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Abstract

Insulin-secreting pancreatic B-cells adapt to obesity-related insulin resistance via increases in
insulin secretion and B-cell mass, which is referred to as B-cell compensation. Failed B-cell
compensation predicts the onset of type 2 diabetes (T2D). However, the mechanisms underlying
B-cell compensation are not fully understood. The previous study reported changes in -cell mass
during the progression of T2D in the Nile rat (NR), a model developing T2D naturally when fed
with a standard lab chow diet (Chow). In the present study, I hypothesized that in addition to cell
mass adaption, NR is an animal model that demonstrates B-cell functional compensation and
decompensation during the development of T2D. The results showed that, compared to healthy
NRs fed with a fiber-rich diet (Hfib), young Chow-fed NRs exhibited enhanced B-cell insulin
secretion in response to insulin resistance that failed with aging, along with the onset of
prediabetes and eventually T2D. I further hypothesized that the -cell adaptive response is
associated with increased insulin processing and f-cell replication. While both compensatory
processes existed at 13 weeks of age, I observed increased proinsulin secretion in the transition
from compensation to decompensation at 25 weeks, indicative of impaired insulin processing.
Meanwhile, finding of correlations of ER chaperones with plasma insulin and glucose
concentration demonstrated a positive role of ER chaperones in insulin secretion. Moreover,
restricted B-cell proliferation and an increase in insulin-positive duct-associated -cells were
observed at the compensation stage, indicating a neogenic mechanism of B-cell mass adaptation.
B-cells at decompensation stage showed less neogenic cell structures with evidence of
dedifferentiation. In contrast, the pathophysiological abnormalities of B-cells were prevented by
Hfib diet. Besides diet modification, I also proposed that the B-cell decompensation in NRs could

be alleviated by pharmacological intervention. Metformin is a first line antidiabetic medication



which is also effective in preventing T2D. I treated Chow NRs during the compensation stage
with a relatively low dose of metformin (20mg/kg body weight). The results showed an
improvement in glucose tolerance and insulin secretion after 7 weeks of treatment, while the
impaired glucose tolerance and insulin sensitivity seen in Chow NRs at 25 weeks (6 months)
were alleviated with metformin. The activation of AMPK and downregulated hepatic
gluconeogenic pathway indicated suppression of glucose production by metformin. Additionally,
due to increased glucose-stimulated insulin secretion in vivo, I further hypothesized that
metformin affects -cell function. B-cell secretion capacity was preserved in the metformin
group, which was correlated with changes in glucose sensing genes, indicating a protective role
for metformin in B-cell function. However, in vitro metformin treatment of islets failed to exert
change in insulin secretion, suggesting an indirect mechanism underlying B-cell preservation in

Vivo.

In summary, results of this study demonstrate a model of T2D showing 3-cell compensation
in insulin secretion and cell expansion, which is accompanied by adaptive changes in ER
chaperones and B-cell neogenesis. Failure of B-cell compensation leads to diabetes progression.
The disease progression and B-cell decompensation can be prevented by Hfib diet and delayed by

early treatment with metformin.
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Chapter 1.  Introduction

1.1 Introduction to diabetes mellitus

Diabetes mellitus is a group of metabolic diseases marked by hyperglycemia and insulin
deficiency (American Diabetes Association 2014). Long-term hyperglycemia can give rise to
chronic organ damage, leading to severe complications including neuropathy, retinopathy,
cardiovascular disease and renal failure (American Diabetes Association 2014). Diabetes is one
of the top five life-threatening illnesses in the world (Cho et al. 2018). The number of adults with
diabetes increased from 171 million in 2000 (Wild et al. 2004) to 425 million in 2017 (Cho et al.
2018), accounting for 8.8% of the global population. In 2018, diabetes was diagnosed in over 3.5
million Canadians accounting for 9% of the people in Canada (Cho et al. 2018). The Canadian
diagnostic criteria for diabetes are shown in Table 1.

The majority of the cases of diabetes fall into three categories, type 1 diabetes (T1D), type 2
diabetes (T2D), and gestational diabetes mellites (GDM). T1D, also referred to as insulin-
dependent diabetes, is an autoimmune disease characterized by hyperglycemia and severe insulin
deficiency due to the loss of insulin-secreting pancreatic B-cell cells. T2D, on the other hand, is a
chronic metabolic disorder as a result of decreased insulin sensitivity and inadequate insulin
production. Over 90% of the diabetic population was diagnosed with T2D (Cho et al. 2018).
GDM is a temporary condition with hyperglycemia during pregnancy. One significant
contributor to the personal and societal costs of diabetes is that over 48% of the estimated
diabetic population, especially with T2D, goes undiagnosed until the presence of irreversible
complications (Beagley et al. 2014), which increases the risk of morbidity and the financial

burden (Cho et al. 2018). This highlights the importance of early diagnosis in the treatment of



T2D as well as understanding critical events in disease progression when intervention may be

particularly beneficial.

1.1.1 Natural history of type 2 diabetes

Under normal physiological conditions, the concentration of circulating blood glucose is
under the tight control of pancreatic hormones in order to maintain homeostasis. In the fed state,
pancreatic -cells sense the rise of blood glucose following food ingestion and release insulin, a
peptide hormone that acts on adipose tissue and skeletal muscle to stimulate glucose uptake from
the blood to the cells and suppresses glucose output from liver, leading to reduced blood glucose.
Insulin also inhibits glycogenolysis, gluconeogenesis, lipolysis and protein breakdown. On the
contrary, in the fasting state, pancreatic a-cells secrete a counter-regulatory hormone of insulin,
glucagon, to suppress glucose utilization and promote glycogenolysis and gluconeogenesis to
increase glucose production (Saltiel and Kahn 2001; Moore et al. 2003).

As a result of sedentary lifestyle, western diet and obesity, insulin resistance manifests; this is
a state in which the body cannot respond efficiently to insulin to lower blood glucose (Iozzo et
al. 1999; Neeland et al. 2012). The pancreas releases more insulin to compensate for the insulin
resistance (Festa et al. 2006). As the acute glucose-stimulated insulin secretion (GSIS) declines,
glucose begins to rise, resulting in impaired glucose tolerance (IGT, Table 1) or impaired fasting
glucose (IFG, Table 1) (Weyer et al. 1999; Abdul-Ghani et al. 2006). This moderate increase in
glucose is referred to as prediabetes (Tabak et al. 2012). Prediabetes is a high-risk state for T2D;
it can progress to overt diabetes if not diagnosed and treated in time (Table 1) (Meigs et al.

2003). However, although there is substantial heterogeneity between ethnic groups (Hulman et



al. 2017), this abnormality in glucose homeostasis can generally be controlled within the normal
range for many years, thanks to a sustained elevated plasma insulin concentration (Tabdk et al.
2012). The glycemic trajectory reported in longitudinal studies shows a steeper rise in blood
glucose in later stages of prediabetes (2 years before diagnosis of T2D) that is tightly associated
with a decrease in B-cell function (Tabak et al. 2009). This highlights the crucial role of

maintaining B-cell function in preventing T2D development (Seino et al. 2011).

Table 1-1 Diabetes diagnostic criteria (Punthakee et al. 2018)

Prediabetes Diabetes’
IGT IFG*

Fasting plasma glucose 6.1-6.9 >7.0
(mmol/L)

2-hour plasma glucose in a 75 7.8-11.1 >11.1

g oral glucose tolerance test

(mmol/L)

Glycated hemoglobin A1C 6.0-6.4 >6.5

(%)

* If two of the test results are above the diagnostic threshold, the diagnosis of diabetes is
confirmed. # The cut point for IFG defined by American Diabetes Association is 5.6 mmol/L

(American Diabetes Association 2014).



1.1.2 Hallmarks of T2D

Insulin resistance and B-cell dysfunction are two hallmarks of the pathophysiology of T2D.
The traditional perspective regarding these two determinants of T2D is that insulin resistance is
the primary abnormality, which places a high demand for insulin production in -cells, whereas
the B-cell dysfunction is a later event that occurs with the onset of hyperglycemia (Kruszynska
and Olefsky 1996). However, when comparing insulin sensitivity and GSIS between normal
glucose tolerant (NGT) with IGT subjects, decreased insulin sensitivity does not always lead to
IGT. Instead, diminished GSIS is associated with the conversion of NGT to IGT (Weyer et al.
1999; Kahn 2003). It suggests that impaired B-cell insulin secretion happens before
hyperglycemia and is the most important prerequisite for T2D development.

Genome-wide association studies (GWAS) have identified numerous diabetes susceptibility
loci (Florez 2008). The majority of risk genes initially associated with insulin resistance are
proven to regulate B-cell mass and function (Brown and Walker 2016). The most studied risk
variants, including transcription factor 7-like 2 (7¢f712), peroxisome proliferator-activated
receptor y (PPARY) and insulin-like growth factor 1 (IGF1) are found to play roles in regulating
B-cell mass and function (Okada et al. 2007; Medina-Gomez et al. 2009; Takamoto et al. 2014).
Therefore, interacting with insulin resistance, it may be argued that B-cell function/dysfunction is

the primary determinant of T2D progression.

1.1.3  B-cell compensation and dysfunction

Weir (Weir and Bonner-Weir 2004) characterized B-cell dysfunction into multiple stages that

correspond to T2D development in rodent models and humans. -cells compensate for insulin



resistance in the first stage by enhancing GSIS, which is associated with expanded B-cell mass
and intact B-cell integrity. The compensatory B-cell response can be seen in obese patients.
Studies have shown a 20-50% increase in -cell mass from obese nondiabetic subjects compared
to lean controls (Butler et al. 2003a; Rahier et al. 2008; Hanley et al. 2010). The second stage
describes the transition from compensation to mild decompensation of B-cells accompanied by
diminished GSIS, leading to IGT and IFG. However, in line with the fact that prediabetes can be
maintained for years, the second stage is considered as a stable stage of adaptation because of the
partially preserved insulin secretion. Evidence suggests that B-cell mass is reduced in IFG
subjects at this stage (Butler et al. 2003a), but whether losing B-cells is also a cause of IGT and
IFG is unknown. Stage 3 is transient as the blood glucose rises rapidly reaching the clinical
threshold of hyperglycemia, which indicates the onset of T2D seen in stage 4. Stage 3
corresponds to a steep rise of blood glucose and pronounced decline in insulin secretion in the
glycemia and insulin trajectories of T2D patients as mentioned above (Tabdk et al. 2009). In the
later stages, B-cells decompensate with reduced B-cell mass and a profound loss of insulin
secretion. Moreover, loss of B-cell differentiation, at least in rodent models, further reduces the
capacity for insulin secretion capacity per unit of B-cell mass, resulting in a roughly 50%
reduction in functioning B-cell mass (Weir and Bonner-Weir 2004; Talchai et al. 2012). Overall,
the progressive nature of B-cell dysfunction, as well as the natural history of T2D, calls attention
to the changes in B-cell mass and function underlying compensatory GSIS that is critical in

delaying T2D progression.



1.2 Pathophysiology of B-cell compensation in human T2D

1.2.1 B-cell functional compensation

Clinically, systemic insulin secretion capacity is determined by acute GSIS during a glucose
tolerance test. However, it remains unclear whether the enhanced GSIS comes from the increase
in B-cell mass or whether the insulin secretion per cell mass changes as well. A study measured
the 24-hour profile of insulin secretion in obese, non-diabetic subjects and found a 100%
increase compared with lean controls (Camastra et al. 2005). As mentioned above, a 20-50%
increase in f-cell mass was reported in human obesity (Butler et al. 2003a; Rahier et al. 2008;
Hanley et al. 2010). Thus, to account for 100% insulin secretion compensation not only the
increased cell mass but also enhanced insulin output per B-cell must be considered. In line with
this theory, a higher insulin secretory capacity has been observed in human islets isolated from
obese donors (Mezghenna et al. 2011). Given that GSIS plays a critical role in -cell
compensation, it is important to understand the physiology of B-cells GSIS as well as the

pathophysiological changes in the context of insulin compensation.

1.2.1.1 Glucose sensing

Stimulated insulin secretion from B-cells is tightly regulated by intracellular glucose
metabolism (Figure 1-1). Plasma glucose elevates after food ingestion and enters B-cells through
glucose transporters (GLUT). GLUT 1 and GLUT3, low K isoforms of GLUT, act as the
primary glucose sensors and transporters in human pancreatic B-cells, whereas rodent -cells
express mainly GLUT2 (De Vos et al. 1995; McCulloch et al. 2011). However, inactivating

mutations of GLUT2 have been reported as a rare cause of neonatal diabetes, suggesting a



unique role of GLUT2 in humans (Sansbury et al. 2012). Moreover, islets isolated from T2D
donors have low expression and activity of both GLUT1 and GLUT2 (Ohtsubo et al. 2011); the
endogenous expression of either isoform is sufficient to maintain GSIS (Thorens et al. 2000).
This implies that the presence of different isoforms of GLUT in B-cells ensures the efficiency of
glucose uptake for the next rate-limiting step of GSIS.

After transport into B-cells, glucose is sensed and phosphorylated by glucokinase (GCK) (De
Vos et al. 1995). Serving as an intracellular sensor of glucose, GCK plays a critical role in
insulin secretion through initiation of glycolysis. /n vitro studies have demonstrated that
activation of GCK lowers the glucose threshold for insulin secretion in normal human islets and
can restore insulin secretion in islets isolated from T2D patients (Doliba et al. 2012; Henquin et
al. 2017). Mutations of GCK gene have been identified in families with persistent
hyperinsulinemic hypoglycemia (activating mutation) or GCK-linked maturity-onset of diabetes
of the young (MODY-2) (inactive mutation) (Froguel et al. 1993; Glaser et al. 1998; Seino et al.
2011). Although GCK activity has been linked to hyperinsulinemia in rodents (Chan 1993), an

understanding of the dynamics of GCK in human T2D compensation is elusive.

1.2.1.2 Mitochondrial oxidation

Glycolysis generates nicotinamide adenine dinucleotide (NADH), adenosine triphosphate
(ATP) and pyruvate. Cytosolic NADH and pyruvate are transported into mitochondria. Pyruvate
is then decarboxylated to acetyl-CoA, which is a substrate in the tricarboxylic acid cycle (TCA).
Driven by the NADH and flavin adenine dinucleotide (FADH2) released from glycolysis and
TCA cycle, adenosine diphosphate (ADP) is phosphorylated into ATP through the respiratory

chain, increasing the ratio of ATP to ADP in the cytoplasm (MacDonald et al. 2005).



Mitochondrial oxidation and signaling are central to GSIS (Jitrapakdee et al. 2010). Decreased
expression of the key enzymes glycerol phosphate dehydrogenase (mGPDH), pyruvate
carboxylase (PC) and succinyl-CoA:3-ketoacid-CoA transferase (SCOT) have been found in
islets isolated from patients with T2D (MacDonald et al. 2009). Conversely, increases in these
enzyme activities have been demonstrated in animal models with hyperinsulinemia (Liu et al.
2002).

In addition to changes in capacity for glucose oxidation, changes in morphology of
mitochondria have been identified in islets from T2D subjects (Anello et al. 2005). Chronic
exposure of B-cell to high glucose leads to excessive mitochondrial glucose oxidation and
generation of reactive oxygen species (ROS), which induces oxidative stress and mitochondrial
damage (Robertson et al. 2004). Mitochondria undergo fission and selective fusion and
autophagy of fragments, which serves as quality control to prevent accumulation of damaged
mitochondria and maintain function (Twig et al. 2008; Molina et al. 2009; Stiles and Shirihai
2012). Autophagy of mitochondria, also known as mitophagy, has been proposed as a protective
mechanism in B-cells (Youle and Narendra 2011; Sarparanta et al. 2017). Recent clinical studies
showed that nondiabetic obese and prediabetic subjects displayed higher markers of mitophagy
and lower oxidative stress compared with diabetic subjects (Bhansali et al. 2017a, 2017b),

indicating a possible role of mitophagy in B-cell compensation.

1.2.1.3 Post-mitochondrial steps in insulin secretion
Mitochondrial metabolism of glucose leads to a rise in intracellular ATP/ADP which closes
the ATP-sensitive potassium channel (Katp channel) on the cell membrane (Straub et al. 1998),

depolarizing the plasma membrane, which triggers the opening of the voltage-gated Ca>" channel



(VGCC) and Na" channels in human B-cells, generating action potentials (Braun et al. 2008).
The influx of Ca®" increases cytosolic Ca*" concentration and stimulates the exocytosis of insulin
granules (Braun et al. 2008, 2009). B-cells are then repolarized to resting membrane potential by
the opening of voltage-gated potassium (Kv) channels and inactivation of VGCC, limiting Ca®"
entry and insulin secretion (MacDonald and Wheeler 2003). Increase in intracellular Ca**
triggers the exocytosis of insulin granule (Graves and Hinkle 2003). In addition to primary
stimulation by glucose, B-cell insulin secretion can be amplified or regulated via a wide range of
nutrients and hormones (Itoh et al. 2003; Doyle and Egan 2007).

Similar to rodents, insulin secretion in human B-cells follows a biphasic time course, a first-
phase peak generated by the prompt action potentials mentioned above and a flat second-phase in
response to prolonged stimulus (Henquin et al. 2006). The decline of first-phase insulin secretion
is due to the depletion of the readily releasable pool (RRP) of insulin granules as well as the
closing of VGCC (Michael et al. 2007; Braun et al. 2008, 2009). Not all features of rodent
insulin secretion can be observed in human islets. A left-shifted glucose-insulin response curve is
documented in human islets, with a detectable GSIS at glucose as low as 3 mmol/L (Henquin et
al. 2006), which corresponds to the lower physiological plasma glucose seen in humans (King

2012).
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Figure 1-1. Glucose-stimulated insulin secretion. Plasma glucose enters 3-cells through
GLUT]1 and 3 (in humans) and is then phosphorylated into glucose-6-phosphate by glucokinase.
Glucose-6-phosphate is further metabolized via glycolysis, producing ATP and pyruvate.
Cytosolic pyruvate is transported into mitochondria and enters the TCA cycle, which generates
more ATP, leading to an increased ratio of ATP and ADP. The rise of ATP/ADP in cytoplasm
closes the Katp channel on the cell membrane, resulting in membrane depolarization and the
opening of the VGCC and Na* channels. The influx of Ca** increases cytosolic Ca*"
concentration, together with intracellular Ca" release, stimulating the exocytosis of insulin
granules. B-cell action potentials are then repolarized to resting potentials by the opening of Kv
channels and inactivation of VGCC, limiting the Ca®" entry and insulin secretion.
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1.2.2  Insulin biosynthesis and endoplasmic reticulum stress

1.2.2.1 Overview of insulin biosynthesis

Secreted insulin is a 51-amino-acid peptide, consisting of a 21-residue A chain and a 30-
residue B chain linked by disulfide bonds. It is derived from the pre-hormone preproinsulin,
encoded by /ns gene (Ins] and Ins2 in rodents) located on the short arm of chromosome 11 in
humans. Preproinsulin is composed of an N-terminal signal peptide (SP) and A and B chains
joined by a 31-residue C-peptide. After translation, preproinsulin is translocated into the rough
endoplasmic reticulum (ER) lumen by interaction of the N-terminal signal peptide with a signal
recognizing receptor in the ER membrane. The signal peptide is then cleaved from preproinsulin,
generating proinsulin (Weiss et al. 2000). In the ER lumen, proinsulin undergoes serial post-
translational modifications including folding and formation of disulfide bonds between A and B
chains for the correct cleavage of proinsulin. This process requires a variety of different ER
chaperones (Feige and Hendershot 2011). The folded proinsulin is then transported to the Golgi
apparatus where it is packaged into early secretory granules, during which the proinsulin is
converted into insulin and C-peptide by prohormone convertases 1/3, 2 and carboxypeptidase E
(Davidson et al. 1988; Song and Fricker 1995). Insulin and proinsulin intermediates bind to zinc,
forming insulin-zinc hexamers that are stored as a dense core in mature secretory granules
together with free C-peptide (Weiss et al. 2000; Jones and Persaud 2010). Insulin biosynthesis is
summarized in Figure 1-2.

