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Abstract

The prevalence of type 2 diabetes (T2D) is 2-3-fold higher among people with
severe mental health disorders compared to the general population. Several lines
of evidence suggest a bidirectional link between diabetes and mental illness, so
prevention of T2D in patients with mental illness and management of psychiatric
symptoms in diabetic patients are both clinically important. There are concerns
that antidepressant and antipsychotic therapies increase the risk of developing
T2D. However, different medications used to control psychiatric conditions vary
in side effects related to glucose dysregulation, and the direct actions of
individual medications at beta cells are not fully understood. Therefore, the
experiments in this thesis focused on the effects on beta cell function of the
widely prescribed selective serotonin reuptake inhibitor (SSRI) antidepressants,
fluoxetine, sertraline and paroxetine, and atypical antipsychotic drugs (AAPs),

aripiprazole and clozapine.

SSRIs block serotonin reuptake by inhibiting the serotonin reuptake transporter
(SERT). SERT mRNA was detected by standard polymerase chain reaction (PCR)
amplification in MIN6 beta cells, mouse islets and human islets. In addition, SERT
expression was confirmed by detection of a 71kDa immunoreactive protein by
Western blotting. On the other hand, AAPs act on a range of receptors, including
dopamine 2 (D2) receptors, and D2 receptor expression in beta cells was
confirmed by quantitative PCR and fluorescent immunohistochemistry. Trypan
blue exclusion tests were used to assess viability of MIN6 beta cells and mouse
islets, and they showed no impairment in viability following a 48h incubation with
0.1-1uM fluoxetine, 0.1-1uM sertraline, 0.01-0.1uM paroxetine, 0.1-1pM
aripiprazole or 0.2-2uM clozapine. Trypan blue uptake was only evident in MIN6
cells or islets treated with fluoxetine, sertraline or aripiprazole at 10uM,

paroxetine at 1uM and clozapine at 20uM. Acute exposure of mouse and human
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islets to therapeutically relevant concentrations of SSRIs increased glucose-
stimulated insulin secretion (GSIS) in perifusions. In addition, exposure of MIN6
cells, mouse islets and human islets to SSRIs or AAPs for 1h or 48h in static
incubation experiments significantly potentiated glucose-induced insulin

secretion.

The effects of SSRIs and AAPs in regulating beta cell proliferation were
investigated by quantifying bromodeoxyuridine (BrdU) incorporation into beta
cell DNA. Fluoxetine, sertraline, paroxetine, and aripiprazole, but not clozapine,
significantly increased MIN6 beta cell proliferation following a 48h incubation,
and aripiprazole and clozapine increased proliferation of islet-derived
pseudoislets. In addition, male ob/ob mice that were injected with fluoxetine
(10mg/kg) 4 times over 14 days showed significant increases in islet size and the
number of BrdU-positive beta cells. Moreover, quantitative Western blot analysis
revealed that fluoxetine increased phosphorylation of mitogen-activated protein
kinase (MAPK), cAMP response element-binding protein (CREB), and protein
kinase B, also known as Akt, which are known to be involved in beta cell mass

expansion.

Levels of apoptosis of beta cells are low, therefore apoptosis of MIN6 beta cells,
mouse islets and human islets was induced by a saturated free fatty acid,
palmitate, or a cocktail of proinflammatory cytokines (interleukin-1B, tumour
necrosis factor a, and interferon y). SSRIs and AAPs had no effect on basal
apoptosis rates, but they had a protective effect against palmitate- and cytokine-

induced apoptosis.

In summary, the data presented in this thesis have demonstrated that
therapeutically relevant concentrations of fluoxetine, sertraline, paroxetine, as

well as aripiprazole and clozapine, potentiate acute dynamic glucose-stimulated
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insulin secretion, with no impairment of viability, and they also promote beta cell
proliferation and have a protective effect against palmitate- and cytokine-
induced apoptosis. Therefore, these data indicating that these SSRIs and AAPs
exert beneficial effects on beta cell mass and function suggest that glucose
dysregulation observed with their use is not secondary to adverse effects at beta

cells.
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Chapter 1. Introduction
1.1. Diabetes Mellitus

Diabetes mellitus, simply called diabetes, is a group of complex and
heterogeneous metabolic disorders that develop when pancreatic beta cells are
destroyed or when they do not produce enough insulin, an important hormone
that decreases blood glucose levels. Therefore, diabetes is characterised by
chronic and sustained hyperglycaemia (high blood glucose levels). Symptoms of
hyperglycaemia include frequent urination, abnormal thirst and dry mouth,
blurred vision, and tiredness (Umpierrez et al., 2012). The formation of the sugar-
haemoglobin linkage indicates sustained hyperglycaemia, and the glycated
haemoglobin Alc (HbAlc) is routinely measured in people with diabetes, as it is
easy to detect and gives an indication of glycaemic management. For non-
diabetic individuals, the normal range for HbAlcis 4-6% (20-42mmol/mol). HbA1c
levels between 6-6.5% (42-48mmol/mol) may indicate a pre-diabetic state,
whereas levels of 6.5% (48mmol/mol) and higher indicate diabetes (Sherwani et

al., 2016).

The history of diabetes starts in antiquity, but it was linked to the pancreas only
in the late 19t century. Even though diabetes has been known for thousands of
years, it has become a major epidemic very recently. This is highlighted by the
fact that in over a decade, the incidence of diabetes increased by 50% (Danaei et
al.,, 2011). It is estimated that 537 million people have diabetes worldwide, and
by 2045 this number will reach 700 million (IDF Diabetes Atlas — 10t Edition). This
places a vast economic burden on healthcare systems globally and highlights the

need for new treatment strategies.



The advances in diabetes research allowed for the identification of the different
types of this disorder. However, many patients do not simply fit into a single class
due to the complexity of diabetes (Cakan et al., 2012). The American Diabetes
Association proposed the classification of diabetes as type 1, type 2, other types,

and gestational diabetes (GD).

1.1.1. Type 1 diabetes

1.1.1.1. Epidemiology

Type 1 diabetes (T1D) constitutes 5%-10% of all diabetes cases (Maahs et al.,
2010) and 80%-90% of diabetes in children and adolescents (Craig et al., 2009;
Dabelea et al., 2014). This type of diabetes mainly affects children and young
adults, but it can develop at any age, and it usually presents at 10 to 14 years of
age. Due to different genetic and environmental triggers, including exposure to
environmental microbes and dietary factors, there are huge variations in the
incidence of T1D between different countries. Finland and the UK have high
incidence rates, whereas Venezuela and Thailand have low incidence rates (IDF

Diabetes Atlas — 10t Edition).
1.1.1.2. Pathogenesis

This type of diabetes develops mainly due to an autoimmune destruction of the
beta cells through T cell mediated responses (Devendra et al., 2004) that result
in beta cell death and subsequent hyperglycaemia. Islet autoantigens are
generated due to contribution of genetic and environmental factors (Figure 1.1).
Intra islet macrophages recognise the autoantigen and present it to CD4+ T cells
that in turn activate CD8+ T cells to directly damage beta cells and potentiate islet

infiltration by macrophages, leading to progression of T1D (Burrack et al., 2017,



Jo and Fan, 2021). T1D can be further divided into autoimmune, idiopathic, and
fulminant T1D. Both idiopathic and fulminant are nonimmune-mediated and are
often associated with a viral infection (Imagawa et al., 2000). Interestingly, clinical
studies report metabolic disturbances in COVID-19 accompanied by new-onset
T1D in the absence of autoantibodies (Chee et al., 2020; Hollstein et al., 2020;
Marchand et al.,, 2020). What is more, an 80% increase in new-onset T1D in

children during the pandemic has been reported (Unsworth et al., 2020).
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Figure 1.1. Schematic of immune modulation leading to destruction of beta cells in T1D.
Genetic and environmental factors lead to generation of the autoantigen, which can be
recognised by macrophages. The autoantigen is presented to CD4+ T cells, which in turn
secrete interleukin-2 (IL-2) to activate CD8+ T cells to directly destroy beta cells and potentiate
islet inflammation. CD8+ T cells destroy beta cell directly via perforin, a glycoprotein that forms
pores in cell membranes of target cells, and granzyme B, a cytotoxic serum protease protein,

and a cytokine interferon-y (IFN-y) (Burrack et al., 2017). Adapted from Jo and Fan, 2021.



1.1.1.3. Treatment

The aim of management of T1D is to promote healthy lifestyle and control
glycaemia to prevent severe hypoglycaemia, hyperglycaemia, and ketoacidosis.
The main treatment strategy is insulin replacement (administration of exogenous
insulin or insulin analogues) to replicate normal physiology as closely as possible,
and these are delivered by subcutaneous injections or insulin pumps. Insulin
replacement, as well as blood glucose monitoring, are initiated in all newly
diagnosed T1D patients. Recombinant insulin analogues can be long-acting
(glargine, degludec, detmir) or short-acting (aspart, lispro). Long-acting insulin
analogues, having durations of action of 20—42h, are used to provide basal insulin
throughout the day. Short-acting analogues have an onset of action of
approximately 15min and a duration of action of up to 4h, and they are used for
rapid reductions in blood glucose levels after a meal or to treat high glucose levels
acutely (Melo et al., 2019; Vardi et al., 2008). Management of T1D extends to
adjunctive therapies that help to complement insulin replacement, and these
include the use of metformin to improve insulin sensitivity and hence provide
better control glycaemic management (Holt et al., 2021; Liu et al., 2020). The
development of the artificial pancreas, immunotherapy and human islet
transplantation or stem cell strategies are the goals to improve the lives of T1D

patients in the future.



1.1.2. Type 2 diabetes
1.1.2.1. Epidemiology

Approximately 90%-95% of diabetes patients are diagnosed with T2D, and most
of these patients are adults. Nevertheless, it is increasingly seen in children and
adolescents due to rising levels of obesity, and the age of diagnosis of T2D has
been decreasing. Although genetic predisposition in part determines
susceptibility to T2D, an unhealthy diet and physical inactivity are important
drivers of the epidemic as T2D continues to increase in prevalence and incidence
globally. Certain regions of the world, for example China and India, show a

disproportionately high burden (IDF Diabetes Atlas — 10™" Edition).

1.1.2.2. Pathogenesis

T2D is associated with insulin resistance, during which insulin is less effective in
transducing its glucose-lowering actions. Insulin resistance is initially countered
by an increase in insulin production by beta cells to maintain normoglycaemia
(Cerf, 2013). However, over time, beta cells fail to release sufficient levels of
insulin, resulting in hyperglycaemia and T2D (Figure 1.2). The onset of T2D is slow
and difficult to determine due to the lack of acute metabolic disturbances as seen
in T1D. Nevertheless, a decline in beta cell function can be detected 10 years
before the onset of diabetes (King et al., 1999). Insulin resistance usually begins
long before the onset of T2D due to the interaction of several genetic and
environmental factors (Stumvoll et al., 2005). The major contributors to the
development of T2D are being overweight and obese (Belkina and Denis, 2010;
Kahn et al., 2006; Wu et al., 2014), but they could also include high blood
pressure, polycystic ovary syndrome and a family history of diabetes, as well as

heavy alcohol consumption and smoking (Figure 1.2). In addition, individuals with

5



T2D are usually present with islet alpha cell dysfunction that results in glucagon
secretion under conditions of hyperglycaemia and reduced secretion of prandial
glucagon-like peptide 1 (GLP-1) (Nauck et al., 2011). With obesity and T2D
reaching epidemic proportions, the development of new treatments is gaining
prominence (Dyson, 2010; Leitner et al., 2017; Wilcox, 2005).

Factors that affect insulin secretion and action

* Body weight * Heavy alcohol consumption * Epigenetics
* Level of physical activity » Genetic predisposition * Gestational diabetes
* Smoking * Gene-environment interaction mellitus

J L

|
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Figure 1.2. Pathophysiology of hyperglycaemia in type 2 diabetes. Insulin secreted from beta
cells acts on its target tissues to reduce glucose output by the liver and to increase glucose
uptake by skeletal muscle and adipose tissue. Hyperglycaemia develops when beta cell failure
and insulin resistance in the peripheral tissues occurs. Some of the factors that affect insulin

secretion and insulin action include obesity and genetic predisposition (Zheng et al., 2017).



1.1.2.3. Treatment

Type 2 diabetes is initially managed with diet and exercise. Moreover, weight loss
is an effective strategy for reducing the incidence of T2D of those at risk (Feldman
et al.,, 2017). The major treatments include pharmacological interventions for
individuals with uncontrolled T2D after lifestyle modifications (Marin-Penalver et
al., 2016). Lifestyle changes are often difficult to maintain, but with relevant
weight management programmes, remission of T2D can be achieved within a
year (Xin et al., 2020). For advanced T2D, differently acting drugs are required at
different stages of the disease due to the progressive pathophysiological changes
associated with T2D (Kahn et al., 2006) (Figure 1.3). The year of the submission
of this thesis marks the 100" anniversary of the discovery of insulin, which has
been the first treatment strategy for diabetes. Nowadays, there are several
classes of non-insulin antidiabetic drugs available, and the choice of treatment is

individualised and based on the risk to benefit ratio (Tahrani et al., 2011).

The prevalence of diabetes imposes extensive research in this area.
Approximately 7,000 drug trials are currently registered around the world
(Perreault et al., 2021). Among established and widely used pharmacological
compounds for the treatment of T2D are GLP-1 analogues, dipeptidyl peptidase
4 (DPP-4) inhibitors and sulphonylureas that target beta cell dysfunction, alpha-
glucosidase inhibitors that lower glucose absorption in the intestine,
thiazolidinediones and biguanides (mainly metformin) that enhance insulin
action, and sodium—glucose cotransporter 2 (SGLT2) inhibitors that increase
glucose excretion by the kidneys (Fellner, 2016; Tahrani et al., 2011; Perreaut et
a., 2021). In addition to their favourable effects to decrease plasma glucose
levels, GLP-1 receptor agonists and SGLT2 inhibitors exert desirable off-target

effects, such as weight loss and lowering of blood pressure, and they are not



associated with a risk of hypoglycaemia. In addition, SGLT2 inhibitors reduce the
risk of renal and cardiovascular complications, and their use is associated with
decreased risk of heart attack and stroke (Zinman et al., 2015), slower
progression of kidney disease (Wanner et al., 2016) and decreased risk of kidney
failure in people with T2D and nephropathy (Perkovic et al., 2019). These
beneficial effects lead to less hospitalisations and decreased mortality due to
heart and kidney failure (Gerstein et al., 2019; Hernandez et al., 2018; Marso et
al., 2016; Neal et al.,, 2017; Wiviott et al., 2019; Zinman et al.,, 2015).
Nevertheless, many T2D therapies have a number of side effects, including
weight gain (thiazolidinediones) and hypoglycaemia (insulin, sulphonylureas),
and therefore potential new treatment targets and novel compounds are being
studied. The current goals are to reduce hyperglycaemia, weight gain, as well as
cardiovascular and renal complications, and to preserve beta cell mass.
Combinations of different agents are often used to target different aspects of
T2D, manage blood glucose levels more efficiently and prevent diabetes-related
complications. Additionally, to be competitive against the current therapies in
use, new agents should exhibit additional features, such as contributing to weight
loss, having no increased risk for hypoglycaemia, or being long-acting and

decreasing the frequency of use.

New compounds that are currently under investigation include glucokinase
activators (GKAs) and agonists of free fatty acid receptor-1 (FFAR1), glucose-
dependent insulinotropic polypeptide (GIP) receptor agonists, triple GLP1-GIP—
glucagon receptor agonists and agonists of G-protein coupled receptor 119
(GPCR119). These new agents act to increase beta cell function. Other new
agents act on the liver to decrease glucose production or increase glucose
uptake, and these include glucagon receptor antagonists, antisense

oligonucleotide inhibitors and liver-selective GKAs. Lastly, some of the newest
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agents that increase insulin sensitivity include fibroblast growth factor 21 (FGF21)
analogues, new selective peroxisome proliferator-activated receptor (PPAR)
agonists, stimulators of GLUT-4 transporter, NF-kB inhibitors, ghrelin analogues,
and more. The mechanisms of action of some novel agents, including imeglimin,

are still under investigation (Doupis et al., 2021; Hallakou-Bozec et al., 2021).

Metformin is the first-line medication for the treatment of T2D. However, it was
initially used to treat influenza, and only in 1957 was it redirected to lower blood
glucose levels. On the other hand, SGLT2 inhibitors, recently introduced to block
glucose reuptake into the blood from the renal filtrate in patients with T2D, were
initially used to treat infectious diseases, such as malaria. Redirecting known
agents to be used in the treatment of different conditions is desired because their
safety and side-effects have been already recognised. In addition, there is
growing interest in the use of natural anti-diabetic plantsin the treatment of T2D,
including A. latifolia and M. indica that inhibit DPP-4 to improve glucose
homeostasis (Ansari et al., 2021) or H. rosa-sinensis that promotes insulin
secretion and blocks digestion of carbohydrates in rodents (Ansari et al., 2020).
In this context, fluoxetine, a selective serotonin reuptake inhibitor (SSRI), which
is a safe drug commonly used in the treatment of depression and anxiety, has
been reported to improve glycaemic management in depressed patients with
T2D. Fluoxetine, and other SSRIs: sertraline and paroxetine, were investigated in

this thesis and further background information is provided in Section 1.7.



Adipose
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Figure 1.3. Available therapies for T2D. Incretin mimetics (GLP-1 receptor agonists), DPP-4
inhibitors, glinides and sulphonylureas (SU) target impaired insulin secretion,
thiazolidinediones (TZD) act by activating PPAR-y to inhibit insulin resistance, a-glucosidase
inhibitors (AGI) act as competitive inhibitors of enzymes required for carbohydrate digestion,
metformin reduces hepatic gluconeogenesis by activating AMP-activated protein kinase, and
SGLT2 inhibitors block glucose re-uptake into the blood from the renal filtrate in the kidneys

(Kuecker and Vivian, 2015).
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1.1.3. Gestational diabetes Mellitus

Hyperglycaemia during pregnancy, usually first detected during the second or
third trimesters, is classified as gestational diabetes. There are 700,000
pregnancies each year in England and Wales: 5% of these are complicated by
hyperglycaemia, of which 87.5% develop gestational diabetes (National Institute
for Clinical Excellence, 2015). In the short-term, gestational diabetes has several
risks, including pregnancy-induced hypertension, pre-eclampsia, caesarean
section and macrosomia (King, 2017; Shakya and Zhang, 2015). What is more, the
offspring of women who have had gestational diabetes are at risk of developing

T2D in the future (Garcia-Vargas et al., 2012).

1.1.4. Monogenic diabetes

A single genetic mutationin an autosomal dominant gene may lead to
monogenic diabetes. It accounts for less than 5% of all diabetes cases (Yang and
Chan, 2016). This type of diabetes can be further divided into neonatal diabetes

and maturity-onset diabetes of the young (MODY).

Neonatal diabetes is very rare, affecting 1 in 500,000 births (Habeb et al., 2012).
It is usually diagnosed in children under 6 months, and it can be confirmed by
genetic testing. Neonatal diabetes may result in a number of complications,
including developmental delay, such as muscle weakness or learning disability,
and epilepsy, depending on the gene mutation. The most common treatment
options for this type of diabetes are SU or insulin (Aguilar-Bryan and Bryan, 2008;

Nansseu et al., 2016).

MODY is a rare type of diabetes accounting for only 1%—3% of all diabetes cases

(Shields et al., 2010), and around 90% of people with MODY are at first mistakenly
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diagnosed with other types of diabetes. The most commonly mutated genes in
MODY are HNF1-a, HNF4-a, HNF1-(, all carrying a risk of diabetic complications,
as well as glucokinase, which does not require treatment because blood glucose
is only slightly increased in this type (5.5-8mM) (Urakami, 2019), mainly due to
the compensatory action of glucokinase isozymes. Treatment of MODY depends

on the mutated gene, but usually SU are used (Urakami, 2019).

1.1.5. Secondary diabetes

Secondary diabetes develops as a result of complications from other pancreas
diseases (pancreatitis), endocrine diseases (Cushing’s disease), following drug
treatment (corticosteroids) or viral infections (Nomiyama and Yanase, 2015).
Some forms of secondary diabetes result in a partial loss of pancreatic function
that is managed with medications or insulin injections. In some cases, diabetes is

permanent and must be managed with insulin injections, as for T1D.
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1.1.6. Diabetic complications

When diabetes remains unrecognised or uncontrolled for a prolonged time, the
complications of chronic hyperglycaemia may start to develop. Sustained
hyperglycaemia and associated metabolic abnormalities can lead to life-
threatening health complications (Greenstein and Wood, 2011; King et al., 1999).
Complications are very common among people with diabetes, and they are
responsible for significant morbidity and mortality. Prevalence of cardiovascular
disease and stroke are 10.6% and 1.1%, respectively, while those of diabetic
retinopathy, neuropathy, nephropathy and diabetic foot are 26.1%, 62.6%,
50.8%, 2.6%, respectively (Arambewela et al., 2018). In the UK, diabetes is
responsible for 530 heart failures and 175 amputations every week (Whicher et
al., 2019). The chronic complications of diabetes can be microvascular due to
damage to small blood vessels (neuropathy, nephropathy, and retinopathy) or
macrovascular due to damage to the arteries (cardiovascular disease and stroke),
often resulting from high blood glucose levels (Papatheodoru et al., 2018). On the
other hand, diabetic foot syndrome results from a combination of neuropathy,
artery peripheral disease and infection, and it is a major cause of lower limb
amputation (Tuttolomondo et al., 2015). Other complications of diabetes that do
not fall into these categories are dental problems, decreased resistance to
infections, as well as birth complications in women suffering from GD
(Deshpande et al., 2008), dementia (Cukierman et al., 2005), neuropathy (Thorve

et al., 2011) and depression (Nouwen et al., 2011).
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As of August 2021, there have been over 211 million confirmed cases of COVID-
19, caused by SARS-CoV-2, of which 2.09% have resulted in death (WHO
Coronavirus (COVID-19) Dashboard, 2021). In the light of the COVID-19
pandemic, infection has been identified as an important complication of diabetes
since people with diabetes have decreased immunity and are more susceptible
to infections, including COVID-19 (Holt et al., 2021). People who suffer from both
diabetes and COVID-19 have a worse prognosis than individuals who do not have
diabetes. Initially, COVID-19 was only considered a lung disease (Zhu et al., 2020),
but accumulating evidence suggests that SARS-CoV-2 also affects other organs,
including heart, brain and the endocrine organs (Gupta et al., 2020; Puelles et al.,
2020; Song et al., 2021; Wichmann et al., 2020), and recent evidence shows that
SARS-CoV-2 affects pancreatic function, leading to pancreatitis in 33% of severely
ill patients (Geravandi et al., 2021; Muller at el., 2021). What is more, severe
COVID-19 has been linked to elevated blood glucose levels and metabolic
dysregulation, and COVID-19 patients with T2D present with elevated
hyperglycaemia and ketoacidosis (Chen et al.,, 2020; Ebekozien et al., 2020).
Importantly, there is evidence that SARS-CoV-2 can perturb islet beta cell
integrity (Muller at el., 2021), but the direct effects of the virus at beta cells are

yet to be determined.
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1.2. Pancreas

The pancreas is a glandular organ located in the abdominal cavity behind the
stomach, with the body near the duodenum and its tail by the spleen. The main
pancreatic duct and a smaller accessory pancreatic duct join with the common
bile duct near the ampulla of Vater, also known as the hepatopancreatic duct.
The intricacy of the pancreas relies on its complex architecture as it is divided into

exocrine and endocrine tissues (Jones and Persaud, 2017) (Figure 1.4).

a Spleen b

Pancreas
Duct of Wirsung

Common

Beta cell

Delta cell

Figure 1.4. Anatomical organisation of the pancreas (a). The exocrine pancreas is composed of
a complex of ducts and acinar cells that secrete digestive enzymes (b). The endocrine pancreas
is made up of the hormone-releasing cells within the islets of Langerhans: alpha cells (blue),

beta cells (pink) and delta cells (red) (Atkinson et al., 2020).
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1.2.1. Exocrine pancreas

The majority of the pancreas is composed of the exocrine tissue. The cells with a
digestive role form clusters called acini around the small intercalated ducts. The
acinar cells secrete proenzymes into the ducts, which drain into larger
interlobular ducts and the main pancreatic duct. The inactive enzymes are
secreted into the duodenum to protect the pancreas from self-digestion, where
they are activated by enterokinase (Pandiri, 2014). The active enzymes produced
by acinar cells break down proteins (trypsin), fats (lipase) and carbohydrates

(amylase) in the duodenum (Keller and Layer, 2005).

1.2.2. Endocrine pancreas

The cells with an endocrine role form clusters that are distributed throughout the
pancreas. The clusters of endocrine cells, so-called pancreatic islets or islets of
Langerhans, account for less than 3% of the total organ mass (Jones and Persaud,
2017). The islets are formed when cells of an endocrine fate cluster close to the
capillaries during embryonic development to ensure that the produced
hormones reach the bloodstream. Each islet cell secretes a different hormone.
Endocrine cells within the islets that produce insulin, glucagon and somatostatin
are named beta, alpha and delta cells, respectively. Two more cell types that can
be found within islets are ghrelin- and pancreatic polypeptide-producing cells

(Cabrera et al., 2006).
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1.2.3. Species differences in islet architecture

Although the sizes of the islets are comparable (500-700um), it has been
recognised that the cytoarchitecture of islets differs between species (Brissova et
al., 2005). Both microscopic and macroscopic anatomies of the pancreas differ
between mice and humans. In mice, the pancreas is not as well-defined as in
humans, but it is diffusely distributed within the mesentery of the proximal small
intestine (Cabrera et al., 2006). The human pancreas is also more richly
innervated and vascularised when compared to a mouse pancreas. In mice, beta
cells are perfused centre-to-periphery and constitute 60%-80% of the islet cell
population. On the other hand, beta cells are equally scattered throughout the
human islet and make up 50%-70% of the human islet cell population (Dolensek
et al., 2015) (Figure 1.5). The number of islets also differs between species.
Mouse pancreas contains 1,000-5,000 islets and only approximately 200-250
islets can be recovered following the isolation procedure, whereas the number
of islets in the human pancreas is much higher and can range between 1,000,000
to 15,000,000 islets, each having its own complex anatomy, blood supply, and

innervation (Dolensek et al., 2015) (Table 1.1).
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Mouse Human

B Insulin
B Glucagon
B Somatostatin

Figure 1.5. Cytoarchitecture of islets from mouse (a) and human (b) adult pancreas. Sections
of adult mouse and human pancreases were stained for insulin (red), glucagon (red) and
somatostatin (blue). Scale bar = 50um. Mouse beta cells are located in the core of an islet
surrounded by a thin mantle of alpha cells. The section through a human pancreas shows the
less organised structure of the human islet where beta cells are intermingled with alpha cells

(Cabrera et al., 2006; Wang et al., 2015).
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Table 1.1. Differences between the mouse and human pancreas. Adapted from Dolensek et al.,
2015.
Scale | Property Mouse Human
Organ Anatomical type Diffuse/dendritic, lobular, soft | Solitary, compact, firm
Tissue | Diameter of islets | 500-700um 500-700um
Number of islets | 1,000-5,000 1,000,000-15,000,000
Location of islets | More random, interlobular Uniform, intralobular
Cells | % of beta cells 60-80% 50-70%
% of alpha cells 10-20% 20-40%

Microarchitecture

Mantle islets predominate

Trilaminar islets predominate

of islets
Sympathetic Scarce innervation of exocrine | Rich innervation of exocrine
nerve fibres tissue, contact with alpha cells | tissue, contact with vascular

and vascular smooth muscle

cells

smooth muscle cells

Parasympathetic

nerve fibres

Scarce innervation of exocrine
tissue, contact all types of

endocrine cells

Rich innervation of exocrine
tissue, contact beta and delta

cells, possibly alpha cells
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1.2.4. Paracrine and autocrine signalling in islets

Hormone secretion is regulated by paracrine and autocrine signalling, as well as
the nervous system and presence of glucose and other nutrients, including amino
acids and fatty acids (Fu et al., 2013; Rorsman and Braun, 2013). The paracrine
and autocrine signalling within islets allows for tight coordination of hormone
secretion. Paracrine signalling within the islets involves the effects of
somatostatin to decrease (Kailey et al., 2012) and glucagon to increase insulin
secretion (Song et al.,, 2017), whereas autocrine signalling loops include ATP
(Bauer et al., 2018) or serotonin that also stimulate insulin release from beta cells
(Almaca et al., 2016). Therefore, islets are considered micro-organs with complex

signalling networks.

1.2.4.1. Insulin

Islet beta cells are the only site of insulin production in the body, a hormone that
is crucial to ensure that blood glucose levels remain within the narrow
physiological range of 4-6mM. Insulin is a storage hormone that exerts its
metabolic effects on peripheral tissues; muscle (both cardiac and skeletal), fat
and liver. Plasma concentrations of insulin increase and decrease during the
absorptive and postabsorptive states, respectively (Raju and Cryer, 2005; Wilcox,
2005). The plasma half-life of insulin is short: 4-6 min, as expected from a
necessity to respond rapidly to changes in blood glucose levels (Hulse et al.,

2009).

Insulin secretion is mainly stimulated by glucose that enters beta cells through
the glucose transporter GLUT-2 in rodents or GLUT-1, -2 and -3 in humans
(McCulloch et al., 2011), where it is converted to glucose-6-phosphate by

glucokinase and further metabolised in the cytoplasm and mitochondria.
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Oxidative metabolism of glucose in the mitochondria leads to an increase in the
ATP:ADP ratio in the cytoplasm, which in turn results in closure of ATP-sensitive
potassium channels (Katp) and reduction of potassium ion efflux. Plasma
membrane depolarisation induces voltage-dependent calcium channels (VDCC)
to open and allow calcium ions influx. This increase in intracellular calcium ion
concentration promotes fusion of insulin-containing vesicles with the plasma
membrane, the process dependent on SNARE proteins in the presence of calcium

ions (Xiong et al., 2017).

Glucose-stimulated insulin secretion occurs in a biphasic fashion, meaning that
an immediate insulin release is followed by a continuous release of both
previously stored and newly synthesised insulin. Insulin storage supports high
specialisation of beta cells to release insulin rapidly in response to an appropriate
signal (Greenstein and Wood, 2011). Moreover, as mentioned in Section 1.2.4,
insulin release can be affected by the paracrine and autocrine signalling within
the islets, as well as the autonomic nervous system, adrenaline from adrenal

glands, and various gastrointestinal hormones (Fu et al., 2013; Henquin, 2021).

1.2.4.2. Glucagon

Another important islet hormone is glucagon that is produced and secreted by
alpha cells, which are electrically excitable like beta cells. At low glucose
concentrations, alpha cells depolarise. Voltage-gated Na* channels and Ca?*
channels contribute to the upstroke of action potentials (Aps). The discharge of
high-voltage Aps opens VDCC to allow the influx of extracellular calcium ions into
the cytosol. This provides calcium signals that trigger glucagon granule

exocytosis. When the blood glucose levels increase, glucagon secretion is
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suppressed, which is likely to be through the reduction of P/ Q-type Ca?* channel

activity in alpha cells (Briant et al., 2016; Gaisano et al., 2012).

Glucagon is secreted from alpha cells when plasma glucose concentration falls
below 5mM, and it exerts opposite effects to insulin (Lund et al., 2016; Miyachi
et al.,, 2017). The main function of glucagon is to increase blood glucose
concentration to prevent hypoglycaemia, primarily through inactivation of
glycolysis and activation of glycogenolysis and gluconeogenesis in the liver (Unger
and Cherrington, 2012). In addition, glucagon decreases fatty acid synthesis in
adipose tissue and regulates the rate of glucose production by promoting lipolysis
(Habegger et al.,, 2010). Under certain physiological conditions, glucagon
stimulates the production of ketone bodies in the liver, which substitute partially
for glucose in meeting the brain’s energy requirements during fasting. Glucagon
and insulin form a feedback system and act simultaneously to maintain glucose

levels within the desired range (Bich et al., 2020) (Figure 1.6).
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Figure 1.6. Maintenance of blood glucose levels by glucagon and insulin. When blood glucose
levels decrease, the islet alpha cells secrete glucagon, which increases endogenous blood
glucose levels, for instance, through glycogenolysis. Following food intake, when blood glucose
levels increase, insulin is secreted from beta cells to trigger glucose uptake into insulin-
dependent muscle and adipose tissues as well as to promote glycogenesis in the liver (Roder

et al., 2016).

23



1.2.4.3. Serotonin

Among a plethora of paracrine and autocrine signals in islets, serotonin presents
several unique features. Serotonin (5-hydroxytryptamine, 5-HT) is a bioamine
derived from tryptophan through hydroxylation by the enzyme tryptophan
hydroxylase (TPH) and decarboxylation by aromatic acid decarboxylase (AADC).
Although whether serotonin crosses the blood-brain barrier is still under
investigation (Berger et al., 2009; EI-Merahbi et al., 2015; Riggio et al., 2021;
Robinson, 2009; Young et al., 2016), total body serotonin can be divided into two
major pools: brain serotonin and peripheral serotonin. TPH1 is mainly expressed
in the periphery, whereas TPH2 is predominant in the brain (EI-Merahbi et al.,
2015). Interestingly, beta cells express both TPH1 and TPH2, and secrete
serotonin in paracrine and autocrine manners. What is more, beta cells share
common developmental features with serotonergic neurons. The similarities in
the biology of these cell types have important implications for the pathology and

treatment of mental and metabolic diseases (Ohta et al., 2011).

There are fourteen subtypes of receptors through which serotonin impacts its
target cells leading to different cellular responses, and several serotonin
receptors are expressed by beta cells (Darmon et al., 2015) (Figure 1.7). All
receptors for serotonin are either stimulatory or inhibitory G-protein coupled
receptors (GPCRs; Section 1.3.2), except for the 5-HT3 subtype (Ohara-Imaizumi
et al.,, 2013). The 5-HT1 receptors (1A, C, D, E, and F) are coupled to the Gai
protein that inhibits adenylate cyclase, thus inhibiting cAMP formation. The 5-
HT2 receptors (2A, B, and C) are Ga.q protein-coupled and activate phospholipase
C (PLC), which results in inositol (1,4,5)-trisphosphate (IP3) and DAG formation
and Ca’* release from the intracellular stores, whereas the 5-HT3 receptors (3A,

B, C, D, and F) are ligand-gated ion channels. The 5-HT4, 6, and 7 receptor families
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couple to the Gas protein that is linked to cAMP formation. The downstream
signalling to 5-HT5 receptors remains unclear. In addition, intracellular serotonin
can bind to small GTPases, in a process known as serotonylation, and through
serotonylation of small GTPases involved in insulin granule exocytosis, it
promotes insulin release in a receptor-independent manner (EI-Merahbi et al.,
2015; Paulmann et al., 2009). Serotonin is taken up into the cells by the serotonin
transporter or packed into secretory vesicles by the vesicular monoamine
transporter 2, reused or catabolised by the enzyme monoamine oxidase (MAOQ)
(Cataldo Bascunan et al., 2017). There is evidence that serotonin receptors are
expressed in rodent and human islets, and the level of their expression changes

under different physiological conditions such as pregnancy (Kim et al., 2010).

Serotonin is released together with insulin in a glucose-dependent manner in
non-diabetic and non-pregnant individuals, and there is evidence that serotonin
shapes the secretory profile of the beta and alpha cells, and hence helps to
orchestrate islet hormone secretion (Almaca et al., 2016; Cataldo Bascunan et al.,
2017). Interestingly, during physiological challenges, such as pregnancy, when
the energy requirements of the foetus impose changes in maternal metabolism,
serotonin increases responsiveness to glucose and drives beta cell mass
expansion downstream of the lactogenic hormones (Kim et al., 2010). There is
evidence that human beta cells produce and secrete serotonin under normal
physiological conditions, which in turn acts in an autocrine or paracrine manner
to drive beta cell proliferation and insulin secretion by activating 5-HT2 and 5-
HT3 receptors, or by binding to GTPases in response to high glucose (Almaca et

al., 2016; Paulmann et al., 2009; Robinson, 2009).
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Figure 1.7. Serotonin signalling in beta cells. The 5-HT1 receptors couple negatively via Gai, 5-
HT2 receptors are Gaq protein-coupled, whereas 5-HT3 receptors are ligand-gated ion
channels. The 5-HT 4, 6 and 7 receptor families are coupled to Gas, but the signalling
downstream of the 5-HT5 receptors is unclear. Intracellular serotonin binds to small GTPases
to stimulate insulin granule exocytosis and extracellular serotonin enters the cell via SERT or is
loaded into secretory vesicles by VMAT2 to be reused or catabolised by MAO (Cataldo

Bascunan et al., 2017).
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1.2.4.4. Dopamine

In the brain, the dopaminergic pathways control motor coordination, motivation,
reward, and working memory (Luo and Huang, 2016; Schultz, 1998). Dysfunction
of the dopaminergic neurons can cause Parkinson’s disease and schizophrenia
(SCZ) (Iversen and lversen, 2007). In addition to these functions in the brain, and
as serotonin, dopamine acts outside the nervous system where it is synthesised
by, and released from peripheral tissues, including the endocrine pancreas.
Peripheral dopamine does not cross the blood-brain barrier, but it exerts
autocrine and/or paracrine role in the islets. Although the precise role of
dopamine in beta cells has been controversial, there is now strong evidence that
dopamine is synthesised in the islets, and it plays a role in modulating hormone
secretion. Dopamine may induce changes in insulin secretion through stimulation

of Gai-coupled D2 receptors.

Dopamine receptors are GPCRs (Section 1.3.2), and they include 5 subtypes: D1,
D2, D3, D4, and D5. The D1 and D5 receptors usually display a stimulatory
function on adenylate cyclase activity, and they are classified as D1-like receptors.
On the other hand, the D2, D3, and D4 receptors interact with Gai proteins and
show inhibitory function on adenylate cyclase activity. They are classified as D2-
like receptors and are found in beta cells (Rubi et al., 2005; Ustione et al., 2013),
and it has been shown that exogenous dopamine inhibits glucose-stimulated
insulin secretion from beta cells via D2 receptors (Rubi et al., 2005; Zhang et al.,
2015). Although islets are richly innervated and there are peripheral sources of
dopamine in the body (Goldstein et al., 2003; Eisenhofer et al., 2005), there is
evidence that dopamine is stored in beta and alpha cells and it is co-secreted with
insulin and glucagon, and it acts in an autocrine and paracrine manner on these

cells to inhibit hormone secretion (Aslanoglou et al.,, 2021) (Figure 1.8).
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Interestingly, expression of the dopamine transporter has been confirmed for

both mouse and human beta cells (Simpson et al., 2012; Ustione et al., 2013).
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Figure 1.8. Negative feedback of dopamine regulating insulin and glucagon secretion from beta
cells and alpha cells, respectively. Beta and alpha cells express the molecular machinery for
dopamine synthesis, release, and storage. The dopamine D2-like receptors mediate the

inhibition of insulin and glucagon secretion. Adapted from Aslanoglou et al., 2021.
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1.3. Regulation of insulin secretion

Insulin secretion is controlled by nutrients (glucose, amino acids, fatty acids) and
non-nutrients (e.g., islet hormones, neurotransmitters) to ensure that circulating
levels of insulin are appropriate for the current metabolic state (Fu et al., 2013;

Jones and Persaud, 2010).

