In silico and in vitro inhibition of a-
glucosidase and a-amylase by
compounds from culinary herbs and
spices, for possible treatment of type 2
diabetes

by

Morné Tolmie

Submitted in partial fulfilment of the requirements for the degree
Master of Science
in

Biochemistry

in the
Faculty of Natural and Agricultural Sciences
University of Pretoria

Pretoria

November 2020

Prof. Z. Apostolides

Prof. M. J. Bester

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&

ot

a" UNIVERSITEIT VAN PRETORIA
QXD



DECLARATION OF ORIGINALITY

University of Pretoria

Faculty of Natural and Agricultural Sciences

Subject of the work: In silico and in vitro inhibition of a-glucosidase and a-amylase by

compounds from culinary herbs and spices, for possible treatment of type 2 diabetes.
|, Morné Tolmie
Student number: 15018131

Declare that the dissertation, which | hereby submit for the degree Master of Science in
Biochemistry at the University of Pretoria, is my own work and has not previously been

submitted by me for a degree at this or any other tertiary institution.

Signature Date

@\J\/‘ November 2020



RESEARCH OUTPUTS

To be published:

M. Tolmie, M. J Bester, Z. Apostolides. 2020. Inhibition of a-glucosidase and a-amylase by
herbal compounds, for the treatment of type 2 diabetes: a validation of in silico reverse

docking with in vitro enzyme assays. Journal of Diabetes, (waiting for page numbers).

National conferences:

M. Tolmie, Z. Apostolides. Inhibition of a-glucosidase and a-amylase by herbal compounds,
for the treatment of type 2 diabetes: a validation of in silico reverse docking with in vitro
enzyme assays. BGM Monday Seminar series (University of Pretoria), Pretoria, South Africa,

13 July 2020 (Oral presentation).



ACKNOWLEDGEMENTS

| would like to express my immense gratitude to:

My supervisors

Professors Apostolides and Bester, thank you for your invaluable contribution, guidance,

assistance and advise. Thank you for the opportunity to do my MSc under your supervision.

The University of Pretoria

| appreciate the assistance of the University of Pretoria and the Department of
Biochemistry, Genetics and Microbiology for allowing me to undertake this study, and the
staff for their support throughout the duration of this study. | would like to thank Ms. Nell

from the Pharmacology department for helping with the maintenance of the cells.

My Friends

My laboratory partners and friends. Marissa thank you for your constant encouragement

and prayers. Kadima and Jamie thank you for your support and joining me in the laboratory.

My Parents and my Brothers

Thank you for your love support and prayers. You all are my greatest fans and genuinely

believe in me.

My Husband

Janré, thank you for all your help, constant encouragement and advice. Thank you for

always believing in me and wanting the best for me.

Father God

Without whom, this would not have been possible. Thank you for every blessing and Your

provision.



ABSTRACT

Diabetes is one of the largest health challenges of the 21st century and is amongst the top 10
causes of death globally. There is no cure for type 2 diabetes (T2DM) and the search for new
and improved treatments is ongoing. Various pharmaceuticals are available to treat T2DM,
but with varied success. Many traditional herbal medicines are also used to treat T2DM, but
mostly without scientific validation. Alternative treatment strategies, like herbal medicines
and associated active compounds, can prove to be more cost-effective and may lack
undesirable side-effects. This study aimed to assess the in vitro hypoglycaemic, toxicity and
insulin mimicking effects of seven compounds found in commercially available herbs and
spices, using in silico and in vitro relationship studies. These herbal compounds were
acetyleugenol, apigenin, cinnamic acid, eriodictyol, myrcene, piperine and rosmarinic acid,
they were chosen based on scientific reports on pleiotropic effects related to the inhibition of

starch hydrolysing enzymes and insulin mimicking effects.

Various in silico physiochemical properties of each compound was evaluated and compared
with the antidiabetic drug, acarbose. All the herbal compounds had better drug-like features
than acarbose. Candidate compounds were further analysed using the Search Tool for
Interactions of Chemicals (STITCH) database to explore drug-target interactions, for possible
harmful cross-reactions. The drug-target networks generated on STITCH showed no
undesirable cross-reactions and highlighted the anti-carcinogenic and anti-inflammatory
properties of the herbal compounds. The enzyme inhibitory nature was evaluated using in
silico docking analysis with the Glide algorithm in the Maestro software and was further

confirmed by in vitro a-amylase and a-glucosidase colorimetric assays.



Alpha-amylase and a-glucosidase have been identified as important therapeutic targets for
the management of T2DM. The inhibition of these enzymes would lead to a decrease in
postprandial hyperglycaemia, however most clinically used drugs have undesirable side
effects. Herbs and spices such as parsley, cinnamon, pepper, oregano, mint and cloves
alleviate flatulence, diarrhoea and abdominal pain, counteracting the side effects commonly
caused by a-amylase and a-glucosidase inhibitors. The in silico results identified which herbal
compounds had better docking scores (more negative delta G values) than acarbose namely,
apigenin, eriodictyol, piperine and rosmarinic acid. The in vitro studies revealed that all
compounds, except myrcene, inhibited a-amylase and a-glucosidase in a dose-dependent
manner. The Ki value of acarbose (170 + 80 uM), a widely prescribed a-glucosidase inhibitor,
and eriodictyol (130 £ 70 uM), apigenin (160 = 50 uM) and piperine (280 + 120 uM) were
similar (p > 0.05). For a-amylase inhibition, the K; value of acarbose (3.8 = 1.9 uM) and those
of rosmarinic acid (4.5 £ 2.9 uM), apigenin (7.8 = 2.7 uM) and cinnamic acid (8.0 + 4.5 uM)
were similar (p > 0.05). The relationship between the in silico and in vitro results correlated

well, where a more negative docking score translated to a higher in vitro inhibitory activity.

The effect of the herbal compounds on cell viability in C2C12 myotubes and HepG2
hepatocarcinoma cells, using the sulforhodamine B assay, was then determined. Eriodictyol
and apigenin displayed noticeable toxicity against HepG2 and C2C12 cells. Acetyleugenol,
cinnamic acid, myrcene, piperine and rosmarinic acid had similar (p > 0.05) 1Cso values to

acarbose in both cell lines.



Fluorescence detection was used to investigate the effects of each herbal compound on
glucose uptake in HepG2 and C2C12 cells. All of the compounds significantly increased glucose
uptake in these cell lines, compared to the control (p < 0.05), with efficacy in the same order

as the positive control, insulin (p > 0.05).

This study provides evidence for the antidiabetic potential of herbal compounds in terms of
their ability to prevent post-prandial hyperglycaemia, through the inhibition of starch
hydrolysing enzymes, and alleviate hyperglycaemia by mimicking the action of insulin. The
most promising compounds were cinnamic acid, piperine and rosmarinic acid. Using herbs and
spices would have several advantages, including their widespread availability, easily
cultivatable nature, affordability and health benefits. These compounds can easily be

consumed through teas or using herbs and spices to flavour food.

Keywords:

Type 2 diabetes; a-amylase; a-glucosidase; herbal compounds; reverse molecular docking, in

vitro cytotoxicity, insulin mimicking activity
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1. INTRODUCTION

1.1 Diabetes mellitus

Diabetes mellitus (DM), commonly called diabetes, is a chronic endocrinological and
metabolical disorder characterised by abnormal high blood glucose levels (hyperglycaemia)
(Goldenberg & Punthakee, 2013). Hyperglycaemia (HG) occurs either when the pancreas does
not produce enough insulin or when the body cannot effectively use the produced insulin
(Ighodaro, 2018). As a result, defective carbohydrate, lipid and protein metabolism becomes
apparent (Silverthorn & Johnson, 2010). Consequently, high blood glucose levels affect many
organs including; the heart, eyes, kidneys, and nerves, these effects further contribute to

complications that develop later on (Cho et al., 2018). Diabetes is diagnosed based on the

criteria in Table 1 (IDF, 2019).

Table 1: WHO diabetes diagnostic criteria

Normal Impaired Glucose Tolerance Diabetes
Fasting Plasma Glucose <5.6 >5.6and<7 =>7.0
(mmol/L)
2 h Plasma Glucose <7.8 >7.8and<11.1 >11.1
(mmol/L)
HbAlc <42 > 42 and < 46 >48
(mmol/mol)
Random Plasma >11.1

Glucose (mmol/mol)

(IDF, 2019)



1.2 The global prevalence of diabetes mellitus

DM is one of the greatest health challenges of the 21° century and is amongst the top 10
causes of mortality globally. Initially, the global adult DM prevalence in 1995 was estimated
to be 4% and was expected to rise to 5.4% by the year 2025 (King et al., 1998), with the number
of cases expected to rise from 135 million in 1995 to 300 million in 2025 (King et al., 1998).
However, this estimate was surpassed less than a decade and a half later; by 2010, 366 million
people were already living with DM. Currently, there are about 463 million (8.8%) people

across the world with DM, with 4.2 million deaths in 2019 alone (IDF, 2019).

The top 10 countries, from the highest to lowest number of DM cases are China, India, USA,
Pakistan, Brazil, Mexico, Indonesia, Germany, Egypt and Bangladesh, (IDF, 2019). The top 10
countries, from highest to lowest prevalence of DM are Marshall Islands, Mauritius, Tuvalu,
Kiribati, Sudan, New Caledonia, Pakistan, Solomon Islands, Guam and French Polynesia, (IDF,
2019). This identifies the Middle East, Northern Africa, Northern America and Caribbean,
Western Pacific and South East Asia as the regions with the highest incidence of DM,

accounting for approximately 62% of the global DM cases (IDF, 2019).

On the African continent, there are about 20 million people with DM and this number is
expected to double by 2045 (IDF, 2019). South Africa is one of the countries with the highest
number of DM in Africa. The International Diabetes Federation (2019) reported that 12.7%
(Figure 1) of the South African population suffers from DM, which is around 7 million people.
A major challenge is that one in two people that develops DM are undiagnosed, with Africa
having the second-highest incidence of undiagnosed DM in the world. Therefore, a more
accurate prediction of the percentage of DM in South Africa is about 20% (Williams et al.,

2019).



DM is the second highest cause of death in South Africa, second only to tuberculosis (Stats SA,
2017). Worldwide, DM kills around 4 million people per year (IDF, 2019). Six hundred and
ninety thousand people died of HIV/AIDS-related illnesses in 2019 (UNAIDS, 2019), while
malaria and tuberculosis (TB) killed about 400 000 (WHO, 2020a) and 1.5 million (WHO,
2020b) people worldwide respectively. Thus, DM kills more people per year than HIV/AIDS,

TB and malaria combined.

W <%
B 4-<5%
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B 7<%
B 5-<12%
W 2%

Figure 1: Global estimate of diabetes (TIDM and T2DM). The percentage of people diagnosed
with diabetes mellitus per country, in 2019, amongst 20 to 79-year-old individuals (Williams

et al., 2019)



1.3 Classification of diabetes mellitus

The correct classification of DM is an essential requirement for clinical management,
epidemiological and clinical research (Alberti et al., 1998). DM was classified based on the age
of onset or type of therapy, however the pathogenic process that leads to hyperglycaemia has
become the primary basis on which DM is classified today (Powers, 2013).
We can distinguish between three major types of diabetes:

e Type 1 diabetes mellitus (TLDM)

e Type 2 diabetes mellitus (T2DM)

e Gestational diabetes mellitus (GDM)

1.3.1 Type 2 diabetes mellitus

T2DM is the most prevalent type of diabetes, despite it being largely preventable. It accounts
for almost 90% of all diabetic cases (Williams et al., 2019). T2DM is also frequently called adult-
onset diabetes or non-insulin-dependent DM (Alberti et al., 1998). In T2DM, hyperglycaemia
occurs because of insulin resistance and relative (not absolute) insulin deficiency. The exact
cause of T2DM is unknown, however autoimmune destruction of pancreatic 3-cells does not
occur. Various factors can contribute to the pathophysiological disorders responsible for
impaired glucose homeostasis in T2DM, including environmental influences (unhealthy diet,
obesity, inactivity) and genetic factors (Alberti et al., 1998). An unhealthy diet refers to a diet
high in fat, salt, sugar and cholesterol, and low in fibre (National Institute of Diabetes and
Digestive and Kidney Diseases, 2016). Inactivity refers to less than 30 minutes of physical
activity for 5 days per week (National Institute of Diabetes and Digestive and Kidney Diseases,

2016).



Some of the risk factors for T2DM (Alberti et al., 1998) include:

Overweight or obese

e Family history of DM

e Aged over 45

e High blood pressure (> 140/90 mmHg)
* History of gestational DM

e History of heart disease or stroke

e Ethnicity (African or African American)

Although T2DM is mostly seen in adults, there is a surge in the number of children and
adolescents with T2DM and this is due to an increase in poor diets, physical inactivity, and
obesity. T2DM can be managed by losing excess weight and choosing a healthy lifestyle

combined with medical treatment.

1.3.2 Gestational diabetes mellitus

GDM can be defined as glucose intolerance first detected during pregnancy (Alberti et al.,
1998), it occurs in about 13% of all births (Alberti et al., 1998). GDM only last for the duration
of the pregnancy however, 50% of women may develop T2DM later in life (Kampmann et al.,
2015). GDM occurs as the placenta produces various hormones during pregnancy, which may
diminish the effect of insulin (Kampmann et al., 2015). Most symptoms of T2DM are also seen
in GDM, but GDM is usually diagnosed through prenatal screening (a fasted glucose test)
rather than reported symptoms (Alberti et al., 1998). Gestational DM can be managed by a
healthy diet, physical exercise, blood-glucose monitoring and oral medication (Williams et al.,

2019).



1.3.3 Other causes of diabetes mellitus

Despite their low prevalence, this category was created to accommodate diabetic states that
occur due to clearly established, non-classical causes of DM that can either be acquired or be
caused by genetics (Jones & Hattersley, 2010). These causes include the following subtypes,
monogenic causes of DM, drug-induced DM, endocrine disorders, and pancreatic disorders

(Jones & Hattersley, 2010).

Monogenic causes of diabetes result from a single gene mutation that causes [-cell
dysfunction or, less commonly, insulin resistance (Jones & Hattersley, 2010). Drug-induced
DM can be caused by many frequently used drugs that interfere with glucose homeostasis and
can provoke hyperglycaemia or worsen glycaemic control in patients who already have DM
(Gittoes et al., 2010). Some of these drugs include; glucocorticoids, diuretics, B-blockers,
phenytoin, cyclosporine, diazoxide, and nicotinic acid derivatives (Gittoes et al., 2010).
Phenytoin, an anti-seizure medication, can induce hyperglycaemia through the inhibition of
insulin release (al-Rubeaan & Ryan, 1991). Immunosuppressant treatment with cyclosporine
can result in the impairment of insulin synthesis and secretion (Dresner et al., 1989). Diazoxide
is prescribed to treat hypoglycaemia, however excess use can cause increased glucose
production, decreased insulin production and inhibition of glucose uptake (Altzuler et al.,
1977). Glucocorticoids are anti-inflammatory drugs that can cause increased insulin
resistance, increased glucose intolerance and suppression of glucose production (Suh & Park,
2017). B-blockers are prescribed to reduce blood pressure but can impair the release of insulin
from pancreatic B-cells (Rehman et al., 2011), while diuretics can cause insulin resistance,

inhibition of glucose uptake and a decrease in insulin release (Rehman et al., 2011).



Many endocrine disorders such as acromegaly, Cushing syndrome, pheochromocytoma,
glucagonoma, and thyrotoxicosis can lead to DM due to excess hormones, which counter
regulate insulin and act by inhibiting insulin secretion and/or action (Hanley, 2010). Pancreatic
disorders are a rare cause of DM however, chronic pancreatitis can lead to DM due to endo-

and exocrine damage to the pancreas (Unnikrishnan & Mohan, 2010).

1.4 Complications caused by diabetes mellitus

People suffering from T1IDM or T2DM can develop serious complications (Nickerson & Dutta,
2012) that are responsible for significant morbidity and mortality. The magnitude and
duration of hyperglycaemia caused by DM will determine the severity of these complications.
The complications can be broadly divided into microvascular and macrovascular, with the
former having a much higher prevalence than the latter (Papatheodorou et al., 2018). Some
of the most common microvascular complications include nephropathy, neuropathy, and
retinopathy (Papatheodorou et al., 2018). Macrovascular complications mostly consist of

peripheral artery disease, coronary heart disease, and stroke.

1.4.1 Diabetic nephropathy

Diabetic nephropathy is seen in one-third of all diabetic patients and refers to the
deterioration of kidney function due to hyperglycaemia (Sulaiman, 2019). Various studies
indicate that DM is the leading cause of end-stage renal failure (Rychilik et al., 1998). Diabetic
nephropathy is a degenerative disease in which the glomeruli are damaged, affecting the
filtration capacity of the kidneys. The disease can be diagnosed by identifying an increased
amount of protein excreted in the urine (albuminuria). The development and progression of
nephropathy are prevented by drugs that reduce the activity of the renin-angiotensin-

aldosterone system (Williams et al., 2019).



1.4.2 Diabetic neuropathy

Diabetic neuropathy (DN) affects over 90% of all diabetic patients (Williams et al., 2019). It
can be defined as signs and symptoms of peripheral nerve dysfunction in a patient with DM
(Bansal, 2006). High blood glucose causes damage to the nerves (Williams et al., 2019).
Peripheral neuropathy is the most common form of DN and is characterised by pain,
numbness, and tingling of the extremities (Williams et al., 2019). It affects the distal nerves of
the limbs, predominantly those of the feet, causing diabetic foot. Damage to the foot muscles
leads to immobility which produces foot deformities that create pressure points (Pendsey,
2010), where subsequent skin breakdown and ulceration can occur (Pendsey, 2010). Bacterial
infections can occur and eventually, if not treated effectively, can lead to the development of
gangrene. Treatment and prevention include glycaemic control, frequent foot assessments,

suitable footwear and patient education (Pendsey, 2010).

1.4.3 Diabetic retinopathy

Diabetic retinopathy (DR) is one of the most common microvascular complications of DM (Duh
et al., 2017) and affects millions of people worldwide (Duh et al., 2017). It occurs because of
chronic hyperglycaemia, which leads to damage of the retinal capillaries. DR can cause
cataracts, glaucoma and diabetic macular oedema (DME), all of which may lead to loss of
vision and eventually blindness (Williams et al., 2019). Regular retinal screening is necessary
as DR is largely asymptomatic in the early stages. DM management is the primary prevention

intervention for DR (Duh et al., 2017).



