Aus dem Bereich Experimentelle und Klinische Pharmakologie und Toxikologie
Theoretische Medizin und Biowissenschaften
der Medizinischen Fakultat
der Universitat des Saarlandes, Homburg
Univ. Prof. Dr. Ulrich Boehm

Funktionelle Rolle(n) der Gonadotropine im Leber-
und Knochenstoffwechsel

Dissertation zur Erlangung des Grades eines MD/PhD
der Medizinischen Fakultat

der Universitat des Saarlandes

vorgelegt von
Samer Alasmi
geboren am 22. Januar 1998
in Daraa, Syrien

2022



Department of Pharmacology and Toxicology
Saarland University
Medical School

Functional role(s) of gonadotropins in liver and bone

metabolism

Dissertation
in partial fulfillment of requirements for the degree of
MD/PhD

Submitted by
Samer Alasmi

born on the 22" of January 1998
in Daraa, Syria

2022



Tag der Promotion: 19. Dezember 2023

Dekan: Prof. Dr. M.D. Menger

1. Berichterstatter: Prof. Dr. Ulrich Boehm

2. Berichterstatter: Prof. Dr. Marcin Jan Krawczyk
3. Berichterstatter: Prof. Dr. Dirk Isbrandt



Widmung

Meinen beiden Familien in Dankbarkeit, besonders im Andenken an meinen Vater



Cooperations

Without the support of several colleagues, this work would not have been possible. | would like to take
this opportunity to express my sincere gratitude for their cooperation. The following table lists the
individual figures showing experimental results and provides information about my specific contribution
and/or the names of the other colleagues involved. The experiments and subsequent analyses were

supervised by Dr. Sen Qiao and Prof. Ulrich Boehm.

Main persons
Chapter Figures Experiment carrying out the

experiments

2.2.2 Figure 15 Mouse generation Amanda Wyatt
2.2.4.1 Figure 16 Vaginal cytology Samer Alasmi
) ) Dr. Sen Qiao
31 Figure 17 Gonadotrope ablation .
Samer Alasmi
] ) Dr. Sen Qiao
3.2 Figure 18 Metabolic parameters .
Samer Alasmi
3.2 Figure 19 Acute gonadotrope ablation Samer Alasmi
] . Dr. Sen Qiao
3.3 Figure 20 Microcomputed tomography (uCT) .
Samer Alasmi
34 Figure 21 Metabolic parameters Samer Alasmi
34 Figure 22 Oil Red O staining and quantification Samer Alasmi
3.4 Figure 23 Microcomputed tomography (uCT) Samer Alasmi
35 Figure 24 Metabolic parameters Samer Alasmi
35 Figure 25 Oil Red O staining and quantification Samer Alasmi
35 Figure 26 Microcomputed tomography (uCT) Samer Alasmi
) Chronic pharmacogenetic activation of o
3.6 Figure 27 Debajyoti Das
gonadotropes

] Metabolic parameters in HFD-fed .
3.7 Figure 28 ] Samer Alasmi
GRIC/eR26-DREADD mice

3.8 Figure 29 Plasma hormone measurements Samer Alasmi

) Metabolic parameters in HFD-fed wildtype )
3.8 Figure 30 . o ] Samer Alasmi
mice and H&E staining of the liver

] . ] Dr. Sen Qiao

3.9 Figure 31 RT-qPCR analysis of Fshr expression .
Samer Alasmi

Dr. Mari Aoki

3.9 Figure 32 Dr. Sen Qiao

RNA-scope analysis of Fshr expression

Samer Alasmi




3.9

Figure 33

In vitro stimulation assay

Dr. Sen Qiao

Samer Alasmi
3.9 Figure 34 RNA-seq data Dr. Sep Qiao
Dr. Kathrin Kattler
Corticosterone plasma levels and stainin ;
3.9 Figure 35 P _ J Dr. Sen Qiao
of gonadotropes and corticotrope cells Samer Alasmi
a9 e 36 Virus generation, stereotaxic injection & Amanda Wyatt
: igure . - T Dr. i
Oil Red O staining and quantification r. Sen Qlao_
Samer Alasmi
Adapted from Zhou 2021,
4.1 Figure 37 Osteoclast analyses Thesis (MSc) McGill
University, Montreal,
Canada
) Model of gonadotrope actions on the Dr. Sen Qiao
4.2 Figure 38 Dr. Philipp Wartenberg

gonads and the pituitary

Samer Alasmi




Contents

Table of Contents

I ES 00 0 U SO I
T 0] 7 L] L= SRRSO i
LiSt OF @DDIEVIALIONS ..ot \Y]
ZUSAMMENTASSUNG ..ottt ittt sttt ettt b et e bt st e s et e b et sbesbe b e neene e VI
L - To! PR P TR PRSP X
IO 14 0o (U T A T o ISR PPORPR 1
1.1 Hypothalamic-pituitary-gonadal (HPG) @XiS........cccciiriiiieiiiieiiieeiie e sie e esireestne e see e sineesnneesnneens 1
1.2 Hypothalamic-pituitary-adrenal (HPA) @XIS.........ccooviiiiiiiiiiieeeneseee e 3
1.3 Anatomy, histology, and physiology of the TIVEr..........ccccciiiiiiiiiee 4
1.4 MEtabOliC SYNAIOME.......iiiiiieiieie ittt bbbt bbbt e bbb 8
1.5 Non-alcoholic fatty lIVEr QiSEASE ........c.civiiiiiiecee et 9
1.5.1 Epidemiology, etiology, and classification 0f NAFLD .........cccccceviiiiie i 10

1.5.2 Diagnosis and therapy OF NAFLD ........cccooiiiiiiiiiiii bbb 12

1.6 ENdOCring CaUSES OF NAFLD ......ccuiiiiieiiiiiiee e 12
1.6.1 The association between estrogen deficiency (menopause) and NAFLD..........ccccccovviiiiiieiininenn 12

1.6.2 The association between testosterone and NAFLD ........coccooiiiiiiiinii s 13

1.6.3 The association between glucocorticoids (Cushing syndrome) and NAFLD .........cccccovvvviiiiniinennn. 13

1.7 The relationship between the bone and the reproductive axis ...........ccocevereriniiienenicee 14
1.7.1 The histological Structure 0f DONE.........coiiiiiiic s 15

1.7.2 BONE MELADOTISIT ...t bbbttt r e 16

R @) (<o) o] £ ][O P TR PP PR 19

1.8 Cellular mechanism of FSH SIgNaliNg.........cccoiiiiiiiiiiiiciee e 20
1.9 Binary genetic approaches as powerful tools to decipher HPA- and HPG-axis pathology in situ
................................................................................................................................................... 21

1.20 AIMS OF MY STUY ...ttt 22

2. Materials and MethOUS.........cccueiiiieiieceee e re e 23
2.1 GeNEIAl MALEITAIS ... ..ttt sttt ste e e teenee e e eneennee s 23
N N T ST S o1 =] PP R RO PRPR 24

2.1.2 4% Paraformaldenyde (PFA).......ii ittt et e s e nae e taenneesnaeenes 24

2.1.3 20X phosphate-buffered Saling (PBS).........cuoiiiiiiiriiieiieie s e 24

2.1.4 50X Tris-acetate-EDTA (TAE) ..io ittt e st e e st e e snba e e snaaeaanees 24

2.2 GENEIAl MELNOMS ...ttt st b ettt ste et et enae et e sneesnee e 25
2.2.1 IMOUSE MOTEIS ...t b ettt ar e nn e n e nn e 25

2.2.2 Generation of the Rosa26-NLSIRFP720-Gq (DREADD) Knock-in Mice..........cccovvvvieienienenienn 26

2.2.3 GBNOLYPING 1.ttt ettt ettt h et b skt b e h bk e bt bt ek E R R bRt b et b et 27

2.2.4 Tissue preparation and hiStOIOQY ........ccueiiviiiiiiie et te e sreesree e 27

2.2.5 IHCTOSCOPY ...ttt etttk ek bt a ekt h ekt e kbbbt e st bt e bt bt n ekt s ettt ettt e e 31



Contents

2.2.6 Molecular Diology TECHNIGUES ........ooviiiiiiiie it 32

2.2.7 GENE-EXPreSSION ANAIYSIS ....viiviiiiiiiieeieeie e se e e e e e te e e st e s e et e sreeasbeeteesreeanaearaeesreenreesnaeenes 32

2.2.8 Microcomputed tomography (LCT) ....ccviiviiiieiieiii ettt 35

2.2.9 Quantification and data @NALYSIS ........cceeieiiiiiieeiee e 35

B RESUIES ..ttt r et et r e be et eneenreereanee s 36
3.1 Diphtheria toxin injection efficiently ablates gonadotroPes .........cccccvvveveeieeveccie e 36
3.2 Acute gonadotrope ablation triggers metabolic disorders in a gender-specific manner .............. 37
3.3 Acute gonadotrope ablation triggers bone loss in both male and female mice ..........c.c.ccoceeee 40

3.4 Hepatic steatosis in gonadotrope-ablated females is independent of the gonads, however bone loss

iS due to gonadal SEX SLEIOIUS..........viieiii ittt sraesraenrae s 40
3.5 Sex-steroid replacement abolishes metabolic disorders but does not improve hepatic steatosis.43
3.6 Characterization of the GRIC/eR26-DREADD mouse Model............ccoooveiiiiiiiiiiiiiieceene 45
3.7 Activation of gonadotropes improves metabolic disorders independently of the gonads in a female

high fat diet MOUSE MOTEL..........ccoiiiiie s 47

3.8 FSH administration improves metabolic disorders caused by ovariectomy and high fat diet .....48
3.9 Disrupting FSH signaling in the pituitary induces a fatty liver phenotype ..........ccccoevviiiieninne 49
4. DISCUSSION ...tttk bbbkttt bbbt bbbt e ettt b et b e bt e st e e e b et et ane b 56
4.1 The HPG-axis controls distinct aspects of the metabolic syndrome...........ccccoevevvevveve i, 56
4.2 EXtra-gonadal FSH aCHIONS.........cciiiiiiie sttt e e e e sn e sre e e nnee e e 62
4.3 FSH: @ NeW therapeULiC AVENUE? .........cciiiiiiiiisieere ettt 64
(00 g Tod 1113 o] o 1< SRS 66

T =TT o1 [T T0 = o] o)V USROS 67
6. Publication & ACKNOWIEAGEMENTS........ccuiiiiiiiierie e 79

T CUTTICUIUIM VB8 e eeeeeeeeeeeeeeeeeeeeeeeee et es s s s sss s sensnssnnssnssnnnnnnnsnnnnns 81



List of figures

List of figures

Figure 1: Regulation of the hypothalamic-pituitary-gonadal axis. ...........c.cooveieririiiieieneiseee s 2
Figure 2: Regulation of the hypothalamic-pituitary-adrenal axis.............cocooeieniniiiiienee 4
Figure 3: The macroscopic Structure of the IVEr. .........ccvoi i 5
Figure 4: Cellular architecture 0f the HIVEr. ..o 6
Figure 5: Hepatic lipid MetaboliSM. .........ooiiiiiii s 8
Figure 6: The spectrum Of NAFLD PrOgreSSION. ........ccueitiiiiieieriesiesiesie sttt see st 10
Figure 7: Percentage of the most common liver diseases in the World in 2010............ccccoeviiiiininennne 10
Figure 8: Prevalence of NAFLD according to BMI, age, and SEX. ......ccvvieiieiieieenie e vieesie e 11
Figure 9: Sustained GC elevation leads to severe disturbances in different organs. ..........c..cccceevevennee. 14

Figure 10:
Figure 11:
Figure 12:

Summary of the direct effects of the reproductive axis on bone...........ccccocvviveiiiiciciiinns 15
The anatomical and histological structure of DONe. ..........ccoooiviiiiiiiii e 16

The effect of parathyroid hormone on 0SteobIasts...........cccvvvvviiiiieiie i 17

Figure 13: The regulation and action 0f FGF-23. ...t 18
Figure 14: Schematic illustration of FSH Signaling.........cccccoiivv i 20
Figure 15: The Rosa26-NLSiRFP720-2A-Gq (DREADD) knock-in mouse line. ..........ccccvvvviencnnne 26
Figure 16: Estrous cycle in GRIC/eR26-DREADD MICE. .......cccoiiiiiiieiiiiieieiesie e 28
Figure 17: Ablation of gonadotropes results in profound hypogonadiSm. ............cccccevvvvienenenieieniens 37
Figure 18: Acute gonadotropes ablation leads to metabolic disorders in female mice...........c.cccoce.e.. 38
Figure 19: Gonadotrope ablation triggers a fatty liver phenotype in male and female mice. ................ 39
Figure 20: Gonadotrope ablation induces bone loss in male and female MicCe...........ccooeeeiiiiiicicnine 40
Figure 21: Gonadal loss mimics metabolic syndrome in female mMice. .........ccoceveviiinieneninicee e 41
Figure 22: Gonadotrope dysfunction triggers hepatic steatosis independently of the gonads in females.
............................................................................................................................................................. 42
Figure 23: Gonadal loss induces bone loss in male and female Mice. ........ccccocve e 43
Figure 24: Replacement of sex steroids eliminates metabolic abnormalities. ............cccccooiiiiiiiiinnne 44
Figure 25: Hepatic steatosis in females is independent of SeX Steroids. .........c.ccovvveririeieninisicieniens 45
Figure 26: Gonadotropes regulate bone mass through both gonadal and non-gonadal ways in a sex

R 0101 o 0= =Y P 45
Figure 27: CNO activates gonadotropes in GRIC/eR26-DREADD MICe........ccceviveriereeieeneeieeeeene 46
Figure 28: Metabolic phenotype of HFD-fed GRIC/eR26-DREADD MICE. ........cccooviveiieiiiiiieienins 47
Figure 29: Plasma hormone MEaSUIEIMENTS ............coueiiireiirieiesiese sttt sb e 48

Figure 30: Wildtype mice display improved body weight and glucose tolerance upon FSH treatment

Figure 31:

E LG R L [=To1 (0] 1) Y25 UPPOP 49

Representative RT-PCR analysis of Fshr expression in major organs of adult female mice.



List of figures

Figure 32:

Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:

RT-gPCR and RNA-scope analysis of Fshr expression levels in the pituitary, ovary, and liver
from adult Female MICE. ....cviiee et nee e 51
In vitro stimulation assay to analyze pituitary hormone Secretion............ccccceveveviveieerneenne. 52
Human corticotropes express the FSH reCeptor. .......oovovvii e i 53
Increased corticosterone plasma levels after acute gonadotrope ablation............c.ccccceeeveeee 54
Paracrine FSH actions in the pituitary prevent hepatic steatosis in female mice. ................ 55
FSH regulates bone metabolism independent of Fshr in osteoclasts............cccceceevveiieninnne 59
FSH receptor expression in the PItUITAIY. ........cccccveiieiie i 62



List of tables

List of tables

Table 1: List of primers used fOr geNOTYPING.......c.oieiiiieiiriii ettt 23
LI 0] L ] USROS 23
Table 3: List of antisera and antiDOTIES ...........ccuviiiiiiiie e 23
Table 4: List of primers Used fOr QPCR ......ccvi i 23
Table 5: List of primers used for CRISPR efficiency Verification .............c.ccoovveiiniiiiieninicece 24



List of abbreviations

List of abbreviations

11B-HSD1 11B-hydroxysteroid dehydrogenase type 1

AASLD American Association for the Study of Liver Diseases
ACTH Adrenocorticotropic hormone
APOB Apolipoprotein-B

AR Androgen receptor

AVV Adeno-associated virus

BMD Bone mineral density

BMI Body mass index

BVI/TV Fractional bone volume

CNO Clozapine N-oxide dihydrochloride
CRH Corticotropin-releasing hormone
DBD DNA-binding domain

DHT 5a-dihydrotestosterone

DREADD Designer Receptor Exclusively Activated by Designer Drugs
DTR Diphtheria toxin receptor

ER Estrogen receptor

ERK1/2 Extracellular-regulated kinases

ES Embryonic stem

FA Fatty acid

FGF-23 Fibroblast growth factor-23
FOXO1 Fork head box protein O1

FSH Follicle-stimulating hormone
FSHR FSH receptor

GC Glucocorticoid

GH Growth hormone

GnRH Gonadotropin-releasing hormone
GnRHR GnRH receptor

GPCR G protein-coupled receptor

GR Glucocorticoid receptor

GRIC GnRHR-IRES-CRE

H&E Hematoxylin and eosin

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HFD High fat diet

HPA-axis Hypothalamic-pituitary-adrenal axis

v



List of abbreviations

HPG-axis
HSL
IHC
IL-1
ipGTT
ipITT
IRS-1
IRS-2
KS
LBD
LCN-2
LH
LPIN1
MR
MTTP
NAFLD
NASH
NTD
OPG
ORO
OoVvX
PO
PBS
PCOS
PFA
PHT
PI3K
PKA
PKC
PLIN-5
POMC
PPV

PR
PVN
PVT
RT-qPCR
RANKL

Hypothalamic-pituitary-gonadal axis
Hormone-sensitive lipase
Immunohistochemistry

Interleukin-1

Intraperitoneal glucose tolerance test
Intraperitoneal insulin tolerance test
Insulin receptor substrate-1

Insulin receptor substrate-2
Klinefelter’s syndrome
Ligand-binding domain

Lipocalin-2

Luteinizing hormone

Lipin-1

Mineralocorticoid receptor

Microsomal triglycerides transfer protein

Nonalcoholic fatty liver disease
Nonalcoholic steatohepatitis
N-terminal transactivation domain
Osteoprotegerin

Oilred O

Ovariectomy

Phosphate

Phosphate-buffered saline
Polycystic ovary syndrome
Paraformaldehyde

Parathyroid hormone
Phosphatidylinositol 3-kinase
Protein kinase A

Protein kinase C

Perilipin-5
Pro-opiomelanocortin

Positive predictive value
Progesterone receptor
Paraventricular nucleus

Portal vein thrombosis
Real-time quantitative PCR
Receptor activator of NF-«xB ligand

\



List of abbreviations

rFSH
TAE
TgFSH
TGF-p
TNF-a
TRT

Recombinant FSH

Tris-acetate-EDTA

Transgenic female mice expressing human FSH
Transforming growth factor-3

Tumor necrosis factor-a

Testosterone replacement

VI



VII



Zusammenfassung

Die Gonadotropin-releasing hormone (GnRH) Neurone im Hypothalamus steuern die
Reproduktionsachse der Sédugetiere. Das GnRH wird pulsatil in das hypophysare Pfortaderblut
freigesetzt und stimuliert die Synthese und Sekretion der Gonadotropine, d.h. des Follikel-
stimulierenden Hormons (FSH) und des luteinisierenden Hormons (LH), in den gonadotropen Zellen
des Hypophysenvorderlappens, um die Gonadenfunktion kontrollieren. Zahlreiche Studien in den
letzten Jahrzehnten haben die funktionelle Rolle der Gonadotropine im Rahmen der
Fortpflanzungsphysiologie untersucht. Jingste Studien an Tiermodellen deuten allerdings darauf hin,
dass FSH und LH auch physiologische Vorgange auflerhalb der Reproduktionsachse, wie z.B. den
Leber- und Knochenstoffwechsel, beeinflussen. Wie genau die Gonadotropine auf extra-gonadale
Organe wirken, ist bisher nur unzureichend untersucht.