Glucose is the primary regulator of insulin biosynthesis (Andrali et al. 2008). Glucose
increases the cyclic adenosine monophosphate (cAMP) concentration and promotes the binding
of B-cell specific transcriptional factors including pancreatic duodenal homeobox-1 (Pdx-1) and

musculoaponeurotic fibrosarcoma oncogene family A (MafA) to the insulin promoter,
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stimulating Ins expression (Inagaki et al. 1992; Zhao et al. 2005; Iype et al. 2005). The glucose
concentration required for insulin biosynthesis is lower than the glucose threshold for insulin

secretion to maintain insulin stores (Boland et al. 2017).
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Figure 1-2 Insulin biosynthesis. Encoded by the /ns gene, preproinsulin mRNA is expressed
under the regulation of glucose. After translation on the rough ER, preproinsulin is translocated
into the ER lumen by interactions of the N-terminal signal peptide (SP) with signal recognizing
receptor in the ER membrane. The SP is then cleaved from preproinsulin, generating proinsulin.
In the ER lumen, proinsulin undergoes folding and formation of disulfide bonds between A and
B chain to allow for the correct cleavage. Folded proinsulin is then transported to Golgi
apparatus where it is packed into an early secretory granule, during which the proinsulin is
converted into insulin and C-peptide by convertases (PC) 1/3, 2 and carboxypeptidase E (CPE).
Insulin binds to zinc, forming insulin-zinc hexamers which are stored as a crystalized dense core
in mature secretory granule together with C-peptide.
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1.2.2.2 ER and unfolded protein response

ER is a membranous cell organelle consisting of cisternae as part of the intracellular
membrane system. Protein translation initially takes place on the ribosome attached in the rough
ER, and then the newly synthesized protein is translocated into the ER lumen for further
assembly (Price 1992). Protein folding/assembly in the ER is the rate-limiting step in protein
trafficking (Lodish 1988). Aberrantly folded proinsulin accumulates in the ER, resulting in
impaired proinsulin trafficking and defective insulin secretion (Gupta et al. 2010). Whereas
proper folding of proinsulin is correlated with protein exit from the ER and most importantly
increased insulin secretion (Rajpal et al. 2012). If misfolded protein is retained in the ER at a
steady rate, as assumed, proinsulin accumulation should be observed in ER, which, however, is
not seen under normal conditions (Haataja et al. 2013). This reflects the presence of a system of
alleviating the accumulated proinsulin pressure in the ER, which is referred to as the unfolded

protein response (UPR) (Rasheva and Domingos 2009).

1.2.2.3 Adaptive UPR and ER chaperones

Figure 1-3 is a simplified summary of adaptive UPR. When there is unfolded protein in the
ER lumen, immunoglobulin binding protein (Bip) senses the perturbation and dissociates from
three downstream sensors: transcription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1) and
protein kinase RNA-activated-like ER kinase (PERK), activating all 3 arms of the UPR
(Oyadomari et al. 2002; Marchetti et al. 2007). First, after dissociating from Bip, ATF6
translocates to the Golgi apparatus and is cleaved by site 1 and site 2 proteases. Cleaved ATF6
enters the nucleus and acts as a transcriptional factor of ER chaperones, folding enzymes and the

ER-associated degradation machinery (Haze et al. 1999; Shen et al. 2002; Nadanaka et al. 2007).
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Secondly, free IREI is an active serine/threonine kinase, activated by conformational changes
and autophosphorylation (Chen and Brandizzi 2013). Active IREI cleaves the mRNA of X-box
binding protein 1 (Xbp1), altering the open reading frame of the mRNA. Expressed XBP1 is
another transcriptional factor of ER chaperones (Sriburi et al. 2004; Uemura et al. 2009). Also,
the IRE1 acts as an RNase to cleave mRNA of secretory proteins (such as preproinsulin) to
reduce overall protein translation (Hollien et al. 2009). Lastly, similar to IRE1, PERK is
activated by oligomerization. PERK dimer phosphorylates eukaryotic initiation factor-2a (elF-
2a) which attenuates translation initiation and selectively induces ATF4, a transcriptional factor
initiating transcriptions of adaptive UPR components (Harding et al. 1999, 2000; Sonenberg and
Hinnebusch 2009). Of note, when B-cells are exposed to chronic perturbations such as
hyperglycemia, UPR induces pro-apoptotic factors such as C/EBP homologous protein (CHOP)
mainly by the PERK arm of ER stress, leading to cell death (Laybutt et al. 2007; Brewer 2014).
As mentioned above, proinsulin folding by ER chaperones plays a prominent role in insulin
biosynthesis. One of the most studied ER chaperones is protein disulfide isomerase (PDI). PDI is
a thio-oxidoreductase that catalyzes disulfide bond formation (Ellgaard and Ruddock 2005). PDI
donates a disulfide bond to proinsulin and then is re-oxidized by ER oxidoreductin-1 (Erol) (Zito
et al. 2010). This chaperone also works as a reductase, breaking disulfide bonds on misfolded
proteins to ameliorate insulin secretion (Rajpal et al. 2012; He et al. 2015; Gorasia et al. 2016),
suggesting a protective role of PDI in insulin secretion. There is lack of evidence of a role of ER
chaperones in human islet compensation; however, clinical studies reported beneficial effects of
chemical chaperones on patients with insulin resistance (Kars et al. 2010; Xiao et al. 2011). Islets

isolated from diabetic donors, on the other hand, have decreased adaptive UPR and increased
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pro-apoptotic UPR markers (Laybutt et al. 2007; Engin et al. 2014), but the full range of islet

compensation through to decompensation has not yet been examined in human islets.
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Figure 1-3 Adaptive UPR. When unfolded protein is accumulated in the ER lumen, Bip (solid
grey circle) senses the perturbation and dissociates from membrane proteins ATF6 (in red), IRE1
(in green) and PERK (in blue), activating all 3 arms of UPR. 1) ATF6 translocates to the Golgi
apparatus and is cleaved into active ATF6; 2) IREla cleaves the mRNA of XBP1, altering the
open reading frame of the mRNA, which is expressed as XBP1; 3) PERK is activated by
oligomerization and then phosphorylates eIF-2a which attenuates translation initiation and
selectively induces ATF4. The transcriptional factors ATF4, XBP1, and ATF4 enter the nucleus
and induce the transcription of ER chaperones, folding enzymes and the machinery of ER-
associated degradation, alleviating the unfolded protein stress in the ER.
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1.2.3  B-cell proliferation and neogenesis

It is well accepted that B-cell mass expands under conditions of insulin resistance. Of note,
although B-cell proliferation has been proposed as a major contributor to B-cell expansion in
rodents (Skau et al. 2001; Bock et al. 2003), the rate of B-cell replication rarely increases and is
difficult to detect in nondiabetic obese adults or patients with T2D (Butler et al. 2003a; Hanley et
al. 2010). In fact, it has been reported that proliferation serves as an essential mechanism in 3-
cell expansion during infancy, but declines in adolescence, after which islets grow more in size
(hypertrophy) than number (hyperplasia) (Meier et al. 2008). However, the inability to detect
proliferation in obese/insulin-resistant human samples could be due to a preceding B-cell
replication, which leads to an enlarged 3-cell mass later on. Lastly, in spite of the low replication
rate in adult human pancreas, B-cells do have replication potential when treated with
pharmaceutical stressors in vitro (Aguayo-Mazzucato and Bonner-Weir 2018), indicating another
therapeutic target.

Instead of B-cell self-replication, neogenesis promotes formation of new islets originating
from progenitor cells (Xu et al. 2008). Increases in cell neogenesis have been reported in
different cohorts of nondiabetic obese subjects, indicating neogenesis as a mechanism of
compensation of B-cell mass (Meier et al. 2008; Hanley et al. 2010). Also, taking advantage of
single-cell transcriptomics and specific cell surface markers, studies have confirmed that the
long-speculated heterogeneity seen in rodents does exist in human B-cells (Dorrell et al. 2016;
Segerstolpe et al. 2016; Lawlor et al. 2017), which could be a result of immature cells newly
formed from neogenesis. It is worth noting that B-cell neogenesis discussed here is not confirmed
by lineage tracing but estimated by quantifying small clusters of insulin-positive cells that are

associated with ductal or acinar cells. Although a multipotent stem cell has been found in adult
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human pancreas (Smukler et al. 2011), it remains elusive as to how and to what extent these
progenitor cells contribute to B-cell mass adaptation.

In addition, a growing body of evidence supports that ductal, acinar and non-f islet cells can
act as B-cell precursors and be reprogrammed to B-cells, which is defined as trans-differentiation
(Cigliola et al. 2016). Mezza et al. reported an inverse correlation between insulin sensitivity and
islet size with an increased number of insulin-glucagon double positive cells in insulin-resistant
nondiabetic subjects (Mezza et al. 2014), suggesting trans-differentiation of a-cells as a
contributor in B-cell adaptation. Moreover, human pancreatic ductal cells can also be
reprogrammed into insulin-secreting cells in vitro (Lee et al. 2013). Therefore, trans-
differentiation may be a strategy in expanding or restoring -cell mass.

In addition to B-cell replenishment, B-cell demise is another factor altering -cell turnover and
cell mass (Donath and Halban 2004). Loss of B-cell mass in T2D has been described and
reviewed by different authors (Butler et al. 2003a; Weir and Bonner-Weir 2004; Rahier et al.
2008). Butler reported that patients with T2D had comparable B-cell replication but increased -
cell apoptosis compared to nondiabetic subjects, indicating that apoptosis is the primary
pathophysiology of B-cell mass loss in the context of T2D (Butler et al. 2003a). Whereas in the
obese or prediabetic cohort, B-cell apoptosis rate is usually low and not different from
nondiabetic controls (Butler et al. 2003a; Meier et al. 2008; Hanley et al. 2010). The evidence so
far favors the notion that the primary mechanism underlying B-cell mass compensation is
increased B-cell replenishment with low rate of apoptosis. Figure 1-4 shows the possible sources

of B-cell mass compensation.
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Figure 1-4 Proposed mechanisms of B-cell compensation. In human T2D, B-cell hypertrophy,
neogenesis and trans-differentiation are speculated to be major mechanisms underlying -cell
expansion; whereas -cell replication is rare in adult humans.

In summary, human studies have demonstrated that -cell compensation is essential to
maintain NGT, compensate for decreased insulin sensitivity (IS), lower hepatic glucose output
by inhibiting glucagon action, and therefore keeping prediabetes from progressing (Festa et al.
2006; Ferrannini et al. 2011). In spite of B-cell compensation playing a critical role, the cellular
origins and mechanisms are not yet clear. A significant challenge for studying p-cells in human
is the restricted source of islets and limited interventions allowed in human research. To
elucidate the cellular basis of B-cell adaptation in T2D progression as well as assess novel
therapeutic interventions that target early-on -cell abnormalities, animal models that resemble

human T2D history are required.
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1.3 Animal models for studying p-cell compensation

Since Banting and Best discovered insulin in dog pancreas extracts in 1921, animal models
have been an indispensable tool and led to important breakthroughs in diabetes (Karamanou et
al. 2016). Transgenic animals carrying various gene variants have been studied to shed light on
the genetic basis of diabetes (Takamoto et al. 2014; da Silva Xavier et al. 2017); however, T2D
is not a monogenic disease. Genetics, environmental factors, lifestyle, and diet are all interrelated
and contribute to diabetes progression (Fletcher et al. 2002). Animal models with specific causes
and pathogenesis may emphasize only particular aspects of the diabetic phenotype but not
resemble the pathophysiology or disease development observed in human subjects. Therefore, a
better understanding of animal models regarding their genetic background, pathogenesis, and
pathophysiology is necessary to choose the right model for B cell compensation and to interpret
results from animal studies correctly.

In this section, animal models commonly used in studies of B-cell adaptation are discussed
and compared with the current knowledge gained from human studies, in terms of the genetic
background, cause of diabetes, metabolic characteristics, B-cell dynamics, and the mechanism
implied. Animal models evaluated were classified into four different types by the origin of T2D.
Table 1-2 summarizes the B-cell compensatory response and the mechanisms identified in the
models discussed in this overview. A summary of data extracted from included studies is

provided in appendix B.

1.3.1 Monogenic models

Monogenic obese models are widely used in obesity-induced T2D research. The most

common are ob/ob (Lep®”°?) mouse, db/db (Lepr?") mouse and Zucker Fatty fa/fa (ZF) rat.
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Metabolic abnormalities in these models are a result of a homozygous, autosomal recessive
mutations on gene leptin (Lep®”??) or leptin receptor (Lepr®, fa/fa), which can lead to
hyperphagia, impaired lipid metabolism and severe obesity or/and diabetes in a relatively short

period. Models with homozygous lep or lepr-mutant are usually infertile.

1.3.1.1 ob/ob and db/db mice

The phenotype of the ob mutation was first discovered at Jackson Laboratory in 1949 and
then backcrossed onto the C57BL/6J strain. Later in 1994, Friedman’s group mapped the
mutation to human chromosome 4 and identified the product as leptin (Zhang et al. 1994; Halaas
et al. 1995). ob/ob mice are characterized by hyperphagia, obesity and insulin resistance. Robust
hyperinsulinemia develops in 0b/0b mice as early as 4 weeks of age and is sustained thereafter
with enhanced GSIS and increased B-cell mass, whereas plasma glucose is stable for most of the
time (Medina-Gomez et al. 2007; Chan et al. 2013; Engin et al. 2014). These features mimic the
compensation stages 1 and 2 in human T2D. However, while GSIS is enhanced, 0b/0b mice do
exhibit IGT and transient hyperglycemia (Chan et al. 2013). It is possible that the unchecked
glycemia results from a prompt but inadequate B-cell functional response to compensate for the
massive obesity driven by lack of leptin. Thus, there must be a mechanism further exerting p-cell
adaptations to keep up with the insulin demand and prevent diabetes in ob/ob mice.

One possibility is that adaptive UPR promotes B-cell functional capacity in compensation.
Chan et al. (Chan et al. 2013) showed that -cell GSIS increases at 6 weeks, accompanied by
upregulated ER chaperones, but fails to further increase with time in spite of the sustained
adaptive UPR. Of note, expression of key transcriptional factors for B-cell function and anti-

inflammation markers is maintained, indicating the importance of staying differentiated in B-cell
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compensation (Chan et al. 2013). However, enhancing adaptive UPR in vitro does not improve
B-cell function and identity (Chan et al. 2013), demonstrating a supportive but not deterministic
role of UPR in B-cell compensation. On the other hand, B-cell mass significantly increases in
ob/ob mice compared with age-matched lean controls, with evident -cell proliferation as
indicated by increased proliferation markers ki67 and cyclinD1 (Medina-Gomez et al. 2009). It
may not be the case in human tissue, but B-cell replication does occur in 0b/ob mice and
contributes to the B-cell adaptation, especially at late stages when B-cells reach their maximal
functional capacity. Also, ob/ob mice lacking peroxisome proliferator-activated receptor y2
(PPAR-y2) lose the adaptive responses in GSIS and proliferation, indicating a role of PPAR-y2
in B-cell compensation (Medina-Gomez et al. 2009).

The db/db (Lepr?®@) mouse is another obesity-induced diabetes model discovered at Jackson
Laboratory with homozygous mutation of the leptin receptor (Chen et al. 1996). In contrast to
ob/ob mice, db/db mice on C57BL/KsJ background exhibit a short compensation stage with
hyperinsulinemia at 2-4 weeks of age followed by an early onset of hyperglycemia at 6-8 weeks
(Kanda et al. 2009; Chan et al. 2013; Burke et al. 2017). Although hyperinsulinemia is
maintained in diabetic db/db mice, B-cells display diminished GSIS and reduced insulin content
after 8 weeks (Kanda et al. 2009; Chan et al. 2013). Marked B-cell dedifferentiation and stress-
related apoptosis also suggest evident B-cell decompensation in db/db mice, albeit with increased
B-cell mass (Kanda et al. 2009; Chan et al. 2013; Burke et al. 2017). Thus, the db/db mouse is
not a model for B-cell compensation but rather for B-cell dysfunction.

Interestingly, db/db mice bred onto the C57BL/6J strain are resistant to obesity-induced
diabetes (Chan et al. 2013). B-cell gene expression in C57BL/6J db/db mice is broadly consistent

with the findings in ob/0b mice, indicating that different backgrounds affect metabolic phenotype
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and B-cells adaptive response more than db/db mutation (Chan et al. 2013). Moreover, it is
surprising that, compared with wild-type, C57BL/KsJ mice with heterozygous db/m mutation
can resist high-fat diet (HFD)-induced IGT with elevated GSIS and B-cell mass (Kanda et al.
2009). It would be interesting to look at how the presence of db mutation exerts a greater p-cell

compensatory response.

1.3.1.2 Zucker Fatty fa/fa rat

Zucker Fatty fa/fa (ZF) rats harbor a homozygous mutation (fatty, fa) on leptin receptor gene
(Lepr/™f@). This strain is characterized by obesity, insulin resistance, hyperinsulinemia and
euglycemia (Jones et al. 2010). Similar to ob/ob mice, ZF rats exhibit a long-lasting
compensation stage with hyperinsulinemia starting at 3-6 weeks of age (Aleixandre de Artifiano
and Miguel Castro 2009; Jones et al. 2010; Omikorede et al. 2013). Obese ZF islets at 6 weeks
have intact structure and comparable size to lean controls, whereas islets at 14 weeks are
significantly larger, which is a consequence of increased p-cell proliferation and neogenesis as
well as substantial B-cell hypertrophy and vascularization. There is also a marked increase in
gene expression regarding ER stress, B-cell function and growth, and metabolism in islets from
14-week ZF rats. In spite of the mild degenerative changes, B-cells in ZF rats are well-adapted to
obesity-related insulin resistance (Jones et al. 2010).

