The
University
Of
Sheffield.

Irina-Alexandra Bacila

Understanding the Metabolic Problems in Patients with

Congenital Adrenal Hyperplasia

Thesis submitted to The University of Sheffield

for the degree of Doctor of Philosophy

August 2022



TABLE OF CONTENTS

Acknowledgements

List of publications

List of abbreviations

List of figures
List of tables

Summary

1. Introduction

11
1.2
13
14

Human adrenal steroid biosynthesis
The roles of glucocorticoids in human metabolism
Congenital adrenal hyperplasia

Current evidence on the metabolic effects of glucocorticoid deficiency

1.4.1 Animal studies

1.4.1.1 Studies that explored specifically the effect of glucocorticoid deficiency on metabolism
1.4.1.2 Studies that explored the effect of glucocorticoid deficiency on food intake regulation
1.4.1.3 Studies that explored specifically cardio-vascular effects of glucocorticoid deficiency

1.4.2 Clinical studies
1.4.3 Interpretation and summary of published evidence

15

Zebrafish as a research model of steroid hormone deficiency

1.5.1 Specification and morphogenesis of the zebrafish interrenal gland
1.5.2 Genes involved in zebrafish steroidogenesis

1.5.3 The study of steroidogenic enzyme deficiencies in the zebrafish model
1.5.4 Glucose and fat metabolism in zebrafish

1.6. Aim and Objectives
2. Methodology

2.1 Clinical research: The metabolic profile of patients with CAH in relation to the hormonal

profile
2.1.1 Data collection
2.1.2 Statistical analysis

2.2 Basic science research: The metabolic profile and transcriptome of cyp21a2 mutant
zebrafish

2.2.1 Zebrafish husbandry

2.2.2 Genotyping cyp21a2 mutants

2.2.3 Morphological analysis and blood sugar measurement

2.2.4 Haematoxylin and eosin (H&E) staining

2.2.5 Gene expression analysis by reverse transcription - quantitative PCR (RT -gPCR)

2.2.5.1 Primer design and establishing primer efficacy

2.2.6 Steroid measurement from adult fish
2.2.7 Statistical analysis
2.2.8 RNA sequencing and transcriptomic analysis of zebrafish larvae and adult livers

2.2.8.1 RNA sequencing

2.2.8.2 Pre-processing of RNA sequencing raw data

2.2.8.3 Differential gene expression analysis following RNA sequencing
2.2.8.4 Gene ontology (GO) term overrepresentation

2.2.8.5 Gene set enrichment analysis

O 0 O O Un

11
13
14
19
21

24
25
25
28
30
30
32

35
36
39
42
45

49
53

53
55
57

58
58
59
60
61
62
63
65
66
66
67
67
68
68
69



2.2.8.6 Exploring associations with human pathology

69

3. The metabolic profile of patients with CAH in relation to hormonal profiles 70

3.1 Results
3.1.1 Study participants
3.1.2 Glucocorticoid replacement therapy
3.1.3 Mineralocorticoid replacement therapy
3.1.4 Biochemical markers of control
3.1.5 Clinical and anthropometric characteristics
3.1.6 Biochemical markers of metabolic risk
3.1.7 Adipokine analysis in CAH patients

3.2 Discussion

4. Plasma metabolomes and their association with steroid replacement in

patients with CAH
4.1 Results

4.1.1 Associations between the glucocorticoid treatment and plasma metabolites in CAH patients

4.1.2 Associations between plasma metabolites and other variables

4.2 Discussion

5. Metabolic analysis of cyp21a2 function in adult zebrafish

70
70
71
73
75
79
83
85

93

102

102
102
114

117
125

5.1 Cortisol-deficient adult cyp21a2 mutant zebrafish are larger and have increased fat mass

compared to wild type siblings
5.1.1 Results

5.1.1.1 Morphological characterisation of cyp21a2 deficient 18 months old zebrafish

5.1.1.2 Blood glucose measurements

5.1.1.3 Liver histology sections

5.1.1.4 Whole body steroids in adult cyp21a2 fish
5.1.2 Discussion

5.2 Cyp21a2 is required to promote expression of genes involved in gluconeogenesis in

zebrafish larvae and adult livers
5.2.1 Results
5.2.2 Discussion

6. Transcriptomic analysis of cyp21a2 function in zebrafish

125
125
125
130
131
133
135

139
139
144

148

6.1 Cyp21a2 deficiency causes marked downregulation of energy homeostasis and metabolic

processes in larvae and adult livers
6.1.1 Results
6.1.1.1 Quality control of samples in larvae and livers
6.1.1.2 Transcriptomic profile of cyp21a2-/- larvae
6.1.1.3 Transcriptomic profile of cyp21a2-/- adult livers
6.1.2 Transcriptomic analysis of cyp11a2-/- adult livers

