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Summary
Insulin secretory dysfunction is major pathophysiology of diabetes which is aggravated by β-cell
apoptosis. Metformin and sulfonylureas, two major oral hypoglycemic agents used for the
treatment of diabetes, enhance insulin sensitivity and stimulate insulin secretion, respectively.
Though some dipeptidyl peptidase-IV inhibitors are reported for β-cell protective activity;
however, results are not conclusive yet. Therefore, taking advantage of our in house pure
compounds library an attempt was made to identify compounds having β-cell protective as well
as insulin secretory activity, and study their mechanism(s) at molecular and cellular levels . In
order to evaluate the compounds for this dual activity, we used pancreatic β-cell line MIN6

cells to develop H2O2 mediated apoptosis and glucose stimulated insulin secretory assay systems.
Out of 34 tested compounds, seven (7) compounds showed strong β-cell apoptosis inhibitory
activity. Amongst them genestein (GS), quercetin (QCT), and cinnamic acid (CA) were evaluated
through triple channel immunostaining for mitochondria-actin-nuclei which revealed restoration
of mitochondrial membrane potential, preservation of cytoarchitecture of cells and reduced
nuclear condensation in MIN6 cells. Oxidative stress mediated activation of cleaved caspase 3
was undetectable in MIN6 cells after treatment with these compounds, further confirming the
inhibition of mitochondria mediated apoptosis. Moreover, real time PCR study of mRNA
expression showed that QCT and GS both downregulated the expression of apoptotic gene Casp9,
and increased expression of both Ins1 and Ins2 genes. GS, QCT and CA also stimulated insulin
secretion from MIN6 cells/ mice isolated islets. We found CA significantly inhibited nuclear
condensation, decreased TUNEL positivity of pancreatic β-cells and preserved islets
cytoarchitecture in Wistar rats. The effect of nicotinamide-cinnamic acid (NA-CA) was also
studied in vivo, and we found that NA-CA significantly decreases β-cell apoptosis and induces
insulin secretion than these agents alone. Immunohistochemical analysis of NA-CA pre-treated
rat pancreas revealed decreased cleaved casp3 levels and increased phosphorylation of ERK½ in
β-cells. Moreover, real time PCR anlaysis of NA-CA showed decrease in expression of Casp3 and
Casp9 mRNA in MIN6 cells. This suggests that dual effect of NA-CA seems to be mediated via
ERK½ signaling pathway and through modulating the mRNA expressions of apoptotic proteins.
Intriguingly, we found orobol, tambulin and hispidulin as novel insulin secretagogues in the
current study. TM enhanced insulin secretion in a dose dependent manner only at stimulatory
glucose concentration in isolated mice islets. Pharmacological inhibition of protein kinase A and
calcium channels significantly decreased insulin secretion induced by TM. This suggests that TM
exerts an exclusive insulin secretory effect by modulating Ca2+ channels and PKA pathway. From
the current study, some compounds with potent insulin secretory activity were identified.
Interestingly few lead compounds having dual activity were also discovered. Taken together, these
compounds may serve as lead compounds to be further studied for their anti-diabetic activity.
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1.

INTRODUCTION

1.1.

Diabetes
Diabetes is multi-factorial metabolic abnormality caused either by impaired release of

insulin from β-cells and/or decreased insulin effectiveness in target tissues. The insulin
insufficiency leads to increased blood glucose clinically characterized by hyperglycemia.
Concurrent hyperglycemia progressively elevates free radicals from mitochondria.
Additionally, free fatty acids (FFA) exaggerate the process due to which oxidative stress is
increased. If not compensated, stress-sensitive signaling pathways are regulated leading to
redox imbalance. Collectively, these events cause glucotoxicity and lipotoxicity which
eventually lead to β-cell apoptosis.
Diabetes is one of the most devastating among non-communicable diseases. With
more or less variations it affects people of all geography, demography, gender, and economy
etc. According to International Diabetes Federation (IDF, 2015), diabetes affects millions of
people and its incidence is increasing exponentially. The way this disease is progressing, it is
being speculated that diabetes will be 21st century healthcare tsunami.

1.1.1. Types of diabetes and their prevalence
Though many types of diabetes are proposed but mainly it is categorized in two types on
dependency of insulin for the treatment of disease:
1) Type 1 diabetes (insulin dependent diabetes mellitus)
2) Type 2 diabetes (non-insulin dependent diabetes mellitus)
Autoimmune reaction in the body triggers immune mediated loss of β-cells in case of
Type 1 diabetes. The lack of insulin producing cells results in insufficient insulin resulting in
diabetes. Type 1 diabetic subjects usually rely on exogenous insulin to maintain the
physiological levels of glucose and hence termed as insulin dependent diabetes mellitus. This
type usually occurs in early age.
In contrast, type 2 diabetes hyperglycemia is not because of the loss of β-cells rather
inappropriate function of either insulin or its receptors compromises the entry of glucose
inside the cells. Giving additional insulin may or may not help in treatment or management of
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type 2 diabetes. The insulin sensitizing agents like metformin are the drugs of choice for the
treatment of type 2 diabetes.
In 21st century amongst non-communicable diseases, diabetes is one of the major
healthcare issue. It has severely affected every class of humans in the globe and its boundaries
are not limited for any ethnical basis, climatic zone, physical feature and other difference.
Initially it was thought to be the disease of the West but now the scenario in developing world
is also worst and it seems that initial observation may be due to lack of available data. With
years passing on, the disease is converting into a giant squid spreading its tentacles in every
direction and effecting every age group and every person can have the disease
indiscriminately. In Pakistan, about 10% individuals are suffering from this disease (Abidi,
2012).

1.1.2. Pathophysiology of diabetes
Diabetes is not only a metabolic disorder but has effect on many pathways causing different
pathological changes at cellular, sub-cellular and molecular levels. The major culprit behind
the development of this disease includes inadequate production of insulin and/or insulin action
(Kadowaki et al., 2006). Insulin binds to the receptors present in many cells such as
adipocytes, hepatocytes, skeletal muscle cells and many other body cells to facilitate the entry
of glucose into these cells (Kaplan, 1984). Decreased production of insulin or insulin secretion
affects this whole pathway and compromises the entry of glucose into the cells leading to
increase in extracellular concentration of glucose i.e. hyperglycemia, the major feature of
diabetes.
The factory for insulin synthesis is β-cells which secrete insulin in response to
increased glucose concentration. Any pathology or insult to these cells will compromise the
insulin concentration and hence the glucose distribution. Of the several proposed mechanisms
for the onset and development of diabetes, β-cell insults like β-cell death, β-cell dysfunction
etc. are amongst the most accepted ones (Cnop, 2005; Eizirek, 2001). Recent reports suggest
that glucose lowering agents like metformin and sulphonylureas can transiently improve
glycemic index but they do not have any profound protective effect on β-cells in vivo.
Sulphonylureas increase insulin secretion; however, they are shown to induce β-cell apoptosis
in vitro (Urusova, 2004). So, the glucose lowering effects is not the only requirement for the
2

treatment of diabetes but the protection of β-cells is also an important matter of concern. It is
fairly accepted that the treatment modalities protecting β-cells have profound effect in
improving diabetes and its complications. The mechanisms of β-cell death in diabetes are still
debatable, but the cell death through apoptosis is suggested and verified as a major cause by
different experimental evidences both in vitro and in vivo (Van Raalte & Diamant, 2011).
In diabetes, due to lack of insulin glucose, cannot enter the cell and ultimately its
concentration increases in the blood. So, basically the cells are deprived of glucose and switch
to other metabolic pathways to achieve the intracellular demand of energy within the cells,
leading to metabolic abnormalities. The hypoglycemic cells constantly signal the demand for
more glucose inside the cell increasing burden on insulin producing β-cells. This leads to βcell exhaustion and β-cell death through apoptosis if this vicious cycle continues for years.

1.2. APOPTOSIS
Mammalian cell usually dies either through apoptosis or necrosis. Apoptosis is one of the
major cell death mechanisms through which the cell dies systematically. It is a complex
process regulated by different intrinsic and extrinsic factors of the cell and its environment. It
can be simply described as a process by which a cell commits suicide. Physiological examples
in the human cells include the apoptosis of the cells during morphogenesis and in the education
of T and B lymphocytes to reduce the autoimmunity. Apoptosis results in the cells
cytoskeleton disruption, membrane blebbing, condensation of nuclear material and
fragmentation of DNA (Lettre, 2006; Taylor, 2008). There is emerging evidence of increase
in β-cell apoptosis leading to decrease in β-cell mass resulting in diabetes.

1.2.1. Molecular mechanism of apoptosis
Apoptosis once triggered by either intrinsic or extrinsic signals results in the activation of
specific enzymes for apoptosis i.e. caspases which are usually present as pro-caspases.
Cleavage of pro-caspase makes structural changes that gives rise to active form of caspase.
Activation of procaspases results in apoptosis. These caspases can be divided into two types:
1) Initiator caspases
2) Executioner caspases
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Initiator caspases (caspase 8, 9, 10) initiate the event of the caspase induced cell death and
ultimately activate the executioner caspases (caspase 3, 6 and 7). Executioner caspases cleave
specific substrates which ultimately leads to the characteristic changes of apoptosis. Another
form of the cell death is necrosis which causes inflammation and the damage to the nearby
cells. Apoptosis can occur either through intrinsic or extrinsic apoptosis pathway.

1.2.1.1. Extrinsic pathway (death receptor pathway)
It occurs when a particular ligand binds to the death receptor present in the surface of the cell.
This recruits the FADD protein and procaspase 8 to the internal domain of the death receptor
and activates pro-caspase 8 to caspase 8. Caspase 8 cleaves Bid resulting in t-Bid and t-Bid
activates the mitochondrial pathway of apoptosis.

1.2.1.2. Intrinsic pathway (mitochondrial pathway)
Mitochondrial pathway is controlled via the balance between the pro- and anti-apoptotic
proteins. The pro-apoptotic proteins include Bax or Bak that translocate towards outer
membrane of mitochondria and results in the formation of pores in the mitochondria releasing
apoptosis inducing factor (Apaf-1), DNAses, and endonucleases attack nucleus causing DNA
fragmentation. In addition, APAF-1 and pro-caspase 9 can also form a complex with the
cytochrome c which is also released from the mitochondria due to the pores formation. This
complex is called apoptosome which activates capsase 3, an executioner caspase, resulting in
apoptosis. The anti-apoptotic proteins Bcl-2 and Bcl-xL bind with Bax and Bak inhibiting the
formation of mitochondrial pores by these pro-apoptotic proteins.The balance between proand anti-apoptotic proteins are tightly regulated and any alteration in these result in different
diseases.

Fig. 1: Intrinsic and extrinsic pathways of apoptosis (Fulda & Debatin, 2006)
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1.3. β-cell apoptosis in diabetes
There are several pro- and anti-apoptotic genes and proteins which help to regulate apoptoic
pathways. Some of the pro-apoptotic molecules include the Bad, Bax, Bid, t-Bid, Bim and
caspases which promote the apoptosis whereas different molecules like Bcl-2, Bcl-xL, Bcl2L2 and Mcl1 inhibit the process of apoptosis. There is a strict regulation in the balance of
the pro- and anti-apoptotic molecules in the cell. In case of diabetes, multiple factors are
responsible for inducing β-cell apoptosis mainly depending upon the type of diabetes
including glucotoxicity, liptotoxicity etc. (Van Raalte & Diamant, 2011).
In both type 1 and type 2 diabetes, β-cells undergo apoptosis (Rakatzi et al, 2004).
Type 1 diabetes is caused by selective destruction of β-cells through apoptosis by immune
system resulting in the loss of β-cells leading to hypoinsulinemia and eventually
hyperglycemia.
β-cell apoptosis in type 1 diabetes The exact mechanism for the β-cell apoptosis in type 1
diabetes is still uncertain. The experimental knowledge acquired so far states that key role
players in type 1 diabetes are CD 8+ T cells (Thomas et al, 2009). Both in vivo and in vitro
studies provide the evidences for the involvement of CD 8+ T cells in β-cell destruction
through apoptosis. There is increase in the expression of the MHC class I in infilterating islets
as well as increased number of localized CD 8+ T cells found in pancreatic grafts and
pancreatic sections studied from the donors (Bottazzo et al, 1985; Hänninen et al, 1992). From
the studies on the rats with non-functional CD 8+ T cells it was found that there was no
insulinitis as well as no tissue destruction and the rats did not develop the diabetes showing
direct involvement of CD 8+ cytotoxic T cells in the destruction of β-cells (Graser et al, 2000).
β-cell apoptosis in type 2 diabetes Etiology of β-cell apoptosis in type 2 diabetes is distinctly
different from type 1 diabetes. There are many factors that contribute to β-cell apoptosis in
diabetes. They are as follows:
1. Chronic hyperglycemia
2. Chronic hyperlipidemia

1.3.1. Chronic hyperglycemia induced apoptosis in β-cells
Persistent hyperglycemia progressively leads to β-cell exhaustion, followed by glucose
desensitization and ultimately β-cell apoptosis. It is reported that chronic hyperglycemia
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increases oxidative stress (imbalance between the oxidant and antioxidant defense systems)
by decreasing concentration of antioxidant enzymes. The oxidative stress eventually causes
increase in concentration of reactive oxygen species (ROS) that leads to damage of inner
membrane of mitochondria, this results in mitochondrial permeability transition pore
formation and subsequent release cytochrome c followed by activation of apoptotic cascade.
Once activated, apoptotic proteins cleave cytosolic and nuclear proteins leading to
intranucleosomal DNA fragmentation of DNA, and membrane blebbing resulting in apoptosis
(Choi et al, 2002).

1.3.2. Chronic hyperlipidemia induced apoptosis in β-cells
Chronic elevation in free fatty acids (FFA) is accompanied with diabetes progression. FFAs
elicit multiple mechanism of toxicity including oxidation and through ceramide synthesis. It
has been experimentally proven that chronic exposure to high concentration of FFA induces
β-cell apoptosis through DNA fragmentation and elevated caspase 3 activity which was in
many ways similar to glucotoxicity (Newsholme, 2007). Improvement of antioxidant enzymes
like glutathione prevented β-cell damage which showed that oxidative stress is actually
involved in β-cell damage associated with hyperlipidemia.

1.3.3. Oxidative stress and β-cell apoptosis
Oxidative stress is an imbalance between oxidants and antioxidants where the pull of oxidants
is far more than antioxidants. Most of the cells present in human body have strong antioxidant
defense system in the form of antioxidant enzymes; however, expression of these enzymes
varies from tissues to tissues (Drew et al., 2010). In case of β-cells the antioxidant enzymes
are at much lower concentration than that of liver e.g. superoxide dismutase expression is less
than half in case of pancreatic islets in comparison to liver. Moreover the glutathione
peroxidase expression is just limited to 15% and it is even hard to detect the levels of catalase
(Lenzen et al., 1996).
Synthesis of proinsulin molecule which is exclusively limited to the pancreatic β-cell
is also phenomenal in increasing the concentration of hydrogen peroxide, one of the major
mediator of oxidative stress. In average almost 334,000 proinsulin molecules are synthesized
by each β-cell every minute (Lenzen, 2017). Every proinsulin molecule has three disulfide
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bonds and for every disulfide bond one H2O2 is generated resulting nearly 1,000,000
molecules per minute per cell (Lenzen, 2017).
In case of both type 1 and type 2 diabetes oxidative stress is increased; however, the
pathway followed is considerably different. The pro-inflammatory cytokines mediated cell
death in case of type 1 diabetes is the outcome of mitochondrial mediated increased ROS
generation. Because of the weak antioxidant defenses the oxidative stress mediated β-cell
damage is more likely to happen. In type 2 diabetes there is much more complex phenomena
lead to β-cell destruction. The high fat diet and overeating is related to increase in the levels
of ROS increasing the oxygen radicals in different cellular compartments including the
endoplasmic reticulum, mitochondria which if persists for more time will lead to the triggering
of apoptotic pathways leading to decrease in β-cell mass and ultimately diabetes.
The constant increase in the concentration of H2O2 molecule along with decrease in
the levels of antioxidant defense enzyme makes the β-cells more vulnerable to oxidative stress.
Moreover the lipotoxicity and glucotoxicity further adds to the oxidative stress via increasing
the oxygen radicals. The oxygen radicals have been shown to induce the apoptosis in β-cells
via elevation of ROS in mitochondria and altered electron transport chain action.
In diabetes, oxidative stress leads to increase in mitochondrial membrane potential
resulting in the formation of mitochondrial membrane permeability pore facilitating release
of cytochrome c from mitochondria. Cytochrome c then assists in formation of apoptosome
ultimately leads to activation of apoptotic cascade. Levels of the oxidative stress markers,
nitrotyrosine and 8-hydroxy-2-deoxyguanosine, are increased in islets from pancreata of
donors with type 2 diabetes compared with islets from non-diabetic subjects (Pirot et al., 2008;
Romao & Roth, 2008). Moreover, the intracellular concentration of the two markers was
inversely related to glucose-stimulated insulin release. Additionally, accumulation of advance
glycation endproducts (AGEs) increases apoptosis in case of chronic hyperglycemia. So,
oxidative stress and apoptosis are strongly both in case of type 1 and type 2 diabetes.
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Fig 2: Apoptosis in Diabetes: In both type 1 and type 2 diabetes β-cell apoptosis is the end result leading to
decrease in β-cell mass, however the stimulus in both the cases are different in type 1 and type 2 diabetes
(Thomas et al., 2009).