In contrast, Zucker diabetic fatty (ZDF) rats, derived from selective inbreeding of ZF rats with
IGT, display initial hyperinsulinemia followed by an early onset of hyperglycemia and a decline
in plasma insulin over time (Jones et al. 2010). Pathological changes in B-cells from ZDF at the
compensation stage are similar to the findings in ZF rats at 14 weeks but much more severe

(Jones et al. 2010). Diabetic ZDF islets have significantly fewer -cells compared to lean and ZF
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rats (Jones et al. 2010). One interesting finding of the ZDF strain is that female ZDF rats are
resistant to fa/fa induced hyperglycemia because of B-cell compensation but susceptible to HFD-
diabetes, which is proposed as a model of diet-induced B-cell dysfunction (Omikorede et al.
2013).

In summary, obese models with defective leptin signaling are widely used and well
characterized in terms of the time course, metabolic features, and B-cell phenotype. ob/ob and
db/db mice allow studies to target B-cell pathophysiology at different stages of -cell
compensation. However, monogenic T2D is distinct from the polygenic nature of human T2D.
Also, as mentioned previously, the genetic background markedly affects an animal’s phenotype.
Therefore, scientists need to be cautious when comparing animals with different backgrounds.
Obese ZF and ZDF rats, on the other hand, are found less commonly than ob/ob and db/db mice
in recent studies related to B-cell function. It may be due to increased usage of readily available
transgenic models, but they are still powerful tools in metabolic syndrome research (Aleixandre

de Artifiano and Miguel Castro 2009).

1.3.2 Transgenic models

Transgenic models have been used in elucidating the molecular basis of diabetes by
genetically modifying specific genes. The technological revolution in gene-editing allows precise
point mutation, inducible and tissue-specific gene modifications in rodents. Models carrying
genetic defects that cause human T2D symptoms provide novel insight into disease pathogenesis

and pathophysiology.
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1.3.2.1 Islet amyloid polypeptide (IAPP)

IAPP is a 37-residue protein that is co-secreted with insulin by B-cells. Fibrils derived from
human IAPP (hIAPP) are present in islets from subjects with T2D (Cooper et al. 1987), and are
linked to loss of B-cells in human T2D (Lorenzo et al. 1994). However, rodent IAPP does not
have the propensity for aggregation in islets. Therefore, the hIAPP knock-in animal is a useful
tool for investigating the relationship between hIAPP and B-cell expansion (Matveyenko and
Butler 2006). Butler et al. (Butler et al. 2003b; Matveyenko et al. 2009) have demonstrated that
the induction of 2[4 PP abolishes the adaptational increases in both -cell function and mass in
insulin-resistant models. Instead of activating adaptive UPR to enhance insulin secretion, B-cells
expressing hIAPP manifest defective GSIS and ER stress-related apoptosis, resulting in IGT and
hyperglycemia. It is worth noting that increased B-cell apoptosis is found preceding formation of
visible islet amyloid fibrils in hIAPP models, suggesting that intermediate-sized IAPP oligomers
rather than IAPP deposits are cytotoxic to B-cells (Butler et al. 2003b). This confirmed by a
separate study showing that hIAPP caused deterioration of insulin secretion and IGT of HFD

mice without the presence of intraislet amyloid formation (Hiddinga et al. 2012).

1.3.2.2 Insulin receptor/Insulin receptor substrate

Impaired autocrine insulin action is the initial pathogenesis of B-cell compensation. Insulin
signaling pathways affect not only peripheral glucose metabolism but also B-cell function and
proliferation (Accili 2004). Homozygous knockout of insulin receptor substrate 2 (/rs27") crossed
with a heterozygous deficient insulin receptor (IR"") generates a phenotype displaying
hyperinsulinemia at 8 weeks and hyperglycemia at 12 weeks of age due to the loss of

downstream IR/Irs signaling (Kim et al. 2007). Despite increased fasting insulin, the double
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knock-out mice have impaired GSIS, substantial loss of B-cell mass and growth retardation (Kim
et al. 2007). Therefore, the tissue-specific knockout strategy was applied (Kadowaki 2000;
Okada et al. 2007; Escribano et al. 2009). The tissue-specific IR ““study suggests that liver IR 7 is
responsible for the insulin-resistant phenotype which leads to B-cell compensation (Okada et al.
2007; Escribano et al. 2009); whereas B-cell specific IR 7~ alone does not induce IGT or T2D but
disables the ability of B-cell to proliferate or secrete more insulin in response to HFD (Okada et
al. 2007). This inhibitory effect of IR on B-cell compensatory capacity is suggested to occur via

FoxOl1 activity (Okada et al. 2007), which has led to the creation of FoxO! transgenic mice.

1.3.2.3 Forkhead box protein O1

Forkhead box protein O1 (FoxO1) belongs to the forkhead family of transcription factors
characterized by a conserved forkhead-box DNA binding domain. FoxO1 regulates diverse cell
functions, including metabolism, differentiation, and proliferation, which is controlled by
insulin/IGF-1 signaling via phosphorylation-mediated nuclear exclusion (Accili and Arden 2004;
Okada et al. 2007). In order to examine the effect of FoxO1 activation in B-cell adaptation,
Okamoto et al. (Okamoto et al. 2006) introduced a constitutively nuclear-expressed FoxO1
mutant into pancreatic ductal and B-cells in muscle-specific /R” mice. As a result, the
adaptational expansion of B-cells in response to /R”- was lost entirely in mutant FoxOI mice,
with totally absent cell proliferation and reduced periductal B-cells (Okamoto et al. 2006).
However, an unexpected increase in insulin secretion was found, indicating nuclear FoxO1
suppresses B-cell proliferation but enhances -cell function (Okamoto et al. 2006). B-cell specific
overexpression of wild-type FoxOI in mice revealed enhances GSIS and glucose sensing by

FoxO1 nuclear translocation, as well as a protective effect on oxidative stress via nuclear
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retention (Zhang et al. 2016). Although the actual effect of FoxO1 in B-cell GSIS is still
controversial, these findings underline the importance of FoxO1 in regulating both B-cell

function and mass.

1.3.3 Experimentally induced models

Human T2D has two major pathogenic hallmarks, insulin resistance and B-cell dysfunction.
These features can be induced by approaches like dietary manipulation, B-cell toxins, surgery, or
their combinations. Models generated can resemble different aspects or stages of human T2D

based on the purpose of the study. Thus they are widely used in T2D research.

1.3.3.1 High-fat diet

High-fat diet (HFD) models are typically generated by utilizing diets containing 40-60% of
calories from fat, which is 4-6 times higher than that of standard chow diet. HFD is often used as
an extra metabolic pressure on transgenic models to induce T2D. In fact, HFD feeding alone can
elicit major pathogenic features of T2D, including IGT, hyperinsulinemia, obesity, and moderate
hyperglycemia depending on the animal’s age, strain and duration of HFD (Ellenbroek et al.
2013; Stamateris et al. 2013; Maschio et al. 2016; Gupta et al. 2017). Within 1 week of HFD,
young adult C57BL/6 mice develop IGT and a responsive increase in B-cell proliferation and
GSIS (Stamateris et al. 2013; Gupta et al. 2017). After that, continued HFD exposure worsens
the IGT, which stimulates -cell GSIS and mass expansion through 16 weeks, resulting in a
stable prediabetic state (Ellenbroek et al. 2013; Gupta et al. 2017). In contrast, older C57BL/6

mice develop hyperglycemia after 8 weeks of HFD, albeit with increased B-cell mass (Maschio
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et al. 2016). B-cell proliferation has been suggested as the primary mechanism of B-cell mass
adaptation in response to overnutrition (Ellenbroek et al. 2013; Stamateris et al. 2013; Maschio et
al. 2016) but a longitudinal study showed an increasing number of small islets along with B-cell
mass expansion in an HFD-fed cohort, indicating a non-proliferative mechanism was involved in
B-cell adaptation (Gupta et al. 2017). Furthermore, as suggested in ob/ob mice, PPAR-y is
associated with B-cell compensation, as a link to downstream adaptive UPR, glycolysis,
mitochondrial function, and survival (Gupta et al. 2017). Of note, as opposed to obese
monogenic and polygenic strains, the HFD-induced early -cell compensation is not related to
the loss of insulin sensitivity as suggested by the normal ITT but is mainly driven by deteriorated
glucose tolerance. And last but not least, varying the fat source alters the metabolic phenotype of

HFD-induced models (Buettner et al. 2006).

1.3.3.2 Chemical toxins

Streptozotocin (STZ) is a natural antibiotic that selectively destroys pancreatic B-cells in a
dose-dependent manner (Szkudelski 2001). Single high-dose STZ (100-200 mg/kg BW for mice)
leads to massive loss of B-cells and rapid hyperglycemia, which are characteristics of T1D,
whereas single intermediate-dose (45-90 mg/kg BW) or multiple low-dose (20-40 mg/kg) of STZ
reduces B-cell volume and insulin secretion as seen in T2D (Tschen et al. 2009; Meier et al.
2011). Alloxan, although less used in recent studies, is another B-cell toxin that induces -cell
destruction at a dose of 40-200 mg/kg (Szkudelski 2001). The inducible B-cell loss by STZ and
alloxan, combined with HFD-induced insulin resistance, creates an excellent model for studying
the mechanisms of B-cell mass renewal in the context of T2D (Tschen et al. 2009; Shu et al.

2012; Jiang et al. 2015). Evidence from the STZ or alloxan models confirms that both
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proliferation and neogenesis are involved in B-cell mass adaptation/restoration, which is
associated with transcription factor TCF7L2, and that the capacity of B-cell proliferation is

restricted in older mice (Tschen et al. 2009; Shu et al. 2012; Song et al. 2015).

1.3.3.3 Pancreatectomy

Pancreatectomy (Px) has been used to create produce diabetes in mice since 1949. To study
the consequence of reduced B-cell mass on B-cell function, Bonner-Weir et al. (Bonner-Weir et
al. 1983) performed 90% partial Px on mice and found that Px mice displayed an evident -cell
regeneration but with diminished GSIS per B-cell mass, leading to IGT. This study suggests that
loss of B-cells induces susceptibility of B-cells to lose function with chronic stimulation. Since
that time, the Px model has been widely used in B-cell regeneration and compensation research
(Delghingaro-Augusto et al. 2009; Rankin and Kushner 2009; Téllez et al. 2016). To examine
the capacity of B-cell compensation in the context of obesity, 60% Px was performed on Zucker
fatty rats (Delghingaro-Augusto et al. 2009). In contrast with lean-Px rats, ZF-Px rats display
hypoinsulinemia and hyperglycemia, accompanied by blunted B-cell GSIS, marked depletion of
insulin content and B-cell dedifferentiation (Delghingaro-Augusto et al. 2009), which implies
that metabolic stress impairs B-cell compensation in response to reduction of B-cell mass.
Moreover, the age-related restriction of B-cell proliferation is confirmed in Px models (Rankin
and Kushner 2009; T¢llez et al. 2016). Therefore, strategies aiming to promote -cell
compensation may require prevention of B-cell exhaustion, dedifferentiation or stimulation of -
cell neogenesis.

The disadvantage of using STZ and Px models is the absence of functional adaptation. B-cell

insulin content is depleted to compensate for the sudden loss of functional mass, leading to B-cell
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dysfunction. Nevertheless, STZ and Px models are useful for evaluating interventions targeting
on B-cell regeneration. It has been reported that epidermal growth factor (EGF), gastrin and
GLP-1 analog exendin-4 promote B-cell restoration in the STZ and Px models (Delghingaro-

Augusto et al. 2009; Shu et al. 2012; Song et al. 2015).

1.3.4 Polygenic models

Although monogenic and transgenic models demonstrate a direct link between genetic
mutations and metabolic phenotypes, the clinical heterogeneity of T2D cannot be explained by a
single genetic cause. In general, polygenic models may provide a more accurate platform to

better study T2D as a complex genetic disease.

1.3.4.1 Goto-Kakizaki rat

Although it is less common, people can develop T2D without being obese (Taylor and
Holman 2015). The Goto-Kakizaki (GK) rat is a well-known animal model for non-obese T2D
derived from inbred Wistar rats selected by animals with poor glucose tolerance and
characterized by the absence of obesity, IGT, and early onset of hyperglycemia (Portha 2005;
Portha et al. 2009). There is a short period of euglycemia in young GK rats that is considered as
a prediabetes stage, ranging from birth to weaning at 4 weeks. Unlike obese models showing
early onset of hyperinsulinemia produced by compensating -cells, prediabetic GK rats exhibit
initial loss of B-cell population and defective B-cell function followed by insulin deficiency
(Portha et al. 2001; Movassat et al. 2008). This early B-cell growth retardation is linked to

defective expression of embryonic insulin-like growth factor (IGF) and reduced capacity for 3-
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cell neogenesis (Plachot et al. 2001; Portha et al. 2001; Calderari et al. 2007). Although there is
an increase in basal plasma insulin in adult diabetic GK rats, it is more age-related (Movassat et
al. 2008). Therefore, GK rats serve as a significant model for B-cell failure (Lacraz et al. 2010),

but not for B-cell adaptation due to lack of B-cell compensatory response.

1.3.4.2 Obese strains

The New Zealand Obese (NZO) mouse is one of the most well-characterized polygenic
models for T2D, created by selective inbreeding of agouti-colored mice (Kluge et al. 2012). The
metabolic phenotype of NZO described in different colonies varies due to the use of different
diets and sub-strains of NZO (Kluge et al. 2012), but the majority of studies on NZO mice report
an obesity-induced T2D. NZO mice develop obesity and insulin resistance at 1-3 months and
about 50% of them progress to chronic hyperglycemia by the age of 4-5 months (Lange et al.
2006; Kluge et al. 2012). Compared with diabetic NZO mice, non-diabetic mice exhibit higher
plasma insulin concentrations and larger B-cell areas (Cameron et al. 1974; Lange et al. 2006),
indicating B-cell adaption in NZO mice. A positive correlation of B-cell proliferation and basal
insulin secretion is found in non-diabetic mice. However, its overall proliferation rate is lower
compared with diabetic NZO mice (Lange et al. 2006). Thus, the difference in cell mass may
result from B-cell apoptosis in diabetic mice or other mechanisms like neogenesis in non-diabetic
NZO mice.

The Otsuka Long-Evans Tokushima Fat (OLETF) rat is derived from Long-Evans rats.
Similar to the phenotype of NZO mice, OLETF rats display an early onset of obesity and IGT
and a late onset of hyperglycemia (Kawano et al. 1994). The prediabetes stage can be maintained

for over 30 weeks with progressive increases in fasting insulin, postprandial GSIS, and B-cell
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mass (Kawano et al. 1994; Huang et al. 2007). Increased insulin content in OLETF rats indicates
a more active insulin biosynthesis during B-cell compensation (Huang et al. 2007). However, the
mechanism of compensation in OLETE rats is not fully explored.

To preserve fertility in the monogenic obese strains, lean ZDF rats are crossbred with obese
Sprague-Dawley rats to produce a fertile polygenic obese model, named UC Davis type 2
diabetes mellitus (UCD-T2DM) rat (Cummings et al. 2008). In comparison with ZDF rats, this
strain develops adult-onset obesity and prediabetes and later T2D at 6-9 months of age in both
male and female animals (Cummings et al. 2008). Similar to OLETF rats, evidence so far
suggests B-cell mass and insulin content are critical in prediabetic UCD-T2DM rats (Cummings

et al. 2008).

1.3.4.3 Spontaneous T2D models

Although rodents are quite resistant to developing diabetes, some can develop T2D naturally.
The sand rat (Psammomys obesus) is from the arid regions of North Africa and the Eastern
Mediterranean. Wild sand rats do not exhibit symptoms of T2D, but animals in captivity fed on
chow diet display obesity and insulin resistance (Shafrir et al. 2006; Khalkhal et al. 2012). It is
important to emphasize the heterogeneity in T2D development of sand rats. At the age of 12
months, sand rats can be divided into four subtypes based on their glycemia: euglycemic-
euinsulinemic, euglycemic-hyperinsulinemic, hyperglycemic-hyperinsulinemic, and
hyperglycemic-hypoinsulinemic (Shafrir et al. 2006). The differences between euglycemic and
hyperglycemic groups are mainly attributed to B-cell activity and fat metabolism (Shafrir et al.
2006). The euglycemic phenotypes have elevated B-cell GSIS, high insulin content and relatively

low triglyceride and cholesterol in plasma (Kaiser et al. 2005; Khalkhal et al. 2012), whereas
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diabetic rats show a gradual loss of B-cell insulin content, glucokinase, and glucose transporter 2,
which results in impaired GSIS (Jorns et al. 2002; Kaiser et al. 2005). Also, a transient increase
in B-cell proliferation is observed in sand rats newly placed on a chow diet, but B-cell mass is not
altered (Kaiser et al. 2005). Evidence so far suggests a critical role of B-cell function in keeping
normal blood glucose in sand rats.

Nile rats, also known as Africa grass rat (Arvicanthis niloticus), respond similarly to sand rats
when kept in the laboratory and fed on chow diet (Chaabo et al. 2010). This model displays an
age-related T2D development, with an early onset of insulin resistance and hyperinsulinemia at 2
months, a mild rise of glucose at 6 months, and overt hyperglycemia at 12 months (Noda et al.
2010; Yang et al. 2016). Nile rats with chronic diabetes also manifest T2D complications in
liver, kidney, and retina (Subramaniam et al. 2018). Pathogenesis of the prolonged prediabetes
stage in Nile rats is not clear, but a negative correlation between B-cell area and blood glucose is
reported, indicating B-cell mass adaptation in euglycemic Nile rats (Yang et al. 2016). Besides,
islets from diabetic Nile rats have impaired GSIS, defective insulin synthesis and increased ER
stress (Yang et al. 2016), which implies a potential change of B-cell function in T2D
development of Nile rats.