6. 2 Discussion

6.2.1 The quality of the RNA sequencing data

6.2.2 Differential gene expression results and comparison to qPCR

6.2.3 Dysregulation of biological processes in cyp21a2 deficient zebrafish
6.2.3.1 Transcriptomic analysis of cyp21a2-/- larvae
6.2.3.2 Transcriptomic analysis of cyp21a2 male adult livers

6.2.4 Differential gene expression in the cyp11a2 adult livers

6.2.5 Overall conclusions from the transcriptomic analysis

7. Summary and final conclusions

148
148
148
154
177
200

209
209
210
212
213
218
222
224

226

3



7.1 Conclusions from the clinical research on patients with 21-hydroxylase deficiency
7.2 Conclusions from research on the cyp21a2-/- zebrafish model
7.3 Combining basic science with clinical research
7.4 Limitations and other considerations
Appendix
References

226
229
234
236
240
255



Acknowledgements

This thesis and the wonderful experience of the research work that led to it would not
have been possible without my academic supervisor Nils Krone, who gave me the
opportunity to work within his research team, supporting and guiding me throughout
the process. My second supervisor Vincent Cunliffe made me welcome in his
laboratory and patiently helped me develop my skills and knowledge in molecular
biology. | am also grateful to the other members of the Krone/Cunliffe laboratory team
Lara Oberski, Nan Li, James Oakes and Jake Pavely, who provided invaluable help
and teaching, while creating a very pleasant working environment. My thanks also go
to my colleague Neil Lawrence, whose passion for numbers materialised as very
helpful statistical advice for the clinical research in my project. A great number of
people are to be thanked for technical support, including Maggie Glover and the
aquarium staff. Finally, | would like to thank my wonderful family for their continual

support, warm encouragement, and unfaltering faith in my potential.



List of publications

Bacila, I. A., et al. 2019. "Update on adrenal steroid hormone biosynthesis and clinical
implications." Arch Dis Child 104(12): 1223-1228. DOI: 10.1136/archdischild-2017-313873

Bacila, I., et al 2019. "Measurement of salivary adrenal-specific androgens as biomarkers of
therapy control in 21-hydroxylase deficiency." J Clin Endocrinol Metab 104(12): 6417-6429.
DOI: 10.1210/jc.2019-00031

Bacila, 1., et al 2021. "Interrenal development and function in zebrafish." Mol Cell Endocrinol
535: 111372. DOI: 10.1016/[.mce.2021.111372

Bacila, I., et al 2022. "Health status of Children and young persons with congenital adrenal
hyperplasia in the UK (CAH-UK): a cross-sectional multi-centre study." Eur J Endocrinol
187(4):543-553. DOI: 10.1530/EJE-21-1109

List of abbreviations

110HA: 11-hydroxyandrostenedione

11KT: 11-ketotestosterone

170HP: 17-hydroxyprogesterone

210HD: 21-hydroxylase deficiency

A4: androstenedione

acrpl: adiponectin gene

ACTH: Adrenocorticotropic hormone

Al: adrenal insufficiency

BMI: body mass index

BSA: Body surface area

CAH: congenital adrenal hyperplasia

cDNA: complementary DNA

cebpa: CCAAT/enhancer-binding protein gene
CRH: corticotrophin releasing hormone
CRISPR/Cas9: clustered regularly interspaced short palindromic repeats/ Cas9 endonuclease
CYP: cytochrome P450

CYP11A1 or P450scc: cholesterol side-chain cleavage enzyme
CYP11B1 or P450c11: 11beta-hydroxylase
CYP11B2 or P450c11AS: aldosterone synthase
Cyp11c1: zebrafish 11beta-hydroxylase
CYP17A1 or P450c17: 17 alpha-hydroxylase
CYP19A1 or P450aro: P450 aromatase
CYP21A2 or P450c21: 21-hydroxylase

