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The arcuate nucleus of the hypothalamus (ARC) is a critical nexus of neuron populations
that interpret peripheral signals of energy status and deliver diverse efferent outputs to
metabolically active tissues. These neurons are critical to maintaining energy homeostasis, and
disruption of their complex neurocircuitry results in metabolic disease phenotypes. The goals of
this dissertation were to investigate the novel role for the circulating a-klotho protein to regulate
neurons within the ARC to modulate peripheral metabolism.

Intracerebroventricular administration of a recombinant a-klotho in lean, obese, and type
| diabetic mice for 1-12 days revealed a novel role for a-klotho to regulate whole body energy
and glucose metabolism. a-Klotho-treated mice experienced suppressed food intake, increased
energy expenditure, and improved glucose clearance. Central a-klotho-mediated regulation of
peripheral glucose metabolism was determined to be independent from body weight and insulin
sensitivity but may be due to reduced hepatic gluconeogenic gene expression and improved
insulin secretion. Furthermore, cerebrospinal fluid collected from humans demonstrated body
weight is strongly and negatively correlated to a-klotho concentrations, suggesting central a-

klotho is also important to energy homeostasis in humans.



Experiments utilizing ex vivo patch clamp electrophysiology, immunohistochemical
detection of the neuronal activation marker cFOS, and the immortal GT1-7 hypothalamic cell
line demonstrated a novel role for a-klotho to regulate neurons in the ARC. a-Klotho decreased
activity of the orexigenic neuropeptide Y/agouti-related peptide neuron population and increased
activity of a subset of the anorexigenic proopiomelanocortin neuron population. a-Klotho was
also shown to regulate the non-neuronal ARC astrocytes, which are involved in hormonal
transport, nutrient-sensing, and neuronal health.

Mechanistically, ICV pretreatment with inhibitors of fibroblast growth factor receptors
(FGFR’s) or PI3kinase signaling attenuated the therapeutic effects of a-klotho, as well as its
ability to modulate hypothalamic neuron activity. Overall, these studies identify a novel a-
klotho->FGFR->PI3kinase signaling axis in ARC neurons that is critically involved in
homeostatic regulation of energy and glucose metabolism. Identification of this molecular
mechanism may facilitate the development of novel therapeutic approaches to metabolic disease

and may also identify a-klotho as a preclinical marker of these disorders.






Central a-Klotho is a Novel Regulator of Arcuate Neurons and Peripheral Metabolism

A Dissertation
Presented to the Faculty of the Department of Kinesiology

East Carolina University

In Partial Fulfillment of the Requirements for the Degree

Doctorate of Philosophy in Bioenergetics and Exercise Science

By
Taylor Landry

May, 2021



© Taylor Landry, 2021



Central a-Klotho is a Novel Regulator of Arcuate Neurons and Peripheral Metabolism
By,
Taylor Landry
APPROVED BY:

DIRECTOR OF DISSERTATION

Hu Huang, PhD

COMMITTEE MEMBER:

Joseph Houmard, PhD

COMMITTEE MEMBER:

Ronald Cortright, PhD

COMMITTEE MEMBER:

Srinivas Sriramula, PhD

CHAIR OF THE DEPARTMENT OF KINESIOLOGY

JK Yun, PhD

DEAN OF THE GRADUATE SCHOOL

Paul J. Gemperline, PhD



Acknowledgements

This dissertation is the product of countless individual efforts ranging from direct
contributions from valuable colleagues and collaborators to indirect contributions from my
beloved friends and family. Beginning with my mentor, Dr. Hu Huang, who took a chance on me
when | had no background in neuroscience, benchwork, or animal studies. Dr. Huang provided
me the tools, opportunities, and guidance to thrive during my doctoral studies. Second, Drs. Ron
Cortright, Srinivas Sriramula, and Joe Houmard comprised my dissertation committee, providing
priceless insight facilitating experimental development, data collection, analysis, and conclusions
of my project. And then there were the many members of the East Carolina Diabetes and Obesity
Institute who provided technical and emotional support daily. I’d like to name Alec Chaves
specifically, for the coffee runs, gym time, evening beers, brainstorming sessions, and never-to-
be-repeated venting periods, which were all integral to my sanity over the last four years.

I would also like to thank my mentors at James Madison University for providing
guidance instrumental to my career choices thus far. Drs. Chris Womack, Mike Saunders, and
Nick Luden, your passion, kindness, and wisdom are exceptional, and it is a big part of what
makes the Kinesiology Department at JMU one of a kind.

Last but not least are my loved ones. Mom, Dad, and Nicole (sister), you all shaped and
groomed me into the man | am today. Thank you for challenging me, pushing me outside my
comfort zones, and giving me the freedom to forge my own path. And finally, Arieanne
Creighton (fiancé), thank you for being my main confidant, my support, and my escape. Having
you to come home to was always a brilliant light at the end of sometimes dark tunnels...and sorry

for always vastly underestimating how long I’ll be in lab. Thank you all.



Table of Contents

LISE OF TADIES. ... bbbt vii
TS o) T TN =TSSR viii
ADDIEVIALIONS. ...t Xi
CHAPTER 1: INtrOQUCTION. .....cviiiieeeiise et 1
(O TV o U SR 20
Statement Of ProDIEM..... ..o 23
Y T I @ o] [=Tod 1Y SRS 23
HYPOTNESIS. ...ttt et e te e b e e n e s aeeteereenne e re e 24

CHAPTER 2: Central a-klotho suppresses NPY/AgRP neuron activity and regulates metabolism

LI Lol ST S TS U PP PR PP PPPPRPO 25
AADSTFACT. ...t 25
INEFOTUCTION. ...ttt b et b et 26
IMIBENOGS. ...ttt bbb e ettt 27
RESUIES. ...ttt 33
DISCUSSION. ...ttt bbbt b et b bbbttt b ettt 37
FIUIES . ettt e s e et et e e sttt et e e e e e a e et e e n e e re e te et e aae e reeareareereens 43

CHAPTER 3: Centrally circulating a-klotho inversely correlates with human obesity and

modulates arcuate neuron PopPUlAtioNS IN MICE..........ccciiiieiieie e 69
N oL = Tod PP P PRSP 69
INEFOTUCTION. ...ttt n et e e nte e reenne e 71

IVLBENOOS. ...ttt nnnn 72



RESUIES. ... e et e e e e e e e ettt e e e e e e e e e et e e e e e e ——————— 78

DHSCUSSION. ...ttt bbbt b et b bbbt 82
10 U SRS 88
CHAPTER 4:
CONCIUSTONS. ...tttk b bbbt bttt et b e n e 112
10 OSSPSR 115
REFERENGCES ...ttt n e r e e e nneennnes 118
APPENDIX A: IACUC Approval — AUP 101........cccouiiiiiiiiieie e 136

APPENDIX B: IACUC ApProval — AUP 085..........coiiiiiiirieieisiesiees et 137



List of Tables

Chapter 2-
Supplemental Table 2.1: Primer Sequences Used for gPCR.........cccccceiieie e 59
Chapter 3-
Supplemental Table 3.1: Human Subject CharacteriStiCs..........covuvviiieiieeresie e 102

Supplemental Table 3.2: Primer Sequences Used for gPCR..........cccccevieie e 103



List of Figures
Chapter 1-

Figure 1.1: Arcuate Nucleus Control of MetaboliSm...........ccccoviiiiieiiii e, 22

Chapter 2-
Figure 2.1: 7 Days Central Administration of a-Klotho Results in Weight Loss, Suppressed Food
Intake, and Improved Glucose Regulation in DIO MICEe..........cccocevveiiiie i 51
Figure 2.2: Acute Central Administration of a-Klotho Improves Glucose Clearance and
Suppresses Food Intake Independent of Body Weight in DIO Mice...........ccccoevvevivennane. 52
Figure 2.3: 7 Days Central o-Klotho Administration Attenuates the Progression of Diabetes in
STZATEALEA IMICE....... ittt bbb 53
Figure 2.4: Central a-Klotho Inhibition Impairs Glucose TOIErance..........cccceveverereieiesesnanens 54
Figure 2.5: a-Klotho Suppresses NPY/AgRP Neuron Activity, at least in part, by enhancing
10010 L O PP PPPRPPPPPRP 55
Figure 2.6: a-Klotho-mediated cell signaling and regulation of NPY/AgRP neurons in the
hypothalamus is dependent 0N FGFR'S.........ccoiiiiiiiiee e 56
Figure 2.7: Central Inhibition of FGFR1 Blunts the Therapeutic Effects of 7 Days a-Klotho in
DIO IMIICE. ..ottt e bbbttt b et b e bt e s e st et e b et bt reeneenes 57
Figure 2.8: Central Inhibition of PI3kinase Negates the Therapeutic Effects of a Single a-Klotho
INJECION 1N DIO IMICE....iiiiiiie ettt sree s 58
Supplemental Figure 2.1: Validation of ICV Cannulation Procedure.............ccocoevvevieivieenieennnen, 60

Supplemental Figure 2.2: Effects of ICV a-Klotho in STZ-treated Mice..........ccccceviviiiiiiinnnne 61



Supplemental Figure 2.3: 12 days ICV a-Klotho Treatment does not Affect Insulin Sensitivity in
Peripheral TissSues Of DIO MICE........ccvciiiiiieiie e 62
Supplemental Figure 2.4: 12 days ICV a-Klotho Treatment Alters mMRNA Levels of Key
Metabolic GENES IN The LIVET.......cociiiiiiicisice s 63
Supplemental Figure 2.5: 7 Days ICV Treatment with Anti-a-Klotho Antibody has no
Significant Effects on Hypothalamic Gene Expression, Liver Gene Expression, or
Skeletal MUSCIE PAKTSEM T3 oottt 64
Supplemental Figure 2.6: a-Klotho Alters Cell Signaling and Neuronal Activity in the
HYPOTNAIAMIUS. ...ttt sae e e e e nteenee s 65
Supplemental Figure 2.7: ICV a-Klotho does not Cause Additional Stress in Mice.................... 66
Supplemental Figure 2.8: 7 days ICV a-Klotho Treatment Improves Glucose Regulation and
Suppresses Food Intake in Female DIO MICE........cccceiveieiiie i 67
Supplemental Figure 2.9: 7 Days ICV a-Klotho Treatment Suppresses Food Intake in Healthy

CROW-FEO IVIICE. ..ottt e et e e e e e e e e 68

Chapter 3-
Figure 3.1: Cerebrospinal Fluid a-Klotho Concentrations are Reduced in Overweight and

OBDESE AGUILS. ...ttt 94
Figure 3.2: Two Days ICV a-Klotho Treatment Increases Energy Expenditure in DIO Mice.....95
Figure 3.3: Acute ICV a-Klotho Treatment has no Effects on TH-expressing Neuron

ACLIVILY INthe ARC OF PVIN.....coiiii ettt ae e nree 96
Figure 3.4: Acute ICV a-Klotho Treatment Increases ARC POMC Neuron Activity in

SO IMIIC . . 97



Figure 3.5: Central a-Klotho Increases ARC POMC Neuron Activity, at least in part, via

Figure 3.6: PI3kinase Inhibition Blunts a-Klotho-mediated ARC POMC Neuron Activation.....99
Figure 3.7: PI3kinase Inhibition Abolishes a-Klotho-mediated ARC NPY/AgRP Neuron

Tl a1 o] 1 (o] o TSSO UR PR PRRPRP 100
Figure 3.8: Acute ICV a-Klotho Treatment Stimulates Phosphorylated ERK 2021204

NS {0103 (- ST TPTTPPR 101
Supplemental Figure 3.1: Experimental Timeline of Indirect Calorimetry Experiments............ 104
Supplemental Figure 3.2: Two Days ICV a-Klotho Treatment Decreases Food Intake and

Reduces Body Weight in DIO MICE........cccoiiiiiiiie st 105
Supplemental Figure 3.3: POMC-expressing Neurons Exhibit a Heterogenous Response to

O-KIOTNO TIEAIMENT.......iiiiiiiieiieee et sbeere s 106
Supplemental Figure 3.4: ICV a-Klotho Treatment has no Effects on POMC Neuron

ACHIVILY INFEA IMICE.....c.viiiice ettt reere e 107
Supplemental Figure 3.5: Acute ICV o-Klotho Treatment Increases pSTAT3%5% in NPY-

EXPrESSING NEUFONS. .......eiiiieieiieete ettt st et st e et e se e s beebeanaesreeneenee e 108
Supplemental Figure 3.6: Twelve Days ICV a-Klotho Treatment Increases Ki67 Expression

IN the ARC OF DIO IMICE. .....ccuiiiiiiieiiee ettt bbb 109
Supplemental Figure 3.7: Twelve Days ICV a-Klotho Treatment has no Effects on ARC

Neurogenesis iN DIO MICE.......ccioiiiiicie e 110

Chapter 4-

Figure 4.1: Graphical ADSIIACT..........cuiiiieiie it 11



List of Abbreviations

AAV -Adeno-associated virus

ACC — Acetyl coenzyme A carboxylase

aCSF — Artificial cerebrospinal fluid

ADAM - A disintegrin and metalloprotease
AgRP — Agouti-related peptide

AMPK — Adenosine monophosphate kinase
ANOVA — Analysis of variance

AUP — Animal use protocol

aMSH - a-melanocyte-stimulating hormone
APP — Amyloid precursor protein

ARC — Arcuate nucleus

ATP — Adenosine triphosphate

BACE-1 — B amyloid precursor protein converting enzyme 1
BAT — Brown adipose tissue

BBB — Blood-brain barrier

BMI — Body mass index

CAMKK - Calcium-calmodulin dependent protein kinase kinase
CCK — Cholecystokinin

C/EBPa - CCAAT/enhancer-binding protein o
CIDEA - Cell death activator CIDE-A

CNS — Central nervous system

CPT1 — Carnitine palmitoyl transferase 1

CSF — Cerebrospinal fluid

Dcx - Doublecortin

DIO - Diet-induced obesity

EE — Energy expenditure

ERK — Extracellular-regulated kinase

eWAT — Epididymal adipose tissue

ELISA — Enzyme-linked immunoabsorbant assay
FAS — Fatty acid synthase

FGF — Fibroblast growth factor

FGFR — Fibroblast growth factor receptor
FOXO - Forkhead box protein

G6Pase — Glucose 6 Phosphatase

GABA — Gamma-aminobutyric acid

GFAP — Glial fibrillary acid protein

GFP — Green fluorescent protein

GHSR — Growth hormone secretagogue receptor
GK - Glucokinase

GLUT — Glucose transporter

GPCR — G-protein coupled receptor

GTT — Glucose tolerance test

HCI — Hydrochloric acid

HDL — High-density lipoprotein



HMG-CoA - B-Hydroxy B-methylglutaryl coenzyme A
IACUC - Institutional animal care and use committee
ICV - Intracerebroventricular

IGF — Insulin-like growth factor

IGFR — Insulin-like growth factor receptor

IP - Intraperitoneal

IPSC — Inhibitory post-synaptic current

IR — Insulin receptor

ITT — Insulin tolerance test

KATP channel — ATP-sensitive potassium channel
LBPN - Lateral parabrachial nucleus

LiCl — Lithium chloride

MC4R — Melanocortin Receptor 4

MRNA — messenger ribonucleic acid

MTORC1 — Mammalian target of rapomyosin complex 1
NADPH — Oxidized Nicotinamide adenine dinucleotide phosphate
NPY — Neuropeptide Y

NRF1 — Nuclear respiratory factor 1

NTS — Nucleus of the solitary tract

PBS — Phosphate-buffered saline

PCR — Polymerase chain reaction

PEPCK — Phosphoenol-pyruvate carboxykinase

PGCla - Peroxisome proliferator activated receptor y coactivator alpha
PI3K — Phosphatidyl-inositol 3 kinase

PK — Pyruvate kinase

POMC — Proopiomelanocortin

PPARY — Peroxisome proliferator activated receptor y
PRDM16 — PR domain containing 16

Prx — Peroredoxin

Ptx — Picrotoxin

PVN — Paraventricular nucleus

gPCR — Quantitative polymerase chain reaction

RNA — Ribonucleic acid

ROS — Reactive oxygen species

SD — Standard deviation

SEM - Standard error of measurement

STAT3 - Signal transducer and activator of transcription 3
STZ — Streptozotocin

TBST — Tris-buffered saline with triton

TFAM — Mitochondrial transcription factor A

TG — triglyceride

TH — Tyrosine hydroxylase

TNFo — Tumor necrosis factor o

TRPV — Transient receptor potential cation channel subfamily V
Trx — Thioredoxin

Ttx — Tetrodotoxin



TXNIP — Thioredoxin interacting protein
UCP1 — Uncoupling protein 1
WAT — White adipose tissue



Chapter 1

Introduction

1.1. Diabetes and Obesity Epidemics

Metabolic diseases are increasingly prevalent in today’s society, with the National
Institute of Health estimating greater than 67% of adults in the United States are overweight or
obese and approximately 10.5% suffer from diabetes [1]. These diseases are characterized by
chronic energy surplus and dysfunctional substrate utilization, drastically increasing incidence
and severity of various disorders including: cardiovascular disease [2], cancers [3],
neurodegenerative diseases [4], psychiatric disorders [5], infection [6], liver disease [7], and
kidney disease [8]. As a result, diabetes and obesity severely increase all-cause mortality and
cause an estimated annual economic burden to the United States of $474-$537 billion [9].

The underlying causes of diabetes and obesity are a subject of debate in the scientific
community, but these diseases are usually associated with disordered metabolism in one or more
organ systems. The liver, skeletal muscle, adipose tissue, pancreas, kidneys, and heart are all
intricately involved in homeostatic regulation of energy balance and substrate utilization.
Interestingly, all these peripheral organs receive efferent inputs from the central nervous system
(CNS) to modulate their function. Consequently, the CNS is a prominent focus of investigation
for its potent ability to respond to nutritional and hormonal changes in the blood and regulate

multiple organ system function accordingly.

1.2. The Arcuate Nucleus of the Hypothalamus Regulates Whole-Body Metabolism

The arcuate nucleus (ARC), located in the medio-basal hypothalamus, contains diverse

neuron populations critically involved in metabolic regulation. ARC neuron populations are



located immediately adjacent to the third ventricle and cerebrospinal fluid (CSF), allowing for
convenient nutrient- and hormone-sensing [10,11]. These neurons, including orexigenic
(appetite-inducing) neuropeptide Y/agouti-related peptide (NPY/AgRP) and tyrosine
hydroxylase (TH) neurons and anorexigenic (appetite-suppressing) proopiomelanocortin
(POMC) neurons, then coordinate and project to various areas of the brain to ultimately deliver

efferent signals to peripheral tissues.

