGPCR assay analysis.
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Figure 5.29: MCA of RT-gPCR products from theepgene expression assay. Single
amplicons were generated using the primer sets for the target gene, which produced
single peaks in melt curve analyses. Curves are representativeLep RIT+ sampés

in the RFgPCR assay analysis.
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Figure 530: MCA of RT-gPCR products from th€cl20 gene expression assay.
Single amplicons were generated using the primer sets for the target gene, which
produced single peaks in melt curve analyses. Curves are representativeCaii® Gl

RT+ samples in the RGPCR assay analysis.
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5.4.3.3.Gel electrophoresis

Al generated products from RFPCR experiments were run anelectrophoresis gel
and only RT+ samples produced single bands, NTC andsRifples showed no
detected bands on the gels as showhRigares 5.31 and 5.3Zhis also confirs that

the designedprimers were specific and selective to target genes.

11 13 14 15

2000bp

1000bp

300bp
200bp

100bp
50bp

Figure 5.31: Gel electrophoresis results Hprtl, Adipog ll1b, andTnfrsf19rimers.

Applied samples all used the same order NTG,, Biid RT+.Hprtl primers in wells

2-4, Adipoqprimers in wells 68, 1l11b primers in wells 1612, andTnfrsf19primers in

wels 141 6. Hyperladder |1 E 50bp was loaded i
showed single bands confirming the amplification of a single amplaicthe expected

band size, whie NTC and RTsamples (wels 2,3,6,7,10,11,14,15) showed no bands
indicating that there were no falpesitive amplications.
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910 11 13 14 15

Figure 5.32 Gel electrophoresis results f@d4Q Cd40ig Lep, and Ccl20 primers.

Applied samples all used the same order NTG,, Riid RT+.Cd40primers in wells
2-4,Cd40igprimers in wells 68, Lep primers in wels 1012, andCcl20 promers in

wels 141 6 . Hyperl adder |l 1 E 50bp wajg1248 ed i n
showed single bands confirming the amplification of a single amplicon at the expected
band size, whie NTC and RTsamples (wels 2,3,6,7,10,11,14,15) showed no bands
indicating that there were no falpesttives.

5.4.3.4. RTgPCR product seqwencing

RT-gPCR products from each of the RT+ gene expression assaysun oragarose

gel. Each band was cut out and purified per llustra GFX PCR DNA and Band
Purification Kitds instructions. Purified
(Koln,Gemany) for Sanger sequencing. Sequencing of the|RTR product aligned

with the intended target transcripts confirming the specificity oRegPCR assays.

5.4.3.5. Summary of RTgPCR experiments

RT-gPCR was carried out on seven target genes, which sedected from the RNA
Seq results. All genes were normalisedH#®RT1which was found to be most stable
reference gene. LL tuber treatment significantly (P < 0.05)egplated Adipoq
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expression and dowregulated I11b, Tnfrsf19 and Lep. The effect ofLL tuber
treatment was not statistically significant (P > 0.05)Cu%Q Cd40Ilgand Ccl20. A

summary of the RIGPCR on the selected genes is shown in Figure. 5.33

Fold Change

-2
4+ * -
-6
6\Qo°‘ \\'3’ \é{\?’ vag bb‘Q\C’J \/Q;Q O(}‘\/Q
o <& ©
Gene Name

Figure 5.33: Effects of LL tuber treatment on seven selected genes (chosen from the
RNA-Seq results), results obtained from-BPCR experiments. Data represents mean
+ SEM, n=15. **P<0.001, *P<0.05 vs control.
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5.5. Discussiorand Conclusiors

RNA-Seqis a cuttingedge life science technology that can enable the discovery of
molecular mechanisms of actions, improve disease diagnosis, and enhance the
discovery of new effective therapeutic agentCostaet al, 2013) Due to the limited
information available orthe biological actvity of the LL tubers in this studyas
detailed inChapter 1there was a need to explore the molecular effects ondrgdns

(Dello Jacovoet al, 2019, Nissonet al, 2008) RNA-Seq is the new gold standard
when it comes to whole transcriptome analf(@seraertet al, 2017) and sovasused

in this study in ordeto examine the transcriptome of the rat pancreas following
administration of LL tubers. It was hoped that this wauidvide information on the
action oftuberson an organ which plays a vital role in the digestive process and blood
glucose regulation, iterms ofchanges to genes related to diabetes following tuber
treatment. Isolating high qualty intact RNA is crucial when carrying out deep
molecular analysis such @&NA-Seqand RFgPCR. The isolated RNA samples
showed RIN of 56, which is indicative ofdegraded RNA samples. This was despite
taking all necessary precautions by harvesting the tissue, immediately stabilising it in
RNALater, storing the stalsbd tissues at80°C, and conducting RNA extraction
using Qiagenos Tot aGerefly et a scyalengihgu t® isoldtei ver s
high qualty RNA fromthe pancreasnainly due to the presence of high endogenous
levels of RNases, DNases, and proteasbih enhance autolysis immediately
folowing dissection (Augereauet al, 2016) Future work should consider speeding

up the dissection of animals andngreatic tissue to be removed as the first organ and

be immersed immediately in RNALater to minimise the degradation process.

Typically, 7090% of expressed genes are detected folowing f8¢4analysis and
this is considered to be acceptable. Howevee, RNA-Seq of thesamples from this
study found the level to bepproximately 6%o, which is a slightly lower percentage
of gene expression and is linked to the low RIN vabietined.Moreover,suchRNA
degradation can result in an incomplete overviewwbét was going on in the rat

pancreatic tissues following tuber treatment.



5.5.1. Effect of LL treatment on the cytokinecytokine receptor interaction
pathway

The main finding of the RNASeq analysis from the use of Cytoscape ClueGo was the
effect of LL tuber treatmenton the cytokine-cytokine receptor interaction pathway.
Cytokines are soluble extracellular proteins that are crucial for innate and adaptive
immune responses. They are important for cell growth, cell death, cell differentiation,
angigenesis, and repair mechanisms for o@isandsmaet al, 2016) There were a
number of cytokines upregulated, in RNASeq, folowing the tuber treatment,
however, aoly two cytokines were consistéytup-regulated in all comparisons. These
were | | dAnéTnfrsf19in the RNASeq analysis, however these two genes were found
to be dowrregulated in the REPCR. This mismatch between RNgegand RF
gPCRhas been observedgviously; Everaertet al. evaluated the correlation between
RNA-Seq data and the RJPCR, correlation plots revealed that a high number of
genes showed an oppositeedtion when quantified by RN&eq and compared with
RT-gPCR (Everaert et al, 2017) This trend wasalso seen in hypothalamus RNA
samplesin the study byVoods(2017).Moreover, RNA samplesvere highly degraded
and failed to meet BGl 6s mini mum RQI sub
have affected the RNASeq results. Furthermore, only four samples (2 controls, 2
treated) were sent 8GI in comparison with 10 RNA samples used in thed®PCR,;

this gives rise to more confidenda the resultsobtainedfrom the RFQPCR. RNA-

Seq analysis found that the cytokingtokine interaction pathway was mainly affected
by tuber treatment and thus guided the direction of the subsequetiP@®R
invesigation. Within this pathway the following cytokines were chosen fofPRR
experiments:Adipoqg,ll1 bTnfrsf19, Cd40, Cd40ig, LepndCcl20.

All primers of interest were tested against all control and treated samples and
normalised tdHprtl as the reference gene. Each primer set wasitegjainst NTC

RT- and RT+.Noneof the RFQPCR assaygeneratd false pogdive amplicons in the

NTC and RT samples. Al of the RGPCR assays perfoed wel with theRT+
samples and showed single melt egrvand the amplification of a single, target

specific amplicon as predicted.
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5.5.1.1. Effect of LL onAdipoq

RNA-Seq and RIGPCR have shown that tuber treatment significantly (P < 0.05)
increasedAdipogexpression by more than -f&ld in RT-gPCR and &old in RNA-

Seq. Adiponectin, a product Atdipog is 30kDa in size and circulates in the blood at
very high levels(2i1 0 ¢€''gin humans) (Kandasamyet al, 2012) It is unlike
other adipokine proteins and it acts as aniafftammatory, antatherogenic, and
insulin-sensitsing hormone. Reduced adiponectin levels are known to be prevalent
in obese and T2 patients thus suggesting its role in obesity and diabetes. There
are a number of studies reporting the effects of adiponectim @m c r ecald. inc b
oneex vivostudy, Okamotoet al. investigated adiponectin effects on isolated mouse
islets andfound tat insulin secretion fronthesecells was stimulatedOkamoto et

al.,, 2008) The study showed that the adiponectin mode of action was through the
enhancement of exocytosis of insulin granules. Moreover, fat@&atment in mice
islets with adiponectin was shown to augmehicosestimulated insulin secretion
(GSIS) and elevate insulin gene expressi®ancreatic and duodenal homeobox 1
(Pdx-1), and MafA genes, transcriptional factors known to be involved iulims
production pathway and plag role in maintaining b-cells viability, were also
increased following adiponectin treatmefWijesekaraet al, 2010) Adiponectin was
found to protect pancreatio-cells, by its antapoptotic actvity, from apoptosis
induced by both L lafid interferoro (Rakatziet al, 2004) Adiponectin was also

f ound t oceleprotectidnifrom chronic e&ftts of glucotoxicity. In addition,
adiponectin is an activator of adenosine monophospdiaieated protein kinase
(AMPK), AMPK activation was found to suppress lipogenesis stimulated by

glucose in MING6 cells gancreaticb-cells) (Huypens et al, 2005)