Um die Rolle von FSH und LH systemisch zu analysieren haben wir ein neues Mausmodell generiert
und die gonadotropen Zellen in adulten Tieren akut mittels Diphtherie-Toxin ablatiert. Neben einem
profunden Hypogonadismus flhrt der Verlust der gonadotropen Zellen bei weiblichen Méusen zu
Fettleibigkeit, Glukoseintoleranz, Lebersteatose und Knochenschwund. Wir zeigen, dass diese
Phéanotypen mit Ausnahme der Lebersteatose indirekt durch das Fehlen von Geschlechtshormonen
verursacht werden. Eine erhohte Gonadotropinfreisetzung durch gezielte pharmakogenetische
Aktivierung der gonadotropen Zellen verbessert die hepatische Steatose.

Eine Verbesserung der hepatischen Steatose kann auch durch FSH-Injektion erreicht werden. Durch
konditionalen Knock-out des FSH-Rezeptors in der Hypophyse mit Hilfe eines viralen CRISPR/Cas9-
Ansatzes konnten wir schliellich nachweisen, dass eine parakrine Signallbertragung zu den
kortikotropen Zellen des Hypophysenvorderlappens fiir die Verhinderung der Entwicklung von
Lebersteatose unerlasslich ist. Zusammengefasst zeigen diese Ergebnisse, dass FSH neben seiner
klassischen Rolle in der Reproduktionsphysiologie weitere wichtige Funktionen erfullt. Die hier
identifizierte parakrine Signallibertragung zwischen gonadotropen und Kkortikotropen Zellen
dokumentiert zum ersten Mal eine Kommunikation unterschiedlicher Hormon-sezernierender Zelltypen
in der adulten Hypophyse. Da die kortikotropen Zellen in der menschlichen Hypophyse ebenfalls den

FSH-Rezeptor exprimieren, kdnnte dessen Aktivierung ein potenzielles therapeutisches Ziel darstellen.

VIl



Abstract

Gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus regulate the mammalian
reproductive axis. GnRH is released in pulses into the hypophyseal portal blood to stimulate both the
synthesis and secretion of gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone
(LH), from gonadotrope cells in the anterior pituitary gland. FSH and LH in turn control gonadal
function. Many efforts have been made over the past decades to dissect the functional aspects of
gonadotropin signaling. However, these studies have almost exclusively focused on reproductive
physiology. Interestingly, recent studies in animal models indicate that FSH and LH may also influence
physiological processes outside of the reproductive axis, such as liver and bone metabolism. Exactly
how the gonadotropins act on extragonadal organs is, however, not well understood.

To analyze the role of FSH and LH systemically, we generated a new mouse model and acutely ablated
the gonadotrope cells in adult animals using diphtheria toxin. In addition to profound hypogonadism,
the loss of gonadotrope cells in female mice leads to obesity, glucose intolerance, hepatic steatosis, and
bone loss. We show that these phenotypes, with the exception of hepatic steatosis, are indirectly caused
by the lack of sex hormones. We also demonstrate that increased gonadotropin release through targeted
pharmacogenetic activation of gonadotrope cells improves hepatic steatosis.

An improvement in hepatic steatosis can also be achieved by FSH administration. Finally, by
conditionally knocking out the FSH receptor in the pituitary gland using a viral CRISPR/Cas9 approach,
we were able to demonstrate that paracrine signaling to the corticotrope cells of the anterior pituitary
gland is essential for preventing the development of hepatic steatosis. Taken together, these results show
that FSH exerts other important functions in addition to its classic role in reproductive physiology. The
identified paracrine signaling between gonadotrope and corticotrope cells is the first to document
communication between different hormone-secreting cell types in the adult pituitary gland. Since the
corticotropes in the human pituitary also express the FSH receptor, its activation could represent a

potential therapeutic target.
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Introduction

1.1 Hypothalamic-pituitary-gonadal axis

Mammalian reproductive physiology is centrally regulated through the hypothalamic-pituitary-gonadal
(HPG) axis. The gonads, pituitary gland, and hypothalamus work together and communicate via
neuropeptides, neurotransmitters, and hormones to control gonadal development and fertility. In
addition, this axis regulates the initiation of puberty and the maintenance of fertility in adulthood. The
GnRH neurons are an essential neuronal population in the hypothalamus. These neurons produce GnRH:
a decapeptide which is released in a pulsatile manner from axon terminals at the median eminence into
the hypothalamic hypophysial-portal system (Gore et al., 2002; Herbison et al., 2016) resulting in GnRH
binding to its receptor (GnRHR) on gonadotropes in the anterior pituitary. This regulates the production
and secretion of the gonadotropins (FSH and LH), which are delivered, via circulation, to the gonads to
regulate their activity (Figure 1).

GnRH neurons must correctly integrate a number of physiological stimuli, ranging from metabolic
hormones to chemosensory signals, to ensure reproductive success. Although GnRH neuron activity
reflects the integration of many factors, kisspeptin has been identified as an essential player in GnRH
neurons regulation (Harter, Kavanagh & Smith, 2018), which has been shown to be the most potent
stimulant of GnRH release discovered to date. Kisspeptin acts via the G-protein coupled receptor GPR54
(also known as Kiss1R) which is expressed in most GnRH neurons (Han et al., 2005).

GnRH signaling subsequently controls the biosynthesis and release of LH and FSH from gonadotropes
in the pituitary, and these hormones in turn regulate ovarian and testicular development and activity.
FSH enhances follicular growth and development in females, as well as estrogen release in the mature
Graafian follicle, in preparation for ovulation. LH increases progesterone secretion in the corpus luteum
and causes ovulation. In males, FSH acts on Sertoli cells via its receptor (FSHR) and leads to
spermatogenesis, while LH stimulates testosterone secretion by Leydig cells. In both sexes, these steroid
hormones feed back onto the hypothalamus and gonadotrope cells to inhibit or stimulate the expression
and release of GnRH and gonadotropins (Wintermantel et al., 2006; Tsutsumi & Webster, 2009). A
detailed understanding of this entire process across different hormonal conditions is particularly
important as dysfunction in the control of these hormones leads to various pathologies and consequently
infertility. One of the main hormonal disorders affecting female fecundity is polycystic ovary syndrome
(PCOS) (Torchen et al., 2017). PCOS is characterized by hyperandrogenism, often associated with
ovarian cysts and anovulation and has been linked to metabolic disorders. In addition, increases in
circulating LH, FSH, and GnRH secretion occur when the gonads are surgically removed or their normal
secretion is pharmacologically suppressed (Tsutsumi & Webster, 2009). This is observed in men after
castration when testosterone production decreases, or in menopausal women when follicular
development in the ovaries decreases, and with it the production of large quantities of progesterone and

estradiol in the ovaries.



Introduction

However, recent studies have indicated that in addition to the gonads, other organs including bone, liver,
and fat may also be directly regulated by gonadotropins, in particular by FSH (Sun et al., 2006; Liu et
al., 2017; Guo et al., 2019). Several clinical studies have reported an association of FSH with bone
resorption as well as with metabolic disorders including obesity and hepatic steatosis, which occur
independently of other hormones (Wang, Kuang, et al., 2016; Wang, Li, et al., 2016; Shieh et al., 2019).
Since gonadotropins tightly regulate gonadal function, which itself exerts multiple effects on body
homeostasis throughout the whole lifespan of the organism, it has been difficult to experimentally
disentangle direct gonadotropin effects on extra-gonadal tissues from indirect effects. Previous studies
using either gonadotropin knock-out or overexpression mouse strains carrying global genetic
modifications reported partially contradicting data in particular on FSH actions on extra-gonadal tissues
(Sun et al., 2006; Allan et al., 2010). Novel genetic approaches in mice have set the stage to disentangle

these effects.

hypothalamus kisspeptin

hypothalamus

I+
pituitary
pituitary

onadotropes GnRH
9 pe: ®

[+
LH/FSH \
|+

steroid hormones

Figure 1: Regulation of the hypothalamic-pituitary-gonadal axis. GnRH secretion is regulated by kisspeptin
neurons, and the gonads produce steroid hormones including estradiol which feed back onto the hypothalamus and
the pituitary. Kisspeptin neurons in the hypothalamus release kisspeptin, which acts on the GPR54 receptor on the
GnRH neuron. GnRH neurons release GnRH into the hypophyseal portal vasculature to act on the gonadotrope
cells in the anterior pituitary gland to produce and secrete FSH and LH. FSH and LH activate the gonads to produce
testosterone and estradiol. GnRH: gonadotropin-releasing hormone; LH: luteinizing hormone; FSH: follicle-
stimulating hormone. Picture was modified from (G6tz, Qiao, Beck & Boehm, 2017).
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1.2 Hypothalamic-pituitary-adrenal axis

The hypothalamic-pituitary-adrenal (HPA) axis is also known as the stress axis and is responsible for
integrating the current stress state of the animal with the appropriate physiological responses. A subset
of hypothalamic neurons localized in the medial parvocellular subdivision of the paraventricular nucleus
(PVN) synthesize and secrete corticotropin-releasing hormone (CRH), the principal regulator of the
HPA-axis (Smith & Vale, 2006). In response to stress, CRH is secreted into hypophysial portal vessels
to access the anterior pituitary gland (Figure 2). The release of adrenocorticotropic hormone (ACTH)
into the systemic circulation is triggered by binding of CRH to CRH receptors within the pituitary. The
adrenal cortex is the principal target for circulating ACTH, where it stimulates the zona fasciculata’s
glucocorticoid (GC) synthesis and secretion. ACTH consists of 39 amino acids but is synthesized as part
of a much larger 241 amino acid precursor, pro-opiomelanocortin (POMC). Human POMC is
synthesized in the anterior pituitary, the solitary tract of the medulla, the arcuate nucleus of the
hypothalamus, and several peripheral tissues. The biological effects of GCs are normally adaptive;
nevertheless, insufficient or excessive stimulation of the HPA-axis may contribute to the development
of pathologies (Smith & Vale, 2006). Physical stress and the proinflammatory cytokines, including
interleukins 1 and 6 (IL-1, IL-6), and tumor necrosis factor-a (TNF-a) increase both ACTH and cortisol
secretion (Lenders et al., 2002), which shows an important immune-endocrine interaction.

One important aspect of the regulation of ACTH and CRH secretion is the negative feedback which is
controled by GCs themselves. The transcription of the POMC gene in the anterior pituitary, as well as
the synthesis and secretion of CRH in the hypothalamus, can be inhibited by GCs (Astuti et al., 2001).
Importantly, GCs interaction with their receptor (GR) influences multiple organ systems including the
reproductive, cardiovascular, respiratory and nervous systems (Sapolsky, Romero & Munck, 2000). One
physiological role of GCs in conditions of stress is to provide energy to the brain and peripheral tissues
by stimulating hepatic gluconeogenesis. Indeed, long-term increase of GCs leads to severe disruptions
of lipid and glucose metabolism (Rafacho, Ortsater, Nadal & Quesada, 2014).

A detailed understanding of the HPA-axis under various hormonal conditions is essential, as disruption
of the control of these hormones leads to various pathologies such as Cushing's syndrome. The most
common etiology of Cushing’s syndrome is Cushing’s disease. It is caused by a pituitary adenoma,
which results in increased ACTH and cortisol release (Juszczak, Morris & Grossman, 2000). The excess
circulating cortisol exerts negative feedback inhibition on ACTH and CRH secretion from the pituitary
and hypothalamus and disrupts the normal physiological diurnal variation in cortisol levels (Juszczak,
Morris & Grossman, 2000). Consequently, Cushing’s disease is associated with elevated ACTH levels
and suppressed CRH secretion (Juszczak, Morris & Grossman, 2000). Facial plethora, moon facies,
hypertension, diabetes and obesity are the most common clinical attributes in adults. In prepubertal
pediatric patients, the most common signs include decreased linear growth, rapid weight gain, and
obesity. In postpubertal pediatric patients, clinical symptoms also include dorsal/sub-clavicular fat pads

and amenorrhea in addition to rapid weight gain.
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Figure 2: Regulation of the hypothalamic-pituitary-adrenal axis. The PVN of the hypothalamus is the main
source of CRH that regulates the HPA-axis. The activation of CRH neurons depends on neural afferents from the
brainstem and signals from the limbic system resulting in CRH synthesis and release in a sequential manner. The
anterior pituitary gland produces ACTH in response to CRH. The adrenal gland releases GCs in response to ACTH.
The diagram shows the feedback mechanism by corticosterone at the level of the pituitary and hypothalamus. GCs
inhibitory feedback limits the extent and duration of neuronal CRH activation and ACTH release. ACTH:
adrenocorticotropic hormone; GCs: glucocorticoids; CRH: corticotropin-releasing hormone; PVN: paraventricular
nucleus. Picture modified from (Melmed, Shlomo (2011) Williams Textbook of Endocrinology, 12th ed, Saunders,
Philadelphia).

1.3 Anatomy, histology, and physiology of the liver

The liver weighs around 1.5 kg and makes up about 2.5% of an adult’s body weight. The liver’s surface
is smooth, with a convex form such that it fits into the diaphragm's convex inferior surface (Figure 3).
The liver is a metabolic workhouse that performs a diverse array of functions that are essential for
maintaining metabolic homeostasis throughout the body (Kalra, Yetiskul, Wehrle & Tuma, 2021). The
metabolic activities of the liver necessitate a sufficient blood supply for the delivery and export of
hormones, substrates, and nutrients. It interacts with the endocrine and gastrointestinal systems by aiding

in digestion and metabolism (Kalra, Yetiskul, Wehrle & Tuma, 2021). The liver acts as the storage
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location for fat-soluble vitamins, controls cholesterol homeostasis and provides iron and copper (Kalra,
Yetiskul, Wehrle & Tuma, 2021).
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Figure 3: The macroscopic structure of the liver. Picture adapted from (Britannica, T. Editors of Encyclopaedia.
"liver." Encyclopedia Britannica).

The liver is the largest gland in our body. Its histological structure basically consists of intertwined
epithelial cell cords. The classic hepatic lobule is comprised of the blood supply and hepatic mass
arrangement with the centrilobular vein in the center and the portal spaces at the periphery (Figure 4a).
Surrounding each of the three liver lobules, small connective tissue islands, the portal triads, are found
in the histological section. The portal triads consist of three vessels: a hepatic portal arteriole, a hepatic
portal venule, and a bile duct (Figure 4c). This classic view is the most simple representation of the
morpho-functional unit of the liver (Carotti et al., 2020). The hepatocyte is the main hepatic cell type,
making up 80% of the total cells in the liver. Between hepatocytes, there are vascular channels named
sinusoids (Figure 4b). The hepatic sinusoids have a discontinuous epithelium due to the presence of
fenestrae and gaps between endothelial cells, allowing blood plasma to move freely from the vessel to
the perisinusoidal disse’s space facing the hepatocytes. In the disse’s space, situated between the layers
of hepatocytes and the sinusoidal endothelial cells, are the hepatic stellate cells which are responsible
for storing vitamin A. These cells are activated in response to chronic hepatic damage. Sinusoids also
contain a specific macrophage cell type known as Kupffer cells as well as circulating monocytes,
together with lymphocytic cells, such as natural Killer cells. These cells play essential roles in the

maintenance of the liver’s immune tolerance or in the activation of the pro-inflammatory response.
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Figure 4: Cellular architecture of the liver. The schematic shows an adult liver. (a) Overview of histological
components of the liver with the portal triad, central vein, and hepatic sinusoids. “(b) A schematic of the cellular
architecture of the liver showing the hepatocytes arranged in hepatic plates separated by sinusoid spaces radiating
around a central vein. Bile canaliculi on the surface of adjoining hepatocytes drain bile into the bile ducts (green),
which run parallel to portal veins (blue) and hepatic arteries (red) to form the portal triad. (c) Histological structure
of a lobule showing the central vein (C), plates of hepatocytes (H) and in an adjacent portal area, a small lymphatic
vessel (L) and components of the portal triad: a portal venule (PV), hepatic arteriole (HA), and bile duct (B)”.
Picture modified from (Mescher, Anthony L (2018) Junqueira’s Basic Histology, 15th ed., McGraw-Hill
Education, New York).

The liver plays a key role in energy metabolism by controling the production of the critical energy
molecule, glucose. It is able to store glucose during glycogen synthesis and lipogenesis and to synthesize
glucose during glycogenolysis and gluconeogenesis (Kalra, Yetiskul, Wehrle & Tuma, 2021). These
signaling pathways are regulated by hormones and transcription factors (Kalra, Yetiskul, Wehrle &
Tuma, 2021). Genes controlling these processes are also transcriptionally regulated by hormones such
as glucagon and insulin (Kalra, Yetiskul, Wehrle & Tuma, 2021).

The liver is also involved in the regulation of protein and amino acid metabolism (Kalra, Yetiskul,
Wehrle & Tuma, 2021) and synthesizes the majority of plasma proteins. Of these proteins, albumin is
the most abundant found within the plasma. In order to replace the degraded or lost albumin, the liver
synthesizes it at a rate of about 12 g per day. This is equivalent to 3% of total body albumin (Kalra,

Yetiskul, Wehrle & Tuma, 2021). The impaired albumin synthesis and the resulting low plasma albumin

6



Introduction

concentration are considered as the hallmark of chronic liver disease (Kalra, Yetiskul, Wehrle & Tuma,
2021).

Liver cells are involved in many pathways of lipid metabolism (Kalra, Yetiskul, Wehrle & Tuma, 2021).
It is the hub of fatty acid (FA) synthesis and lipid circulation through lipoprotein synthesis. FA is stored
in lipid droplets principally in the liver and adipose tissue as triglycerides (TGs). The mobilization of
FA from adipose tissue requires the activity of TG-lipases, which produce FA. FA is then released into
the bloodstream, where it is taken up by hepatocytes (Mato, Alonso, Noureddin, & Lu, 2019) and re-
incorporated into TGs (Figure 5). These re-esterified TGs form very-low-density lipoproteins (VLDL)
when combined with apolipoprotein-B. As a result, VLDL are exported into the blood circulation.
Microsomal triglycerides transfer protein (MTTP) regulates this process (Mato, Alonso, Noureddin, &
Lu, 2019). Most of the TG in the circulation are associated with VLDL-TG during the post-absorptive
phase. This process uncouples hepatic TG synthesis from its secretion resulting in low blood content of
FAs, which are cytotoxic (Mato, Alonso, Noureddin, & Lu, 2019). However, the regulation of TG
metabolism by other stimuli is still a subject of research.