It is worth noting that the diet of sand rats and Nile rats has a substantial influence on the
evolution of T2D. Animals fed with a low-calorie diet that is similar to their natural food do not
exhibit obese or diabetic phenotypes (Kaiser et al. 2005; Yang et al. 2016). Indeed, diet
intervention can reverse the early symptoms of diabetes in sand rats (Shafrir et al. 2006). A high-
fat diet, on the other hand, accelerates T2D progression in Nile rats (Chaabo et al. 2010). Thus,
the T2D in spontaneously obese animals is a result of genetic predisposition interacting with

environmental changes.
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1.3.5 A summary of the current understanding of B-cell compensation

B-cell compensation in nature is a complex cell response stimulated by chronic metabolic
pressure (Figure 1-5). This pressure mainly comes from an unbalanced glucose metabolism that
can be affected by both the metabolic environment and genetics. In humans, B-cell compensation
occurs in obesity-induced prediabetes and appears to be caused by multiple factors. Among all
the models reviewed here, while the phenotypes of monogenic models (ob/ob mouse, ZF rat) are
different from human T2D and largely dependent on genetic background, obese polygenic
models represent not only the polygenic causation but also the similar disease progression to
human T2D. However, this type of model is less favored by researchers, probably due to the high
cost of colony maintenance and phenotype heterogeneity. In fact, heterogeneity is a major
characteristic of human T2D, as indicated by the different susceptibility to obesity and diabetes
between ethnic groups. Therefore, with different metabolic traits or rates of T2D progression,
sub-strains of polygenic models can be used in the identification of susceptibility genes,
supplementary to GWAS (Kluge et al. 2012; Bihoreau et al. 2017)

In response to metabolic stress, B-cells compensate to meet the increased insulin demand by
altering B-cell function and mass. Increased B-cell mass is a hallmark of B-cell compensation. A
50-100% increase in B-cell mass was reported in HFD models. Of note, the B-cell mass
expansion may contribute but not determine insulin compensation, seeing that increased insulin
output precedes the onset of mass adaption and the B-cell decompensation can occur when cell
mass is still adapting. Thus, the processes of GSIS in individual B-cells, such as glucose sensing,

insulin biosynthesis and exocytosis seem to be the major mechanism of B-cell compensation.
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Chen et al. established a novel model for monitoring B-cell compensation in vivo by
transplantation of fluorescent protein-tagged islets into the eyes of HFD mice, which allows in
vivo measurement of B-cell calcium dynamics and pB-cell volume (Chen et al. 2016). Their
observations about the trajectories of insulin secretion, calcium dynamics and p-cell mass during
prediabetes reflect that calcium-triggered GSIS is associated with insulin compensation rather
than B-cell volume (Chen et al. 2016). Therefore, the regulation of B-cell secretory function
should be a primary approach to maintain -cell compensation.

Regarding the mechanisms underlying -cell mass adaption, current evidence favors the
notion that B-cell function primarily responds to the insulin resistance, and the corresponding
increase in glucose metabolism initiates B-cell regeneration (Prentki and Nolan 2006; Mezza et
al. 2014). It has been established in glucose infusion models that exogenous glucose triggers [3-
cell proliferation. Results derived from B-cell-specific IR/IGF knockout models reveal that
insulin receptor signaling is also critical for B-cell compensatory proliferation (Shirakawa et al.
2017). In addition to glucose and insulin, GLP-1, growth factors and hormones are also linked to
B-cell proliferation (Bernal-Mizrachi et al. 2014).

Moreover, neogenesis and re-differentiation have been proposed as mechanisms in human f3-
cell compensation (Butler et al. 2003a). In adult mouse models, genetic lineage tracing results
indicate that multipotent progenitor cells associated with ductal cells can be differentiated into 3-
cells after pancreatic injury (Xu et al. 2008). Neogenesis can also be achieved through intra-islet
or acinar to B-cell trans-differentiation in response to severe loss of B-cells or stimulation by
GLP-1 (Thorel et al. 2010; Ye et al. 2015; Lee et al. 2018). However, whether the
neogenesis/trans-differentiation truly occurs in obesity and prediabetes requires validation in -

cell compensation models.
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Lastly, B-cell dedifferentiation is proposed as a link between proliferation and dysfunction.
Recent evidence from single-cell sequencing revealed an inverse correlation between p-cell
function and the potential for proliferation (Xin et al. 2018). Combined with the fact that
transcription factors like FoxO1 have opposite effects on B-cell function and proliferation,
dedifferentiation may be an indicator of transition from compensation to decompensation,

leading to increased number of B-cells but decreased functional mass.
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Figure 1-5 Proposed mechanisms of B-cell compensation in early type 2 diabetes. A

summary of events that occur during the progression of pB-cell compensation to decompensation
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Table 1-2. Summary of rodent models for B-cell compensation

Induction Model Metabolic Features B-cell Compensation Possible Mechanism
Mechanism Function Mass
Obese ob/ob mice Obesity, Tinsulin, euglycemia Yes Yes Adaptive UPR, PPARY2, 1proliferation
Monogenic ZF rat
Model db/db mice Obesity, Tinsulin, IGT, No |B-cell/islet  fglucose metabolism, oxidative stress,
ZDF rat hyperglycemia ratio dedifferentiation, apoptosis
Transgenic ~ hIAPP knock-in  tbody weight, insulin No ER stress, 1tapoptosis,
Model resistance, |insulin, Tproliferation/neogenesis
hyperglycemia
IR~ (liver/muscle) insulin Yes Yes Irs-FoxO1 related proliferation
resistance, IGT, finsulin
(B-cell) mild IGT; |insulin No No
FoxOl 1 glucose tolerance Yes Yes Tproliferation, Tantioxidative function
overexpression
Experimental HFD 1body weight, Tcaloric intake, Yes Yes Adaptive UPR, Tproliferation,
ly Induced IGT, ftinsulin, insulin Tneogenesis, TPPARYy, 1CyclinD1/2, 1B-
Model resistance catenin/TCF7L2
STZ/Alloxan  IGT, insulin resistance, B-cell mass (EGF, gastrin and exendin-4)
HFD linsulin, hyperglycemia restoration  Tproliferation, Tneogenesis, Tre-

differentiation
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Pancreatectomy  |insulin, hyperglycemia (old No B-cell mass  fcell dedifferentiation, {proliferation (not

or obese mice/rats) restoration  in old animals), |insulin content and
biosynthesis
Polygenic GK rat |body weight, |insulin, No No B-cell growth retardation, oxidative stress
Model hyperglycemia
NZO mice Obese, fTinsulin, IGT, Yes Yes tinsulin content, Tproliferation

OLETF rat late onset of hyperglycemia
UCD-T2DM rat

Sand rat Obese, Tinsulin, IGT, late onset Yes Yes (Diabetic B-cells) |GCK, |GLUT2, ER
Nile rat of hyperglycemia stress, B-cell hypertrophy

1, increased; |, decreased; ZF, Zucker fatty; ZDF, Zucker diabetic fatty; IGT, impaired glucose tolerance; UPR, unfolded protein
response; PPARY, peroxisome proliferator-activated receptor gamma; hIAPP, human islet amyloid polypeptide; IR, insulin receptor;
Irs, insulin receptor substrate; FoxO1, forkhead box protein O1; HFD, high-fat diet; STZ, streptozotocin; EGF, epidermal growth
factor; GK, Goto-Kakizaki; NZO, New Zealand obese; OLETF, Otsuka Long-Evans Tokushima Fat; UCD-T2DM, UC Davis type 2
diabetes mellitus; GCK, glucokinase; GLUT2, glucose transporter 2.
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1.4 Metformin and T2D prevention

Metformin is a biguanide anti-diabetic drug that has been used as first-line pharmacological
therapy for type 2 diabetes for decades (Bailey 1992; Bailey and Turner 1996). The beneficial
clinical effects of metformin on glucose control are associated with less weight gain and fewer

hypoglycemic cases compared to insulin (UKPDS 1998).

1.4.1 Metformin in T2D prevention

As a high-risk state and an early stage of T2D, prediabetes was suggested to be preventable
with lifestyle modification and drug treatment enacted in clinical trials (Knowler et al. 1995).
However, the results of early intervention trials were inconsistent due to small sample sizes and
poor study designs. In 2002, a large randomized trial of diabetes prevention was conducted in the
US. The Diabetes Prevention Program (DPP) enrolled 3234 participants with prediabetes (see
diagnostic criteria in Table 1-1) and randomized them into 3 groups: lifestyle modification with a
target of 7% weight loss and active physical activity, metformin treatment or placebo. After 2.8-
year follow-up, although the adherence to lifestyle intervention was lower than the other two
groups, the lifestyle change and metformin reduced the incidence of T2D by 58% and 31%,
respectively (Knowler et al. 2002). With similar calorie intake and physical activity levels,
participants taking metformin showed a modest weight loss compared with the placebo group,
indicating metformin is effective in preventing in T2D, although less so than intensive lifestyle
intervention (Knowler et al. 2002). In the 10-year follow-up of the DPP, the reduced body weight
and cumulative incidence of T2D were sustained in the metformin group (Knowler et al. 2009).
At 15 years after randomization, the cumulative incidence of diabetes in placebo, lifestyle and

metformin groups were 62%, 55% and 56%, respectively. Over the entire study, the incidence
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rates were 27% and 18% lower for lifestyle and metformin compared with placebo, respectively
(Diabetes Prevention Program Research Group 2015). Although metformin is recommended for
people with prediabetes, particularly those with HbA1C higher than 6.1% (Nathan et al. 2007),
the use of metformin is low due to the concerns of side-effects and a reluctance to use drugs in
prediabetes management (Tseng et al. 2017). The data collected from the DPP indicates that
metformin can delay or possibly prevent the progression of T2D in the long term when added to
lifestyle modification (Aroda et al. 2017). Therefore, metformin treatment can be a cost-effective
option for second-line treatment for prediabetes when intensive lifestyle change is not feasible,

or the adherence to such interventions is low.

1.4.2 Actions of metformin in liver

The glucose-lowering effect of metformin is thought to be through decreasing endogenous
hepatic glucose output by suppression of hepatic glucose production (Hundal et al. 2000).
Metformin is not metabolized in the liver. Uptake of metformin from the circulation into
hepatocytes is through organic cation transporter 1 (OCT1) (Koepsell et al. 2007). Although in
the 1970s it was speculated that the glucose-lowering effect of metformin was related to
mitochondrial respiration, it was not until 2000 that two studies reported direct evidence of
metformin inhibiting the mitochondrial respiratory chain complex, which leads to a reduction of
ATP and increases in the AMP/ATP ratio (EI-Mir et al. 2000; Owen et al. 2000). The 5' AMP-
activated protein kinase (AMPK) is a sensor of the cellular energy state, and phosphorylated
AMPK can activate a serial of downstream actions (Zhou et al. 2001). Acetyl-CoA carboxylase
(ACC) is a well-known target of AMPK. Phosphorylated ACC inhibits the generation of

malonyl-CoA, which is a precursor in fatty acid synthesis as well as an inhibitor of the
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transporter for mitochondrial oxidation, by which metformin promotes fatty acid oxidation and
suppresses lipid synthesis (McGarry et al. 1978; Zhou et al. 2001). AMPK is also found to
regulate expression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6 phosphatase
(G6Pase), critical genes in hepatic glucose production (Shaw et al. 2005). Expression of PEPCK
and G6Pase is under control of cAMP response element-binding protein (CREB), CREB co-
activator 2 (CRCT2) and formation of CREB-CRCT2-CBP complex. The complex binds on the
cAMP element site and increases transcription of the PPARy coactivator 1-alpha (PGC-1a), a
transcription factor of PEPCK and Gé6pase (Koo et al. 2005; Ravnskjaer et al. 2007). In the
fasting state, glucagon promotes liver glucose production by activating adenylyl cyclase (AC),
which triggers cAMP-protein kinase (PKA) signaling pathway and stimulating CREB-
coactivator regulated PGCla expression leading to PEPCK and G6Pase transcription (Dentin et
al. 2008). Insulin, under postprandial conditions, switches off the gluconeogenesis mode by
inhibiting these transcriptional factors via Akt signaling (Cho 2001; He et al. 2009). AMPK has
demonstrated the same inhibitory effect on gluconeogenesis via decreasing CRCT2 and PGCla
(Zhou et al. 2001; He et al. 2009).

In addition, metformin is reported to act independently of AMPK (Foretz et al. 2010). In mice
lacking AMPK, metformin still exerts comparable glucose-lowering effects to wild-type
controls, and AMPK knockout hepatocytes exhibit a robust counteractive response to increased
cAMP (Foretz et al. 2010). Moreover, 5- aminoimidazole-4-carboxamide-1-B-D-ribofuranoside
(AICAR), an analog of AMP showed potent inhibitory effect on glucose production in
hepatocytes (Foretz et al. 2010). The results reflect that metformin-induced AMPK activation is
secondary to inhibition of mitochondrial respiration. AMP per se is essential in reducing hepatic

glucose output, which is thought to be by inhibition of AC and cAMP production (Miller et al.
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2013). Furthermore, a recent study suggested that metformin targets and inhibits mitochondrial
glycerol phosphate dehydrogenase (mGPDH), resulting in changed redox state and reduced

glucose production (EGP) (Madiraju et al. 2014). Figure 1-6 shows the proposed mechanism of

metformin actions on liver cells.
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Figure 1-6 Mechanism of metformin actions in liver. Metformin is transported into liver cells
through OCT1. Metformin alters the cell energy state (AMP/ATP) by inhibiting mitochondrial
respiratory chain complex I, resulting in suppression of hepatic glucose production and lipid
synthesis. The metformin action is partially through the AMPK pathway, including inhibition of
ACC and transcription coactivators of gluconeogenic genes. Besides, increased AMP counteracts
glucagon effect on gluconeogenesis from the upstream. Recent evidence attributes the glucose-
lowering effect of metformin to both the AMPK-dependent and independent pathways in the

liver.
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1.4.3 Effects of metformin on B-cells

Some studies reveal that metformin treatment in vitro protects p-cells from glucolipotoxicity
by reducing basal insulin secretion while restoring stimulated GSIS (Lupi et al. 1999; Patané¢ et
al. 2000; Marchetti et al. 2004; Piro et al. 2012). Concomitantly with enhanced GSIS, metformin
exposure also increases B-cell insulin content and the number of mature insulin granules, and
alleviates oxidative stress induced by lipotoxicity (Marchetti et al. 2004; Piro et al. 2012). On the
other hand, there is contrary evidence suggesting an inhibitory effect of metformin on p-cell
insulin secretion (Leclerc et al. 2004; Lamontagne et al. 2009, 2017). Metformin in vitro is
shown to cause metabolic deceleration in B-cells with reduced glucose oxidation and ATP
production, which then activates AMPK and attenuates insulin secretion especially at half-
maximal glucose concentrations (Leclerc et al. 2004; Lamontagne et al. 2009; Gelin et al. 2018).
AMPK, being the sensor of cellular energy state, is thought to be the mediator of metformin
action (Leclerc et al. 2004); however, pharmacological activation of AMPK does not always lead
to suppression of GSIS (Langelueddecke et al. 2012; Fu et al. 2013). Therefore, the impact of
metformin on B-cell GSIS remains controversial.

Other than GSIS, metformin has been reported to regulate B-cell mass. Tajima et al. reported
that, in the HFD-induced prediabetic mouse model, metformin treatment suppressed the HFD-
induced B-cell mass compensation with a lower incidence of cell proliferation (Tajima et al.
2017). Moreover, the in vitro experiments in the study link the inhibition of glucose-induced
proliferation to AMPK activation (Tajima et al. 2017). Conversely, it has been shown that loss of
liver kinase B1 (LKB1), a direct activator of AMPK, in B-cells decreases p-AMPK and
upregulates mammalian target of rapamycin (mTOR), leading to B-cell mass expansion in vivo

(Fu et al. 2009; Granot et al. 2009). Despite that, the question remains as to whether the reduced
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proliferation is attributable to the improved overall glucose regulation with metformin or occurs

as a result of direct effect of preventing the compensatory B-cell responses.

1.4.4 Effects of metformin on the gastrointestinal tract

A recent study identified a metformin-activated gut-brain-liver axis that regulates hepatic
glucose production (Duca et al. 2015). Intraduodenal infusion of metformin, which bypassed the
portal vein, activated duodenal AMPK and lowered hepatic glucose production, which was
completely reversed by co-infusion with GLP-1 receptor antagonist or PKA inhibitor (Duca et al.
2015). The findings suggest that metformin reduces hepatic glucose production via activation of
AMPK, GLP-1 receptor and PKA in the intestine. Also, blocking afferent vagal signaling
attenuated the effect of metformin infusion (Duca et al. 2015). This classic study reveals the
duodenal-neuronal network-mediated action of metformin.

Besides GLP-1 receptor activation, metformin treatment has been documented to increase
plasma GLP-1 concentration (Maida et al. 2011; Bahne et al. 2018). The elevated plasma GLP-1
with metformin is associated with enhanced GLP-1 secretion from intestinal L postprandial cells
in vivo (Mulherin et al. 2011; Kim et al. 2014; Bahne et al. 2018), which is linked to increased 3-
cell GSIS and growth of B-cell mass (Tourrel et al. 2001; Shigeto et al. 2015).

Lastly, a growing body of evidence suggests that metformin treatment alters the gut
microbiota in T2D patients (Forslund et al. 2015; Wu et al. 2017). By shifting the microbiota
structure through the enrichment of short-chain fatty acid (SCFA)-producing bacteria, e.g.
Escherichia and Bifidobacterium bifidum (de la Cuesta-Zuluaga et al. 2017), metformin
treatment promotes SCFA production, contributing to gut barrier function and glucose regulation

(Forslund et al. 2015; Chambers et al. 2018). Besides, Bauer et al. showed that, in accompanied
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with increased abundance of microbiota Lactobacillus, metformin increased the expression of
sodium-glucose cotransporter-1(SGLT1) and GLP-1 receptor in the small intestine and,
improving intestinal glucose sensing and reducing glucose production (Bauer et al. 2018).
Moreover, bile acid and the farnesoid X receptor (FXR) signaling have been reported to mediate
gut microbiota-related metabolic benefits of metformin (Lien et al. 2014; Sun et al. 2018). Taken

together, the gastrointestinal tract serves as an essential target of metformin.
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Chapter 2.  General hypothesis and objectives

2.1 Rationale

T2D is a chronic metabolic disease characterized by high blood glucose resulting from insulin
resistance and B-cell dysfunction. As reviewed in chapter 1.1, the natural history of T2D consists
of a euglycemic phase with reduced insulin sensitivity, a prediabetic stage with a moderate rise
of glucose, followed by a hyperglycemic phase, which is overt T2D (Weyer et al. 1999). Studies
have demonstrated that B-cells compensate for insulin resistance by enhancing insulin secretion
in the first stage. Impairment of compensatory secretion leads to progression of T2D (Meigs et
al. 2003). It is well accepted that enlarged B-cell mass and improved secretory function
contribute to the B-cell compensation, but the mechanisms governing these adaptations are not
clear. Because of limited interventions allowed in human research and the restricted sources of
islet samples, especially islets from prediabetic donors, animal models for prediabetes are an
indispensable tool for investigation of the mechanisms underlying -cell compensation.

In an attempt to better integrate and interpret the information obtained from different models
with distinct causes of T2D, I reviewed models commonly used in studies of B-cell compensation
and compared with results from human studies (chapter 1.3). Among those, a polygenic model
for spontaneous T2D, the Nile rat stands out for the prolonged disease progression and similar
causes of T2D to humans. Nile rats develop T2D naturally when fed with a standard laboratory
diet, which can be prevented or delayed by a low-energy high-fiber diet intervention (Chaabo et
al. 2010). Studies have shown that Nile rats recapitulate the development of human T2D with the
presence of euglycemia concomitant with hyperinsulinemia at 2 months progressing to IFG at 6
months followed by the onset of overt diabetes at 12 months (Noda et al. 2010; Yang et al.

2016). This age- and diet-related T2D development allows researchers to target specific stages of
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T2D and investigate the relevant events that happen during that period. The previous study
demonstrates -cell dysfunction at 12 months concurrently with impaired insulin secretion and
biosynthesis (Yang et al. 2016), but less is known about the earlier stages. An increasing trend of
B-cell mass is found in Nile rats before the onset of IFG (Yang et al. 2016), indicating B-cell
mass adaptation. The pronounced rise in insulin secretion suggests a possible role of B-cell
functional compensation in addition to cell mass.

