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Abstract 

Institution: University of Manchester 

Name: Osama S. Basalem 

Degree title: Master of Philosophy 

Date: 2016 

Thesis title: Congenital Hyperinsulinism; Effects of Rapamycin on Min6 Pancreatic 

β-Cell Line. 

 

Introduction: Congenital Hyperinsulinism (CHI) is a rare neonatal syndrome 

associated with continuous inappropriate insulin secretion by the pancreatic β-cell in 

the presence of recurring hypoglycemia. Newborn babies with CHI present with 

hypoglycemia and often do not respond to medical therapy. Although rapamycin has 

been used to successfully treat a small number of CHI patients, the mechanism of 

action to reduce insulin secretion is still unclear. The aim of this study was to assess 

the effects of rapamycin on cell proliferation, apoptosis, insulin secretion and changes 

in intracellular Ca2+ concentration ([Ca2+]i)in Min6 mouse insulinoma β-cell line, an 

in vitro model system that reflects many properties of normal human β-cells. 

Methods: Cells were first checked for genetic expression of signaling components 

required for rapamycin action using RT-PCR. Cell proliferation rate and viability 

were evaluated by treating the cells with ascending concentrations of rapamycin (0- 

300 nM) followed by manual cells count using trypan blue dye exclusion during the 4 

days of treatment. Cells were checked for apoptotic events via measuring Caspase 3/7 

activity following 3 days of treatment with 200 nM rapamycin. Insulin secretion was 

assessed using ELISA following stimulation with glucose (20 mM), ATP (100 µM), 

UTP (100 µM), ACh (100 µM) and diazoxide (200 µM) in the presence or absence of 

short- or longer-term exposure to rapamycin (200 nM). Finally, the effect of 

rapamycin on [Ca2+]i was assessed using FlexStation3 after cells were stimulated with 

ATP+UTP (100 µM each) , ACh (100 µM) and KCl (40 mM) (with and without 

rapamycin) . 

Results: Rapamycin reduced cell proliferation at every concentration used with 

significant reduction of cell numbers following 4 days of treatment. Treating the cells 

with rapamycin (200 nM) for 3 days had no detectable caspase activity in Min6 cells. 

High glucose concentration, ATP, UTP and ACh all elicited robust increases in 

insulin secretion from Min6 cells. Rapamycin significantly inhibited glucose- and 
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ATP/UTP/ACh-stimulated insulin secretion back to basal levels. Pre-incubation of 

Min6 cells in rapamycin prior to insulin secretion experiments resulted in reduced 

insulin secretion. However, rapamycin did not prevent increases in [Ca2+ ]i levels 

following stimulation with ATP+UTP and ACh. 

Conclusion: Rapamycin did not influence changes in intracellular [Ca2+]i brought 

about by different stimulators of insulin release.  This could mean that rapamycin 

might be involved in the inhibition of later events in insulin signaling such as 

recruitment of insulin granules from the reserve pool (Ca2+-dependent), granule 

movement or docking with the cell membrane. Therefore, further investigations are 

required to elucidate the mechanism of how rapamycin inhibit insulin secretion. 
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1.1 General introduction 

Congenital Hyperinsulinism (CHI) is a rare neonatal syndrome associated with 

inappropriate secretion of insulin by the pancreatic β-cells leading to severe 

hypoglycaemia and increased pancreatic proliferation rate (Glaser 2000; Dunne et al. 

2004; Salisbury et al. 2015). Worldwide, the estimated incidence of CHI is 1:50,000 

live births; however, the number can increase in areas where there is genetic 

consanguinity up to 1:2500 live births (Bellanné-Chantelot et al. 2010; Arnoux et al. 

2011). 

The most common features of CHI are hyperinsulinaemia and hypoketonaemia, 

hypofattyacidaemia and hypoglycaemia (Hussain 2007). Due to the 

hyperinsulinaemic status, the process of gluconeogenesis is reduced and glucose 

uptake is increased. Therefore, achieving euglycemia is crucial to prevent mental 

retardation and irreversible brain damage (Menni et al. 2001; De León and Stanley 

2007). 

There are at least 8 mutations reported in CHI patients. Mutations of KATP channel 

subunits sulphonylurea receptor 1 (SUR1) and Kir6.2 genes (ABCC8 and KCNJ11), 

lead to defective KATP channel (channelopathy), which are more frequently seen in 

CHI patients (up to 45% of CHI cases) (Dunne et al., 2004; James et al., 2009). 

Mutations in the next group of genes lead to metabolopathy in CHI patients and 

account for less than 10% of CHI cases. Those genes are: HADH (encodes 3-

hydroxyacyl-coenzyme A dehydrogenase), GLUD1 (encodes glutamate 

dehydrogenase), GCK (encodes glucokinase), HNF4A (encodes hepatocyte nuclear 

factor 4 α), SLC16A1 (encodes monocarboxylate transporter 1) and UCP2 (encodes 

mitochondrial uncoupling protein 2) (Dunne et al., 2004; González-Barroso et al., 

2008; James et al., 2009). 

 

1.2 CHI can be histologically classified into at least two types 

CHI is classified into two forms: Diffuse Hyperinsulinism (Di-CHI) and Focal 

Hyperinsulinism (Fo-CHI). In the diffuse form, the entire pancreas is affected, 

whereas in the focal form, the disease is limited to a small area of the pancreas 

(usually 2.5 mm to 7.5 mm in diameter) (Arnoux et al., 2011). Therefore, the focal 

form may be treated surgically by removing affected areas. Furthermore, different 

studies reported that around 50% of CHI cases are those with focal form (de Lonlay-

Debeney et al., 1999; Glaser, 2000; Dunne et al., 2004; De León and Stanley, 2007). 
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Fo-CHI arises from a combination of paternally inherited mutations of KATP channel 

genes  (ABCC8 or KCNJ11) along with somatic maternal haploinsufficiency (De 

Lonlay et al., 1997; Arnoux et al., 2011), whereas Di-CHI is predominantly due to 

autosomal recessive inheritance of KATP channel gene mutations (ABCC8 or KCNJ11) 

(Dunne et al., 2004; Arnoux et al., 2011).  

1.3 Pathophysiology of CHI and Glucose Stimulated Insulin Secretion (GSIS) 

β-cells respond to increase in blood sugar by secreting insulin by a mechanism known 

as Glucose Stimulated Insulin Secretion (GSIS). Glucose enters the β-cells via 

glucose transporter-2 (glut-2) and is metabolized by glucokinase (hexokinase IV) first 

to form glucose-6-phosphate, which enters a series of reactions (glycolysis, citric acid 

cycle and electron transport chain) (Lenzen, 2014). Sugars, as well as other nutrients 

such as fatty acids catabolism, lead to an increase of intracellular concentrations of 

ATP relative to ADP. The difference in ATP/ADP ratio within the β-cell causes the 

ATP-sensitive potassium channels (KATP) to close. This closure causes buildup of 

positively charged K+ ions within the β-cell and the membrane potential becomes 

more positive, initiating cell membrane depolarization. The depolarization then leads 

to the opening of the voltage-sensitive calcium channels causing Ca2+ influx. As Ca2+ 

enters the cell, it triggers the release of insulin molecules by exocytosis (Dunne et al., 

2004). Figure 1.1 summarizes the process of GSIS in β-cells. 

 

The KATP channel is a functional octamer of 4 selective pore-forming subunits Kir6.2 

(creating the central pore) linked to 4 outer SUR1 regulatory subunits (Enkvetchakul 

and Nichols, 2003). SUR1 is an ATP binding cassette protein and receptor for 

sulfonylureas, whereas Kir6.2 is an inward rectifier K+ channel  (Dunne et al., 2004; 

Vedovato et al., 2015). The activity of KATP channel can be modulated via the Kir6.2 

and SUR1 subunits (Vedovato et al., 2015). Interaction with Kir6.2 subunits with 

phosphoinositide lipids can activate the KATP channel, while ATP inhibits the channel 

activity. On the other hand, K+ channel opener drugs (like diazoxide) and MgATP act 

on SUR1 subunits to activate the KATP channel, while sulfonylureas inhibit the 

channel activity (Enkvetchakul and Nichols, 2003; Dunne et al., 2004; Vedovato et 

al., 2015). 	
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As mentioned above, the most common mutations that cause CHI are those affecting 

the KATP channel functional subunits SUR1 or Kir6.2, which are encoded by ABCC8 

and KCNJ11 genes respectively (Nestorowicz et al., 1996; Thomas et al., 1996; 

Glaser, 2000; De León and Stanley, 2007; Hussain, 2007). Understanding the KATP 

channel role in the mechanism of GSIS and finding a mechanism to interfere with the 

inappropriate insulin release could help researchers design new treatments for CHI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to GSIS, insulin release can be stimulated via several receptors on the β-

cell membrane. One of those receptors is the muscarinic acetylcholine receptor 

(M3R), which is a member of the G protein family (Bordin et al., 1995; Boschero et 

al., 1995). Once the neurotransmitter agent acetylcholine (ACh) binds to the receptor, 

it causes the activation of the M3R. The principal behind the induced insulin release is 

as follows:  

REVIEW

60  NATURE CLINICAL PRACTICE  ENDOCRINOLOGY & METABOLISM    DE LEÓN AND STANLEY   JANUARY 2007  VOL 3  NO 1

www.nature.com/clinicalpractice/endmet

CDKN1C (cyclin-dependent kinase inhibitor 1 C; 
formerly p57KIP2), and the gene encoding 
insulin-like growth factor 2 (IGF2). H19 (which 
encodes untranslated messenger RNA) and 
CDKN1C, expressed on the maternal allele, 
are antiproliferative, tumor-suppressor genes, 
whereas IGF2 is expressed on the paternal allele 
and is a growth-promoting gene.

H19 and CDKN1C expression is significantly 
reduced in focal lesions.18 Although expres-
sion of IGF2 in these lesions is not consistently 
increased, the imbalance between IGF2 and 
H19 expression is thought to have an impor-
tant role in the islet adenomatosis.19 The 
somatic event of loss of heterozygosity prob-
ably occurs during embryonic life and does not 
repeat, since the presentation is at birth and no 
recurrent cases after removal of the lesion have 
been reported. Notably, loss of heterozygosity 
of the same 11p15 region has been found in 
some insulinomas.18

In DiCHI, β-cells throughout the pancreas are 
functionally abnormal and have characteristic 
enlarged nuclei in about 2–5% of cells (Figure 2A). 
FoCHI lesions are usually less than 10 mm in 
diameter and are characterized by the presence of 
a confluent proliferation of endocrine cells (adeno-
matous hyperplasia). Some of the β-cells within 
the focal lesion contain enlarged nuclei, but the 
absence of abnormal or enlarged islet cell nuclei 
in nonadjacent pancreas to the focal lesions is 
key to the classification as focal rather than 
diffuse hyperinsulinism.