1.3.1. Regulation of insulin secretion by nutrients

Islet beta cells respond to minor changes in extracellular glucose levels. The
model for insulin secretion has its origin in the pioneering work of Dean and
Matthews (Dean and Matthews, 1968) who, based on the electrophysiological
nature of islet beta cells, recorded electrical activity in beta cells for the first time.
Nutrient-stimulated insulin secretion involves three distinct components: an
initial peak (first phase) triggered by Ca?*, increase in the Ca?*-triggered response
(second phase), and a memory that continues with a decrease in circulating
nutrients (time-dependent potentiation) (Henquin et al., 2002). The first phase is
initiated by ATP derived from glucose metabolism, which leads to membrane
depolarisation following closure of Karp channels and the consequent influx of
extracellular calcium ions (Figure 1.9). The elevations of intracellular Ca?* trigger
the release of a small pool of secretory granules, resulting in the initial peak of
the insulin response (Straub and Sharp, 2002). This is followed by a sustained
second phase of insulin release that lasts as long as the nutrients are present in
the circulation. The second phase is facilitated through an augmentation of the
Ca’*-dependent first phase response. Time-dependent potentiation does not
require the continuous presence of glucose and is largely independent of calcium
ions, and interestingly, it is only present in certain species such as humans and
rodents (Berglund, 1987).
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Figure 1.9. Schematic illustration of intracellular mechanisms of glucose-stimulated insulin
secretion. Glucose is metabolised to generate ATP, which in turn closes ATP-sensitive K*
channels, which prevents potassium ions from leaving the cell causing membrane
depolarisation, which in turn opens VGCC in the membrane and allows calcium ions to enter
the cell. The increase in intracellular calcium triggers insulin granule exocytosis (Jones and

Persaud et al., 2017).
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1.3.2. Regulation of insulin secretion by non-nutrients

The responses of beta cells to nutrients can be amplified or inhibited by various
hormones and neurotransmitters. During normoglycaemia, these agents do not
affect insulin secretion to ensure that insulin is not secreted in the absence of
nutrients and to prevent hypoglycaemia. Many potentiators (e.g., acetylcholine,
serotonin) and inhibitors (e.g., adrenaline; somatostatin) of glucose-stimulated
insulin secretion act through GPCRs (Ahrén, 2009; Atanes and Persaud, 2019)
that are composed of a single polypeptide chain that crosses the plasma
membrane seven times and signals through heterotrimeric G-proteins physically
associated with the receptors (Figure 1.10). Upon ligand binding, each GPCR
undergoes conformational changes that allow it to act as a guanine-nucleotide
exchange factor (GEF) on a-subunits of G-proteins. The exchange of GDP to GTP
on a-subunits promotes dissociation of B/y complexes, which regulate the

generation of second messengers that act on effector enzymes.

There are several identified G-proteins. Gas activates adenylyl cyclase (AC) that
catalyses the conversion of ATP to cAMP, which in turn activates protein kinase A.
On the other hand, activated Gi inhibits AC to decrease cAMP production, and
hence inhibit PKA activity. Gag stimulates phospholipase C activation to cleave
phosphatidylinositol (4,5)-bisphosphate (PIP,) into DAG and IPs. IPs opens IP5 -
gated calcium ion channels in the endoplasmic reticulum (ER), leading to a
subsequent increase in Ca’* concentration in the cytosol. This allows
translocation of protein kinase C to the plasma membrane, where it is activated
by DAG. Therefore, the effect of an agent on insulin secretion depends on the

nature of its receptors.
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Figure 1.10. Different types of G-protein coupled receptors (GPCRs) and their downstream
signalling. GPCRs are membrane-bound receptors that can be coupled to different G-proteins
and have either stimulatory or inhibitory effects on the cell. GPCRs undergo conformational
changes following ligand binding, which allow the Ga subunits of the heterotrimeric GTP-
binding proteins to exchange GDP for GTP and dissociate their B/y complexes. The Gas and
Gai/o subunits activate or inhibit AC, respectively, which result in changes in cAMP levels.
Gag/11 activates PLC-mediated hydrolysis of PIP, to DAG and IPs. IP3 mobilises calcium ions
from the ER. Calcium ions, in turn, activate the calcium-calmodulin-dependent protein kinases
(CaMK). On the other hand, cAMP activates PKA kinase, and DAG activates PKC, resulting in
phosphorylation of serine and threonine protein residues that leads to exocytosis of insulin
granules from beta cells (short-term effect) or changes in gene expression (long-term effect).
Activation of Gal12/13-coupled receptors regulate actin cytoskeletal remodelling. GB/y can
activate PI3K, which results in activation of Akt. Akt stimulates GLUT4 translocation in
peripheral cells or drives fuel storage through modulation of gene expression (Atanes and

Persaud, 2019).
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1.4. Regulation of beta cell mass

Beta cell mass is defined as the balance between beta cell proliferation,
neogenesis, hypertrophy, and apoptosis. Beta cell mass expands in response to
various physiological challenges, such as pregnancy or obesity, whereas beta cell
dysfunction and reductions in beta cell mass have been broadly recognised as
critical determinants of the development of T2D. There is evidence that the total
islet numberis 30% lower in patients with T2D (Cho et al., 2010; Westermark and
Wilander, 1978), individuals with T2D also have deficits in relative beta cell
volumes by 63% (Butler et al., 2003), and beta cell mass is decreased by 39% in

those patients when compared to healthy individuals (Rahier et al., 2008).

Reductions in beta cell number are associated with increased apoptosis rather
than insufficient replication or neogenesis of beta cells (Bouwens and Rooman,
2005; Cho et al., 2010). Many cell types, such as hepatocytes, which have been
damaged, can easily regenerate (Michalopoulos, 2017). However, the
regenerative capacity of beta cells is very limited in the absence of a major
stimulus (Docherty and Sussel, 2021). This is due to the limited capacity of beta

cells to proliferate and low replication rates both in rodents and humans.

In obesity, as peripheral insulin resistance develops, beta cell mass increases
through proliferation, neogenesis, and/or hypertrophy to compensate for an
increased demand for insulin and to maintain normoglycaemia. Although
increased insulin secretion in hyperglycaemia can have autocrine effects to
reduce beta cell apoptosis and promote proliferation, sustained high demand for
insulin can lead to beta cell apoptosis through glucose and lipid toxicity, chronic
inflammation, and increased oxidative stress (Cho et al., 2010; Sakuraba et al.,
2002). Beta cell dysfunction and reductions in beta cell mass result in an

uncompensated phase and hyperglycaemia (Figure 1.11). If uncontrolled, this
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uncompensated phase can further progress to an accelerating phase that is
accompanied by severe beta cell loss through fibrosis, amyloidosis, and increased
beta cell toxicity. What is more, with decreases in beta cell number, an increase
in alpha cell mass could intensify hyperglycaemia resulting in worsening of T2D

and diabetic complications (Cho et al., 2010).
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Figure 1.11. Hypothesis for morphological alterations and plasticity of islets according to
different physiological conditions. In the initial phases of T2D development, as insulin
resistance increases insulin demand, beta cell mass expands through beta cell replication,
neogenesis, transdifferentiation (from exocrine cells or alpha cells), and hypertrophy, to
maintain a compensatory phase. A sustained increase in insulin demand could lead to beta cell
apoptosis through nutrient toxicity, dedifferentiation of overstressed beta cells (dedif), chronic
inflammation and increased oxidative stress, resulting in reduced beta cell mass and an
uncompensated phase. Severe beta cell loss may progress through increased fibrosis and

amyloid formation (Mezza et al., 2019).
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1.4.1. Apoptosis

Apoptosis, referred to as programmed cell death, is an important feature of
diabetes (Figure 1.12). In T1D, beta cells are destroyed by an autoimmune attack,
whereas abnormally elevated metabolic factors drive beta cell apoptosis in T2D.
Apoptosis of beta cells can be additionally induced by several signals, such as
nutrient toxicity, proinflammatory cytokines, amyloid deposition, and/or fibrotic

destruction (Cnop et al., 2005).

Beta cell destruction is an important etiological factor in the progression of T2D.
The main mechanism underlying reductions in beta cell mass is increased
apoptosis rates of beta cells. Therefore, therapeutic approaches to inhibit
apoptosis could be an important development in the treatment of T2D (Butler et

al., 2003; Donath et al., 2005).
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Figure 1.12. Schematic representation of the apoptotic pathway. Apoptosis is induced via the
death receptor and can lead to activation of the extrinsic and intrinsic pathways. = means
activation; — means inhibition (de Vries et al., 2006). The intrinsic apoptosis pathway is often
triggered by p53 as a result of DNA damage. In the intrinsic pathway, the death signal reaches
mitochondria, leading to release of cytochrome c from mitochondria, which binds to Apafl
(not shown). Cytochrome c/Apafl forms a complex with pro-caspase 9 to activate caspase 9,
which in turn promotes caspase 3 activation, leading to cell death. On the other hand, the
extrinsic pathway is initiated through tumour necrosis factor receptors. These receptors
activate pro-caspases 8 and 10 by recruiting the endogenous adaptor protein FADD. Pro-
caspases 8 and 10 cleave themselves to form activated caspase 8 or 10. Effector enzymes, such

as caspases 3, 6, 7, are activated in this cascade to facilitate apoptosis (Ghavami et al., 2014).
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1.4.1.1. Chronic inflammation

Islets in obesity and T2D could be a target of inflammation leading to tissue
damage and impaired beta cell function (Figure 1.13; Figure 1.14). Inflammation
is characterised by the infiltration by the immune cells, activation of local tissue
immune cells, and local production of cytokines and chemokines. The insulitis
(inflammation of the islets) may be involved in beta cell compensation for insulin
resistance, but if the inflammation becomes chronic, beta cells lose their function
and undergo apoptosis leading to decreased beta cell mass (Donath et al., 2005).
In contrast to T1D, the dominant immune cell type involved in islet inflammation
in obesity and T2D is the macrophage. There is evidence that they play a key role
in mouse and human islet inflammation that is seen in obesity and T2D (Ehses et
al., 2007; Richardson et al., 2009; Ying et al., 2020), and that activation of the
immune system is linked to T2D progression (Tsalamandris et al., 2019). In those
cases, macrophages switch phenotype from anti-inflammatory M2-type to
proinflammatory M1-type, which plays a key role in the initiation and
amplification of islet inflammation (Sell et al., 2012; Tsalamandris et al., 2019).
The increased macrophage accumulation in islets results from proliferation of
resident macrophages and macrophage infiltration. Macrophages promote beta
cell hyperplasia through signals, such as platelet-derived growth factor, and they

impair beta cell function (Ying et al., 2020).

There is evidence that patients with T2D express elevated levels of IL-1 and
several chemokines (Miras and le Roux, 2014), and inflammasome/IL-1B
signalling is the most common high-impact pathway activated in islets (Cavelti-
Weder et al., 2012; Grant and Dixit, 2013). Tumour necrosis factor a (TNF-a) also
has an important role in islet inflammation (Tilg and Moschen, 2008). High levels

of TNF-a produced in adipose tissue induce inflammation and insulin resistance,
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as well as islet beta cell death (Rosenvinge et al., 2007; Ruan and Lodish, 2002).
The inflammatory state in T2D, mediated via production of proinflammatory
cytokines, is augmented by adipokines that stimulate additional inflammatory
responses in obesity, and promote obesity-induced metabolic and cardiovascular

diseases (Takaoka et al., 2009).
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Figure 1.13. Inflammation has a key role in the pathophysiology of T2D and is linked to
metabolic abnormalities. The presence of M2-type macrophages and proinflammatory
cytokines, including IL-1B, TNF-a and IFN-y, promote islet cell death and this is linked to

metabolic abnormalities in T2D. Adapted from Tsalamandris et al., 2019.
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Figure 1.14. Signalling pathways involved in cytokine-induced apoptosis of beta cells.
Proinflammatory cytokines, IL-1B, IFN-y, and TNF-a induce apoptosis in beta cells via factor-
kB (NF-kB) and the STAT1 pathway or by activating caspases 3, 8, and 9, which result in

apoptosis (Vetere et al., 2014).
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1.4.1.2. Amyloid deposition and fibrotic destruction of beta cells

Among factors that stimulate islet macrophages to secrete IL-1B is islet amyloid
polypeptide (IAPP), or amylin, which is secreted by beta cells (Kamata et al.,
2014). Some studies show no relationship between amyloid deposits and the
duration of T2D (Sempoux et al., 2001), whereas others link IAPP deposits with
beta cell apoptosis, reductions in beta cell mass, and beta cell dysfunction
(Bernard-Kargar and Ktorza, 2001; Kahn et al., 1999). Moreover, human amyloid
has been shown to be toxic to beta cells (Janson et al., 1999) and to contribute
to reductions in beta cell mass both in rodents and humans (Lorenzo et al., 1994).
Over 90% of T2D patients have amyloid deposits in their islets (Bishoyi et al.,
2021; Mukherjee et al., 2015), and the degree of amyloidosis increases with the
duration and severity of T2D (Hayden and Sowers, 2002). Islet amyloidosis shows
a diffuse distribution in the pancreas, with a progressive reduction in endocrine
mass occurring with increases in amyloid mass (Wang et al., 2001). In other
words, as the amyloid deposits expand, the beta cell mass shrinks. Moreover,
fibrotic destruction of beta cells is an important pathogenic mechanism
underlying reductions in beta cell mass (Kim et al., 2008). The pancreatic stellate
cells (PSC), which proliferate in the presence of hyperglycaemia and
hyperinsulinaemia, are involved in the progression of islet fibrosis in T2D in

rodents and possibly also in humans (Cho et al., 2010).
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1.4.1.3. Nutrient toxicity

Apoptosis induced by nutrient toxicity is one of the most important mechanisms
of beta cell loss in T2D. Glucotoxicity is when prolonged and sustained
hyperglycaemia leads to impairment of beta cell function and activation of
apoptosis (Kaiser et al., 2003). Excessive glucose metabolism leads to increased
generation of reactive oxygen species (ROS) in the mitochondria and oxidative
stress activation. Due to the low expression of antioxidant enzymes (Zraika et al.,
2006), beta cells are sensitive to oxidative stress and undergo apoptosis.
Moreover, chronic hyperglycaemia results in chronic stimulation of beta cells to
synthesise insulin, which can induce ER stress, also resulting in beta cell death
(Harding and Ron, 2002). In addition to this, beta cells are susceptible to elevated
lipid levels and lipotoxicity (Ye et al., 2019) (Figure 1.15). Some free fatty acids
(FFA), such as palmitate, and lipoproteins have pro-apoptotic effects on beta cells
(Maedler et al., 2003). FFAs promote beta cell apoptosis by increasing caspase
activities, downregulating Bcl-2 expression, and phosphorylating Akt (Lin et al.,
2014). The Bcl-2 family of proteins act as an apoptosis decision point (Tsujimoto,
2001), whereas, when phosphorylated, Akt promotes cell survival and
replication, and inhibits apoptosis (Chen et al., 2014). Interestingly, prolonged
exposure of MIN6 beta cells to a saturated fatty acid, palmitate, leads to
increased levels of p53, downregulation of Bcl-2 expression, and apoptosis (Lin

et al,, 2014).
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Figure 1.15. Mechanisms underlying lipotoxicity-induced failure of beta cells. In the state of

insulin resistance, acutely elevated free fatty acids (FFAs), including palmitate, increase insulin

secretion and beta cell mass to compensate for insulin insensitivity. However, chronic

increases of FFAs in plasma result in lipotoxicity, which in turn leads to beta cell dysfunction

and apoptosis (Oh et al., 2018).
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1.4.2. Proliferation

Beta cell proliferation, in addition to neogenesis and hypertrophy, is an important
compensatory mechanism by which beta cells cope with an increased demand
for insulin during the progression of T2D (Cho et al., 2010). Many growth factors
have been shown to activate beta cell replication in vivo or in vitro (Figure 1.16).
These include insulin-like growth factors (IGF-I and -11), platelet-derived growth
factor (PDGF), and epidermal growth factor (EGF) (Garcia-Ocana et al., 2001; Hill
et al., 1999). Moreover, both insulin and glucose can control beta cell population
dynamics by stimulating beta cell proliferation (Beith et al., 2008; Muller et al.,,
2006; Stamateris et al., 2016). For instance, transgenic mice with a beta cell-
specific knockout of the insulin receptor show reductions in beta cell mass and
develop T2D (Otani et al.,, 2004). As insulin resistance develops, beta cells
respond by secreting more insulin, which in turn stimulates an increase in beta
cell mass (Muller et al., 2006). Compensatory growth of beta cell mass through
beta cell replication has been reported to occur following glucose infusion (Wang
et al., 1996). However, chronic exposure to high glucose levels may lead to
glucotoxicity and induce apoptotic pathways (Bouwens and Rooman, 2005; Cho

et al., 2010).
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Figure 1.16. Beta cell signalling pathways associated with proliferation and survival. Pro-
survival factors, including GLP-1 and EGFR ligands, activate different signalling cascades, such
as PI3k/Akt and PKA/ERK, to increase expression of pro-survival factors (Bcl-1 and Bcl-xL) and
decrease expression of proapoptotic factors (Bad and Bax). Activation of Akt stimulates mTOR
activity and expression of the transcription factor PDX-1. NFAT, alongside with PDX-1, also
regulates expression of survival genes. Adenylyl cyclase is activated downstream of the Gas-
coupled GPCR. Increased cAMP signals via calcineurin and then NFAT to increase IRS2 or
through PKA, CREB and MAPK/ERK1/2 to phosphorylate and stimulate pro-proliferative and

pro-survival factors (Hartig and Cox, 2020).
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1.4.2.1. Pregnancy

A model for the regulation of beta cell mass during pregnancy has been proposed
in which lactogenic signalling induces TPH1 expression and synthesis of serotonin
in islets (Kim et al., 2010). In this model, serotonin functions in a paracrine and
autocrine manner to stimulate beta cell proliferation via 5-HT2B. This is of great
importance because the energy requirements of the foetus during pregnancy
impose changes in mother’s metabolism and increase insulin resistance.
Placental lactogen (PL) and other placental hormones promote insulin resistance
(Barbour et al., 2002; Ladyman et al., 2020; Sibiak et al., 2020; Yang et al., 2021),
which leads to elevations in maternal blood glucose to ensure that nutrient flow
to the growing foetus is maintained. On the other hand, prolactin and PL
counterbalance this resistance and prevent maternal hyperglycaemia by inducing
beta cell mass expansion (Huang et al., 2008; Lombardo et al., 2011; Parsons et
al., 1992). Serotonin acts downstream of lactogenic signalling and activates 5-
HT2B receptors to induce proliferation of beta cells (Figure 1.17). After
pregnancy, when the expression of 5-HT2B decreases, the expression of an
inhibitory 5-HT1D increases in islets to facilitate reductions in beta cell mass to
the pre-pregnancy state (Kim et al., 2010). Other endocrine signals that play
important roles in the regulation of beta cell mass and function in pregnancy
include oestrogens and progestogens, kisspeptin, and leptin (Petres and
Sferruzzi-Perri, 2021). During gestation, oestrogen protects beta cells against
oxidative stress and apoptosis and induces glucose-stimulated insulin secretion,
whereas progesterone increases beta cell proliferation, but it has no effect on
insulin secretion (Alonso-Magdalena et al., 2008; Picard et al., 2002; Choi et al.,
2005; Zhou et al., 2018). On the other hand, placental kisspeptin is important for
normal glucose homeostasis during pregnancy, and its levels are closely

correlated with the enhanced capacity of maternal beta cells to secrete insulin

45



(Bowe et al., 2019; Reynolds et al., 2009). What is more, there is evidence for a
crosstalk involving adiponectin between adipose tissue, placenta and beta cells.
Recent studies show that adiponectin promotes beta cell mass expansion in

pregnancy though production of PL (Qiao et al., 2021).
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Figure 1.17. Beta cells expand during pregnancy through pathways involving lactogenic and
serotonergic signalling. Prolactin and lactogenic hormones act at the prolactin receptor (PRLR),
which increases the expression of serotonergic genes (TPH1 and 5-HT2B) upon activation.
Elevated expression of TPH1 in turn increases serotonin (5-HT) production from tryptophan.
Serotonin is secreted from the beta cell together with insulin, and once released, it activates
the 5-HT2B receptor on the surface of beta cells. C-Src is phosphorylated downstream of the
5-HT2B receptor, and signals for increased expression of G1 cyclin proteins to stimulate cell

cycle progression and proliferation (Georgia and Bhushan, 2010).

46



1.4.2.2. Obesity

Obesity is a major contributor to the development of insulin resistance, beta cell
failure, and the onset of T2D. In obese people there are increases in the levels of
FFA, lipoproteins (VLDL and LDL), glycerol, proinflammatory cytokines, including
TNF-a, and other signals that are pro-apoptotic for beta cells and promote the
development of insulin resistance (Bouwens and Rooman, 2005). Beta cells
compensate for the increased demand for insulin by proliferating and increasing
their mass in non-diabetic obese humans (Hudish et al.,, 2019). In ob/ob
transgenic mice that present with severe obesity and hyperglycaemia due to a
mutation in the leptin gene, beta cell mass is significantly increased (Bock et al.,
2003). What is more, there is a linear correlation between body weight and beta
cell mass (Montanya et al., 2000). However, if this transient increase in beta cell
proliferation is insufficient to prevent hyperglycaemia, an increase in beta cell
apoptosis and T2D will develop (Cerf, 2013). Interestingly, species-related
differences do exist between human and rodent pancreas, for example, with
respect to the beta-cell replicative activity; the proliferative potential of human
beta cells is lower when compared to rodents and decreases with age (Tyrberg

et al., 1996).
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1.5. Mentalillness
1.5.1 Major depressive disorder

Major depressive disorder (MDD) is a debilitating disease characterised by at
least one depressive episode that lasts a minimum of 2 weeks and involves
changes in cognition, mood and sleeping pattern, loss of interests and pleasure,
as well as lack of motivation and energy (Otte et al., 2016). Worldwide, MDD
affects 6% of the adult population per annum (Bromet et al., 2011), and women
are twice as likely to develop depression than men (Seedat et al., 2009).
Depression is a serious condition because depressed patients are 20-fold more
likely to die by suicide when compared to the general population (Chesney et al.,
2014). Despite family history, smaller hippocampal size and alterations in the
main neurobiological systems that mediate the stress response are linked to the
development of depression (Kupfer et al., 2012). There is no established
mechanism to explain all aspects of MDD (Otte et al., 2016). Importantly, the
physical illness, including diabetes, is more common in people with mental health
problems, such as depression. MDD is usually treated with psychotherapy,
including cognitive behavioural therapy (CBT), and/or psychopharmacology,
including tricyclic antidepressants (TCAs), monoamine oxidase inhibitors
(MAOIs), or selective serotonin reuptake inhibitors (SSRIs). Some of the

association between antidepressants and diabetes may be confounded by illness.
1.5.2. Anxiety

MDD is often accompanied by anxiety. Anxiety disorders constitute the largest
group of mental disorders (Craske et al., 2017) and include generalised anxiety
disorder (GAD), obsessive-compulsive disorder (OCD), panic disorder, post-
traumatic stress disorder (PTSD), and social phobia, which collectively affect over

7% of the world population each year. The most common symptoms of anxiety

48



include exaggerated and enduring fear, avoidance of perceived threats and, in
some cases, panic attacks. The condition is linked to genetic background,
disturbances in the limbic system, and/or dysfunction of the HPA (hypothalamic-
pituitary-adrenocortical) axis (Craske and Stein, 2016). Anxiety is treated in a
similar way to MDD, with psychotherapy and/or medications, most commonly
with SSRIs. Symptoms that characterise a major depressive episode and MDD

overlap with depressive symptoms in anxiety and schizophrenia.
1.5.3. Schizophrenia

Schizophrenia is a rare mental condition, and the lifetime prevalence of the
disorder is approximately 1%. It is a chronic psychiatric disorder that is a
combination of psychotic symptoms, including hallucinations and delusions, as
well as motivational and cognitive dysfunctions (Kahn et al., 2015). Disturbances
in the mesolimbic and mesocortical pathways in the brain are relevant to positive
and negative symptoms of schizophrenia, respectively (Vanes et al., 2019). What
is more, this cognitive and behavioural disorder is associated with abnormal
processing of information. Schizophrenia is managed by psychosocial
interventions, such as CBT, cognitive remediation and supported education, and

antipsychotic medication.
1.5.4. Other psychiatric disorders

Other psychiatric disorders that are managed with CBT and/or medications
include bipolar disorder, obsessive compulsive disorder (OCD), Tourette

syndrome and eating disorders — anorexia nervosa and bulimia nervosa.

Bipolar disorder, also known as manic depression, causes extreme mood swings
ranging from emotional highs, such as mania, and lows, such as depression. On

the other hand, OCD is associated with repetitive obsessions and compulsions,
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often including intrusive thoughts about religion and symmetry, and hygiene.
Tourette syndrome is another serious psychiatric condition, and it is
characterised by several motor and vocal tics that can include blinking and throat
clearing, as well as coprolalia (the use of obscene words). Anxiety disorders,
depression and substance abuse are very common among people with eating
disorders. They are defined by abnormal eating behaviours that negatively affect
mental and physical health. Psychiatric disorders can arise from many different
sources and some risk factors include genetic factors, social influences, such as

nutrition and social stress, and drug misuse.
1.6. Diabetes and mental illness

Several lines of evidence suggest a bidirectional link between diabetes and MDD
(Alzoubi et al., 2018; Deuschle, 2013; Pan et al.,, 2010), meaning that both
conditions are closely related (Figure 1.18). Therefore, prevention of T2D in
patients with depression and management of depression in patients with
diabetes are both clinically important. Having diabetes doubles the risk of
developing depression, while people with depression have 65% increased risk of
diabetes (Campayo et al., 2010). In addition, individuals with diabetes and
depression have poorer glycaemic management than individuals with diabetes
who do not have depression (Ascher-Svanum et al.,, 2015). It is important to note
that the relationship between mood disorders (depression, anxiety, and
psychoticillnesses) and diabetes vary. For mood disorders, there is clear evidence
of bidirectionality, whereas for psychotic illness, diabetes frequently follows the
diagnosis of the mental illness. A meta-analysis has found that people with
depression are at an increased risk of diabetes when compared to people without
depression, and people with diabetes are at a higher risk of depression than

participants without diabetes (Zhuang et al., 2017). In addition, another meta-
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analysis investigating the prevalence of T2D in participants with depression has
shown that patients with MDD are at an increased risk of developing T2D than
healthy control participants (Vancampfort et al., 2015). On the other hand,
severe hyperglycaemia in patients with T2D is positively associated with the
severity of depressive symptoms, independently of glycaemic management and
treatment (Kikuchi et al., 2015). What is more, diabetes and depression are both

related to increased all-cause and cardiovascular mortality (Papatheodoru et al.,

2018).
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Figure 1.18. Potential behavioural and pathological mechanisms linking depression and anxiety

to diabetes. Genetic, environmental, and a range of behavioural factors contribute to a
bidirectional relationship between these mood disorders and diabetes. Pathophysiological
mechanisms of this link include HPA axis activation that stimulates increases in glucocorticoids,
which in turn contribute to insulin resistance. Obesity is linked to increases in plasma glucose
and FFA levels that lead to insulin resistance. Autonomic nervous system (NS) dysfunction links
to vascular and digestive dysfunction, whereas the innate inflammatory response leads to beta

cell destruction (Naicker, 2018).
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Evidence is growing that T2D and depression share biological origins, such as
overreaction of innate immunity resulting in inflammation, and dysregulation of
the hypothalamic-pituitary-adrenal axis (Moulton et al., 2015). Different
environmental factors may activate common pathways that lead to the
development of T2D and depression. These include a low socioeconomic status,
physical inactivity, and/or unbalanced diet (Alzoubi et al., 2017; Badescu et al,,
2016). On the other hand, treatment with tricyclic antidepressants is associated
with weight gain and disruption of glycaemic control (Deuschle, 2013). What is
more, management of diabetes can result in chronic stress that can lead to MDD.
Interestingly, diabetes is associated with structural changes in the brain, such as
cerebral atrophy, lacunar infarcts, changes to blood flow (van Harten et al., 2006),
as well as reductions in hippocampus volumes, which are inversely related to

glycaemic management and HbA1c levels (Hajek et al., 2014).

1.6.1. Mechanisms underlying the relationship between diabetes and depression

1.6.1.1. Inflammation

Inflammation has been implicated in the development of both T2D and
depression. A meta-analysis has shown a significant increase in inflammatory
biomarkers, including C-reactive protein (CRP) and interleukin 6 (IL-6) in
depression (Haapakoski et al., 2015). Interestingly, elevated levels of IL-6 in
childhood are associated with an increased risk of future depression (Ting et al.,
2020), while increased levels of CRP can predict the development of T2D (Wang
etal., 2013). When CRP levels and the incidence of T2D were studied, participants
with elevated depressive symptoms and high CRP levels had a higher T2D risk (Au
et al.,, 2014). Levels of proinflammatory cytokines, such as TNF-a, are also
elevated in patients with MDD. In recent meta-analysis studies, higher levels of
TNF-a, IL-6, IL-1RA, and chemokines have been linked to depression (Kohler et
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al.,, 2017; Leighton et al., 2017). Moreover, there is an association between
depression and plasma levels of CRP, IL-1B, IL-1RA, and MCP-1 in T2D patients.
Interestingly, their levels are also elevated in depressed participants with T2D
(Laake et al., 2014). Taken together, there is growing evidence that inflammation

is @ common factor in both T2D and MDD.
1.6.1.2. Hypothalamic-pituitary-adrenocortical axis

Evidence is growing that depression and T2D share biological origins, potentially
through dysregulation of the hypothalamic-pituitary-adrenocortical axis. Both
T2D and depression are associated with chronic stress that hyperactivates the
hypothalamic-pituitary-adrenocortical (HPA) axis and the sympathetic nervous
system (SNS), increasing the production of cortisol, adrenaline, and
noradrenaline (Kyrou and Tsigos, 2009). Chronic elevations in cortisol and SNS
activation promote the development of obesity and insulin resistance, lead to
anxiety through the activation of the flight-or-fight response, as well as
depression and increased appetite through tachyphylaxis of the reward system
(Chrousos, 2009; Prestele et al., 2003). Glucocorticoids promote muscle protein
breakdown, lipolysis, and gluconeogenesis, and reduce glucose utilisation. This,
in turn, affects body composition leading to obesity, insulin resistance, and
hyperglycaemia (Gragnoli, 2012). In addition, cortisol levels are related to the
presence and severity of diabetic complications (Chiodini et al., 2007) and
disturbed neurogenesis in the stress-sensitive regions of the hypothalamus
(Herbert et al., 2006). In addition, T2D is associated with hippocampal atrophy
and impaired hippocampal function through glucocorticoid-mediated effects on
neurons (Stranahan et al., 2008), whereas MDD is associated with reductions in

hippocampal volume (Roddy et al., 2019).
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1.6.1.3. Genetic factors

The link between depression and diabetes has been studied by investigating a
common genetic variant and specific environmental factors that predispose to
both conditions (Clarke et al., 2016; Kan et al., 2016; Ji et al., 2016). Functional
enrichment analysis has identified several immune response and lipid
metabolism pathways to be enriched in T2D and MDD (Ji et al., 2016). Future
studies should aim to investigate single nucleotide polymorphisms (SNPs) that

are shared by these disorders.
1.6.2. Effect of treatment on the relationship between depression and diabetes

People with psychiatric conditions and diabetes are more likely to live in socially
deprived areas, which are linked to less frequent health examinations and poorer
health outcomes. Effective glycaemic management is associated with
improvements in mood (Lustman and Clouse, 2005). The effect of metformin on
depression has been investigated in a randomised placebo-controlled study of
participants with both depression and T2D (Guo et al., in 2014). This study has
shown that metformin significantly improves the cognitive performance of the
patients when compared to the placebo participants. What is more, the
thiazolidinedione pioglitazone has been shown to induce remission of major
depressive episodes, and the GLP-1 receptor agonist liraglutide has been shown
to improve cognitive function in patients with diabetes (Colle et al., 2017; Mansur

etal.,, 2017).

On the other hand, improving mood has been shown to improve diabetes
management. One meta-analysis of the effectiveness of CBT on glycaemic
management in adults with diabetes has shown a marked decrease in HbAlc
levels in the CBT group when compared to control groups (Uchendu and Blake,

2017). In terms of antidepressant treatment, it has been reported that some
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antidepressants are more effective in the treatment of affective disorders in
patients with diabetes than others, and selective serotonin reuptake inhibitors
(SSRIs) are the only class of antidepressants with confirmed favourable effects on

glycaemic control (Deuschle, 2013; Tharmaraja et al., 2019).
1.7. Selective serotonin reuptake inhibitors

SSRIs are the most commonly prescribed group of antidepressants used in the
treatment of moderate depression, anxiety, panic attacks and obsessive-
compulsive disorder. Drugs of this type include fluoxetine, sertraline and
paroxetine. The SSRIs are well-absorbed and exert their effects on
neurotransmission by blocking the serotonin transporters and increasing the
levels of serotonin in the synaptic cleft available to bind to the post-synaptic
receptors (Figure 1.19). Serotonin is an important transmitter in the central
nervous system that also plays a role as a local hormone in the intestine,
peripheral vascular system and endocrine pancreas (Wyler et al., 2017) (Section

1.2.4.3).

The SSRIs have been shown to be anti-inflammatory (Sachs et al., 2015), affect
cytokine production (Lu et al., 2017; Sharifi et al., 2014), enhance neurogenesis
in the brain (Duan et al., 2008), and there is evidence that they affect glucose
regulation in people with depression and with or without diabetes (Chiwanda et
al., 2016; Deuschle, 2013; Tharmaraja et al., 2019). It is possible that the
improvements in glucose homeostasis in individuals being treated with SSRIs is
due to direct beneficial effects of these drugs on beta cells. Thus, it has been
reported that sertraline can increase glucose-stimulated insulin secretion in rats
(Gomez et al, 2001), and there is evidence that insulin acts as an autocrine agent

toincrease beta cell proliferation and inhibit apoptosis (Muller et al., 2006). What
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is more, both sertraline and fluoxetine have been shown to block K* channels in
platelets and astrocytes, and it is possible that they also inhibit Karp channels in
beta cells, decrease K* efflux, and cause cell depolarisation crucial for insulin
secretion (Frizzo, 2017; Ohno et al., 2007). Interestingly, in the rat brain, chronic
fluoxetine treatment increases the activity of the ERK-CREB signal system, which
has been implicated in the neuronal mechanism of depression (Qi et al., 2008).
Sertraline also increases phosphorylation of ERK, also known as MAPK, in the
brain, and it has neuroprotective effects (Taler et al., 2013). In the endocrine
pancreas, ERK and CREB are involved in beta cell mass expansion (Hussain et al.,
2006; Liu et al., 2012; Jiang et al., 2018), and it could be that some SSRIls improve
blood glucose control by inducing beta cell proliferation through similar

mechanisms as they use to promote neurogenesis in the brain.

Receptor
for 5-HT

Pre-synaptic ¢
nerve ending

Post-synaptic
nerve ending
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Figure 1.19. SSRIs ease depression by increasing levels of serotonin (5-HT) in the synaptic cleft
available to bind to the serotonin receptors. Serotonin released by the neuron is recycled
through reuptake by the SERT. SSRIs block the reuptake of serotonin and therefore make more

serotonin available to bind to its receptors on the post-synaptic site.

1.7.1. Fluoxetine

Fluoxetine was discovered in 1972 and it is listed on the World Health
Organization's List of Essential Medicines, as one of the most effective and safe
medicines (World Health Organisation, 2019). Fluoxetine and its metabolite,
norfluoxetine, are potent inhibitors of serotonin uptake by SERT, with high
selectivity, and they have long plasma half-lives of 2 and 7 days, respectively
(Altamura et al., 1994). Both are metabolised in the liver and excreted in the
urine. It is available in tablets of 20, 40 and 60mg and its efficacy is comparable
to tricyclic antidepressants, but fluoxetine has fewer or less severe side effects,
of which the most common are nausea, headache, nervousness, and insomnia
(Buchman et al., 2002). Most importantly, overdose seems to be rather safe
(Hammen and Watkins, 2008; Wenthur et al., 2015). The chemical structure of
fluoxetine lacks the three-fused ring system of tricyclic antidepressants (TCAs),
with the trifluoromethyl substituent on the phenoxy ring, which is a determinant
of its specificity as an SSRI. It has a mild affinity for 5-HT receptors and low affinity
for al-adrenoreceptors, histamine H1 receptors, muscarinic cholinergic
receptors, and dopamine D2 receptors. What is more, fluoxetine acts as an
agonist at 5-HT2B (Kim et al., 2010) and al-adrenoreceptors (Proudman et al.,
2020), while it blocks 5-HT2C (Ni et al., 1997), 5-HT1 (Beasley et al., 1992), and
muscarinic receptors (Garcia-Colunga et al.,, 1997; Ofek et al.,, 2012), and a

number of ion channels, including the 5-HT3 receptor (Choi et al., 2003).
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1.7.2. Sertraline

Sertraline is a potent competitive inhibitor of serotonin uptake by SERTs. It was
approved for medical use in the 1990s (Lopez-Munoz and Alamo, 2009). In 2016,
it was the most prescribed psychiatric medication in the United States (Grohol,
2018). It is metabolised in the liver, with N-demethylation to desmethylsertraline
and deamination to desmethylsertraline ketone. The half-life of sertraline is 26-
32h, and it is available in tablets of 50 and 100mg (Singh and Saadabadi, 2021).
Common side effects include diarrhoea, sexual dysfunction, and insomnia, and in
some cases an increased suicide risk has been observed in young users. As for
fluoxetine, sertraline also has a low affinity for al-adrenoreceptors, dopamine
D2, histamine H1, 5-HT2, and muscarinic cholinergic receptors (Hammen and

Watkins, 2008).
1.7.3. Paroxetine

Paroxetine is a phenylpiperidine derivative and a potent SSRI. It was introduced
in 1992 to treat anxiety disorders and depression (Bourin et al., 2001). Similar to
fluoxetine and sertraline, paroxetine undergoes first-pass metabolism in the liver.
Its half-life varies on a number of different patient-specific and drug-specific
variables, with a mean of 24h. Paroxetine is available in tablets of 5-50mg per day
(Shrestha et al., 2021). The most common side effects of this medication are
nausea, headache, dryness of mouth, and trouble sleeping, but its overdose
appears to be relatively safe and is manifested by vomiting, ataxia, tachycardia,
and seizures. Paroxetine has low affinity for al-adrenoreceptors and dopamine
D2, histamine H1, and 5-HT2, and has mild/moderate affinity for the muscarinic

cholinergic receptors (Hammen and Watkins, 2008).
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1.7.4. The use of antidepressants in T2D

The prevalence rate of MDD is two times higher in with diabetes with T2D (Roy
and Lloyd, 2012). Antidepressant use has dramatically increased in recent years
(Barnard et al., 2013) and it is associated with an increased number of co-morbid
chronic disorders, such as T2D. The prevalence of antidepressant use among
people with diabetes is 8.4% (Ilvanova and Schmitz, 2010). Some antidepressants
have been associated with hyperglycaemia, glucose intolerance and weight gain
leading to obesity, and being overweight or obese accounts for 44% of the cases
of diabetes in people taking antidepressants (Leitner et al., 2017). Although the
mechanisms remain unclear, this increase in weight could be attributed to off
target effects of antidepressants or improvements in appetite due to successful
antidepressant therapy. On the other hand, a meta-analysis of 5 randomised
controlled trials (RCTs) has shown that fluoxetine treatment results in over 4kg
weight loss followed by improvements in fasting blood glucose, and reductions
of HbA1lc and triglycerides in patients with T2D (Ye et al., 2011). There is also
evidence that treatment with SSRIs, such as fluoxetine and sertraline, increases
insulin sensitivity independently of reductions in BMI (Chen et al., 2010; Connolly
et al., 1995; Goodnick et a, 2001; Maheux et al., 1997). Furthermore, a 6-month
double-blinded RCT has shown improvements in glycaemic control with another
SSRI, paroxetine, in the short run (Paile-Hyvarinen et al., 2007). However, a
randomised trial has reported a significant weight gain with paroxetine when

compared to fluoxetine and sertraline (Fava et al., 2000).