De novo synthesis of FA or its influx from diet or adipose tissue increases the lipid content in the liver,
whereas lipoprotein secretion and beta-oxidation decrease hepatic lipid content. Hormone-sensitive
lipase (HSL) is the major enzyme involved in the regulation of lipolysis (Kalra, Yetiskul, Wehrle &
Tuma, 2021). HSL activity is controled by different hormones including insulin, glucagon, growth
hormone (GH), catecholamines, and cortisol (Mato, Alonso, Noureddin, & Lu, 2019). Insulin levels are
low during fasting and exercise, allowing growth hormone, cortisol, and norepinephrine to
synergistically increase systemic fatty acid availability, stimulate lipolysis, and inhibit lipogenesis
(Kalra, Yetiskul, Wehrle & Tuma, 2021). Conversely, hepatic lipid accumulation induces endocrine
alterations that dysregulate adipose tissue lipolysis, including increased sympathetic tone, HPA-axis

activity, and insulin resistance (Pratley, Coon, Rogus & Goldberg, 1995).
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Figure 5: Hepatic lipid metabolism. HSL is involved in the mobilization of FA from their triglyceride stores in
adipose tissue. The resultant FA released into the blood circulation is taken up by hepatocytes. Carbohydrates, on
the other hand, are another source of hepatic FA-induced de novo lipogenesis. Chylomicrons are lipoprotein
particles that are used to transport triglycerides, phospholipids, and cholesterol from the digestive tract to the liver.
Subsequently, FA are metabolized by peroxisomal and mitochondrial B-oxidation, and the accumulation of FA in
the cytoplasm induces lipotoxicity such as ER stress, apoptosis, necrosis, and inflammation. A number of re-
esterified TG are packed, with the assistance of the MTTP, into VLDL and exported into the circulation. HSL:
Hormone-sensitive lipases; “APOB: Apolipoprotein-B; DG: Diglycerides; ER: Endoplasmic reticulum; FA: Fatty
acids; MTTP: Microsomal triglycerides transfer protein; PC-PUFA: Phosphatidylcholines containing
polyunsaturated fatty acids; PL: Phospholipids; SAMe: S-adenosylmethionine; TG: Triglycerides; VLDL: Very
low-density lipoproteins”. Picture adapted from (Mato, Alonso, Noureddin, & Lu, 2019).

1.4 Metabolic syndrome

Metabolic syndrome is characterized by metabolic abnormalities including hypertension, insulin
resistance, abdominal obesity, inflammation, and blood lipid disorders. People with metabolic syndrome
are more likely to acquire diabetes and atherosclerotic cardiovascular disease. The development of
metabolic syndrome is a result of both genetic and acquired factors and early diagnosis is important to
achieve lifestyle changes. Metabolic syndrome has recently gained significant importance due to the
exponential increase in obesity worldwide.

Insulin resistance is a key event in the pathophysiology of metabolic syndrome. A compensatory
phenomenon of insulin resistance is hyperinsulinemia, which is caused by decreased insulin clearance
by the liver and increased insulin secretion by pancreatic beta cells. Hyperinsulinemia is associated with
increased concentrations of free FAs and leads to an increase in lipogenesis and fat mass. These changes

are associated with an increase in lipid production and hepatic glucose and a further decrease in insulin
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signaling (Bugianesi, McCullough & Marchesini, 2005). In addition to the role of the adipocyte as a
reservoir of energy, it is also an active endocrine organ that produces and secretes several cytokines
such as adipokines that contribute to the regulation of metabolic processes (Bugianesi, McCullough &
Marchesini, 2005).

Hepatic lipid deposition is linked to various aspects of insulin resistance, including
hypertriglyceridemia, hyperinsulinemia, and a low HDL content. Furthermore, higher liver adipose
tissue composition is typically related to decreased hepatic insulin sensitivity. The molecular
mechanisms underlying the development of hepatic insulin resistance have been studied and include a
decrease in insulin-stimulated tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1) and
insulin receptor substrate 2 (IRS-2), which blocks the ability of insulin to activate glycogen synthase,
reduces the ability to store glycogen and increases gluconeogenesis (Bugianesi, McCullough &
Marchesini, 2005).

1.5 Non-alcoholic fatty liver disease

The pathomechanism of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) is incompletely understood. It is, however, clear that patients with advanced fibrosis and
steatohepatitis have a much higher risk of developing hepatocellular carcinoma (HCC) or liver-related
mortality. Epidemiologic data suggest that steatohepatitis and steatosis constitute two distinct
pathological entities, both of which can transition into one another. NASH is defined by the presence of
inflammation and hepatic steatosis, as well as signs of hepatocyte injury, with or without fibrosis. The
American Association for the Study of Liver Diseases (AASLD) defines NAFLD as a hepatic fat
accumulation of more than 5-10% of the liver's weight (Figure 8). In all patients with NAFLD, hepatic
fibrosis must be staged in order to identify those with severe fibrosis, who may develop liver-related
complications including portal hypertension and hepatocellular dysfunction later. The end-stage of
NAFLD, HCC, has the second highest mortality rate in the world (Torre et al., 2015). HCC accounts
for the majority of primary hepatic cancers and is one of the top causes of death in people with severe
fibrosis or cirrhosis. It can produce complications such as portal vein thrombosis (PVT) (Quirk, Kim,
Saab & Lee, 2015). PVT is present in 10-40% of HCC patients at the time of diagnosis (Llovet et al.,
1999).
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Figure 6: The spectrum of NAFLD progression. Steatosis is the first stage of NAFLD. It is defined by the
buildup of fat in the hepatocytes. The advancement of NASH is accelerated by subsequent inflammatory diseases,
that are followed by liver cirrhosis, which can lead to HCC. Furthermore, steatosis affects 15-40% of the
population, while NASH affects 5-10% of the population, with 1-2% developing cirrhosis. Both NASH and
steatosis can reverse to NAFLD. HCC: hepatocellular carcinoma; NASH: nonalcoholic steatohepatitis; NAFLD:
nonalcoholic fatty liver disease. Picture adapted from (Turchinovich, Baranova, Drapkina & Tonevitsky, 2018).

1.5.1 Epidemiology, etiology, and classification of NAFLD

Liver disease is a major cause of illness and death worldwide. In 2010, the most common cause of liver
disease was NAFLD with 44%, in second place was hepatitis B virus (HBV) with 30%, followed by
hepatitis C virus (HCV) comprising 15%, and harmful alcohol consumption with 11% (Figure 7).

ETIOLOGY OF LIVER DISEASE

Figure 7: Percentage of the most common liver diseases in the World in 2010. HCV: hepatitis C virus; HBV:
hepatitis B virus; ALD: alcoholic liver disease; NALFD: nonalcoholic fatty liver disease. Picture modified from
(Muriel, Pablo (2017). Liver Pathophysiology Therapies and Antioxidants, 1th ed., Elsevier).
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The global obesity epidemic has resulted in a significant increase in NAFLD prevalence. Obesity is
defined as a body mass index (BMI) of more than 30 kg/m?in Caucasians and more than 25 kg/m? in
Asian-Pacific people (Amedeo et al., 2020). The estimated prevalence of NAFLD depends on the
population studied and the procedures employed to determine the amount of fat in the liver. Recently, a
sharp increase in NAFLD has been observed, particularly in adolescents and the elderly (Perumpail et
al., 2017). In the U.S., approximately 35% of adults are affected by this disease, and its increasing
prevalence in young adults is a cause for concern (Hirode & Wong, 2020). In Germany, the estimated
number of people affected by NAFLD was approximately 14 million in 2016. Studies predict that this
number will increase to 20.9 million by 2030 (Estes et al., 2018). In population-based studies, the disease
occurred more frequently in men than in women, with the difference being even greater in overweight

patients (Figure 8). NAFLD is also prevalent in developing countries (Estes et al., 2018).
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Figure 8: Prevalence of NAFLD according to BMI, age, and sex. “(A): Comparison of NAFLD prevalence
diagnosed by ultrasound between normal weight (BMI 18.5-24.9 kg/m?), overweight (BMI 25.0-29.9 kg/m?),
obese (BMI 30.0-34.9 kg/m?), and severely obese (BMI >35-0kg/m?) men and women. (B): Prevalence of NAFLD
by age in men and women in the same survey.” Picture modified from (Yki-Jarvinen et al., 2014).

Over the past century, dramatic lifestyle changes have transformed health conditions in most regions of
the world, leading to an increased incidence of metabolic syndrome. Associations have been found
between metabolic syndrome and hepatic steatosis (Marchesini et al., 2003). Patients with both NAFLD
and metabolic syndrome have a higher risk of developing fibrosis of the liver and NASH compared to

patients with a pure fatty liver (Dietrich & Hellerbrand, 2014).
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1.5.2 Diagnosis and therapy of NAFLD

At the time of diagnosis, the majority of NAFLD patients have no symptoms or signs of liver disease,
although many patients describe malaise or fatigue, as well as a feeling of fullness or discomfort on the
right side of the upper abdomen (Weiss, Rau & Geier, 2014). In most patients, hepatomegaly is the only
physical finding. Furthermore, in patients with NAFLD, increases in alanine and aspartate transaminase
(ALT and AST respectively) serum levels are the most prevalent and often the only laboratory
abnormalities identified (Weiss, Rau & Geier, 2014). The ratio of AST to ALT is normally < 1, but as
fibrosis progresses, this ratio increases, leading to a loss of its diagnostic accuracy in patients with
cirrhotic NAFLD (Angulo et al., 2002). In addition, many patients' serum levels of alkaline phosphatase
and glutamyl transferase are also above the normal range. Moreover, there are other abnormalities that
can be detected in patients with cirrhotic stage of NAFLD, including hypoalbuminemia,
hyperbilirubinemia, and a prolonged prothrombin time. The majority of patients have elevated serum
ferritin levels (Angulo, Keach, Batts & Lindor, 1999). The histologic involvement has the best predictive
power over contrasting clinical diagnosis and liver tests. Although imaging studies can help to assess
the presence and amount of fat infiltration in the liver, they can't reliably determine the severity of liver
damage. A liver biopsy, which remains the best diagnostic technique as well as the most sensitive and
specific way of delivering vital prognostic information, can only confirm a clinical suspicion of NAFLD
(Weiss, Rau & Geier, 2014).

Patients with NAFLD have had no effective medical treatment options until now. There is currently no
long-term treatment that can improve the course of fibrosis. The most successful treatment is weight
loss along with a strict lifestyle change that includes more exercise, which has been demonstrated to
improve histological findings. Nonetheless, liver transplantation remains a viable therapeutic option for

people with decompensated cirrhosis.

1.6 Endocrine causes of NAFLD

1.6.1 The association between estrogen deficiency (menopause) and NAFLD

After 12 months of amenorrhea, menopause is diagnosed as the permanent cessation of menstruation
caused by the decrease of ovarian follicular activity (Moe et al., 2005). This estrogen reduction is
accompanied by vasomotor responses, depression, and heat balance fluctuations in most women.
Moreover, in the ensuing years, the loss of estrogen is followed by a high incidence of loss of bone
mass, cardiovascular disease, and cognitive impairment. Menopause's average age (51.4 years) has
remained constant and appears to be mostly driven by hereditary factors. NAFLD is becoming more
common among women around the world. During reproductive age, the incidence of NAFLD is lower
in women than in men, but this becomes more prominent after a woman reaches menopause.
Postmenopausal women have a higher risk of NAFLD and a higher rate of severe hepatic fibrosis than
premenopausal women, according to epidemiological, clinical, and experimental research. Older women
with NAFLD have a higher mortality rate than men (Arshad, Golabi, Paik, Mishra & Younossi, 2019).
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Several studies show that women with a lack of endogenous estrogen production like Turner’s syndrome
are at a higher risk for developing NAFLD (Quinn, Xu, Ronfani & Cidlowski, 2018). Women treated
with tamoxifen, a selective estrogen receptor modulator (SERM), have an increased risk of obesity and
NAFLD (Quinn et al., 2018). The protective effect of estrogen depends on the estrogen receptor alpha
(ERa). Estrogens act by binding to ERa or ER beta (ERp). In contrast to ERa knock-out mice, animals
lacking functional ERpB have protection mechanisms against metabolic syndrome and NAFLD (Quinn
et al., 2018). In addition, some studies suggest that the effect on ERa depends on gene transcription by
binding genomic estrogen-responsive elements (Oftadeh, Perez-Viloria, Villa-Camacho, Vaziri &
Nazarian, 2015; Quinn et al., 2018). Furthermore, estrogen seems to exert protective roles against
hepatic fat accumulation by suppressing glycogen storage, promoting lipolysis, gluconeogenesis, and

lipogenesis (Hart-Unger et al., 2017).

1.6.2 The association between testosterone and NAFLD

Male hypogonadism is defined by the International Society of Andrology by clinical and biochemical
features including low sperm count and low testosterone, diminished libido, erectile dysfunction,
increased visceral fat, and decreased lean body mass (Lunenfeld, Saad & Hoesl, 2005). Testosterone
plays a key role in body composition, insulin sensitivity, and lipid metabolism (Kupelian et al., 2006).
Low testosterone levels and insulin resistance have a bidirectional relationship (Kupelian et al., 2006).
Different studies indicate that lower testosterone levels lead to a preferential deposition of abdominal
fat and a higher accumulation of visceral adipose tissue (Couillard et al., 2000), whereas higher
testosterone levels are associated with a lower risk of central obesity. Furthermore, different studies
demonstrated that mice with a conditional knock-out of the androgen receptor (AR) in the liver fed with
a high-fat diet developed insulin resistance and hepatic steatosis (Livingstone et al., 2015). Also, 5a-
reductase type 1 knock-out mice, fed on a high-fat diet, developed severe hyperinsulinemia and hepatic
steatosis. 5a-reductase catalyzes the conversion of testosterone to the more potent 5a-
dihydrotestosterone (DHT). In hypogonadal and eugonadal younger and older men, testosterone
replacement treatment (TRT) reduced whole-body and visceral accumulation. Furthermore, TRT
significantly decreased liver enzymes in hypogonadal men with NAFLD and metabolic syndrome
(Haider, Gooren, Padungtod & Saad, 2010).

1.6.3 The association between glucocorticoids (Cushing syndrome) and NAFLD

The regulation of systemic metabolism relies heavily on GCs. Cushing's syndrome is associated with
hepatic steatosis in 20% of patients (Rockall et al., 2003). Insulin resistance, visceral obesity, hepatic
steatosis, dyslipidemia, and hypertension all have metabolic features in common with hypercortisolism
(Figure 9). Insulin sensitivity is affected by cortisol, either directly by interfering with the insulin
receptor pathway or indirectly by activating proteolysis and lipolysis, resulting in an increase in free FA

and amino acid release (Geer, Islam & Buettner, 2014). Enhanced activity of 11-hydroxysteroid
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dehydrogenase type 1 (11-HSD1) leads to increased cortisone to cortisol activation in obese people,
which stimulates metabolic alterations (Gathercole et al., 2011). It is expressed in the brain, adipose
tissue, and the liver. The increase of intracellular lipids in the liver is also linked to GC treatment.
Increased expression of genes involved in triglyceride production and lipogenesis leads to the
development of hepatic steatosis (Patel, Williams-Dautovich & Cummins, 2014). Some studies show
that GC are able to trigger hepatic steatosis in ovariectomized mice via the glucocorticoid receptor (GR)
in the liver (Quinn et al., 2018). Vice versa, hepatocyte-specific GR knock-out mice are refractory to
developing steatosis in hypogonadal females (Quinn et al., 2018). These findings imply that estrogen
deficiency causes GR transcriptional hypersensitivity in hypogonadism mice, which is coupled to

enhanced GR recruitment to chromatin (Quinn et al., 2018).
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Figure 9: Sustained GC elevation leads to severe disturbances in different organs. Picture adapted from
(Hemmer 2019, Thesis (PhD) Technical University of Munich, Munich, Germany).

1.7 The relationship between the bone and the reproductive axis
Previous studies have suggested a link between reproduction and bone metabolism (Mills et al., 2021).
Reproductive hormones have a critical function in bone metabolism development and maintenance.

Common clinical reproductive disorders illustrate the physiological functions of hormonal regulation
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including congenital hypogonadotropic hypogonadism, primary ovarian insufficiency, amenorrhea, and
early menopause. Low bone mineral density (BMD) and an increased risk of fragility fracture are both
clinical problems caused by these factors. The link between reproductive signals beyond sex steroid
hormones including kisspeptin, GnRH, LH, and FSH and bone metabolism is not well understood
(Figure 10) (Mills et al., 2021).
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Figure 10: Summary of the direct effects of the reproductive axis on bone. Green arrow (positive effects) and
red arrow (negative effects) on skeletal homeostasis. Gray arrows indicate no or uncertain effects on bone
metabolism. Picture modified from (Mills et al., 2021).

1.7.1 The histological structure of bone

Bone is a complex tissue that consists of different regions: diaphyseal, metaphyseal and epiphyseal, each
with a periosteal and endosteal layer (Baig & Bacha, 2021). The human skeleton consists of 213 bones
in total. Inorganic salts and type 1 collagen fibers are the main constituents of the bones (Baig & Bacha,
2021). Within the bone, osteoblasts form the main cellular component and are responsible for building
up bone. Osteoblasts are derived from pleiotropic mesenchymal stem cells and are deposited on bones
where they indirectly form the basis for new bone substances by excretion of predominantly type 1
collagen, calcium phosphates, and carbonates into the interstitial space (Baig & Bacha, 2021). During
this process, osteoblasts transform into osteocytes that are no longer able to divide. Osteoclasts are large,
multinucleated cells derived from hematopoietic stem cells. They are found on the bones’ surface in pits

called Howship lacunae. Proteolytic enzymes and hydrogen ions are secreted by osteoclasts to break-
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down calcium hydroxyapatite crystals and remove calcium from bone (Baig & Bacha, 2021).
Architecturally, bone can be categorized into two subtypes: cortical and trabecular bones (Figure 11).
These two subtypes can be distinguished as follows:

1. Cortical bone makes up about 80% of the entire bones in the human body. It is much denser and
stronger than trabecular bone and is resistant to compression, torsion, and bending. It's
predominantly found in the diaphysis of long bones such as the tibia and femur, as well as the
trabecular bone's outer shell.

2. Trabecular bone (cancellous bone): makes up only 20% of the skeletal mass but has 10 fold
increased volume ratio and is metabolically four times more active than the cortical bone. It
responds to variations in load eight times faster, making it significantly more dynamic.
Trabecular bone is present primarily in compression-prone regions such as the pelvis, vertebral
body, and metaphysis (Oftadeh et al., 2015; Unal, Cingoz, Bagcioglu, Sozer & Akkus, 2018).
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Figure 11: The anatomical and histological structure of bone. Microscopically, bone is divided into cortical
and trabecular components. This diagram depicts the basic features of bone, as well as the three major cell types
that make up bone: Osteocytes, Osteoblasts and Osteoclasts. Picture modified from (Mescher, Anthony L (2018)
Junqueira's Basic Histology, 15th ed., McGraw-Hill Education, New York).