1.4.4 Cardiovascular diseases

According to the IDF, people with DM are 2 to 3 times more likely to have cardiovascular
diseases (CVD). Although the mechanism of action in which DM causes CVD is poorly
understood, it is theorised that hyperglycaemia over activates the blood coagulation system
causing clot formation. DM is also associated with high cholesterol and blood pressure, thus
diseases such as coronary artery disease (CAD), strokes and peripheral artery disease (PAD)
develops (Williams et al., 2019). Blood glucose management is essential to prevent CVD. A
healthy lifestyle with increased physical activity, smoking cessation and avoidance of excessive

alcohol consumption is also necessary (Williams et al., 2019).

1.5 Glucose metabolism and regulation of T2DM

1.5.1 Glucose metabolism

Glucose is a monosaccharide best known for its role as a primary metabolite for energy
production in the body. Complex carbohydrates are broken down into simple sugars such as
glucose, fructose or galactose (Williams et al., 2019). The liver, pancreas and small intestine
regulate the absorption, storage, and production of glucose (Aronoff et al., 2005). Blood
glucose concentration is a function of the rate of glucose entering against the rate of glucose
removal from the circulation. Hormones such as insulin, cortisol, and glucagon regulate blood
glucose levels (Aronoff et al., 2005). These hormones regulate glucose entry into cells and
affect metabolic processes (Table 2) such as glycolysis, gluconeogenesis, and glycogenolysis.
Glycolysis is the main catabolic pathway that occurs in the body. It uses glucose as its substrate

to provide energy in the form of ATP (Adenosine triphosphate) (Patolia & Mahmood, 2018).



Table 2: The metabolic processes that influence blood glucose levels

Process Description Glucose Organ

Glycolysis Glucose molecules are split and converted | glucose Liver
to two three-carbon units (pyruvate)

Gluconeogenesis New glucose molecules from non- T glucose Liver
carbohydrate and carbohydrate Kidney
precursors

Glycogenolysis Glycogen is broken down to glucose T glucose Liver

Muscle

Glycogenesis Glucose molecules are added to chains of | glucose Liver

glycogen (glycogen synthesis)

1.5.2 Insulin and the regulation of glucose levels

Insulin (Figure 2) is a peptide hormone secreted by the B-cells of the pancreatic islets of
Langerhans (Wilcox, 2005). This hormone facilitates cellular glucose uptake and regulates
carbohydrate, protein and lipid metabolism to maintain normal blood glucose levels (Wilcox,
2005). The synthesis and secretion of insulin is primarily regulated by glucose. Other
hormones like oestrogen, melatonin, leptin and the growth hormone might also affect insulin
secretion (Fu et al., 2013). Glucose intake disrupts the balance between glucose production
and glucose uptake by tissues. As soon as the plasma blood glucose concentration is increased
the pancreatic B-cells are stimulated to release insulin. Once insulin is secreted, it stimulates
glucose uptake and suppresses endogenous glucose production (Cersosimo et al., 2018).
Insulin binds to specialised receptors found on the surface of target cells in the adipose tissue,
liver and skeletal muscle. As seen in Figure 3, as soon as insulin binds to these receptors a
series of phosphorylation reactions occur. These reactions lead to the translocation of glucose
transporters (GLUT) to cellular membranes (Nolte, 2009). The increased number of glucose
transporters will allow more cellular glucose uptake, decreasing the blood glucose levels

(Patolia & Mahmood, 2018).
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T2DM is characterised by insulin resistance, where the liver, adipose tissue, and skeletal
muscles are resistant to the effect of insulin, resulting in a reduction of glucose uptake by

these tissues and an increase in gluconeogenesis in the liver (Robertson et al., 2003).

Ultimately hyperglycaemia occurs.

@;o @ G-, @%

Figure 2: The structure of Insulin (HealthJADE, 2019).
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Figure 3. Insulin mediated glucose uptake and metabolism, via the translocation of GLUT-4 in
muscle (C2C12) cells. (1) Insulin bind to the INSR receptor, (2) activation of protein cascades
involving P13K and AKT, (3) translocation of GLUT-4 transporters to the plasma membrane, (4)
influx of glucose, (5) glycogen synthesis, (6) glycolysis and (7) fatty acid synthesis. This image
was obtained from an open source public domain, information was validated to be in

accordance with Meyer et al. (2008)

1.5.3 Alpha-amylase and alpha-glucosidase

Alpha-amylase (Figure 4a) and alpha-glucosidase (Figure 4b) are enzymes found in the GIT and
play an important role in the metabolism of carbohydrates. As soon as carbohydrates enter
the intestinal lumen, the pancreas secretes a-amylase (Meyer et al., 2008) that cleaves the
o(1,4)-glycosidic bonds in starch. Amylase mediates the hydrolysis (Figure5) of
polysaccharides containing more than three glucose units, into smaller molecules (di-and
trisaccharides) (Proenca et al., 2019), which can be digested further by a-glucosidase (Proenca

et al., 2017; Proenga et al., 2019; Rivera-Chavez et al., 2013).
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Figure 4: The structures of the enzymes (a) a-amylase (PDB code: 4GQR) (Williams et al., 2012) and
(b) a-glucosidase (3L4Y) (Sim et al., 2010). The chains are shown in grey and the ligand in green. The

structures were generated on Maestro (Maestro, 2020).
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Figure 5: An example of the reaction catalysed by a-amylase. Starch is hydrolysed to form
simpler sugars such as maltotriose, maltose and glucose. Created using ChemDraw version

19.1 (ChemDraw, 2020).

Alpha-glucosidase is found in the brush border of the intestine and is responsible for the
hydrolysis of a(1,4)-glycosidic bonds at the nonreducing end of oligosaccharides (Feher, 2017).
This hydrolysis reaction (Figure 6) will release a terminal glucose molecule. Once the glucose
molecule is released it can be absorbed into the bloodstream, increasing the blood glucose

levels (Brayer et al., 2000; Powers et al., 2003; Proenca et al., 2017).

HO
OH OH OH

HO 0 HO OH HO OH

+ 3H,0 a-glucosidase

(o]
(o]

OH
HO HO (¢ HO 0

OH

OH OH

Maltotriose Glucose

Figure 6: An example of a reaction catalysed by a -glucosidase. Maltotriose will be further
hydrolysed to release a terminal glucose molecule. Created using ChemDraw version 19.1

(ChemDraw, 2020).
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1.6 Treatment of type 2 diabetes

The treatment of T2DM includes oral drugs and injectable agents (Marin-Penalver et al., 2016)
and lifestyle changes, the aim of which to treat hyperglycaemia and relieve diabetic symptoms
(Bastaki, 2005). The secondary aim is to prevent long-lasting complications and eliminate risk
factors to increase longevity (Bastaki, 2005). Patients with TIDM rely on insulin therapy, while

lifestyle and diet modifications form the cornerstone for T2DM management and treatment.

1.6.1 Oral drugs
Oral drugs are prescribed to treat underlying metabolic disorders, such as insulin resistance
or inadequate insulin secretion and should be combined with a healthy diet and physical

activity (Bastaki, 2005).

1.6.1.1 Metformin

Metformin (Figure 7) is a first-line treatment for T2DM since it is more effective than other
oral drugs. The mechanism of action of metformin involves changing the composition of the
gut microbiota and activating mucosal adenosine monophosphate (AMP)-activated protein
kinase (AMPK), which is responsible for the maintenance of the intestinal barrier integrity

(Marin-Penalver et al., 2016).

NH NH

NP NP

NH
I

Figure 7: The structure of metformin. Created using ChemDraw version 19.1 (ChemDraw,

2020).
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Studies have shown that metformin can inhibit gluconeogenesis through four possible
mechanisms (Marin-Penalver et al., 2016), activating hepatic AMPK through liver-kinase B1,
inhibition of glucagon cyclic adenosine monophosphate (CAMP) production by blocking adenyl
cyclase, inhibiting nicotinamide adenine dinucleotide (NADH) coenzyme Q oxidoreductase in
the mitochondrial electron transport chain (MET) to ATP and increase AMP/ATP ratio which
activates AMPK and lastly through the inhibition of mitochondrial glycerol phosphate

dehydrogenase.

Metformin is generally well tolerated. However, it can cause gastrointestinal (GIT) side effects

such as nausea, abdominal discomfort, and diarrhoea.

1.6.1.2 Sulfonylureas

Patients with T2DM often use sulfonylureas (Figure 8) as a second-line treatment. The
mechanism of action of sulfonylureas involves the stimulation of pancreatic -cells to release
insulin by binding to the sulfonylurea receptors (SUR) on their plasma membrane. This causes
a closure of ATP- sensitive potassium channels leading to a depolarisation of the cell
membrane. The depolarisation causes the voltage-gated channels to open, allowing an influx
of calcium ions and ultimately insulin release (Bastaki, 2005). Studies have also shown that
long-term administration of sulfonylureas may increase insulin levels by reducing the hepatic
clearance of the hormone (Bastaki, 2005). Some of the most common side effects of
sulfonylureas include hypoglycaemia and weight gain (Marin-Penalver et al., 2016). The drug

is known to lose efficacy when used over a long period (Marin-Penalver et al., 2016).

16



O\//O)\ J\
o A / \/ /

Figure 8: (a) The general structure of sulfonylureas. The sulfonylurea backbone is shown in
red and the side chains that distinguish different sulfonylureas compounds in blue. (b) An
example of a sulfonylureas drug, tolbutamide, with a methyl (R1) and a butane (Rz) side chain

shown in green. Created using ChemDraw version 19.1 (ChemDraw, 2020).

1.6.1.3 Thiazolidinediones

Thiazolidinediones (TZD) (Figure 9) cause insulin sensitivity. They act as agonists for nuclear
peroxisome proliferator-activated receptor-gamma (PPAR-A). Peroxisome proliferator-
activated receptors (PPARs) are found in muscle, adipose tissue, and liver (Marin-Penalver et
al., 2016) and play an important role in regulating genes involved adipocyte differentiation,
insulin signal transduction, and glucose and lipid metabolism. Therefore, TZDs bind to PPARs
to increase glucose utilisation, decrease glucose production and regulate carbohydrate and
lipid metabolism (Marin-Penalver et al., 2016). Their main adverse effects are weight gain and

fluid retention (Bastaki, 2005).

Figure 9: (a) The general structure of thiazolidinediones, with the side chain is show in red and
the backbone in black. (b) An example of a thiazolidinedione drug, ciglitazone. Created using

ChemDraw version 19.1 (ChemDraw, 2020).



1.6.1.4 Alpha-glucosidase inhibitors

Alpha-glucosidase (Figure 10) inhibitors replicate the effect of a low glycaemic index by
delaying the digestion of complex carbohydrates to decrease the rise in postprandial plasma
blood glucose (Bastaki, 2005). The drugs are structurally similar to oligosaccharides and thus
bind with a higher affinity (competitively) to the active site of the enzyme, where the
saccharide is supposed to bind. There are three a-glucosidase drugs on the market; acarbose,
miglitol and voglibose (Marin-Penalver et al.,, 2016). The side effects of a-glucosidase
inhibitors are predominantly gastrointestinal and cause flatulence, diarrhoea, bloating and
abdominal pain. The symptoms are usually mild but are one of the main reasons for the

discontinuation of treatment (Bastaki, 2005).
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Figure 10: The structures of the anti-diabetic drugs; (a) acarbose, (b) miglitol and (c) voglibose.

Created using ChemDraw version 19.1 (ChemDraw, 2020).
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1.6.2 Injectable agents

Insulin is the main injectable agent used to treat DM and is usually prescribed when blood
glucose levels cannot be managed by oral drugs or lifestyle changes. It is well known that
insulin is the most potent blood glucose-lowering agent however, hypoglycaemia is a major
dose-limiting factor (Bastaki, 2005). Insulin therapy should aim to mimic the effect of natural
insulin. Although effective in limiting postprandial hyperglycaemia and preventing
hypoglycaemia between meals, an exact replication of a normal glycaemic profile is not

possible (Bastaki, 2005).

The different insulin preparations are rapid-acting with a fast onset and short duration of
action, short-acting, long-acting and lastly ultra-long acting with a longer duration of action
(Bastaki, 2005). The most frequent side effects of insulin therapy include hypoglycaemia,

nausea, vomiting, and headache (Bastaki, 2005).

1.6.3 Lifestyle changes

Although pharmacological treatment offers therapeutic possibilities, lifestyle changes are
important for the treatment of DM. An improved diet and physical exercise will ensure that
the patient reaches optimal results while using therapeutic agents. Diet plays a vital role in
the achievement of the desired blood glucose, blood pressure and weight (Marin-Penalver et
al., 2016). There are various benefits of physical exercise including; increased insulin
sensitivity in tissues, improved glycaemic control, positive effect on lipid profile and blood

pressure, weight loss and cardiovascular benefits (Marin-Penalver et al., 2016).
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1.7 Herbal compounds

Herbs and spices are primarily used to flavour, colour or preserve food and include dried
seeds, fruits, roots, barks or vegetable substances (Asowata-Ayodele et al., 2016). According
to the European Spice Association (ESA): “culinary herbs and spices are the edible parts of
plants traditionally added to foodstuff for their natural flavourings, aroma, visual appearance
and preservative purposes”. Besides their use in culinary arts, herbs and spices are also used

to prevent and treat chronic diseases.

The Merriam Webster dictionary defined herbal medicine as “the art or practice of using herbs
and herbal preparations to maintain health and to prevent, alleviate, or cure disease”
(Merriam-Webster, 2020). Various studies have shown that herbs and spices such as
cardamom, cayenne pepper, cinnamon, garlic, ginger, ginseng, and turmeric are of particular
interest due to their desired effects on ageing, atherosclerosis, arthritis, cancer, DM, free
radicals, immune deficiency, inflammation, microbes, mental health, and obesity (Asowata-
Ayodele et al., 2016). There has been an exponential increase in the use of plant-based drugs
over the past few years (Asowata-Ayodele et al., 2016). The WHO organisation reported that
80% of the world’s population relies on herbal medicine daily (WHO, 2013). Traditional
medicine is often the only readily available and affordable source of treatment for most

people living in developing countries.
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DM has been treated with herbs long before the westernisation of modern medicine. One
such example is metformin. Metformin (see structure in section 1.6.1.1) is an ancient herbal
remedy derived from the French lilac (Galega officinalis) in 1922 (Thomas & Gregg, 2017). The
plant was found to be rich in the compound guanidine, which possessed hypoglycaemic
effects (Bailey, 2017). Today, metformin is the widest prescribed oral anti-diabetic drug
(Bailey, 2017). Metformin has an insulin sensitising effect and is used to lower blood glucose

levels in patients with non-insulin-dependent DM (Bailey & Turner, 1996).

Worldwide, over 400 herb and plant preparations have been documented to possess
beneficial effects to treat DM. However, only a few have been medically and scientifically
evaluated to assess their efficacy (Bailey & Day, 1989). More studies are required to establish

the mechanism of action, safety and efficacy of the herbal remedies (Dham et al., 2006).

Previous research in our group has documented the anti-diabetic effect of herbs, including
rosemary, oregano, black pepper, cinnamon, clove and parsley (Pereira et al., 2019). They also
identified the most bioactive compounds found in each of these herbs, for example a bioactive
compound in black pepper is piperine. In this study, the anti-diabetic effect of some of these
bioactive herbal compounds was evaluated for the regulation of two key diabetic targets,
inhibition of the enzymes a-amylase and a-glucosidase, and insulin mimetic properties. The
antidiabetic effect of some of these herbal compounds have been shown in vivo however, the
mechanism of action in which most of these herbal compounds give rise to hypoglycaemia is
not known. Each herbal compound tested in the study is found in commercially available herbs
and spices, consequently it can be assumed, these compounds are safe at culinary relevant

levels.
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The chosen herbal compounds and their properties as well as the sources thereof are listed in
Table 3. Acetyleugenol is a phenol ester found most abundantly in Syzygium aromaticum
(cloves) (Shan et al., 2005). The flavone apigenin is found in Petroselinum crispum (parsley)
(Haytowitz et al., 2018). Cinnamic acid a phenylpropanoid acid is found in Cinnamomum
loureiroi (cinnamon) (Lee et al., 2015a). The flavone eriodictyol is found in Lippia graveolens
(Mexican oregano) (Haytowitz et al., 2018). Myrcene is a monoterpene found in Mentha
spicata (Spearmint) (Duke, 1992). Piperine is an alkaloid found abundantly in Piper nigrum
(black pepper) (Duke, 1992) and rosmarinic acid is a polyphenol found abundantly in
Origanum vulgare (Oregano) (Duke, 1992). Previous studies have shown that herbs and spices
such as cinnamon, cloves, mint, nutmeg, oregano, parsley and pepper alleviate abdominal
pain, diarrhea and flatulence (Peter, 2012), counteracting the side effects commonly caused

by a-amylase and a-glucosidase inhibitors.
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Table 3: Properties of investigated herbal compounds, and their sources.

Compound

Properties

Richest sources

Acetyleugenol

Apigenin

Cinnamic acid

Eriodictyol

Myrcene

Piperine

Rosmarinic acid

Antimicrobial

Antioxidant

Anti-inflammatory

Antidepressant Antimutagenic Anticancer
Antiviral

Antibacterial Cardioprotective
Hepatoprotective (Kashyap et al., 2018)
Antidiabetic (In vivo) (Panda & Kar, 2007)

Antimicrobial (Kuchi et al., 2018)
Antidiabetic (In vivo) (Hafizur et al., 2015)

Anti-inflammatory

Antimicrobial (Singh & Sharma, 2015)
Antidiabetic (In vitro) (Zhang et al.,
2012a)

Antibacterial Antimicrobial (Sela et al.,
2015)

Diuretic
Anti-asthmatic (Shityakov et al., 2019)
Antidiabetic (In vivo) (Essop et al., 2014)

Antiviral

Antibacterial

Anti-inflammatory Antioxidant(Petersen
& Simmonds, 2003)

Antidiabetic (In vivo) (Runtuwene et al.,
2016)

Syzygium aromaticum (Cloves)
Cinnamomum cassia (Cinnamon)

Petroselinum crispum (Parsley)
Thymus vulgaris (Common thyme)
Origanum onite (Common
oregano)

Mentha spicate (Spearmint)
(Kashyap et al., 2018)

Cinnamomum cassia (Cinnamon)

Origanum onite (Common
oregano)

Thymus vulgaris (Common thyme)
Ocimum basilicum (Sweet basil)
Petroselinum crispum (Parsley)
(Singh & Sharma, 2015)

Cymbopogon (Lemon grass)

E. cardamomum (Cardamom)
Thymus vulgaris (Common thyme)
(Sela et al., 2015)

Origanum onite (Common
oregano)

Petroselinum crispum (Parsley)
Mentha spicate (Spearmint)
(Shityakov et al., 2019)

Origanum onite (Common
oregano)

Salvia officinalis (Common sage)
Thymus vulgaris (Common thyme)
Ocimum basilicum (Sweet basil)
Mentha spicate (Spearmint)
Rosmarinus officinalis (Rosemary)
Mentha x piperita (Peppermint)
(Petersen et al., 2009)
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1.8 In silico methods used to identify possible anti-diabetic

compounds

In silico refer to methods or predictions using computational approaches (Saeidnia et al.,
2013). Computational, in silico methods play an integral part in the development and testing
of hypotheses (Ekins et al., 2007). These methods have frequently been used for the discovery
and optimisation of novel molecules, physiochemical characterisation and clarification of
absorption, distribution, metabolism, excretion and toxicity (ADMET) properties (Ekins et al.,
2007). Computational methods can assist in the identification of novel antagonists or agonists
for a specific target, it can also aid in understanding the fundamental biology using
networks/pathways based on signalling cascades (Ekins et al., 2007). The prime benefit of
using in silico methods is it being faster than in vivo and in vitro work, allowing results to be
observed in minutes rather than months (Amberg, 2013). Some other advantages include fast
predictions for a large set of compounds, reduced animal and reagent use and reduce the
need for expensive laboratory work and clinical trials (Amberg, 2013). However, all results

must be confirmed in laboratory-based studies.
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1.8.1. Enzyme docking

Enzyme docking (Figure 11) is a technique used in drug discovery. Computational enzyme
docking can be defined as a procedure that mimics the process in human bodies, through
binding potential ligands to protein targets in a three-dimensional space and ranking the

results in a specific order (Amaro et al., 2018).