It is possible that some antidepressants are more effective in the treatment of
affective disorders in people with diabetes than others. For example, it has been
demonstrated that fluoxetine and sertraline improve glucose regulation (Gomez

et al.,, 2001), whereas some selective serotonin-noradrenaline reuptake
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inhibitors (SNRIs) and TCAs exert no or untoward effects on glucose homeostasis
(Chen et al., 2010; Ghaeli et al., 2004; Kauffman et al., 2005; Laimer et al., 2006;
Moosa et al., 2003). The negative effect on glucose homeostasis has been
reported with combination therapies and TCA use, suggesting that SSRIs might
be the safest choice in the treatment of depression in people with a tendency for
glucose dysregulation. Their beneficial effects on blood glucose levels and HbA ¢
could be attributed to elevated serotonin levels, available to exert functional
effects, for example, on the islets, and this will be investigated in this thesis. To
investigate whether SSRIs have the same or different mechanisms of action in the
endocrine pancreas, three different SSRIs were chosen and compared. Fluoxetine
and sertraline were selected as the widely prescribed options, whereas

paroxetine was chosen as a less commonly prescribed SSRI.
1.8. Antipsychotic drugs

Antipsychotics are a class of medication used to manage psychosis in
schizophrenia and bipolar disorder or as an add-on therapy of major depressive
disorder. They revolutionised the management of psychosis that had been
previously limited to admission to psychiatric hospitals, sedation or insulin-
induced coma. Antipsychotic drugs fall into two categories: first- and second-
generation drugs. First-generation antipsychotics (FGAs), known as typical, were
discovered in the 1940s and include haloperidol and loxapine (Solmi et al., 2017).
On the other hand, second-generation antipsychotics (SGAs), known as atypical
(AAPs), have been developed more recently (Ramachandraiah et al., 2009) and
include aripiprazole and clozapine. The AAPs have transformed the treatment of
psychotic conditions as they have a lower propensity to cause extrapyramidal
side effects, including akathisia, parkinsonism, and tardive dyskinesia, when

compared to the FGAs. These properties of AAPs are aligned with their
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differentiating receptor profiles (Ginovart and Kapur, 2012). Although exact
modes of action of antipsychotic medications remain unknown, it is known that
they act on receptors in the brain’s dopamine pathways, as well as on serotonin
receptors, and histamine and muscarinic receptors. Affinities for histamine H1
and 5-HT2C receptors could explain why antipsychotic drugs are associated with
obesity, since these receptors are coupled to regulation of food intake. Thus,
blockade of H1 receptors by some antipsychotics leads to reduction of adenosine
monophosphate-activated protein kinase (AMPK) that activates appetite,
whereas antagonism of 5-HT2C on anorexigenic proopiomelanocortin neurons
increases appetite (He et al., 2014). Almost all currently available AAPs, with a
few exceptions, are 5-HT2A, 5-HT1A and 5-HT1D receptor agonists, and they
antagonise 5-HT6 and 5-HT7. 5-HT2A and 5-H1D are both expressed by islet cells,
and they have stimulatory and inhibitory functions, respectively (Sullivan et al.,
2015; Meltzer and Massey, 2011). Interestingly, the expression of these
receptors is significantly increased in islets of patients with T2D (Bennet et al.,

2015).

As outlined above, the prevalence of T2D is increased among people suffering
from mental illnesses, including schizophrenia (Mamakou et al., 2018; Yang et al.,
2020), and there are concerns that antipsychotic therapy increases the risk of
developing T2D (Liao et al., 2011; Smith et al., 2008). However, AAPs vary in side
effects related to glucose dysregulation (Yood et al., 2009) and the direct effects
of individual AAPs at beta cells are not well understood. Importantly, there is a
hierarchy of weight gain and risk of metabolic side effects caused by different
types of antipsychotics: the highest risk is associated with olanzapine and
clozapine treatment, whereas the lowest risk is with aripiprazole and lurasidone
treatment. There is evidence that some antipsychotic drugs, including clozapine,

induce insulin and glucagon secretion from human islets at therapeutically
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relevant concentrations (Aslanoglou et al., 2021). Moreover, it has been shown
that islets express components of the dopaminergic system (Ustione et al., 2013)
and that D2 receptor blockade with domperidone, a D2 receptor antagonist,
promotes proliferation and prevents apoptosis of mouse beta cells through
increases in intracellular cAMP (Sakano et al.,, 2016). On the other hand,
treatment with first- and second-generation antipsychotics has been associated
with diabetic ketoacidosis, the uncontrolled production of ketone bodies that
leads to potentially life-threatening reductions in blood pH. What is more, rates
of ketoacidosis are significantly increased in people with comorbid mental illness
and diabetes (Polcwiartek et al., 2016; Vuk et al., 2017). This suggests that some
antipsychotic medications could decrease insulin secretion, but the underlying
mechanisms remain to be further investigated. Therefore, one of the aims of this
thesis was to investigate the effects of two commonly prescribed AAPs,

aripiprazole and clozapine, on mouse and human beta cell mass and function.
1.8.1. Aripiprazole

Aripiprazole, sold under the brand name Abilify, is a novel antipsychotic drug. It
was approved for medical use in 2002 to treat schizophrenia, depression, autistic
disorder, and Tourette’s syndrome (Citrome, 2006; Hirsch and Pringsheim, 2016;
Padala et al.,, 2005). Aripiprazole is metabolised in the liver by CYP3A4 and
CYP2D6, forming its active metabolite dehydroaripiprazole. Pharmacokinetics
studies show that serum levels of aripiprazole are 110-500ng/ml, which
corresponds to 0.24-1.12uM in blood (Eryilmaz et al., 2014; Grinder et al., 2009;
Kirschbaum et al., 2008; Sparshatt et al., 2010). Interestingly, coadministration of
aripiprazole with fluvoxamine (100mg/day) or paroxetine (20mg/day) inhibits
CYP3A4 and CYP2D6, and therefore increases plasma levels of aripiprazole.

Fluvoxamine and paroxetine are CYP3A4 and CYP2D6 inhibitors, respectively, and
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they markedly decrease systemic clearance of aripiprazole (Azuma et al., 2011).
The half-life of aripiprazole is 72h, and it is available in tablets of 10-20mg
(Winans, 2003). Common side effects include agitation, erectile dysfunction and

hypotension.

Aripiprazole acts by modulating neurotransmission overactivity of dopamine,
which improves symptoms of schizophrenia (Mailman et al., 2010). Mechanisms
of action of aripiprazole differ from those of other AAPs (Starrenburg and Bogers,
2009). It has antagonist activity on postsynaptic D2 receptors and partial agonist
activity on presynaptic D2 receptors (Wood and Reavill, 2007), D3 (Kegeles Et al.,
2009), and partially D4 (Shapiro et al., 2003). Aripiprazole also affects serotonin
signalling through partial agonism at the 5-HT1A (Jordan et al., 2002), by acting
as a partial agonist of 5-HT2A and 5-HT2C, an inverse agonist of 5-HT2B, an
antagonist of 5-HT6, and a partial agonist of 5-HT7 (de Bartolomeis et al., 2015;
Schwartz, 2018; Shapiro et al., 2003). In addition, aripiprazole has an effect on
histamine (H1) and adrenergic (a), and, as SSRIs, it blocks SERT (Keck and McElroy,
2003). Aripiprazole has a unique partial agonist property at the D2 and some
serotonin receptors, including 5-HT2C, and this therefore offers some functional
selectivity (Bolonna and Kerwin, 2005; Tuplin and Holahan, 2017), which could
explain why it is highly effective in the management of both positive and negative
symptoms of schizophrenia (Tuplin and Holahan, 2017). Aripiprazole, as a partial
agonist, activates the D2 receptor, but provokes a fraction of the response
relative to a full agonist. In the mesolimbic pathway that is associated with
positive symptoms of schizophrenia, aripiprazole has a lower intrinsic effect
when compared to dopamine, and hence it decreases dopaminergic
transmission. In the mesocortical pathway, aripiprazole increases dopaminergic
activity and reduces negative symptoms of schizophrenia (Guzman, 2021;

Mailman and Murthy, 2010).
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The atypical antipsychotic medications have become stigmatised by metabolic
side effects, such as obesity, T2D, and cardiovascular disease (Allison et al., 1999;
Basu and Brar, 2006; Bischoff et al., 2020; Gianfrancesco et al., 2006). It has been
suggested that the initiating pathophysiology is weight gain, secondary to
centrally mediated surges in appetite (Allison et al.,, 1999). Aripiprazole is
associated with less weight gain than other AAPs, such as olanzapine (McEvoy et
al., 2005), and it is considered to be metabolically neutral (Nielsen et al., 2010;
Wang et al., 2013). However, when it is used in monotherapy, it is associated with
weight gain, and this is one of the reasons that it was not licensed for use as an
antidepressant. In addition, there is conflicting data on the effect of aripiprazole
treatment on glycaemic control and the risk of T2D. Aripiprazole has been shown
to modestly increase insulin resistance following short-term administration (Teff
et al., 2013), but it has not been directly associated with an increased risk of T2D
(Yood et al., 2009). Interestingly, aripiprazole is effective in correcting adverse
effects, such as metabolic syndrome, caused by some antipsychotic drugs or in
refractory cases (Fleischhacker et al., 2014; Silva et al.,, 2019). In adjunctive
therapy in schizophrenia patients treated with clozapine, it has some metabolic

benefits, including improved glucose clearance and weight loss, (Fan et al., 2012).

1.8.2. Clozapine

Clozapine is unique among antipsychotic drugs, as it is the only antipsychotic
medication with effectiveness in treatment-resistant schizophrenia (TRS) (Farooq
et al., 2019). However, the mechanism of this superior effectiveness of clozapine
in TRS remains unclear. Clozapine is sold as Clozaril and it was discovered in 1956
and approved for medical use in 1972 (Haidary and Padhy, 2020). Clozapine is

metabolised in the liver by several cytochrome P450 (CYP) isozymes. Therapeutic
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plasma levels of clozapine are 200-1,000ng/ml, which corresponds to 0.61-
2.66uM (Funderburg et al., 1994; Keshavarzi et al., 2020; Schulte, 2003; Varma
et al.,, 2011; Yada et al., 2021; Yusufiet al., 2007). The estimated half-life of
clozapine is 10.2-29.2h (Fang and Mosier, 2014; McEvoy et al.,, 1996; Jann et al.,
1993). The initial dose of clozapine is 12.5mg and the maximum dose can be as
high as 900mg depending on the patient’s age and medical history, with a usual
dose ranging between 149-600mg/day (Subramanian et al., 2017). Common side
effects of clozapine treatment include agitation, constipation, drowsiness,
erectile dysfunction, insomnia and increased weight (De Fazio et al., 2015). Some
SSRIs inhibit the metabolism of clozapine leading to significantly increased

plasma levels of this AAP (Sproule et al., 1997).

Pharmacologically, clozapine has antagonist activity at several receptors. These
receptors include dopamine (D1, D2, D3, D4, D5), serotonin (5-HT1A, 5-HT2A, 5-
HT2C), muscarinic (M1, M2, M3, M5), al- and a2-adrenergic, as well as histamine
(H1) receptors (Chathoth et al.,, 2018; Cikankova et al., 2019; Meltzer, 1994;
Numata et al., 2018). Additionally, clozapine is associated with improvements in
depression, anxiety, and the negative cognitive symptoms associated with
schizophrenia due to its action at serotonin receptors. Interestingly, a direct
interaction of clozapine with the GABAg receptor has been demonstrated,
suggesting that potentiation of GABAg could be a novel mechanism that is
involved in the pathophysiology and treatment of schizophrenia (Wu et al., 2011).
Clozapine has been shown to stimulate nerve cell proliferation in the
hippocampus of adult rats and mice, and to have a neural stem cell-protective
activity, which suggests it has a neurogenic-promoting activity (Chikama et al,,
2017; Halim et al., 2004; Lewis et al.,, 2006; Lundberg et al., 2020). As for

fluoxetine, clozapine promotes neural stem cell viability, increases levels of the
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anti-apoptotic protein Bcl-2 and decreases caspase-3 activity (Todorovic et al.,
2019). What is more, it has been suggested that clozapine inhibits accumulation
of toxic protein aggregates and defective organelles induced by ketamine, a non-
competitive N-methyl-D-aspartate receptor antagonist used in rodents to mimic
symptoms similar to those associated with schizophrenia in humans (Becker et
al.,, 2004; Lundberg et al.,, 2020). Despite its beneficial effects in the brain,
clozapine has been linked to metabolic adverse effects (Grover et al., 2016) and
increased risk of T2D and dyslipidemia (Holt, 2019; Ingimarsson et al., 2017; Yood
et al., 2009), and there is tentative evidence that clozapine is associated with a
small increased risk for T2D compared with first generation antipsychotics in
schizophrenia patients (Smith et al., 2008). However, patients with schizophrenia
often have features of metabolic syndrome before the initiation of treatment
(Chathoth et al., 2018). A large number of patients with schizophrenia are obese
and have glucose dysregulation by the time clozapine is initiated, but the
relationship between clozapine treatment and hyperglycaemia are incompletely
understood. It has been suggested that clozapine may inhibit glucose
transporters responsible for glucose uptake by the brain and peripheral tissues
(Tovey et al.,, 2005). In addition, there is evidence for a causal connection
between clozapine and acute hyperglycaemia that could be reversed with
clozapine withdrawal (Kumar et al., 2019), but the underlying mechanisms are
unclear. Clozapine does not alter the levels of growth hormone (GH) or insulin-
like growth factor-1 (IGF-1) within three months of treatment, indicating that
changes in glucose tolerance due to clozapine treatment involve other

mechanisms that are yet to be elucidated (Howes et al., 2004).
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At the receptor level, blockade of H1 and 5-HT2C receptors by clozapine could be
associated with the metabolic risks of the drug (Nasrallah, 2008). Antagonism of
the histamine receptor is linked to antipsychotic-induced weight gain (Kroeze et
al., 2003). What is more, in vivo studies have shown that clozapine activated the
enzyme AMPK in the hypothalamus, which reverses the action of leptin (Kim et
al., 2007). In addition to this, blockade of 5-HT2C is associated with antipsychotic-
induced weight gain and diabetes (Matsui-Sakata et al., 2005), as 5-HT2C
knockout mice develop insulin resistance and impaired glucose tolerance

(Nonogaki et al., 1998).

Even though the use of atypical antipsychotic drugs, including clozapine, has been
linked to metabolic disturbances (Koro et al., 2002; Teff et al., 2013), the direct
effects of individual drugs on beta cell mass and function have not been fully
investigated, and it remains unclear whether some of these drugs produce
metabolic disturbances by promoting insulin resistance in the periphery or
through increasing beta cell death and/or dysfunction. Therefore, clozapine,
which is associated with severe metabolic side effects, and aripiprazole, which
has less deleterious impact on glycaemic management, were chosen for this
study and experiments were carried out to address the direct effects of these

drugs at beta cells.
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1.9.

Aims

Antidepressants and antipsychotics are widely used for the treatment of mood

and psychotic illnesses, commonly in people with diabetes, and it is important to

unravel their modes of action, including their direct effects at beta cells.

The principal aim of this thesis is to determine the direct effects of selective

serotonin reuptake inhibitors (fluoxetine, sertraline and paroxetine) and atypical

antipsychotics (aripiprazole and clozapine) on beta cell mass and function using

a beta cell line (MING cells), primary mouse and human islets, and pseudoislets.

Specifically, the objectives are to:

Investigate the expression of SERT by beta cells and islets using standard
PCR and Western blotting analyses.

Investigate the expression of D2 and 5-HT receptors by beta cells and islets
using quantitative PCR and fluorescence immunohistochemistry.
Determine the direct effects of selective serotonin reuptake inhibitors
(fluoxetine, sertraline and paroxetine) on beta cell viability, insulin
secretion, proliferation and apoptosis.

Study the effects of fluoxetine delivery to ob/ob mice on beta cell
proliferation in vivo.

Determine the direct effects of atypical antipsychotic drugs (aripiprazole
and clozapine) on beta cell viability, insulin secretion, proliferation, and
apoptosis.

Study the effect of fluoxetine, aripiprazole and clozapine on infiltration of
islet-derived pseudoislets by macrophages using invasion and migration

assays.
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Chapter 2. Materials and Methods
2.1. MING beta cell culture

Cell culture is a techniqgue of maintaining live cells that are separated from their
original tissue. Therefore, cells are grown under carefully controlled conditions.
These conditions typically consist of essential nutrients, such as amino acids,
glucose, vitamins, and minerals that are provided in culture media. Additionally,
cells require serum that contains growth factors stimulating cell proliferation, and

antibiotics used to prevent bacterial contamination.

Insulin secreting cell lines have been generated to provide a valuable
complement to primary islets, which are not readily available and have low rates
of proliferation. Furthermore, cell culture studies allow for a controlled
manipulation of cellular processes, such as cell division. One of the cell lines that
functionally resemble primary beta cells is the MING beta cell line. It is derived
from a mouse insulinoma tumour and generated by targeted oncogenesis in
mouse beta cells to drive simian virus 40 large T antigen (SV40LT) expression
using the insulin promoter (Miyazaki et al, 1990). MIN6 cells display
characteristics of primary beta cells, including glucose transport and
phosphorylation via GLUT2 and glucokinase, respectively. Although they have
less secretory granules than beta cells and concomitantly lower insulin content,
MING cells are glucose-responsive and capable of secreting insulin (Miyazaki et
al., 1990), and they are therefore a good in vitro model to study beta cell function.
The ability of MING cells to secrete insulin declines with a higher passage number
(usually over 50) due to gene expression changes, including downregulation of
phospholipase D1, an important regulator of glucose-stimulated insulin secretion
(GSIS) (Hughes et al., 2004) and glucokinase, as well as upregulation of

hexokinase with lower Km and Vmax, meaning that high passage cells are less
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sensitive to changes in glucose concentrations (Ishihara et al., 1994). Therefore,
in this thesis, MING6 cell passages between 30-50 were used to study insulin

secretion.
2.1.1. Cryopreservation and thawing of MIN6 beta cells from frozen storage

It is important that healthy cells in the log phase of growth are frozen down and
preserved for long-term storage to maintain frozen cell stocks. Cryopreservation
of cells requires aseptic harvesting close to 90% confluency, as described in
Section 2.1.2 below, and the use of a cryoprotective agent to prevent cell damage
from ice crystal formation at low temperatures. A controlled freezing rate of

1°C/min is essential to preserve optimal viability of the recovered cells.

MING6 cells were trypsinised (Section 2.1.2) and re-suspended in 10ml of fresh
Dulbecco’s Modified Eagle’s Medium (DMEM). The cell suspension was then
centrifuged, and the pellet was re-suspended in DMEM containing 10% (v/v)
cryoprotectant dimethyl sulfoxide (DMSO), at a concentration 1 x 108 cells/ ml.
1ml aliqguots were transferred into labelled cryoprotective Nunc® vials, which
were then placed inside a passive freezer Nalgene® Mr Frosty at -80 °C overnight.
An outer compartment of the container was filled with 100% isopropyl alcohol to
allow the reproducible freezing rate of between —1°C and —3°C. Frozen vials
containing cells were transferred long-term into a liquid nitrogen vessel at -

196°C.

Once frozen, cells may be retrieved from liquid nitrogen and reconstituted by
thawing. The thawing procedure is stressful to cells, therefore working quickly
ensures that a high number of cells survive. Vials containing frozen MING6 cells
were placed into a 37°C water bath for 1min, and their contents were transferred

into sterile 15ml centrifuge tubes. The thawed cells were diluted in 10ml pre-
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warmed DMEM and centrifuged at 1000rpm for 5min. Cell pellets were re-
suspended in fresh DMEM and transferred into T25 flasks and into the incubator
at 37°C (95%air/5%C0,) overnight. The medium was then changed to remove
non-adherent cells and the cells were maintained in culture as described in

Section 2.1.2.
2.1.2. Maintaining MIN6 beta cells in culture

The MING cells used in this study were provided from Professor J. |. Miyazaki’s
laboratory at Tokyo University in Japan. MING cells were maintained in culture at
37°C (95%air/5%C0O;) in DMEM containing 25mM glucose and supplemented
with 10% (v/v) foetal bovine serum (FBS), 100U/ml penicillin and 100ug/ml
streptomycin, and 2mM L-glutamine, which can be presented as 10% (v/v) FBS,
1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine. Phenol red served

as a pH indicator to measure nutrient depletion.

MING cells (Passages 30—-50) were maintained in DMEM as monolayers in T25 or
T75 flasks (the number indicating surface area in cm?) containing 8 or 15ml
DMEM under aseptic conditions to avoid contamination with bacteria or yeast.
The medium was changed every 3-6 days. When cell confluency reached 70-90%,
cells were sub-cultured or harvested by trypsinisation and used in experiments.
For adherent cultures, cells need to be detached: this is commonly achieved by
trypsinisation, which is a process of cell detachment and separation using 0.1%
trypsin/0.02% EDTA. Trypsin digests the attachment sites to the flask surface,
whereas EDTA binds to calcium ions required for cell-to-cell calcium-dependent
adhesion (Figure 2.1). MING6 cells were exposed to 1.5ml trypsin/EDTA at 37°C for
3-5 min to avoid over-digestion due to proteolytic activity of trypsin. To help cells
detach, the flask was tapped against the palm then medium containing serum

was added to the flask to inactivate trypsin. The cell suspension was centrifuged
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at 1300rpm for 3min, the supernatant was aspirated, and the cell pellet was

resuspended in 1ml of DMEM for cell counting.

Figure 2.1. Light microscopy images of MING6 cells (P35) in culture at magnifications x20 (A) and
x40 (B). MING cells disassociated with trypsin and EDTA at magnification x40 (C).

2.1.3. Cell counting

The cell concentration is calculated for seeding cells into plates and to adjust the
amount of the reagents required for each experiment. There are several methods
for cell counting. Two methods used in this thesis are manual and automated
counting.

Manual counting uses a counting chamber to visualise and count cells. The
haemocytometer is a type of counting chamber carved into a piece of thick glass
with a depth of 0.1mm and etched squares of 0.1mm?2. It is commonly used to
calculate the density of cells in suspensions based on these chamber dimensions.
The cell suspension was mixed with 0.4% (w/v) Trypan blue dye in equal volumes.
Trypan blue is a vital stain that allows visualisation of the dead cells with
compromised cell membrane integrity, as it is normally excluded from cells with
intact plasma membranes. 10ul of the cell suspension-Trypan blue mixture was
placed in the space between the chamber and the glass coverslip, filling it by

capillarity (Absher, 1973; Cadena-Herrera et al., 2015). The grid visualised under

72



the light microscope was used to manually count the number of cells within the
areas of known volume (Figure 2.2). The distance between the chamber and the
coverslip is 0.1mm and the counting squares are 0.1mm?, giving a volume of
0.1mm3, therefore the concentrations of the cells in suspension can be
calculated. The total number of cells was calculated using a formula: total cell
number/ml = average cell number of the four corner squares x 10% x 2, which takes
into account the dilution in Trypan blue. Cell viability was determined by Trypan
blue staining and non-viable cells, which were usually less than 5%, were
excluded from the final count. Although manual counting is cheap, it has several
disadvantages due to human perception, definition of cells, and counting enough
cells. Human interference can be avoided by using automated methods, which
are faster and allow higher precision. Automated counting was performed using
an Invitrogen Countess Automated Cell Counter, with the image analysis software
for assessment of cells in suspension. 10ul of cell suspension-Trypan blue mixture
was added to the cell counting chamber slide that resembles a haemocytometer.
The slide was inserted into the allotted slot on the machine for cells to be
counted. Although both methods rely on the same principle, the automated cell
counter can provide accurate cell counts for a wider cell concentration range
than a haemocytometer and it is less time consuming and more reproducible.
However, using a haemocytometer is a cheaper method for measuring cell
viability of multiple cell suspensions that allows for a better visualisation and

examination of the cells.

Calculation of the number of cells in suspension was used for seeding cells for
experimental use by using the formula: desired cell number per well x total
volume / cell concentration. For experiments in this thesis, MIN6 cells were plated

onto 96-well plates at densities of 15,000-20,000 cells/well.
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Figure 2.2. Counting cells using a haemocytometer and Trypan blue. 10ul of cell suspension
was mixed in equal volumes with Trypan blue and pipetted into the space between the
haemocytometer and the coverslip. Four corner squares (1mm by 1mm) were localised, and
the average number of cells was calculated. Cells outside the square lines were omitted (Zhang

and Kuhn, 2005).

2.2. Islet isolation

Islets of Langerhans secrete hormones that regulate blood glucose and are
therefore a key focus of diabetes research. The process of purifying viable and
functional islets from mouse or human pancreas is complex and requires several
steps. The primary goal of isolating islets is to obtain glucose-responsive, viable
islets that can be used for functional analyses. Islet isolation procedure involves
pancreas retrieval, enzymatic digestion of the exocrine tissue, and maintenance

of isolated islets in culture.

2.2.1. Mouse islet isolation

Mouse islets were isolated from male CD-1 mice (=20g) aged 8-18 weeks via
pancreatic digestion with collagenase (1mg/ml in serum-free Minimal Essential
Medium (MEM)). Mice were culled by cervical dislocation or asphyxiation with
CO,. The abdominal cavity was opened following confirmation of death. The
ampulla of Vater was clamped, and 2.5ml collagenase solution (Img/ml

collagenase in MEM) was injected into the common bile duct (CBD) (Figure 2.3).
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The distended pancreas was separated from the tissues, dissected out,
transferred into a 50ml-Eppendorf tube, and placed on ice. The pancreas was
then incubated in the water bath at 37°C for 10min to allow enzymatic digestion
of the exocrine tissue. 25ml of MEM supplemented with 10% (v/v) newborn calf
serum (NCS) was added to stop the reaction, and the remaining tissue pellets
were sieved following steps of centrifugation (1400rpm, 10 °C, 1.5min; 1500rpm,
10°C, 1.5min) and passed through a sieve to separate islets from fat and poorly
digested exocrine tissue. Islets were further purified by centrifugation (3510rpm,
10 °C, 24min) with MEM and histopaque, which is a polysucrose solution that
serves as a density gradient cell separation medium. Islets were then gently
removed from the gradient, washed in MEM, hand-picked into the Petri dishes
with RPMI medium containing 11mM glucose and supplemented with 10% (v/v)
FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine, and
incubated at 37°C (95%air/5%CO5).

2.2.1.1. Animal maintenance

Male CD-1 or ob/ob mice were housed under controlled conditions (1400h
light:1000 h darkness; lights on at 0700 h; temperature at 22+2 °C) and provided
with food and water ad libitum. All animal procedures were undertaken in

accordance with the United Kingdom Home Office Regulations.
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Figure 2.3. Mouse pancreas digestion. Bile duct cannulation (A) and distension of the pancreas

by perfusion with collagenase solution (B) (Atanes et al., 2020).
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2.2.2. Human islet isolation

Human islets were retrieved from non-diabetic, heart-beating, and brain-dead
donors, and isolated through Liberase digestion by the Islet Transplantation Unit
at King’s College Hospital. The process consists of four major steps: pancreas
preparation, perfusion with Liberase, pancreas digestion in the specially designed
chamber, and islet purification (Figure 2.4). Islets were then maintained in culture
in CMRL medium containing 5.5mM glucose and supplemented with 10% (v/v)
FBS, 1% (v/v) penicillin and streptomycin at 37°C (95%air/5%CO5).

2) 3
Pancreas is extended and perfused CJRicordi G Pancreatic digest before <>Islet purification with continuous
with collagenase purification density centrifugation

Islet culture

Figure 2.4. The main steps of human islet isolation. Perfusion of the distended pancreas with
collagenase solution (1). Schematic of Ricordi chamber (2). Pancreatic digest with islets stained
red with dithizone (3). COBE 2991 cell apheresis system with continuous Biochrom osmotic
gradients (4). Islet culture prior to experimental use (5). Purified human islets (red) (6) (Shapiro

etal., 2017).
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2.2.3. Maintaining islets in culture

Mouse or human islets were maintained in culture at 37°C (95%air/5%CO5) in
RPMI medium containing 11mM glucose and supplemented with 10% (v/v) FBS,
1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine for 48h. The

medium was changed every 24-48h.

2.3. Monolayer primary islet cell culture

High resolution imaging studies of islet biology have been limited by insufficient
techniques to culture monolayers of primary islet cells. The culture of islet cells
on glass surfaces is a novel method that allows high resolution imaging (Phelps et
al., 2017). Beta cell lines, including MING6 cells, can also be cultured on glass, but
they lack the signalling input of non-beta endocrine cells (Skelin et al., 2010).
Although two-dimensional culture of dispersed islet cells is possible on plastic
surfaces, it requires coating with cell-derived extracellular matrices, including
extracellular matrix secreted from human carcinoma cells or bovine corneal
epithelial cell matrix, which have high batch-to-batch variability and they are
linked to beta cell redifferentiation (Kaido et al., 2006; Phelps et al., 2017;
Weinberg et al., 2007). Therefore, for monolayer primary islet cell culture, the
glass coverslips were coated with a defined surface coating of laminin in the
presence of neurobasal media GlutaMAX (Gibco) containing the B-27 neuronal
growth supplement to promote cell adhesion and spreading. B-27 contains
growth factors, antioxidants, and retinoic acid (Brun et al.,, 2015), as well as
insulin that supports islet cell function and survival (Johnson et al., 2006). The
neurobasal media was chosen over RPMI as RPMI contains high levels of
neuroactive amino acids that potentially decrease viability of dispersed rat and
human islet cells, whereas neurobasal medium is associated with higher viability

of islet cell cultures in a monolayer when compared to RPMI (Phelps et al., 2017).
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This method enables adhesion and formation of monolayers of well-connected

and fully differentiated mouse and human islet endocrine cells.

2.3.1. Preparation of matrix-coated coverslips

Round borosilicate glass coverslips (12mm diameter and 0.17mm thickness) were
transferred to 24-well plates and coated with laminin from Engelbreth-Holm-
Swarm murine sarcoma basement membrane at 50pg/ml in Ca®/Mg?*-
supplemented Hanks Balanced Salt Solution (HBSS) overnight at 37°C. The
coverslips were washed in Ca?*/Mg?*-supplemented HBSS and left to dry for

10min prior to seeding.

2.3.2. Preparation of mouse and human islet cell monolayer cultures

Mouse islets were isolated from pancreases of CD-1 male mice (8-12 weeks) as
previously described in Section 2.2.1. Human islets were obtained from the Islet
Transplantation Unit at King’s College Hospital (Section 2.2.2). Groups of 500
hand-picked islets were cultured at 37°Cin 10cm non-adherent cell culture dishes
in MEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine. Mouse or human islets were hand-
picked from suspension cultures after 24h, collected in 15ml tubes, and washed
in PBS. Islets were dissociated into a suspension of single cells through trypsin
digestion. 300ul 0.05% trypsin-EDTA was added to 1.5ml Eppendorf tubes
containing 500 islets and pipetted continuously for 3min at 37°C using a heat
block. Trypsin digestion was stopped by adding neurobasal media supplemented
with 5% (v/v) FBS, 1x B-27, 1% (v/v) penicillin and streptomycin, and 10mM Hepes
buffer to a total volume of 15ml. Islet cells were pelleted by centrifugation for

5min at 1400rpm, resuspended in neurobasal media, then seeded at a density of

79



35,000 cells/cm? on laminin-coated glass coverslips. Islet cells required 3-4 days
of culture to adhere and spread on the glass surfaces, and 10-14 days to form
pseudoislets, which were used experimentally. Culture medium was changed

every 2 days.

2.4. Gene expression

Gene expression studies rely on polymerase chain reaction (PCR), a common
technique that allows amplification of DNA fragments rapidly by several orders
of magnitude. Using PCR, copies of a very small amount of DNA sequences are
exponentially amplified in cycles of temperature changes. PCR is performed

following two steps: total RNA extraction and cDNA synthesis.

2.4.1. RNA extraction

Total RNA was isolated from 1 x 10 MIN6 cells, 200 isolated mouse islets and 200
human islets using the Qiagen RNeasy Spin Column kit. MING6 cell and islet pellets
were lysed in 700ul RTL buffer, which contains a high concentration of guanidine
isothiocycanate to support the binding of RNA to the column membrane. RLT
buffer was supplemented with 1% (v/v) of a reducing agent B-mercaptoethanol
(B-ME), which is important for effective inactivation of RNAses in the lysate. The
lysate was then passed through the QlAshredder homogeniser, and each column
was centrifuged at 12,000rpm for 2min. Homogenisation allows disruption of the
cells and prevents sample degradation. One volume of 70% ethanol was added
to the homogenised lysates, mixed by pipetting, and transferred into the RNeasy
spin columns. The columns were centrifuged at 12,000rpm for 2min and the flow-
through was discarded. 350ul of buffer RW1, containing guanidine salt and
ethanol, was added to the column to wash the membrane-bound RNA from

biomolecules, the columns were then centrifuged at 12,000rpm for 2min, and
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the flow-through was discarded. The presence of genomic DNA in RNA samples
can lead to false positive results. Therefore, DNA digestion was carried out by
adding 80ul of DNase incubation mix (10ul DNase | solution and 70ul buffer RDD)
to ensure that only RNA remains bound to the column. After 15 min, the columns
were washed with buffer RW1, centrifuged at 12,000rpm for 2min, and the flow-
through was discarded. The columns were exposed to 500ul of a mild washing
buffer called buffer RPE, centrifuged again, and the flow-through was discarded.
Empty columns were spun for 1min to dry, and total RNA was eluted with 30ul
RNase-free water (Figure 2.5). Total RNA purity and concentration were assessed
using a Nanodrop Microvolume spectrometer that measures 260/280 and
260/230 ratios. Values lower than 2 may indicate protein, phenol, or

carbohydrate contamination. RNA samples were then stored at -80°C.

1 2 3 4 5 6

Grind Optimal Add Total RNA 3x wash Total RNA
and lyse  Homogenization  ethanol
with QlAshredder

Figure 2.5. Major steps of RNA extraction using RNeasy and QlAshredder. The sample was lysed
with RLT buffer (1) and homogenised to shear genomic DNA and reduce viscosity of lysate (2).
70% ethanol was added to adjust binding conditions and inactivate RNases to ensure
purification of highly intact RNA (3). After that, the protocol followed the standard bind-wash-
elute steps. The sample was applied to RNeasy spin column for RNA adsorption to the
membrane (4), RW1 and RPE buffers were used to wash off possible contaminants (5), and

total RNA was eluted in water (QIAGEN GmbH, 2013).
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2.4.2. Reverse Transcription

Reverse transcription is a process of cDNA synthesis from an RNA template using
a reverse transcriptase enzyme (RT). The synthesis of the first cDNA strand is
directed by the RNA template and short random primers complementary to the
3" end. The dNTP mix serves as building blocks for DNA synthesis. The Applied
Biosystems High-Capacity cDNA Reverse Transcription Kit contains all
components necessary for the quantitative conversion of RNA to single-stranded
cDNA (Table 2.1). The 0.2ml Eppendorf tubes containing cDNA (10-50ng/ul) and
master mix were loaded onto a PCR Thermal Cycler, and the thermal cycling
conditions were: 25°C for 10min, 37°C for 2h, 85°C for 5min, and 4°C. The kit was
used to synthesise cDNA from the collected RNA, and its downstream

applications included standard PCR and real-time PCR.

Table 2.1. Components of the High-Capacity cDNA Reverse Transcription Kit.

Component Volume (ul) /Reaction Final concentration
10x RT buffer 2 1x
25x dNTP mix (100mM) 0.8 4mM
10x RT random primers 2 1x
MultiScribe Reverse 1 2.50/ul
Transcriptase (50U/pul)
Nuclease-free water 3.2 -

2.4.3. Polymerase chain reaction (PCR)

PCR is an invitro method of DNA replication, and a single cycle consists of
denaturation, annealing and elongation steps. During denaturation (94-98°C for

20—-30 seconds), double-stranded DNA is broken into two single-stranded DNA

82



molecules. When the temperature is lowered (50-65°C for 20-40 seconds)
primers anneal to each of a single stranded DNA template. The primers are single-
stranded sequences that complement short regions at the 3' end of each DNA
strand. Annealing is followed by elongation (72-80°C). In this step, the DNA
polymerase synthesises a new DNA strand complementary to the DNA template
strand by adding free dNTPs from the master mix to the template in the 5'-3'
direction (Rychlik et al., 1990). With each cycle, the original template strands and
all newly generated strands become template strands for the next round of
elongation, leading to exponential amplification of the specific DNA region,
making it possible to obtain a large quantity of DNA for analysis or further

experiments.

Standard PCR was used to amplify MIN6 cell and islet cDNAs and identify gene
products of interest. A master mix was prepared (Table 2.2), and the reaction
volume was set to 20ul: 19ul master mix and 1ul cDNA was mixed in a 0.2ml PCR
tube and loaded onto a RT-PCR Thermal Cycler. The cycling conditions were 94°C
for 30 sec, 58°C for 30 sec, 72°C for 1 min.

Agarose gel electrophoresis was used to determine sizes of the reaction products.
A 1.8% gel was prepared by adding 50ml of 1x TBE buffer (Table 2.3) to 900mg of
agarose. Ethidium bromide (5ul) was then used as a fluorescent tag to stain
nucleic acids. The cDNA molecules and a molecular weight marker (ladder) were
loaded onto the agarose gel and run at 100V. After 30 min, DNA was visualised
using the UV light. DNA molecules were separated by size within a gel, the
distance travelled was compared to the DNA ladder bands, and the approximate

sizes of cDNA molecules were identified.
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Table 2.2. Master mix used for the standard PCR.