1.4. Protection against β-cells apoptosis in diabetes
Pancreatic β-cells are the main source for production of insulin and loss of these cells is
responsible for the development of diabetes. Decrease in β-cells mass as is the case in type 1
diabetes, results in little to no endogenous insulin. So, the patient relies on exogenous sources
to attain normoglycemia. However, multiple approaches are being carried out to either provide
the β-cells exogenously (pancreatic transplants, islet transplant etc.) or to reprogram the
mature cells of human body to convert into β-cells through trans-differentiation.
Unfortunately, until now no considerable outcome is achieved. In case of transplantation
immunity poses a big issue of host vs graft reaction which leads to immunological destruction
of complete organ, further worsening the situation. Moreover, the trans-differentiation
research is still in infancy and is not translated into the organismic level. One of the most
important and practical strategy may be to protect β-cells before they are depleted completely.
This is completely lacking in the conventional treatment regimen against diabetes.
Furthermore, long term intake of some antidiabetic drugs like sulfonylureas induces β-cell
apoptosis (Maedler et al, 2005).
Those compounds which have β-cell protective activity along with targeting other
pathways against diabetes have shown better overall efficacy than the conventional drugs
targeting a single pathway; example of such drugs are GLP-1 analogues or DPP-IV inhibitors.
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So, there is strong urge to explore drugs that along with other beneficial effects against
diabetes may also protect β-cells for better treatment against diabetes.

1.5. Insulin secretion
Insulin secretion is a highly regulated pathway which can be orderly arranged in the following
steps in the sequential order. The order and the pathway to be followed depends on the
stimulating agent e.g. glucose, amino acid etc. Increase in the concentration of the glucose the
GLUT-2 mediated intake of glucose occurs and increase in the intracellular glucose levels
increases glycolysis leading to the increase in the concentration of phosphorylated glucose
(glucose 6 phosphate) which in turn increases the ATP/ADP ratio and inactivates the K+
channels leading to the membrane depolarization. The membrane depolarization leads to
opening of the calcium channels which causes influx of Ca+2 within the cell and promotes the
exocytosis of insulin granules leading to the release of insulin.

Fig 3. Insulin secretion in response to glucose. Increase in glucose triggers metabolism leading to higher ATP
levels opening ATP-sensitive K+ channel. This results to increase in influx of calcium due to membrane
depolarization and releasing insulin (Kumar and Clark, 2009)

1.6.

Defective insulin secretion and β-cell apoptosis in diabetes

Defective insulin secretion is an important pathological factor for the development of diabetes.
Insulin resistance along with insulin secretory defect leads to hyperglycemia, the main cause
of diabetes related complications. Various oral hypoglycemic agents are recently approved
for the treatment of diabetic patients for whom sulfonylurea, metformin or both had failed;
but still the outcome is not satisfactory and there is a need for new and better insulin
secretagogues. Recently few drugs have been proposed to have anti-apoptotic and insuiln
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secretory effect on pancreatic β-cells and are more effective than the classical drugs having
glucose lowering effect. Some examples of such drugs include GLP-1 analogs and DPP-IV
inhibitors. Long acting GLP-1 analogs like exendin-IV improves the pancreatic β-cell
functions by producing different effects which includes the inhibition of apoptosis, as well as
insulin secretory potential, the activity not found in most of the classical drugs used for the
treatment of diabetes (Nielsen et al, 2004).
Endoplasmic reticulum (ER) is an important cellular organelle responsible for several
functions including post-translational modifications, folding, assembly of newly synthesized
proteins and calcium storage. In pancreatic β-cells, newly synthesized insulin is posttranslationally modified and stored in ER. Highly efficient ER system is present in pancreatic
β-cells for proper folding of insulin being synthesized by these cells continuously (Araki et
al, 2003). Whenever ER function is impaired in β-cells due to accumulation of folding
incompatible sequences, over production of proteins or calcium depletion; ER stress develops.
Improperly folded insulin has been experimentally proved to trigger ER stress in pancreatic
β-cells. For cell survival, ER stress is compensated via unfolding protein response (UPR) the
main feature of which includes hypertrophy of ER, mechanisms triggering increase in the
folding efficiency of ER, decrease in the protein translation and increased clearance of
unfolded proteins. If even after that the ER stress is not alleviated, the cell signals for the βcell apoptosis and the cells goes into the pathway of programmed cell death. This eventually
results in decreased β-cell mass and accelerates the pathogenesis of diabetes.
Defective insulin secretion and β-cell apoptosis are closely linked to each other and
augment the pathology of β-cells leading to diabetes. Defects in insulin secretion or insulin
synthesis decreases insulin levels in the blood leading to hyperglycaemia. Persistent
hyperglycemia through brain constantly sends signals to the β-cells for increased production
of the insulin, and poses burden on the β-cells to synthesize more insulin. This results in βcell exhaustion which in turn generates oxidative stress and stimulates multiple signalling
pathways that deteriorates β-cells. Increase in the workload of β-cells increases synthesis of
the insulin however increased insulin synthesis is not coupled with the proper insulin
secondary structure i.e. the proper folding which leads to the release of improperly folded
peptides from the endoplasmic reticulum and hence generating ER stress and apoptosis
(Oyadomari et al, 2002).
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1.7. Common pathways in β-cell apoptosis and insulin secretory defects
Pathophysiology of diabetes engages multitude of pathways but there are certain common
pathways which in the downstream signalling are segregated for their distinct effects. More
or less these pathways are considered to contribute in the β-cell pathogenicity and related
factors. Identification and modulation of such pathways seems to be an efficient strategy for
the treatment of diabetes. Moreover, β-cell apoptosis and insulin secretion defects share some
epidemiological factors. As mentioned earlier, persistent hyperglycaemia leads to oxidative
stress which is shown experimentally to affect the insulin secretion as well as promote β-cell
death via apoptosis. Inflammation is one of the other factor mainly adipokines which are
secreted from adipocytes may compromise insulin secretion through activation of NF-kB and
interleukin increasing β-cell apoptosis and affecting functional outcomes. Multiple pathways
and mechanisms through which chronic hyperglycemia may impair β-cell function and cause
β-cell apoptosis have been suggested (Cernea et al., 2013). Long term hyperglycemia has been
reported to affect insulin gene expression and insulin transcription activators these pathways
are somewhat controlled by the oxidative stress which is induced by the hyperglycemia
(Poitout et al., 1996). In vitro, in vivo and pancreata from type 2 diabetic subjects shows that
in case of type 2 diabetes there are increased oxygen radicals in different tissues thus leads to
oxidative stress (Shin et al., 2011). Persistent hyperglycemia poses extra burden on the β-cell
to produce more insulin. The increased insulin synthesis is coupled followed by proper folding
is the ultimate requirement of insulin for proper functioning. The increase demand of folding
triggers the unfolded protein response in endoplasmic reticulum, which if remains, initiates
the β-cell apoptosis (Poitout, 2009). Similarly, elevated free fatty acids, islets amyloid
polypeptides also induce ER stress mediated apoptosis.
Hyperglycemia activates other pathways such as non-enzymatic glycation, PKC
activation sorbitol pathway and glucose auto-oxidation that collectively compromises insulin
synthesis and β-cell dysfunction. The increased free radicals targets macromolecules
(proteins, lipids and DNA) causing structural changes which leads to functional changes in
various organelles eventually halting cellular processes. If this pathogenic scenario becomes
chronic then leads to β-cell apoptosis. We can thus deduce that oxidative stress over activation
mechanism causes insulin secretory dysfunction as well as β-cell apoptosis. So, to palliate
oxidative stress is a way that may assist β-cells to regain its strength and function normally.
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1.8. ERK ½ pathway and its role in β-cell protection and insulin secretion
It is recently being found that the mitogen activated protein kinases (MAPK) mainly has
multiple cellular effects (Pearson, 2001). The activated MAPKs phosphorylate multiple target
substrates on serine or threonine residues regulating various cellular activities including
metabolism, gene expression, embryogenesis, mitosis, cell differentiation, movement,
metabolism, and programmed cell death. Using mass spectrophotpmetry nearly 20 various
IRS phosphorylation sites have been identified modulated by insulin stimulation. It has been
proven experimentally that various Ser are phosphorylated upon insulin treatments in both in
vitro and in vivo (Boura-Halfon et al., 2009). It is reported that insulin dependent
phosphorylation of Ser residues in various tissues further at downstream regulates ERK ½ and
ultimately leads to various cellular processes (Cerf, 2013). At least four members of MAPK
family have been identified: among these, extracellular-signal-regulated kinase 1/2 (ERK1/2)
is the most important one in β-cells which influences cell proliferation, apoptosis and insulin
secretory responses of β-cell (Youl et al, 2010). It is also reported that phosphorylation of
ERK ½ at Ser 202/ Thr 204 is mainly involved in both the insulin secretion and β-cell
protection (Youl et al., 2010). Recently it is reported that the adiponectin induced ERK ½
phosphorylation enhances β-cell survival and protects β-cells (Wijesekara et al., 2010). So,
considering these observations we can deduce that the phosphorylation of ERK ½ will also be
an important factor to be considered for the dual activity of compounds having both the insulin
secretion and β-cell apoptosis.

Fig. 4. The effect of AMP kinases (ERK1 and ERK 2) on muscle cells (Sakamoto K, 2002)
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1.9.

Potential of natural compounds as antidiabetic agents

On one hand it has been made clear that conventional drugs used against diabetes generally
and β-cell protection specifically, not provide better results in the long run. On the other hand,
new class of drugs i.e. GLP-1 analogues or DPP-IV inhibitors provide protection to β-cells
against apoptosis and stimulate insulin secretion in vivo. These new classes along with insulin
secretory potential have protective effect on β-cell apoptosis and their outcomes seem
promising than the conventional therapy. However, the research is still in infancy and there is
a huge gap in this regard to find the alternate drug candidates which may act on multiple
pathways to increase insulin secretion and protect β-cells.
Natural compounds are extremely significant due to their immense medicinal value. The use
and practices of medicinal plants against diabetes have been reported since centuries. The
interesting observation is that 50 % of the drugs approved against diabetes are from the natural
sources (Chang et al., 2013; Coman et al., 2012). Being good antioxidants, natural compounds
have immense potential for their activity against lipotoxicity and glucotoxicity which are the
major contributors in context of β-cell death and insulin secretion impairment as discussed
previously. Moreover, owing to their low toxicity and pleiotropic effects, natural compounds
are now main focus in the drug discovery research.
In the current study, natural compounds isolated from various sources at the chemistry
research laboratories of ICCBS, were evaluated for their insulin secretory and β-cell protective
activities. For this, in vitro assays on cell lines were established and 34 compounds were
evaluated for β-cell protective and insulin releasing activity. Some compounds showed strong
β-cell protective activity along with the insulin secretory activities. GS, QCT and CA showed
potent activities and were further evaluated for molecular mechanisms. GS and QCT have
been reported to poses strong insulin secretory activity. However, detailed mechanisms of
their activity at cellular and molecular levels remained to be elucidated (Youl et al., 2011; Liu
et al., 2006).
We here took an attempt to find out their molecular mechanisms and found that GS, QCT and
CA showed decrease in oxidative stress, nuclear condensation and apoptotic genes
expressions. Genes responsible for insulin synthesis were also upregulated following
incubation with these compounds. Orobol, hispidulin and tambulin were identified as novel
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insulin secretagogues. TM was studied in detail for its mechanism of insulin secretion on
isolated mice islets and we found that TM exerts its insulinotropic activity through PKA- and
Ca+2 channels-mediated signaling pathway(s)
The insulin releasing activity of cinnamic acid and its derivatives are studied (Yibchok‐anun
et al., 2008). However, its β-cell protective activity is unexplored. In current study, CA was
studied in vivo for its β-cell protection and insulin releasing activity. We found that CA release
insulin even in case of severe stress mediated by STZ and protects β-cells. The effect of NACA combination was also studied. Interestingly, NA-CA treated rats showed reduction in
blood glucose and β-cell apoptosis. Further study of molecular mechanisms revealed
downregulation of apoptotic gene caspase 3 and caspase 9, and decreased expression of
cleaved caspase 3. From this study new compounds having potent insulin secretory and β-cell
protective activity were identified. Further detailed study at cellular and molecular levels is
required to validate these findings.

1.10. Aims and Objectives
Following are the aims and objectives of the current study:
1. To identify compounds having insulin secretory and β-cell protective activity
2. To elucidate cellular and molecular mechanisms of insulin secretion and β-cell
protection by these compounds.
3. To evaluate and validate the in vitro results by in vivo studies.
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2. MATERIALS AND METHODS
2.1. Materials
Streptozotocin (STZ), foetal bovine serum (FBS) and 4',6-Diamidino-2-phenylindole (DAPI)
were obtained from Sigma (St. Louis, MO, USA). Nicotinamide was purchased from Alfa
aesar (Ward Hill, MA, USA). Insulin ELISA kits for rats and mice were purchased from
Crystal Chem (Downers Grove, IL, USA). Primary antibodies against Insulin, Bax and
pERK½ were purchased from Sigma (St. Louis, MO, USA), whereas cleaved caspase 3 from
cell signaling (Danvers, MA, USA). Secondary antibodies of Cy2-goat anti-rabbit IgG and
Alexa 594-donkey anti-mouse IgG were purchased from Jackson Immunoresearch
(Baltimore, PA, USA). Phalloidin-488 was purchased from Molecular Probes (Rockford, IL
USA), H2O2 from Fluka (Buchs, Germany). TUNEL assay kit was purchased from Roche
(Philadelphia, PA, USA). For analysis of apoptosis Annexin-V-FITC was obtained from
Invitrogen (Carlsbad, CA, USA). (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) MTT dye from Serva (Gmbh, Germany) was used for in vitro MTT assays. DMEM
high glucose media and trypsin-EDTA were purchased from Thermo Fischer Scientific
(Waltham, MA, USA).
Natural compounds used in the current study were isolated at International Center for
Chemical and Biological Sciences (ICCBS) and are mentioned in Table1.
Table 1: Compound (n=34) tested for β-cell protective and insulin secretory assay in MIN6
cells.
Code

Name/IUPAC Name

01

Pinusolic acid
((1S,4aR,5S)-1,4a-dimethyl-6methylene-5-(2-(2-oxo-2,5dihydrofuran-3yl)ethyl)decahydronaphthalene-1carboxylic acid)

02

Carpachromene
(5-hydroxy-2-(4-hydroxyphenyl)8,8-dimethylpyrano[3,2-g]chromen4(8H)-one)

Structure
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03

Cinnamaldehyde
(2E)-3-phenylprop-2-enal

04

ISM-1

05

Basilmoside
24-ethyl-25-methylcholesta-5,22dien-3-β-O-D-glucoside

06

3,8,9-trihydroxy-4methoxycoumestan

07

Chrysine
5,7-Dihydroxy-2-phenyl-4H-1benzopyran-4-one

08

09

Geigerianoloid
(3aR,7aR,8S,9aR)3,5,8trimethyl3a,7
,7a,8,9,9ahexahydroazuleno[6,5b]fu
ran-2,6(3H,4H)dione.

3,4,5-trihydroxy-6-(hydrox
ymethyl)tetrahydro-2H-py ran-2yl)oxy)-4H-chromen -4-one

16

10

11

OBH-224:
2-4-(benzyloxy-3-methoxyphenyl)2-3-dihydrochromen-4-one

5,7-dihydroxy-2-(4hydroxyphenyl)-6methoxy-4H-chromen4-one.

12

Quercetin 3-gentiobioside
2-(3,4-dihydroxyphenyl)-5,7dihydroxy-3-[(2S,5S)-3,4,5trihydroxy-6-[[(2R,4S,5S)-3,4,5trihydroxy-6-(hydroxymethyl)oxan2-yl]oxymethyl]oxan-2yl]oxychromen-4-one

13

Piceatannol ((E)-4-(3,5dihydroxystyryl)benzene-1,2-diol

14

Quercetrin
2-(3,4-dihydroxyphenyl)-5,7dihydroxy-3-[(2S,3S,4R,5S,6S)3,4,5-trihydroxy-6-methyloxan-2yl]oxychromen-4-one

15

Catechin ((2S,3R)-2-(3,4dihydroxyphenyl)chroman-3,5,7triol)

16

EAC

Combination of quercetin and
eriodictyol

17

17

DCNF-15
(1S,3S)-2-methyle-5-(propan-2 ylidene)cyclohexane-1,3-diol

18

Madecassic acid 6betahydroxyasiatic acid

19

Syringic acid
4-Hydroxy-3,5-dimethoxybenzoic
acid

20

SH-2
N-[4-(2,4-Dichlorophenyl)-2-[(3bromophenyl) imino]-1,3-thiazol3(2H)-yl]-4-methyl
benzenesulfonamide

21

Coixol
6-Methoxy-2-benzoxazolinone

22

OZ2
3,5-dihydroxy-2-(4-hydroxyph
enyl)-7-((2S,3S,4R,5R,6S)-3,4 ,5trihydroxy-6-methyletetrahy dro2H-pyran-2-yl)oxy)-4H-ch romen4-one

23

biochanin A:(5,7-dihydroxy-3-(4methoxyphenyl)-4H-chromen-4one)

18

24

NF-12
2-(3,4-dihydroxyphenyl)-5,7 –
dihydroxy-3-(((2R,3S,4R,5R,6 S)3,4,5-trihydroxy-6-(hydrox
ymethyl)tetrahydro-2H-py ran-2yl)oxy)-4H-chromen -4-one

25

BDB-13
( 2'-methoxyformononetin)
(3-(2,4-dimethoxyphenyl)-7hydroxy-4H-chromen-4-one)

26

Nicotinamide
pyridine-3-carboxamide

27

P-Toulic acid
4-methylbenzoic acid

Cinnamic acid

28
[(E)-3-Phenylprop -2-enoicacid]

Eriodictyol

29

30

[((2S)-2-(3,4-Dihy droxyphenyl)5,7-dihydroxy-4-chromanone]

Orobol (3-(3,4-dihydroxyphenyl)5,7-dihydroxychromen-4-one)

19

31

Genistein 4′,5,7Trihydroxyisoflavone, 5,7Dihydroxy-3-(4-hydroxyphenyl)4H-1-benzopyran-4-one

32

Patuletin (2-(3,4dihydroxyphenyl)-3,5,7trihydroxy-6-methoxychromen-4one)

33

Tambulin (3-(3,4dihydroxyphenyl)-5,7dihydroxychromen-4-one)

34

Quercetin 2-(3,4-Dihydroxyphenyl)3,5,7-trihydroxy-4H-chromen-4-one
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2.2. In vitro studies
In vitro experiments were carried out in MIN6 cell lines kindly provided by Dr. Jun-ichiMiyazaki of Osaka University, Japan. Cells were cultured in DMEM containing 25 mM
glucose supplemented with 12% FBS, 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml
streptomycin and 5 µl/l β-mercaptoethanol at 37 ºC in a humidified atmosphere of 5% CO2 /
95% air. Cells of passage 23-32 were used for all the in vitro assays. To assess the quality and
efficacy of the cell line, insulin immunostaining was performed and cells were visualized at
different magnifications (Fig. 13).