In vivostudies have confirmed the beneficial and involved role of adyionén the
regulation of glucose homeostasis. A studyKopota et al. showed that adiponectin
knockout mice were intolerant to glucose despite the fact that they had normal or
low insulin levels, thus indicating that high glucose levels alone were fioiesat

to enhance insulin release in the tested aninf&lgbota et al, 2002) Moreover,
Yamauchi et al. administered globular adiponectin to transgeois/ob mice and

tested animals showed higher insulin sensitivity and secreted more insulin when



compared with noitransgenic mice (Yamauchi et al, 2003) The abilty of
adiponectin enhancement on insulin secretion was found to be independ&. of

A study byKandasamyet al. showed that adiponectin gene thgran highfat, high
sucrose (HFHSJed mice for 13 weeks prevented weight gain and showed glucose
tolerance improvement in comparison with the control HFHS r(ic@ndasamyet

al., 2012) In addtion, gving adiponectin intravenously to C57BL/6 mice enhanced
insulin secretions(Okamotoet al, 2008) All these results propose that adiponectin
might exhibit its activity by maintainingoancreatic b-cells viability (Lee et al,
2011b)

Adiponectin has been identified to possessiafidimmatory effectsi is involved in
suppressingproinflammatory cytokiness u ¢ h  a and I8 NaRdUnduction of anti
inlammatory factorgTig and Wolf, 2005) Conditions characterised by high levels

of inlammation, such as T2DM and obesiiyow low levels of adiponectir(Li et al,

2009) Moreover, a negative relationship has been noted between adiponectin and C

reactive proteirprotein (CRP, an inflammation marker)

Adiponectin is currently unavailable to be administered in humans, howeveratbere

a few studiesthat looked at the rel@nship between adiponectin and insulin. Hutg

al. carried out an observational study on Asian chidren and found the adiponectin

level was inversely proportional tBW, BMI, and preinsulin levels in chidren
irrespective of the genderHung et al, 2006) Adiponectin leved were also found to

negatively correlate with proinsulin levels and ratio betweeninzin and insulin

which area known feature ob-cell damage(Bacha et al, 2004) These findings
suggest t hat low | evels of adiponectin [

cells.

T1DM and T2DM share t he-cel masd redictiom by the hey |
process of aguosis. Adiponectin is beleved to also acaasnttapoptotic agent on

p ancr ecald Recentbstudiebave shown that adiponectin suppresses apoptosis

by enhancing the activity of ceramidasdich increases the levels of sphingosine

phosphatglan antiapoptotic factor). However, this role in diabetic patients remains
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unclear ands not established ydChoiet al, 2018) A summary of adiponectingole

in protectingp a n c r eceald s Bustrdted in Figure 5.34.

The LL tubers appear to result in an overexpression of the adiponectin gene in the rat
pancreatic tissueOva-expression of pancreati@dipoqis associated with improved
regulation of glucose homeostasis and protectiom &fn ¢ r eceld fronc apdptosis,

this finding correlates with the atiabetic and antinflammatory activities of the
tubers whicharedetailed in Chaptes 3and 4of this thesis. It would be useful to study

the protective effects of Lin vivofolowing the administration of STZ, an apoptotic

inducer inb-cels
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5.5.12. Effectof LLon 11 b

TIDMi s characterised Hefs, whiehsldadsdoyae mabiipyaan c r e a1
produce insulin and hence hyperglycaemia degelogél loss is well known to be a

result of preinflammatory cytokines in particular 111 bthat plays a fundamental role

(Wang et al, 2010) The RFgPCRresults showed that levels dfl bin the tuber

treatedr a tpanéreatic tissues were dowegulated by 3.1 fdl (P < 0.05).1 L1 b
synthesis in cells begins in an immature form called-Ipio 1Mol L lsBB1kDa in

size and remains cytosolibefore being converted to L byproteolysis cleavage by

IL-1 converting enzyme (ICE) and caspds€CASP1)(Banerjee and Saxena, 2012,
LopezCastejonet al, 2011) Maturel L Isbsmaller in size at 17.5 kDa and some of

it is excreted outside the cels by unrevealed mechan{®hateleone et al, 2018)
Diabetes, in particul aals nadgsOoks, in thpancreash ar a c t
which leads to less insulin being produdgspositoet al, 2003) -cél mass loss is

explained as result of a mediated immune response that is enhanced by cytokines and

in particular I L 1IbL lisbalso implicated in T2DM. Nfa B thation through the

MyD88 pathway contributes to increasedL Isignaling (Guestet al, 2008) Results

from the RFqPCR confrm the obtained findings in Chapter 4 which found tuber
extracts and BA have inhibition activity on NEBIn Yitro studies) and this was

refiected inlll fownregulation in the RIGPCR results.

In addition, prolongedLl fovere x pr essi on in the pancreas
cell dysfunction(Venieratoset al, 2010) and this is linked with elevated L lefsels

in patients with T2DM(Dogan et al, 2006) In in vitro studies, IL1 balone causes
pancr ecals itocbe dysfunctional by inducing apoptosis signaling pathways
(Maedler et al, 2002) l-cells, Ib L lsbcapable of activating the-jun N-terminal
kinase (JNK) pathwayMajor and Wolf, 2001)and JNKis able to activate the mitogen
activated protein kinase (MAPK) family which is involved in apoptosis activation
(Miyauchi et al, 2009) JNK has a critical role in mediating cytokine apoptotic
pat hwa-ds Incatldition, JNK suppresses the transcription of the insulin genes
i n-cels (Kanetoet al, 2002) To link this with the findings in Chapter 2, BA isolated
from LL tubers might be responsible fil bdownregulation. A study by Jingbet

al. investigated BA as a possible aotiteoarthritis agent and used human
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osteoarthritis chondrocytes which were -neated with BA then 10 ng/mill bwas
added to cellqJingbo et al, 2015) The findings were that BA inhibitetl L Jafid NF
aB release in a dosdependent mannerPancreaticlll bdownregulation is also

suggesting the LL role in protectinf-cells

5.5.13. Effect of LL on Tnfrsf19

The TNF receptor superfamily 19r{frsf19 gene encodes for a 417 amino acid protein

which possesses a TRA#nding site for NFA B t hat i s i mportant
inlammatory responsefBondarevaet al, 2007) Overexpresen of Tnfrsf19gene

activates JNK pathways and eventually leads to apoptosis. From tHgP@R
investigation, LL tuber treatment resulted in the doevegulation (P < 0.05) of rat
pancreatic Tnfrsf19gene by 3.5old. Downregulation ofTnfrsf19is benefi@al in

diabetes as it protectscels from damage. This is ilustrated in a number of studies,
Schonet al. showed thafl nfrsf19is an activator oNF-a B, whi ch i nduces
b-cells apoptosis(Schonet al, 2014) Moreover, research carried out by Machéado

Lima et al. looked @ human serum albumin (HSA) that was obtained from peorly
controled T2DM patients and;nfrsf19was found to be upegulated in comparison

with wellcontrolled T2DM patient{Machadd_ima et al, 2015) Therefore, down
regulation ofTnfrsfl19by LL tubers suggests t ha-t t he
cells from apoptotic mechanisms. Furthermore, these findings support the fact that the
tubers inhibited NFa Bin vitro (Chapter 4). This suggests that tubers maintain

p a nc r edl viability bf protecting from apoptosis mediated Ily bNFa B, and
Tnifrsf19.

5.5.14. Effect of LL on Cd40and Cd40lg

The study also quantifiedCd40gene expression by RJPCR.Cd40belongs to the

TNF receptor family and is known to be expressed in a number of tissues with the
pancreas being one of thefBarbéTuana et al, 2006, Kleinet al, 2005) LL tuber
extract dowrregulated Cd40gene expression by approximately 4 fold (P > 0.05). In
non-haematopoietic cells, such as pancreatic duct cels, the activation of CD40

receptor results in nespecific inflammation(Vosterset al, 2004) CD40 activation
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enhances synthesis and release ofiffleommatory mediators such as cytokines and
chemokines(Ohta and Hamada, 2004)n pancreatic cels, CD40 activation of other
inlammatory mediators has been reported to cause damage to parfereslkc and

decrease cell viability, therefore insulin production and secretion is affected (Piemonti

et al, 2002).Vosterset al showed that inn vitro studies,Cd40activation in pancreatic

duct cells enhances the secretions of bothamd TNFU which then |Ie
cell activation (Vosterset al, 2004) Activated dendritic cells cause apoptotic effects

in adjacentpancreatico ¢ @bvalediet al., 2004) Moreover,CD40 up-regulation

can be achieved by incubation with inflammatory mediators su¢thlagam d TNF U

and CD40 is also implicated in activating NB (Klein et al, 2005) BarbéTuanaet

al. showed thatCd40 activates pranfammatory mediators H6, IL-8, monocyte
chemoattractant protein (MCRpand MIR1 b macrophage i nfl amma
(Barbé Tuana et al, 2006) This activation occurs through Raffmitogen extracellular

kinase (MEK)/extracellular sighakegulated kinase (ERK) and NkB pat hway s .
Moreover, CD40 actvation wupegulates other genes which are involved In
inlammation responses, theselide ICAM1. The Cd40lggene is responsible for
expressing CD40 ligand which is a protein required for Cd40 acfidiyPietro et al,

2009) RT-gPCR in the present study showed thatreated rat pancreatic tissutse

cytokine genesvere dowrregulated Zfold. All these findings suggest thaL tubers

may have a protective roten pancreatic tissues, and could potentially be considered

for use in diabetes managemeriEfiect of LL on STZtreated rats should be

investigated in the future to confirm its protective rolefearells

5.5.14. Effect of LL on Ccl20

The current study also looked afcl20 gene expression in the tested animalxl20
belongs to the cytokine -C family, expressed in various tissues including the
pancreasHo we ver , h e a |-aelk sre chaeacteriseoly lawt orr undetdctable
levels ofCcl20 (Burke and Coller, 2015Proinflammatory cytokines such asL 1 b
are known to ugegulate CCL20t L Stimulation of CCL20 is believed to be through
NF-aB transcr i (Bukeetrala 20156 KEFgPER ih this study found a
slight downregulation ofCcl20(1.4 fold, P > 0.05). This finding was expected since

| L Wds shown to be dowregulated; dowaregulation of such gesas beneficial for
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diabetes managemeiiBrandsmaet al, 2016, Burkeet al, 2015b) To illustrate this,
Lee et al. showed that resveratrol is a possible therapeutic agent for diabetes.
Subcutaneous injection of diabetic mice with resveratrol showed a decrgasi(n
gene expression and improved glucose homeosfasiset al, 2011a) Again, these
findings support the hypothesis thhe LL tube may protect pancreati®-cells from

apoptosisand enhance insulin release.