Component Volume (pl) Final
/20yl Reaction | concentration

10X Buffer 2 1x

MgCl, (25mM) 1.2 2.5mM

dNTPs (40mM) 0.8 1.6mM
10x Qiagen QuantiTect primer 2 1x
Taqg polymerase (5U/ul) 0.2 -
Nuclease-free water 12.8 -

Table 2.3. Components of 10x TBE buffer. 1x TBE buffer (gel running buffer) was prepared with

RNase-free H,0 by diluting 100ml to 1I.

Component Amount (g) /11 dH,0 | Final concentration
Tris base 121.1 1M
Boric acid 61.8 1M
EDTA 7.4 0.02M
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2.4.4. Quantitative PCR

While standard PCR uses gel electrophoresis to visualise the amplified reaction
products, real-time quantitative PCR (RT-qPCR) can detect amplifications during
the early phases of the reaction. The advantage of this method is that it is
guantitative. Data are collected during the exponential growth phase when the
amount of the product is directly proportional to the amount of the template

(Kralik and Ricchi, 2017).

There are two types of methods used to detect PCR products using real-time PCR:
SYBR Green—based detection and TagMan-based detection. The SYBR Green-
based method uses a dsDNA binding dye to detect PCR products as it accumulates

during PCR, while TagMan uses a fluorogenic probe specific to the target gene.

A master mix for the SYBR green-based method was prepared (Table 2.4) and 9ul
of this was pipetted into wells of a 96-well plate. 1ul of cDNA sample
(1000ng/20ul reaction) or water (blank) was then added to the appropriate wells.
RT-gPCR was performed using a LightCycler 480 thermal cycler. Specificity of the
PCR products were determined by the melting curve analysis followed by agarose

gel electrophoresis to determine sizes of amplicons.
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Table 2.4. Components of the SYBR Green master mix used for the RT-qPCR.

Component Volume (pl)
/Reaction
SYBR Green master mix 5
Qiagen QuantiTect primer 2
(Table 2.5)
cDNA 1
Nuclease-free water 2
Table 2.5. Qiagen QuantiTect primers.
Protein Gene Catalogue Catalogue
number (Mouse) | number (Human)
SERT SLC6A4L QT00058380 QT00058380
5-HT2B HTR2B QT00060368 QT00144704
5-HT3A HTR3A QT01039885 QT01002687
5-HT1F HTR1F QT00102242 QT01002673
D2 DRD2 QT01169063 QT00012558
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2.5. Protein expression

Protein expression is a functional read-out of gene expression that gives
indication of how much protein is presentin a sample. Protein quantification was
performed by Western blotting and fluorescent immunohistochemistry (IHC).
The two methods rely on the principle of antibody-antigen interactions. Western
blotting allows detection of a specific protein, whereas IHC additionally visualizes

the presence of a protein within a cell.

2.5.1. Protein extraction and quantification

Proteins were extracted from MING6 cells, mouse islets and human islets by using
the radioimmunoprecipitation assay (RIPA) lysis buffer (Table 2.6). The buffer
enables protein extraction from the membrane, cytoplasm, and nucleus without
initiating protein degradation. 500ul of RIPA buffer was added to the 1.5ml
Eppendorf tube containing 300,000 MING6 cells or 200 islets pre-washed in PBS.
The samples were incubated for 5-15min on ice, sonicated to facilitate lysis, and
centrifuged at 8000rpm for 10min at 4°C. For the measurement of MAPK, CREB
and Akt phosphorylation following fluoxetine treatment, MIN6 beta cells were
seeded into 6-well plates, and they were incubated in DMEM in the absence or
presence of fluoxetine (1uM) for 24h. Parallel groups of MING cells were treated
with 10uM forskolin (FSK) for the final 10min as a positive control. 100ul of RIPA
buffer with phosphatase and protease inhibitors (1 tablet each; Pierce™ Protease
Inhibitor Mini Tablets and PhosSTOP EASYpack) was used to lysate the cells. The
samples were incubated for 30min on ice, sonicated every 10min to facilitate

lysis, and centrifuged at 8000rpm for 10min at 4°C.

Protein contents were quantified using the BCA method.
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Table 2.6. Components of RIPA buffer.

Component Volume (ml) /100ml! | Final concentration
dH,0
Sodium chloride (5 M) 3 150mM
Tris-HCI (1 M, pH 8.0) 5 50mM
Nonidet P-40 1 1% (v/v)
Sodium deoxycholate 5 0.5% (v/v)
(10 %)
SDS (10 %) 1 0.1 (v/v)

Sample volume and total protein concentration were measured using the Pierce

BCA Protein Assay kit, which is based on bicinchoninic acid having high specificity

for cuprous (Cu*) ions, which are formed when proteins reduce cupric (Cu?*) ions

in the copper sulphate of the assay reagent. The purple-coloured product of the

reaction exhibits absorbance at 562nm, which is linear with increasing protein

concentrations. A set of protein standards was prepared by diluting bovine serum

albumin (Table 7). Samples, standards, and BCA working solution were added to

a 96-well plate and incubated for 30 min at 37°C. Absorbance was read using a

microplate reader, and the protein concentrations were calculated using a

standard curve generated by plotting absorbance against BSA concentrations

(mg/ml) as shown in Figure 2.6.
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Table 2.7. Preparation of diluted albumin (BSA) standards.

Vial Volume of diluent Volume and Source of Final BCA
(RIPA buffer) BSA (ul) concentration
(ng/ml)
A 0 300 of Stock 2,000
B 125 375 of Stock 1,500
C 325 325 of Stock 1,000
D 175 175 of B dilution 750
E 325 325 of C dilution 500
F 325 325 of E dilution 250
G 325 325 of F dilution 125
H 400 100 of G dilution 25
| 400 0 0 (Blank)
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Figure 2.6. Typical standard curve for bovine serum albumin (BSA) in the BCA Protein Assay.



2.5.2. Western Blotting

Western blotting, also called protein immunoblotting, is an analytical technique
used to detect specific proteins in a sample of tissue homogenate. In this
technique, proteins are separated based on molecular weight through
polyacrylamide gel electrophoresis and immunostained with antibodies directed

against antigens of interest.

Proteins in MING cell and islet lysates were separated by their molecular masses
in an electric field using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). For the Western blotting experiments in this thesis,
proteins were separated using commercially available 4-12% NuPAGE gels. The
gel was placed in a mini cell apparatus filled with the running buffer (Table 2.8).
1.5% SDS dye was added to the protein lysates obtained from MING6 cells and
islets, and a molecular weight marker, before heating up to boiling and loading
onto the gel. The gel was run at 200V constant voltage for 1h. Proteins were then
transferred onto the polyvinylidene fluoride (PDVF) membrane to later identify
target proteins based on the specificity of the antibody-antigen interaction.
A cassette containing the gel, membrane, and filters, was soaked in the transfer
buffer (Table 2.9) and run at 30V for 2h. The presence of the proteins on
membrane was then confirmed with Ponceau S staining. The membrane was
washed in PBS to wash off the stain and incubated in the blocking buffer (5% w/v
milk-TBST) (Table 2.10) for 1h at room temperature to prevent the non-specific
binding of antibodies (including both primary antibody and secondary antibody)
to the membrane. After blocking, the membrane was incubated overnight at 4°C
with the appropriate primary antibody (Table 2.11). Following five washes in
TBST, the membrane was incubated for 1h at room temperature with the correct

secondary antibody diluted in TBST (Table 2.12). Secondary antibody was washed
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off with TBST, and the immunoreactive proteins were identified by exposing the

membrane to ECL reagent (0.1ml/1cm3). In the dark, photographic film visualised

light emission produced by the reagent substrate, and the protein sizes were

extrapolated from the marker.

Table 2.8. Reagents required to prepare 20x MOPS running buffer. This was diluted to 1x for

western blotting.

Components Amount (g) /500m| Final
distilled water concentration
MOPS 104.6 1M
Tris Base 66.6 1M
EDTA 10 20mM
SDS 3 69.3mM

Table 2.9. Preparation of the 1x transfer buffer used for Western blotting.

Components Volume (ml)
Distilled water 749
10x NuPAGE Transfer 100
buffer
Antioxidant 1
Methanol 100

Table 2.10. Preparation of 10x TBST. The pH was set to 7.6 with 12N HCI.

Components Amount (g)/250ml Final
distilled water concentration
Tris base 749 20mM
NaCl 100 150mM
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Table 2.11. Primary antibodies used in the Western blotting experiments.

Primary antibody Description Dilution Catalogue
against number
SERT Rabbit polyclonal anti- | 1:10,000 Ab130130
SERT
P-MAPK Rabbit polyclonal anti- 1:1,000 9211S
phospho-MAPK
P-CREB Rabbit monoclonal anti- | 1:1,000 9198
phospho-CREB
P-Akt Rabbit polyclonal anti- 1:1,000 9271
phospho-Akt
Beta ACTIN Mouse monoclonal anti- | 1:5,000 A2228
beta actin

Table 2.12. Secondary antibodies used in the Western blotting experiments.

Secondary antibody Dilution Catalogue number

HRP-conjugated anti- 1:10,000 A17345
rabbit

HRP-conjugated anti- 1:100 31430
mouse
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2.5.3. Fluorescent immunohistochemistry

Fluorescent immunohistochemistry is used to quantify cellular localisation and
abundance of specific proteins in a tissue section. The process consists of four
main steps: fixation, antigen retrieval to increase availability of proteins for
detection, blocking to minimise background staining, antibody labelling, and

visualisation by fluorescent microscopy.

Freshly dissected mouse pancreases were fixed in paraformaldehyde (4%) for 3h
to prevent protein degradation. Fixed pancreases were passed through xylene
and graded ethanol (100%-70%) to remove water from the tissues prior to
embedding in paraffin. Wax blocks were cut to 5um slices with the microtome
Leica RM2255, treated with 90% ethanol and water (40°C), then mounted onto

microscope slides and kept at room temperature.

The paraffin was removed from sections by heating the slides at 60°C for
approximately 1min to gain access to the pancreatic tissue. The remaining
paraffin was removed by submersion into 100% xylene, followed by gradual
rehydration in ethanol (100%, 95%, 70%). Tissue sections then underwent an
antigen retrieval process to expose the antigenic sites masked during the tissue
fixation process. Sections were placed in a pressure cooker filled with a citric acid
working solution (10mM, 0.05% Tween-20, pH 6) at 175°C, and heated in the
microwave for 15min. Slides were then exposed to running water for 10min for
cooling. These steps were omitted for the staining of pseudoislets on glass
coverslips that had been fixed with 4% PFA because paraffin was not used in
these experiments. After the antigen retrieval step, sections prepared for anti-
BrdU antibody incubation were additionally exposed to 2N HCl for 10min at 37°C
to denature DNA and 0.1M borate buffer (pH 8.5) for 10min to neutralise.

Individual sections on slides were incubated in the blocking buffer (1%BSA +
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10%goat serum in 0.1% PBST) for 1h at room temperature to eliminate non-
specific binding of the antibodies. Sections were incubated with the primary
antibodies (Table 2.13) overnight at 4°C and washed in PBS. The slides were
subsequently exposed to the secondary antibodies (Table 2.14) for 1h at room
temperature, washed in PBS, and incubated with DAPI (1:500) for 5min.
Fluoromount agueous mounting medium was then used for mounting. Images of
the sections were taken with the Nikon eclipse TE2000U fluorescent microscope
or Eclipse Ti-E Inverted Al inverted confocal microscope. The images were

analysed using Imagel software.
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Table 2.13. Primary antibodies used for immunostaining.

anti-D2

Primary antibody Description Dilution Catalogue
against number
Insulin Guinea pig 1:100 Dako A0564

polyclonal anti-
insulin
BrdU Rat monoclonal 1:100 Bio-Rad
anti-BrdU OBT0030S
SERT Rabbit polyclonal 1:200 Abcam 130130
anti-SERT
Ki67 Rabbit polyclonal 1:200 Abcam 15580
anti-Ki67
CD8&0 Rabbit 1:200 Ab238648
monoclonal anti-
CD8&0
Glucagon Mouse 1:1000 MilliporeSigma
monoclonal anti- G2654
glucagon
Somatostatin Rat monoclonal 1:50 Abcam 30788
anti-somatostatin
Serotonin Rat monoclonal 1:200 sc-58031
anti-serotonin
D2 Goat polyclonal 1:200 Abcam 30743
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Table 2.14. Secondary antibodies used for immunostaining.

anti-rabbit IgG

Secondary antibody Dilution Catalogue number
Alexa-fluor 594 anti- 1:100 Jackson immunolab 706-
guinea pig IgG 585-148
Alexa fluor 594 donkey 1:100 Jackson immunolab 712-
anti-rat 1gG 585-150
Alexa fluor 594 donkey 1:100 Jackson immunolab 715-
anti-mouse IgG 585-150
Alexa fluor 488 donkey 1:100 Jackson immunolab 706-
guinea pig I1gG 545-148
Alexa fluor 488 donkey 1:100 Jackson immunolab 711-
anti-rabbit 1gG 545-152
Alexa fluor 488 goat 1:1000 Invitrogen A11070
anti-rabbit IgG
Alexa fluor 488 goat 1:1000 Invitrogen A11029
anti-mouse IgG
Alexa fluor 488 goat 1:1000 Invitrogen A11006
anti-rat 1gG
Alexa fluor 488 goat 1:1000 Invitrogen A11074
anti-guinea pig 1gG
Alexa fluor 488 goat 1:1000 Invitrogen A21428
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2.6. Cell proliferation

Beta cell massis determined by the overall cell number and size, and since control
of blood glucose levels depends on appropriate insulin secretion, it is important
to maintain adequate beta cell mass. Beta cell mass may adapt in response to
increased physiological demands for insulin, such as increased body mass,
pregnancy, or during development of T2D (Section 1.4.2). Therapeutics that act
on beta cells to promote insulin secretion have been in use to treat T2D for years.
However, with the increasing incidence of diabetes comes a requirement for new

treatments that can both increase beta cell mass and insulin secretion.

2.6.1. BrdU ELISA proliferation assay

Proliferation of MING6 cells was investigated using the Cell Proliferation ELISA,
BrdU (colorimetric) Kit. MING6 cells were seeded into 96-well plate at a density of
20,000/well. Cells were incubated with FBS-free DMEM supplemented with
5.5mM glucose and in the absence or presence of a drug of interest for 48-96h.
10% FBS served a s a positive control, as it provides growth factors that stimulate
cell division. MING cells were then labelled with a BrdU labelling reagent and
incubated for 2h at 37°C (95%air/5%C02). The cells were subsequently fixed and
denatured for 30min using a FixDenat solution, and then incubated with an
antibody directed against BrdU for 90min. Substrate solution was added to the
wells following a washing step. The reaction was stopped with 1M H,SO,, and

absorbance was determined at 450nm using a microplate reader.
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2.6.2. Ki67 staining of mouse and human pseudoislets

Proliferation of mouse and human pseudoislet cells that formed three-
dimensional clusters on laminin-coated coverslips was assessed by
immunohistochemistry. Pseudoislets were stained with an antibody that
detected the proliferative marker Ki67, as described in Section 2.5.3. Ki67 was
chosen over BrdU because the islet BrdU treatment protocol requires minimum
5 days of culture, and extended culture of pseudoislets could lead to significant
changes in gene expression of pseudoislet cells when compared to primary islets

and newly formed pseudoislets (Figure 2.7).

early S mid-S late S

Figure 2.7. Staining patterns of Ki67 and EdU (thymidine analogue, similar to BrdU) in Syrian
hamster nuclei at different phases of the cell cycle (GO, G1, S, G2 and M). The images were split
into green, red and blue channels that show Ki67, EdU and DAPI staining, respectively. Scale

bar = 5um. (Solovjeva et al., 2012).
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2.7. Cell viability and ATP production

Cell viability assays are usually based on quantifying the ratio of live to dead cells
and used for evaluating in vitro effects of drug candidates, such as cytotoxicity,
to optimize experimental conditions. Methods involved in assessing cell viability

in this thesis were the Trypan blue exclusion assay and Cell-Titer Glo assay.

2.7.1. Trypan blue exclusion assay

Cell membrane integrity following incubation with a drug of interest was
measured using the Trypan blue staining. Trypan blue is routinely used as a cell
stain to assess cell viability using the dye exclusion test. Dead cells have a
compromised cell membrane that is permeable to the dye and appear blue by
light microscopy (Strober, 2015). This test is often performed while counting cells

with the haemocytometer, as described in Section 2.1.3.

MING cells were seeded into 6-well plates at a density of 300,000 cells per well
and left to adhere overnight at 37°C (95%air/5%CO,) in DMEM (25mM glucose).
The cells were incubated in the culture media in the absence or presence of drugs
of interest for 48h. Cell viability was assessed by incubation of MING6 cells in a
Trypan blue solution (0.2% w/v) for 15min. Cells were visualised using a Nikon
TMS phase contrast microscope and photographs were obtained with a Canon
EOS 4000D camera (Tokyo, Japan). Stained and non-stained cells were also
counted using a haemocytometer, and percentage viability was calculated as

percentage of non-stained cells over total cell number.
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Mouse or human islets were incubated in RPMI (11mM glucose) supplemented
with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine
without or with a drug of interest for 48h, and islet cell membrane integrity was
investigated by Trypan blue (0.2% w/v) staining for 15 min. The islets were
visualised with an Olympus KL300 LED microscope and photographs were taken

with a Canon EOS 4000D camera (Tokyo, Japan).

2.7.2. CellTiter-Glo assay

The CellTiter-Glo Luminescent Cell Viability Assay is used to determine the
number of metabolically active cells based on quantification of ATP. The use of
assay working solution results in cell lysis, followed by generation of a

luminescent signal, which is proportional to the amount of ATP present.

MING cells were seeded into opaque-walled 96-well plates at a density of 15,000
cells/well. The cells were incubated with 50ul of DMEM supplemented with
5.5mM glucose and in the absence or presence of a drug for 48h. Equal volumes
of the working solution of the reagent (mix of CellTiter Glo buffer and substrate)
was added to each well for 15min, and the luminescence was measured by the

Turner Biosystems Veritas Microplate Luminometer.

Mouse or human islets were incubated with RPMI and with or without a drug for
48h. Groups of 5islets were transferred in 50ul appropriate medium to white 96-
well plate, and 50ul of the working solution of the reagent was added to the wells

for 15min prior to the measurement of luminescence.
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2.8. Cell apoptosis

Apoptosis is a type of programmed cell death that helps regulate cell numbers.
This intracellular death program is tightly regulated by suicide proteases called
caspases. Usually, in adult tissues, apoptosis balances cell division. Rates of
apoptosis and proliferation are very low in the adult pancreas. However,
apoptosis is a common pathophysiological feature of diabetes, and in T2D,
glucose toxicity promotes beta cell death and leads to decreased beta cell mass
(Section 1.4.1.). Therefore, apoptosis plays an important role in the
pathophysiology of T2D, and there is a great interest in therapeutics that are

protective against beta cell death.

2.8.1. Caspase-Glo 3/7 assay

The activation of caspases 3 and 7 that are associated with an apoptotic cascade
was detected using the Promega Caspase-Glo 3/7 assay. MIN6 cell and islet
apoptosis was induced by exposure to proinflammatory cytokines (0.05U/ul IL-
1B, 1U/ul TNF-a and 1U/ul IFN-y) or 500uM palmitate (Table 2.15). MING6 cells
(15,000/well) were incubated with DMEM containing 5.5mM glucose, while
groups of 200 mouse or human islets were incubated with 11mM glucose-
supplemented RPMI, with or without a drug of interest for 48h. Cytokines or
palmitate were then added to the MING6 cells or islets for 24h, after which groups
of 5 islets in 50ul of medium were transferred to opaque-walled 96-well plates.
An equal volume of the working solution of the reagent (mix of Caspase3/7 Glo
buffer and luminescent substrate) was added to the wells containing MING6 cells
or islets prior to detection of luminescence by the Turner Biosystems Veritas

Microplate Luminometer.
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Table 2.15. Preparation of palmitate-containing media for the Caspase-Glo 3/7 assay. Palmitate
(13.9mg/ml) was dissolved in 50%EtOH/50%H,0 at 70°C and diluted in 10% BSA (fatty acid-
free). In control groups, 50%EtOH/50%H,0 without palmitate was used. Following 1h
incubation at 37°C, palmitate or control media were further diluted in DMEM (MING6 cells;
25mM glucose) or RPMI (islets; 11mM glucose) supplemented with 2% (v/v) FBS, 1% (v/v)
penicillin and streptomycin, and 1% (v/v) L-glutamine. The drugs of interest were diluted in

either control or palmitate-containing media.

Palmitate Palmitate Palmitate control

concentration

50mM 13.9mg/ml palmitate + Only 50%EtOH/50%H-,0
50%EtOH/50%H,0 (heat at 70°C

for 10min)
5mM Dilute 1/10 in 10% fatty acid-free | Dilute 1/10 in 10% fatty acid-
BSA free BSA
Incubate at 37°C for 1h Incubate at 37°C for 1h
500uM Dilute 1/10 in Dilute 1/10 in
DMEM/RPMI+2%FBS DMEM/RPMI+2%FBS

Add the drug and treat the cells | Add the drug and treat the cells
for 24h for 24h
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2.8.2. Apoptosis assay by flow cytometry

Apoptotic cells demonstrate many morphological and biochemical
characteristics. Flow cytometry allows for the measurement of individual cells in
solution as they pass by the instrument’s laser.

MING6 cells were seeded into 6-well plate at a density of 100,000cells/well. After
overnight culture, cells were incubated with DMEM (5.5mM glucose) in a
presence or absence of a drug. Cells were incubated at 37°C (95%air/5%CO,) for
48 hours, and the cytokines (0.05U/ul IL-1B, 1U/ul TNF-a and 1U/ul IFN-y) were

added 24h prior to flow cytometry assay.

Staining was performed using the Alexa Fluor® 488 annexin V/Dead Cell
Apoptosis kit. MING6 cells were trypsinised, centrifuged at 1600rpm for 3 min, and
washed in PBS. Cell pellets were resuspended in 100ul of 1X Binding Buffer and
moved to the FACS tubes. 5ul FITC annexin V and 5ul propidium iodide (PI) were
added to each tube except controls (unstained cells, cells stained with FITC
annexin V alone, and cells stained with Pl alone). The tubes were vortexed and
incubated in the dark at room temperature for 15 min. 400ul Binding Buffer (red-
fluorescent Pl nucleic acid binding dye) was added to each tube to stop the
reaction, and the samples were analysed using the BD Canto Il analyser. After
staining the cells with Alexa Fluor 488 annexin V and Pl in the provided binding
buffer, apoptotic cells showed green fluorescence, dead cells showed red and

green fluorescence, whereas live cells did not fluoresce (Figure 2.8).
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Figure 2.8. Example visualisation of the annexin V FITC and PI staining to measure apoptosis.
Apoptotic cells (annexin V-positive) can be seen in the bottom right quadrant, and dead cells

(annexin V- and Pl-positive) are in the top right quadrant. Viable cells are negative for both

stains (Wlodkowic et al., 2013).
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2.9. Measurements of insulin secretion

Measurement of insulin secretion is important to detect and understand the
changes in beta cell function. There are two common methods to assess insulin

secretion from beta cells: static insulin secretion method and perifusion.

2.9.1. Static insulin secretion experiment

The acute and chronic effects of the drugs of interest on insulin secretion from
MING6 cells, mouse islets and human islets were investigated in static insulin

secretion experiments.

2.9.1.1. Static insulin secretion experiment using MIN6 beta cells

MING6 cells (P30-40) were seeded into 96-well plate at a density of 20,000
cells/well. After overnight culture, the cells were washed with PBS and pre-
incubated for 2h with DMEM supplemented with 2.5mM glucose. The cells were
incubated with DMEM supplemented with either 2.5 or 25mM glucose and in the
presence or absence of the appropriate drug for 30min. Muscarinic agonist
carbachol at 500uM served as a positive control. The supernatants were kept at

-20°C prior to radioimmunoassay.

For chronic exposure, MING cells were incubated with DMEM supplemented with
5.5mM glucose to mimic blood glucose levels in mice and without or with
addition of a drug of interest for 48h. Cells were then incubated with DMEM
supplemented with either 2.5 or 25mM glucose (without a drug) at 37°C
(95%air/5%C0,) for 30 min to test the responsiveness of beta cells to glucose
following drug exposure. Carbachol (500uM) was used as a positive control. The

supernatants were kept at -20°C until assay for insulin content.
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2.9.1.2. Static insulin secretion experiment using mouse or human islets

In acute experiments, islets were pre-incubated for 1h in a physiological salt
solution (Gey and Gey, 1936) (Table 2.16 and 2.17) supplemented with 2mM
glucose, and three islets per replicate were transferred to 1.5ml Eppendorf tubes
containing 600ul buffer supplemented with either 2mM or 20mM glucose, and
in the presence or absence of a drug. Carbachol (500uM) served as a positive
control. Islets were then incubated in appropriate buffers with or without a drug
for 1h at 37°C (95%air/5%C0,). 500ul of supernatant was transferred to new

tubes and stored at -20°C prior to radioimmunoassay.

In chronic experiments, islets were incubated with RPMI, and without or with
addition of a drug for 48-96h. Islets were then pre-incubated for 1h in the
physiological salt solution (Gey and Gey, 1936) (2mM glucose). Groups of three
islets were transferred to the 1.5ml Eppendorf tubes containing 600ul buffer with
either 2mM or 20mM glucose. Carbachol (500uM) served as a positive control.
Islets were incubated in appropriate buffers for 1h at 37°C (95%air/5%CO,), then
centrifuged at 2000rpm for 2min at 4°C. 500ul of supernatant was transferred to
new tubes and stored at -20°C until insulin content was measured by

radioimmunoassay.
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Table 2.16. Preparation of 2x Gey and Gey stock solution. The volume was made up to 2| with

distilled water.

Components Amount (g)/ 2l Final
concentration
(mM)
NaCl 26 111
KCI 1.48 5
NaHCOs 9.08 27
MgCl,-6H,0 0.84 1
KH,PO4 0.12 0.22
MgSQO4-7H,0 0.28 0.28

Table 2.17. Preparation of the ready-to-use physiological salt solution (2mM glucose). The pH
was set to 7.4 with 95%air /5%CO,. Physiological salt solution (20mM glucose) was prepared

by adding 0.648g glucose to 200m| 2mM glucose-solution.

Components Amount Final concentration
2x Gey and Gey stock 200ml 1x
solution
Distilled water 200ml -
Glucose 0.144g 2mM
CaCl, (1M) 0.8ml 2mM
BSA 0.2g 0.05% (w/v)
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2.9.2. Perifusion

Dynamic insulin secretory profile of mouse or human islets to release insulin in
response to changes in glucose levels and in the presence of drugs of interest was
investigated using a perifusion system (Figure 2.9). Islets were perifused with a
physiological salt solution (supplemented with either 2mM or 20mM glucose)
and a drug (Table 2.16). Groups of 50 islets were picked into perifusion chambers
and exposed to a constant flow (0.5ml/minute) of the physiological buffer with
or without a drug for 60 minutes, with perifusates collected every 2 minutes.
Samples were stored at -20°C until insulin content was assessed by

radioimmunoassay.

Figure 2.9. The perifusion system consists of a water bath set to 37°C, bottles containing the
appropriate buffers, PVC tubes, stopcocks, islet chambers, peristaltic pump, and collection

blocks. Direction of the flow of buffers through the tubes is indicated by the arrows.
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2.9.3. Radioimmunoassay

The concentration of insulin secreted from MING6 cells, mouse islets and human
islets under experimental conditions was quantified using a radioimmunoassay
method, which is based on competitive binding of unlabelled (AG) and
radiolabelled insulin (AG*) for limiting antibody (AB) concentrations. AG,
standard concentrations of insulin and insulin to be measured, and its
corresponding AG* in the tracer compete for the limited number of binding sites

on the AB, and achieve an equilibrium as in the following equation:
AB + AG + AG*<> AB:AG + AB:AG* + AG + AG*

The concentrations of AG vary over a known range, while AG* and AB
concentrations remain constant, which allows for a generation of values of
AB:AG* that correspond to the AG values, which are in turn used to generate a
standard curve. The standard curve is used to translate AB:AG™ values from the
supernatant samples and calculate AG concentrations (the amount of insulin

secreted under experimental conditions).

Radioimmunoassay relies on radiolabelled antigen (AG*) as a tracer that can be
recognised by a specific antibody. The anti-insulin antibody was generated in a
guinea pig because guinea piginsulinis considerably different from its mouse and
human equivalents, thus allowing antibodies to be generated when the guinea
pigs were injected with bovine insulin. 1'*> isotope was used for radioisotopic
labelling because it is predominantly a y-emitter, and y-radiation is a very
penetrative type of radiation, and therefore easy to detect. To generate
iodinated insulin for the immunoassay the I ion is oxidised to the reactive |* ion
using a strong oxidising reagent, and at neutral pH those reactive ions are
covalently bound to tyrosine residues in insulin. One of the most commonly used

oxidising agents in radioionation of tyrosine residues is iodogen (1,3,4,6-
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tetrachloro-3a,6a-diphenyl glycoluril), which was used for iodination of insulin
used in our assay. The iodinated insulin was subsequently purified by gel filtration

chromatography (Grange et al., 2014; Jafri et al., 2011).

Borate buffer (Table 2.18) was used for dilutions of all radioimmunoassay
components. The final anti-insulin antibody dilution was 1:60,000, '*insulin
tracer was diluted to give ~12,000 counts per minute/100ul, insulin standard
(10ng/ml) was diluted in series (10-0.04ng/ml) in triplicates (Table 2.19), and test
samples were diluted in duplicates to stay in a range over which the assay is
sensitive (0.06-3ng/ml). Reference tubes, in triplicates, were prepared to
measure non-specific binding, maximum antibody binding, and total y-emission.
The antibody and tracer were added to the samples, and standards and assay
tubes were left at 4°C for 48h to equilibrate. After 48h, 1ml of precipitant (Table
2.20) was added to each tube (except the totals) to precipitate antibody-antigen
complexes, and tubes were centrifuged at 3,000rpm at 4°C for 15 min. The y-

emission was then measured using a Packard Cobra Il y counter.

Table 2.18. Preparation of borate buffer. The pH was adjusted to 8 with 12N HCI. The volume

was made up to 2| with distilled water.

Components Amount (g)/ 2l Final concentration
(mM)
Boric acid 16.5 133
NaOH 54 10
EDTA 7.4 67.5

110



Table 2.19. Preparation of standards and reference tubes for RIA. T: totals (total count tubes
containing 100ul of radiotracer to indicate the amount of radioactivity), NSB: non-specific
binding (non-specific binding tubes containing 200ul buffer and 100yl tracer to determine the
binding of the antigen in the absence of the antibody), Bo: maximum binding (maximum binding
tubes containing 100ul borate buffer, 100ul anti-insulin antibody and 100ul tracer to indicate
how much tracer binding will take place in the absence of unlabelled insulin), standards (0.04-

10ng/ml).

Buffer | Antibody | Tracer | Standard | Sample
(AB)
Non-specific binding | 200ul - 100pl - -
(NSB)
Maximum binding 100ul 100ul 100pl - -
(BO)
Totals (T) - 100ul - -
Standards (0.04- - 100ul 100ul 100ul
10ng/ml)
Samples - 100ul 100ul 100ul

Table 2.20. Preparation of precipitant for RIA. The volume was made up to 1l with PBS.

Components Amount / 1l Final concentration
30% PEG 500m! 15% (v/v)
Gammaglobulin 100mg 1% (w/v)
PBS 500ml -
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2.10. Macrophage migration and invasion

Activation of the innate immune system in obesity is a risk factor for the
development of T2D (Ehses et al., 2007). The resident macrophages in islets have
been intensively studied with respect to inflammation and T2D, and there is
evidence that those macrophages accumulate in the islets during disease
progression (Zirpel and Roep, 2021), and that they display a proinflammatory
phenotype at the early stages of T2D (Cucak et al., 2013). Cell migration is a highly
integrated multistep process. The macrophages polarise and extend protrusions
towards the attractant. These protrusions are driven by actin polymerisation and
can be stabilised by extracellular matrix adhesion or cell-to-cell interactions
(Rougerie et al., 2013). Cell Biolabs’ CytoSelect™ cell migration assay and EZCell™
cell migration/chemotaxis assay kits utilise polycarbonate membrane inserts that
serve as a barrier to distinguishing migratory from nonmigratory cells, and
therefore quantify their migratory properties. Migratory cells extend protrusions
via actin cytoskeleton reorganistion towards the attractant to pass through the
5um pores of the membrane or cling to the outer layer of the inserts, and they

are then stained and quantified.

To study the effect of drugs of interest on macrophage invasion and migration
into islets, Raw 264.7 thymic cells (Taciak et al., 2018) were seeded into inserts
that were later placed over mouse or human pseudoislets cultured on glass
coverslips. A cytokine mix (0.05U/ul IL-1B, 1U/ul TNF-a and 1U/ul IFN-y) was
added for 24h and macrophage migration into mouse and human islets was
measured using CytoSelect™ cell migration assay and EZCell™ cell

migration/chemotaxis assay, respectively, as described below.
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2.10.1. CytoSelect™ Cell Migration Assay

Mouse pseudoislets were cultured on glass coverslips as described in Section 2.3,
transferred to a 24-well plate, and incubated for 24h in DMEM containing 5.5mM
glucose without or with a drug of interest. Raw 264.7 cells were thawed and
seeded into a T75 flask in RPMI supplemented with 10% (v/v) FBS, 1% (v/v)
penicillin and streptomycin, and 1% (v/v) L-glutamine. When the cells were
confluent, they were starved overnight and activated with 100ng/ml LPS
(lipopolysaccharide) in serum-free RPMI (Figure 2.10). 100ul of cell suspension
(1 x 10° cell/ml) was added to each 5um insert. After 3h of cell activation, the
inserts with cell suspension were placed over glass coverslips with mouse
pseudoislets and treated with 5.5mM glucose DMEM containing 0.05U/ul IL-1,
1U/ul TNF-acand 1U/ul IFN-y, in the absence or presence of a drug of interest, for
24h at 37°C (95%air/5%CO0O;). After 24h of cytokine treatment, the media from
the inside of the inserts were aspirated and the inserts were transferred to clean
wells containing 400ul of cell detachment solution and incubated for 30min at
37°C (Figure 2.11). The cells were dislodged from the membrane by immersing
the inserts in the 400ul detachment solution. 400ul of the medium solution was
added to the detachment solution and mixed to combine thymic cells that had
migrated through the membrane, and the cells detached from the bottom side
of the membrane. 180ul of this mixture was added to a 96-well plate and 60ul of
lysis buffer/CyQuant® GR dye solution (1:75) was added to each well of the 96-
well plate containing migratory cells. Following a 20min incubation at room
temperature, 200uL of the mixture was transferred to a 96-well plate suitable for
fluorescence measurement, and the fluorescence was read at Ex/Em of

480nm/520nm using the plate reader.
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Figure 2.10. Raw 264.7 cells before (A) and after activation with LPS (B). LPS stimulates the
formation of spindle-shaped pseudopodia and differentiation of macrophages into dendritic-

like cells. (Dai et al., 2018; Saxena et al., 2003). Scale bar = 100um.
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l 2-24 hours
Migratory cells pass through
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Figure 2.11. Principle of the migration assay. The assay utilises the polycarbonate membrane
inserts (5um pore size) in a 24-well plate. The membrane provides a barrier to distinguish
migratory cells from nonmigratory cells. The migratory cells are removed from the top of the

membrane, stained, and quantified (Cell Biolabs, 2016).
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2.10.2. EZCell™ Cell Migration/Chemotaxis Assay

Human pseudoislets were cultured on glass coverslips as described in chapter
2.3.3, transferred to a 24-well plate, and incubated for 24h in 5.5mM glucose
DMEM, without or with a drug of interest. Raw 264.7 cells were thawed and
seeded into a T75 flask in RPMI supplemented with 10% (v/v) FBS, 1% (v/v)
penicillin and streptomycin, and 1% (v/v) L-glutamine. Thymic cells were starved
in serum-free RPMI media for 24h prior to the experiment. After starvation, the
cells were resuspended at 3 x 10°/ml in serum free RPMI, activated with
100ng/ml LPS, and 200ul of cell suspension was added to each insert. After 3h of
cell activation, 600l of 5.5mM glucose DMEM supplemented with 2% (v/v) FBS,
1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine were added to
each well containing coverslips with human pseudoislets. The inserts were placed
over coverslips containing human pseudoislets and incubated for 24h in the
absence or presence of 0.05U/ul IL-1B, 1U/ul TNF-ae and 1U/ul IFN-y and a drug
of interest at 37°C (95%air/5%CO,). A standard curve was prepared by adding
50ul cell suspension (1 x 10° cells/ml) per well in a clear 96-well plate, with serial
dilution (1:1) in wash buffer to give 100ul total volume. Wash buffer was used as
a blank. 10ul of cell dye was added to each well, and the plate was incubated at
37°C for 1h. The fluorescence was read at Ex/Em of 530/590nm. Following a 24h
incubation for cell migration, the media from the inside of the inserts were
aspirated and the remaining cells were removed from the membrane using a
cotton swab. The inserts were removed from the plate, inverted, and set aside.
The plate was centrifuged at 1,000 x g for 5min at room temperature. The media
were aspirated, and the cells washed with 500ul washing buffer. The plate was
centrifuged again, and the washing buffer was aspirated. The cell dye solution
was prepared by mixing cell dye and cell dissociation solution 1:10. 550ul of the

mix was added to each well and the inserts were placed back in the plate and
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incubated for 1h at 37°C. The plate was tapped on the side to dissociate migratory
cells attached to the outer side of the inserts, and the inserts were removed and
discarded. 110ul of the mix was transferred to a 96-well plate suitable for
fluorescence measurement and the fluorescence was read at Ex/Em of

530nm/590using the plate reader.

2.10.3. Invasion assay

Mouse and human pseudoislets were cultured on glass coverslips in 6-well plates,
as described in chapter 2.3.3, and incubated in 2.5mM glucose DMEM
supplemented with 2% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine, in the absence or presence of a drug of interest. Raw 264.7
cells were seeded on inserts at a density of 1 x 10° cells/insert in serum-free RPMI
supplemented with 1% (v/v) penicillin and streptomycin. The cells were activated
by adding LPS at 100ng/ml. The inserts were placed over the glass coverslips with
pseudoislets in a 6-well plate, and the media were replaced for 2.5mM DMEM
containing a mix of proinflammatory cytokines and a drug of interest. The
pseudoislets were visualised and examined by light microscopy. After completion
of 48h experiments, coverslips with islets were fixed in 4% paraformaldehyde

(PFA) for analysis of macrophage infiltration by immunohistochemistry.
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2.11. In vivo studies

In vivo experiments were performed using male ob/ob mice, which are a model
of hyperglycaemia and insulin resistance. These animals carry mutations in the
gene responsible for leptin production, and therefore they have increased
hunger and become profoundly obese (Lindstrom, 2007). Ob/ob mice have
enlarged islets due to sustained hyperglycaemia and insulin resistance, hence
they are often used as an animal model of T2D, and they are ideal for the
investigation of the role of potential therapies for T2D.