2.2.1. Establishment of in vitro β-cell apoptosis model
2.2.1.1. Study of STZ mediated β-cell apoptosis in βTC-6 cells
βTC-6 cells were cultured in DMEM containing 25 mM glucose; 15 % FBS with additional
supplementation with 2 mM glutamine. For the prevention of bacterial contamination, 100
U/ml penicillin, 100 µg/ml streptomycin was used. The cells were grown at 37 οC in a
humidified atmosphere of 5% CO2 /95% air.

2.2.1.2. Optimization of dose for the induction of oxidative stress in MIN6
MIN6 cells were seeded onto 96 well plate with the seeding density of 25 × 103 cells per well
and treated with increasing concentration of H2O2 of 100 µM, 300 µM, 500 µM and 1000 µM
for 24 hours in the cell culture conditions (95% O2, 5% CO2). After 24 hours, cell morphology
was analyzed by phase contrast microscopy for β-cell damage through microscope. Moreover
at the end of incubations, cells were incubated with MTT dye and incubated for 3 more hours
to study β-cell viability. After incubation, the formazan crystals thus formed were dissolved
by adding 50 μL DMSO. The absorbance was measured by microplate reader at 570 nm and
results were recorded.
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2.2.1.3. Optimization STZ mediated β-cell apoptosis in MIN6 cells
For the establishment of in-vitro apoptosis model MIN6 cells were treated with 10 mM STZ
for 24 hours and 300 µM H2O2 to induce β-cell apoptosis. β-cell death was analyzed initially
by MTT and later by microscopy.

2.2.1.4. Microscopic detection of apoptosis in MIN6 cells
For detection of apoptosis microscopically, 1 x 106 cells were seeded per well in a 6 well plate.
After 24 hours of incubation cells, were incubated with STZ with or without compounds for
further 24 hours. After incubation, cells were washed three times with PBS followed by
trypsinization. The trypsinized cells were collected in 1.5 ml eppendorf and suspended in 500
µL propium iodide (PI) buffer. 10 µL Annexin-V Alexa-488 was added to analyze the
phosphotidyl serine flipping and 1 µl PI was added to label the nuclei of the cells. The cells
were kept on ice for 15 minutes. After labeling, cells were washed and suspended in 150 µl
of PI buffer. Cells were mounted on glass slides by adding 30 µl of mounting media observed
via microscope. The dead cells only stained nuclei red as retaining propidium iodide. Early
apoptotic cell shows green labelling of Annexin-V only at cell membrane and double positive
cells i.e. Annexin-V and PI labeled were late apoptotic cells.

2.2.1.5. Immunostaining of β-cells
For immunostaining, cells were seeded onto 12 mm diameter round coverslips placed in a 24
well plate. After experimental procedures, cells were washed with phosphate buffered saline
0.01M, pH 7.4 (PBS) and fixed with 2% paraformaldehyde (20 min, ambient temperature).
Fixed cells were washed and permeabilized with 0.2% triton X-100 for 10 min. Cells were
blocked with 2% serum (in which the secondary antibody is raised) for 10 min and were
incubated with appropriate primary antibody dilutions in serum for 90 min at 42οC. At the end
of primary antibody incubation, cells were washed with PBS and incubated with secondary
antibody for 60 min at 42οC. Cells were stained for DAPI (0.5-1 µg/ml) for 2 min. After
washing the cells, coverslips were removed from the 24 well plate and mounted upside down
over the glass slide having mounting media and visualized under microscope.
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2.2.1.6. 3-D surface plot analysis
3-D surface plot analysis of immunostained MIN6 cells was performed using imageJ software
ver. 1.50i. The setting used for the surface plot analysis are mentioned in the snapshot of the
view pane below:

Fig 5: Snapshot defines the settings used for 3-D surface plot analysis by using Image J.

2.2.1.7. Mitotracker stainings
For mitotracker staining cells (MIN6 and βTC-6) were seeded onto a chambered slide and
allowed to be confluent. Once the cells were 60-80% confluent, they were proceeded for the
experiments. After incubations with and without compounds and H2O2 cells were washed with
PBS and incubated with MT (200 nM in serum free medium) for 60 min in the cell culture
incubator. Following incubation, cells were washed with PBS and fixed with 2% PFA for 20
min at room temperature. Cells were then stained for DAPI stain and preserved with mounting
media and proceeded for the microscopy.
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2.2.1.8. Triple channel immunostaining of MT-actin-DNA
To assess the effect of compounds on tubular organization along with their effect on
mitochondrial membrane permeability, mitochondria were co-stained with actin and
counterstained for DAPI. For this, cells were seeded onto 24 well plate with the density of 5
× 105 cells per well having round coverslip (12 mm diameter). After experiments, cells were
washed with 0.01 M PBS (pH 7.4) and incubated with medium containing 100 nM reduced
mitotracker dye (CMH2ROx) in cell culture conditions (95%O2/5%CO2; 37 οC). After
incubation for 60 min, media containing the mitotracker dye was removed and cells were
washed with PBS twice. Following wash, cells were fixed with 2% PFA for 30 min and then
stained for the the 1:50 dilution of phalloidin green for 60 min. Cells were then counterstained
with DAPI (0.1 μg/mL) for 2 minutes. Stained cells were mounted over coverslip using
fluoromount mounting media.

Fig 6. Schematic outline for in vitro assay for β-cell protective activity
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2.2.2. In vitro insulin secretion assay in MIN6 cells
For insulin secretion assays, MIN6 cells were seeded onto 24-well plates at a density of 5 ×
105 cells per well. After seeding, the cells were allowed to settle for 24 hours and washed with
PBS followed by pre-incubation with KRB buffer for 45 min at 2 mM glucose. These cells
were then incubated in KRB buffer containing 2 mM or 20 mM glucose with or without test
compound for 60 min at 37 ºC. After incubation, 100 µl supernatant was carefully removed
without touching the cells at the bottom of the plate. The collected supernatant was stored at
‒40 °C for insulin assay.

2.2.3. In vitro insulin secretion assay in isolated mice islets
After dissection of mice pancreas, islets were isolated through collagenase digestion and
pancreatic islets were placed in KRB containing 2 mM glucose to attain basal condition. After
60 min incubation at the basal media, the isolated islets were then stimulated with 20 mM
glucose to stimulate insulin secretion for 60 min. Additionally compounds were added in the
media with 20 mM glucose to observe their effect on glucose concentration. After completion
of experiments, the supernatant were collected and stored at ‒40 °C until insulin assay.

2.2.4. Real-Time PCR analysis of Casp3, Casp9, Ins1, and Ins2 genes
RNA isolation: After completion of treatments on MIN6 cells, total RNA was isolated from
MIN6 cells by using TRIzol (Invitrogen, NY, USA) reagent following manufacturer’s
instruction. Following RNA isolation, the concentration and purity of RNA was determined
using nanodrop by taking their absorbance at 260 nm and 260/280 ratio respectively. The
isolated RNA was stored at -80 οC until further analysis.
cDNA synthesis: After isolation of RNA, cDNA was synthesized from 1 µg of RNA using
Revert Aid First strand cDNA synthesis Kit (Thermo Scientific, MA, USA) as mentioned in
the kits protocol.
RT-PCR analysis: Following cDNA synthesis, real time PCR of the specified genes were
performed using Real-time PCR instrument (Stratagene Mx3000p, SC, USA). SYBR green
master mix (Fermentas, Burlington, Canada) was used for RT-PCR reactions using
appropriate primers designed for the genes and reaction mixture of 20 μL was made. The gene
were amplified using 40 cycles at 95 °C for 30 s, 60°C for 30 s and 72 °C for 30 s, followed
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by 5 min final extension at 72 °C. Transcription level of GAPDH was used as control with the
same amount of RNA and thermal cycles.
Table. 2: List of primers used in the study

Forward
Reverse

GAPDH
5` CCATGACAACTTTGGCATTG 3`
5` CCTGCTTCACCACCTTCTTG 3`

Forward
Reverse

Proinsulin I
5` CCATCAGCAAGCAGGTTATTGTTTC 3`
5` CAGCTCCAGTTGTGCCACTTGTG 3`

Forward
Reverse

Proinsulin II
5` CCATCAGCAAGCAGGTCATTGTTT 3`
5` GCGGGACTTGGGTGTGTAGAAGAA 3`

Forward
Reverse

Caspase 3
5` TGTCATCTCGCTCTGGTACG 3`
5` AAATGACCCCTTCATCACCA 3`

Forward
Reverse

Caspase 9
5` CCTAGTGAGCGAGCTGCAAG 3`
5` ACCGCTTTGCAAGAGTGAAG 3`

2.3. In Vivo studies
2.3.1. Animals
From the animal house of International Center for Chemical and Biological Sciences
(ICCBS), University of Karachi, Wistar rats of 180-220g body weight were obtained. The
animals were maintained in the animal cages with no more than 5 animals per cage and given
free access to standard chow and water and kept at standard conditions i.e. 25 ± 2 °C; 50-55%
humidity and 12-h light: 12-h dark cycle. After nearly one week of acclimization period the
animals were used for the experiments. The experimental methods were approved from
Institutional Ethics Committee of ICCBS, University of Karachi, Pakistan (ASP# 2015-0020).

2.4. Development of in vivo model for β-cell apoptosis
The major challenge was to establish a proper model in vivo for that a series of experiments
were performed to find out the correct dosage and time for the development of apoptosis
model. For that wistar rats were given streptozotocin (STZ) and after 1 hour, 2 hour and 4
hour of STZ (70 mg/kg; i.p.), rats were sacrificed, their tissues were collected and processed
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for histology as mentioned ahead. We found little nuclear condensation at 1 and 2 hours in
pancreatic β-cells. Interestingly, at 4 hours considerable chromatin condensation was
observed and TUNEL assay further validated the apoptotic nuclei. So considering these results
we have used the 70 mg/kg STZ for 4 hour as an optimized dose for the development of our
model in this study.

STUDY DESIGN
0 Day

Wistar rats

Fasting
Blood
glucose

Day 1-3

Day 3

After 4 hours of STZ Injection






Normal Saline (400 µL/rat, IP)  STZ (70 mg/kg, IP)

Serum glucose
Insulin
Histology
Immunohistochemistry

Fig 7. Schematic diagram of in vivo apoptosis model

Wistar rats

0 Day

Fasting Blood
Glucose
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CA (150 mg/kg, ip) or both

Day 3

After 4 hours of STZ Injection

 STZ (70 mg/kg, IP) 




Serum glucose
Insulin
Histology
Immunohistochemistry

Fig 8. Schematic diagram of compounds pre-treatment
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2.4.1. Histology
After overnight fixation, pancreas were washed with distilled water and dehydrated with 70%,
90% and 100% 2-propanol then placed in xylene for 3 hrs (replenished every hour). After that,
tissues were placed in half xylene and half melted wax in oven which was changed to absolute
paraffin and placed overnight at 62 ºC. The next day, tissues were embedded onto the tissue
cassettes and stored at room temperature. Embedded tissues were sectioned using a microtome
(Yidi, Jinhua Zhejiang, China) to make 5 μm sections and taken over the gelatin coated slides.
Slides were kept at room temperature and proceeded for histology and immunohistochemistry.

2.4.1.1. Histology and immunohistochemistry
For staining, slides were deparaffinized by placing in xylene for 15 min in a coplin jar. After
deparaffinization, sections were re-hydrated by placing in decreasing concentrations of 2propanol, i.e. 100%, 90% and 70% for 2 min each. The slides were then washed with distilled
water for 10-15 min for complete hydration and to provide aqueous staining environment.
After hydration, the slides were either proceeded for the histological stains or
immunohistological examination.

2.4.1.2. Hematoxylin & eosin staining
After deparafinization and rehydration, slides were immersed with hematoxylin stain (Gill II,
Roth) for 1 min. After 1 min slides were washed with tap water to remove excess stain and
stained for eosin for 30 sec and again washed with tap water for removal of excess eosin. The
slides were then immersed in 70%, 90% 100% 2-propanol followed by immersion in xylene.
The stained slides were than mounted with a coverslip and proceeded for microscopy.

2.4.1.3. Immunohistochemical staining
For immunohistochemical staining of pancreas, slides (2 tissue sections/slide) were taken
from each group and proceeded for staining. The sections were deparaffinized, re-hydrated
and then heat mediated antigen retrieval was done in 0.1 M citrate buffer (pH 4.5) at 90 ºC for
40 min. After cooling, the slides were washed with phosphate buffered saline (PBS) and
sections were blocked by optimized blocking reagent and then treated with the recommended
dilutions of primary antibody for insulin and respective secondary antibodies were used. In
the end, nuclei were counterstained with DAPI.
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2.4.1.4. TUNEL-insulin co-staining
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is the gold standard
for the detection of apoptosis. It is very specific for the detection of apoptosis as compared to
other methods. So we used this method to confirm apoptosis in β-cells by labeling the β-cells
with insulin (red) and performing the TUNEL assay simultaneously. TUNEL assay was
performed by Roche® In Situ cell death detection kit, Fluorescein (green). The instruction
manual was followed for performing the TUNEL assay.

2.4.1.5. Microscopy and image processing
Nikon 90i fluorescent microscope (Japan) was used for microscopy and DXM 1200C camera
was used for image acquisition through NIS-Elements software AR 3.0. Minimal processing
was done via the image processing software adobe photoshop CS2 for the selected images. In
case of the fluorescence intensity measurement the pinhole setting were kept constant during
capture and little to none image processing was done.

Fig 9: Experimental outline for the evaluation of in vivo study for the protection of β-cell apoptosis.
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2.4.2. Determination of insulin from serum and cell culture supernatants
Insulin levels from serum and cell culture supernatants were estimated by rat (Crystal Chem
Cat# 90060) and mouse (Crystal Chem Cat# 90080) insulin ELISA kits, respectively.
Samples, controls and standards (5 µL) were added to the microtiter plate provided followed
by the addition of 95 µL of diluent to the respective wells. The plate was covered, mixed at
700 rpm for 1 minute and incubated at 4oC for 2 hours. After incubation, each well was washed
3 times followed by addition of 100 µL of anti-insulin enzyme conjugate each well. The plate
was incubated for 30 min at room temperature and washed. Enzyme substrate solution (100
µL) was added after washing and again incubated at room temperature for further 40 min for
color development. The reaction was then stopped by adding stop solution (1N sulfuric acid)
and absorbance was measured at 450 nm with reference read at 620 nm.
For the calculation of results for samples, the values were plotted against the standards.
For determination of insulin from cell culture supernatants, pre-diluted samples were
proceeded for the insulin estimation according to the above mentioned protocol.
For the calculations of results for samples the values were calculated against the
standards using Graph pad prism ver. 5.0.

Fig. 10. Standard curve for insulin used for the assay
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2.5. Statistical analysis
All statistical analyses were performed by using the SPSS (Statistical Package for Social
Sciences) package for Windows version 11.0 (SPSS, Inc., Chicago, IL, USA). All values are
expressed as mean ± SEM. To compare data between and within groups, unpaired and paired
t-tests (2-tailed) were performed. The significance of differences among the groups mean
values was calculated by one-way ANOVA with Bonferroni post hoc tests. p<0.05 were
considered as statistically significant.
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3. RESULTS
3.1. IN VITRO
3.1.1 Characterization of β-cell apoptosis model in βTC-6 cells
To optimize the dose and time for the induction of β-cell apoptosis, different set of
experiments were carried out for the induction of apoptosis in βTC-6 cells using different
concentrations of H2O2. It was found that H2O2, at the doses of 50 and 100 μM, has affected
the cell morphology. Further increase in the dose damaged most of the cells after incubations
of 24 and 48 hours and less number of the cells were left for detection or analysis. Considering
this we have used these two concentrations i.e. 50 and 100 μM in our in vitro assays.

3.1.1.1 H2O2 induces membrane blebbing in βTC-6 cells
Membrane blebbing is the hallmark of apoptosis. It is shown to be strongly associated with
apoptosis (Coleman et al., 2001; Susan, 2007). High resolution differential interference
contrast (DIC) microscopy allows us to observe the cells for membrane blebbing. Clear signs
of membrane blebbing were observed in βTC-6 cells following 48 hours of treatment with
100 μM H2O2 (Fig. 11).These significant signs of apoptosis validate that β-cells die via
apoptosis with increasing oxidative stress.