5.5.15. Effect of LL on Lep

Leptin is a cytokine protein that encodes for 167 amino acids amyntkesis and
secretion idargely in adipose tissue. It therefore known as the adiposity hormone
(Elinson et al, 2006) There is some evidence to suggest that leptin plays a role in
glucose metabolism and particularly in adipdissues, but the mechanisms by which

it requlatesBG arenot fully understoodMeek and Morton, 2016, D'sous al, 2017,
Denrocheet al, 2012) In the pancreas, leptin is found to inhibit insulin secretion in
b-cells, this was confirmed im vitro, andin vivo studies (Marroquiet al, 2012).

Insulin release was decreased folowing leptin administratiodoges ranging from
05100 nMIrcen (bmouse -celg,nHTFTelabt i Chabnst e+ panc
cels), and INS1 (r at p-cels)qKulkamit at al, 1997, Zhaoet al, 1998,

Tsiotra et al, 2001) Moreover, decreased insulin secretion was also shown in isolated
pancreatic islets obtained froaib/obandin islets fromnormal mice and ta folowing

leptin (1 pM 100 nM) treatmen{Zhao et al, 1998) Additionally, leptin has inhibitory
activity on i nsul-cels. Ingubatiom with Xeptin atslosdiosen i n
(0.62510 nM) for 1640 h led to a decrease in the expression of the proinsulin gene
(Ins)  TEC6, HIT-T15, and INS1 cels (Kulkarni et al, 1997, Tsiotraet al, 2001)

Studies onrat isolated islets showed a reductom®mRNA levels when dosed with

1-10 nM leptin similar findings were also seenimvivostudies on micdKulkarni et

al., 1997) Human isolated islets incubated with leptin (6.25 nM) for two dhgsved
reducedins mRNA levels (Seufertet al, 1999)

Leptin inhibitory action on the insulin gene iglieved to be achieved by activating

the JAK/STAT signalling pathwayMarroqui et al, 2012) Following JAK2 proteins

phosphorylatio, STAT proteins are recruited to act as transcriptional factors in the
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nucleus (Morton et al,, 2011, Hekerman et al., 20Q0Z¢ptin is involved in STAT3
protein activation and the promotion of STAT protein DNA binding in nuclear extracts
from RINmM5SF celis(Morton et al., 2011)it was also shown that STAT5b is invelky
in leptinmediated inhibition of insulin 1 in ING cells (Seufertet al, 1999) Leptin
activates JAK2 and involves STAT3, and STAT5b, despite the fact thatlIbkdls
have STAT1, STAT3, and STAT5Marroquietal, 2012) Leptin actvity was shown
to be throughindirect interaction between STAT3 and STAT5b wditpro-insulin
promoter (Laubner et al, 2005, Hekerman et al, 200Z¢ptin enhances the
expression of suppressor of cytokine signalling 3 (SOCS3) by Sdégendant
pathways (Laubner et al., 2005, Seufert, 2008)0CS3 is responsible for inhibiting
the proinsulin promoter gendFruhbeck, 2006)LL tubers showeda slight down
regulation in pancreatic leptin gression in the ROPCR experiment. Al these
findings give a strong indication of the potential tbé LL tuberhaving an antidiabetic

action

In conclusion, RNASeq and RIgPCR findings from rat pancreatic tissues showed
that LL tubers used in this pject are promising agents for the management of both
T1DM and T2DM. The adiponectin gene was highly-regulated by tuber treatment.

This indicated that the tuber impacts on important roles in the pancreas. To start with,
it increasesinsulin secretion by actvatingnsulin exocytosis. Secondlythe tuber
appears tactivate AMPK pathways whiclkbould lead tanhibition oflipogenesis PL

was inhibited by LL extracts as shown in Chapter 3. Moreover, the adiponectin gene
protectsb-cells from apoptosis and maintains cell viability, which leads to increased
insulin secretion.The ubermay contribute tana i nt a i ni n gcel piabihtg r e at i c
by protecting from apoptosis mediated by effects onlll b Nf->KBand, Cd40,
Cd40lg, Tnfrsf13ene expressionPancreatic leptin was also dowegulated by tuber

treatment, which enhances insulin release from the pancreas.

Based on the results obtained in this chapter, it was decided to exdwiedfects of
the tubers on obese/diabetic animals suobbésb Zucker rats rather than normabD

rats Therefore, these findings wil be folowed upGmapter 6, where LL tubers were



administeredto obese male and female Zucker rats and the effedishoe  a BWma |l 6 s

FI, WI, andBG wereinvestigated
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Chapter 6

6. Animal Study on Obese Zucker RatgOZR)

6.1. Introduction

LL tubers and leavebave shown promising findings for the plant to be used for the
purpose of managing diabetes and obesityCHapter 2 BA was isolated fronlLT

EA extract a compound which is known to have some -dilbetic properties
(Ahangarpouret al, 2018) LL tuber and leextracts and isolated compounds were
tested for their pential arti-diabetic actvity as detailed &hapter 3.LL tubers and
leaf extracts anBA st r o ngl y -glicashlasb, iah enzyme (that is implicated in
diabetesand PL, an enzymghat is implicated in obesityMoreover, the plant extracts
and BA increasedjlucose uptake inHepG2hepatic cells.This was then folowed by
testing t-mammpator rahdéasbxidant aciivities where positive results
were obtained in which LL and isolated compounds protected icelgtro from
cytotoxic effects ofT N F dd increased GSH levels in HepG2 celBhapter 2.
Investigation was then carried oex vivq by examiningthe transcriptomics of rat
pancreatic tissue$r animals treated with the tuberby Woods (2017). fie results
showed high ugegulation inthe Adipoq gene- apositive regulator for both obesity
and diabetes. Ot her genes knowaelfuctionsuppr e
were dowrregulated in normal SD male rats administerediubes as described in
Chapter 5. Therefore, it wabought tobe pertinentto further investigate the activity
of the tuberin vivousing anobese ramodel such agzZucker ratsBW and FI of animals
were monitored daily as LL might have adibetic and antbesity effects by

reducing BW and FIl. BG levels were @lsonitored.

Many medicinal plants have been investigated/ivofor their antidiabetic potential.
Most studies are carried out 8TZinduced diabetic mice or rats and db/db diabetic
mice (Fanget al, 2019) Other studies have used different animal models; these
include OZR (Mezei et al, 2003) diabetic Zucker rat$ZDF) (Dong et al, 2016)
high-fat diet mice/rats(Kumar et al, 2018 Al-Trad et al, 2019) high-sucrose diet rats
(Ehsanifard et al, 2017)and albino rats(Sikawar and Pati, 2010Y0ZR were first

discovered in 1961 after a crolsstweenMerck M-strain and Sherman raf&ing,



2012) OZR have a mutation in the leptin receptor that results in hyperphagia which
causs obesity by the age of four weeK®hilipps et al, 1996) They are also
hyperinsulinaemic, hyperlpidaemic, hypertensive and have impaired glucose
tolerance (Srinivasan and Ramarao, 200Hence, they were chosen in this study as
the obesity and diabetic state do not require STaZhigh fat diet to be developed, and

they are more obese when comparethér substrain ZDHKing, 2012)

Different types of studies have beearried out and many plants have been reported
to exhibit antihyperglycaemia effects; some of these were stuatedivo for antr
diabetic activity. Soy intake has been linked with various therapeutic effectsimglud
improved insulin resistance and leetglycaemic contro(Bhathena and Velasquez,
2002) Isoflavones such as genistein, daidzein and glyciteirsaneof the bioactive
phytochemica present insoy (Clarkson, 2002)Mezei et al. (2003) investigated the
anti-diabetic activity of a highisoflavone soy (HIS) potein on male and female OZR
Treatment was given over a period of 8 and 11 weeks for male OZR and female OZR,
respectively. OZR HISed diet groups showed significéynt (P < 0.05) improved
glucose tolerance when compared to untreated groups. Morovemaletiand female
OZR on HISdiet showed a decrease (P <0.05) in liver weigbpatic cholesterol and

triglyceride levels in comparison witthe untreated groups.