The effects of fluoxetine injections on beta cell proliferation and glucose

tolerance in ob/ob mice were investigated in the in vivo experiments.

2.11.1. Fluoxetine injections and BrdU delivery

In in vivo experiments, two groups of five ob/ob mice (56.0+0.8g), aged 29
weeks, were either injected with DMSO (vehicle) or fluoxetine (10mg/kg body
weight in a volume of 0.4ml DMSQO/kg) intraperitoneally 4 times over 14 days.
The thymidine analogue and proliferation marker BrdU (1mg/ml) was introduced
in drinking water for 7 days prior to sacrifice to allow its incorporation into
dividing cells (Figure 2.12). The pancreases were dissected out and embedded in
paraffin. Wax-embedded pancreases were cut into 5um sections using the
microtome Leica RM2255. Beta cell proliferation was identified in pancreas

sections by immunohistochemistry using antibodies against BrdU and insulin.
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Figure 2.12. Steps of delivery of fluoxetine and BrdU in vivo.

2.11.2. Glucose tolerance tests

Intraperitoneal glucose tolerance tests were performed on overnight fasted
ob/ob mice. Mice were fasted for 16h by removing food from the cages. Basal
glucose concentration was measured from tail blood using the Acc-Chek glucose
meter. Glucose (30%) at 2g/kg, in the presence of fluoxetine/DMSO or DMSO
only, was administered by intraperitoneal injection, and blood was collected from
the pinpricks on the tails. Plasma glucose concentrations were measured at 15,

30, 60, 90, 120, 150min after glucose delivery.
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2.12. Statistical analysis

Data are expressed as mean + SEM, with the number of repeats or animals stated
as n. Data were analysed using a two-tailed Student’s t-test with Welch’s
correction or one-way ANOVA with a recommended multiple comparisons test
(Dunnett’s multiple comparisons test). Statistical analyses were performed using
GraphPad Prism 9 or Excel in order to determine the significance for indicated
comparisons — *p<0.05; **p<0.01; ***p<0.001. Immunohistochemistry images

were analysed using Imagel software.

200 islets per pancreas are routinely isolated from CD-1 mice, and statistical
power analysis was carried out for each in vitro method based on data generated
in similar experiments. The following sample sizes are required for 90% power
with a confidence level of 5% to detect significant differences between treatment
groups:

e Static incubations experiments require 8 replicates

e Dynamic insulin secretion (perifusion) experiments require 4 replicates

e |[slet apoptosis assays require 8 replicates
Power calculations using data generated from previous experiments indicated

that 5 mice per treatment group are required for 90% power with a confidence

level of 5% to detect significant differences in glucose tolerance tests.
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Chapter 3. Expression of serotonin signalling elements and the D2 receptor by

islets and beta cells
3.1. Introduction

Serotonin, also known as 5-HT, is best known as a neurotransmitter in the central
nervous system, where it regulates several physiological processes, such as
behaviour and appetite. However, the serotonin synthesised in the brainstem
accounts for only a small percentage of total body serotonin. Approximately 95%
of serotonin is produced in the periphery, for example by enterochromaffin cells
of the gut and adipocytes, where it acts as a local hormone or enters the
circulation (Gershon, 2013). Serotonin signalling is mediated by serotonin
receptors, including 5-HT2B and 5-HT3A that have been linked to changes in islet
beta cell mass and insulin secretion (Bennet et al.,, 2015; Kim et al., 2010).
Interestingly, beta cells share common developmental features with serotonergic
neurons (Devaskar et al., 1994; Ohta et al., 2011; Wilson et al., 2003). Secreted
serotonin is reabsorbed from the extracellular space by the plasma membrane
serotonin transporter (SERT). Selective serotonin reuptake inhibitors (SSRIs) stop
serotonin reuptake by blocking SERT, and there is a growing body of evidence
suggesting that different types of islet cells express the machinery to generate,
store, respond to, and/or transport serotonin (Almaca et al., 2016; Kim et al,,
2010; Ohta et al.,, 2011). Therefore, in this chapter, standard and quantitative
PCRs, Western blotting, and fluorescence immunohistochemistry were used to
determine the expression of SERT, tryptophan hydroxylase (an enzyme involved
in the synthesis of serotonin; TPH), serotonin, and serotonin receptors (5-HT2B,

5-HT3A, and 5-HT1F) in MING beta cells, mouse islets and human islets.

In addition to measuring the expression of the serotonin signalling elements, the

presence of the dopamine D2 receptor was also investigated by quantitative PCR
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analysis and fluorescence IHC, since it is a common target for atypical
antipsychotics (AAPs): for example, clozapine acts as a D2 antagonist, whereas

aripiprazole is a partial agonist at D2 receptors.

3.2. Methods
3.2.1. PCR

Total RNAs were isolated from MING6 cells, mouse islets and human islets using
RNeasy kits according to the manufacturer's protocol, and they were reverse-
transcribed into cDNAs as described in Sections 2.4.1. and 2.4.2. Standard and
guantitative PCR analyses were used to identify expression of genes encoding
SERT, 5-HT2B, 5-HT3A, and D2 receptors, using bioinformatically validated
primers as listed in Table 2.6. In standard PCR, the SERT amplicons were
separated using agarose gel electrophoresis and visualised under UV light. In
guantitative PCR experiments, expression levels of serotonin receptor genes
were normalised to beta actin (ACTB) mRNA expression in the same samples as

an internal reference.

3.2.2. Western blotting

Proteins were extracted from MING cells, mouse islets and human islets, and they
were quantified by the BCA protein assay (Section 2.5.1). Thereafter,
immunoreactive SERT proteins were detected in Western blots as described in

Section 2.5.2.

3.2.3. Fluorescence immunohistochemistry

Fluorescence immunohistochemistry was performed using brain and pancreas
sections from wild type and ob/ob mice according to the protocol in Section 2.5.3.
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The tissue sections were stained with antibodies against serotonin, TPH, D2
receptor, insulin, or TUJ (class Il beta tubulin, a marker of neurons in the central

and peripheral nervous system).

3.3. Results
3.3.1. Expression of SERT mRNAs by MING6 beta cells and islets

PCR amplification with primers for mouse and human SERT produced single
amplicons of the expected sizes (187 and 207bp, respectively) using cDNA
templates derived from human islets (lane 1), mouse islets (lane 2), and MIN6
cells (lane 3). As expected, no products were amplified using non-reverse-
transcribed RNAs as negative controls (lane 4). These observations revealed that
SERT mRNA was expressed by human islets, mouse islets and MING6 cells (Figure

3.1).

Human Mouse MING
islets islets cells

Negative

<4 SERT

Figure 3.1. Detection of SERT mRNA in human islets, mouse islets and MING6 cells. Products of
PCR using primers for mouse and human SERT were electrophoretically separated on a 1.8%
agarose gel. Amplicons of appropriate sizes were obtained after amplification of human and

mouse cDNAs, using appropriate, species-specific primers for SERT.

122



3.3.2. SERT mRNAs are translated into SERT proteins in MING beta cells and islets

Western blotting was used to determine whether SERT mRNAs were translated
to proteins inislets and MING cells. Protein extracts from MING6 cells, mouse islets
and human islets were separated by gel electrophoresis, blotted onto a PVDF
membrane, and immunoprobed with an antibody against SERT (Section 2.5.2). As
shown in Figure 3.2, immunoreactive proteins of 71kDa were detected in all
samples, which is consistent with the predicted molecular weight of full-length
SERT protein in mouse and human tissues. Thus, as expected, SERT expression at

the protein level was detected in human islets, mouse islets and MING6 cells.

Human Mouse MING6
islets islets cells

<4 T7T1kDa

Figure 3.2. Protein expression of SERT in human islets, mouse islets and MING6 cells. 50ug islet
and MING6 cell protein lysates were separated on a 10% polyacrylamide gel, and SERT
expression in these samples was detected by Western blot analysis using an antibody directed
against both mouse and human SERT. Immunoreactive proteins for SERT were seen at 71kDa

inislet (lanes 1 and 2) and MING6 cell lysates (lane 3).
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3.3.3. Expression and localisation of serotonin and tryptophan hydroxylase in

mouse pancreas

The expression and localisation of serotonin and TPH, an enzyme involved in
serotonin synthesis, in mouse pancreas were also determined by fluorescence
immunohistochemistry. Analysis of immunohistochemical staining of adult
mouse pancreases showed that serotonin was expressed mainly within the islet
capillaries and TPH was expressed at negligible levels. In addition, co-staining with
an anti-insulin antibody indicated that serotonin was expressed only by
occasional beta cells (Figure 3.3, panel C). Fluorescence was not visible when
sections were incubated with secondary antibodies alone (Figure 3.3, panels G-
). Staining reliability with the primary antibodies was confirmed by the detection

of serotonin and TPH in brain tissue sections (Figure 3.3, panels J and K).

124



Alexa fluor 647 goat anti-guinea pig 1gG Alexa fluor 594 sheep anti-guinea pig 1gG Alexa fluor 594 goat anti-rat pig 1gG

Figure 3.3. Detection of serotonin and TPH expression by fluorescence immunohistochemistry
in paraffin-embedded mouse pancreas sections. Pancreatic sections from a lean adult mouse
were immunoprobed with antibodies directed against serotonin (B) or TPH (E) (red), and insulin
(green). DAPI nuclear staining is shown in blue. Higher magnifications of the islet region are
delimited by a box (C-C" and F-F’). Scale bars are 50um (C, F, I) or 25um (C’, F’, I'). No
immunoreactivity was detected in the negative control sections where the primary antibody
against serotonin, TPH or insulin (G, H, I) was omitted. Immunostaining of mouse brain sections
using the antibodies directed against serotonin or TPH, and TUJ served as positive controls (J,

K).
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3.3.4. Expression of serotonin receptor mRNAs by MIN6 beta cells and human

islets

Quantitative PCR was used to investigate whether human islets express the
serotonin receptors 5-HT2B and 5HT3A, which have been previously implicated
in serotonin signalling in beta cells (Kim et al., 2010; Moon et al., 2020), and 5-
HT1F, whose activation reduces glucagon secretion from alpha cells (Almaca et
al., 2016). Quantitative PCR revealed that all three serotonin receptors were
expressed by MING6 cells and human islets, with 5-HT3A being the most abundant
subtype in MING6 cells, and 5-HT1F showing highest expression in human islets

(Figures 3.4).
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Figure 3.4. Quantification of 5-HT2B, 5-HT3A and 5-HT1F mRNAs in MIN6 cells (A) and human
islets (B) using quantitative PCR. Mouse and human gene names are written in lower case and
capital letters, respectively. Data are expressed as mean + SEM relative to beta actin (ACTB)

MRNA levels in the same samples, from 3-4 biological replicates.
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3.3.5. Expression of D2 receptor mRNAs in MIN6 beta cells and human islets,

and localisation of D2 protein in mouse pancreas

Quantitative PCR confirmed the expression of the dopamine D2 receptorin MIN6
cells and human islets (Figure 3.5). In addition, the expression and localisation of
D2 in mouse pancreas and brain were determined by fluorescence IHC according
to the protocol in Section 2.5.3 using antibodies against D2 and insulin. Analysis
of immunohistochemical staining of pancreatic sections revealed that D2 was
expressed at low levels by occasional beta cells of lean and ob/ob mice (Figure
3.6). Only few beta cells expressed D2, and D2 immunoreactivity was not
identified in the majority of the beta cells. D2 staining in the brain tissue was used
as a positive control because D2 receptors are widely expressed by nerve cells in

the brain (Levey et al., 1993).

B Human islets
m MING cells

T = 1 1 - 1
0.0000 0.0005  0.0010 0.0015 0.0020

Expression relative
to ACTB

Figure 3.5. Detection of D2 receptor mRNA in MING cells (green) and human islets (blue) using

quantitative PCR. Data are expressed as mean + SEM relative to beta actin (ACTB) expression

in the same samples, n = 3-4 biological replicates.
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Alexa fluor 594 goat anti-goat IgG Alexa fluor 594 sheep anti-guinea pig 1gG

Figure 3.6. Detection of D2 receptor by fluorescence immunohistochemistry in paraffin-
embedded adult mouse pancreas sections. Images of islets in a pancreatic section from a lean
mouse (A-C) and an ob/ob mouse (D-F) immunoprobed with antibodies directed against D2
(red) and insulin (green). The blue colour in the nucleus shows DAPI staining. Higher
magnifications of the islet region are delimited by a box (C-C" and F-F’). Scale bars are 50um
(C, F) or 25um (C’, F’). No immunoreactivity was detected in the negative control sections
where the primary antibody against D2 orinsulin (G, H) was omitted. Immunostaining of a brain

section using antibodies directed against D2 and TUJ was performed as a positive control (1).
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3.4. Discussion

SERT is an important serotonin signalling element and the major target of SSRIs,
since the spatio-temporal aspects of serotonin action are limited by its uptake
from the extracellular space by SERT (Claassen et al., 1977). The data presented
in this chapter demonstrate that SERT is expressed by MING cells, mouse islets
and human islets at mMRNA and protein levels. Nevertheless, TPH and serotonin
are absent or expressed by mouse beta cells at low levels. This is consistent with
reports that they are expressed by beta cells at trace levels in adult mice
pancreases (Moon et al., 2020; Takahashi et al., 2020; Kim et al., 2010). This could
suggest a novel mechanism of action of SSRIs on mouse beta cells, independent
from increases in local serotonin. However, levels of expression of serotonin and
TPH, and serotonin sources should be compared between mouse and human
beta cells in future experiments. In addition, experiments using human islets are
consistent with previous reports that 5-HT1F mRNA is highly expressed in human
islets, whereas mRNAs encoding the remaining islet serotonin receptors,
including 5-HT2A and 5-HT2B, are present only at trace levels (Amisten et al.,
2013; Amisten et al., 2017). The low expression of 5-HT2B mRNA in MING6 cells
shown in this chapter agrees with the report that this mRNA is low in non-
pregnant adult mice and it only significantly increases in pregnancy (Kim et al.,

2010).

As well as serotonin receptors, including the 5-HT2 subfamily, the D2 receptor is
a common target for AAPs. D2 receptor expression has been previously identified
by immunodetection in INS-1E cells, as well as in rat and human islets (Rubi et al.,
2005), and by quantitative PCR in human islets (Amisten et al., 2013). Consistent
with these earlier observations, the presence of D2 mRNA and protein was

identified in MIN6 cells, mouse islets and human islets in this chapter.
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However, TPH and serotonin expression was only detected in occasional mouse
beta cells, which is consistent with the report that not all human beta cells
express serotonin (Almaca et al., 2016). The levels of D2 receptor expression
were also low, and this observation differs from a previous report that D2
receptors are abundantly expressed by human beta cells (Rubi et al.,, 2005),
suggesting species-related differences in dopamine signalling in mouse and
human islets. Pharmacological blockade of D2 receptors with AAPs in human
islets markedly increases insulin and glucagon secretion (Aslanoglou et al., 2021),
indicating that AAPs can act directly on human islet alpha and beta cells to affect
hormone secretion, which is of great importance in understanding the effects of

antipsychotic therapy on islet function.
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Chapter 4. Direct effects of the selective serotonin reuptake inhibitors,

fluoxetine, sertraline and paroxetine, on beta cell mass and function
4.1. Introduction

Type 2 diabetes (T2D) is characterised by insulin resistance and loss of functional
beta cells. Therapeutics that act on beta cells to promote insulin secretion have
been in use to treat T2D for decades. However, with an increasing incidence of
T2D, there is an emerging need for effective therapies that also target beta cell
mass so that more functional beta cells are available to secrete insulin.
Meanwhile, there is a great interest in repurposing drugs that have an established
safety profile for the treatment of other conditions. It is possible that such drugs
could be used to improve beta cell function and/or to promote beta cell

expansion.

Selective serotonin reuptake inhibitors are commonly used for the treatment of
mental disorders as they increase serotonin neurotransmission by binding to
SERT, and thereby block the reuptake of serotonin at the synaptic clefts.
However, the therapeutic potential of targeting a peripheral serotonin system
has not been fully explored. There is evidence that serotonin acts as a local
hormone in the endocrine pancreas (Kim et al., 2010; Robinson, 2009), and it is
secreted at detectable levels from human islets (Bennet et al., 2015). Therefore,
SSRIs play a direct role in regulating beta cell mass and function by increasing
local serotonin levels. However, the exact mechanism of action of SSRIs on beta
cells is not yet understood. The peripheral effects of three commonly prescribed
SSRIs - fluoxetine, sertraline and paroxetine - on beta cell function were therefore
investigated in this chapter. Magnetic resonance spectroscopy experiments have
revealed that fluoxetine and sertraline reach steady state concentrations in

plasma of 0.3-2.6uM and 0.2-0.8uM, respectively (Bolo et al., 2000; Bosch et al.,
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2008), and gas chromatography/mass spectrometry has shown that mean
plasma levels of paroxetine are 0.09uM (Lima et al., 2008; Tomita et al., 2014).
Therefore, concentrations between 0.01-1uM were used in the functional
experiments described in this chapter to determine the effects of these SSRIs in

the endocrine pancreas.

MING6 beta cells and mouse islet beta cells share functional and morphological
similarities (Miyazaki et al., 2021; Schulze et al., 2016), so the readily available
MING6 cell line offers a valuable model for preliminary functional experiments.
Although primary mouse and human islets are more difficult to isolate and use
experimentally, it is important to also carry out experiments using primary islets
as they better reflect the capacity for intra-islet cellular crosstalk that occurs in
situ. Therefore, in the current chapter, experiments were carried out with MIN6
cells, as well as with mouse and human islets, to investigate changes in beta cell

function and mass in response to exposure to SSRIs.

4.2. Methods
4.2.1. ATP generation in MING beta cells: CellTiter-Glo assay

The CellTiter-Glo assay was used to quantify ATP generation by MING6 cells
growing in monolayers. In these experiments, MIN6 cells were seeded into 96-
well white plates at a density of 15,000 cells/well. The cells were incubated in
DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine in the absence or presence of fluoxetine,
sertraline or paroxetine (0.01-10uM) for 48h. The CellTiter-Glo reagent was
added to the wells for 15min, and luminescence was measured as described in

Section 2.7.2.
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4.2.2. ATP generation in islets: CellTiter-Glo 3D assay

ATP generation by mouse and human islets was quantified using a CellTiter-Glo
3D assay designed for 3D cell aggregates. The islets were incubated in RPMI
(11.1mM glucose) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine in the absence or presence of fluoxetine,
sertraline or paroxetine (0.01-1uM) for 48h. Groups of 3 mouse islets or 5 human
islets of similar sizes were then transferred to white-walled 96-well plates, and
the CellTiter-Glo 3D reagent was added to each well 15min prior to the

measurement of luminescence as described in Section 2.7.2.

4.2.3. Cell viability: Trypan blue exclusion assay

The Trypan blue exclusion assay was used to assess viability of MIN6 cells and
mouse islets. MING cells were seeded into 6-well plates at a density of 300,000
cells/well and incubated in DMEM supplemented with 25mM glucose, 10% (v/v)
FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine in the absence
or presence of fluoxetine, sertraline or paroxetine (0.1-10uM). Trypan blue
uptake by MING cells after a 48h exposure to SSRIs was assessed following their
incubation in Trypan blue (0.2% w/v) for 15min. Cells to which the dye had gained
access (blue; dead) and non-stained (viable) cells were visualised by light

microscopy (Section 2.7.1).

Mouse islets were cultured in 10cm Petri dishes in RPMI supplemented with
11.1mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine in the absence or presence of fluoxetine, sertraline or
paroxetine (0.1-10uM) for 48h. Cell membrane integrity was assessed by light
microscopy after incubation of islets in Trypan blue (0.2% w/v) for 15min (Section

2.7.1).
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4.2 4. Insulin secretion from MIN6 beta cells

Insulin release was assessed in static insulin secretion experiments, where MIN6

cells were seeded into 96-well plates at a density of 20,000 cells/well.

In acute experiments, MING6 cells were pre-incubated in DMEM supplemented
with 2.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine for 2h at 37°C, and then incubated with DMEM supplemented
with 2.5mM or 25mM glucose in the absence or presence of fluoxetine, sertraline
or paroxetine (0.01-1uM) for 30min (Section 2.9.1.1.). 500uM carbachol was
used as a positive control to potentiate insulin secretion through activation of the
M3 muscarinic receptor coupled to phospholipase-C (Yamazaki et al., 2006). The
supernatants were collected and kept at -20°C until radioimmunoassay for insulin

was performed (Section 2.9.3).

In chronic static incubation experiments, MIN6 cells were incubated in DMEM
supplemented with 5.5mM glucose (to mimic plasma glucose levels in mice) in
the absence or presence of fluoxetine, sertraline or paroxetine (0.01-1uM) for
48h. The cells were then pre-incubated in DMEM (2.5mM glucose) for 2h, and
then incubated in DMEM supplemented with either 2.5mM glucose, 25mM
glucose or 25mM glucose + 500uM carbachol for 30min without SSRIs.

The supernatants were collected and kept at -20°C until assayed for insulin.
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4.2.5. Insulin secretion from mouse and human islets

Insulin secretion from mouse and human islets was measured by static and

dynamic experiments.

In acute static incubation experiments, islets were pre-incubated for 1h in a
physiological salt solution (Gey & Gey buffer) supplemented with 2mM glucose,
as described in Section 2.9.1.2, and groups of 3 mouse islets or 5 human islets
were incubated with buffer supplemented with either 2mM or 20mM glucose in
the presence or absence of fluoxetine, sertraline or paroxetine (0.01-1uM) for
1h. Carbachol (500uM) was used as a positive control. The supernatants were

collected and stored at -20°C prior to insulin radioimmunoassay.

In chronic static incubation experiments, islets were incubated in RPMI (11.1mM
glucose) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin,
and 1% (v/v) L-glutamine without or with fluoxetine, sertraline or paroxetine
(0.01-1uM) for 48h. Following a 1h pre-incubation, groups of 3-5 islets were then
incubated in Gey & Gey buffer supplemented with either 2mM or 20mM glucose
(without a drug) for 1h at 37°C. Carbachol (500uM), which is a muscarinic M3
receptor agonist, served as a positive control. The supernatants were kept at -

20°C until assayed for insulin.

In dynamic secretion experiments, groups of 50 mouse or human islets were
perifused at a constant temperature of 37°C with a physiological salt solution
containing 2mM or 20mM glucose in the absence or presence of 1uM fluoxetine,
1uM sertraline or 0.1uM paroxetine as described in Section 2.9.2. Perifusate
fractions were collected at 2 min intervals and secreted insulin was quantified by

radioimmunoassay.
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4.2.6. MING beta cell proliferation: BrdU ELISA

Proliferation of MING cells was quantified using a BrdU ELISA kit. MIN6 cells were
plated into 96-well plates at a density of 20,000 cells/well and cultured in DMEM
supplemented with 5.5mM glucose, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine, but no FBS, and in the absence or presence of fluoxetine or
sertraline (0.1-1uM) or paroxetine (0.01-1uM) for 48h. 10% (v/v) FBS containing
growth factors was used as a positive control. Thereafter, the cells were labelled
with 100uM BrdU labelling reagent for 2h at 37°C, and MING6 cell proliferation
was determined by colorimetric quantification of BrdU incorporation into cellular

DNA as described in section 2.6.1.
4.2.7. MING6 beta cell and islet apoptosis: Caspase-Glo 3/7 assay

The caspase-Glo 3/7 apoptosis assay was used to detect apoptosis in MING cells,

mouse islets and human islets.

Groups of 15,000 MING6 cells were seeded into 96-well white plates then cultured
in DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin
and streptomycin, and 1% (v/v) L-glutamine in the absence or presence of
fluoxetine, sertraline or paroxetine (0.01-1uM) for 48h. The cells were exposed
to a proinflammatory cytokine cocktail (0.05U/ul IL-1B, 1U/ul TNF-a and 1U/ul
IFN-y) or 500uM palmitate 24h before the quantification of caspase3/7 activities,

as described in Section 2.8.1.

Groups of 3 mouse islets or 5 human islets were maintained in culture in RPMI
(11.1mM glucose) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine and without or with fluoxetine or
sertraline (0.1-1uM) or paroxetine (0.01-0.1uM) for 48h, in the absence or

presence of the same proinflammatory cytokine cocktail that was used for MIN6
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cell experiments, or palmitate (500uM). Apoptosis was determined by measuring
caspase3/7 activities using a Caspase-Glo 3/7 assay following the manufacturer's

instructions as described in Section 2.8.1.
4.2.8. MING beta cell apoptosis: Flow cytometry

Apoptosis of individual MIN6 cells was determined by flow cytometry. MING cells
were seeded into 6-well plates at a density of 100,000cells/well and incubated
with DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin
and streptomycin, and 1% (v/v) L-glutamine in the absence or presence of
fluoxetine, sertraline or paroxetine (0.01-1uM) for 48h. The proinflammatory
cytokine cocktail was added 24h prior to the flow cytometry assay to induce
apoptosis in MING6 cells. Staining was performed using an Alexa Fluor® 488
annexin V/Dead Cell Apoptosis kit as described in Section 2.8.2 and the samples

were analysed using a BD Canto Il analyser.
4.2.9. Beta cell signalling: Western blotting

Proteins were extracted from MIN6 cells following a 24h treatment with
fluoxetine and they were quantified by the BCA protein assay (Section 2.5.1).
Thereafter, immunoreactive beta actin (loading control) and phosphorylated
MAPK (p42/44 MAPK), CREB and Akt were detected in Western blots as described

in Section 2.5.2.
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4.3. Results
4.3.1. Fluoxetine
4.3.1.1. Effects of fluoxetine on ATP generation by beta cells

ATP plays an important role in insulin release, and it is an indicator of cellular
metabolic activity and cell numbers. ATP generation by MING cells, mouse islets
and human islets was quantified using the CellTiter-Glo assay following a 48h
incubation with fluoxetine (0.1-10uM). Figure 4.1a shows that 0.1-1uM
fluoxetine significantly increased ATP production by MING6 cells, whereas 10uM
fluoxetine had cytotoxic effects on MING6 cells that led to them lifting from the
wells, which subsequently led to virtually undetectable luminescence.
Experiments with mouse (Figure 4.1b) and human (Figure 4.1c) islets indicated
that 0.1-1uM fluoxetine also significantly elevated ATP production after 48 hours
exposure. 10uM fluoxetine had no significant effect on ATP synthesis in islets,
indicating that it was better tolerated by three-dimensional islets than MING cell

monolayers.
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Figure 4.1. Effects of fluoxetine on ATP generation by MIN6 cells (a), mouse islets (b) and
human islets (c). The cells or islets were incubated without (control) or with fluoxetine (0.1-
10uM) for 48h, and ATP production was measured using the luminescent CellTiter-Glo assay.
Data are mean + SEM, n=8 observations representative of 2-5 separate experiments. **p<0.01,
**%p<0.001 relative to the control samples, One-way ANOVA, Dunnett’s multiple comparisons

test.
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4.3.1.2. Effects of fluoxetine on beta cell viability

The Trypan blue uptake assay was used to investigate whether fluoxetine is well
tolerated by MIN6 cells and mouse islets, and whether it affects cell viability.
After 48h culture in the absence or presence of fluoxetine (0.1-10uM), staining
with Trypan blue was performed and visualised by light microscopy. MIN6 cells
and islets pre-exposed to concentrations of fluoxetine of 1uM or lower did not
show noticeable Trypan blue uptake, while excessive dye uptake was evident in
cells and islets that had been exposed to 10uM fluoxetine (Figure 4.2a, c). MIN6
cells that had been incubated with 10uM fluoxetine for 48h detached from the
well surface and appeared blue, and the islets showed excessive dye uptake by
the cells in the centre of the islets where beta cells are present. Haemocytometer
guantification of MING6 cells retrieved after exposure to 0.1-10uM for 48h, and
incubated in the presence of 0.2% (w/v) Trypan blue for 15min, also indicated
that 10uM fluoxetine significantly reduced cell viability (Figure 4.2b). These
experiments suggest that low and therapeutically relevant concentrations of
fluoxetine (0.1-1uM) are well tolerated by MING6 cells and islets, and they do not
compromise cell viability, whereas 10uM of this SSRI is cytotoxic to beta cells, and

hence it was not used in the functional experiments described in this chapter.
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0.1uM Fluoxetine

1M Fluoxetine

10puM Fluoxetine

Figure 4.2. Effects of fluoxetine on MING6 cell and mouse islet viability. Micrographs of Trypan

blue-stained MING6 cells (a) and mouse islets (c) after incubation for 48h in DMEM in the

absence (control) or presence of fluoxetine (0.1-10uM). Scale bars show 50um. Percentage

viability of MING cells was calculated by counting the numbers of viable and dead cells using a

haemocytometer (b). Data are mean + SEM, n =5 technical repeats. **p<0.01 relative to the

controls, One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.1.3. Effects of fluoxetine on insulin secretion

Having established that fluoxetine at 0.1uM and 1uM was well tolerated by MIN6
cells and mouse islets, the effects of these low and therapeutic concentrations of
fluoxetine on insulin secretion by MING cells and islets were investigated in acute
and chronic static incubation experiments. Acute and chronic exposure of MING
cells to 1uM fluoxetine led to significantly increased insulin secretion at high,
25mM glucose (Figure 4.3a, b). In addition, 1uM fluoxetine significantly
potentiated glucose-induced insulin secretion from mouse (Figure 4.3c, d) and
human (Figure 4.3g, h) islets. However, it had no effect on basal insulin secretion
at 2-2.5mM glucose, which is clinically important because drugs that increase
insulin secretion at low glucose levels may cause hypoglycaemia in the fasting
state. 1uM fluoxetine also further potentiated insulin secretion from mouse islets
in the presence of the muscarinic M3 receptor agonist carbachol at high, 20mM
glucose (Figure 4.3 e, f). Cholinergic activation of insulin secretion is mediated
through muscarinic M3 receptors (Duttaroy et al., 2004; Gautam et al., 2006;
Kong and Tobin, 2011; Yamazaki et al., 2006), and fluoxetine may activate other
receptors on beta cells in order to maximise hormone secretion. In contrast to
the effects seen with 1uM fluoxetine, 0.1uM fluoxetine had no significant effect
on glucose-induced insulin release from MING6 cells and islets, and it also did not

modify basal insulin secretion.
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Figure 4.3. Effects of fluoxetine on insulin secretion from MING6 cells (a — acute; b - chronic),
mouse islets (c, e —acute; d, f - chronic) and human islets (g — acute; h -chronic), and on insulin
secretion from mouse islets in the presence of 20mM glucose and 500uM carbachol in acute
(e) and chronic experiments (f). MING cells or islets were incubated without or with fluoxetine
for 30min (MING cells) or 1h (islets) without pre-treatment with fluoxetine (acute experiments)
or following a 48h incubation in the absence or presence of fluoxetine (chronic experiments).
All data shown are mean + SEM, n=8 observations representative of 2-4 separate experiments,
One-way ANOVA, Dunnett’s multiple comparisons test. *p<0.05; **p<0.1; ***p <0.001 relative

to the control samples at 20-25mM glucose.
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Dynamic insulin secretion was determined by perifusion of mouse and human
islets, which allows more detailed information than can be obtained in static
incubation experiments. These experiments indicated that acute exposure to
1uM fluoxetine caused a small but significant potentiation of glucose-stimulated
insulin secretion (GSIS) from both perifused mouse (Figure 4.4a, b) and human
(Figure 4.4c, d) islets, indicating that fluoxetine acts acutely to improve the

dynamic insulin secretory output in response to glucose.
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Figure 4.4. Effects of 1uM fluoxetine on dynamic insulin secretion from mouse islets (a, b) and
human islets (c, d). Insulin secretion was stimulated by 20mM glucose, and the potentiating
effects of fluoxetine on glucose-induced insulin secretion from islets are represented by the
area under the curve (AUC) data for the 20min period of exposure to fluoxetine (b - mouse
islets; d —human islets). Data are expressed as mean + SEM; n=4 groups of islets per treatment,

each containing 50 mouse or human islets; unpaired t-test. *p<0.05 versus control (black).
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4.3.1.4. Effects of fluoxetine on beta cell proliferation

Increased ATP generation in response to 48h exposure of fluoxetine could be a
consequence of fluoxetine increasing beta cell number through increased
proliferation. The direct effects of fluoxetine on MING6 cell proliferation were
therefore determined by quantifying the incorporation of the synthetic
nucleoside BrdU into the DNA of proliferating MIN6 cells. 48h exposure to
therapeutically relevant concentrations of fluoxetine (0.1-1uM) led to
significantly increased BrdU incorporation when compared to control MING cells
maintained in the absence of fluoxetine (Figure 4.5). 10% FBS, rich in growth
factors that stimulate cell division, served as a positive control, and this caused
an approximately 3-fold elevation in BrdU incorporation. In this experiment,

fluoxetine acted directly on MING cells to increase their proliferative rate in vitro.
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o % ke

0.64 T

0.4- *xE
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(OD 450nm)

0.2

0.0 T T T
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Figure 4.5. Effects of fluoxetine on MING6 cell proliferation. MIN6 cells were exposed to
fluoxetine for 48h and BrdU incorporation was measured by quantifying absorbance at 450nm.

Data are mean + SEM, n=8 observations representative of 3 separate experiments, **p<0.01,

152



**%p<0.001 relative to the control samples, One-way ANOVA, Dunnett’s multiple comparisons

test.

4.3.1.5. Effects of fluoxetine on beta cell apoptosis

Beta cell mass is increased by proliferation and decreased by beta cell death,
which occurs primarily through apoptosis. MING6 cell, mouse islet and human islet
apoptosis was evaluated by measuring caspase3/7 activities that play an essential
role in driving apoptosis. The effects of exposure to fluoxetine on caspase3/7
activities were quantified in the absence and presence of proinflammatory
cytokines or the saturated free fatty acid palmitate, as beta cells have relatively
low basal rates of apoptosis (Hayes et al., 2017). These experiments indicated
that treatment with 0.1-1uM fluoxetine had no effect on basal or cytokine-
induced caspase3/7 activities in MIN6 cells (Figure 4.6a), whereas 0.1-1uM
fluoxetine had a protective effect against cytokine-induced apoptosis of mouse
and human islets (Figure 4.6b, c). Fluoxetine also protected mouse and human
islets (Figure 4.6e, f), as well as MING cells (Figure 4.6d), from apoptosis induced
by palmitate. Both inflammation and high levels of circulating free fatty acids
contribute to the pathophysiology of T2D, therefore the ability of the drug to
protect beta cells against cytokine- and palmitate-induced apoptosis would be an

advantage in the treatment of diabetes.
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Figure 4.6. Effects of fluoxetine on apoptosis of MING6 cells (a, d), mouse islets (b, €) and human
islets (c, f) assessed by luminescence quantification of caspase3/7 activities. MING cells or islets
were cultured in the absence or presence of fluoxetine for 48h. A proinflammatory cytokine
mix or palmitate were added 24h before quantification of luminescence. Data are expressed
as mean + SEM; n=8 observations representative of 4, 3 and 2 experiments using MIN6 cells,
mouse islets and human islets, respectively. *p<0.05; **p<0.01; ***p<0.001 versus
appropriate control in the absence (black) or presence (striped line) of cytokines; One-way

ANOVA, Dunnett’s multiple comparisons test.

The protective effect of fluoxetine against cytokine-induced apoptosis in mouse
and human islets (Figure 4.6b-c) was not observed in MIN6 cells (Fig 4.6a).
As demonstrated in Sections 4.3.1.2. and 4.3.1.4, 0.1 and 1uM fluoxetine
increase ATP generation and proliferation of MING cells. It is therefore possible
that protective effects of fluoxetine against cytokine induced MING6 cell apoptosis
is masked by an increased number of cells, and therefore increased caspase3/7
luminescence. To determine whether that was the case, MING cell apoptosis was
also measured by flow cytometry, which allows measurement of apoptosis in
single cells. For these experiments, MIN6 cells were stained with annexin V,
and apoptosis was induced using the same proinflammatory cytokine mix that
had been used for quantification of caspase3/7 luminescence. In contrast to the
data obtained in the caspase3/7 experiments (Figure 4.6a), exposure of MING6
cells for 48h to 0.1-1uM fluoxetine resulted in significantly decreased annexin V

binding, and hence reduced apoptosis (Figure 4.7).
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Figure 4.7. Effects of fluoxetine on apoptosis of MIN6 cells assessed by analysis of annexin V
staining. Data are mean + SEM, n=3 separate experiments, *p<0.05 relative to the control

samples (black striped), One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.1.6. Effects of fluoxetine on phosphorylation of MAPK, CREB and Akt

The effects of fluoxetine on beta cell intracellular signalling were investigated in
Western blotting experiments. MAPK, CREB and Akt are involved in proliferation
and survival of beta cells (Daziano et al., 2021), and Figure 4.8 shows that 1uM
fluoxetine stimulated their phosphorylation, and hence activation.
Phosphorylation of MAPK, CREB and Akt was also increased by 10uM forskolin,
an activator of adenylyl cyclase, which served as a positive control. These
experiments indicate that fluoxetine could exert its effects on beta cell

proliferation through the ERK2/CaMK4/CREB/Irs2 cascade.

1M 10uM

Control by oxetine  FSK

P-MAPK

P-CREB

beta ACTIN  P-Akt

Figure 4.8. Effects of fluoxetine on phosphorylation of MAPK, CREB and Akt in MING6 cells. MIN6
cells were incubated without or with 1uM fluoxetine for 24h before Western blotting for
phosphorylation of MAPK (P-MAPK), CREB (P-CREB) and Akt (P-Akt) using appropriate
antibodies. 10uM forskolin (FSK) was used as a positive control. Beta actin expression was used

as loading control. Data are representative of 2-3 individual experiments.
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4.3.2. Sertraline
4.3.2.1. Effects of sertraline on ATP generation by beta cells

Similar to the data obtained with fluoxetine (Figure 4.1), 48h incubation of MING
cells with the related SSRI, sertraline (0.1-1uM), also significantly increased ATP
generation in MING cells, as it did in mouse and human islets (Figure 4.9). As with
fluoxetine, MING cells that had been exposed to 10uM sertraline for 48h did not
provide a luminescent signal, which indicates that this concentration was
cytotoxic to MING cells. There was no difference between ATP production by
islets that had been treated with 10uM sertraline and controls, meaning that
MING cells are more sensitive to high concentrations of sertraline than mouse
and human islets, which could be due differences in proliferative rates and cell

arrangement.
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Figure 4.9. Effects of sertraline on ATP production by MING6 cells (a), mouse islets (b) and human

islets (c). The cells were incubated without or with sertraline for 48h, and ATP generation was
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measured using a luminescent CellTiter-Glo assay. Data are mean + SEM, n=8 observations
representative of 2-5 separate experiments. *p<0.05, ***p<0.001 relative to the control

samples, One-way ANOVA, Dunnett’s multiple comparisons test.