DAX1: dosage-sensitive sex reversal, adrenal hypoplasia critical region, chromosome X, gene 1
DEGs: differentially expressed genes

DHEA: dehydroepiandrosterone

DHEAS: dehydroepiandrosterone sulphate
DHT: dihydrotestosterone

dpf: days post fertilisation

dph: dopamine-beta-hydroxylase

EDTA: Ethylenediaminetetraacetic acid

ef1a: elongation factor 1-alpha

ELISA: enzyme-linked immunosorbent assay
fabp11a: fatty acid binding protein 11a gene
fasn: fatty acid synthase gene

FDX1: ferredoxin

FDXR: ferredoxin reductase

ff1b: fiz-fl gene



fkbp5: FK506 binding protein 5

GC: glucocorticoid

gck: glucokinase gene

GLUT4: insulin-regulated glucose transporter

GO: gene ontology

GR: glucocorticoid receptor

GSEA: gene set enrichment analysis

hadha: Hydroxyacyl-CoA Dehydrogenase gene

HC: hydrocortisone

HDL.: high density lipoproteins

HE: Haematoxylin and eosine

hmgcr. 3-hydroxy-3-methylglutaryl coenzyme A reductase gene
HOMA-IR: Homeostatic Model of Insulin Resistance

HPA: hypothalamic-pituitary-adrenal axis

HPC: high performance computing

hpf: hours post fertilisation

HPI: hypothalamic-pituitary-interrenal axis

HSD/KSR: hydroxysteroid dehydrogenases/ketosteroid reductases
HSD11B1: 11-hydroxysteroid dehydrogenase type 1

HSD11B2: 11-hydroxysteroid dehydrogenase type 2

HSD17B3: 17-hydroxysteroid dehydrogenase type 3

HSD3B2: 3-hydroxysteroid dehydrogenase type 2

HSD17B5 or AKR1C3: 17-hydroxysteroid dehydrogenase type 5 or aldo-keto-reductase C3
insa: insulin gene

irs2a: insulin receptor substrate 2a gene

JAK-STAT: Janus kinase - signal transducer and activator of transcription (pathway)
LC-MS/MS: liquid chromatography tandem mass spectrometry
LDL: low density lipoproteins

lep: leptin gene

LFC: log fold change

Ipl; lipoprotein lipase gene

LXR: liver X receptor

MAPK: mitogen activated protein kinase (pathway)

MC: mineralocorticoid

Mc2r: zebrafish melanocortin receptor 2

MR: mineralocorticoid receptor

MRAP: melanocortin receptor 2 accessory protein

mz: mass ratio

mTOR: mechanistic target of rapamycin

NAD: nicotinamide adenine dinucleotide

NADPH: nicotinamide adenine dinucleotide phosphate (reduced form)
NAFLD: non-alcoholic fatty liver disease

NES: normalised enrichment score

NR3C1: Nuclear Receptor Subfamily 3 Group C Member 1 (GR)
NR3C2: Nuclear Receptor Subfamily 3 Group C Member 2 (MR)
PAP1: phosphatidic acid phosphatase 1

PBS: phosphate buffered saline

PCA: principal component analysis

PEPCK: Phosphoenolpyruvate carboxykinase

PCN: probabilistic quotient normalisation

PCOS: polycystic ovary syndrome

PKB/Akt: phosphatidylinositol 3-kinase / protein kinase B
POMC: proopiomelanocortin

POR: P450 oxidoreductase

pparg: peroxisome-proliferator activated receptor gamma gene
Prox1: encoding a prospero-related homeodomain protein

PVN: paraventricular nucleus

gPCR: quantitative polymerase chain reaction

rt: retention time

RT-qPCR: reverse transcription - quantitative polymerase chain reaction



rx3: retinal homebox gene 3

SDS: standard deviation score

SF1/Ad4BP (NR5A1): steroidogenic factor 1 human gene
SREBP: sterol-regulatory-element binding protein

srebf1: sterol regulatory element-binding protein 1 gene
StAR: steroidogenic acute regulatory protein

SULT2A: sulphonotransferase

T: testosterone

TALEN: transcription activator-like effector nuclease
VLDL: very low-density lipoproteins

UPLC-MS: Ultra-high-performance liquid-chromatography — mass spectrometry
WISH: whole mount in situ hybridisation

