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Abstract

Obesity and aging are costly worldwide public health problems, and well-known
risk factors for developing insulin resistance and type 2 diabetes (T2D). However,
preventive and effective therapeutic strategies for halting pancreatic beta-cell
dysfunction progression or improving aging-associated development of T2D are
not solved yet. Recently, two single nucleotide polymorphisms (SNPs) associated
with insulin secretion have been identified in serine racemase (SRR). SRR is an
enzyme that converts L-serine to D-serine, which is a co-agonist for the NMDA
receptor. However, little is known about the role of SRR in pancreatic islets. Here,
it was shown that loss of SRR in beta cells increased alpha cell numbers and
impaired the overall islet architecture. However, the loss of SRR in beta cells does
not impair glucose-stimulated insulin secretion in vivo and ex vivo and leads to
overall improved glucose tolerance in chow diet-fed mice. In contrast, tested ex
vivo, loss of SRR elevates basal insulin secretion under the low-glucose condition.
Furthermore, SRR inhibition enhances ATP production and consequently
increases the membrane potential of isolated pancreatic islets. Insulin potently
suppresses lipolysis. Mice with serine racemase deficiency in pancreatic beta cells
under high-fat diet treatment display hyperinsulinemia and insulin resistance.
Moreover, proteomic analysis of subcutaneous adipose tissue revealed the down-
regulation of insulin signaling components. Interestingly, proteomics of pancreatic
islets lacking serine racemase in beta cells showed that glypican 4 (Gpc4) was
downregulated compared to controls. Gpc4 is best studied in adipose tissue where
it interacts with the insulin receptor, enhancing insulin signaling. Furthermore, loss
of the insulin receptor in pancreatic beta cells promotes insulin secretion. Here, |
show that loss of Gpc4 in pancreatic beta cells leads to an impairment in
pancreatic islet architecture, impaired glucose tolerance and reduced insulin
secretion after high glucose stimulation under chow diet treatment. Mice lacking
Gpc4 in pancreatic beta cells displayed insulin resistance and greater fat mass

gain under HFD.

Glucose tolerance and insulin sensitivity gradually decline with aging, and a high
incidence of type 2 diabetes is observed in the elderly population. Moreover, a
feature of aging is the progressive telomere shortening. Here, it was demonstrated



the metabolic consequences of moderate telomere shortening using the second-
generation loss of telomerase activity in mice (Terc KO). Surprisingly, moderate
telomere shortening in aged mice improves oral glucose tolerance and insulin
sensitivity. Furthermore, the gut microbiota composition of Terc KO mice
demonstrates significant alterations with an increase in Bifidobacteriaceae and

Erysipelotrichaceae, which can potentially contribute to improved glucose
metabolism.

Findings in this thesis may guide future work toward D-serine or NMDAR-targeting,
maintaining glypican 4 level, or alteration of microbiota composition as treatments
for metabolic diseases. Additionally, data in this thesis provides new insights into
reconsidering the interplay between insulin and body fat, contributing to a better
understanding of the causes of obesity and aging, and ultimately helping find

appropriate and effective treatments for T2D.



Zusammenfassung

Fettleibigkeit und Uberalterung sind weltweit kostspielige Probleme der
offentlichen Gesundheit und bekannte Risikofaktoren fur die Entwicklung von
Insulinresistenz  und Typ-2-Diabetes (T2D). Praventive und wirksame
therapeutische Strategien, die das Fortschreiten der Beta-Zell-Dysfunktion der
Bauchspeicheldrise aufhalten oder die altersbedingte Entwicklung von T2D
verbessern, sind jedoch noch nicht entwickelt. Kurzlich wurden zwei
Einzelnukleotid-Polymorphismen  (SNPs), die mit der menschlichen
Insulinsekretion in Verbindung stehen, in der Serin-Racemase (SRR) identifiziert,
einem Enzym, das L-Serin in D-Serin umwandelt. D-Serin ist ein Co-Agonist fur
den NMDA-Rezeptor, der die Funktion der Inselzellen und das Uberleben der
Zellen verbessert und damit zu einem neuen Ziel fiir Antidiabetika wird. Uber die
Rolle von SRR in Betazellen ist jedoch wenig bekannt. Hier zeige ich, dass der
Verlust von SRR in Betazellen die Anzahl der Alphazellen erhdht und die gesamte
Inselarchitektur beeintrachtigt. Der Verlust von SRR in Betazellen beeintrachtigt
jedoch nicht die glukosestimulierte Insulinsekretion in vivo und ex vivo und fuhrt
zu einer insgesamt verbesserten Glukosetoleranz bei Mausen, die mit Chow-Diat
gefuttert werden. Im Gegensatz dazu erhoht der Verlust von SRR bei Ex-vivo-
Tests die basale Insulinsekretion unter glukosearmen Bedingungen. Daruber
hinaus steigert die Hemmung der SRR die ATP-Produktion und erhoht folglich das
Membranpotenzial isolierter Pankreasinseln. Insulin unterdriickt die Lipolyse in
hohem MalRe. Mause mit Serin-Racemase-Mangel in den Betazellen der
Bauchspeicheldrise zeigen unter einer fettreichen Diat Hyperinsulinamie und
Insulinresistenz. DarUber hinaus ergab eine Proteomanalyse des subkutanen
Fettgewebes eine Herunterregulierung von Insulinsignalkomponenten. In der
Proteomik Daten von Pankreasinseln in denen die Serin-Racemase in Betazellen
fehlt, war Glypican 4 (Gpc4) im Vergleich zu den Kontrollen herunterreguliert.
Interessanterweise wurde Gpc4 im Fettgewebe untersucht, wo es mit dem
Insulinrezeptor interagiert, was die Insulinsignalisierung verstarkt. Au3erdem
fordert der Verlust des Insulinrezeptors in den Betazellen der Bauchspeicheldrise
die Insulinsekretion. Hier konnte gezeigt werden, dass der Verlust von Gpc 4 in
den Betazellen der Bauchspeicheldruse zu einer Beeintrachtigung der Architektur



der Pankreasinseln, einer gestorten Glukosetoleranz und einer verringerten
Insulinsekretion nach Stimulation mit hoher Glukose fuhrt. Mause, denen Gpc4 in
den Betazellen der Bauchspeicheldruse fehlte, zeigten eine Insulinresistenz und
eine groRere Zunahme der Fettmasse unter HFD.

Die Glukosetoleranz und die Insulinsensitivitdat nehmen mit zunehmendem Alter
allmahlich ab, und in der alteren Bevolkerung wird eine hohe Inzidenz von Typ-2-
Diabetes beobachtet. Ein Merkmal des Alterns ist aulerdem die fortschreitende
Verkirzung der Telomere. Hier wurden die metabolischen Folgen einer
moderaten Telomerverkirzung durch den Verlust der Telomerase-Aktivitat der
zweiten Generation bei Mausen (Terc KO) nachgewiesen. Uberraschenderweise
verbessert eine moderate Telomerverkurzung bei alteren Mausen die orale
Glukosetoleranz und die Insulinsensitivitat. Daruber hinaus weist die
Zusammensetzung der Darmmikrobiota von Terc-KO-Mausen signifikante
Veranderungen mit einer Zunahme von  Bifidobacteriaceae  und
Erysipelotrichaceae auf, die modglicherweise zu einem verbesserten

Glukosestoffwechsel beitragen kénnen.

Die in dieser Arbeit gewonnenen Erkenntnisse konnen fur kunftige Arbeiten in
Richtung D-Serin- oder NMDAR-Targeting, Aufrechterhaltung des Glypican-4-
Niveaus oder Veranderung der Mikrobiota-Zusammensetzung als Therapien zur
Behandlung von Diabetes hilfreich sein. Darlber hinaus bieten die Daten in dieser
Arbeit neue Einblicke in das Zusammenspiel zwischen Insulin und Korperfett, was
zu einem besseren Verstandnis der Ursachen von Fettleibigkeit und Alterung
beitragt und letztlich hilft, geeignete und wirksame Behandlungen fur T2D zu

finden.
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1. Introduction

1.1 Pancreas structure and function in mice

Islet of Langerhans

Pancreas

Acinus

Islet of Langerhans

acell

6 cell (producing glucagon)

(producing somatostatin)

Capillary
PP cell
(producing pancreatic polypeptide)

e-cell
(producing ghrelin)

B cell
(producing insulin)

Figure 1. Anatomy of pancreas.

Pancreas is physically closely connected to the stomach, spleen, and intestine, divided into head,
neck, body and tail four parts. Pancreatic islets are the endocrine compartment of the pancreas,
which is mainly comprised of alpha cells (10-20%), beta cells (65-80%), delta cells (~5%), epsilon

cells and PP cells (~1%). (Created with BioRender.com)

Systemic regulation of the body glucose homeostasis and energy homeostasis is
critically reliant on the pancreas (Bakhti et al., 2019). The pancreas is a large

compound gland that lies posterior to the stomach, and is anatomically divided
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into four parts: head, neck, body and tail (Fig. 1). This organ closely connects with
the stomach, duodenum, mesenteric adipose tissue, liver and spleen. The head
of the pancreas lies within the C-shaped concavity of the duodenum, while, the
neck is anterior to the superior mesenteric vessels. The tail of the pancreas

connects the spleen passing between layers of the splenorenal ligament.

In mice, the development of the embryonic pancreas consists of two phases:
primary transition, which occurs between embryonic day 8.5 (E8.5) to E12.5, and
second transition, which occurs between E12.5 to E15.5. Pancreas development
starts around EB8.5, originating from the dorsal and ventral buds in the foregut
endoderm. In this primary phase, multipotent pancreatic progenitors (MPCs)
proliferate extensively (Burlison et al., 2008). During cell proliferation, the size of
the dorsal and ventral buds elongate and fuse into one organ along the stomach
and duodenum at E12.5 (Pan and Wright, 2011; Villasenor et al., 2010). The
glucagon-producing a-cells are the first to develop in the dorsal bud within the

primary phase (Herrera, 2000).

During the secondary transition, MPCs segregate into pancreatic tip and trunk
domains where the differentiation of acinar, ductal and endocrine cells take place.
Moreover, among these three pancreatic lineages, endocrine cells cluster with
endothelial cells, neurons and mesenchymal cells to form the islets of Langerhans
(Cleaver and Dor, 2012; Thorens, 2014).

Physiologically, the pancreas is composed of two main distinct compartments: the
exocrine compartment which is responsible for digestive functions, and the
endocrine compartment which is critical for the regulation of systemic glucose, lipid
and protein metabolism. The exocrine compartment is comprised of acinar cells
and ductal cells. Pancreatic acini secrete multiple digestive enzymes like trypsin,
chymotrypsin, pancreatic amylase, pancreatic lipase, phospholipase and
cholesterol esterase for the digestion of all three major macronutrients, which are
proteins, carbohydrates and fats. The ductal cells secrete digestive enzymes and
sodium bicarbonate into the duodenum via small ductules and larger ducts to aid

in nutrient absorption.

12
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The pancreatic endocrine compartment is the islets of Langerhans, which was first
discovered in 1869 by Paul Langerhans (Sakula, 1988). Each islet of Langerhans
comprises approximately 2000 endocrine hormone-secreting cells. These
populations are mainly composed of five different cells types with distinguishable
morphological characteristics: alpha cells, beta cells, delta cells, PP cells, and
epsilon cells. (Bakhti et al., 2019; Islam, 2010; Pan et al., 2015; Zhou and Melton,
2018). In mice, beta cells produce insulin and amylin, account for 65-80% of the
cell population within the islet and are mainly distributed in the middle of the
pancreatic islets. In detail, the ratio of amylin to insulin secretion of beta cells is
1:100. The alpha cells produce glucagon, and constitute about 10-20% of all cells
of the islets, while the delta cells produce somatostatin, and account for
approximately 5 % of the total islet cell population. The PP cells produce
pancreatic polypeptide and epsilon cells produce ghrelin, in which both cell types
together make up about 1% of the cell population within the islet (Campbell and
Newgard, 2021; Dolensek et al., 2015a).

The endocrine hormones secreted by pancreatic islets are translocated directly
into the blood, which differs to the secreted components of the exocrine
compartment that enter into the intestine. Insulin secreted by beta cells activates
peripheral organs rapidly and facilitates the uptake of glucose from circulation and
the lowering the glucose levels after food intake to maintain systemic glucose
homeostasis (Cerf, 2013; Eizirik et al., 2020; Islam, 2010). Glucagon secreted by
alpha cells is generally viewed to have the opposite effect of insulin, in that
glucagon release stimulates an increase in blood glucose levels. The major
pathways of glucagon on glucose production are the breakdown of liver glycogen
(glycogenolysis) and increased gluconeogenesis (Briant et al., 2016; Wendt and
Eliasson, 2020). Delta cells secrete somatostatin, a 14-amino acid polypeptide,
and has a half-life of 3 minutes. The increases in circulating glucose, increased
amino acid and fatty acids could promote somatostatin secretion. In turn,
somatostatin has multiple inhibitory functions including depressing both insulin
and glucagon secretion, inhibiting stomach and duodenum motility, and
decreasing secretion into the gastrointestinal tract (Briant et al., 2018; Hauge-

Evans et al., 2009; Rorsman and Huising, 2018). Pancreatic polypeptide secreted
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by PP cells plays an important role in regulating glucose tolerance in mice, shown
as an inhibitor of glucagon release under low-glucose conditions (Fukaishi et al.,
2021; Lin and Chance, 1974; Moran, 2003; Zhao et al., 2022). The pancreatic
polypeptide has been associated with regulating energy metabolism (Batterham
et al., 2003; Jesudason et al., 2007; Kojima et al., 2007). Ghrelin was secreted by
epsilon cells that were first identified in 2002 (Wierup et al., 2002). Recent studies
have demonstrated that ghrelin acts specifically on delta cells within pancreatic
islets to elicit somatostatin secretion, which in turn inhibits insulin and glucagon
release. (Adriaenssens et al., 2016). However, the precise function of both PP

secreted by PP cells and ghrelin secreted by epsilon cells still remains unclear.
1.2 Diabetes

Diabetes mellitus is a chronic metabolic disease characterized by hyperglycemia
with loss of functional beta cell mass. Diabetes mellitus consists of two main types,
type 1 diabetes (T1D) and type 2 diabetes (T2D). Diabetes has become a
pandemic worldwide and almost 1 in 10 people are living with diabetes. In 2021,
over 537 million people suffer from diabetes and the total number of people living
with diabetes is predicted to rise to 643 million by 2030 and 783 million by 2045

(International Diabetes Federation, 10" edition 2021).

T1D is mediated by autoimmune beta cell destruction, leading to a complete or
near complete lifelong insulin deficiency. The autoimmunity of T1D mainly
originates from CD8+ T cells that recognize and target specific antigens expressed
on the beta cell surface, HLA class I. The attack of T cells results in the death of a
massive number of pancreatic beta cells which causes insulin deficiency,
whereas, alpha cells and delta cells are still functional to produce glucagon and
somatostatin (Eizirik et al., 2020) (Fig. 5). A new study has shown that an antibody
drug (teplizumab) targeting CD3 can prevent T1D in mice (Kuhn et al., 2011). Just
recently, in 2022, US Food and Drug Administration (FDA) approved teplizumab,
the first injectable T1D prevention drug that can delay the diagnosis of T1D. This
is a new treatment strategy thus most patients still require an exogenous insulin
therapy now. Intensive insulin treatment results in greater weight gain with higher
levels of triglyceride, total cholesterol, and low-density lipoprotein cholesterol for
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T1D patients (Purnell et al., 1998). Studies suggested that the primary cause of
weight gain with insulin therapy might be the lipogenic effect of insulin which
induces an increase in fat mass instead of affecting energy intake or appetite
(Jacob et al., 2006).
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Under the healthy condition, each endocrine cell type in pancreatic islets secretes a distinct
hormone and expresses different tissue-specific proteins. In T1D, CD8+ cytotoxic T cell recognizes
and targets the specific antigens, HLA class | of 8 cell, and kills the B cell leading to insulin
deficiency. Whereas, the production of glucagon and somatostatin is not affected by alpha cells
and delta cells. (Adapted from ‘Immune Response in Type | Diabetes’, by BioRender.com.

Retrieved from https://app.biorender.com/biorender-templates)

T2D is the most common type of diabetes and accounts for around 90% of all
diabetic cases. In T2D, genetic, environmental, and metabolic factors together
induce pancreatic beta cell dysfunction and a progressive loss of pancreatic beta
cell mass causing T2D in the end. T2D is often associated with obesity, which
involves impaired control of hepatic glucose production and insulin resistance.
Insulin resistance refers to the diminished metabolic effect of insulin on the target
cell as a result of an impaired lowering of blood glucose by circulating insulin or
injected insulin. Insulin resistance is often the earlier stage of the development of
T2D. To compensate against the decreased metabolic response to insulin, greater

insulin secretion is demanded. Long term increases in total insulin secretion
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overburdens pancreatic beta cells leading to islet dysfunction and beta cell mass
loss (Eizirik et al., 2020). Besides, insulin treatment, lifestyle intervention such as
dietary modification and exercise training is indicated to improve glucose
homeostasis and metabolic health of T2D (Kolb et al., 2018). T2D development
can be proactively treated with pharmacological compounds such as metformin,
tirzepatide, sulfonylureas and glitazones. Among them, metformin is the most
common antidiabetic drug, which is known to improve insulin sensitivity in liver,
muscle and adipose tissue and help to reduce body weight (Bauer et al., 2018;
Coll et al., 2020). Moreover, the FDA has just approved the first dual GIP/GLP-1
agonist, tirzepatide injection, for the treatment of adults T2D patients in 2022.
Tirzepatide is derived from an intermixed sequence of GLP-1 and GIP, which
provides greater antihyperglycemic and insulinotropic efficacy than the
monoagonism, and without apparent gastrointestinal discomfort (Finan et al.,
2013).

1.3 Risk factors of T2D

1.3.1 Obesity and T2D

Obesity is a costly worldwide public health problem, and a well-known risk factor
for the development of type 2 diabetes (T2D) and insulin resistance. Obesity-
associated diabetes is known to progress other morbidities such as hepatic
steatosis, cardiovascular diseases (CVDs), angiopathy, and nephropathy, which
consequently lead to higher mortality risk. The WHO reported more than 1.9 billion
adults were overweight (BMI >= 25) in 2016. Of these, greater than 650 million
individuals were obese (BMI >= 30). The increasing prevalence of obesity sparked
great interest in understanding the causes and physiological mechanisms
underlying obesity, and potential treatments. However, the detailed mechanisms
underlying the development of human obesity remain uncertain.

There are several explanatory models of obesity. The carbohydrate insulin model
(CIM) is one of the well-known models. In this model, adipose tissue is not only a
storage site for excess calories but also plays a central role in body fat gain. The
CIM model focuses on the direct action of postprandial insulin on adipose tissue.

Body fat gain results from the consumption of high carbohydrate stimulating
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postprandial insulin, which acts to suppress the release of fatty acids from adipose
tissue, inhibit the production of ketones in the liver, and promote fat and glycogen
deposition (Ludwig and Ebbeling, 2018).