1.7.2 Bone metabolism
Calcium (Ca?*) and phosphate (PO4*) are the main components of bone, together accounting for 65%

of its weight. Nearly all the Ca?* and PO.* and over half of the magnesium are contained in the human
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body’s bone (Kiela & Ghishan, 2009; M. Sun et al., 2020). Bone growth and remodeling are influenced
by a variety of systemic and local hormones. Parathyroid hormone (PTH) plays an essential role as a
direct inhibitor of osteoblastic collagen synthesis and a potent stimulator of osteoclastic bone resorption
(Kiela & Ghishan, 2009; M. Sun et al., 2020) (Figure 12). PTH controls the level of ionized Ca?* in the
blood via binding to cell surface receptors in the kidneys and bones, thereby triggering responses that
increase blood Ca?* (Kiela & Ghishan, 2009; M. Sun et al., 2020). PTH also enhances the synthesis of
vitamin D3, a hormonally active form of vitamin D, in the kidneys, which subsequently acts on the
intestine to improve Ca?* absorption (Kiela & Ghishan, 2009; M. Sun et al., 2020). The resulting
increase in 1,25[0H]2D3 and in blood Ca?* has a negative feedback effect on the parathyroid glands,
causing PTH secretion to decrease. PTH-mediated Ca** homeostasis involves the bones, parathyroid

glands, kidneys and intestines (Jeon et al., 2008).
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Figure 12: The effect of parathyroid hormone on osteoblasts. “Parathyroid hormone (PTH) acts on PTH-
receptors on osteoblasts precursors to increase the production of macrophage colony-stimulating factor (M-CSF)
and receptor activator for nuclear factor kB (RANK) ligand and to decrease the production of osteoprotegerin
(OPG). M-CSF and RANK ligand stimulate the production of osteoclasts and increase the activity of mature
osteoclasts by binding to RANK. OPG blocks the interaction between RANK ligand and RANK”. Picture modified
from (Melmed, Shlomo (2011) Williams Textbook of Endocrinology, 12th ed, Saunders, Philadelphia).

Receptor activators of NF-xB ligand (RANKL) and osteoprotegerin (OPG) are the most important
mediators in bone metabolism regulation. RANKL is an essential cytokine for the differentiation and
activation of osteoclasts. A variety of cells produce RANKL, including B- and T-lymphocytes
(Weitzmann & Ofotokun, 2016). RANKL interacts with RANK, that is expressed on the surface of
osteoclasts. OPG is a soluble RANK which inhibits the interactions between RANKL and RANK and
thereby osteoclastogenesis (Weitzmann & Ofotokun, 2016).

Calcitonin is also involved in the regulation of blood Ca?* levels. It's a 32-amino-acid polypeptide with

a disulfide connection between the cysteines in the chain (Kiela & Ghishan, 2009; M. Sun et al., 2020).
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The C-cells of the thyroid gland produce calcitonin. The release of calcitonin is stimulated by an acute
rise in serum Ca?* levels (Kiela & Ghishan, 2009; M. Sun et al., 2020). The biological effect of calcitonin
is to maintain Ca?* homeostasis together with PTH and vitamin D.

Fibroblast growth factor 23 (FGF-23) is largely produced by osteocytes. It is a PO,*-regulating
substance (Ott et al., 2015). Its main mechanism of action is to inhibit Na*-coupled inorganic PO4*
reabsorption in the renal proximal tubule. FGF-23 promotes the kidney’s excretion of PO,*. FGF-23
keeps the PO4* level in the blood constant despite the different PO4* intake with food. Increased FGF-
23 blood levels lead to a decrease in the blood PO.* level (hypophosphatasemia), reduced production
of vitamin D and rickets, or bone softening (osteomalacia) (Figure 13).

Moreover, osteocytes secrete several important hormones such as sclerostin and prostaglandin (Ott et
al., 2015). These represent an important link to the cardiovascular system, mineral metabolism and bone
physiology especially in bone disorder and chronic kidney disease. Furthermore, osteocytes precursors
(osteoblasts) produce osteocalcin (Ott et al., 2015) (Figure 13), which stimulates the secretion of insulin
in the pancreas, increases insulin sensitivity in skeletal muscle and reduces fat accumulation in the liver
(Ott et al., 2015).
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Figure 13: The regulation and action of FGF-23. FGF-23 is released by skeletal osteocytes and osteoblasts in
response to hyperphosphatemia and inorganic POs* level. FGF-23 production is also stimulated by vitamin D3.
FGF-23 has two main effects: it inhibits Na*-PO,3 cotransport in the kidney, resulting in phosphaturia, and it
inhibits la-vitamin D3 hydroxylase, lowering vitamin D3 levels. Reduced active vitamin D levels decrease
gastrointestinal PO4* and Ca?* absorption. FGF-23 inhibits PTH secretion. By secreting hormones like sclerostin
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and prostaglandin, osteocytes regulate important energy metabolism in the body. Osteoblasts, which are osteocytes
progenitors, also produce osteocalcin, which plays an important function in metabolism. PTH: parathyroid
hormone; PO4*: phosphate; Ca?*: calcium. Picture modified from (Ott et al., 2015).

1.7.3 Osteoporosis

Since 1994, the World Health Organization (WHO) has defined osteoporosis as a condition marked by
low bone mass and degeneration of bone microarchitecture, which leads to increased bone fragility and
fracture risk (Kanis et al., 1994). Bone loss in osteoporosis is caused by a high turnover rate, in which
bone resorption outnumbers new bone creation. Bone loss is asymptomatic and progresses without pain
or other symptoms until a fracture occurs. It is estimated that almost 30 million people in Europe suffer
from osteoporosis (Hernlund et al., 2013). The most common consequence of osteoporaosis is fragility
fractures. In Europe, the number of new fractures was predicted to be 3.5 million in 2010 (Hernlund et
al., 2013).

Different transcription factors and systemically active hormones directly or indirectly regulate the
differentiation and proliferation of osteoclasts and osteoblasts in bone metabolism. Estrogen plays an
important role in bone remodeling. Osteoporosis is a common side effect of estrogen deficiency in
postmenopausal women (Vaananen & Harkonen, 1996). The estrogen biological functions are mediated
via binding to ERa and ERp. Different studies show that conditional ERa knock-out in osteoblasts is
linked to bone loss (Nakamura et al., 2007). Similarly, in mice, ovariectomy (OVX) produces an
osteoporotic bone phenotype. Furthermore, some experimental studies suggest that the ERa ablation in
osteoclasts in OV X mice protects them against bone loss (Nakamura et al., 2007). Other studies indicate
that sex steroids regulate bone metabolism through the RANKL-OPG axis in osteoblasts (Nakamura et
al., 2007). Moreover, estrogen prevents bone loss by increasing the survival of osteoclasts through the
secretion of transforming growth factor-p (TGF-B) (Hughes et al., 1996) and via the induction of FAS
ligand (Nakamura et al., 2007).

Because estrogen deficiency and menopause are considered to be osteoporosis risk factors in women,
the effectiveness of estrogen replacement therapy is well documented (Vaananen & Harkonen, 1996).
Many studies show that estrogen slows bone loss and reduces the incidence of fractures (Vaananen &
Harkonen, 1996), but the association between estrogen use and endometrial and breast cancer is of
concern.

Secondary osteoporosis, which develops due to hypogonadism, is a common cause of overall bone loss
(Golds, Houdek & Arnason, 2017). Low levels of bioavailable testosterone in elderly men, as well as
lower estrogen levels after menopause in women, appear to be linked to a loss of BMD and an increased
fracture risk (Golds et al., 2017). However, testosterone can be converted to estrogens via aromatase.
Many peripheral tissues, including bone, express this enzyme (Manolagas, O'Brien & Almeida, 2013).
AR is expressed in bone cells specifically on osteoblasts (Chen, Lin, Tsai, Yang & Kang, 2019) as well
as ERa (Manolagas, O'Brien, & Almeida, 2013). Furthermore, different studies show that AR knock-

out mice display significant bone loss. These results indicate that osteoclastic function is predominantly
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controled by estrogens and ER. However, under conditions of estrogen and androgen excess, AR is
upregulated in osteoblasts and stimulates proliferation and mineralization. Numerous studies with
Klinefelter’s syndrome (KS), the most frequent form of hypogonadism, report that KS patients display
low BMD and impaired bone structure (Lin et al., 2008).

GCs also exert direct as well as indirect effects on bone remodeling. Prednisone is used to treat a
diversity of diseases, including inflammatory and respiratory diseases. There are a variety of studies
showing that patients, who receive GCs as long-term therapy have a high risk of developing fractures
(Buckley & Humphrey, 2018). GC suppress osteoclast proliferation and increase bone formation as well
as a loss of BMD and bone resorption (Frenkel et al., 2015).

1.8 Cellular mechanism of FSH signaling

FSHR belongs to the G protein-coupled receptor (GPCR) superfamily. The human FSHR is encoded by
the FSHR gene located on chromosome 2g16.3 and comprises 10 exons (Casarini & Crepieux, 2019).
The FSHR is predominantly expressed in the membrane of the gonads but also in specific extragonadal
tissues (Kumar et al., 2014). The molecular mechanisms of FSHR signaling are complex. The
interaction between FSH and FSHR may involve several G Protein subtypes, including the Gi, G, and
Ggi1 proteins (Casarini & Crepieux, 2019). The FSHR is also able to functionally interact with other
membrane receptors and proteins including p-arrestins, epidermal growth factor receptor (EGFR), IGF-
1 receptor (IGF-1R), phosphotyrosine binding domain, leucine zipper 1 (APPL1), and Forkhead box
protein O1 (FOXO1) (Ulloa-Aguirre, Reiter & Crepieux, 2018).
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Figure 14: Schematic illustration of FSH signaling. Picture adapted from (Casarini & Crepieux, 2019).
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1.9 Binary genetic approaches as powerful tools to decipher HPA- and HPG-axis
pathology in situ

The Cre/loxP system is used in many different research areas to characterize genes of interest. This
genetic tool allows the excision or inversion of genetically defined DNA sequences in a Cre-dependent
manner. The approach is based on the ability of the Cre recombinase enzyme (from bacteriophage P1
(Hoess, Abremski & Sternberg, 1984)) to recognize loxP sites in the genome. For example, two loxP
sites (when aligned in the same direction) flanking a particular DNA sequence are recombined by Cre
(when Cre is expressed in the same cell), leading to excision of the flanked sequence. In 1987, Sauer et
al. showed that Cre recombinase is able to recognize inserted loxP sites in yeast (S. cerevisiae). In
parallel, the Cre/loxP strategy was successfully used in mouse cell lines (Sauer & Henderson, 1988) and
in mouse embryonic cells (Thomas & Capecchi, 1987), followed by the development of the first
conditional knock-out mouse model by (Gu, Marth, Orban, Mossmann & Rajewsky, 1994). Shortly
thereafter, the Cre/loxP system was used not only to introduce cell-specific knock-outs but also to
express transgenes in specific cells. A widely used approach to achieve reporter gene expression in Cre-
expressing cells is to insert a floxed transcriptional stop signal followed by a transgene into the
ubiquitously expressed Rosa26 (R26) locus (Friedrich & Soriano, 1991; Soriano, 1999). This ensures
transcriptional arrest of reporter gene expression in all Cre- cells, whereas the stop cassette is removed
by Cre-mediated recombination in Cre+ cells. In the GhRHR-IRES-Cre (GRIC) mouse model (Wen et
al., 2008; Wen, Ai, Alim & Boehm, 2010; Hirdes, Dinu, Bauer, Boehm & Schwarz, 2010), Cre
expression is coupled to that of GhnRHR. By crossing this mouse line with any R26 reporter mouse line,
gonadotropes express the desired reporter gene. Expression of the reporter gene into the R26 locus can
be further increased by inserting a B-actin promoter and a CMV enhancer element (CAGS) (eR26). The
present work utilizes this approach and involves the generation of a novel mouse model that leads to the
expression of genetically encoded DTR (diphtheria toxin receptor) (Buch et al., 2005) and DREADD
(Designer Receptor Exclusively Activated by Designer Drugs) specifically in gonadotropes.

Global knock-out animals (i.e. animals that lack a particular gene in each cell) are frequently used to
discover the function of a gene, but it can be challenging to interpret the phenotype to determine the
function of a gene in a specific cell type. In 1994, Gu et al. used conditional knock-out mice to silence
a gene only in a genetically determined cell group. These mice are extremely useful for studying gene
function in individual cell populations. This is crucial because the phenotype of global knock-out mice
could be the result of several gene knock-outs in different cell types and organs. It is possible to explain
gene function in a cell type-specific manner using conditional knock-out mice. Multiple genetic
approaches and surgical methodologies in mice allow us to decipher the complex relationship between
NAFLD, osteoporosis, HPG- and the HPA-axis.
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1.10 Aims of my study

Reproduction is tightly controled by the HPG-axis; however, this axis has also been implicated to
interact with extragonadal tissues. Recent experiments have suggested that in particular FSH may
modulate tissue function outside of the classic HPG-axis. Exactly how the gonadotropins act on
extragonadal organs is, however, not well understood. We therefore decided to systemically investigate

gonadotropin signaling capitalizing on different genetically modified mouse strains.

Aim 1:
To analyze the functional role(s) of FSH and LH systemically, after acutely ablating the gonadotrope

cells in adult mice using diphtheria toxin.
Aim 2:

To analyze the functional role(s) of FSH and LH systemically, through targeted pharmacogenetic

activation of gonadotrope cells in mice.
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Materials and Methods

2.1 General Materials

Table 1: List of primers used for genotyping

Primer name Sequence

R26 Rev 5’AACCACTGGAAAGACCGCGAAG3’

Cre Fwdl 5’GCGGTCTGGCAGTAAAAACTATC3’

Cre Rev2 5’GTGAAACAGCATTGCTGTCACTT3’
eROSA Rev 5’GGGCGTACTTGGCATATGATACACS’
ROSA For 5’GGAAGCACTTGCTCTCCCAAAG3’
ROSA WT Rev 5’CTTTAAGCCTGCCCAGAAGACTC3’
Table 2: Kits

Kit name Product reference
RNeasy Mini Kit (Qiagen, 74104)
SensiFAST SYBR No-ROX one-step kit (Bioline, BIO-72005)
Follitropin alfa (Merck, GONAL-f)
Corticosterone ELISA Kit (Life Sciences Farmingdale, 108821)

Table 3: List of antisera and antibodies

Antiserum Dilution Species
anti-LH 1:5000 Rabbit
anti-FSH 1:5000 Guinea pig
anti-cFOS 1:500 Rabbit
anti-ACTH 1:10000 Mouse
anti-chicken Alexa Fluor 488 1:500 Goat
anti-guinea pig Cy5 1:500 Goat
anti-rabbit Cy3 1:500 Goat
anti-GFP 1:1000 Chicken

Table 4: List of primers used for g°PCR

Primer name Sequence

FSHR 2f 5GGT CTATTC CCT GCC CAA CC3'

FSHR 2r 5GTT CAGAGG TTT GCC GCC T3
Actb/p-actin (sense primer) 5'AAG GAG ATT ACT GCT CTG GCT CCT A3’
Actb/B-actin (antisense primer) 5ACT CATCGT ACT CCTGCTTGC TGA T3
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Table 5: List of primers used for CRISPR efficiency verification

Primer name Sequence
FSHR f 5'GCT ATG ATCCTT GTT CAT CTC TCC3'
FSHR r 5'GAC TCT TGA GAA GGA TAG ACATCT G3'

2.1.1 Ear lysis buffer
50 mM Tris-HCI (pH 7.5-8.0), 100 mM NacCl, 0.2% NP-40, 0.2% Tween 20 and 1 mM EDTA. Before

use, proteinase K was added to a final concentration of 100 ug/ml.

2.1.2 4% paraformaldehyde (PFA)

800 ml of dH20 were heated to 60°C, placed on a magnetic stirrer and 40 g of paraformaldehyde were
added. Two to three drops of 10 M NaOH were added in order to depolymerize the PFA. Once visibly
clear, the solution was then cooled to room temperature, 50 ml of 20X PBS added and dH20 were added
to reach a final volume of one liter. pH was adjusted to 7.4. The solution was then cooled to 4°C and

used within 12 hours.

2.1.3 20X phosphate-buffered saline (PBS)
3 M NaCl, 161 mM Na2HPO4 and 39 mM KH2PO4. pH was adjusted to 7.4.

2.1.4 50X Tris-acetate-EDTA (TAE)
2 M Tris, 1 M acetate, 1 mM EDTA.
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2.2 General Methods

This project capitalizes on an interdisciplinary approach in which different genetically modified mouse
strains, Cre-dependent viruses and high-resolution imaging techniques are used and integrated at organ
and body scales. The following methods used in this thesis would have been extremely difficult to do
without the cooperation with different scientists in our and other labs during my MD/PhD. In particular,
I would like to thank Dr. Sen Qiao who supported and guided me in learning all the techniques in our
laboratory. Please see the table above for a detailed description of the contribution of individual people

to the different experiments.

2.2.1 Mouse models

Animal care and experimental procedures were approved by the Animal Welfare Committee of Saarland
University and performed in accordance with their established guidelines. All mice were housed on a
typical light/dark cycle with free access to water and food. To label and ablate gonadotropes or
chemogenetically activate GhRHR-expressing cells, we used the GhnRHR-IRES-CRE (GRIC) knock-in
mouse strain (Wen et al., 2008) crossed with enhanced ROSA26-tGFP (eR26-tGFP) (Wen et al., 2011)
and ROSA26-DTR (R26-DTR) (Buch et al., 2005) animals, or with eROSA26-tGFP (eR26-tGFP) and
eROSA26-DREADD (eR26-DREADD) animals. In the resulting GRIC/eR26-tGFP/R26-DTR and
GRIC/eR26-tGFP/eR26-DREADD mice, Cre recombinase is bicistronically expressed under the control
of the GNRHR promoter. In these animals, Cre-mediated recombination results in the removal of a strong
transcriptional stop cassette from the ROSA26 locus and subsequent constitutive expression of tGFP
(GRIC/eR26-tGFP) exclusively in GnRHR cells. All mice are on a mixed 129 x C57BL/6 genetic
background. Importantly, this binary genetic approach allows for unbiased sampling of the gonadotrope
population because, after initial Cre-mediated recombination, the expression of the fluorescent reporter
is independent of the heavily regulated GnRHR promoter.

The GRIC/eR26-tGFP/R26-DTR mouse line expresses the DTR specifically in GnRHR cells, enabling
us to selectively ablate gonadotropes upon DT injection. For ablation experiments, 8-10 weeks old
females or 14-16 weeks old males were intraperitoneally injected with 20 ng/g bodyweight DT (322326,
EMD Millipore) twice with a 3-day interval between injections. Injecting the mice with DT after they
had already reached adulthood and had therefore already undergone normal reproductive development,
allowed us to focus on the function of gonadotropes specifically in adults.