Fig. 11: H2O2 induces membrane blebing in β-TC6 cells: Membrane blebs (black arrows) a hallmark of
apoptosis induced in β-TC6 cells by 50 and 100 μM H2O2 (B and C) after 48 hours of incubation.
Control Cells (A) are shown for comparison. Magnification: ×600.
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3.1.1.2. H2O2 increases mitochondrial
dependently in βTC-6 cells

membrane

potential

dose-

Mitotracker-red stains mitochondria light red in case of control cells. However, if the
mitochondrial membrane polarity is increased, a sign of early apoptosis, the red florescence
will eventually increase. Mitotracker staining was performed on βTC-6 cells after STZ and
H2O2 treatment. Increase in mitotracker staining intensity was observed (Figs. 12) showing
signs of apoptosis i.e. alterations in mitochondrial membrane polarity. The DAPI staining
showed increased nuclear condensation indicating signs of apoptosis.
Different concentration of H2O2 were used to induce oxidative stress in β-cells. H2O2 increased
the mitochondrial membrane potential and there was increased incorporation of mitotracker
dye (Fig. 12). The effect was dose dependent i.e. increase in the dose was able to induce more
profound
effect
on
mitochondrial
membrane
potential.

M

Fig. 12: H2O2 alters mitochondrial membrane permeability and induces nuclear condensation in β-TC6 cells: β-TC6
cells treated with H2O2 (50 μM, 100 μM; 48hour) and stained with Mitotracker (red); DAPI (blue) was used as a
nuclear stain. Arrow indicates the cells with increased mitochondrial membrane potential and condensed nuclei.
H2O2 treated cells showed increase in the incorporation of mitotracker dye and signs of nuclear condensation in
comparison to control. Magnification: ×600. Fluorescent intensity of MT and DAPI(M) shows dose dependent
increase in fluorescent intensity of MT and DAPI. *P<0.05, **P<0.001 as compared to respective control.
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3.1.2. Characterization of β-cell apoptosis model in MIN6 cells
3.1.2.1. Evaluation of quality and efficacy of MIN6 cells
MIN6 cells, a type of pancreatic β-cell lines, is cell line of choice for insulin secretion assays.
To evaluate the overall efficiency, cells were stained for insulin as marker of β-cell. Images
were taken at different magnifications to assess the quality of the cells and insulin distribution.
The insulin immunostaining revealed homogenous expression of insulin immunostaining in
MIN6 cells (Fig. 13). Moreover, the morphological assessment showed that these cells are the
best candidates for study of the insulin secretion and characteristics related to the β-cells.

10 ×

20 ×

40 ×

Fig. 13: Insulin-DAPI staining of MIN6 pancreatic β-cell line: The immunostaining of MIN6 cells for insulin
(labelled as red) at various magnifications shows homogeneous distribution of insulin in MIN6 cells.
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3.1.2.2. Effect of H2O2 on the β-cell viability
H2O2 induces oxidative stress leading to cellular damages. The effect of H2O2 was studied on
the β-cell. Morphologically, there were minimal effects on β-cell morphology after incubation
of cells with 100 µM dose of H2O2; however, at higher concentrations (300, 500 and 1000
µM), H2O2 induced morphological characteristics were clear at these concentrations through
phase contrast microscopic images of MIN6 cells (Fig. 14).

Fig 14: H2O2 affects cellular morphology of MIN6 cells in a dose-dependent manner: MIN6 cells were
treated with increasing concentration of H2O2 for 24 hours and phase contrast images were captured.
MIN6 cells showed altered cellular effects in a dose dependent manner Image Magnification: ×100
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3.1.2.3. Optimization of dose and timings for the in vitro model of β-cell
apoptosis using modified MTT assay
To establish in vitro model of β-cell apoptosis, H2O2 was found effective and reproducible in
our in vitro assay in MIN6 cells. Different concentrations of H2O2 were used and extensive
experimentation was carried out on βTC-6 and MIN6 cells to optimize the concentration of
H2O2 for the induction of oxidative stress mediated β-cell damage. Using MTT dye, NADPH
oxidoreductase activity and cell viability were assessed. H2O2 is the powerful inducer of
oxidative stress which reduced the cell viability after 24 hours (Fig. 15). The morphological
examination revealed apparent damage to cell at optimized concentration of H2O2. H2O2 at the
dose of 50 and 100 µM reduced cell viability and altered cellular morphology but it was not
much significant. At the dose of 500 µM and 1000 µM there was an extreme damage to the
cell which could not be feasible for the experiments to study the cells for the protective activity
as it very difficult or almost impossible to recover cells from severe damage due to higher
concentration of the H2O2. So, dose of 300 µM of H2O2 for 24 hours was selected as the
optimum dose for the induction of oxidative stress in β-cells. This dose and time point was
performed in triplicate for at-least five different experiments. After getting reproducible data
and similar results, we analyzed effects of different compounds on protection against
oxidative stress using this in vitro assay system.

H2O2 (μM)
Fig 15: H2O2 reduces cell viability in a dose-dependent manner: H2O2 altered the NADPH oxidoreductase
activity in the MIN6 β-cells in dose dependent manner.
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3.1.2.4. H2O2 treatments alters mitochondrial oxidation state and induces
nuclear condensation in MIN6 cells
To evaluate and validate the effect of H2O2 mediated oxidative stress, mitotracker (MT) assay
was performed for analysis of mitochondrial redox state microscopically. We found an
increase in the intensity of MT, a mitochondrial dye (Fig. 16). Reduced MT that stains
mitochondria both in case of low and higher level of oxidation state, was used. However, the
level of intensity become high at higher oxidation state. We found nearly 3-fold increase in
the intensity of mitochondrial stain in H2O2 treated cells, suggesting that the mitochondrial
membrane permeability is affected. Additionally, decrease in the nuclear size and increase in
intensity of nuclear stain was observed, indicating apoptotic features. So, the dose of 300 μM
H2O2 (IC50) was able to induce apoptotic features as shown by high resolution microscopy.
H2O2 increases nuclear intensity of MIN6 cells and decreased the nuclear size, a
characteristic feature of apoptosis as compared to the control. 3-fold increase in the intensity
of the nuclear stain was observed following H2O2 treatment (Fig. 16), which was much
reduced in case of normal untreated cells. This shows that along with increase in the
mitochondrial membrane permeability, H2O2 was able to induce the nuclear changes favoring
the apoptotic stage of the cells.

37

Fig. 16: High resolution microscopy of MIN6 cells for Mitotracker (MT) and Nucleus: Increased mitotracker
dye (MT) nuclear staining intensity was observed following H2O2 (B, D) treatment as compared to
control (A, C), respectively. Merged image shows the increase in the nuclear staining accompanied with
increased MT staining of H2O2 treated cells in comparison to control (F vs. E). Quantification of
fluorescence/ unit area showed significant difference of staining intensity of mitochondria (G) and
nucleus (H) in control and H2O2 treated MIN6 cells (**P <0.01 vs. control).
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3.1.2.5. H2O2 induces cleavage of casp3 in MIN6 cells
Caspase3 expression is of prime importance for the induction of apoptosis. Here, we have
evaluated the expression of cleaved casp3 after 24 hours of H2O2 treatments. Following 24
hours of H2O2 treatment, expression of cleaved caspase 3 was detected suggesting ongoing
apoptotic process. Additionally, prominent signs of decreased nuclear size were observed in
the cells having increased expression of cleaved caspase 3 (Fig. 17)

Fig 17: H2O2 induces cleavage of caspase 3 (indicated by red staining) and nuclear condensation (indicated by
blue staining) in MIN6 β-cells. Image magnification ×200.
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3.1.2.6. H2O2 disorganized actin cytoskeleton, induced nuclear condensation
and increased mitochondrial membrane potential
To study the effect of H2O2 on actin, mitochondria and nuclear pattern, cells were incubated
with H2O2 and stained for actin-MT and DAPI. We found decrease in the staining of the actin
after H2O2 treatment. The merge images of the actin MT and DAPI revealed that cells having
increased mitochondrial staining showed compromised cytoskeletal structure. The actin fibers
were rounded instead of the proper regular arrangement from poles to poles (Fig. 18).

Fig. 18: Triple channel fluorescence microscopy for Actin, mitochondria and Nucleus reveals that H2O2 increased
mitochondrial membrane potential, induced chromatin condensation and disrupts cytoarchitecture in the affected
MIN6 cells (shown by white arrows). Merge image shows the mitochondrial dysfunction, nuclear condensation
and actin derangements within the same cells. Fluorescent intensity quantification data (Right panels) suggest
significant increase in the MT and DAPI staining by H2O2 treatments whereas actin intensity decreases (*P<0.05,
***P<0.001 vs. control). Magnification ×200.
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3.1.2.7. STZ induces apoptosis in MIN6 cells
Annexin-V binds to the phosphotidyl serine which is usually present inside the cell membrane.
After the stimulation of apoptosis, Annexin-V flips towards the outer side of cell membrane
and helps to detect apoptosis in cells. We have used different concentrations of STZ (50 μM,
500 μM, 1 mM, 5 mM and 10 mM) to induce apoptosis in MIN6 cells. Maximum number of
apoptotic cells were observed at 5 mM (~60% of the total cells). However, at further increase
in STZ concentration, there were not enough cells remaining for analysis.
Annexin-V/PI staining was increased in STZ-treated (10 mM for 24hours) MIN-6 cells
confirming apoptosis (Fig. 19). Both stages of apoptosis i.e. early apoptosis (Ann-V +ve, PI ve), late apoptosis (Ann-V +ve, PI +ve) cells were observed in STZ treated cells. However,
control cells were negative for Annexin-V but some stained for PI suggesting necrotic death.
In STZ treated cells, most of the cells die by apoptosis but not via necrosis. These results may
be due to the trypsinization procedure performed during the assay which is prominent in both
the control and the STZ treated cells.

Fig. 19: STZ induces apoptosis in MIN6 cells: MIN6 cells treated with STZ (10mM, 24hour) induced apoptosis
in MIN6 cells. Annexin-V (green) and PI (red) were used for the detection of apoptosis. DAPI (blue)
was used as a counter-stain for DNA. Magnification: ×200.
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3.1.3. H2O2 and STZ mediated oxidative stress models mimic in vivo β-cell
apoptosis
Considering our in vitro data both in βTC-6 and MIN6 cells, we can deduce that both H2O2
and STZ increase oxidative stress that eventually leads to increase mitochondrial membrane
potential (MMP) which was evident from increased intensity of MT stain. The other
characteristic features of apoptosis i.e. membrane blebbing, nuclear condensation, caspase 3
activation and DNA strand breaks (TUNEL positivity) further confirms the pro-apoptotic
behavior of H2O2 and STZ. Taken together, this data shows that both H2O2 and STZ induced
mitochondrial-dependent activation of apoptotic process that leads to the downstream
activation of pro-apoptotic pathway(s). Furthermore in MIN6 cells, detection of cleaved
caspase 3 validated apoptosis mode of cell death. As caspase 3 is powerful degrading enzyme
which induces nuclear condensation and disrupts cytoskeleton, therefore, to validate this
effect of caspase 3 we evaluated the nuclear chromatin pattern as well as the actin cytoskeleton
appearance. Increase in intensity, decrease in nuclear size and actin cytoskeleton disruption
were also evident from immunostaining. These processes mimic the physiological cell death
induced by the chronic hyperglycemia where deranged metabolism leads to increase in the
oxidative stress and resulting in the altered MMP leading to the activation of caspase 3 and
ultimately apoptosis leading to decrease in the β-cell mass.
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3.1.4. Optimization of insulin secretion assay on MIN6 cells
To evaluate the compounds for insulin secretory activity cells were optimized for the insulin
secretion. Initially the cells were incubated at basal (2 mM) and stimulatory (20 mM) glucose
concentration and secreted insulin was quantified through ELISA. After optimizing the basal
and stimulatory glucose concentrations for insulin secretion, positive control was also
evaluated for its insulin secretory potential. After several experiments, arginine (50 mM) was
selected as a positive control and later used throughout the study. It was found that MIN6 cells
stimulated insulin significantly at stimulatory glucose concentrations in comparison to basal
glucose (50.4 ± 5.5 vs. 15.2 ± 3.5 ng/ml/30 min; P<0.01). Furthermore, addition of positive
control arginine further enhanced insulin secretion at stimulatory glucose concentration as
compared to stimulatory glucose concentration alone (123 ± 13.5 vs. 50.4 ± 5.5 ng/ml/30 min;
P<0.001). For the sake of simplicity the value of stimulatory glucose concentration i.e. 50.4
± 5.5 ng/ml/30 min was taken as 100 ± 11% and the results were expressed as % insulin
secretion as compared to the stimulatory glucose concentrations for the rest of our results.
The increase in insulin secretion by stimulatory glucose concentration was seconded
by decrease in the insulin staining which was done to observe the pattern of insulin staining
on the MIN6 cells. Basal glucose levels in incubated MIN6 cells showed increased insulin
staining throughout the cells (Fig. 20 B) and the surface plot analysis revealed more insulin in
the cells in comparison to the cells treated with the stimulatory glucose concentration (Fig. 20
C). It was found that after treating the cells with the stimulatory glucose concentration or
compounds the insulin staining was decreased in the cells which was apparent both from the
immunocytochemical staining of the cells as well as the 3-D surface plot analysis of the
images (Fig. 20 D, E). The effect was more prominent when the cells were treated with
positive control (Fig. 20 F, G). Moreover, it was found that most of the insulin staining at
stimulatory glucose and compounds treatment was found at the peripheries of the cells in
comparison to the control where insulin staining was much dispersed and present throughout
the cells (Fig. 20)
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Fig 20: MIN6 cells stimulated insulin secretion at the stimulatory glucose concentrations and in presence
of positive control i.e. arginine (A). Immunocytochemical staining for insulin and their 3-D surface plot
analysis showed that stimulatory glucose concentrations decreased the insulin staining (D and E) in
comparison to the cells at basal glucose concentrations (B and C) whereas the positive control further
decreased insulin immunostaining in comparison to stimulatory glucose concentration (F and G) and the
insulin staining was more concentrated at the peripheries showing the signs of insulin secretion. Image
magnification × 600. (**P <0.01, ***P<0.001 vs. 2 mM).
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3.1.5. Comparison of MIN6 and βTC-6 cells
Both MIN6 and βTC-6 cells showed better results; however, these cell lines have inherent
characteristics which affect functional studies to be carried out on them. Overall, MIN6 cells
were superior to the βTC-6 cells especially for insulin secretion assay as they are much better
in terms of glucose responsiveness and biochemical studies like insulin secretion and cell
viability assays. The major reason may be the rate of metabolism and doubling time. βTC-6
cells are very slow growing with the doubling time of nearly 96 hours whereas MIN6 cells are
comparatively fast and have doubling time of 48 hours. Considering these findings we have
did most part of study and compound screening and functional studies on the MIN6 cells.

3.1.6. Evaluation of the activity of different compounds against oxidative
stress mediated β-cell apoptosis in MIN6 cells
After establishment of model for the study of oxidative stress induced β-cell apoptosis,
different compounds listed in Table. 3 were tested for their activity against oxidative stress by
evaluating their NADPH oxidoreductase activity using optimized MTT assay. We have
screened 34 compounds for their β-cell protective activity. Amongst these compounds,
compound 34 (QCT; 93.2 ± 3.4% vs. 50.4 ± 4.7, P<0.001), 30 (OB; 86.4 ± 3.3% vs. 50.4 ±
4.7, P<0.001), 33 (TM; 81.1 ± 4.6% vs. 50.4 ± 4.7, P<0.001), 31 (GS; 81.6 ± 4.4% vs. 50.4 ±
4.7, P<0.001), 29 (ED; 80.4 ± 4.2% vs. 50.4 ± 4.7, P<0.001), 28 (CA; 77 ± 4.7% vs. 50.4 ±
4.7, P<0.001) showed potent β-cell protective activity (Fig. 21).

3.1.7. Evaluation of insulin secretory activity of compounds on MIN6 cells
After optimization of the cell number and the stimulatory glucose levels in MIN6 cells, we
have assayed compounds for their insulin releasing activity. We found that compound 34
(QCT; 386 ± 18% vs. 100 ± 15, P<0.001), 30 (OB; 374 ± 22% vs. 100 ± 15%, P<0.001), 33
(TM; 368 ± 19% vs. 100 ± 15, P<0.001), 31 (GS; 346 ± 23% vs. 100 ± 15, P<0.001), 29 (ED;
400 ± 29% vs. 100 ± 15, P<0.001), 28 (CA; 356 ± 23% vs. 100 ± 15 P<0.001), 21 (CX; 340
± 21% vs. 100 ± 15, P<0.001), 11 (AFS-2; 386 ± 21% vs. 100 ± 15, P<0.001) showed strong
insulin secretory activity on MIN6 cells (Fig. 21).
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3.1.8. Compounds showing dual activity of insulin secretion and β-cell
protection
In our studied compounds, we found that listed compounds showed potent dual activity i.e.
insulin secretion as well as β-cell protective activity. These are shown in the table below:
Table 3: Compounds having potent insulin secretory and β-cell protective activity. For
β-cell protection, cells without H2O2 were taken as 100%, whereas for insulin secretion
positive control (20 mM glucose) was taken as 100%. **P < 0.01 and ***P < 0.001
in comparison to positive control for β-cell protection positive control for Insulin
secretion.
Compounds
Positive control (%)
QCT(34)
GS(31)
TM(33)
OB(30)
CA(28)
ED (29)

β-Cell
protection
100.6 ±4.2%
93.2 ± 3.4%
81.6 ± 4.4%
81.6 ± 4.4%
86.1 ± 3.1%
77.0 ± 5.2% *
80.4 ± 4.2%

Insulin
Secretion
100 ± 11%
386 ± 18% ***
346 ± 23% ***
368 ± 19% ***
374 ± 22% ***
356 ± 23% ***
400 ± 29% ***

For screening purposes only single dose (200 μM) was used. However, to study the
mechanism the compounds was assayed at various concentrations to study the maximal effect.
These concentrations were later used for evaluation of in vitro studies for molecular
mechanisms. The optimal dose of the compounds studied in details are mentioned in Table
04.
Table 4: Optimal dose concentration of studied compounds
Compounds
GS(31)
QCT(34)
CA(28)

Optimal dose
for β-cell
protection (μM)
78.5
52.0
93.5

Optimal dose for
Insulin Secretion
(μM)
20.0
30.5
89.5
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ig 21: Representative figure of compounds having insulin secretory, and β-cell protective activity on MIN6
cells against H2O2 induced damage. Values are mean ± S.E.M. for 5 different experiments. *P<0.01,
**P<0.001 vs. H2O2 for β-cell protection and *P<0.01, **P<0.001 vs. stimulatory glucose.
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3.1.9. GS(31) decreases H2O2-induced membrane blebbing in MIN6 cells
To assess the protective effect of genistein (GS) on H2O2 induced β-cell membrane blebbing,
images were taken by diffraction interference contrast microscopy (DIC) showed considerable
decrease in membrane blebbing in GS treated cells (Fig. 22). This provides preliminary but
direct evidence of the protection of GS against oxidative stress mediated damage. Moreover,
there was increase in the total number of cells per field after GS treatment where as H2O2 has
reduced overall number of cells (Fig. 22)

Fig. 22.GS reduces membrane blebbing induced by H2O2 in MIN6 cells: Differential Interference Contrast
microscopy images of MIN6 cells shows decreased membrane blebbing by GS (B) against H2O2 (A,
highlighted as red) mediated oxidative stress. Magnification ×200.