Target Ligand Complex

+ . fp docking

— (¥

Figure 11: Schematic illustration of docking a small molecule ligand (green) to a protein target

(black) producing a stable complex (Kumar, 2016).
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i. To obtain docking scores

There are various computational programs available to perform docking, Schrodinger’s
Maestro (Maestro, 2020) program is one of them. There are different scoring functions
available to predict docking scores, Maestro (Maestro, 2020) uses Schrodinger’s GlideScore
scoring function (Figure 12). This algorithm recognises favourable hydrophobic, hydrogen-
bonding, and metal-ligation interactions, and penalises steric clashes between the ligand and
the protein (Singh & Sharma, 2015). Glide makes use of three docking methodologies; Glide
HTVS, Glide SP and Glide XP. Glide HTVS and SP use hierarchical filters to search for possible
locations of the ligand in the binding-site region of a receptor (Friesner et al., 2004). This
hierarchical search function gives it exceptional high accuracy (Singh & Sharma, 2015). The
shape and properties of the receptor are represented on a grid by different fields that provide
progressively more accurate scoring of the ligand pose. Glide XP is a stricter function which
severely penalise poses that violate physical chemistry principles (Friesner et al., 2004). The
GlideScore function is used to rank compounds, from those that bind tightly to those who
don’t. It accounts for lipophilic-lipophilic bonds, hydrogen bonds, rotatable bond penalties,

and contributions from protein-ligand coulomb-vdW energies (Schrodinger, 2017).

The program generates a table in which the ligands are ranked according to their docking
score to enzyme targets. The docking score mimics the Gibbs free energy change when the
inhibitor and enzyme come together. Thus, a high negative score corresponds to spontaneous
binding while a low negative score corresponds to a less spontaneous binding. Maestro
(Maestro, 2020) can also generate a figure which indicates all the interactions between the

protein and a specific ligand.
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Figure 12: Maestro’s Glide docking 'funnel', showing the glide docking hierarchy (Barua et al.,

2016).

ii. To explore insulin regulatory properties

DIA-DB (Sanchez-Pérez et al., 2015) is another well-known web-based database used for the
prediction of anti-diabetic drugs. The server is open to all users and is accessible at http://bio-
hpc.eu/dia-db. DIA-DB employs inverse virtual screening of certain input molecules against
key diabetic protein targets. In Autodock Vina the ligand is docked to a set of grids describing
the target protein (Trott & Olson, 2009). The docking algorithm does not require choosing
atom types or the pre-calculation of grid maps. Instead, it calculates the grids internally for
the atom types needed (Trott & Olson, 2009). The results are clustered in a manner

transparent to the user.
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Inverse virtual screening of compounds with Autodock Vina is employed against a set of 18
protein targets associated with DM. These targets are aldose reductase (AKR1B1),
corticosteroid 11-B-dehydrogenase isozyme 1 (CSD11B1), dipeptidyl peptidase 4 (DPP4), free
fatty acid receptor 1 (FFAR1), fructose-1,6-bisphosphatase (FBP1), glucokinase (GCK),
glycogen phosphorylase (PYGL), insulin receptor (INSR), maltase glucoamylase (MGAM),
nuclear receptor subfamily 5 group A member 2 (NR5A2), pancreatic alpha-amylase precursor
(AM2A), peroxisome proliferator activated receptor a (PPARA), peroxisome proliferator-
activated receptor 6 (PPARD), peroxisome proliferator-activated receptor y (PPARG), pyruvate
dehydrogenase [(acetyl transferring)] kinase isozyme 2 (PDK2), retinol-binding protein 4
(RBP4), retinoid X receptor a (RXRA) and tyrosine-protein phosphatase (PTP1B). The protein
targets can be divided into groups according to their mode of action. There are six target
proteins (Table 4) capable of regulating insulin secretion and/or sensitivity. The docking scores
of the herbal compounds to these targets can determine whether the compounds might affect

insulin secretion and/or sensitivity.

Table 4: DIA-DB protein targets affecting insulin secretion and/or sensitivity

Protein target PDB code Function
DPP4 4A5S Decreases insulin secretion from the pancreas through
degradation and inactivation of glucagon-like petide-1
FFAR1 4PHU Increases glucose - stimulate insulin secretion through
fatty acid binding
CSD11B1 4K1L Counteracts the effect of insulin through the activation of
glucocorticoids
INSR 3EKN Regulates glucose uptake
PTP1B 4GE6 Decreases insulin sensitivity by dephosphorylating the
insulin receptor
RBP4 2WR6 Secreted as an adipokine that reduces insulin signalling

and promotes gluconeogenesis
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1.9. Invitro models used to assess anti-diabetic compounds

Following in silico evaluation it is essential, in the pathway to drug discovery, to use in vitro
models. The usefulness during early drug development is that these models simulate events
at cellular, sub-cellular and molecular levels. These models are especially useful in the initial
stages of drug screening when many compounds are tested for certain pharmacological
activities (Rotshteyn & Zito, 2004). Furthermore, in vitro models are more cost-effective,
faster and require less testing material compared to in vivo testing (Van Tonder, 2011). Part
of the aim of the study was to evaluate the anti-diabetic activity of herbal compounds using
in vitro models, evaluating two key targets, inhibition of starch-hydrolysing enzymes and

glucose uptake in liver and muscle cells.

1.9.1. Inhibition of carbohydrate hydrolysing enzymes

Several authors have described in vitro assays for the inhibition of two starch hydrolysing
enzymes, a-amylase and a-glucosidase. Inhibition of both enzymes decreases the rate of
starch hydrolysis and prevent a sudden surge in glucose, resulting in lower postprandial
hyperglycemia (Israili, 2011; Powers et al., 2003; Rivera-Chavez et al., 2013). One of the
therapeutic approaches for discovering novel anti-diabetic agents involves the search for
compounds that possess mild a-amylase and strong a-glucosidase inhibitory properties (Kwon

et al., 2006).
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1.9.2. Glucose uptake in liver and muscle cells

DM is characterised by insulin resistance and/or an insulin deficiency (American Diabetes
Association, 2008). DM causes reduced glucose uptake in peripheral tissues in response to
insulin, leading to chronically elevated levels of glucose in circulation (Zou et al., 2005). Insulin
has three main target tissues, adipose tissue, skeletal muscle and the liver. Current anti-
diabetic research focusses on the development and screening of compounds with potential
insulin mimicking effects, to stimulate glucose uptake into cells (Zou et al., 2005). Cell lines
commonly used to assess glucose uptake include HepG2 human hepatoma cells, Chang liver
cells (human), C2C12 mouse myoblasts, 3T3-L1 mouse fibroblasts and L6 rat myoblast cells.
Glucose uptake assays assess the ability of compounds to increase glucose uptake in the major
tissue target of insulin, represented by the cell lines. If a compound enhances glucose uptake
in these cell lines, it suggests that the compound has insulin mimicking effects and could be a
potential anti-diabetic drug, which could alleviate hyperglycaemia by enhancing glucose

uptake (Mousinho et al., 2013).

Previously, most studies on glucose uptake were carried out using radiotracers (Zou et al.,
2005). However, using radioactive compounds have several disadvantages, including its
harmful nature and radioactive clean-up (Karam, 2017). Other methods to measure glucose
uptake based on fluorescence and flow cytometry have been developed and optimised and

are in use (Zou et al., 2005).
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1.9.3. Cell toxicity

The risks that chemicals and drugs might have on humans have to be assessed prior to
evaluation as therapeutic agents. Effects on cell health and metabolism can occur via
destruction of cell membranes, prevention of protein synthesis and inhibition of enzyme
reactions (Aslantirk, 2018). High proliferation rates and cell viability are indicators of healthy
cells (Aslantirk, 2018). In order to determine the toxic effect of compounds on cells there is a
need for inexpensive, reliable and fast assays (Aslantiirk, 2018; Zink et al., 2020).This initial
evaluation is important considering the use of animals to access toxicity due to the drawbacks
in terms of ethical, economic and scientific limitations (Yoon et al., 2012). Human cell-based
in vitro methods are increasingly being combined with bioinformatics and in silico modelling

to improve the assessment of risks associated with drugs (Zink et al., 2020).

Cell-based in vitro assays have several advantages, the most important being that these assays
are inexpensive and rapid in comparison with animal experiments (Aslantiirk, 2018; Zink et
al., 2020). The use of established cell lines eliminate inter specie variability and has high
reproducibility (Yoon & Robyt, 2003; Zink et al., 2020). The aim of cytotoxic experiments is to
determine how many viable cells remained and/or how many cells are dead at the end of the
experiment. Various different type of cytotoxic assays can be used, the assays can be classified
based on the measurement of their endpoints (Aslantiirk, 2018). We can distinguish between
dye exclusion (trypan blue, eosin and erythrosine B), colorimetric (diphenyltetrazolium
bromide, sulforhodamine B, crystal violet etc.), fluorometric (alamarBlue and CFDA-AM) and
luminometric (ATP and real-time viability) assays (Aslantirk, 2018). These cellular models do
not account for ADMET effects of an organism but are still essential in drug discovery, since
assessment in animal models is only acceptable if extensive preliminary evaluation has been

undertaken in an in vitro environment.
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2. AIM AND HYPOTHESES

The aim of this study was to find monotherapeutic agents, with pleiotropic effects from
commercially available herbs and spices, to inhibit a-amylase and a-glucosidase and stimulate

glucose uptake in cells, using in silico and in vitro relationship studies.

H1o: There will be no statistically significant difference between the Michaelis-Menten
parameters when no inhibitor is present as opposed to when an inhibitor (acarbose or new
drugs) is present at the 95% level of confidence.

H1l.: There will be a statistically significant difference between the Michaelis-Menten
parameters when no inhibitor is present as opposed to when an inhibitor is present (acarbose

or new drugs) at the 95% level of confidence.

H2o: The K values of the new drugs will not be lower than the K; value of acarbose at a 95%
level of confidence.
H2.: The Ki values of the new drugs will be lower than the K; value of acarbose at a 95% level

of confidence.

H3o: There will be no statistically significant difference between the ICso of acarbose and the
new drugs at the 95% level of confidence.
H3.: There will be a statistically significant difference between the 1Cso of acarbose and the

new drugs at the 95% level of confidence.
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H4o: There will be no statistically significant difference in the glucose uptake of the untreated
(control) cells and the treated (new drugs) cells at the 95% level of confidence.
H4.: There will be a statistically significant difference in the glucose uptake of the untreated

(control) cells and the treated (new drugs) cells at the 95% level of confidence.

H50: There will be no statistically significant difference in the glucose uptake of insulin
stimulated cells, and the cells stimulated by the new drugs at the 95% level of confidence.
H5.: There will be a statistically significant difference in the glucose uptake of insulin

stimulated cells, and the cells stimulated by the new drugs at the 95% level of confidence.
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3. RESEARCH OBJECTIVES

The objectives of the study were to:

Computationally evaluate the inhibitory effect of a list of compounds found in herbs
and spices on a-glucosidase and a-amylase.

Identify the compounds with the best docking scores to a-glucosidase and a-amylase,
respectively.

Assess the in silico toxicity, bioavailability and druggability of the top-ranked
compounds.

Assess the ability of the compounds to affect insulin secretion and/or sensitivity in
silico.

Determine the a-amylase inhibitory activity of the selected herbal compounds using a
colorimetric enzymatic assay.

Determine the a-glucosidase inhibitory activity of the selected herbal compounds
using a colorimetric enzymatic assay.

Evaluate the cytotoxicity of the compounds on C2C12 myotubes and HepG2 hepatoma
cells using the Sulforhodamine B assay.

Determine the effect of the compounds on glucose uptake in C2C12 myotubes and
HepG2 hepatoma cells using the fluorescent 2-NBDG assay.

Determine the dosage of each herb required to be equivalent to the daily dose of

acarbose.
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4. EXPERIMENTAL DESIGN AND METHODOLOGY

4.1 Insilico study

i. Docking studies on Maestro

The docking studies were performed on Schrodinger’s Maestro (Maestro, 2020) (Maestro v
11.5, Schrodinger LLC, New York) program. The virtual screening workflow (VSW) of Maestro
involves four consecutive steps: (a) ligand preparation; (b) protein preparation; (c) receptor
grid generation and (d) Glide ligand docking. The Glide function uses a grid-based method to
search for favourable interactions between a receptor molecule and one or more ligand

molecules.

Ligand preparation

In this study, the isomeric SMILES of roughly a thousand compounds, identified from 30
commercially available herbs and spices (Pereira et al., 2019), were uploaded onto Maestro
(Maestro, 2020). Acarbose was selected as a standard drug reference molecule. The 3D
structure of the ligands were prepared using the LigPrep function, which generates several
poses from each input structure (Subramaniyan et al.,, 2017). The default parameters,

including “Retain specified chiralities” were kept.

Protein preparation

The crystal structure of the two enzymes (PDB entries: 3L4Y and 4GQR for a-glucosidase and
a-amylase respectively were downloaded from the protein data bank (PDB) (Berman et al.,
2000) and uploaded to Maestro (Maestro, 2020). The protein preparation wizard was used to
prepare the proteins for in silico experimentation. The imported 3D protein structure should
be made fit to study the docking (Balachandran et al., 2016). Therefore, all the cofactors and
water molecules were removed from the proteins, and the hydrogen bonding was optimised,

followed by an energy minimisation step.
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Receptor grid generation and docking

A grid representing the active site of each protein was created using the receptor grid
generation tool (Dizdaroglu et al., 2019). The default parameters, a van der Waals scaling
factor of 1.00 and charge cut-off of 0.25 subjected to an OPLS 2001 force field, was kept
(Banerjee et al., 2011). Protein docking was carried out using the Glide HTVS (high-throughput
virtual screening) peptide docking module of the virtual screening workflow (VSW) function
of Maestro (Maestro, 2020). HTVS is intended to be used for the rapid screening of a large
number of ligands. The default settings of VSW were used. The interactions between the
ligands and protein were quantified with the glide score (Balachandran et al., 2016). The best-
docked pose with the most negative Glide score value was recorded for each ligand, and
docking interaction diagrams were generated for each compound to evaluate which amino

acids form interactions with the enzymes.

Previous work done by our group using DIA-DB, identified herbs and spices with known a-
amylase and a-glucosidase inhibition, and insulin mimicking effects (Pereira et al., 2019). We
validated their findings using Schrodinger’s Maestro (Maestro, 2020) program and identified
seven bioactive compounds found in these herbs and spices to be tested for their inhibitory
activity in vitro. Acarbose was a positive control. We chose four compounds with stronger
docking than acarbose and three compounds with weaker docking than acarbose as negative

controls.
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ii.  Docking to insulin-regulating targets

The seven chosen herbal compounds were later docked to six insulin-regulating protein
targets to determine whether they affect insulin regulation. The six insulin-regulating targets
were dipeptidyl peptidase 4 (PDB: 4A5S) (Sutton et al., 2012), free fatty acid receptor 1 (PDB:
4PHU) (Srivasrava et al., 2014), corticosteroid 11-B-dehydrogenase isozyme 1 (PDB: 4K1L)
(Bohme et al., 2013), insulin receptor precursor (PDB: 3EKN) (Chamberlain et al., 2009),
tyrosine-protein phosphatase non-receptor type 9 (PDB: 4GE6) (Zhang et al., 2012b) and
retinol-binding protein 4 precursor (PDB: 2WR6) (Motani et al., 2009). Before the docking was
performed, on Maestro (Maestro, 2020), the proteins were prepared (see section 4.1.i), and
receptor grids were created for each target. The best-docked pose with the most negative
Glide score value was recorded for each ligand. Each insulin-regulating target had a different
positive control, a drug currently on the market or in development for that specific protein

target.

iii. Calculation of physiochemical properties

Schrodinger’s Canvas (Canvas v 3.5.011, Schrodinger LLC, New York) program was used to
determine the bioavailability and toxicity of the eight compounds. The SMILES of each
compound was imported into Canvas, after which the physiochemical properties were
calculated. Each compound-structure was minimised to obtain three-dimensional (3D)
structures before the Qikprop descriptors were computed. Once the calculations were
completed the percentage human oral absorption, QPLogHERG and #stars for each compound

were recorded.
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iv. Determination of chemical — protein cross reactions on STITCH

The herbal compounds were evaluated on the Search Tool for Interactions of Chemicals
(STITCH) (Szklarczyk et al., 2016) to determine the known and predicted interactions between
the herbal compounds and proteins in the human body. The server is open to all users and is

accessible at http://stitch.embl.de. Before searching, the name of each herbal compound was

typed in the “Item name” box, and the organism was set to “Homo sapiens”. The interaction
score was set to “high confidence (0.700)”, and network edges were set to “molecular action”.
The active interaction sources were set to include text mining, experiments, databases and
predictions. Once the outcomes were generated the image was downloaded and the results

table were exported for each herbal compound.