In contrast to true adenomas, the focal adeno-
matous hyperplasia includes exocrine acinar cells 
intermixed within the lesion (Figure 2B). The 
morphology of islets away from the focal lesion 
is normal.20 It has been suggested that islets adja-
cent to the lesions exhibit a resting appearance.18 
In the past, the term nesidio blastosis, which 
describes the persistence of diffuse prolifera tion 
of islet cells budding from pancreatic ducts, was 
believed to be of pathologic significance in chil-
dren with CHI.21 Although the term continues 
to appear in the literature,21 it has been recog-
nized that nesidio blastosis is a normal feature 
of the pancreas in early infancy22 and should 
not be used to refer to lesions associated 
with hyperinsulinism.

Glutamate dehydrogenase hyperinsulinism
Pathophysiology and genetics
The second-most-common form of CHI, GDH-
HI, also known as the hyperinsulinism and hyper-
ammonemia syndrome (reviewed by Stanley23), 
is caused by gain-of-function mutations of 
a mitochondrial enzyme, GDH.8 This enzyme 
is a key regulator of amino acid and ammonia 
meta bolism in pancreatic β-cells, liver, and brain. 
GDH is normally activated by leucine and ADP, 
with GTP and ATP acting as allosteric inhibitors. 
In pancreatic β-cells, leucine stimulates insulin 
secretion by allosterically activating GDH to 
increase oxidation of glutamate to α-ketoglutarate, 
thereby raising the ATP:ADP ratio and triggering 
insulin release in a KATP-channel-dependent 
way (Figure 3).

In GDH-HI, missense mutations of GDH 
reduce the sensitivity of the enzyme to allo-
steric inhibition by GTP. The loss of inhibitory 
control of GDH in pancreatic β-cells results 
in excessive flux through GDH and excessive 
insulin release. Isolated islets from transgenic 
mice expressing a mutated human GDH exhibit 
normal glucose-stimulated insulin secretion 
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Figure 1 Glucose-stimulated insulin secretion in pancreatic β-cells. In the 
unstimulated state, the β-cell ATP-sensitive potassium channels are open, 
keeping a resting membrane potential of approximately –65 mV. (A) Following 
the uptake of glucose and its metabolism by glucokinase, (B) an increase in 
the intracellular ATP:ADP ratio results in closure of ATP-sensitive potassium 
channels, (C) depolarization of the cell membrane and subsequent opening of 
voltage-dependent Ca2+ channels. (D) The resulting increase in cytosolic Ca2+ 
concentration triggers insulin release.
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Figure 1.1: Mechanism of Glucose Stimulated Insulin Secretion (GSIS) in 

β-cells. Glucose is transported into the β-cell via glucose transporter-2. Then, 

metabolism is initiated by glucokinase. B. As the glucose is metabolized, the 

ratio of ATP:ADP is increased, causing the closure of KATP channel. C. The 

previous event causes the β-cell membrane to be depolarized. This results in 

opening of the voltage dependent Ca2+ channel. D. Ca2+ influx results in insulin 

secretion via exocytosis (De León and Stanley, 2007). 
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Upon activation of the M3R, hydrolysis of the membrane phospholipid via 

phospholipase (PLC) beta causes the production of Diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3) (Bordin et al. 1995). DAG is involved in the 

activation of several forms of protein kinase C (PKC), while IP3 is involved in 

intracellular Ca2+ release from intracellular stores. The combined effect of IP3 binding 

to its specific receptor, and PKC activation results in more Ca2+ being released, hence 

insulin release is maximized (Bordin et al. 1995; Boschero et al. 1995). 

Extracellular ATP release by the pancreatic acinar cells, exocrine pancreas, or from 

the nerve endings supplying the pancreas (Burnstock and Novak, 2013) has a 

stimulating effect on insulin secretion from mouse islets (Petit et al., 1989). The β-cell 

has two types of purinergic receptors, P2X and P2Y (Khan et al., 2014), through 

which extracellular ATP and UTP can bind and modulate insulin release. P2X is an 

extracellular ATP-gated cation channel while P2Y is an ATP-sensing G-protein 

coupled receptor (Schwiebert and Zsembery 2003; Schwiebert et al. 2005; Richards-

Williams et al. 2008; Khan et al. 2014). P2X receptors are Ca2+ permeable and can be 

modulated by extracellular Ca2+ leading to Ca2+ influx, while P2Y receptors increase 

free Ca2+ concentration from internal stores via phospholipases (mainly 

phospholipases Cβ) (Schwiebert and Zsembery, 2003). ATP can recognize and bind 

strongly to P2X and activate the receptor, while UTP binds with low affinity to the 

P2X receptor (Hattori and Gouaux, 2012). On the other hand, ATP and UTP equally 

activate P2Y(Burnstock, 1997).  

 

There are different subtypes of both receptors, which raises several arguments 

regarding which subtypes are involved in insulin secretion in vivo (Wuttke et al., 

2013; Khan et al., 2014). However, more studies are revealing that the binding of the 

exogenous ATP to the specific receptor P2Y1 will stimulate insulin secretion (Poulsen 

et al., 1999; Wuttke et al., 2013; Khan et al., 2014). 

 

Khan et al. (2014) demonstrated that extracellular ATP sends positive autocrine 

signals to the β-cells to stimulate insulin release via activating P2Y1 receptor. The 

group investigated whether ADP would have the same effect as ATP on P2Y 

receptors, and found that ADP and the P2Y receptor agonist MRS-2365 showed the 

same effect as ATP. The activation of the receptor has a pivotal part in the regulation 
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of electrical activity of Ca2+
 and insulin secretion in human β-cells, which eventually 

will augment the release of insulin (Khan et al. 2014). 

 

1.4 Management and treatment of CHI 

Persistent hypoglycemia in CHI is the most challenging task to manage, with a 

general treatment aim of keeping the blood glucose level above the lower limit of 3.5 

mmol/L (Güemes et al. 2015). Glucose infusion as well as continuous feeding is 

important to achieve euglycemia. Glucagon may be used if the blood glucose level is 

severely low in an attempt to stimulate gluconeogenesis and glycogenolysis. Two 

drugs are currently used in treatment of CHI: diazoxide and octreotide (Dunne et al., 

2004). Diazoxide has a direct effect on the KATP channels of the β-cell. The drug 

action is to open the KATP channels in order to cause membrane hyperpolarization, 

which ultimately reduce the activity of voltage-dependent Ca2+ channel (Dunne et al., 

2004). 

 

However, not all CHI cases respond effectively to diazoxide, as it requires that a 

functional subunit should be present on the surface of the β-cell (De León and Stanley 

2007). Furthermore, because the drug is antidiuretic in nature, most patients have 

sodium and fluid retention as a side effect of the drug (Arnoux et al., 2011).  

Therefore, a diuretic drug, such as chlorothiazide, is often used in combination with 

diazoxide (Dunne et al., 2004). 

Octreotide binds with high affinity to somatostatin receptor 2 and 5, moderate affinity 

to somatostatin receptor 3 and little or no affinity for somatostatin receptor 1 (Doyle 

and Egan, 2003). Although β-cells express somatostatin receptor 1 and 5, other tissues 

express the same receptors as well as other types of somatostatin receptors such as the 

brain and the gastrointestinal tract (somatostatin receptor 1-5), the adrenal gland 

(somatostatin receptor 2), the liver (somatostatin receptor 3) and the heart 

(somatostatin receptor 4) (Bronstein-Sitton, 2006). Therefore, octreotide will not only 

supress insulin secretion, but also other hormones from the mentioned organs (Doyle 

and Egan, 2003). 

Nevertheless, diarrhoea, abdominal discomfort and cholelithiasis have been reported 

as a side effect of octreotide (Dunne et al., 2004). 
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1.4.1 Surgery 

When the patient is non-responsive to treatments, surgical intervention is necessary to 

restore euglycaemic status. The focal form can be defined as local hyperplasia of 

endocrine cells (including β-cells) (Senniappan et al., 2013). On the other hand, 

hyperactivity as well as hypertrophy and hyperplasia of β-cells has been observed in 

the diffuse form of CHI (Sempoux et al. 2004; Senniappan, et al. 2013; 2016). The 

two forms can be distinguished from each other preoperatively by imaging techniques 

such as Fluorine-18-L-dihydroxyphenylalanine positron emission tomography (18F-

DOPA PET/CT) and pancreas histology (Dunne et al. 2004; Chandran et al. 2013; 

Yen et al. 2016). After classifying the type of hyperinsulinemia the surgery team can 

perform the surgery accordingly.  

 

In addition, the histology of different parts of the pancreas (head, the isthmus, the 

body and the tail) would support the PET result and guide the surgeon to localize the 

focal form and excise it. In contrast, patients with diffuse form who do not respond to 

medical therapy will need to undergo near total pancreatectomy (Yen et al. 2016; 

Senniappan, et al. 2013). 

 

1.4.2 Rapamycin as a new treatment for CHI 

Rapamycin is an immunosuppressive drug that is used following transplant of organs 

and islets of Langerhans to treat type-1 diabetes (Bruni et al. 2014). The drug is also 

known to have an antiproliferative effect on β-cells, as well as other cell types (Zahr 

et al. 2008).  

 

Rapamycin has a direct target denoted as the mammalian target of rapamycin 

(mTOR). Recently rapamycin has been used to treat a small number of patients with 

severe diffuse CHI, thus avoiding surgery (Shah et al. 2015;  Senniappan et al. 2016). 

Shah et al. (2015) showed a complicated case of CHI patient who was not responding 

to diazoxide and treated with rapamycin. Rapamycin treatment helped improve 

glucose homeostasis to the point where glucose and glucagon infusion was no longer 

required. The reduction in β-cell proliferation and insulin secretion by rapamycin was 

sufficient to maintain euglycaemia in the patient (Shah et al. 2015). However, the 

exact mechanism for reducing the insulin secretion is not fully understood. 
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Treatment with rapamycin exposes newborns to unpleasant side effects such as 

stomatitis, increased risk of infection, immunosuppression, renal malfunction, fatigue, 

mucositis and pneumonitis (Sankhala et al. 2009; Senniappan et al. 2014; 2016).  

Therefore it must be used with caution. 

1.5 mTOR complexes and subunits 

The mTOR pathway participates in pivotal cell mechanisms and processes such as 

cell growth, proliferation metabolism and survival (Watanabe et al., 2011). mTOR has 

two complexes: mammalian target of rapamycin complex1 (mTORC1) and 

mammalian target of rapamycin complex2 (mTORC2). Each complex has unique 

subunits, functions and effects on β-cell function (Watanabe et al., 2011). 

 

mTORC1 shares the following subunit composition with mTORC2: mTOR, 

mammalian lethal with SEC13 protein 8 (mLST8)  and domain–containing mTOR-

interacting protein (DEPTOR) (Barlow et al., 2013; Pópulo et al., 2012; Peterson et 

al., 2009; Hara et al., 2002). However, mTORC1 also has unique proteins such as 

regulatory associated protein of mTOR (RAPTOR), proline-rich Akt substrate of 40 

kDa PRAS40 and DEPTOR. RAPTOR functions as the scaffolding protein for 

mTORC1 substrates (Hara et al., 2002; Peterson et al., 2009; Pópulo et al., 2012; 

Barlow et al., 2013).  

mTORC2 also contains proteins which are not expressed in the mTORC1 complex 

such as rapamycin-insensitive companion of mTOR (RICTOR), in addition to mTOR, 

mLST8, Protor and DEPTOR (Hara et al., 2002; Peterson et al., 2009; Pópulo et al., 

2012; Barlow et al., 2013). Figure 1.2 shows the components of mTORC1 and 

mTORC2 (Pópulo et al. 2012). 