The Diabetes Prevention Program showed that metformin is effective in preventing T2D in
addition to lifestyle change (Knowler et al. 2002). Metformin is an antidiabetic drug that
improves insulin sensitivity mainly via reducing hepatic glucose production and lipid synthesis.
It has been shown in mice that long-term treatment with metformin mimics the benefits of
caloric restriction through reducing insulin resistance, oxidative damage and inflammation
(Martin-Montalvo et al. 2013). Thus, metformin treatment of Nile rats during the compensation
stage may reduce the pressure on B-cells to secrete and thereby stop the conversion from p-cell
compensation to dysfunction, preventing the onset of T2D. Thus, metformin treatment may also
reveal critical changes in B-cells relevant to compensation, particularly when compared with

other interventions such as lower energy, higher fibre diets.

2.2 Hypothesis and objectives

Chapter 3 overall hypothesis: The Nile rat is an animal model that demonstrates p-cell
compensation and decompensation during the development of T2D.
To address the hypothesis, I will examine:

1. metabolic characteristics at different ages to confirm the model phenotype;
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ii. glucose and insulin tolerance and the in vivo insulin response of Nile rats at different
disease stages;
iii. B-cell secretory function by measuring GSIS of isolated islets at different stages;

To address potential mechanisms involved in compensation and decompensation, I propose
two specific hypotheses: a) The capacity of ER chaperones to properly transport and fold insulin
is increased in compensating -cells, which contributes to insulin secretion; b) B-cell mass
compensation is associated with increased cell proliferation and neogenesis. To test these

hypotheses, I will investigate:

iv. proinsulin secretion and ER chaperone abundance and colocalization with insulin in -
cells as indicators of B-cell function regarding insulin processing;

v. the effect of in vitro chemical chaperones treatment on islet insulin secretion;

vi. the possible mechanisms underlying the change in -cell mass, including proliferation

and neogenesis.

Chapter 4 overall hypothesis: As an alternative to diet intervention, early treatment of
Nile rats with metformin during the compensation stage will prevent prediabetes in NRs by
improving insulin sensitivity and pB-cell insulin secretion.

To test this hypothesis, I will examine:

1. the lowest effective dose of metformin able to alleviate glucose intolerance in Nile rats;
ii. the effect of metformin on systemic glucose tolerance, insulin secretion and insulin

sensitivity at 13 and 25 weeks when compensation and decompensation occur in NRs

fed with Chow diet;
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iii. the actions of metformin in the liver, focusing on the AMPK-dependent pathway and

the influence on PKA activation in fasting and refeeding states at 13 and 25 weeks;

Given the documented direct effect of metformin on B-cells and beneficial effect through
metformin actions on the intestine, I further hypothesize that: a) islets from NRs receiving
metformin exhibit improved insulin secretion capacity in vitro, which can be achieved by
administering metformin to naive islets in culture; b) metformin treatment alters the glucose
sensing and metabolism of B-cells; ¢) metformin stimulates GLP-1 secretion and restores the gut

microbiota to a phenotype typical of lean NR. To examine these hypotheses, I will assess:

iv. static GSIS from isolated islets and the expression of genes related to islet function at 3
and 6 months in control and metformin-treated Nile rats fed Chow;
v. the effect of physiologically achievable and high doses of metformin treatment in vitro
on B-cell function;
vi. B-cell mass adaptation including proliferation and neogenesis in response to metformin
treatment.
vii. GLP-1 secretion and changes in gut microbiota induced by high-fiber diet and

metformin interventions in Nile rats.
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Chapter 3.  p-cell compensation concomitant with adaptive ER stress and p-cell

neogenesis in a diet-induced type 2 diabetes model

The following chapter is adapted from a manuscript accepted for publication as follows: Huang
H, Yang K, Wang R, Han WH, Kuny S, Sauve Y, Chan CB. B-cell compensation concomitant
with dynamic adaptive pancreatic islet endoplasmic reticulum stress in type 2 diabetes

progression. Appl Physiol Nutr Metab. May 2.

3.1 Introduction

Diabetes is a global public health issue. The adult population affected by diabetes was 425
million worldwide in 2017 and this number is expected to reach 629 million by 2045 (Cho et al.
2018). Over 90% of the diabetic population is diagnosed with type 2 diabetes (T2D), which is a
chronic metabolic disorder featuring hyperglycemia resulting from insulin resistance and failure
of insulin-producing pancreatic p-cells.

In the natural history of T2D, B-cell adaptation or compensation is a major mechanism in
preventing or delaying T2D progression. B-cells are capable of adapting to peripheral insulin
resistance, which is associated with obesity and impaired lipid metabolism (Neeland et al. 2012),
by producing more insulin (Weyer et al. 1999; Festa et al. 2006). Euglycemia can sometimes be
maintained for years until the failure of compensation, leading to an increase in blood glucose and
the onset of T2D (Tabak et al. 2009; Hulman et al. 2017). Evidence from human studies shows
enhanced insulin secretion and expanded B-cell mass in insulin-resistant, non-diabetic subjects,
suggesting that both B-cell function and mass are involved in B-cell adaptation (Camastra et al.
2005; Rahier et al. 2008; Hanley et al. 2010); however, due to the limited approaches feasible in

human research, the cellular mechanisms of human p-cell adaptation are not clear.
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Despite animal models being an indispensable tool in T2D research, not all T2D models are
appropriate for studying B-cell compensation. For instance, the classic T2D db/db mouse model,
which is has a monogenic defect in the leptin receptor, exhibits only a transient adaptation stage
followed by early onset of diabetes (Chan et al. 2013). Age, diet and genetic background of the
model also affect B-cell phenotype and plasticity observed in the compensation stage (Tschen et
al. 2009; Hanley et al. 2010; Burke et al. 2017). To elucidate the molecular basis of B-cell
adaptation, a validated animal model that recapitulates human T2D features is required.

Nile rat (NR), Arvicanthis niloticus, is a diurnal rodent model of spontaneous T2D. Compared
with genetic or chemical-induced models, the NR exhibits a slower progression of T2D when fed
a standard chow diet (Chow), which recapitulates human T2D stages from initial hyperinsulinemia
through to late-onset hyperglycemia appearing around 12 months of age (Chaabo et al. 2010; Yang
et al. 2016; Subramaniam et al. 2018). This progressive T2D can be prevented in NRs fed on a
low-energy, fiber-rich (Hfib) diet (Yang et al. 2016). In Chow-fed NRs, the hyperinsulinemia is
sustained for months while maintaining euglycemia (Yang et al. 2016), suggesting B-cell
adaptation. Also, I found that B-cell mass trends upward in Chow-fed NR during the stage of the
early hyperinsulinemia (Yang et al. 2016); however, the mild changes observed in -cell mass are
inadequate to explain the dramatic increase in plasma insulin. Therefore, I speculate that, in
addition to B-cell mass, the B-cell function is enhanced as a mechanism of B-cell compensation in
NRs.

Our previous study also suggested that B-cell dysfunction in diabetic NRs at 12 months was
associated with compromised insulin processing and endoplasmic reticulum (ER) stress (Yang et
al. 2016). ER is a membranous cell organelle consisting of cisternae, where the newly synthesized

proinsulin is folded into a three-dimensional structure (Price 1992). Increased insulin demand leads
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to an overload of proinsulin relative to ER capacity, resulting in unfolded protein accumulation
and activation of the ER stress response, also referred to as unfolded protein response (UPR)
(Eizirik et al. 2008; Scheuner and Kaufman 2008). Recent evidence has linked early ER stress to
B-cell compensation by showing that UPR improves ER capacity, $-cell function, and proliferation
(Omikorede et al. 2013; Chan et al. 2013; Sharma et al. 2015). Therefore, I then postulated that
the adaptive UPR, as part of the mechanism of B-cell adaptation, is associated with changes in -
cell function and mass.

To validate the NR as a model for B-cell compensation, I first sought to evaluate -cell function
in the context of T2D progression in vivo and in vitro. NRs fed with Hfib diet were used as healthy
controls. I then examined the adaptive events occurring in -cells including colocalization of ER
chaperones involved in insulin processing with insulin, cell proliferation, and neogenesis in order

to understand the mechanism of B-cell adaptation.

3.2 Methods and Materials

3.2.1 Animals

Male NRs used in this study were from a colony established at the University of Alberta.
Original breeder animals were graciously provided by Dr. L. Smale (Michigan State University).
Animals were housed at 21°C under a 14-hour light, 10-hour dark cycle. After weaning at 3 weeks,
animals were fed with either high energy, low fiber Chow (Prolab® RMH 2000, 5P06, LabDiet,
Nutrition Intl., Richmond, IN) or low energy, high fiber Hfib diet (Mazuri® Chinchilla Diet,
5MO1, Purina Mills, LLC, St. Louis, MO) (Table 3-1) (Yang et al. 2016). Rats were fasted for 16

hours with free access to water prior to blood collection and subsequent euthanasia. All animal
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studies were approved by the University of Alberta Animal Care and Use Committee (Animal use
protocol #00000328) and were conducted in accordance with Canadian Council on Animal Care
Guidelines.

Table 3-1: Diet macronutrient distribution and caloric density

Nutrients Chow Hfib
Protein, % 19.9 21
Fat, % 10.4 4.1
Carbohydrate, % 50.8 42.5
Fiber, % 3.2 15
Ash, % 6.5 6.9
Metabolizable Energy, kcal/kg 3520 2910

3.2.2 Glucose and insulin tolerance test

Intraperitoneal glucose tolerance (ipGTT) and insulin tolerance tests (ITT) were performed on
animals fasted for 16 h and 4 h, respectively. Due to the feral behavior of NRs, animals were
anesthetized with isoflurane (Millipore Sigma) during procedures. Glucose and insulin testing
involved i.p. injection per kg body weight of 1 g glucose or 1U insulin. Blood glucose was
determined using a CONTOUR NEXT blood glucose monitoring system (Bayer Inc.,
Mississauga, Canada) before (time 0) and 10, 20, 40, 60, 90, 120 minutes after injection. For
ipGTT, 100 uL of blood sample was collected from the tail at time 0, 15, 30, 60, 90 for insulin
and proinsulin concentrations which were determined by ELISA (Crystal Chem Inc. Downers

Grove, IL, USA; ALPCO Diagnostics Inc., Salem, NH).
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3.2.3 Fasting blood glucose, plasma insulin concentration, and body mass index

Fasting blood glucose (FBG) was measured from a 1-2 pL tail blood sample using a
CONTOUR NEXT blood glucose monitoring system. Animals with an FBG of 5.6 mmol/L or
higher were considered hyperglycemic as previously established (Yang et al. 2016). The
heterogeneity index, introduced as an indicator of the diversity of FBG phenotype, was
calculated by dividing the standard deviation by the mean. Animals were euthanized by Euthanyl
injection. Blood and tissue collections were performed as previously described (Yang et al.
2016). BMI, ISI, HOMA-IR, HOMA-B were calculated using the following equations (Yang et

al. 2016):
BMI=body weight (kg)/ length form nose tip to base of tail (m?)
ISI=2/(1+ (172.1x% fasting insulin (WU/L)) x (fasting glucose (mmol/L)/1000)).

HOMA-B= 20 x fasting insulin (LU/L)/ fasting glucose (mmol/L)

3.2.4 Isolation of pancreatic islets and in vitro treatment

Pancreatic islets were isolated by collagenase XI digestion (0.5 mg/mL, Millipore Sigma, St.
Louis, USA) and purified as described (Salvalaggio et al. 2002; Yang et al. 2016). Isolated islets
were cultured overnight in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, N.Y., USA)
supplemented with 8.3 mM glucose and 10% fetal bovine serum (FBS, Gibco, N.Y., USA).

After overnight recovery, isolated islets from 12-month chow-fed NRs were randomized into
three groups and then cultured in fresh medium or medium supplemented with 4-phenyl butyric

acid (4-PBA, 20 mmol/L) or tauroursodeoxycholic acid (TUDAC, 2 mmol/L) for 14 hours (Ozcan
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et al. 2006). Chemical chaperones 4-PBA and TUDAC were from Calbiochem, San Diego, USA.

Islets used for secretion analysis were then subjected to GSIS assay.

3.2.5 Glucose-stimulated insulin secretion (GSIS)

To assess insulin secretion, three isolated islets were incubated in ImL of DMEM supplemented
with different concentrations of glucose from 2.8-22 mM for 90 minutes and then centrifuged at
1500 rpm for 5 minutes. The supernatant (released insulin) was transferred into new tubes and the
pellets were lysed using ImL of 3% acetic acid. Insulin in the supernatant and the pellet was
determined by insulin radioimmunoassay (RIA). Insulin release, when expressed as a percentage,
was calculated by dividing released insulin by total insulin content (supernatant + pellet). The
stimulation index was calculated as the ratio of insulin release (%) at 16.5 mM versus 2.8 mM
glucose. Maximal insulin release and half maximal glucose concentration (EC50) were calculated

from a sigmoidal dose-concentration plot using GraphPad Prism version 6.0.

3.2.6 Immunofluorescent microscopy

Pancreatic tissues were fixed with formalin. Sections mounted on glass slides were
immunostained for insulin, glucagon, ER proteins, ki67, Pdx1 using species appropriate
AlexaFluor or HRP-conjugated secondary antibodies as previously described (Yang et al. 2016).
Antibody details and staining conditions are listed in Table 3-1. For ER protein staining, slides
were visualized using a Wave FX spinning disk confocal microscope (Quorum Technologies Inc.,
Guelph, ON, Canada); colocalization and staining intensity were analyzed using Volocity 6.0
(PerkinElmer) as previously described (Yang et al. 2016). For ki67, Pdx1, peroxidase-based

staining, images were obtained using a Zeiss Axio Imager Z1 with Axio Vision 4.5 (Carl Zeiss
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Micro Imaging GmbH, Germany) and quantified with ImageJ (NIH, Bethesda, MD, USA). In the
analysis of B-cell neogenesis, insulin-positive pancreatic duct- or acinar-associated cells or cell
clusters that had no more that four cells were classified as “neogenic” B-cells (Okamoto et al. 2006;
Hanley et al. 2010). Overall B-cell neogenesis was estimated as the percentage of the neogenic -

cell area to total pancreatic section area.

Table 3-2: Antibodies and dilutions used in immunofluorescent microscopy and western

blot
Antibody Source Dilution Incubation Condition
Guinea Pig Anti- A0564, Dako, Burlington, ON,
1:200  4°C, overnight
Insulin Canada
ab10842, Abcam, Cambridge,
Mouse Anti-Glucagon 1:200  4°C, overnight

UK

3501, Cell Signaling
Rabbit Anti-PDI 1:200  4°C, overnight
Technology, Danvers, MA, USA

3798, Cell Signaling
Rabbit Anti-ERp44 1:200  4°C, overnight
Technology, Danvers, MA, USA

5033, Cell Signaling
Rabbit Anti-ERp72 1:200  4°C, overnight
Technology, Danvers, MA, USA

Ab15580, Abcam, Cambridge,
Rabbit Anti-Ki67 1:150  4°C, overnight
UK
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Dr. Wright (University of
Anti-Pdx-1 Vanderbilt, Nashville, TN, 1:800 4°C, overnight

USA)

9665, Cell Signaling
Rabbit Anti-caspase3 1:500  4°C, overnight
Technology, Danvers, MA, USA

Rabbit Anti- 3282, BioVision, Milpitas, CA,
1:200  4°C, overnight
caspasel2 USA

2895, Cell Signaling
Mouse Anti-CHOP 1:500  4°C, overnight
Technology, Danvers, MA, USA

3.2.7 Semi-quantitative real-time PCR

Total RNA from isolated islets was extracted with TRIzol reagent (Millipore Sigma) and cDNA
was synthesized with a QuantiTect reverse transcription kit (QIAGEN, Mississauga, ON, Canada)
according to the manufacturer’s specifications. Real-time PCR was performed using an SYBR
green qPCR Mastermix (QIAGEN) and Rotor Gene 6000 Real-time PCR machine (Corbett
Research). q-PCR data was analyzed using the delta Ct method (Livak and Schmittgen 2001).
Target gene expression was normalized to f-actin. Due to unknown sequences of NR, primers
listed in Table 3-2 were designed in regions conserved among mammalian species. Primers for
detecting Atf4 mRNA in NR were designed in a region 100% conserved between Rat
(NM_024403.2) and house mouse (NM_009716.3). Atf6 primers were designed in 100%
conserved regions between human (NM_007348.3), House mouse (NM_001081304.1) and Rat
(NM_001107196.1). Xbpl primers were designed in 100% conserved regions between human

(NM_005080.3), Rat (NM_001004210.2) and house mouse (NM_013842.3). The forward primer
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of spliced Xbpl spanned the splice site, while forward primer of unspliced Xbp1 lay within the

splice site. Both spliced and unspliced isoforms shared the same reverse primer. Specificity of

primers were checked with BLASTN 2.5.1+.

Table 3-3: q-PCR primers and annealing temperatures

Gene Primer” Annealing
Tm (°C)
Atf Forward 5’-AACATGACCGAGATGAGCTTCCTG-3’ 56
Reverse 5’-AAGTGCTTGGCCACCTCCA-3’
Atf6 Forward 5’TGCTCTGGAACAGGGCTC-3 56
Reverse 5’ATGGACACCAGGATCCTCCA-3’
spliced Xbp! Forward 5’-CTGAGTCCGCAGCAGGT-3 56
Reverse 5’-GGTCCAACTTGTCCAGAATGCC-3’
Forward 5’-AGTCCGCAGCACTCAGACTA-3’
Xbpl 56
Reverse 5’ -GGTCCAACTTGTCCAGAATGCC-3’
. Forward 5’ -TATCCTGGCCTCACTGTCCA-3’
p-Actin 56
Reverse 5’-AAGGGTGTAAAACGCAGCTCA-3’

3.2.8 Western blot analysis

Freshly isolated islets were washed with PBS and then lysed in RIPA buffer (30 pl per 50

islets) supplemented with protease inhibitors. Islets were triturated on ice until well lysed.

Protein concentration was measured by bicinchoninic acid assay (BCA). Protein sample was

diluted into a final concentration at 2pg/ul with RIPA buffer and SDS loading buffer, boiled at

100°C for 5 minutes, and cooled on ice. About 60ug of protein was loaded for each sample.

Proteins were separated on 10% SDS-PAGE gels and transferred to nitrocellulose membrane.

Membranes were blocked for 1 hour with 5% skim milk in TBS (20 mM Tris, 137 mM NaCl, pH
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7.6) with 0.1% Tween-20 and probed with antibodies for CHOP, caspase 3, caspase 12 and -
actin (see Table 3-1 for antibody details and incubation conditions). Blots were developed using

ECL (ThermoFisher Scientific) and imaged with a Bio-Rad ChemiDoc MP imaging system.