Leaves ofCamellia sinensiareused to producgreen tea which is knawto possess
variols biological activities incluthg hypoglycaemic effectsSabuet al.looked at the
effects of green tea polyphenols (GTP) on alloxan diabetic (Saisuet al, 2002)

GTP extracts were administered daily for 15 days at a dose of 100 mg/kg BW showed
asignificant reduction (P <0.05) in serum glucose levels. Moreover, GTP extract at 50
mg/kg BW and 00 mg/kg BW reduced serum glucose levels induced by alloxan
administration by 29% amd 44%, respectively. Kaaal. looked at the effects of
epigallocatechin gallate (EGCG), which is a known component in GTP on the BW of
OZR (Kao et al, 2000) EGCG was administered by intraperitoneal injection at 92
mg/kg BW for 4 days and showexkignificant (P < 0.05) reduction in BW. Reduction

on BW was linked to the reduced FI and leptin levels folowing EGCGnadimtion.
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Citrus grandis (CG) is a plantwhich has been used gendyalto promote health
(Viaylakshmi and Radha, 2015Kim et al. investigated the antliabetic and anti
oxidant actvity in vitro of CG fruit (Kim et al, 2009. Extracts of CG fruit showed
significart ( P <  0gl0usx)o s Ud aasngase anibition, Uand they were
scavengers for ROS generated by peroxyl and hydroxyl radicaldn Vieoeffects of
water extract of CG frut on energy metabolism were studiedRémsmajaet al.
(2013) OZR were fed HFD and treated with extsaof CG at 300 mg/kg BW, 600
mg/kg BW and 120 mg/kg BW Treadment was administered daily by intragastric
gavage for 12 weeks. BW and FI were monitored weekly, whiemsglucose and

lipid were measurk before commencing the experiment and after 2, 4, 8 and 12 weeks.
Levels of GLR1 were significardyy lower in the treated groups, whighrelin levels
were higher. Glucose and lipid profle was unchanged by the extracts administration.
The above studies showed that OZR arsuitable model for investgating LL

biological effects

6.2. Aims andObjectives

This chapterdescribesthe effects of LL tubers on male and fem&R to provide in

vivo biological evidence supporting their traditonal use. Ties achieved by:

1. Optimising theway in which tubers could be fed to rats, rather than using
gastric gavages.SD male rats were chosen as a cheaper option to OZR and
tuberswer e incorporated in rusks, nor mal |

2. Feedingtrial in male and female OZR with LL tubersjnce OZR arean
established model for obesity and diabetes.

3. Studyng the effects of LL on BW, it was hypothesised that animals might lose
weight as tubers were historically used to suppress appetite. -FgAon
pancreatic tissues &D male rats in Chapter 5 showed significant elevation of
Adipogfollowing treatment wh LL tubers.Adipogis known asnantiobesity
and antidiabetic gene.

4. Studying the effects of the tubers on Fl and WI, it was expected that appetite

suppressants would cause reduction in Fl and WI of OZR.
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5. Determining serum glucose levels in &R BA was the major component
in the extract o f-glutokidase nndibitienhas detakkd ip ot e n

Chapter 3. Therefore, administration of tubers could have an effect on BG.

6.3. Materials and methods
6.3.1. Feedingoptimisation study

6.3.1.1.Animal husbandry

The feeding study was optimised using six malkhouse bredDrats aged 9 weeks
with a starting weight of 313479 The animalswere allowed to acclimatise fawo
weels before starting the feeding tridRats were treated when theyrevell weeks
old. Access to food and water wasovided ad libitum except when the optimisation
was being carried out (a period 8 min). Moreover, cages were fitted witRed
Polycarbonate Shelter Huts block visible light in order tomakethe rats feelmore
secureand improve their environmengach rat had a space in the cage of a mnimum
of 900 cm. Three ratswere housed togethepercage and they were only separated
when feeding optimisationwasbeing carried outThe room was at a temperature of
21°C with 55% humidity and tRour daynight light cycle.

6.3.1.2. Feeding study

All protocols conducted in this study were covered under Home Office UK Licence
number P7366739Dry F a r | e y @vexe intiallys iktreduced to rats for three days.
Then, rusks (3g) were mixed with deionised water (B8) and this mixture was
introduced as a treat for the rats. Rusks were introduced to the rats for 5 days and then
the animals were randomly placed into two groups, control and treated groups with 3
rats in eah group. The control group continued to receive wet rusks for a further 5
days, whereas the treated group received LL tpbamdermixed inwith the wet rusks.

The body weight of each animal was measured first thing in the morning and the tuber
dose was @liculated and prepared as 100 mg/kg. Rusitaining tuber were given to

the rats in the morning and left for approximately nd0 in the cage.
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6.3.2. Feeding study on obese rats

6.3.2.1. Animal husbandry

Ten maleOZR rats aged 9 weeks and 8 femd¥R aged 10 weeks were purchased
from Charles River Laboratories. Animals we®wed to acclimatise for three days
and then dry rusks were introduced to the animals for a further thredelays they
were separated and housed individuallyiis was therfollowed by seven days of wet
rusks feeding(as in section 6.3.1.29 ensure that the animals were used to them before
incorporating the tuber into the mixtui@s per Figure 6.1Treatment started whehe

Zucker rats were aged 11 and 12 weeks for nalesfemales respectively.

6.3.2.2. Tuber treatment

The animals were separated randomly into four groups.
Group I control mals (n=5)

Group 2 treated mas (n=5)

Group 3 control femals (n=4)

Group 4 treatedfemale (n=4)

Animals inGroups land 3 received daily wet rusks g3usks mixed with 3 ml water)

for 22 days. On the other hanGroups 2 and 4 were given wet rusks from day 1 to
day 5. Then, on day 6 a tuber dose of 100 mg/kg was mixed with the wet rusks and
given to the animalsHgures 6.2and6.3). This dose was continued for a further four
days before the dose was increased to 150 mg/kg in day 11 and this continued for
another 4 days. On day 16 of the experimdrgated animals were dosed with 200
mg/kg tubers until the end of theeeriment (day 22)
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LL tuber LL tuber

Dry rusks
introduction 100 mg/kg 200 m@i_glkg
Wet rusks LL tuber
Acclimatisation \ introduction \ 150 mg/kg \
hae < .
~ ~N

o O e e

07R Wet rusks were Daily for 5 days

acclimatised . introduced for 7
days
for 3 days
Dry rusks ‘
Were Daily for 5 days .
introduced Daily for 5 days
for 3 days

Figure 6.1: Timeline showing the treatments carried out on OZR.

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4

Figure 6.2: Wet rusks with and without the tuber powder which was used during the
animal study.Three g of dry rusks were prepared for each animal as in A, then 3 ml
deionised water was added to dissolve rusks as in B before introducing the mixture to

OZR.
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Group 2

Group 3

Group 4

Figure 6.3: Wet rusks with and without tuber powder wea@mnistered to each rat
andin generaltherats took 510 minutes to consumthe contents

6.3.23. Animal monitoring

6.3.23.1. Body weight (BW)

The animals were taken out of the cage and platedbeaker and their weight was
recorded usingan electronic balance with 1 g tolerance. BW measurements were
recorded every day and intiated 5 days before starting the treatment and continued for
17 days folowing the treatment.

6.3.23.2. Food intake (FI)

The normal chowwas placedn a metal hoppeand weighed daily to record the amount
of food consumed pedZR The food was topped up daily and was never left to fall
below 100g. FI was taken on a daily basis for 4 days prior to treatment and 17 days

folowing the treatment.
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6.3.23.3. Water intake (WI)

The animalsdé cages were fitted with a pl
tube. The amount of water in mililitres consumed @R was recorded daily. WI
measurements started 4 days before the start of treatment and continued for 17 days
following the treatment.

6.3.23.4. Blood glucose (BG)

BG measurements (mmolll) were performed usi@g rodent glucose meter
(AlphaTRAK 2 glucosemonito) with appropriate test strips purchased from Abbott
Laboratories. Animals were placed on a table and their face cowdec piece of

cloth Then a sterile needle was used to introduce a puncture at the tip of the tai, a
drop of blood was placeohn the test strip anthe glucose concentration measured. To
reduce the stress to the anima® was monitored every other day during the study.

BG was recorded 2 days (day 4) before the treatment to act as the baseline for the
study, and was then taken on days 6, 8, 10, 12, 14, 16, 18, 20 and 22 folowing the

treatment.

6.3.3. Dissection of aninis

Animals were dosed with sodium pentobarbital by intraperitoneal (IP) roatdose
of 0.1mg/100 mg body weight for euthanasia. Then, blood samples colected by
cardix puncture were stored at 4 °C in a fridge for 24 h before being centrifuged at
2500RPM for 15 min. The serum was removed and stored& °C in a freezer until

required.

Brain, hypothalamus, liver, pancreas, skeletal muscle, adipose tissues, kidneys, testes
and ovarian tissues were harvested and placed in tubes containinit&Ns&dltion
and stored at 4AC for 24 ho datessolution wast abi | i

removed and tissues were stored&fl °C in a freezer for loagerm storage.
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6.3.4. Statistical analysis

Values are shown as the mean * standard error ofmten (S.E.M.). Statistical
analyss were performed using Stud@nt:test. Differences with a value of P < 0.05

were considered statistically significant.

6.4. Results

6.4.1. Feeding study optimisation oD rats

The feeding study that was carried oat male ® rats which involved mixing the

baby rusks with the tubers (in powder form) was successful. Al animals in the control
group consumed all of the given wet rusks. The animals in the treated group consumed
the wet rusks which contained LL tubeBased on thisafeeding study oi©ZR was

considered.

6.4.2. Feeding study oi©ZR
6.4.2.1. Effects otL treatment on BW

6.4.2.1.1. MaleOZR

Ten male ob/ob Zucker rats were monitored 5 days before the start of tuber treatment
and their BW was recorded daily. As shown in Figure4,6both of the control and
treated groups had similar BW for the first 3 days, however, on day 4 (2 days before
administering the treatment) the two groups started to separate despite the fact that
they were recemg only wet rusks. Folowing the tuber treatment on day 6, the
average BW of those in the treated group continued to be lower than those in the
control group. This separation trend was shown to be slightly increased by increasing
the tuber dose to 150 rkg/ and 200 mg/kg. However, this difference BW was
statistically insignificant R > 0.05).



Body Weight
(Male Zucker rats)

410+

400+ 200 mg/kg

\

3904
150 mg/kg

\

3804

3704
—&— Control

360+ 100 mg/kg

\

—a— Treated
350+

3404

Body weight (g)

3304

320+

3104

3004

290+

280+
0 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21
Days

Figure 6.4: The effect of LL on male Zucker rat BW (n=5). BW measurements
were recorded every 24h + &fins.