3.1.9.1. GS(31) decreases nuclear condensation induced by H2O2
After H2O2 treatment, considerable reduction in number of cells, increased DNA fluorescence
(Fig. 23A; white arrows), and nuclear condensation was observed. However, GS pre-treatment
decreased DAPI fluorescence, improved nuclear size and reduced chromatin condensation.
This data suggest that GS pre-treatment reduced the apoptotic features induced by oxidative
stress and further supports the data of membrane blebbing.
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Fig. 23. GS decreases nuclear condensation in MIN6 cells. Nuclear staining of MIN6 cells shows preservation
against chromatin condensation by GS (B) induced by H2O2 (A; white arrows). Magnification ×200

3.1.9.2. GS(31) decreases apoptosis in MIN6 cells induced by H2O2
Pre-treated MIN6 cells with GS were subjected to oxidative stress with H2O2 and apoptotic
cells were detected via Annexin-V/Propidium Iodide (AV/PI) staining. Few cells were found
in early (i.e. AV +ve) and late stage (AV +ve / PI +ve) of apoptosis per field in comparison to
H2O2 treatment. The result collectively showed significant protection of MIN6 cells by GS
against H2O2 induced apoptosis (Fig. 24).
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Fig 24: GS decreases apoptosis in MIN6 cells. Representative images of, Annexin V-FITC and PI double
fluorescence staining showing protection of MIN6 cell apoptosis after H2O2 treatment by GS. Annexin
V was visualized by a green signal, and PI was visualized by a red signal. Magnification × 200. The
representative quantification data shows significant increase in Annexin V-FITC, and PI positive cells
by H2O2 treatment (*P<0.05, **P<0.01, ***P<0.001 vs. Control). GS pre-treatment significantly
decreased Annexin V-FITC, and PI positive cells (†P<0.05, ††P<0.01 vs. H2O2).
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3.1.9.3. GS(31) preserved cytoarchitecture, ameliorated mitochondrial
potential and maintained chromatin pattern
To evaluate protective effect of GS on actin, mitochondria and nuclear chromatin, MIN6 cells
were pre-incubated with GS followed by incubation with H2O2 and stained with actin-MT and
DAPI. The results showed improved actin cytoarchitecture (increased actin staining and more
regular actin arrangements), reduced MT staining and decreased chromatin condensation in
comparison to H2O2 treated cells (Fig. 18). This data suggests multiple effects of GS in
protecting β-cells against oxidative damage in MIN6 cells.
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Fig 25. Triple channel fluorescence microscopy for Actin, Mitochondria and Nucleus in GS treatment: GS
ameliorates mitochondrial membrane potential preserves nuclear chromatin and maintains cytoarchitecture of MIN6 cells whereas H2O2 increased mitochondrial membrane potential, induced
chromatin condensation and disrupts cytoarchitecture in the affected MIN6 cells (shown by white
arrows). Fluorescent intensity quantification data (Right panels) suggest significant decrease in MT and DAPI
staining by GS treatments whereas actin intensity increases showing signs of protection (*P<0.05, ***P<0.001
vs. control). Magnification ×200.
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3.1.9.4. GS(31) decreases expression of cleaved caspase 3 in MIN6 cells
GS pre-treated MIN6 cells showed almost no detectable levels of cleaved casp3 (indicator of
ongoing apoptotic process) after 24 hours as compared to H2O2 treatment alone (Fig. 26). This
supports the data of membrane blebbing and chromatin condensation and further validates
that the mitochondrial mediated apoptotic process was halted after GS pre-treatment.

Fig. 26: GS decreases cleaved casp3 expression in MIN6 cells. GS decreases the expression of casp3 (indicated
by red staining) induced by H2O2. DAPI (indicated by blue staining) was used to stain cells nuclei.
Magnification ×200.
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3.1.9.5. GS(31) modulates expression of apoptotic genes
Caspase 3 and caspase 9 plays a pivotal role in apoptosis, the former being an executioner
caspase whereas the latter has major contribution in apoptosome formation. The dissociation
curve of GAPDH, casp-3 and casp-9 mentioned single peak validating RT-PCR results.
Moreover the amplification plots also showed the amplification pattern of the PCR product.
We found that H2O2 significantly increased expression of both casp-3 (2.969 ± 0.064 vs. 1.00)
and casp-9 gene (2.647 ± 0.285 vs. 1.00) as compared to control cells. GS pre-treatment
significantly decreases the levels of casp9 (1.69 ± 0.103 vs. 2.969); however, no effect was
found on casp-3 gene expression (3.69 ± 0.09 vs. 2.969 ± 0.064; P>0.05) in comparison to
H2O2 treated cells (Fig. 27).
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Fig. 27. GS modulates the expressions of apoptotic genes. Dissociation curve of GAPDH, Casp-3 and Casp9 shows single peak validating the RT-PCR data, the amplification plots show the amplification patterns
of PCR product. GS significantly reduces the expression of casp9 genes increased by H2O2; however,
no significant effect of GS on casp3 was observed. Values are mean ± S.E.M. for 3 different
experiments. *P<0.01, **P<0.001 vs. Control. †P<0.01, vs.H2O2.
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3.1.9.6. GS(31) increases insulin secretion and facilitates localization of
insulin towards peripheries
MIN6 cells showed considerable increase in the insulin secretion at stimulatory glucose
concentration. Interestingly, GS further enhanced significant insulin secretion (346 ± 23 vs.
100 ± 11%; P<0.001). The increase in insulin secretion was even greater than positive control
i.e. arginine (Fig. 20). We found increased insulin secretion, coupled with decreased insulin
immuno-fluorescence of β-cells (Fig. 28 B, D and F). Furthermore, surface plot analysis
revealed increased insulin intensity at periphery as compared to center of cells suggesting
insulin being trafficked out (Fig. 28 C, E and G).
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Fig 28. GS increases insulin secretion, decreases insulin staining of MIN6 β-cells and localizes the insulin
towards peripheries. (A) GS enhances GSIS in MIN6 cells (A). Immunocytochemical staining for
insulin and their 3-D surface plot analysis showed that stimulatory glucose concentrations decreased
insulin staining (D and E) in comparison to the cells at basal glucose concentrations (B and C), whereas
GS decreased insulin immunostaining in comparison to stimulatory glucose concentration (F and G)
and the insulin staining was more concentrated at the peripheries indication of insulin secretion. . (**P
<0.01, ***P<0.001 vs. 2 mM).
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3.1.9.7. GS(31) modulates expression of pro-insulin genes
Insulin protein is encoded by proinsulin 1 (pro-1) and proinsulin 2 (pro-2) genes. These genes
are translated into two poly peptide chains which undergo post-translational modifications to
form insulin. The dissociation curve of GAPDH, pro-1 and pro-2 mentioned single peak
validating RT-PCR results. Moreover the amplification plots also showed the amplification
pattern of the PCR product.
RT-PCR data showed significant increase in the levels of pro-1 (5.2 ± 0.23 folds vs.
1.0; P< 0.001) as well as pro-2 gene (4.13 ± 0.64 folds vs. 1.0; P< 0.001) following 24 hours
GS treatments. Interestingly, the effect of GS was still persistent on pro-2 genes (2.77 ± 0.55
vs. 1.0; P<0.01) even in the presence of H2O2. However, pro-1 remained unaffected (Fig 29).
This data suggests that in addition to enhanced GSIS, GS showed profound effects on
modulation of pro-insulin genes (pro-1 and pro-2).

58

Pro-1

Fold changes

6

Pro-2

**

5

**

4

†*

3
2

†

1
0
Control

GS

GS-H2O2

Fig. 29: GS increases the expressions of Pro-1 and Pro-2 gene. Dissociation curve of GAPDH, Casp-3 and Casp-9 shows
single peak validating the RT-PCR data, the amplification plots show the amplification patterns of PCR product.
GS treatment significantly increased expression of both pro-1 and pro-2 genes. The effect of GS was still profound
even in presence of oxidative stress inducer H2O2 on pro-2 genes; however, no significant effect on pro-1 genes
was observed. Values are mean ± S.E.M. for 3 different experiments. *P<0.01, **P<0.001 vs. Control. †P<0.01,
vs.GS.
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3.1.10. QCT(34) decreases H2O2 induced membrane blebbing in MIN6 cells
Quercetin (QCT), a natural flavonoid, exerted protective effects against H2O2 induced β-cell
damage. Pre-incubated MIN6 cells with QCT followed by H2O2, showed reduction in
membrane blebbing, providing preliminary but direct evidence of protection of QCT against
oxidative stress mediated damage. Moreover, more cell number was found in case of QCT
treatments showing signs of protection (Fig. 30).

Fig. 30. QCT decreases membrane blebbing of MIN6 cells: DIC images of MIN6 cells shows decreased
membrane blebbing by QCT (B) against H2O2 (A) mediated oxidative stress. Magnification ×200.

3.1.10.1. QCT(34) decreases H2O2-induced nuclear condensation
H2O2 treated MIN6 cells showed considerable reduction in cell number, increased DAPI
fluorescence with reduced nuclear size (nuclear condensation). QCT pre-treatment alleviates
the signs of apoptosis preserving nuclear chromatin and decreasing nuclear intensity of MIN6
cells (Fig. 31).

Fig. 31. QCT decreases nuclear condensation in MIN6 cells. Nuclear staining of MIN6 cells shows
preservation against chromatin condensation by QCT (B) induced by H2O2 (A; white arrows).
Magnification ×200.
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3.1.10.2. QCT(34) decreases H2O2-induced apoptosis in MIN6 cells
H2O2 induced apoptosis in ~60% of cultured MIN6 cells. Interestingly, QCT pre-treatment
decreased apoptosis induced by H2O2. Annexin-V /PI staining showed that little cells were
present in early stage of apoptosis (A-V +ve / PI -ve) per field as compared to the H2O2 treated
cells, whereas few cells were present in late stage (A-V +ve / PI +ve ; Fig. 32).

Fig 32. QCT decreases apoptosis in MIN6 cells. Representative images of Annexin V-FITC (green) and PI (red) double fluorescence
staining showing protection of MIN6 cell apoptosis after pre-treatements with QCT followed by H2O2 treatment. Annexin V was
visualized by a green signal, and PI as red signal. The representative quantification data shows significant increase in Annexin
V-FITC, and PI positive cells by H2O2 treatment (*P<0.05, **P<0.01, ***P<0.001 vs. Control). GS pre-treatment significantly
decreased Annexin V-FITC, and PI positive cells (†P<0.05, ††P<0.01 vs. H2O2). Magnification × 200
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3.1.10.3. QCT(34) preserved cytoarchitecture, ameliorated MMP and
decreased chromatin condensation in MIN6 cells
To investigate the effects of QCT on actin, mitochondria and nuclear chromatin, MIN6 cells
were pre-incubated with QCT, prior to the incubation with H2O2 and stained with actin-MT
and DAPI. The results showed improved actin cytoarchitecture (increased actin staining and
more regular actin arrangements), reduced MT staining and decreased chromatin
condensation in comparison to H2O2 treated cells (Fig. 33). This data suggests pleotropic
effects of QCT in protecting β-cells against oxidative damage in MIN6 cells.
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.
Fig. 33 Triple channel fluorescent microscopy (TCFM) to study cellular effects of QCT against H 2O2 induced
damage: TCFM for Actin, mitochondria and Nucleus reveals that QCT normalized H2O2 induced increase in
mitochondrial membrane potential, decreased chromatin condensation and preserved cytoarchitecture of MIN6 cell
(the affected areas are indicated by white arrows). Merge image shows mitochondrial dysfunction, nuclear
condensation and actin derangements within the same cells in H2O2 treatments but not in case of QCT pre-treatments.
Fluorescent intensity quantification data (Right panels) suggest significant decrease in MT and DAPI staining by
GS treatments whereas actin intensity increases showing signs of protection (*P<0.05, ***P<0.001 vs. control).
Magnification ×200.
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3.1.10.4. QCT(34) decreases expression of cleaved caspase 3 in MIN6 cells
Increase in caspase 3 level and detection of cleaved caspase 3 shows ongoing process of
apoptosis. No detection of cleaved caspase 3 was observed following QCT treatments
supporting the data of membrane blebbing and chromatin condensation and suggests that the
mitochondrial mediated apoptotic process was inhibited (Fig. 34).

Fig. 34: QCT decreases the expression of cleaved casp3 (red) induced by H2O2. DAPI (blue) was used to stain
cells nuclei. Magnification ×200.
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3.1.10.5. QCT(34) modulates expression of apoptotic genes
QCT modulates expression of pro-apoptotic genes (mainly casp-9). The dissociation curve of
GAPDH, casp-3 and casp-9 mentioned single peak validating RT-PCR results. Moreover the
amplification plots also showed the amplification pattern of the PCR product. H2O2
significantly increased levels of expression of casp-3 (3.515 ± 0.618 vs. 1.00) and casp-9
(2.647 ± 0.285 vs. 1.00). QCT significantly decreased levels of casp9 (0.994 ± 0.038 vs.
2.969). Moreover, no effect on the downregulation of casp-3 gene expression (3.515 ± 0.618
vs. 2.969 ± 0.064; P>0.05) was observed rather it was slightly upregulated by QCT (Fig. 35).
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Fig. 35: QCT modulates the expressions of apoptotic genes. Dissociation curve of GAPDH, Casp-3 and
Casp-9 shows single peak validating the RT-PCR data, the amplification plots show the amplification patterns
of PCR product. QCT significantly reduces the expression of casp9 genes which was increased by H 2O2,
However no significant effect of QCT on casp3 gene expression was observed. Values are mean ± S.E.M. for 3
different experiments. *P<0.01, **P<0.001 vs. Control. †P<0.01, vs.H2O2.
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3.1.10.6. QCT(34) increases insulin secretion and induces the localization of
insulin towards peripheries
MIN6 cells significantly enhanced insulin secretion in response to stimulatory glucose
concentrations. QCT further enhanced insulin secretion significantly (346 ± 23 vs. 100 ± 11%;
P<0.001) even more than arginine (positive control used for experiments). The increase in
insulin secretion was coupled with decrease in the fluorescence of immunostained β-cells.
Surface plot analysis revealed that along with decrease in insulin intensity, insulin staining is
present more near the peripheries of the cells showing that the insulin is being trafficked out
of the cells.
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Fig 36: QCT increases insulin secretion, decreases insulin staining of MIN6 β-cells and localizes the insulin
towards peripheries. (A) QCT enhances MIN6 cells stimulated insulin secretion at the stimulatory
glucose concentrations (A). Immunocytochemical staining for insulin and their 3-D surface plot
analysis showed that stimulatory glucose concentrations decreased the insulin staining (D and E) in
comparison to the cells at basal glucose concentrations (B and C) whereas the QCT decreased insulin
immunostaining in comparison to stimulatory glucose concentration (F and G) and the insulin staining
was more concentrated at the peripheries indication of insulin secretion.
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3.1.10.7. QCT(34) increases expression of insulin genes
The dissociation curve of GAPDH, Pro-1 and Pro-2 mentioned single peak validating RTPCR results. Moreover the amplification plots also showed the amplification pattern of the
PCR product. The RT-PCR data showed significant increase in levels of pro-1 gene after
treatment with QCT for 24 hours (5.2 ± 0.23 folds vs. 1.0; P< 0.001). Pro-2 gene levels were
also significantly increased after QCT treatment (4.13 ± 0.64 folds vs. 1.0; P< 0.001). It was
very interesting to note that the effect of QCT was still profound on the pro-2 genes (2.77 ±
0.55 vs. 1.0; P<0.01) even in the presence of H2O2. Thus, QCT not only enhanced insulin
secretion but also had a significant effect on the modulation of the pro-insulin genes.
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Fig. 37: QCT increases the expressions of Pro-1 and Pro-2 gene. Dissociation curve of GAPDH, Casp-3 and
Casp-9 shows single peak validating the RT-PCR data, the amplification plots show the amplification
patterns of PCR product. QCT significantly increase the expression of both pro-1 and pro-2 genes.
Oxidative stress inducer H2O2 significantly decreased the levels of pro-1 and pro-2 genes showing the
oxidative stress downregulates the genes responsible for insulin synthesis upregulated by QCT. Values
are mean ± S.E.M. for 3 different experiments. *P<0.01, **P<0.001 vs. Control. †P<0.01, vs. QCT.
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3.1.11. CA(28) decreases H2O2 induced membrane blebbing in MIN6 cells
Protective effect of CA on the H2O2 induced β-cell membrane blebs in MIN6 cells were
assessed. After treatments, cells were analyzed and considerable reduction in membrane
blebbing was found after CA pre-treatment (Fig. 38). More cells per field were found after
CA treatment however only H2O2 reduced cell number.