4.3.2.2. Effects of sertraline on beta cell viability

The Trypan blue test was used to determine the effects of sertraline on MING cell
and mouse islet viability. Following a 48h incubation in the absence or presence
of sertraline (0.1-10uM), MING6 cells were stained with Trypan blue, and the dye
uptake was visualised by light microscopy. Consistent with the ATP generation
data, Trypan blue uptake was only evident in MING6 cells or islets that had been
treated with 10uM sertraline, meaning that this concentration was cytotoxic to
the cells, while lower concentrations did not compromise the plasma membrane
nor allowed dye entry (Figure 4.10). Therefore, only concentrations of 0.1-1uM

of sertraline were used in functional experiments presented in this chapter.
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®

Figure 4.10. Effects of sertraline on MING6 cell and mouse islet viability. Micrographs of Trypan

blue-stained MING cells (a) and mouse islets (c) after incubation for 48h in DMEM/RPMI in the

absence (control) or presence of sertraline (0.1-10uM). Scale bars show 50um. % Viability of

MING cells was calculated by counting the numbers of viable and dead cells using the

haemocytometer (b). Data are mean + SEM, n =5 technical repeats. ***p<0.001 relative to the

controls, One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.2.3. Effects of sertraline on insulin secretion

Given that sertraline is well tolerated by MING cells and mouse islets at 0.1-1uM,
static incubation experiments and perifusions were performed to investigate the
effects of sertraline on insulin secretion by MING6 cells, mouse islets and human
islets. In acute and chronic static incubation experiments, sertraline (0.1-1uM)
enhanced insulin  secretion from MIN6 cells and mouse islets at
supraphysiological glucose levels (20-25mM) (Figure 4.11). In these experiments,
sertraline at 1uM had the greatest effect on GSIS from both mouse and human
beta cells. However, it did not induce insulin secretion from beta cells at low
glucose concentrations (2-2.5mM), which is an advantage when considering this
drug for the treatment of T2D. In the similar way as fluoxetine, sertraline further
enhanced insulin secretion from mouse islets in the presence of carbachol,
indicating a mechanism of action of SSRIs on beta cells different to activation of
a muscarinic M3 receptors that are expected to be occupied by carbachol (Figure

4.11e, f).
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Figure 4.11. Effects of sertraline on insulin secretion from MING6 cells (a, b), mouse islets (c, d)
and human islets (g, h), and on GSIS from mouse islets in the presence of 500uM carbachol in
acute (e) and chronic experiments (f). In static secretion experiments, MING cells or islets were
incubated in the absence or presence of sertraline for 30min (MIN6 cells), 1h (islets) (acute) (a,
¢, e) or 48h (chronic) (b, d, h). All data shown are mean + SEM, n=8 observations representative
of 2-4 experiments. *p < 0.05; **p<0.1; ***p<0.001 relative to the control samples at 20mM
glucose (islets) or 25mM glucose (MIN6 cells). One-way ANOVA, Dunnett’s multiple

comparisons test.
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To investigate the effects of sertraline on dynamic insulin secretory profile,
perifusions were performed using mouse and human islets. In these experiments,
1uM sertraline markedly increased dynamic insulin secretion from perifused
islets (Figure 4.12), meaning that acute exposure to sertraline is sufficient to
increase GSIS from the islets. These increases in insulin secretion were sustained

for a short period of time (>10min) in the absence of the drug.
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Figure 4.12. Dynamic insulin secretory profile of mouse islets (a, b) and human islets (c, d) in
the absence or presence of 1uM sertraline. The effects of sertraline on glucose-induced insulin
secretion from islets are represented by the area under the curve (AUC) (b- mouse islets; d —
human islets). Data are expressed as mean + SEM; n=4 groups of islets per treatment, each

containing approximately 50 islets. *p < 0.05; ***p<0.001 versus control (black), unpaired t-

test.
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4.3.2.4. Effects of sertraline on beta cell proliferation

The favourable effects of sertraline to increase insulin secretion could be
attributed to increased proliferation of beta cells. Therefore, proliferation of
MING cells was quantified following a 48h culture without or with sertraline (0.1-
1uM). MING6 cells were labelled with BrdU, and DNA replication was quantified
using a BrdU ELISA kit. Similar to the fluoxetine data (Figure 4.6), low and
therapeutically relevant concentrations of sertraline markedly increased BrdU
incorporation into the DNA of dividing cells when compared to controls (Figure
4.13), indicating its direct effects on proliferation. 10% FBS containing growth
factors that stimulate cell division served as a positive control, and it markedly

increased BrdU readings.
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Figure 4.13. Effects of sertraline on MING6 cell proliferation. MIN6 cells were exposed to
sertraline at 0.1-1uM for 48h, and BrdU incorporation into the DNA of proliferating cells was

measured using a BrdU ELISA. Data are mean + SEM, n=8 observations representative of 3
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experiments. ***p<0.001 relative to the control samples, One-way ANOVA, Dunnett’s multiple

comparisons test.

4.3.2.5. Effects of sertraline on beta cell apoptosis

Decreased functional beta cell mass, mainly due to increased apoptosis, is the
hallmark of both type 1 and type 2 diabetes (Donath and Halban, 2004).
Apoptosis of MIN6 cells, mouse islets and human islets was quantified by
measuring caspase3/7 activities that are increased in apoptosis. Following a 48h
culture in the absence or presence of sertraline (0.1-1uM), caspase3/7 activities
were quantified in MIN6 cells and islets. Apoptosis was induced using a
proinflammatory cytokine mix or palmitate added for the final 24h. Levels of
cytokines and circulating palmitate are increased during T2D, and as expected,
they markedly elevated apoptosis rates when compared to non-treated controls
in apoptosis experiments. 48h exposure to sertraline had no effect on caspase3/7
activities in MIN6 cells. However, sertraline had a protective effect against
cytokine-induced apoptosis of mouse islets and human islets, as well as
palmitate-induced apoptosis of MING cells, mouse islets and human islets (Figure
4.14). There was no significant difference in basal apoptosis levels between

controls and sertraline-treated islets where cytokines or palmitate were absent.
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Figure 4.14. Effects of sertraline on apoptosis of MIN6 cells (a, d), mouse islets (b, €) and human
islet (c, f). MING cells or islets were cultured in the absence or presence of sertraline (0.1-1uM)
for 48h. Proinflammatory cytokines or palmitate (500uM) were added 24h before the staining.
Data are expressed as mean + SEM; n=8 observations representative of 4, 3, and 2 experiments
using MING6 cells, mouse islets and human islets, respectively; *p<0.05; **p <0.01; ***p<0.001
versus appropriate control in the absence (black) or presence (black; striped lines) of cytokines;

One-way ANOVA, Dunnett’s multiple comparisons test.
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Cytokine-induced MIN6 cell death was additionally determined by flow
cytometry as this method allows for the measurement of apoptosis in single cells.
This is to ensure that the protective effects of sertraline against apoptosis were
not masked by increased proliferation of MING cells in the presence of this SSRI.
Staining with annexin V revealed that MING cells that had been treated with 1uM
sertraline showed reduced annexin V binding when compared with controls,

which is indicative of decreased apoptosis (Figure 4.15).
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Figure 4.15. Effects of sertraline on apoptosis of MING cells determined by analysis of annexin V
staining. Data are mean + SEM, n=3 separate experiments. **p<0.01, ***p<0.001 relative to

the control samples, One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.3. Paroxetine
4.3.3.1. Effects of paroxetine on ATP generation by beta cells

ATP production was measured as an indicator of metabolic activity following a
treatment with paroxetine, another SSRI. After 48h incubation with paroxetine
(0.01-1uM), ATP generation by MING6 cells, mouse islets and human islets was
measured using a CellTiter-Glo assay. Low therapeutically relevant
concentrations of paroxetine (0.01-0.1uM), as for 0.1-1uM fluoxetine and
sertraline, significantly increased ATP generation by MING cells, as well as mouse
and human islets (Figure 4.16), indicating increased numbers of beta cells and
hence increased ATP readings. Only 1uM paroxetine had no significant effect on
ATP levels, and because it exceeds the therapeutic reference range for
concentrations of paroxetine in plasma in patients with depression (Lima et al.,
2008; Tomita et al., 2014), this concentration was not used in functional

experiments.
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Figure 4.16. Effects of paroxetine (0.01-1uM) on ATP generation by MING6 cells (a), mouse islets
(b) and humanislets (c). The cells were incubated in the absence or presence of paroxetine for
48h, and ATP levels were measured using a luminescent CellTiter-Glo assay. Data are mean +
SEM, n=8 observations representative of 2-5 separate experiments. *p<0.05 relative to the

control samples, One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.3.2. Effects of paroxetine on beta cell viability

Trypan blue exclusion test was performed to investigate the effects of paroxetine
on viability of MIN6 cells and mouse islets. After 48h incubation in the absence
or presence of paroxetine (0.01-10uM), MING6 cells and islets were stained with
Trypan blue, and the dye entry inside the cells was visualised by light microscopy.
MING cells that had been exposed to 0.01-0.1uM paroxetine showed no evident
dye uptake, whereas 1uM paroxetine led to apparent dye uptake by MIN6 cells
and islet cells, especially in the centre of the islets where beta cells are the most
abundant (Figure 4.17). However, it was not as evident as with high
concentrations of fluoxetine and sertraline. Paroxetine at 10uM paroxetine
markedly increased numbers of dead cells, which are indicative of decreased
percentage viability. Therefore, paroxetine only at concentrations 0.01-0.1uM

was used in proliferation, apoptosis, and insulin secretion experiments.
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Figure 4.17. Effects of paroxetine on MIN6 cell and mouse islet viability. Micrographs of Trypan
blue-stained MING6 cells (a) and mouse islets (c) after incubation for 48h in DMEM in the
absence (control) or presence of paroxetine (0.01-1uM). Scale bars = 50um. % Viability of MING
cells was calculated by counting the numbers of viable and dead cells using the
haemocytometer (b). Data are mean + SEM, n =5 technical repeats. **p<0.01; ***p<0.001

relative to the controls, One-way ANOVA, Dunnett’s multiple comparisons test.
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4.3.3.3. Effects of paroxetine on insulin secretion

The effects of paroxetine on insulin secretion by MIN6 cells, mouse islets
and human islets were determined in static incubation experiments and
perifusions. Figure 4.18 shows that exposure to paroxetine at 0.01uM and 0.1uM
resulted in significantly increased insulin secretion at 25mM glucose from MIN6
cells in acute and chronic static incubation experiments, respectively.
Additionally, paroxetine elevated insulin release from mouse and human islets at
supraphysiological glucose levels (20mM glucose), and it maximised GSIS in the
presence of a muscarinic M3 agonist carbachol. As other SSRIs described in this
thesis, paroxetine had no significant effect on basal insulin secretion from MIN6
cells at 2.5mM glucose nor islets at 2mM glucose, which means that it is unlikely

to induce hypoglycaemia when used therapeutically.
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Figure 4.18. Effects of paroxetine on insulin secretion from MIN6 cells (a - acute, b - chronic),
mouse islets (c — acute, d - chronic) and human islets (f - acute, g -chronic), and on GSIS from
mouse islets in the presence of 500uM carbachol in acute experiments (e). In static secretion
experiments, MING6 cells or islets were incubated in the absence or presence of paroxetine
(0.01-0.1uM) for 30min (MIN6 cells) or 1h (islets) without pre-treatment with paroxetine
(acute experiments) or following a 48h incubation in the absence or presence of paroxetine
(chronic experiments). All data shown are mean + SEM, n=8 observations representative of 2-
4 separate experiments, One-way ANOVA, Dunnett’s multiple comparisons test. *p<0.05;
**p<0.1; ***p<0.001 relative to the control samples at 25mM (MING6 cells) or 20mM glucose

(islets).

In dynamic insulin secretion experiments, 0.1uM paroxetine significantly
potentiated GSIS from perifused mouse (Figure 4.19a) and human (Figure 4.19c¢)
islets. These experiments demonstrate that paroxetine shared a similar
mechanism of action at beta cells as fluoxetine and sertraline to induce insulin
secretion in dynamic experiments, and as sertraline it sustained insulin release
for approximately 10min after the drug was cleared up with a 20mM glucose

buffer.
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Figure 4.19. Effects of 0.1uM paroxetine on dynamic insulin secretory profile of mouse islets
(a, b) and human islets (c. d). The effects of paroxetine on glucose-induced insulin secretion
from islets are represented by the area under the curve (AUC). Data are expressed as mean +
SEM; n=4 groups of islets per treatment, each containing approximately 50 islets. *p<0.05

versus control (black), unpaired t-test.
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4.3.3.4. Effects of paroxetine on beta cell proliferation

In order to determine the effects of paroxetine on beta cell mass, proliferation of
MING cells was measured after a chronic exposure to paroxetine (0.01-0.1uM).
Following a 48h incubation without or with paroxetine, MING6 cells were labelled
with BrdU for the quantification of DNA replication. Low and therapeutically
relevant concentrations of paroxetine significantly enhanced BrdU incorporation
into the DNA of dividing MING6 cells (Figure 4.20). 10% FBS served as a positive
control, and it significantly increased MING6 cell proliferation to similar levels as

paroxetine.
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Figure 4.20. Effects of paroxetine on the proliferation of MING6 cells. MIN6 cells were exposed
to paroxetine at 0.01-0.1uM for 48h, and BrdU incorporation into the DNA of dividing cells was
measured using a BrdU ELISA. Data are mean + SEM, n=8 observations representative of 3
separate experiments. *p<0.05 relative to the control samples, One-way ANOVA, Dunnett’s

multiple comparisons test.
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4.3.3.5. Effect of paroxetine on beta cell apoptosis

Apoptosis of MIN6 cell, mouse islets and human islets was investigated by
quantifying caspase3/7 activities. Similar to experiments using other SSRIs, MIN6
cells and islets were incubated for 48h in the absence or presence of paroxetine
(0.01-0.1uM), and caspase3/7 activities were measured using a luminometer.
Apoptosis was induced by a mix of proinflammatory cytokines or by palmitate
being added for the final 24h. Paroxetine (0.01-0.1uM) had no effect on
caspase3/7 activities in MIN6 cells nor on the basal apoptosis levels in the
absence of apoptosis stimulator (cytokines or palmitate) in MIN6 cells, mouse
islets and human islets. In addition, 0.01-0.1uM paroxetine had a protective
effect against cytokine-induced apoptosis of mouse and human islets, and against

palmitate-induced apoptosis of MING6 cells and the islets (Figure 4.21).
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Figure 4.21. Effects of paroxetine on apoptosis of MIN6 cells (a, d), mouse islets (b, e)
and human islets (c, f) assessed by luminescence reading of caspase3/7 activities. MIN6 cells
or islets were cultured in the absence or presence of paroxetine for 48h. A proinflammatory
cytokine mix or palmitate were added 24h before quantification of luminescence. Data are
expressed as mean + SEM; n=8 observations representative of 2-4 experiments. *p<0.05;
**p<0.01; ***p<0.001versus appropriate control in the absence (black) or presence (striped

line) of cytokines; One-way ANOVA, Dunnett’s multiple comparisons test.
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As discussed in Sections 4.3.1.5 and 4.3.2.5, apoptosis of MIN6 cells was
additionally measured in flow cytometry experiments, a more sensitive method
to measure cell death, where MIN6 cells were stained with annexin V, and
apoptosis was induced by proinflammatory cytokines 24h prior to the staining.
Figure 4.22 shows that MING6 cells that had been treated with paroxetine at
0.01uM and 0.1uM showed reduced annexin V binding when compared to
controls, meaning that paroxetine at these therapeutically relevant

concentrations protected beta cells against apoptosis induced by cytokines.
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Figure 4.22. Effects of paroxetine on apoptosis of MIN6 cells assessed by flow cytometry
analysis of annexin V staining. Data are mean + SEM, n=3 separate experiments. *p<0.05;
**p<0.01; ***p<0.001 versus appropriate control in the absence (black) or presence (striped

line) of cytokines; One-way ANOVA, Dunnett’s multiple comparisons test.
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4.4, Discussion

Most people with diabetes and affective disorders require long-term
antidepressant treatment (Deuschle, 2013), and there have been arguments
about whether the use of SSRIs could lead to metabolic disturbances and
increased risk of T2D (Khoza et al., 2011). It has been reported that fluoxetine
and sertraline improve glycaemic control and increase insulin sensitivity
independently of reductions in body weight (Breum et al., 1995; Connolly et al.,
1995; Goodnick et al., 1997; Maheux et al., 1997; Tharmaraja et a., 2019; Ye et
al.,, 2011). On the other hand, some in vitro studies have linked fluoxetine to
reduced insulin secretion (Isaac et al., 2013; De Long et al., 2014), impaired Ca?*
signalling, and ER stress in beta cells (Chang et al., 2017; Elmorsy et al., 2017).
In addition, sertraline and paroxetine have been implicated in mitochondrial
damage-mediated apoptosis (Then et al.,, 2017). However, in these earlier
studies, SSRIs were used at concentrations of up to 30-70uM, which are
considerably higher than the therapeutic concentrations of fluoxetine and
sertraline (0.2-2.6puM) and paroxetine (0.06-0.18uM) in plasma (Bolo et al., 2000;
Bosch et al., 2008; Lima et al., 2006; Tomita et al., 2014). Interstitial
concentrations of these drugs within the pancreas have not been measured yet.
However, there is an extensive intra-islet capillary network, and it is expected
that the concentrations in the general circulation would reflect interstitial
concentrations within the pancreas. In addition, the data presented in this
chapter show that these SSRIs at 10uM are cytotoxic to beta cells and suggest
that high concentrations that exceed the therapeutic range should not be used
to assess the effects of these drugs on beta cell function. Moreover, when
administered at low and therapeutic concentrations, fluoxetine, sertraline
and paroxetine exerted favourable effects on the function of MIN6 beta cell,

mouse islets and human islets.
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4.4.1. Fluoxetine, sertraline and paroxetine increase ATP generation and viability

of MING beta cells and islets

Low and therapeutic concentrations of fluoxetine, sertraline and paroxetine (0.1-
1uM) were well tolerated by beta cells and did not disturb plasma membrane
integrity of MING6 cells and islet cells, as determined by Trypan blue uptake
analysis. ATP production is also a good indicator of cell viability and the increased
ATP generation that was observed in MING cells and islets that had been treated
with therapeutic concentrations of SSRIs could be a consequence of increased
beta cell proliferation. However, beta cells within primary islets have a limited
proliferative capacity, so the increased ATP levels may reflect generally improved
cell viability, and therefore increased metabolic activity. This is supported by the
observation that high concentrations of SSRIs did not alter ATP levels in mouse
and human islets. On the other hand, SSRIs could directly alter mitochondrial
function to increase ATP synthesis. It has been shown that fluoxetine penetrates
cells by crossing plasma membranes and can be found in the mitochondria
(Mukherjee et al., 1998). Mitochondria are responsible for over 95% of cellular
ATP production (Bernardi and Di Lisa, 2015), and ATP plays an important role in
insulin secretion. However, the underlying mechanisms of how SSRIs affect cell

metabolism remain to be discovered.
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4.4.2. Fluoxetine, sertraline and paroxetine potentiate glucose-stimulated insulin

secretion from beta cells

The data presented in this chapter show that fluoxetine, sertraline and
paroxetine potentiated glucose-induced insulin secretion from beta cells in acute
experiments and following chronic treatment with these SSRIs. This is of great
importance therapeutically because drugs that enhance insulin secretion lower
hyperglycaemia, a major determinant of diabetes, and reduce the risk of long-
term diabetic complications. Moreover, these SSRIs did not induce insulin
secretion at basal glucose concentrations (2-2.5mM), suggesting that they do not
favour the occurrence of hypoglycaemia in the fasting state, but only increase
insulin secretion at high glucose concentrations when it is required. The ability of
SSRIs to augment GSIS could explain the improvements in glycaemic control seen
in clinical studies (Tharmaraja et a., 2019; Ye et al., 2011). Therefore, these drugs
could be beneficial in the treatment of depression in people with diabetes
through ensuring that sufficient insulin is secreted to normalise blood glucose

levels.

It remains unclear how SSRIs improve GSIS. The beneficial effects of SSRIs on beta
cell function presented in this chapter and improvementsin plasma glucose levels
and HbA1c reported in clinical studies could be attributed to elevated serotonin
levels, which is available to exert functional effects on the pancreatic islets,
increased beta cell mass or other unknown mechanism. Indeed, there is evidence
that serotonin acts to potentiate GSIS from beta cells during pregnancy via 5-
HT3A receptor, and that is promotes proliferation of beta cells via 5-HT2B

receptor stimulation (Kim et al., 2010; Ohara-Imaizumi et al., 2013).
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4.4.3. Fluoxetine, sertraline and paroxetine promote beta cell mass expansion

Beta cell mass is determined by a balance between beta cell proliferation and
death (Doyle and Egan, 2007). Proliferation is an important compensatory
mechanism of beta cells to cope with an increased demand for insulin during the
progression of T2D (Cho et al., 2010) and during pregnancy, but under normal
circumstances, the rate of primary beta cell proliferation is very low (Teta et al,,
2005). Nevertheless, MIN6 cells are driven to proliferate by the presence of the
SV40 large T antigen coupled to the insulin promoter (Ishihara et al., 1993), and
when they are induced into a quiescent state by the withdrawal of serum, they
can be used to quantify effects of exogenous agents on their proliferative
capacity. In the experiments presented in this chapter, fluoxetine, sertraline and
paroxetine, at low and therapeutically relevant concentrations, significantly
increased BrdU incorporation into dividing MIN6 cells, which is indicative of
increased proliferation. It is possible that fluoxetine and other SSRIs exert their
regulatory role on beta cell mass by activating the ERK2/CaMK4/CREB/Irs2
signalling cascade. Nevertheless, more experiments are required to identify the
exact molecular mechanisms of individual SSRIs on mouse and human beta cell

mass and function.

On the other hand, the main mechanism underlying reductions in beta cell mass
isincreased beta cell apoptosis. The rates of beta cell apoptosis are normally very
low (Scagila et al., 1997), which makes it difficult to identify potential protective
effects of SSRIs. Therefore, in addition to quantifying basal apoptosis, cell death
was induced by proinflammatory cytokines (IL-18, TNF-a and IFN-y) or the free
saturated fatty acid palmitate, whose circulating levels are increased in T2D
(Sobczak et al., 2019). Apoptosis levels in the presence of cytokines or palmitate

were then determined by measuring caspase3/7 activities, which increase during

201



the process of programmed cell death. What is more, the caspase-dependent
intrinsic apoptosis pathway has been shown to be the prime effector of
inflammatory beta cell apoptosis (Brechtold et al., 2016). In the current
investigation, pre-treatment with SSRIs protected mouse and human islets
against cytokine- and palmitate-induced death, without having significant effects
on basal rates of apoptosis. However, there was no significant effects of
therapeutic SSRI concentrations on MING6 cell apoptosis rates in the presence of
cytokines. The reasons for this are not entirely clear, but since MIN6 cells
proliferate faster than primary beta cells, the high apoptosis ratesin the presence
of fluoxetine, sertraline or paroxetine could be a reflection of the favourable
effects of these SSRIs on proliferation and viability: by increasing the total number
of cells over the 48h incubation period, SSRIs could lead to increased readings of
caspase3/7 activities thus obscuring any potential protective effect of SSRIs
against cytokine-induced apoptosis. Therefore, apoptosis of single MING cells was
measured by a more sensitive method, flow cytometry, and it revealed that SSRIs
did have a protective effect on apoptosis in these experiments. The ability of
SSRIs to promote beta cell proliferation and decrease apoptosis in a
pathophysiological state of inflammation and obesity is key in considering these
drugs as a possible treatment for T2D. Nevertheless, more research is required

to investigate the effects of these drugs on insulin sensitivity in peripheral tissues.
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Chapter 5. Evaluation of the effects of fluoxetine administration on glycaemic

control and beta cell mass in ob/ob mice in vivo
5.1 Introduction

In vitro studies permit a detailed analysis of the effects of pharmacological
substances on isolated cells and tissues in the absence of vascular and nervous
input, in the controlled laboratory environment. Although in vitro experiments
give a good indication of what might be expected to happen in vivo, results
obtained from in vitro experiments cannot usually be transposed to predict the

reaction of an entire organism in vivo.

Glucose homeostasis is tightly controlled by insulin and glucagon, which actin an
opposing manner to maintain fasting glucose levels within a narrow range of
approximately 4 to 6mM. Insulin is often called a "storage hormone" because it
is released during the absorptive state when it plays a key role on its target tissues
to promote glucose uptake, utilisation, and storage. One of the key causes of
impaired blood glucose control is obesity, in which adipocyte-derived mediators
induce insulin resistance, and this reduced capacity of peripheral tissues to
respond to insulin results in hyperglycaemia. Insulin resistance drives beta cells
toincrease insulin secretion as a compensatory mechanism to overcome reduced
insulin sensitivity, and this increased beta cell workload can lead to beta cell
failure and the development of T2D. The main aim of existing therapies to treat
T2D is to reduce hyperglycaemia by promoting insulin secretion or insulin
utilisation, and therefore minimise the risk of diabetic complications. As the
incidence of this condition is continuously increasing and many individuals with
T2D require insulin therapy within 10 years of diagnosis, new drugs are necessary

to effectively manage T2D by maintaining both beta cell function and mass.
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SSRI drugs, such as fluoxetine, have been previously linked to improvements in
glucose regulation in T2D patients (Deusche, 2013; Tharmaraja et al., 2019). In
this chapter, the effects of fluoxetine on glycaemic control and beta cell mass
were investigated in a mouse model of obesity. Lep°”°® (ob/ob) mice carry
mutations in the gene responsible for leptin production, and therefore they have
increased hunger, become profoundly obese, and develop hyperglycaemia at

around 4 weeks (Lindstrém, 2007).
5.2 Methods
5.2.1. Fluoxetine injections to ob/ob mice

Two groups of 5 male ob/ob mice, aged 29 weeks, were subjected to 4
intraperitoneal injections of DMSO (vehicle control; 0.4ml/kg body weight) or
fluoxetine (10mg/kg body weight in a volume of 0.4ml DMSQO/kg) over 14 days
before being subjected to a glucose tolerance test. Mean weight of mice in
groups 1 and 2 were 58.6+2.2g and 57.9+1.2g, respectively. The dose of
fluoxetine administered into animals was adjusted to achieve serum
concentrations in the therapeutic range. Thus, it has been previously shown that
serum fluoxetine levels for the 10 mg/kg/day dose (170.3+57.8ng/ml) were
towards the bottom of the range of plasma levels found in patients treated with
fluoxetine tablets 20-80 mg/day (100—-700 ng/ml) (Dulawa et al., 2004; Koran et

al, 1996), hence this dose was chosen for this study.
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5.2.2 Glucose tolerance tests after fluoxetine delivery

On day 14, after fluoxetine delivery, mice were weighed, and glucose tolerance
was evaluated following a single intraperitoneal injection of glucose (2g/kg body
weight) supplemented with DMSO (0.4ml/kg) or fluoxetine (10mg/kg in 0.4ml) to
mice that had been fasted overnight (16h). Blood glucose was measured from a
tail vein using an Accu-Check blood glucose meter immediately before glucose

administration and 15, 30, 60, 90, 120, 150, and 210min post-injection.
5.2.3 Assessment of islet mass and beta cell proliferation after fluoxetine delivery

BrdU (Img/ml) was administered in drinking water to DMSO- and fluoxetine-
treated ob/ob mice for 7 days prior to their sacrifice. The pancreases were
dissected out, fixed in paraformaldehyde (4%), embedded in paraffin, and cut
into 5um sections. The pancreatic sections were dewaxed and underwent
antigen retrieval before immunohistochemical staining with antibodies directed
against BrdU and insulin as described in Section 2.5.3. The microscope images

were analysed using Imagel software.
5.3 Results
5.3.1 Effect of fluoxetine on glucose tolerance in ob/ob mice

Two groups of 5 male ob/ob mice received 4 intraperitoneal administrations of
DMSO or fluoxetine over the course of 14 days and were subjected to ipGTTs in
the presence of DMSO or fluoxetine on day 14. No significant differences
between control and fluoxetine treated mice in body weight (control: 58.6+2.2¢g
vs. fluoxetine: 57.9+1.2g; p>0.2) or fasting blood glucose (7.5+0.6mM
vs.6.740.5mM; p>0.1) were observed after the 14-day treatment period. The
maximum glucose concentrations reached in control and fluoxetine-treated mice

after glucose delivery were 42.5mM and 42mM, respectively (Figure 5.1). Despite
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adropin blood glucose concentration in fluoxetine-treated mice at 150min, there
was a lack of significant difference between the two groups in the first 150min.
However, fluoxetine-treated mice showed significantly improved glucose

clearance at 210min when compared to the control mice (Figure 5.1).
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Figure 5.1. Effect of fluoxetine on glucose tolerance. Animals’ body weights were measured
prior to the ipGTT. Data are expressed as mean + SEM; n=5 per group; *p>0.2; unpaired t-test
(a). Two groups of ob/ob mice were administered 4 doses of DMSO (vehicle control; 0.4ml/kg)
or fluoxetine (10mg/kg in 0.4ml) intraperitoneally during a 14-day treatment period before
being subjected to ipGTTs following a single injection of glucose (2g/kg) in the presence of
DMSO or fluoxetine. Glucose concentrations were measured at 0, 15, 30, 60, 90, 120, 150, and
210min following glucose administration (b). Data are expressed as mean + SEM; n=5 for

control and fluoxetine-treated mice. *p<0.05, Two-way ANOVA with repeated measures.
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5.3.2 Effect of fluoxetine on BrdU incorporation into beta cells

To investigate the effect of fluoxetine administration on beta cell proliferation,
BrdU (1mg/ml) was administered in drinking water to ob/ob mice that had been
treated with DMSO or fluoxetine for 7 days prior to the termination of the in vivo
study. The number of BrdU-positive beta cells was determined by
immunohistochemistry. Figure 5.2 shows that ob/ob mice that had been treated
with fluoxetine (panels D, E, F) had a significantly increased numbers of BrdU-
positive beta cells when compared to the control animals (A, B, C), as well as

significantly increased overall islet size.
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Figure 5.2. Effect of fluoxetine on beta cell proliferation in ob/ob mice. BrdU was introduced in

drinking water for 7 days prior to the dissection of the pancreases, fixation, and embedding in

wax. The pancreatic sections (5um) were immunostained for BrdU (red) and insulin (green).

Representative sections from control mice are shown in panels A-C while those from ob/ob

mice are shown in panels D-F (a). Scale bar = 100um. Quantification of islet size (b) and BrdU*

beta cells (c). Data are expressed as mean + SEM; n=19 observations using 6 sections from 4

mice; *p<0.05; **p < 0.01; unpaired t-test.
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5.4 Discussion

The in vitro data presented in chapter 4 indicated that low and therapeutic
concentrations (0.1-1uM) of fluoxetine increased glucose-stimulated insulin
secretion from MING cells, mouse islets and human islets, promoted proliferation
of MING6 cells, and reduced cytokine- and palmitate-induced apoptosis of MIN6
cells, mouse islets and human islets. These observations suggest that fluoxetine
would be expected to improve glucose tolerance and increase beta cell mass in

vivo.

As ob/ob mice become profoundly obese and hyperglycaemic, they have the
capacity to increase beta cell mass to maintain insulin secretion (Bock et al.,
2003). Since the majority of people who develop T2D are overtly obese and
insulin resistant, ob/ob mice are a good model to study potential therapies for

T2D (King, 2012).

Short-term treatment with low doses of SSRIs has been linked to improvements
in insulin sensitivity and severity of depression (Deuschle, 2013), but long-term
use of antidepressants, including SSRIs, in moderate or high daily doses has been
associated with an increased risk of developing T2D by 84% (Andersohn et al,,
2009). Therefore, it is important to study the chronic effects of antidepressants

in vivo.
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5.4.1 Fluoxetine improves glucose tolerance in ob/ob mice in vivo

Glucose tolerance tests were used to determine the effect of fluoxetine on the
ability of mice to regulate their blood glucose levels. In these experiments glucose
was injected intraperitoneally after mice had been injected with a vehicle (DMSO)
or fluoxetine four times over 14 days. Consistent with clinical reports that
fluoxetine treatment improves glycaemic control in people with depression and
anxiety (Deusche, 2013; Tharmaraja et al.,, 2019), the data presented in this
chapter demonstrate that fluoxetine injections improved glucose tolerance in
ob/ob mice. However, the beneficial effects of fluoxetine were only observed 210
minutes after glucose delivery, suggesting a minor capacity to increase insulin
secretion in vivo. Nevertheless, the ob/ob mice used in this study, which were 31
weeks old at the time of the ipGTTs, were very hyperglycaemic following glucose
delivery as plasma glucose concentration exceeded 42mM at minute 60, and the
effect of fluoxetine could have been masked by this overt hyperglycaemia. For
comparison, the highest blood glucose concentration in lean, young mice
undergoing ipGTTs would be 20mM (Kashani et al., 2019). Future studies should
be carried out using younger ob/ob mice, which are not so overtly glucose
intolerant, and which show the typical normalisation of glucose tolerance within
120 minutes. In addition, it would be appropriate to determine whether
fluoxetine administration improves glucose tolerance in high fat diet-fed (HFD)
mice, to mimic the pathophysiology of diabetes more closely. Thus, HFD-induced
phenotypes of T2D in mice share the characteristics of human obesity, including
hyperglycaemia, hyperinsulinaemia, insulin resistance, as well as high levels of
proinflammatory cytokines (Kleinert et al., 2018; Stott and Marino, 2020). What
is more, it has been shown that treatment of rats for 3 weeks with SSRIs,
paroxetine and sertraline, diminished SERT function in vivo (Benmansour et al.,,

1999), and that loss of binding sites for SERT was significant after 15 days and had
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been reduced by 85% (Frazer and Benmansour, 2002). In addition, serotonin
signalling in the rat brain was significantly increased after 15 days of treatment
with sertraline and this enhancement of the serotonin signal induced by
sertraline was not apparent below two weeks or following acute local
administration of the SSRI. This time course for the reduction of binding of SERT
is important from the perspective of clinical improvement, and it justifies the
timing of the experiment presented in this thesis. However, metabolism of drugs
is faster in rodents than in humans, and hence the method of drug administration
is important for sustaining high occupancy of SERT, which is key for regulatory
effects of SSRIs to take place. Although such occupancy can be achieved when
SSRIs are used clinically in patients with depression, it may not be the case in
animal models. Because fluoxetine is normally taken orally as tablets, in which
concentrations are maintained for long periods, future studies should implement
alternative ways of fluoxetine administration, including the use of osmotic
minipumps that allow a continuous release of a drug directly into the circulation,
and therefore stable serum concentrations, rather than injections that can cause

stress and potentially mask the beneficial effects of fluoxetine in vivo.
5.4.2. Fluoxetine promotes beta cell proliferation in vivo

During the initial phase of hyperglycaemia, beta cells are induced to divide and
secrete enough insulin to compensate for insulin resistance. In the current
chapter, BrdU and insulin immunostaining of pancreatic sections demonstrated
that ob/ob mice that had been chronically administered with fluoxetine had an
increased number of dividing beta cells when compared to control mice, which
led to an overall increase inislet size. This suggests that the pro-proliferative, anti-
apoptotic effects of fluoxetine observed in vitro also occur in vivo, at least in mice,

and if this also occurs in humans, it may be at least partly responsible for the
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improved glycaemia seen with SSRI use in humans (Tharmaraja et a., 2019; Ye et
al,, 2011). More experiments are required to understand whether these
beneficial effects of fluoxetine on beta cell mass in vivo are also observed with
sertraline and paroxetine, and how they affect peripheral tissues in diabetic

animals.
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Chapter 6. Direct effects of second-generation antipsychotics, aripiprazole and

clozapine, on beta cell mass and function
6.1. Introduction

Atypical antipsychotics (AAPs) are a class of medication used to manage psychosis
in schizophrenia (SCZ) and bipolar disorder or as an add-on therapy of major
depressive disorder. AAPs are of relevance to the studies described in this thesis
since they have a high binding affinity at 5-HT receptors, including 5-HT1D and 5-
HT2A receptors localised to beta cells in the pancreas, and their expression is
significantly increased in the islets from type 2 diabetic donors (Bennet et al,,
2015; Kim et al., 2010). The 5-HT1D and 5-HT2C receptors are GPCRs that signal
via Gi or Ga, respectively, to inhibit or enhance insulin secretion. Therefore,
blockade of these receptors may alter downstream signalling pathways, resulting

in changes in insulin secretion.

The mechanism of action of most AAPs, including clozapine, is postsynaptic
blockade of Gi-coupled dopamine D2 receptors and activation of 5-HT receptors
in the brain. Several lines of evidence support the role of D2 receptors in the
activity of antipsychotics, and there is strong correlation between D2 receptor
binding and clinical potency and efficacy of antipsychotics (Kapur et al., 2000;
Seeman, 2010; Thompson et al.,, 2020). Aripiprazole and brexpiprazole are
exceptions as they act as D2 receptor partial agonists, and aripiprazole may
display functionally selective properties (Aihara et al., 2004; Burris et al., 2002;
Urban et al.,, 2007). Functionally selective drugs activate specific intracellular
pathways to decrease disease symptoms without activating pathways that result
in unfavourable side effects (Mailman and Gay, 2007; Tuplin and Holahan, 2017).

The unique pharmacological profile of aripiprazole at D2 receptors may account
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for the effective management of positive, negative, and cognitive symptoms of

schizophrenia, which makes this drug very interesting.

In this thesis, D2 receptors have been shown to be expressed by mouse beta cells
and human islets, which is consistent with previous reports (Rubi et al., 2005).
Knowing that AAPs act at D2 receptors, the effects of therapeutic concentrations
of aripiprazole and clozapine on beta cells were investigated in this chapter. As
many schizophrenic patients develop T2D, it is crucial to understand the direct
effects of commonly used AAPs on beta cell function and to identify AAPs with
no or beneficial effects on beta cells to treat mental disorders in people with

metabolic disturbances or T2D.

Consistent with experiments looking at the effects of selective serotonin
reuptake inhibitors in chapter 4, viability, proliferation, apoptosis, and insulin
secretion from MIN6 cells, mouse islets and human islets were measured
following a 48h incubation with two commonly used AAPs: aripiprazole and
clozapine. Their plasma concentrations reach maximal levels of 1.12uM and
2.66uM, respectively (Grunder et al., 2008; Keshavarzi et al., 2020; Sparshatt et
al., 2010; Stark and Scott, 2012), and therefore aripiprazole and clozapine were
used at 1uM and 2uM, respectively, in the experiments described in this chapter.
Additionally, concentrations that were 10 times lower and 10 times higher than
1uM and 2uM were also used to study the effects of these AAPs at a wider

concentration range.
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6.2. Methods
6.2.1. ATP generation in MING beta cells: CellTiter-Glo assay

The CellTiter-Glo assay was used to quantify ATP generation by MIN6 cells.
MING cells were seeded into 96-well white plates at a density of 15,000 cells/well,
and then incubated in DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS,
1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine, and in the absence
or presence of aripiprazole (0.1-10uM) or clozapine (0.2-20 uM) for 48h. The
CellTiter-Glo reagent was added to each well 15min prior to the measurement of

luminescence as described in Section 2.7.2.
6.2.2. ATP generation in islets: CellTiter-Glo 3D assay

ATP generation by mouse and human islets was measured using a CellTiter-Glo
3D assay. The islets were incubated in RPMI (11.1mM glucose) supplemented
with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine
without or with aripiprazole or clozapine (0.1-20uM) for 48h. Groups of 3 mouse
islets or 5 human islets were transferred to white-walled 96-well plates, the
CellTiter-Glo 3D reagent was added to the wells containing islets for 15min, and

luminescence was measured as described in Section 2.7.2.
6.2.3. Cell viability: Trypan blue exclusion assay

The Trypan blue exclusion assay was performed to assess viability of MING cells
and mouse islets. MIN6 cells were seeded into 6-well plates at a density of
300,000 cells/well and incubated in DMEM supplemented with 25mM glucose,
10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine
without or with aripiprazole or clozapine (0.1-20uM). Dye uptake by MING6 cells

after a 48h incubation with AAPs was assessed by exposure of the cells for 15min
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to Trypan blue (0.2% w/v). Stained (blue; dead) and non-stained (white; viable)

cells were visualised by light microscopy (Section 2.7.1).