6.4.2.1.2. Female®ZR

The BW of 8 female ob/ob Zucker rats were monitoesiper sectior6.4.2.1.1. As in
Figure 65 and contrary to the findings of the male grolp, treatment in the female
group showedh greaterincrease in BW of the treatedogip in comparison with the
control group. As thd L dose increased, the BW of the treated group increased and
differed more from the control grouplowever, his increase in BW was statistically
insignificant @ > 0.05).
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Body Weight
(Female Zucker rats)

400+

3854

200 mg/kg

\

3704

150 mg/kg
3554 *

100 mg/kg

\

—#-— Control

—a— Treated
340+

3254

Body weight (g)

310+

2954

280=~
0123456 7 8 9 10111213 14 15 16 17 18 19 20 21 22

Days
Figure 6.5: The effect of LL onfemale Zucker rat BW (). BW measureme nts
were recorded every 24h £+ 30 mins.

0

6.4.2.2. Effect olLL treatment on WI

6.4.2.2.1. MaleOZR

WI was recorded daily for every rat and startediad/s prior to intiating the LL
treatment. As shown in Figure 66all animals consumed between 20 to 30 ml of water
daily. Both the control and treated groups had a similar daily WI prior to intiating the
treatment. On day 6 #he startof treatment, bthh groups showed an increase in WI
and this was decreased for both groapglay 7. From day 9, the treated group started
to differ from the control group and showed a reduction in WI. This separation
remained fairly constant irrespective to the doskelof However these results were

not of a statistical significanceP & 0.05).



Water Intake
(Male Zucker rats)

50+

404
100 mg/kg 150 mg/kg 200 mglkg

+ * * —=— Control
304

—a— Treated

20+

Water Intake (ml)

104

0

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21
Days

Figure 6.6: The effect of LL on male Zucker r&¥l (n=5). WI measurements were
recorded every 24h £ 30 mins.

6.4.2.2.2. Female®©ZR

Prior to the initiation of théL treatment, both the control and treated groups showed
comparable daily WI and this continued for 3 days following the treatment, as shown
in Figure 67. On day 9, the treated group had a higher Wl this increase returned
back to level with that of the control grogm the following day.On days 1214, the
treated group showed a reduction in WI in comparison with the control group, but
these results were statistically insignificar® X 0.05). On dgs 1517, both groups
showed similar levels of daily WI. The treated group showed a reduction in daily WI
on days 17 and 18. Howeveon days 2622, the treated group had more WI than the
control group P > 0.05).Thus LL treatment at the tested doses #&odthe period of

study did not show any significant increase or decrease in the WI of the tested female
Zucker rats.
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Water Intake
(Female Zucker rats)

50+

40+

100 mg/kg

304 + 150 mg/kg 200 mg/kg

* + —a— Control

—a— Treated
20+

Water Intake (ml)

10+

01 2 3 45 6 7 8 9 101112131415 16 17 18 19 20 21 22
Days

Figure 6.7: The effect of LL orfemale Zucker raWl (n=4). WI measurements were
recorded every 24h £ 30 mins.

6.4.2.3. Effect oflLL treatment on Fl

6.4.2.3.1. MaleOZR

FI was recorded daily faall ratsand started 4 days prior to intiating the LL treatment.
As shown in Figure 8, all animals consued 20-30 g of food daily. Both the control
and treated groups had similar daily FI prior to initiating the treatment and for 2 days
posttreatment. On day 9, the treated group showed a signifida«t0(05) reduction

in FI when compared with the control gmand this reduction continuetiut was only

significant onday 13 A boxplot was generated for the significant findings in days 9
and 13 as per Figure 6.9
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Food Intake
(Male Zucker rats)
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0 T T T T T T T T T T T
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Figure 6.8: The effect of LL on male Zucker r& (n=5). FI measurements were
recorded every 24h + 30 minfata was analysed using Studenttest * p value <
0.05.

40

35

’ -
I

25

Food Intake (g)

20
C: Day 9 T: Day 9 C: Day 13 T: Day 13

Figure 6.9: A boxplot showing theeffect of LL on male Zucker rdtl (n=5)in days
9 and 13 of the experiment. C= control, T= Treatedn€dsurements were recorded
every 24h £ 30 mins.
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6.4.2.3.2. FemaléDZR

Control and trefed female OZR consumed approximately 20 g of food per animal
daily. Both groups showed comparable results before andtrpasinent and the
results were not of statistical significangEigure 6.10)apart from day 7 where the
treated group showed more food intake wicempared with the control grouf €
0.05), asshownin Figure 611

Food Intake
(Female Zucker rats)

50+

404

w
o
L

100 mg/k
i 150 mglkg 200 mg/kg

v —s— Control
*
MW\ —— Treated

Food Intake (g)
S

104

0

012 3 456 7 8 9 10111213 141516 17 18 19 20 21 22
Days

Figure 6.10: The effect of LL orfemale Zucker raFl (n=4). Fl measurements were

recorded every 24h + 30 minBata wasanalysed using Studéstttest ** p value <
0.01.

25.0
225

20.0

Food Intake (g)

5.0
C:Day 7 T:Day 7

Figure 6.11: A boxplot showing theeffect of LL onfemale Zucker raFl (n=4) in

day 7 of the experiment. C= control, T= TreatedmEhsurements were recorded
every 24h £ 30 mins.
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6.4.2.4. Effects of LL tuber treatment onBG

6.4.2.4.1. MaleOZR

The frst BG measurement was taken 2dajor to the start of treatment where both
groups were almost identical and had an average BG of 5.6 mmol/l as shown in Figure
6.12. On day 6j.e. 2 days into the treatment period, the treated group had the highest
BG measurement in the study which wiighdy higher but not significant(P > 0.05)
compared withthe control group. This increase in BG decreasedlay 8 and was
below that of the control group for the first time. Then, the treated group maintained

lower BG levels when compared to the congup until the end of the study.

Blood Glucose
(Male Zucker rats)

100 mg/kg

77 * 150 mg/kg 200 mg/kg

64 iég v +ii

—=— Control
—a— Treated

Blood Glucose (mmol/l)
()]

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21
Days

Figure 6.12 The effect of LL on male Zucker r&8G (n=5). BG measurements were
recorded everyt8h + 30 mins.

6.4.2.4.2. Femal€OZR

In the first two BGmeasurements, both the treated and the control group showed
similar results as in Figure . On days 814, the treated group showed slightly
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higher BG levels when compared with the control grdep 0.05). Average BG levels
of both groups were vergimilar on days 1&0, but the treated group BG increased

on day22 whereas the BG difie control group remained constant (p > 0.05).

Blood Glucose
(Female Zucker rats)

6 100 mg/kg 200 mgkg
+ 150 mg/kg * —a— Control
W —— Treated
A

Blood Glucose (mmol/l)
ol

012 3 456 7 8 910111213 14151617 18 19 2021 2
Days

Figure 6.13. The effect of LL onfemale Zucker raBG (n=4). BG measurements
were recordecevery 48h 130 mins.

6.4.2.5. Collection of tissues

The folowing tssueswere colected ahe end of the animal experimeriter, brain,
hypothalamus skeletal muscles, adipose tissues, pancreas, kidney, testis and ovarian
tissues. Some of the extracted tissues are shown in Figude Thédre were some
lesions in the livers of two of the treated m@&R as shown in Figure 651

The tissues were then placed in tubes containing IR®Asolution and stored at 4°C

for 24 hours to st abilaterselgion wasgesnovedsand thR N A .

tissues stored a80 °C in a freezer for lorterm storage.
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Liver Ovarian tissue

Brain Pancreas Kidney Adipose
tissue

Figure 6.14: Some of the extracted tissues folowing the end of the animal study. All
tissues are representative for the other animals used in this study.

Treated rat no. 1 with liver lesions Treated rat no. 4 with liver lesions

Figure 6.15: Liver lesions were seen in two of the treated male Zucker rats.

6.4.2.5.2. Weight of the extracted tissues

Brain, kidney, liver and testis of the tested animals were weighed and the findings
presented irFigures 616-6.19. There were no significant fidrences in the weight of
the tissues indicating LL treatment had no effect on iheweight at the tested

concentrationsand timeframe of experiment
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Figure 6.16: The effect of LL treatment on the weight of the brain of male and female
Zucker rats.
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Figure 6.17: The effect ofLL treatment on the weight of the kidney (right kidney) of
male and female Zuckeats.
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Figure 6.18: The effect olLL treatmenton the weight of the liver of male and female
Zucker rats.
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Figure 6.19: The effect ofLL treatment on the weight of the testis (right testis) of
male Zucker rats.
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6.5. Discussion andConclusiors

LL extracts and isolated compounds showgubtential antidiabetic, ant
inlammatory, antioxidant propertiesand the abiity tochang@ gene expession of

pancreatic RNAThese esults led to a trialon genetically obese animals.

Woods (2017) examinethe effects oLL on male SD rats andhe results showed no
effect on BW, WI and FI. Therefore, eteurrent feeding study was amended time
folowing ways to determine if the rat model used had not been the appropriate one.
Firstly, OZRwere used instead &Drats. This isbecause thefiave a higher BW and
therefore changes in BWoudld be detectednore easily Zucker rats are genetically
obese andhave insulin resistance and glucose intolerance and this makeathetter
model for this type of study (Philips et al, 1996 Srinvasan and Ramarao, 2007)
Secondly, the current study employed male and female ralstéomine if there are

any gender differences in responseLto Thirdly, the route of administration was
modified so that the tubers wereaten rather than delivered by oral gavage asin Woods
(2017)study It was deemed that direct delivery to the stomach removed the possibility
that chewng the tuber would removesome of the activity due to buccal cavity
absorbance. Therefore,ethurrent study incorporated ground tuberF a r | rasksd s
mixed with water A preliminary test was carried oitt SD rats before purchasing
OZR which aremore expensive The ruskstuber mixture was orally consumed by all

of the rats and following this success, Zucker rats were purchased. Another amendment
which was made in this study was to increaselLthedose to 100 mg/kg and titrated

up to 200 mg/kg by the end of tlstudy instead of 42 mg/kg which was given only

once in the previous study.