 

 

 

 Figure 1.2: shows the composition of mammalian target of 

rapamycin (mTOR) complexes. mTORC1 is composed of mLST8, 

mTOR, DEPTOR, RAPTOR and PRAS40. mTORC2 has mLST8, 

mTOR, mSin1, Protor, DEPTOR and RICTOR (Pópulo et al. 2012). 
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Interestingly, accumulating data suggests that mTORC1 is rapamycin sensitive, while 

mTORC2 is relatively rapamycin resistant.  However, mTORC2 can show rapamycin 

sensitivity if treatment is prolonged (Zeng et al. 2007; Barlow et al. 2012; 2013). 

Furthermore, multiple studies on different cell lines (including the mouse pancreatic 

β-cell line Min6) show that when mTORC2 is treated with rapamycin overnight, the 

cells lose the resistance to the drug and become susceptible to rapamycin treatment 

(Zeng et al. 2007; Barlow et al. 2012; 2013). 

 

1.6 Mechanism of action of rapamycin 

First, when rapamycin enters the cell, it binds to FKBP12 (FK506-binding protein of 

12 kDa), an intracellular immunophilin protein, to form a complex (Shimobayashi and 

Hall 2014). Then, this complex interacts with the rapamycin-binding domain (FRB) 

of mTOR and inhibits mTORC1 functions (Laplante and Sabatini 2009; 

Shimobayashi and Hall 2014). Since the mTOR pathway is involved in protein 

synthesis, glucose metabolism and many more essential cell functions which impact 

on cell survival, inhibition of mTOR leads to cell cycle arrest and reduced cell 

proliferation (Sehgal 2003; Pópulo et al. 2012; Shimobayashi and Hall 2014). 

 

1.6.1 Phosphoinositide 3’-kinase-Akt (PI3K/Akt/mTOR) signaling pathway 

mTOR is capable of functioning downstream of the PI3K/Akt signaling pathway. 

Generally, once the appropriate growth factor is bound to the extracellular domain of 

its corresponding receptor tyrosine kinase (such as insulin-like growth factor-1 

receptor) on β-cell, it induces receptor dimerization, auto-phosphorylation of the 

receptor and phosphorylation of intracellular substrates docking sites such as insulin-

like receptor substrates). These events trigger the activation of the serine/threonine 

kinase PI3K pathway (Rothenberg et al. 1995; Sekulić et al. 2000; Chitnis et al., 

2008; Hemmings and Restuccia 2012; Stewart et al. 2015). Upon activation, 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) is generated at the plasma 

membrane, at which the Akt interact with PIP3. This interaction partially activates 

Akt via the phosphorylation of the activation loop at Thr308 of Akt by 3-

phosphoinositide-dependent protein kinase 1 (PDK1) (Hemmings and Restuccia 

2012). The partially activated Akt can activate mTORC1 by the phosphorylation and 

inactivation of PRAS40 and tuberous sclerosis protein 2 (TSC2). Then protein 

synthesis and cell proliferation is up regulated due to the phosphorylation of 
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ribosomal machinery protein (S6K1). This event activates protein synthesis as the 

eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) and S6K1 are 

substrates of mTORC1 (Sekulić et al. 2000; Hemmings and Restuccia 2012).	

	

Fully activated Akt can be achieved via either mTOR or DNA-dependent protein 

kinase (DNA-PK), a member of PIK family (subfamily of PI3K) (Priestley et al. 

1998), by the phosphorylation of Akt at Ser473 in the C-terminal end motif 

(Hemmings and Restuccia 2012). The fully activated enzyme mediates many cell 

functions such as protein synthesis and proliferation, as it is integrated in many 

signaling pathways (Sekulić et al., 2000; Hemmings and Restuccia, 2012). 

Dephosphorylating Thr308 the activation loop, Ser473 and PIP3 via PP2A, 

PHLPP1/2 and PTEN respectively will inhibit the PI3K-Akt pathway (Sekulić et al., 

2000; Hemmings and Restuccia, 2012). Figure 1.3 summarizes the signaling pathway 

of PI3K/Akt/mTOR (Huang et al. 2014; Jóźwiak et al. 2014). 

One of the proteins downstream to the PI3K signaling pathway is p70S6K (Sekulić et 

Figure 1.3: PI3K/Akt/mTOR signaling pathway in β-cell. PI3K 

phosphorylates and activates PIP3, which then binds to PDK1 and Akt. PDK1 

and Akt are recruited at the cell membrane, where Akt phosphorylates and 

activates mTOR. mTORC1 activates 4EBP1 and S6K1, while mTORC2 

activates PKC. (Arrows in green, activates; black, binds to; red, inhibits 

(Huang et al. 2014; Jóźwiak et al. 2014). 
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al., 2000). This protein holds the “key” for progression of the cell cycle and most 

importantly protein synthesis (Jefferies et al. 1994; Sekulić et al. 2000). Upon 

treatment with rapamycin, p70S6K is dephosphorylated and inactivated. It is still 

uncertain how this is done (Graves et al., 1995; Beretta et al., 1996; Sekulić et al., 

2000; Peterson et al., 2009). 

In summary, treatment with rapamycin for 60 minutes is sufficient to reduce insulin 

secretion when the number of cells is similar (Fuhrer et al., 2001). Although some 

information is available on how rapamycin affects cell proliferation, it is unclear how 

these pathways interfere with insulin secretion, or indeed whether rapamycin exerts 

effects on insulin secretion via other pathways. Considering that rapamycin has been used 

successfully to treat CHI in a small number of patients already, it would be beneficial to 

understand its mechanism of action on β-cells more thoroughly, so that in future more 

specific drugs can be designed, with fewer side effects. 

1.7 Project aims 

The aim of the current study was to assess the effects of rapamycin in Min6 cells (a 

mouse insulinoma cell line capable of GSIS) on cell proliferation and insulin 

secretion stimulated via different pathways in order to further understand how 

rapamycin may be effective as a treatment for CHI.   

Specific objectives were as follows: 

[1] To construct growth curves for the effects of ascending concentrations of 

rapamycin on cell proliferation rate in Min6 cells utilizing manual cell counts. 

[2] To assess cell death in Min6 cells after treatment with rapamycin using 

trypan blue dye exclusion (for apoptosis and necrosis) and caspase activity (for 

apoptosis).  

[3] To assess insulin secretion from Min6 cells in response to glucose, ATP, 

ACh and UTP using ELISA. 

[4] To assess the effects of rapamycin on GSIS and insulin secretion 

stimulated by other mechanisms (ATP, ACh and UTP) in Min6 cells. 

[5] To assess changes in intracellular Ca2+ from Min6 in response to glucose, 

ATP + UTP, ACh and KCl with rapamycin treatment. 
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2.1 Cell culture 

Mouse insulinoma cell line (Min6) was used in this project (passage 18-33) (Miyazaki 

et al., 1990; Ishihara et al., 1993). To set up a flask of Min6 cells for experiments, a 

new vial of Min6 was taken from liquid N2 reservoir and thawed. Then, 6 ml of pre-

warmed culture medium was added to the defrosted cells. Next, the mixture was 

centrifuge at 47 g in BOECO U-32 centrifuge (Hamburg, Germany) for 5 minutes. 

Then, the pellet was resuspended in 2 ml of culture media and mixed thoroughly. The 

cell suspension was inoculated into sterile T25 flasks (Corning Incorporated, New 

York, USA) and diluted with medium. The culture medium was changed every 48 

hours.  

 

Min6 cells were maintained in Dulbecco’s modified Eagle medium (DMEM; 4500 

mg/L glucose, + L-glutamine, + pyruvate; Gibco, Paisley, UK) supplemented with 

15% heat-inactivated foetal bovine serum (FBS) (Gibco, Life Technology, Paisley, 

UK), penicillin/streptomycin (100 units/ml, 100 µg/ml), 100 µg/ml L-glutamine, and 

5 µl/L beta-mercaptoethanol in T25 cell culture flasks. Cells were incubated at 37°C 

in a humidified incubator supplemented with 5% CO2. The culture medium was 

changed every 48 hours. Cells were not allowed to reach more than 60-70% 

confluence and were subsequently passaged at appropriate ratios. On average the cells 

were passaged once or twice per week. Trypsin-EDTA (Sigma, Dorset, UK) was the 

method used in detaching cells from the flask. 

 

2.1.1 Passage of Min6 cells 

Cells were allowed to grow until 50-60% confluency was reached. Existing culture 

medium was removed. Each flask was washed twice with 6 ml of pre-warmed 

phosphate-buffered saline (PBS) (Sigma, Dorset, UK) followed by 1 ml of pre-

warmed trypsin and incubated for 3-5 minutes at 37°C in a humidified incubator 

supplemented with 5% CO2. After confirming cell detachment under the microscope, 

4 ml of fresh medium was added to inactivate the action of trypsin. The mixture was 

mixed well and centrifuged for 5 minutes at 47 g in BOECO U-32 centrifuge at room 

temperature. Next, the supernatant was carefully removed, without disturbing the 

pellet, and the pellet was resuspended in 2 ml of medium. The cell suspension was 

mixed thoroughly by pipetting the mixture up and down before transferring 1 ml of 
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cell suspension into a sterile T25 flask. The transferred amount was diluted with 

either 5 ml or 6 ml of culture medium. Flasks were incubated overnight at 37°C in a 

humidified incubator supplemented with 5% CO2 until cells reached 50-60% of 

confluency. The culture medium was changed every 48 hours. The ratio of 1:5 was 

routinely used throughout the project (1 ml of cell suspension + 4 ml of medium). 

However, 1:6 and 1:4 ratios were used as backup flasks to be either frozen or 

passaged for future experiments. With 1:5 ratio, cells were approximately splitted 

once a week to reach 50% confluency.  

 

2.1.2 Freezing cells for long-term storage 

Once the cells reached 50-60% confluency, they can be frozen for future work. Cells 

were treated as if they were to be split following the steps mentioned above. 

However, cells were resuspended in 200 µl medium, instead of 2 ml, to be transferred 

to a cryovial. Next, freezing mixture was prepared as: 450 µl medium+ 450 µl FBS + 

100 µl dimethyl sulfoxide (DMSO) (Sigma, Dorset, UK). Then, 800 µl of the freezing 

mixture was added to the vial containing the cell suspension. The vial was then placed 

in a freezing container (with a 1°C/min cooling rate) to be placed in -800 C freezer 

overnight. The cryovial was transferred the next day to liquid N2 container to be 

stored. 