The GRIC/eR26-tGFP/eR26-DREADD mice express DREADD (Designer Receptor Exclusively
Activated by Designer Drugs) specifically in GhnRHR cells. We used Gg-coupled DREADD in this
study, as GnRHR signaling normally occurs through the Gq protein. This mouse line enables us to
chronically activate gonadotropes in adults upon administration of Clozapine N-Oxide dihydrochloride
(CNO) drug. 2.5 mg of CNO (CNO, 6329, Tocris Bioscience) in 200 ml of drinking water were

administered to the mice while kept on a high fat diet.
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2.2.2 Generation of the Rosa26-NLSiRFP720-2A-Gq (DREADD) knock-in mice

The DREADD mouse line was generated by homologous recombination in mouse embryonic stem (ES)
cells using a targeting construct designed to insert a CAGS promoter (CMV enhancer plus chicken f3-
actin promoter)-driven NLSiRFP720-2A-Gq receptor (DREADD receptor) within the first intron of the
Rosa26. This encodes both a red fluorescent protein which is directed to the nucleus and a Gq receptor
which can be specifically activated by CNO administration. To ensure that this expression is Cre-
dependent, floxed strong transcriptional stop signals (three SVV40 polyA signals) are present in such a
way that the CAGS promoter can only drive expression following Cre-dependent removal of the stop
signals. Correct insertion of the NLSiRFP720-2A-Gq receptor construct was verified using Southern
blot analysis as follows. DNA was extracted from tail tip biopsies using lysis buffer containing 0.1 mg
mL-1 proteinase K (1 mg mL-1 was used for extraction from ES cells). Following extraction, genomic
DNA was digested overnight with EcoRI and run on a 0.7% agarose gel, then transferred to a nylon
membrane by capillary transfer and screened by hybridization of a 491 bp 32P-labeled probe
complementary to sequences located 5’ to the 5’ homology arm of the targeting construct. Probe
hybridization produces a 15.6 kb band from the wild-type allele, whereas the correctly targeted allele
generates a 5.8 kb band. Correctly targeted ES cells were injected into C57BL/6J blastocysts to generate
male chimeras that were backcrossed to C57BL/6J females to produce heterozygous Rosa26-
NLSiRFP720-2A-Ggq mice. Mice were then further crossed to produce a homozygous colony.
Homozygous Rosa26-NLSiRFP720-2A-Gg mice were crossed with appropriate Cre-expressing lines to
generate offspring in which specific cell populations can be activated by CNO. Mice were maintained
on a mixed genetic background of 129S x C57BL/6J. The genotypes of the Rosa26-NLSiRFP720-2A-
Gq mice were confirmed by PCR using the primer sequences: 5-GGAAGCACTTGCTCTCCCAAAG-
3’ (common forward primer); 5'-GGGCGTACTTGGCATATGATACAC-3' (DREADD allele reverse
primer) and 5-CTTTAAGCCTGCCCAGAAGACTC-3' (wildtype allele reverse primer). Wild-type
offspring were confirmed by the presence of a single band of 256 bp. For the Rosa26-NLSiRFP720-2A-
Gq allele, heterozygous offspring gave two products of 256 and 495 bp, whereas homozygous offspring
was identified by the presence of one band at 495 bp (Figure 15). This knock-in mouse line was

generated in our lab by Amanda Wyatt.
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Figure 15: The Rosa26-NLSiRFP720-2A-Gq (DREADD) knock-in mouse line. The targeting strategy used to
express a Cre-dependent DREADD allele in the ROSA26 locus under the control of CAGS is depicted in this
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diagram. After digestion with EcoRlI, Southern blot analysis of genomic DNA from a wildtype and a heterozygous
mutant mouse.

2.2.3 Genotyping

Routine genotyping was performed by technical staff within the laboratory. Crude genomic DNA was
extracted from biopsies using 100 pl of ear lysis buffer containing 100 pug/ml proteinase K by incubating
at 55°C overnight under agitation. After incubation, 1 ul of extracted DNA was combined with 6.25 pl
of MyTaqg HS Red Mix (Boline (BIO-25047)), 2 uM each of the appropriate primers (see Table 2) and
dH20 to a total volume of 12.5 ul. The samples were then placed in a Bio-Rad T100 thermal cycler and
the appropriate program initiated. After amplification of the target gene, a 2% agarose/TAE gel was
prepared with the addition of 4 pl of ethidium bromide per 100 ml of agarose/TAE. Each sample was
loaded into separate wells alongside a molecular weight ladder (HyperLadder 100 bp, Bioline) and run
at 130 V for 45 minutes. Bands were visualized using a Herolab E.A.S.Y Doc Plus gel documentation

system.

2.2.4 Tissue preparation and histology

2.2.4.1 Vaginal cytology

Vaginal smears were taken and examined. Briefly, ~50 ul of saline were used to wash out the vagina
and the resulting sample was taken for cytological analysis. The proportion of nucleated epithelial cells,
nucleated cornified cells, and leukocytes was used to determine the stage of the estrus cycle. This was
performed daily, at the same time, for four weeks in the GRIC/ROSA26-DREADD mouse line after

gonadotrope activation (Figure 16).
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Figure 16: Estrous cycle in GRIC/eR26-DREADD mice. (A) The estrous cycle stage in mice was determined
by vaginal cytology. Proestrus stage (1), mainly round and nucleated cells. Estrus stage (2), mainly cornified cells.
Metestrus (3), a mix of nucleated, cornified cells and small leukocytes. Diestrus (4), mainly small leukocytes and
nucleated cells. (B) Estrous cycle stage of two individual female mice. Cre+, an experimental mouse after being
treated with CNO for 4 weeks. The Cre- control mouse was treated with water. M, metestrus; E, estrus; P,
proestrus; D, diestrus.

2.2.4.2 Ovariectomy and hormone supplementation

Unless otherwise stated, females were ovariectomized in adulthood (8-12 weeks old female mice) under
general anesthesia, which was performed after administration of 5% isoflurane. After the respiratory
rate slowed, the mouse was removed from the desiccator and placed on a surgical board. The mouse
continued to receive 2% isoflurane during the procedure. The region to be operated was sterilized, and
ovaries were typically approached by two separate flank skin incisions measuring approximately 5 mm.
The skin was separated from the underlying muscle before incising the muscle. A sharp scissor was
inserted just through the muscle layer to separate the muscle fibers by opening the scissors in a dorso-
ventral direction. The ovary was gently pulled through the incision with blunt forceps by grasping the
fat pad surrounding it. A micro cross-action bulldog clamp was placed at the boundary between the
ovary and oviduct, a ligature was placed just below the clamp and a cut was made just above the clamp.

After that, the fat tissue and the oviduct were returned into the abdominal cavity. Muscle and skin layers
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were closed with surgical sutures. At the same time, all females received a 2 cm-long silastic capsule
(inner diameter: 1.57 mm; outer diameter: 3.18 mm) containing 17R-estradiol dissolved in sesame oil
(36ug 17p-estradiol/mL sesame oil) (Ingberg, Theodorsson, Theodorsson & Strom, 2012)
subcutaneously in the neck. The subcutaneous silastic capsules are convenient and produce the most
stable serum concentrations (Ingberg, Theodorsson, Theodorsson & Strom, 2012). The dose of 17p-
estradiol/ml (E2758, sigma) was based on a previous study showing that this treatment leads to estradiol

levels similar to mice in estrus (Ingberg, Theodorsson, Theodorsson & Strom, 2012).

2.2.4.3 Castration and hormone supplementation

Males were castrated in adulthood (14-16 weeks old male mice) under general anesthesia, which was
performed after administration of 5% isoflurane. After the respiratory rate slowed, the mouse was
removed from the desiccator and placed on a surgical board. The mouse continued to receive 2%
isoflurane during the procedure. After sterilizing the caudal abdomen, testes were approached by a single
midline incision on the scrotal sac. Skin was separated from the muscle layer, then a similar sagittal
incision was made through the muscle. Both testes were reached through the same incision. The
testicular fat pad on the inside was pulled through the incision using blunt forceps. Then a cross-action
bulldog clamp was placed below the testes and testes were removed with scissors. After that, the fat
tissue was returned into the abdominal cavity. Muscle and skin layers were closed with a surgical suture.
At the same time, all males received a 2-cm-long silastic capsule (inner diameter: 1.57 mm; outer

diameter: 3.18 mm) containing 100% testosterone (T1500, Sigma) subcutaneously in the neck.

2.2.4.4 Diets

8-11 weeks old female mice were randomly selected in two groups for receiving high fat diet (HFD; 60
kj % fat (Lard) and 34% cholesterol [E15742347; SSNIFF SPEZIALDIATEN]) for five weeks. Daily,
at 2:00 pm, the two groups were intraperitonially injected with either FSH (GONAL-f, Merck) solution
having a concentration of approximately 30 1U/kg bodyweight, or with 0.9% NaCl. Body weight was

measured weekly.

2.2.4.5 Insulin Tolerance Tests (ITT)

Mice were tested 3 weeks after treatment with estradiol and testosterone. For the intraperitoneal insulin
tolerance test (ipITT), mice were placed in an empty cage with water and fasted for 6 hours during the
day. Mice were intraperitoneally injected with 1g/kg (0.5 U/Kg body weight, dissolved in sterile
physiological saline) insulin (883732, Pharma Gerke Arzneimittelvertriebs GmbH). The exact injection
volume was estimated based on each mouse's body weight. Blood glucose levels were determined from
the tail vein using the OneTouch Ultra Digital Glucometer (Accu-Check performa) per manufacturer’s
instructions. After intraperitoneal injection, blood glucose levels were measured at O (basal level before

injection) and at 30, 60 and 90 minutes.
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2.2.4.6 Glucose Tolerance Tests (GTT)

For the intraperitoneal glucose tolerance test (ipGTT), mice were placed in an empty cage with water
and fasted for 16 hours. Mice were intraperitoneally injected with 1g/kg (0.5 U/Kg body weight,
dissolved in sterile physiological saline) Glucose (20% D- (+) -Glucose; Sigma Aldrich). The volume
of the injection was estimated based on the individual mouse's body weight. According to the
manufacturer's recommendations, blood glucose levels were taken from the tail vein using the
OneTouch Ultra Digital Glucometer (Accu-Check performa). After intraperitoneal injection, blood

glucose levels were measured at O (basal level before injection) and at 30, 60, 90 and 120 minutes.

2.2.4.7 Transcardial Perfusion

Mice were anesthetized using ketamine and xylazine (solution of 10 ml sterile 0,9% NaCl and 2.8 ml of
ketamin and 2.8 ml of xylazine). Once under general anesthesia, the thoracic cavity was exposed and an
incision was made in the right atrium. Then, approximately 600 ul of blood were removed from the
heart and transferred to EDTA. 20 ml of room temperature PBS was injected into the left ventricle. After
this, 40 ml of ice-cold 4% paraformaldehyde (PFA) were injected into the left ventricle. Tissues were
then dissected and post-fixed in 4% PFA. Liver, kidney, pituitary, and fat tissue were then transferred
to 30% sucrose overnight at 4°C. The protocol was performed as previously described (Hellier et al.,
2018).

2.2.4.8 OCT Embedding and Cryosectioning

Fixed tissue was embedded in optimal cutting temperature compound (OCT, Leica Microsystem). A
glass box was partially immersed in a bath of ethanol and dry ice. After that, the glass box was filled
partially with isopentane (2-methylbutane). The tissue was frozen quickly in isopentane after being
inserted in a plastic cuvette filled with tissue freezing media. The embedded samples were then stored

at -80°C. For subsequent cryosectioning tissues were cut in 14 um serial sections using a Leica cryostat.

2.2.4.9 Hematoxylin and Eosin (H & E)

Slides were washed three times with ddH.O and then incubated for 10 minutes with 0.1% Mayer’s
Hematoxylin (Sigma; MHS -16) in a 50 ml conical tube. They were then rinsed with tap water for six
minutes, incubated for five minutes with 0.5% eosin and dehydrated through an alcohol gradient (50%,
70%, 95%, 100%) followed by xylene. Slides were then covered with a coverslip with DePex (18243;
SERVA).

2.2.4.10 Immunohistochemistry (IHC)
Immunohistochemistry was performed as previously described (Hellier et al., 2018). The appropriate
protocol was selected based on the level of sensitivity required in order to detect a particular protein.

Slides were removed from -80°C and left for 15 minutes to allow the samples to reach room temperature.
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A hydrophobic barrier was applied to the slide’s edges using a PAP pen. The slides were then washed
three times with PBS for 10 minutes, followed by a 1.5-hour incubation with blocking buffer (0.1 M
PBS containing 5% normal donkey serum, 0.2% Triton X-100, and 0.02% sodium acid). After that,
slides were incubated with the appropriate primary antiserum solution in the following concentrations:
rabbit anti-LH (1:5000; National Institute of Diabetes and Digestive and Kidney Diseases [NIDDK]),
guinea pig anti-FSH (1:5000; [NIDDK]), rabbit anti-cFos (1:500; 2250, Cell signaling Technology),
mouse anti-ACTH (1:10000; [NIDDK]), chicken anti-GFP (1:1000; A10262 ThermoFisher) after
covering the pituitary with parafilm over two nights at 4°C in a humidified chamber. After this
incubation, the slides were washed three times with PBS for 5 minutes. Then, an appropriate secondary
antiserum from the following list was diluted in blocking buffer and applied to the slides for two hours:
goat anti-rabbit Cy3 (1:500; Invitrogen), goat anti-guinea pig Cy5 pig (1:500; Invitrogen) and goat anti-
chicken Alexa Fluor 488 (1:500; Invitrogen). The slides were then washed three times in PBS for 5
minutes. For nuclear staining, sections were incubated with 5 pg/mL Hoechst 33258 dye (Sigma) in 0.1
M PBS solution for 10 minutes. Slides were then washed three times with PBS for 5 minutes at room

temperature. Slides were then covered with a coverslip with Fluoromount-G (Southern Biotech).

2.2.4.11 Oil Red O

Oil red O is used to stain neural triglycerides and lipids on cryosections. First, slides were taken from
-80°C and allowed to reach room temperature for 30 minutes. 300 mg Oil Red O (ORO, 00625-100G,
Sigma) were dissolved in 100 ml 100% isopropanol as a stock. The slides were washed in 60% (v/v)
isopropanol for 10 minutes. After washing, slides were incubated with ORO solution (7:5 140 ml ORO
stock mix with 100 ml dH20O) for another 10 minutes. The slides were then washed in 60% isopropanol
twice for three minutes. During the first washing step, the slides were placed on a shaker with a speed
of 50 rpm (Edmund Buehler). The section was then washed in dH20O twice for one minute each. Slides
were then covered with Fluoromount-G (SouthernBiotech) and coverslipped. For visualization, slides
were scanned using a Zeiss Axio Scan.Z1. We noticed that the ORO signals were not evenly distributed
within the sections. Therefore at least three complete sections per mouse liver were stained and the ORO
units (ORO area/tissue area * 100) were calculated by Image J as previously described (Mehlem,
Hagberg, Muhl, Eriksson & Falkevall, 2013).

2.2.5 Microscopy

Epifluorescence photomicrographs were taken using either a Zeiss Axioskop2 equipped with the Zeiss
AxioVision software or a Zeiss Axio Scan.Z1 equipped with the Zeiss Zen 2 software. Confocal
microscopy was performed with either a Zeiss LSM 710 or a Zeiss ELYRA PS.1 combined with an
LSM 780 and equipped with Zeiss Zen software. For Z-stack images, 0.3 um optical sections with the

pinhole adjusted to one airy unit were taken using a 20X objective.
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2.2.6 Molecular biology techniques

2.2.6.1 RNA purification

To analyze Fshr expression in different tissues, total RNA was purified using the RNeasy Plus Micro
kit (Qiangen) according to the manufacturer's instructions. Purified RNA was stored at -80°C until

further use.

2.2.6.2 Real-time quantitative PCR (QPCR) and reverse transcription

Real-time PCR was performed using the SensiFAST SYBR No-ROX one-step kit (Bioline) with a CFX-
96 real-time PCR detection system (Bio-Rad Laboratories) as described previously (Qiao et al., 2016).
For reverse transcription PCR, genomic DNA removal and cDNA synthesis were performed using a
maximum H Minus First Strand cDNA-Synthesis kit (Thermo Fisher). PCR was performed using
MY Taq Red Mix kit (Bioline). The reaction conditions were as follows: 10 minutes at 45°C, followed
by 2 minutes at 95°C and then 40 cycles of 5 seconds at 95°C and 20 seconds at 60°C. B-actin was used
as an endogenous control. Quantified results represent the fold induction of target gene expression using
the -2dd-cycle threshold method (Livak & Schmittgen, 2001). No-template control (reagent alone

without template) was included in each assay to detect possible contamination of the PCR reagents.

2.2.6.3 ELISA (corticosterone)

The enzyme-linked immunosorbent assay (ELISA) is an immunological, plate-based assay used for
detecting and quantifying the presence of a specific protein in a complex mixture. Blood was harvested
from hearts of euthanized mice and collected in EDTA-coated microvette tubes on ice. Plasma was
obtained after centrifugation at 2,0 rcf for 15 minutes at 4°C. An enzyme immunoassay Kit was used to
measure plasma corticosterone levels (corticosterone, Arbor Assays, Ann Arbor, MI; FSH, Enzo Life

Sciences Farmingdale, NY) according to the manufacturer’s instructions.

2.2.6.4 Luminex Assay
Pituitary hormone measurements were performed with a Milliplex MAP mice pituitary magnetic bead
panel (RPTMAG-86K; Millipore, Billerica, MA) on a Luminex Magpix (Austin, TX) with Milliplex

Analyst software according to the manufacturer’s protocol.

2.2.7 Gene expression analysis

2.2.7.1 RNAscope in situ hybridization

Detection of Fshr mRNA was undertaken in the pituitary, liver and ovary from adult female mice using

RNAscope 2.5 High-definition Assay-RED (Advanced Cell Diagnostics, Hayward, CA), according to

manufacturer’s instruction and as previously described (Aoki et al., 2019). The Fshr probe was designed

to target transcript NM_013523.3 which has a target sequence that spans nucleotides 554 to 1487. Probes

targeting the DapB gene from Bacillus subtilis were used as a negative control. In brief, the activity of
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endogenous peroxidase was inhibited using RNAscope hydrogen peroxide solution. Tissues were
permeabilized with RNAscope protease plus. The Fshr or the negative control probe were then used to
hybridize the sections. Following that, a series of amplification incubation steps was performed. Finally,
the hybridization signals were detected using detection reagents. Bisbenzimide was used to stain the
nuclei. A Zeiss Axio Scan Z1 was used to capture the images. The RNAscope scoring parameters from
Advanced Cell Diagnostics were used to determine positive hybridization. To determine the
colocalization of Fshr mRNA and ACTH, immunolabeling of ACTH was performed on the same

pituitary sections after RNAscope in situ hybridization.

2.2.7.2 In vitro pituitary assay

Intact pituitaries were removed from adult females at diestrus and incubated with 1 ml DMEM in a 12-
well-plate at 37°C, 5% CO, with constant shaking for 1 hour. After resting, pituitaries were incubated
with new 1 ml DMEM with either mouse monoclonal anti-FSH antibody (10 pg/ml; MIF2709,
Invitrogen) or mouse 19gG (10 pg/ml; MABO002, R&D Systems) for 1 hour. 50 pl of culture medium
were measured as the O-time point. Then pituitaries were stimulated with 100 nM GnRH (L7134, Sigma-

Aldrich). 50 pl of culture medium were removed at 30, 60, and 90 minutes, respectively separately.