4.2 In vitro study

4.2.1 Chemicals

The following analytical grade reagents were purchased from Sigma-Aldrich Co (St Louis, MO,
USA): a-glucosidase (EC 3.2.1.20) from Saccharomyces cerevisiae, porcine pancreatic o-
amylase (EC 3.2.1.1), p-nitrophenyl-a-D-glucopyranoside (pNPG), 3,5-dinitrosalicylic acid
(DNSA), p-nitrophenol, maltose monohydrate, starch from potato, trichloroacetic acid,
sulforhodamine B (SRB), acetic acid, tris, Dulbecco’s Modified Eagle Media (DMEM), glucose-
free DMEM, foetal calf serum (FCS), acarbose, rosmarinic acid, cinnamic acid, apigenin,
eriodictyol, piperine, myrcene and acetyleugenol. 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl) amino]-D-glucose (2-NBDG) was obtained from Thermofisher Scientific (Waltham, MA,

USA).
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4.2.2 Kinetics of a-amylase inhibition

i Background

The porcine pancreatic a-amylase activity was determined by the method described by
Bernfeld (1955). Alpha-amylase hydrolyses starch molecules to release reducing sugars, such
as maltose. These reducing sugars can be revealed by adding DNSA, that is reduced (Figure 13)
to 3-amino-5-nitrosalicylic acid (ANSA) in the presence of maltose (McKee, 2017). ANSA is a
bright orange-red compound, which can be detected spectrophotometrically at 540 nm

(Valentina et al., 2017). Inhibition of a-amylase activity will cause a decrease of ANSA formed.

OH 0 OH 0
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Figure 13: The reduction of DNSA (yellow) to ANSA (orange red) in the presence of a reducing

sugar (Thongprajukaew et al., 2014).

ii.  Method

Maltose standard curve

Before the inhibition assay could be performed a standard curve with maltose was obtained,
to get a molar absorption coefficient accurately specific for the experimental conditions used
in this study. The determined molar absorption coefficient was then used to calculate the
concentration maltose released in the enzymatic reaction using the Beer-Lambert law
(equation 1). Once the concentration maltose released was known, the velocity of the reaction
was calculated. The velocity of the reaction was used to construct the Michaelis-Menten

graphs and Lineweaver-Burk plots.
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A= Ekc

Equation 1: The Beer Lambert law. A is the absorbance, € is the molar absorption coefficient

(Mt.ecm?), Ais the light path (cm) and c is the concentration (M).

A 0.2 % (w/v) maltose solution was prepared by dissolving 0.02 g maltose monohydrate in
10 mL double distilled water (ddH>0). The DNSA colour solution was prepared by mixing
potassium tartrate (12 g) in sodium hydroxide (8 mL, 2 M) with DNSA (0.437 g) dissolved in
ddH,0 (20 mL). The experiment was performed in Eppendorf tubes. Each tube contained:
100 pL DNSA, varying volumes of maltose (0 - 0.46 mM) and ddH,0 to a total volume of 300 pL.
The tubes were placed in a dry bath at 85°C for 15 min to stop the reaction. Once the reactions
reached room temperature, 900 uL ddH,0 was added and 200 pL of the reaction mixture was
pipetted into a 96-well plate (Greiner, clear F-bottom). The absorbance was measured at

540 nm (Molecular Devices, Spectramax paradigm).

Table 5: The final number of nano moles of each reagent in every reaction (well) of the
maltose standard curve

Compound nMoles
Maltose - 0.09 mM 27

-0.18 mM 54

-0.27 mM 81

-0.37 mM 111

-0.46 mM 138
DNSA 1.14 x 10°
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Inhibition assay

The substrate, potato starch (1%, w/v), was prepared by mixing 0.25 g starch with 25 mL of
sodium phosphate buffer (20 mM) containing 6.7 mM sodium chloride (pH 6.9). The a-
amylase solution was prepared at 2 U/mL in the same phosphate buffer. The DNSA (96 mM)
colour solution was prepared at 85°C by mixing potassium tartrate (12 g) in 8 mL sodium
hydroxide (2 M) with 0.437 g DNSA dissolved in 20 mL ddH;0. The herbal compounds were

prepared in phosphate buffer.

The experiment was performed in Eppendorf tubes. Into each tube was pipetted: 100 uL
inhibitor (10 uM), 100 uL enzyme and sodium phosphate buffer (20 mM). After incubating the
mixture for 10 min at room temperature, 100 pL starch (0 - 6.6 mg/mL) was added. The
reaction mixtures were further incubated for 10 min before 100 uL DNSA was added. The
reactions were stopped, by placing the tubes in a dry bath at 85°C for 10 min. The final mixture
was diluted with 1.1 mL ddH0, and 200 plL was pipetted into a 96-well plate (Greiner, clear
F-bottom). The absorbance was measured at 540 nm (Molecular Devices, Spectramax

paradigm).

A concentration range of 2.5—10 uM acarbose was used as positive control. Blanks were tubes
containing 100 pL buffer, 100 pL inhibitor, starch (0 - 6.6 mg/mL) and 100 puL DNSA and served
to account for any chemical interference. The experiment was repeated with 5 uM and 2.5 uM

concentrations of the inhibitors.
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Table 6: The final amount of each reagent in every reaction (well) of the a-amylase inhibition
assay

Reagent Final amount in well
o- Amylase 0.5 U/mL
Inhibitor - 2.5 uM 1 nmole
-5uM 2 nmoles
-10 uM 4 nmoles
DNSA 1.14 x 10° nmoles

Maltose (no inhibitor, highest
) 971.8 nmoles
substrate concentration)

4.2.3 Kinetics of a-glucosidase inhibition

i.  Background

The enzymatic activity of a-glucosidase was also established through a colorimetric assay. The
method used was first described by Collins et al. (1997). In this assay, the substrate pNPG is
hydrolysed (Figure 14) to produce two products, glucose and p-nitrophenolate. The yellow p-
nitrophenolate can be measured spectrophotometrically at 405 nm (Priscilla et al., 2014).

Inhibition of a-glucosidase activity will cause a decrease in the amount of p-nitrophenolate.

OH ©

>4 °xn©.-°
(o) N
(o] OH
| oH
N HO OH ;
© -glucosida o
O/® a-glucosidase .
NaOH
OH HO OH
) 0
OH oe
pNPG Glucose p-Nitrophenolate

Figure 14: a-glucosidase catalyses the reaction of the substrate pNPG to produce glucose and
p-nitrophenolate, with the addition of sodium hydroxide. p-Nitrophenolate is detected

spectrophotometrically at 405nm. Created using ChemDraw version 19.1 (ChemDraw, 2020).
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i. Method

p-nitrophenolate standard curve

A standard curve of p-nitrophenolate was generated from which the molar absorption

coefficient specific to our experimental conditions was calculated, using the Beer-Lambert

equation (equation 1).

A 200 pM p-nitrophenolate solution was prepared by dissolving 0.014 g p-nitrophenol in

50 mL sodium phosphate buffer (100 mM, pH 6.9) and a 0.9 M sodium hydroxide solution

(NaOH) was prepared in ddH,0. The experiment was performed in a 96-well plate (Greiner,

clear F-bottom). Each well contained: 25 puL NaOH (0.1 M), varying concentrations p-

nitrophenol (0-200 uM) and buffer to a final volume of 225 pL. The absorbance of the

reactions was read at 405 nm (Molecular Devices, Spectramax paradigm).

Table 7: The final number of nano moles of each reagent in every reaction (well) of the p-

nitrophenolate standard curve

Reagent nMoles
p-nitrophenol - 40 uM 9

- 80 uM 18

-120 uM 27

- 160 uM 36

- 200 uM 45
Sodium hydroxide 22 500
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Inhibition assay

a-Glucosidase (0.2 U/mL) sourced from Saccharomyces cerevisiae, was prepared in sodium
phosphate buffer (100 mM, pH 6.9). The substrate pNPG (5 mM) was prepared by dissolving

0.075 g in 50 mL sodium phosphate buffer (100 mM, pH 6.9).

The experiment was performed in 96-well plates (Greiner, clear F-bottom). To each well 25 uL
enzyme and 100 pL inhibitor (250 uM) was added. The reaction mixtures were incubated for
10 min at 37°C. Thereafter 25 pL pNPG (0-1.4 mM) and 25 ulL buffer were added to obtain a
reaction volume of 175 pL. The reaction mixtures were further incubated for 30 min at 37°C
before 50 uL NaOH (0.1 M) was added to stop the reactions. The final pH of the reactions
was 9.91. The absorbance was measured at 405nm (Molecular Devices, Spectramax

paradigm).

Acarbose was used as a positive control. Blanks were used to eliminate chemical interference,
containing 50 uL buffer, 100 L inhibitor, 25 uL pNPG (0.08 - 5 mM) and 25 pL NaOH. The

experiment was repeated with 500 uM and 1000 uM of the inhibitors.

Table 8: The final amount of each reagent in every reaction (well) of the a-glucosidase
inhibition assay

Reagent Final amount in well
o- Glucosidase 0.029 U/mL
Inhibitor - 250 uM 44 nmoles

- 500 uM 88 nmoles

- 1000 uM 175 nmoles
Sodium hydroxide 22 500 nmoles
Sodium phosphate buffer 997- 5000
pNPG 0-250 nmoles
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4.2.4 Cell toxicity

i.  Background

In vitro cytotoxicity of compounds is an important parameter that needs to be evaluated
before further therapeutic effects can be investigated. The purpose of testing in vitro
cytotoxicity is to evaluate the ability of a compound to kill cells in vitro. Various factors affect
the toxicity of a compound, however the most important include; the dosage, duration of

exposure and the mechanism of toxicity (Riss & Moravec, 2004).

In this experiment, an SRB assay was used to evaluate the cytotoxicity of the herbal
compounds in vitro. SRB is a pink dye that binds stoichiometrically to the cellular proteins
(Vichai & Kirtikara, 2006). The SRB assay is popular due to its ease, sensitivity and practicality.
SRB assays have been used extensively in previous cytotoxicity studies involving herbs and
natural compounds (Hajirahimkhan et al., 2013). The experiment will be performed in two
relevant cell lines, HepG2 human hepatocarcinoma cells that represent metabolism and

C2C12 mouse myotubes that are an insulin target.
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jii. Method

Cell maintenance and harvesting

The cells were maintained and harvested by Ms Margot Nell (University of Pretoria,
Department of Pharmacology). In short, the method she used involved the cultivation of cells
in in flasks containing DMEM, penicillin/streptomycin (1%), 10% FCS and L-glutamine. The
media was replaced every 2-3 days, and the cells were harvested once 80% confluency was
reached. This was done by removing the cell culture media and washing the monolayer with
phosphate buffered saline (PBS) to remove all traces of serum. One millilitre trypsin/versene
solution was added, and the flask was incubated at 37°C to allow cells to detach. The detached
cell solution was collected, and fresh culture medium was added. The cell lines were not

differentiated.

Cell counting

The cell suspension was transferred to a sterile 15 mL tube and were washed by adding cell
culture media. The cells were collected by centrifugation at 200 g for 5 min. The supernatant
was decanted, and the pellet was resuspended in 1 mL fresh DMEM supplemented with 10%
FCS. To a volume of 20 pL cell suspension 180 pL trypan blue (0.2 %, w/v), prepared in PBS
was added. The mixture was loaded in a haemocytometer, and the viable, unstained cells were

counted with a microscope.
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SRB assay

The SRB assay was performed in sterile 96 well plates. The HepG2 and C2C12 cells were
seeded (100 pL) at 1 x 10° per well and were left overnight at 37°C. A volume of 100 pL herbal
compounds (0.005-500 uM) was added, and the plates were further incubated for 72 h at
37°C. Wells containing media only served as blanks, while wells containing cells and media
served as the negative control. Saponin was used as a positive control. The cells were fixed by
adding 50 uL 50% (w/v) trichloroacetic acid (TCA) and incubating the plates at 4°C for 24 h.
The plates were washed four times with tap water and dried in the oven overnight before
100 pL SRB dye (0.057% w/v) were added to each well. After a 30 min incubation period, the
unbound dye was removed by washing the plates at least four times with 1% acetic acid. The
plates were dried overnight in the oven before 200 pL tris (10 mM, pH 10.5) was added to
dissociate bound dye. The plate was shaken gently (550 rpm) for 1 h, and the absorbance was
read at 540 nm. The cell viability, as a percentage of the negative control, was calculated with

the following equation:

Avg sample abs — Avg blank abs

Cell viability (%) = 100

Avg negative control abs — Avg blank abs x

Equation 2: The equation used to calculate cell viability as a percentage of the control.
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4.2.5 Glucose uptake assay

i.  Background

2-NBDG (Figure 15) is a fluorescent deoxyglucose analogue (Zou et al., 2005) that can be used
to monitor glucose uptake in cells. The analogue is actively transported across cell membranes
through GLUT transporters (Lloyd et al., 1999). Once the 2-NBDG molecule is inside the cell, it
gets trapped within and can be detected fluorometrically. If a compound possesses insulin-
mimetic effects the rate of glucose uptake increased, this is associated with an increase in

fluorescence at an excitation and emission wavelength of 445 nm and 565 nm respectively.

OH OH
a kg b. 5 s
0 Y
OH OH
OH NH

Figure 15: The structure of (a) glucose and (b) the fluorescent glucose analog 2-NBDG. Created

using ChemDraw version 19.1 (ChemDraw, 2020).
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ii. Method

2-NBDG assay

The hypoglycaemic activity of the herbal compounds was determined by a method described
by Zou et al. (2005). The cells were maintained and counted as explained in Section 4.2.4. The
2-NBDG assay was performed in sterile black, clear-bottom 96-well plates. The HepG2 and
C2C12 cells (80 pL) were seeded at a density of 1.5 x 10* cells/well and left overnight at 37°C
to attach. The media were aspirated and replaced with glucose-free DMEM supplemented
with 2.5% FCS. After overnight incubation, the media was aspirated once more, and the cells
were treated for 24 h with three sub-toxic concentrations (0.1, 1 and 10 uM) of the herbal
compounds (80 pL) made up in glucose-free media. Fifty microliters of the fluorescent dye, 2-
NBDG (80 uM) were added to the cells, and the plates were incubated for 60 min in darkness.
All of the liquid was aspirated, and the cells were washed with PBS before the fluorescence
was read at Aex= 445 nm and Aem= 555 nm. Insulin (25 nM) served as the positive control. Wells
containing 100 pL PBS and no cells served as blank and pre-seeded wells treated with 2-NBDG
and glucose-free DMEM served as control. The results were expressed as relative fluorescent
units, and the activity was evaluated by comparing the fluorescent intensities of the

experimental wells with the controls.

Relative fluorescent units (RFU)

= Avg sample fluorescence — Avg blank fluorescence

Equation 3: The equation used to calculate the relative fluorescent units.
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4.3 Data analysis

The experiments were carried out in triplicate, and the results represent at least three
independent experiments. The results are expressed as mean + standard deviation (SD). It was
assumed that all sample variances were different (heteroscedastic). The kinetic parameters of
the compounds and the type of inhibition exerted was evaluated on GraphPad Prism (version
8.3.0) using Michaelis-Menten kinetics and the corresponding Lineweaver-Burk double
reciprocal plots. The Ki values were obtained with secondary plots. The reciprocal of the slope
of the Lineweaver-Burk graphs were plotted against the inhibitor concentration to obtain a
straight line equation (Castonguay et al., 2002). The K; was calculated from the equation of
the straight line when y = 0. The K; values were analysed using a one-sided unpaired Student’s
t-test. A one-sided t-test was used, since we were more interested in K; values smaller than
that of acarbose, indicating stronger binding affinity. The 1Cso of the compounds were
calculated by plotting the percentage cell viability against the log drug concentration on
GraphPad Prism (version 8.3.0). The kinetic parameters, ICso values and glucose uptake results
were subjected to a two-sided, unpaired Student’s t-test. Differences were considered

significant at p < 0.05.
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5. RESULTS

5.1 Molecular docking

We investigated roughly a thousand herbal compounds in silico for a-amylase and a-
glucosidase inhibition through docking analysis. To reduce the number of compounds for in
vitro analysis, we used a literature review, previously published by our group (Pereira et al.,
2019), to identify compounds in our own docking study with confirmed inhibitory activity of
both a-amylase and a-glucosidase activity. Identifying compounds with both a-amylase and

a-glucosidase inhibitory activity increased our chances of finding monotherapeutic targets.

The results in Table 9 and 10 shows the docking scores of these herbal compounds docked to
a-amylase and a-glucosidase, respectively. The compounds that had better docking scores
than acarbose were rosmarinic acid, eriodictyol, apigenin and piperine. While acetyleugenol,
cinnamic acid and myrcene had weaker docking scores than acarbose. The structures of the

herbal compounds can be seen in Table 11.

Ligand interaction diagrams (Figures S1 and S2) were generated in order to identify the amino
acids, within the active site of each enzyme, interacting with the herbal compounds. The
results were generated on Maestro and the interactions between starch (the control) and the
enzymes were compared to literature. All the amino acids that show interactions between the
substrate (starch) or the herbal compounds, within 3A from the centre of the grid, based on
the ligand docked to a-amylase (4GQR) (Williams et al., 2012) are listed in Table 12. While the
amino acids that show interactions between the substrate (starch) or the herbal compounds

docked to a-glucosidase (3L4Y) (Sim et al., 2010) are listed in Table 13.
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Table 9: Ascending Glide HTVS docking scores of the herbal compounds docked to a-amylase

Compound Glide score (kcal/mol)
Rosmarinic acid -7.9
Eriodictyol -7.4
Apigenin -6.6
Piperine -5.8
Acarbose (positive control) -5.2
Acetyleugenol -4.3
Cinnamic acid -4.2
Myrcene -1.6

Table 10: Ascending Glide HTVS docking scores of the herbal compounds docked to a-
glucosidase

Compound Glide score (kcal/mol)
Eriodictyol -5.5
Rosmarinic acid -5.4
Apigenin -5.3
Piperine -4.2
Acarbose (positive control) -4.1
Cinnamic acid -3.4
Acetyleugenol -3.4
Myrcene -1.4
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Table 11: The structures of the herbal compounds

Positive control

Acarbose

OH

HO

HO

OH

OH

Compounds
with better
docking scores

than acarbose

Apigenin

Eriodictyol

OH o

HO

OH

Compounds
with weaker
docking scores
than acarbose
(Negative

controls)

Myrcene

PO

Cinnamic acid
(o]

x

Created using ChemDraw version 19.1 (ChemDraw, 2020).
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Table 12: Amino acids interacting with starch and the herbal compounds in the active site of the enzyme, a-amylase (4GQR)

Amino Starch Starch Acarbose Acetyleugenol Apigenin Cinnamic acid Eriodictyol Myrcene Piperine Rosmarinic
acids (Literature*) (Maestro) acid
ASP 197 v v v v v v v

GLN 63 v v v v v
HIE 101 v v v v v

LEU 162 4 v v v v

LEU 165 v v v v v v v v
TRP 58 v v v v v v v v
TRP 59 v v v v v v v v v v
TYR 62 v v v v v v v v v
THR 163 v v v

*(Machius et al., 1996)

Table 13: Amino acids interacting with starch and the herbal compounds in the active site of the enzyme, a-glucosidase (3L4Y)

Amino acids Starch Starch Acarbose  Acetyleugenol Apigenin Cinnamic acid  Eriodictyol Myrcene Piperine Rosmarinic
(Literature*) (Maestro) acid

ASP 203 v v v v v v v v

ASP 327 v v v v v v v v

ASP 542 v v v v v v v v v

ASP 443 v v v v v v v

ARG 526 v v v v v v v v

ILE 328 v v 4 v v v

ILE 364 v v v v v v v v v

HIE 600 v v v v v v v v

MET 444 v v v v v v

PHE 450 v v v

PHE 575 v v v v v v v v

SER 448 v

TRP 406 v v v v v v v v v

TRP 441 v v v v v v v v

TRP 539 v 4 v

TYR 299 v v v v v v v

*(Sim et al., 2008)
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5.2 Docking to insulin-regulating targets

The docking scores of the herbal compounds to six insulin-regulating targets were evaluated
on Maestro (Maestro, 2020). The docking scores of the herbal compounds were compared to
the docking scores of drugs (currently on the market or in clinical trials) for each different

insulin-regulating target.