 

2.1.3 Cell count using haemocytometer  

Once the pellet was resuspended in medium, 1:1 ratio of cells was mixed with trypan 

blue (Sigma, Dorset, UK). After mixing the trypan blue cell suspension thoroughly, 

10 µl of the suspension was transferred into a clean haemocytometer for counting. 

The haemocytometer consisted of 9 primary squares and each square was subdivided 

into 16 secondary 4x4 squares Fig. 2.1. In order to count the cells, cells in the outer 

squares (i.e. A, C, G and I) were counted. The average cell count was obtained and 

multiplied by the dilution factor and 104 to get the total number of cells per ml (WHO, 

1999). 

In summary: total number of cells counted in 4 squares ÷ 4 X dilution factor X 104. 
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Figure 2.1: haemocytometer gridlines. Every primary square consists of 16 

secondary 4x4 squares. Each primary square measures 1mm x 1mm (WHO, 1999).  

 

2.2 Effects of rapamycin on growth curve in Min6 cells 

Cells were trypsinized and counted as in Section 2.1.1 and 2.1.3 to be plated in a 24-

well plate at the density of 50,000 cells/well in 1 ml of medium. The culture medium 

was changed every 48 hours. The mTOR inhibitor, rapamycin (Stratech Scientific 

Ltd, UK), was used at the following concentrations: 300 nM, 200 nM, 100 nM, 10 nM 

and control. 

Three wells were counted daily and an average of these was taken for 4 consecutive 

days to produce a growth curve using Microsoft Excel.  

 

2.3 Assessment of cell proliferation in Min6 using 5-bromo-2-deoxyuridine 

(BrdU) 

BrdU is a proliferation assay that can be applied to evaluate whether the cells are 

actively dividing cells or not via the use of a specific labeling reagent. The BrdU 

labeling reagent (Life Technology, Paisley, UK) is a thymidine base analogue. The 

principle behind this technique can be summarized as follows.  

 

As the cells undergo cell division, they require nitrogen bases during DNA synthesis. 

Because the BrdU labeling reagent is a thymidine analogue, proliferating cells 

A C B 

D E F 

H G I 
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incorporate it into the genetic material. This incorporation of the thymidine analogue 

can be detected using several detection methods such as immunofluorescence, flow 

cytometery and cytochemical techniques. However, the detection method used in this 

project was a fluorescently labeled antibody. 

To set up the experiment, cells were trypsinized and counted as in Section 2.1.1 and 

2.1.3 to be plated as 50,000 cells/well in 1 ml of medium were allowed to adhere and 

grow on sterile glass coverslips placed in the bottom of a flat-bottom 24-well plate for 

overnight. The next day, cells were treated with rapamycin 300 nM, 200 nM, 100 nM, 

10 nM and DMSO control for 24 hours. Each condition was set in triplicates. 

Following treatment, cells were washed with pre-warmed PBS and then incubated 

with BrdU in culture medium for 2 hours according to manufacturer’s instructions. 

The BrdU was replaced with fresh culture media and cells were allowed to grow 

overnight. Cells were washed twice with PBS prior to fixing with 4% formalin 

(Sigma, St. Louis, MO, USA) in PBS for 20-30 minutes. After washing the cells with 

PBS, antigen retrieval was done by immersing the coverslips in citrate buffer (Sigma, 

Dorset, UK). Then, the buffer was heated using a microwave for 2 minutes on 

medium power. Coverslips were carefully picked up and transferred back to the 24-

well plate that contained fresh PBS to cool down the coverslips.  

 

Cells were permeabilized using 0.1% Triton X-100 (Sigma, Dorset, UK) in PBS for 

20-30 minutes. Then, the coverslips were covered with 10% normal goat serum 

(NGS) (Sigma, Dorset, UK) for 1 hour followed by applying Anti-BrdU antibody 

(Bio-Rad, UK), (1:200 in PBS containing 3% NGS) and incubated overnight. The 

following day, coverslips were washed with PBS and incubated with the secondary 

fluorescently labeled antibody (Abcam, Cambridge, UK) (same condition as the 

primary antibody) for 1 hour.  

 

Finally, coverslips were washed three times with 0.1% Tween-20 (Sigma, Dorset, 

UK) in PBS and mounted with ProLong DAPI (Life Technology, Paisley, UK) onto a 

frosted end microscopic slide. DAPI was used as both mounting media and nuclear 

stain. Slides were viewed at the Imaging Core Facility (University of Manchester, 

Faculty of Life Sciences) using Olympus BX51 upright fluorescent microscope 

connected to a CoolSnap camera (Photometrics, UK). Images were captured using 
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MetaVue Software (Molecular Devices, Berkshire, UK). Following image capture, 

images were viewed using ImageJ software. 

 

2.4 Effect of rapamycin on apoptosis 

Cells were checked for apoptotic events by assessing caspase 3/7 activity in cells 

incubated with 200 nM of rapamycin using Caspase-Glo 3/7 assay (Promega).  

To set up the experiment, cells were trypsinized and counted as in Section 2.1.1 and 

2.1.3 to be plated as 5000 cells/well in 100 µl of medium in a white-walled, clear 

bottom 96-well plate. Cells were allowed to grow overnight at 370C in a humidified 

incubator supplemented with 5% CO2. The conditions used in this assay were 

untreated vs. DMSO control vs. 200 nM rapamycin vs. 5 µM cisplatin (positive 

control).  

The Caspase-Glo 3/7 assay (Promega, UK) measured the luminescence of the caspase 

3/7 activity in cells. The assay was performed in a one-step fashion. The Caspase-Glo 

3/7 reagent in the kit consisted of a proluminescent substrate in a lysing solution 

containing luciferase. The reagent was added directly to wells in a 1:1 ratio to lyse the 

cells. Activated caspases in the lysed cells cleaved the substrate in the solution 

generating a luminescent signal. The luminescence signal was recorded using a 

Synergy HT plate reader and its Gen5 software (BioTek, Vermont, USA). The plate 

reader was set to luminescent mode and luminescence reading was measured without 

filtering the signal according manufacturer instructions.  

 

2.5 Effects of rapamycin treatment on changes in ATP level 

Intracellular ATP concentration was assessed using CellTiter-Glo assay from 

Promega. To set up the experiment, cells were trypsinized and counted as in Section 

2.1.1 and 2.1.3 to be plated as 50,000 cells/well in 100 µl of medium in white-walled, 

flat, clear bottom 96-well plate. Cells were allowed to grow overnight at 370C in a 

humidified incubator supplemented with 5% CO2. In this assay cells were treated 

with rapamycin for 1 or 2 hours to assess changes in ATP concentration. Following 

treatment with rapamycin CellTiter-Glo reagent was added directly to cells in a 1:1 

ratio according to manufacturer’s instructions. The reagent containing luciferase lysed 

the cells and ATP was released from the cell into the lysate. Luminescent signal was 

generated and signal was proportional to the amount of ATP in presence. A standard 
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curve was generated using ascending concentrations of ATP (0-10 µM). The 

luminescence signal was recorded using a Synergy HT plate reader and its Gen5 

software (BioTek, Vermont, USA). The plate reader was set to luminescent mode and 

luminescence reading was measured without filtering the signal according 

manufacturer instructions.  

	
2.6 RNA extraction and reverse transcription  

RNA was extracted and purified from Min6 cells once they reached 50-60% 

confluence on T25 flasks (passages 19 and 22) using Qiagen RNeasy Mini Kit and 

RNase-Free DNase set following the manufacturer’s instruction. According to the 

manufacturer’s data, the RNA was released from the RNeasy membrane using 

RNase-free water. The extracted RNA was quantified NanoDrop 2000 

Spectrophotometer (Thermo Scientific, UK). 

Next, the extracted RNA was then reverse transcribed (RT) into complementary DNA 

(cDNA) using nanoScript and nanoScript 2 Reverse Transcription kit by Primerdesign 

(Southampton, UK) following manufacturer’s instructions. A negative control sample 

was prepared using RNA with no NanoScript/NanoScript 2 enzyme added (RT 

negative control, -RT). The cDNA produced by RT was stored at -20°C prior to 

usage. 

 

2.6.1 Primer design 

All the cDNA sequences for the genes in this project were obtain from the National 

Centre for Biotechnology Information (NCBI) website (http://ncbi.nlm.nih.gov/gene). 

The primers in this project were selected using “pick primers” function on the 

mentioned website when gene of interest was selected. Primer specificity was 

checked using the Primer-BLAST function on NCBI website 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast). PCR primers for mouse cDNA 

sequences were ordered from Eurofins Genomics (Derby, UK). Primer sequences, 

annealing temperatures and expected product sizes used in this project are listed in 

Table 1. The annealing (melting) temperature for both primers were calculated using 

the formula:  

Tm= 4(G + C) + 2(A + T) °C.		
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2.6.2 Polymerase Chain Reaction and gel electrophoresis 

After acquiring the cDNA, two sets of samples were prepared, in addition to the 

mouse genetic DNA (gDNA) control: one set contained the cDNA samples, while the 

other set contained no polymerase (RT negative control). Each reaction contained a 

total volume of 25 µl as follow: 2.5 µl of 10x PCR buffer, 0.75 µl of MgCl2, 0.5 µl of 

dNTPs, 0.625 µl of forward primer and 0.625 µl of reverse primer, 0.2 µl Taq DNA 

polymerase, 2 µl of template and 17.8 µl of autoclave distilled water. Final 

concentrations of reagents were therefore: 1.5 mM MgCl2, 0.5mM forward primer, 

0.5 mM reverse primer and 0.2 mM dNTPs. 

The PCR conditions were as follows: 25-35 cycles of denaturation at 94°C for 45 

seconds, annealing for 30 seconds according to Table 1 and elongation at 72°C for 90 

seconds. An extra 10 minutes were added for extended elongation and finally 

termination at 4°C.  

Lastly, the amplicon was applied to 2% agarose gel by BioLine (Taunton, MA, USA) 

by adding 2 g of agarose powder to 100 ml of Tris acetate Ethylene Diamine Triacetic 

Acid (TAE) buffer. The content was mixed and heated for 5 minutes using a 

microwave oven. For visualization of PCR product, 12 µl of GelRed™ (Biotium, 

Hayward, CA, USA) was added to the gel before adding the gel into the gel tray. 

After the gel solidified, it was transferred to electrophoresis chamber and submerged 

with TAE buffer. 

 

A mixture of 5 µl of the amplified PCR product and 2 µl of loading dye were applied 

in each well, and run for 60-80 minutes at 110 V. The ladders used were 50 bp ladder 

(Invitrogen, UK) (for insulin and Pdx1) and Fast DNA ladder (New England Biolabs, 

Hertfordshire, UK) (for the mTOR components). 

 

Images were then visualized and captured via a camera in a Bio-Rad ChemiDoc MP 

System (Hertfordshire, UK). Captured images were exported using Image Lab 

Software (Hertfordshire, UK). Captured images showed the amplified PCR products 

as white bands on a black background. The band sizes were measured by comparing 

to the bands of the amplified PCR products to the bands of the ladder used. 
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          Table 2.1: Primers sequences, calculated Tm and expected product size.  