Despite the fact that many amendments and changes were put into place to maximise
the effects oLL, the findings showed no clear differences between the control and
treated group. LL slightly reduced the BW of mal®ZR and this reduction was
increased when the dose of the tuber was increased. This showed that there was a dose
response effect, however, the results were statistically insignifidant 0(05). The

effect ofLL on BW was not evident as both the control and treated groups started to

separate two days prior to the start of the treatment. @pntesults were obtained



from the femaleOZR; the control group continued to sh@aNower BW in comparison

to the treated groupAgain, these results were statistically insignificaft > 0.05).

These trends of results were also obtained when looking at the effects of LL tubers on
WI of OZR. There was no statistical difference between the control and treated groups
and this was tre for both male and female rats. FI measurements produced similar

results to the BW and WI in that the results were statistically insignificdht 0.05).

LL did not affect the BG levels of male and fem@&R either

The lack of significant findings roeither male or female OZR can be as a result of
severalfactors To start with, BW, Fl and WI measurememere taken 24durs post
treatment and hence any efed¢hat occured before this time wrenot detected. BG

was measured 2 hours pastatment ad this might have been too shofta time for

LL to affect BG levels A study by Candasamyet al. looked at the effect of
glibenclamide (drug used for T2DM) and fenofibrate (drug used to lower cholesterol
levels) ornthe BG of normal adult Wistar ra{€andasamyet al, 2014) Glibenclamide

and fenofbrate were administered oraly at 0.45 mg/kg BW and 18.1 mg/kg BW
repectively. BG levels were measured before and after drug treatments at 0, 0.5, 1, 2,
3,4,6,8,10, 12 and 16h by puncturing the tail vein and placing a drop of blood on a
BG strip which was read anAccu-Chek Active glucometer. Glibenclamide showed
asignificant BG reduction from 1h and this reduction was at its lowest level (P < 0.01)
4 hoursfollowing the treatment. Fenofbrate showed caraple results to that of the
control (P > 0.05) for the first 3h of the treatmamtdat 4h it was found to significantly

(P < 0.05) decrease BG levesherefore, future work should involve collecting dudb
samples at differentime points in orderto find out the optimum time for monitoring

BG folowing LL treatment.

Another possibility isthe factthat rats are nocturnglempel et al, 1989) This means
that rats usually consume more food during the dark pfiagedon et al, 2013) LL

tubers were given to the rats during the light phase. The tulmrdame contained
appetite suppressamtgents,however no effects were seen on BW, WI or lfécause
these agentsod peerdmimghedaldy thendiarg phasendneaarsesat

more food. Metformin isanantidiabetic drug that is effective in lowerinBG and is
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associated with reducin@W. Kim et al investigated the effects of metformin on
neuronal activity in obese mice(Kim et al, 2016) Obesity in male C57BL/6 mice
was introduced by hightfat diet for 16 weeks before startihg metformin treatment.
The experiment was carried aater a 3day periodwhere thecontrol group received
0.9% saline (vehicle) for 3 dayhe single metformin (SM) treatment group received
vehicle for the frst 2 days and 300 mg/kg BW metformin in the third ata the
repeated metformin (RM) treatmentogp received 300 mglkg BW metformin for 3
days. All treatments were administered by oral gavage immediately before the dark
cycle (6pm). The BW othe SM and control groups were comparable (P > 0.05),
whereasthe RM group showedh significant reduction (K 0.05) in BW vs SM and
the control groups. Hence, future wodould involve administering the tubers just

before the dark phase.

Moreover it was possible that the LL dose was not sufficient to initiate effects on BW,
WI, Fl or BG. In addition to that, the length of the treatment may have been too short
to allow for biological responseLyperus rotundudubers (CRT) is an Indian
medicinal plant that is used aslimming agentLemaure et al. studied the effects of

45 or 220mg/kg BW hexane extract of CRT on the BW of OZRmaure et al, 2007)

The study was performed over a@8y period in which the CRT were administered
daiy. The study found that CRT significantly (P < 0.05) reduced the BW of OZR
without changing the food consumption and the response wasddosedent.
Therefore, future work would involve repeating the current studw fonger period

of treatment (60 days) to maximise the effects of LL tubers.

BA is one of the isolated compounds which is detaied in Chapters 2, 3 and 4 and was
found to be gotential antidiabetic, antbbesity antiinfammatory and antioxidant
agentin cels and isolated enzyme studiess the LL tubers contain a mixture of
compounds, this might have caused an antagonism effect and therefore resutted in
negative findings ©LL on the BW, WI, Fl and BG o©ZR, althoughthis is not likely

to be the reason as the tubers were traditionally eaten as a whole. Another possibility
is thatthe BA concentratioa in the administered LL tubersene at subtherapeutic

levels and henceonpositive effects were seen. BA yield in the tuber was found to be
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1.3%andthis indicates thathe BA concentration used in this animal study was 1.3

2.6 mglkg BW. BA was shown to possess -diabetic activity in a number of
published research papeXee et al.investigated the protective activity of BA on STZ
induced diabetic SD ra(Xie et al, 2017) Rats were injected (IP) with STZ 35 mg/kg

to induce diabetes. Seven ddgter, BA 20 mg/kg or 40 mg/kg was given daiy and
administered orally for 30 dayB G, i nsul i n, 116 and TNFU
monitored. BA significantly (TIRFiaddse05) de
depenént manner.The % yield ofBA isolated from LLT EA was 1.3 which means

that approximately 1-2.6 mg/kg BW of BA was administered daily to OZR in this

study and this is 816 times less thathat used in the study bitie et al. (2017) This

might explain the reason why BA from LLT did not decreabke BG of OZR.

In another study bgteMelo et al, BA isolated fromClusia nemorosavas investigated
for its biological effects in mice on HFWe Melo et al, 2009) Due to solubility
issues, BA was initially suspended in 2% (v/iv) Tween 80 and then dissolveden wa
BA was given as 50 mg/L in drinking water for 15 weeks thewater was changed
twice a weekThe BA + HFD group showed significant decreagP < 0.05) in BW,
BG, total cholesterol and plasma triglycerides when comparéte HFD only group.
Moreower, BA treatment increased plasmaulin and leptin levels significantly (P <
0.05), whereas ghrelin levels were decreasedofAlie above studies suggest tha
BA used in this research was at-gbbrapeutic levels anthat thelength of treatment

was insufficient for biological effects to occur.

Oral administration is preferreldecauset is less invasive compardd other methods

for example, intravenous (IV), subcutaneous (s/c) and intraperitoneal injection (IP).
However, he bioavailability of oral drugs is affected by many factors including
degradation in the stomach and metabolism by gut and liver in which these are avoided
by IV, IP and s/c routes. Tubers were oraly administered to OZR to mimic their
traditional useof being eaten by humans. However, humans and rats are different
species and they possess different hepatic metabolising enzgadgularly in
cytochromes P450 (CYP45@YP450 are metabolsing enzymes that are commonly

involved in metabolismof xenobiotis (Martignoni et al, 2006) Tubers areamixture
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of compounds in Wich somemight beactivated after metabolism (pdrugs) by
specific human enzymes that are poésentin the ratsso therefore,no biological

effects were seen in this study. Moreover, first pass hepatic metabolism is challenging
for oral drugs and rebsi in reduced bioavailability. Therefore, IC, IP and s/c routes

are advantageous as they are not affected by first pass metabolism and therefore they
have increased bioavailability. To ilustrate this withexample, Kao et al.compared

the biological décts of oral and IP administration of EGCG on SD (K&igo et al,

2000) IP EGCG at 85 mglkg BW showed significargduction in the BW of OZR,
whereas its oral administration did not affect the BWiis study suggestthatthe LL

route of administration should consider nféthodin a future animal study

This study only lookedatthe LL effects on BW, FI, WI and BG however, these are
not the only parameters by which awtiabetic and antbbesity agents work. In the
study by Woods (2017), LL treatment did not affect any of the parameters measured
(BW, FI, WI) in SD rats. However, RNA samples isolated from pancreatic tissues of
these rats revealed the fact that several genes invalvexbesity anddiabetes were
affected as detailed in ChapterAdipogexpression was significantly upregulated (P

< 0.001) by LL treatmentThis gene is knowrfor its antidiabetic and antbesity
effects andits expression in the pancreas is linked with enhancindinnselease and
protecting -cglsarfromr eapdptosis. Mbreover, genes Sucs

| 1 anBTnfrsf19were downregulated (P<0.05) The expressionof such genesis

linked with diabetesand damageto b-cells of the pancreas. Therefore, it is possible
that the anttdiabetic and antbbesity activity of LL might intially start by affecting

the gene expression which may require timeorderto be reflectedby parameters
such as BW, WI, Fl and BG. Future work should consider investigating the effects of

LL on gene expression (hypothalamus, pancreas, iver and adipocytes) of OZR.

In addition to this, it is possible that OZR were not the ideal model to askess t
appetite suppressautctivities of the LL tubers. Anecdotal evidence provided by Dr.
Brian Moffat indicated that the effects of the LL tuber starts 1-1.5 h folowing its
consumptionand would suppresshe appetitein humans by decreasingthe feeling of

af d e soie ra dSéveralplants have beentestedasappetite suppressantshat reduced
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the BW of humans but notin rats.Garcinia cambogiais a plant thatis endogenougo
SoutheastAsia. Its hydroxycitric acid (HCA) extract is avaiable commercially to
suppressappetiteand reduceBW (Semwal etal., 2015) HCA hasbeentraditionally
usedwith meals and reportedto increasefeeling of satiety. Preusset al. investigated

the activity of HCA on 60 human volunteers who were greeR000 kcal diet/day and

an oral dose of placebo or 4.7 g HCA three times per d&03@inutes before meals

for 8 weeks(Preusset al, 2004) The study monitored the BW, BMI, lipid profiles,
serum leptin, serotonin and excretion of urinary fat metabolites aarij 8 weeks of
treatment. At the endfahe study, BW and BMI decreased by 5.4% and 5.2%,
respectively. FI, serum leptin, LDL, triglyceride and total cholesterol levels were
significantly lower in the treated group, whereas HDL, serotonin levels and fat
metaboltes excretion were increasedniigantly when comparedvith the control
group. The study reported no significant adverse effects and therefore demonstrated
the safety and eficacy of HCA in humans. However, a year ld&aijo et al.
investigated the effect of HCA onwBeekold male OZR (Saito et al, 2005) The iats

were fed various doses of HCA, 0, 2.0, 10.1, 20.1 and 30.2, g HCA/kg diet for 92 days.
The findings were that HCA showed no effecttiomFI and BW of male OZRBoth

of thesestudies suggest that LL tubers shoulel ddministered to humans for future
work in orderto investigate the appetite suppressant actmvinaditionally, LL tubers

were eaten and there are no reported adverse effects associated with them.