1.2.1. POMC Neurons-

ARC POMC-expressing neurons release POMC neuropeptide, which is cleaved into a-
melanocyte-stimulating hormone (aMSH) and subsequently binds to and stimulates CNS
melanocortin 4 receptors (MC4R’s) [12-16]. MC4R’s are densely located in neurons within the
paraventricular nucleus of the hypothalamus (PVN) that then project to various areas of the
brain, including the nucleus of the solitary tract (NTS) and lateral parabrachial nucleus (LBPN),
to ultimately regulate autonomic efferent signals to metabolically active tissues [15-19]. For
example, POMC activity modulates sympathetic outflow to white adipose tissue (WAT), brown
adipose tissue (BAT), and liver, which results in altered gene expression and covalent
modification of key enzymes involved in substrate metabolism [12-14,20-22]. Through this
neurocircuitry, POMC neuron activation is associated with satiety, increased locomotion,
upregulated BAT thermogenesis, improved adipose insulin sensitivity, and reduced hepatic
glucose output [12-14,20-22]. Consequently, insufficient POMC activity, or dysregulation of
any of its downstream targets, results in metabolic disease phenotypes [11-13,23-25].

Notably, POMC-expressing neurons have been shown to be heterogenous in their

neurotransmitter and cell surface receptor expression [26,27]. For example, while the canonical



POMC-expressing neuron expresses high POMC neuropeptide, about 28% of POMC neurons
express low POMC and high AgRP. Additionally, POMC neurons differ in their expression of
leptin and insulin receptors, identifying significant differences in regulatory mechanisms in this
neuron population. Overall, the heterogeneity of this neuron population provides a challenge

when characterizing their physiological and molecular functions.

1.2.2. NPY/AgRP Neurons-

NPY/AgRP neurons co-express both the NPY and AgRP neuropeptides, as well as the
inhibitory neurotransmitter gamma-aminobutyric acid (GABA). These neurons play a corollary
role to POMC neurons by directly antagonizing MC4R-expressing PVN neurons via Y receptors,
as well as POMC neurons themselves via GABA [17-19,28,29]. As a result, NPY/AgRP neuron
activation elicits rapid food intake, sedentary behavior, reduced thermogenesis, hepatic glucose
output, hyperinsulinemia, skeletal muscle insulin resistance, and increased adipose glucose
uptake [10,30-38]. Furthermore, overactivity of NPY/AgRP neurons results in hyperphagia,
hyperglycemia, and obesity [34,35,39,40].

Neuronal crosstalk within the ARC is also very important to metabolic regulation. For
example, NPY/AgRP neurons regulate TH neuron activity and subsequent BAT thermogenesis
via NPY action on Y1 receptors [37,41]. Additionally, as previously mentioned, opto- or chemo-
genetic NPY/AgRP activation elicits GABA-mediated POMC inhibition [28,42]. However,
disrupted NPY/AgRP neuron activity or neurotransmitter release has no effects on POMC
inhibitory post-synaptic currents (IPSC’s) [28,43], resulting in the physiological relevance of

NPY/AgRP—->POMC connectivity being unclear.



1.2.3. TH Neurons-

TH is the rate limiting enzyme in dopamine and catecholamine synthesis [44]. Recently,
ARC and PVN TH-expressing neurons have been shown to release dopamine and GABA to
regulate energy balance [37,45]. Optogenetic ARC TH neuron activation elicits food intake,
while disrupted release of these neurotransmitters has opposite effects [45], and PVN TH
neurons increase sympathetic outflow to BAT to stimulate thermogenesis [37]. The
neurocircuitry underlying ARC TH neuron function is still a new area of research, but TH
projections have been observed in PVN neurons [45]. Furthermore, ARC TH neurons directly
excite NPY/AgRP neurons via dopamine release and inhibit POMC neurons via both GABA and
dopamine [45]. TH neurons may also be involved in the pathology of metabolic disease,

demonstrated by overactivity of TH neurons resulting in hyperphagia and obesity [46].

1.2.4. Nutritional and Hormonal Control of the ARC-

Glucose-sensing and responsiveness in ARC neuron populations is critical to maintaining
euglycemia and energy balance. Glucose and monocarboxylate transporters facilitate glucose,
lactate, and pyruvate entry and metabolism in neurons, which increases ATP levels and alters
neuronal firing [47]. More specifically, NPY/AgRP and POMC neurons are glucose-inhibited
and glucose-excited, respectively [48,49]. Changes in ATP levels in these neurons modulates
ATP-sensitive potassium channels (KATP), alters potassium flux, and therefore regulates
membrane potential [48,49]. The importance of these glucose sensing mechanisms is
underscored by studies observing mutant KATP channels specifically in NPY/AgRP or POMC

neurons resulting in poor maintenance of glucose homeostasis [48].



Equally important to ARC neuron regulation are hormones released from peripheral
organs. The plethora of metabolic hormones released from adipose, gut, and the pancreas allow
for fine communication between peripheral and central metabolism. For example, ghrelin is a
hunger-inducing hormone released primarily from the distal stomach in response to low glucose
concentrations and decreased stomach distention [50,51]. While there is no known ghrelin
receptor on POMC neurons, circulating ghrelin stimulates NPY/AgRP neuron activity via growth
hormone secretagogue receptors (GHSR’s), a subtype of G-protein coupled receptors (GPCR’s)
[52]. Mechanistically, ghrelin indirectly stimulates NPY/AgRP neuron activity by acting on
presynaptic neurons to elicit Gg-coupled signaling and downstream CAMKK and AMPK
activation, increased calcium flux, and glutamate release [53]. Ghrelin>GHSR signaling has
also been shown to be critical to hunger and hepatic glucose output by directly increasing
NPY/AgRP neuron activity and neuropeptide gene expression [52,54,55].

While ghrelin is the only known “hunger-inducing” hormone, there are many “satiety-
inducing” neurons, including leptin, insulin, cholecystokinin (CCK), peptide Y'Y, and glucagon-
like peptide. Leptin is released from adipose tissue, is essential to promoting satiety,
thermogenesis, and reduced glucose output, and has even been shown to be therapeutic in
metabolic disease models [56-64]. Leptin’s physiological functions are, in part, mediated by its
role as a key negative regulator of NPY/AgRP and TH neurons and positive regulator POMC
neurons [10,12,19,32,46,62,65,66]. Leptin binds to tyrosine kinase leptin receptors on these
neurons and elicits downstream rho kinase 1-mediated phosphorylation of janus kinase 2, which
stimulates dimerization and phosphorylation of signal transducer and activator of transcription 3
(STAT3) [66]. This phosphorylation of STAT3, as well as activation of PI3kinase (PI3K)

signaling, regulates neuropeptide gene expression and KATP channel activity [19,23,67,68].



Notably, the leptin and leptin receptor deficient transgenic mice have become renowned models
of extreme early onset obesity and reintroduction of leptin activity specifically in ARC neurons
drastically rescues these phenotypes [12,58,69-72].

Insulin is another key regulatory hormone in ARC neurons, stimulating satiety, reduced
glucose output, and increased energy expenditure [39,73]. Insulin is released from the pancreatic
B cells in response to elevated glucose levels and binds to tyrosine kinase insulin receptors to
inhibit or excite NPY/AgRP and POMC neurons, respectively. Downstream of insulin receptor is
PI3K signaling, which regulates neuropeptide gene expression via forkhead box protein (FOXO)
and modulates KATP channels [21,39,74,75].

Additional hormones with satiety functions in the central nervous system are CCK,
peptide Y'Y, and glucagon-like peptide, which are all released from the small intestine in
response to changes in glucose and gut distention [76-80]. CCK and glucagon-like peptide act
via GPCR’s and peptide Y'Y via inhibition of Y receptors to elicit similar physiological effects to
insulin and leptin [76-80]. Overall, these gut hormones, insulin, and leptin coordinate to relay
peripheral signals to the central nervous system and ultimately maintain energy and substrate

homeostasis.

1.2.5. Resistance to satiety hormones and metabolic disease-

Considering the potent physiological functions of leptin, insulin, peptide YY, and CCK,
studies have identified promising therapeutic effects in response to acute exogenous treatment
with these hormones in metabolic disease models [61,72,81-84]. Unfortunately, chronic
administration with these hormones has diminishing returns, largely due to metabolic disease

pathologies resulting in resistances to satiety hormones’ physiological effects, including in ARC



neurons [32,66,84-88]. Studies have implicated inflammation and reactive oxygen species to
hormonal resistances observed in diabetes in obesity, but these phenomena are complex,
multifaceted, and poorly understood [89]. Overall, the diminishing central functions of leptin,
insulin, and other satiety hormones in metabolic disease states highlight the value of identifying
novel hormonal regulators of ARC neuron populations. Furthermore, characterizing the
molecular mechanisms underlying novel hormonal ARC regulators could facilitate the

development of new therapeutic targets for diabetes and obesity.

1.3. a-Klotho: The Anti-Aging Protein

Approximately 24 years ago the a-klotho gene was discovered when a study revealed
mutation of a single gene within Chromosome 13 results in a rapid, premature aging phenotype
[90]. a-Klotho overexpression has since been researched for its ability to prolong the lifespan 20-
30% in rodents [91], as well as its therapeutic potential in various neurological [92-96],
metabolic [69,97-103], cardiorespiratory [104-113], osmolar, [114-117] and cancer-related
diseases/disorders [118]. More recently, in an attempt to combat the unrelenting obesity and
diabetes epidemics, studies have begun to elucidate the specific roles of a-klotho in the
regulation of energy and substrate metabolism. Increasing evidence demonstrates reduced central
and peripheral a-klotho concentrations in humans with metabolic disease, suggesting its
involvement in the pathology of these disorders. However, the role of a-klotho in metabolic
regulation is complex, in part due to a-klotho’s diverse physiological functions and paradoxical
effects on insulin activity [69,91,98,99,102]. Additionally, most studies utilize models involving
whole-body a-klotho manipulation, which neglects its tissue-specific functions, especially

considering a-klotho’s inability to cross the blood-brain barrier (BBB) [92,119].



1.3.1. Structure of the a-Klotho Protein-

RNA-splice variants of the a-klotho gene encode either a transmembrane or secreted o-
klotho protein [120,121]. Transmembrane a-klotho has ~1014 amino acids with a molecular
weight of 130kD and is comprised of a signal sequence at its N-terminus, a single
transmembrane helix domain near the C-terminus, two internal repeats (KL1 and KL2) between
the two, and a small intracellular domain. Secreted a-klotho consists of only the KL1 domain and
N-terminus, weighs 65kD, and has ~550 amino acids. Both transmembrane and secreted a-klotho
exhibit enzymatic activity due to KL1 and KL2 domains possessing identical beta-glucuronidase
and sialidase homology. Notably, the rodent a-klotho protein has ~86% homology with that of
humans [120-122].

Transmembrane a-klotho can also undergo proteolytic cleaving between the KL1 domain
and the transmembrane domain (a cut) or between the KLL1 and KL2 domains (J cut) to release
full or short form a-klotho into the circulation [123-125]. Similar to tumor necrosis factor o
(TNFa) and amyloid precursor protein (APP), a-klotho is cleaved by members of the ADAM
family (a disintegrin and metalloprotease) 10 and 17, as well as f APP converting enzyme 1
(BACE-1) [123,125,126]. Notably, while no specific a-klotho receptor has been discovered, both
cleaved and secreted a-klotho exhibit diverse hormonal function in various tissues [124,127].
Little is known about what regulates the cleaving of transmembrane a-klotho, but insulin can
augment this process via P13kinase signaling [123]. Considering one of the first discovered
metabolic functions of a-klotho was to inhibit insulin signaling [91,118,128,129], these findings

may suggest a physiologically relevant negative feedback loop.



1.3.2. Regulation of a-Klotho Expression-

a-Klotho is primarily expressed in the kidneys and the choroid plexus of the brain;
however low levels of expression are detected in many other tissues including: pituitary gland,
placenta, skeletal muscle, adipose tissue, bladder, pancreas, testis, ovary, colon, and lungs
[90,130]. Little is known about the regulation of a-klotho expression, but studies show it is
upregulated by PPARYy activity [131,132] and is downregulated by estradiol [133], HMG-CoA
reductase [108], and angiotensin Il (via an angiotensin 1 receptor) [127]. Studies investigating
regulation of a-klotho expression are largely observational and produce mixed results. For
example, one study determined plasma a-klotho concentrations fluctuate diurnally [134], with
high concentrations around noon and low concentrations at midnight, while another observed no
diurnal variations [135]. Sex differences in peripheral a-klotho expression are equally equivocal,
with one study suggesting females have higher a-klotho levels [136] and another observing no
differences [137]. Pedersen et. al. compared two popular commercially available a-klotho
ELISA kits (Immuno-Biological Laboratories, Japan and Casabo, China) and discovered drastic
variability between the two [136], suggesting the variability in results throughout the literature is
likely due to unreliable a-klotho-detecting assays.

What is clearer in the literature is that peripheral a-klotho expression is inversely
correlated with age in humans [105,134,136-138], as well as oxidative stress [99,109,139,140],
endothelial dysfunction [141,142], and atherosclerosis [90] in rodents. Plasma a-klotho
concentrations are also impaired in many human disease states, including cardiovascular disease
[105] and diabetes [143-145], suggesting involvement in the pathology of these disorders.
Additionally, human plasma a-klotho concentrations are positively correlated with HDL [105]

and phosphate levels [137] and negatively correlated with triglycerides [138] and fibroblast



growth factor (FGF) 23 concentrations [137]. Currently, the relationship between plasma a-
klotho concentrations and many vital physiological variables such as blood glucose, blood
pressure, and calcium is unclear due to confounding medications commonly taken by the
populations observed in these studies [105,136-138,146].

Notably, a-klotho functions as two independent pools in the CSF and the blood. In fact,
there is no correlation between a-klotho concentrations in these pools, with significantly less in
the CSF [147]. The few studies that have examined CSF a-klotho concentrations have
determined no diurnal variations [148], decreased levels in females [147,148], an inverse
correlation with age [148], and a positive correlation with FGF23 [147]. Additionally, human
CSF a-klotho concentrations are reduced in some neurological disorders such as Alzheimer’s

disease [148] and Multiple Sclerosis [149].

1.3.3. Functions of a-Klotho-

While no specific a-klotho receptor has been discovered, a variety of a-klotho functions
have been discovered throughout the body. Perhaps the most well-documented function of a-
klotho is its role in the kidney regulating Vitamin D, phosphate, and calcium homeostasis. a-
Klotho is a critical non-enzymatic scaffolding protein that tethers FGF23 to tyrosine kinase FGF
receptors (FGFR’s), without which FGF23/FGFR affinity is very low [150-152]. In the proximal
renal tubule downstream a-klotho/FGF23/FGFR signaling decreases Vitamin D levels by
decreasing gene expression of 25-hydroxyvitamin D 1-a-hydroxylase and increasing expression
of 1,25-dihydroxyvitamin D 24-hydroxylase, the enzymes responsible for the synthesis and
degradation of the bioactive form of Vitamin D, respectively [114,153]. This signaling

mechanism is a negative feedback loop in response to elevated Vitamin D levels, and may also
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be responsible for a-klotho-mediated downregulation of phosphate reabsorption and upregulation
of calcium reabsorption [115,133,154-156]. Interestingly, FGF23 knockout mice exhibit a
similar phenotype to a-klotho knockout mice, including growth impairment and premature death,
highlighting the importance of a-klotho/FGF23/FGFR-mediated regulation of mineral
homeostasis [157]. Furthermore, ablation of the enzyme responsible for Vitamin D synthesis,
overexpression of the enzyme responsible for Vitamin D degradation, or dietary restriction of
Vitamin D and phosphate markedly rescues the signature premature aging phenotype in these
mutants [91,114,140,153].

a-Klotho also possesses B-glucuronidase enzymatic capabilities, which allow it to
hydrolyze sugar residues on members of the “transient receptor potential cation channel
subfamily V”’ (TRPV channels) and stabilize them on cell membranes [122,158]. Through this
mechanism in TRPV5 channels, a-klotho increases calcium reabsorption in the distal renal
tubules to promote calcium homeostasis [154-156,158]. Recently, a-klotho has also been
observed to similarly regulate TRPV2 channels to promote calcium influx and insulin release in
pancreatic beta cells [69,98].

Another mechanism through which a-klotho is involved in the aging process is via
competitive inhibition of various Wnt ligands [139,159-161]. Wnt signaling is associated with
stem cell proliferation, but overactivity of Wnt’s is associated with aging and even tumorigenesis
[159]. a-Klotho is an important competitive antagonist of many Wnt ligands and has even been
shown to act as a tumor suppressor in human hepatocellular carcinoma and breast cancer via this
mechanism [118,139,159-161].

Lastly, a-klotho is involved in various reactive oxygen species (ROS) buffering systems.

a-Klotho interferes with insulin receptor autophosphorylation which relieves antagonism of
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forkhead box (FOXO) transcription factors and increases transcription of antioxidative enzymes
[140]. For example, a-klotho increases FOXO1, 3a, and 4 activity, augments superoxide
dismutase and catalase transcription, and attenuates oxidative stress [103,140,162]. a-Klotho also
upregulates the thioredoxin/peroxiredoxin (trx/prx) ROS buffering system and overall has been
shown to improve resistance to the toxic effects of paraquat, streptozotocin, glutamate, and

hydrogen peroxide [99,140,163].

1.4. Peripheral a-Klotho and Metabolism

1.4.1. Peripheral a-Klotho Inhibits Insulin Signaling, but does not Result in Clinical Insulin

Resistance-

One of the first-identified metabolic functions of a-klotho was its ability, via unknown
mechanisms, to interfere with autophosphorylation of the insulin/IGF1 receptor in myoblasts,
adipocytes, and hepatocytes [91,118,128,129,164]. Consequently, a-klotho-knockout mice
exhibit improved glucose clearance and GLUT4 expression, but also drastically stunted growth
and premature death [90,100,128,164]. On the contrary, a-klotho overexpressing mice
experience insulin resistance and prolonged lifespans with no differences in food intake, energy
expenditure, or body weight, suggesting direct glucoregulatory action of a-klotho, independent
of energy balance [91]. Since a-klotho-overexpressing mice do not experience hyperglycemia,
adiposity, or hyperphagia associated with clinical insulin resistance [91,164], a-klotho is likely
an important homeostatic modulator of insulin/IGF1 signaling to prevent hypoglycemia, regulate

apoptosis, and enhance ROS buffering [94,95].
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1.4.2. o-Klotho Facilitates Insulin Release and Glucose Uptake-

Despite a-klotho’s role as a negative regulator of insulin signaling, a-klotho function is
critical to homeostatic glucose clearance. Impaired a-klotho function exacerbates diabetic
pathologies in various metabolic disease models [99,102,164-166], and many studies observe
plasma a-klotho concentrations to be suppressed in humans with diabetes or obesity
[143,145,167,168]. This documented inverse relationship between plasma a-klotho
concentrations and incidence of metabolic disease suggests impaired a-klotho function may be
directly involved in the development of these disorders, although some studies refute these
findings and observe no correlation [169,170]. These mixed findings may be due to differing
degrees of diabetes in the populations studied or, similar to leptin and insulin, a-klotho
insensitivity may develop in some diabetic states. Nevertheless, recent studies have demonstrated
encouraging therapeutic potential of a-klotho for diabetes and obesity.