2.7 Immunofluorescence labelling of Min6 cells 

In addition to the PCR, immunofluorescence was performed to confirm that the Min6 

cell line had insulin protein expression. Cells were trypsinized and counted as in 

Section 2.1.1 and 2.1.3. A total of 50,000 cells/well in 1 ml of medium were allowed 

to adhere and grow on sterile glass coverslips placed in the bottom of a flat-bottom 

24-well plate.  Cells were fixed, permeabilized, stained, coverslipped as in Section 

2.3. The primary antibody (Life Technology, Paisley, UK) and secondary 

fluorescently labelled antibody (Life Technology, Paisley, UK) were applied as in 

Section 2.3. Negative control was included by adding the secondary antibody, but not 

the primary antibody. 

Primer name Sequence (`5-3`) Tm Product size 

Ms Insulin F  TCAAGCAGCACCTTTGTGGT 590C 127bp 

Ms Insulin R AGCTCCAGTTGTGCCACTTGT 

Ms PDX1 F CAGTGGGCAGGAGGTGCTTA 620C 157bp 

Ms PDX1 R AGTTCAACATCACTGCCAGCTC 

Ms mTOR F TGGGCCAACATGGCTAAGAG 620C 177 bp 

Ms mTOR R TCCCTCCCTCACTGAACACA 

Ms Deptor F GCACATTGATCCAAACGCCA 610C 162 bp 

Ms Deptor R CATGCGTTCCAGCTCTCTCT 

Ms Raptor F ACCATCCACTTGCCCAGATG 620C 350 bp 

Ms Raptor R GAGCAGGTCCTGTCGGAAAA 

Ms Rictor F CTCAGCAAGCTCCCACATCA 630C 288 bp 

Ms Rictor R AGGGACTGGGCTCTTCTAGG 

Ms mLST8 F GATTCCACGCTTCTTGCCAC 620C 410 bp 

Ms mLST8 R ACTGGCCTGACATGCTAACC 

Ms PRAS40 F GCGGGCAATTCGAAACAGTA 630C 357 bp 

Ms PRAS40 R GCGCTGCAGTCAGTAATACC 

Ms Protor F GCGAGCCATGGTTCACAGG 630C 352 bp 

Ms Protor R GATGAAGAGCTCCTGGTCGG 

Ms mSin1 F CGTCTTGCAGATCGGGGACT 630C 288 bp 

Ms mSin1 R TATGTAGCCCTGCGTCTCAC 
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Slides were viewed and images were taken at the Bioimaging Core Facility 

(University of Manchester, Faculty of Life Sciences) using a microscope attached to 

CoolSnap camera and MetaVue software for imaging. Finally, the images were 

examined using ImageJ software. 

 

2.8 Measurement of insulin secretion from Min6 cells 

To set up the experiment, a 50-60% confluent T25 flask of Min6 cell (passage 19-32) 

was trypsinized and counted as in Section 2.1.1 and 2.1.3 to seed 20,000 cells/well in 

1 ml of medium in a 24-well plate (each treatment was done in triplicate, with an 

additional three wells used for cell count to confirm the number of cells/well). The 

cells were incubated overnight to permit attachment to the wells.  The following day, 

cell culture medium was removed and replaced with 1 ml Krebs Ringer Phosphate 

HEPES Buffer (KRH) containing 2 mM glucose (the final concentrations of KRH 

buffer components were: 129 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4.7H2O, 1.3 

mM Na2HPO4.2H2O, 1.2 mM KH2PO4, 2.5 mM CaCl2.2H2O, 4.17 mM NaHCO3, 10 

mM HEPES and 0.1% bovine serum albumin (BSA), pH 7.5) for 1 hour. 

 

After the cells were incubated in KRH buffer containing the 2 mM glucose for 1 hour 

at 37oC in a humidified 5% CO2 in air incubator, to allow basal levels of insulin 

secretion to be established, the buffer was removed and discarded. Then, the required 

condition was added to each well and incubated for 30 minutes containing either 2 

mM glucose or 20 mM glucose. After 30 minutes supernatants were collected, 

centrifuged at 1700 g for 5 minutes using a benchtop Minispin Plus microcentrifuge 

(Eppendorf, Histon, UK), aliquoted and frozen at -200C until analysis.  

Insulin concentration was measured using ALPCO Mouse Insulin ELISA (ALPCO 

Diagnostics, Salem, NH, USA). Each set of experiment was repeated 3-4 times using 

different passage number with 3-4 biological replicates for each treatment. ELISA 

was carried out for each well in triplicates and average was taken for those technical 

replicates to represent one well.  

The conditions used in this project were designed to evaluate insulin secretion in 

response to glucose (Glucose-Stimulated Insulin Secretion (GSIS) mechanism), or 

alternative receptor-based initiation of insulin secretion, in the absence and presence 

of rapamycin (200 nM; Stratech Scientific Limited, Suffolk, UK).  
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Insulin secretion stimulators used were 100 µM each of adenosine triphosphate 

(ATP), uridine triphosphate (UTP) and Acetylcholine (ACh) all from (Sigma, Dorset, 

UK), in buffer containing 2 mM glucose.  

 

2.9 Measuring changes in [Ca2+]i in Min6 cell channels using FlexStation 3 

FlexStation 3 (Molecular Devices, Berkshire) was used to detect [Ca2+]i changes in 

Min6 cells when stimulated with different conditions. To set up the assay, 60-70% 

confluent T25 flask of Min6 cell line (passage 20, 25, 32) was trypsinized and plated 

into a 96-well black-wall, clear- bottom plate as in Sections 2.1.1 and 2.1.3 to plate 

50,000 cells/100µl/well.  

 

Cells were allow to grow overnight and the compound plate containing the required 

treatment conditions was prepared fresh on the day of the assay and pipetted into a v-

bottom 96-well plate. All the tested conditions were prepared 3 times (3x) the 

required concentration due to the difference in transferred volume by the machine 

used. For example, 40 mM KCl, used in high KCl condition, was prepared as 120 

mM, because the machine transferred 50 µl of 120 mM KCl to 100 µl loaded cells. 

The composition of the KRH used was similar to the one used in Section 2.7. 

Next, a fresh aliquot of Calcium 6 or Calcium 6-QF loading dye (Molecular Devices, 

Berkshire) was prepared according to manufacturer’s instructions. Then, 100 µl of 

loading dye was added to all the wells and incubated for 2 hours at 370C incubator. 

Finally, the compound and loaded cells were inserted into the FlexStation 3 machine 

(Molecular Devices, Berkshire) for assay using manufacturer’s Calcium 6 or Calcium 

6-QF protocol. Data were analyzed and exported using version 5.6 of Softmax Pro 

software (Molecular Devices, Berkshire, UK). The settings used in this experiments 

were according to manufacturer instructions. 

The peak values analysis of the data were produced by Softmax Pro software. 

 

2.10 Statistical analysis 

Data obtained were presented as mean ± standard error of the mean (SEM). Data were 

statistically analyzed using a free version of GraphPad Prism 6 software (California, 

USA). D'Agostino-Pearson normality test was applied to check if the data obtained 

were normally distributed. Comparisons were made using Two-way analysis of 
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Variance (ANOVA) followed by Dunnett’s post-hoc test for Section 2.2, Student’s t-

test for Section 2.4, one-way ANOVA followed by Tukey’s post-hoc test for Section 

2.7 and 2.8 and one-way ANOVA followed by Dunnett’s post-hoc test for Section 

2.3. P value of less than 0.05 was considered as significant. 
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3.1 Expression of PDX1 and INS genes in Min6 cells 

Min6 cell lines secrete insulin in a glucose-dependent manner, and PDX1 is a key 

transcription factor involved in the glucose-dependent activation of the insulin 

promoter (Miyazaki et al, 1990; Macfarlane et al, 1999). Therefore, RT-PCR was 

performed to confirm the expression of INS and PDX1 genes (Fig 3.1). The products 

of both RT-PCRs were run on a 2% agarose gel with a 50 base pair (bp) ladder to 

examine the product size. The gel showed clear bands for PDX1 and INS measured as 

157 bp and 127 bp for PDX1 and INS respectively.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Min6 express genes encoding all mTOR components  

Before studying the physiological effects of rapamycin, cells were assessed for the 

gene expression of mTORC1 (mTOR, RAPTOR, DEPTOR, mLST8 and PRAS40 

subunits) and mTORC2 (mTOR, RICTOR, DEPTOR, mSIN1, Protor and mLST8 

subunits) components by standard RT-PCR (Fig. 3.2). 

Figure 3.1: INS and PDX1 gene expression in Min6 cells via RT-PCR and 
visualised in 2% agarose gel. The RT-PCR was done on Min6 p18 with a 
total n=3. GelRed was used for visualization. Insulin size was 127 bp while 
Pdx1 was 157 bp; L = ladder, Ins = Insulin, + = Min6 p18, -RT = Reverse 
transcriptase negative control; gDNA = mouse Insulin genomic DNA 
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3.3 Expression of insulin protein in Min6 cells  

Following confirmation of gene expression of INS, qualitative immunofluorescence of 

insulin was carried out on Min6  (passages 14, 17, 19 and 20) (Fig. 3.3). The cells 

showed positive cytoplasmic staining of insulin.  

 

	

	

	

	

	

Figure 3.2: Min6 express all the components of mTORC1 and mTORC2 
required for the action of rapamycin in 2% agarose gel. Panel A: correct 
band sizes were observed for RICTOR 288 bp, DEPTOR 162 bp, mTOR 177 bp, 
MLST8 410 bp and PRAS40 357 bp. Panel B: showed mSIN1 288 bp and Protor 
352 bp. Panel C: showed RAPTOR 350 bp. (n=3); (RIC = RICTOR; DEP = 
DEPTOR;  mT = mTOR; MLS = MLST8; PRAS = PRAS40; mSIN = mSIN1; 
PRO = PROTOR; RAP = RAPTOR; -RT = Reverse transcriptase negative 
control). 
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3.4 Rapamycin reduced cell proliferation rate 

Fig.3.4 shows the effect of different concentrations of rapamycin (0-300 nM) on the 

proliferation rate of Min6 cells over 4-days. Cells were seeded at 50,000 cells/well/ml 

on day 0 in 24-well plates.  

 

No significant difference in cell proliferation was observed for days 1 or 2 when 

comparing the control with rapamycin containing wells. On day 3, the control cell 

proliferation was almost doubled when compared to 300 nM rapamycin containing 

wells (p≤0.05). Statistical significance was observed on day 4 when comparing the 

control to all of the rapamycin containing wells (p≤ 0.01 when comparing the control 

to 300 nM, p≤0.05 when comparing the control to the rest of the concentrations used, 

i.e. 200 nM, 100 nM and 10 nM rapamycin containing wells). 