WT: wild type (zebrafish)

Wt1: Wilms tumour 1 transcription factor

List of figures

Figure 1.1. Diagram of adrenal steroid biosynthesis

Figure 1.2. Diagram of the hypothalamic - pituitary — adrenal axis

Figure 1.3. Blood cortisol profile over 24 hours

Figure 1.4. Summary of the effects of GC deficiency on metabolic pathways
Figure 1.5. Organogenesis and functional development of the interrenal gland
Figure 1.6. Schematic diagram of interrenal steroid biosynthesis

Figure 2.1. Genotyping results for the cyp21a2 fish, gel electrophoresis
Figure 3.1. Administration times for hydrocortisone doses

Figure 3.2. Daily replacement doses

Figure 3.3. Serum biomarkers

Figure 3.4. Plasma steroid concentrations

Figure 3.5. Plasma cortisol concentrations in patients and controls
Figure 3.6. Anthropometric characteristics in patients with CAH

Figure 3.7. Leptin and adiponectin vs BMI

Figure 3.8. Leptin in sex groups

Figure 3.9. Leptin in patients vs controls

Figure 3.10. Leptin vs GC dose

Figure 3.11. Leptin and insulin sensitivity

Figure 3.12. Adiponectin vs plasma androgens

Figure 4.1. Glycerophospholipids

Figure 4.2. Lysophospholipid

Figure 4.3. Sphingolipids, fatty acids, and triglycerides

Figure 4.4. GC replacement regime and lipid metabolites

Figure 4.5. Lipid metabolites vs time from GC dose

Figure 4.6. Protein and amino acid metabolites

Figure 4.7. Lipid metabolites vs BMI

Figure 4.8. Variations in lysophospholipids between BMI subgroups
Figure 4.9. Lipid metabolites vs plasma androgens

Figure 5.1. External phenotypes of cyp27a2 mutant and wild-type sibling fish
Figure 5.2. Weight and length measurements in cyp21a2 and cyp11a2 fish
Figure 5.3. Dissection images

Figure 5.4. Liver weight in Cyp21a2-deficient fish

Figure 5.5. Blood glucose in zebrafish

Figure 5.6. Histology sections liver

Figure 5.7. Whole body steroid measurements in cyp27a2 fish

Figure 5.8. Expression of fkbp5 in mutant larvae and livers

Figure 5.9. Glucose metabolism gPCR

Figure 5.10. Fat metabolism qPCR

Figure 6.1. Quality of sequencing data in larvae

Figure 6.2. Quality of sequencing data in adult livers



Figure 6.3. Sample variation in cyp21a2-/- mutant larvae

Figure 6.4. Differential gene expression in cyp21a2-/- mutant larvae
Figure 6.5. Gene ontology over-expression analysis in cyp21a2-/- larvae
Figure 6.6. Small molecule metabolism in cyp21a2-/- larvae

Figure 6.7. Gene set enrichment analysis in cyp27a2-/- larvae

Figure 6.8. Gene set enrichment analysis in cyp21a2-/- larvae (2)

Figure 6.9. Ribosome biosynthesis in cyp27a2-/- larvae

Figure 6.10.
Figure 6.11.
Figure 6.12.
Figure 6.13.
Figure 6.14.
Figure 6.15.
Figure 6.16.
Figure 6.17.
Figure 6.18.
Figure 6.19.
Figure 6.20.

Figure 6.21. Overlap between differentially expressed genes found in cyp271a2-/- larvae and

Mitochondrion organisation in cyp21a2-/- larvae

Mitotic cell cycle in cyp21a2-/- larvae

Dysregulated metabolic processes in cyp27a2-/- larvae

ATP metabolism in cyp21a2-/- larvae

Carbohydrate metabolism in cyp27a2-/- larvae

Response to peptide hormones and to nutrients in cyp271a2-/- larvae
Organic hydroxy compound metabolism in cyp21a2-/- larvae
Associations between larval cyp27a2-/- transcriptome and human disease
Inter-sample variations in cyp21a2 livers