Studies using the MIN6 B-cell line and a-klotho overexpression specifically in the
pancreas have identified a prominent role of pancreatic a-klotho to increase insulin secretion,
improve glucose tolerance, and reduce fasting glucose levels in mouse models of Type | and 1l
diabetes [69,98,99]. Specifically the secreted/short form (~65kD, KL1 domain only) a-klotho
hydrolyzes TRPV2 channels in pancreatic 3-cells to increase calcium entry and facilitate insulin
release [69,91,98,128]. Moreover, intraperitoneal (IP) injection with full length recombinant a-
klotho also attenuates hyperglycemia, independent from insulin secretion [102,162,164], likely
due to a-klotho’s additional pancreatic role to preserve -cell and islet health [69,99,102]. More
specifically, a-klotho in the pancreas enhances B-cell proliferation, autophagy, and expression of
insulin transcription factors, while attenuating oxidative stress, endoplasmic reticulum stress, and

apoptosis [69,99]. a-Klotho inhibits caspase-3-mediated apoptosis in B-cells via integrin
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B1->focal adhesion kinase—> AKT signaling [99], while antioxidative action of a-klotho via
inhibition of phosphorylated rac-1 and subsequent suppression of NADPH oxidase activity may
also be involved [69]. Interestingly, there are no apparent effects of pancreatic a-klotho
overexpression on insulin sensitivity in diabetic mice, and there is no glucoregulatory phenotype
in lean mice [69,99].

A recent model using genetic overexpression or downregulation of soluble a-klotho in
DIO mice reveals additional glucoregulatory functions of a-klotho in the liver [164]. Both in vivo
and in vitro experiments demonstrate a-klotho increases hepatic glucokinase mMRNA and
decreases phosphoenolpyruvate carboxykinase mMRNA, resulting in improved hepatic glucose
uptake and glycogen storage, as well as reduced gluconeogenesis [100,164]. Consequently, while
DIO mice experience reduced plasma a-klotho concentrations, further suppression of a-klotho
exacerbates hyperglycemia, impaired insulin secretion, and insulin resistance [164]. Strikingly,
rescuing a-klotho concentrations has opposite, therapeutic effects, although it is not clear if
improved insulin sensitivity is indirectly a result of weight loss [164]. Mechanistically, a-klotho
increases PPARYy transcriptional activity by directly antagonizing insulin-like growth factor
receptor 1 (IGFR1) and subsequently inhibiting downstream PI3kinase> AKT->mTORC1
signaling. Pharmacological inhibitor experiments have revealed this signaling pathway is critical

to a-klotho-mediated glucose-lowering and modulation of hepatic gene expression.

1.4.3. Peripheral a-Klotho Increases Energy Expenditure and Increases Lipid Oxidation-

Increasing circulating a-klotho concentrations via IP injection or genetic manipulation
attenuates weight gain and improves body composition in mouse models of metabolic disease,

revealing a novel role of a-klotho in energy balance [97,162,164]. Food intake is unchanged in
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these models, and o-klotho-knockout mice experience impaired thermogenesis, suggesting a-
klotho is specifically involved in regulating energy expenditure [97,100,162,164]. Supporting
this hypothesis, 4-weeks IP injection with a-klotho increases oxygen consumption in DIO mice;
however, no changes in thermogenic gene expression are observed in BAT or epididymal white
adipose tissue (WAT) [97]. Consequently, the mechanisms underlying a-klotho-mediated
increases in energy expenditure require further research, including investigation into browning of
other prominent WAT depots, such as inguinal WAT, and deciphering the molecular
mechanisms involved.

While reduced lipid accumulation and improved body composition in DIO mice with
experimentally increased a-klotho levels is, in part, due to increased energy expenditure, o-
klotho also has a direct role in lipid metabolism in both liver and adipose tissue. a-Klotho
modulates liver and WAT gene expression to favor lipid oxidation and decrease lipogenesis via a
similar IGFR1->PI3kinase> AKT->mMTORC1->PPARy mechanism described above [97,164].
Paradoxically, one report using 3T3-L1 adipocytes observed a-klotho promotes adipocyte
differentiation by inducing C/EBPa- and PPARYy gene expression [171]. One possible
explanation for these findings is that DIO mice are in a status of energy surplus compared to
healthy 3T3-L1 adipocytes; thus, a-klotho’s predominant role in lipid metabolism may be
dynamic and fluctuate with energy status. Overall, a-klotho’s role in lipid metabolism is very

recently discovered and requires further research.

1.4.4. The a-Klotho/FGF23/FGFR Complex-

The therapeutic potential of a-klotho in the treatment or prevention of metabolic disease

is encouraging; however, the molecular mechanisms involved, ranging from target tissues, to cell

15



surface receptor, to intracellular signaling, remain poorly understood. a-Klotho’s role as a
scaffolding protein stabilizing the FGF23->FGFR complex to upregulate downstream signaling
may be a promising avenue of future research [150-152]. While the FGF23->FGFR complex is
primarily characterized for its role in regulation of mineral homeostasis, emerging evidence
suggests potent antidiabetic and anti-obesogenic effects of FGFR activation, albeit via liver-
derived FGF21 and intestine-derived FGF19 ligands [172-179]. Like the a-klotho->FGF23>
FGFR complex, FGF19 and FGF21 are tethered to FGFRs by the exclusively transmembrane [3-
klotho protein [180-182]. While the FGF ligands in these two complexes vary, the differences in
downstream FGFR signaling and subsequent physiological effects are poorly understood. a-
Klotho may elicit some of its metabolic effects by also activating FGFR’s either via FGF23 or
independently. This would shed significant light on the molecular mechanisms underlying a-
klotho-mediated metabolic regulation, especially considering the metabolic effects of FGFR’s
have been popular topics in recent literature. For example, increased FGFR activity via FGF
treatment, synthetic ligand, or B-klotho overexpression increases energy expenditure, promotes
lipid oxidation, and improves glucose regulation [174-179,183-187], similar to the previously
described roles of peripheral a-klotho. Future studies utilizing CrisprCas9 or inducible CreLoxP
to perform tissue-specific genetic manipulation of different FGFR isoforms known to interact
with a-klotho (FGFR’s 1c, 3¢, and 4 [151]) would be extremely valuable to deciphering the

complex mechanisms underlying homeostatic and disordered a-klotho function in metabolism.

1.4.5. Summary of a-Klotho and Peripheral Metabolism-

To date, prominent roles of peripherally circulating a-klotho have been identified in the

regulation of glucose metabolism, lipid metabolism, and energy expenditure; however, studies
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utilizing whole-body a-klotho manipulation via genetic intervention or IP injection make
drawing conclusions about a-klotho’s tissue-specific metabolic functions and mechanisms
challenging. Overall, various cell culture studies identify a-klotho as an important, ubiquitous,
negative regulator of insulin signaling, but emerging evidence reveals a-klotho function is
critical to homeostatic glucose clearance. For example, in the pancreas, a-klotho facilitates
insulin release via TRPV channels and attenuates 3 cell apoptosis via integrin f1->focal
adhesion kinase-> AKT signaling. Furthermore, a-klotho promotes glucose uptake and glycogen
synthesis, as well as suppresses gluconeogenesis in liver via

IGFR1->PI3kinase> AKT->mTORC1->PPARy signaling. Additional metabolic roles of
peripheral a-klotho included increasing lipid oxidation in liver and WAT via similar
IGFR1->PPARY pathways and increasing whole-body energy expenditure through unknown
mechanisms. Notably, blood a-klotho concentrations are reduced in metabolic disease models,
and the most marked metabolic effects of a-klotho are observed in these disorders. This
phenomenon suggests a possible direct role of impaired a-klotho function in the etiologies of
diabetes and obesity. Overall, many questions surround a-klotho’s metabolic functions and
molecular mechanisms of action; however accumulating evidence implicates this circulating

factor as a promising therapeutic target and preclinical marker in metabolic disorders.

1.5. Central a-Klotho-

Although high levels of a-klotho expression were observed in the choroid plexus during
its discovery 24 years ago, little investigation has been made into its function in the brain [90].

To date, identified roles of brain a-klotho include regulation of baroreflex in rats [188],
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myelination in cultured oligodendrocytes [95,189-191], and synaptic remodeling [192] and ROS
buffering in hippocampal cells [94].

Similar to peripheral tissues, FGFR’s have recently been popular subjects of metabolism
research in the brain. ICV FGF19 and FGF21 elicit therapeutic effects via FGFR’s, including
decreased food intake, reduced weight, improved glucose clearance, inhibited NPY/AgRP
neuron activity, and suppressed hepatic gluconeogenic gene expression [193-197]. Despite the
encouraging evidence observing FGFR activation to elicit therapeutic effects in metabolic
disease models, studies investigating FGFR involvement in the pathology of diabetes and obesity
produce mixed results depending on animal model and experimental approach. ICV PD173074
(FGFR inhibitor) impairs glucose clearance in healthy rats, but is described as stress-related
[198,199], and ICV PD173074 in DIO mice elicits no phenotype [193,200]. Furthermore,
antibody-mediated inhibition of FGFRL1 in rodents and monkeys increases energy expenditure,
decreases food intake, and reduces body weight, while genetic deletion of FGFR1 in NPY/AgRP
neurons also results in no metabolic phenotype [71,201,202]. Future studies should investigate
the specific roles of FGFR’s, their isoforms, and their neuronal effectors in central regulation of
metabolism by performing selective deletion of FGFR isoforms in specific neurons of mature
mice using the inducible Cre-LoxP system.

Brain-specific B-klotho knockout abolishes many of the weight-reducing and glucose-
lowering effects of peripheral FGF19/21 administration [179,197,203]. Since B-klotho’s role is
to stabilize FGF19/21 interaction with FGFR’s [180-182], this strongly indicates that brain
FGFR’s are the primary mediators of peripheral and central FGF19/21 metabolic function.

Consequently, the potential involvement of an ARC a-klotho=>FGFR signaling mechanism in
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the regulation of metabolism would be valuable to understanding the pathologies of metabolic

disease.

19



Chapter 1 Figures
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Figure Legend:

Figure 1.1. Arcuate nucleus control of metabolism.

(A) Various circulating hormones relay signals from the periphery to the ARC and participate in
ligand-mediated regulation of ARC neurons. (B) POMC neurons release aMSH to activate
neuron populations in the PVN, commonly referred to as the satiety center. NPY/AgRP and
dopamine neurons release their neurotransmitters to antagonize these neurons. (C) The PVN then
communicates with different areas of the hindbrain, which then (D) deliver diverse efferent
outputs to metabolic tissues regulating thermogenesis, glucose metabolism, and lipid

metabolism.
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Arcuate Control of Metabolism

GABA
Dopamine

aMSH
NPY,
AgRP
GABA

NPY,
AgRP
GABA

&

GABA
Dopamine

v
Regulatory Hormones D
’ Efferent Signals
H d Effects on Effects on
°’;"°"e an NPY/AgRP POMC / \
ouree Neurons Neurons Behavioral L Skeletal Muscl White Adipose Brown Adipose
N Changes tver sletal Muscle Tissue Tissue
Insulin
(pancreatic B - w + J food intake + J decreased + 4 insulin + lipolysis + 4 thermogenesis
el gluconeogenesis sensitivity via leptin « Mucp1
Leptin + 4 locomotor « J PEPCK
(adipose tissue) - w activity = L G6P »  lipogenesis = ) lipolysis * 4 glucose
- via insulin uptake
Ghrelin + _ * 4 lipid oxidation
(stomach) « 4 AMPK
PYY acitvity
(L cells of gut) . + \ /
CCK
(1 cells of - +
duodenum)
GLP-1
Q cells of gut) : + /
Legend
- . . . h
( =) =regulates <“@=Pp  =2-way regulation ==l = agonizes MC4R —I = antagonizes MC4R \

Abbreviations: PYY = peptide YY; CCK = cholecystokinin; GLP-1 = glucagon-like peptide 1; 3V = third ventricle; POMC = pro-
opiomelanocortin neuron; AgRP = agouti-related peptide; NPY = neuropeptide Y; TH = tyrosine hydroxylase; GABA = gamma-
aminobutyric acid; aMSH = a melanocortin-stimulating hormone; MC4R = melanocortin 4 receptor; PVN = periventricular
nucleus; ARC = arcuate nucleus; AP = area postrema; NTS = nucleus of the solitary tract; PEPCK = phosphoenol-pyruvate
k\cartmxy'kinase; G6P = glucose 6 phosphatase; UCP1 = uncoupling protein 1 /’

22



Statement of Problem

Obesity and diabetes are increasingly prominent diseases involving disordered energy
balance and substrate metabolism in many metabolically active tissues throughout the body. The
consequences of these metabolic diseases include decreased quality of life, increased mortality,
and an overwhelming economic burden. As a result, investigation into homeostatic and
disordered metabolic regulation is valuable to the discovery of novel therapeutic approaches to
the prevention and treatment of these disorders.

The central nervous system is critical to metabolic regulation due to its ability to sense
changes in nutrient status and deliver efferent outputs to peripheral tissues to maintain energy
homeostasis. One specific area, the arcuate nucleus in the mediobasal hypothalamus, contains
dense and diverse neuron populations that coordinate to regulate food intake, energy expenditure,
locomotor activity, glucose metabolism, and lipid metabolism. These neurons have immediate
proximity to the cerebrospinal fluid via the third ventricle, resulting in their fine regulation by
changes in circulating hormones or nutrients. Unfortunately, in metabolic disease states, these
neurons become decreasingly sensitive to circulating hormones like insulin and ghrelin, resulting
in disordered metabolism including hyperphagia, hyperglycemia, and dyslipidemia. This
phenomenon highlights the importance of identifying novel therapeutic regulators on neuron

populations involved in metabolic regulation.

Main Obijective
The circulating a-klotho protein has recently been identified to have metabolic functions
in peripheral tissues including regulating lipid metabolism in liver and adipose, insulin secretion

in pancreas, and glucose metabolism in liver. However, a-klotho cannot cross the blood brain
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barrier and, to date, studies investigating potential metabolic functions of a-klotho in the central
nervous system have been lacking. This dissertation aimed to identify and characterize the roles

of a-klotho to regulate arcuate neuron populations critically involved in metabolic regulation.

Hypothesis
Considering a-klotho’s documented structure and function in peripheral tissues, I
hypothesize that centrally circulating a-klotho will inhibit NPY/AgRP and excite POMC

neurons, thus promoting homeostatic energy and substrate metabolism.
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Chapter 2

Central a-Klotho Suppresses NPY/AgRP Neuron Activity and Regulates Metabolism in Mice

ABSTRACT

a-Klotho is a circulating factor with well-documented anti-aging properties; however, the central
role of a-klotho in metabolism remains largely unexplored. The current study investigated the
potential role of central a-klotho to modulate NPY/AgRP neurons, energy balance, and glucose
homeostasis. Intracerebroventricular (ICV) administration of a-klotho suppressed food intake,
improved glucose profiles, and reduced body weight in mouse models of Type | and Il diabetes.
Furthermore, central a-klotho inhibition via an anti-a-klotho antibody impaired glucose
tolerance. Ex vivo patch clamp electrophysiology and immunohistochemical analysis revealed
that a-klotho suppresses NPY/AgRP neuron activity, at least in part, by enhancing mIPSC’s.
Experiments in hypothalamic GT1-7 cells observed a-klotho induces phosphorylation of
AKTSM73 ERK1202/t1204 and FOX01%¢?%, as well as blunts AgRP gene transcription.
Mechanistically, fibroblast growth factor 1 (FGFR1) inhibition abolished the downstream
signaling of a-klotho, negated its ability to modulate NPY/AgRP neurons, and blunted its
therapeutic effects. PI3 kinase inhibition also abolished a-klotho’s ability to suppress food intake
and improve glucose clearance. These results indicate a prominent role of hypothalamic a-
klotho/FGFR1/PI3K signaling in the modulation of NPY/AgRP neuron activity and maintenance

of energy homeostasis, thus providing new insight into the pathophysiology of metabolic disease.

T. Landry, B.T. Laing, P. Li, W. Bunner, Z. Rao, A. Prete, J. Sylvestri, H. Huang, Central a-
Klotho Suppresses NPY/AgRP Neuron Activity and Regulates Metabolism in Mice, Diabetes. 69
(2020) db190941. doi:10.2337/db19-0941



2.1. Introduction

2.1.1. Background- a-Klotho, a well-documented anti-aging protein primarily produced in the

kidney and choroid plexus [91,130], has recently been observed to have therapeutic potential in
rodent models of metabolic disease [69,97-99]. Studies show a-klotho promotes lipid oxidation,
protects pancreatic beta cells from oxidative damage, increases energy expenditure, and
facilitates insulin release [69,97-100]. Furthermore, circulating a-klotho concentrations are
decreased in patients with obesity and diabetes [145], suggesting a possible direct role in the
pathophysiology of metabolic disorders. Notably, studies have primarily investigated peripheral
a-klotho, which neglects the central function of a-klotho due to its impermeability to the blood-
brain barrier [92]. The few studies investigating centrally circulating a-klotho demonstrate that
a-klotho has antioxidative and anti-inflammatory properties [163], is involved in myelination
[95], and can be therapeutic in models of hypertension [188]; however, the role of central a-
klotho in the regulation of metabolism remains unexplored.

Neuropeptide Y/agouti-related peptide-expressing (NPY/AgRP) neurons are located within the
arcuate nucleus (ARC) of the hypothalamus and are critical to homeostatic regulation of
metabolism. NPY/AgRP neurons sense nutritional changes in the cerebrospinal fluid (CSF) to
regulate feeding behavior [34], energy expenditure [39], and glucose metabolism [35,43,54];
however, disordered overactivity of these neurons results in phenotypes resembling diabetes and
obesity [34,35]. Some circulating factors, such as leptin and insulin, also modulate NPY/AgRP
neurons [31,65], but in metabolic disease states signaling of these hormones is disrupted.
Therefore, identification of novel regulators of this neuron population could facilitate the
development of therapeutic tools for the prevention and treatment of metabolic disease. For

example, recent studies have identified several fibroblast growth factor (FGF) hormones that
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activate FGF receptor (FGFR)-PI3kinase signaling to elicit antidiabetic effects and regulate
NPY/AgRP neurons [73,193-195,198,204]. Interestingly, a-klotho serves as a critical

scaffolding protein to the FGF23-FGFR complex to promote FGFR activity [151,205].

2.1.2. Main objective/hypothesis- The current study investigates the novel role of central a-

klotho in the regulation of NPY/AgRP neurons and whole-body metabolism via a potential

fibroblast growth factor receptor (FGFR)/P13kinase mechanism.