The experiment was repeated four times, with triplicate wells in each experiment 

(n=4). Viability of cells was not clearly affected when cell count was performed using 

A	

C	 D	

B	

Figure 3.3: Expression of insulin protein in Min6 cells p17. Panel A shows 
nuclear staining of DAPI, while B displays staining of insulin. The digitally 
combined image of A and B can be seen in C. Panel D shows a combined 
DAPI/secondary antibody control with no primary antibody. (n=4); Scale bar 
100 µm. 
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trypan blue although there were problems with this method of detecting cell death, 

since dead cells may have been washed away during the protocol. 

 

 
 

 

 

 

 

 

Based on preliminary data, 200 nM rapamycin showed reduced cell proliferation in 

Min6 cells, by BrdU incorporation assay. However, this experiment was only 

completed once. Further experiments need to be done to draw any conclusions.  

 

The next question was whether rapamycin induced apoptosis, since cell count was 

reduced, but cell death could not be detected by trypan blue exclusion. 

 

3.5 Rapamycin did not have a detectable apoptotic effect on Min6 cells 

Min6 cells were treated with 200 nM rapamycin for 3 days. Then the Caspase-Glo 

reagent was added and luminescence was read according to manufacturer’s 

instructions. A positive control (5 µM cisplatin) was added to ensure that caspase 

cascade activation could be detected by the assay. Comparisons were made using 

One-way ANOVA followed by Dunnett’s post-hoc test. P values of less than 0.05 
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Figure 3.4: Rapamycin reduces cell proliferation over 4-days. 
Significant reduction in cell proliferation was apparent from day 3 
relative to no treatment control (p≤0.05). On day 4 of the treatment, 
notable reduction in cell proliferation was observed (p≤ 0.01 when 
comparing the control to 300 nM, p≤0.05 when comparing the 
control to the rest). (* p≤0.05; ** p≤0.01 compared to untreated 
control cells; two-way ANOVA followed by Dunnett’s post-hoc 
test; n=4 independent experiments). 
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were considered as significant. Although the positive control showed caspase activity, 

no statistical significant differences were found when comparing rapamycin treated 

cells with DMSO control or untreated cells.  

	

	

	

	

	

	

	

	

	

	

	

	

 

 

 

 

3.6 Rapamycin (200 nM) reduced insulin secretion under stimulated conditions 

In Fig.3.6, cells were stimulated to secrete insulin secretion by 2 methods: I. by 

triggering KATP channel dependent signaling (using glucose), which involves Ca2+ 

entry via Voltage dependent Calcium channel and II. by stimulating purinergic and 

muscarinic receptors on β-cell membrane to invoke Ca2+ release from intracellular 

stores.  

Significant insulin secretion was observed when comparing 2 mM glucose (control) to 

20 mM glucose (p≤0.05). Also enhanced insulin secretion was observed when ATP, 

UTP and ACh (100 µM each) were compared to 2 mM glucose (p≤0.001, p≤0.01, 

p≤0.001, respectively) (n=3). However the enhanced insulin secretion was reduced 

when rapamycin (200 nM) was added to 20 mM glucose in (Fig. 3.7). The stimulator 

mix of ATP, UTP and ACh (100 µM of each; Fig.3.8) was added to get a robust 

insulin secretion from Min6 by stimulating both purinergic and muscarinic receptors, 

and to check if rapamycin was capable of reducing the receptor stimulated insulin 

Figure 3.5: Rapamycin treatment (3 day) is not associated with apoptosis 
involving caspase-3 or -7. Caspase-3 and -7 activity was not increased by 3-
day treatment with Rapa (rapamycin (200 nM), or DMSO vehicle control, 
suggesting that treatment does not induce apoptosis. (*** p≤0.001 compared 
to DMSO control cells; one-way ANOVA followed by Dunnett’s post-hoc 
test; n=4 independent experiments); Pos. control=5 µM cisplatin. 
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secretion. However, it was not determined in this experiment if rapamycin inhibits 

both receptors, as Fig. 3.8 showed that the effect could be exerted on either one. 

Individual components should be assessed to draw final conclusion. Rapamycin did 

not reduce basal insulin secretion, and did not reduce stimulated secretion below basal 

insulin secretion levels (Figs. 3.7 and 3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Insulin secretion in Min6 cells. Insulin secretion was increased 
when stimulated with 20 mM glucose, ATP, UTP and ACh (100 µM each). 
Statistical significant was found when comparing the control with glucose 
(p≤0.05), ATP (p≤0.001), UTP (p≤0.01) and ACh (p≤0.001). (* p≤0.05; ** 
p≤0.01; ***p≤0.001 compared to control cells; one-way ANOVA followed by  
Tukey's post-hoc test; n=9 independent experiments). 
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Figure 3.7: Rapamycin inhibits glucose stimulated insulin secretion. Although 
rapamycin reduced glucose-stimulated insulin secretion, there were no effects on 
basal, unstimulated secretion. Significant differences were found when comparing 
the control with glucose (***p<0.001) and when comparing the glucose with 
glucose + rapamycin (***p<0.001). (***p<0.001 compared to control cells; one-
way ANOVA followed by Tukey's post-hoc test; n=24 independent experiments). 
 Rap, rapamycin (200 nM); G+Rap, glucose (20 mM) + rapamycin (200 nM). 
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Fig. 3.9 shows the effect of the KATP channel activator diazoxide (200 µM), which is 

the standard drug used for CHI therapy. Diazoxide treatment reduced GSIS (p≤0.001). 

Diazoxide reduced glucose-induced insulin secretion back to basal levels. The 

experiment was repeated 5 times (n=20).  
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Figure 3.8: Rapamycin inhibits receptor stimulated insulin secretion 
from Min6.  Stimulation of insulin secretion by a mixture of ATP, UTP and 
ACh (100 µM each, ATP++) was inhibited by rapamycin (200 nM). 
Significant differences were found when comparing the control with glucose 
(p≤0.05), the control with ATP++ (p≤0.001) and ATP++ with ATP + 
rapamycin. (*p≤0.05, *** p≤0.001 compared to control cells; one-way 
ANOVA followed by Tukey's post-hoc test; n=9 independent experiments). 
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Figure 3.9: Diazoxide (200 µM) inhibits 20 mM glucose-stimulated 
insulin secretion in Min6 cells. Statistical significance were found when 
comparing the control with glucose (p≤0.001) and glucose with + 
diazoxide (p≤0.001). (*** p≤0.001 compared to glucose-treated cells; one-
way ANOVA followed by Dunnett’s post-hoc test; n=20 independent 
experiments); + Diaz, 20 mM glucose + 200 µM diazoxide 
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In order to determine how readily reversible the actions of rapamycin were, cells were 

pre-incubated with rapamycin for one hour, followed by variable recovery times prior 

to assessing GSIS.  Fig. 3.10 shows that the preincubation of Min6 cells with 

rapamycin (200 nM) for 1 hour was enough to prevent insulin secretion in wells 

containing 20 mM glucose (p≤0.001). Although the cells were allowed to recover for 

1 hour in fresh culture media, this did not ameliorate the inhibitory effect of 

rapamycin. The experiment was repeated 3 times (n=12). 

 

Next, Min6 cells were preincubated with rapamycin (200 nM) for 1 hour, but were 

allowed to recover in fresh culture media for 6 hours instead of 1 hour (Fig. 3.11). 

However, the effect of rapamycin was not reversible. 
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+ 1 hour recovery 

Figure 3.10: Effects of short pre-incubation with rapamycin are not 
reversed in 1 hour.  Following 1 hour pre-incubation of cells with 
rapamycin (200 nM) and 1 hour recovery, inhibition of 20 mM glucose-
induced insulin secretion was maintained. Significant changes were found 
when comparing the control to glucose (p<0.001) and glucose to the pre-
incubated glucose (p<0.001). (***p<0.001 compared to control cells; one-
way ANOVA followed by Tukey’s post-hoc test; n=12 independent 
experiments). 
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Lastly, Min6 cells were preincubated with rapamycin (200 nM) for 3 days, and 

allowed to recover in fresh culture medium for 6 hours instead of 1hour (Fig. 3.12). 

This experiment showed similar results to the previous preincubation experiments 

(Figs. 3.10 and 3.11), in that the effect of rapamycin was not reversible. 

	

	

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Effects of short pre-incubation with rapamycin are not 
reversed in 6 hours.  Following 1hr. pre-incubation of cells with rapamycin 
(200 nM) and 6 hour recovery, inhibition of 20 mM glucose-induced insulin 
secretion was maintained. Significant changes were found when comparing 
the control to glucose (p<0.001) and glucose to the pre-incubated glucose 
(p<0.001). (***p<0.001 compared to control cells; one-way ANOVA 
followed by Tukey’s post-hoc test; n=12 independent experiments). 
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Figure 3.12: Effects of long pre-incubation with rapamycin are not 
reversed in 6 hours.  Following 3 day pre-incubation of cells with 
rapamycin (200 nM) and 6 hour recovery, inhibition of 20 mM glucose-
induced insulin secretion was maintained. Significant changes were found 
when comparing the control to glucose (p<0.001) and glucose to the pre-
incubated glucose (p<0.001). (***p<0.001 compared to control cells; one-
way ANOVA followed by Tukey’s post-hoc test; n=6 independent 
experiments). 
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3.7 CellTiter-Glo assay failed to detect changes in ATP level 

As mentioned earlier in Section 1.3, the increase in intracellular ATP/ADP ratio leads 

to the closure of KATP channels, which starts the pathway that eventually causes 

insulin exocytosis. As rapamycin affects ATP production (Barlow et al., 2013; Morita 

et al., 2013), we wanted to test if rapamycin (200 nM) treatment would change the 

level of ATP production in Min6 cells using CellTiter-Glo assay by Promega. The 

reagent was added directly to the cells according to manufacturer’s instructions and 

readings were taken after 1 hour and 2 hours of treatment with rapamycin. 

 

Following the first hour of treatment with rapamycin, no significant changes were 

observed when comparing the control with rapamycin (Fig. 3.13). Also no significant 

changes were found when comparing control, with rapamycin treated cells after 2 

hours. However, this experiment was attempted only once (n=1) and did not include a 

positive control for the assay. Therefore, further investigation is required to evaluate 

the effect of rapamycin on ATP production. 
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Figure 3.13: No changes in ATP level was observed with 
rapamycin treatment.  CellTiter-Glo assay failed to detect any 
changes between the control or rapamycin treatment. 
Comparisons were made using Student’s t-test; (n=1); Rap, 200 
nM rapamycin. 
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3.8 Rapamycin does not prevent increases in intracellular Ca2+ levels following 

stimulation of purinergic and muscarinic receptors 

Since preliminary experiments indicated that rapamycin did not significantly affect 

ATP levels, we wanted to test if rapamycin had an effect on [Ca
2+

]i, because changes 

in [Ca2+]i are initiated following ATP generation (which closes KATP channels, 

causing membrane depolarization and activation of voltage-dependent Ca2+ channels) 

as mention earlier in Section 1.3.  Cells were stimulated with 20 mM glucose, ATP + 

UTP (100 µM each), ACh (100 µM) and KCl (40 mM) vs. the same conditions 

containing 200 nM rapamycin, and changes in [Ca2+]i monitored using a fluorescent 

plate reader (FlexStation3; Fig. 3.14). Although, the cells did not show significant 

changes when stimulated with 20 mM glucose, notable changes in [Ca
2+

]i peak	

fluorescence were observed when cells were stimulated with the other conditions 

(with and without rapamycin).  