Inter-sample variations in cyp21a2 male livers

Differentially expressed genes in the cyp27a2-/- adult male livers

adult livers
Figure 6.22. Gene ontology over-expression analysis in cyp21a2-/- male livers
Figure 6.23. Gene set enrichment analysis in cyp27a2-/- male livers
Figure 6.24. Gene set enrichment analysis in cyp27a2-/- male livers (2)
Figure 6.25. ATP metabolism in cyp21a2-/- male livers
Figure 6.26. Protein translation in cyp21a2-/- male livers
Figure 6.27. Immune response in cyp21a2-/- male livers
Figure 6.28. Dysregulated metabolic processes in cyp21a2-/- male livers
Figure 6.29. Lipid metabolism in cyp21a2-/- male livers
Figure 6.30. Protein catabolism in cyp21a2-/- male livers
Figure 6.31. Associations between liver cyp21a2-/- transcriptome and human disease
Figure 6.32. Quality of sequencing data in cyp717a2 male adult livers
Figure 6.33. Inter-sample variations in the cyp771a2 adult livers
Figure 6.34. Gene ontology over-expression analysis in cyp11a2-/- livers
Figure 6.35. Gene set enrichment analysis in cyp11a2-/- adult livers
Figure 6.36. ATP metabolism in cyp11a2-/- livers
Figure 6.37. Associations between liver cyp771a2-/- transcriptome and human disease
List of tables

Table 1. Clinical features of inborn conditions in the CAH group
Table 2.1. List of collaborating clinical centres

Table 2.2. Inclusion and exclusion criteria in the CAH-UK cohort
Table 2.3. gPCR Primers

Table 3.1. Demographic characteristics of participants

Table 3.2. Anthropometric data in patients and controls

Table 3.3. The results of biochemical investigations in patients with CAH
Table 4.1. Groups of metabolites

Table 4.2. Metabolites correlations with GC and FC dose

Table 6.1. Number of mapped reads for each larvae sample
Table 6.2. Number of mapped reads for each liver sample

Table 6.3. RNA sequencing vs qPCR results in cyp27a2 larvae

Table 6.4. Results of the gene ontology analysis for biological processes in GOrilla for

cyp21a2 larvae
Table 6.5. RNA sequencing vs qPCR results in cyp21a2 livers
Table 6.6. Results of the gene ontology analysis for biological processes in GOrilla in cyp21a2

livers

155
156
161
162
164
165
166
167
168
170
172
173
175
176
177
178
179
180

181
187
188
189
191
192
194
196
198
199
200
201
202
204
206
208
209

21
53
54
64
71
82
84
103
111
150
152
157

159
182

184



Table 6.7. Results of the gene ontology analysis for biological processes in GOrilla in cyp11a2
livers 203
Table 7.1 Key dysregulated biological processes in cyp27a2 larvae and livers 231

10



Summary

Introduction. The prevalence of metabolic disease is increased in congenital adrenal
hyperplasia (CAH) due to 21-hydroxylase deficiency (210HD), however, there is limited
knowledge regarding the mechanisms through which it occurs. Aim and objectives: (1)
Explore the health status of CAH juvenile patients, insisting on early signs of metabolic
disease; (2) Assess the metabolic phenotype and transcriptomic analysis of a 21-
hydroxylase deficient zebrafish model; (3) Compare the clinical and zebrafish data to
identify evolutionarily conserved and distinct aspects of the molecular mechanisms
underlying the pathophysiology of CAH. Methodology. Clinical and biological data from
a UK-wide multicentre study involving 107 children with 210HD were analysed. The
phenotype and transcriptome of cyp21a2-/- zebrafish mutants were compared to wild-
type siblings. Results. There was increased weight gain in CAH patients compared to
controls, a small number of patients also having abnormal lipid profiles. Leptin,
adiponectin and lipid metabolites correlated with the glucocorticoid dose, body mass
index, Homeostatic Model Assessment for Insulin Resistance and plasma androgens.
Adult cyp21a2-/- zebrafish mutants were larger, with more body fat compared to controls.
Differential gene expression and overrepresentation analysis of gene ontology (GO)
terms showed significant dysregulation of several metabolic processes in larvae and adult
livers, with marked downregulation of genes involved in mitochondrial oxidative
phosphorylation and energy homeostasis. Conclusions. In CAH, metabolic

comorbidities develop as a combined effect of GC replacement and GC deficiency.