2.2.7.3 Cloning and guideRNA selection

Potential guideRNA (gRNA) sequences for the Fshr gene were identified using Chopchop (Labun et
al., 2019). From the identified gRNAs, an optimal sequence was selected to have the lowest possibility
of off-target events whilst having a high predicted efficiency and frameshift likelihood at the targeting
site after analysis with Cas-OFFinder (Bae, Park & Kim, 2014) and CRISPOR (Concordet & Haeussler,
2018). The following gRNA was selected for targeting; Fshr: 5’-GAGATTTGTGCTCACCAAGCT.
This gRNA was generated as a primer dimer and then independently cloned into pX601-AAV-CMV (a
gift from Feng Zang (Makarova et al., 2015); Addgene plasmid #61591) using the Bsal sites present
within this plasmid. This inserted the gRNA sequence subsequent to a U6 promoter and immediately
upstream of the gRNA scaffold sequence required for correct interaction with the Cas9 protein. The
saCas9 sequence was also present within this plasmid under the control of the strong CMV enhancer
and promoter. Following cloning, all elements were verified by sequencing of the entire region
contained between the 2 ITR sites. For the production of a control virus, the unmodified pX601-AAV-
CMV plasmid without gRNA was used.

2.2.7.4 AVV (Adeno-associated virus) vector production

Both the gRNA and control viruses were produced using the triple transfection helper-free method. This
involved transfecting HEK293T cells in culture with 3 plasmids in a 1:1:1 ratio, the first containing
essential viral genes such as E2 and E4 (pAdDeltaF6 was a gift from James M. Wilson; Addgene plasmid
#112867), the second which facilitates the generation of serotype 5 AAV vectors (pAAV2/5 was a gift
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from Melina Fan; Addgene plasmid # 104964) and the third, which dictates the packaged contents of
the virus particles, as previously described. Cells were transfected when they reached 60-70%
confluency using a 4:1 (v:w) ratio of polyethylenimine (PEI) to plasmid DNA. 60-72 hours after
transfection, cells were pelleted and processed to recover the virus. Virus samples were then subjected
to purification through an iodixanol gradient before desalting and concentrating using a centrifugal filter
(MWCO 100). Viral titer was detected by qPCR analysis with primers specific to the ITR region of the
packaging plasmid (fwd ITR primer: 5-GGAACCCCTAGTGATGGAGTT, rev ITR primer: 5'-
CGGCCTCAGTGAGCGA). Both of the gRNA and control viruses were generated in our lab by
Amanda Wyatt, and Vanessa Wahl.

2.2.7.5 Stereotaxic injection

The stereotaxic injection was performed as previously described (Hellier et al., 2018). Mice were
anesthetized with 5% isoflurane and placed in a motorized stereotaxic frame (Neurostar, Germany). A
midline scalp incision revealed the skull, and the stereotaxic frame was positioned at Bregma using
visual markers. After the mouse head was aligned, a drill was put above the skull at coordinates
corresponding to the pituitary, and a hole was drilled through the skull bone to reveal the brain
(according to the Paxinos Brain Atlas). A 33-gauge steel needle loaded with 2 ul of AAV virus (AAV5-
saCas9-Fshr or AAV5-saCas9) was slowly inserted through the anterior pituitary (Six injections with
0.5 ul per injection) until it penetrated to a depth of 5.8-6 mm (coordinates were -2.55 mm, -2.7 mm and
-2.95 mm antero-posterior, £0.6 mm lateral to the midline, 300 um above the sella turca). Using a
syringe pump (Harvard Apparatus), the virus (2 pl per brain injection site) was delivered at 100 nl min™!
through a Hamilton syringe. Before being slowly removed, the needle was kept for another 10 minutes
in place to allow diffusion of the virus. The hole was closed with dental cement and the skin was sutured
after the AAV injection. Mice were given time to heal on a heating pad before being returned to their
home cage. For post-operative analgesia, all mice received a subcutaneous injection of Carprofen (5 mg

kg™). Sterotaxic injections were performed by Dr. Sen Qiao and myself.

2.2.7.6 CRISPR efficiency verification

8 weeks after AAV injection, pituitaries were dissected. DNA was extracted from pituitaries and then
targeted amplification was performed via PCR with the primers against Fshr (primers used in PCR are
described in table 5). Amplicons were generated using region-specific primers with the Illumina
universal adaptor sequences. PCR products were purified with Agencourt AmpureBeads and indexed in
a second PCR using Illumina Truseq adapters. After final AmpureBead purification, amplicons were
pooled in an equimolar ratio and sequenced on a Miseq (Illumina) using the Miseq Reagent Kit v2 (500-
cycles) in paired-end mode, aiming at 10,000 reads per amplicon. The sequence was then analyzed by
CRISPResso2 (Clement et al., 2019).
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2.2.8 Microcomputed tomography (uCT)

Using desktop microcomputed tomography (uCT), a subset of whole bone samples (whole femur) was
assessed (Skyscan 1176, Brucker MicroCT, Kontisch, Belgium). Femora were stored at -80°C. A
microfocus X-ray tube with a focal spot of >9 um size at 4W was used as a source. The scanner was set
at a voltage of 50 kV, a current of 200 pA. The CT images were reconstructed in 4032 x 2688 pixels’
matrices using a typical convolution back projection approach with a 0.5 mm aluminum filter. The bone
was positioned on a turn table that could be automatically shifted 180° plus half the fan angle on either
side in the axial direction to perform the measurement. A total of 2500-2600 microtomographic slices
were obtained for each sample, with a slice increment of 9 um. In order to analyze the parameters of the
distal femoral metaphyseal trabecular bone, we used the image reconstruction software (NRecon
{version 1.6.10.6}), data analysis software (CTAn {version 1.16.4.1}), orientation software
(DataViewer {version 1.5.1.2}) and three-dimensional model visualization software (CTVox {version
3.2.0r 1294}) at the end of the acquisition process. Trabecular bone was analyzed over 200 slices,
starting with 50 slices distal from the growth plate. The trabecular bone volume fraction (BV/TV),
trabecular thickness (Th.Th) and trabecular number (Th.N) were analyzed for trabecular bone. Calcium

hydroxyapaptite (CaHA) phantoms of known densities were used to evaluate BMD.

2.2.9 Quantification and data analysis

2.2.9.1 Software and data analysis

Zeiss Zen 2 and Image J were used for image processing and analysis of Oil Red O staining. Statistical
analysis was performed using GraphPadPrism 5. NRecon 1.6.9.8 was used for bone reconstruction after
scanning. DataViewer 1.5.1.2 64-bit enabled us to turn the bone in an identical orientation. CTAnN
1.16.4.1 + (64-bit) to define the cortical and trabecular regions for analysis. Figures were generated

using the ImagelJ plugin “Figure]” and Adobe Illustrator.

2.2.9.2 Statistics

GraphPad Prism 5 software was used to analyze the data. All data are presented as the mean + standard
error mean. Statistical significance was determined using unpaired two tailed Student’s t-tests for single
comparisons (unless otherwise stated). A two-way ANOVA was performed for multiple comparisons

followed by Bonferroni’s multiple comparison test was used (unless otherwise stated).
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3.1 Diphtheria toxin injection efficiently ablates gonadotropes

Gonadotropes integrate different hormonal signals and adapt gonadotropin expression and release
depending on the hormonal milieu. Moreover, gonadotropins have been reported to have extra-gonadal
functions. To systemically dissect the extra-gonadal gonadotropin actions and uncover potential
communication between distinct endocrine cell networks within the pituitary, we acutely ablated
gonadotropes in adult mice. To do this, we capitalized on a mouse strain bearing a gonadotrope Cre
recombinase and Cre-dependent iDTR (Buch et al., 2005; Wen et al., 2008) and GFP alleles (Wen et
al., 2011) (GRIC/R26-iDTR/eR26-tGFP mice) specifically in the gonadotrope cells. This mouse line
enables us to selectively ablate gonadotropes upon diphtheria toxin (DT) injection in adulthood. We
injected DT in adult mice that had already undergone normal physiology/reproductive development and
could therefore focus on the function of gonadotropes in the adult animal. Either DT or vehicle (saline)
were injected intraperitoneally into these mice (20 ng/g of DT injected twice with a 3-day interval in
between injections) to ablate GhRHR+ cells (Figure 17A). Immunohistochemical analysis confirmed
that the number of gonadotropes was indeed dramatically reduced after two-months post-DT injection
when compared to vehicle (Figure 17B-C). Using this approach, we first examined expression of LH
and FSH after acute gonadotrope ablation. We found that gonadotropin expression no longer colocalized
with GFP and that the LH- or FSH-immunoreactive cells were almost completely segregated from the
GFP+ population two months after DT injection (Figure 17B-C). Furthermore, the number of GFP+
cells 2 months after ablation was not significantly different to the number of 10 days in adult male
pituitaries (Figure 17B), suggesting that the adult male pituitary gland cannot regenerate the
gonadotrope cell population. In contrast, we did find a significant difference in the number of GFP+
cells in adult female pituitaries 2 months after DT injection compared to 10 days after ablation (Figure
17C). Further confirming the efficacy of this approach, acute gonadotrope depletion in adult mice lead

to severe hypogonadism in both male and female mice (Figure 17D).
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Figure 17: Ablation of gonadotropes results in profound hypogonadism. (A) lllustration depicting the strategy
to acutely ablate gonadotropes via the injection of diphtheria toxin (DT) in mice selectively expressing the
diphtheria toxin receptor in gonadotropes. (B) GFP-expressing gonadotropes (green) 10 days and 2 months after
DT or saline injection of female mice. Scale bars = 100 um. (C) Number of GFP+ cells within the pituitaries of
DT- or saline-injected GRIC/R26-iDTR/eR26-tGFP mice and number of follicle-stimulating hormone (FSH) or
luteinizing hormone (LH)-positive cells within the pituitaries of DT- or saline injected Cre+ and Cre- (control)
GRIC/R26-iDTR/eR26-tGFP mice. (D) Representative images of testes and female reproductive tracts from Cre+
and Cre- (control) GRIC/R26-iDTR/eR26-tGFP mice 2 months after DT injection. Error bars represent standard
error mean. * = P <0.05, ** =P < 0.01 and *** = P < 0.001.

3.2 Acute gonadotrope ablation triggers metabolic disorders in a gender-specific manner
Surprisingly, we also found that acute gonadotrope ablation in female mice caused a dramatic increase
in body weight (Figure 18A). In particular, some of the female body weights reached 35 g, a weight that
normal female mice usually do not attain throughout the entire lifespan. In contrast, in males, the body
weight did not show any significant difference compared with controls (Figure 18D-F). Remarkably,
acute gonadotrope ablation also triggered impaired glucose tolerance (Figure 18B) and decreased insulin
sensitivity (Figure 18C) in female mice, but not in males. This result strongly suggests that gonadotropes

regulate metabolic homeostasis in a sex-specific way.
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Figure 18: Acute gonadotropes ablation leads to metabolic disorders in female mice. (A, D): Body weight,
(B, E): Glucose tolerance test i.p. (GTT) and (C, F): insulin tolerance test i.p. (ITT) from gonadotrope-ablated
(Cre+) and control (Cre-) of female and male mice after gonadotrope ablation. Error bars represent standard error
mean. * =P < 0.05, ** = P < 0.01 and *** = P < 0.001.

Since NAFLD is a hallmark of the metabolic syndrome (Yki-Jarvinen et al., 2014), we next determined
liver histopathology in gonadotrope-ablated mice. We also investigated liver metabolism in these mice
by staining the liver sections with Oil Red O (Tata et al., 2018). Surprisingly, both males and females
developed fatty liver after gonadotrope ablation (Figure 19A-B). We found hepatic steatosis as early as
10 days after gonadotrope ablation, and this became progressively more severe over time (Figure 19C).
There is a clear progression of fatty liver severity when we compared liver histology 10 days and 2
months after ablation (Figure 19C). At 10 days after ablation, female mice developed a steatosis
phenotype in the liver and around the liver veins as seen by the accumulation of lipid droplets upon Qil
Red O staining. In contrast, 2 months after gonadotrope ablation, the accumulation of lipid droplets had
spread throughout the entire liver tissue. Taken together, these data demonstrate that gonadotrope loss
recapitulates many of the clinical symptoms of metabolic syndrome in female but only partially in male

mice, suggesting sex-specific underlying mechanisms.
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Figure 19: Gonadotrope ablation triggers a fatty liver phenotype in male and female mice. (A) liver oil red
O staining, (B) quantification and representative images from gonadotrope-ablated (Cre+) and control (Cre-)
female and male mice; (scale bars = 1000 mm). (C) Females develop fatty livers 10 days after acute gonadotrope
ablation. Scale bars = 200 um in the full-size images and 20 um in insets. Error bars represent standard error mean.
*=P<0.05 **=P<0.01 and *** = P < 0.001.
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3.3 Acute gonadotrope ablation triggers bone loss in both male and female mice

Next, we analyzed bone phenotypes in gonadotrope-ablated mice, as gonadal dysfunction has been
associated with bone loss (Mittan et al., 2002) and multiple studies indicated a negative association
between metabolic syndrome and bone density (Tegelberg et al., 2019). Strikingly, we found that bone
volume, trabecular number, and BMD were significantly reduced (Figure 20A-D), whereas the
trabecular separation was significantly increased in femurs of gonadotrope-ablated mice, irrespective of
sex.

Taken together, these data demonstrate that acute gonadotrope loss in adults recapitulates major

constituents of metabolic syndrome in female and, to a lesser extent, male mice.
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Figure 20: Gonadotrope ablation induces bone loss in male and female mice. (A): Representative
microcomputed tomography (uCT) images of femur GRIC /R26 iDTR mice. (C): Fractional bone volume
(BVITV), (B): Trabecular bone mineral density (BMD). (D): trabecular number of femoral bones from Cre+ and
Cre- (control) gonadotrope ablation female and male mice. Error bars represent standard error mean. * = P < 0.05,
** =P <0.01and *** =P < 0.001.

3.4 Hepatic steatosis in gonadotrope-ablated females is independent of the gonads,

however bone loss is due to gonadal sex steroids
As gonadotropes are classically viewed to regulate the gonads and we showed a profound hypogonadism

after gonadotrope ablation, we wondered whether the phenomena that we observed in gonadotrope-
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ablated mice could be a direct effect of hypogonadism. To dissect the underlying mechanisms, we sought
to determine which phenotypes are mediated through disrupted gonadal function by performing a
gonadectomy one week prior to DT injection in Cre+ and Cre- mice.

We found that ovariectomy alone was sufficient to trigger weight gain (Figure 21A) and decrease insulin
sensitivity (Figure 21C) similar to that of ovariectomized gonadotrope-ablated mice. Conversely,
ovariectomized gonadotrope-ablated mice presented with significantly impaired glucose tolerance
(Figure 21B) and severe hepatic steatosis in comparison with ovariectomy alone. Most notably, in the
absence of gonadotrope ablation (Cre-), hepatic steatosis was virtually absent in ovariectomized mice
(Figure 22A-B). These data demonstrate that the maintenance of systemic glucose homeostasis and
hepatic lipid metabolism depend on the HPG-axis but are independent of ovarian function.

In males, no significant differences were found throughout the metabolic parameters measured including
body weight (Figure 21D), insulin sensitivity (Figure 21F) and glucose tolerance (Figure 21E) between
the Cre+ and Cre- mice after DT injection. However, both gonadectomized and gonadectomized
gonadotrope-ablated male mice developed hepatic steatosis (Figure 22A-B) indicating that, in contrast
to females, fatty liver in males is triggered by testicular dysfunction and revealing an additional sexually
dimorphic effect of gonadotrope ablation on metabolism. With regard to bone loss, gonadectomy alone
was sufficient to trigger this phenotype in both sexes (Figure 23A-D), demonstrating that bone loss is
mediated by gonadal dysfunction. Taken together, our results suggest that gonadotropes regulate liver

steatosis through the classic HPG-axis.
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Figure 21: Gonadal loss mimics metabolic syndrome in female mice. (A, D) Body weight, (B, E) glucose
tolerance and (C, F) insulin tolerance of Cre+ and Cre- (control) gonadectomized female and male mice. Error
bars represent standard error mean. * = P < 0.05, ** = P < 0.01 and *** = P < 0.001.
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Figure 22: Gonadotrope dysfunction triggers hepatic steatosis independently of the gonads in females. (A)
Liver ORO staining quantification and (B) representative images of Cre+ and Cre- (control) in gonadotrope-
ablated (Cre+) and control (Cre-) ovariectomized (OVX) female and gonadectomized (GDX) male mice, scale
bars = 50 um. Error bars represent standard error mean. * = P < 0.05, ** = P < 0.01 and *** = P < 0.001.
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Figure 23: Gonadal loss induces bone loss in male and female mice. (A) Representative microcomputed
tomography (uCT) images of femur of Cre+ and Cre- (control) in gonadotrope-ablated (Cre+) and control (Cre-)
ovariectomized (OVX) female and gonadectomized (GDX) male mice. (B) Trabecular fractional bone volume, (C)
Bone mineral density and (D) trabecular number of trabecular bones from Cre+ and Cre- (control) gonadectomized
female and male mice.

3.5 Sex-steroid replacement abolishes metabolic disorders but does not improve hepatic
steatosis

Despite the fact that the gonads are well known for the production of testosterone and estradiol in males
and females, respectively, these are not the only hormones and secreted factors produced by them. To
determine whether the phenotypes observed in gonadectomized mice were due to the loss of sex steroids
or perhaps other substances released by the gonads, we performed gonadectomy together with sex
steroid replacement -estradiol for females and testosterone for males- followed by gonadotrope ablation
in these mice. The replacement of sex steroids abolished differences in glucose tolerance (Figure 24B,
E), insulin sensitivity (Figure 24C, F), weight gain (Figure 24A, D), and bone density (Figure 26A-D)
in gonadectomized mice regardless of sex or whether gonadotropes were ablated. Sex steroid
replacement also prevented hepatic steatosis in males but contrastingly, had no effect in female mice
(Figure 25A, B). These data demonstrate that the majority of cardinal features of metabolic syndrome

can be precipitated by the absence of sex steroids originating from the gonads, however liver steatosis
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uniquely in females is independent of sex steroids and gonads but rather dependent on pituitary

gonadotropes.
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Figure 24: Replacement of sex steroids eliminates metabolic abnormalities. (A, D) Body weight, (B, E)
glucose tolerance and (C, F) insulin tolerance of gonadotrope-ablated (Cre+) and control (Cre-) ovariectomiszed
(OVX) female and gonadectomized (GDX) male mice with estrogen (E) or testosterone (T) replacement.
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Figure 25: Hepatic steatosis in females is independent of sex steroids. (A) Liver ORO staining quantification
and (B) representative images of Cre+ and Cre- (control) gonadectomized female and male mice with sex hormone
replacement, scale bars = 50 um. Error bars represent standard error mean. * =P < 0.05.
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Figure 26: Gonadotropes regulate bone mass through both gonadal and non-gonadal ways in a sex-specific
manner. (A) Representative microcomputed tomography (uCT) images of femur, (B) Trabecular fractional bone
volume, (C) bone mineral density and (D) trabecular number of trabecular bones from Cre+ and Cre- (control)
gonadectomized female and male mice with sex hormone replacement.