Table 14: Docking scores (kcal/mol) of the herbal compounds to protein targets (PDB code)
regulating insulin secretion and/or sensitivity

Protein targets

2WR6 3EKN 4A5S 4GE6 4K1L 4PHU
Acetyleugenol -5.6 -4.2 -3.4 -2.9 -5.5 -6.8
é Apigenin -9.2 -7.4 -4.8 -5 -7.2 -7.7
3 Cinnamic acid -6.3 -3.9 -3.5 -5.3 -4.4 -5.7
3 Eriodictyol 8.6 7.2 5.1 5.7 8.9 5.8
§ Myrcene -2.2 -2.9 -1.7 -0.2 -2.7 -3.7
o
2 Piperine -7.5 -6.6 -6.3 -3.6 -5.4 -8.5
Rosmarinic acid -8.7 -6.1 -5.3 -6.4 -5.8 -7.7
“ Linolenic acid -4.9
= Insulin -8.6
§ Anagliptin -4.2
_g 75A -6.7
Z SFF -7.8
e Fasiglifam 9.9
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5.3 Insilico physiochemical properties

Canvas was used to evaluate the toxicity, bioavailability and druggability of the chosen herbal
compounds in silico. These parameters were tested independently from the enzymes. The
results are purely based on the structure of the compound itself. The oral bioavailability of
each herbal compound was calculated and is shown in Table 15. Acetyleugenol, myrcene and
piperine had the highest percentage human oral absorption, while acarbose had the lowest
at 0%. The QP LogHERG value of each compound was calculated as a measure of the toxicity
of the compound. Cinnamic acid and rosmarinic acid had the lowest HERG toxicity, while
acarbose had the highest. The #stars of each compound were calculated to determine how
drug-like each herbal compound is. Acarbose had the lowest druggability score at 13 stars. All

the herbal compounds had fewer than five stars, substantially less than acarbose.

Table 15: In silico physiochemical properties of herbal compounds

Compound Human oral absorption® QPLogHERG® #Stars©
(%)
Acarbose (positive control) 0 -5.6 13
Eriodictyol 63 -4.9 0
Piperine 90 -4.8 1
Acetyleugenol 100 -4.6 0
Myrcene 100 -3.8 5
Apigenin 71 -3.8 3
Rosmarinic acid 35 -3.7 2
Cinnamic acid 45 -3.7 4

? Predicted human oral absorption on a scale from 0 to 100%. A value of >80% is considered high and
< 25% is considered poor (Schrodinger-Press, 2012).

b predicted ICso value for blockage of HERG K+ channels. A value below -5 is a concern (Schrodinger-
Press, 2012).

“Number of property or descriptor values that fall outside the 95% range of similar values for known
drugs. The recommended range is 0 —5; where 0 indicates no violation or best candidate (Schrodinger-
Press, 2012).
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5.4 Chemical — protein cross reactions

STITCH was used to determine whether the herbal compounds have any cross reactions with
proteins found in the human body. The drug-target interaction network for each herbal
compound is shown in Figures 16-21. The drug (herbal compound) is represented by a red
oblong in the centre, and the target proteins are represented by spheres at the periphery.
Associated nodes are joined by lines, where the colour represents the type of action (see

Table 16). STITCH generated no cross reactions for myrcene and acetyleugenol.

Each protein interaction generated in STITCH is annotated with a score. The scores are an
indication of the likelihood of the interactions taking place. All scores are ranked between 0
and 1, with 1 being the highest possible confidence. A score of 0.5 would indicate that roughly

every second interaction might be a false positive.

Table 16: Action between targets represented by line colour

Line colour Action type

Green Activation

Dark blue Binding

Light blue Phenotype

Black Reaction

Red Inhibition

Purple Catalysis

Pink Posttranslational modification
Yellow Transcriptional regulation
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Figure 16: Drug-target interaction network of acarbose. The function of each target protein
is summarised in Table 17.

Table 17: Drug-target interactions of acarbose, arranged from high to low scores

Abbreviation Name Function Score
MGAM Maltase-glucoamylase Role in digestion of oligosaccharides 0.997
(alpha-glucosidase)

Sl Sucrase-isomaltase Important role in final stage of carbohydrate 0.997
digestion.

GAA Alpha-glucosidase Essential for degradation of glycogen to glucose in  0.956
lysosomes

AMY,A Pancreatic alpha-amylase - 0.939

HBA; Hemoglobin Al Involved in oxygen transport from the lung to the 0.907
various peripheral tissues

GCG Glucagon Modulate gastric acid secretion and the gastro- 0.893
pyloro-duodenal activity

SLCsA, Solute carrier family 5 Dopamine receptor whose activity is mediated by 0.836
G proteins which inhibit adenylyl cyclase

DRD; Dopamine receptor D2 Activity mediated by G proteins which inhibit 0.800
adenylyl cyclase

AMYp Salivary alpha-amylase - 0.783

SLGCsA; Solute carrier family 3 Amino acid transporters and activator of cystine 0.768
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Figure 17: Drug-target interaction network of eriodictyol. The function of each target protein
is summarised in Table 18.

Table 18: The drug-protein interactions of eriodictyol arranged from high to low scores

Abbreviation Name Function Score

HMOX; Heme oxygenase 1 Form biliverdin through cleavage of the heme ring 0.824

ABCC, ATP-binding cassette, - 0.725
sub-family C member 1

GSTP, Glutathione S-transferase Form electrophiles through the conjugation of 0.700
pil glutathione

TBK; TANK-binding kinase 1 Plays an essential role in regulating inflammatory 0.700

responses to foreign agents.
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Figure 18: Drug-target interaction network of apigenin. The function of each target protein is
summarised in Table 19.

Table 19: The drug-protein interactions of apigenin arranged from high to low scores

Abbreviation Name Function Score
ESR: Estrogen receptor 1 Regulate eukaryotic gene expression and has an 0.961
effect on cellular differentiation of proliferation
CDK; Cyclin-dependent kinase 1 Modulate the centrosome cycle and mitotic onset 0.949
to control cell cycle
CASP; Caspase 3 Role in apoptosis through the activation cascade of 0.947
caspases
PARP; Polymerase 1 Involved in the base excision repair pathway 0.944
UGT.A; UDP glucuronosyl- Role in elimination of toxic compounds 0.938
transferase 1
PTGS; Prostaglandin- Mediates the formation of prostaglandins from 0.877
endoperoxide synthase 2 arachidonate. Role as mediator of inflammation.
CYP;B; Cytochrome p450 Role in the electron transport chain 0.876
AKT; v-akt murine thymoma Regulate many processes including metabolism, 0.876
viral oncogene homolog 1 proliferation, cell survival, growth and
angiogenesis.
TPs3 Tumour protein p53 Acts as tumour suppressor. Induce growth arrests 0.868
or apoptosis. Involved in cell cycle regulation.
MAOA Monoamine oxidase A Catalyse the oxidative deamination of biogenic 0.848

and xenobiotic amines.
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Figure 19: Drug-target interaction network of cinnamic acid. The function of each target
protein is summarised in Table 20.

Table 20: The drug-protein interactions of cinnamic acid arranged from high to low scores

Abbreviation Name Function Score
TYR Tyrosinase Role in pigment formation 0.801
RCOR; REST corepressor 1 Prevent neuron-specific gene transcription 0.800
KDM,A Lysine (K)-specific - 0.800
demethylase 1A
SERPINC; Serpin peptidase inhibitor - 0.800
ADIPOQ Adiponectin Role in fat metabolism and insulin sensitivity 0.800
regulation
SERPIND; Serpin peptidase inhibitor - 0.800
HAL Histidine ammonia-lyase - 0.787
UGT,A;3 uDP Role in elimination of toxic compounds 0.700

glucuronosyltransferase 1
family, polypeptide 3

UGT,As uDP Role in elimination of toxic compounds 0.700
glucuronosyltransferase 1
family, polypeptide A8

UGT,A; uDP Role in elimination of toxic compounds 0.700
glucuronosyltransferase 1
family, polypeptide A7
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Figure 20: Drug-target interaction network of piperine. The function of each target protein is
summarised in Table 21.

Table 21: The drug-protein interactions of piperine arranged from high to low scores

Abbreviation = Name Function Score
TRPV, Transient receptor Detect thermal and chemical stimuli 0.918
potential cation
channel
ABCB; ATP-Binding cassette Efflux pump that plays a role in the prevention of  0.859
drug accumulation.
VR, Transient receptor Detect thermal and chemical stimuli 0.848
potential cation
channel
MMP13 Matrix Degrades collagen type I. 0.815
metallopeptidase 13
PLA,G,A Phospholipase A2 Hydrolyse phospholipids to release arachidonic 0.800
acid
CYP;A; Cytochrome P450, Role in bile acid synthesis and cholesterol 0.800
family 7 subfamily A catabolism
polypeptide 1
ERBB; v-erb-b2 erythroblastic Regulates outgrowth and stabilization of 0.800
leukaemia viral peripheral microtubules.
oncogene
ILs Interleukin 6 Cytokine with a wide variety of biological 0.725
functions.
TNF Tumour necrosis factor 0.725
CREB; cAMP responsive Phosphorylation-dependent transcription factor 0.700

element binding
protein 1

that stimulates transcription.
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Figure 21: Drug-target interaction network of rosmarinic acid. The function of each target

PROCR

protein is summarised in Table 22.
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Table 22: The drug-protein interactions of rosmarinic acid, arranged from high to low scores

Abbreviation Name Function Score
CCR; Chemokine receptor 3 Increase intracellular calcium ion levels to 0.800
transduce a signal
IKBKB Inhibitor of kappa light Role in NF kappa B signalling pathway. 0.800
polypeptide gene
enhancer
LCK Lymphocyte-specific - 0.800
protein tyrosine kinase
FOS FBJ murine osteosarcoma Regulates the development of cells destined to 0.800
viral oncogene homolog form and maintain the skeleton.
IL Interleukin 2 Important role in immune response and required 0.800
for T-cell proliferation
PARG Poly (ADP-ribose) Role in the elimination of toxic compounds 0.700
glycohydrolase
PROCR Protein C receptor Function in blood coagulation 0.700
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5.5 Inhibition of a-amylase and a-glucosidase

The ability of the herbal compounds to inhibit a-amylase and a-glucosidase were investigated
in vitro. The inhibitory characteristics of the herbal compounds were explored by performing
kinetic assays, with double reciprocal Lineweaver-Burk plots used to calculate the kinetic
parameters. The Lineweaver-Burk plots generate a straight line for the uninhibited and each
inhibited reaction. As seen in Figures S7 and S8, the straight lines of the inhibited reactions
intersect with the straight line of the uninhibited reaction. The point of intersection can be
used to determine the type of inhibition that has occurred. A statistical analysis (two-sided
Student’s t-test, p < 0.05) was done between the kinetic parameters of the uninhibited
reaction and the kinetic parameters (Tables 23 and 24) of the inhibited reactions to validate

the type of inhibition observed in the Lineweaver-Burk plots.

Regarding the inhibition of a-amylase, it can be concluded that acarbose and piperine were
competitive inhibitors whereas eriodictyol, cinnamic acid, and rosmarinic acid were non-
competitive inhibitors. Acetyleugenol and apigenin showed mixed inhibition. Acetyleugenol
and cinnamic acid inhibited a-glucosidase non-competitively, while acarbose, apigenin,
eriodictyol, and piperine and showed mixed inhibition. Rosmarinic acid showed uncompetitive
inhibition. Myrcene showed no statistically significant inhibition of a-amylase or a-

glucosidase.
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Table 23: Michaelis-Menten parameters for the inhibition of a-amylase by herbal compounds

Compound Km and Km (app) (Mmg/mL) Vmax
(uMoles.mint)

2.5 uM 5 uM 10 uM 2.5 uM 5 uM 10 uM
a-Amylase with no inhibitor 3.28+04 0.15+0.03
Acarbose (positive control) 7.66 +1.7* 7.08 £0.7* 23.6 £ 3.2* 0.19 £ 0.02 0.14 £0.03 0.16 £ 0.01
Eriodictyol 5.39+0.9 3.56 0.6 7.57t4.2 0.09 +0.01* 0.10+0.01* 0.09 +0.02*
Piperine 498+ 1.1* 5.82+2.1* 7.08+2.1* 0.15 £ 0.06 0.12+£0.04 0.16 £ 0.08
Apigenin 3.25+0.2 3.53+x1.1 5.06 +1.1* 0.13£0.05 0.10+0.01* 0.09 +0.02*
Rosmarinic acid 3.37x04 411+1.8 7.541+4.2 0.09 +0.01* 0.09 +0.02* 0.06 +0.01*
Cinnamic acid 3.50x1.9 472+2.9 599+23 0.06 +0.02* 0.06 +0.02* 0.07 £ 0.03*
Acetyleugenol 5.44+0.7* 5.34+2.5* 6.36 +1.9* 0.10+0.01* 0.11+0.01* 0.11+0.01*
Myrcene 14.0+ 8.3 3.17+£0.9 3.98t1.6 0.43 £0.09 0.16 £0.03 0.13+£0.01

Data are represented as mean £ SD (n = 3). The asterisks (*) denote values significantly different (p < 0.05) from the uninhibited reaction, as determined by a
two-sided Student’s t test.

Table 24: Michaelis-Menten parameters for the inhibition of a-glucosidase by herbal compounds

Compound Km and Km (app) (MM) Vmax (MM.min?)

250 uM 500 uM 1000 uMm 250 uM 500 uM 1000 uM
a-Glucosidase with no inhibitor 0.35+0.07 0.008 £ 0.001
Acarbose (positive control) 0.75+0.28* 0.591+0.01* 1.14+0.18* 0.008 £ 0.001*  0.005+0.003* 0.004 +0.002*
Eriodictyol 0.28+0.01 0.34+0.07 2.66 +2.08 0.005+0.001*  0.005+0.001* 0.006 +0.001*
Piperine 0.39+0.01 0.47 £0.20 1.24 +£1.05 0.006 + 0.000*  0.004 £0.002*  0.007 +£0.006
Apigenin 0.74+0.42 0.55+0.21 0.31+0.04 0.004 +£0.001*  0.005+0.001* 0.005+0.001*
Rosmarinic acid 1.30+0.35* 0.79+0.09* 0.01+0.01* 0.001 +£0.001*  0.001+0.000* 0.003 +0.000*
Cinnamic acid 0.37+£0.08 0.84+0.51 1.02+0.80 0.005+0.001*  0.004 +£0.002*  0.003 +0.002*
Acetyleugenol 0.36+0.10 0.32+0.09 0.31+0.04 0.007 +0.003 0.004 +0.002*  0.005 +0.002*
Myrcene 0.50+0.01 0.46 £ 0.08 0.60+0.51 0.008 + 0.001 0.008 +0.001 0.007 £ 0.003

Data are represented as mean £ SD (n = 3). The asterisks (*) denote values significantly different (p < 0.05) from no inhibition, determined with a two-sided
Student’s t test
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The inhibition potential of each compound was evaluated and compared based on their K;
values (Tables 25 and 26). The Kiwas calculated with the help of secondary graphs by plotting
the reciprocal of the Lineweaver-Burk plot slope against the inhibitor concentration. A one-
sided Student’s t-test was used to compare the K;i of the herbal compounds to the K; of
acarbose. There was no significant (p > 0.05) difference between the K; value of acarbose and
those of apigenin, cinnamic acid and rosmarinic acid when inhibiting a-amylase.
Acetyleugenol, eriodictyol, piperine, and myrcene had significantly higher Ki values than
acarbose. For a-glucosidase inhibition, there was no significant (p > 0.05) difference between
the Ki value of acarbose and those of apigenin, eriodictyol and piperine while acetyleugenol,

cinnamic acid, myrcene and rosmarinic acid had a significantly higher K; than acarbose.

Table 25: Inhibitory activity of herbal compounds against porcine pancreatic a-amylase

Compound Type of inhibition Ki (M)
Acarbose (positive control) Competitive 3.81+1.9
Rosmarinic acid Non-competitive 45129
Apigenin Mixed 7.8+2.7
Cinnamic acid Non-competitive 8.0t45
Eriodictyol Non-competitive 10.5+3.6*
Piperine Competitive 10.9 £ 5.5*
Acetyleugenol Mixed 12.1+5.8*
Myrcene None 49.0 £33.7*

Data are represented as mean * SD (n = 3). The asterisks (*) denote values significantly different
(p < 0.05) from acarbose, determined with a one-sided Student’s t test.

Table 26: Inhibitory activity of herbal compounds against yeast a-glucosidase

Compound Type of inhibition Ki (1M)
Eriodictyol Mixed 130+ 70
Apigenin Mixed 160+ 50
Acarbose (positive control) Mixed 170180
Piperine Mixed 280+ 120
Cinnamic acid Non-competitive 620 + 380*
Acetyleugenol Non-competitive 950 + 240*
Myrcene None 1580 + 650*
Rosmarinic acid Uncompetitive 2580 + 550*

Data are represented as mean + SD (n = 3). The asterisks (*) denote values significantly different
(p <0.05) from acarbose, determined with a one-sided Student’s t test.
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The negative delta G was plotted against the Ki of each compound in Figures 22 and 23 to
determine the relationship between the parameters. There is a positive relationship between
the negative delta G score and the Ki values of the herbal compounds when inhibiting a-
glucosidase and a-amylase. The K; of rosmarinic acid, inhibiting a-glucosidase, was identified

as an outlier with undue influence on the slope and was not included in any calculations.
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Figure 22: The correlation between negative delta G versus the K; value of herbal compounds

for a-amylase.
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Figure 23: The correlation between negative delta G versus the K; value of herbal compounds
for a-glucosidase. Rosmarinic acid (shown with square symbol) was identified as an outlier with

undue influence on the slope.
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5.6 Cytotoxicity in C2C12 and HepG2 cell lines

The cytotoxic effects of the herbal compounds on the viability of C2C12 and HepG2 cells was
evaluated by measuring the ICso values (Table 27). All herbal compounds, except for apigenin
and eriodictyol displayed limited cytotoxicity in the HepG2 cell line, where concentrations up
to 500 uM did not induce 50% cell death (Figure S9) therefore, accurate ICsp values could not
be calculated. Eriodictyol displayed substantial toxicity (ICso =41+ 2 uM) while apigenin

displayed milder toxicity (ICso= 210 + 41 uM) against this cell line.