2.2. Methods

2.2.1. Cell culture- Cell culture experiments were performed on immortal hypothalamic GT1-7

cells cultured in high glucose (4.5mg/dL) Dulbecco’s Modified Eagle Medium, 10% fetal bovine
serum, and 1% penicillin-streptomycin. Cells were treated with 3.65mM a-klotho (R&D
Systems) [95,163,192], 100ng/mL FGF23 (R&D Systems) [192], and/or pretreated with 10nM
FGFR1 antagonist PD173074 (Fisher Sci Co) [206] or 50nM PI3kinase inhibitor wortmannin

(Fisher Sci Co) [25]. All experiments used vehicle-treated cells as controls.

2.2.2. Experimental animals- C57BL/6 and B6. Tg(NPY-hrGFP)1Lowl/J (NPY-GFP reporter)

mice were cared for in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and experimental protocols were approved by Institutional Animal
Care and Use Committees of East Carolina University. Mice were housed at 20-22°C with a 12-

hour light-dark cycle.

2.2.3. High fat diet-induced obesity (DIO)- 6-week old male C57BL/6 mice were given ad

libitum access to high-fat diet with a kilocalorie composition of 58%, 25%, and 17% fat,
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carbohydrate, and protein respectively for 10 weeks (D12331, Research Diets, New Brunswick,

NJ) before undergoing intracerebroventricular (ICV) cannulation.

2.2.4. Intracerebroventricular (ICV) cannulation- Prior to the procedure, mice were given oral

analgesic meloxicam and anesthetized with intraperitoneal (IP) injection of ketamine and
xylazine. Mice were placed on a stereotaxic device, and a midline incision was made on the
head. A hole was drilled (1.0mm lateral, -0.5mm posterior, 2.5mm deep to the bregma), and a
cannula was placed into the lateral ventricle (Supplemental Fig. 2.1). Another hole was drilled,
and a screw placed, approximately at the ipsilateral lambdoid structure to aid in supporting the
cannula in the skull with 3M carboxylate dental cement. Mice recovered for 14 days before
immunohistochemical experiments and 7 days before all other experiments. All ICV treatments

were administered via Hamilton syringe as 2.0uL between 6:30-7:30pm.

2.2.5. 12 Day ICV Injection Timeline- In DIO mice, central administration of either 2.0ug

recombinant a-klotho (R&D Systems) alone, 25.0ug PD173074 alone, 25.0ug PD173074 ten
minutes before 2.0ug a-klotho [195], or vehicle was performed daily. On day 7, glucose
tolerance tests (GTT’s) or insulin tolerance tests (ITT’s) were performed and on day 12, body
composition analysis was performed using echo MRI (Echo Medical Systems Houston, USA).
Mice were then euthanized, and tissues were collected. Food intake and body weight data were

analyzed from the first 7 days to prevent confounding effects from additional assays.

2.2.6. Single ICV Injection Timeline- In DIO mice, ICV administration of either 2.0ug

recombinant a-klotho (R&D Systems), 10ng wortmannin, 10ng wortmannin one hour before
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2.0ug a-klotho [68], or vehicle was performed the night before a GTT or ITT. Food intake was

measured for four days after the injection.

2.2.7. Streptozotocin-induced (STZ) diabetes- 8-9-week-old chow-fed, male mice underwent

ICV cannulation before receiving three days IP injection of 100mg/kg STZ. Dose was
determined by pilot studies yielding consistently elevated fed glucose levels between 250 and
600mg/dL (Supplemental Fig. 2.2A). 7 Days after STZ injection, mice received 7 days ICV
treatment with either 2.0ug recombinant a-klotho (n=10) or vehicle (n=9). Food intake, body
weight, and fed glucose levels were monitored daily. To identify the effects of a-klotho
treatment on glucose levels independent from food intake, a pair-fed experiment was performed

using the same protocols, and on day 7 fasting glucose levels were measured (n=8-9/group).

2.2.8. Central a-klotho inhibition via ICV anti-a-klotho antibody (ab-a-klotho)- 9-week-old

male, chow-fed mice were ICV treated with 1.0ug ab-a-klotho (R&D Systems) or vehicle
(n=8/group). Treatments were performed on the evening of day 1 and morning of day 2, while
subsequent treatments were performed between 6:30-7:30pm for seven days. GTT’s were
performed on day 3, and on day 7 mice were euthanized, followed by tissue collection for further

assays.

2.2.9. Food intake measurements- Food intake was measured daily by weighing food (8-99) and

subtracting from the total food. Bedding was inspected thoroughly for residual bits of food which

were included in measurements. On day 4 in one cohort of DIO mice, food was removed from
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cages during the light-phase and replenished at the beginning of the dark-phase (7:30pm). Food

intake was measured at 0.5, 1, 1.5, 2, 3, 4, 8, 14, and 24 hours after food reintroduction.

2.2.10. Glucose and insulin tolerance tests- For GTT’s, 20% glucose solution (1.0g/kg BW) was

IP injected after an overnight fast, and for ITT’s, 0.6U/kg insulin was IP injected after a four
hour fast. Tail blood samples were collected 15, 30, 60, 90, and 120 minutes post-injections for
analysis using a glucose meter (Relion Prime Blood Glucose Monitoring System, ARKRAY
INC. Kyoto, JAPAN). Serum was isolated from clotted blood spun at 4°C and 2000g for 30

minutes. Insulin levels were quantified using an insulin ELISA kit (Crystal Chem).

2.2.11. Insulin-stimulated signaling- On day 12 of ICV treatment, a weight-matched cohort of

DIO mice was IP injected with 10U/kg insulin or saline. 7 minutes after the injection,
hypothalamus, epididymal adipose tissue (eWAT), liver, and hindlimb skeletal muscle were flash

frozen for future Western Blot analysis.

2.2.12. Immunohistochemistry- For immunofluorescent analysis, mice were intracardially

perfused with PBS followed by 10% formalin before immunohistochemistry was performed as
described previously [207]. Briefly, brains were sliced into 20um coronal sections using a
freezing microtome (Leica VT1000 S) and incubated overnight in antibody to phosphorylated
ERK (Cell Signaling 1:500, Danvers, MA, USA) or cFOS (Santa Cruz 1:500, Santa Cruz, CA),
followed by incubation with Alexa-fluorophore secondary antibody for 2 hours. Stains were

photographed using an optical microscope (Leica DM6000, Wetzlar, Germany), followed by
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blind analysis using Image J. At least three anatomically matched images per mouse were

quantified.

2.2.13. Western blot- Western blot was performed as described previously [207]. Briefly, equal

protein samples were loaded into a 4-20% HCL gel, transferred to a nitrocellulose membrane,
and incubated overnight in 1:500-1:1000 antibody dilutions in 5% milk+TBST for pAKT®™73,
total AKT, pFOX01%¢?%, total FOXO1, pERK!202/tr204 (Ce| Signaling Technology), pIRY™®"
(Invitrogen), and total ERK (Santa Cruz). Image J software was used to quantify mean intensity

of equal-area sections representing each sample.

2.2.14. Quantitative PCR- Cell and tissue RNA were extracted by Trizol (Thermo Fisher

Scientific; Waltham, MA USA). The expressions of specific mMRNA were analyzed using
quantitative real-time PCR (RT-qPCR) (POWER SYBR GREEN PCR Master Mix; Applied
Biosystems, Foster City, CA, USA). Reactions were performed in triplicate for each sample,
while glyceraldehyde 3-phosphate dehydrogenase was used as a reference gene for

normalization.

2.2.15. Patch clamp electrophysiology- We conducted cell attached voltage clamp recordings of

NPY/AgRP neurons as described previously [208,209]. Briefly, mice were deeply anesthetized
by isoflurane followed by intracardial perfusion with chilled n-methyl-D-glucamine solution and
sliced into 200-300um sections. Slices recovered for an hour in HEPES recovery solution and
recordings were conducted in a normal aCSF bath. For whole cell recordings, gigaohm seals

were obtained and the cells were broken into using negative pressure. Data was sampled at 10
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kHz. Current clamp recordings were stabilized for repeated firing under the baseline condition.
Equivalent length periods (0.5-5minutes) were set within each recording during perfusion of
aCSF or a-klotho (3.65mM). Firing rate (Hz) was calculated by dividing the number of events by
the number of seconds. Bath application of tetrodotoxin (TTX) (1.0uM) prior to a-klotho
treatment was used to determine action potential independent effects on membrane potential.
Voltage clamp whole cell recordings were conducted at a -70mV holding potential and a high
KCl intracellular solution (in mM: 130 KCI, 5CaCl2, 10 EGTA, 10 HEPES, 2MgATP,
.5NaGTP, 5 phosphocreatine) was used. For voltage clamp recordings of mini inhibitory post-
synaptic currents (mIPSC’s), glutamatergic blockade was induced using NMDA receptor blocker
AP5 (50uM) and AMPA receptor blocker CNQX (10nM), followed by a-klotho administration,

and then currents were abolished with picrotoxin (100uM) [210].

2.2.16. Statistical Analysis- Unpaired t-tests were used in in vivo mouse experiments to compare

differences between groups in food intake, body weight, and body composition. To compare pre-
post within-group changes over the course of the experiment, paired t-tests were performed. To
compare differences at GTT or ITT timepoints, Two-Way ANOVA’s with repeated measures for
time and Bonferroni corrections for multiple comparisons were used. Unpaired t-tests or one-
way ANOVA’s with Tukey’s correction for multiple comparisons were using in cell culture
experiments when appropriate. Paired t-tests or repeated measures ANOVA with Tukey’s
correction for multiple comparisons were used in patch clamp electrophysiology experiments
when appropriate. All analyses were performed using GraphPad Prism statistics software, and a

P value < 0.05 was considered statistically significant.
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2.2.17. Data and Availability Statement- The datasets generated during the current study are

available from the corresponding author on reasonable request.

2.3. Results

2.3.1. 7 Days Central Administration of a-Klotho Results in Weight Loss, Suppressed Food
Intake, and Improved Glucose Regulation in DIO Mice

7 days ICV a-klotho treatment in DIO mice significantly reduced body weight (4.9%) compared
to vehicle treated controls (Fig. 2.1A-B). These changes were, at least in part, due to decreased
food intake both daily (14.8%) and after a daytime food restriction (11.4%) (Fig. 2.1E-H). ICV
a-klotho treatment also improved glucose clearance and insulin release during a GTT, as well as

insulin sensitivity during an ITT (Fig. 2.11-N).

2.3.2. A Single ICV a-Klotho Injection Improves Glucose Clearance and Suppresses Food
Intake in DIO Mice

To determine if the effects of central a-klotho on glucose metabolism were independent from
changes in body weight, a single ICV a-klotho injection was performed in DIO mice the night
before a GTT or ITT. Acute ICV a-klotho treatment improved glucose clearance duringa GTT
(Fig. 2.2A-C) and even decreased food intake the following day (Fig. 2.2D). Interestingly, acute
ICV a-klotho treatment had no effects on insulin sensitivity (Fig. 2.2E-H). These data suggest
central a-klotho regulates glucose metabolism independent from changes in body weight and
insulin sensitivity. Supporting this hypothesis, 12 days ICV a-klotho had no effects on insulin-
stimulated signaling in hypothalamus, skeletal muscle, eWAT, nor liver in weight-matched DIO

mice (Supplemental Fig. 2.3).
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To begin to investigate alternative peripheral mechanisms through which central a-klotho
improves glucose regulation, basal hepatic gene expression was analyzed. Hepatic phosphoenol
pyruvate carboxykinase (PEPCK) mRNA was significantly reduced (0.75 fold) in DIO mice
treated with a-klotho for 12 days, suggesting attenuated hepatic gluconeogenesis, despite no
changes in pyruvate kinase (PK), glucose-6-phsophatase (G6Pase), or glucokinase (GK). a-
Klotho-treated mice also had reduced hepatic lipid accumulation and upregulated ACC1 and

ACC2 mRNA (Supplemental Fig. 2.4).

2.3.3. 7 Days Central a-Klotho Administration Attenuates the Progression of Diabetes in
STZ-treated Mice

The therapeutic potential of a-klotho was also investigated in a model of type | diabetes induced
by streptozotocin (STZ) treatment. Similar to DIO mice, ICV a-klotho decreased body weight
(5.3%), suppressed food intake (27.8%), and attenuated hyperglycemia (20.2% reduction in fed
glucose levels) in STZ-treated mice compared to vehicle-treated controls (Fig. 2.3A-G). Even in
pair-fed STZ-treated mice, ICV a-klotho attenuated hyperglycemia and trended to improve
fasting glucose levels (Fig 2.3K-M). These data further demonstrate glucoregulatory and

anorexic action of central a-klotho in both type I and type Il diabetes models.

2.3.4. Central a-Klotho Inhibition Impairs Glucose Tolerance

To determine the effects of central a-klotho inhibition on energy and glucose homeostasis, we
performed central administration of anti-a-klotho antibody (ab-a-klotho). 2 days ab-a-klotho
treatment significantly impaired glucose tolerance compared to vehicle-treated controls despite

similar body weights (Fig. 2.4A-C). There were no differences in liver PEPCK or G6Pase,
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however gene expression of GK and PK trended to be lower in ab-a-klotho mice (p=0.14 and
0.15 respectively) (Supplemental Fig. 2.5D). Surprisingly, 7 days of ab-a-klotho significantly
decreased body weight with no changes in food intake (Fig. 2.4D-G). Taken together with ICV
a-klotho experiments, these data suggest a distinct glucoregulatory role of central a-klotho

independent of body weight and food intake.

2.3.5. a-Klotho Suppresses NPY/AgRP Neuron Activity, at least in part, by enhancing
mIPSC’s

We next aimed to investigate the effects of a-klotho on NPY/AgRP neurons considering their
critical role in energy homeostasis. A single ICV a-klotho injection in NPY-GFP reporter mice
before an overnight fast significantly reduced cFOS colocalization with NPY/AgRP neurons by
49.0% (Fig. 2.5A-C). Furthermore, electrophysiological recordings revealed a-klotho treatment
decreases NPY/AgRP neuron firing rate and membrane potential (0.79 vs 0.22Hz. and -52.7 vs. -
57.8mV respectively) (Fig. 2.5D-F).

To determine if a-klotho’s suppressive effects on NPY/AgRP neurons are due to pre or post
synaptic events, brain slices were pretreated with TTX (1.0uM) to block action potentials. In the
presence of TTX, a-klotho still decreased membrane potential (-53.4 vs. -58.4mV), suggesting
post-synaptic action of a-klotho on NPY/AgRP neurons (Fig. 2.5G-H). We also observed a-
klotho to increase the magnitude, but not the frequency, of mIPSC’s in NPY/AgRP neurons
under glutamatergic blockade (25.9 vs. 34.4pA) (Fig. 2.51-M), indicating a-klotho is directly
antagonizing NPY/AgRP neurons by modulating receptor availability or intracellular signals
[211]. Overall, these experiments illustrate that a-klotho directly suppresses NPY/AgRP neuron

activity by, at least in part increasing receptor-mediated inhibitory signals.
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2.3.6. a-Klotho induces cell-signaling, alters gene expression, and decreases NPY/AgRP
neuron activity via FGFR's

To investigate the potential of a-klotho to alter cell signaling and gene expression in the
hypothalamus, we first used the GT1-7 immortal hypothalamic cell line [212]. 30 minutes a-
klotho treatment increased phosphorylation of ERK202/r204 - AKTser473 and FOX Q151256
(Supplemental Fig. 2.6A). Additionally, a-klotho treatment during both overnight and two hours
serum starvation significantly reduced AGRP mRNA (by 28.5% and 30.3% respectively),
suggesting hormonal action of a-klotho in GT1-7 cells (Supplemental Fig. 2.6C). To investigate
if a-klotho has hormonal action in the hypothalamus in vivo, we performed acute ICV a-klotho
administration in healthy, fed mice and observed elevated phosphorylated ERK after 90 minutes
in the ARC compared to vehicle-treated controls (Supplemental Fig. 2.6B).

Previous studies demonstrate the importance of a-klotho as a scaffolding protein increasing the
affinity of FGF23 to FGFR1 [151,205]. In hypothalamic GT1-7 cells, 30 minutes FGF23
(100ng/mL) treatment had no effects on phosphorylated ERK or AKT (Fig. 2.6A-C), while co-
treatment with FGF23 and a-klotho had no synergistic effect compared with a-klotho alone. This
suggests, at least in hypothalamic GT1-7 cells, a-klotho is independent of exogenous FGF23-
mediated signaling. When cells were pretreated with FGFR1 inhibitor PD173074 (10nM), a-
klotho-mediated cell-signaling and suppression of AGRP mRNA was abolished (Fig. 2.6A-D),
indicating hypothalamic a-klotho action is dependent on FGFR1 activity. Moreover,
immunofluorescent staining of cFOS revealed that ICV pretreatment with PD173074 also

inhibited the ability of a-klotho to decrease NPY/AgRP neuron activity in vivo (Fig. 2.6E-G).
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P13 kinase is a downstream mediator of FGFR1 and is also an important negative regulator of
NPY/AgRP neurons [73,213]. PI3 kinase inhibition using wortmannin (50nM) also eliminated o-
klotho’s ability to suppress AgRP gene expression (Fig. 2.6D). Taken together, these data

demonstrate the importance of FGFR1/PI3kinase signaling in hypothalamic a-klotho function.

2.3.7. 7 Days central a-klotho treatment suppresses food intake and reduces body weight
via FGFR and PI3kinase signaling in DIO Mice

To determine if the therapeutic effects of a-klotho in DIO mice were dependent on FGFR’s, we
centrally injected PD173074 to inhibit endogenous FGFR function. Mice receiving a-klotho
treatment alone experienced significantly decreased food intake and body weight compared to all
groups (Fig. 2.7A-D), while PD173074 treatment alone induced weight gain (Fig. 2.7A-B).
PD173074 treatment blunted a-klotho-mediated reductions in food intake and body weight,
suggesting the effects of central a-klotho on energy balance are mediated by FGFR signaling.
Surprisingly, both a-klotho+FGFR inhibitor and a-klotho alone groups experienced improved
glucose clearance compared to vehicle-treated controls (Fig. 2.7E-F), suggesting FGFR’s may
not be involved in central a-klotho-mediated glucose regulation.

Similar to FGFR antagonism, central inhibition of PI3kinase abolished a-klotho’s ability to
suppress food intake and improve glucose clearance (Figure 2.8). These data indicate PI3kinase
is critical to a-klotho-mediated regulation of food intake and glucose metabolism. Overall,
coupled with in vitro cell signaling experiments, these data demonstrate a novel a-

klotho/FGFR/PI3kinase mechanism in the central regulation of metabolism.

2.4. Discussion
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To our knowledge, this is the first study to provide evidence that a-klotho functions as a
hypothalamic hormonal agent. ICV a-klotho administration improved glucose regulation,
suppressed food intake, and reduced body weight in mouse models of Type | and 11 diabetes,
illustrating the therapeutic potential of central a-klotho in metabolic disease states. Although
deeper investigation is required to identify the direct connection between central a-klotho
activity and peripheral glucose metabolism, the current study determined the glucose-lowering
effects of a-klotho are independent from insulin-sensitivity, but rather, are mediated by
augmented insulin secretion during a glucose challenge. However, STZ experiments revealed
some of the glucoregulatory actions of a-klotho independent of insulin altogether. Basal hepatic
PEPCK mRNA was decreased in a-klotho-treated DIO mice, suggesting decreased hepatic
glucose output may an alternative mechanism.