3.6 Characterization of the GRIC/eR26- DREADD mouse model

Since we found that acute gonadotrope ablation triggered metabolic disorders, we wondered whether
the chronic pharmacogenetic activation of gonadotropes would be beneficial with respect to the
symptoms of metabolic disorders. To test this hypothesis, we took advantage of a chemogenetic
approach and developed a mouse line GRIC/eR26-DREADD /eR26-tGFP (Figure 27A), in which a Gg-
coupled DREADD (Designer Receptor Exclusively Activated by Designer Drugs) is specifically
expressed in gonadotropes. Furthermore, we used a Gg-coupled DREADD since the GnRH receptor is
also coupled to Gg. In this model, intraperitoneally injected Clozapine-N-oxide (CNO) in these mice,
triggered robust activation of gonadotropes via Gq signaling, as demonstrated by c-FOS expression after
CNO administration (Figure 27C).

In order to verify faithful transgene expression of DREADD in gonadotropin-expressing cells, sections
from GRIC/eR26-DREADD mice were stained for the HA-tag which is fused to the DREADD. We also
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stained for LH and FSH to label gonadotropes. We found that the majority of gonadotropes expess HA-
tag signals (Figure 27B). This result clearly validates the specificity of this approach. This figure was
kindly provided by Debajyoti Das.

'

y

C PBS CNO

GRICxDREADD

Figure 27: CNO activates gonadotropes in GRIC/eR26-DREADD mice. (A) lllustration depicting the strategy
to chronic gonadotrope activation via the injection of Clozapine-N-oxide (CNO) in mice selectively expressing a
DREADD in gonadotropes. (B) Representative image of LH and FSH cells in the pituitary expressing HA-tagged
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hM3Dg DREADD in the membrane of gonadotrope cells after Cre recombination, scale bars = 50 um. (C)
Representative images of pituitaries after PBS and CNO i.p. injection in GRIC/eR26-DREADD/eR26-tGFP mice.
The expression of c-Fos (green) was used as a marker for activation. Gonadotropes are shown in red, corresponding
to the expression of LH and FSH. DAPI is shown in blue. Scale bars = 50 um in the full-size images and 20 um
in insets.

3.7 Activation of gonadotropes improves metabolic disorders independently of the gonads
in a female high fat diet mouse model

To corroborate these results, we first performed a gonadectomy on these mice. One week after
gonadectomy, we concomitantly administered CNO in the drinking water and a high fat diet (HFD; a
well-established model of metabolic syndrome (Wong, Chin, Suhaimi, Fairus & Ima-Nirwana, 2016))
to induce metabolic disorders. Remarkably, we observed that the body weight in the Cre+ group was
significantly lower compared to controls even in the absence of the gonads in females with activated
gonadotropes (Figure 28A). Likewise, we found that glucose tolerance (Figure 28B) was significantly
improved in the Cre+ group. Most interestingly, liver steatosis was improved upon chronic gonadotrope
activation (Figure 28C-D) raising the question as to which gonadotropin might mediate these effects.
Meanwhile, we observed no significant difference in body weight or glucose tolerance between Cre+
and Cre- groups in males after chronic gonadotrope activation (Figure 28C). Taken together, these
results show that gonadotrope activation improved metabolic disorders independently of the gonads in
females. Overall, data from HFD-fed GRIC/eR26-DREADD mice showed an improved development

of some of the traditional adverse effects seen with HFD feeding in the development of hepatic steatosis.
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Figure 28: Metabolic phenotype of HFD-fed GRIC/eR26-DREADD mice. (A) Body weight, (B): Glucose
tolerance test i.p. (GTT) of Clozapine-N-oxide (CNO) injected Cre+ (chemogenetically-activated) and Cre-

(control) gonadectomized female and male mice on high-fat diet (HFD). (C, D): Representative images of liver
lipid accumulation by Oil Red O staining and quantification of liver lipid in Cre+ (activation) and Cre- (control)
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gonadectomized female and male mice. Data were analyzed by one-way ANOVA or t-test. Data are shown as
mean = SEM. Asterisks indicate significance, (*) P<0.05, (***) P<0.001, n=4 per genotype (GTT), i.p.=
intraperitoneal, Scale bars = 100 pum.

3.8 FSH administration improves metabolic disorders caused by ovariectomy and high fat
diet

Our previous findings demonstrating a dependency on ovarian estradiol for weight gain and glucose
metabolism raised the question as to which hormone released by the gonadotropes might mediate these
effects. Therefore, we performed multiplexed hormone analysis on OVX/HFD female mice with
chronically administered CNO (Figure 29A-F) and found that FSH - but not LH - was significantly
increased in response to chemogenetic gonadotrope activation (Figure 29B-F). Intriguingly, we also
found that adrenocorticotropic hormone was significantly reduced after chronic CNO treatment (Figure

29A).
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Figure 29: Plasma hormone measurements. (A) Plasma adrenocorticotropic hormone (ACTH), (B) FSH, (C)
growth hormone (GH), (D) prolactin, (E) thyroid stimulating hormone (TSH) and (F) LH of Cre+ (activation) and

Cre- (control) gonadectomized female and male mice. Error bars represent standard error mean. * =P < 0.05 and
** =P <0.01.

The main hormones produced in gonadotropes in response to GnRH are LH and FSH. Since there are
several studies suggesting that FSH plays a role in body homeostasis, we decided to test the function of
FSH in metabolic disorders. Considering that NASH is frequently associated with metabolic disorders
such as obesity and diabetes, we investigated whether FSH treatment is effective against the symptoms
of metabolic syndrome. We performed daily injections of FSH in ovariectomized mice alongside the

HFD mouse model. Surprisingly, we found that daily FSH injections were sufficient to reduce weight
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gain (Figure 30A), restore glucose tolerance (Figure 30B) and improve hepatic steatosis (Figure 30C-
D) compared with the saline-injected groups, demonstrating the potential for FSH treatment to improve
the symptoms of metabolic syndrome. These data clearly demonstrate that FSH treatment improves

metabolic disorders in female mice.
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Figure 30: Wildtype mice display improved body weight and glucose tolerance upon FSH treatment after
ovariectomy. (A): Body weight and (B): i.p. GTT of FSH treated and saline treated gonadectomized female mice
on HFD feeding. (C, E): Liver sections 14 um stained with hematoxylin and eosin (H&E) after injection (i.p.) with
FSH for 4 weeks. Data were analyzed by one-way ANOVA or t-test. Data are shown as mean = SEM. Asterisks
indicate significance, (*) P<0.05, (**) P<0.01, (***) P<0.001, n=4 per genotype (GTT), i.p.= intraperitoneal, OVX:
ovariectomy. Scale bars = 50 um.

3.9 Disrupting FSH signaling in the pituitary induces a fatty liver phenotype
To understand the mechanism underlying the regulatory role of FSH in liver steatosis, we decided to
uncover the site of action for FSH in mediating these effects. We performed RT-PCR for the FSH

receptor (Fshr) on major tissues prepared from female mice. Interestingly, Fshr was detected in only
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two tissues within the female mouse; the ovary and the pituitary (Figure 31); we further verified this
pattern by RT-qPCR (Figure 32A) and RNA-scope (Figure 32B). Moreover, we did not detect FSH

receptor gene expression in the liver. This suggests that FSH has an indirect effect on liver tissue.
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Figure 31: (A) Representative RT-PCR analysis of Fshr expression in major organs of adult female mice.
(Actb; beta actin. three pairs of primers against Fshr were used (Fshrl, Fshr2, Fshr3).
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Figure 32: RT-gPCR and RNA-scope analysis of Fshr expression levels in the pituitary, ovary, and liver
from adult female mice. (A) The expression of FSH receptor in different tissues (pituitary, ovary, and liver) from
female mice was measured by RT-gPCR. (B) RNA-scope for FSH- receptor in the ovary, Pituitary, and liver from
female mice (b; scale bars = 10 um). Data were analyzed by one-way ANOVA or t-test. Data are shown as mean

+ SEM. Asterisks indicate significance, (**) P<0.01.

Therefore, we decided to investigate the function of FSH in the organ where it is produced and released,
i.e. the pituitary. We established an in vitro whole pituitary assay in which we then blocked the action
of FSH by incubating the pituitaries taken from female mice at diestrus (post-ovulation) with a
monoclonal antibody against FSH prior to stimulation with GnRH to release the gonadotropins (Figure
33A). Among all the six hormones produced by the anterior pituitary, we found that adrenocorticotropic
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hormone (ACTH) exclusively was significantly elevated as a result of FSH sequestration by the
monoclonal antibody targeting FSH when compared to the controls (mouse IGG) (Figure 33B-K).
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Figure 33: In vitro stimulation assay to analyze pituitary hormone secretion. (A) Schematic representation of
the in vitro stimulation assay used to analyze hormone secretion from intact pituitary. Pituitaries were incubated
with a monoclonal anti-FSH antibody or IgG. After that, the pituitary was stimulated with GnRH to release LH/
FSH. The samples were collected at 0, 30 and 60 minutes. (B) FSH, (C) prolactin, (D) TSH, (E) LH, (F) GH and
(K) ACTH levels of in vitro pituitary assay from anti-FSHab-incubated and 1GG-incubated GnRH-stimulated
pituitaries. Data were analyzed by one-way ANOVA or t-test. Data are shown as mean + SEM. Asterisks indicate
significance, (*) P<0.05.

This result suggests a potential paracrine FSH action on the release of ACTH. This is consistent with

our finding in the RNA-scope experiment in which we found that the FSH receptor is expressed in

corticotropes. We wondered if these results were specific for mice. Re-analysis of bulk RNA-seq data

confirmed that FSHR is also not expressed in the human liver (Figure 34A) (Brosch et al., 2018). In

total, 19 donors were used (6 males, 13 females in that study). In addition, based on recent data, we

found that single-cell transcriptional RNA sequencing of human pituitary confirms the expression of

FSH receptor in corticotropes as well as in pituitary stem cells and in cycling cells (CC) (Zhang et al.,

2020) (Figure 34B).
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Figure 34: Human corticotropes express the FSH receptor. (A) Detailed genomic view of the FSHR locus from
RNA-seq data. The IGV browser was used to visualize the genomic loci of FSHR. Data were extracted from a
published human liver RNA-seq database (Brosch et al., 2018). In total, 19 donors were used (6 males, 13 females).
No reads were mapped in this region. (B) FSHR expression in human pituitary, cell types are shown as follows:
stem cells (Stem), cycling cells (CC), corticotropes, progenitors of the PIT-1 lineage (Pro.PIT1), somatotropes,
lactotropes, thyrotropes, precursors of gonadotropes (Pre.Gonado) and gonadotropes. Data were extracted from a
published single cell RNA-seq database from the human pituitary (Zhang et al., 2020).

Subsequent hormone analysis revealed that gonadotrope ablation either in intact or ovariectomized
females resulted in significantly elevated plasma corticosterone levels, whereas FSH injections were
sufficient in both intact and ovariectomized mice on HFD to reduce the plasma corticosterone
concentrations (Figure 35A). Corticotropes release ACTH to control the release of GCs in the adrenal
gland. GCs have been shown to exert important regulation over steatosis (Quinn et al., 2018). Therefore,
we hypothesized that FSH reduces the release of corticosterone through paracrine signaling in the
pituitary leading to decreased ACTH release and thus reduced steatosis. To test this hypothesis, the

plasma corticosterone levels of the treated mice were determined. Taken together, these findings were
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consistent with our RNA-scope experiments in which we observed Fshr expression in corticotropes
(Figure 35B) and demonstrated that FSH reduced corticosterone release (Figure 35A). Finally, to
functionally analyze paracrine FSH action in the pituitary, we used a viral approach to deliver CRISPR-
Cas9 system to specifically disrupt FSH receptor expression in the pituitary. We stereotaxically injected
an adeno-associated virus (AAV) containing Cas9 in combination with a guide RNA targeting the FSH
receptor into the mouse pituitary to knock out Fshr expression (Figure 36A). 8 weeks after the
stereotaxic injection within the pituitary of intact female mice, we found that these mice developed
hepatic steatosis (Figure 36B-D). Taken together, these data demonstrate that paracrine FSH action on
corticotropes in the pituitary regulates hepatic lipid metabolism by reducing ACTH and subsequently
corticosterone secretion.

8001

600+ "

ACTH
Bisbenzimide

Figure 35: Increased corticosterone plasma levels after acute gonadotrope ablation. (A) Plasma
corticosterone levels from control and experimental female mice. (B) Colocalization of Fshr mMRNA (RNA scope,
filled arrowhead) and ACTH; (scale bar = 100 um). Error bars represent standard error mean. * = P < 0.05, ** =
P <0.01and *** =P < 0.001.
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Figure 36: Paracrine FSH actions in the pituitary prevent hepatic steatosis in female mice. (A) Experimental
strategy to disrupt Fshr expression in the pituitary, AAV-Cas9 with or without guide RNA was injected. (B)
Quantification of liver ORO staining (C, D) Representative image of liver section staining with Oil Red O from
AAV-Cas9 (with or without guide RNA against follicle-stimulating hormone receptor; Fshr) pituitary-injected
mice, scale bars = 50 pm. Error bars represent standard error mean. ** = P < 0.01.

Ultimately, these findings highlight the potential clinical benefit of FSH receptor agonism for the

treatment of metabolic syndrome and also open up the possibility of drug repurposing for FSH.
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Discussion

NAFLD is a complex disease with a rapidly rising global prevalence. Despite numerous attempts, the
underlying mechanisms responsible for NAFLD are still not completely understood. Several pathogenic
pathways have been described to be involved in the development and progression of NAFLD.
Treatments of NAFLD were originally intended to treat diabetes and other metabolic disorders. In the
last decades, the most widely used strategy was to block de novo lipid synthesis in the liver. Inhibition
of lipid transport from adipose tissue to the liver has also been used as another treatment approach
(Smeuninx et al., 2020).

Osteoporosis has been a leading public health problem in aging human beings. Patients with
osteoporosis are known to have increased osteoclast activity and are at a higher risk of bone fracture and
mortality. The tightly regulated linkage of bone production and resorption is essential for skeletal
homeostasis and bone remodeling. While the gonadal sex steroid hormones play a key role in bone
metabolism, recent studies reported an essential role of other reproductive hormones in bone physiology
independent of their role in reproduction.

Moreover, the extragonadal function of FSH has been one of the most strident topics in the last years.
Several studies have shown that the action of FSH on the FSHR plays a key role in the metabolism

regulation in several organs.

4.1 The HPG-axis controls distinct aspects of the metabolic syndrome

Metabolic disorders such as obesity have been well investigated and shown to play a crucial role in
various reproductive disorders including PCOS and infertility. Despite intense research on this topic,
the role of HPG-axis dysfunction in metabolic disorders has been difficult to study. The molecular
drivers of menopause-induced metabolic dysfunction are not completely known. In the present study,
we disrupted the HPG-axis in adult mice by acute ablation of gonadotropes (by injecting DT into mice
exclusively expressing DT-receptors on Gnrhr-expressing cells) which induced serious metabolic
disorders including obesity, glucose intolerance, and insulin intolerance, especially in females. This
significant and reproducible effect suggests that gonadotropes regulate metabolic homeostasis in a sex-
specific way. Another interesting finding from this experiment was that both sexes developed fatty liver
and bone loss. In this thesis, FSH was identified as a new player in the HPA-axis in the regulation of
hepatic steatosis. Kisspeptin is the most potent activator of GnRH neurons discovered thus far and has
been shown, along with its receptor GPR54, to be an indispensable component of the molecular
machinery driving puberty and fertility in mice and man (Seminara et al., 2003). There are several
studies which suggest that the Kissl gene responsible for Kisspeptin expression is also expressed in
several peripheral tissues, including metabolic tissues such as the fat, liver, ovary and testis (Wolfe &

Hussain, 2018). This observation suggests that kisspeptin plays a role in metabolism. Tolson et.al.
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reported in 2014 that female Kkisspeptin receptor knock-out (Kisslr KO) mice showed dramatically
higher leptin levels, body weight, and adiposity (Tolson et al., 2014). In addition, these animals also
displayed impaired glucose tolerance. However, kisspeptin receptor knock-out males did not show
significant changes in either body weight or glucose tolerance (Tolson et al., 2014). Several studies
investigated the contribution of AR deficiency to the development of insulin resistance and its role in
inducing fatty liver and osteoporosis in both sexes (Yu, Lin, Sparks, Yeh & Chang, 2014). The
underlying mechanism by which androgens regulate metabolic homeostasis is complex. This outcome
of testosterone deficiency characterized by obesity, development of diabetes, insulin resistance, and
cardiovascular complications has also been observed in prostate cancer patients which received
androgen-deprivation therapy (Yu et al., 2014).

In 2018, Quinn et al. reported that ovariectomized mice developed increased body weight, steatosis, and
insulin resistance (Quinn et al., 2018). The authors showed that the underlying cause driving steatosis
in hypogonadal female mice was hepatic GC signaling, and that hepatocyte-specific GR knock-out
protected mice from developing ovariectomy-induced steatosis (Quinn et al., 2018). Estradiol could
block the development of obesity and insulin resistance following ovariectomy. However, in this study
we observed that FSH reduced weight gain and improved glucose tolerance in the absence of either
ovarian or supplemented estradiol.

In this study, we decided to dissect the role of the gonadotrope cells independent of sex steroid
hormones. We developed an experimental strategy for gonadectomy (ovariectomized or castrated) with
sex hormone replacement. By performing this strategy in the GRIC/R26-iDTR mouse model, we have
shown that the majority of metabolic disorders caused by gonadotrope ablation are gonad-dependent.
However, the fatty liver development seen in females is gonad-independent. Our results indicate that
the response of bone metabolism to FSH requires the presence of functional ovaries.

While sex hormones have been well studied to have fundamental contributions to bone loss, whether
gonadotropins and in particular FSH have a direct effect on bone tissue is still under debate.
Osteoporosis after gonadectomy has been attributed to decreased sex hormone levels. Several studies
challenged this view by reporting that gonadotropins, FSH in particular, directly regulate bone
metabolism. In 2006, Sun et al. demonstrated that globally knocking out either FSHf or FSHR in female
mice resulted in hypogonadism without bone loss, suggesting a negative role of FSH on bone (Sun et
al., 2006). Combined with in vitro studies, the authors speculated that this effect of FSH on bone
metabolism is direct and independent of estrogen. Based on these results, Sun et al concluded that “high
circulating FSH causes hypogonadal bone loss” (Sun et al., 2006). One caveat we need to consider is
that these conclusions were based on global genetic knock-out strategies, i.e. FSHB or FSHR were
removed in the germline in these animals. Since FSH signaling is one key regulator of sexual maturation,
a global knock-out of FSH or FSHR could have developmental effects including compensation in these
models. However, Khosla et al. noted in a later publication that the FSHp and FSHR null mouse model

displayed anomalies in essential hormones including testosterone and LH levels which were up to 10
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folds increased in female mice (Danilovich et al., 2000; Abel, Huhtaniemi, Pakarinen, Kumar &
Charlton, 2003; Khosla et al., 2020).

Likewise, Allan et al. generated transgenic female mice over-expressing human FSH (TgFSH) (Allan
etal., 2010). They found that this mouse model had a bone mass which was increased, markedly elevated
tibial and vertebral trabecular bone volume, in a dose-dependent manner. This effect was also observed
in mice lacking GnRH expression and thus endogenous secretion of LH and FSH (Allan et al., 2010),
suggesting that FSH-induced bone mass increased occurred independently of background LH or
estradiol level.