3.2.9 Statistical analyses

For all experiments, data were expressed as the mean + SEM (or mean + SEM as indicated in
the captions) and statistically analyzed with GraphPad Prism version 6.0. One-way or two-way
analysis of variance was used, followed by post-hoc Bonferroni’s multiple comparisons if
significance was reached. ipGTT and ITT were analyzed using a repeated measures two-way

ANOVA. Differences were considered significant at p<0.05.

3.3 Results

3.3.1 Metabolic characteristics of Nile rats at 2, 6 and 12 months

NRs fed Chow diet display fasting euglycemia at 2 months, moderate increases in glucose at 6
months (FBG heterogeneity index illustrates the phenotypic diversity at this age), and significant
hyperglycemia appearing at 12 months (Figure 3-1A-B). Fasting blood glucose is changed by diet
intervention and Hfib controls maintain stable blood glucose at all ages (overall p=0.001, Figure
3-1A). NRs in the Chow group display early onset hyperinsulinemia (Figure 3-1C). In concomitant
with the 50% reduction in whole-body insulin sensitivity (Figure 3-1D), B-cell function (HOMA-
B) increases (Figure 3-1E) during this compensatory stage. Body weight at 6 and 12 months is
significantly higher in Chow NRs in comparison with age-matched Hfib controls (Figure 3-1F).

To better describe this model, data from individual animals are plotted in the five stages proposed
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for human diabetes based on glucose and insulin concentrations (Figure 3-1G)(Weir and Bonner-

Weir 2004).
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Figure 3-1 Fasting blood glucose and insulin of NR at different T2D stages. A: Fasting blood
glucose; B: Heterogeneity index of FBG; C: Fasting plasma insulin; D: Insulin sensitivity index;
E: B-cell function index (HOMA-B); F: Body weight; G: Five stages of type 2 diabetes
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development in NRs; stage 1=Normal, stage 2=Compensation, stage 3=Decompensation, stage 4=
Dysfunction/onset of T2D, stage 5= Overt T2D. Data are presented as mean + SEM. n=9, 8 and
12 in Chow group at 2, 6 and 12 months, respectively; n= 7 in all Hfib groups. * p<0.05 using
Bonferroni’s multiple comparison test following 2-way ANOVA.

3.3.2 Progression from B-cell compensation to decompensation in NR

To assess B-cell secretory function in NRs, I measured GSIS in vivo and in vitro. Chow-fed
NRs show comparable glucose tolerance compared with Hfib at 2 months (Figure 3-2A), with a
2-fold increase in insulin secretion (overall p< 0.05, Figure 3-2B). Plasma proinsulin and the ratio
to insulin were measured as an indicator of B-cell function (Mykkénen et al. 1997, 1999). The
results show no overall change between Chow and Hfib or timepoints at 2 months (overall p=0.1,
Figure 3-2C-D). At 6 months, Chow animals present impaired glucose tolerance (overall p<0.05,
Figure 3-2E), with elevated insulin secretion (overall p<0.05, Figure 3-2F). Proinsulin and
proinsulin/insulin ratio show marked increases in Chow compared to Hfib group at 6 months
(overall diet effect p<0.001, Figure 3-2G, H) in Chow NRs, indicating impaired proinsulin
processing. Chow-fed animals exhibit impaired insulin tolerance at both 2 and 6 months compared

with Hfib (overall p<0.05, Figure 3-21 and 2J).
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Figure 3-2 In vivo assessment of glucose homeostasis and p-cell function. A, E: Blood glucose
during ipGTT at 2 (A) and 6 (E) months; B and F: Insulin secretion during ipGTT at 2 (B) and 6
(F) months; C,D,G and H: Plasma proinsulin concentrations (C, G) and ratio of proinsulin to
insulin concentration (D, H) at 2 (C,D) and 6 (G,H) months; I and J: Percentage change in blood
glucose during ITT at 2 (I) and 6 (J) months. AUC data are presented as mean + SEM. n=4, 11 in
Chow group at 2 and 6 months, respectively; n= 4-7 in Hfib groups. *p<0.05, **p<0.01 using
Bonferroni’s multiple comparison tests following 2-way ANOVA.

In vitro B-cell function was determined by GSIS from intact isolated islets. Although there is
no change in the absolute amount of insulin released per islet (Figure 3-3A), at 2 months the insulin
release relative to total insulin is augmented particularly at lower glucose concentrations (Figure
3-3B), indicating enhanced responsiveness to physiological concentrations of glucose in Chow
islets. This compensation in Chow-fed NRs fails as the animals age, with a significant reduction
in insulin secretion (per islet) at 6 and 12 months (Figure 3-3C and 3E) compared to Hfib. The
increase in % insulin release in Chow seen at 2 months is diminished at 6 and 12 months (Figure
3-3D and 3F). A 50% decrease in half-maximal glucose concentration in 2-month Chow islets
(Figure 3-3G) indicates a left shift of the glucose response. The stimulation index, another
indicator of islet function, is slightly decreased in Chow islets (overall p<0.05, Figure 3-3H). Total

insulin content in islets is markedly reduced with diabetes (12 months, p< 0.01, Figure 3-3I).
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Figure 3-3 In vitro islet secretory function analysis. A, C and D: Absolute insulin secreted per
islet in GSIS at 2 (A), 6 (C) and 12 (D) months; B, D and F: Glucose-stimulated insulin secretion
(GSIS) as percentage of total insulin content; G: Half-maximal glucose (ECso0); H: Stimulation
index; I: Islet insulin content. Data are presented as mean + SEM. n=9, 8 and 12 in Chow group at
2, 6 and 12 months, respectively; n= 7 in all Hfib groups. *p<0.05, **p<0.01 using Bonferroni’s
multiple comparison tests following 2-way ANOVA.

3.3.3 ER chaperones in B-cell compensation versus dysfunction

To investigate the role of impaired insulin processing and adaptive ER stress in T2D NRs, |
examined three ER chaperones involved in insulin processing: protein disulfide isomerase (PDI),
ER resident protein 44 (ERp44) and ER resident protein 72 (ERp72). Increases in PDI are present
in B-cells at 2 and 6 months (Figure 3-4A) and demonstrate colocalization with insulin (Figure 3-
4B). PDl/insulin colocalization coefficient is proportional to circulating fasting insulin
concentration (Figure 3-4E). ERp44 is also upregulated in Chow animals at 2 and 6 months (Figure
3-4A and 4C). ERp72 does not differ between diet groups but significantly declines with age
(Figure 3-4A and 4D); however, ERp72 colocalization with insulin is inversely related to fasting
blood glucose (12 months, p<0.05, Figure 3-4F). Consistent with the decreased insulin content in
diabetic islets (Figure 3-2I), the insulin abundance of B-cells decreases at decompensation stages
(Figure 3-4G).

Critical to adaptive UPR, activating transcription factor -4 and -6 (ATF4, ATF6) and XBP1(X-
box binding protein, unspliced and spliced) are involved in stimulating expression of ER
chaperones, protein foldase and protein degradation machinery (Scheuner and Kaufman 2008).
However, mRNA of transcription factors at 2 months are comparable between groups (Figure 3-
4H). At 6 months, A¢f4 and Atf6 show increasing trends between groups (p=0.06 and 0.08 for main
effect of diet, respectively, Figure 3-4H). The spliced (s) and unspliced (u) Xbp! demonstrate

pronounced increases in the Chow group at 6 months (Figure 3-4H).

65



A PDI Insulin Merge ERp44  Insulin Merge ERp72 Insulin

2 mo
Hfib

6 mo
Hfib Chow

Chow

12 mo

% Interaction  <0.0001 *** 9 " D, Interaction 00234 *
= gge < g ggg] s s ::teracilon g g;g? ns = Age <0.0001 =
o iet <0. ot = ge b ns = :
g £l 5510 Diet 0.0001 ** 55 et el %
23 [ Hfib Sz Bz
E'E 0. B chow &g}i 0. E.‘E
[SE-E 0% 0, 0%
5 é 0. §30 SN
Sao 8o 53
g°o. 50 8%
= 2mo 6 mo 12 mo ol °
O 5] ]
B F & H
= = P Interaction  0.1479 ns 3.
s = £3  Age 0.0048 ™ 5.
= 5 £0 : %0
s 1.07 r=062 =1.5 5 Diet 0.2336 ns LS
S G o ® s =
§ 08{ pe0001_“&- LY 5 . 58
= Iy g B <L x G
806 9 0 o o]
° ; 51.0 B R o5
C04{ . o 5 o &<
= d P o Sy o
502 & ok £ T DR
EI 0.0 e X ~0-5 I g L
S 710 -05 00 05 1.0 5 05 1.0 15 85" 2mon  6mon  12mon
log Insulin Conc. (ng/ml) 5 log FBG (mMI/L)

Figure 3-4 Diet and age-related effects on ER chaperones in p-cells. A: Representative images
of ER chaperones in islets from 2-12 months; B-D: Colocalization of PDI (B), ERp44 (C) and
ERp72 (D) with insulin in B-cells; E: Positive correlation of PDI and blood insulin concentration
with dotted lines representing 95% confidence intervals; F: Negative correlation of ERp72 and
fasting blood glucose; G: Intensity of insulin in B-cells; H: mRNA expression UPR transcription
factors. Data are presented as means + SEM. n=5, 6 and 8 in Chow group at 2, 6 and 12 months,
respectively; n=4, 4 and 8 in Hfib group at 2, 6 and 12months. *p<0.05 using Bonferroni’s multiple
comparison tests following 2-way ANOVA. Scale bar = 20pm.
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Chemical chaperones may restore glucose homeostasis by enhancing the adaptive capacity of
the ER and reducing ER stress (Ozcan et al. 2006). To examine whether chemical chaperones
could restore B-cell function ex vivo, I treated islets from 12-month Chow NRs with 4-PBA and
TUDAC. Consistent with data presented in Figure 3-3, Chow islets have defective insulin secretion
(Figure 3-5A, B) and reduced insulin content (Figure 3-5C) compared to islets from the age-
matched Hfib NRs. 4-PBA and TUDAC treatment do not alleviate the diminished insulin secretion

(Figure 3-5A, B) or reduced insulin content (Figure 3-5C) of chow islets.
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Figure 3-5 In vitro treatment of chemical chaperones does not improve islet function. A:
Glucose-stimulated insulin secretion (GSIS) as a percentage of total insulin content of islets
isolated 12-month NRs; B: Absolute insulin secreted per islet; C: Islet total insulin content. Data
are presented as mean + SEM. n=7. #p<0.05 vs 2.8mM, *p<0.05 vs Chow, using Bonferroni’s
multiple comparison tests following 2-way ANOVA; *p<0.05 using the Kruskal-Wallis test
followed by Dunn's multiple comparisons tests.

ER stress can also contribute to B-cell apoptosis and loss of B-cell mass (Eizirik et al. 2008),
another feature of human T2D. However, transcription of CHOP, a pro-apoptotic UPR marker, is
comparable between groups (Figure 3-6A). The expression of CHOP, active caspase 12 (an ER
stress-induced caspase), and caspase 3 (a downstream marker of apoptosis) remain almost

undetectable (Figure 3-6B).
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Figure 3-6 CHOP and caspase in islets. A: mRNA expression of CHOP normalized by B-actin;
B: caspase3, 12 and CHOP expression in isolated islets. B-actin was used as reference. Data are
presented as means + SEM. n=4 for q-PCR. *p<0.05 using Bonferroni’s multiple comparison
tests following 2-way ANOVA.
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3.3.4 PB-cell mass compensation by neogenesis but not proliferation

Previous evidence indicated the occurrence of B-cell mass compensation in Chow NRs (Yang
et al. 2016), which has been linked to -cell proliferation and UPR (Sharma et al. 2015). However,
using ki67 as a proliferation marker, the occurrence of ki67 /insulin® cells in Chow-fed NRs is
very low compared with Hfib (overall p<0.005, Figure 3-7A, B), indicating a mechanism other
than cell replication. Surprisingly, insulin-positive neogenic structures demonstrate a marked
increase in chow NRs at the compensation stage (2 mo, p<0.01, Figure 3-7A, B), which declined
concurrently with the onset of B-cell dysfunction (2 mo vs 12 mo, p<0.01, Figure 3-8A, B). Of
note, the single B-cells and small B-cell clusters seen in 12-month Chow animals are observed in
disrupted islets with a-cells infiltrating the center of the islet (Figure 3-8A), which is consistent
with the previous result that o/ B-cells ratio increases with diabetes (Sharma et al. 2015).

A growing body of evidence supports that transdifferentiation occurs in the progression of -
cell dysfunction (Mezza et al. 2014; Cigliola et al. 2016). The existence of cells reacting to both
insulin and glucagon (Figure 3-9A), together with co-occurrence of pancreatic and duodenal
homeobox 1 (Pdx1), a B-cell-specific transcriptional factor, with glucagon (Figure 3-9B), indicate
transdifferentiation in NRs. However, whether it is B-cell dedifferentiation or a-cell-to-B-cell

compensatory alteration needs more investigation.
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Figure 3-7 B-cell proliferation. A: Representative images of ki67-positive staining in B-cells; B:
Quantification of B-cell proliferation as a percentage of all beta-cells. Data are presented as mean
+ SEM. n=4 in ki67 staining. The analysis was Bonferroni’s multiple comparison tests following

2-way ANOVA. Scale bar= 50um.
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Figure 3-8 Estimate of B-cell neogenesis. A: Representative images of neogenetic B-cell clusters;
B: Quantification of neogenic -cell area. Data are presented as mean + SEM. n=4-6. The analysis
was Bonferroni’s multiple comparison tests following 2-way ANOVA. Scale bar= 80pm.
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3.4 Discussion

Weir (Weir and Bonner-Weir 2004) characterized the progression of T2D into multiple
stages, in which the compensation stage occurs when insulin secretion increases in the face of
insulin resistance and blood glucose is kept within the normal range. Animal studies often
indicate the stages of T2D models using plasma insulin as the key marker; however, the insulin
trajectory in patients with T2D trends upward even after the diagnosis (Tabdk et al. 2009;
Hulman et al. 2017). Acute GSIS is suggested to be associated with T2D progression regarding
glycemic control (Weir and Bonner-Weir 2004; Festa et al. 2006). The present result of elevated
GSIS during ipGTT confirms that B-cells from chow-fed NRs at 2 months were compensating
for decreased insulin sensitivity while the glucose tolerance was well-maintained. In contrast,
glucose tolerance in 6-month NRs was impaired albeit with a pronounced rise in insulin
secretion. This phenotype fits the features of the decompensation stage (Weir and Bonner-Weir

2004). The diabetic phenotype is prevented by feeding a high-fiber diet after weaning.

Consistent with insulin secretion in vivo, GSIS by isolated islets indicates that Chow B-cells at
2 months were more responsive to glucose than Hfib islets, especially at physiological glucose
concentrations (2.8-5.5 mM). However, responsiveness was diminished at 6 months, which
together with the disproportional elevation of plasma proinsulin at 6 months demonstrates a
functional change in B-cells during the transition from compensation to decompensation stage
(Wareham et al. 1999; Pfiitzner and Forst 2011). Moreover, both islet insulin content and
staining intensity in situ (Figure 3-21 and Figure 3-4G) began to decline from 6 months, linking

the functional change to decreased insulin synthesis or processing.
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To meet the increased insulin demand in the context of insulin resistance, B-cells synthesize
and process a large amount of proinsulin, which is achieved by a highly active ER (Scheuner and
Kaufman 2008). Perturbation in the ER caused by insufficient chaperones can be sensed and
corrected by UPR as a protective mechanism of B-cells (Eizirik et al. 2008; Scheuner and
Kaufman 2008). In contrast to a recent study showing that UPR is exclusively observed at the
decompensation stage (Gupta et al. 2017), the present data suggest adaptive UPR occurs early in
the compensation stage. The insulin-colocalized ER resident chaperones showed marked
increases in adaptive B-cells (versus Hfib), which then declined concomitant with dysfunction (2
versus 12 months), indicating a positive role of ER chaperones in sustaining B-cell compensation
(Omikorede et al. 2013; Chan et al. 2013; Engin et al. 2014; Sharma et al. 2015). Of note, a
positive correlation of PDI with circulating insulin concentration was observed in chow-fed NRs.
A protective effect of PDI is suggested by a growing number of studies showing PDI
overexpression protects B-cell from glucolipotoxicity (Montane et al. 2016), enhances ER-
associated degradation (ERAD), and restores insulin production (He et al. 2015; Gorasia et al.
2016). However, no changes were observed regarding transcription factors that are related to ER
stress until decompensation at 6 months. A limitation of this study is that nuclear translocation of
transcription factors, which could lead to an increase in ER chaperones, could not be directly

assessed.

Chemical chaperones are small molecules that stabilize unfolded proteins and prevent
aggregation by increasing the interaction of protein and solvent or directly binding to the
hydrophobic segment of protein (Welch and Brown 1996). 4-PBA and TUDCA have been

shown to alleviate ER stress and restore insulin secretion in prediabetic mice (Ozcan et al. 2006;
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Tang et al. 2012) and cell/islets with palmitate-induced defective insulin secretion (Choi et al.
2008; Cadavez et al. 2014). However, I failed to observe any beneficial effect of 4-PBA or
TUDCA on islet insulin secretion or content. One explanation is that unlike the insulin inhibition
due to acute glucose fusion or palmitate induction, B-cells in T2D islets have already
demonstrated severe persistent abnormalities like dedifferentiation, which cannot be alleviated

by chemical chaperones treatment alone.

Given that chronic ER stress also induces -cell apoptosis as part of the pathogenesis of B-cell
dysfunction (Negi et al. 2012), the diminished ER chaperones observed at 12 months may imply
activation of maladaptive UPR. However, I did not detect any change in CHOP, an apoptotic UPR
transcription factor (Rasheva and Domingos 2009), or caspase 12. To better understand ER
chaperones and their regulation with diabetes progression, a thorough evaluation of UPR

regulators is necessary at different stages.

Our previous study showed an increasing trend in B-cell mass during the compensation stage
(Yang et al. 2016), which is another feature of B-cell compensation (Weir and Bonner-Weir 2013).
Current evidence favors the concept that B-cells proliferate in response to enhanced glucose
metabolism during compensation (Stamateris et al. 2013; Sharma et al. 2015) and UPR is
suggested as part of the mechanism (Sharma et al. 2015); however, in this model, B-cell
proliferation rate decreased in Chow NRs at all ages. This is supported by single B-cell sequencing
results showing that B-cells are less likely to proliferate under the high workload demanded by
insulin biosynthesis (Xin et al. 2018). An inverse relationship of B-cell function and proliferation

is demonstrated in immortalized B-cell lines (Scharfmann et al. 2014) and validated in animal
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models (Szabat et al. 2016). Indeed, B-cell replication is very rare in adult human pancreas (Butler
et al. 2003a; Hanley et al. 2010), and the proliferation seen in animal models is restricted with

aging (Tschen et al. 2009; Gupta et al. 2017).