However, this CIM model was refuted by some studies both in humans and mice.
Recently, a large dietary study reported that mice fed with varied diets of
carbohydrate content but constant protein composition demonstrated a phenotype
that opposes the CIM prediction regarding carbohydrate-dependent insulin effect
on fat metabolism. Mice on diets with a higher proportion of carbohydrates took in
fewer calories and gained less body weight but with higher postprandial insulin
(Hu et al.,, 2020). The CIM model failed, however, it does not discount the
importance of insulin in regulating body fat. In 2021, J. Speakman and K.Hall
proposed that the carbohydrate-independent actions of insulin on multiple tissues
may provide a better target to explore the role of insulin in obesity, and suggested
that changes in basal insulin levels may be more important than adipose tissue
lipolysis in providing a highly sensitive marker to changes in insulin levels
(Speakman and Hall, 2021). Therefore, reconsidering the interplay between insulin
and body fat will help us to better understand the cause of obesity and find a proper

treatment.

1.3.2 Gut microbiota and T2D

Obesity has been associated with the alteration of intestinal microbiota
composition. Germ-free mice that are transplanted with the gut microbiota of
normal mice gain more body fat without any increase in food consumption
(Backhed et al., 2004). Microbiota refers to all microorganisms that colonize the
body. They reside on all surfaces with the highest numbers in the gut (Gill et al.,
2006). Gut microbiota contains 150 times more genes than our genome (Qin et al.
2010). Bacteroidetes and Firmicutes are the two dominant groups of beneficial
bacteria. The obese mice (ob/ob) show 50% reduction of the relative abundance
of the Bacteroidetes, and correspondingly show an increased Firmicutes, than the
lean mice (Ley et al., 2005). Similar findings have been found in humans. People
with obesity contain a less proportion of Bacteroidetes compared to lean
individuals, and an increased proportion with weight loss (Ley et al., 2006).

Intestinal microbiota influence host metabolism through degradation of dietary
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compounds, the production of metabolites, and modulation of hormone-producing
enteroendocrine cells within the intestinal mucosa, thereby shaping host
physiology. A growing number of studies show that intestinal microbiota play an
important role in regulating host metabolism and physiology, like modulating GLP-
1 secretion and insulin sensitivity (Grasset et al. 2017; Kundu P et al. 2017;
Muhammad et al. 2014; Tremaro et al. 2012; Ussar S. et al. 2015; Ussar S. et al.
2016;). Bifidobacterium longum APC1472 supplementation has shown improved
glucose tolerance in obese mice and lowered fasting glycemia in
obese/overweight individuals (Schellekens et al., 2021).

The gut microbiota composition remains relatively stable from 2 years of age
onwards in healthy individuals (Borre et al. 2014; Favier et al. 2002). However, as
the host ages, it is exposed to various infections or dietary changes which can
significantly alter the composition of the intestinal microbiota (Kundu P et al. 2017).
The core microbiota composition and diversity levels in older people (>65 years
old) differ from younger adults. Further, the microbiota of older people exhibits
greater variation between individuals than that of younger adults (Claesson et al.,
2012). However, the interplay between microbiota and endocrine cells on effects
on insulin secretion and glucose homeostasis in the context of accelerated aging

is poorly understood.
1.3.3 Aging and T2D

The National Health and Nutrition Examination Survey (NHANES) shows a
significant linear correlation by age for total, diagnosed, and undiagnosed diabetes.
The prevalence of total diabetes was 3.5% among adults aged 20-39, 16.3%
among adults aged 40-59, and 28.2% among adults aged 60 and over. Several
factors associated with aging contribute to the high prevalence of type 2 diabetes
and the phenomenon of glucose tolerance progressively declining in the older
population. These include increased adiposity, medications, decreased physical
activity, deficiency of insulin secretion and beta cell dysfunction (Chia et al., 2018;
DeFronzo, 1981; Monickaraj et al., 2012). Additionally, age-related alterations in
the incretin hormones such as glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide 1 (GLP-1), have been shown as possible contributing
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factors to the glucose intolerance seen with advancing age (Korosi et al., 2001;
Scrocchi and Drucker, 1998).
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Figure 3. Telomere becomes shorter with cell division.

(Adapted from ‘Telomere Biology in Cancer Cells’, by BioRender.com, Retrieved from

https://app.biorender.com/biorender-templates)

A factor leading to aging is telomere shortening. Reduced telomere length and
impaired telomerase activity relate to senescence and aging-associated diseases
(Chia et al., 2018; Kam et al., 2021). Eukaryotic chromosomes carry tandemly
repeated terminal sequences, ‘TTAGGG’, called telomeres, which are essential
for chromosome stability. They serve as a protective cap during cell division to
prevent the degradation of genes near the ends of chromosomes. Telomeres
protect chromosomes from damage and end-to-end fusion to assure the integrity
of chromosomes. Moreover, the linear chromosomes with telomeric structures can
be distinguished from double-strand DNA breaks, which avoid being attacked by
initiating DNA damage response, senescence, apoptosis or chromosomal
rearrangement signaling. However, telomeres are consumed gradually during
repeated cell divisions. After each cell division, an average person loses 30-200
base pairs from the end of those cells” telomeres (Fig. 6). In human blood cells,
the length of telomeres ranges from 8000 base pairs to as low as 1500 in elderly
people. Therefore, telomere length is an important marker for aging (Levy et al.,
1992; Saretzki, 2018).
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Figure 4. Telomere and telomerase.

Telomerase elongates telomeres through TERT and TERC two units. The reverse transcriptase
TERT use TERC as a template which carries the RNA matching motif of the telomere to extend
the telomere. (Adapted from ‘Telomeres and Telomerase’, by BioRender.com, Retrieved from

https://app.biorender.com/biorender-templates)

Further, telomerase activity can potentially counteract telomere shortening when
it is able to access and interact with telomeres. Telomerase is a ribonucleoprotein
enzyme complex that contains two main components, telomerase reverse
transcriptase (TERT) and telomerase RNA component (TERC). TERC carries a
short RNA motif, which cognate telomeres repeat. TERT uses TERC as a template
for reverse transcription to elongate telomeres (Autexier and Lue, 2006) (Fig. 7).
Thus, genetic knockout of Terc in mice (Terc”") leads to an accelerated telomere
length shortening. Furthermore, Terc’”~ mice exhibit progressive telomere
shortening with each successive generation arising from Terc’ intercrosses
(Blasco et al., 1997; Huang et al., 1998). Therefore, Terc’- mice are used as an
aging model to study the effects of aging. Many disease-associated mutations in
telomerase have been identified (Kam et al., 2021; Podlevsky et al., 2007). Single
nucleotide polymorphisms in TERC significantly increase the risk of diabetes (Al
Khaldi et al., 2015). Studies also suggested that telomerase deficiency promotes
metabolic dysfunction in mice, and likely impairs both glucose metabolism and
insulin secretion (Alves-Paiva et al., 2018; Kuhlow et al., 2010).
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1.4 Mechanism of Insulin secretion
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Figure 5. Mechanism of insulin secretion.

Insulin is secreted by pancreatic beta cells into the blood circulation. In principle, pancreatic beta
cells sense and take up glucose. This glucose is then metabolized into pyruvate via glycolysis,
which is transferred into mitochondria for generating ATP. As the ATP to ADP ratio is increased, it
leads to the closure of ATP-sensitive potassium channels, cell membrane depolarization, and
calcium influx, which together trigger insulin beta cell secretion. In addition, glucagon (secreted
from alpha cells), GLP-1 (secreted from alpha cells and the gut), GIP (secreted from gut),
somatostatin (secreted from delta cells) amplify glucose-stimulated insulin secretion by activating
the beta cell receptors and elevating cAMP levels. (Adapted from ‘Insulin Production Pathway’, by

BioRender.com, Retrieved from https.//app.biorender.com/biorender-templates)

The primary physiological stimulus for beta cell insulin secretion is elevated
circulating postprandial glucose, referred to as glucose-stimulated insulin
secretion (GSIS). GSIS consists of two phases: a first phase and a second phase
characterized as ‘triggering’ and ‘amplifying’ pathways (Campbell and Newgard,
2021; Henquin, 2009).
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The ‘triggering pathway’ occurs within the first 20 minutes following a glucose
excursion, and is primarily responsible for initiating the ‘first phase’ of insulin
secretion. The first phase of insulin secretion plays a great role in controlling the
acute secretion of insulin from the pancreatic beta cell. The basic cellular
mechanisms of the triggering pathway have been well-known since the 1980s (Fig.
3) (Ashcroft et al., 1984; Cook and Hales, 1984). Glucose metabolism within the
pancreatic beta cell involves glucose transport across the plasma membrane, in
which the accumulation of incoming glucose is phosphorylated thus acting as a
representation of extracellular glucose concentrations and triggering GSIS. The
rate of glucose metabolism in the pancreatic beta cell, which is reflective of
changes within circulating blood glucose levels, determines the total amount of first
phase insulin secretion (Campbell and Newgard, 2021; Henquin et al., 2009;
Prentki et al., 2013). Once circulating glucose levels rise, the extracellular glucose
is rapidly transported into beta cells by glucose transporters. Notably, the principal
glucose transporters in rodent pancreatic beta cells differ from those in humans.
GLUT2 is the primary glucose transporter in rodent pancreatic beta cells, however,
the GLUT2 expression in human beta cells is about 100-fold lower than in rodents.
GLUT1 and GLUT3 are the major glucose transporters in the beta cells of the
human pancreas (De Vos et al., 1995; McCulloch et al., 2011). After entering into
beta cells, glucose is converted into glucose-6-phosphate by glucokinase.
Glucokinase is a member of the hexokinase family which exhibits low affinity for
glucose but high-throughput as it lacks the N-terminal domain mediating product
inhibition by glucose-6-phosphate (Matschinsky, 2002; Sweet and Matschinsky,
1995; Wilson, 2003). These kinetic and regulatory characteristics enable
glucokinase to govern the rate of glucose metabolism in the pancreatic beta cell
and further control the secretion of insulin.

During glycolysis, glucose-6-phosphate is oxidized to pyruvate which enables
adenosine triphosphate (ATP) generation. In the pancreatic beta cell, pyruvate is
primarily used for mitochondrial metabolism (Khan et al., 1996; Lu et al., 2002).
Pyruvate enters the tricarboxylic acid (TCA) cycle as acetyl-CoA to provide
substrate for generating of ATP within the mitochondria. Beta cells contain ATP-

sensitive potassium channels (Katp), which normally are open at low glucose
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levels. With the rise of ATP production, the ratio of ATP to ADP is increased,
leading to the closure of these Karp channels which induces cell membrane
depolarization (Gembal et al.,, 1993; Lim et al., 2009). The depolarized cell
membrane activates voltage-gated calcium channels which stimulates calcium flux
into the beta cells triggering the fusion of the insulin-containing secretory granules
with the cell membrane and releasing insulin into the cell exterior by exocytosis
(Dolensek et al., 2015b; Gaisano, 2017; Omar-Hmeadi and Idevall- Hagren, 2021;
Takahashi et al., 2002). The triggering pathway is dependent on the Katp channel
and is essential for stimulating insulin secretion. A second pathway, referred to as
the ‘amplifying pathway’, modulates GSIS independent of Kartep channel
involvement. A further prolonged increase in insulin secretion in response to
glucose stimulus is possible even when intracellular Ca* is maximized or during
stimulation with Kate channel opener diazoxide (de Wet and Proks, 2015; Gembal
et al., 1993; MacDonald, 1981). Unlike the ‘triggering pathway’ which leads to a
sharp rise of insulin levels, the ‘amplifying pathway’ govern insulin secretion at a
lower and sustained rate during the entire course of digestion lasting for several
hours, which is called the second phase of insulin secretion(Henquin et al., 2006;
Ishiyama et al., 2006).

Intra-islet paracrine signaling effect insulin secretion
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Figure 6. Paracrine signaling network.

The endocrine cells: alpha cells, beta cells and delta cells within pancreatic islets tightly affect each
other. Insulin secreted by beta cells and somatostatin secreted by delta cells inhibits glucagon
secretion. Beta cells also secrete Urocortin 3, which stimulates somatostatin secretion.
Somatostatin provides negative feedback on beta cells by suppressing insulin secretion from the
beta cell. Glucagon and GLP-1 secreted by alpha cells promote both insulin secretion and

somatostatin secretion. (Created with BioRender.com)

In addition to the multiple metabolic signaling mechanisms, insulin secretion from
pancreatic beta cells is also regulated by intra-islet paracrine signaling from
pancreatic alpha cell and delta cell, which typically converge on regulating cAMP
levels in beta cells (Fig. 4).

Pancreatic alpha cells primarily produce glucagon and also have the capacity to
produce intra-islets glucagon-like peptide 1 (GLP-1), both of which are derived from
the proglucagon gene (Briant et al., 2016; Campbell et al., 2020; Fava et al., 2016;
Marchetti et al., 2012). Recent studies have revealed that pancreatic alpha cells
regulate insulin secretion by mediating proglucagon productions via cAMP
signaling (Fig. 3) (Capozzi et al., 2019; Svendsen et al., 2018; Wendt and Eliasson,
2020; Zhu et al., 2019). Disruption of glucagon output within pancreatic islets
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reduces insulin secretion. The impairment in insulin secretion is recovered from
additional glucagon or GLP-1 treatment. Moreover, the effect of glucagon on
insulin secretion is mediated by the combination of the glucagon receptor and the
GLP-1 receptor. Loss of both the glucagon and GLP-1 receptors causes an
impairment on insulin secretion other than only loss of either one (Svendsen et al.,
2018). Glucagon secretion from alpha cells is largely affected by paracrine factors
from other endocrine cell types (Jensen et al., 2008; Kawamori et al., 2009). One
of the negative regulators of glucagon secretion is insulin secreted by the
pancreatic beta cells. Moreover, alpha cell activity is also regulated by delta cells
via somatostatin through multiple mechanisms including the presence of the

glucagon receptor on the delta cells (Adriaenssens et al., 2016; Briant et al., 2018).

Like alpha cells, delta cells mediate insulin secretion mainly by altering beta cell
cAMP levels. Somatostatin secreted from the delta cells inhibits both insulin and
glucagon secretion. The inhibitory effect of somatostatin is mediated by
somatostatin receptors activating inhibitory G protein, which leads to the transient
suppression of alpha cell and beta cell electrical activity and exocytosis (Rorsman
and Huising, 2018). Somatostatin secretion is stimulated by alpha cells via the

glucagon receptor and beta cells via Urocortin 3 (Hartig and Cox, 2020).

In summary, endocrine cells: alpha cells, beta cells and delta cells are tightly
regulated by each other and play an important role in controlling glucose

metabolism of the body.
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Figure 7. Effect of insulin on carbohydrate Metabolism.

Insulin increases tissue glucose uptake, promotes excess glucose into fatty acids, inhibits
gluconeogenesis in liver, and inhibits lipolysis in adipose tissue. (Created with BioRender.com)

Insulin is secreted into the blood with a half-life of approximately 6 minutes.
Approximately 80% of insulin is degraded by liver, the left is cleared by the kidneys

and muscles (Duckworth et al., 1998).

To trigger metabolic signaling, insulin first binds and activates receptors in the
target cells (Fig. 2). After insulin binds with the insulin receptor, it stimulates the
translocation of glucose transporter to the cell membrane to facilitate cellular
glucose uptake. The transient increase in intracellular glucose can then be used
for energy production or storage. During conditions of excess glucose, insulin
promotes the activity of glycogen synthase, which is an enzyme that facilitates
glycogen synthesis to store excess glucose as glycogen in liver and muscle.

Further, glycogen synthesis is inhibited after liver glycogen concentrations reach
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5% to 6%. The remaining excess glucose that does not enter into glycogen
synthesis is then converted into fat under the stimulus of insulin. For this to occur,
glucose is split into pyruvate via glycolysis, in which the pyruvate molecule is then
converted into acetyl coenzyme A (acetyl-CoA), and used as a substrate for fatty
acid synthesis. When citrate and isocitrate anions, which are formed by the citric
acid cycle, accumulate they activate the enzyme acetyl-CoA carboxylase. This
enzyme initiates the first stage of fatty acids synthesis which is accompanied with
the formation of malonyl-CoA from acetyl-CoA. The subsequently synthesized
fatty acids in the liver are then packaged as triglycerides into very low-density
lipoproteins and transported into the blood. Once the triglyceride-carrying very
low-density lipoproteins reach the adipose tissue, circulating insulin will have
promoted lipoprotein lipase activity, which then splits the triglycerides into fatty
acids for adipocytes absorption, which is then ultimately stored as triglycerides.
Inhibition of the action of hormone-sensitive lipase (HSL) by insulin is also
necessary for fat storage in adipose tissue (Cohen and Spiegelman, 2016; Sears
and Perry, 2015; Wong and Sul, 2010).

Another primary effect of insulin is inhibiting gluconeogenesis in the liver. Hepatic
insulin action predominantly decreases the quantity and activity of gluconeogenic
enzymes such as phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase, while the expression of these two enzymes is increased by glucagon
during fasting (Barthel and Schmoll, 2003; Hatting et al., 2018).

1.6 Insulin and fat metabolism

Adipose tissue is the main tissue to store excess energy. With overnutrition, the
excess energy is stored as triglycerides (TG) consisting of three long-chain fatty
acids and one molecule of glycerol in the lipid droplets of adipose tissue. TGs
account for 80-95% of the volume of an adipocyte. Minute amounts of TGs are
synthesized in adipose tissue, but mainly come from the diet or are synthesized
endogenously in the liver. Triglycerides are packaged into lipoproteins and then
transported into circulating blood and other tissues. Lipoproteins mainly include
five different types very low density lipoprotein (VLDL), low density lipoprotein
(LDL), intermediate density lipoproteins (IDL), high density lipoprotein (HDL) and
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chylomicrons. Of these, chylomicrons in the lymph or VLDL in the liver, contain
the highest concentration of TG. TGs synthesized in the liver are mainly
transported in VLDL to the adipose tissue. Circulating TGs split into non-esterified
fatty acids (NEFA, free fatty acids) through hydrolysis by lipoprotein lipase. Then
fatty acid transporters shuttle the released free fatty acids into adipocytes and
other peripheral tissues. The lipoprotein lipase activity is stimulated by insulin.
Moreover, insulin promotes glucose uptake that further increases the production
of glycerol 3-phosphate, in which free fatty acids are then esterified using the
glycerol 3-phosphate to reform TG stored in lipid droplets.

Basal adipocyte lipolysis is elevated during obesity and is tightly associated with
insulin resistance (Heine et al., 2018; Morigny et al., 2016). Lipolysis is a process
of breaking down triglycerides into fatty acids and glycerol. There are three main
enzymes that participate in three steps of lipolysis which are adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL) and mono-glycerol lipase (MGL).
ATGL initiates the first step of TG lipolysis, which is also a rate-limiting step, for
the generation of diacylglycerols (DG) and FFA. Its activity is tightly regulated by
two accessory proteins GCI58 that co-actives ATGL and G0S2 that inactive ATGL.
Next, HSL performs the second step of hydrolyzing DG, generating
monoacylglycerols (MG) and FFA. Then, MGL catalyzes MGs, producing glycerol
and the third molecule FFA (Fig. 8).
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Figure 8. Main enzymes of breaking down triglycerides in lipolysis.