Fig. 38. CA decreases membrane blebbing in MIN6 cells DIC images of MIN6 cells shows decreased
membrane blebbing by CA (B) against H2O2 (A) mediated oxidative stress. Magnification ×200.

3.1.11.1. CA(28) preserves nuclear pattern condensed by oxidative stress
After treatments of H2O2 cells, significant reduction in number of cells and increased DAPI
fluorescence of H2O2 treated cells was observed. CA pre-treatments significantly protected
cells and reduced nuclear condensation which further supported the data of membrane
blebbing. Moreover, increase in nuclear intensity by H2O2 was also decreased by CA pretreatments.

Fig. 39. Nuclear staining of MIN6 cells shows preservation against chromatin condensation by CA (B) induced
by H2O2 (A; white arrows). Magnification ×200.
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3.1.11.2. CA (28) decreases apoptosis in MIN6 cells induced by H2O2
Treating cells with H2O2 induced apoptosis in most of the cultured MIN6 cells. Very few cells
were Annexin-V +ve that indicates early stage of apoptosis per field as compared to the H2O2
treated cells(Fig. 40) whereas little cells were present in the late stage of apoptosis. This shows
that CA pre-treatment decreased apoptosis in MIN6 cells

Fig 40: Representative images of, Annexin V-FITC and PI double fluorescence staining showing protection of MIN6 cell
apoptosis after H2O2 treatment by CA. Annexin V was visualized by a green signal, and PI was visualized by a red
signal. The representative quantification data shows significant increase in Annexin V-FITC, and PI positive cells by
H2O2 treatment (*P<0.05, **P<0.01, ***P<0.001 vs. Control). GS pre-treatment significantly decreased Annexin VFITC, and PI positive cells (†P<0.05, ††P<0.01 vs. H2O2). Magnification × 200
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3.1.11.3. CA(28) preserved cellular effects of H2O2 induced oxidative stress
CA pre-treatment decreased β-cell apoptosis evident from observations that almost little to no
chromatin condensation, decreased staining intensity of MT, preserved and organized actin
cytoskeleton compared to the H2O2 pre-treatments alone (Fig. 41)

Fig 41. Triple channel fluorescent microscopy (TCFM) to study cellular effects of CA against H 2O2 induced damage: TCFM
for Actin, mitochondria and Nucleus reveals that CA normalized H2O2 induced increase in mitochondrial membrane
potential, decreased chromatin condensation and preserved cytoarchitecture of MIN6 cell (the affected areas are indicated
by white arrows). Merge image shows mitochondrial dysfunction, nuclear condensation and actin derangements within the
same cells in H2O2 treatments but not in case of CA pre-treatments. Fluorescent intensity quantification data (Right panels)
suggest significant decrease in MT and DAPI staining by GS treatments whereas actin intensity increases showing signs of
protection (*P<0.05, ***P<0.001 vs. control). Magnification ×200.
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3.1.11.4. CA(28) increases insulin secretion and induces the localization of
insulin towards peripheries
CA was able to enhance GSIS at stimulatory glucose concentrations significantly (346 ± 23
vs. 100 ± 11%; P<0.001). The increase in the insulin secretion was coupled with decrease in
the fluorescence of the immunostained β-cells and the surface plot analysis revealed that along
with decrease in the insulin intensity the insulin staining is present more near the peripheries
of the cells showing that the insulin is being trafficked out of the cells and secreted and is
detected in the incubation media.
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Fig 42. CA increases insulin secretion, decreases insulin staining of MIN6 β-cells and localizes the insulin
towards peripheries. (A) CA enhances MIN6 cells stimulated insulin secretion at the stimulatory
glucose concentrations (A). Immunocytochemical staining for insulin and their 3-D surface plot
analysis showed that stimulatory glucose concentrations decreased the insulin staining (D and E) in
comparison to the cells at basal glucose concentrations (B and C) whereas the CA decreased insulin
immunostaining in comparison to stimulatory glucose concentration (F and G) and the insulin staining
was more concentrated at the peripheries indication of insulin secretion.
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3.1.12. TM (31) dose dependently increase insulin secretion from isolated
islets
At 16.7 mM, TM stimulate insulin secretion in a dose-dependent manner (Fig. 43). It was
found that at 10 µM of TM, there was little effect on insulin secretion (100 ± 12%) compared
to insulin secretion by 16.7 mM glucose (100 ± 6%). At dose of 50 µM TM, the insulin
secretion (113 ± 9%) was also not significant; however, TM showed significant (P<0.05)
insulin secretory activity (143 ± 12%) at 100 μΜ. Interestingly, TM showed a dramatic
increase (P<0.001) in insulin secretion at 200 μM (221 ± 22 %), even more than that of the
positive control tolbutamide (TB). No more increase in insulin secretion was observed above
200 μM.
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Fig. 43. Effect of TM on glucose-induced insulin secretion from isolated mice islets. TM enhances glucose
stimulated insulin secretion from isolated mice islets in a dose-dependent manner. TM was added at 0,
10, 50, 100, 200 and 400 µM concentrations in the presence of 16.7 mM glucose. Groups of 3 sizematched islets were incubated for 60 min at 37 ºC in KRB buffer containing 16.7 mM glucose in the
presence or absence of TM. Values are mean ± SEM for 9-12 observations from 3-4 independent
experiments.*P<0.05, **P<0.01, ***P<0.001 symbolizes a significant TM-dependent increase in
insulin secretion over the control (vehicle) value.
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3.1.12.1. Effect of TM(31) compound on K-ATP channel of mice
pancreatic islets
At 3 mM glucose, insulin secretory activity both in absence (12 ± 2 %) or presence (14 ± 3%)
of TM (100 μM) was not affected by 50 µM diazoxide. However, at stimulatory glucose
condition, diazoxide treated mice islets showed significantly reduced insulin secretion (100 ±
6% vs. 9 ± 2%; P<0.001). Moreover, TM stimulated insulin secretion at stimulatory glucose
concentration was also reduces significantly (263 ± 11 vs. 129 ± 12%; P<0.01)
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Fig. 44. Effect of TM on insulin secretion in mice islets with K-ATP channels opened by diazoxide. Values are
mean ± S.E.M. for 4-5 observations from 3-4 independent experiments. Mice islets were incubated in
3 mM or 16.7 mM glucose in the presence or absence of TM (100 μM) and/or diazoxide (K-ATP
channels opener) used at indicated concentrations.**P<0.01, ***P<0.001 vs. insulin secretion in the
absence of diazoxide.
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3.1.12.2. Involvement of L-type Ca2+ channels on TM(31) mediated insulin
secretion
We investigated the involvement of Ca2+ channels on TM induced insulin secretion. For this,
a blocker of voltage-sensitive Ca2+ channels, verapamil, at 200 μM was used. The experiment
showed that verapamil, reversed the increase in insulin secretion induced by TM (100 μM)
under the glucose stimulatory concentration (16.7 mM). At 3 mM glucose, in the presence of
200 µM verapamil, ED-induced insulin secretion (10 ± 2%) was not affected as compared to
the insulin secretion (12 ± 2%) by 3 mM glucose alone. At 16.7 mM glucose, ED-induced
insulin secretory effect was reduced from 263 ± 14% to 19 ± 2% (P<0.001).
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Fig. 45. Involvement of L-type Ca2+ channels in TM-induced insulin secretion. Values are mean ± S.E.M. for
4-5 observations from 3-4 independent experiments. Islets were incubated in 16.7 mM glucose in the presence
or absence of TM (100 μM) and/or verapamil (Ca2+ channels blocker) at the indicated concentrations. ***,
significant changes over the respective control values (P<0.001). ns, not significant.
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3.1.12.3 Effect of TM(31) on insulin secretion in mice islets stimulated by
phosphodiesterase inhibitor
At 16.7 mM, the insulin release was higher in the intact islets treated with TM compound (261
± 21%) as compared to the control islets at 16.7 mM (100 ± 6%). The insulin release was
quantitatively potentiated in the presence of IBMX (phosphodiesterase inhibitor) at 16.7 mM
(368 ± 12%) as well as in the TM treated islets (371 ± 14%). Thus, the TM induced secretion
was enhanced in the presence of IBMX at glucose stimulatory condition (Fig. 46).
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Fig. 46. Effects of TM on insulin secretion in mice islets stimulated by phosphodiesterase inhibitor. Values are
mean ± S.E.M. for 4-5 observations from 3-4 independent experiments. Islets were incubated in 16.7
mM glucose in the presence or absence of TM (100 μM) and/or IBMX at the indicated concentrations.
***, significant changes over the respective control values (P<0.001), significant changes when
compared with addition of IBMX.
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3.1.12.4. Effect of PKA on TM(31) mediated insulin secretion
We found that at stimulatory glucose (16.7 mM) level of insulin secretion was increased (267
± 14%) as compared to the 16.7 mM alone (100 ± 6%). Surprisingly, restricted release of
insulin by TM (100 μM) was observed in the influence of H-89 (a PKA inhibitor) at 30 μM
(190 ±12 %) under glucose stimulatory insulin secretion system when compared to the control
islets with H-89 (94 ± 5%) in the same controlled condition (Fig. 47).
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Fig. 47. Effect of protein kinase A (PKA) inhibitor, H-89, on TM-induced insulin secretion. Values are mean
± S.E.M. for 4-5 observations from 3-4 independent experiments. Islets were incubated in 16.7 mM
glucose in the presence or absence of TM (100 μM) and/or H-89 at the indicated concentrations. ***,
significant changes over the respective control values (P<0.001).
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3.1.12.5. Role of PKC on TM(31) mediated regulatory effect on insulin
secretion
It was observed that at basal glucose, TM (100 μM) mediated insulin release was unaffected
when compared with the control islets at 3mM alone. However, 16.7 mM glucose facilitated
the insulin level from the islets treated with TM (288 ± 19%). Interestingly, the amount of
insulin secretion was partially inhibited in TM treated islets in the presence of Calphostin C
(a PKC inhibitor) at 2.5 uM (233 ± 18%). This shows that the compound may have a
modulatory role in protein kinases significant in insulin releasing pathway.
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Fig. 48. Effect of protein kinase C (PKC) inhibitor, calphostin-C, on TM-induced insulin secretion. Values are
mean ± S.E.M. for 4-5 observations from 3-4 independent experiments. Islets were incubated in 3 mM
or 16.7 mM glucose in the presence or absence of TM (100 μM) and/or calphostin-C at the indicated
concentrations. ***, significant changes over the respective control values (P< 0.001), †P<0.01,
significant changes when compared with addition of calphostin-C. ns, not significant
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3.2. IN VIVO
3.2.1. Characterization of β-cell apoptosis model
Establishment of animal model is pre-requisite for testing compound(s) having protective
activity against β-cell apoptosis. STZ, a diabetogenic agent, selectively damages β-cells but
there are claim(s) and counterclaim(s) that whether β-cell damage occurs by apoptosis or
necrosis via STZ. To establish β-cell apoptosis model in vivo animals were injected STZ (70
mg/kg) and sacrificed at different time intervals (1 hr, 2 hr and 4 hr). To investigate β-cell
apoptosis after STZ treatments, pancreas was isolated and processed for histology. The
histological findings showed little to no effect on β-cell at 1 and 2 hours of STZ injection.
Interestingly, at 4 hours chromatin condensation was observed in islets of Langerhans.
Furthermore, the immuno-histochemical staining for insulin-DAPI confirmed the presence of
nuclear condensation only in β-cells, whereas α-cells and other exocrine cells remained
unaffected.
For confirmation of apoptosis in β-cells insulin-TUNEL double staining was
performed on rat pancreatic sections. The results thus obtained were in agreement with
chromatin condensation data and the TUNEL positivity was selectively present in β-cell
nucleus as shown in Fig. 52.

3.2.2. Immunohistochemical evidence of β-cell apoptosis
The pancreas collected from rats at different time intervals (1, 2 and 4 hours) post STZ
administration. After 1 hour of STZ the β-cells did not showed any signs of β cell apoptosis
(nuclear condensation) as compared to the control islet (Fig. 50) whereas at 2 hours post STZ
administration little nuclear condensation in the β-cells was observed suggesting the cell is
undergoing apoptosis. However, if considering the overall islet architecture, pancreatic islet
showed disturbed insulin pattern as compared to the control islet and more perforations were
found in STZ treatment in comparison to control and 1 hour STZ post-treatment rat islets
Interestingly after 4 hours of STZ treatment clear signs of nuclear condensation were
present in insulin positive cells suggesting apoptosis of β-cells (Fig. 50) which were later
confirmed with Ins-TUNEL double staining (Fig. 52). All in all these findings suggests that
STZ was able to induce structural and functional apoptotic features in rat pancreatic β-cells.
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Fig 49. Effect of STZ on architecture of islets and morphological features of β-cell and its nuclei after 1 hour, 2
hour and 4 hours of STZ injection. Insulin staining was more homogenous and open nuclear staining was
observed in case of control. However, after 1, 2 and 4 hours of STZ injection the pattern of insulin
staining in islet was disturbed and nuclear chromatin was also condensed. Merged images showed
condensation only in β-cell nuclei. DIC-merge showed damaged architecture of islet after STZ
treatments. Magnification ×200.
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3.2.3. Validation of β-cell apoptosis in islets of STZ-treated rats.
3.2.3.1. Insulin-DAPI immunostaining of pancreas of STZ-treated rat
pancreas
For investigation of apoptotic features of β-cells, insulin and DAPI double channel
fluorescence staining was performed in rat pancreatic sections of experimental rats. Insulin
staining exhibited abnormal islet cytoarchitecture with shrunken morphology (Fig. 51B)
whereas the control rat have normal insulin staining (Fig. 51A). Clear signs of chromatin
condensation (Fig. 51D; shown by white arrows) were found following STZ treatments. In
contrast, normal nuclear chromatin and no signs of chromatin condensation were observed in
control nuclei (Fig. 51C). The merge images showed that chromatin condensation is only
found in β-cells after STZ treatments (Fig. 51F). Furthermore, DIC-merge images showed
embossed nuclei by STZ (Fig. 51H) whereas DIC-merge for control showed flat morphology
of nuclei in β-cells (Fig. 51G). So, the double channel fluorescent immuno-staining revealed
an increase in nuclear condensation and abnormal islet architecture supporting apoptotic mode
of cell death of β-cells by STZ in pancreatic sections.
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Fig 50. Immunohistochemical comparison of pancreatic sections of experimental rats. Insulin-DNA staining of
pancreatic section from Control and STZ-treated rats. Proper and homogenous insulin staining (red) was
observed in case of control (A) whereas STZ-treated (B) rat pancreatic section showed shrunk islets. The
nuclear staining showed open nuclear pattern in case of control (C) but clear signs of nuclear
condensation were present in case of STZ treatments (D). The merge images of insulin-DAPI showed
nuclear condensation only in the insulin positive area (β-cells) (E and F). The DIC merge of showed
disturbed and shrunken islet in case of STZ treatments (H) in comparison to control(G). Magnification:
×400.
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3.2.3.2. Confirmation of apoptosis in β-cells by TUNEL assay
TUNEL assay, the gold standard technique for apoptosis, was performed to detect apoptosis
in β-cells. After experiments, rat pancreatic sections were subjected to TUNEL assay. TUNEL
staining was detected in more than 60% of pancreatic β-cells of STZ-group (Fig. 52 B,vC)
whereas control rat pancreatic sections showed only little TUNEL staining (Fig. 52A, C).
These findings confirm that STZ induced β-cell death by apoptosis (Fig. 52).

C.
% TUNEL +ve nuclei in islets

80
**

60
40
20
0

Con

STZ

Fig 51. STZ induces apoptosis in pancreatic β-cells: The pancreatic islet sections from different experimental
groups co-stained with TUNEL (green) and insulin (red), DAPI (blue) was used as a counter-stain for
DNA showed more TUNEL positivity STZ treatment (B) solely in β-cells as compared to control
pancreas (A). Significant difference in TUNEL positivity of STZ vs. control (C) was observed in βcells. Magnification: ×200. A, control; B, STZ treated. **P<0.001 vs. control.
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3.2.3.3. Effect of STZ on serum glucose levels in experimental rats
STZ treatment significantly increased serum glucose levels as compared to control group. This
shows that STZ is a very potent inducer of β-cell apoptosis which even after few hours of STZ
induction affects serum glucose significantly (277 ± 7 vs. 96 ± 8 mg/dl; P<0.001).
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Fig 52. Serum glucose levels in the experimental rats after Saline (Con) and STZ-treatment (4hours, 70mg/kg
BW). Results are expressed as Mean±SEM. **P<0.001 vs. Con. Values are mean ± S.E.M. for 3 different
experiments. **P<0.001 vs. Control

3.2.3.4. Effect of STZ on serum insulin levels of experimental rats
There was no significant difference in serum insulin levels between control and STZ-treated
rats (0.77 ± 0.12 ng/ml vs 0.67 ± 0.09 ng/ml). The rationale behind these findings may be
insufficient time to affect serum insulin level as it takes more time to alter the biochemical
parameters then histological changes. Next it can be speculated that β-cell died by apoptosis
i.e. programmed cell death, therein insulin is not released in extracellular spaces as in necrotic
damage, rather is degraded systematically.
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Fig 53. Serum Insulin levels in experimental rats following STZ-treatment. Values are mean ± S.E.M. for 3
different experiments with 3 rats in each set of experiment (n=9).
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3.2.4. Evaluation of inhibitory activity of Nicotinamide (NA)
against β-cell apoptosis in vivo
3.2.4.1. TUNEL assay shows signs of protection in pre-treated rat islets
Triple channel immunostaining for Ins-TUNEL and DAPI was performed to assess the
protective effect of NA against apoptosis. We found homogenous insulin staining (Fig. 55B),
preserved islet architecture and reduced TUNEL +ve nuclei (Fig. 55B) following NA pretreatments (Fig. 55) in comparison to STZ treated rats (Fig. 55A). The immunohistochemical
data revealed potent protective activity of NA on islet and more specifically in β-cells

% TUNEL +ve nuclei in islets

C.
60

40

20

**

0
STZ

NA

Fig 54. NA protects STZ-induced β-cell apoptosis in rats: The pancreatic islet sections stained with TUNEL
(green), insulin (red) and DAPI (blue) showed increased TUNEL positivity after STZ treatment (A)
solely in β-cells. NA pre-treatement (B) preserved insulin staining pattern and significantly reduced
TUNEL positivity (B & C). Significant difference in TUNEL positivity of STZ vs NA (C) was observed
clearly showing the signs of protection by NA against STZ induced β-cell apoptosis. Magnification:
×200. **P<0.001 vs. STZ.
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3.2.4.2. Effect of nicotinamide (NA) on serum glucose levels in experimental
rats
Nicotinamide-pretreatment significantly decreased serum glucose levels in comparison to
STZ treated rats (277 ± 7 vs. 210 ± 6; P<0.05). This data along with immunohistochemical
findings suggest that NA pre-treatment not only prevents STZ-induced apoptosis (Fig. 55) but
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also decreased hyperglycemia caused by STZ (Fig. 56).
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Fig 55. Serum glucose levels in experimental rats after STZ-treatment and NA pre-treatment. Values are mean
± S.E.M. for 3 different experiments with 3 rats in each set of experiment (n=9). **P<0.001 vs. Control.