As an alternative to proliferation, B-cell neogenesis is speculated to be the main event
contributing to human B-cell mass adaptation (Butler et al. 2003a; Meier et al. 2008; Hanley et al.
2010). Neogenesis is defined as formation of B-cells from progenitor cells (Bonner-Weir et al.
2012). In line with that, I showed a 5-fold increase in -cell area arising from small insulin-positive
clusters using a surrogate definition of neogenesis (Hanley et al. 2010) in compensating NRs,
which accounts for over 10% of the total B-cell area reported previously (Yang et al. 2016). The
change in the number of these small clusters of B-cells induced by diet and age suggests that these
are indeed neogenic in origin and not static remnants of embryonic development (Bonner-Weir et
al. 2012). Moreover, B-cell dedifferentiation was observed at 12 months, suggesting that in
addition to cell growth and death, dedifferentiation is in part related to the disrupted islet structure

and failure of B-cell compensation (Talchai et al. 2012).

3.5 Conclusion

I demonstrate a model that recapitulates characteristics of human B-cell compensation to
decompensation regarding glucose metabolism, B-cell function, and mass (Figure 3-9C). The
enhanced B-cell insulin secretion was detected at 2 months with a surge of upregulated ER
chaperones, which decreased with T2D progression. B-cell mass increased during the

compensation stage by non-proliferative means. This study highlights the temporal relationship of
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adaptive ER capacity with B-cell function in the transition from compensation to decompensation
and changes in islet plasticity that play a role in B-cell mass. Furthermore, the ability to prevent all
of the stages of diabetes development in this model by increasing fibre content of the diet provides

researchers with the ability to manipulate the stages of compensation and decompensation.
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Chapter 4. Metformin, as an alternative to diet regimen, delays progression of

prediabetes by distinct actions on B-cell function and hepatic gluconeogenesis in Nile rats

4.1 Introduction

Prediabetes is a high-risk condition for T2D and is diagnosed by impaired glucose tolerance
(IGT) or impaired fasting glucose (IFG) (Punthakee et al. 2018). According to the IDF, there are
over 352 million adults worldwide estimated to have prediabetes in 2017, and up to 70% of the
prediabetic population will develop diabetes (Tabak et al. 2012). Much effort has been made to
identify effective interventions to prevent or even reverse prediabetes conversion to T2D
(Knowler et al. 1995, 2002). The Diabetes Prevention Program (DPP), a large randomized trial,
was conducted to evaluate the effect of lifestyle modification and metformin treatment on 3234
participants with prediabetes. After 2.8-years of follow-up, both lifestyle and metformin
interventions reduced incident T2D by 58% and 31%, respectively, compared with the placebo
group (Knowler et al. 2002). After an average follow-up of 15 years, the reduction of diabetes
incidence was 27% and 18% in the lifestyle and metformin groups, respectively (Diabetes
Prevention Program Research Group 2015). The data collected from the DPP indicates that
metformin can be a cost-effective option to delay or possibly prevent the progression of T2D
over the long term (Aroda et al. 2017).

Metformin is a biguanide antidiabetic medication that has been used to treat T2D for decades.
It is well-documented that the glucose-lowering effect of metformin is carried out by inhibitory
actions on hepatic glucose production and lipid synthesis as reviewed in Chapter 1.4.1 (Hundal et
al. 2000). In line with that, metformin treatment in the DPP elicited improvement in glucose
tolerance and insulin sensitivity compared with baseline data (Kitabchi et al. 2005). Also, an

improvement in insulin secretion relative to insulin sensitivity was observed in the metformin
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group, suggesting enhanced B-cell function (Kitabchi et al. 2005). Evidence from in vitro studies
reveals that metformin restores insulin secretion of B-cells subjected to glucotoxic conditions
(Lupi et al. 1999; Patane et al. 2000; Marchetti et al. 2004; Piro et al. 2012). However, given that
metformin inhibits mitochondrial ATP production, which is essential for $-cell insulin secretion,
metformin is also proposed to directly inhibit B-cell insulin secretion (Leclerc et al. 2004;
Lamontagne et al. 2009, 2017). With little evidence regarding metformin actions on B-cells in
prediabetes, the role that metformin could play to advance or prevent the progression of B-cell
dysfunction is not clear.

Nile rat (NR, Arvicanthis niloticus) is a wild rodent that develops T2D naturally when adapted
to a laboratory setting and fed with standard chow diet (Chaabo et al. 2010). My previous study
demonstrated that NR is also a model for prediabetes, recapitulating characteristics of human -
cell compensation at age 2 months and decompensation at 6 months in response to insulin
resistance (Chapter 3). Similar to the results of the DPP, this progression of T2D in NR, as well
as the change in B-cell function, was prevented by administering a diet with lower caloric density
(Yang et al. 2016). Taking advantage of the age-related B-cell responses at different stages of
T2D, NR could be a useful model to investigate the effect of metformin on B-cells in prediabetes.

In the present study, I treated 6-week-old, hyperinsulinemic NRs with a low dose of
metformin and compared the metabolic features, glucose tolerance and B-cell function after 7
weeks of treatment (age 13 weeks) as well as at age 25 weeks when Chow-fed NRs developed [-
cell decompensation and prediabetes (as shown in Chapter 3). I hypothesized that, as an
alternative to diet regimen, early treatment of Nile rats with metformin during the compensation
stage would prevent prediabetes in NRs by improving insulin sensitivity and B-cell insulin

secretion.
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4.2 Methods and Materials

4.2.1 Animals

Male NRs used in this study were from a colony established at the University of Alberta.
Animals were housed at 21°C under a 14-hour light, 10-hour dark cycle. After weaning at 3 weeks,
animals were fed with either high energy, low fiber Chow (Prolab® RMH 2000, 5P06, LabDiet,
Nutrition Intl., Richmond, IN) or low energy, high fiber Hfib diet (Mazuri® Chinchilla Diet,
5MO1, Purina Mills, LLC, St. Louis, MO)(Yang et al. 2016). All animal studies were approved by
the University of Alberta Animal Care and Use Committee (Animal use protocol #00000328) and

were conducted in accordance with Canadian Council on Animal Care Guidelines.

4.2.2  Study design

The clinically effective dose of metformin for diabetes prevention is 850 mg twice daily,
which is equivalent to 20-30 mg/kg body weight (Knowler et al. 2002). In animal studies,
metformin dose varies from 50 to 300 mg/kg depending on the species and diabetic condition of
the model (Linden et al. 2015; Wang et al. 2016). A recent study revealed that a low dose of
metformin (10 mg/kg) mimics the effect of caloric restriction in mice, improving insulin
sensitivity with aging and preventing the onset of metabolic syndrome; whereas a higher dose
(100 mg/kg) shortens mean lifespan likely due to renal failure (Martin-Montalvo et al. 2013). To
determine a safe and effective dose of metformin for alleviating insulin resistance in NR, water
consumption was monitored for several days. Then, metformin (Millipore Sigma, St. Louis,

USA) was administered at doses approximating 10, 20 or 50 mg/kg body weight/day in drinking
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water to 2-month-old chow-fed NRs for 1 week. The animals were then subjected to an
intraperitoneal glucose tolerance test (ipGTT). NRs treated with metformin at a dose of 20
mg/kg/day had overall lower glucose vs Chow control (Figure 4-1, Met 20 mg/kg vs chow

p=0.034).

A total of 97 NRs (Hfib: n=20; Chow: 77) were used in the main study. To determine baseline
metabolic characteristics, ipGTT was performed on half of the NR in Hfib, Chow and Chow-met
groups at the age of 6 weeks, an age at which I observed that insulin secretion starts to
compensate for insulin resistance (fasting insulin concentration (ng/ml): 1.03+ 0.12 vs 0.19+
0.06, Chow vs Hfib, p<0.01 by #-test). NRs fed with Chow diet were then randomized into Chow
or Chow-+met groups. Individuals from the same litter were equally assigned into these 2 groups
to avoid a litter effect. NRs in the Chow+met group were treated with metformin at 20 mg/kg
BW/day in drinking water. Water intake was measured before and during the treatment every
week. Metformin concentration in drinking water was adjusted based on animal water intake and
body weight if necessary. At age 13 weeks (3 months), sub-groups of NRs (Hfib=11; Chow=21;
Chow=24) were subjected to glucose or insulin or pyruvate tolerance test (GTT, ITT, PTT) and
then euthanized following overnight fasting or a 16-hour fasting and 4-hour refeeding protocol to
allow measurement of the metabolic status and the expression of hepatic gluconeogenic enzymes
under fasting and fed conditions, respectively. The remaining 41 NRs (Hfib=9; Chow=16;
Chow+met=16) were maintained on their diet or metformin interventions until 25 weeks (6
months). After ipGTT or ITT, animals were euthanized under fasting or refed conditions as

mentioned above (Figure 4-2).
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Fig. 4-1 ipGTT for metformin dose pilot study. A: Blood glucose during ipGTT in NR at 2
months after one week of metformin treatment; B: Incremental area under the curve of blood

glucose. AUC data are presented as mean + SEM, n=3-4. Data are analyzed by 2-way ANOVA
(A) or Kruskal-Wallis test (B).
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Figure 4-2 Schematic representation of the experimental design.

4.2.3 Glucose, insulin and pyruvate tolerance test

Intraperitoneal GTT and PTT were performed on animal following overnight fasting. ITT

required animal fasting for 4 hours. Due to the feral behavior of NRs, animals were anesthetized

with isoflurane (Millipore Sigma) during procedures. GTT and ITT were measured by the

method described in Chapter 3.2.2. For PTT, pyruvate was intraperitoneally injected at a dose of

2 g/kg body weight. Blood glucose was determined before and 10, 20, 40, 60, 90, 120 minutes

after injection using a CONTOUR NEXT blood glucose monitoring system (Bayer Inc.,

83



Mississauga, Canada). Animals that did not recover from anesthesia in 30 minutes or had blood

glucose lower than 2 mmol/L during experiments were excluded from the study.

4.2.4 Tissue collection

After overnight fasting or refeeding, fasting blood glucose (FBG) was measured before
administration of Euthanyl. In order to avoid degradation of liver proteins, a lobe of the liver was
harvested and snap-frozen immediately after animals achieved a surgical plane of anesthesia
without damaging the common bile duct for pancreas perfusion. Blood samples were then
collected via cardiac puncture for measurement of insulin, glucagon, and glucagon-like-peptide 1
(GLP-1). DPP-1V inhibitor (10 pmol/L, Millipore, Billerica, MA, USA) was added to blood
collected for GLP-1 measurement. Insulin, glucagon and GLP-1 concentrations were determined
by ELISA (Insulin, Crystal Chem Inc., Downers Grove, IL, USA; glucagon, ALPCO Diagnostics
Inc., Salem, NH; GLP-1, Meso Scale Discovery, Rockville, MD, USA). The pancreas tail was
clamped and collected from fasted animals for immunohistochemical (IHC) or
immunofluorescent staining (IF) by fixing in formalin. Islets were isolated as previously
described (Yang et al. 2016). BMI, ISI, HOMA-IR, HOMA-B were calculated using the

following equations (Yang et al. 2016):
BMI=body weight (kg)/ length form nose tip to base of tail (m?)
ISI= 2/(1+ (172.1x fasting insulin (WU/L)) x (fasting glucose (mmol/L)/1000)).
HOMA-IR=fasting insulin (WU/L) % fasting glucose (mmol/L)/22.5

HOMA-B= 20 x fasting insulin (uU/L)/ fasting glucose (mmol/L)
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4.2.5 In vitro metformin treatment and glucose-stimulated insulin secretion (GSIS)

To compare the effects of in vivo and in vitro metformin treatment on islet function, isolated
islets from Chow NRs at the age of 13-20 weeks were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) or medium supplemented with 20 pmol/L or 5 mmol/L metformin for 24 hours.
Metformin was supplemented in the medium used in the GSIS assay as well.

To assess insulin secretion, three isolated islets were incubated in 1 mL of DMEM
supplemented with concentrations of glucose of 2.8, 5.5, 11.0, 16.5 or 22 mM for 90 minutes. The
supernatant was transferred into new tubes and the pellets were lysed using 1 mL of 3% acetic
acid. Insulin in the supernatant and the pellet was determined by insulin radioimmunoassay (RIA).
Absolute insulin secretion indicates the amount of insulin secreted per islet during the 90-minute
incubation. Insulin release % was insulin secretion normalized by the corresponding islet insulin
content. The stimulation index reflects the ability of islet in insulin secretion at high glucose

concentrations and was calculated as the ratio of stimulated to basal secretion at 2.8 mM glucose.

4.2.6 Immunofluorescent microscopy

Formalin-fixed pancreatic tissues were immunostained for insulin, glucagon, ER proteins,
and/or ki67 using species appropriate AlexaFluor or HRP-conjugated secondary antibodies as
previously described in Chapter 3.2.5 (Table 3-1). For ER protein staining, slides were visualized
using a Wave FX spinning disk confocal microscope (Quorum Technologies Inc., Guelph, ON,
Canada); colocalization and IF staining intensity were analyzed using Volocity 6.0 (PerkinElmer)
as previously described (Yang et al. 2016). For ki67, peroxidase-based IHC, images were obtained
using a Zeiss Axio Imager Z1 with Axio Vision 4.5 (Carl Zeiss Micro Imaging GmbH, Germany)

and quantified with ImageJ (NIH, Bethesda, MD, USA). The a-/B-cell areas % was calculated by
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taking the glucagon- or insulin-positive area divided by total pancreatic section area (excluding
large ducts and veins). Duct- or acinar-associated p-cell clusters that had no more that four cells

were classified as “neogenic” B-cells (Okamoto et al. 2006; Hanley et al. 2010).

4.2.7 Semi-quantitative real-time PCR

Total RNA was extracted from islets (at least 30 islets) or frozen liver (50-100 mg) using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). 1 pg of RNA was used to synthesize cDNA using
QuantiTect reverse transcription kit (QIAGEN, Mississauga, ON, Canada). Because the NR
genome has not been sequenced, primers were designed from regions conserved between rat and
mouse (Table 4-1). Real-time PCR was performed using an SYBR green qPCR Mastermix
(Quanta Biosciences, Gaithersburg, USA) and Rotor Gene 6000 Real-time PCR machine (Corbett
Research). The qPCR specificity was confirmed by agarose gel and efficiency of 90-110%. The
data were analyzed using the delta Ct method (Livak and Schmittgen 2001). Target gene

expression was normalized to -actin.

Table 4-1: qPCR primers and annealing temperatures

Annealing

Tm (°C)

Gene Primer

. Forward 5’-AAGTGGCACAACTGGAGCTG-3’ 53
ns
Reverse 5’-GATGCTGGTGCAGCACTGA-3’

IR Forward 5’-AGACCCGAAGATTTCCGAGAC-3’ 53

Reverse 5’-GAGCCTCGGATGACTGTGAG-3’
Clui Forward 5°- GTCAGAAGACAAGATCACCGGAAC -3’ q
ut 5
Reverse 5°- CCTCTTGAGGTGCATTGATCACAC -3’

Forward 5’-GAGCTGGTACGACTTGTGCT -3’ 58
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Reverse

5’-AACCGCTCCTTGAAGCTCG -3°

Gcek
Forward 5’-GCTGGAGCTGGAGAAGGAATTC-3’
Pdx1 58
Reverse 5’ -CTTCATGCGACGGTTTTGGAACC-3’
Forward 5 -AGTTCGAGGTGAAGAAGGAGCC-3’ 53
Mofad Reverse 5°-CGCTCATCCAGTACAGATCCTCC-3’
Forward 5-CCAGCCTCTTTGCCCAGAT-3’
Pgcla 58
Reverse 5-AGGGCAATCCGTCTTCATCC-3°
Forward 5°-GTCCACCTTGACACTACACCC-3’
Gopc 58
Reverse 5’ -GCGGTACATGCTGGAGTTGAG -3’
Forward 5’-GTGCTGGAGTGGATGTTCGG-3’ 53
Pekl Reverse 5°-TCTGGCTGATTCTCTGTTTCAGG -3’
y Forward 5’-AACATGACCGAGATGAGCTTCCTG-3’ s
14
a Reverse 5-AAGTGCTTGGCCACCTCCA-3’
Forward 5°-TGCTCTGGAACAGGGCTC-3’
Atfo 56
Reverse 5 -ATGGACACCAGGATCCTCCA-3’
Forward 5’-CTGAGTCCGCAGCAGGT-3’
spliced Xbp1 56
Reverse 5°-GGTCCAACTTGTCCAGAATGCC-3’
ool Forward 5’ -AGTCCGCAGCACTCAGACTA-3’ s
P Reverse 5-GGTCCAACTTGTCCAGAATGCC-3’
Forward 5’-GGAGCTGGAAGCCTGGTATGAG-3’
Chop 56
Reverse 5’ -TGGTCAGGCGCTCGATTTCC-3’
Bax Forward 5’-CAGGGTTTCATCCAGGATCGAGC-3’ s
Reverse 5°-GCAATCATCCTCTGCAGCTCC -3’
Forward 5’ -GGATGACTGAGTACCTGAACCGG-3’ s
Bel-2 Reverse 5’-GTCTTCAGAGACAGCCAGGAG -3’
Forward 5°-TATCCTGGCCTCACTGTCCA-3’
p-Actin 56

Reverse

5’-AAGGGTGTAAAACGCAGCTCA-3’
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4.2.8 Western blot analysis

Snap-frozen liver (up to 50 mg) was homogenized in 0.5 mL of RIPA buffer supplemented
with proteinase inhibitor cocktail, aprotinin (2 pg/mL), sodium fluoride (5 mmol/L), sodium
orthovanadate (1 mmol/L) and PMSF (1 mmol/L). All reagents were from Millipore Sigma (St.
Louis, USA). The concentration of protein extracts was determined by bicinchoninic acid assay
(BCA) and proteins were diluted to a final concentration of 2 pg/uLL with RIPA buffer and SDS
loading buffer. About 70 pg of protein was loaded for each sample. Proteins were separated on
10% SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked for
1 hour with 5% skim milk in TBS (20 mM Tris, 137 mM NaCl, pH 7.6) with 0.1% Tween-20
and probed with antibodies (Table 4-2). Blots were developed using ECL (ThermoFisher
Scientific) and imaged with a Bio-Rad ChemiDoc MP imaging system. Antibody detecting
phosphorylated protein was stripped to enable detection of the corresponding total protein on the
same blot. Three independent experiments were done for each condition. The protocol for

immunoblotting of islet samples was described in chapter 3.2.7.