The C2C12 cells were generally more sensitive to the herbal compounds than the HepG2 cells.
Acetyleugenol, cinnamic acid, myrcene, piperine, and rosmarinic acid displayed toxicity at the
highest concentration (500 uM), although not statistically more significant (p > 0.05) when
compared with acarbose at the same concentration (500 uM). Eriodictyol (ICso = 11 + 2 uM)
and apigenin (ICso = 31 + 4 uM) were significantly (p < 0.05) more toxic than acarbose (ICso =

60 + 15 pM).

Table 27: ICso values of herbal compounds on C2C12 and HepG2 cells

Compound C2C12 ICso (pM) HepG2 ICsp (uM)
Eriodictyol 11 +2* 41+2
Apigenin 31+4* 210+ 41
Acarbose (positive control) 60+ 15 > 500
Piperine 79+8 > 500
Rosmarinic acid 83+2 > 500
Myrcene 84+3 > 500
Cinnamic acid 87+2 > 500
Acetyleugenol 96 + 24 > 500

Data are represented as mean * SD (n = 3). The asterisks (*) denote values significantly different (p <
0.05) from acarbose, determined with a two-sided Student’s t test.
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5.7 Glucose uptake in C2C12 and HepG2 cell lines

C2C12 and HepG2 cells were treated with a range of non-cytotoxic herbal concentrations
(0.1,1 and 10 uM), to investigate whether the herbal compounds directly affected glucose
metabolism in C2C12 and HepG2 cells. The herbal compounds significantly (p < 0.05)
enhanced 2-NBDG uptake in C2C12 and HepG2 cells compared to the control. The stimulatory
effect of the herbal compounds was similar to that of insulin (p > 0.05). In C2C12 cells
(Figure 24) acetyleugenol, apigenin, eriodictyol, and myrcene enhanced glucose uptake. In
HepG2 cells (Figure 25) acetyleugenol, apigenin, cinnamic acid, eriodictyol, piperine and

rosmarinic acid enhanced glucose uptake.
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Figure 24: The effect of herbal compounds on glucose uptake in C2C12 cells. The asterisks (*)
denote fluorescence intensities significantly (p < 0.05) increased relative to the control,
determined with a two-sided Student’s t test. There is no significant (p > 0.05) difference in the
fluorescence intensity of the herbal compounds relative to insulin (positive control),

determined with a two-sided Student’s t test.

69



HepG2 glucose uptake
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Figure 25: The effect of herbal compounds on glucose uptake in HepG2 cells. The asterisks (*)
denote fluorescence intensities significantly (p < 0.05) increased relative to the control,
determined with a two-sided Student’s t test. There is no significant (p > 0.05) difference in
the fluorescence intensity of the herbal compounds relative to insulin (positive control),

determined with a two-sided Student’s t test.

5.8 Daily herbal dose equivalent to acarbose dose

The USDA (Haytowitz et al., 2018) and DUKE (Duke, 1992) databases were used to search for
natural sources containing each herbal compound. The databases give the amount (mg/100 g)
of each compound found in different herb or spice sources. This was used to calculate the
amount (g) of each herbal compound required to relate to the average daily dose (150 mg) of

acarbose (Table 28).
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Table 28: The herbal dosage equivalent to a daily dose of acarbose with the potential to inhibit a-amylase and a-glucosidase

Compound Main source Amount in herb/spice Amount (g) needed NOAEL (g)*
(mg/100 g) to relate to daily
dose of acarbose

Piperine Piper nigrum 7750 1.9 2.9
(Black pepper)

Rosmarinic acid Origanum vulgare 6800 2.2 18
(Oregano)

Cinnamic acid Cinnamomum loureiroi 4760 3.2 16.5
(Cinnamon)

Apigenin Petroselinum crispum 4504 3.3 3.8
(Parsley)

Acetyleugenol Syzygium aromaticum 2075 7.2 15
(Cloves)

Eriodictyol Lippia graveolens 93 161 1.2
(Mexican oregano)

Myrcene Mentha spicata 122 123 2.6

(Spearmint)

Sourced from USDA (Haytowitz et al., 2018) and DUKE (Duke, 1992) database.

Based on a 150 mg acarbose dose per day.
*NOAEL values based on a 60 kg individual
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6. DISCUSSION

The control of postprandial hyperglycaemia is of great significance in the treatment of T2DM
and the prevention of short- and long-term complications (Ademiluyi & Oboh, 2013; Dowshen,
2018). An important therapeutic approach for reducing postprandial hyperglycaemia involves
the inhibition of enzymes involved in carbohydrate metabolism, a-amylase and a-glucosidase
(Ademiluyi & Oboh, 2013). Recently, the application of herbal plants have been of significant
interest due to their low cost, natural origin and easily cultivatable nature (Luyen et al., 2019).
Also compounds with multiple targets for the same disease might have a beneficial effect due
to synergistic effects. For example, in T2DM such a beneficial effect would be the inhibition of

the amylase and glucosidase activity, with if bioavailable, the stimulation of glucose uptake.

This study highlights the hypoglycaemic effect of seven herbal compounds through glucose
uptake stimulation and inhibition of yeast a-glucosidase and porcine pancreatic amylase. The
herbal compounds assessed were acetyleugenol, apigenin, cinnamic acid, eriodictyol,

myrcene, piperine, and rosmarinic acid.
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6.1 In silico docking to carbohydrate hydrolysing enzymes

The predicted binding of the herbal compounds to a-amylase and a-glucosidase were studied
in silico before any studies were performed in the laboratory. Docking scores of the herbal
compounds docked to a-amylase and o-glucosidase were generated through Maestro
(Maestro, 2020). The herbal compounds were docked to both enzymes where it associated
with amino acids through a negative binding energy, indicating a spontaneous binding and
potential inhibition. Ligand interaction diagrams (Figures S1 and S2) were generated to
identify the enzymatic amino acids interacting with the ligands, and to ensure that the docking
occurred in the active sites of the enzymes. The interactions were either through hydrogen
bonds, water bridges, or pi-pi stackings. The amino acids (Tables 12 and 13), of a-amylase and
a-glucosidase, interacting with starch (the control) corresponds well with literature, indicating

that the docking occurred in the active sites of the enzymes.

With a-amylase, the decreasing order of the positive binding and potential inhibition was
rosmarinic acid > eriodictyol > apigenin > piperine > acarbose > acetyleugenol > cinnamic acid
>myrcene (Table 9). In the case of a-glucosidase it was eriodictyol > rosmarinic acid > apigenin
> piperine > acarbose > cinnamic acid > acetyleugenol > myrcene (Table 10). The docking
scores of these herbal compounds were compared to the interactions of acarbose with a-
amylase and a-glucosidase, whose binding energies were -5.2 kcal/mol and -4.1 kcal/mol,
respectively. Evidently apigenin, eriodictyol, piperine, and rosmarinic acid had better docking
scores to a-amylase and a-glucosidase than acarbose. Acetyleugenol, cinnamic acid and
myrcene showed weaker docking scores than acarbose. The results of the docking analysis

encouraged us to investigate the enzyme inhibitory activity further using enzyme assays.
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6.2 Insilico docking to insulin-regulating targets

The ability of the herbal compounds to mimic the effect of insulin through glucose regulation
was studied in silico through inverse docking. From our results (Table 14) it can be seen that
apigenin, eriodictyol, piperine, and rosmarinic acid has higher negative docking scores than
anagliptin (positive control) to DPP4 (PDB: 4A5S) (Sutton et al., 2012) and thus stronger
binding, possibly translating to better inhibition. DPP4 decrease insulin secretion from the
pancreas through degradation and inactivation of glucagon-like peptide-1 (GLP-1), therefore
inhibition of DPP4 is required to treat T2DM (Abbas et al., 2019). The tight binding of apigenin,
eriodictyol, piperine, and rosmarinic acid to DPP4 will theoretically lead to the inhibition of

DPP4, which will increase insulin secretion from the pancreas, giving rise to hypoglycaemia.

Eriodictyol has a better docking score than SFF (positive control) to HSD11B1 (PDB: 4K1L)
(Bohme et al., 2013). Inhibition of HSD11B1 leads to the inhibition of glucose production by
the liver and improves glucose-dependent insulin sensitivity (Zhu et al., 2018). Thus, according
to the in silico results, eriodictyol might decrease hyperglycaemia and increase insulin

sensitivity through the inhibition of HSD11B1.

All the herbal compounds, except myrcene, had higher negative docking scores to RBP4 (PDB:
2WR6) (Motani et al., 2009) than linolenic acid (positive control) indicating a stronger binding.
RBP4 is secreted as an adipokine that disrupts insulin signalling, reduce glucose uptake by
muscles and promotes glucose production by the liver (Berry & Noy, 2012; Pereira et al.,
2019). The high negative docking scores of the herbal compounds suggest theoretical
inhibition of RBP4, which will lead to increased glucose uptake by muscles and decreased

glucose production by the liver.
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The positive controls 75A, fasiglifam and insulin, have the highest negative docking scores to
PTPNO (PDB: 4GE6) (Zhang et al., 2012b), FFAR1 (PDB: 4PHU) (Srivasrava et al., 2014) and INSR
(PDB: 3EKN) (Chamberlain et al., 2009) respectively. Inhibition of PTPN9 leads to insulin
sensitisation and improved glucose homeostasis (Yoon et al., 2018). Agonists of FFAR1 will
stimulate insulin secretion from pancreatic B-cells (Eleazu et al., 2018). Insulin sensitivity and
glucose uptake can be improved, through agonists activating INSR to stimulate the insulin

signalling pathway (Qiung et al., 2014).

6.3 Insilico physiochemical properties

Selected physiochemical parameters of the herbal compounds were evaluated in silico. The
cardiotoxicity of each herbal compound was assessed using the QPlogHERG function, which is
the projected log ICso value for the blockage of HERG potassium (K*) channels. The Canvas
software calculates the distances and angles between the carbon atoms of each herbal
compound and predicts the plCso. A value between 0 and -5 is desired. Once a more negative
value is observed, it can lead to a disorder called long Q-T syndrome. All the herbal compounds
had more positive QPlogHERG values than acarbose (Table 15), indicating that these

compounds have a lower probability of causing the long Q-T syndrome than acarbose.

The percentage human oral absorption is calculated by studying the number of metabolites,
rotatable bonds, logP, solubility and cell permeability of each compound. Oral absorption is
defined as the amount of an administered drug that reaches systemic circulation (Turner &
Agatonovic-Kustrin, 2007). Acarbose had a human oral absorption of 0%. Since acarbose is an

orally administered drug, a low oral absorption is expected and acarbose must work locally
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within the gastrointestinal tract therefore, no oral absorption is therapeutically desired.
Rosmarinic acid had a human oral absorption of 35%, which is the lowest of all the herbal
compounds, while cinnamic acid, eriodictyol, apigenin and piperine had an oral absorption of
45%, 63%, 71% and 90%, respectively. These values are substantially higher than the oral
absorption of acarbose. However, for the compounds to exert insulin mimicking activity some
bioavailability is required to reach the systemic circulation. It would be ideal if some of the
drug can stay in the GIT to inhibit a-amylase and a-glucosidase, while some of the drug reach
the skeletal muscle and liver to increase glucose uptake. A bioavailability of 35% indicates that
35% of the administered dose will reach systemic circulation and the peripheral tissues to
increase glucose uptake, thus 65% of the drug will remain in the GIT to inhibit a-amylase and
a-glucosidase. Acetyleugenol and myrcene had an oral bioavailability of 100%, which means
most of the administered drug gets absorbed into the systemic circulation. Thus, little drug

remains in the GIT, where inhibitory action is required.

The druggability of the compounds was compared using the #stars function. The QikProp
function of Canvas includes 24 descriptors in the calculation of the #stars (Schrodinger-Press,
2012). The #stars of each compound indicates the number of descriptor values that fall outside
of 95% of similar values for known drugs (Jain et al., 2013). Therefore, a lower #stars indicates
a better drug-like molecule (Rohini & Shanthi, 2018). All the compounds have a lower #stars
than acarbose, which means the herbal compounds are more drug-like than acarbose. All the
herbal compounds had no more than 5 stars (Table 15), indicating that all 24 pharmaceutically
relevant descriptors lie within the recommended range of known drugs (Rohini & Shanthi,

2018).
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6.4 Drug-Target networks through STITCH

STITCH is a database of known and predicted interactions between proteins, chemicals and
small molecules. Knowledge regarding the interactions between proteins and small molecules
is essential for the understanding of molecular and cellular function. The interactions include
direct (physical) and indirect (functional) associations. Predictions of the associations stem
from text mining, co-expression, databases, genomic context predictions and high-throughput

laboratory experiments (Szklarczyk et al., 2016).

There is an increasing trend to use network pharmacology to determine the cross-reactions,
mechanisms of action and potential therapeutic effects of drugs. We included the evaluation
on STITCH in our study, to determine whether the herbal compounds had any undesired or
damaging cross-reactions with other proteins. Cross-reactivity can be defined as the reactivity
of a drug which initiates reactions outside the primary expected reaction (Xie et al., 2019).
Here, the studied reactions included the inhibition of a-amylase and a-glucosidase and the
effect of the herbal compounds on glucose uptake, thus associations with any proteins

involved in those reactions were expected.

Acarbose had ten drug-protein interactions (Figure 16), mostly with different types of a-
amylase and a-glucosidase enzymes (Table 17) found in the body. In the present study the in
vitro results of acarbose on a-amylase and a-glucosidase, correlate well with the in silico

findings on STITCH.
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A few protein-target associations were generated for each herbal compound, however there
were no associations generated between the herbal compounds and a-amylase and a-
glucosidase. This does not correspond to the experimental results of this study. Even when
the interaction score was set to low confidence (0.150), no interactions between the herbal
compounds and the starch hydrolysing enzymes were generated on STITCH. The interaction
sources on STITCH were set to include experimental results and literature. There are various
studies on the inhibition a-amylase and a-glucosidase by these herbal compounds (Proenga
et al., 2019; Rivera-Chavez et al., 2013; Stoilova et al., 2017; Zhang et al., 2019), thus one
would expect to see interactions between the herbal compounds and a-amylase and a-

glucosidase on STITCH.

Eriodictyol had four drug-protein interactions (Table 18 and Figure 17). Heme oxygenase
(HMOX;) is a phase Il detoxifying enzyme. According to Lee et al. (2015b), activation of HMOX1
by eriodictyol protects endothelial cells from oxidative stress. STITCH showed the interaction
of eriodictyol to TANK binding kinase (TBK1), a protein kinase that plays a vital role in
inflammatory responses. The in silico findings have been confirmed in vitro by Yu et al. (2012).
Several studies reported that TBK; plays a pivotal role in diabetes, cancers, viral and bacterial
infections, arthritis and hepatitis (Yu et al., 2012). According to the STITCH database,
eriodictyol inhibited glutathione S-transferase (GST), GSTs play an essential role in
detoxification of xenobiotics. Inhibition of GSTs will affect the metabolism and biological
effects of many drugs. Studies have confirmed that flavonoids such as eriodictyol inhibit GSTs
(Bousova & Skalova, 2012), although only at very high concentrations (Bousova & Skalova,

2012).
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Cinnamic acid (Table 20 and Figure 19) generated ten interactions according to STITCH, the
most significant being the activation of adiponectin, a molecule involved in glucose and fat
metabolism. In vitro studies have shown the activation of adiponectin by cinnamic acid in
adipocytes, to improve insulin sensitivity via AMPK activation (Kopp et al., 2014). Cinnamic
acid showed activation of various UDP glucuronosyltransferase targets, which is responsible

for the elimination of toxic compounds.

Table 19 and Figure 18, shows that apigenin forms associations with ten protein targets, the
most significant being the inhibition of cytochrome P450 (CYP1B1). Effects on the cytochrome
(CYP) enzyme family can cause adverse reactions involving the metabolism and drug
detoxification. If apigenin inhibits CYP1B4, it may affect the CYP mediated metabolism of
another drug, which can accumulate within the body to toxic levels. On the other hand, CYP1B:
is over-expressed in human cancer cells and metabolises both polycyclic aromatic
hydrocarbons and oestradiol to potentially carcinogenic intermediates (Chaudhary & Willett,
2006). Various studies have shown the anti-carcinogenic effect of apigenin through the
inhibition of CYP1B1 (Chaudhary & Willett, 2006). The drug-target network of apigenin also
showed activation of tumour protein p53 and caspase 3, two proteins that play an important
role in the regulation and progression of the cell cycle. Studies have proven the activation of
these two proteins by apigenin in vitro and in vivo (Liu et al., 2017) (Granato et al., 2017). UDP
glucuronosyl-transferase 1 (UGT1A1) plays an essential role in the elimination of toxins and

xenobiotics. Apigenin has been shown to activate UGT1A1 in vitro (Walle & Walle, 2002).
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Piperine (Table 21 and Figure 20) had ten drug-protein interactions, the most notable being
with cytochrome P450 (CYPA1), interleukin 6 (ILs) and tumour necrosis factor (TNF). CYP;A;
plays a critical role in bile acid control and the maintenance of mammalian cholesterol
homeostasis. STITCH did not indicate whether piperine activates or inhibits CYP;A;, and no
literature could be found on any association between piperine and CYP;A1. TNF and ILs are
two factors that play a vital role in the inflammatory process in humans. In an in vivo study
Zhai et al. (2016) showed the inhibition of both proinflammatory factors by piperine, thereby

having the ability to alleviate inflammation.

STITCH generated seven associations for rosmarinic acid (Table 22 and Figure 21), the most
notable being inhibition of interleukin 2 (IL;), a cytokine. Lembo et al. (2014) showed the
natural anti-inflammatory properties of rosmarinic acid through the inhibition of IL,. No
literature was found on the association of rosmarinic acid with tyrosine kinase (TYR),

chemokine receptor C (CCR3) and inhibitor of kappa light polypeptide gene enhancer (IKBKB).