3.2.4.3. Effect of nicotinamide (NA) on serum insulin levels in experimental
rats
Along with the study of serum glucose levels serum insulin levels after NA pre-treatment were
estimated. In contrary to the effect of NA on serum glucose levels, no significant effects of
NA were observed in serum insulin levels (0.67 ± 0.09; 0.76 ± 0.1 ng/mL P>0.05).
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Fig 56. Serum insulin levels in the experimental rats after STZ-treatment and NA pre-treatment. Values are
mean ± S.E.M. for 3 different experiments with 3 rats in each set of experiment (n=9).

3.2.5. Evaluation of inhibitory activity of CA(28) against β-cell apoptosis in
vivo
3.2.5.1 Cinnamic acid (CA) decreases β-cell apoptosis in vivo
Using triple channel immunostaining for Ins-TUNEL-DAPI protective effects of CA on STZ
induced β-cell apoptosis was evaluated. CA (150 mg/kg; i.p.) was found to have considerable
antiapoptotic effect (Fig. 58). Significant decrease in TUNEL +ve β-cells was observed in CA
pretreated rat pancreas validating anti-apoptotic activity of CA in vivo.
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Fig. 57: CA protects STZ-induced β-cell apoptosis in rats: The pancreatic islet sections co-stained with
TUNEL (green) and insulin (red), DAPI (blue) was used as a counter-stain for DNA showed increase
in the TUNEL positivity after STZ treatment (A) solely in insulin positive area (i.e. β-cells). CA pretreatement (B) preserved the insulin staining pattern and significantly reduced TUNEL positivity (B &
C). Significant difference in TUNEL positivity of STZ vs CA (C) was observed clearly showing the
signs of protection by CA against STZ induced β-cell apoptosis. *P<0.05 vs. STZ. Magnification: ×200.
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3.2.5.2. CA(28) reduces glucose levels in STZ induced β-cells apoptotic
model rat
Serum glucose after CA pre-treatment was significantly reduced as compared to the STZtreated rats (277 ± 7 vs. 147 ± 6; P<0.01).The data showed that CA acid exhibited potent antidiabetic activity and showed significant reduction in serum glucose levels even in severe stress
imposed by the STZ to the β-cells.
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Fig. 58: CA reduces serum glucose levels in STZ treated rats. Serum glucose levels in the experimental rats
after CA pre-treatment. Results are expressed as Mean ± SEM. Values are mean ± S.E.M. for 3
different experiments with 3 rats in each set of experiment (n=9). **P<0.001 vs. STZ.
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3.2.5.3. CA(28) elevates serum insulin levels experimental rats
Decrease in serum glucose was coupled with increase in serum insulin concentration
following CA pre-treatment. We found more than 3-folds increase in the serum insulin levels
of CA treated rats than STZ treated rats (0.67 ± 0.09; 1.83 ± 0.1 ng/mL, P>0.01). These results
suggests strong insulinotropic effects of CA in vivo.
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Fig. 59: CA elevates serum insulin levels in STZ treated rats. CA pre-treatments significantly enhances
insulin levels in STZ treated rats. Values are mean ± S.E.M. for 3 different experiments with 3 rats in
each set of experiment (n=9). **P<0.001 vs. STZ.
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3.2.6. Effects of NA and CA combination in vivo
3.2.6.1 NA-CA combination decreases β-cell apoptosis in vivo
Our experimental data showed that NA reduced apoptosis in most of the β-cells but have little
to no effects on insulin levels (Fig. 57), in contrast CA drastically elevated insulin levels but
the effect on β-cell protection was not much profound (Fig. 58). Taking advantages of these
important findings we evaluate whether the combination of CA and NA together would have
better overall effect. For this, CA and NA were injected in combination to the experimental
rats followed by STZ injection.
The histological findings revealed that apoptotic features (chromatin condensation) in
STZ treated islet were drastically reduced by NA-CA pre-treatment and the morphology of
the islet was quite similar to control pancreas (Fig. 61) showing signs of protection. Moreover,
insulin immunostaining showed homogenous and proper distribution of insulin throughout
islets in case of STZ alone (Fig. 61). The data suggests that NA-CA were much more profound
than each of these agents alone.
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Fig. 60 Histological and Immunohistochemical comparison of pancreatic sections of the control,
Streptozotocin treated (STZ) and nicotinamide-cinnamic acid (NA-CA) treated rats. Hematoxylin
and Eosin (H&E) staining and Insulin-DNA staining of the pancreatic section showed signs of protection
by NA-CA combination and pancreatic morphology and nuclei were similar to control which was totally
disturbed and nuclei were condensed after STZ treatments. Moreover homogenous insulin staining (red)
was observed in case of control (A) the STZ-treated (B) rat pancreatic section showed compact islets and
scattered and non-homogenous insulin staining. The NA-CA treated rat islet showed normal islets with
open nuclear pattern similar to that of control clearly showing signs of protection. Image magnification
× 200.
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3.2.6.2. Effects of NA-CA on serum glucose in experimental rats
The effects of NA-CA combination on serum glucose levels was also evaluated. We found
significant reduction in serum glucose (277 ± 7 vs. 105 ± 6; P<0.01) levels in NA-CA treated
rats in comparison to control rats. The decrease in the levels of glucose was greater than any
of these agents alone.
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Fig. 61: NA-CA (nicotniamide-cinnamic acid) reduces serum glucose levels in STZ treated rats. Serum
glucose levels in the experimental rats after NT pre-treatment. Results are expressed as Mean ± SEM.
Values are mean ± S.E.M. for 3 different experiments with 3 rats in each set of experiment (n=9).
**P<0.001 vs. STZ.
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3.2.6.3. NA-CA treatments decreases cleaved casp3 in rat islets sections
The whole cascade of apoptosis eventually leads to the cleavage of casp3 for induction of
apoptosis. In case of STZ the casp3 was detected in the rat pancreatic sections stained with
cleaved casp3. Whereas there was only little to no detection of casp3 in case of NA-CA pretreated rat sections (Fig. 63). This suggests that NA-CA combination either reduces cleavage
of casp3 or acts on upstream target of casp3 activation for its anti-apoptotic effect.
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Fig. 62: NA-CA pre-treatment reduces the expression of cleaved caspase 3 (C-3) in rat islets. Streptozotocin
(STZ) induces expression of C-3 (stained as green) in rat pancreatic islets. The nicotinamide-cinnamic
acid pre-treatment reduced (NA-CA-STZ) expression of C-3 and the results were similar to that of
control islets (Con). DAPI (stained as blue) was used to stain nuclei. Image magnification × 200.
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3.2.6.4. NA-CA increases the phosphorylation of ERK ½
To investigate the combined effects of NA-CA on ERK ½ phosphorylation, ins-pERK1/2
immunostaining was performed on rat pancreatic sections. We found increased pERK1/2
staining in case of NA-CA pre-treated rat sections. Interestingly ERK1/2-insulin staining was
selectively present only in β-cells. These findings suggests that dual effect of NA-CA
combination may be because of phosphorylation of ERK 1/2.

100

Fig. 63: NA-CA induces phosphorylation of ERK 1/2: The pancreatic islet sections co-stained with
phosphorylated ERK1/2 (green) and insulin (red), DAPI (blue) was used as a counter-stain for DNA.
STZ rat islets showed increase in the nuclear condensation with less to no detectable phosphorylated
ERK1/2 signals in islets. However the NA-CA pretreated rat islets showed strong phosphorylated
ERK1/2 signals. The merge (Ins-ERK-DAPI) and DIC-merge (DIC-Ins-ERK-DAPI) images showed
that the pERK1/2 signals were mainly present in insulin positive area (i.e. β-cells) in case of NA-CA
pre-treatments. Image Magnification: ×200.
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3.2.6.5. NA-CA modulates expression of apoptotic genes in MIN6 cells
To further evaluate the anti-apoptotic effects of the NA-CA at genetic level, casp3 and casp9
genes expression were analyzed. The dissociation curve of GAPDH, casp-3 and casp-9
mentioned single peak validating RT-PCR results. Moreover the amplification plots also
showed the amplification pattern of the PCR product. We found significant decrease in both
casp3 and casp9 genes expression (Fig. 65) upregulated by STZ treatment. This shows that
NA-CA downregulates pro-apoptotic genes thereby inhibiting apoptosis.
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Fig. 64. NA-CA modulates the expressions of apoptotic genes. Dissociation curve of GAPDH, Casp-3 and Casp-9 shows
single peak validating the RT-PCR data, the amplification plots show the amplification patterns of PCR
product.STZ significantly increases the expression of casp3 and casp9 genes which favors apoptosis. The NA-CA
pre-treatment significantly downregulates the expression of both the casp3 and casp9. Values are mean ± S.E.M.
for 3 different experiments. *P<0.01, **P<0.001 vs. Control. †P<0.01, vs. STZ.
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4. DISCUSSION
Recent advancements in research especially after successful outcomes of bariatric surgery and
its effects on β-cells survival proved that inhibition of β-cell apoptosis is also a better
therapeutic strategy for treating diabetes. Unfortunately, most of diabetic research focuses on
the study of insulin secretion or improving insulin sensitivity in peripheral tissues which lead
to the development of novel insulin secretagogues and insulin sensitizers; however, protection
of β-cells against apoptosis remains neglected. Sulfonylureas act directly on K+ channel
thereby stimulating insulin secretion and by passing glucose-dependent mechanism. This
increased insulin secretion in the absence of stimulatory glucose leads to drug-induced
hypoglycemia and β-cell apoptosis according to the recent findings (Urosova et al., 2004).
Sulfonylurea mediated hyper excitation of β-cells leads to excitotoxicity reactions which
eventually results in β-cell apoptosis (Maedler et al, 2005). So, there is a need of new antidiabetic agents that not only increases insulin secretion but also preserve β-cells.
In the above context, the current study was aimed to investigate natural compounds
isolated from various sources for their insulin secretory and β-cell protective activity and
exploring their cellular and molecular mechanism(s). Oxidative stress is induced by persistent
hyperglycemia in diabetes (Maechler et al., 1999) leading to β-cell apoptosis. It is reported
that increase in intracellular concentration of H2O2 decreases cell viability and increased
apoptosis in different cell lines PC-12 (Jang & Surh, 2004), cardiac myocytes (Valks, Kemp
& Clerk, 2003) and in INS-1E cells (Fiory et al, 2014). So, for induction of oxidative stress
different concentrations of H2O2 were used and extensive experimentation was carried out in
two pancreatic β-cell lines (βTC6 and MIN6) and cell viability was assessed (Fig. 15). The
optimized concentration of H2O2 (300 μM) was used to induce oxidative stress and natural
compounds were evaluated for their β-cell protective activity. H2O2 induces apoptosis through
mitochondrial pathway and alterations in the mitochondrial membrane potential (MMP) are
the basis of pancreatic β-cell apoptosis as well as are fundamental cause of insulin resistance.
There are very few anti-diabetic drugs that improves mitochondrial functions, where exendinIV being the one and has the major advantage that it is the only drug that can theoretically
delays or reverse the development of diabetes (Li et al, 2013). Following H2O2 treatments
morphology of cells revealed apparent membrane blebbing of cells at 50 and 100 μM
concentration of H2O2 in βTC-6 cells following 48 hours treatments (Fig. 11, 12) and in MIN6
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cells at 300 μM after 24 hours (Fig. 14). H2O2 at the dose of 50 and 100 µM was able to reduce
cell viability and altered cellular morphology but it was not much significant (Fig. 15). At the
dose of 500 µM and 1000 µM there was extreme damage to the cell which could not be
feasible for the experiments to study the cells for the protective activity as it very difficult or
almost impossible to recover from a very harsh injury posed by the higher concentration of
the H2O2. So, dose of 300 µM of H2O2 for 24 hours was selected as optimum dose for the
induction of oxidative stress in β-cells. This dose and time once optimized were re-evaluated
via performing the same set of experiments in triplicate for at-least five different experiments
on different days. After getting reproducible results, further experiments were carried out to
evaluate the protective effects of compounds against oxidative stress using these conditions.
Mitochondria are the most sensitive organelle towards oxido-reductive fluctuations in
the cells (Veal et al., 2007). Mitochondria are of critical importance considering redox states
of cells. Mitochondrial structures have different electron carriers in the respiratory chain
involved in production of ROS. Moreover, these mitochondrial structures are also susceptible
to oxidative stress evidenced by information on lipid peroxidation, protein oxidation, and
mitochondrial DNA mutations. It is reported that oxidative stress can induce apoptotic cell
death where mitochondria have central role in different types of apoptosis, since cytochrome
c release in the cytoplasm and opening of permeability transition pore are important events in
apoptotic cascade and resulting in apoptosome formation through recruitments of Apaf-1 and
caspase 9 (Lenaz, 1998). The apoptosome thus formed cleaves caspase and this cleaved
caspase 3 (active form) acts on several targets to degrade them (Choi et al, 2002). The
incorporation of mitotracker dye in living cells leads to intense MT staining which reflects
mitochondrial mediated oxidative stress (Lin et al., 2014). By using H2O2, for development of
β-cell

apoptosis,

intense

MT

staining

suggests

that

H2O2

increased

MMP.