Moreover, sample size plays an important role whetoihes to designing animal
experiments. An insufficient sample size can lead tecaysuring of real effects and

differences between groups. On the other hand, a sample size that is too large can result

in wastage of resources and animals involved in tildys According toCharan and

Kantharia there are a number of sample size calculation methods which can be applied
when it comes to designing animal studi€haran and Kantharia, 201&)ne of these

met hods i's called the Aresource equatior
method when it is not possible mmake assumptionsaboutthe effectof samplesize

and therefore it is the preferred met hod

value is calculated. Eis the degree of freedom of analysis of variance (ANOVA). For
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significant resuilts, the E value is recommended to bede#iviO and 20. E value is

calculated using the following formula:

0 (0GaRGE QI QHM 606 Qo a QI ¢ B 0 60 QW

By applying the sample size used in the current study, 10@i&Rwere divided into

two groups and this gives E a value of 8, whereas the fe@ZR group had an E

value of 6. Therefore, the sample size used in the current study was too small and this
might have caused significant results not to be seen. By choosByadue of 16, this
experiment should have had 9 animals per group instead of 5and 4 in male and female
groups respectively. This was meant to be a preliminary study so the number chosen

was deemed correct.

The weight of tissues from the treated growas comparable with their controls. Two

male Zucker rats from the treated group developed some hepatic lesions, however
none in the female treated group did. Hence, 40% of the treated male group and 22%
of the total treated animals in the study developped lesions. It is challenging at this

time to determine the cause of this hepatic damage for a number of reasons. It is more
likely that this damage to the liver was fm®isting as such lesions are known to be a
consequence of chronic exposucehepdotoxins and theLL was administered for

only two weeks. Moreover, only 2 out of the 9 treated rats showed any hefietits

and this again supports the possibility that these lesions existed before the treatment
started. Furthermore Woods (2017) did roreport any lver damage to SD rats
following treatment with LL. Future work wil involve histopathological studies to

identify the nature and possible causes for iver damage.

In conclusion, LL tubers did not show any significant effects on the BWYFbr BG

of the tested male and female OZR. Further investigation is required to be carried out
onthe gene expression effects of LL on RZThis wil be carried out in the next few
months by other students and it wil be interesting to compare thesregitlit the

normal rats.
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Chapter 7

7. Summary, Future work and Conclusions

As indicated in Chapter1, the objective of this researchwas to evaluate the ant
diabetic and anttobesity actvities of LL tubers and leaves byin vitro andin
vivomethods. LL tubers were historically used during medieval times as appetite
suppressantsvhen food was scarcehowever, there is a lack of scientific research
investigating their appetitesuppressanactivity. There is no historical usereportel for
LL leaves,butthey wereincluded in this projectasthis partof the plant is renewable.
NMR was usedto identify the constituentspresentin eachextract. LLT EA extract
was shown to exhibit inhibitory effects on U-glucosidaseby Woods (2017), but the
compounds responsible for the activity were not isolated. Therefore, the current
researchiractioned LLT EA extractto isolate bioactive compounds.Forthefirst time,
BA, lupeol and a mixture of stigmasteroland sitosterol were isolated from LL. BA
wasfound to bethe major compoundin LLT EA extractandits % yield was1.3which
is high in comparisonto other plants (PrakashChaturvedulaetal., 2003 Begum etal.,
2002 Chienetal., 2004 Fangetal., 2006 Fu etal., 2005) This indicates that LL is
a potential good sourcefor BA.

The isolated compoundsareknown to possessarious biological actvities andinclude
antthyperglycaemia antiHIV, antimalarial, anttinflammatory, anttoxidant and
ant-mutagenic effects (Bori etal., 2012 Guo etal., 2018 Gabayetal., 2010 Gupta
etal., 2011) Therefore, theseisolated compoundsas well asthe LL extracts were
subjected to in vitro testing against isolated enzymes implicated in diabetes and
obesity ( ddlucosidase,U-amylase, PTP 1B, PL and DPPIV) aspresentedn Chapter
3.In the Uglucosidaseassayonly LLT EA extractandBA from the tuberswerepotent
U-glucosidaseinhibitors (P < 0.05)with ICsoof 9.5 pg/ml and 5.5 UM, respectively.
Moreover,LLL EA andLLL MeOH extractsof LL leawes werealso stronginhibitors
of Uglucosidase(P < 0.05)with ICsoof 0.58 pg/ml and 4.3 pg/ml, respectively.
Inhibitors of U-glucosidasearenot only beneficial for enhancinginsulin releaseand
lowering postprandial BG, they are alsohunger suppressast and satiety

enhancergHao et al., 2017).GLP-1 activity is prolonged by U-glucosidaseinhibitors
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andthis hasbeendirectly linked with delayedgastric emptying (DGE) which enhances
satiety, reduceshunger and imits calorie intake (Lee et al., 2002).1t is possible that
the activity of LLT EA extracton U-glucosidaseis asaresult of BA which is found to
be the major compound presentin both these extracts. Despite the fact that U
glucosidaseand U-amylase have similar physiological actions, none of the extractsor
testedcompoundswereinhibitors for U-amylase. This indicates that LL may possess
selective U-glucosidase inhibitors. None of the tested LL extracts or isolated
compoundsshowedinhibition againstPTP 1B andDPPIV at the testedconcentratio B
andthis might indicate that the LL antidiabetic mechanismof action doesnot involve
PTP 1B and DPPIV inhibition. This was followed up by testing samplesagainst PL.
LLT EA at30pg/ml and BA at30 yM showed50% enzyme inhibition (P<0.05)and
oneextract from the leaves(LLL Hex) showed30%inhibition, which wasstatistically
significant. The isolated enzymatic assays suggest that LL can be potentially
therapeuticfor diabetesand obesity asit hadextractsand BA which strongly inhibited
U glucosidaseand PL. Acacianilotica is a Sudaneseplant that is usedby peoplein
Sudanto manage diabetes(El-Kamali, 2009) Elbashir et al. investigated the ant
diabetic activity of ethanolic extract of A. nilotica and the plant was a potent U-
glucosidaseand PL inhibitor with an ICspof 3.75pg/ml and 1.65pg/ml, respectively
(Elbashir etal., 2018) This suggeststhat LL could be a potential therapeutic plant for
diabetesand obesity Then, LL extracts and isolated compoundswere assessedn
HepG2cells for their ability to increaseglucoseuptakein cells. Only LLL Hexshowed
asignificant increasein glucose uptakewhich wascomparableto that of insulin Future
work would consider more phytochemistrywork on the extractsto isolate and purify

compoundsandretestthem for anttdiabetic activities.

As aconsequencef the patential antidiabetic findings in Chapter3, LL extractsand
isolated compoundswere further investigated for their antiinflammatory and antr
oxidant activities using in vitro assaysas per Chapter4. Inlammation and oxidative
stresshave beenlinked to the development of diabetesand obesity. Sampleswere
assessedbr their abiity to protect L929 cels from 10puM of T N F Which is the
concentrationthat was found to be cytotoxic to 50% of the cells. Preincubation of

cels with LL extracts and isolated compoundsprotected them (P < 0.05) from



cytotoxic effects of T N F Moreover, T N FidJknown to be an activator of NF-& B,
which is an inflammatory mediator. Hence, this was folowed up by assessingthe
inhibition activity of LL extractsandcompoundsagainstNF-a Bn NCTC cels, which
arehuman skin cells that ateansfected with NF& B ciférase reporter vectorThe
active sampleswere BA, LLT EA, LLL Hex andLLL EA which gave aNF-a Bk
inhibition of 70, 40, 30 and 30, respectively. The BA concentrationinhibition curve
was performed andinhibited NF-a EBexpression with an ICsoof 22.8 M. The
inhibition of NF-a Bs associatedwvith enhancednsulin releaseandimproved glucose
homeostasigLi et al, 2018)