Triglycerides (TG) are first hydrolyzed by ATGL and HSL into diacylglycerols (DG), then DG is
continued catalyzed by HSL info monoacylglycerols (MG). Later, MG is degraded into free fatty
acid and glycerol via MGL. (Created with BioRender.com)

Lipolysis can be triggered by pro-lipolytic hormones like glucagon, growth
hormone, thyroid hormone, cortisol and catecholamines. In WAT, there are two
important mechanisms regulating lipolysis: the activation of ATGL by CGI-58 and
the protein kinase A (PKA)-mediated phosphorylation of HSL and perilipin, both of
which are the major proteins in association with lipid droplets in adipocytes.
Without any stimulus, CGI-58 is bond to perilipin together, unable to bind to or
active ATGL. Moreover, both ATGL and HSL reside in the cytosol (Fig. 9). While,
under the triggered state, these pro-lipolytic hormones elevate levels of cellular
cAMP. Next, cAMP binds to the enzyme PKA and initiates the activity of PKA.
Then PKA phosphates the key lipolytic proteins: perilipin and HSL, and initiates all
the stages of lipolysis. HSL translocates from the cytosol to the surface of the lipid
droplet following phosphorylation and binds with the phosphorylated perilipin to
release CGI-58. Thus CGI-58 can bind and activate ATGL. The phosphorylation
of ATGL moves from cytosol to the surface of the lipid droplet starting lipolysis.
Fatty acids and glycerol are released into the cytosol in the last step of lipolysis.

Glycerol coming from lipolysis enters the liver and acts as a potential carbon
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source for gluconeogenesis. FFA travel the circulatory system by binding albumin,
which once reaching the liver, undergo beta-oxidation to produce ATP and NADH
to promote gluconeogenesis in the liver (Fig. 9) (Duncan et al., 2007; Fruhbeck et
al., 2014; Morigny et al., 2016; Schweiger et al., 2014). However, unlike glucagon
which is a pro-lipolytic hormone, insulin acts as an anti-lipolytic hormone regulator
(FGF1 also is a lipolytic suppressor). Insulin binds to the insulin receptor and
activates PI3K to stimulate the phosphorylation of phosphodiesterase 3B (PDE3B).
In Pde3b KO brown adipocytes, the action of insulin on suppressing lipolysis is
impaired. However, a mutant form of PDE3B, which disrupted the major Akt
phosphorylation site, S273, also restores the ability of insulin to inhibit lipolysis
(DiPilato et al., 2015). Therefore, Akt is not the only regulator that phosphorylates
PDE3B, but other factors existed that contribute to its phosphorylation as well.
Nevertheless, PDE3B plays a vital role in lipolysis, which accelerates the
degradation of the cyclic AMP (cAMP). The resulting inhibition of PKA activity
reduces the activity of lipolytic enzymes in adipocytes. (Fruhbeck et al., 2014;
Girousse et al., 2013; Heine et al., 2018; Sancar et al., 2022).
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Figure 9. Mechanism of lipolysis in adipocyte.

Insulin induces suppression of adipose lipolysis. Insulin signaling activates PDE3B to decrease
cAMP levels and then further suppresses HSL phosphorylation to suppress lipolysis. However,
with pro-lipolytic hormone stimulation, lipolysis is induced. Perilipin released from CGI58 combine
with HSL activating the process of TG degradation. Fatty acid and glycerol from lipolysis are
released into the cytosol. (Created with BioRender.com)

1.7 Role of serine racemase and NMDARSs in regulating insulin
secretion

Peripheral insulin resistance caused by obesity is often an early stage of T2D
development. In this stage, a greater islet expansion and an increased insulin
secretion from pancreatic beta cells occur to compensate for insulin resistance.
Later the progressive pancreatic islets dysfunction and beta cell mass loss lead to
T2D (Talchai et al.,, 2012). Therefore, patients with T2D require additional
treatment including antidiabetic drugs such as metformin, sulfonylureas,
tirzepatide, and ultimately insulin replacement. However, most commonly used

antidiabetic drugs fail to stop the progression of pancreatic islet dysfunction in
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patients with T2D (Tahrani et al., 2011; Tokarz et al., 2018; Zhou and Melton,
2018). Moreover, sulfonylureas increase both glucose-stimulated insulin secretion
and basal insulin secretion, which can trigger hypoglycemia easily. Further,
occurrence of severe hypoglycemia can be life-threatening. Medicines like
glucagon-like peptide-1 receptor (GLP-1R) agonists or inhibitors of the incretin-
degrading dipeptidyl peptidase-4 (DPP-4) do not cause severe hypoglycemic
events via increasing GSIS predominantly instead of basal insulin secretion.
These drugs are suggested to potentially assist in slowing down islet dysfunction
and diabetes progression. However, these treatments have not been shown to
sustainably restore beta cell function or further rescue T2D progression (Kahn et
al., 2014). Recently, research has explored a novel antidiabetic drug targeting the
N-methyl-D-aspartate receptor (NMDAR), which was previously understood
primarily for its important role in modulating synaptic plasticity and brain memory-
related effects. Recent studies demonstrate improvements in pancreatic islets
function, insulin secretion in response to glucose stimulation, and survival of islet
cells. Further, inhibition of NMDAR prolongs the glucose-stimulated depolarized
state within beta cells by increasing cytosolic Ca2+ concentrations. In diabetic
mice, long-term dextromethorphan treatment (DXM), a non-competitive NMDAR
antagonist, improves pancreatic islets insulin content, islets cell mass and blood
glucose tolerance. Moreover, individuals with T2D show enhanced glucose
tolerance and enhanced serum insulin concentrations after DXM treatment
(Huang et al., 2017; Marquard et al., 2015; Wu et al., 2017). NMDAR also displays
a role in mediating the effect of leptin to modulate pancreatic beta cell electrical
activity by promoting AMP-activated protein kinase (AMPK)-dependent trafficking
of Kate and Kv2.1 channels to the plasma membrane (Cochrane et al., 2021; Wu
et al., 2017).

NMDAR is a tetrameric ligand-gated ion channel. NMDARs are comprised of two
glycine-binding GluN1 subunits and two glutamate-binding GIuN2 A-D subunits or
GIuN3 subunits that are additional subunits for binding Glycine and D-serine
(Grand et al., 2018; Lee et al., 2014; Nong et al., 2003; Skrenkova et al., 2020).
The ion channel of NMDAR is blocked by the extracellular Mg?* ions at resting
membrane potentials, and can be released by membrane depolarization. Thus,
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the activation of NMDAR requires both membrane depolarization and binding of
the agonist glutamate, and D-serine or glycine. Two co-agonists, glycine and D-
serine, both are present in the extracellular space (Johnson and Ascher, 1987;
Wolosker and Balu, 2020). In addition, D-serine is more effective than glycine in
activating NMDARSs in adult forebrain regions (Balu et al., 2013; Basu et al., 2009;
Curcio et al., 2013; Papouin et al., 2012; Wolosker and Balu, 2020). D-serine is
produced from L-serine via racemization by serine racemase (SRR). SRR activity
can be inhibited by NMDAR in brain, which triggers the translocation of SRR from
the cytosol to membranes and the cell nucleus, where the enzyme is mostly
inactive (Kolodney et al., 2015). On the other side, inhibition of NMDARs by MK-
801 administration increase SRR expression in the brain (Hashimoto et al., 2007).
Besides the racemization reaction, SRR catalyzes the a,B-elimination reaction
from L-serine producing pyruvate and ammonia but at a slower rate. (Foltyn et al.,
2005; Strisovsky et al., 2005; Wolosker et al., 1999). Recent study demonstrates
that serine racemase supports the growth of colorectal tumors via producing
pyruvate from serine. Inhibition of SRR suppresses the proliferation of colorectal

cancer cells in mice. (Ohshima et al., 2020).

Serine is a non-essential amino acid, and mainly comes from five sources: dietary
intake, glycolytic intermediate 3-phosphoglycerate, glycine, proteins and
phospholipids. Restricted serine intake inhibits tumor growth by affecting
mitochondrial dynamics and function. Utilization of fatty acid, glucose and
glutamine is reduced in the mitochondria after serine deprivation. This indicates
serine acts as a central node in the metabolic network for many aspects of cell
survival and proliferation. Serine is additionally involved in influencing insulin and
glucose metabolism as well. Serine levels are positively correlated with insulin
secretion and sensitivity (Vangipurapu et al., 2019). Further, individuals with T1D
or T2D contains lower level of serine in blood compared to non-diabetic controls
(Bertea et al., 2010; Bervoets et al., 2017; Drabkova et al., 2015). L-serine
supplementation prevents mice from fasting-induced weight regain compare to
controls under HFD but does not affect insulin secretion or glucose tolerance
(Lopez-Gonzales et al., 2022). Moreover, the expression of SRR was significantly

reduced in STZ-treated pancreatic islets relative to control mice but significantly
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increased in pancreatic islets from 8-week-old ob/ob mice. Interestingly, acute D-
serine supplementation enhances glucose-stimulated insulin secretion and
excitatory membrane activity of pancreatic beta cells (Lockridge et al., 2021).
However, mice with chronic D-serine supplementation shows impaired insulin
secretion (Suwandhi et al., 2018). Deletion of SRR in the brain reverses neuronal
insulin signaling inhibition by amyloid-3 oligomers (Zhou et al., 2022). SRR whole-
body knockout mice show improved insulin secretion, insulin sensitivity and
glucose tolerance. Although many SRR or serine functions in human have been
discovered, a complete understanding of the effects of an excess or a deficiency

of serine still needs to be further explored.
1.8 Role of glypican 4

Obesity is one of the main causes of insulin resistance and T2D. Various cytokines
and adipokines secreted by the white adipose tissue (WAT) are shown to regulate
body metabolism and insulin sensitivity (Ahima and Flier, 2000; De Cat and David,
2001; Deng and Scherer, 2010). One of the adipokines is glypican-4 (Gpc4), which
is @ member of the six-member family of glycosylphosphatidylinositol (GPI)
anchored heparan sulfate proteoglycans. Previous studies indicate that Gpc4
works as a coreceptor for growth factors like Wnt and bone morphogenetic
proteins (BMPs) because of its special structure, which does not contain any
transmembrane or intracellular domains (Li et al., 2014; Ning et al., 2019; Yoo et
al.,, 2013). Recent studies demonstrate that Gpc4 levels are increased in
individuals with impaired glucose tolerance but decreased in T2D individuals.
Gpc4 expression in human WAT highly correlates to body mass index (BMI) and
waist-to-hip ratio (WHR). Further, in subcutaneous white adipose tissue Gpc4
expression is negatively correlated with BMI and WHR. However, Gpc4
expression in visceral adipose tissue is positively correlated with BMI and WHR.
Moreover, Gpc4 can be released from the surface of adipocytes and presents as
a serum adipokine both in humans and mice (Deischinger et al., 2021; Mitchell,
2012; Tamori and Kasuga, 2013). Serum Gpc4 concentrations are positively
correlated with body fat content and insulin resistance. In addition, studies show
that Gpc4 interacts with the insulin receptor. Knockdown of Gpc4 in pre-

adipocytes induces approximate 33% reduction of insulin-stimulated IR
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phosphorylation in comparison with control cells (Ussar et al., 2012). Moreover,
lack of insulin receptors in pancreatic beta cells promotes insulin hypersecretion
and improves glucose tolerance (Skovso et al., 2022). These data suggest Gpc4
in pancreatic beta cells might play an important role in regulating insulin secretion

and metabolic homeostasis.
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1.9 Aims of the thesis

Several studies, including the study from our lab, show that two single nucleotide
polymorphisms (SNP) in serine racemase are associated with insulin secretion in
humans (Suwandhi et al.,, 2018). Serine racemase is an enzyme that mainly
catalyzes the racemization of L-serine to D-serine. Unlike L-serine, D-serine is not
proteinogenic but acts as a co-agonist for the NMDA receptor, which is known to
modulate membrane potential and thereby insulin secretion from beta cells
(Lockridge et al., 2021; Marquard et al., 2015). Furthermore, our previous study
demonstrated that chronic supplementation of D-serine to mice impairs glucose
stimulated insulin secretion. Moreover, mice on a high fat diet (HFD) that
chronically consumed D-serine water showed significantly lower body fat than
control mice (Suwandhi et al., 2018). Whole-body knock out of SRR in mice
improved glucose stimulated insulin secretion capacity (Lockridge et al., 2016).
Above all, this indicates that SRR might play an important role in regulating insulin
secretion and fat metabolism. As SRR is also expressed in other metabolically
important tissues outside of the brain and pancreas, the observed phenotype of
whole body SRR knockout mice could be due to effects in other organs. Insulin is

secreted by pancreatic beta bells in islets.

Aim 1: To answer the question ‘does serine racemase regulate fat
metabolism through modulation of insulin signaling from pancreatic beta
cells?’ and to elucidate the mechanism underlying the modulation of insulin
secretion by SRR.

In the proteomics analysis of pancreatic islets lacking serine racemase in beta
cells, glypican 4 (Gpc4) was downregulated compared to controls. Interestingly,
Ussar et al (2014) reported that Gpc4 is expressed and secreted by adipose tissue
and can interact with the insulin receptor enhancing the insulin signaling.
Additionally, specific loss of insulin receptor in pancreatic beta cells promotes
insulin secretion and improves glucose tolerance. These data suggests that Gpc4
in pancreatic beta cells could regulate insulin secretion via modulating the

interaction with insulin receptor. Therefore, in this thesis, another aim (Aim 2) is
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to investigate the role of Gpc4 in regulating insulin secretion in pancreatic

beta cells.

Biological aging is associated with the development of type 2 diabetes, cancer,
cardiovascular and neurodegenerative diseases. Progressive telomere shortening
is a hallmark of aging that is associated with the development of metabolic
diseases. However, due to the severe pathologies associated with strong telomere
shortening in mice, the exact effects of shortened telomeres on metabolic function
remain incompletely understood. Further understanding of the metabolic
alterations associated with aging is essential to develop preventive and
therapeutic interventions in this high-risk population for glucose intolerance.

Therefore, in this thesis, | addressed the following aim.

Aim 3: Study the metabolic consequences of moderate telomere shortening

using second-generation Terc KO mice.

This thesis studied the metabolic consequences of moderate telomere shortening
using the second-generation mice which have lost of telomerase activity in the
body (Terc KO mice). This study provides important insights into the age

associated development of type 2 diabetes and the metabolic syndrome.

37



/ 2 7
. /4////// /////»///z//Z(/J

2. Material and Methods

2.1 Animals

All animal experiments were approved by the Animal Ethics Committee of the
government of Upper Bavaria (Germany). Mice were housed in a specific
pathogen free facility at 20-23°C and 45-60% humidity with a 12-h light /12-h dark
circle in ventilated cage. Cages were supplemented with nesting material and
were changed every week. All mice were under ad libitum access to water and a
standard laboratory chow diet (Altromin). For dietary treatment, mice were fed with
58% high fat diet (Research Diets D12331) from 6 weeks old.

Selective loss of serine racemase (SRR) in pancreatic beta cells was generated
by SRR flox/flox mice (got from McLean Hospital in Belmont, USA.) with Ins1-cre
mice (Jackson Laboratories, Stock No: 026801), both on the C57BL/6J
background. Srr'f-Ins1-cre* (Srrirsiee) mice and Srrf-Ins1-cre (Srr fl/fl) mice
(controls) were used for the study. Procedures for genotyping of mouse lines have
been described before (Ruiz-Ojeda et al., 2021).

Selective loss of glypican 4 (Gpc4) in pancreatic beta cells was generated by Gpc4
flox/flox female mice with Ins1-cre mice, both on the C57BL/6J background.
Gpc40-Ins1-cre* (Gpe4'™s') and Gpca™O-Ins1-cre- (Gpca™©) are used for the study.
Procedures for genotyping of mouse lines have been described before (Ruiz-
Ojeda et al., 2021).

Male and female Terc (+/-) mice were bought from Jackson lab (Jackson stock:
004132). Female and male Terc (+/-) mice were firstly mated with C57BL/6N male
and female mice respectively. Then Terc (+/-) litter were mated to each other. The
litter from inbreeding Terc (+/-), Terc (-/-, Generation1) mice and Terc (+/+, WT)
mice, were used to generate a cohort of Terc KO (second-generation) and WT
mice. 53 weeks old mice of Terc KO (second-generation) and WT mice were used
for experiments. Procedures for genotyping of mouse lines have been described
in Jackson lab website.

Sequences of genotyping primers are following:
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Gene name Forward (5" - 3') Reverse (3" -5)

Gpc4 fiff TCTTCGTTGAGTTGAAGCG GGCGAGCCCAGAAGTCATTT
Srrfiff TGTGTGAATGTGTCACATAC ACGTGGGAACCTGCTGGATTCT
Ins1 cre (Cre+) ACCCTTCACCAATGACTCCTATG TGACTGCAGCAAATCGCTTGG
Ins1 cre (Cre-) GTCAAACAGCATCTTTGTGGTC TGACTGCAGCAAATCGCTTGG
Terc Mutant ATTTGTCACGTCCTGCACGACG CTTCAATTTCCTTGGCTTCG
Terc WT GCACTCCTTACAAGGGACGA CTTCAATTTCCTTGGCTTCG

2.2 In vivo experiment

Glucose tolerance test (GTT)

Mice were fasted for 4 h during the light phase. Two types of GTTs were performed.
Oral GTT (oGTT) where mice were orally gavaged with 20% glucose (Braun,
Germany) (2 g/kg) and an intraperitoneal GTT (i.p. GTT) where mice were
intraperitoneally injected with 20% glucose solution (2 g/kg). Blood glucose levels
were measured from tail tip punctures using a Freestyle Freedom Lite glucometer
(Abbott, Chicago, lllinois, USA) at the 0, 15, 30, 60, 90 and 120 min time points.

Glucose-stimulated insulin secretion test (GSIS)

Oral glucose stimulated insulin secretion test, mice were fasted for 6 hours prior
to oral gavage of 4 g/kg glucose (0GSIS) or intraperitoneally injection of 3 g/kg
glucose (GSIS) during the day. The blood glucose concentrations were measured
in blood collected from the tail at 0 and 2, 5, 15 and 30 min time points after gavage
or injection by using a FreeStyle Freedom Lite glucometer. Blood was collected
from the tail into Microvette tubes (Sarstedt, Germany) at the same time points.
Plasma was prepared by centrifugation (10 min at 10,000 x g at 4°C) and insulin
concentrations were determined using an Ultra-Sensitive Mouse Insulin ELISA Kit
(CrystalChem, USA).
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Insulin tolerance test (ITT)

Mice were fasted for 4 h during the light phase and intraperitoneally injected with
0.75 (chow diet) or 1.5 (high fat diet or Terc male mice fed with chow diet) IU/kg
insulin (Actrapid, Novo Nordisk, Denmark). Blood glucose levels were measured
from tail tip punctures using a Freestyle Freedom Lite glucometer (Abbott) at the
0, 15, 30, 60, 90 and 120 min time points.