11



Although frank metabolic disease is rare in children with CAH, subtle changes are already
present in the blood metabolites and may serve as early markers of metabolic risk.
Insights from cyp21a2-/- zebrafish complete the clinical findings, indicating that cortisol
deficiency has complex metabolic effects, likely centred around the suppression of ATP
synthesis and energy homeostasis. Better treatment and monitoring strategies are

needed in CAH, targeting the development of metabolic disease at an early stage.
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1. Introduction

Glucocorticoid (GC) deficiency can be caused by a variety of conditions encountered in
human pathology. Due to the broad involvement of GC in multiple physiological functions
and most importantly in energy regulation, severe GC deficiency is incompatible with life.
The introduction of GC therapy in the 1950’s, while saving many lives, has added
complexity to a challenging clinical problem. This relates largely to the fact that synthetic
steroid replacement cannot mimic the complex physiological functions of the
hypothalamo-pituitary-adrenal axis, which regulates GC synthesis, release and turnover

in response to a wide range of external and internal stimuli.

Congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency (210HD) is the
most common metabolic cause of inherited GC deficiency, occurring in 1 in 18,000 live
births in the UK (El-Maouche, et al., 2017). Patients require life-long treatment with
synthetic GC, often in supraphysiological doses. Synthetic GCs have been shown to be
associated with a wide variety of side-effects, incurring significant metabolic and cardio-
vascular comorbidities and limiting the duration and quality of life in treated patients
(Bancos, et al., 2015). Thus, metabolic complications experienced by GC deficient
patients on replacement therapy, such as obesity and insulin resistance, have been
traditionally attributed to GC overexposure. By contrast, the pathophysiological
consequences of intermittent daily GC deficiency (that the patients experience throughout

their lives) on glucose and fat metabolism remain unclear.

Recent evidence (Torky, et al., 2021) showed that metabolic morbidities in patients with
CAH start during childhood, before puberty. Importantly, the incidence of the metabolic

problems was not associated with the GC type, dose or regime (circadian vs reverse
13



circadian) (Torky, et al., 2021). Moreover, animal research using zebrafish has provided
in vivo evidence of the impact of GC deficiency on several metabolic pathways in the
absence of GC treatment (Weger, et al., 2018). Preliminary transcriptomic analysis
conducted by our laboratory employing 21-hydroxylase (Cyp21a2) deficient zebrafish
larvae found significant dysregulations of energy pathways that persist even after
hydrocortisone treatment (unpublished data). These findings would suggest that several
common comorbidities prevalent in patients with CAH may in part relate to the effect of
GC deficiency on different metabolic pathways. Thus, my project originates from the
hypothesis that better understanding of the pathophysiology of metabolic disease in CAH
will help improve monitoring strategies in guiding steroid replacement, leading to better

health outcomes.

1.1 Human adrenal steroid biosynthesis
(Modified from published review (Bacila, et al. 2019))

Steroidogenesis represents a complex process through which cholesterol is converted
into active steroid hormones, by undergoing multiple chemical reactions that are
regulated by several enzymes and cofactors. While steroidogenesis takes place primarily
in the adrenal glands and gonads, other tissues are also known to have steroidogenic
capacity, in particular, the placenta and the brain (Miller and Auchus, 2011; Miller, 2017).
Other structures, such as the adipose tissue and the liver, were also found to express
several steroid-converting enzymes, which demonstrates their role in the steroid
metabolism (Miller, 2017). However, there are site-specific characteristics of steroid
hormone synthesis, caused by differences in the expression of steroidogenic enzymes

and co-factors (Miller and Auchus, 2011). Thus, the biosynthesis of gluco- and

14



mineralocorticoids takes place mainly in the adrenal, while sex hormones (androgens,

oestrogens, progesterone) are produced by both adrenals and gonads.