Mouse islets were incubated in RPMI supplemented with 11.1mM glucose, 10%
(v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine and in
the absence or presence of aripiprazole or clozapine (0.1-20uM) for 48h in 10cm
Petri dishes. Cell membrane permeability and cell viability were assessed by
incubation of islets with Trypan blue (0.2% w/v) for 15min, and then the islets

were visualised by light microscopy (Section 2.7.1).
6.2.4. Insulin secretion from MING beta cells

MING cells were seeded into 96-well plates at a density of 20,000 cells/well and
glucose stimulated insulin secretion (GSIS) was assessed in static insulin secretion

experiments.

In acute experiments, MING cells were pre-incubated in DMEM supplemented
with 2.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine for 2h at 37°C, and then incubated with DMEM supplemented
with 2.5mM or 25mM glucose without or with aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 30min. The muscarinic receptor agonist carbachol
(500uM) was used as a positive control to induce insulin secretion. The
supernatants were collected and stored at -20°C until radioimmunoassay for

insulin was carried out (Section 2.9.3).

In chronic experiments, MING cells were incubated in DMEM supplemented with
5.5mM glucose in the absence or presence of aripiprazole (0.1-1uM) or clozapine
(0.2-2uM) for 48h. Thereafter, the cells were pre-incubated in DMEM (2.5mM
glucose) for 2h, and then incubated in DMEM supplemented with either 2.5mM

glucose, 25mM glucose or 25mM glucose + 500uM carbachol for 30min without
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the presence of AAPs. The supernatants were collected and kept at -20°C until

assay for insulin.
6.2.5. Insulin secretion from mouse and human islets

Insulin secretion from mouse and human islets was assessed by static incubation

experiments.

In acute experiments, isolated islets were pre-incubated for 1h in Gey & Gey
buffer supplemented with 2mM glucose (Section 2.9.1.2), and groups of 3 mouse
islets or 5 human islets were incubated with either 2mM or 20mM glucose
without or with aripiprazole (0.1-1uM) or clozapine (0.2-2uM) for 1h. Carbachol
(500uM) served as a positive control. The supernatants were collected and stored

at -20°C for insulin radioimmunoassay (Section 2.9.3).

In chronic experiments, islets were incubated in RPMI (11.1mM glucose)
supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine and in the absence or presence of aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 48h. Following a 1h pre-incubation in buffer containing
2mM glucose, groups of 3-5 islets were incubated in Gey & Gey buffer
supplemented with either 2mM or 20mM glucose in the absence of drugs for 1h
at 37°C. 500uM carbachol was used as a positive control. The supernatants were

kept at -20°C until further assay.
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6.2.6. MING cell proliferation: BrdU ELISA

MING6 cell proliferation was measured using a BrdU ELISA kit. MIN6 cells were
seeded into 96-well plates at a density of 20,000 cells/well and cultured in DMEM
supplemented with 5.5mM glucose, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine, but no FBS, and without or with aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 48h. 10% (v/v) FBS containing growth factors stimulating
cell proliferation was used as a positive control. The cells were exposed to BrdU
labelling reagent (100uM) for 2h at 37°C, and proliferation was determined by
colorimetric quantification of BrdU incorporation into the DNA of dividing cells as

described in Section 2.6.1.
6.2.7. MING cell and islet apoptosis: Caspase-Glo 3/7 assay

Apoptosis of MING cells and islets was assessed by a Caspase-Glo 3/7 apoptosis

assay.

MING6 cells were seeded into 96-well white plates, and they were cultured in
DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine without or with aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 48h. The cells were exposed to a pro-inflammatory
cytokine cocktail (0.05U/ul IL-1-B, 1U/ul TNF-a and 1U/ul IFN-y) or 500uM
palmitate 24h prior to the quantification of caspase3/7 activities using a Caspase-

Glo 3/7 assay following the instructions in Section 2.8.1.

Groups of 3 mouse islets or 5 human islets were cultured in RPMI (11.1mM
glucose) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin,
and 1% (v/v) L-glutamine in the absence or presence of aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 48h. The mix of cytokines or palmitate was added for the

final 24h of the experiment. Apoptosis was determined by adding the Caspase-
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Glo reagent for 1h and measuring caspase3/7 activities as explained in Section

2.8.1.
6.2.8. MING cell apoptosis: Flow cytometry

Apoptosis of single cells was measured by flow cytometry. MIN6 cells were
seeded into 6-well plates at a density of 100,000cells/well and incubated with
DMEM supplemented with 5.5mM glucose, 10% (v/v) FBS, 1% (v/v) penicillin and
streptomycin, and 1% (v/v) L-glutamine without or with aripiprazole (0.1-1uM) or
clozapine (0.2-2uM) for 48h. A mix of proinflammatory cytokines was added 24h
prior to the assay to induce MIN6 cell death. MIN6 cells were stained with
annexin V using an Alexa Fluor 488 annexin V/Dead Cell Apoptosis kit (Section

2.8.2), and apoptosis was assessed using a BD Canto Il analyser.
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6.3.1. Aripiprazole
6.3.1.1. Effects of aripiprazole on ATP generation by beta cells

ATP is important for insulin release, and it is a key indicator of cell health. ATP
production by MING cells, as well as mouse and human islets, was assessed using
the CellTiter-Glo assay following a 48h incubation with aripiprazole (0.1-10uM).
Figure 6.1a shows that 0.1-1uM of aripiprazole significantly elevated ATP
production by MIN6 cells, whereas 10uM aripiprazole significantly reduced
luminescence. Inspection of the MIN6 cells indicated that this reduction in
luminescence resulted from cells detaching from the well surface at this high
aripiprazole concentration. Similar to the data obtained in MIN6 cells,
experiments with mouse (Figure 6.1b) and human (Figure 6.1c) islets
demonstrated that 0.1-1uM aripiprazole significantly increased ATP generation
after 48h exposure, while 10uM aripiprazole significantly decreased ATP
generation in mouse islets, which is indicative of lower numbers of metabolically
active cells. However, production of ATP by human islets was not affected by high
concentrations of aripiprazole, which suggests species-specific differences

between mice and humans in response to aripiprazole.
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Figure 6.1. Effects of aripiprazole (0.1-10uM) on ATP production by MING6 cells (a), mouse islets
(b) and human islets (c). The cells were incubated without or with aripiprazole for 48h, and ATP
generation was measured using the luminescent CellTiter-Glo assays. Data are mean + SEM,
n=8 observations, *p<0.05; **p<0.01; ***p<0.001 relative to the control samples, One-way

ANOVA, Dunnett’s multiple comparisons test.
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6.3.1.2. Effects of aripiprazole on beta cell viability

The effects of aripiprazole on MING6 cell and mouse islet viability were determined
by a Trypan blue exclusion test. Following a 48h incubation in the absence or
presence of aripiprazole (0.1-10uM), MING6 cells were stained with Trypan blue
dye, and the dye uptake was visualised by light microscopy. The dye was only
seen in MING cells or islets that had been treated with 10uM aripiprazole. MIN6
cells that had been treated with 10uM aripiprazole stained blue or detached from
the well surface (Figure 6.2a), leading to a decreased percentage of viable cells
(Figure 6.2b). Likewise, mouse islets that had been exposed to this high
concentration of aripiprazole stained blue in the centre, which is where the
majority of beta cells are localised within the islets (Figure 6.2c). These
observations indicate that low and therapeutically relevant concentrations of
aripiprazole (0.1-1uM) are well tolerated by MIN6 cells and islets, and they do
not compromise cell viability, whereas 10uM of this antipsychotic drug is
cytotoxic to beta cells, and hence it was not used in the functional experiments

described in this chapter.
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Figure 6.2. Effects of aripiprazole on MING6 cell and mouse islet viability. Photographs of Trypan

blue-stained MING cells (a) and mouse islets (c) after incubation in DMEM (25mM glucose) in

the absence (control) or presence of aripiprazole (0.1-10uM) for 48h. Scale bars are 50um.

Percentage viability of MING6 cells was calculated by counting the numbers of viable and dead

cells with a haemocytometer (b). Data are mean + SEM, n =4 technical repeats. **p<0.01

relative to the controls, One-way ANOVA, Dunnett’s multiple comparisons test.
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6.3.1.3. Effects of aripiprazole on insulin secretion

Given that aripiprazole at 0.1uM and 1uM was well tolerated by MING6 cells and
mouse islets, the effects of these low and therapeutic concentrations of
aripiprazole on insulin secretion by MING6 cells and islets were investigated in

acute and chronic static incubation experiments.

In both acute and chronic experiments, exposure of MIN6 cells to 1uM
aripiprazole significantly increased insulin release at 25mM glucose (Figure 6.3a,
b), whereas 0.1uM of the drug had small, but non-significant effects on glucose-
stimulated insulin release. Similar to the data obtained in static incubations using
MING cells, both acute and chronic exposure to 1uM aripiprazole significantly
potentiated insulin secretion from mouse (Figure 6.3c, d) and human (Figure
6.3e, f) islets at supramaximal glucose levels. In all of the acute and chronic insulin
secretion experiments with MING cells, mouse islets and human islets, exposure
to either 0.1 or 1uM aripiprazole did not affect basal insulin secretion at 2 or
2.5mM glucose, which means that the secretory mechanisms of the beta cells
were not disrupted, suggesting that aripiprazole is unlikely to induce
hypoglycaemia when taken therapeutically. In all experiments, beta cells
responded to 20 or 25mM glucose and significantly increased insulin release, and

this was potentiated by the positive control carbachol.
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Figure 6.3. Effects of aripiprazole on insulin secretion from MING6 cells (a - acute, b - chronic),
mouse islets (c - acute, d - chronic) and human islets (e - acute, f - chronic). In static secretion
experiments, MING cells or islets were incubated without or with aripiprazole for 30min (MIN6
cells) or 1h (islets) without pre-treatment with aripiprazole (acute experiments) or following a
48h incubation in the absence or presence of aripiprazole (chronic experiments). All data
shown are mean + SEM, n=8 observations representative of 2-4 separate experiments, One-
way ANOVA, Dunnett’s multiple comparisons test. *p<0.05; **p<0.01; ***p<0.001 relative to

the control samples at 20 or 25mM glucose.
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6.3.1.4. Effects of aripiprazole on beta cell proliferation

Having validated that aripiprazole potentiated glucose-stimulated insulin
secretion, the direct effects of this antipsychotic drug on beta cell proliferation
were investigated by quantifying the incorporation of the thymidine analogue
BrdU into the DNA of dividing MIN6 cells. 48h exposure of MIN6 cells to
concentrations of aripiprazole that are well-tolerated by beta cells (0.1-1uM)
showed that 1uM aripiprazole significantly increased BrdU incorporation into
DNA when compared to control cells that had been cultured in the absence of
aripiprazole (Figure 6.4). 10% FBS, which is rich in growth factors that stimulate
cell division, was used as a positive control, and it significantly increased MIN6

cell proliferation, as expected.
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Figure 6.4. Effects of aripiprazole on MING6 cell proliferation. MIN6 cells were exposed to
aripiprazole for 48h, and BrdU incorporation was measured by quantifying absorbance at

450nm. Data are mean + SEM, n=8 observations representative of 3 separate experiments.
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*p<0.05; ***p<0.001 relative to the control samples, One-way ANOVA, Dunnett’s multiple

comparisons test.

6.3.1.5. Effects of aripiprazole on beta cell apoptosis

Beta cell mass expands as a result of increased proliferation and decreased
apoptosis. Figure 6.4 shows that aripiprazole increased proliferation of MING
cells, and its effects on apoptosis of MING cells, as well as and mouse and human
islets, were also investigated by quantifying caspase3/7 activities. Caspases 3 and
7 are important components of the apoptotic pathway. Because basal apoptosis
of beta cells is very low, the effects of exposure to aripiprazole on caspase3/7
activities were assessed in the absence and presence of proinflammatory
cytokines or a saturated free fatty acid palmitate. Figure 6.5 shows that
treatment with 0.1-1uM aripiprazole had no effect on basal or cytokine-induced
caspase3/7 activities in MIN6 cells (a). However, 0.1-1uM aripiprazole had a
protective effect against cytokine-induced apoptosis of mouse and human islets
(b, c). In addition, it also protected MING6 cells (d), mouse islets (e) and human
islets (f) from apoptosis induced by the saturated fatty acid palmitate. By
reducing detrimental effects of cytokines and palmitate on beta cell apoptosis,
aripiprazole treatment could be beneficial in T2D, which is associated with

chronic inflammation and obesity.
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Figure 6.5. Effects of aripiprazole on apoptosis of MIN6 cells (a, d), mouse islets (b, e) and
human islets (c, f) determined by luminescence quantification of caspase3/7 activities.
MING cells or islets were treated with aripiprazole for 48h. A proinflammatory cytokine mix or
500uM palmitate were added 24h prior to luminescence measurement. Data are expressed as
mean + SEM; n=8 observations representative of 3 and 2 experiments using MIN6 cells and
islets, respectively. *p<0.05; **p<0.01; ***p<0.001 versus appropriate control in the absence
(black) or presence (striped lines) of cytokines or palmitate; One-way ANOVA, Dunnett’s

multiple comparisons test.
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The lack of protection of aripiprazole against cytokine-induced apoptosis in MIN6
cells (Figure 6.5a) was clearly inconsistent with the significant protective effects
observed in mouse and human islets (Fig 6.5b-e). The data shown in Figures 6.1a
and 6.4 demonstrate that 48h exposure to 0.1 and 1uM aripiprazole increases
MING6 beta cell ATP generation and proliferation, respectively. Therefore, the
protective effects of aripiprazole against cytokine-apoptosis in MIN6 cells could
be masked by an increased cell number, and hence increased readings of
caspase3/7 activities. Thus, in addition to quantifying apoptosis using the
Caspase-Glo assay, apoptosis of MING cells was also assessed by flow cytometry,
which allows for quantification of apoptosis in single cells. For these experiments,
MING6 cells were stained with annexin V, and apoptosis was induced by a
proinflammatory cytokine cocktail. In contrast to the data obtained in the
caspase3/7 luminescence experiments (Figure 6.5a), treatment of MIN6 cells
with aripiprazole for 48h led to significantly decreased annexin V binding,

indicative of decreased apoptosis (Figure 6.6).
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Figure 6.6. Effects of aripiprazole on MING cell apoptosis determined by analysis of annexin V
staining. Data are mean + SEM, n=3 separate experiments. *p<0.05 relative to the control

samples (black striped), One-way ANOVA, Dunnett’s multiple comparisons test.
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6.3.2. Clozapine

6.3.2.1. Effects of clozapine on ATP generation by beta cells

Similar to the data obtained with aripiprazole (Figure 6.1), 48h exposure of MIN6

cells to another AAP, clozapine (0.2-2uM), also markedly elevated ATP

luminescence (Figure 6.7a), and clozapine at 0.2uM also increased ATP

production by mouse islets and human islets (b, c). In contrast to the reductions

in ATP luminescence seen with 10uM aripiprazole, 20uM clozapine did not

influence the luminescent signal, meaning that it did not lead to decreased ATP

levels. In addition, there was no difference between ATP production by islets that

had been treated with 2 and 20uM clozapine and the untreated controls.
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Figure 6.7. Effects of clozapine on ATP generation by MING6 cells (a), mouse islets (b) and human

islets (c). The cells were incubated in the absence or presence of clozapine (0.2-20uM) for 48h,
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and ATP generation was quantified using luminescent CellTiter-Glo assays. Data are mean +
SEM, n=8 observations representative of 2-3 experiments. *p<0.05; **p<0.01; ***p<0.001

relative to the control samples, One-way ANOVA, Dunnett’s multiple comparisons test.

6.3.2.2. Effects of clozapine on beta cell viability

The Trypan blue exclusion assay was used to investigate the effects of clozapine
on MING cell and mouse islet viability, and to determine what concentrations are
well tolerated by beta cells. Following a 48h incubation in the absence or
presence of clozapine (0.2-20uM), MING6 cells and mouse islets were exposed to
0.2% (w/v) Trypan blue, and its uptake by the cells was visualised by light
microscopy (Figure 6.8). Trypan blue uptake was only observed in MING6 cells or
islets that had been exposed to 20uM clozapine, meaning that this concentration
was not tolerated by the cells, leading to increased dye update indicative of
viability, while lower concentrations did not stain the cells blue or compromise
plasma membrane integrity. When compared to microscopy data obtained with
10uM aripiprazole, less Trypan blue staining was observed with 20uM clozapine.
Nevertheless, this concentration of clozapine led to a significantly decreased
percentage viability of MIN6 cells, and it was not used in further functional

experiments.
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Control 0.2uM Clozapine
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. ‘

Figure 6.8. Effects of clozapine on MING6 cell and mouse islet viability. Micrographs of MIN6
cells (a) and mouse islets (c) stained with Trypan blue following 48h incubation without
(control) or with clozapine (0.2-20uM). Scale bars show 50um. % Viability of MIN6 cells was
calculated by counting viable and dead cells using a haemocytometer (b). Data are mean +
SEM, n =4 technical repeats. **p<0.01 relative to the controls, One-way ANOVA, Dunnett’s

multiple comparisons test.
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6.3.2.3. Effects of clozapine on insulin secretion

Given that clozapine is well tolerated by MING cells and mouse islets at 0.2-2uM,
static incubation experiments were carried out to determine the effects of
clozapine on insulin secretion by MIN6 cells, mouse islets and human islets.
Inacute and chronic static incubation experiments, clozapine (0.2-2uM)
increased insulin secretion from MING cells and islets at 20-25mM glucose (Figure
6.9), and, as aripiprazole, it did not stimulate basal insulin secretion from beta
cells at 2 or 2.5mM glucose, which would be an advantage when prescribing this
drug to patients with T2D. In these experiments, clozapine at 2uM had the

greatest effects on GSIS from both mouse and human beta cells.
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Figure 6.9. Effects of clozapine on insulin secretion from MIN6 cells (a, b), mouse islets (c, d)
and human islets (e, f). In static secretion experiments, MIN6 cells or islets were incubated
without or with clozapine for 30min (MING6 cells), 1h (islets) (acute) or 48h (chronic). All data
shown are mean + SEM, n=8 observations representative of 2-4 experiments. *p<0.05;
**p<0.1; ***p<0.001 relative to the control samples at 20 (islets) or 25mM glucose (MIN6

cells). One-way ANOVA, Dunnett’s multiple comparisons test.
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6.3.2.4. Effects of clozapine on beta cell proliferation

The ability of clozapine to increase insulin secretion after a 48h incubation period
could be due to direct effects to increase insulin secretion and/or secondary to
increased numbers of beta cells. To investigate the effects of clozapine on beta
cell proliferation, MING6 cells were labelled with BrdU to quantify DNA replication
using a BrdU ELISA kit following a 48h incubation with clozapine. In contrast to
the data obtained with aripiprazole (Figure 6.4), low and therapeutic
concentrations of clozapine had no effect on BrdU incorporation into the DNA of
dividing MING cells (Figure 6.10), meaning that they do not promote proliferation
of MING6 beta cells. 10% FBS, that was used as a positive control, significantly

stimulated division of MING cells.
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Figure 6.10. Effects of clozapine on MING6 cell proliferation. MIN6 cells were treated with
clozapine at 0.2-2uM for 48h, and BrdU incorporation into the DNA of proliferating cells was

quantified using a BrdU ELISA. Data are mean + SEM, n=8 observations representative of 4
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experiments. ***p<0.001 relative to the control samples, One-way ANOVA, Dunnett’s multiple

comparisons test.

6.3.2.5. Effects of clozapine on beta cell apoptosis

Decreased beta cell mass is central to the progression of diabetes (Butler et al.,
2003), hence the effects of clozapine on apoptosis were determined by
quantifying caspase3/7 activities that are elevated during apoptosis. Following a
48h culture without or with clozapine (0.2-2uM), caspase3/7 activities were
measured in MIN6 cells or islets. Apoptosis was induced using a mix of
proinflammatory cytokines or palmitate that were added for the final 24h of the
experiments. As expected, both cytokines and palmitate significantly elevated
caspase3/7 activities when compared to non-treated controls. 48h exposure to
clozapine did not affect basal apoptosis of MIN6 cells and islet cells, whereas
clozapine had a protective effect against apoptosis of MING cells and islets in the
presence of cytokines and palmitate (Figure 6.11). In contrast to the aripiprazole
data, clozapine did not promote MIN6 cell proliferation, and the lowest
concentration of clozapine was effective in protecting MIN6 cells against
cytokine-induced apoptosis. Although clozapine at 2uM was the most effective
in decreasing apoptosis in the experiments using mouse and human islets, it did

not reduce MING cell apoptosis rates in the presence of cytokines.
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Figure 6.11. Effects of clozapine on cytokine- and palmitate-induced apoptosis of MIN6 cells
(a, d), mouse islets (b, €) and human islets (c, f). MIN6 cells or islets were cultured in the
absence or presence of clozapine (0.2-2uM) for 48h. Proinflammatory cytokines or palmitate
were added 24h prior to quantification of luminescence. Data are expressed as mean + SEM,;
n=8 observations representative of 2-3 experiments. *p<0.05; **p<0.01; ***p<0.001 versus

appropriate control (black striped); One-way ANOVA, Dunnett’s multiple comparisons test.

254



Cytokine-induced apoptosis was also investigated by flow cytometry. This
method is more sensitive than the Caspase-Glo assays because it allows for the
measurement of apoptosis in single cells. Figure 6.12 shows reduced staining
with annexin V of MING cells that had been treated with 0.2 and 2uM clozapine
when compared with controls, meaning that clozapine, in the similar way to
aripiprazole, had a protective effect against apoptosis in the presence of

cytokines.
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Figure 6.12. Effects of clozapine on apoptosis of MING cells assessed by flow cytometry analysis
of annexin V staining. Data are mean + SEM, n=3 separate experiments, *p<0.05; **p<0.01
relative to the control samples (black striped), One-way ANOVA, Dunnett’s multiple

comparisons test.
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6.4. Discussion

The prevalence of diabetes is 3-fold higher in people with severe mental illness
than the general population, and it exceeds 10% among schizophrenics treated
with antipsychotics (Holt and Peveler, 2009; Holt, 2019). This is of great
importance because schizophrenia patients with co-existing diabetes are at an
increased risk of excess mortality compared to people with diabetes without SCZ
(Chan et al., 2021). Several explanations for this epidemiologic link have been
proposed, including environmental factors, shared genetic aetiology, and/or the
use of antipsychotic medication (Lin and Shuldiner, 2010; Suvisaari et al., 2016).
Therefore, determining the effects of individual AAPs on beta cells is of great
importance. Novel data on the direct effects of commonly prescribed AAPs,
aripiprazole and clozapine, on mouse and human beta cell function were
presented in this chapter. Both aripiprazole and clozapine at low and therapeutic
concentrations were well tolerated by beta cells and islets, potentiated glucose
stimulated insulin secretion, and decreased apoptosis rates, and it was also

demonstrated that aripiprazole increased proliferation of beta cells.

6.4.1. Aripiprazole and clozapine increase ATP generation and viability of MING

beta cells and islets

Plasma concentrations of the commonly used AAPs, aripiprazole and clozapine,
are 0.24-1.12uM and 0.61-2.66uM, respectively (Grunder et al., 2008; Keshavarzi
et al., 2020; Kirschbaum et al., 2008; Sparshatt et al., 2010). However, in several
in vitro studies, aripiprazole has been used at concentrations as high as 100uM
(Badran et al., 2020; Cikankova et al., 2019; Forno et al., 2020), whereas clozapine
has been used up to 75uM (Contreras-Shannon et al., 2013; Lundberg et al.,,

2020), and many of these studies have concluded that these AAPs negatively alter

256



mitochondrial function and cell viability (Cikankova et al., 2019; Contreras-
Shannon et al., 2013). However, when aripiprazole and clozapine were used at
low or therapeutic concentrations, they protected neurons from glutamate and
ketamine toxicity, respectively (Koprivica et al., 2011; Lundberg et al., 2020).
As shown in this chapter, aripiprazole and clozapine at concentrations of 10uM
and 20uM, respectively, significantly decreased viability of beta cells. This
indicates that high concentrations that exceed the therapeutic range should not
be used to assess the effects of these drugs on cell function, which is also true for
SSRIs described in chapter 4. In addition to assessment of viability by Trypan blue
uptake, ATP generation is a good marker of cell viability, and it was increased by
therapeutic concentrations of aripiprazole and clozapine in MING6 cells and islets.
Increased ATP luminescence could be indicative of increased proliferation of beta
cells during the 48h incubation period, and hence increased cell numbers.
However, since clozapine had no effect on proliferation of MING cells, elevations
in ATP levels more likely suggest that the drug was increasing metabolic activity
of the cells. ATP is an indicator of mitochondrial function, and therefore, it would
be interesting to investigate the direct effects of therapeutically relevant
concentrations of AAPs on mitochondria and metabolism of insulin-responsive

cells in future studies.
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6.4.2. Aripiprazole and clozapine potentiate glucose-stimulated insulin secretion

from MING6 beta cells and islets

By enhancing glucose stimulated insulin secretion, aripiprazole and clozapine
could be beneficial in ameliorating diabetic symptoms in SCZ patients. Data
presented in this chapter demonstrated that aripiprazole and clozapine at low,
therapeutically relevant concentrations significantly potentiated glucose
stimulated insulin secretion from mouse and human beta cells, and that they
were the most effective in stimulating insulin secretion at concentrations at the
higher end of the plasma concentration range. Furthermore, AAPs did not induce
insulin secretion at low glucose concentrations, suggesting that they do not
favour the occurrence of hypoglycaemia in the fasting state, but only increase
insulin secretion at high glucose levels when it is required. In addition to these
findings, a recent study has shown that clozapine at 1uM induce insulin secretion
from human islets downstream of D2/D3 receptors blockade (Aslanoglou et al.,
2021). Other two studies have demonstrated a role for D2 and D3 receptors in
insulin secretion from rodent beta cells (Farino et al., 2020; Rubi et al., 2005), and
it is shown in this thesis that mouse and human islets express D2 receptors.
However, the levels of receptor expression are very low, and further studies are
required to determine whether aripiprazole and clozapine exert their favourable
effects on insulin secretion from beta cells solely downstream of D2 receptor

blockade.
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6.4.3. Aripiprazole and clozapine promote beta cell mass expansion

Identifying agents that maintain or expand beta cell mass by increasing
proliferation and/or decreasing apoptosis is desired for optimised therapy of
hyperglycaemia. Results presented in this chapter demonstrate that both
aripiprazole and clozapine had protective effects against apoptosis in the
presence of proinflammatory cytokines and palmitate, and that aripiprazole
increased proliferative rates of MING cells. In addition to these data, it has been
shown that a D2 receptor antagonist, domperidone, promotes mouse and human
beta cell mass by enhancing proliferation and decreasing apoptosis (Sakano et
al., 2016). This is consistent with the ATP and BrdU data presented in this chapter
and suggests that dopamine may inhibit proliferation and promote apoptosis,
and that inhibition of dopamine signalling with AAPs could increase beta cell
mass. Nevertheless, clozapine had no significant effect on BrdU incorporation
into MIN6 cells. What is more, as shown in chapter 3, D2 receptor mRNA
expression levels were low in islets and the exact molecular mechanism of action
of aripiprazole and clozapine on beta cells is not fully understood. Therefore,
more experiments are required to unravel the role of AAPs and the D2 receptor

in the endocrine pancreas.
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Chapter 7. Culture of mouse and human islet-derived pseudoislets on glass

surfaces to study beta cell proliferation and macrophage infiltration
7.1. Introduction

The three-dimensional structure of islets supports maintenance of beta cell
viability and function of through cell-cell and cell-matrix interactions (Arous and
Wehrle-Haller 2017; Briant et al., 2018). In this respect islets are superior to cell
lines derived from pancreatic endocrine tumours, such as INS-1 and MING6 cell
lines, but imaging of islets is challenging due to their thickness and non-
adherence to glass coverslips. Generation of adherent reformed primary islets,
referred to as pseudoislets, is a recently developed platform that allows high
resolution imaging of primary islet cells (Phelps et al., 2017). The pseudoislets can
be cultured on glass and adhere to a coating, they can be easily exposed to
different treatment media, fixed, stained, and analysed using high-resolution
imaging. In addition to their advantage in high resolution microscopy, islet-
derived pseudoislets can be used in invasion and migration experiments because
they are adherent and more suitable for macrophage infiltration studies.
Therefore, this novel technique was used to investigate the effects of SSRIs and

AAPs on beta cell proliferation and on macrophage invasion into islets.

7.2. Methods
7.2.1. Preparation of pseudoislets

Mouse and human islets were dispersed into single cells and seeded onto
laminin-coated glass coverslips as described in Section 2.3.2. Islet cells required
3 days to adhere to the laminin coating and aggregate to form pseudoislets. The

coverslips with pseudoislets were cultured for 2 weeks in neurobasal media
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supplemented with B-27 (1x), 1% (v/v) penicillin and streptomycin, 1M Hepes

buffer and 5% (v/v) FBS to allow formation of mature pseudoislets.

7.2.2. Immunofluorescence

Pseudoislets were stained using immunofluorescence as described in Section
2.5.3, using antibodies directed against insulin, glucagon, somatostatin, Ki67 and

CD80, a macrophage marker (Table 2.13).

7.2.3. Insulin secretion from mouse and human pseudoislets

Insulin secretion from mouse and human pseudoislets was measured by static
insulin secretion experiments. Pseudoislets were pre-incubated for 1h in a
physiological salt solution (Gey & Gey buffer) supplemented with 2mM glucose,
as described in Section 2.9.1.2. Pseudoislets were counted and groups of 6-14
pseudoislets were incubated with buffer supplemented with either 2mM or
20mM glucose in the absence or presence of 1uM aripiprazole or 2uM clozapine
for 1h (100ul buffer per pseudoislet). Carbachol (500uM) was used as a positive
control. The supernatants were collected and stored at -20°C prior to the insulin

radioimmunoassay (Section 2.9.3).
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7.2.4. Beta cell proliferation: Ki67 assay

Fully formed pseudoislets were treated with DMEM supplemented with 5.5mM
glucose, 1% (v/v) penicillin and streptomycin, and 1% (v/v) L-glutamine and 10%
(v/v) FBS and in the absence or presence of clozapine or aripiprazole for 30h.
Exendin-4 (20nM), a GLP-1 receptor agonist, was used as a positive control as
there is strong evidence that it increases beta cell proliferation (Bowe et al., 2013;
Fusco et al., 2017; Wang et al., 2015). Thereafter, pseudoislets were fixed and
immunostained for insulin and a proliferation marker, Ki67, as described in

Section 2.5.3.
7.2.5. Islet destruction: Macrophage invasion assay

The effects of fluoxetine, aripiprazole and clozapine on cytokine-induced
destruction of mouse and human pseudoislets in the presence of
monocyte/macrophage-like cells Raw 264.7 (Taciak et al., 2018) were studied
using an invasion assay. Pseudoislets were incubated in DMEM supplemented
with 5.5mM glucose without or with a drug of interest for 24h. Thereafter, Raw
264.7 cells were activated by exposure to 100mg/ml lipopolysaccharide (LPS) for
1h. Activated RAW 264.7 cells were trypsinised, seeded into inserts at a density
of 100,000 cells/insert then placed over coverslips containing pseudoislets. A mix
of proinflammatory cytokines was added to the wells containing coverslips with
pseudoislets and inserts for the final 24h. Light microscopy was performed to
assess the integrity of the pseudoislets after 24h incubation in the presence of

cytokines.
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7.2.6. Islet infiltration: Migration assays

Toinvestigate whether fluoxetine, aripiprazole and clozapine were able to modify
migration of macrophages towards pseudoislets in the lower chamber in the
presence of cytokines, migration assays were performed. Briefly, mouse or
human pseudoislets were incubated for 24h in 5.5mM DMEM without or with a
drug of interest. Thereafter, Raw 264.7 cells were seeded into inserts at a density
of 100,000 cells/insert and placed over coverslips containing pseudoislets, and
proinflammatory cytokines were added to the wells with inserts for the final 24h.
Migration was assessed by two methods: CytoSelect™ Cell Migration and
EZCell™ Cell Migration/Chemotaxis assays were performed as described in

Sections 2.10.1 and 2.10.2, respectively.

7.3. Results
7.3.1. Formation and characterisation of pseudoislets

The expression of islet hormones in mouse pseudoislets was determined by
immunofluorescence. Figure 7.1 shows that two weeks after dissociation and
reformation, mature mouse and human pseudoislets contained alpha, beta and
delta cells that stained for glucagon, insulin and somatostatin, respectively.
Calculation of cell types in pseudoislets after 14-16 days revealed that they
resembled the cell composition of primary islets. Thus, mouse islets are
composed of 65-80% of beta cells mainly found in their inner core and 10-20%
of peripheral alpha cells, which was recapitulated in the mouse pseudoislets
(Figure 7.1a and 7.1b). Importantly, the reformed human pseudoislets reflected
the cell proportions of primary human islets, which contain a higher percentage

of alpha cells, 30-50%, and a lower percentage of beta cells than rodents, 50-60%
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(Figure 7.1c and 7.1d). In both species delta cells constitute approximately 5% of

the total islet cell number (Figure 7.1b and Figure 7.1d) (Campbell and Newgard,

.

2021).
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Figure 7.1. Immunofluorescence detection of islet hormones in mature mouse (a) and human
(c) pseudoislets formed from single cells after 14 days of seeding. The pseudoislets were
immunoprobed with antibodies directed against insulin (green), glucagon (purple) and
somatostatin (red). DAPI nuclear staining is shown in blue (a; D, H). Scale bar is 20um.
Percentage calculation of cell types in mature mouse (b) and human (d) pseudoislets was

performed with ImageJ software.

266



7.3.2. Effects of aripiprazole and clozapine on insulin secretion

Insulin secretion was quantified in static incubation experiments using primary
islets and pseudoislets generated from primary islets. Acute exposure of mouse
and human pseudoislets to 20mM glucose resulted in significantly increased
levels of secreted insulin when compared to 2mM glucose, although the
magnitude of the secretory response was less from the pseudoislets (Figure 7.2).
What is more, Figure 7.3 shows that exposure of mouse pseudoislets to 1uM
aripiprazole and 2uM clozapine led to significantly increased insulin secretion at
20mM glucose, similar to the effects of these AAPs in primary islets. This suggests
that the pseudoislets were functional and responded in the same way to
aripiprazole and clozapine as isolated mouse islets in Figures 6.4 and 6.9. 500uM
carbachol was used as a positive control to induce insulin secretion through

activation of the M3 muscarinic receptor.

267



+V)
~—

(=)
—

2.5 2.5+
. 20- = 204
<z | s
= O = O
S0 1.5+ 25 15-
o @ o B
w 4 n o
£2 104 = @ 107 *
> £ S5 5
g o) t_!.l:‘] o) ——
- £ = £
0.5+ ? 0.54
0.0—j I 0.0 I
v S Vv N
[Glucose] (mM) [Glucose] (mM)
c) d)
2.5+ 25—
201 % 20+
5 5 -2
E 2 154 _,_ E'Ej S 45 -
D
5 & 5 2 L
= 5 1.0+ = & 1.0+
3 < 3 £
c2 =2
0.5+ “g; 0.54
Vv N V BN
[Glucose] (mM) [Glucose] (mM)

Figure 7.2. Insulin secretory response of primary islets (mouse —a, human —c) and pseudoislets
(mouse — b, human — d) to 20mM glucose. In static incubation experiments, islets or
pseudoislets were pre-incubated for 2h in the Gey and Gey buffer supplemented with 2mM
glucose and then incubated for 1h in the presence of either 2mM or 20mM glucose. All data
shown are mean + SEM, n=8 observations. *p<0.05; **p<0.01; ***p<0.001 relative to the

control samples at 2mM glucose (black), unpaired Student t-test.
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Figure 7.3. Effects of 1uM aripiprazole and 2uM clozapine on glucose-stimulated insulin
secretion from mouse pseudoislets. In static secretion experiments, pseudoislets were
preincubated in the 2mM glucose Gey and Gey buffer and then incubated at 20mM glucose
without or with aripiprazole or clozapine for 1h. 500uM carbachol served as a positive control.
All data shown are mean + SEM, n=8 observations. *p<0.05; **p<0.01; ***p<0.001 relative to
the control samples at 20mM glucose (Control; black). One-way ANOVA, Dunnett’s multiple

comparisons test.