Pyruvate tolerance test (PTT)

Mice were fasted overnight for 16 hours. 20% Pyruvate solution was prepared in
Dulbecco’s phosphate buffered saline (PBS) (Gibco, USA). Mice were
intraperitoneally injected with 2 g/kg pyruvate and blood glucose levels were
measured at 0, 15, 30, 60, 90, 120 min time points using Freestyle Freedom lite
glucometer (Abbott).

Body composition and energy metabolism

Body composition was analyzed with a non-invasive magnetic-resonance whole-

body composition analyzer (EchoMRI).
Energy metabolism studies

These studies were conducted as previously described (Lopez-Gonzales et al.,
2022; Ruiz-Ojeda et al., 2021). In brief, lean and fat mass were measured using a
magnetic resonance whole-body composition analyzer (EchoMRI, Houston,
Texas, USA). Food intake, water intake, respiratory exchange rate (RER), energy
expenditure (EE) and locomotor activity were measured continuously in 10-min
intervals, after a 24 h acclimatization period, using indirect calorimetry (TSE

Phenomaster, Berlin, Germany).

Glycosylated hemoglobin (HbA1c) measurement

HbA1c was measured from random fed mice during the light phase without fasting

by using a DCA Vantage Analyzer (Siemens, Munich, Germany)
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2.3 Ex vivo experiments

Pancreatic islets isolation

Mice were sacrificed by cervical dislocation and clamping the bile duct and perfuse
the collagenase P (Roche) solution immediately. In brief, 1 ml of cold collagenase
P solution (1 mg/ml dissolved in G-solution (HBSS (Lonza) + 1% BSA (Sigma-
Aldrich)) was injected into the bile duct and the perfused pancreas was
consequently dissected. Tissue pieces were incubated in a 15 ml Falcon tube with
1 ml of collagenase P solution, which is same as the injection solution, for 15 min
at 37°C with a strong shaking in the middle of incubation. Then, 12 ml of the cold
G-solution was filled into the falcon tubes with samples, followed by centrifugation
at 1,620 rpm at room temperature. Pellet was washed with 10 ml of the G-solution.
After washing step with the G-solution, the pellets were re-suspended in 5.5 ml of
gradient solution — 15% of Optiprep (5 ml 10% RPMI (Lonza) + 3 ml of 40%
Optiprep which diluted from 60 % Optiprep with G-solution (Sigma-Aldrich) per
sample), and placed on top of 2.5 ml of the gradient solution. To form a 3-layer
gradient, 6 ml of the G-solution was added on the top. Samples were then
incubated for 10 min at room temperature before centrifugation at 1,700 rpm.
Finally, the interphase between the upper and the middle layers of the gradient
was harvested and was filtered through a 70 ym nylon filter then washed with the
G-solution. Islets were handpicked by a micropipette under the microscope and

cultured in RPMI 1640 medium overnight.

Ex vivo Glucose stimulated insulin secretion (GSIS) from pancreatic islets

Prior to GSIS, culture medium was removed and islet microtissues were washed
twice with Krebs Ringer Hepes Buffer (KRHB; 131 mM NacCl, 4.8 mM KCl, 1.3 mM
CaClz, 25 mM HEPES, 1.2 mM KH2PO4, 1.2 mM MgSOs4, 1% BSA) containing 2.8
mM, glucose and equilibrated for 1 hour in the same solution. The supernatant
was collected as a sample under low glucose condition), and islets were incubated
for another 1 hour at 37°C with KRHB containing 16.7 mM glucose and
supplements as above. The supernatant was collected as a sample under high
glucose condition and stored at -20 °C. The remaining islets were lysed in 500 ul
of Acid-Ethanol (70% Ethanol with 1.5% HCI 12N) using the sonicator and
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incubated at 4°C overnight. Lysed cells were centrifuged (7,000 rpm, 4°C, 10 min),
and the supernatant was transferred into a new tube and stored at -20°C. Insulin
concentrations were determined using the Mouse insulin ELISA (AppliChem), and

secreted insulin was normalized to total insulin content.

Pancreatic islets mitochondrial stress test

Day before, the Agilent Seahorse XFe96 Spheroid Microplates (Agilent
Technologies #102905-100) was coated with 100 pg/ml Poly-D Lysine (Sigma
#P7280). The sensor cartridge was hydrated in 200 ul of XF Calibrant in each well
of the Seahorse utility plate in a non-CO2 37°C incubator overnight. Next day, on
the experiment day, similar size of islets which were recovered overnight after
isolation were picked into V-bottom 96 well plate with 200 pl pre-warmed RPMI
1640 medium, 25 islets per well. Afterwards, all islets were transferred from V-
bottom plate into Seahorse plate with 175 pl of low glucose assay medium (2.8
mM glucose, 0.1% FBS in Agilent Seahorse XF Base Medium # 102353-100) by
VIAFLO 96 machine (Integra Biosciences) at same time. Islets fall out of the
pipette tip by gravity and into the central detent of each well. Then the bubbles
were removed from the wells under the scope. Next, the plate was incubated in
non-CO2 37°C incubator for 1 hour. Mitochondrial respiration was measured using
the Seahorse XF96 extracellular flux analyzer equipped with a spheroid plate-
compatible thermal tray (Agilent Technologies, Santa Clara, CA). Basal respiration
was first measured in 2.8 mM glucose media. Islets were then sequentially
exposed to Oligomycin A (4.5 uM at final concentration), CCCP (1 uM final
concentration) and Rotenone + Antimycin A (2.5 yuM final concentration). Each
injection had 4 repeats of a cycle composed of mix for 2 min, wait for 2 min and
measurement for 3 min. DNA content of islets from each well were measured by
Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, P7589). For calculation
of mouse islet bioenergetics parameters, lowest non-electron transport chain OCR
values after injection of Rotenone + Antimycin A were subtracted from all OCR
measurements. Non-mitochondrial oxygen consumption, basal respiration,
maximal respiration, ATP production, coupling efficiency, proton leak was
calculated according to the Seahorse XF Cell Mito Stress Test equations template

provided by Agilent Technologies. Non-mitochondrial oxygen consumption is the
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minimum rate measurement after Rotenone + Antimycin A injection. Basal
respiration was calculated by last rate measurement before first injection minus
non-mitochondrial respiration rate. Maximal respiration was calculated by dividing
the maximum rate measurement after CCCP injection by the non-mitochondrial
respiration. Proton leak was equal to minimum rate measurement after oligomycin
injection minus non-mitochondrial respiration. ATP production was determined by
dividing the last rate measurement before oligomycin injection by the minimum

rate measurement after oligomycin injection.

Electrophysiological recordings

Thirty minutes prior to recordings, single coverslips carrying dispersed beta-cells
were incubated in Krebs-Ringer-buffer (KRB) solution, containing (in mM): 138
NaCl, 5 KClI, 1.25 NaH2PO4, 2 NaHCOs3, 1.2 MgClz, 2.6 CaClz, 2.8 D-glucose and
5 HEPES (pH 7.4). Then, they were transferred to a chamber mounted on a stage
of an upright microscope (SliceScope; Scientifica) coupled with a video camera
(optiMOS sCMOS; QImaging) and continuously perfused with KRB solution at a
rate of ~1 mL/min by a gravity-driven perfusion system. The cells were visualized
under infrared differential interference contrast (IR-DIC) optics with a 40x%
immersion objective using the y-Manager 1.4 software (Edelstein et al. 2010; DOI:
10.1002/0471142727.mb1420s92). Patching pipettes were made with thick-
walled borosilicate glass (GC150F-10; Harvard Apparatus) pulled using a
horizontal puller (P-1000; Sutter Instruments) and filled with an ATP-free internal
solution, containing (in mM): 148 K-gluconate, 8 KCI, 10 HEPES, 1 EGTA, 2 MgCl2
and 1 CaClz (pH 7.3), resulting in a pipette tip resistance between 4 and 7 MQ.
Whole-cell recordings were performed with an EPC 10 USB Double patch-clamp
amplifier (HEKA Elektronik) in voltage- and current-clamp mode. Data were
acquired at 10-20 kHz and low-pass filtered at 5 kHz (Bessel) using the
PatchMaster 2x90.2 software (HEKA Elektronik). Beta-cells were identified by
morphology and electrophysiological fingerprints. To obtain Kate currents, beta-
cells were held at -70 mV and voltage steps (x10 mV for 100 ms) were applied
every 10 s immediately after break-in in order to monitor the increase in whole-cell
conductance during intracellular ATP washout. At its maximal response, whole-

cell conductance (Gmax) was calculated by measuring the current amplitude
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response to two voltage steps (£10 mV for 500 ms). The Karp channel antagonist
tolbutamide (100 uM) was bath-applied to obtain residual conductance (Gres), thus
generating Katp conductance (Gkatr = Gmax — Gres) normalized to the cell
capacitance. Membrane potential was monitored at | = 0. Data were visualized
and analyzed using custom-written codes in MATLAB (MathWorks).

2.4 Staining and imaging

Cryo-embedded sections preparation

Pancreas were fixed in 4% PFA immediately after sac and were kept overnight at
4°C. Next day, wash twice with 1xPBS to remove the remaining PFA. Afterwards,
tissues were cryoprotected in a sequential gradient of 7.5% and 15% sucrose for
1 hour at room temperature. Then tissues were incubated with 30% sucrose
overnight at 4°C. Later on, pancreas was incubated with 30% sucrose and tissue
embedding medium (Tissue-Tek O.C.T. Compound, REF 4583) 1:1 solution for 1
hour. In the end, tissues were embedded into a cryomold (Tissue Tek® Cryomold,
Weckert Labortechnik, REF 4557) with embedding medium O.C.T on dry ice and
stored at -80°C. Sections of 10 um thickness were cut from each sample, mounted
on a glass slide (Thermo Fisher Scientific) and dried for 10 min at room

temperature and storage at —20°C.
Immunofluorescence staining and imaging

The cryo-sections were washed for 15 min with 1xPBS 3 times to rehydrated and
permeabilized in 0.5% TritonX-100 in PBS for 20 min. Afterwards, wash 5 times
for 5 min in PBS. Then blocking samples with donkey blocking solution (0.1%
Tween-20, 10% FCS, 0.1% BSA and 3% donkey serum) for 1 hour. Next incubate
primary antibody overnight at 4°C. All antibodies were diluted with blocking
solution. Rabbit monoclonal anti-insulin (1:300, Cell Signaling, Catalog Nr.3014);
guinea pig polyclonal anti-glucagon (1:3000, Takara Catalog Nr.M182); rat
monoclonal anti-somatostatin  (1:300, Invitrogen Catalog Nr.MA5-16987).
Thereafter, sections were washed 5 min firstly with 1xPBST for 4 times and last
time with 1xPBS on 160 rpm shaker. Next, sections were incubated with
secondary antibodies which also diluted with blocking solution for 2 hours at room

temperature. Following secondary antibodies were used, donkey anti-rabbit IgG
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(H + L) secondary antibody (1:800, Alexa Fluor 555, Invitrogen A-31572), donkey
anti-guinea pig (H + L) secondary antibody (1:500, Alexa Fluor 488, Dianova 706—
545-148), Donkey anti Rat (1:800, Alexa Fluor 647, Dianova 712-605-150). After
secondary antibody incubation, staining DAPI (1:1000 in PBS) for 20 min. Then
wash 4 times for 5 min with PBST and once with PBS. In the end, the sections
were mounted with fluorescence mounting medium (DAKO, S3023), dried in the
dark overnight and stored at 4°C. All images were obtained with a Leica SP8
confocal microscope using LAS AF software (Leica). Images were analyzed using
ImagedJ software (win64,1.53c).

Histology and imaging

Perigonadal fat (pgWAT), subcutaneous fat (Sub WAT) were isolated from mice
and fixed with 4% paraformaldehyde (PFA) (Roth, Germany) overnight at 4°C. The
tissues were dehydrated into ascending concentrations of ethanol (70-100%),
cleared by xylene then embedded in paraffin (Leica, Germany). Two micrometer
tissue sections were cut using a semi-automated microtome (Leica, Wetzlar,
Germany) and the sections were stained with a hematoxylin and eosin (H&E) stain
as previously described (Lillie et al., 1976). Imaging was done using ECLIPSE Ci
microscope (Nikon, Minato city, Tokyo, Japan).

2.5 Adipocyte size quantification

Three images were taken from different locations of the tissue per slides from H&E
staining, and 3 slides per tissue per mouse for quantification. Adipocyte size
quantification was done by the software Fiji plugin Adiposoft. The area of the

adipocytes was measured in pixels and then converted to ym? using Fiji.

2.6 Hormone and triglyceride measurement

Serum was prepared by centrifugation for 10 min at 10,000 x g at 4°C. Insulin
concentration was determined by Ultra-Sensitive Mouse Insulin ELISA Kit
(CrystalChem, USA). Triglyceride contents in liver, serum and feces were
measured using the Triglyceride Quantification Colorimetric/Fluorometric kit
(BioVision, USA).
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2.7 Proteomics and analysis

Proteomics sample preparation

Proteomic sample preparation for LC-MS/MS analyses were performed as
described previously (Kulak et al. 2014) with minor adjustments. Samples were
lysed in SDC lysis buffer (2% SDC, 100 mM Tris-HCI pH 8.5) at 95°C for 10 min
at 1,000 rpm, sonicated in high mode (30 sec OFF, 30 sec ON) for 10 cycles
(Bioruptor® Plus; Diagenode), protein concentration was determined by BCA, and
25 pg of protein were used for further analysis. Samples were treated with TCEP
and CAA (final concentrations of 10 mM and 40 mM, respectively) at 45°C for 10
min with 1000-rpom shake, in dark, and digested with trypsin and LysC (1:40,
protease: protein ratio) overnight at 37°C at 1,000 rpm shake. Later, peptides were
acidified with 2% TFA, isopropanol with 1:1 volume-to-volume ratio. Custom-made
StageTips with three layers of styrene divinylbenzene reversed-phase sulfonate
(SDB-RPS; 3 M Empore) membranes were used for desalting and purification of
the acidified samples. Peptides were loaded on the activated (100% ACN, 1% TFA
in 30% Methanol, 0.2% TFA, respectively) StageTips, run through the SDB- RPS
membranes, and washed by EtOAc including 1% TFA, isopropanol including 1%
TFA, and 0.2% TFA, respectively. Peptides eluted from the membranes with 60-
uL elution buffer (80% ACN, 1.25% NH4OH) were dried by vacuum centrifuge (40
min at 45°C) and reconstituted in 6 pL of loading buffer (2% ACN, 0.1% TFA).
Peptide concentration was estimated via optical measurement at 280 nm
(Nanodrop 2000; Thermo Scientific) and 500 ng material were loaded onto 50 cm
in-house packed HPLC column (75 uym inner diameter, packed with 1.9 um with
C18 Reprosil particles (Dr. Maisch GmbH) at 60°C) for LC-MS/MS analysis.

LC-MS/MS analysis

Proteome was analyzed using EASY-nLC 1200 (Thermo Fisher Scientific)
combined with an Orbitrap Exploris 480 Mass Spectrometer (Thermo Fisher
Scientific) and a nano-electrospray ion source (Thermo Fisher Scientific). Peptides
were separated by reversed-phase chromatography using a binary buffer system
consisting of 0.1% formic acid (buffer A) and 80% ACN in 0.1% formic acid (buffer
B) with a 120 min gradient (5-30% buffer B over 95min, 30-65%
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buffer B over 5min, 65-95% buffer B over 5min, wash with 95% buffer B for 5 min)

at a flow rate of 300 nL/min.

MS data were acquired using a data-dependent cycle time (1 second) scan
method. Full scan MS targets were in a 300-1650 m/z scan range with a
normalized automatic gain control (AGC) target %300. The data was acquired in
at 60,000 resolution with 25 ms maximum injection time. Precursor ions for MS/MS
scans were fragmented by higher-energy C-trap dissociation (HCD) with a
normalized collision energy of 27%. MS/MS scan sets were 15,000 resolution with

an AGC target %100 and a maximum injection time of 28 ms.

The raw data were processed with MaxQuant version 1.6.14.0. Default settings
were kept if not stated otherwise. FDR 0.01 was used for filtering at protein,
peptide and modification level. As variable modifications, acetylation (protein N-
term) and oxidized methionine (M), as fixed modifications, carbamidomethyl (C)
were selected. Trypsin/P and LysC proteolytic cleavages were added. Missed
cleavages allowed for protein analysis was 2. “Match between runs” and Label
free quantitation (LFQ) were enabled and all searches were performed against the
mouse Uniprot FASTA database (2019). Perseus (version 1.6.14.0 and 1.6.2.3)
was used for bioinformatics analysis. UniProtKB, Gene Ontology (GO), and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations were included
in the analysis. Data visualized using Adobe lllustrator or Graphpad Prism (version
8.0).

Quantified proteins were filtered for at least two valid values among biological
replicates in at least one condition. Missing values were imputed (Gaussian
normal distribution with a width of 0.3 and a downshift of 1.8). Two-sample test
with student t-test statistics (permutation-based FDR = 0.05; sO = 0) was
performed in Perseus and significant proteins were hierarchical clustered by
applying Euclidean as a distance measure for row clustering after normalization of
median protein abundances of biological replicates by z-score. Fisher's Exact
GOBP, GOCC, GOMF and KEGG Term enrichment of significant proteins was
performed against mus musculus gene list with 21846 items in Perseus (Benjamini
Hochberg FDR truncation with 0.02 threshold value).
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2.8 RNA isolation and cDNA preparation and real-time PCR.

For the determination of gene expression, total RNA was extracted from tissue or
cells by using the RNeasy mini kit (Quiagen) and cDNA synthesis (110 ng RNA,
High Capacity cDNA Reverse Transcription Kit, Applied Biosystems) was
performed according to the manufacturers’ instructions. gPCR was performed in
a CFX384 Touch (BioRad), using 300 nM forward and reverse primers and iTaq
Universal SYBR Green supermix (BioRad) and analyzed using the BioRad CFX
Manager 3.1 Software. The target gene expression was normalized on TATA box-
binding protein (TBP) expression. Samples without Ct value were set to 50, given
that TBP was expressed. The primer sequences are shown below.