The central and peripheral pools of a-klotho have distinct, independent functions due to a-
klotho’s inability to cross the blood-brain barrier [92]. While recent publications have
demonstrated metabolic roles of a-klotho in the blood, including long-term a-klotho injection
improving adiposity in DIO mice [97] and ameliorating diabetic cardiomyopathies in STZ-
treated mice [106], the current study identifies distinct differences between central and peripheral
a-klotho-mediated metabolic regulation. For example, a-klotho’s effects on food intake and
glucose metabolism seem to be mainly via central mechanisms, while peripherally circulating -
klotho regulates gene expression to promote lipid oxidation and energy expenditure [97,106].
Notably, whole-body a-klotho knockout and knockdown models have been previously utilized to
investigate a-klotho’s functions [91,100], but these approaches do not distinguish between

peripheral and central a-klotho function.
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ICV ab-a-klotho was used in this study as a novel approach specifically impairing central a-
klotho signaling, and, as expected, ab-a-klotho treatment impaired glucose clearance. Although
central a-klotho concentrations have yet to be quantified in diabetic patients, past studies show
blood a-klotho concentrations to be decreased in some diabetic populations [144,145]. Thus, our
data connecting central a-klotho impairment and disordered glucose regulation may provide new
insight into the pathophysiology of metabolic disorders.

Contrary to our hypotheses, central a-klotho inhibition resulted in decreased body weight with
no differences in food intake. a-Klotho knockout mice also experience weight loss, primarily due
to atrophy of metabolically active organs, resulting in premature death [91,100]. These findings
highlight the complicated and diverse metabolic functions of a-klotho. For example, while
evidence from the current study and past literature describes a-klotho as an anti-diabetic agent
[69,97-99,106], overexpression of a-klotho has been shown to elicit insulin resistance [91].
Notably, a-klotho-overexpressing mice do not experience hyperglycemia, adiposity, or
hyperphagia associated with clinical insulin resistance [91]. Moreover, a-klotho is an important
negative modulator of insulin and IGF-1 signaling to regulate apoptosis and ROS buffering
[95,163]. The many complex physiological roles of a-klotho may explain the unexpected results
in response to central a-klotho inhibition.

The current study identified central a-klotho as a novel antagonist of NPY/AgRP neurons.
Considering NPY/AgRP neuron overactivity is associated disordered feeding, body weight and
glucose regulation [34,36], our data provides encouraging evidence of a-klotho as a potential
therapeutic target in metabolic disease prevention. At the present, it is unclear if NPY/AgRP
neurons are the primary mediators of central a-klotho’s regulation of metabolism, underscoring

the importance of further investigation into the specific neuronal effectors and cell signaling
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involved. However, the observed ICV a-klotho phenotype has many similarities to the
previously described effects of NPY/AgRP neuron inhibition, including suppressed food intake,
reduced body weight, improved glucose clearance and insulin release, and decreased hepatic
gluconeogenic gene expression [34,35,43,54,214,215].

Similar to studies using hippocampal and oligodendrocyte progenitor cells [94,95,192], a-klotho
induced phosphorylation of ERKN202/y1204 - AKTS473 and FOX01%2% in hypothalamic GT1-7
cells; all of which are established signaling molecules involved in downregulating NPY/AgRP
gene transcription and activity [65,216]. Furthermore, the observed ICV a-klotho phenotype
resembles FGFR activation, which also results in suppressed food intake, improved glucose
regulation, attenuated NPY/AgRP neuron activity, and decreased liver gluconeogenic gene
expression [193-195,198,204]. a-Klotho serves as a non-enzymatic scaffold to increase FGF23
affinity to FGFR1 [151]; thus, we investigated the potential importance of a hypothalamic a-
klotho-FGFR1 signaling mechanism. Similar to previous studies in hippocampal cells, our
results show hypothalamic a-klotho-mediated signaling, and AgRP mRNA regulation in GT1-7
cells, were abolished when pre-treated with FGFR1 antagonist PD173074 [192]. Additional
experiments determined that PI3kinase signaling, a downstream mediator of FGFR1 [213] and
potent regulator of NPY/AgRP neurons [73], was also required for a-klotho-mediated AgRP
MRNA suppression. Future studies should further investigate the possible involvement of a novel
a-klotho/FGFR1/P13kinase axis in the homeostatic modulation of NPY/AgRP neurons.

We further investigated the involvement of FGFR/PI3kinase signaling to central a-klotho-
mediated regulation of metabolism. Central FGFR or PI3kinase inhibition blunted ICV a-
klotho’s effects on food intake and body weight, while only PI3kinase inhibition affected a-

klotho-mediated glucose regulation. Overall, these data support the hypothesis that central
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FGFR-PI3kinase signaling is critical to a-klotho-mediated regulation of metabolism; however,
studies investigating the function of central FGFR’s in metabolism yield mixed results depending
on animal model and experimental approach. ICV PD173074 (FGFR inhibitor) impairs glucose
clearance in healthy rats, but is described as stress-related [198,199], and ICV PD173074 in DIO
mice elicits no phenotype [193,200]. Furthermore, antibody-mediated inhibition of FGFR1 in
rodents and monkeys increases energy expenditure, decreases food intake, and reduces body
weight, while genetic deletion of FGFR1 in NPY/AgRP neurons also results in no metabolic
phenotype [71,201,202]. Additionally, the specificity for PD173074 in vivo is unclear, thus it
likely has non-specific antagonism of other FGFR’s. Future studies should investigate the
specific roles of FGFR’s, their isoforms, and their neuronal effectors in central regulation of
metabolism by performing selective deletion of FGFR’s in specific neurons of mature mice using
the inducible Cre-LoxP system.

In addition to FGFR-PI13Kkinase signaling, there are likely unknown concurrent mechanisms
underlying central a-klotho-mediated metabolic regulation. Other neuron populations, such as
pro-opiomelanocortin (POMC) neurons, which are closely associated with NPY/AgRP neurons,
may be involved. Our cell culture and immunohistochemistry data also may suggest ERK as an
additional cell-signaling mechanism of hypothalamic a-klotho action. ERK signaling is
downstream of a-klotho, negatively regulates NPY/AgRP neurons, possibly via kruppel-like
factor 4, and is involved in hypothalamic FGF1- and FGF19-mediated glucose lowering
[193,216,217].

To summarize, this study identifies a-klotho as a novel antagonist of NPY/AgRP neurons and
demonstrates a-klotho’s importance to central regulation of metabolism via an a-klotho-FGFR1-

Pl13kinase signaling axis. Our data revealed central administration of a-klotho to yield various
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therapeutic effects in models of Type | and Il diabetes, including improved glucose regulation,
suppressed food intake, and reduced body weight. To our knowledge, this study provides the first
evidence of a-klotho as a novel hypothalamic regulator of energy balance and glucose

metabolism, thus providing new insight into the pathophysiology of metabolic disease.

42



Chapter 2 Figures
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Figure Legend:

Figure 2.1. 7 Days Central Administration of a-Klotho Results in Weight Loss, Suppressed
Food Intake, and Improved Glucose Regulation in DIO Mice. (A) Body weight, (B) Changes
in body weight, (C) Fat mass, (D) Lean mass (E) Average daily food intake (F) Timeline of daily
food intake, (G) Cumulative food intake after a daytime food restriction, (H) Timeline of food
intake after a daytime food restriction, (I) Blood glucose levels during a GTT, (J) Area under the
curve of the GTT, (K) Serum insulin levels 30min into the GTT, (L) Blood glucose duringan ITT,
(M) Area under the curve of the ITT, and (N) Fasting serum insulin in 17-18-week-old male DIO
mice after 7 days ICV a-klotho or vehicle injections (n = 8-13/group). Data represented as mean

+ SEM; *P < 0.05 vs. ICV control.

Figure 2.2. Acute Central Administration of a-Klotho Improves Glucose Clearance and
Suppresses Food Intake Independent of Body Weight in DIO Mice. (A) Blood glucose during
a GTT, (B) Area under the curve of the GTT, (C) Body weight before the GTT, (D) Daily food
intake (including overnight fast before GTT on Day 1), (E) Blood glucose during an ITT, (F) Area
under the curve of the ITT, (G) Food intake the night before the ITT, and (H) Body weight before
the ITT in 17-18-week-old male DIO mice after a single ICV a-klotho or vehicle injection (n = 7-

10/group). Data represented as mean + SEM; *P < 0.05 vs. ICV control.

Figure 2.3. 7 Days Central a-Klotho Administration Attenuates the Progression of Diabetes
in STZ-treated Mice. (A) Body weight, (B) Changes in body weight, (C) Average daily food
intake, (D) Timeline of food intake (E) Fed blood glucose levels, (F) Timeline of fed blood

glucose, and (G) Change in fed blood glucose levels in 9-10-week-old, STZ-treated, ad libitum
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fed, mice after 7 days ICV a-klotho or vehicle injections (n = 9-10/group). (H) Body weight, (I)
Changes in body weight, (J) Average daily food intake, (K) Fed blood glucose levels, (L) Change
in fed blood glucose levels, and (M) Fasting blood glucose levels in pair-fed, STZ-treated mice

(n=8-9/group). Data represented as mean + SEM; *P < 0.05 vs. ICV control.

Figure 2.4. Central a-Klotho Inhibition Impairs Glucose Tolerance. (A) Blood glucose levels
during a GTT, (B) Area under the curve of the GTT, (C) Fasting glucose levels, (D) Body weight,
(E) Changes in body weight, (F) Daily food intake, and (G) Timeline of food intake in 9-week-
old chow-fed male mice treated with anti-a-klotho antibody compared to vehicle-treated controls

(n = 8/group). Data represented as mean £ SEM; *P < 0.05 vs. ICV control.

Figure 2.5. a-Klotho Suppresses NPY/AgRP Neuron Activity, at least in part, by enhancing
mIPSC’s. (A) Representative image of cFOS (red) colocalization with NPY/AgRP (green), (B)
Number of NPY neurons, (C) Number of NPY neurons with cFOS colocalization in the ARC of
mice ICV treated with 2.0 uL a-klotho or vehicle before an overnight fast (n = 4 mice/group), (D)
Representative cell attached recording of an NPY/AgRP neuron, (E) Calculated firing rate (Hz)
and (F) membrane potential (mV) during a-klotho administration (n = 8 neurons from 4 male
mice). (G) Representative current clamp trace of an NPY/AgRP neuron, (H) Mean membrane
potential induced by TTX or TTX and a-klotho. (I) Representative whole cell recording tracers
with a-klotho, glutamatergic blockade, and GABAergic antagonist picrotoxin. (J-K) Mean
amplitude, (L) Differences in cumulative probability of mIPSC amplitude, and (M) Mean
frequency of IPSC’s under glutamatergic blockade with and without a-klotho treatment. (n = 5

neurons from 3 male mice). Data represented as mean = SEM; *P < 0.05 vs. aCSF.
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Figure 2.6. a-Klotho-mediated cell signaling and regulation of NPY/AgRP neurons in the
hypothalamus is dependent on FGFR's. (A) Representative western blot image, (B)
Phosphorylation of ERK, (C) Phosphorylation of AKT, (D) AgRP mRNA expression in GT1-7
cells treated with o-klotho, FGF23, PD173074 and/or wortmannin. (n = 5-10/group). (E)
Representative image of cFOS (red) colocalization with NPY/AgRP neurons (green), (F) Number
of NPY neurons, and (G) Number of NPY neurons colocalized with cFOS in the arcuate nucleus
of the hypothalamus of mice ICV treated with vehicle, FGFR inhibitor+vehicle, or FGFR
inhibitor+a-klotho before an overnight fast (n = 3 mice/group). Data represented as mean + SEM;

*P < 0.05 vs. controls.

Figure 2.7. Central Inhibition of FGFR1 Blunts the Therapeutic Effects of 7 Days a-Klotho
in DIO Mice. (A) Body weight, (B) Changes in body weight, (C) Average daily food intake, (D)
Timeline of food intake, (E) Blood glucose levels during GTT and (F) Area under curve in DIO
mice receiving 7 days ICV injection with vehicle, a-klotho, FGFR inhibitor, or inhibitor with o-

klotho (n=7-11/group). Data represented as mean + SEM; *P < 0.05 vs ICV Vehicle.

Figure 2.8. Central Inhibition of PI3kinase Negates the Therapeutic Effects of a Single a-
Klotho Injection in DIO Mice. (A) Timeline of food intake (including overnight fast before
GTT on Day 1), (B) Average 48 hour food intake, (C) Blood glucose duringa GTT, and (D)
Area under the curve of the GTT in DIO mice receiving a single injection with vehicle, a-klotho,
wortmannin, or wortmannin with a-klotho (n=9/10/group). Data represented as mean + SEM; *P

<0.05.
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Supplemental Figure Legend:

Supplemental Figure 2.1. Validation of ICV cannulation procedure. (A) Observation of scar
tissue path of the cannula and (B) 3.0ug ICV leptin treatment suppresses food intake after an
overnight fast (n = 3-4 chow fed mice). Data represented as mean £ SEM; P < 0.05 indicates

significant difference between groups.

Supplemental Figure 2.2. (A) Effects of different doses of STZ on fed blood glucose levels 7
days after injections. (B) Hypothalamic gene expression of agouti-related peptide (AgRP),
neuropeptide Y (NPY), and pro-opiomelanocortin (POMC) in 9-10-week-old, STZ-treated, ad
libitum fed, mice after 7 days ICV a-klotho or vehicle injections (n = 5-7/group). Data represented

as mean = SEM; *P < 0.05 vs. ICV control

Supplemental Figure 2.3. 12 days ICV a-klotho treatment does not affect insulin sensitivity in
peripheral tissues of DIO mice. Insulin stimulated signaling (10U/kg 7 minutes before euthanasia)
in (A) Skeletal muscle, (B) Liver, (C) Epididymal adipose tissue, and (D) Hypothalamus, and (E)
Body weight in 17-18-week-old weight-matched male DIO mice after 12 days ICV a-klotho or

vehicle injections (n = 4/group). Data represented as mean £ SEM; *P < 0.05 vs. ICV controls.

Supplemental Figure 2.4. 12 days ICV a-klotho treatment alters gene mRNA levels of key
metabolic genes in the liver. (A) Hypothalamic gene expression of agouti-related peptide (AgRP),
neuropeptide Y (NPY), pro-opiomelanocortin (POMC), and melanocortin-4 receptor (MC4R), (B)

Western blot illustrating the effects of a-klotho on basal phosphorylation of AKT®™73in skeletal
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muscle, (C) Liver gene expression of pyruvate kinase (PK), phosphoenolpyruvate carboxykinase
(PEPCK), glucose-6-phosphatase (G6Pase), and glucokinase (GK), (D) Liver gene expression of
fatty acid synthase (FAS), carnitine palmitoyl transferase 1 (CPT1), and acetyl CoA carboxylase
(ACC), and (E) Liver Oil Red O stains in 17-18-week-old male DIO mice after 12 days ICV a-
klotho or vehicle injections (n = 4-5/group). Data represented as mean £ SEM; *P < 0.05 indicates

significant difference between groups.

Supplemental Figure 2.5. 7 days ICV treatment with anti-a-klotho antibody has no significant
effects on hypothalamic gene expression, liver gene expression, or skeletal muscle pAKT®™73, (A)
Western blot illustrating specificity of anti-a-klotho antibody to bind to a-klotho using kidney as
a positive control. (B) Western blot illustrating the ability of anti-a-klotho antibody to suppress a-
klotho-mediated cell signaling in GT1-7 cells. (C) Hypothalamic gene expression of AgRP, NPY,
POMC, and melanocortin-4 receptor, (D) Liver gene expression of pyruvate kinase (PK),
phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), and glucokinase
(GK), and (E) Representative Western Blot of basal phosphorylated AKTser473 in skeletal muscle
in 9-week-old chow-fed male mice treated with anti-a-klotho antibody compared to vehicle-treated
controls (n=8/group). Data represented as mean = SEM; P < 0.05 indicates significant difference

between groups.

Supplemental Figure 2.6. a-Klotho alters cell signaling and neuronal activity in the
hypothalamus. (A) Representative Western Blot image and quantification illustrating the effects
of 30 minutes 3.65mM a-klotho treatment on phosphorylation of ERKM202/y1204 - AKTSer473 gng

FOXO01%2% in GT1-7 cells (n = 4 mice/group) (B) Representative immunofluorescence image

48



and quantification illustrating the effects of acute ICV administration of 2.0 uL of 1.0 ug/uL a-
klotho compared to 2.0 uL vehicle on phosphorylation of ERK"292y1204 i the arcuate nucleus of
the hypothalamus in 10 week old chow-fed mice (3V: third ventricle) (scale bar = 50 um) (n =
3/group) (C) The effects of a-klotho treatment (3.65mM) on AgRP mRNA during two hours and
overnight serum starvation in GT1-7 cells (n = 4-6/group). Data represented as mean + SEM; *P

< 0.05 vs. controls.

Supplemental Figure 2.7. ICV a-klotho does not cause additional stress in mice. (A) Taste
aversion to saccharin water after ICV treatment with 2.0 uL vehicle or 2.0 uL of 1.0ug/uL a-klotho
in 13-week old chow-fed mice (n = 2-3/group). IP lithium chloride injection was used as a positive
control to elicit an aversion to saccharin water. (B) Nest building behaviors in healthy 8-9-week-
old chow-fed and 9-10 week old STZ-treated mice treated with 2.0 uL vehicle or 2.0 ug of 1.0
ug/uL a-klotho (n = 3-6/group). Data represented as mean £ SEM; P < 0.05 indicates significant

difference between groups.

Supplemental Figure 2.8. 7 days ICV a-klotho treatment improves glucose regulation and
suppresses food intake in female DIO mice. (A-B) Differences in body weight, (C) Average daily
food intake, (D) Timeline of food intake, (E-F) Refeeding after daytime food restriction, and (G-
H) Blood glucose levels during a glucose tolerance test (1 g/kgBW) after 7 days ICV a-klotho
treatment in 17-18-week old DIO female mice (n=4/group). Data represented as mean + SEM; P

< 0.05 indicates significant difference between groups.
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Supplemental Figure 2.9. 7 Days ICV a-klotho treatment suppresses food intake in healthy chow-
fed mice. (A) Body weight, (B) Change in body weight, (C) Fed blood glucose levels, (D) Daily
food intake, and (E) Timeline of food intake in 8-9-week old chow-fed mice (n=8-9/group). Data

represented as mean £ SEM; P < 0.05 indicates significant difference between groups.

Supplemental Table 2.1. Primer sequences used for gPCR.
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Figure 2.1

7 Days Treatment in DIO Mice
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Figure 2.2

1 Day Treatment in DIO Mice
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Figure 2.3
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Figure 2.4
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Figure 2.5

cFOS / NPY

cFOS

A

Vehicle

o]
£
=]
=
*

o]

aCSF

Effects of a-Klotho on NPY/AgRP Activity E.