In general, the associations generated by STITCH corresponded well with literature. The herbal
compounds showed no associations that could lead to harmful cross-reactions. The drug-
target networks generated on STITCH highlighted the anti-carcinogenic and anti-inflammatory
properties of the herbal compounds. According to Deans and Sattar (2006), there is growing
evidence of the role of inflammation in type 2 diabetes and, thus drugs that have apparent
anti-inflammatory properties may reduce the incidence and/or delay the onset of type 2
diabetes. Aside from the anti-inflammatory properties of the herbal compounds, the anti-
carcinogenic properties are extremely valuable, since type 2 diabetes is associated with an

increased risks of developing several cancers (Collins, 2014).
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6.5 Inhibition of a-amylase and a-glucosidase

The in vitro inhibition effect of the herbal compounds on a-amylase and a-glucosidase, was
compared with acarbose, an anti-diabetic drug currently on the market. Acarbose belongs to
the a- glucosidase inhibitor class of the oral hypoglycaemics and inhibits both a-amylase and
a-glucosidase. For this reason, acarbose was used as a positive control in both assays. To
ensure that acarbose and the herbal compounds do inhibit a-amylase and a-glucosidase, their
kinetic parameters were statistically compared with those of a-amylase and a-glucosidase
when no inhibition occurred. It can be confirmed that there was a statistically significant
difference in either the Kmand/or Vmax (Table 23 and 24) of a-amylase and a-glucosidase when
inhibited by each of the herbal compounds, except for myrcene. Thus, the null hypothesis H1o
(see section 2) was rejected for all the herbal compounds except for myrcene, which does not

reject Hlo.

The Lineweaver-Burk graphs of each compound were used to establish the type of inhibition
exerted by each compound. Acarbose was verified as a competitive inhibitor of a-amylase
(Poovitha & Parani, 2016; Rahimzadeh et al., 2014; Stoilova et al., 2017) and a mixed inhibitor
of a-glucosidase (Son & Lee, 2013; Stoilova et al., 2017). Acetyleugenol, apigenin, cinnamic
acid, eriodictyol, piperine, and rosmarinic acid displayed dose-dependent inhibition of a-
amylase and a-glucosidase, with acarbose as the positive control. As seen in Figure S7,
cinnamic acid, eriodictyol, and rosmarinic acid inhibited a-amylase non-competitively (Km
value remained constant and Vmax value decreased, Table 23). Non-competitive inhibition
occurs when the binding of the inhibitor to the enzyme or enzyme-substrate (ES) complex

changes the conformation of the enzyme, preventing the substrate from binding (Aldred E.M,
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2009). Acetyleugenol and apigenin inhibited a-amylase in a mixed fashion, indicating that the
inhibitor binds to the enzyme or the ES complex with a greater affinity for one state (Berg et
al., 2007). This can either increase or decrease the Kn, but both cases will cause a decrease in
Vmax. In this case, the Km was increased, thus the affinity of the enzyme for the substrate is
decreased. This is seen in cases where the inhibitor favours binding to the free enzyme and
not the enzyme-substrate (ES) complex, which mimics competitive inhibition (Berg et al.,
2007). Piperine inhibited a-amylase competitively. Competitive inhibition occurs when the
inhibitor binds in the active site of the enzyme, preventing the substrate from binding
(Engelking, 2015). This leads to an increased Km since the affinity of the enzyme for the

substrate is decreased, while the Vmax of the reaction stays the same.

As seen in Figure S8, apigenin, eriodictyol, and piperine were mixed inhibitors of a-
glucosidase, while acetyleugenol and cinnamic acid were non-competitive inhibitors.
Rosmarinic acid inhibited a-glucosidase uncompetitively, binding to the ES complex.
Uncompetitive inhibition is characterised by a decrease in both Kn, and Vmax (Table 24) due to
increased binding efficiency, interference with substrate binding and hampered catalysis
(Dougall & Unitt, 2015). Myrcene presented no inhibitory activity against a-amylase and a-

glucosidase.
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Ki values can be a useful tool to compare the inhibitory activity of the herbal compounds,
reflecting the functional strength of the inhibitor. It is an indication of the binding affinity of
the inhibitor thus, a lower K; value suggests a higher binding affinity. The Ki values of acarbose
when inhibiting a-amylase (Bemiller & Whistler, 2009; Proenca et al., 2019; Yoon & Robyt,
2003) and a-glucosidase (Proenca et al., 2017; Robyt, 2005) correlate well with literature
values. The K; values of the tested compounds against a-amylase were: acarbose < rosmarinic
acid < apigenin < cinnamic acid < eriodictyol < piperine < acetyleugenol < myrcene. There was
no statistically significant difference (Table 25, p > 0.05) between the K; values of acarbose
and those of rosmarinic acid, apigenin and cinnamic acid, therefore the null hypothesis (H2o)
was not rejected. The K; values of acetyleugenol, eriodictyol, myrcene, and piperine was
significantly (p < 0.05) larger than the K; of acarbose, thus rejecting the null hypothesis (H2o).
None of the herbal compounds had a K; value lower than that of acarbose, which might be
therapeutically preferred. Mild inhibition of a-amylase is preferred in many cases to avoid
excessive bacterial fermentation, leading to gastrointestinal side effects (Etxeberria et al.,
2012; Proenga et al., 2019). Regarding a-glucosidase, the decreasing order of the Ki values
were: eriodictyol < apigenin < acarbose < piperine < cinnamic acid < acetyleugenol < myrcene
< rosmarinic acid. There was no statistically significant difference (Table 26, p > 0.05) between
the inhibition effect of apigenin, eriodictyol, and piperine when compared to acarbose, based
on K; values therefore, the null hypothesis (H2o) is not rejected. Indicating that these herbal
compounds inhibit a-glucosidase with the same functional strength as acarbose. The results
revealed that the K; values of acetyleugenol, cinnamic acid, myrcene and rosmarinic acid were

significantly larger than the Ki value of acarbose, thus the null hypothesis (H2o) was rejected.
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The Ki values of apigenin (Sahnoun et al., 2018) and cinnamic acid (Sahnoun et al., 2017),
inhibiting a-amylase, correlate well with literature, while the Ki values of apigenin (Kaewnarin
& Rakariyatham, 2017) and rosmarinic acid (Lin et al.,, 2011), inhibiting a-glucosidase,
correlate well with literature. To the best of our knowledge, this is the first study documenting
the K values for the inhibition of a-amylase and a-glucosidase by acetyleugenol, eriodictyol,

myrcene and piperine.

One aim of the study was to determine the relationship between the in silico docking results
and in vitro inhibitory strength. Figures 22 and 23 show the relationship between the negative
docking scores and K; values. The slopes of both graphs were positive, indicating a positive
relationship between the docking scores and the Ki values of the herbal compounds. A high
negative docking score corresponds to a low K; value, both indicating a more potent inhibitor.
One of the main reasons for a possible inverse correlation between the docking scores and K;
values is, in silico Maestro (Maestro, 2020) only docks the ligand into a single site, the Glide
grid. However, during the in vitro enzyme assays, the ligand can bind to more than one site,
especially when looking at non-competitive inhibition and some cases of competitive

inhibition.

The compounds with better docking scores than acarbose to both a-amylase and a-
glucosidase were apigenin, eriodictyol, piperine and rosmarinic acid. With regards to a-
amylase, it can be seen that the in vitro results of apigenin and rosmarinic acid correspond
well to the in silico results. For both enzymes, the herbal compounds with weaker docking
scores than acarbose showed a significantly weaker inhibition effect than acarbose in vitro,
except for cinnamic acid when inhibiting a-amylase. Concerning a-glucosidase, the docking
scores of apigenin, eriodictyol, and piperine correlate well with the in vitro results, indicating

a good overall correlation between the in-silico docking results and in vitro inhibition results.
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6.6 Cytotoxicity in C2C12 and HepG2 cell lines

To establish if the herbal compounds were cytotoxic the ICso (Table 27) was determined with
a SRB assay, in C2C12 (Figure S9) and HepG2 cells (Figure S10). The toxic effect of the herbal
compounds differed between the two cell lines, which supports the importance of using more
than one cell line for toxicological profiling. All the herbal compounds had a concentration-
dependent cytotoxic effect. Cytotoxicity was only observed at concentrations larger than
50 uM, this provides evidence of the preclinical safety of these compounds at theoretically
viable concentrations. The HepG2 cells were overall more cytotoxic resistant than the C2C12
cells, likely due to the liver’s detoxification capabilities. Rosmarinic acid, myrcene, piperine,
acetyleugenol and cinnamic acid did not induce a 50% decrease in cell viability at the highest

tested concentration (500 uM) in HepG2 cells, confirming their low toxicity.

Only two compounds, apigenin and eriodictyol, had toxic effects on both cell lines. These
compounds have significantly lower 1Cso values than acarbose, rejecting H3o. Apigenin and
eriodictyol are both flavones and therefore have very similar structures. Various studies have
proven the toxicity of flavonoids, including eriodictyol and apigenin, at high concentrations
(Ahmed et al., 2014). The toxic effect of flavones occurs as a result of their ability to generate
intracellular ROS. Eriodictyol has a lower ICso than apigenin, in both cell lines, since it contains
an additional catechol group. Catechol groups have been identified as cytotoxic since they
induce dose and time-dependent cytotoxicity through apoptosis (de Oliveira et al., 2010).
Studies have also shown that apigenin activates p53 and caspase 3 (Choi & Kim, 2009; Granato
et al., 2017), two critical molecules in the induction of apoptosis in cells, this finding is

supported by our results generated on STITCH.
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In C2C12 cells, the ICso values of acetyleugenol, cinnamic acid, myrcene, piperine, rosmarinic
acid, and acarbose were similar (p > 0.05), not rejecting H3, indicating that these compounds
are not more toxic than acarbose, a widely prescribed drug. All of these compounds had higher
ICso values than acarbose, implying that they are less toxic than acarbose at the same dose.
Neiro and Machado-Santelli (2013) confirmed cinnamic acid’s low cytotoxicity in vitro and in
vivo. Sahin et al. (2017) reported no cytotoxic activity when five different cell lines were
treated with rosmarinic acid. The cytotoxicity of myrcene (Orlando et al., 2019) and piperine
(Han et al., 2008; Paarakh et al., 2015) has been reported to be low in HepG2 and other cell
lines. To the extent of our knowledge, our work is the first report of the cytotoxicity of
acetyleugenol in these cell lines. Each herbal compound tested in the study is currently found
in commercially available herbs and spices, which assumes its apparent safety however high

concentrations may have toxic effects.
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6.7 Insulin mimicking effects in vitro

Glycaemic control is essential in the prevention of T2DM. It can be achieved by using oral
agents that either interfere with the absorption of glucose (e.g. a-glucosidase inhibitors)
and/or facilitate glucose uptake in peripheral tissue (e.g. insulin-mimetic agents) (Girén et al.,
2009). Skeletal muscles play an essential role in body energy balance and are one of the
primary tissues targeted by insulin for glucose uptake (Akbarzadeh et al., 2007). The liver plays
an important role in blood glucose control, storage and utilisation of glucose (Cherrington,
1999). In view of the central role of the liver in maintaining glucose homeostasis, substances
which stimulate glucose uptake in the liver might play a vital role in the pathogenesis of T2DM.
Therefore, C2C12 and HepG2 cells are appropriate target tissues to test insulin-mimetic T2DM

drugs.

In the present study, the tested herbal compounds significantly increased glucose uptake in
C2C12 (Figure 24) and HepG2 (Figure 25) cells in comparison with the control, rejecting H4o.
There was no significant (p > 0.05) difference between the stimulatory effect of the herbal
compounds and that of insulin, not rejecting H50. The latter may implicate that the herbal
compounds may be potent therapies in preventing and alleviating hyperglycaemia. The
stimulatory effect of the herbal compounds was in the same order of that of insulin, although
25 nM insulin and 100 nM of the herbal compounds was tested. We saw an effect on glucose
uptake at a herbal dose 4-fold higher than that of insulin, however this is still good especially
considering the bioavailability of the compounds and insulin. The oral route remains the
preferred choice for drug administration because of its non-invasive nature. However, insulin
needs to be administered subcutaneously, because the drug will be digested in the stomach

and gut before it can reach the bloodstream where it is needed (Rolla, 2015).
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Treatment with acetyleugenol caused an increase in glucose uptake in C2C12 and HepG2 cells,
causing higher glucose uptake than insulin at 1 uM and 10 uM in C2C12 cells and 10 puM in
HepG2 cells. The hypoglycaemic effect of acetyleugenol is not well researched, but Mohan et
al. (2019) showed the hypoglycaemic effect of clove extracts on L6 myotubes and HepG2 cells.
Apigenin has been reported to lower blood glucose levels in diabetic rats and induce glucose
uptake in HepG2 cells (Al-Ishaq et al., 2019). No studies were found on the effect of apigenin
on C2C12 cells. In this study, apigenin caused an increase in glucose uptake in C2C12 and
HepG2 cells, with higher glucose uptake stimulation than insulin at concentrations of 0.1, 1
and 10 uM in C2C12 cells. The results were less marked in HepG2 cells and were only higher
at 10 uM. Rosmarinic acid has been studied extensively and is known to have a hypoglycaemic
effect, both in vitro and in vivo (Abe et al., 2016; Prasannarong et al., 2019; Tu et al., 2013).
Here rosmarinic acid caused glucose uptake in HepG2 cells and had higher glucose uptake
than insulin at all tested concentrations in C2C12 cells and at 1 uM and 10 uM in HepG2 cells.
Eriodictyol was found to enhance glucose uptake in vitro, in C2C12 and HepG2 cells, findings
that support the results of the present study (Al-Ishaq et al., 2019). The glucose-lowering
effects of eriodictyol have been shown in vivo as well (Al-Ishaq et al., 2019; Hameed et al.,
2018). Cinnamic acid increased glucose uptake in C2C12 and HepG2 cells and caused higher
glucose uptake than insulin at all tested concentrations in myotubes and at 10 uM in the
hepatocytes. Shen et al. (2014) and Huang and Shen (2012) showed the hypoglycaemic effects
of cinnamic acid in C2C12 cells and hepatocytes. Piperine caused glucose uptake in C2C12 and
HepG2 cells. Studies have confirmed that piperine promotes glucose uptake in both cell lines
(Kim et al., 2017; Wan et al., 2017). Myrcene increased the amount of glucose absorbed into
myotubes with higher glucose uptake stimulation than insulin at 10 uM. Myrcene displayed a
hormetic effect in HepG2 cells. As far as our knowledge extends, this is the first study that
investigated the glucose uptake activity mediated by myrcene, thus no other literature could

be found.
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6.8 Possible mechanism(s) of action of the herbal compounds

Since DM is such a complex multi-factorial disease (Kaku, 2010), the need arises for multi-
targeted compounds. In the present study, the herbal compounds displayed inhibitory activity
against two key carbohydrate hydrolysing enzymes, a-amylase and a-glucosidase, and
significantly (p < 0.05) increased glucose uptake in C2C12 and HepG2 cells. Based on the
findings of the study, it can be hypothesised that the herbal compounds exert their

hypoglycaemic effect via an extra-pancreatic mechanism, independent from insulin.

glycogen
synthase

Figure 26: Insulin mediated glucose uptake and metabolism, via the translocation of GLUT-4 in
muscle (C2C12) cells. (1) Insulin bind to the INSR receptor, (2) activation of protein cascades
involving PI3K and AKT, (3) translocation of GLUT-4 transporters to the plasma membrane, (4)

influx of glucose, (5) glycogen synthesis, (6) glycolysis and (7) fatty acid synthesis (Zhang et al.,
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The first possible mechanism of action of insulin-mediated glucose uptake (Figure 26) in C2C12
cells involves the insulin receptor (PDB: INSR) PI3K/AKT pathway, responsible for GLUT- 4
translocation. GLUT-4 is a glucose transporter responsible for insulin-regulated glucose uptake
in fat and muscle cells (Cabane et al., 2003). Muscle and fat cells contain vesicles in which
GLUT-4 transporters are stored when insulin levels are low. A series of intracellular cascades
involving phosphatidylinositol-3-kinase (PI3K) are activated once insulin binds to its cell
surface receptor (TMB, 2020). Activated PI3K phosphorylates membrane phospholipids to
form phosphatidylinositol-3,4,5-trisphosphate, (PIP3), which activates the enzyme PIPs-
dependent kinase 1 (PDK1). PDK1, in turn, activates another kinase called AKT (also known as
protein kinase B, PKB) (TMB, 2020). Additional enzymes activated by insulin receptor signalling
include the small ribosomal subunit protein 6 kinase (p70S6K) and protein kinase C (PKC)
(TMB, 2020). PKC phosphorylates proteins associated with the intracellular vesicles containing
GLUT-4, resulting in the migration and fusion with the plasma membrane (TMB, 2020). Once
the GLUT-4 transporters fuse with the plasma membrane it leads to an increase in glucose
uptake in muscle cells. Based on the findings of the study it is suggested that a manner in
which the herbal compounds exert their hypoglycaemic effects in muscle cells could be
mediated via interactions with the insulin receptor, resulting in the translocation of GLUT- 4
to the plasma membrane through activation of the PI3K/AKT pathway. Several studies
highlighted the potential of herbal compounds to increases insulin sensitivity in C2C12 muscle

cells via PI3K/AKT signalling pathways (Li et al., 2019; Mohiti-Ardekani et al., 2019).
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Activation of the AMPK and mitogen-activated protein kinase (MAPK) pathways (Figure 27)
can also lead to increased glucose uptake in skeletal muscle cells and gluconeogenesis in the
liver. Various factors can lead to AMPK activation, including stimulation of the a-adrenergic
and leptin receptors, and conditions like heat shock, hypoxia and ischaemia, which cause
increased levels of intracellular cyclic adenosine monophosphate (cAMP) (CST, 2006). The
hormone adiponectin, secreted by adipose tissue, muscle cells and the liver, is also known to
activate this pathway (CST, 2006). Adiponectin improves insulin sensitivity and glucose
tolerance (Stefan & Strumvoll, 2002). Once the hormone binds to the adiponectin receptor 1
(AdipoR1) an adaptor protein (APPL1), it is recruited to the intracellular NH; terminus of the
AdipoR1 (Deepa & Dong, 2009). This results in the activation of the AMPK and MAPK
pathways. C2C12 (Mao et al., 2006) and HepG2 (Neumeier et al., 2005) cells express AdipoR1,
furthermore the activation of the AMPK and MAPK pathways via interactions with AdipoR1 by
adiponectin has been shown in these cell lines (Mao et al., 2006) (Neumeier et al., 2005). Thus,
the herbal compounds could possibly mediate their hypoglycaemic effects by activation of the
AMPK and MAPK pathways. This would result in increased glucose uptake in skeletal muscle
via GLUT- 4 translocation, and inhibition of gluconeogenesis in the liver (Deepa & Dong, 2009;

Kadowaki & Yamauchi, 2005).
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Figure 27: GLUT-4 translocation, mediated by the MAPK and AMPK pathways through the
binding of adiponectin in C2C12. (1) Adiponectin (Ad) bind to adiponectin receptor (AdipR1),
(2) adaptor protein (APPL1) is recruited, (3) activation of mitogen activated protein kinase

(MAPK) and 5 adenosine monophosphate activated protein kinase (AMPK) pathways, (4)

HepG2 cell lines are known to express GLUT-1 (Takanaga et al., 2008), the insulin receptor
(ATCC, 2020) and insulin-like growth factor Il. GLUT-1 plays a major role in glucose influx in
liver cells. The mammalian target of rapamycin (mTOR) is activated by PKB/Akt to coordinate
with p70S6K for the synthesis of GLUT-1 (Figure 28). Glucose uptake can also be regulated by
the AMPK pathways via GLUT-1. Glucose will be converted into glucose-6-phosphate (G6P), in

the liver, which can then be converted into glycogen or enter glycolysis.
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Figure 28: GLUT-1 biosynthesis in HepG2 cells. (1) Insulin binds and activates the insulin
receptor (Ins-R), (2) phosphorylation of the insulin receptor substrate, (3) activation of the
phosphatidylinositol-3-kinase/ protein kinase B (PI3K/AKT) insulin signalling cascade, (4)
activation of mammalian target rapamycin (mTORC1) and protein kinase C (PKC), and (5) GLUT-

1 biosynthesis (Lee et al., 2011).