Gene name Forward (5" - 3°) Reverse (3" -5)

Actb TTGCTGACAGGATGCAGAAG ACATCTGCTGGAAGGTGGAC
Gpc4 GGCAGCTGGCACTAGTTTG AACGGTGCTTGGGAGAGAG
Srr CATTGGCTTGAATACCTGGC TGAGCAGTTTCATTCTCCCC
Tbp ACCCTTCACCAATGACTCCTATG TGACTGCAGCAAATCGCTTGG

2.8 Protein extraction and western blot

Tissue samples were stored in -80°C freezer after sac. The frozen tissue was put
into the 2ml tube with a metal bead. Then 500 ul-700 pl RIPA buffer (50mM Tris
(pH 7.4), 150mM NaCl, 1mM EDTA and 1% Triton X100 (Sigma-Aldrich))
containing 1% protease inhibitor (Sigma-Aldrich), 1% phosphatase inhibitor
cocktail Il (Sigma-Aldrich) and 1% phosphatase inhibitor cocktail 11l (Sigma-Aldrich)
was added into tube. Then the tissue was homogenized by using Tissuelyser |l for
2 min at 30 Hz. Next, 0.1% SDS was added and the tube was kept on ice for 10
min. Later, the tube was centrifuged at 14000g for 30 min at 4°C, and the clear
supernatant was collected into a fresh tube. Then, the protein concentration was
measured by Pierce BCA Protein Assay Kit (ThermoFisher scientific). The desired
protein concentration was diluted with 4X sample buffer (containing 10% -

mercaptoethanol), nuclease free water and the protein lysate. Afterward, mixed
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samples were boiled for 5 min at 95°C then frozen at -20°C for western blots. The
western blot was conducted as previously described (Lopez-Gonzales et al., 2022;
Ruiz-Ojeda et al., 2021).

2.9 Telomere length quantification

DNA extraction for telomere length quantification

One volume of phenol: choloroform: isoamyl alcohol (25:24:1) (Roth, Germany)
was added to the sample followed by centrifugation for 5 min at 16,000 x g at room
temperature (RT). The upper phase was collected. One microliter of 20 mg/ml
glycogen (Serva, Germany), 7.5 M ammonium acetate (0.5 x sample volume) and
100% Ethanol (2.5 x (sample volume + ammonium acetate volume)) were added
to the sample. The sample was then incubated at -20°C overnight. The DNA was
pelleted by centrifugation at 4°C for 30 min at 16,000 x g. The supernatant was
removed and 150 ul of 70% ethanol was added to the sample followed by
centrifugation at 4°C for 30 min at 16,000 x g then the supernatant was discarded.
This step was repeated once and the sample was left to dry at RT for 10 min. The

sample was reconstituted in water.
Telomere length quantification

Using isolated enterocyte DNA, telomere length relative to Actb was determined
by using the Absolute Mouse Telomere Length Quantification Qpcr Assay Kit
(ScienCell, USA).

2.10 Microbiota measurement and analysis

Fecel pellets were collected from the colon during sacrifice and initially kept on dry
ice. Long-term storage was at -80°C without addition of preservatives. DNA was
extracted using the ZymoBIOMICS 96 MagBead DNA Kit (Zymo Research Europe
GmbH, Freiburg, Germany). In brief, samples were homogenized in lysis buffer by
bead beating three times for 5 min (MiniBeadBeater 96) followed by DNA isolation
according to the manufacture’s instruction on a Tecan Fluent liquid handling
platform. DNA was normalized and the hypervariable region V4 of the 16S rRNA
(F515/R806) gene was amplified in accordance with previously described

protocols (Caporaso JG et al., 2011). Amplicons were sequenced on the lllumina
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MiSeq platform (PE300) and reads were cut at 250 bp. The Usearch11 software
package (https://drive5.com/usearch/) was used to assemble (-fastq_mergepairs
—with fastq_maxdiffs 30), quality control, and cluster obtained reads. Quality
filtering was set up with the fastq_filter (-fastq_maxee 1); minimum read length,
250 bp. Reads were clustered into 97% ID operational taxonomic units (OTUSs).
The UPARSE algorithm (Edgar RC 2013) was used to determine the OTU clusters
and representative sequences. The Silva database v138 (Quast C et al., 2012)
and the RDP Classifier (Wang Q et al., 2007) were used for taxonomic assignment
with a bootstrap confidence cut-off of 80%. OTUs with an abundance < 0.02%
were pruned. Resulting OTU absolute table was used further for statistical

analyses and data visualization in R package phyloseq (McMurdie PJ et al., 2013).
2.11 Statistics

One-way analysis of co-variance (ANCOVA), statistical significance was
calculated using R (x64 4.1.2 version) and R studio (2021.09.2+382 version)
software. All the other statistical analyses were done using GraphPad Prism 7.
Data are shown as mean * standard error of the mean (SEM). Statistical
significance was calculated using unpaired student’s t-test or Mann-Whitney test,
and multiple comparisons, one- or two-way analysis of variance (ANOVA) followed
by turkey’s or Sidak’s multiple comparison’s test. Values with p-value lower than
0.05 (p < 0.05) were considered statistically significant. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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3. Results
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3.1 Genetic deletion of Srr in pancreatic beta cells impairs islets
architecture and improves glucose tolerance under CD.
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Figure 10. Genetic deletion of Srr in pancreatic beta cells impairs islets architecture and
improve glucose tolerance under chow diet.

a. Knockout efficiency of SRR in pancreatic islets at mRNA, n= 4-7. b. Body mass (g) ¢. body

composition (g). Srr fi/ffl n=8, Srrinsiere n=14; 17 weeks old. d. Architecture of chow diet pancreatic

51



islets by immunofiluorescence staining of glucagon (green, alpha cells), insulin (red, beta cells)
and somatostatin (grey, delta cells). Scale bar, 756 um. e. Quantification of the number of alpha
(left panel), beta plus other cells (middle) and delta cells (right) in islets. 43 islets from four
biological replicates of Srr fl/fl mice, 72 islets from four biological replicates of Srri»s’ee mice, 28
weeks old. f. Serum glucagon level before sacrifice, Srr fl/ffl n=8, Srrins’ee n=7; 17 weeks old. g.
Random insulin level in serum, Srr fi/fl n=10, Srrirs’ere n=11; 17 weeks old. h. Oral gavage glucose
stimulated insulin secretion test (0GSIS), insulin level (left panel) and glucose level (right panel),
Srr fi/fl n=10, Srrins’ee n=10; 13 weeks old. i. Glucose level in oral glucose tolerance test (0GTT),
Srr fi/fl N1=10, Srrins’ere n=10; 14 weeks old. All data presented as mean + SE. a, c, e, f, g and j
were analyzed by unpaired t-test. h, i, k were analyzed by two-way ANOVA, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001

To examine whether serine racemase regulates fat metabolism through
modulating insulin signaling from pancreatic beta cells, Srr/-Ins1-cre* (Srrinsicre)
mice with specific loss of SRR in pancreatic beta cells was used in this study.
Srrins’ere mice were generated by mating Srr flox/flox mice and Ins1 cre mice.
Srrif-Ins1-cre- (Srr fl/fl) mice were used as controls. In Srr fl/fl mice, the first
coding exon of serine racemase is flanked by two LoxP sites, without Cre
recombinase expression. In Srrins'e® mice, the Cre recombinase is inserted into
the Ins1 gene replacing its sequence and starting at the start codon (Thorens et
al., 2015). Thus, Cre-recombinase is only expressed in the pancreatic beta cells
where ins1 is expressed to cut LoxP flanked sites. Therefore, serine racemase
is only deleted in the pancreatic beta cells and not other tissues in Srri*s'e mice.
Further, the mouse model of this study was confirmed at the transcriptional level
showing that SRR was efficiently deleted in pancreatic islets isolated from
Srrinsicre (Fig.10a).

Srrins’ere mice exhibited normal body mass and body composition relative to the
control mice (Fig. 10b and c). Furthermore, the architecture of the pancreatic
islets was checked by immunofluorescence staining visualizing insulin-producing
beta cells, glucagon-producing alpha cells, and somatostatin-producing delta
cells. A significantly greater number of glucagon-positive alpha cells was
observed in pancreatic islets from Srrins'® mice (Fig. 10d, e). Consistent with
the changes observed in islet architecture, higher levels of glucagon (Fig. 10f)
but normal insulin levels were detected in serum from Srri"s'c® mice compared
to Srr fl/fl mice (Fig. 10g).
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Thereafter, the function of pancreatic beta cells was determined by performing in
vivo oral gavage glucose-stimulated secretion tests (0GSIS) under chow diet
(CD). Surprisingly, no significant differences were observed in insulin levels
between Srrins’ee and Srr fl/fl mice after high glucose stimulation (Fig. 10h, left
panel). This finding suggested that the responsiveness of pancreatic beta cells
to glucose stimulation in 0oGSIS was still maintained after SRR deletion. However,
genetic deletion of SRR in pancreatic beta cells resulted in a significantly
improved glucose tolerance (Fig. 10h, right panel), which was further confirmed
by oral gavage glucose tolerance tests (0GTT) (Fig. 10i). In addition, Srrinstcre
mice showed normal long-term global glycemic control with normal HbA1c %
levels (Fig. 10j). Srrrs’e® mice did not show significant differences in insulin

tolerance compared to control mice under chow diet (Fig. 10k).
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3.2 Loss of SRR in pancreatic beta cells promotes basal insulin
secretion from pancreatic islets with enhanced ATP production and
potassium channel trafficking observed under chow diet.
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Figure 11. Seahorse and electrical physiological tests of pancreatic islets in low glucose
condition under chow diet.

a. ex vivo glucose-stimulated insulin secretion (GSIS) in isolated islets, Srrirs'ere n=7, Srr fi/fl n=10.
Ten islets per well. b-d. Mitochondrial stress tests of isolated pancreatic islets by seahorse under

2.8 mM glucose condition. Islets were acutely exposed to 2.8 mM glucose (final concentration),
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Oligomycin A (Oligomycin), CCCP and Rotenone (Rot) + Antimycin A (AA). Twenty-five islets per

well, eight replicates from three biological replicates of Srr fl/fl mice, nine technique replicates from
three biological replicates of Srris’ee mice, 20 weeks old. b. Representative oxygen consumption
rates (OCRs) traces of pancreatic islets normalized by DNA content. c. ATP production d. Spare
respiratory capacity. e. Basal respiration. f. Proton leak g. Maximal respiration and h. coupling
efficiency. i. Using an ATP-free pipette solution, the currents in response to voltage steps
obtained from beta-cells of Srr fl/fl and Srri"s’ee mice were monitored immediately after entering
in whole-cell configuration until reaching their maximal amplitude. Srr fl/fl n=11, Srrins’cren=12; 12
weeks old. j. Representative time course of maximum whole-cell current traces in response to
voltage steps in control and in the presence of tolbutamide (100 uM; Kate channel antagonist), and
the respective subtraction of currents. k. Summary of Kate conductance I. Summary of the resting
membrane potential measured after ATP washout. All data presented as mean + SE. Data
analyzed by unpaired t-test, *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001

To exclude the compensatory influence of other tissues, an ex vivo glucose-
stimulated insulin secretion was performed with isolated islets to detect its
capacity for insulin secretion. Pancreatic islets from Srri"s'c® mice showed a
similar response to insulin secretion to high glucose stimulation compared to Srr
fl/fl mice. However, interestingly, under 2.8 mM low-glucose condition, a higher
level of insulin was detected in isolated pancreatic islets from Srrins'c® mice
compared to Srr fl/fl mice (Fig. 11a). These data indicate that unlike the effects
of exogenous D-serine administration or the impact of D-serine on insulin
secretion via the CNS, loss of SRR and thereby endogenous D-serine production
did not have this effect but modulated basal insulin secretion under low glucose

levels.

An increased ratio of ATP to ADP is the initial stage of inducing insulin secretion
in beta cells. Therefore, to explore how SRR promotes basal insulin secretion in
pancreatic beta cells, the cellular respiration experiment was performed with
isolated pancreatic islets under the 2.8 mM low glucose condition measuring
oxygen consumption rates (OCRs). The proportion of basal respiration that is
used to drive ATP synthesis can be estimated by adding ATP synthase inhibitor
Oligomycin. An enhanced ATP production, a higher coupling efficiency (ATP
production Rate/basal respiration rate *100), and spare respiratory capacity were

observed in isolated pancreatic islets from Srri"s'c® mice compared to control
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mice under 2.8 mM low glucose condition (Fig. 11b-d). Islets from Srris'c® mice
showed normal basal respiration but a lower proton leak under low glucose
conditions compared to control mice (Fig. 11e, f). Further, the maximum
respiratory capacity for mitochondrial substrate oxidation was checked by adding
CCCP. However, no difference in maximal respiration was detected between
islets of Srrins'e® mice and Srr fl/fl mice (Fig. 11g). This finding indicate that the
higher ATP production of the islets was not primarily caused by changes in
mitochondrial content, cristae density or substrate transport. In addition, an
increase in the spare respiratory capacity of pancreatic islets from Srrins'c® mice
compared to Srr fl/fl was observed, which indicated a stronger reserve capacity

to handle mitochondrial stress (Fig. 11h).

Closure of Katp channels causing membrane depolarization is one of the key
stages regulating the secretion of insulin from pancreatic beta cells after an
increased ratio of ATP to ADP. Therefore, an electrical physiological assay in
isolated pancreatic islets was applied to detect membrane depolarization. The
Katp channel conductance was significantly lower, and the membrane potential
were found to be greater in isolated islets of Srri"s'¢® mice compared to Srr fl/fl.
(Fig. 11i-l). These data reveal an increased membrane potential under the low
glucose condition, which is a potential consequence of increased mitochondrial
ATP production.
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3.3 Mitochondria function related ABC transporters, glycine-serine
metabolism and amino acid metabolic process in islets were most
affected after the loss of SRR in pancreatic
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Figure 12. Proteomics analysis of isolated pancreatic islets of Srr"s’c under chow diet.

Heatmap (a, z-score) and volcano plot (b, log2-fold-change threshold = 0.5 and p <0.001) of

significantly up-regulated and down-regulated proteins in isolated pancreatic islets from Srrinsere
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(KO) relative to Srr fl/fl (WT). c. Chord plots demonstrating most enriched GO terms with up-
regulated and down-regulated proteins in isolated pancreatic islets from Srrirsere (KO) relative to
Srr fi/ffl (WT). LogFC: log 2 (fold changes). d-e. GSVA analysis: Heatmap (d) and bar plot (e).
Differential distribution of signal pathway enrichment between the high risk-score (blue) and low

risk-score (green) groups in isolated pancreatic islets. Srr fl/fl n=4, Srrins’cre n=3; 17 weeks old.

To test the effect of loss of SRR in pancreatic islets on protein levels, the changes
in the proteome of pancreatic islets from Srri"s'ce and Srr fl/fl mice fed with chow-
diet was characterized. 4,410 proteins were identified in total. In a stringently
filtered dataset of 2,559 proteins quantified at least once in two or more biological
replicates, 69 of the proteins were differentially regulated in response to the loss
of SRR within pancreatic islets (student’s t-test, p<0.05). In addition, 28 proteins
were upregulated and 41 proteins were downregulated in Srri"se® mice relative
to controls. In addition, Insulin protein was found significantly downregulated in
Srrinsicre mice compared to the control (Fig. 12a and b). Proteins that underwent
the greatest changes were Gene Ontology (GO)-annotated and were involved in
cellular amino acid biosynthetic and metabolic processes. In addition,
phosphoglycerate dehydrogenase (PHGDH), the key metabolic enzyme that
catalyzes the rate-limiting step of the serine biosynthesis pathway, was
downregulated in Srr'"s'® mice (Fig. 12c). Moreover, the gene set variation
analysis (GSVA) showed ether lipid metabolism and ATP binding cassette (ABC)
transporters pathway were enhanced in Srr'"s'°® mice. Lysine degradation and
glycine serine and threonine metabolic pathways were downregulated in Srrinsicre
(Fig. 12d, e).
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3.4 Srr'"s'ee mice showed insulin resistance, glucose intolerance and
an impaired islets architecture under HFD.
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Figure 13. Srr™s'e® mice under HFD showed insulin resistance and impaired glucose
tolerance with impaired islets architecture under HFD.

60



a. Architecture of high fat diet pancreatic islets by immunofluorescence staining of glucagon
(green, alpha cells), insulin (red, beta cells) and somatostatin (grey, delta cells). Scale bar, 75
um b. Quantification of the number of alpha, delta, beta plus other cells in islets. 65 islets from
three biological replicates of Srr fl/fl mice, 80 islets from four biological replicates of Srrins’ere mice
fed HFD for 11 weeks. c. Glucagon level in serum before sac, Srr fi/fl n=8, Srrins’ere n=8, fed HFD
for 11 weeks. d-e, Insulin levels (d) and glucose levels (e) in oral gavage glucose-stimulated
insulin secretion test (0GSIS), on 8 weeks of HFD treatment. f. Glucose levels in glucose
tolerance test (GTT) (left) and area under the curve of GTT (right), on 10 weeks of HFD treatment.
g. Fasting insulin levels. h. Fasting glucose levels i. HbA1c% levels on 11 weeks of HFD
treatment. d-h Srr fl/fl n=10, Srrns’ee n=7. j. Representative western blot images for p-HSL
(Ser563), p-HSL (Ser660), HSL, p-AKT and AKT in perigonadal adipose tissue (PGF) from Srr
fi/fl and Srrins’ere mice fed HFD mice for 11 weeks. k. Glucose levels in insulin tolerance test. j. ex
vivo glucose stimulated insulin secretion (GSIS) in isolated islets from four Srrs’¢e mijce and five
Srr fl/fl mice fed HFD for 11 weeks. All data presented as meantSE. b,c,g and h were analyzed
by unpaired t-test, d,e,f and j were analyzed by two-way ANOVA, *p<0.05, **p<0.01, ***p<0.001,
***0<0.0001.

The mass of pancreatic beta cells in C57BL6J mice expands and basal insulin
secretion increases upon HFD feeding. Moreover, insulin is more potent in
suppressing lipolysis than inducing glucose uptake. Thus, Srr'"s'°® mice was
challenged with HFD to investigate the effects of slightly increased basal insulin
secretion on body weight gain. Consistent with the finding observed under chow
diet, loss of SRR in pancreatic beta cells impaired the architecture of pancreatic
islets under HFD as well (Fig. 13a). There were more glucagon-positive cells,
alpha cells, in pancreatic islets in Srri"s°® mice compared to Srr fl/fl mice but
similar numbers of delta cells and a relatively lower number of beta cells plus
other cells in Srrinsiee mice (Fig. 13b). Correspondingly, greater glucagon levels
were recorded in Srris'°® mice compared to control mice (Fig. 13c). In line with
chow diet treatment, Srri"s'c® mice exhibited normal responses to oral gavage
glucose stimulation recording insulin secretion but the improvement in glucose
tolerance effect at 15 min and 30 min time points from CD (oGSIS, Fig. 10h) was
blunted after HFD treatment (Fig. 13d, e). An impaired glucose tolerance was
also observed in Srr*s’e® mice compared to controls (Fig. 13f). A significant
fasting hyperinsulinemia (Fig. 13g), fasting hyperglycemia (Fig. 13h), as well as
a higher level of HbA1c% (Fig. 13i) were observed in Srri"s'e® mice compared to

control mice under HFD. Due to the impaired insulin action, insulin resistance
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drives higher lipolysis activity (Morigny et al., 2016). HSL phosphorylation was
enhanced at activation sites serine 563 and 660 residues, in perigonadal adipose
tissue (PGF) from Srris'ee mice compared to that from control in western blots.
Further, AKT phosphorylation was increased in PGF from KO compared to
control (Fig. 13j). However, no significant differences were observed between
Srrinsice mice and control mice in insulin tolerance tests under HFD (Fig. 13k).
In summary, lipolysis was enhanced, and AKT phosphorylation was increased in
PGF of Srrns’ee mice compared to SRR fl/fl. Next, the function of isolated
pancreatic islets from the mice under HFD was detected. Interestingly, the effect
of enhanced basal insulin secretion in Srrrs’e® mice fed with HFD was not
observed during the ex vivo glucose-stimulated insulin secretion test with
isolated islets. And pancreatic islets from Srr"s’® mice showed a similar
response to insulin secretion to high glucose stimulation compared to Srr fl/fl
mice (Fig. 13I).