Effects of a-Klotho on NPY/AgRP

a-Kiotho aCSF Washout Cusrant camp Neuron Firing Rate

15

Number of NPY/AgRP Neurons

-
60 .
—
== i
40 .
20
T T
Vehicle a-Kiotho

C.

cFOS Colocalized NPY/AgRP Neurons
60

] *
40 — =
—s -
.
20
[
Vehicle a-Klotha

F.

Effects of a-Klotho on NPY/AgRP
Neuron Membrane Potential

E
¥ " 352 x
S 10 é
] g
4 g -0 — o
2os 2
£ § oo §
L £
™ 2
_‘ ey aCSF a-Klotho acsF -Kiotho
1 minute
G. Effects of a-Klotho with TTX Pretreatment
Effects of TTX and a-Klotho on Membrane Potential
M
TTX+a-Klotho " o
aCsk X s
E
® -20
£
Jiomv 3 0
&
5 -60-
€
L
= g
aCsF X TTX+a-Klotho
Glutamatergic blockade J' g K.
& = Mean Amplitude mIPSC Amplitude
! o 40 *
‘r’ ' | Blockade ; ; —
20 l — a-Klotho Bl i © 30
PA o E
‘ e g
’ E- 20
Glutamatergic blockade + a-Klotho <
10pA Q 10.
w
a
10ms E o

L.

Probability of mIPSC amplitude

r'-mm«

J20pA

100

g = Blockade

8~ =S
Glutamatergic blockade + a-Klotho + PTX £k che

-4 g 50-

gs

<

=

= ;

[ 50 100
2 OpA miPSC Amplitude
1s

55

T
Blockade Blockade + a-Klotho

mIPSC Frequency

T

Spikes*second™

T
Blockade Blockade+u-Klotho



Figure 2.

6

a-Klotho,
A. FGF23 FGF23,
Control  a-Klotho FGF23 & a-Kiotho & PD173074

PAITISIT? | . . S - . S S . o,

tAKT ST L — U G— — T o~ a—

pERK!hr202/tyr204 -M.m:

tERK - — s — . S— S <—
B. C. D.
Phosphorylated ERK / Total ERK Phosphorylated AKT / Total AKT AgRP mRNA
———— *
*
25 8 g i * !
> e e I | % £3 v«
220 ) ey v E m_* o r 1l 1 1
3] [ v 36 L — g < u *
= g2 —ar— * 20 ,] mrm
c 1.5 el —re— <9 ] v
ot . Agha g § 54 x £z 4 >4
§ 1.0 3 =,_ o gag AL A 4
] 4 e S 11
<05 o =21 o . SE )
x r;[-] O35
= | | |;.1 | I . DE
2 0.0 T T T T 0 T T T T T 2 o r T 1 T T
DMSO + + + - DMSO + + + + DMSO  + + + -
a-Klotho - - - + + a-Klotho - + = + + Serum Starved - + + + +
FGF23 - - + + + FGFa23 - - + + + PSS::;: : - t : %
PD173074 - - - - B PD173074 B B . i Wortmannin - - 2 - +
E. F.
cFOS cFOS / NPY Number of NPY/AgRP Neurons
2 80+ -
3 1
@ © 60 o -3
S e . =
N 2 404
S z
> &
& 204
=
z
0 T T T
s a-Klotho = - +
2 PD173074 - + +
=2
=
£ G.
o c¢FOS Colocalized with
™ NPY/AgRP Neurons
2 5 507
z
£ 40 ° .
2
.
5 3o 4 [ =
2 o - MEREa R
S £ g 20- =
=38 ;
—_ 10_
z : El 2
(=} 1L
IG T o 0 T T T
L a-Klotho = = +
PD173074 = + +

56



Figure 2.7
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Figure 2.8
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Supplemental Figure 2.1
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Supplemental Figure 2.2
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Supplemental Figure 2.3
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Supplemental Figure 2.4
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Supplemental Figure 2.5

A B.
. " oo i
rf ‘J" ‘y'( ff J 54’ PANTANT |, gy d— S, o |
v wAKT | ———— |
Fool engeh of g oy o
Igs + o+ *
uﬂ::ﬂ —* a-kicthg CEEE . . I
Rl Antl-aklothe | . + O+
Antiboady
C. : : D.
Hypothalamic Gene Expression Liver Gene Expression
104
<E . » Watice =]
- I * R -1 L]
o 161 @ ] & B Anlo-klotho
=t . X | penis
=2 o . p=0.18
B 10 2l a
E et wp
= » = id
o E 0f = =
aadld T T r o
AgRP NPY POMC  MCER P PESGK  OEFaee i
E.
Skeletal Muscle pAKTHAKT
. . L
Vehicle Anti-a-Klotho ‘ .
[
x 0.3 0.27
PAKT™ | o o S — 3 rj'.-
g bs
T — —— ——— — — E_:
ﬁ. a1+ .
o0 T T
Venlole aintl-a-Klotho

63

LR



Supplemental Figure 2.6
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Supplemental Figure 2.7
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Supplemental Figure 2.8
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Supplemental Figure 2.9
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Supplemental Table 2.1

Gene Forward primer Reverse primer

GAPDH AAATGGTGAAGGTCGGTGTG TGAAGGGGTCGTTGATGG

ACC1 CGGCAGTACCTGCGAGTAGAG GGGCGAATACACATTTGTCGTA

ACC2 GGGCCCTGGGAGACAAGA GGGTAAGGTTGGGATTTGCA

FAS TTCCAAGACGAAAATGATGC AATTGTGGGATCAGGAGAGC

CPT1 TCTTGCAGTCGACTCACCTT TCCACAGGACACATAGTCAGG

G6Pase TTACCAAGACTCCCAGGACTG GAGCTGTTGCTGTAGTAGTCG

GK CCCTGAGTGGCTTACAGTTC ACGGATGTGAGTGTTGAAGC

L-PK CTTGCTCTACCGTGAGCCTC ACCACAATCACCAGATCACC

PEPCK TGGCTACGTC CCTAAGGAA GGTCCTCCAGATACTTGTCGA

NPY CCCAGCTCACATATTTATCTAGAG | TATGTGGACGGGGCAGAAGATCCAGG

AgRP GCGGAGGTGCTAGATCCACA AGGACTCGTGCAGCCTTACAC

POMC CTCCGCTCTGCGACACTACA ACCTCACCACGGAGAGCAAC

MC4R ggG TTT CGA ATG GGT CGG AAA | CCG CAATGG AAAGCAGGC TGC AA
A

68




Chapter 3

Centrally Circulating a-Klotho Inversely Correlates with Human Obesity and Modulates Arcuate

Cell Populations in Mice

ABSTRACT

OBJECTIVE: Our lab recently identified the centrally circulating a-klotho protein as a novel
hypothalamic regulator of food intake and glucose metabolism in mice. The current study aimed
to investigate novel molecular effectors of central a-klotho in the arcuate nucleus of the
hypothalamus (ARC), while further deciphering its role regulating energy balance in both humans
and mice.

METHODS: Cerebrospinal fluid (CSF) was collected from 22 adults undergoing lower limb
orthopedic surgeries and correlations between body weight and a-klotho were determined using
an a-klotho ELISA kit. To investigate the effects of a-klotho on energy expenditure (EE), 2-day
intracerebroventricular (ICV) treatment was performed in diet-induced obesity (D10) mice housed
in metabolic cages. Immunohistochemical staining for cFOS and patch clamp electrophysiology
were used to determine the effects of central a-klotho on proopiomelanocortin (POMC) and
tyrosine hydroxylase (TH) neurons. Additional stains were performed to determine novel roles for
central a-klotho to regulate non-neuronal cell populations in the ARC. Lastly, ICV pretreatment
with fibroblast growth factor receptor (FGFR) or PI3kinase inhibitors was performed to determine
the intracellular signaling involved in a-klotho-mediated regulation of ARC nuclei.

RESULTS: Obese/overweight human subjects had significantly lower CSF a-klotho
concentrations compared to lean counterparts (1044+251 vs. 1616218 pmol/L respectively).

Additionally, 2 days ICV a-klotho treatment increased EE in DIO mice. a-Klotho had no effects



on TH neuron activity, but elicited varied responses in POMC neurons, with ~44% experiencing
excitatory and ~56% inhibitory effects. Inhibitor experiments identified an o-
klotho>FGFR->PI3kinase signaling mechanism in the regulation of ARC POMC and
NPY/AgRP neurons. Acute ICV a-klotho treatment also increased phosphorylated ERK in ARC
astrocytes via FGFR signaling.

CONCLUSION: Our human CSF data provides the first evidence that impaired central a-klotho
bioavailability may be involved in the pathophysiology of obesity. Furthermore, results in mouse
models identify ARC POMC neurons and astrocytes as novel molecular effectors of central a-
klotho. Overall, the current study highlights prominent roles of a-klotho>FGFR->PI3kinase

signaling in the homeostatic regulation of ARC neurons and whole-body energy balance.

T. Landry, P. Li, D. Shookster, Z. Jiang, H. Li, B.T. Laing, W. Bunner, T. Langton, Q. Tong, and

H. Huang. Molecular Metabolism. 2021.
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3.1. Introduction

3.1.1. Background- Recent evidence identifies the anti-aging protein a-klotho as a potent, yet

complex, hormonal regulator of whole-body metabolism. a-Klotho can be secreted from the
kidney [90] and act on peripheral tissues to regulate insulin sensitivity [91], promote insulin release
[69,98], protect pancreatic P cells from oxidative damage [99], increase resting energy expenditure
[97], and stimulate lipid oxidation [97]. Furthermore, blood a-klotho concentrations are reduced
in patients with diabetes or obesity [102,143,145,167,168], while experimentally reversing these
impairments has been shown to be therapeutic in various rodent models of metabolic disease
[69,97-99,102].

Despite its prominent roles in peripheral metabolism, a-klotho can’t cross the blood brain barrier
due to its molecular weight [92,119], resulting in a separate, relatively unexplored, pool of a-klotho
secreted from the choroid plexus into the cerebrospinal fluid (CSF) [90,130]. Our lab recently
provided the first evidence that CSF o-klotho also regulates energy balance and glucose
metabolism [218]. Intracerebroventricular (ICV) administration of a-klotho resulted in suppressed
appetite, reduced body weight, improved insulin release, and reduced hepatic gluconeogenic gene
expression in mouse models of Type | and 11 diabetes. We also observed that a-klotho is a novel
negative regulator of neuropeptide Y/agouti-related peptide- (NPY/AgRP)-expressing neurons in
the arcuate nucleus (ARC) of the hypothalamus, which are critically involved in inducing hunger
[34], reducing energy expenditure [39], and regulating glucose metabolism [35,54].
Mechanistically, a-klotho acts as a scaffolding protein to promote FGFR activity and downstream
PlI3kinase signaling [151], a phenomenon that was found to be essential to central a-klotho-

mediated regulation of energy balance and NPY/AgRP neurons [218].
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The ARC contains many other cell types critical to metabolic regulation. Similar to NPY/AgRP
neurons, ARC tyrosine hydroxylase-expressing (TH) neurons project to the paraventricular
nucleus (PVN) to stimulate food intake [45]. Conversely, ARC proopiomelanocortin- (POMC)-
expressing neurons induce satiety, increase energy expenditure, and reduce hepatic glucose output
[14,19,219], in part via P13kinase signaling [73]. Even non-neuronal ARC astrocytes and tanycytes
are essential to nutrient sensing, hormonal transport, and neuronal health [220-222], roles recently

found to be dependent on FGFR function [217,223].

2.1.2. Main objective/hypothesis- Considering the diverse ARC cell types, the current study aimed
to identify novel molecular effectors of the a-klotho>FGFR->PI3kinase signaling axis in the
ARC, hypothesizing that, in addition to NPY/AgRP neurons, central a-klotho regulates ARC
POMC and TH neurons, as well as astrocytes, to increase energy expenditure and promote body

weight homeostasis.

3.2. Methods

3.2.1. Human cerebrospinal fluid (CSF) collection- All human protocols were approved by the

medical ethics committee of Beijing Friendship Hospital, Capital Medical University (Beijing,
China). After informed consent was provided, CSF was collected from twenty-two adults (10 male,
12 female, 18-83 years old) undergoing lower limb orthopedic surgeries at the Beijing Friendship
Hospital, Beijing, China. All patients were clear of CNS infections, renal diseases, severe
cardiopulmonary diseases such as myocardial infarction or chronic obstructive pulmonary disease,
and malignant tumors. Patients were chosen using systematic sampling in odd sequence on the

same day each week. CSF was collected from the first, third, fifth, etc. surgery patients each day.
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Briefly, 1.0 mL CSF was collected during administration of spinal block anesthesia. Patients laid
on their sides with their backs at the edge of the operation bed, curled their shoulders and legs, and
arched out their lower backs. The needle was placed past the dura mater into subarachnoid space
and between lumbar vertebrae, usually between L3 and L4 or L4 and L5 to minimize risk of injury
to the spinal cord. All specimens were immediately flash-frozen in liquid nitrogen before storage
at -80°C. a-Klotho CSF concentrations were measured by ELISA using a human soluble a-klotho

assay kit (27998, IBL).

3.2.2. Animals- C57BL/6, B6.Tg(NPY-hrGFP)1Lowl/J (NPY-GFP reporter), and Tg(Pomcl-
cre)16Lowl/J (POMC-Cre) mice were cared for in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and experimental protocols were
approved by Institutional Animal Care and Use Committees of East Carolina University or
University of Texas Health Science Center as appropriate. Mice were housed at 20-22°C with a

12-h light-dark cycle.

3.2.3. High-fat diet-induced obesity- 5-6-week-old male C57BL/6 mice were given ad libitum

access to a high-fat diet with a kilocalorie composition of 58%, 25%, and 17% of fat, carbohydrate,
and protein, respectively, for 10 weeks (D12331; Research Diets, New Brunswick, NJ) before

undergoing intracerebroventricular (ICV) cannulation.

3.2.4. Intracerebroventricular (ICV) cannulation and treatment- ICV procedures were performed

as previously described [218]. Prior to the procedure, mice were given oral analgesic meloxicam

and anesthetized with an isoflurane vaporizer. Mice were placed on a stereotaxic device, and a
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midline incision was made on the head. A hole was drilled (1.0 mm lateral, —0.5 mm posterior, 2.5
mm deep to the bregma), and a cannula was placed into the lateral ventricle. Another hole was
drilled, and a screw was placed approximately at the ipsilateral lambdoid structure to aid in
supporting the cannula in the skull with 3M carboxylate dental cement. Mice recovered for 14 days

before immunohistochemical experiments and 7 days before all other experiments.

ICV treatments included: 2.0 ug a-klotho (R&D Systems) [218], 10 minutes pretreatment with
25ug PD1703074 for FGFR inhibition (Fisher Scientific) [195], and/or 1 hour pretreatment with
10ng wortmannin for PI3kinase inhibition (Fisher Scientific) [68]. All ICV treatments, were
administered via Hamilton syringe as 2.0 puL between 6:30 and 7:30 p.M. Validation of cannula

placement was performed by post-mortem visualization of canula path in brain slices [218].

3.2.5. Energy expenditure and body composition- Energy expenditure was measured using the

indirect calorimetry TSE PhenoMaster metabolic cages. Diet-induced obesity (DIO) mice were
placed in these cages at 16-17-weeks old and allowed two days for acclimatization before
beginning data analysis (Supplemental Figure 1). To normalize oxygen consumption and carbon
dioxide production to lean body mass, body composition was determined by Echo MRI (Echo

Medical Systems, Houston, MA, USA) immediately before placement in the metabolic cages.

3.2.6. Food intake and body weight measurements- Food intake and body weight were measured

daily. Food intake was measured by weighing food (8-9 g) and subtracting from the total food.
Bedding was inspected thoroughly for residual bits of food, which were included in

measurements.

74



3.2.7.Quantitative PCR- To assess thermogenic gene expression, brown adipose tissue (BAT) and

inguinal white adipose tissue (iWAT) was removed and flash frozen from euthanized mice after
two days ICV treatment with a-klotho or vehicle. RNA was extracted by Trizol (Thermo Fisher
Scientific, Waltham, MA). The expressions of specific mMRNA were analyzed using quantitative
real-time PCR (RT-gPCR) (Power SYBR Green PCR Master Mix; Applied Biosystems, Foster
City, CA). Reactions were performed in triplicate for each sample, while 18S ribosomal RNA was

used as a reference gene for normalization.

3.2.8. Immunohistochemistry- For immunofluorescent analysis, mice were intracardially perfused

with PBS followed by 10% formalin before immunohistochemistry was performed as described
previously [224]. Briefly, brains were sliced into 20-um coronal sections using a freezing
microtome (VT1000 S; Leica, Wetzlar, Germany) and incubated overnight in antibody to
phosphorylated ERK!"202%7204 (1:500: Cell Signaling Technology, Danvers, MA), cFOS (1:250;
Santa Cruz Biotechnology, Santa Cruz, CA), POMC (1:3000; Phoenix Pharmaceuticals), glial
fibrillary-acid protein (GFAP) (1:1000; Millipore), tyrosine hydroxylase (TH) (1:100000;
Millipore), doublecortin (DCX) (1:800; Cell Signaling Technology), phosphorylated STAT3%7>4
(1:3000; Cell Signaling Technology) and/or Ki67 (1:500; Abcam), followed by incubation with
Alexa-fluorophore secondary antibody for 1 h (Abcam). Stains were photographed using an optical
microscope (DM6000; Leica), followed by blind analysis using ImageJ. At least three

anatomically matched images per mouse were quantified.
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3.2.9. Stereotaxic microinjections- To express green fluorescent protein (GFP) in POMC neurons,

POMC-cre mice (7-8 weeks) were anesthetized with a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) and placed in a stereotaxic frame. AAVs were delivered bilaterally to the
ARC (200 nl/site at 30 nl/min) using the following coordinates (distances from bregma): 1.4 mm
posterior, 1.6 mm lateral + 0.2 mm, and 5.8 mm deep, with a 0.5 pl Hamilton syringe connected
to a motorized stereotaxic injector (Quintessential Stereotaxic Injector; Stoelting). The injection
needle was maintained in place for 5 min following injections to minimize virus spread up the
needle track. The virus used was AAV-EF1a-Flex-GFP (> 1 x 10'? GC/ml, UNC Vector Core) and
AAV (DJ8)-Flex-mCherry (> 1 x 10* GC/ml, Optogenetics and Viral Vectors Core at Baylor

College of Medicine). Mice recovered for 1-2 weeks before electrophysiological recordings.