Another possible mechanism of action in which the herbal compounds exert hypoglycaemic
effects can be via activation of PPAR-y, a nuclear receptor found predominantly in adipose
tissue cells but also in muscle cells and liver cells. It regulates the expression of genes involved
in insulin signal transduction and glucose metabolism. The transcription of insulin sensitive
genes is promoted when PPAR-y associates with retinoid x receptor (RXR) to form PPAR-y-
RXR, a heterodimer, which binds to peroxisome proliferator response element (PPRE-y)
(Nazemzadeh, 2012; Verma et al.,, 2004). Once again, glucose uptake occur via the

upregulation of GLUT-4 translocation to the cell membrane. Both C2C12 and Hepg2 cell lines
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express PPAR-y, and hypoglycaemic effects in these cells via PPAR-y have been shown
(Nazemzadeh, 2012; Verma et al., 2004). Some studies hypothesise that that PPAR-y agonists
mainly cause their hypoglycaemic effects in adipose tissue, with secondary effects in skeletal

muscle and the liver (Berger & Wagner, 2004).

Protein tyrosine phosphatase 1B (PTP1B) is an intracellular phosphatase involved in the insulin
signalling cascade (Liu et al., 2015). PTP1B can dephosphorylate the insulin receptor and the
insulin receptor substrate, which will inactivate the PI3K/AKT insulin signalling cascade (Liu et
al., 2015). PTP1B is expressed in HepG2 (Liu et al., 2015) and C2C12 cells (Zhang et al., 2019),
thus the herbal compounds potentially inhibited PTP1B to enhance insulin receptor
phosphorylation and stimulate glucose uptake in both cell lines. Various studies have shown
the inhibition of PTP1B (Figure 29) in HepG2 (Ha do et al., 2009) and C2C12 (Jiang et al., 2012)

cells by herbal compounds.

RBP4 is a protein secreted primarily by the liver and adipose tissue (Reinehr et al., 2008). RBP4
disrupts insulin signalling, reduce glucose uptake in muscles and promote glucose production
in the liver (Berry & Noy, 2012; Pereira et al., 2019). Reinehr et al. (2008) showed that RBP4
increases hepatic glucose production through upregulation of phosphoenolpyruvate
carboxykinase (PEPCK) expression and reduces insulin sensitivity through inhibition of both
insulin receptor substrate 1 phosphorylation and PI3K activation. Inhibition of RBP4 might be
a possible mechanism of action in which the herbal compounds exert their hypoglycaemic

effect since both cell lines studied here express RBP4 (Yang et al., 2005; Zhu et al., 2015).
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Figure 29: Inhibition of PTP1B to prevent dephosphorylation of the insulin receptor substrate,
which activates the PI3K/AKT insulin signalling cascade. (1) Inhibition of PTP1B, (2) no
dephosphorylation of the insulin receptor substrate (IRS1), (3) activation of the PI3K/AKT insulin
signalling cascade, (4) translocation of GLUT-4 transporters to plasma membrane, and (5) influx

of glucose (Yang et al., 2018).

DPP4 is another insulin-regulating target expressed in both HepG2 (Miyazaki et al., 2012) and
C2C12 (Baek et al., 2018) cells. DPP4 plays an important role in glucose metabolism, through
degradation and inactivation of glucagon-like peptide-1. Research done by Giannocco et al.
(2013) showed that the inhibition of DPP4 upregulates the translocation and expression of
GLUT-4 in skeletal muscle (C2C12) cells. Circulating GLP-1 stimulates GLP-1 receptors on
muscle cells which in turn activates the cAMP/protein kinase A (PKA) signal transduction
pathway to leads to GLUT-4 translocation (Giannocco et al., 2013). DPP4 is also known to
cause impaired insulin sensitivity or insulin resistance in liver cells (HepG2) (Baumeier et al.,
2017). Insulin binds to the liver receptors, activating the insulin signalling pathways in the liver
(Edgerton et al., 2006). Insulin inhibits glucose production through the inhibition of
gluconeogenesis and glycogenolysis and stimulates the liver to store glucose in the form of

glycogen through glycogenesis (Bowen, 2019; Edgerton et al., 2006).
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The transmembrane receptor FFAR1 (free fatty acid receptor 1), also known as G-protein-
coupled receptor 40, plays an important role in various physiological processes by coupling
with the a-subunit of the G-protein in the Gg family. FFAR1 is expressed in the liver and
regulates hepatic insulin sensitivity (Ou et al., 2014). Activation of FFAR1 will reduce the blood
glucose level, insulin resistance and improve glucose intolerance (Ou et al., 2014). FFAR1 is
expressed in HepG2 cells, furthermore various studies showed the agonistic effect of herbal

compounds on FFAR1 in HepG2 cells (Suh et al., 2008).

A few different mechanisms of action have been proposed as to how the herbal compounds
in this study exert their hypoglycaemic effects. All of the compounds at a concentration of
100 nM stimulated glucose uptake in C2C12 and HepG2 cells, in vitro, with efficacy similar (p
> 0.05) to 25 nM insulin. Although there are various different mechanisms of action in which
drugs can cause glucose uptake, we can narrow down the selection by using the in silico results
of the herbal compounds docked to six insulin-regulating targets. The in silico findings in the
present study support three mechanisms of action, including binding to the INSR receptor and
inhibition of RBP4 and DPP4 in C2C12 and HepG2 cells. The high docking scores (Table 14) of
the herbal compounds to these targets shows a high binding ability to the receptor and
possible inhibition of the three protein targets. However, as far as our knowledge extends,

there is no literature to confirm these mechanisms of action in vitro.
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Studies have shown that the hypoglycaemic effects of cinnamic acid, rosmarinic acid and
piperine can be mediated via a mechanism similar to that of the anti-diabetic drug metformin,
by activation of the AMPK pathway to stimulate GLUT- 4 translocation in skeletal muscle cells
(Abe et al., 2016; Jayanthy et al., 2017; Maeda et al., 2018; Shen et al., 2014; Tu et al., 2013).
This mechanism of action of cinnamic acid is supported by the results generated on STITCH,
showing an association between cinnamic acid and adiponectin to activate the AMPK
pathway. Lakshmi et al. (2009) showed that cinnamic acid could also stimulate GLUT -4
translocation via inhibition of PTP1B. Eriodictyol increase AKT phosphorylation by activating
the PI3/AKT pathway in HepG2 cells and increase PPAR-y expression in adipocytes (Zhang et
al., 2012a). Apigenin increased GLUT-4 translocation in cancer cell lines, however the
molecular mechanism of action has not been established yet (Gonzalez-Menendez et al.,
2014). According to Mohan et al. (2019), treatment with acetyleugenol lead to inhibition of
glycogen phosphorylase b in HepG2 cells. Inhibiting glycogen phosphorylase b will prevent

glycogen from being broken down to glucose.

The findings of the present study support an extra-pancreatic mechanism of action for the
hypoglycaemic effects of the herbal compounds, possibly acting as insulin mimicking
compounds. The herbal compounds also exert other additive extra-pancreatic hypoglycaemic
effects by inhibiting a-amylase and a-glucosidase. In addition to enzyme inhibition, the herbal

compounds also displayed in silico anti-inflammatory and anti-carcinogenic properties.
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6.9 Dosage

The results have shown that various herbal compounds are effective a-amylase and a-
glucosidase inhibitors. We wanted to estimate the daily dose of each herbal plant that would
be equivalent to the average daily dose of acarbose (150 mg). The daily dose of acarbose is 50
mg, three times a day for a body weight of 60 kg or less, and 100 mg three times per day for

body weights greater than 60 kg (Mclver & Tripp, 2020).

Since the Ki of acarbose and those of eriodictyol, apigenin, piperine, cinnamic acid and
rosmarinic acid was similar (Table 25 and 26, p > 0.05), it can be assumed that 150 mg of each
compound will have the same effect than acarbose, without taking bioavailability into
account. There are various simple ways to include herbs and spices in one’s daily life. The most
common way would be to add the herbs or spices to food. Another way would be to brew an
herbal tea since. A tea bag usually consists of about 2.5 g dried leaves or herbs therefore, it
would be an easy way to consume a large amount of herbs. The amount (Table 28) of
acetyleugenol, apigenin, cinnamic acid, piperine, and rosmarinic acid that needs to be
ingested, to relate to a daily dose of acarbose, can easily be consumed and are below the no
observed adverse effect level (NOAEL) (Aquilina et al., 2016) (Bampidis et al., 2020) (World
Health Organization, 2012) (Rychen et al., 2017) (Rychen et al., 2016) (EFSA, 2011) of these
compounds. Cinnamon, oregano and pepper are insoluble in water and should thus be used
as a spice to sprinkle over food. Cloves, mint, and parsley can be brewed in a tea (Mani et al.,

2012; Pekal et al., 2012; Piricki et al., 2010).
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/7.5STUDY OVERVIEW

Table 29: Overview of the most significant in vitro and in silico results of the study

In vitro results

In silico results

Compound Ki Ki Cytotoxicity Cytotoxicity Glucose Glucose  Human oral Dosage (to
a-amylase a- in Hepg2 in C2C12 uptakein uptakein absorption relate to
(kM) glucosidase  cells (uM) cells (uM) C2C12 HepG2 (%) acarbose
(M) cells cells dosage) (g)
(RFU)* (RFU)*
Acetyleugenol 12.1 950 >500 96 219 220 100 7,2
§ Apigenin 7.8 160 210 31 229 208 71 3,3
§_ Cinnamic acid 8 620 >500 87 239 200 45 3,2
g Eriodictyol 10.5 130 41 11 216 227 63 161
g Myrcene 49 1580 >500 84 211 203 100 123
é Piperine 10.9 280 >500 79 228 201 90 1,9
Rosmarinic acid 4.5 2580 >500 83 229 223 35 2,2
$ S Acarbose 3.8 170 >500 60 0
2 £
& 8  Insulin 197 222

Green = Significantly better or similar performance than the positive control (for more detail on statistical significance see Tables 25, 26 and 27 and

Figures 24 and 25)

Red = Worse performance than positive control (for more detail on statistical significance see Tables 25, 26 and 27 and Figures 24 and 25)

*Average response
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As seen in Table 29, acetyleugenol stimulates glucose uptake in HepG2 and C2C12 cells and
has a low cytotoxicity but does not inhibit a-amylase or a-glucosidase as effectively as
acarbose. Apigenin was identified as a monotherapeutic agent with pleiotropic effects,
inhibiting both a-amylase and a-glucosidase, and stimulating glucose uptake in C2C12 and
HepG2 cells but, apigenin had cytotoxic effects in both C2C12 and HepG2 cells. Cinnamic acid
inhibited a-amylase effectively and stimulate glucose uptake in both cell lines with no
cytotoxicity. Cinnamic acid has an in silico human oral absorption of 45% which is ideal since
45% of the drug will be absorbed to increase glucose uptake in cells and 55% of the drug will
remain in the colon to inhibit a-amylase and a-glucosidase. Only 3.2 g cinnamon in required
to relate to the daily dose of acarbose. Eriodictyol is cytotoxic to both HepG2 and C2C12 cells.
Myrcene does not inhibit the enzymes effectively and the dosage required to relate to the
daily dose of acarbose is unrealistically high to consume daily. Piperine effectively inhibits a-
glucosidase and stimulates glucose uptake in C2C12 and HepG2 cells with non-cytotoxic
effects. The in silico human oral absorption of piperine is 90% and the dosage required to
relate to acarbose is 1.9 g. Rosmarinic acid is a non-cytotoxic good a-amylase inhibitor, that
cause glucose uptake in both HepG2 and C2C12 cells. Rosmarinic acid has a human oral
absorption of 35% and the dosage rosmarinic acid required to relate to the daily dose of

acarbose is 2.2 g, which can easily be managed.

The most promising compounds in this study was cinnamic acid, piperine and rosmarinic acid.

These compounds were non cytotoxic, inhibited a-amylase and/or a-glucosidase and induced

glucose uptake in HepG2 and C2C12 cells.
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Taking the results into consideration, it will be best to combine two or more compounds for
optimal effect. For example, the most advantageous result will be obtained if rosmarinic acid
and piperine is ingested together, rosmarinic acid is a good a-amylase inhibitor and piperine
a good a-glucosidase inhibitor, furthermore both compounds stimulate glucose uptake in
C2C12 and HepG2 cells with a low cytotoxicity. Both compounds have a low dosage required
to relate to the daily dose of acarbose, 1.9 g and 2.2 g for piperine and rosmarinic acid
respectively. Piperine can also be combined with cinnamic acid, another good a-amylase

inhibitor.
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Figure 30: The proposed mechanisms of the anti-diabetic and hypoglycaemic effects of the herbal compounds.
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8. CONCLUSION

Due to the increasing prevalence of T2DM, there has been an ongoing effort to find natural

compounds that can prevent and possibly control hyperglycaemia. Diabetes has a complex
disease process; thus, the need arises for multi-targeted compounds instead of a “single
target-single drug” approach. This is why the herbal compounds presented here are attractive
options for the control of diabetes, as multiple targets can be regulated with a single
compound. Here we report that several herbal compounds possess potential anti-diabetic
activities, due to their ability to inhibit both a-amylase and a-glucosidase and increase glucose

uptake in two insulin target tissue cell lines without cytotoxic effects.

The nature of the enzyme inhibition was evaluated in silico using docking analysis and in vitro
using enzymatic assays. The relationship between the in silico and in vitro results were well
correlated, a more negative docking score translated to a higher in vitro inhibitory activity.
The inhibitory mechanism of each herbal compounds was illustrated. Our results have shown
that apigenin, cinnamic acid, and rosmarinic acid are effective a-amylase inhibitors, while
apigenin, eriodictyol, and piperine inhibited a-glucosidase effectively. Here we provide in vitro
evidence of the safety of each herbal compound tested at concentrations below 50 uM in
C2C12 and HepG2 cells. All of the herbal compounds caused a significant (p < 0.05) increase
in glucose uptake in HepG2 and C2C12 cells, with effects in the same order of insulin. The
mechanism is hypothesised to be an insulin-mimetic action, which initiates the translocation
glucose transporters to the cell membrane, causing a glucose influx. The most promising

compounds were identified as cinnamic acid, piperine and rosmarinic acid.

103



These herbal compounds can thus comprehensively treat numerous dysregulated and
interconnected processes associated with diabetes. The herbal compounds are found in a
wide variety of herbs and spices and can easily be incorporated into one’s daily life. Using
herbs and spices would have several advantages, including its widespread availability,
affordability and health benefits. Generally, many of these herbs are part of our daily diet and
based on this study consumption as part of a balanced diet can be promoted to help prevent
the onset of T2DM. Here we used bioinformatics and enzyme assays to support traditional
knowledge acquired over many centuries, to confirm that some herbs and spices do contain
compounds that inhibit starch hydrolysing enzymes and increase glucose uptake in cells

helping with the treatment of DM.
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9. FUTURE WORK

To determine the amount (mg) of herbal compound per dry weight of the herb or spice
in different commercial sources through LC/MS. The different commercial sources might

contain different amount of each compound.

For example, cinnamic acid is a good a-amylase inhibitor that induce glucose uptake in
cells with low cytotoxicity and has a preferable bioavailability. Cinnamic acid is found in
cinnamon, however cinnamon can be bought at several different commercial stores like
a tuisnywerheid, health food stores and different supermarket chains. It will be
interesting to determine if the different commercial sources of cinnamon contain
comparable amounts of cinnamic acid, this will have an influence on the amount of
cinnamon that needs to be ingested to get the desired anti-diabetic effects (Lee et al.,
2015a). The other compounds that can be evaluated include piperine and rosmarinic acid

found in black pepper and origanum respectively.

Elucidate the mechanism(s) of action of glucose uptake using a more targeted in vitro
approach. According to previous literature one can perform a glucose uptake assay as
described in this study and follow up with a western blot to determine whether insulin
signalling molecules like AMPK, p-AMPK, AKT, p-AKT, p-IRS, GLUT-4, GLUT-1, PTP1B, DPP4
and RBP4 are upregulated or downregulated (Gonzalez-Menendez et al., 2014; Kim et al.,
2013). From the results of the western blot one can determine whether the glucose
uptake occurs via Interactions with the insulin receptor, or inhibition of DPP4 and/or RBP4

to activate the PI3K/AKT pathway or AMPK pathway.
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Determine the accurate dosage effect of insulin and the herbal compounds on glucose
uptake. Preliminary data has shown that there is a beneficial effect however we would

like to more accurately determine a dosage effect.

Test combinations of herbal compounds for synergistic activity. Based on the results of
this study it will be nice to choose one compound that is less bioavailable to target the
enzymes in the colon, and one compound that is more bioavailable to target glucose

uptake in cells. An example of such a combination is piperine and cinnamic acid.

A limitation in the study is that although beneficial in vitro effects have been observed in
this study, it will be beneficial to determine the in vivo inhibitory activity of the herbal

compounds on diabetic mice/rats in future studies.

The most promising compounds in this in vitro study were cinnamic acid, piperine and
rosmarinic acid. These compounds were non cytotoxic and inhibited a-amylase and/or a-
glucosidase. The a-amylase and a-glucosidase inhibitory activity of these three herbal
compounds should be evaluated in streptozotocin-induced diabetic rat model (Lee et al.,
2007; Ouassou et al., 2018). In short, the diabetic induced rats should be fed a diet
enriched with the herbal compounds and, blood samples should be collected from which
the plasma glucose levels are measured to construct a response curve. The response
curve is used to calculate the area under the response curve (AUC). If the herbal
compounds are effective in lowering the blood glucose level the AUC will be lower in the

treated group than in the control group.
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