Furthermore, ovariectomy reversed the increase in bone mass found in TgFSH-HPG mice, suggesting
once again the role of ovarian factors (e.g. increased testosterone or other factors) in mediating FSH
actions not in lowering, but rather increasing bone mass. It's important to note that the ovary produces
both activins and inhibins. Bone resorption is suppressed by inhibins, whereas bone growth is increased
by activins (Nicks, Perrien, Akel, Suva & Gaddy, 2009).

A polyclonal antibody targeting the FSH B-subunit enhanced bone mass and, interestingly, reduced fat
tissue as reported recently by the Zaidi laboratory. Identical findings using monoclonal antibodies were
later reported by the same group (Liu et al., 2017).

In 2021, Zhou et al. reported that FSH regulates bone metabolism independent of Fshr in osteoclasts.
They showed that Fshr knock-out in osteoclasts did not protect mice from ovariectomy-induced bone
loss. Moreover, Fshr expression was low to undetectable in both a murine monocyte cell line which had
been differentiated into osteoclasts and in primary murine osteoclasts. Here, by using complementary
approaches in mice, we demonstrate unequivocally that gonadotropins influence bone metabolism
indirectly via sex steroid production and not by direct action on bone. Consistent with this, Fshr and
Lhcgr expression were low to undetectable in a murine monocyte cell line differentiated into an
osteoclast cell line or in primary murine osteoclasts (Figure 37A-D). Moreover, FSH did not
significantly affect RANKL-stimulated expression of osteoclast-specific genes in these cells (Figure
37E-L).
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Figure 37: FSH regulates bone metabolism independent of Fshr in osteoclasts. (A) Fshr and (B) Lhcgr
expression levels in RAW 264.7 cells in response to the indicated treatments. (C) Expression levels of Fshr and
(D) Lhcgr in primary murine monocytes under different treatment conditions (note that M-CSF was added in all
cases). Ovary RNA was included as a positive control. Fshr levels are plotted relative to the no-ligand or M-CSF-
only treatment conditions. Lhcgr expression levels were plotted relative to the ovary as no signal was detected in
the cells under any conditions. (E) Expression levels of four osteoclast differentiation markers: receptor activator
of nuclear factor kB (RANK), (F) tartrate-resistant acid phosphatase (Trap), (G) cathepsin k (Ctsk), and (H) matrix
metalloproteinase 9 (Mmp-9) in RAW 264.7 cells in response to the indicated treatments. (1) Expression levels of
RANK, (J) Trap, (K) Ctsk, and (L) Mmp-9 in primary murine monocytes in response to the different treatments.
Adapted from (Zhou 2021, Thesis (MSc) McGill University, Montreal, Canada).
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For us as endocrinology researchers, the integration of the clinical results is fundamental. The evaluation
of patients not only includes static hormone measurements, but also classical stimulation or suppression
tests that usually identify the underlying pathology. For example, a baseline cortisol level alone is
definitively not a diagnostic marker of Cushing's syndrome, however, an additional cortisol suppression
testing is required for an accurate diagnosis. Stimulation tests, on the other hand, are frequently required
to identify adrenal insufficiency. The FSH-bone axis has been studied in both women and men using
identical suppression and stimulation techniques. Omodei et al. stimulated the FSH level in infertile
women undergoing in vitro fertilization procedures using recombinant FSH (rFSH) (Omodei et al.,
2013). At the same time, Omodei et al. used pharmacotherapy (GnRH-analogon) to suppress the
production of endogenous gonadotropins and estrogen in 29 premenopausal women. In this clinical
model, they evaluated the sequential profile of serum bone turnover markers including osteocalcin and
c-telopeptides of type-1 collagen (CTX). They found that the change in the bone resorption marker was
proportional to the change in estrogen but not FSH levels in postmenopausal women (Omodei et al.,
2013).

To address the same issue in men, Uihlein et al. randomized 58 eugonadal men between the ages of 20
and 50, which received monthly GnRH analogue injections (Uihlein, Finkelstein, Lee & Leder, 2014).
The intervention group received a topical testosterone gel, while the control group received a placebo,
daily for 16 weeks. The authors concluded that FSH does not appear to have a direct effect on bone
turnover (Uihlein et al., 2014).

Reproductive dysfunction such as hypogonadism in humans has been reported in clinical studies to be
involved in the development of obesity, diabetes, and fatty liver (NAFLD) (Venetsanaki & Polyzos,
2019). However, whether gonadotropins have a direct role in metabolic disorders is still not well
analyzed, despite clinical studies suggesting that FSH was negatively associated with NAFLD in aged
women. However, preclinical studies using global knock-out mice have reported controversial
phenomena (Danilovich et al., 2000; Sun et al., 2006; Allan et al., 2010). Since FSH is the key regulator
of gonadal development, these complex phenomena could be a result of the early onset of disrupting the
entire reproductive system. By manipulating gonadotropes in adult mice combined with gonadectomy
and sex hormone replacement, we dissected the acute gonad-dependent or gonad-independent function

of gonadotropes on metabolic disorders without disrupting the development of the reproductive system.

The GRIC/eR26-DREADD mouse model is a powerful tool to delineate FSH function in several tissues
including liver and bone. Chemogenetic activation of gonadotropes in these mice resulted in
improvements in metabolic function, glucose tolerance, and hepatic steatosis, revealing a potential effect
of gonadotropes in liver and bone metabolism. Our subsequent experiments further demonstrated that
daily FSH injections in ovariectomized mice on a HFD improved the fatty liver phenotype and hepatic
lipid metabolism. Multiple lines of evidence support the idea that FSH signaling has a role beyond that

in the reproductive system, as a regulator of metabolism.

60



Discussion

In 2018, Quinn et al. found that two of the three major GR target genes (PLIN5, LCN2, and LPIN1)
were significantly downregulated in the livers of FSH-treated mice. Perilipin-5 (PLIN-5) is a member
of the perilipin family that plays a key role in the regulation of triglyceride metabolism (Granneman,
Moore, Mottillo, Zhu & Zhou, 2011). The underlying mechanism is still not well understood. Briefly,
there are several studies showing that PLIN-5 is highly expressed in tissues which have high triglyceride
storage such as the skeletal muscle, heart, and liver (Yamaguchi, Matsushita, Motojima, Hirose & Osumi,
2006). Lipocalin 2 (LCN-2) is a transporter of small lipophilic molecules including steroids and fatty
acids in the blood circulation (Asimakopoulou, Weiskirchen & Weiskirchen, 2016). LCN-2 is highly
expressed in the liver, kidney and heart (Aigner et al., 2007). Studies have reported that the lack of the
LCN-2 gene in mice leads to an increased accumulation of lipids in the liver (Asimakopoulou et al.,
2016). Furthermore, Lipin-1 (LPIN1) is suggested to have a function in human triglyceride metabolism
(Loos et al., 2007).

In aging women, FSH activity has been proposed to promote obesity and bone loss independently of
estradiol deficiency (Sun et al., 2006; Wang et al., 2016). In line with this finding, a recent study (Guo
et al., 2019) has demonstrated that FSH increases serum cholesterol levels independent of estrogen,
through de novo cholesterol biosynthesis via activation of the Gi2a/B-arrestin-2/Akt pathway and
subsequent inhibition of FoxO1 binding to the SREBP-2 promoter. FoxO1 is a member of the Forkhead
transcription factor superfamily, which has been linked to a variety of human disorders and
developmental processes (Hannenhalli & Kaestner, 2009). FOXO1 plays a key role in homeostasis of
glucose signaling and is known as a regulator of hepatic gluconeogenesis in response to insulin
signaling. Consistent with this, it was also shown that blocking FSH signaling effectively prevents
hypercholesteremia induced by FSH intraperitoneal injections or by high-cholesterol diet feeding. This
finding was based on blocking FSH signaling by an anti-FSHp antibody, as specific antibodies against
the FSHR are not currently available (Chrusciel, Ponikwicka-Tyszko, Wolczynski, Huhtaniemi &
Rahman, 2019).
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4.2 Extra-gonadal FSH actions

FSH has been reported to have extragonadal actions, most predominantly in liver and bone metabolism,
however, the mechanisms underlying this action are still not clear. By screening for FSHR expression,
we identified the pituitary as a target organ of FSH. Using in vitro pituitary stimulation assays, we could
show significantly elevated plasma GC levels as a result of FSH sequestration by a monoclonal antibody
targeting FSH. The anterior pituitary gland orchestrates inter-organ communication via the coordinated
release of distinct hormones produced by five different cell types (Le Tissier et al., 2017). Recent studies
suggest that the individual hormone-secreting cells in the pituitary are organized in networks (Le Tissier
et al., 2017). While these experiments had thus far mainly focused on analyzing the activities of cells
that secrete the same hormone, some anatomical observations had long fueled speculations about
communication between different hormone-secreting cell populations within the pituitary (Budry et al.,
2011). Specifically, gonadotropes were found to be invariantly positioned in close proximity to
corticotropes, raising the possibility of crosstalk between these two hormone-secreting cell populations.
If and how gonadotropes and corticotropes communicate with each other and how this potential
interaction might impinge on body homeostasis had remained mysterious. In this study, we revealed that
FSH paracrine signaling, most likely in the corticotropes, regulates the liver metabolism and mediates,

via gonadal sex steroid hormones, indirect effects on bone physiology (Figure 38).
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Figure 38: FSH receptor expression in the pituitary. Model of gonadotrope actions on the gonads and the
pituitary. The demonstration of paracrine signaling within the pituitary -most likely to corticotropes- is essential
to prevent the development of hepatic steatosis. (filled black arrow illustrates gonadotrope actions on the gonads;
dashed black arrow indicates indirect gonadotrope effects on pancreas and bone via sex steroids released by the
gonads; filled red arrow indicates corticotrope on the adrenal cortex (via paracrine FSH intra-pituitary action);
dashed red arrow indicates the effect of elevated corticosterone levels on the liver).

Interestingly, by revisiting a human pituitary single cell RNA-seq database (Zhang et al., 2020), FSHR
was indeed expressed in the corticotropes but not in other hormone-producing cells in the pituitary.

gPCR analysis revealed significant expression of Fshr in the pituitary but not in the liver (Figure 31,
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32). The anterior pituitary gland is a key regulator of mammalian body homeostasis and communication
between different organs via the coordinated release of distinct hormones (Friesen & Astwood, 1965).
Different pituitary cell types produce growth hormone, prolactin, thyroid-stimulating hormone,
adrenocorticotropic hormone, or gonadotropins, which act on distinct target organs. However,
communication between the gonadotrope and corticotrope cell networks is bidirectional. While
gonadotropes act via paracrine FSH action on corticotropes in adults, the establishment of the
corticotrope network controls the anatomical organization of the gonadotrope network during fetal
development (Budry et al., 2011). The inverse functional inter-network communication between these
two endocrine cell populations may also provide an explanation for why gonadotropes and corticotropes
are intermingled and invariantly positioned in close proximity to each other in the gland (Budry et al.,
2011) (Figure 34). These findings suggest that FSH might have elicited biological effects through the
action in the pituitary. This has revealed a potential mechanism by which the FSH level might regulate
lipid metabolism through the corticotropes and hepatic GR signaling.

FSHR has been reported to be expressed in several extragonadal tissues (Chrusciel et al., 2019). In our
studies, we found that FSH- receptor was detected only in two tissues, the ovary and the pituitary (Figure
31,32). These data provide the first clear evidence in the pituitary in vivo for an emerging endocrine
paradigm; the structural and functional organization of one endocrine cell type can impinge on the
functioning of other endocrine cells within the same gland. Other important examples include pancreatic
islets in which alpha glucagon cells act on beta cells (Gromada, Chabosseau & Rutter, 2018). Several
studies have provided evidence that insulin suppresses glucagon secretion (Kawamori et al., 2009). This
effect could be mediated directly via insulin receptors on the alpha cells or indirectly via increased
somatostatin secretion from neighboring delta cells (Gromada, Chabosseau & Rutter, 2018).
Throughout these experiments, we have investigated the function of one of the gonadotropins, FSH,
extensively in the development of metabolic syndrome. Until now, we have not yet studied the
functional role of the other gonadotropin, LH, in this syndrome. To investigate this further, our lab has
generated a new Cre driver mouse line, LHRT465I-IRES-CRE, in which Cre expression is driven by
the LHR promoter, giving us genetic access to major cell types of the reproductive axis. This mouse line
also carries a mutation in the LHR gene, which was identified in infertile patients. By crossing this
mouse line with the reporter mouse line tGFP, we will be able to map LHR expression in different
genders, tissues, and developmental stages of mice. Furthermore, by comparing the homozygous
genotype with wild type littermates, we can extensively study the function of LH in the development of

metabolic syndrome.

Our findings demonstrating functional crosstalk between gonadotropes and corticotropes now set the
stage to look at additional means of communication between different hormonal cell types in the anterior
pituitary gland. Progress should be facilitated by the technical advances presented here using stereotactic

injections of Cre-dependent AAVs carrying specific guide RNAs into the pituitary to achieve gene
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conditional knock-outs in this tissue representing a major temporal advantage over classical gene
targeting techniques (Candlish, De Angelis, G6tz & Boehm, 2015). Furthermore, adaptation of this
technique to include several guide RNAs should allow to knock out multiple genes simultaneously,
providing an additional temporal and spatial advantage and also allowing to reduce the number of
animals needed for multiple gene knock-outs.

Finally, these results highlight the potential clinical utility of FSH receptor agonism for the treatment of

metabolic syndrome and also open the possibility of drug repurposing for FSH.

4.3 FSH: a new therapeutic avenue?

The excessive accumulation of fat in the liver causes NAFLD. Moreover, steatosis can progress to
NASH. NASH is frequently associated with metabolic disorders including dyslipidemia, obesity, and
diabetes (Eckel, Grundy & Zimmet, 2005). Despite the fact that >25% of the world's population suffer
from NAFLD, there is until now no effective treatment for NASH or NAFLD (Estes et al., 2018). In our
study, we found that FSH plays a key role in body homeostasis and symptoms of metabolic disorders.

Reproductive axis dysfunction has previously been implicated in the development of metabolic
disorders. For example, estrogens have been reported to have a protective role in postmenopausal
women against NAFLD and osteoporosis but also have strong adverse effects leading to breast cancer
and other undesirable side effects (Hart-Unger et al., 2017). This has led us to develop another targeting
strategy against NAFLD based on our findings of the essential role of FSH in body homeostasis. Several
publications suggest that estrogen signaling modulates the risk of NAFLD. Additionally, women with
congenital estrogen deficiency as a result of Turners syndrome are at high risk for developing NAFLD.
Similarly, men with congenital testosterone deficiency as a result of Klinefelter syndrome (47, XXY)
are four times more likely to develop the metabolic syndrome (Ishikawa, Yamaguchi, Kondo, Takenaka
& Fujisawa, 2008). Moreover, the suppression of the reproductive axis in men using GnRH analogs, as
for the treatment of prostate cancer, triggers weight gain, bone loss, and insulin resistance (M. R. Smith
et al., 2001; S. M. Smith & Vale, 2006). In my thesis, we found that both chronic chemogenetic
activation of gonadotropes and FSH administration improves the symptoms of metabolic syndrome in
hypogonadal female mice. This supports our hypothesis that FSH acting via its receptor (FSHR)
activates paracrine trophic effects in the pituitary on corticotrope cells.

Gonadotropins are known to be essential regulators of reproductive organs. However, some studies have
demonstrated that the interaction between FSH and its receptors plays physiological roles in fat and
bone tissues. Our data do not support the previous model of FSH action in bone. Instead, by using
complementary approaches in mice, we demonstrate unequivocally that gonadotropins influence bone
metabolism indirectly via sex steroid production and not by direct action on bone. Loss of sex hormones
was previously described to contribute to bone loss; however, direct FSH effects on bone were debated
(Baron et.al., 2006; Seibel, Dunstan, Zhou, Allan & Handelsman, 2006). While osteoporosis after
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gonadectomy had been attributed to decreased sex hormone levels (Riggs et al., 2002), several studies
challenged this view by reporting that FSH directly regulated bone metabolism. Global FSHf or FSHR
knock-out in female mice resulted in hypogonadism without bone loss, consistent with a protective role
for FSH on bone (L. Sun et al., 2006). Combined with in vitro studies, the authors speculated that this
effect of FSH on bone metabolism is direct and independent of estrogen. One caveat we need to consider
is that FSHP or FSHR were removed in the germline in these animals. Since FSH signaling is one key
regulator of sexual maturation, a global knock-out of FSHf3 or FSHR could have developmental effects
including compensation in these models. Therefore, the reported bone phenotype could for example
result from elevated LH and/or testosterone levels as reported (Danilovich et al., 2000).

Our findings, that FSH injection reduces weight gain and improved glucose tolerance in the absence of
either ovarian or supplemented estradiol, highlight the potential clinical benefit of FSH receptor
agonism. Therapeutics that target FSH signaling in the pituitary, when combined, may offer new therapy
options for postmenopausal steatosis and osteoporosis. Immunoglobulins, doubly active chimeric
gonadotropins, and allosteric ligands bound to FSH could be promising candidates for future tailored

pharmaceutical treatments for these individuals.
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Conclusions

Our data reveal a crucial role for the reproductive system in preventing metabolic syndrome-like
symptoms in female mice. The ablation of gonadotropes or ovariectomy were both sufficient to trigger
weight gain, decrease insulin sensitivity and cause hepatic steatosis in female mice however
ovariectomy alone was insufficient to cause hepatic steatosis, pointing to the role of the gonadotropes
independent of the gonads. By knocking out the Fshr within the pituitary using a viral CRISPR/Cas9
approach we were able to demonstrate that paracrine signaling within the pituitary — most likely to
corticotropes — is essential to prevent the development of hepatic steatosis. Consistent with this, FSH
injections or chemogenetic gonadotrope activation (which drives FSH secretion) improved liver
pathology. Despite demonstrating a clear role for estradiol in preventing the development of obesity and
decreased insulin sensitivity, FSH injection and gonadotrope activation both reduced weight gain and
improved glucose tolerance. This occurred in the absence of either ovarian or supplemented estradiol.
Sex hormones have been well studied to have fundamental contributions to bone loss. However, whether
gonadotropins - especially FSH - have direct effects on bone tissue is still under debate. In our study,
by using complementary approaches of genetic mouse models, we demonstrate unequivocally that
gonadotropins prevent bone loss via gonadal sex steroid production in both males and females.

The extra-gonadal actions of gonadotropins, especially FSH, were not previously reported. However,
the mechanism underlying these actions is still not clear. By screening for the FSH receptor expression,
we identified the pituitary as a target organ of FSH. By in vitro pituitary stimulation assay, plasma GC
level measurement, and especially disruption of FSHR in the pituitary, we revealed an FSH paracrine
signaling mechanism, most likely in the corticotropes, regulating the liver metabolism. Interestingly, by
re-analysis of a human pituitary single cell RNA-seq database, we confirmed that FSHR is indeed
expressed in the corticotropes but not in other hormone-producing cells in the pituitary, indicating
potential translation of our preclinical observations to patients. These findings revealed a potential
mechanism through which FSH might regulate lipid metabolism through the corticotropes and hepatic

GR signaling, which make FSH a potential therapeutic option for steatosis.
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