 

The purinergic receptor stimulators ATP and UTP, as well as KCl, showed significant 

changes (p≤0.0001) in peak florescence compared to the control. ACh, and ACh with 

rapamycin also showed significant changes (p≤0.001, p≤0.01) in [Ca
2+

]i peak 

florescence when the muscarinic receptor was stimulated. 

 

Interestingly, when rapamycin (200 nM) was added to receptor stimulators (ATP + 

UTP and ACh) and the depolarizing solution KCl (40 mM), no significant effect was 

observed on [Ca
2+

]i level (Fig. 3.14 Panel B). These data suggest that rapamycin did 

not influence changes in intracellular [Ca2+]i brought about by different stimulators of 

insulin release.	
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Figure 3.14: Rapamycin does not prevent changes in [Ca
2+

]i level.  

Panel A. Significant changes in Ca
2+

 level were noted when stimulated with ATP + 
UTP, KCl and ACh.  
Panel B. Rapamycin did not prevent changes in [Ca2+]i brought about by ATP + 
UTP, ACh and KCl. (**p≤0.01; ***p≤0.001; ****p≤0.0001 compared to control 
cells; one-way ANOVA followed by Tukey’s post-hoc test; n=3 independent 
experiments). Rap, rapamycin (200 nM); ATP+, ATP + UTP (100 µM each); 
ATP+Rap, ATP + UTP (100	µM each) + rapamycin (200 nM); ACh, Acetylcholine 
(100	 µM); ACh+Rap, Acetylcholine (100	 µM) + rapamycin (200 nM); n.s., not 
significant. 
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4.1 Min6 cells expressed PDX1, insulin and all the components of mTOR 

complexes 

PDX1 expression in β-cells plays a role in maintaining cell mass, function and 

survival, as well as the expression of insulin (Szabat et al., 2012). The expression of 

PDX1 occurs when cells become committed to a pancreatic lineage, and continues 

throughout the differentiation into β-cells (Szabat et al., 2012). Our data showed that 

PDX1 and insulin gene expression in Min6 cell line was consistent at passage 18, 20 

and 22 (Fig. 3.1); passages used extensively during this study. The importance of 

PDX1 and insulin genes to β-cells identity and function has been reported previously 

(Szabat et al., 2010, Khoo, 2011, Gao et al., 2014). The deletion of PDX1 alone was 

associated with reduced β-cell mass and increased cell death (Li et al., 2005; Szabat et 

al., 2012), suggesting that PDX1 is not only pivotal for β-cell identity and function 

but also maintenance of the β-cell mass to cope with body demands.  In the context of 

this study, expression of key murine genes involved in insulin secretion helped to 

confirm the identity of the cell line prior to further experimentation, in the absence of 

DNA fingerprinting techniques (Katsnelson, 2010). 

 

The mTOR exists as two complexes: mTORC1 (mTOR, DEPTOR, RAPTOR, 

PRAS40 and mLST8) and mTORC2 (mTOR, DEPTOR, RICTOR, Protor, mSIN1 

and mLST8) (Pópulo et al., 2012). Our PCR data confirmed the gene expression of all 

the components required for the action of rapamycin in Min6 cells, as reported 

previously (Pópulo et al., 2012).  Despite this, it is well reported that protein 

expression does not always match mRNA expression due to variations in mRNA 

stability, mRNA translation efficiency and post-translational regulation (Kendrick, 

2012).   

 

The protein expression of components has not been fully investigated. Whilst, mTOR, 

RAPTOR and RICTOR are expressed at the protein level in Min6 (Barlow et al., 

2012) other components have not been studied. Furthermore, the role of some 

components (e.g. Protor) is not clear (Laplante and Sabatini, 2009). Further 

investigation is required to elucidate the role of individual components in the 

responses to rapamycin treatment. Unfortunately, we were not able to study the 

protein expression due to lack of well-characterized antibodies and the time required 

for optimization. 
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4.2 Rapamycin reduced the cell count over 4 days with no increase in apoptosis 

Rapamycin is an immunosuppressive drug that is used following transplant of organs 

and islets of Langerhans to treat type-1 diabetes (Bruni et al., 2014). The drug is also 

known to have an antiproliferative effect exerted on many cell types including β-cells 

(Zahr et al., 2008). 

We expected to observe lower cell count numbers following treatment with 

rapamycin (Fig. 3.4). On days 3 and 4, Min6 cells growing in rapamycin containing 

media (10 nM - 300 nM) showed significantly lower cell number when compared 

control. A reduced cell count could be due to reduced cell proliferation, increased cell 

death, or a combination of both. 

Manual cell count is an indirect method for assessing cell proliferation. The technique 

is also subjective due to technical errors such as mixing and pipetting errors, which 

influence the accuracy and precision of cell count. However, other techniques have 

been considered in the project to assess cell proliferation such as bromodeoxyuridine 

(BrdU) incorporation assay. The technique is considered a direct technique to assess 

cell proliferation as it is based on incorporating a synthetic deoxyuridine base into the 

DNA of actively dividing cells (Hall and Levison, 1990). After incorporation of BrdU 

reagent, specific antibodies can be used to quantify the number of replicating cells. 

 

In my study, it was technically difficult to optimize BrdU incorporation as well as 

quantify the number of actively dividing cells. The technique was successful for one 

set of Min6 cell experiments during optimization (data not shown).  In that particular 

experiment, it was shown that rapamycin reduced BrdU incorporation, suggesting that 

it inhibited proliferation, but with an n of 1, this was far from conclusive. Following 

attempts were not successful due to clumping of Min6 cells in tight cell clusters, 

which made interpretation of the data impossible. Although lower cell densities were 

also used (5000 cells/well/ml vs. 10,000 cells/well/ml), cell clusters were still present 

and the technique was not investigated further. Alternative techniques such as 5-

ethynyl-2'-deoxyuridine (EdU) incorporation, and Ki-67 labelling would provide 

similar data to assess the effect of rapamycin on cell proliferation, but would also 

require prevention of cell clustering. 

Our findings of reduced cell count after rapamycin treatment were similar to those 

reported previously in cells from different sources (human pancreatic ductal cells, 
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neonatal porcine islets, rat islets and porcine neonatal pancreas cell cluster) which all 

showed decreased proliferation rate, regardless of treatment duration (Bussiere et al., 

2006; Sun et al., 2010; Niclauss et al., 2011; Barlow et al., 2013). 

Proliferation is regulated by the mTOR pathway and its downstream proteins, which 

co-interact with a number of pathways such as PI3K and Akt pathway (see Fig 1.3).  

The overall result is an increase in production of nucleotides, proteins and lipids to aid 

cell growth (DeBerardinis et al., 2008; Ward and Thompson, 2012). 

mTORC1 controls cell proliferation through phosphorylation and activation of its 

effector protein S6 Kinase 1 (S6K1) and phosphorylation and inactivation of 

eukaryotic initiation factor 4-binding protein (4E-BP1) (Hay and Sonenberg, 2004; 

Blandino-Rosano et al., 2012; Barlow et al., 2013; Schreiber et al., 2015). mTORC1 

is negatively controlled by DEPTOR and PRAS40, as well as TSC1, TSC2, whereas 

RHEB (Ras homolog enriched in brain), a small G protein, positively regulates 

mTORC1 (Blandino-Rosano et al., 2012). There is general agreement that rapamycin 

treatment reduces or abolishes phosphorylation of Akt and S6K1 (Gleason et al., 

2007; Ballou and Lin, 2008; Fraenkel et al., 2008), and this would likely contribute to 

the decreased proliferation observed in the Min6 cells. 

Akt can also activate mTORC1 by two means: phosphorylating PRAS40 to remove 

its inhibitory action over mTORC1, and by phosphorylating TSC2 to prevent TSC1 

and TSC2 complex formation (Blandino-Rosano et al., 2012). The prevention of 

TSC1 and TSC2 complex formation, activates Rheb that positively regulate mTORC1 

(Blandino-Rosano et al., 2012; Pópulo et al., 2012). 

 

Rapamycin, the mTOR inhibitor used in the present study, forms a complex with 

FKBP12 which then binds directly to mTORC1, but not to mTORC2 as reported in 

(Sarbassov et al., 2006; Shimobayashi and Hall, 2014).  Beyond this interaction with 

FKBP12, the mechanism of action of rapamycin is less well known but could involve 

blocking of substrate recruitment via RAPTOR (Shimobayashi and Hall, 2014). 

The role of mTORC2 in nucleotide, protein and lipid synthesis is less well 

understood, however it has been reported previously that rapamycin treatment for 

more than 24 hours leads to the dissociation of mTORC2 complex (Barlow et al., 

2012; 2013).  Therefore, although it was not assessed in the present study, it can be 
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expected that mTORC2 dissociation occurred in Min6 cells, which were treated with 

rapamycin for up to 4 days.  

 

Additionally, mTOR controls control cell division and cell cycle progression (through  

mTORC1) from G1 to S phase through 40S ribosomal protein S6K1 and 4E-BP1. 

Cyclin-dependent kinase is blocked by rapamycin and leads to more cyclin D1 

turnover, and ultimately leads to deficiency of active cdk4/cyclin D1 complex 

(required for G1 to S phase progression), which leads to cell cycle arrest (Hidalgo and 

Rowinsky, 2000). 

 

4.3 Rapamycin did not cause detectable cell death 

mTORC2 is responsible for cell survival by Akt through the PI3K pathway 

(Sarbassov et al., 2006). Continuous signaling by mTORC2 to Akt is pivotal for cell 

survival. However, treatment with rapamycin over 24 hours leads to dissociation of 

mTORC2 and decreased Akt phosphorylation (Sarbassov et al., 2006). Although cell 

viability was assessed throughout the experiment, trypan blue dye-exclusion failed to 

reveal the presence of cells undergoing cell death. However, this does not exclude the 

possibility of apoptosis because culture medium was changed on day 2 and it is 

possible that dying cells (which detach from the wells) would have been removed 

along with the old medium.  As an alternative approach, we attempted to monitor 

apoptosis via caspase-3 and -7 activation using the Caspase-Glo 3/7 assay (Promega, 

UK). 

 

There are two types of caspases: initiator, and effector caspases. Initiator caspases 

(such as caspase-8 and -9) activate effector caspases (caspases -3 and -7), which 

activate other caspases to dismantle dying cells (Cao et al., 2013). There are several 

pathways that could trigger caspase activation such as DNA damage, mitochondrial 

damage and membrane alteration (Elmore, 2007). In addition, some cells lack 

caspase-3 such as MCF-7 (Twiddy et al., 2006).  These factors and more contribute to 

sensitivity of the assay. 