269



7.3.3. Effects of aripiprazole and clozapine on beta cell proliferation

Having demonstrated that aripiprazole and clozapine potentiated glucose-
stimulated insulin secretion from mouse and human pseudoislets, the direct
effects of these antipsychotic drugs on beta cell proliferation were investigated
by immunofluorescence and confocal microscopy imaging. Mouse pseudoislets
were exposed to 0.1-1uM aripiprazole and 0.2-2uM clozapine for 30h and
fluorescent staining was performed in situ using antibodies against a proliferation
marker, Ki67, and insulin. Similar to data obtained quantifying BrdU incorporation
into MING beta cells, presented in chapter 6, immunostaining revealed that 1uM
aripiprazole significantly increased proliferative rates of pseudoislet cells, but
0.1uM aripiprazole was without effect (Figure 7.4). Although 2uM clozapine did
not affect BrdU incorporation into the DNA of dividing MIN6 beta cells, it
significantly potentiated proliferation of pseudoislet (Figure 7.4). As expected,
Exendin-4, also increased pseudoislet proliferation in these experiments, and this

effect was similar to the effect of 2uM clozapine.
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Figure 7.4. Effects of aripiprazole and clozapine on proliferation of mouse pseudoislets. The
pseudoislets were exposed to 0.1-1uM aripiprazole or 0.2-2uM clozapine for 30h and
immunoprobed with antibodies directed against insulin (green; A, D, G, J, M, P) and Ki67 (red;
B, E, H, K, N, Q). DAPI nuclear staining is shown in blue in merged images (C, F, |, L, O, R) (a).
Scale bar is 20um. Percentage calculation of Ki67* cells within pseudoislets that had been
treated with aripiprazole (b) and clozapine (c) was performed using Imagel software.
Numerical data are mean + SEM, n=5 observations from 2 separate experiments. *p<0.05;
**p<0.01 relative to the control samples, One-way ANOVA, Dunnett’s multiple comparisons

test.
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7.3.4. Effects of fluoxetine, aripiprazole and clozapine on cytokine-induced

destruction of pseudoislets

One of the most prominent features of T1D and T2D is chronic inflammation, with
the accompanying presence of cytokines (Randeria et al., 2019; Tsalamandris et
al., 2019). Given that SSRIs, including fluoxetine, and AAPs, aripiprazole and
clozapine, had protective effects against cytokine-induced apoptosis of mouse
and human islets (chapters 4 and 6), the effects of these drugs on cytokine-
mediated destruction of pseudoislets were assessed by light microscopy. Mouse
and human pseudoislets were exposed to fluoxetine, aripiprazole or clozapine for
48h and the inserts with activated macrophage RAW 264.7 cells and
proinflammatory cytokines were added for the final 24h of the experiment.
Figure 7.5 shows that mouse (a) and human (b) pseudoislets that had been
exposed to cytokines and fluoxetine, aripiprazole or clozapine (panels D-F)
sustained a round shape when compared to cytokine-treated controls (panel C).
More experiments are required to identify the cells surrounding the pseudoislets,
but since islet cells are comingled with other non-islet cell types, including
endothelial cells, resident immune cells, neurons, smooth muscle cells and
proliferative fibroblasts, (Segerstolpe et al., 2016), it is most likely that they are

fibroblast cell populations.
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Figure 7.5. Effects of fluoxetine, aripiprazole and clozapine on cytokine-induced destruction of
mouse (a) and human pseudoislets (b). The pseudoislets were exposed to 1uM fluoxetine, 1uM
aripiprazole or 2uM clozapine for 48h. A mix of proinflammatory cytokines and macrophages
were added 24h prior to examination by light microscopy. Destroyed pseudoislets are

delimited by a white dotted circle (panels C). Scale bar is 100um.
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7.3.5. Effects of fluoxetine, aripiprazole and clozapine on macrophage infiltration

There is evidence that macrophages accumulate in the islets and that they display
a proinflammatory phenotype during progression of T2D (Cucak et al., 2013;
Zirpel and Roep, 2021). During development of diabetes islets are characterised
by an increased release of inflammatory factors, such as IL-1B, IL-6 and
macrophage inflammatory protein 1a, and it has been shown that these factors
increase macrophage infiltration (Ehses et al., 2007; Boni-Schnetzler and Meier,
2019). Therefore, islet-derived inflammatory factors may act as a
chemoattractant to macrophages and stimulate their migration. Having
demonstrated that fluoxetine, aripiprazole and clozapine protected mouse and
human pseudoislets against cytokine-induced destruction, the effects of these
drugs on the migratory properties of Raw 264.7 macrophage cells were
determined using immunofluorescence, as well as cell migration and cell
migration/chemotaxis assays (Figure 7.6). CD80 is a costimulatory molecule used
to mark activated macrophages, and fluorescent staining demonstrated that
macrophages were present within pseudoislets. Panel A confirmed the presence
of resident macrophages within untreated pseudoislets, but the CD80 staining
was increased in pseudoislets that had been incubated with Raw 264.7 cells and
cytokines (Figure 7.6a, b; panel C). The number of Raw 264.7 cells that infiltrated
the pseudoislets was significantly higher in the presence of cytokines when
compared to untreated controls that had not been exposed to cytokines nor the
drugs. The number of islet-associated migratory macrophages in the presence of
cytokines was significantly decreased where mouse (b) and human (d)
pseudoislets had been incubated with 1uM fluoxetine, 1uM aripiprazole or 2uM
clozapine for 48h, which indicates protective effects of these drugs against

macrophage infiltration. Similar to data presented in Figure 7.5, the pseudoislets

276



that had been exposed to fluoxetine and AAPs (Figure 7.6 a, b; Panels D-F) had a

preserved round shape in contrast to cytokine-treated controls (Panels C).
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Figure 7.6. Effects of fluoxetine, aripiprazole and clozapine on pseudoislet infiltration by Raw
264.7 macrophage cells. The pseudoislets were incubated with 1uM fluoxetine, 1uM
aripiprazole or 2uM clozapine for 48h. Cytokines and macrophages were added 24h prior to
fluorescence measurement and imaging. The pseudoislets were immunoprobed with
antibodies directed against CD80 (red) and DAPI was stained in blue. Scale bar is 20um (a, c).
Migratory properties of Raw 264.7 cells were assayed by Cell Biolabs’ CytoSelect™ cell
migration (b) and EZCellTM cell migration/chemotaxis (d) assays followed by quantification of
fluorescence (a, c). Data are expressed as mean + SEM; n=3 observations. *p<0.05; **p<0.01;
**%p<0.001 versus cytokine control (black; striped lines), One-way ANOVA, Dunnett’s multiple

comparisons test.
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7.4. Discussion

Adherent pseudoislets, generated from dissociated mouse and human islets,
were used to allow high resolution imaging since primary islets detach from the
coverslip during attempted fixation, whereas free islet cells attach firmly to the
coating and form functional pseudoislets. As shown by the immunohistochemical
images of insulin, glucagon and somatostatin expression and quantification of
glucose-stimulated insulin secretion, the pseudoislets resembled primary islets
anatomically and functionally. Therefore, the pseudoislets were used to
investigate the effects of fluoxetine, aripiprazole and clozapine on proliferation

and macrophage infiltration.
7.4.1. Aripiprazole and clozapine promote proliferation of pseudoislets

The loss of functional beta cell mass is the central pathology for both type 1 and
type 2 diabetes (Kahn 2001; Chen et al., 2017), and therefore one of the main
goals in diabetes research is to find ways to enhance the mass of beta cells to
prevent or delay the onset of diabetes (Kulkarni et al., 2012). Proliferation rates
of primary islets are low and difficult to measure, hence the effects of AAPs on
beta cell proliferation were measured using primary islet cells cultured on glass.
In contrast to a previous report that developed a monolayer culture system
(Phelps et al., 2017), our pseudoislets formed 3D structures and resembled
primary islets more closely in terms of appearance and architecture. Although
adherent pseudoislets enabled visualisation by confocal microscopy and
guantification of Ki67 staining, identification of beta cells was not always possible
in some central regions, which could be due to sample thickness, and hence poor
antibody penetration. Therefore, in proliferation experiments, all Ki67* cells were
counted to assess the effects of aripiprazole and clozapine proliferation of

pseudoislet cells. Both AAPs increased the number of Ki67* cells when compared
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to untreated pseudoislets, which is consistent with BrdU ELISAs presented in
chapter 3, where aripiprazole increased proliferation rates of MIN6 cells.
However, future studies should use alternative antibodies, such as BrdU, another
marker for proliferation, or anti-Nkx6.1 antibody that stains the nuclei of beta

cells and focus on the effect of those drugs on proliferation of individual islet cell-

types.

7.4.2. Fluoxetine, aripiprazole and clozapine prevent cytokine-induced

destruction and macrophage infiltration

Macrophages are an integral component of the islets from embryonic
development (Morris, 2015), and both resident and recruited islet macrophages
are significant regulators of islet inflammation (Ehses et al., 2007). Historically,
islet macrophages have been studied as effectors in the autoimmune processes
in T1D (Burkart and Kolb, 1996). Light microscopy was used to investigate the
effects of fluoxetine, aripiprazole and clozapine on destruction of pseudoislets in
the presence of macrophages and proinflammatory cytokines, and data
presented in this chapter demonstrated that these drugs had protective effects
against cytokine-induced destruction of pseudoislets. Data from invasion and
migration assays indicate that macrophage migration and infiltration of
pseudoislets were decreased in the presence of fluoxetine, aripiprazole and
clozapine, supporting anti-inflammatory effects of these drugs. Fluoxetine has
been shown to have anti-inflammatory and immunomodulatory effects in LPS-
induced inflammation, and it also decreases levels of the proinflammatory
cytokine TNF-a (Kostadinov et al., 2015). Previous studies have documented that
aripiprazole limits inflammatory processes by enhancing anti-inflammatory
signalling and significantly decreasing levels of proinflammatory cytokines,

including IL-1B, TNF-a and IFN-y, in people with schizophrenia (Sobis et al., 2014).
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In addition, clozapine has been shown to protect dopaminergic neurons from
inflammation-induced damage (Hu et al., 2012). Therefore, there is evidence to
support these drugs having anti-inflammatory properties and data presented in
this chapter indicate that they can also protect against islet inflammation.
Nevertheless, future studies should use human macrophage cell lines in addition
to mouse macrophage cells, for example widely used TPH-1 cells, and further
work is required to unravel the molecular mechanisms by which these drugs
protect islets from cytokine-induced destruction and macrophage infiltration.
Resident macrophages also play a critical role in beta cell formation during
development, and they support beta cell replication in models of pancreas
regeneration. Hence, it would be interesting to study islet-associated
macrophages in more detail following treatment with fluoxetine, aripiprazole

and clozapine.

282



Chapter 8. Final discussion and Future studies

Diabetes has attained the status of a global pandemic. According to the IDF
Diabetes Atlas, over 460 million adults were living with diabetes in 2019, 537
million adults have diabetes in 2021 at the time of writing this thesis, and it is
projected that by 2045, diabetes will affect more than 0.7 billion people
worldwide (IDF Diabetes Atlas - 10th Edition). Approximately 90% of adults
currently diagnosed with diabetes have T2D, which is often accompanied by
chronic diseases, including mental health problems. The bidirectional
relationship between T2D and mental illness is well documented, though the
underlying mechanisms remain unclear (Andersohn et al., 2009). The incidence
of psychiatric conditions is about 2-fold greater in patients with T2D than in the
general population, and MDD and SCZ have been associated with a higher risk of
diabetes, diabetes complications, and increased health care services (Gonzalez et
al., 2013; Egede et al., 2002). This association between diabetes and mental
health disorders could be exacerbated in the era of COVID-19, as more than half
of COVID-19 patients develop psychiatric symptoms (Alessi et al., 2020; Talevi et
al., 2020; Zhao et al., 2020). Psychiatric conditions are often treated with
cognitive behavioural therapy or medications, including antidepressants and
antipsychotics. However, the effects of these drugs on glucose regulation are
unclear. The emergence of a pandemic highlights the importance of studying the
effects of antidepressants and antipsychotic drugs in patients predisposed to, or

with, T2D.
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8.1.SSRIsand T2D

Most people with diabetes and psychiatric disorders require long-term
antidepressant treatment and there has been an argument about whether the
use of SSRIs could lead to glucose dysregulation and increased risk of T2D onset
(Deuschle, 2013; Khoza et al., 2011). Although there is evidence in clinical studies
that SSRIs improve glycaemia (Tharmaraja et a., 2019; Ye et al., 2011), several in
vitro studies have reported that fluoxetine decreases insulin secretion, impairs
calcium signalling, and promotes ER stress in beta cells (Chang et al.,, 2017,
Elmorsy et al., 2017; De Long et al., 2014). However, in those studies, fluoxetine
was used at concentrations exceeding 30uM, which is substantially higher than
the plasma concentrations of any SSRI presented in this thesis: fluoxetine and
sertraline (0.2-2.6uM) and paroxetine (0.06-0.18uM) (Bolo et al., 2000; Bosch et
al., 2008; Lima et al., 2006; Tomita et al., 2014). Additionally, in most of these
studies, effects of fluoxetine on beta cell function were determined using
cultured beta cell lines. Although these are useful for preliminary functional
analyses, they have some disadvantages as models for investigation of insulin
secretion when compared to isolated islets. Data presented in this thesis show
that 10uM fluoxetine and sertraline, as well as 1uM paroxetine, compromise
integrity of MING beta cell and islet cell membranes in vitro. What is more, when
used at low and therapeutic concentrations, SSRIs exert favourable effects on
MING beta cells, and also on mouse and human islets in terms of viability, glucose-

stimulated insulin secretion, cell proliferation, and survival.
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8.1.1. SSRIs increase ATP generation and viability of beta cells

The assessment of viability allowed determination of the optimal concentration
range for investigating the functional effects of fluoxetine, sertraline (0.1-2uM)
and paroxetine (0.01-0.1uM) on beta cells. Concentrations that exceeded the
plasma concentration range were cytotoxic to MING6 cells and led to excessive
Trypan blue uptake by MING6 cells and islets. Consistent with this, the risk of T2D
increases in depressed patients treated with high dosages of SSRIs (Andersohn et
al., 2009), which may be related to direct deleterious effects on beta cells. It has
been recently concluded that long-term antidepressant use increases the risk of
T2D onset in a time- and dose-dependent manner (Miidera et al., 2020). In the
studies described in this thesis, the plasma membrane integrity of MING cells and
islet cells was maintained in the presence of low therapeutic concentrations of
fluoxetine, sertraline and paroxetine, and therefore concentrations of 0.01-1uM
were subsequently used for the assessment of insulin secretion and other
functional parameters. The increased ATP generation that is observed in MIN6
cells treated with SSRIs could be a consequence of increased beta cell
proliferation. However, beta cells within primary islets have a limited proliferative
capacity, so the increased ATP levels detected in the islets that have been
exposed to fluoxetine, sertraline and paroxetine may reflect improved cell
viability, and therefore increased metabolic activity. SSRIs could also directly alter
mitochondrial function to increase ATP production, as the majority of cellular ATP
is produced within mitochondria (Haythorne et al., 2019). Importantly for beta
cells, ATP is essential for regulated insulin secretion (Koster et al., 2005). It has
been reported that fluoxetine penetrates cells by crossing plasma membranes
and can be found in the mitochondria (Mukherjee et al., 1998). There is evidence
that it affects mitochondria by modulating the activity of respiratory chain

components and Krebs cycle enzymes (de Oliveira, 2016). It is possible that SSRIs
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generally improve cell viability to increase metabolic activity, but the mechanisms
are not fully understood, and it remains unclear how fluoxetine affects

mitochondrial function or dynamics.
8.1.2. SSRIs potentiate glucose-stimulated insulin secretion from beta cells

Drugs that enhance insulin secretion are able to lower hyperglycaemia, a major
determinant of diabetes, and hence reduce the risk of long-term diabetic
complications. As demonstrated in this thesis, fluoxetine, sertraline and
paroxetine, at therapeutic concentrations, potentiate glucose-induced insulin
secretion (GSIS) following both acute and chronic exposure, but they do not
induce basal insulin secretion at 2mM glucose, which indicates that they do not
favour the occurrence of hypoglycaemia in the fasting state. It is therefore
possible that SSRIs enhance beta cell function to increase insulin secretion in
people with diabetes who also suffer from MDD, leading to documented
improvements in glycaemia (Gehlawat et al., 2013; Roopan and Larsen, 2016;
Tharmaraja et al., 2019; Ye et al., 2011). This suggests that these drugs could be
beneficial in the treatment of depression in individuals with diabetes.
Nevertheless, the underlying mechanisms of how SSRIs enhance GSIS are not fully
understood, but could be attributed to elevated levels of serotonin, which then
exerts functional effects on the islets. There is evidence that serotonin is released
from beta cells, that it acts to potentiate insulin secretion during pregnancy via
5-HT3A receptor stimulation, and under normal physiological conditions, it acts
as an autocrine and paracrine signal in the endocrine pancreas (Almaca et al,,
2016; Kim et al., 2010; Ohara-Imaizumi et al., 2013). An activation of 5-HT3A is
required for the compensatory increase in insulin secretion during pregnancy by
lowering the glucose threshold for insulin release (Ohara-Imaizumi et al., 2013).

Data presented in this thesis show that 5-HT3A mRNA is detected in MING cells
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and human islets. It is also demonstrated that beta cells express different
components of serotonergic machinery, such as SERT, and it has been previously
shown that the blockade of SERT by 0.5uM fluvoxamine, another SSRI, induces
serotonin secretion from beta cells (Almaca et al., 2016). This suggests that SSRIs
could potentially exert their effects directly on beta cells by blocking serotonin
reuptake and by increasing endogenous serotonin levels. As in pregnancy,
enhanced serotonin signalling may allow islets to cope with increasing insulin
demand during T2D by increasing compensatory beta cell mass expansion and
insulin secretory responsiveness to glucose, as well as reducing glucagon
secretion from alpha cells. On the other hand, it has been suggested that the
effect of fluoxetine on GSIS is not mediated by SERT inhibition (Cataldo et al.,
2015), and SSRIs could therefore exert favourable effects on insulin secretion and
improve glycaemic control through other mechanisms, such as direct effects on
Kate channels. Both fluoxetine and sertraline have been shown to block K*
channels in platelets and astrocytes, and it is possible that they also inhibit Katp
channels in beta cells, decrease K* efflux, and cause cell depolarisation that is
crucial for insulin secretion (Frizzo, 2017; Kobayashi et al., 2003; Ohno et al.,
2007; Ohno, 2018). Interestingly, fluoxetine increases expression of cytosolic
phospholipase A, in SERT-deficient cells (Hertz et al., 2015), and activation of
phospholipase A, leads to a generation of arachidonic acid (AA), which promotes
insulin secretion from human islets (Persaud et al., 2007). It is therefore possible
that fluoxetine potentiates insulin secretion by increasing AA levels, and this is an
area for future research. What is more, fluoxetine promotes phosphorylation of
MAPK, cAMP responsive element-binding protein (CREB) and Akt, which have
been shown to promote insulin secretion and beta cell proliferation (Blanchet et
al., 2015; Le Bacquer et al., 2013; Liu et al., 2012). CREB and Akt are important

transcriptional elements for beta cell function, including glucose sensing, insulin
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exocytosis, insulin gene transcription, and survival (Dalle et al., 2011; Elghazi and
Bernal-Mizrachi, 2009). The molecular mechanisms by which CREB and Akt
activate gene transcription in beta cells vary according to the stimulus, and it
could be that fluoxetine and other SSRIs affect GSIS through phosphorylation of
CREB and Akt.

8.1.3. SSRIs promote beta cell mass expansion

Beta cell mass is defined by a balance between beta cell proliferation and
apoptosis (Doyle and Egan, 2007). Data presented in this thesis show that
fluoxetine, sertraline and paroxetine increase proliferation of beta cells and
protect them against cytokine- and palmitate-induced apoptosis in vitro, and
fluoxetine increases beta cell proliferation in vivo. The exact mechanisms through
which SSRIs increase proliferation and decrease apoptosis have not been
determined yet, but the beneficial effects of SSRIs on beta cell mass could be
attributed to elevated serotonin levels, which is available to exert functional
effects. Elevated serotonin could lead to increased beta cell mass, as has been
proven in pregnancy, via 5-HT2B receptor stimulation (Kim et al., 2010).
Consistent with previous reports that SSRIs improve glycaemic management in
people with both diabetes and depression (Gehlawat et al., 2013; Roopan and
Larsen, 2016; Tharmaraja et al., 2019), SSRIs could exert their effects on beta cells
by blocking SERT, and thus elevating local serotonin concentrations. However,
the roles of serotonin and SERT blockade during normal physiological conditions
and in conditions of increased metabolic demand, such as obesity and T2D, are
yet to be further investigated. In addition to this, human islet beta cells and those
from pregnant mice synthesise serotonin (Almaca et al., 2016; Kim et al., 2010;
Moon et al., 2020), and, as shown in chapter 3, trace levels of serotonin and TPH

were detected in mouse beta cells using IHC. This is important because the
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presence of TPH allows serotonin synthesis in beta cells, and this in turn
promotes insulin granule exocytosis through serotonylation of small GTPases of
the Rab family (Paulmann et al., 2009) and stimulation of beta cell proliferation
via 5-HT2B receptors (Bennet et al., 2015; Kim et al., 2015; Ohara-Imaizumi et al.,
2013). Interestingly, 5-HT2B mRNA was detected in MING6 cells and human islets
by quantitative PCR as demonstrated in this thesis. Confirmation of the presence
of the serotoninergic machinery in MING6 cells and islets could help to unravel the
direct effects of SSRIs on beta cells in people with diabetes. Nevertheless, the
levels of TPH and serotonin in mouse beta cells are extremely low, which is
consistent with previous reports (Moon et al., 2020; Tharmaraja et al., 2020), and
the exact mechanism of action of SSRIs to regulate mouse beta cell proliferation
remains to be investigated. On the other hand, there is evidence that SERT is
expressed by human beta cells, and that serotonin is synthesised and secreted at
detectable levels from islets of healthy humans (Almaca et al., 2016; Bennet et
al., 2015). This suggests species-specific differences, as well as possible species-
dependent modes of action of SSRIs. In addition to serotonin signalling, there is
evidence that insulin acts as an autocrine signalling agent by increasing beta cell
proliferation and by inhibiting apoptosis (Muller et al., 2006). It is possible that
SSRIs promote beta cell mass expansion and improve glycaemic control by
elevating insulin secretion in response to increased glucose levels. As
demonstrated in this thesis, fluoxetine, sertraline and paroxetine increase GSIS
from mouse and human beta cells. Moreover, sertraline has been shown to
potentiate insulin secretion in vivo in rats (Gomez et al., 2001). Fluoxetine has
been also linked to improvements in the cellular oxidative status (Novio et al.,
2011), which suggests a novel mechanism underlying the protective
pharmacological effects of fluoxetine against apoptosis. Increases in ROS

production are induced by hyperglycaemia in individuals with diabetes, so
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inhibitors of oxidative stress could be used to prevent beta cell apoptosis in T2D
(Marrif and Al-Sunousi, 2016; Volpe et al., 2018). On the other hand, in the rodent
brain, chronic fluoxetine treatment increases CREB phosphorylation downstream
of ERK2 (p42 MAPK) phosphorylation (Qi et al., 2008; Taler et al., 2013), and it
has been suggested that the ERK-CREB system could be involved in the neuronal
mechanism of depression (Qi et al., 2008). Sertraline also upregulates ERK
phosphorylation and exerts neuroprotective effects in the brain (Taler et al.,
2013). In the endocrine pancreas, ERK and CREB are involved in beta cell mass
expansion (Burns et al.,, 2000; Hussain et al., 2006), and it could be that SSRIs
induce beta cell proliferation through similar mechanisms as they use to promote
neurogenesis in the brain. Lastly, it is possible that increased beta cell survival
and proliferation are due to CaMK4-stimulated CREB activation (Jhala et al., 2003;
Liu et al., 2012). It has been reported that this CREB activation regulates the
expression of Irs2, and that it results in increased proliferation and decreased
apoptosis of beta cells (Liu et al., 2012; Persaud et al., 2011). It could be that
SSRIs, by activating signalling through the ERK2/CaMK4/CREB/Irs2 cascade, exert
similar effects on beta cell proliferative rate and survival. Moreover, as
mentioned earlier, fluoxetine increases expression of cytosolic phospholipase A2,
and hence it could increase levels of AA, which has been shown to decrease beta
cell apoptosis (Papadimitriou et al., 2007). Although the exact mechanisms of
action of SSRIs at the endocrine pancreas are yet to be defined, the ability of SSRIs
to promote beta cell proliferation and decrease apoptosis in the presence of
factors that accompany inflammation and obesity is crucial in considering these

drugs as a possible treatment for T2D.
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8.2. AAPs and T2D

The prevalence of diabetes among patients with schizophrenia in the UK is
estimated to be 11.3% (Schoepf et al., 2012). The life expectancy of patients with
schizophrenia is reduced by up to 25 years (Wildgust et al., 2010), and many of
these premature deaths are due to chronic physical disorders associated with
SCZ, including T2D. There are concerns that antipsychotics used in the treatment
of SCZ increase the risk of developing T2D (Lamberti et al.,, 2004). Initially
antipsychotics are used to manage acute psychosis, but in the longer term they
are required to prevent relapse, and therefore they are often used long-term.
Nevertheless, the incident of T2D varies between different AAPs, with a high risk
observed with clozapine, and low risk observed with aripiprazole (Citrome et al.,
2014; Kessing et al.,, 2010; Pillinger et al.,, 2020). Other studies consider
aripiprazole as “metabolically neutral” (Chipchura et al.,, 2018). On the other
hand, genome-wide association study and polygenic risk score analysis have
revealed the presence of a shared genetic background between SCZ and T2D
(Hackinger et al.,, 2018). Patients with comorbid SCZ and T2D have a higher
genetic predisposition to both disorders, and metabolic disturbances are
observed in people prior to any antipsychotic treatment (Pillinger et al., 2017). In
addition, it has been shown that the prevalence of T2D in patients suffering from
severe mental illness increases almost 4-fold prior to antipsychotic therapy

(Vancampfort et al., 2016).
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8.2.1. AAPs increase ATP generation and viability of beta cells

Plasma concentrations of aripiprazole and clozapine are 0.24-1.12uM and 0.61-
2.66uM, respectively (Grinder et al., 2008; Keshavarzi et al., 2020; Kirschbaum
et al., 2008; Sparshatt et al., 2010), and, as in studies involving SSRIs, these AAPs
have been used in in vitro beta cell studies at concentrations as high as 75uM
(Cikankova et al., 2019; Contreras-Shannon et al., 2013; Lundberg et al., 2020).
Many of these studies have concluded that AAPs negatively alter mitochondrial
function and cell viability. As shown in this thesis, aripiprazole and clozapine at
concentrations of 10-20uM significantly decrease beta cell viability, which
indicates that high concentrations exceeding the therapeutic range should not
be used to assess the effects of these AAPs on beta cell function. Because ATP is
an indicator of mitochondrial function, and its production is increased in the
presence of low and therapeutic concentrations of aripiprazole and clozapine, it
would be interesting to investigate their direct effects on mitochondria and
metabolism of insulin-responsive cells in future studies as nothing is currently

known about this.
8.2.2. AAPs increase glucose-stimulated insulin secretion from beta cells

Data presented in this thesis demonstrate that aripiprazole and clozapine at
therapeutic concentrations potentiate GSIS from mouse and human beta cells. In
addition to these findings, a recent study has shown that clozapine, olanzapine,
and haloperidol at 1uM induced both insulin and glucagon secretion from human
islets downstream of D2 and D3 receptor blockade (Aslanoglou et al., 2021). This
study has suggested a model for dopamine-mediated regulation of insulin and
glucagon secretion, where low concentrations of local dopamine stimulate high-
affinity D2 receptors to inhibit insulin and glucagon secretion. What is more, at

higher concentrations dopamine activates stimulatory low-affinity beta-
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adrenergic and alpha-2-adrenergic receptors on alpha and beta cells,
respectively, leading to increased glucagon and decreased insulin release. Other
studies have also demonstrated a role for D2 and D3 receptors in regulating
insulin secretion from mouse beta cells (Farino et al., 2020; Rubi et al., 2005).
These studies indicate that D2 and D3 receptors play an important role in
glycaemic control through their inhibitory effects on insulin secretion, and they
suggest that blockade of peripheral D2 receptors by antipsychotics may
contribute to the metabolic disturbances seen clinically. In addition to this,
antagonism of D2 receptors on alpha cells has a similar effect on hormone
secretion leading to elevated glucagon levels and increased hyperglycaemia.
Nevertheless, these studies focused on the effect of D2 receptor blockade at high
glucose concentrations and did not include low glucose concentrations. Results
presented in this thesis show that AAPs do not induce basal insulin secretion at
2mM glucose, suggesting that they do not favour the occurrence of
hypoglycaemia in the fasting state, but only increase insulin secretion at high
glucose levels when it is required, following food intake. If insulin secretion is only
increased when plasma glucose levels are high, AAPs could be beneficial in
ameliorating diabetic symptoms in SCZ patients. In this thesis, it was not possible
to determine molecular mechanisms in peripheral tissues and islet cells
underlying insulin resistance and glycaemic control after treatment with
individual AAPs. They should be investigated in the future because aripiprazole
and clozapine may affect peripheral tissues and cause insulin resistance, which
could outweigh their beneficial effects on GSIS. What is more, AAPs have high
binding affinities at serotonin receptors, including 5-HT1D and 5-HT2A receptors.
Both 5-HT1D and 5-HT2A receptors are localised to pancreatic alpha, beta, and
delta cells in the pancreas, and their expression is significantly increased in the

islets from type 2 diabetic donors (Bennet et al., 2015; Kim et al., 2010).
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The 5-HT1D and 5-HT2A receptors are GPCRs that signal via Gi and Ggq,
respectively, to inhibit or stimulate insulin secretion. Therefore, overexpression
of these receptors may either enhance or block specific signalling pathways,
resulting in changes in hormone secretion. While clozapine is known as a 5-HT2A
receptor antagonist, it also acts as a functionally selective agonist at 5-HT2A by
increasing receptor internalisation and Akt phosphorylation (Schmid et al., 2014).
What is more, clozapine antagonises the 5-HT1D receptors (Bennet et al., 2015;
Meltzer and Massey, 2011), and 5-HT1D receptor activation mediates a decrease
of beta cell mass and insulin secretion postpartum (Bennet et al., 2015; Kim et
al., 2010). The 5-HT1D receptor antagonist, LY310762, significantly potentiates
insulin secretion from human islets (Bennet et al., 2015), and therefore it is
possible that the beneficial effects of clozapine and aripiprazole are due to the
blockade of 5-HT1D receptors that are linked to increases in beta cell mass and
insulin secretion. On the other hand, clozapine acts as functionally selective
agonist at 5-HT2A Future studies should therefore not only focus on the effects
of individual AAPs on dopamine receptors, but also determine their effects

downstream of serotonin receptors.
8.2.3. AAPs increase beta cell mass

Therapeutic agents that increase beta cell mass are desired for optimised T2D
therapy. Results presented in this thesis demonstrate that both aripiprazole and
clozapine increase proliferative rates of islet cells, and they also decrease rates
of beta cell apoptosis in the presence of proinflammatory cytokines and
palmitate. There is evidence that a D2 receptor antagonist, domperidone,
promotes mouse and human beta cell mass through increases in intracellular
cAMP. Moreover, D2 receptor knockdown increases beta cell number, whereas

D2 receptor overexpression shows increased apoptosis (Sakano et al., 2016). This
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suggests that dopamine inhibits proliferation and promotes apoptosis, and that
inhibition of dopamine signalling via D2 receptors by AAPs could increase beta
cell mass, which could explain the observations made in this thesis. It is also
possible that aripiprazole, and potentially clozapine, exert their beneficial effects
on beta cell proliferation and apoptosis in the presence of cytokines or palmitate
by a mechanism separate to blocking D2 receptors. For example, cancer studies
using aripiprazole have indicated that it can activate adenosine monophosphate-
activated protein kinase (AMPK), which is a central regulator of beta cell mass via
the mTOR pathway (Lee et al., 2019; Rourke et al., 2018). Furthermore, studies
of clozapine in the brain have indicated that it increases levels of the anti-
apoptotic protein Bcl-2 and decreases caspase-3 activity (Todorovic et al., 2019),
and this is a possible mode of action in beta cells. What is more, increased levels
of insulin could act in an autocrine loop and promote beta cell proliferation
(Muller et al., 2006). However, more studies are required to unravel the exact

molecular mechanism of action of AAPs to promote beta cell mass.

8.3. Limitations of the studies

The experiments described in this thesis have several limitations, some of which
were a consequence of Covid-19-related lab closure for several months (March-
September 2020), which limited the amount of experimental work that could be
done. For a full overview of possible signalling cascades relevant to SSRI and AAP
action, gPCR experiments should be performed using mouse islet mRNA in
addition to MIN6 cell and human islet mRNA, and fluorescence
immunohistochemistry staining should be performed using sections from
pregnant mouse islets and human islets. It is important to note that the anti-D2

receptor antibody failed to give pronounced staining in the pancreas and in the
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midbrain (positive control), and further antibody optimisation, or use of an
alternative antibody, could improve these experiments. In addition, although
BrdU is commonly used as a proliferation marker, its use has some limitations.
Thus, BrdU is a marker of DNA synthesis, and it does not mark the S-phase of the
cell cycle nor cell division, and it can incorporate into DNA during DNA repair
processes, as well as abortive re-entry to the cell cycle before apoptosis. In
addition, it has been shown that BrdU can be transferred into dividing cells from
dying cells (Taupin, 2007). It would therefore be useful to co-stain BrdU with Ki67
that marks active phases of the cell cycle as a component of the mitotic
chromosome periphery (Cuylen et al.,, 2016). As described above, the in vivo
experiments would have benefitted from the use of younger, obese mice so that
were not so overtly glucose intolerant, and inclusion of a positive control, such as
Exendin-4 that is known to improve glucose tolerance, should have been used in
addition to fluoxetine. Experiments that determined the effects of fluoxetine on
insulin-sensitive tissues, such as muscle, liver, and adipose tissue in addition to
the endocrine pancreas, would also have provided more detailed information on
the effects of fluoxetine delivery in vivo. Furthermore, the human macrophage
cell line, TPH-1, is more appropriate than mouse Raw 264.7 cells for use in the

invasion and migration experiments using human pseudoislets.
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8.4. Conclusion

The SSRIs, fluoxetine, sertraline and paroxetine, and AAPs, aripiprazole and
clozapine, act directly on beta cells to increase glucose-stimulated insulin
secretion and proliferation, and they also have protective effects against
apoptosis in the presence of proinflammatory cytokines and palmitate. Data
presented in this thesis thus show that SSRIs and AAPs exert favourable effects
on beta cells and suggest that although some of these drugs may have deleterious
effects on blood glucose levels, this is not because of them impairing beta cell
function. Nevertheless, more studies are needed to determine the exact
molecular mechanisms of action of these drugs at the endocrine pancreas, as well

as unravel their effects in the periphery.

8.4. Future studies

Both antidepressants and antipsychotics have been implicated in increased risk
of T2D. As there is no consensus on studies regarding the effects of individual
SSRIs and AAPs on beta cells, this thesis aimed to unravel the direct effects of
fluoxetine, sertraline, paroxetine, aripiprazole, and clozapine on beta cell
function and mass. The experiments described in this thesis established that
these drugs potentiate insulin secretion and that they promote beta cell mass
expansion in vitro. In addition, fluoxetine leads to improved glucose tolerance
and increased beta cell proliferation in vivo. It is possible that these studies have
translational potential to T2D treatment, and that SSRIs that have been selected
for this study are responsible for improvements in glycaemia seen in clinical
studies (Tharmaraja et a., 2019; Ye et al., 2011). Nevertheless, future studies are

required to unravel the effects of individual SSRIs and AAPs on insulin resistance
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and glycaemic control in vivo using animal models of T2D. Despite their beneficial
effects on beta cells, these drugs could also target peripheral tissues and cause
insulin resistance. The potential negative effects of SSRIs and AAPs on insulin
resistance could outweigh the favourable effects of these drugs in the endocrine
pancreas, and hence explain glucose dysregulation reported in many clinical
studies. More research is required to understand whether SSRIs and AAPs affect

peripheral tissues to promote insulin resistance.

This research would benefit from additional experiments in vitro, including
perifusions to investigate the effects of aripiprazole and clozapine on dynamic
insulin secretion, as well as fluorescence immunohistochemistry to assess the
effects of fluoxetine, sertraline, paroxetine, aripiprazole, and clozapine on
proliferation using both primary islets and pseudoislets reformed from
dissociated primary islets. These pseudoislets offer a novel platform for high
resolution imaging of beta cells, and optimisation of this technique would be
beneficial for future analysis of beta cell proliferation in islets in situ. In addition,
data presented in this thesis show that fluoxetine, aripiprazole and clozapine
have a protective effect against macrophage infiltration. It would be interesting
to repeat those experiments and use primary mouse and human islets in addition
to pseudoislets. On the other hand, in vivo studies presented in this thesis could
be improved by using osmotic minipumps instead of intraperitoneal injections to
introduce fluoxetine or other drugs of interest. Because fluoxetine is normally
taken orally as tablets, in which concentrations are maintained for long periods,
osmotic minipumps may allow a continuous release of the drug directly into the
circulation, and therefore produce stable serum concentrations. Moreover,
frequent injections can be associated with stress and potentially mask the

beneficial effects of fluoxetine in vivo.
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Although ob/ob mice become profoundly obese and develop hyperglycaemia and
peripheral insulin resistance (King, 2012), leptin deletion does not represent the
underlying aetiology of human obesity. Therefore, different models of T2D
should be introduced in future studies, such as the high-fat diet-fed (HFD) mouse,
a model that is more representative to T2D in humans, as it is associated not only
with hyperglycaemia and insulin resistance, but also beta cell failure. Future
studies would also benefit from the use of pregnant mice that have increased
levels of expression of serotonergic machinery elements to investigate the effects
of SSRIs in pregnancy. Studies using mouse models of depression under

conditions of HFD or pregnancy would also benefit this area of research.

The next step after demonstrating how selected SSRIs and AAPs affect beta cells
would be investigating their molecular mechanisms of action, starting with
analysis of expression of interacting partners by PCR, Western blotting, and
immunofluorescence. In addition to this, the SSRIs and AAPs used in this thesis
increase beta cell viability and ATP production. As mentioned above, there is
evidence that they have an effect on mitochondrial function, and therefore it
would be worth studying their action at mitochondria by assessing mitochondria
morphology, membrane potential, and mitochondria volume following SSRI or
AAP treatment. In addition, the involvement of serotonin could be investigated
by comparing perifusion experiments using islets acutely exposed to individual
SSRIs without or with commercially available serotonin receptor antagonists
SB204741 or tropisetron hydrochloride that block 5-HT2B and 5-HT3A,
respectively. It would be interesting to know whether the effects on insulin
secretion are lost following deletion of endogenous serotonin by pre-exposure to
the tryptophan hydroxylase inhibitor (LX-1031). Calcium microfluorimetry

experiments could be performed in parallel to investigate the effects of

299



fluoxetine, sertraline, paroxetine, aripiprazole, and clozapine on Ca?* signalling in

beta cells.

Rodent islets require preloading with serotonin or serotonin precursors in vitro
in order to allow for detection of serotonin secretion (Barbosa et al., 1998;
Rosario et al., 2008; Smith et al., 1995), and it has been suggested that serotonin
may play a paracrine role in rodent islets under conditions of increased metabolic
demand, such as in pregnancy. There are also substantial differences in
expression levels of serotonin and dopamine receptors between mouse and
human islets. In addition, human islets have 3 times more serotonin® cells than
mouse islets (Amisten et al., 2017). This contrast between mouse and human
islets is in line with other species differences in islet architecture and function
(Dolensek et al., 2015; Kim et al., 2009; Steiner et al., 2010), and it indicates that
serotonin, and potentially dopamine, have functions in human islets not
predicted by rodent models. Future studies should therefore aim to fully
compare the effects and mechanisms of action of SSRIs and AAPs on both mouse

and human beta cells.

Lastly, given the ambivalence in clinical studies that link antidepressant and
antipsychotic treatment and changes in glucose regulation (Andersohn et al.,
2009; Burcu et al., 2017; Grajales et al., 2019; Newcomer et al., 2002; Tharmaraja
eta., 2019; Ye et al., 2011; Zhang et al., 2017), more big scale placebo-controlled
trials should be conducted. Research in this area could explain the broad effects
of antidepressant therapy on tissues outside the brain, give potential benefits
and risk factors, and identify the mechanism of action of SSRIs, and unravel
whether these drugs could be found useful in the treatment of metabolic

diseases, such as T2D.
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