There are two major groups of steroidogenic enzymes: cytochrome P450 (CYP) and
hydroxysteroid dehydrogenases/ketosteroid reductases (HSD/KSR) (Miller and Auchus,
2011). CYP enzymes catalyse unidirectional oxidative reactions by activating molecular
oxygen, due to the presence of a haeme prosthetic group in their structure. There are two
types of CYP enzymes: type 1, present in the mitochondria and using ferredoxin (FDX1)
also termed adrenodoxin and ferredoxin reductase (FDXR) as a cofactor, and type 2,
found in the endoplasmic reticulum that are dependent on cofactor P450 oxidoreductase
(POR). The CYP enzymes important for human steroidogenesis are cholesterol side-
chain cleavage enzyme (CYP11A1 or P450scc), 11 beta-hydroxylase (CYP11B1 or
P450c11), aldosterone synthase (CYP11B2 or P450c11AS), 17 alpha-hydroxylase
(CYP17A1 or P450c17), 21-hydroxylase (CYP21A2 or P450c21) and P450 aromatase
(CYP19A1 or P450aro). HSD/KSR enzymes are able in vitro to catalyse bidirectionally
oxidative-reductive reactions, however, in vivo they act preferentially towards oxidation
or reduction (Miller and Auchus, 2011). Depending on the type of reactions they catalyse,
HSD enzymes are classified into dehydrogenases (using NAD*) and reductases (using
NADPH). Several HSDs are required for steroid synthesis: the 3-hydroxysteroid
dehydrogenase type 2 (HSD3B2), the 11-hydroxysteroid dehydrogenase type 1 and type
2 (HSD11B1 and HSD11B2), and a series of 17-hydroxysteroid dehydrogenases

(HSD17) (Miller and Auchus, 2011).
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Unlike other types of hormones, such as peptides, steroids are stored in very small
amounts, their availability relying mainly on immediate synthesis, a function that becomes
time-critical in the stress response. Steroidogenic cells are capable of de novo steroid
synthesis from cholesterol. A key role in the initiation of steroidogenesis is played by the
Steroidogenic Acute Regulatory protein (StAR), directing the flow of cholesterol from the
outer to the inner mitochondrial membrane. Here, it is converted to pregnenolone by
CYP11A1, the side-chain cleavage enzyme, which represents the first step of steroid
biosynthesis (Figure 1.1). Briefly, adrenal steroid hormone biosynthesis follows three
major pathways, mineralocorticoid, glucocorticoid and androgen hormone synthesis.
Each pathway takes place preferentially in a different layer of the adrenal cortex: zona
glomerulosa, zona fasciculata and zona reticularis, respectively, which have specific
profiles of enzyme expression. Mineralocorticoid synthesis involves the conversion of
pregnenolone to aldosterone, following a sequence of reactions catalysed by HSD3B2,
CYP21A2 and CYP11B2 (Turcu and Auchus, 2015). Glucocorticoid synthesis begins with
the 17-hydroxylation of pregnenolone by CYP17A1 to 17-hydroxypregnenolone, which is
then converted to 17-hydroxyprogesterone (170HP) by HSD3B2. Under the action of
CYP21A2, 170HP is hydroxylated to 11-deoxycortisol, then CYP11B1 completes the
process leading to cortisol. Finally, for the synthesis of androgens in the zona reticularis,
17-hydroxypregnenolone is converted to dehydroepiandrosterone (DHEA) by CYP17A1
in the presence of co-factor cytochrome b5, expressed only in the zona reticularis. DHEA
is as weak androgen, its main role being that of a precursor for more potent androgens
(Schiffer, et al., 2018), being converted to androstenedione by HSD3B2. However, DHEA
is also partly used by sulphotransferase (SULT2A) to form DHEA sulphate (DHEAS), a

16



process that regulates the amount of DHEA available for androgen synthesis (Noordam,
et al., 2009). Conversion of androstenedione to testosterone in the adrenals is catalysed
by 17-hydroxysteroid dehydrogenase type 5 or aldo-keto-reductase C3 (HSD17B5 or
AKR1C3) (Nakamura Y, 2009). Once in the circulation testosterone is activated by 5a-

reductase dihydrotestosterone (DHT) in target tissues (Schiffer, et al., 2018).
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Figure 1.1. Diagram of adrenal steroid biosynthesis

Grey and orange boxes are used to indicate CYP and HSD steroidogenic enzymes, green
boxes correspond to adrenodoxin/adrenodoxin reductase, orange box to 3-
phosphoadenosine-5-phosphosulfate synthase type 2, yellow ovals to P450
oxidoreductase, orange circles to cytochrome b5 and blue ovals to the coenzyme hexose-
6-phosphate dehydrogenase. (Modified from Bacila, et al. 2019)

The adrenal GC synthesis is regulated by an anatomical and functional entity called
the hypothalamic — pituitary — adrenal (HPA) axis, or the stress axis (Figure 1.2).