 

Our data suggest that after treating the cells with rapamycin for 3 days, no significant 

changes in caspase-3 or -7 activity were observed when compared to the positive 

control (5 µM of cisplatin), and negative control (medium not supplemented with 
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rapamycin) (Fig. 3.5). This data implies that rapamycin, at the concentration used, 

over a period of 3 days did not cause apoptosis in Min6 cells. The outcomes of the 

assay were inconsistent with previous reports (Bell et al., 2003). Bell et al. (2003) 

exposed Min6 cells to rapamycin (10-100 nmol/L) for 19 hours and saw increased 

TUNEL-positive cells. Additionally, a recent study by Kloster-Jensen et al., (2016) 

showed that rapamycin treatment increased cell death when apoptosis was assessed 

using a different technique, the Cell Death Detection ELISAPLUS.  

 

Therefore, although our data implied that rapamycin did not cause cell death, further 

investigation is required due to conflicts with published literature. TUNEL assay is a 

direct and specific method to assess cell death via visualizing DNA breaks in cells 

undergoing DNA repair, using a fluorescent microscope. TUNEL would help to 

confirm whether or not rapamycin is toxic to β-cells as argued by some groups 

(Barlow et al., 2013). 

 

Technical reasons that the Caspase-Glo assay may have not given accurate results in 

our hands include a lack of sufficient sensitivity of the assay (the positive control that 

was used causes high levels of cell death), or an effect due to different numbers of 

cells in each well tested. In future, manual cell counts could be performed to check for 

equal cell numbers in a parallel assay plate).  

 

4.4 Rapamycin reduced insulin secretion from Min6 when added to 20 mM 

glucose and ATP/UTP/ACh 

The Min6 cell line is known for sensing glucose, and secreting insulin accordingly in 

a glucose-dependent fashion and shares morphological features with normal β-cells 

(Miyazaki et al., 1990; Ishihara et al., 1993). Stimulating these cells with high glucose 

concentrations (20 mM), ATP, UTP and/or ACh (100 µM each), increases insulin 

secretion, via different mechanisms. However, at higher passages Min6 cells have 

been reported previously to lose their glucose responsiveness, whilst retaining 

responsiveness to other stimulators of insulin secretion (Miyazaki et al., 1990; Skelin 

et al., 2010; Cheng et al., 2012; Kobayashi et al., 2016).  The loss of glucose-

responsiveness has been explained by reduced gene expression of proteins involved in 

glucose metabolism (such as Glut2) (Minami et al., 2000), and those involved in 

insulin secretion, synthesis and possibly insulin transport (such as Scgn, Gucy2c and 
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Tmem59L) (Kobayashi et al., 2016). 

 

All the insulin secretion experiments in this project were carried out in glucose 

responsive Min6 cells p23-p34. However, glucose responsiveness was lost later in the 

project, in Min6 cells used for investigation of changes in [Ca2+]i. Rapamycin reduced 

insulin secretion in Min6 to basal levels when it was added alongside high glucose 

(20 mM; Figs. 3.7, 3.10, 3.11 and 3.12). Similarly the Min6 cells had robust insulin 

secretion when stimulated with ATP, UTP or ACh (p≤0.001, p≤0.01, p≤0.001, 

respectively when compared with 2 mM glucose control) (Fig. 3.6); and the addition 

of 200 nM rapamycin to the mixture of ATP, UTP and ACh reduced insulin secretion 

back to basal levels (p≤0.001; Fig. 3.8). These data were consistent with experiments 

reported by (D’Amico et al., 2005; Barlow et al., 2012), in which rapamycin reduced 

GSIS in Min6 cells. 

 

During our experiments, cells were exposed to rapamycin for 30 minutes; according 

to Barlow et al., 2012, this is most likely to lead to mTORC1 inhibition rather than 

mTORC2 inhibition which requires longer exposure times. There are a number of 

potential mechanisms behind the effects of mTORC1 inhibition on insulin secretion 

via crosstalk with other pathways, including PI3K-Akt signaling pathway (Barlow et 

al., 2013; Le Bacquer et al., 2013). Therefore, assessing intracellular Ca2+ levels, and 

assessing the activity of Glut-2 and key regulatory enzymes of glycolysis such as 

glucokinase, phosphofructokinase, and pyruvate kinase would help prove the 

involvement of theses processes of glucose metabolism. 

 

Insulin secretion by ATP, UTP and ACh is achieved by release of Ca2+ from internal 

stores. Once ATP, UTP and ACh stimulate their corresponding receptors (P2Y and 

M3R), DAG and IP3 are produced through PLC. DAG activates PKC family members 

and IP3 binds to its receptor on the endoplasmic reticulum, which eventually cause the 

release of Ca2+ from internal stores (Bordin et al., 1995; MacDonald et al., 2005; 

Azua et al., 2011). Our data of showing increased insulin secretion by receptor 

stimulation in Min6 (Fig. 3.6) was in line with studies by the groups of Gilon and 

Henquin, (2001); Nesher et al., (2002); Tengholm and Gylfe, (2009); 

Balasubramanian et al., (2010), in which insulin secretion was stimulated by ATP, 

UTP and ACh. When rapamycin was added alongside the receptor stimulators, insulin 



	 57	

secretion was not increased above basal levels of secretion (Fig. 3.8).  

Since the activation of P2Y and M3R receptors leads to the release of Ca2+ from 

internal store, we assessed the changes in [Ca2+]i during treatment of the cells with 

ATP, UTP and ACh in the presence and absence of rapamycin using FlexStation 3 

(see Section 4.6 below). 

 

4.5 The effect of rapamycin treatment on Min6 cells was not reversible after 6 

hours of recovery 

Although different groups have investigated the effects of different agonists on insulin 

secretion (Gilon and Henquin, 2001; Nesher et al., 2002; Tengholm and Gylfe, 2009), 

exposure of cells or islets to rapamycin for a short time (1 hour) followed by recovery 

period (1 hour or 6 hours) with regards to GSIS has not been previously assessed. Our 

work indicates that the rapamycin effect on insulin secretion was not reversible after 6 

hours of recovery time in normal culture medium (Fig.3.10, 3.11 and 3.12). 

 

According to published data, when glucose responsive Min6 cells are stimulated with 

high glucose concentration (up to 25 mM), glucose is transported into the cells via 

Glut-2 and metabolized. The subsequent elevation in ATP/ADP ratio leads to closure 

of the KATP channels. This event would cause membrane depolarization that leads to 

the opening of the voltage-dependent Ca2+ channels and increased [Ca2+]i, followed 

by insulin exocytosis (Cheng et al., 2012). The increase in ATP level is also required 

for insulin granule maturation and trafficking from the reserve pool to cell surface 

(Hou et al., 2009). Hence it can be seen that ATP generation plays an important role 

in glucose-induced insulin secretion. The groups of Barlow et al., (2013); 

Groenewoud and Zwartkruis, (2013); Morita et al., (2013) reported that rapamycin 

has a direct impact on glycolysis, mitochondrial function and ATP production. Hence, 

when treating the cells with rapamycin, the drug may interfere with ATP production, 

increases in [Ca2+]i and insulin granule trafficking.  

Therefore, we wanted to assess the changes in ATP level by using CellTiter-Glo 

luminescent cell viability assay by Promega. No significant changes in ATP levels 

were observed in our study (Fig. 3.13). However, this experiment was attempted only 

once (n=1) with no positive control. Therefore, further investigation is required to 

evaluate the effect of rapamycin on ATP production using this assay, or an alternative 
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method for testing ATP levels to confirm the results of Barlow et al (2013) and 

others. 

 

4.6 Rapamycin had no effect on intracellular Ca2+ levels when purinergic and 

muscarinic receptors were activated by ATP + UTP and ACh 

We know that ATP, UTP and ACh lead to increase in intracellular Ca2+ 

concentrations ([Ca2+]i) from internal stores through DAG, IP3 and PKC. In the 

current study, we demonstrated that rapamycin reduced insulin secretion resulting 

from β-cell receptor activation by ATP, UTP and ACh. We therefore wanted to test if 

rapamycin would have an effect on [Ca2+]i  using the FlexStation 3 after stimulating 

the cells with high glucose (20 mM), ATP+UTP (100 µM), ACh (100 µM) or high 

KCl concentration (40 mM). 

 

Although the Min6 cells used in these particular experiments did not show significant 

[Ca2+]i changes with 20mM glucose, muscarinic (M3R) and purinergic receptor 

stimulation and chemical depolarization (using KCl) led to robust changes in [Ca2+]i 

(Fig. 3.14 Panel A). As mentioned earlier, loss of glucose responsiveness in Min6 

cells has been previously reported, and explained in (Miyazaki et al., 1990; Cheng et 

al., 2012; Kobayashi et al., 2016).  

Interestingly, no significant change in peak [Ca2+]i signal was observed when 

rapamycin was added to the ATP/UTP mix, as well as Ach treatment (Fig. 3.14 Panel 

B). Also, when the cells were depolarized with high concentration of KCl (40 mM), 

the Ca2+ signal was not significantly different when rapamycin was present.  

These findings suggest that rapamycin had no effect on either voltage-dependent Ca2+ 

channels or the muscarinic and purinergic receptor stimulated signaling pathways. 

This means that rapamycin is likely to inhibit later events in insulin signaling such as 

recruitment of insulin granules from the reserve pool, granule movement, or granule 

docking at the cell membrane.  Further studies are therefore required to fully elucidate 

the mechanism of rapamycin-induced inhibition of insulin secretion.   
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4.7 Conclusion 

In this project we showed that rapamycin significantly reduced the rate of cell 

proliferation over a 4 day period of treatment, in agreement with published literature. 

Although we assessed cell death by trypan blue exclusion, and separately using a 

commercial caspase 3/7 activity assay, no increased cell death was observed.  As this 

is contradictory to previously published data in Min6 cells, it is recommended that 

further investigation of cell death is made using alternative techniques such as 

TUNEL assays. We also showed that Min6 cells secreted insulin when stimulated 

with ATP, UTP and ACh, supporting published data. However, insulin secretion was 

prevented when rapamycin was present. Furthermore, preincubation with rapaycin for 

30 minutes showed a long-lasting inhibitory effect, suggesting an irreversible 

mechanism of inhibition. Finally, rapamycin did not influence changes in intracellular 

[Ca2+]i brought about by different stimulators of insulin release.  This could mean that 

rapamycin might be involved in the inhibition of events later in insulin signaling such 

as recruitment of insulin granules from the reserve pool (Ca2+-dependent), granule 

movement or docking with the cell membrane.  

 

Effects on other aspects of β-cell physiology cannot be ruled out entirely (e.g. ATP 

generation following glucose stimulation, insulin biosynthesis), although evidence 

from these experiments suggests a fundamental step is inhibited in order to prevent 

insulin secretion via multiple different mechanisms (i.e. not just glucose metabolism). 

Therefore, further investigation is required to fully elucidate the mechanism of how 

rapamycin inhibits insulin secretion. 
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