3.2.10. Electrophysiological Recordings- Electrophysiological experiments were conducted in

acutely prepared hypothalamic slices, as previously described [225,226]. Briefly, 8-10-week-old
adult mice were deeply anesthetized with a mixture of ketamine/xylazine (intraperitoneally) and
transcardially perfused with ice-cold cutting solution containing the following (in mM): 75
sucrose, 73 NaCl, 26 NaHCOs3, 2.5 KCI, 1.25 NaH2POa, 15 glucose, 7 MgClz, and 0.5 CaCly,
saturated with 95% 02/5% CO.. The brains were quickly removed and blocked, with the rostral
face of the block glued to the specimen plate of the buffer tray then immersed in an ice-cold cutting
solution. Coronal slices (280 pm) containing ARC were sectioned using a Leica VT1000S
Vibratome and transferred to a holding chamber with artificial CSF (aCSF) containing the
following (in mM): 123 NaCl, 26 NaHCOg3, 2.5 KCI, 1.25 NaH2POg4, 10 glucose, 1.3 MgCl», and
2.5 CaCly, and saturated with 95% O2/5% CO: at 31-33°C for 30 min, then maintained at room

temperature for at least 1 h to allow for recovery before any electrophysiological recordings.
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Individual slices were transferred from the holding chamber to a recording chamber, where they
were submerged and continuously perfused with oxygenated aCSF at ~2 ml/min. GFP-expressing
POMC neurons in the ARC were first located under epifluorescence illumination, and whole-cell
patch-clamp recordings were performed on 16 POMC neurons from 6 mice (3 male, 3 female)
under infrared-differential interference contrast visualization at 30-32°C on a fixed-stage, upright
microscope (model BX51WI, Olympus) equipped with a water-immersion 40x objective. Pipettes
with a resistance of 3—5 MQ were pulled from borosilicate glass (outer diameter, 1.5 mm; inner
diameter, 1.1 mm; Sutter Instruments) using a horizontal puller (P-97, Sutter) and filled with an
internal patch solution containing the following (in mM): 142 K-gluconate, 10 HEPES, 1 EGTA,
2.5 MgClz, 4 Mg-ATP, 0.3 Na-GTP, and 10 Naz-phosphocreatine, adjusted to pH 7.25-7.35,
osmolality 295-305 with KOH. After “breaking into” cells, at least 5 minutes was given for
baseline to be established, before obtaining baseline measurements for another 5-9 minutes. a-
Klotho was then administered at 3.65mM in aCSF. The liquid junction potential was not corrected,

and series resistance (Rs) was bridge balanced.

3.2.11. Statistical analysis- Pearson’s correlation coefficients were used to determine associations

between CSF a-klotho concentrations and other variables. Unpaired t tests or one-way ANOVA
with Tukey’s correction for multiple comparisons were used to determine differences between or
among groups, respectively, in CSF a-klotho, oxygen consumption, carbon dioxide production,
locomotor activity, gene expression, food intake, body weight, or proteins of interest detected by
immunofluorescence. To compare pre-post within-group changes over the course of 2-day
experiments, paired t tests were performed. Unpaired or paired t tests were used for between or

within-neuron patch clamp electrophysiology experiments, respectively. All analyses were
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performed using GraphPad Prism statistics software, and p<0.05 was considered statistically

significant.

3.3. Results

3.3.1. Human CSF a-klotho concentrations are reduced in overweight and obese adults

CSF was collected from 22 adults (10 male, 12 female) with an average age and BMI of 52.3£17.1
and 25.7+3.6, respectively (Supplemental Table 1). CSF a-klotho concentrations exhibited a
strong inverse correlation with body weight and BMI (R=-0.6823 and -0.7822 respectively) (Fig.
1A-B). There were no correlations between CSF a-klotho concentrations and fasting blood
glucose, cholesterol, or triglycerides (Fig. 1D-F). Subjects were then stratified into lean (BMI<25)
and overweight/obese (BMI>25) categories (mean BMI’s were 22.8+1.7 and 28.6+2.4,
respectively). Although there were no significant differences in age, height, fasting blood glucose,
blood triglycerides, total cholesterol, or LDL levels between the groups (Supplemental Table 1),
overweight/obese subjects had significantly lower CSF a-klotho concentrations and serum HDL
levels compared to lean counterparts (1044+251 vs. 1616+218 pmol/L and 1.2+0.2 vs. 1.0+0.2
mmol/L respectively) (Fig. 1C and Supplemental Table 1). To our knowledge, this is the first data
to illustrate a strong negative correlation between CSF a-klotho and body weight in human
subjects, suggesting the potential involvement of central a-klotho concentrations in the

development of obesity.

3.3.2. Two days ICV a-klotho treatment increases energy expenditure in DIO mice
To further investigate the role of central a-klotho in energy balance regulation, two days ICV a-

klotho treatment was performed in male DIO mice. Consistent with previous results, two days ICV
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a-klotho treatment significantly decreased daily food intake (20.3%) and resulted in modest
reductions in body weight (1.5%) compared to vehicle-treated controls (Supplemental Fig. 2). ICV
a-klotho treatment also significantly increased average daily oxygen consumption (10.9%) and
carbon dioxide production (11.2%), with no effects on locomotor activity (Fig. 2A-F). These data
suggest a novel ability of central a-klotho to improve energy balance by increasing daily energy
expenditure.

UCP1 gene expression also strongly trended to be elevated in BAT and iWAT of a-klotho-treated
mice (1.4-fold; p=0.07 and 6.4-fold; p=0.11, respectively), suggesting potentially increased
thermogenesis and browning of white adipose tissue (Fig. 2G-H). There were also trends toward
increased NRF1 gene expression in the BAT of a-klotho-treated mice (1.3-fold; p=0.09), while
there were no differences in PRDM16, CIDEA, PGCla, PPARy, or NRF1 gene expression in

either BAT or iWAT.

3.3.3. Central a-klotho has no obvious effects on TH neuron activity in fasted mice

Previous reports identify direct, inhibitory action of central a-klotho on ARC NPY/AgRP neurons
[218]; thus, we aimed to investigate the possibility of additional neuronal targets of central -
klotho in the hypothalamus. For example, TH neurons elicit orexigenic effects in the ARC and
regulate thermogenesis in the PVN [37,45]. However, immunofluorescent staining revealed acute
ICV a-klotho treatment had no obvious effects on cFOS colocalization with TH neurons in the

hypothalami of fasted male or female mice (Fig. 3).

3.3.4. Central a-klotho regulates ARC POMC neuron activity in fasted mice
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POMC neurons are another ARC neuron population involved in reducing hunger and increasing
energy expenditure [14,19,219]. We performed patch clamp electrophysiology experiments and 7
out of 16 POMC neurons analyzed exhibited increased firing rate and membrane potential when
treated with a-klotho (0.47£0.13 vs. 1.40+0.28 Hz. and -50.52+1.02 vs. -47.57+1.17 mV,
respectively) (Fig. 4A-C). Interestingly, all POMC neurons recorded responded to a-klotho, with
9 out of 16 POMC neurons exhibiting decreased firing rate and membrane potential (0.30£0.09
vs. 0.08+0.06 Hz and -47.33+0.73 vs. -52.10+1.76 mV, respectively) (Supplemental Fig. 3A-C).
While these data identify POMC neurons as novel neuronal effectors of central a-klotho function,
they also highlight the heterogeneity of the POMC-expressing neuron population [227]. For
example, POMC neurons stimulated by a-klotho had significantly lower baseline membrane
potentials compared to those antagonized by a-klotho, while there were no differences in baseline
firing rate (Supplemental Fig. 3D-E).

To further investigate the complex effects of central a-klotho on ARC POMC neuron activity, we
performed immunofluorescent staining for cFOS. While acute ICV a-klotho treatment had no
effects on ARC POMC neuron activity in fed mice (Supplemental Fig. 4), cFOS colocalization
with ARC POMC neurons was significantly elevated in response to acute ICV a-klotho treatment
in both fasted male (1.9-fold) and female (1.7-fold) mice (Fig. 4D-J). These data highlight potent
excitatory effects of a-klotho on ARC POMC neurons in the fasted status, despite the heterogenous

response of POMC neurons observed in electrophysiology experiments.

3.3.5. Central a-klotho increases ARC POMC neuron activity, at least in part, via FGFR’s
Previous studies demonstrate a-klotho’s role as a scaffolding protein to facilitate FGF23-FGFR

binding and downstream signaling, a phenomenon that was found to be critical to a-klotho-
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mediated NPY/AgRP neuron inhibition [151,205,218]. To investigate the importance of FGFR’s
to a-klotho-mediated POMC activation, ICV pretreatment with the FGFR inhibitor PD173074 was
performed. When FGFR activity was inhibited, a-klotho no longer significantly increased POMC
neuron activity (1.4-fold increase under FGFR blockade, p=0.13; vs. 2.1-fold increase with
vehicle-treated controls, p<0.05) (Fig. 5). The blunted effects of a-klotho in response to FGFR
inhibition may indicate central a-klotho regulates POMC neurons, at least in part, via FGFR

activity (Fig. 5).

3.3.6. a-Klotho/PlI3kinase signaling regulates ARC POMC and NPY/AgRP neuron activity

PlI3kinase is a prominent signaling mechanism in the regulation of energy balance, ARC neuron
activity, and a-klotho-mediated downregulation of AgRP gene expression [73,218]. When central
Pl3kinase signaling was impaired using ICV wortmannin treatment, a-klotho no longer
significantly increased POMC neuron activity compared to PI3kinase inhibition alone (Fig. 6).
Past experiments from our lab also indicate a-klotho downregulates AgRP gene expression via
Pl13kinase signaling [218]. Consistent with previous reports, in the current study, acute ICV a-
klotho treatment significantly reduced NPY/AgRP neuron activity (~46%) (Fig. 7). Furthermore,
P13kinase inhibition attenuated this a-klotho-mediated suppression of NPY/AgRP neuron activity
(Fig. 7). Overall, these data suggest PI3kinase signaling is critical to a-klotho-mediated regulation

of both NPY/AgRP and POMC neurons.

3.3.7. ICV a-Klotho treatment increases phosphorylated ERK™"r202tyr204_ jn ARC astrocytes
We next aimed to determine if central a-klotho was involved in the regulation of ARC astrocytes,

cells involved in nutrient sensing, hormonal transport, and neuronal health [220]. ERK signaling
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is a key regulatory mechanism in astrocyte function, and has also been identified as a downstream
signaling mechanism of a-klotho in the ARC [218,221,222,228]. There were distinct differences
in the localization of phosphorylated ERK!29247204 i the ARC between the two groups. a-Klotho-
treated mice exhibited 1.4-fold higher pERK!"202/57204 jn cells expressing the astrocytic marker
GFAP (Fig. 8), with qualitatively higher pERK29257204 congentration in the tanycytic region
bordering the third ventricle. Mechanistically, pretreatment with the FGFR inhibitor PD173074
completely abolished this phenomenon (Fig. 8).

Overall, these data may indicate a novel role for central a-klotho/FGFR signaling to regulate
astrocyte function in the ARC, suggesting involvement in supporting other nutrient-sensing and
hormonal functions. For example, leptin sensitivity and transport is closely connected to astrocyte
function [221,222]. Supporting the hypothesis that a-klotho facilitates hormonal transport and
sensitivity, acute ICV a-klotho treatment in fasted mice significantly increased phosphorylated
STATS3 by 2.1-fold in NPY/AgRP neurons, which is an inhibitory signaling mechanism in these
neurons and a critical downstream mediator of leptin (Supplemental Fig. 5).

Furthermore, longer duration (12-days) a-klotho treatment increased Ki67 expression 3.0-fold in
the ARC (Supplemental Fig. 6), which is an indication of increased proliferating cells. This
increase in active progenitor cells is likely non-neuronal as demonstrated by no effects of long-
term o-klotho treatment on number of total POMC, NPY/AgRP, and DCX- (a marker of
neurogenesis) expressing cells in the ARC (Supplemental Fig. 7). However, the anatomical
distribution of Ki67 expression in the ARC suggests the proliferating cells may be astrocytes or
tanycytes, which would indicate a-klotho not only regulates the function of mature astrocytes, but

may also be involved in the generation of new astrocytes.

82



3.4. Discussion

A recent study from our lab provided promising evidence that central a-klotho may be a critical
regulator of hypothalamic neurons and metabolism [218]. Aiming to more comprehensively
decipher central a-klotho’s metabolic role, the current study identified diverse novel functions of
central a-klotho in the regulation of energy balance and ARC cell populations. Our data indicates
central a-klotho increases energy expenditure, modulates NPY/AgRP and POMC neuron activity
via FGFR->PI3kinase signaling, and regulates astrocytes via FGFR->ERK signaling.
Furthermore, to our knowledge, we provide the first evidence that CSF a-klotho concentrations
and body weight exhibit a strong inverse correlation in humans, potentially implicating central a-
klotho in the pathology of obesity.

Previous reports indicate blood a-klotho concentrations are reduced in humans with Type 2
Diabetes [143,145]. However, there is no correlation between peripheral and central a-klotho
concentrations, and regulation of circulating CSF a-klotho levels is poorly understood [147]. The
few studies examining CSF a-klotho concentrations in humans and rodents have determined no
diurnal variations [148], decreased levels in females [147,148], an inverse correlation with age
[148], and a positive correlation with FGF23 [147]. Additionally, human CSF a-klotho
concentrations are reduced in some neurological disorders such as Alzheimer’s Disease [148] and
Multiple Sclerosis [149]. Interestingly, we observed CSF a-klotho levels to exhibit a strong,
inverse correlation with body mass and BMI. These data may suggest the involvement of central
a-klotho in the pathology of obesity and could possibly identify CSF a-klotho levels as a novel
preclinical marker in body weight disorders. Considering previous data showing ICV a-klotho
treatment decreases hepatic lipid accumulation and central a-klotho inhibition rapidly impairs

glucose clearance [218], we also hypothesized CSF a-klotho may inversely correlate with blood
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glucose, TG’s, or cholesterol. Surprisingly, no such relationships were observed, nor were there
significant differences in these variables between lean and overweight/obese subjects. Notably,
blood glucose, TG’s, and cholesterol often exhibit a weak relationship with BMI [229-231], and
a limitation of the current study is a small sample size. Future studies utilizing a larger sample size
may discover additional correlations between CSF a-klotho concentrations and blood glucose or
lipids.

Consistent with previous reports, ICV a-klotho treatment suppressed food intake and resulted in
modest body weight reductions in DIO mice [218]. Indirect calorimetry also determined ICV a-
klotho treatment increases resting energy expenditure, independent of locomotor activity. Gene
expression analysis revealed that increased thermogenesis in BAT and browning of iWAT may be
the mechanism underlying increased energy expenditure. While the mechanism for a-klotho-
mediated increases in energy expenditure remains unclear, these data highlight a potent role for
central a-klotho to improve energy balance by regulating both caloric consumption and utilization.
The observed ICV a-klotho phenotype may be a result of its diverse functions regulating the
intricate neurocircuitry in ARC cell populations. For example, a-klotho is an antagonist of ARC
NPY/AgRP neurons [218], which, when activated, stimulate food intake, increase circulating
glucose levels, decrease energy expenditure, and result in weight gain [34,35,39,54]. Here we
identify a-klotho as a novel modulator of ARC POMC neurons, which have opposite metabolic
effects compared to NPY/AgQRP neurons [12,14]. Interestingly, a-klotho elicited varied effects on
POMC neurons during electrophysiological experiments, with ~44% experiencing excitatory and
~56% inhibitory effects. These findings highlight the heterogeneity of the POMC neuron
population, with ~72% being “canonical” expressing high levels of POMC and very low levels of

AgRP, and ~28% expressing low levels of POMC and high levels of AgRP [26]. a-Klotho
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decreases AgRP gene expression and inhibits AgRP-expressing neuron activity [218], which may
suggest a-klotho inhibits the POMC neurons expressing high levels of AgRP. Additionally, POMC
neurons have variable receptor and neurotransmitter expression, which likely also alters their
response to a-klotho [26,27].

It is also possible a-klotho regulates POMC neurons indirectly via presynaptic inputs. For
example, a-klotho’s previously documented direct inhibitory role in NPY/AgRP neurons [218]
may indirectly stimulate POMC activity via relieved NPY/AgRP-mediated GABAergic inputs.
Interestingly, NPY/AgRP->POMC connectivity is complex, highlighted by differences in the
effects of spontaneous vs. stimulated NPY/AgRP neuron activity. POMC neurons exhibit no
change in inhibitory post-synaptic currents (IPSC’s) when NPY/AgRP neuron activity or
neurotransmitter release is disrupted [28,43]; however, optogenetic stimulation of NPY/AgRP
neurons consistently inhibits POMC neurons via direct GABAergic inputs [28,42]. Notably, the
current study determined a-klotho regulates NPY/AgRP and POMC neurons via FGFR’s, which
are expressed in both populations [193]. As a result, it is likely a-klotho can elicit direct,
postsynaptic regulation of both these neurons via its role as a scaffolding protein in FGFR’s.
Orexigenic ARC TH neurons are also intricately involved in NPY/AgRP and POMC
neurocircuitry. For example, TH and NPY/AgRP neurons exhibit a bidirectional synaptic
mechanism during which TH neurons stimulate food intake via direct excitatory dopamine action
on NPY/AgRP neurons, and NPY/AgRP neurons regulate thermogenesis via Y1 receptors on TH
neurons [37,41,45]. Furthermore, both dopamine and GABA released from TH neurons exhibit
direct inhibitory action on POMC neurons. Similar to POMC neurons, TH neurons are also a
heterogenous neuron population. TH is the rate-limiting enzyme in dopamine and catecholamine

synthesis [44]; both of which have varied effects on metabolism. For example, dopamine
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stimulates food intake [41] and catecholamines induce satiety [232,233]. In the current study ICV
a-klotho had no significant effects on ARC or PVN TH neuron activity, suggesting TH neurons
may not be involved in a-klotho’s hypothalamic function. However, one a-klotho-treated mouse
appeared to be a statistical outlier (greater than two standard deviations different from the mean).
Removal of this animal reveals trends toward a-klotho-mediated TH neuron suppression in males
only, highlighting the need for further research into this phenomenon. Overall, while the current
study does not identify a specific role of a-klotho to regulate hypothalamic TH neurons, future
studies using electrophysiology on single TH neurons would help clarify these complicated
findings among different TH subpopulations.