Immunocytochemistry images showed increase in the membrane blebbing and chromatin
condensation (Fig. 16) which are signs of apoptosis which further supports the MT data.
MIN6 and βTC-6 showed consistent results in our experiments of apoptosis but βTC6 cells did not showed better insulin secretion in response to glucose stimulation. In contrast,
MIN6 cells were much better in terms of glucose responsiveness and biochemical studies.
Moreover, slow growth of βTC-6 also restricts extensive studies screening of more
compounds. Taken together, MIN6 cells were better than βTC-6 cells especially for insulin
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secretion. Considering these findings MIN6 cells were used for compound screening and
mechanism studies.
Increase in insulin secretion is the main strategy for management of diabetes. To
evaluate natural compounds for insulin secretory activity, basal and stimulatory glucose
concentrations for insulin secretory experiments were optimized considering the published
data (Briscoe et al., 2006; Jhun et al., 2013; Pagliuca et al., 2014). There was significant
difference between basal and stimulatory glucose levels for insulin secretion suggesting a
proper in vitro model for the study of glucose induced insulin secretion. We validated our
results of secreted insulin with immunocytochemistry and found decrease in insulin staining
(Fig. 20 B, D), which shows that insulin is being secreted rendering less insulin to be detected
by immunostaining. Moreover, surface plot analysis showed increased staining intensity
throughout MIN6 cells incubated at basal glucose levels. However, when modulated with high
glucose MIN6 insulin staining was more towards peripheries with very little staining within
the cells (Fig. 20 C, E). Insulin present in β-cells is enclosed in secretory granules after proper
post-translational modification. Once body reaches the levels of glucose to trigger insulin
secretion these granules are docked into the cell membrane containing insulin and insulin is
secreted out (Kikuta et al., 2013). Our stimulatory glucose immunostaining and surface plot
analysis are in agreement to these observations. Furthermore, insulin secretion data also
validates the immunostaining features of MIN6 cells at basal and glucose stimulations. The
use of positive control (arginine) further enhanced insulin secretion with decrease in insulin
staining (Fig. 20). Arginine is one of the strongest insulin secretagogues that stimulates insulin
in a glucose dependent manner. It has been studied as potent insulin secretagogues in
pancreatic β-cell lines and also in isolated mice islets (Thams 1999; Umeda 2015). It has been
shown to increase insulin secretion through membrane depolarization (Thams 1999).
After establishment of stable time point and optimization of dose of H2O2 for
apoptosis, and insulin secretory experiments, different natural compounds were assayed for
β-cell protective activity and insulin secretory activity. We found that amongst tested
compounds many compounds showed insulin secretory, as well as β-cell protective activity.
However, few compounds exhibited dual activity i.e. insulin secretion and β-cell protection
(Table 2). GS, QCT, CA and TM were proceeded further to explore their molecular
mechanisms.
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Following pre-incubation of MIN6 cells with GS we found increased β-cell viability
(Fig. 21) and decreased β-cell apoptosis (Fig. 24). The study of cellular and molecular
mechanism(s) suggests that the GS decreases apoptosis through amelioration of MMP (Fig.
25) and decrease in cleavage of executioner caspase i.e. caspase 3 (Fig. 26). The mRNA
expression data showed that GS downregulated pro-apoptotic protein gene for caspase 9 but
has no effects on the downregulation of caspase 3 protein genes (Fig. 27). From these
observations we can deduce that GS decreases β-cell apoptosis through maintaining MMP,
decreasing the expression of caspase 9 protein and affecting the cleavage of caspase 3. It is
mentioned in most of the studies that oxidative stress induced by H2O2 either directly damage
nucleus or increases MMP increasing the levels of caspase 3 and caspase 9 in different cell
lines inducing apoptosis (Singh et al., 2007) similar findings was found in MIN6 cells after
treatment with H2O2. GS, an isoflavone from soy, is one of the best reported antioxidant with
several cytoprotective activites in different cell lines against apoptosis through
downregulating the levels of apoptotic proteins like caspase 9 and is reported to decrease in
the H2O2 mediated DNA damage in different cells (Raschke et al., 2006).
GS not only decreased the β-cell apoptosis but also increased insulin secretion at
stimulatory glucose (Fig. 28A). The post-insulin secretion insulin staining was performed to
reveal the insulin present inside the cells. We hypothesized that increase in the insulin
secretion would be supported by decrease in the insulin staining within the β-cells and the
results were in good agreement to the hypothesis (Fig. 28 F, G). Moreover, it was very
interesting to note that GS not only increased insulin secretion but also increased the levels of
expression of pro-insulin I and II genes (Fig. 29). It is reported recently that GS increases
levels of cAMP (Burvall et al., 2002). One of the effector molecule activated by increased
cAMP levels is cAMP response element binding protein (CREBP). CREBP is transported into
nucleus of the cell and leads to the expression of several genes including genes involved in
the insulin synthesis (Liu et al., 2007). We conclude that GS was able to prevent oxidative
stress mediated β-cell damage and significant increased β-cell viability. Moreover, the
mechanisms involved amelioration of oxidative stress via restoring MMP. Moreover actin
cytoskeleton was also preserved (Fig. 25) and there was increased staining of actin as
compared to the H2O2 treated cells. Here we report that β-cell protective activity of GS which
is mediated through maintaining MMP (altered by oxidative stress), decreasing the expression
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of caspase 9 protein, decreasing the cleavage of caspase 3. These findings are consistent with
the previous studies (Raschke et al., 2006 and Lee J-S et al., 2006).
QCT is reported to have insulin secretion but detailed mechanisms on insulin secretion
and β-cell protection are poorly understood. Claims and counterclaims exists regarding effects
on QCT on β-cell viability. It is very recently reported that QCT increases insulin secretion in
β-cells but decreases β-cell viability (Kittl et al., 2016), which is contraty to the reported
findings of Youl E et al which shows that QCT increases insulin secretion as well as protects
β-cells (Youl E et al., 2010). In the present study, QCT increased the viability of β-cells against
H2O2 induced β-cell apoptosis, which supports the findings of Youl et al (Youl et al, 2010). It
has been reported that QCT is one of the potent antioxidant that decreases oxidative stress
induced cellular damage. Here we found a considerable decrease in the incorporation of MT
dye by MIN6 cells in comparison to the cells induced by oxidative stress following QCT pretreatment, this shows evidence of amelioration of oxidative stress on MIN6 cells.
Furthermore, the apoptotic signs of chromatin condensation, Annexin-V/PI and damage of
actin cytoarchitecture (Figs. 32-33) were also abolished. This further validates that QCT has
decreased the oxidative stress mediated apoptosis in MIN6 cells. Moreover, the caspase 9
gene was also downregulated suggesting the inhibition of caspase 9 cascade by QCT pretreatment and significant decrease in cleaved caspase 3 was also found (Fig. 34). In the above
context we may infer that QCT inhibits the activation of caspase 3. One of the major
requirements in formation of apoptosome, which once activated, leads to the activation of
caspase 3. The increased staining of MT suggested increase in MMP by H2O2 treatment, more
specifically mitochondrial outer membrane potential is detected via MT which is the main
contriubutor in apoptotic process (Chipuk et al., 2006). The increase in MMP leads to the
release of cytochrome c. Moreover, caspase 9 gene levels were also significantly upregulated
along with increase in the activation of caspase 3. So H2O2 provided all the necessary
constituents of apoptosome. Decreased oxidative stress as seen through MT staining (Fig. 34)
via QCT pre-treatment halts the possibility of release of cytochrome c as MMP is maintained
and release of cytochrome c is based on compromised MMP. The other major part of
apoptosome is caspase 9, QCT has decreased the expression of caspase 9 which further limits
possibility of apoptosome formation. As the effects of QCT on caspase 3 transcription levels
were not much significant and we know that for apoptosis though the expression of caspase 3
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is equally important, but the most critical factor is the activation of caspase 3. We found that
major mediators for apoptosome formation i.e. cytochrome c and caspase 9 were blocked at
various levels by QCT. Moreover, the decreased detection of cleaved caspase 3 further
supports the data. The cleaved caspase 3 further goes downstream to act on many effector
molecules including the caspase activated DNAses that induces nuclear fragmentation and
chromatin condensation. In case of H2O2 treatments these pro-apoptotic signs were detected
that leading to the formation of apoptosome including cleaved caspase and chromatin
condensation. However, cleaved caspase 3 was not detected following compounds pretreatments seconded by decrease in the nuclear condensation. So, we can conclude that both
GS and QCT decreased β-cell apoptosis via decreasing MMP, modulating the expression of
apoptotic genes, decreasing cleavage of caspase 3 and reducing chromatin condensation.
It is reported that QCT increases the phosphorylation of MAP kinase ERK ½ (Youl et
al., 2011). ERK in turn activates multiple cascade of events including both the insulin
secretion and increase in the expression of the genes for insulin protein. Increase in the
expression of both the INS1 and INS2 genes following incubation with QCT were found(Fig.
37). These findings suggest that QCT is a strong candidate to be studied for its mechanisms
in much detail. Further in vivo experiments should be carried out to validate the in vitro
findings.
CA showed significant β-cell protective and insulin secretory activity. It is also
reported for multiple pharmacological effects (Pontiki et al., 2014). We have recently reported
that CA has significant insulinotropic effects both in vitro and in vivo (Hafizur et al., 2015).
Considering CA as a very good antioxidant, we evaluated its activity against oxidative stress
mediated β-cell apoptosis in vitro. The results showed that CA significantly enhanced insulin
secretion along with decrease in insulin staining of the MIN6 cells (Fig. 42). Moreover,
oxidative stress mediated β-cell apoptosis was significantly decreased following CA pretreatments. To further investigate cellular mechanisms involved in the actions of β-cell
protection, actin-MT-DAPI triple staining was performed which showed preserved
architecture of cells. CA significantly normalized the MMP (Fig. 41) and decreased MIN6
cells from H2O2-induced apoptosis (Fig. 40). Moreover, nuclear condensation data suggested
that CA decreases features of β-cell apoptosis at cellular level (Fig. 40).
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TM, also showed significant insulin secretory potential. To study its mechanism of
insulin secretion, optimized concentration already established in our lab on isolated islets were
utilized and pharmacological inhibition of different insulin secretion targets were studied
(Hameed et al., 2015). TM was found as potential molecule having glucose-induced insulin
secretion. The glucose-dependent insulinotropic behaviour of TM outlines the prodigious
biological role distinct from sulphonylurea. Furthermore, our data reveals that TM triggers
insulin secretion independent of the direct influence of K-ATP coupled with glucose. We
found that insulin secretory effect of TM was inhibited via calcium channel blocker verapamil
and PKA inhibitor, suggesting that TM induces insulin secretion through its effects on calcium
channels and PKA pathways (Figs. 46-48). In conclusion, TM exerts glucose-dependent
insulinotropic effect through cAMP-PKA pathway that works in synchronized fashion with
Ca2+ coupled with glucose for insulin exocytosis.
After evaluation of the compounds in vitro we further evaluated in vivo activity of CA.
To validate our in vitro data we established in vivo model of β-cell apoptosis by optimizing
dose and time for induction of β-cell apoptosis in Wistar rats. We found that STZ treatments
after 4 hours was able to increase TUNEL positivity in β-cells of islets of Langerhans (Figs.
51, 52). After validation of apoptosis model, we evaluated NA for its protective activity
against STZ-induced β-cell apoptosis. We found NA significantly decreased apoptosis in the
rat pancreatic sections (Fig. 55). Moreover, pre-treatment of CA also decreased β-cell
apoptosis which was evident from insulin-TUNEL co-staining of pancreatic sections (Fig.
58).
STZ selectively destroys β-cells of islets of Langerhans, which makes it one of the
most commonly used diabetes inducing agents. It enters β-cells via glutathione 2 glucose
transporter and leads to the formation of modified DNA bases which are removed by
alkylpurin-DNA-N-glycosylase and resulting in apurininc and apyrimidinic sites. These sites
are cut by apurinic and apyrimidinic endonuclease and DNA is broken at those sites
(Oktayouglu et al., 2011). These DNA strand breaks were found in rat pancreatic sections
through TUNEL staining confirming these reported findings (Fig. 52). NA is one of the known
agents that limits severity of STZ induced β-cell damage. As DNA is repaired by Poly ADP
ribosyl Polymerase which utilizes NAD+ as a co-factor. STZ results in depletion of NAD+
leading to decrease in activity of Poly ADP ribosyl Polymerase resulting in β-cell apoptosis.
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NA is major and quick source of NAD+. Pretreatment of NA along with STZ limits the severity
of β-cell destruction caused by the STZ. Here, we also found that NA pre-treatment
significantly protected β-cells from apoptosis (Fig. 54). Though NA protected β-cell
apoptosis. However, increase in glucose levels in NA pre-treated rats was not much significant
in contrast to β-cell protection which may be explained as NA has no effect on insulin
secretion (Figs. 55-56).
CA pre-treatment also decreased significantly STZ-induced apoptosis (Fig. 58). The
reported data along with the in vitro data suggests that CA atleast in part exerts β-cell
protective activity due to its antioxidant effect (Pontiki E et al., 2014). It is reported that STZ
increases oxidative stress in β-cells. ROS sensitive mitochondrial aconitase activity is
markedly effected by the STZ in some cell lines so we investigated the β-cell protective
activity of CA in vitro using MIN6 cell lines which showed a significant restoration of β-cell
viability effected by H2O2. CA significantly decreased β-cell apoptosis which was evident
from histological and immunohistochemical staining (Fig. 57). It is also reported that CA
increases insulin secretion in vitro and improves glucose intolerance in vitro (Hafizur et al.,
2015). So, decrease in the serum glucose of the experimental rats pre-treated with CA-200
mg/kg may be because of strong insulinotropic effect of CA. Serum insulin levels were also
elevated that shows insulin secretory activity of CA even after the injection of STZ (Fig. 70).
Further the effect of combination of CA and NA was also studied. We found that the
effect of CA was better on insulin secretion whereas the effect of NA was much better in case
of β-cell protection. After pre-treatments in wistar rats we found significant reduction in blood
glucose levels of NA-CA pre-treated rats. Furthermore, detailed histological and molecular
mechanisms in vivo showed reduction in the apoptotic morphology (Fig. 61). Immunostaining
data revealed that insulin staining was more preserved and there was nearly undetectable
levels of chromatin condensation as in case of STZ treated rats. Futhermore, cleaved caspase
3 was not detectable in case of NA-CA pre-treatments in comparison to control (Fig. 63).
Moreover, as NA-CA pre-treatment both increased insulin secretion and decreases β-cell
apoptosis we therefore targeted ERK½ phosphorylation levels in the β-cells in vivo in rat
pancreatic sections as its activation is reported to be involved in both insulin secretion and βcell protection. We found significant increase in the phosphorylation of ERK ½ following
NA-CA treatments in rat pancreatic islet sections (Fig. 64). Moreover, the insulin-ERK½ co111

staining further revealed that the phosphorylated ERK ½ was selectively present only in βcells (Fig. 64). We can conclude that NA-CA increases insulin secretion and decreases β-cell
apoptosis via ERK½ signaling pathway. It has been reported that some flavonoids showing
dual activity of insulin secretion and β-cell protection have been known to act through the
ERK½ signaling (Youl et al., 2010; Wijesekara et al., 2010) and our results are in accordance
with these findings.
We also found that NA-CA pre-treated MIN6 cells downregulated the genes
responsible for apoptosis (Fig. 65). STZ acts through the NO mediated apoptosis which
involves mitochondrial as well as direct DNA damage pathway for the induction of apoptosis.
NA reduces the damage by providing the substrates necessary for the DNA repair i.e. NAD +
in the same way as CA reduces oxidative stress it decreases the oxidative stress mediated
apoptotic cascade decreasing β-cell apoptosis. Moreover, reduction in caspase 3 and caspase
9 genes further potentiates the anti-apoptotic action. CA is reported as a potent insulin
secretagogue, the current study suggests that its insulin secretory potential is even significant
at the levels of oxidative stress. Further in depth study(ies) is (are) required to further
strengthen our findings.
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5. CONCLUSION


In the present study 34 pure compounds were studied/ analyzed for β-cell protective and
insulin releasing activity.



Three new compounds orobol, tambulin and hispidulin significantly enhanced insulin
secretion. Amongst them detailed mechanisms of TM on islets was studied.



7 compounds having potent β-cell protective activity and 6 with potent insulin secretory
activity were identified. Amongst them 3 compounds, GS, QCT and CA having dual
activities, were further studied in detail to explore their mechanisms.



GS, QCT and CA have profound effect on insulin secretion, restoration of mitochondrial
membrane potential, decrease in nuclear condensation, modulation of pro- and antiapoptotic genes and proteins.



We found that Insulin secretory effect of TM is mediated through PKA- and Ca+2
channels-mediated signaling pathway(s).



In in vivo study carried out on Wistar rats, we found that CA was able to release insulin
even in case of stress mediated by STZ and protect β-cells against apoptosis. NA-CA
combination reduced β-cell apoptosis along with decrease in serum glucose levels of
NA-CA treated rats. The molecular mechanisms involved are downregulation of
apoptotic gene caspase 3, caspase 9, and decreased expression of cleaved caspase 3 and
activation of ERK½ pathway.



From this study some new insulin secretagogues orobol, tambulin and hispidulin were
identified. Moreover, dual activity was found in some compounds. CA was able to
increase insulin secretion and protect β-cells both in vitro and in vivo. The CA-NA
combination further improved the overall anti-diabetic effect. So, CA may be a strong
candidate to be studied in detail for its antidiabetic activity.
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7. GLOSSARY
β-Cells: Type of Cells in pancreas intend to produce insulin in response to high blood glucose.
Blood glucose: The main sugar found in the blood and the body's main source of energy. Also
called blood sugar
Depolarization: In electrophysiology, the reversal of the resting potential in excitable cell
membranes when stimulated, i.e., the tendency of the cell membrane potential to become
positive with respect to the potential outside the cell.
Diabetes: It is a group of metabolic diseases in which a person has high blood glucose.
DPP-IV inhibitors: Dipeptidyl peptidase IV inhibitors, these are the agents or drugs which
act to elevate of glucagon like peptide-1 in blood.
Fasting blood glucose test: A check of a person's blood glucose level after the person has not
eaten for 8 to 12 hours (usually overnight). This test is used to diagnose pre-diabetes and
diabetes.
Glucagon: A polypeptide hormone secreted by the α-cells of the islets of Langerhans of the
pancreas in response to hypoglycemia and increases the concentration of glucose in the blood.
Glucose: A simple sugar found in the blood that is the body's main source of energy.
Glucose-dependent insulin secretion (GSIS): Insulin is secreted by the -cell in response to
many different stimuli, including glucose. The magnitude of the insulin response is therefore
dependent on the circulating level of glucose (i.e., insulin secretion is greater with high blood
glucose levels, and reduced with the low blood glucose levels).
Glucagon-like peptide-1 (GLP-1): A human incretin hormone that, in response to food
intake, exerts multiple effects to mediate the body’s ability to self-regulate blood glucose. The
effects include enhancing glucose-dependent insulin secretion, suppressing glucagon
secretion, reducing food intake, regulating gastric emptying and stimulating -cell
proliferation and neogenesis (animal models).
Hyperglycemia: The condition of having blood glucose levels higher than normal.
Hypoglycemia: A condition that occurs when one's blood glucose is lower than normal.
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Insulin: A polypeptide hormone secreted by the β-cells of the pancreatic islets in response
to elevated levels of blood glucose.
Islets: Groups of cells located in the pancreas that make hormones that help the body in the
break down and use of food. For example, -cells make glucagon and -cells make insulin.
Also called islets of langerhans.
Oral glucose tolerance test (OGTT): A test to diagnose pre-diabetes and diabetes. After an
overnight fast, a blood sample is taken, and then the patient drinks a high-glucose beverage.
Blood samples are taken at intervals for 2 to 3 hours. Test results are compared with a standard
and show how the body uses glucose over time.
Pancreas: An organ that makes insulin and enzymes for digestion.
Proinsulin: The substance made first in the pancreas and then processed in insulin in the vesicle
of golgi apparatus
Sulfonylurea: An oral medication that stimulates the beta cells of the pancreas to release more
insulin in a non-glucose dependent manner.
Tolbutamide: An oral drug used to treat type 2 diabetes. It lowers blood glucose by helping
the pancreas to secrete more insulin by blocking K-ATP channels and thus help to lower the
blood glucose.
Type 1 diabetes: A condition characterized by high blood glucose levels caused by a total lack
of insulin due to almost complete -cell distruction. Occurs when the body's immune system
attacks the insulin-producing -cells in the pancreas and destroys them.
Type 2 diabetes: A condition characterized by high blood glucose levels caused by either a lack
of insulin or the body's inability to use insulin efficiently.
Streptozotocin (STZ): It is a naturally occurring chemical that is particularly toxic to the
insulin producing β-cells of the pancreas. It is used in medicine for treating certain cancers of
the islets of langerhans and used in biomedical research to produce an animal model for
diabetes.
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