LLT extractsandisolated compoundsshowedno postitive activity in the DPPH assay

at the testedconcentrations whereas,LLL EA and LLL MeOH extractsof the leaves
showed inhibitory activity against DPPH with 16 of 6.5 pg/ml and 24.8 pg/ml,
respectively. However, these two extracts of LLrequire fractionation and isolation
of intrinsic compounds to identify those responsible for the DPPH inhibitio vitgcti
Sylvie et al.(2014)investigated the types of compounds preseMid©H extracts of
Garcinia lucida Hymenocardia lyrataand Acalypha racemosavhich are DPPH
inhibitors  (IGso 1.74 pg/ml 2.61 pg/ml). The phytochemical screening of these
extracts showed ¢hpresence of various classes of compouriiese are alkaloids,
tannins, glycosides, terpenoids and flavonoidiken, all LLT and LLL sampleswere
investigated for ROS generéion in an DCFDA assayin SH-SY5Y, Pancl and
HepG2cels. None of the sampleswere ROS generatas in the testedcells, except

for lupeol which increasedRO Sgenerationby thredold (P<0.05)in HepG2cells only.
Further to this, sampleswereretestedn the sameassay but this time in the presence

of tBUOOH, a ROSgenerator. Al LL samples showed at least 70% protection
(P<0.01)o cells from ROSgeneratecby tBUOOH, apartfrom lupeol which increased

the generated ROS to over 280% in HepG2 cels The finding obtained
from lupeol was expectedasit increasedROS when it was administered alone in
HepG2cels. This research showed that lupeol generates ROS in HepG2 cells and this
is not concordant with the lterature. Pree#taal. (2006) showed thain vivolupeol
possesses hepatoprotective actvity against ROS generated by alfatoxins, which are

known hepatotoxic and hepatocarcinogenic agents. Moreover, cadmium is hepatotoxic
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andelicits its action by generating ROS and changing the hepatic redoxlstipt|

was administered at 150 mg/kg daily for three days prior to injecting rats with
cadmium chloridge lupeol changed the hepatic redox state and scavenged ROS.
However, the mismatch between the results obtained in this project and the Iterature
can be dudo two reasons; 1in vitro studes do not always correlate witin vivo
studies; 2) HepGarehuman hepatic cels, whereas the previous studies were on rats
and thereforethe difference in speciesan generate opposing resuf&hesefindings
werefollowed up further by assessinghe LL effects on HepG2GSHlevels. LLT EA,

LLT Hex, LLL Hex and BA were found to increaseGSH levels in HepG2cells and
results were statistically significant. LLT EA showed the highest increasein GSH

levels in which it doubledGSH levels in comparisonwith the control (P < 0.01). This
alsocontributesto the fact thatLL canbeapotential therapeuticagentfor diabetesand
obesity Dincer etal. (2002)investigatedthe relationship betweenreducedGSHIlevels
andglycaemic control in diabetic patients where poorly controled T2DM showed

lower GSH levels in blood samplesin comparisonwith the wel-controlled T2DM
patients. Minette et al. (2015)justified the decreasein the GSH levels in T2DM
patients because this was as a resut of compromised GSH synthesis

and metabolisingenzyme levels.

Folowing the evidence of antidiabetic, anttobesity, anttinfammatory and ant-
oxidant activity of LL, it was considered pertinent to carry out a retrospective
investigaton into any gene changesusing RNA-Seqand RT-qPCRon RNA isolated
from rat pancreatic tissues folowing treatment with LL tubers by Woods
(2017)(Chapterb). It wasanticipatedthat this would provide information ontheaction
of tubers on an organ which plays a vital role in the digestive processand BG
regulation. Isolating high quality intact RNA is crucial whenit comesto carrying out
deepmolecular analysis suchasRNA sequencingand RT-gPCR. The isolated RNA
samplesshowedlow RIN values (5-6) and this was expecteddue to the presenceof
high endogenouslevels of RNases,DNasesand proteasesin the pancreaswhich
enhanceautolysis immediately following deathanddissection(Augereauetal., 2016).
Therefore, only two control andtwo treatedsampleswere sentfor RNA-Seqganalysis

RNA-Segshowedthat the cytokine-cytokine receptorinteraction pathwaywas most



affected by the LLT treatment. Therefore, 7 selectedgenesirom this pathway were
chosen to be valdated in RT-gPCR, these areAdipoq, 111 b Tnfrsf19, Cd40,
Cd4dg, LepandCcl20. RT-gPCR showed that Adipogwas increasedby more than
15-fold (P<0.01)following LLT treatment. Adiponectin, a productof Adipog actsas
an anttinfammatory, anttatherogenicand insulin-sensitsing hormone. Reduced
adiponectin levels are known to be prevalent in obesepatients and T2DM, thus
suggesting its role in obesity and diabetes.Yamauchi et al. (2003)administered
globular adiponectin to transgenicob/obmice and tested animals showed higher
insulin sensitivity and secretednore insulin whencomparedwith nontransgenicmice.
This suggestghatLL tuberscontain compoundsthat enhanceadiponectinlevels which
may bebeneficial for diabesity. All the other selectedcytokines were downregulated
in RT-gPCRandthis was statistically significant (P <0.05)for 111 pTnfrsf19andLep.
The expressionof such genesin the pancreass known to suppressnsulin and can
result in apoptosisin pancreaticb-cells (Dogan et al, 2006 Schon et al, 2014
Marroqui et al, 2012. Thesefindings suggestthat LL tubers may also act as anti
diabetics by protecting pancreaticb-cells from apoptosisand by enhancing insulin

releasewhich is stimulated by adiponectin.

OZR have a mutation in the leptin receptors that results in hyperphagia whicls cause
obesity by the age of four week@hilps et al, 1996) They are also
hyperinsulinaemic, hyperlpidaemic, hypertensive and have impaired glucose
tolerance (Srinvasan and Ramarao, 200Hence, they were chosen in this study as
thar obesity and diabetic state eknot require STZ oa HFDto be developedThis
researchwasconcludedby anin vivostudyon OZR wheretheir BW, FI, WI andBG
were monitored following LL tubertreatment.Male andfemale rats wereemployedin

the current study to find out any genderdifferencesin responseto LL tubersasin the
Woo0ds(2017) study only male SD rats were investigated Woods study showedno
biological effect onBW, Fl andWI following LL treatment. Therefore,it wasdecided

to improve onthe Woodsstudy by changingthe route of administrationby mixing the
tuberswith babyrusksandallowing ratsto consumethe mixture orally. Moreover,the
doseof LL tubersin this study was increasedup to 200 mg/kg instead of 42 mg/kg
which was given by oral gavagein the study by Woods(2017) However, this study
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found no clear differencesbetweenthe cortrol andtreatedgroupsin termsof BW, WI,
FI and BG. This wassimilar to what had occurredwith the normal ratsin Wood$
study. The lack of responsecould beasaresult of the short duration of the study; LL
tubersmight needa longer duration to show positive effects however, this doesnot
agreewith the anecdotalevidencewhich indicates that the tubersbegin to take action

in lessthan 1.5hfollowing their consumption.

7.1.Future work

Future workcould include the following:

1 Fractionation of thd L extractsfrom tubers and leavesnd isolabn of more
compounds to assess their a@mibetes, anbbesity antiinflammatory and
antroxidant activity using the same methods as in Chapters 3 and 4.

1 Isolation of RNA samples from the hypothalamus, liver and pancreas tissues
of LL treated OZR and investigate the gene expression by-RBi\and RT
gPCR experiments.

1 Repeating then vivofeeding study on OZR with some modificationsor
example, LL tubersto be administeredwice daily for at least 6 weeks. One
dose to be given in the mornin@afm) and the second dose to be administered
just before the dark phase (6pm)

1 Consider gving LL tubers to humans to assess the safety, efficacy and

bioavailability of the tubers.

7.2.Conclusions

The main findings of the study were:

1 Therearefour compoundswhich wereisolated for the first time from tubersof
LL. TheseareBA, lupeol, stigmasterolandsitosterol.

 LLT EA, BA, LLL MeOHandLLL EA were potent U-glucosidaseinhibitors
(P <0.05)with ICso0f 9.5pg/ml, 5.5uM, 4.3pg/ml 0.58pg/ml, respectively.
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1 In PLassay.LLL Hex, LLT EA and BA showedsignificant (P < 0.05)PL %
inhibition of 30,50, 50, respectively.

1 LLL Hexincreasd glucose uptakein HepG2cells by 50% (P < 0.05)and the
results were comparableto that for insulin.

1 Al LLT andLLL extractsand isolated compoundsprotectedL929 celis (P <
0.05)from cytotoxic effects of 10puM T N F, Ebncentrationthatis cytotoxic to
50%of the cells.

1 LLL EA, LLL Hex, LLT EA and BA showedNF-a B% inhibition of 30, 30,
40 and 70, respectively. The BA inhbition curve was performed and
it inhibited NF-& Bexpressionwith anICso of 22.8 M.

1 Only two extracts were potent DPPH inhibitors, theselhte EA and LLL
MeOH with ICso 0f 6.5 pg/ml and 24.8 pg/ml, respectively.

1 Except for lupeol, al LLT and LLL extracts (30 pg/ml) and isolated
compounds 30 uM) were potentROSscavengersn a DCFDA assaywith SH-
SY5Y, Pancland HepG2ccells.

1 In HepG2 cels, the GSH concentrationswere significantly increasedto 3.29
UM, 2.44 M, 2.25pM, 2.11pM, 2.08 pM and2.06 M by LLT EA, LLT
Hex, LLL Hex, LLL EA. BA andLLT MeOH, respectively.

1 RNA-Seqof pancreatictissues of SD rats showedthat the cytokine-cytokine
receptorinteraction pathway wasmost affected by LL whole tuber treatment
RT-gPCRshowedthat the adiponectin gene (Adipog washighly up-regulated
(P < 0.05) whereasgenes that contribute to pancreaticb-cells damagesuch
asl | anfTnfrsf19weredownregulated (P < 0.05).

In conclusion, basedon theseresults the following schematic diagram (Figure 7.1)
showsthe potential mechanismsof action of the LL tubersand leaves. This research
producedindings that showhow LL could potentially be usedfor managingdiabesity
becauset possessesompoundsthatinhibit enzymeswhich areimplicated in diabesity
suchas U-glucosidaseand PL. Moreover, LL in this researchshowed potential antk
oxidant and anttinflammatory activities by enhancing GSH synthesis and inhibiting

ROSand inflammatory mediatorssuchasT N Fdnd NF-& Bvhich are implicated in
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diabesity. Lastly, LL administrationto male SD rats showedupregulation of Adipoq
and downregulation of both | | &n8Tnfrsf19in pancreat tissues This result
indicates the benefit of LL in protecting pancreaticb-cells from damageand apoptosis
andin enhancinginsulin release.Current licensed drugs usedin the manageme ntof
diabesity areassociatedvith unpleasaniside effects andhopetily LL hasthe potential

of improving treatmentfor obesity and diabetes
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