These data suggest that loss of SRR in pancreatic beta cells resulted in insulin

resistance, and impaired systemic glucose homeostasis under HFD.
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3.5 Proteomic analysis of islet indicates an upregulation in PPAR
signaling and the biosynthesis of unsaturated fatty acids pathway.
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Figure 14. Proteomics analysis of pancreatic islets from Srr"s'°¢ under HFD

Hea

sign

(KO) relative to Srr fl/fl (WT). c. Chord plots demonstrating most enriched GO terms with up-
regulated and down-regulated proteins in isolated pancreatic islets from Srrins’ere (KO) relative to
Srr fl/fl (WT). LogFC: log 2 (foldchanges). d-e. GSVA analysis: Heatmap (d) and bar plot (e).

tmap (a, z-score) and volcano plot (b, log2-fold-change threshold = 0.5 and p < 0.001) of
ificantly up-regulated and down-regulated proteins in isolated pancreatic islets from Srrinsicre
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Differential distribution of signal pathway enrichment between the high risk-score (blue) and low

risk-score (green) groups in isolated pancreatic islets. n=3, fed HFD for 11 weeks.

To further explore the effect of loss of SRR in pancreatic islets on protein levels
under the HFD challenge, the changes in the pancreatic islet proteome from
HFD-fed Srrins'ee mice and Srr fl/fl mice were characterized. 4,410 proteins were
identified in total. In a stringently filtered dataset of 2,321 proteins quantified at
least once in two or more biological replicates of one time point, and 84 of the
proteins were differentially regulated in response to the loss of SRR in pancreatic
islets (student’s t-test, p<0.05). In addition, 25 proteins were upregulated and 59
proteins were downregulated in Srrins'c® mice relative to controls (Fig. 14a, b).
Of the changed proteins, the top proteins were Gene Ontology (GO)-annotated
as involved in protein localization to cell junction, mMRNA metabolic process and
NADP metabolic processes (Fig. 14c). Moreover, the gene set variation analysis
(GSVA) showed PPAR signaling pathway activities and biosynthesis of
unsaturated fatty acids were dramatically upregulated in Srris'e® mice. MAPK
signaling pathway and the pentose and glucuronate interconversions pathway

activities were downregulated in Srrirs'e® mice (Fig. 14d, e).
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3.6 Srr'"s'ce mice show greater fat mass gain and reduced energy
expenditure under HFD.
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Figure 15. Srr'"s’e® mjce showed gain higher fat mass and reduced energy expenditure
under HFD.
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a. Body mass (g) b. Body composition (g). a-b. Srr fli/fl n=10, Srrns’re n=7, mice fed HFD for 11
weeks. c. Representative H&E staining of subcutaneous white adipose tissue (Sub) from HFD
and CD. Scale bar, 50 um. d. Cell size quantification in Sub. Sub (HFD): Srr fl/fl n=4, Srrinsicre
n=3, fed HFD for 11 weeks. Sub (CD): Srr fl/ffl n=4, Srrins’e n=5: 17 weeks old. e-i Metabolic
parameter measurement by TSE metabolic cages. Srr fi/ffl n=7, Srrinsiere n=6, mice fed HFD for 8
weeks. e. Cumulative food intake (g) f. Cumulative drink intake (g) g. Body weight (g) correlated
to total energy expenditure (kcal/h) h. Cumulative physical activity (counts). i. Respiratory
exchange rate (RER). a,b and d were analyzed by unpaired t-test, e, f, h and i were analyzed by
two-way ANOVA, g analyzed by GLM One way ANCOVA, *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.

Lipolysis in white adipose tissue shows negative correlation with fasting insulin
levels. Corresponding with greater fasting hyperinsulinemia, a greater fat mass
gain and normal body mass in Srri"s'¢® mice was observed compared to Srr fl/fl
mice (Fig. 15a, b). Further, the adipocyte size in subcutaneous white adipose
tissue of Srris'ce mice was bigger compared to Srr fl/fl mice under both HFD and
CD (Fig. 15¢, d). Moreover, the mice were put into metabolic cages to measure
indirect respiration and their basic metabolic behavior. Surprisingly, Srri"s'c® mice
displayed a greater reduction in food intake and drink intake (Fig. 15e, f).
Additionally, reduced energy expenditure was observed in Srri"s'c® mice under
HFD (Fig.15g). However, accumulative physical activity and respiratory

exchange ratio (RER) were unaltered between genotypes (Fig. 15h, i).

Based on the data observed above, it indicates that loss of SRR in the pancreatic

beta cell causes greater fat gain and reduced energy expenditure.
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3.7 Ins1 cre mice does not show greater fat mass gain and reduced
energy expenditure under HFD.
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Figure 16. Srr'"s'°"® mice showed gain higher fat mass and reduced energy expenditure
under HFD.

a. Body mass (g). b. Body composition (g). c-g. Metabolic parameter measurement by TSE
metabolic cages. c. Cumulative food intake (g) d. Cumulative drink intake (g) e. Body weight (g)
correlated to total energy expenditure (kcal/h) f. Cumulative physical activity (counts). g.
Respiratory exchange rate (RER). Ins1 cre- n=6, Ins1 cre+ n=6, mice fed HFD for 17 weeks. All
data presented as meantSE. a-b were analyzed by unpaired t-test, c, d, f and g were analyzed
by two-way ANOVA, e was analyzed by GLM One-way ANCOVA, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

To further validate effects observed above are caused by loss of SRR, the Ins1-
cre mouse line fed with HFD was performed as control. As expected, Ins1-cre
positive mice and Ins1-cre negative mice gained similar body weight and body
composition under HFD (Fig. 16a, b). No significant difference was observed in
food intake, drink intake, energy expenditure, accumulative physical activity, or
RER between the Ins1-cre positive and negative groups (Fig. 16c-g). Therefore,
the metabolic effects observed from Srrns'c® gre not caused by the Cre-
recombinase insertion in Ins1 gene but by the loss of serine racemase in

pancreatic beta cells.
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3.8 Proteomic analysis of subcutaneous adipose tissue from Srrinsicre
under HFD indicates a downregulation in fatty acid metabolism and

insulin signaling.
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Figure 17. Proteomics analysis of subcutaneous white adipose tissue from Srr"s'°"¢ under
HFD

Heatmap (a, z-score) and volcano plot (b, log2-fold-change threshold = 0.5 and p < 0.001) of
significantly up-regulated and down-regulated proteins in subcutaneous white adipose tissue
from Srrinsiere (KO) relative to Srr fi/fl (WT). c. Chord plots demonstrating most enriched GO terms
with up-regulated and down-regulated proteins in subcutaneous white adipose tissue from
Srrinstere (KQ) relative to Srr fi/fl (WT). LogFC: log 2 (foldchanges). d. Chord plots demonstrating
most enriched KEGG pathways with up-regulated and down-regulated proteins in subcutaneous
white adipose tissue from Srrirs’ere (KO) relative to Srr fl/fl (WT). e-f. GSVA analysis: Heatmap (d)
and bar plot (e). Differential distribution of signal pathway enrichment between the high risk-score
(blue) and low risk-score (green) groups in subcutaneous white adipose tissue. n=3, fed HFD for

11 weeks.

Based on results observed above, we investigated the effects on fat tissue
metabolism after the loss of SRR in the pancreatic beta cell. To answer this
question, the changes in the subcutaneous white adipose tissue (Sub WAT)
proteome from HFD Srrins'ce mice and Srr fl/fl mice was characterized. 297
proteins were differentially expressed and 135 proteins were upregulated and 162
proteins were downregulated in Srri"s'°® mice compared to the control mice (Fig.
17a, b). Of the changed proteins, the top proteins were GO-annotated as involved
in fatty acid beta-oxidation, fatty acid metabolic process, lipid catabolic process
and lipid catabolic process (Fig. 17¢c). Moreover, KEGG pathway enrichment
analysis indicated that the top changed proteins mainly enriched into fatty acid
metabolism, citrate cycle, fatty acid degradation, carbon metabolism, and
pyruvate metabolism pathways (Fig. 17d). The GSVA analysis showed Alzheimer
disease pathway and glycine serine and threonine metabolism pathway were
upregulated in KO mice. Moreover, endocytosis, fatty acid metabolism, and

insulin signaling pathways were downregulated in KO mice (Fig. 17e, f).
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3.9 Proteomic analysis of liver from Srr'"s'c® ynder HFD indicates
fatty acid metabolism and pyruvate metabolism was top affected.

4 Protein Expression(Z-score) b

1.5
KO vs WT (HFD)
1
1 1
- @
1 1
0.5 1 1
1 |
5 1 1
7 [} 1
0 1 1
1 1
1 1
-05 ! |
: | 1
1 |
1 1
-1 4+ Acp5 I
. Acmsc Mug2 | g7 —-Log10_p-value
El Kif27)  Hepy  Aldh1at] I 5
-15 S l |
Sympk
& VMK Gslo s LORISS MO poeen -
e Elovi2 Aven | 3
5 /U N Skp1
2 34 Hsd17b13 Aom Ly I 2
¥
Pek1! \Actr3 | Pex19
L 1
________.“'___’._ _______
1 i
1 )
1 1
24 1 X
e !
1 L] 1
1 |
1 |
1 1
1 S5 1
1 1
o 14 ! L ! L !
Hsd17b13 =2 0 2
Mug2 log2(fold change)

Hnrnpm
Prdx4
Ddx17
Cars
Lgals3
ettl7b

Srr fi/fl Srel:we

GO Terms KEGG pathways
m MRNA processing [J RNAspiicing D Fatty acid metabolism I:‘ Proximal tubule bicarbonate reclamation
. iglyceri ic process D ion of lipid ic process . PPAR signaling pathway |:| Fatty acid elongation

[ celuiar response to acidic pH [ll] seioeosomal complex [[] Pyruvate metabolism  [7] Vitamin digestion and absorption

i i regulation of lipid biosynthetic process
[[] fatty acid metabolic process . 9 P d P . Tight junction E] Pentose phosphate pathway

[ acyigiycerol metabolic process [_] neutral lipid metabolic process [] Biosynthesis of unsaturated fatty acids

73



GSVA score
PENTOSE_PHOSPHATE_PATHWAY

PEROXISOME
SNARE_INTERACTIONS_IN_VESICULAR_TRANSPORT

PROPANOATE_METABOLISM

- TIGHT_JUNCTION

N_GLYCAN_BIOSYNTHESIS
PROXIMAL_TUBULE_BICARBONATE_RECLAMATION

. - SPLICEOSOME

-. AMINOACYL_TRNA_BIOSYNTHESIS

.. BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS
METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

NICOTINATE_AND_NICOTINAMIDE_METABOLISM
TRYPTOPHAN_METABOLISM

Srr fl/Al Srinsl-ce

05

ENDOCYTOSIS 0

RETINOL_METABOLISM -0.5

PROPANOATE_METABOLISM

PEROXISOME
ENDOCYTOSIS

RETINOL_METABOLISM

SNARE_INTERACTIONS_IN_VESICULAR_TRAN

PENTOSE_PHOSPHATE_PATHW,

TIGHT_JUNCTION

RIBOSOME
METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450
AMINOACYL_TRNA_BIOSYNTHESIS
BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS
NICOTINATE_AND_NICOTINAMIDE_METABOLISM
TRYPTOPHAN_METABOLISM

N_GLYCAN_BIOSYNTHESIS
PROXIMAL_TUBULE_BICARBONATE_RECLAMATION

SPLICEOSOME

2 4
t value of GSVA score, HFD_KO vs. HFD_WT

|
N
o

74




7
7

Figure 18. Proteomics analysis of liver from Srr"s'c"® under HFD

Heatmap (a, z-score) and volcano plot (b, log2-fold-change threshold = 0.5 and p < 0.001) of
significantly up-regulated and down-regulated proteins in liver from Srrinsiere (KO) relative to Srr
fi/fl (WT). c. Chord plots demonstrating most enriched GO terms with up-regulated and down-
regulated proteins in liver from Srrins’ere (KO) relative to Srr fl/fl (WT). LogFC: log 2 (foldchanges).

d. Chord plots demonstrating most enriched KEGG pathways with up-regulated and down-
regulated proteins in liver from Srrnsiee (KO) relative to Srr fi/fl (WT). e-f. GSVA analysis:
Heatmap (d) and bar plot (e). Differential distribution of signal pathway enrichment between the

high risk-score (blue) and low risk-score (green) groups in liver. n=3, fed HFD for 11 weeks.

As the liver is the central organ for fatty acid metabolism. Glycerol coming from
lipolysis is a carbon source for gluconeogenesis in the liver. Fatty acids are the
substrate for re-esterification within the endoplasmic reticulum to make
triacylglycerol that will be secreted as VLDL. In addition, the secretion of VLDL
is suppressed by insulin (Alves-Bezerra and Cohen, 2017). Therefore, the
changes in liver protecome from HFD Srrns'c® mice and Srr fl/fl mice was
characterized. 59 proteins were differentially expressed and 21 proteins were
upregulated and 38 proteins were downregulated in Srri"s'c® mice compared to
the control mice (Fig. 18a, b). Of the changed proteins, top proteins were GO-
annotated as involved in mRNA processing, RNA splicing, and triglyceride
metabolic process (Fig. 18c). Moreover, KEGG pathway enrichment analysis
indicated that the top changed proteins mainly enriched into fatty acid
metabolism, PPAR signalling, fatty acid elongation, and pyruvate metabolism
pathways (Fig. 18d). The GSVA analysis showed endocytosis pathway was one
of top upregulated, and spliceosome pathway were most downregulated in
Srrinstere mice (Fig. 18f, g).
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3.10 Loss of Gpc4 in pancreatic beta cells does not affect body
weight and body composition under CD
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Figure 19. Genetic deletion of Gpc4 and it does not affect body weight, body composition
development and insulin sensitivity under chow diet.

a. Knockout efficiency of Gpc4 mRNA in mouse pancreatic islets, n= 3 b. Body mass and body
composition of 8 weeks old male control and knockout mice, n=11-12 ¢. HbA1c % and random
basal glucose level of 8 weeks old knockout and control, n=5-9 d. Insulin tolerance test 12 weeks
old, chow diet, 0.75 IU/kg, n=5-9

Of note, Glypican 4 (Gpc4) was shown to be downregulated in the pancreatic
proteome file of Srrins'ee mice. Moreover, Gpc4 can interact with insulin receptors
to enhance insulin signaling in pre-adipocyte (Ussar et al., 2012). However, the
mechanism underlying the modulation of insulin secretion by Gpc4 remains to be
elucidated. Furthermore, pancreatic beta cell specific loss of insulin receptor
promotes insulin secretion. Therefore, Gpc4 in pancreatic beta cells might
contribute to insulin secretion by modulating the interaction with the insulin
receptors. Therefore, this thesis further investigates the role of Gpc4 in the

regulation of insulin secretion in pancreatic beta cells.

To study the role of Gpc4 in beta cells, we generated Gpc4 beta cell specific
knockout mice from the mating of Gpc4 floxed mice and Ins1 cre mice. Glypican

4 was efficiently deleted in Gpc4"s'-¢" mice compared to the Gpc4™° control mice
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shown at the transcriptional level (Fig. 19a). Mice lacking Gpc4 in beta cells fed
with chow diet exhibited normal body weight and body composition (Fig. 19b).
To check long term glycemic control of the mice, HbA1c and randomly glucose
levels were measured, but no significant differences was observed between two
groups (Fig. 19c). Gpc4ns'ee mice exhibited normal insulin sensitivity in an
insulin tolerance test (Fig. 19d).

3.11 Loss of Gpc4 in pancreatic beta cells impairs islets architecture
and impairs glucose stimulate insulin secretion in vivo but not in vitro

under CD
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Figure 20. Gpc4'"s'°"* mice shows impaired islets architecture and less glucose stimulated

insulin secretion in vivo.

a. Immunofiluorescence staining 17 weeks old mice. b. In vitro GSIS, in isolated islets from KO
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Beta cells play an important role in controlling glucose homeostasis via secreting
insulin.  First, the architecture of pancreatic islets was detected by
immunofluorescence staining. The architecture of islets was altered with more
delta and alpha cells localized to the middle of islets in Gpc4i"s'-c¢ mice
compared to controls (Fig. 20a). Based on the architecture alterations, we
hypothesize that the function of pancreatic beta cells is affected as well. To test
the hypothesis, first, | performed an in vitro GSIS from isolated islets of Gpc4™s'-
ce and control mice. However, islets with specific loss of Gpc4 in beta cells
displayed a similar response to glucose stimulation, but had greater insulin
content after 25 mM KCL incubation (unpaired t-test, p=0.0346, Fig. 20b).
Interestingly, in vivo, Gpcd™s'-c¢ mice showed significantly less insulin secretion
responding to glucose stimulation according to the area under the curve
(unpaired t-test, p=0.0317, Fig. 20c). With a high dose of glucose stimulation,
loss of Gpc4 in pancreatic beta cells resulted in slightly elevated blood glucose
levels as well but not fasted glucose levels (Fig. 20c and d). These data suggest
that loss of Gpc4 in beta cells impairs pancreatic islets architecture and insulin
secretion. However, this does not appear due to a direct effect on beta cell
function as no difference in insulin secretion within isolated islets from knockout
and control mice, but it might be because of indirect effects via other cells or

tissues.
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3.12 Gpc4 '"s'c"e mice show greater fat mass gain and insulin
resistance under HFD.
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Figure 21. Gpc4'™s'°r® mice has greater fat mass gain and insulin resistance in vivo under

HFD.
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a. Body weight development under HFD. b. Body composition, fed on 12 weeks HFD c. Fasted
glucose level. Fed on 9 weeks HFD. d. Fasted insulin level. Fed on 9 weeks. e. Glucose tolerance
test. Fed on 8 weeks HFD. f. Insulin tolerance test. Fed on 11 weeks HFD. a-h, n= 10-11. g and
h, in vivo GSIS, insulin levels (g) and glucose levels (h). Fed on 9 weeks HFD. i Architecture of

pancreatic islets from control mice and Gpc4/rs’ee mjce. Fed on 12 weeks HFD.