We also aimed to determine if a-klotho had additional functions in the ARC independent of
neuronal activity. In hippocampal cells, a-klotho has been described as a regulator of neurogenesis
and astrocyte metabolism [228,234]. While there were no effects of a-klotho on ARC neurogenesis
in DIO mice, we did observe an ability of a-klotho to regulate astrocyte function. ARC astrocytes
are critically involved in hormonal transport, nutrient sensing, and neuronal maintenance [221],
and a-klotho treatment increased phosphorylated ERK specifically in this cell type. ERK signaling
in astrocytes is essential to leptin transport through the blood brain barrier [222], suggesting a
novel role for central a-klotho to regulate hormonal transport. This hypothesis was supported by
increased phosphorylated STATS3, a key downstream mediator of leptin, in NPY/AgRP neurons in
response to a-klotho treatment. Considering the diverse functions of central a-klotho in the ARC,
deciphering the molecular mechanisms involved is essential to understanding the complex
questions surrounding homeostatic and disordered regulation of metabolism.

a-Klotho has a well-documented role as a scaffolding protein in the FGF23->FGFR complex

[151], and experimental FGFR activation has recently been shown to elicit therapeutic effects in
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metabolic disease models [193,194,198]. We determined a-klotho regulates astrocytes via an
FGFR->ERK mechanism, similar to the mechanism underlying sustained diabetes remission in
response to acute FGF1 microinjection [217]. Interestingly, a-klotho only trended to increase
POMC neuron activity when FGFR activity was inhibited. This suggests a-klotho may regulate
POMC neurons via FGFR’s, but concurrent receptors are likely involved. Notably, the specific
receptor of a-klotho is currently not known, but one potential mechanism could be through
transient receptor potential vanilloid-like (TRPV) channels. TRPV channels increase POMC
neuron activity to reduce food intake [20], and a-klotho has a well-documented role to hydrolyze
these receptor like-channels in renal tubules and pancreatic B cells to increase their membrane
localization [69,98,158].

PI3Kinase is another potent regulator of ARC neuron populations and a downstream effector of a-
klotho [73,218]. While it has previously been shown that PI3kinase is essential to a-klotho-
mediated AgRP mRNA downregulation, it was unclear whether PI3kinase was equally important
to a-klotho-mediated NPY/AgRP neuron inhibition [218]. The current study showed Pl3kinase
inhibition completely abolished a-klotho-mediated NPY/AgRP neuron inhibition and POMC
activation. These data indicate a prominent a-klotho>FGFR->PI3kinase signaling axis involved
in the regulation of ARC neuron populations.

To summarize, this study identified diverse novel functions of a-klotho in the ARC via various
molecular mechanisms. Experiments revealed a-klotho regulates astrocytes via FGFR>ERK
signaling, as well as NPY/AgRP neurons and POMC neurons via FGFR->PI13kinase signaling.
Furthermore, CSF a-klotho’s prominent role in energy balance was demonstrated by strong inverse

correlations with body weight and an ability to increase energy expenditure. Further investigation
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into these novel molecular mechanisms could be integral to deciphering the complex physiology

underlying homeostatic and disordered regulation of metabolism.
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Chapter 3 Figures
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Figure Legend:

Figure 3.1. Cerebrospinal fluid a-klotho concentrations are reduced in overweight and obese
adults. CSF a-klotho concentrations are inversely correlated with (A) Body weight and (B) BMI
(n=22). (C) Comparison of CSF a-klotho concentrations when subjects are stratified into lean vs.
overweight/obese categories based on BMI. (n=11/group). CSF a-klotho concentrations are not
correlated with (D) Fasting Blood Glucose, (E) Triglycerides, or (F) Cholesterol. ® represents lean;
O represents overweight or obese. Data represented as mean £ SEM. * indicates p<0.05 vs. lean

subjects.

Figure 3.2. Two days ICV a-klotho treatment increases energy expenditure in DIO mice. (A-
B) Oxygen consumption, (C-D) Carbon dioxide production, and (E-F) Locomotor activity in 16-
to 17-week-old male DIO mice after 2 days ICV a-klotho (2.0ug) or vehicle (2.0uL) injections
(n=7-8/group). (G) BAT gene expression and (H) iWAT gene expression (n=7-9/group). Data

represented as mean £ SEM. * indicates p<0.05 vs. vehicle controls.

Figure 3.3. Acute ICV a-klotho treatment has no effects on TH-expressing neuron activity in
the ARC or PVN. Representative images of cFOS (green) colocalized with TH-expressing
neurons (red) in the (A) ARC and (B) PVN of mice acutely treated with ICV vehicle (2.0uL) or a-
klotho (2.0ug) before an overnight fast. (C) Total TH-expressing neurons, (D) cFOS
colocalization, and (E) proportion of active TH-expressing neurons in male mice (n=6-7/group).
(F) Total TH-expressing neurons, (G) cFOS colocalization, and (H) proportion of active TH-
expressing neurons in female mice (n=5-7/group). 3V = Third ventricle; Scale bar = 50um. Data

represented as mean + SEM. * indicates p<0.05 vs. vehicle controls.
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Figure 3.4. Acute ICV a-klotho treatment increases ARC POMC neuron activity in fasted
mice. (A) Representative whole cell patch clamp recording, (B) action potential frequency, and
(C) membrane potential of a POMC neuron stimulated by a-klotho treatment (n=7 neurons). (D)
Representative images of cFOS (green) colocalized with POMC (red) in the ARC of healthy, male
mice acutely treated with ICV a-klotho (2.0ug) or vehicle (2.0uL) before an overnight fast. (E)
Total POMC neurons, (F) cFOS colocalization, (G) and proportion of active POMC neurons in
male mice (n=6-7/group). (H) Total POMC neurons, (I) cFOS colocalization, and (J) proportion
of active POMC neurons in female mice (n=6/group). 3V = Third ventricle; Scale bar = 50um.

Data represented as mean £ SEM. * indicates p<0.05 vs. vehicle controls.

Figure 3.5. Central a-klotho increases ARC POMC neuron activity, at least in part, via
FGFR’s. (A) Representative images of cFOS (green) colocalized with POMC (red) in the ARC of
healthy, male mice acutely treated with vehicle (2.0uL), a-klotho (2.0ug), FGFR inhibitor alone
(25ug), or FGFR inhibitor 10 minutes before a-klotho before an overnight fast. (B) Total POMC
neurons, (C) cFOS colocalization, and (D) proportion of active POMC neurons (n=3-5/group). 3V
= Third ventricle; Scale bar = 50um. Data represented as mean + SEM. n.s = not significant; *

indicates p<0.05.

Figure 3.6. PI3kinase inhibition blunts a-klotho-mediated ARC POMC neuron activation.
(A) Representative images of cFOS (green) colocalized with POMC (red) in the ARC of healthy,
male mice acutely treated with vehicle (2.0uL), a-klotho (2.0ug), wortmannin alone (10ng), or

wortmannin one hour before a-klotho before an overnight fast. (B) Total POMC neurons, (C)
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cFOS colocalization, and (D) proportion of active POMC neurons (n=4-5/group). 3V = Third
ventricle; Scale bar = 50um. Data represented as mean £ SEM. n.s = not significant; * indicates

p<0.05.

Figure 3.7. PI3Kkinase inhibition abolishes a-klotho-mediated ARC NPY/AgRP neuron
inhibition. (A) Representative images of cFOS (red) colocalized with NPY/AgRP (green) in the
ARC of healthy, male mice acutely treated with vehicle (2.0uL), a-klotho (2.0ug), wortmannin
alone (10ng), or wortmannin one hour before a-klotho before an overnight fast. (B) Total
NPY/AgRP neurons, (C) cFOS colocalization, and (D) proportion of active NPY/AgRP neurons
(n=3-4/group). 3V = Third ventricle; Scale bar = 50um. Data represented as mean + SEM. n.s =

not significant; * indicates p<0.05.

Figure 3.8. Acute ICV a-klotho treatment stimulates phosphorylated ERK™"r20251204 jn. ARC
astrocytes. (A) Representative images of pERK202%7204 (green) colocalized with GFAP (red) in
the ARC of healthy, male mice acutely treated with vehicle (2.0uL), ICV a-klotho (2.0ug), FGFR
inhibitor alone (25ug), or FGFR inhibitor 10 minutes before a-klotho (2.0ug) before an overnight
fast. (B) pERK!20247204 colocalized with GFAP. 3V = Third ventricle; Scale bar = 50um. Data

represented as mean £ SEM. n.s = not significant; * indicates p<0.05.

Supplemental Figure Legend:
Supplemental Table 3.1. Human Subject Characteristics. Data Presented as mean + SD. M =

male; F = female; * = significantly different than lean.

Supplemental Table 3.2. Primer sequences used during gPCR analysis.
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Supplemental Figure 3.1. Experimental timeline of indirect calorimetry experiments.

Supplemental Figure 3.2. Two days ICV a-klotho treatment decreases food intake and
reduces body weight in DIO mice. (A) Average daily food intake, (B) Body weight, and (C)
Changes in body weight in 16- to 17-week-old male DIO mice after 2 days ICV a-klotho (2.0ug)
or vehicle (2.0uL) injections (n=14/group). Data represented as mean £ SEM. * indicates p<0.05

vs. vehicle controls.

Supplemental Figure 3.3. POMC-expressing neurons exhibit a heterogenous response to -
klotho treatment. (A) Representative whole cell patch clamp recording, (B) action potential
frequency, and (C) membrane potential of POMC neurons inhibited by a-klotho treatment (n=9
neurons). Differences in baseline (D) action potential frequency and membrane (E) potential
between POMC neurons activated and inhibited by a-klotho treatment. Data represented as mean

+ SEM. * indicates p<0.05.

Supplemental Figure 3.4. ICV a-klotho treatment has no effects on POMC neuron activity
in fed mice. (A) Representative images of cFOS (green) colocalized with POMC (red) in the
ARC of healthy, fed, male mice acutely treated with ICV a-klotho (2.0ug) or vehicle (2.0uL) the
night before euthanasia. (B) Total POMC neurons, (C) cFOS colocalization, and (D) percent of
active POMC neurons (n=4/group). 3V = Third ventricle; Scale bar = 50um. Data represented as

mean + SEM. * indicates p<0.05 vs. vehicle controls.
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Supplemental Figure 5.5. Acute ICV a-klotho treatment increases pSTAT3% 753 in NPY-
expressing neurons. (A) Representative images of pSTAT3%">* (red) colocalized with NPY-
expressing neurons (green) in the ARC of healthy, male mice acutely treated with ICV a-klotho
(2.0ug) or vehicle (2.0uL) before an overnight fast. (B) Total NPY neurons, (C) pSTAT3se7>4
colocalized with NPY-expressing neurons, and (D) percent of NPY neurons with pSTAT3%7>4
colocalization. 3V = Third ventricle; Scale bar = 50um. Data represented as mean £ SEM. *

indicates p<0.05 vs. vehicle controls.

Supplemental Figure 3.6. Twelve days ICV a-klotho treatment increases Ki67 expression in
the ARC of DIO mice. (A) Representative image of Ki-67 in the ARC of 16- to 17-week-old
male DIO mice after 12 days ICV a-klotho (2.0ug) or vehicle (2.0uL) injections (n=5-6/group).
(B) Total Ki67. 3V = Third ventricle; Scale bar = 50um. Data represented as mean + SEM. *

indicates p<0.05 vs. vehicle controls.

Supplemental Figure 3.7. Twelve days ICV a-klotho treatment has no effects on ARC
neurogenesis in DIO mice. (A) Representative images of POMC, NPY, and DCX in ARC of
16- to 17-week-old male DIO mice after 12 days ICV a-klotho (2.0ug) or vehicle (2.0uL)
injections (n=3-6/group). Total (B) POMC, (C) NPY/AgRP, and (D) DCX-expressing cells. 3V
= Third ventricle; Scale bar = 50um. Data represented as mean = SEM. * indicates p<0.05 vs.

vehicle controls.
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Figure 3.6
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Figure 3.7
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Figure 3.8
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Supplemental Table 1

M:5 F:6 M:5 F6

Lean Overweight/Obese
(n=11) {n=11)

57.0+123 475+ 203
60.5+5.1 795 +11.9%

1.63 £ 0.09 1.67£0.1
228+1.7 28.6 £ 2.4%

Fasting Glucose (mmol/L) 5.2+0.7 5.9+1.8
Triglycerides (mmol/L) 1.15+0.36 1.62 + 0.85
Total Cholesterol 5.06 +1.35 5.02+1.36

{(mmol/L)

HDL (mmol/L) 119+ 0.17 1.00 = 0.24*
LDL (mmeol/L) 3.02+1.0 3.07 £0.93
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Supplemental Table 2

PPAR Yy GGTGAACCACTGATATTCAGGA

PGCla CCCTGCCATTGTTAAGACC

ACTGCCACACCTCCAGTCATT

TFAM CAAGTCAGCTGATGGGTATGG
NRF1 CAGCACCTTTGGAGAATGTG
CAGCACGGTGAAGCCATIC

CIDEA TGCTCTTCTGTATCGCCCAGT
_ GTAACCCGTTGAACCCCATT

104

Gene Forward primer Reverse primer

AATGGCATCTCTGTGTCAACC

TGCTGCTGTTCCTG C

CTTTGCCTCACTCAGGATTGG

TTTCCCTGAGCCGAATCATCC

CCTGGGTCATTTTGTCCACA

GCGTGCATCCGCTTGTG

GCCGTGTTAAGGAATCTECTG

CCATCCAATCGGTAGTAGCG



Supplemental Figure 1
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Supplemental Figure 2
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Supplemental Figure 3
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Supplemental Figure 4
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Supplemental Figure 5

A.
pSTAT3/NPY

pSTAT3

Vehicle

|

a-Klotho

D

Percent NPY Neurons

™
O

pSTATI* ™™ Colocalized

.
Total NPY Neurons with NPY Neurons s with pSTAT3“™™ Colocalization
N
80 2 @ : LA™
- s .
5 a0 —;— E g @ g 5 w0
3 e g5 £3
= = 8; 0 Ts 80
4 -
E ; E 0 9 i w d
B2 B& sE
e x5 g B
a
L Y a ° & o
Vehlole a-Klotho Vehiste ariothe S venice a-Kiothe

109



Supplemental Figure 6
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Supplemental Figure 7
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Chapter 4

Conclusions

4.1. Summary of central a-klotho and metabolism-

Despite minimal research into its functions in the CNS, central a-klotho has a clear
prominent role in metabolic regulation. Central a-klotho elicits promising therapeutic potential in
metabolic disease states by decreasing food intake, increasing energy expenditure, improving
insulin secretion, and reducing hepatic gluconeogenic gene expression. Furthermore, reduced CSF
a-klotho concentrations are observed in overweight populations, suggesting impaired a-klotho
function may be involved in the pathophysiology of metabolic disease and potentially identifying
CSF o-klotho as a preclinical marker of these disorders. Mechanistically, a-
klotho->FGFR->PI3kinase signaling suppresses ARC NPY/AgRP and stimulates POMC neuron
activity, which is likely essential to central a-klotho’s effects on peripheral metabolism. Central
a-klotho also alters intracellular signaling in ARC astrocytes via a-klotho>FGFR->ERK
signaling, strongly implicating the a-klotho=>FGFR signaling axis in homeostatic CNS regulation

of metabolism.

4.2 .Future directions: a-klotho and FGFR’s-

Similar to peripheral tissues, central FGFR’s have recently been popular subjects of
metabolism research in the brain. ICV FGF19 and FGF21 elicit similar therapeutic effects to ICV
a-klotho via FGFR'’s, including decreased food intake, reduced weight, improved glucose
clearance, inhibited NPY/AgRP neuron activity, and suppressed hepatic gluconeogenic gene
expression [193-197]. In fact, brain-specific B-klotho knockout even abolishes many of the

weight-reducing and glucose-lowering effects of peripheral FGF19/21 administration



[179,197,203]. Since B-klotho’s role is to stabilize FGF19/21 interaction with FGFR’s [180-182],
this strongly indicates that brain FGFR’s are the primary mediators of peripheral and central
FGF19/21 metabolic function. This dissertation demonstrated FGFR’s to be equally important to
many of the metabolic effects of central a-klotho, identifying FGFR’s as promising targets of both
future research and pharmacological intervention in cases of metabolic disease.

Despite the encouraging evidence observing FGFR activation to elicit therapeutic effects
in metabolic disease models, studies investigating FGFR involvement in the pathology of diabetes
and obesity produce equivocal results depending on animal model and experimental approach.
ICV treatment with the popular FGFR inhibitor PD173074 impairs glucose clearance in healthy
rats, but is described as stress-related [198,199], and ICV PD173074 in DIO mice elicits no
phenotype [193,200]. Furthermore, antibody-mediated inhibition of FGFR1 in rodents and
monkeys increases energy expenditure, decreases food intake, and reduces body weight, while
genetic deletion of FGFR1 in NPY/AgRP neurons also results in no metabolic phenotype
[71,201,202]. Future studies should investigate the specific roles of FGFR’s, their isoforms, and
their neuronal effectors in central regulation of metabolism by performing selective deletion of
FGFR isoforms in specific neurons of mature mice using the inducible Cre-LoxP system or Crispr-

Cas9.

4.3. Future directions: Alternative mechanisms of central a-klotho-

In this dissertation a novel brain a-klotho/FGFR/P13kinase signaling axis was identified in
the regulation of ARC neurons and whole body metabolism; however, there are likely other
molecular mechanisms involved in the vital functions of central a-klotho. For example, at this

time, the important of a-klotho-induced phosphorylated ERK in the hypothalamus is not known.
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ERK signaling negatively regulates NPY/AgRP neurons, possibly via kruppel-like factor 4, and is
involved in hypothalamic FGF1- and FGF19-mediated glucose lowering [193,216,217]. a-
Klotho’s ability to hydrolyze and increase activity of TRP channels may also be important to CNS
regulation of metabolism. TRP channels are important to stimulating POMC neuron depolarization
and subsequent increases in thermogenesis and reductions in food intake [20,235]. Lastly, a-klotho
may have direct effects on metabolism via trx interacting protein (TXNIP) [94]. TXNIP, which
has been shown to be inhibited by a-klotho and trx, has been identified as a mediator of overactive
NPY/AgRP neuron pathologies, including hyperphagia, adiposity, reduced energy expenditure,
and leptin resistance [106,236,237]. Overall, these documented physiological effectors of a-Klotho
in peripheral tissues provide additional signaling pathway that may be promising foci of future

investigations into central a-klotho’s metabolic functions.

4.4. Closing Remarks-

In summary, investigation into central a-klotho-mediated regulation of energy balance and glucose
metabolism is a very new topic of research. Only a-klotho’s function in the ARC has been
investigated and additional roles in other regions of the brain are likely. Moreover, while the
evidence implicating a-klotho as a therapeutic target and preclinical marker of metabolic disease
is encouraging, many additional experiments are needed to determine dose-response and effects
of long term a-klotho administration. Doses used in ICV treatment studies are supraphysiological
and, similar to leptin and insulin, developed resistances to a-klotho are possible. Development of
new tools to specifically manipulate centrally circulating a-klotho levels within physiological
ranges would be extremely valuable to thoroughly elucidating this critical protein’s diverse and

complex metabolic functions.
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Chapter 4 Figures
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Figure Legend:

Figure 4.1. Graphical Abstract. a-Klotho circulating in the CSF suppresses NPY/AgRP neuron
activity and increases POMC neuron activity via FGFR->PI3kinase signaling, regulates
astrocytes via FGFR->ERK signaling, and has no effects on TH neuron activity. These roles of
a-klotho in the arcuate nucleus are likely involved in a-klotho-mediated suppression of appetite,

increases in energy expenditure, and improvements in glucose clearance.
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Figure 4.1.
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