Table 4-2: Antibodies and dilutions used in western blot

Antibody Source Dilution

Rabbit Anti-AMPKa 2532, Cell Signaling Technology, Danvers, MA, USA 1:1000

Rabbit Anti-phospho-

2535, Cell Signaling Technology, Danvers, MA, USA 1:1000
Thr172-AMPKa

Rabbit Anti- PEPCK 10004943, Cayman Chemical, Ann Arbor, MI, USA 1:200
Sc-25840, Santa Cruz Biotechnology, Dallas, Texas,
Rabbit Anti-G6Pase USA 1:1000
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Sc-518022, Santa Cruz Biotechnology, Dallas, Texas,

Mouse Anti-Glut2 1:200
USA

Rabbit Anti-IRf 3025, Cell Signaling Technology, Danvers, MA, USA 1:500

Rabbit Anti-PGCla Ab54481, Abcam, Cambridge, UK 1:1000

Rabbit Anti-PKA C 4782, Cell Signaling Technology, Danvers, MA, USA 1:1000

Rabbit Anti-phospho-

4781, Cell Signaling Technology, Danvers, MA, USA 1:1000
Thr197-PKA

Rabbit Anti-Akt 9272, Cell Signaling Technology, Danvers, MA, USA 1:1000

Rabbit Anti-phospho-

9271, Cell Signaling Technology, Danvers, MA, USA 1:1000
Ser473-Akt

Rabbit Anti-Bip 3177, Cell Signaling Technology, Danvers, MA, USA 1:1000

Rabbit Anti-Grp94 2104, Cell Signaling Technology, Danvers, MA, USA 1:1000

Mouse Anti-CHOP 2895, Cell Signaling Technology, Danvers, MA, USA 1:500

4.2.9 Stool sample collection and microbiota analysis

Fecal samples were collected from 3-month NRs (Hfib=4; Chow=5; Chow+met=5) in a sterile
setting. Total DNA was extracted using QIAamp DNA mini stool kit (Qiagen, Mississauga, ON,
Canada). The V3-V4 regions of 16S rRNA gene were amplified with primer pairs: Forward:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; Reverse:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC.
Paired-End sequencing was performed using the Illumina MiSeq platform (Illumina Inc., San
Diego, CA) as previously described (Forgie et al. 2019). The original reads were trimmed using

FASTX-Toolkit, merged using PANDAseq algorithm and mapped to a database to obtain the
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operational taxonomic units table using Usearch_global (VSEARCH) and QIIME 1.9.1
(Quantitative Insight into Microbial Ecology) (Edgar et al. 2011; Forgie et al. 2019). The alpha
diversity analyses for the microbial community was determined using QIIME and normalized to

the lowest number of reads (Forgie et al. 2019).

4.2.10 Statistical analyses

For all experiments (excluding microbiota data, described above), data were expressed as the
mean + SEM (or mean + SEM as indicated in the captions) and statistically analyzed with
GraphPad Prism version 6.0. One-way or two-way analysis of variance was used, with repeated
measures when appropriate, followed by post-hoc Bonferroni’s multiple comparisons if

significance was reached. Differences were considered significant at p<0.05.

4.3 Results

4.3.1 Body weight, glucose and hormone concentrations

Body weight and body mass index (BMI) are not significantly different between Hfib and
Chow NR until 25 weeks (Table 4-3), in accordance with the previous cohort (Chapter 3.3.1).
Chow+met NRs show similar body weight and BMI to the age-matched Chow groups (Table 4-
3). Weight gain during treatment is not statistically different between groups at both 13 and 25
weeks.

Blood glucose and hormones were measured following overnight fasting or 4-hour refeeding
to, in part, assess glucose homeostasis parameters. No significant difference was observed in

FBG or random glucose between groups at 13 and 25 weeks (Table 4-3). FBG of 5.6 mmol/L
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was defined as the cut point for IFG in NR in our previous study (Yang et al. 2016). At 13
weeks, 1 out of 11 (9%) NRs in Chow group has an FBG over 5.6 mmol/L, whereas no NRs in
Hfib and Chow+met exceed 5.6 mmol/L. Non-fasting glucose of NRs (measured in refed
animals) at 13 weeks is below 7.8 mmol/L, the clinical threshold for IFG. At 25 weeks, Hfib
NRs maintain normal FBG and non-fasting glucose. The incidence of IFG is 8% (1 out 12) for
both Chow and Chow+met NRs, and 1 animal exhibits impaired non-fasting glucose (over 7.8
mmol/L) in the Chow group.

Compared to Hfib animals, Chow-fed NRs exhibit a typical insulin resistant phenotype with
elevated plasma insulin, reduced insulin sensitivity (ISI, HOMA-IR), elevated p-cell function
index (HOMA-B) as well as increased fasting glucagon (Table 4-3) (Ferrannini et al. 2007). No
significant difference is observed between Chow and Chow+ met NRs at all ages measured.
Despite that, it is noted that NRs treated with metformin have comparable glucose to Chow-fed
NR but less significant hyperinsulinemia at 25 weeks (Table 4-3). The ratio of glucagon/insulin
reflecting the need for glucose production is significantly reduced in fasted Chow vs Hfib at 25
weeks (Table 4-3). Lastly, the fed plasma GLP-1 is not significantly different between groups

(p=0.12 Hfib vs Chow-+met, Table 4-3).

Table 4-3: Metabolic profile of NRs treated with metformin at 13 and 25 weeks

13 weeks 25 weeks
Outcome — 0 Chow Chow+met Hfib Chow  Chow+met

Body 715419  77.0£2.6 78.842.3 773428  94.743.2%  9].443.7%

weight n=11 n=21 n=24 n=9 n=16 n=16
(g

BMI 4.6+0.1 4.8+0.1 4.8+0.1 4.5+0.1 5.4+03*%  5.1+0.1*
(kg/m?) n=11 n=21 n=24 n=9 n=16 n=16
Weight 46+8 44+5 44 +5 7146 65+5 7245
gain (%
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of n=8 n=11 n=11 n=7 n=11 n=11
baseline)
Fasting
state
FBG 2.94+0.3 3.2+0.7 2.5+0.3 2.5+0.3 2.8+0.3 2.840.5
(mmol/L) n=5 n=11 n=11 n=7 n=12 n=12
Insulin 0.6+0.5 4.9+]1.7% 5.0+1.7* 0.3£0.1 4.9+].5% 2.94+0.7
(ng/mL) n=>5 n=11 n=11 n=7 n=12 n=12
ISI 1.7£0.2 1.0+£0.2%* 1.0£0.2 1.840.1 0.9+0.2% 1.1£0.2
n=>5 n=11 n=11 n=7 n=12 n=12
HOMA- 2.0£1.5 23.0+11.0* 16.7+6.3 1.1+0.7 16.7+£7.0%* 9.0+2.2
IR n=>5 n=11 n=11 n=7 n=12 n=12
HOMA-B 0.9+0.7 7.6+2.7* 9.14£3.0%* 0.6+0.2 9.543.3% 5.5+1.7
n=5 n=11 n=11 n=7 n=12 n=12
Glucagon 47.8436.3 325.7£74.2* 480.6£162.2* 133.7£54.1 128.4+39.0 102.0+41.3
(pg/mL) n=>5 n=11 n=11 n=7 n=12 n=12
Glucagon 0.7+0.5 0.4+0.2 0.7+0.4 2.3+1.7  0.09+0.05*  0.1+0.05
/Insulin n=>5 n=11 n=11 n=7 n=12 n=12
Fed state
Glucose 3.2+0.2 3.3+0.2 3.6+0.2 3.0 6.0+6.8 2.7+0.5
(mmol/L) n=6 n=10 n=13 n=2 n=4 n=4
Insulin 2.8+0.4 7.0+1.41 11.34£2.3* 0.7 13.2+£2.9% 7.4+3.5
(ng/mL) n=6 n=10 n=13 n=2 n=4 n=4
Glucagon 102.1£30.2  89.0+33.7 55.9+23.9 132.7 127.9+42.0 43.0+11.9
(pg/mL) n=6 n=4 n=7 n=2 n=4 n=4
Glucagon 0.04+£0.01  0.01%0.004 0.02+0.01 0.17 0.01£0.002  0.01+0.01
/Insulin n=6 n=4 n=7 n=2 n=4 n=4
GLP-1 1.24+0.2 0.7+0.4 0.4+0.1
(pmol/L) n=4 n=4 n=4

BMI: body mass index; ISI: insulin sensitivity index; HOMA-IR: homeostatic model assessment

of insulin resistance; HOMA-B: homeostatic model assessment of B-cell function.

Data were represented as mean + SEM (as mean for n=2) and analyzed using the Kruskal-Wallis

test and Dunn’s multiple comparisons test. *p<0.05 vs age-matched Hfib.
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4.3.2 Invivo assessment of glucose homeostasis and insulin secretion

To assess changes in glucose tolerance and insulin secretion in response to metformin
treatment, [ performed ipGTT on NRs before (6 weeks) and after treatment (13 or 25 weeks). At
13 weeks, there is no significant difference in glucose tolerance between groups (RM 2-way
ANOVA p=0.3, Figure 4-3A). When compared to the baseline data at 6 weeks, Chow+met NRs
have a smaller glucose response at 13 weeks, while Chow NRs showed no change (Figure 4-3B).
There is a trend to different insulin secretion during the GTT between groups (RM 2-way
ANOVA p=0.1) with a borderline significant (p=0.05) increase in incremental insulin secretion
(1AUC) in Chow+met NRs vs Hfib (Figure 4-3C). The increase in insulin secretion in Chow-met
NRs is more evident when compared to baseline at 6 weeks, while there is no change in the
Chow group (Figure 4-3C).

After 25 weeks, Chow-fed NRs exhibit a prominent glycemic excursion during GTT with an
evident increase in glucose at t=20, 40, 60 ,90 and 120 min compared to Hfib controls (RM 2-
way ANOVA P=0.05, Figure 4-3E), whereas the glucose response of NRs receiving metformin
is not significantly different from Hfib (Figure 4-3E). Despite that, both Chow and Chow-+met
NRs display elevated glucose AUC vs baselines at 6 weeks (Figure 4-3F), indicating deteriorated
glucose tolerance. The patterns of insulin secretion between groups are significantly different
(RM 2-way ANOVA P=0.01, Figure 4-3G). Chow-fed NRs exhibit a high insulin secretion at
t=0 and a flat secretion curve with only 2-fold increase (Ins conc.=2.3, 4.5 ng/mL at t=0, 90 min,
Figure 4-3G), whereas metformin-treated NRs show an augmented insulin secretion (1AUC,
p<0.01 vs Hfib) with higher blood insulin concentrations at t=60 and 90 min (Figure 4-3G).

However, no difference was detected before and after treatment (Figure 4-3H).
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Additionally, insulin sensitivity was assessed by ITT at 13 and 25 weeks. The percentage
change in glucose in response to injected insulin is not significantly different between groups at
13 weeks (RM 2-way ANOVA P=0.3, Figure 4-4A). However, evident differences in glucose
between Chow and Hfib group are manifested in the glucose recovery phase of the ITT (p<0.05
at t=90 and 120 min, Figure 4-4A), suggesting elevated glucose output in Chow NRs. The
glycemic excursion elicited by injecting pyruvate in fasted animals reflects hepatic
gluconeogenesis (Hughey et al. 2014; Calabuig-Navarro et al. 2015). Chow+met NRs show a
subtle change in glucose in response to pyruvate, that is not significantly lower than the Chow
group (Figure 4-4B). The impaired insulin tolerance in Chow NRs is further deteriorated at 25
weeks, as suggested by the flat glycemic excursion curve (RM 2-way ANOVA P<0.01) and the
increased AUC vs Hfib (Figure 4-4C). The difference in glucose at t=90 and 120 min becomes

evident compared to Chow+met (Figure 4-4C).
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Figure 4-3 Glucose tolerance test. A, C, E and G: Blood glucose (A, E) and insulin secretion
(C, G) during ipGTT at 13 (A, C) and 25 (E, G) months; B, D, F and H: Comparisons of total
area under the curve of glucose (B, F) or incremental area under the curve of insulin secretion
(D, H) during ipGTT between 6 and 13 week (B, D) or 6 and 25 weeks (F, H). AUC data are
presented as mean + SEM. n=7-8 in Hfib groups; n=11-12 in Chow, Chow+met groups. For
GTT, *p<0.05 vs Hfib, **p<0.01 vs Hfib, #p<0.05 Chow vs Chow-+met using Repeated Measure
2-way ANOVA or Kruskal-Wallis test (AUC) followed by Bonferroni’s multiple comparison
tests. For comparison of AUC before and after treatment, *p<0.05, **p<0.01 using Wilcoxon
matched-pairs signed rank test.
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Figure 4-4 Insulin and pyruvate tolerance tests. A, C: Percentage change in blood glucose
during ITT at 13 (A) and 25 (B) weeks; B: Glucose response to pyruvate in 13-week NRs. AUC
data are presented as mean + SEM for n=7-9 in ITT, n=4-6 in PTT. *p<0.05 vs Hfib, **p<0.01
vs Hfib, #p<0.05 Chow vs Chow+met using Repeated Measure 2-way ANOVA followed by
Bonferroni’s multiple comparison tests; For AUC, *p<0.05 vs Hfib using Kruskal-Wallis test
followed by Dunn's multiple comparisons test.
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4.3.3 Hepatic AMPK and gluconeogenic enzymes

To understand the mechanisms by which metformin improved glucose handling as observed
in GTT and ITT, I examined the phosphorylation of AMPK, which is known to be induced by
metformin and inhibits expression of hepatic gluconeogenic genes such as G6Pase and PEPCK
(Zhou et al. 2001; He et al. 2009). In fasted NRs at 13 weeks, hepatic AMPK phosphorylation is
significantly downregulated in Chow-fed NRs and partially restored by metformin treatment
(Figure 4-5A, F). Liver PKA is activated in NR receiving metformin (Figure 4-5B, F), albeit the
comparable plasma glucagon and the ratio of glucagon to insulin between Chow and Chow-+met
(Table 4-3). Phosphorylated Akt, as an indicator of insulin signaling, shows no change between
groups (Figure 4-5C, F). The abundance of G6Pase and PEPCK are comparable between the
Chow and Chow+met groups (Figure 4-5D-F).

In the refed state, insulin secretion is stimulated, the act of which modulates transcription of
gluconeogenic genes (Cho 2001). Here, I show a significant increase in phosphorylated AMPK
in metformin-treated vs untreated Chow NRs (Figure 4-5G, L). Despite the elevated insulin in
fed Chow+met group (Table 4-3), Akt phosphorylation is not altered between groups (Figure 4-
5H, L). Nevertheless, PGCla protein abundance and mRNA expression are reduced in
Chow+met NRs (Figure 4-51, L and M). The abundance of hepatic G6Pase protein and transcript
is decreased in both Chow and Chow+met NRs compared to Hfib (Figure 4-5J, L, N), whereas
reduction of PEPCK is more evident in Chow+met (Figure 4-5K, L, O), which is an indication of
reduced gluconeogenesis capacity in NRs receiving metformin.

In fasted NRs at 25 weeks, there is an increasing trend of AMPK phosphorylation in
metformin-treated NRs vs Chow controls (p=0.08, Figure 4-6A, E). PKA activity exhibits a

pattern opposite to that at 13 weeks, showing an evident decrease in phosphorylation in the
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metformin group (Figure 4-6B, E). The abundance of G6Pase and PEPCK is downregulated in
all Chow-fed NRs (Figure 4-6C-E). Changes of phosphorylation of AMPK and PKA and
abundance of PGCla, G6Pase, and PEPCK protein and transcripts in the refed NRs are

consistent with that of the fasted cohort (Figure 4-6 F-N).
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Figure 4-5 Hepatic AMPK activation and glucogenic enzymes at 13 weeks. A-E:
Phosphorylation of AMPK (A), PKA (B), Akt (C) and expression of G6Pase (D) and PEPCK (E)
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in the fasting state; F: Representative images of liver protein under the fasting state; G-K:
Phosphorylation of AMPK (G), Akt (H) and protein abundance of PGCla (I), G6Pase (J) and
PEPCK (K) in the fed state; L: Representative images of liver protein in the refed state; M-O:
Gene transcription of PGCla (M), G6Pase (N) and PEPCK (O) in the refed state. Protein
abundance was normalized to GAPGH; gene transcription was normalized to -actin. Data are
presented as mean + SEM. n=5, 11, 11 in fasting Hfib, Chow and Chow-+met group,
respectively; n=4-6 in refed groups. *p<0.05 using the Kruskal-Wallis test followed by Dunn's

multiple comparison test.
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Figure 4-6 Hepatic AMPK activation and glucogenic enzymes at 25 weeks. A-D:
Phosphorylation of AMPK (A), PKA (B) and abundance of G6Pase (C) and PEPCK (D) in the
fasting state; E: Representative images of liver protein in the fasting state; F-J: Phosphorylation
of AMPK (F), PKA (G) and protein abundance of PGCla (H), G6Pase (I) and PEPCK (J) in the
refed state; K: Representative images of liver protein in the refed state; L-N: Gene transcription
of PGCla (L), G6Pase (M) and PEPCK (N) in the refed state. Protein expression was normalized
to GAPGH; gene transcription was normalized to B-actin. Data are presented as means + SEM
(as mean for n=2). n=7, 12, 12 in fasting Hfib, Chow and Chow-+met group, respectively; n=2-4
in refed groups. *p<0.05 using the Kruskal-Wallis test followed by Dunn's multiple comparisons
tests.

4.3.4 Assessment of islet secretory function

It is well accepted that metformin inhibits ATP synthesis, which could attenuate -cell GSIS
(Leclerc et al. 2004). However, I show enhanced insulin secretion in the late phase of GTT in
NRs receiving metformin (Figure 4-3). To explore whether the islet capacity for insulin secretion
is altered, GSIS assay was performed on isolated islets cultured in metformin-free medium. At
13 weeks, Chow islets have a greater insulin secretion in response to glucose compared to islets
in Hfib and Chow+met groups (overall p<0.01, Figure 4-7A), and islet secretion capacities
(insulin secretion relative to total insulin content) at basal (2.8-5.5 mM) and stimulated (11-22
mM) glucose. These are significantly augmented compared to Hfib controls as well (Figure 4-
7B), which indicates B-cell compensation. Whereas Chow+met islets show a moderate increase
in stimulated secretion (16.5 mM, p<0.05 vs Hfib) but a marked reduction of basal secretion (5.5
mM) compared to Chow (Figure 4-7B). The stimulation index (stimulated relative to basal
secretion at 2.8 mM) of Chow islets is significantly lower than Chow+met islets (Figure 4-7C).
There is an increasing trend in insulin content of Hfib islets compared to Chow-+met, but no

difference is observed between Chow and Chow+met (Figure 4-7D).
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Previously, I showed that B-cell decompensation is manifested at 6 months (25 weeks). In this
cohort at 25 weeks, the absolute insulin secretion of Chow islets is not decreased vs Hfib (Figure
4-7E); however, the % secretion is diminished compared to other groups (Figure 4-7F). Islets in
Chow-+met group, on the other hand, exhibit a prominent rise of insulin secretion (Figure 4-7E)
and comparable secretion capacity to Hfib islets (Figure 4-7F), which corresponds the profound
increase in insulin secretion during GTT at 25 weeks. Despite that, the low stimulation index of
Chow and Chow+met islets (Figure 4-7G) reflects an impaired capacity of GSIS. Lastly, insulin
content is increased in Chow and Chow+met islets (Figure 4-7H) relative to Hfib, which could

be attributed to the increased number of B-cell or/and enhanced insulin synthesis per cell.
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