Further, the effect of Gpc4 in pancreatic beta cells under HFD was explored. The
body weight development of Gpc4!™s'c® mice and controls was recorded weekly.
The body weight of Gpc4'"s'c® mice was significantly larger than the controls
(two-way ANOVA, Sidak’s multiple comparisons test, genotype: p<0.0001, Fig.
21a). Moreover, the composition of the mice was measured by Echo MRI.
Gpc4'"s'ere mice had a greater fat mass (unpaired t-test, p=0.0274) and had a
lower lean mass (unpaired t-test, p=0.0276) compared with controls (Fig. 21b).
Fat depots accumulation excess is the main factor causing insulin resistance.
Therefore, the fasted basal glucose and fasted insulin levels were detected. No
difference in fasted basal glucose levels was observed between Gpc4'"s'°® mice
and controls (Fig. 21c). However, Gpc4'"s'c® mice displayed a greater level of
fasted insulin compared to controls (unpaired t-test, p=0.0287, Fig. 21d). These
data indicate that Gpc4!"s'°® mice are insulin resistance. Mice were further
challenged with a 2 g/kg dose of glucose and insulin injection. Surprisingly,
Gpc4'"s'ere mice exhibited normal glucose tolerance (Fig. 21e) and normal insulin
sensitivity (Fig. 21f). Interestingly, the mice challenged with a high dose of
glucose with 3 g/kg showed normal insulin secretion response to glucose
stimulation (Fig. 219g) but a significantly higher level of glucose at 30 min time
point was observed (two-way ANOVA, Sidak’s multiple comparisons test, 30 min
time point, p=0.0473, Fig. 21h). The architecture of the pancreatic islets under
HFD was visualized by immunofluorescence staining. Interestingly, no great
alterations in architecture of pancreatic islets from Gpc4'"s'°"® mice was observed
(Fig. 21i).

In summary, loss of Gpc4 in pancreatic beta cells induces greater fat mass gain
and insulin resistance under HFD.
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3.13 Terc KO mice show greater endocrine homeostasis with reduced
telomere length
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Figure 22. Telomere shortening and metabolic characterization of Terc KO mice.

a. Breeding scheme for second-generation Terc KO mice. b. Telomere length relative to Actb in
male enterocytes (n=12 WT, n=14 KO, 14 months old, male). c-f male mice: black dots (WT) and
red dots (Terc KO). g-j female mice: green dots (WT) and purple (Terc KO). ¢ and g, Fasting
glycemia in 12 months old mice (n=12 WT, n=14 KO). d and h, Percentage of glycosylated
hemoglobin (HbA1c%) in 13 months old mice (n=18 WT, n=15 KO). e and i, Fasting serum insulin
levels in 12 months old mice (n=13 WT, n=14 KQO). fand j, Serum triglyceride levels in 14 months
old mice (n=17 WT, n=14 KO). All data are shown as meant SE. Statistical analysis was
performed using an unpaired t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Glucose tolerance and insulin sensitivity declines progressively with age, and a
high incidence of type 2 diabetes is observed in the elderly population. A feature
of aging is the shortening of telomeres. To better understand the alterations in
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insulin and glucose metabolism associated with telomere length in aging, aged
(41 weeks- >10 months old) second-generation Terc” inbred mice (Terc KO)
with telomerase deficiency were used in this study. Wild type (WT) controls are
derived from the same breedings of Terc*- mice and inbred as a separate cohort
in parallel to Terc’ (Terc KO) mice (Fig. 22a). The telomere length of Terc KO
was significantly shorter than control mice (WT) (unpaired t-test, p<0.0001) (Fig.
22b). Then the long-term glycemic control of mice was further determined. A
significantly lower fasting glycemia (unpaired t-test, p=0.0038, Fig. 22c),
glycosylated hemoglobin (HbA1c%) level (unpaired t-test, p=0.0012, Fig. 22d),
fasting insulineamia (unpaired t-test, Fig. 22e) and serum triglyceride levels
(unpaired t-test, p<0.0001; Fig. 22f) in male Terc KO was found. In contrast to
these, female Terc KO mice displayed a reduction in HbA1c% levels relative to
controls (unpaired t-test, p=0.0074), but not in serum triglycerides and fasting
glucose and insulin levels (Fig. 22g-j). These data suggested that unlike the
typical phenotype of aged mice, moderate telomere shortening in aged mice

improved glucose tolerance and insulin sensitivity.
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3.14 Terc KO mice display improved glucose and insulin tolerance
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Figure 23. Terc KO male mice show improved insulin sensitivity and glucose tolerance.

a and b, Oral gavage glucose tolerance test (0GTT) in 12 months old Terc KO and control mice

a. male mice (n=12 WT, n=14 KO) b. female mice (n=14 WT, n=14 KO). ¢ and d, Insulin tolerance
test (ITT) in 12 months Terc KO and control mice. c. male mice (n=12 WT, n=12 KO). d. female
mice (n=12 WT, n=14 KO). e and f, Pyruvate tolerance test (PTT) in 13 months Terc KO and
control mice. e. male mice (n=12 WT, n=11 KO). f. female mice (n=14 WT, n=13 KO). g and h.

Serum insulin (left panel) and glucose levels (right panel) during an oral gavage glucose
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stimulated insulin secretion test (0GSIS) performed in 12 months old Terc KO and control mice.
g. male mice (n=12 WT, n=13 KO). h. female mice (n=14 WT, n=17 KO). i. Ex vivo glucose-
stimulated insulin secretion test in isolated pancreatic islets from 14 months old Terc KO and
control mice. Percentage of secreted insulin compared to total insulin content. Ten islets were
used per well. Upper panel shown are 10 technical replicates from five WT male mice and 11
technical replicates from five Terc male mice. Down panel shown are 12 technical replicates from
four WT female mice and 24 technical replicates from five Terc KO female mice. Male mice: black
dots (WT) and red dots (Terc KO). female mice: green dots (WT) and purple (Terc KO). All data
are shown as mean * SE. Statistical analysis was performed using a two-way ANOVA and a
Sidak’s multiple comparison test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

To further test the hypothesis, an oral gavage glucose tolerance test (0GTT) is
performed in 12 months old Terc KO mice. We found that moderate telomere
shortening caused an improved oral glucose tolerance in male (two-way ANOVA,
genotype factor p=0.0066; Fig. 23a) but not female Terc KO mice with oral
gavage of 2 g/kg glucose (Fig. 23b). Then, the insulin sensitivity of the mice was
further investigated by performing insulin tolerance test (ITT). Significantly higher
insulin sensitivity was observed in Terc KO mice than WT in both male and
female mice (two-way ANOVA, genotype factor male p<0.0001 Fig. 23c, female
p=0.0022 Fig. 23d).

In addition, a pyruvate tolerance test (PTT) in overnight fasted male and female
Terc KO mice was performed. In male mice, Terc KO and WT mice both reached
at similar level of glucose peak after 15 min pyruvate injection. Whereas, glucose
levels were reduced much faster after the peak in Terc KO mice compared to
WT. Moreover, in female Terc KO mice displayed a lower glucose level at 30 min
and a relative lower level of blood glucose in the end as well. It reveals a
moderately increased disposal of de novo generated glucose (male: 2-way
ANOVA, genotype factor p=0.0424; Fig. 23e; female: two-way ANOVA; genotype
factor p=0.0192 Fig. 23f), largely confirming the increased glucose tolerance and

insulin sensitivity.

The study from Kuhlow suggests a direct effect of Terc deficiency on pancreatic
beta cell mass and function (Kuhlow et al., 2010). To this end, the glucose
stimulated insulin secretion in response to oral administration of 4 g/kg glucose

which is the double dose than the oGTT was tested. A significant lower insulin
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secretion was observed in Terc KO male mice than that in WT mice (Fig. 23g left
panel: two-way ANOVA; genotype factor p=0.0148; Sidak’s multiple comparisons
test at 30 min point p=0.0245) but not in female mice (Fig. 23h left panel). Of
note, the glucose tolerance improvement in females was observed only during
glucose stimulated insulin secretion test when the glucose bolus was increased
to 4 g/kg. And regarding the blood glucose responses during the test, significantly
lower levels of glucose were observed in both Terc KO male mice (Fig. 23g, right
panel: two-way ANOVA, genotype factor p=0.023; Sidak’s multiple comparisons
test at 30 min point p=0.0396) and female mice (Fig. 23h, right panel: two-way
ANOVA, genotype factor p<0.0001) compared to WT mice. Besides the in vivo
experiment, the ex vivo experiment with isolated pancreatic islets was carried out
to determine the insulin secretion capacity in response to high glucose
stimulation. Isolated pancreatic islets were first incubated with 2.8 mM glucose,
followed by changing into 16.7 mM glucose. During the ex vivo experiment, no
significant difference was observed in insulin secretion in response to high
glucose stimulation in islets of mice between genotypes in both genders (Fig.
23i).

Data mentioned above suggests moderate telomere shortening could help the
body with better glucose disposal, and more insulin sensitive to maintaining

glucose homeostasis compared to control mice.
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3.15 Shorter telomere length results in a reconfiguration of the gut

microbiome
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Figure 24. Shorter telomere length results reconfiguration of the gut microbiome via 16S

rRNA sequencing analysis.



a. Alpha diversity and Shannon diversity of the male mice. b. Alpha diversity and Shannon
diversity of the female mice. c. Beta diversity shown in a NMDS plot. d. Ratio of
Bacteroides/Firmicutes (BF ratio) in male mice. e. Ratio of Bacteroides/Firmicutes (BF ratio) in
female mice. f. Microbiota composition on phylum level. g. Microbiota composition on family level.

h. LefSe analysis of microbiota changes. Fecal samples from 14 months old female (n=8 WT and
n=8 Terc KO) and male (n=17 WT and n=15 Terc KO) mice. Statistical analysis were performed
using an unpaired t-test and Mann-Whitney test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Changes in diet and supplementation with probiotics induce gut microbiota
composition changes and an improvement in glucose homeostasis
(Utzschneider et al., 2016). Therefore, the improved metabolism in Terc KO mice
might be the contribution of the gut microbiome. To test the hypothesis,
microbiota composition analysis of fecal samples from male mice (15 Tec KO
and 17 controls) and female mice (8 Tec KO and 8 controls) was performed via
16S rRNA sequencing. The complexity of the microbial community within a
sample analyzed by alpha diversity calculation revealed that male Tec KO mice
had a reduced richness (Fig. 24a left panel, Mann-Whitney test, p=0.0001) of the
microbiota as well as a reduced Shannon diversity (Fig. 24a right panel, Mann-
Whitney test, p=0.0031) in comparison to the WT mice. Microbiome diversity
reduction was also observed in female Tec KO mice (Fig. 24b left panel, Mann-
Whitney test, p=0.02), but the decrease in Shannon diversity did not reach a
significant level, potentially due to the smaller sample size (Fig. 24b right panel).
Then the similarity of the microbial community between samples by beta diversity
was further analyzed showing a clear genotype-driven separation between Tec
KO and WT mice (Permutational Multivariate Analysis of Variance Using Adonis,
PERMANOVA, R2=0.30542, Fig. 24c). Notably, differences were detectable on
the phylum level as highlighted by altered Bacteroides/Firmicutes ratios in male
mice (Mann-Whitney test, p=0.0001, Fig. 24d) and a similar trend observed in
female mice (Mann-Whitney test, p=0.1304, Fig. 24e). Of note, a strong
expansion of the Actinobacteria phylum in Tec KO Tec KO mice was observed
(Fig. 24f). Specifically, increased relative abundances of the families
Bifidobacteriaceae and Erysipelotrichaceae were observed in Tec KO mice,
while the families Prevotellaceae and Muribaculaceae (previously referred to
Bacteroidales group S24-7) were decreased (Fig. 24g). A more detailed analysis

of the microbiota changes using LefSe identified several “operational taxonomic
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units” (OTUs) from the above-mentioned families that were significantly enriched
in Tec KO mice, including for instance a specific OTU from the genus
Bifidobacteria (OTU2) and the genus Faecalibacterium (OTU12) (Fig. 24h).
Consistent with findings mentioned here, studies published also show these
bacteria contribute to host metabolism via modulating endocrine function,
improving insulin sensitivity and glucose intolerance (Aoki et al., 2017; Greiner
and Backhed, 2011; Le et al., 2015; Portincasa et al., 2022; Qin et al., 2012; Yang
et al., 2021; Zhang et al., 2013).
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4. Discussion

The increased rates of overweight and obesity, and its comorbidities, represents
a health threat to billions of adults and children. The developmental transition from
obesity to the metabolic syndrome and type 2 diabetes is mostly dependent on
the occurrence of insulin resistance primarily in adipose tissue, muscle and the
liver (Kolb et al., 2018). Before a diagnosis of diabetes occurs, individuals with
obesity normally exhibit expanded pancreatic islet mass for the support of greater
insulin secretion to compensate for peripheral insulin resistance to maintain
glucose homeostasis (Alarcon et al.,, 2016; Czech, 2017). Without proper
intervention, pancreatic beta cells then gradually become dysfunctional and lose
beta cell mass, leading individuals with insulin resistance to easily develop T2D.
T2D is a complex metabolic disease with many genetic factors, environmental
factors, and interactions that contribute to disease development (Bonnefond and
Froguel, 2015; Hwang et al., 2015; Stanley, 2016; Ussar et al., 2016; Yan-Do and
MacDonald, 2017). Obesity-associated diabetes goes hand in hand with
complications such as hepatic steatosis, cardiovascular disorders, certain cancers,
all of which consequently result in a higher morbidity and mortality risk (Sakaguchi
et al.,, 2017). Over 90% of all diabetes cases are T2D, which is represented
worldwide as 1 in 10 people living with diabetes. Therefore, a search for preventive

and effective therapeutic strategies is urgently needed.

4.1 Serine racemase regulates insulin secretion and HFD-induced fat
mass gain

Lifestyle interventions such as dietary modification and exercise training are
indicated to prevent T2D, as well as improve glucose homeostasis and the
metabolic health of individual with T2D (Kolb et al., 2018). The maintenance or
restoration of insulin secretion within pancreatic beta cells is one of the major
objectives for treating diabetes (Estall and Screaton, 2015; Henquin, 2004; Sachs
et al., 2020). Various medicines such as metformin, GLP-1 receptor agonist,
sulfonylureas and glitazones treat T2D as well. However, most of these drugs do
not typically stop the progression of beta cell dysfunction nor restore it, ultimately
increasing the risk of life-threatening hypoglycemia (Tahrani et al., 2011; Tokarz
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et al., 2018; Zhou and Melton, 2018). Recently, studies have explored a new
antidiabetic drug targeting the N-methyl-D-aspartate receptor (NMDAR), which
has demonstrated improvements in pancreatic islet function, insulin secretion and
islet cell survival by mediating electrical activity of the pancreatic beta cell
membrane (Huang et al., 2017; Lockridge et al., 2021; Marquard et al., 2015). A
co-agonist of NMDARs is D-serine. A previously published study from our lab has
demonstrated chronic D-serine water supplementation to reduce the insulin
secretory response to glucose stimulation (Suwandhi et al., 2018). Whereas,
another study contrarily shows low dose D-serine supplementation, or the
combination of NMDA and D-serine supplementation, to potentiate insulin
secretion (Lockridge et al., 2021). D-serine is produced from the non-essential
amino acid L-serine. Amino acids are critical to modulating metabolic homeostasis
by participating in protein synthesis, cell signaling and energy production. Serine
also acts as a central node in the metabolic network for many aspects such as cell
proliferation, insulin sensitivity and glucose metabolism. Of note, L-serine is
converted into D-serine through the racemization reaction of an enzyme called
serine racemase (SRR). SRR was first cloned in 1999, and was found to not only
catalyze racemization but also perform a parallel a, B-elimination reaction that
generates pyruvate and ammonia (Foltyn et al., 2005; Wolosker et al., 1999). Our
lab and other studies found that two SNPs (rs391300 and rs4523957) in SRR were
associated with human insulin secretion and the therapeutic efficacy of metformin
treatment in T2D patients. (Dong et al., 2011; Ndiaye et al., 2017; Suwandhi et al.,
2018; Tsai et al., 2010). Moreover, mice with whole body SRR knockout exhibit an
increase in glucose-stimulated insulin secretion and overall improvements in
glucose metabolism (Lockridge et al., 2016). Therefore, here aim is to investigate
the role of SRR in pancreatic beta cell insulin secretion and systemic glucose
homeostasis to obtain a better understanding of the potential role of NMDARSs.

SRR in pancreatic beta cells affects islet architecture and regulates glucose

homeostasis

Serine racemase is widely expressed in various tissues with high ubiquity. The
function of SRR in the brain has been well studied. However, the role of SRR in

the pancreas is still not well known yet. Transcripts of beta cell SRR have been
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detected in transcriptomic screens in both mice and humans (Benner et al., 2014;
Wolosker and Mori, 2012). Moreover, SRR expression in pancreatic islets in both
mice and humans has been identified at the protein level by immunofluorescence
staining (Lockridge et al.,, 2016). Here, the expression of SRR in isolated
pancreatic islets of Srr fl/fl mice at the transcriptional level was detected. SRR was
efficiently deleted in isolated pancreatic islets of Srr'"s'® mice, validating the

mouse model in this study.

For the typical mouse pancreatic islet, insulin-secreting beta cells form a core that
is surrounded by alpha cells, delta cells and other endocrine cells. To respond to
certain metabolic requirements and physiological conditions, pancreatic islets
display dynamic changes in architecture (Steiner et al., 2010). Here, alterations in
the architecture of pancreatic islets from Srr'"s'c® mice were observed. Islets from
Srrinsicre mice have a greater number of alpha cells than control mice. In line with
this, serum glucagon levels of Srr'"s'c® mice were significantly higher than those in
control mice under chow diet. This observation is consistent with the study from
Ohshima demonstrating serine racemase to support in cell proliferation. SRR
protein expression is shown to increase in colorectal-cancer cells that exhibit rapid
proliferation. Furthermore, it was demonstrated that the mechanism behind the
SRR promotion of cell proliferation is due to an increase in intracellular pyruvate
and the maintenance of mitochondrial mass and respiratory capacity. SRR
inhibition suppresses the growth of colorectal tumors (Ohshima et al., 2020).
Moreover, serine is central to regulating cell proliferation by modulating several
metabolic process involving cellular biosynthesis, regulation of redox status,
NADPH ratio, and lipid metabolism (Gao et al., 2018; Locasale, 2013;
Mehrmohamadi et al., 2014; Nilsson et al., 2014; Ohshima et al., 2020). Restricted
serine intake inhibits tumor growth, as deprivation of serine decreases utilization of
fatty acids, glucose and glutamine ultimately impacting the function of mitochondria
and cell proliferation (Gao et al., 2018). Phosphoglycerate dehydrogenase
(PHGDH) is the key metabolic enzyme that catalyses the rate- limiting step of the
serine biosynthesis pathway. In this thesis, PHGDH was found to be downregulated
in the proteomic profile of pancreatic islets from Srr'"s'c®mice, which indicates the

serine synthesis is downregulated. Decreased serine
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synthesis may consequently affect mitochondrial dynamics and the function of
mitochondria in supporting cell proliferation. Thus, mitochondria morphology
should be studied to confirm this hypothesis in the future. Due to time constraints,

this experiment was not done in this thesis.

The alteration of islet architecture might impact its function (Gannon et al., 2000;
Roscioni et al., 2016). However, during an in vivo glucose stimulated insulin
secretion (GSIS) test, Srr'"s'ce mice fed with chow diet exhibit a normal insulin
secretion response to high glucose stimulation, but also display improved glucose

tolerance as measured during a glucose tolerance test.

In this study, mice are deficient in SRR in beta cells, in which D-serine synthesis
is impaired. Our lab has also published another study with mice treated in the
opposite experimental direction, by providing high-dose D-serine supplementation
in water. Chronic D-serine supplementation through the drinking water leads to
hyperglycemia and glucose intolerance, which is also consistent with our findings
here to some extent (Suwandhi et al., 2018). Of note, low-dose D-serine treatment
in the same experiments causes the opposite outcome by improving glucose
metabolism via robust insulin secretion (Lockridge et al., 2021; Suwandhi et al.,
2018). These results suggest that the underlying mechanism of D-serine on
glucose and insulin metabolism is complicated, and that different concentrations
of D-serine may lead to different responses. The data mentioned above indicates
that loss of SRR in pancreatic beta cells enhances insulin efficiency, which is also
in line with SRR whole-body knockout mice exhibiting improved insulin efficiency
(Lockridge et al., 2016). However, no significant differences are observed in
insulin sensitivity between Srri"s'°® mice and Srr fl/fl mice in subsequent insulin
tolerance tests. This might be due to the limited precision inherent to an insulin
tolerance test in detecting slight differences between groups. Due to lack of
equipment issues, a more precise measurement, such as a glucose clamp, for
quantifying insulin secretion and insulin sensitivity was not carried out in this thesis.
Consistent with observations during the in vivo GSIS, insulin secretion from
isolated pancreatic islets during an ex vivo GSIS was not significantly altered
between Srr'"s'ce mice and Srr fl/fl. However, in contrast to the SRR whole-body

knockout mice that contain low D-serine concentrations, Srrins° mice show an
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improved insulin secretion in response to high glucose stimulation (Lockridge et
al., 2016). Moreover, a combination of D-serine and NMDA supplementation
potentiates insulin secretion responding to high glucose stimulation (Lockridge et
al., 2021). Remarkably, these results conflict with the observations from the earlier
study that NMDA receptors impair glucose stimulated insulin secretion (Marquard
et al., 2015) and that a decrease in expression of SRR leads to impaired insulin
secretion within the human pancreatic EndoC-bH1 beta-cell line (Ndiaye et al.,
2017). These indicate that the NMDA receptors and its co-agonist D-serine have
a complex role in regulating insulin secretion. Interestingly, in this study, enhanced
insulin content is observed in isolated pancreatic islets from Srr'"s'c® mice under

2.8 mM low glucose condition, a trend which has similarly been demonstrated in

earlier studies (Lockridge et al., 2016; Marquard et al., 2015).

SRR in pancreatic beta cells promotes basal insulin secretion from isolated
pancreatic islets with enhanced ATP production and potassium channel

trafficking

The principle mechanism of insulin secretion is that pancreatic beta cells first
sense and uptake glucose via glucose transporter (GLUT2), in which the glucose
is then converted into pyruvate via glycolysis, which can later enter the TCA cycle
in the mitochondria to generate ATP. The rise in the ratio of ATP: ADP leads to
ATP-sensitive potassium channel closure resulting in beta cell membrane
depolarization. The resulting calcium influx triggers insulin secretion into systemic
circulation (Ammala et al., 1991; Ashcroft et al., 1984; Cook and Hales, 1984; De
Vos etal., 1995; Gremlich et al., 1995; Rorsman et al., 1991; Thorens et al., 1988).
The principle mechanism of insulin secretion has been well established over 40
years, nonetheless the insulin secretion model is continuously updated to
incorporate new observations of oscillatory insulin secretion (Campbell and
Newgard, 2021; Prentki et al., 2013). Moreover, various hormonal (e.g. incretins)
or sympathetic inputs can modulate insulin secretion (Drucker, 2006; Holst and
Gromada, 2004; Svendsen et al., 2018). NMDA receptors are involved in
neurotransmission, but recently are also found to be involved in regulating insulin
secretion through modulation of the time span that beta cells exhibit a membrane

excitatory state. Inhibition of NMDARs in mouse and human islets extends the
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time spent in the depolarized state resulting in high beta cell cytosolic Ca?*
concentrations. Furthermore, acute D-serine supplementation, which is the co-
agonist of NMDARs, enhances insulin secretion and increases beta cell
membrane excitation. The previous study from our lab has demonstrated that o2
adrenergic signaling from sympathetic nerves almost completely blocks glucose
stimulated insulin secretion in mice. This has been attributed to an indirect effect
of D-serine on insulin secretion through the modulation of hypothalamic-controlled
insulin secretion (Suwandhi et al., 2018). Here, we show that loss of SRR, the
enzyme that converts L-serine to D serine in pancreatic beta cells, results in an
elevation of insulin content under low glucose condition. To further investigate the
underlying mechanism, a combination of electrophysiology, proteomics and
bioenergetics was applied. Greater ATP production within isolated pancreatic
islets from Srr'"s'c'® mice was found via seahorse experiment under low glucose
conditions. Further, an increased beta cell membrane potential and decreased
Katp channel conductance was also observed under low glucose condition by
electrophysiological experiment within isolated pancreatic islets from Srr'"s'ce mice.
Moreover, comparing the proteomic file of islets from Srr'"s'¢® mice and Srr fl/fl
mice, it was found that the ATP binding cassette (ABC) transporter pathway was
enhanced in Srr'"s'°® mice, which supports the ex vivo findings that mentioned
above. In addition, the pentose and glucuronate interconversion pathway that has
been previously associated with T2D (Sun et al., 2014), was a top upregulated hit

in the proteomic profile of islets from Srr'"s'¢® mice under chow diet.

Srrinsicre mice showed insulin resistance, glucose intolerance and a greater

fat mass gain with inhibited fat metabolism under HFD.

Srrinsicre mice fed with HFD show insulin resistance and impaired glucose
tolerance. Srr'"s°® mice exhibit fasted hyperinsulinemia and hyperglycemia under
HFD. Further, ex vivo pancreatic islets of HFD-fed mice do not exhibit the increase
in basal insulin content that is associated with the chow-fed mice. Moreover, no
difference in insulin secretion from isolated pancreatic islets is observed between
Srrinsicre mice and Srr fI/fl after high glucose stimulation. Insulin resistance is
associated with obesity, therefore body composition of the mice was measured.

As expected the Srr'"s'c® mice had greater fat mass compared to control mice,
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even though there were no evident body weight differences between the two
groups. Further, adipocyte size in subcutaneous white adipose tissue of Srrinsicre

mice was larger compared to Srr fl/fl mice under both HFD and CD.

To investigate the cause of the greater fat mass gain of Srr'i"s'°® mice, food intake
and energy expenditure were measured within TSE metabolic cages. Surprisingly,
significantly less food intake was observed in Srr'"s'°® mice compared to controls.
This may be due to inhibition of hypothalamus-associated orexigenic pathways in
response to increased fasting insulin levels (Hu et al., 2020). Recent studies have
suggested that, rather than postprandial insulin dynamics, changes in basal insulin
play a more important role in regulating weight gain. The release of lipids from
adipose tissue is highly sensitive to deviations in basal insulin (Speakman and
Hall, 2021). The relationship between insulin levels and body fat is still not fully
understood. The carbohydrate insulin model (CIM) is one of the well-known
models, which focuses on the systemic effects resulting from the direct action of
postprandial insulin on adipose tissue (Ludwig and Ebbeling, 2018). However, this
CIM model has been challenged in clinical human studies, as well as studies in
mice. Mice fed diets containing a greater proportion of carbohydrates took in fewer
calories and gained less body weight, but still exhibited higher postprandial insulin
levels (Hu et al., 2020). The CIM model did not accurately explain the phenotype
in this case. Further, insulin is more potent in suppressing lipolysis than inducing
glucose uptake. Thus, differences in basal insulin secretion, which are largely
independent of dietary intake, could in fact play a grossly underappreciated role in
regulating weight gain (Speakman and Hall, 2021). In this thesis, it was shown that
fatty acid beta-oxidation and fatty acid/lipid metabolic and catabolic process are
among the top affected GO term categories of the WAT proteome in Srr'"s'ce mice
fed with HFD compared to control. Moreover, in a KEGG pathway enrichment
analysis, the highest enrichment was seen in fatty acid metabolism, citrate cycle,
fatty acid degradation, carbon metabolism and pyruvate metabolism pathways.
Most proteins involves in fatty acid metabolism and fatty acid degradation were
also down regulated, which was also supported by a GSVA analysis indicating the
down regulation of fatty acid metabolism in Srr'"se® mice. These data are in line

with the finding that the degree of lipolysis in white adipose tissue is negatively
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correlated with fasting insulin levels (Hu et al., 2020). Together, these findings
provides experimental support for the hypothesis that basal insulin control is
critical for regulating fat mass gain via modulating lipolysis.

4.2 Glypican 4 in pancreatic beta cells associates insulin secretion and
insulin resistance

Gpc4 is an adipokine released from adipose tissue. Gpc4 in pre-adipocytes
interacts with the insulin receptor and enhances insulin signaling and insulin
sensitivity (Deischinger et al., 2021; Mitchell, 2012; Tamori and Kasuga, 2013;
Ussar et al., 2012). Beta cell specific loss of insulin receptor contributes to insulin
hypersecretion (Skovso et al., 2022). Interestingly, Gpc4 was shown to be
downregulated in the islet proteomic file of Srr'"s'e® mice compare to control mice.
Here the expression of Gpc4 in pancreatic islets was demonstrated. Thus, we
established Gpc4'"s'e® mouse line, which specific knockout of Gpc4 in pancreatic
beta cells, to investigate the mechanism underlying the modulation of insulin
secretion by Gpc4. Gpcd is efficiently deleted in the pancreatic islets at the
transcriptional level in the Gpc4'™s'°® mouse model. Alterations in pancreatic islet
architecture in Gpc4'ns'c® mice is observed. Normally the pancreatic beta cells
account for 60-80% of pancreatic islet cell population and form a core that is
surrounded by pancreatic alpha cells, delta cells, and other cells, which constitute
about 10-20%, 5%, and 1% of the total islet cell population respectively.
Interestingly, an abnormal distribution of alpha cells is observed, represented as
a distributional scattering after loss of Gpc4 in pancreatic beta cells. Further, a
decrease in islet size within Gpc4'"s'ce mice is observed relative to control mice as
established by IF staining and H&E staining. Due to time limitations, further
detailed quantification of pancreatic composition experiments have not yet been
done. Interestingly, Gpc4'"s'e mice display less insulin secretion in response to
high glucose stimulation during in vivo GSIS. In line with this, Gpc4'"s'¢® mice also
display an impaired glucose tolerance during GSIS. This observation agrees with
unpublished data from our lab on Gpc4 whole body knockout mice. Whole body
knockout of glypican-4 exhibit diminished glucose stimulated insulin secretion,
whereas an ex vivo GSIS analysis indicates that pancreatic beta cell function is
not affected by loss of Gpc4.
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Loss of Gpc4 in pancreatic beta cells does not impact body weight or body
composition under chow diet, however, it increases the rate body mass and fat
mass gain under the HFD, which is a similar phenotype to the Srr'"s'c® mice. To
investigate if the Ins1-cre insertion system influenced HFD-induced phenotype,
the phenotype of Ins1cre mouse line was characterized under HFD condition.
Ins1cre mice fed with HFD do not show any differences in body mass or fat mass
gain compared to control. Moreover, metabolic parameters of the Ins1cre mice are
not significantly different in terms of food intake, drink intake, energy expenditure,
physical activity or respiratory exchange rate. Therefore, the HFD-induced greater
fat mass gain in Gpc4'™s'°® mice is not effected by Ins1 insertion but by loss of

Gpc4 protein in pancreatic beta cells.

Under HFD, Gpc4's'°® mice show higher fasted basal insulin levels, but normal
fasted basal glucose compared to control mice. This indicates that the loss of Gpc4
in pancreatic beta cells may cause insulin resistance in mice. Earlier studies also
have shown Gpc4 to be associated with insulin sensitivity (Deischinger et al., 2021;
Mitchell, 2012; Yoo et al., 2013). However, we did not observe impairments in
insulin tolerance of the Gpc4'"s'e® mice fed with HFD during an insulin tolerance
test. This might be due the limitation of precision within the insulin tolerance test
experiment. Moreover, Gpc4'"s'® and control mice exhibit similar glucose
clearance in response to a high glucose stimulus during the glucose tolerance test.
Interestingly, at higher concentrations of exogenously administered glucose,
glucose levels of Gpc4'ns'e® mice at the 30 min time point are significantly higher
than that of control mice. In an associated manner, newly diagnosed T2D
individuals exhibit a decrease in Gpc4, but in healthy individuals that exhibit only
impairment in glucose tolerance, Gpc4 in circulation is increased in comparison to
normal healthy individuals (Li et al., 2014). Together, these data indicate Gpc4
expression in pancreatic beta cells to potentially provide a positive feedback in the

regulation of insulin secretion and play a role in the development of T2D.
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4.3 Alteration in microbiota composition results in improved glucose
tolerance and insulin sensitivity in Terc KO mice

Impaired beta-cell compensation for age-related insulin resistance may contribute
to predisposing older adults to type 2 diabetes. A sign of aging is the shortening
of telomeres. A greater understanding of the metabolic changes related to
telomere length in aging is essential for the development of therapeutic
interventions targeting the elderly population for T2D. An increase in mortality and
infertility of third-generation Terc”’- inbred mice was observed, therefore, in this
thesis, the second-generation Terc’” inbred mice (Terc KO) was used as an
accelerated aging mouse model to study their metabolic alterations. Here, we
showed that moderate shortening of telomeres in second-generation C57BL/6
Terc’ mice improve insulin sensitivity and glucose tolerance in both male and
female mice. However, this effect does not appear to be a consequence of direct
effects on cellular glucose utilization, as previously suggested (Missios et al.,
2014). This thesis demonstrated that male and female Terc KO mice display a
reconfiguration of gut microbiota, with elevated levels of Actinobacteria. Members
of this family show positive effects on various metabolic parameters. For example,
Bifidobacterium longum APC1472 improves glucose tolerance in obese mice and
lowers fasting glycemia in obese/overweight individuals (Schellekens et al., 2021).
Furthermore, supplementation of obese individuals with probiotics containing
Bifidobacteria have resulted in decreased body weight and improvement in
wellbeing (Michael et al., 2020). Thus, the improvement in glucose tolerance and
insulin sensitivity in Terc KO mice may mostly be influenced by the expansion of
metabolically beneficial gut microbiota in both male and female mice. In addition,
sex-specific differences in individual metabolic and molecular parameters are
observed. Most prominently, female mice only exhibit improved glucose tolerance
when high doses of glucose (4 g/kg) are administered, whereas this effect was
already observed at 2 g/kg in male mice. The most obvious explanation for this
difference is the overall higher glucose tolerance and insulin sensitivity of female
compared to male mice (Arslanian et al., 1991; Hedrington and Davis, 2015; Kava
et al., 1989; ter Horst et al., 2015; Vital et al., 2006). This optimal metabolic state

in female mice is also reflected in the serum triglyceride levels. However, the
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detailed underlying mechanism is not further explored in this thesis due to the time

limitation.

Overall, increased telomere shortening, either through genetic impairment in
telomerase activity as described here, or via environmental effects, appears to
confer beneficial effects on glucose homeostasis, which on first sight contradicts
many epidemiological studies in humans. However, while describing a principle
mechanism, our data should not be translated directly to humans. Moreover,
further decreases in telomere length later in life, or as seen in studies using a
higher number of Terc’ inbred generations, has been known to cause other
various organismal damages, eventually worsening glucose homeostasis among
other metabolic attributes. Thus, future large scale studies in mice, or specifically
designed clinical studies, will be required to unravel the transition points from
beneficial to detrimental effects of telomere shortening on systemic glucose

homeostasis.
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5. Conclusion and perspectives

Halting pancreatic beta cell dysfunction progression or restoring beta cell function
is an effective therapeutic strategy for treating T2D diabetes. In this thesis, it was
shown that loss of serine racemase in pancreatic beta cells induces a greater
alpha cell population and impairs islet architecture. These changes may associate
with the function of Serine racemase on cell proliferation via the production of
pyruvate (Ohshima et al., 2020). Thus, further studies on tracking pancreatic beta
cell and alpha cell proliferation, and quantifying the mitochondrial condition or
pyruvate utilization, are required for a further detailed understanding of the role of
serine racemase. This study also demonstrated serine racemase loss to promote
insulin secretion under low glucose condition ex vivo. Further, this thesis revealed
greater mitochondrial ATP production under low glucose condition in isolated
pancreatic islets lacking serine racemase. In parallel, an increase in membrane
potential under low glucose condition was observed through electrophysiological
detection in isolated pancreatic islets lacking serine racemase. In line with the
enhanced basal insulin secretion effect attributed to serine racemase deletion,
mice lacking serine racemase in pancreatic beta cells exhibit improved glucose
tolerance under chow diet, but under high fat diet exhibit hyperinsulinemia and
insulin resistance and the consequences associated with increased adipose tissue
lipid storage. These disparities are further confirmed by proteomic study of
subcutaneous adipose tissue of HFD fed Srri"s'c® mice, which reveals fatty acid
metabolism and insulin signaling components to be down regulated. In summary,
data in this thesis unravels the role of SRR in the regulation of basal insulin
secretion and underscores the pivotal role of basal insulin secretion in the
regulation of body weight. In addition, this thesis also demonstrates that the
glypican 4 potently stimulates insulin secretion in response to high glucose
stimulation. Another finding in this thesis is that loss of glypican 4 in pancreatic
beta cells leads to an impairment in pancreatic islets architecture and impaired
glucose tolerance. Further, mice lacking glypican 4 in pancreatic beta cells
demonstrate insulin resistance and greater fat mass gain under HFD. Future
studies on examining the degree of lipolysis and extent glucose uptake in adipose
tissue can be performed to further detail the understanding of glypican 4 in the
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regulation of fat metabolism. Further clinical studies among healthy individuals,
individuals with T2D, and individuals with obesity are required to translate the role
of D-serine or glypican 4 on insulin secretion into avenues for therapeutic
treatment. These findings may guide future work towards D-serine targeting or

glypican 4-sensitizing therapies as treatments for diabetes.

Shortened telomeres is another factor related to the development of type 2
diabetes. Interestingly, the data in this thesis reveals that moderate telomere
shortening in aged mice improves systemic metabolism. G2 generation Terc KO
mice exhibit improved oral glucose tolerance and higher insulin sensitivity.
Telomerase deficiency significantly alters the composition of gut microbiota with
an increase in Bifidobacteriaceae and Erysipelotrichaceae, which is one of the
factors responsible for the improvements in insulin sensitivity and glucose
tolerance. To further explore the role of microbiota in the improvement of glucose
and insulin metabolism, a study with the germ-free mice transplanted with the
microbiota from Terc KO mice and control mice can be further investigated in
future studies. Nevertheless, our data unravel the principle role of telomere
shortening in the regulation of systemic glucose metabolism and insulin sensitivity.
My study provides important insights for future murine and human aging studies

of the age-associated development of type 2 diabetes and metabolic syndrome.
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