Centrally, the paraventricular nuclei in the hypothalamus produce corticotropin -
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releasing hormone (CRH) which reaches the anterior pituitary, stimulating the release
of adrenocorticotropic hormone (ACTH) and regulates the synthesis and
posttranslational changes of its precursors, proopiomelanocortin (POMC)
(Liyanarachchi, et al., 2017). In turn, ACTH activates the melanocortin 2 receptor
(MC2R) in the adrenal cortex, inducing GC (cortisol) synthesis. An essential
component of the HPA, MC2R is a G-protein-coupled receptor that is functionally
expressed only in the adrenal glands. Its function requires the presence of the
melanocortin receptor 2 accessory protein (MRAP), which has essential roles in the
assembly of MC2R in the endoplasmic reticulum, its trafficking to the plasma
membrane, where it is activated by ACTH, and the MC2R signalling (Novoselova, et
al., 2013; Berruien and Smith, 2020). Mutations affecting the MC2R or MRAP lead to

severe familial glucocorticoid deficiency (Novoselova, et al., 2013).

The majority of GC actions on different organs and systems is regulated through the
activation of the GC receptor (NR3C1), although cortisol also binds to the
mineralocorticoid receptor (NR3C2), which plays an important role in the control of the
stress axis (Harris, et al., 2013). The HPA axis holds a pivotal role in regulating the
management of energy and maintaining body homeostasis in both predictable and
unpredictable situations (Gans, et al., 2021). The secretion of both CRH and ACTH
follows a circadian pattern, leading to diurnal fluctuation in the cortisol release which has
complex impact on multiple functions and processes, including energy management and
metabolism. Cortisol exerts negative feedback on the CRH and ACTH secretion from the
hypothalamus and pituitary, respectively (Liyanarachchi, et al., 2017). The function of the
HPA axis is influenced by multiple factors, including age, gender, ethnicity, diet, stress
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and illness (Liyanarachchi, et al., 2017). In its inactivated state, GR is present in the
cytoplasm, however, upon binding with the GC it migrates to the nucleus. Here, it has
extensive roles in regulating transcription, either by directly binding to the DNA or by
linking to other transcription factors (Dinarello, et al., 2021). Thus, GC act to induce or
repress the expression of a very wide range of genes, which explains its vast an complex

involvement in so many physiological processes and functions.

Hypothalamus
CRH
(=) \
Anterior pituitary

ACTH

l

Adrenal cortex

a o

I

Cortisol

Figure 1.2. Diagram of the hypothalamic — pituitary — adrenal axis
CRH: corticotropin - releasing hormone, ACTH: adrenocorticotropic hormone. (Brain and
kidney diagrams used as free public domain from http://www.clker.com)

1.2  The roles of glucocorticoids in human metabolism
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Glucocorticoids have considerable impacts on the regulation of many metabolic
pathways, although most of the mechanisms through which they contribute to certain
physiological and pathological processes remain to be established. In glucose
metabolism, GC increase blood glucose, by stimulating gluconeogenesis in the liver and
decreasing glucose uptake in the adipose tissue and skeletal muscle (Kuo, et al., 2015),
antagonising insulin through these functions. Moreover, GC interfere directly with
components of the insulin signalling pathway (glycogen synthase kinase-3, glycogen
synthase, glucose transporter type 4 [GLUT4] translocation), further inhibiting insulin-
mediated glucose uptake (Hwang and Weiss, 2014). Additionally, GC suppress the post-
insulin receptor cascade involving the phosphatidylinositol 3-kinase/protein kinase B
(PKB/Akt) and mechanistic target of rapamycin (mTOR) pathways, causing an inhibition
of protein synthesis and increased protein degradation (Hwang and Weiss, 2014). GC
are known to regulate the functions of the pancreatic cells in secreting insulin and
glucagon (Kuo, et al., 2015). They also increase glycogen storage in the liver, however,
in the skeletal muscle they inhibit insulin-stimulated glycogen synthesis (Kuo, et al.,
2015). The implications of GC in lipid metabolism consist of promoting the differentiation
of adipocytes and increasing the uptake and turnover of fatty acids in the adipose tissue.
In the liver, GC stimulate phosphoenolpyruvate carboxykinase (PEPCK) leading to
glycerol synthesis. Additionally, they induce the activity of lipoprotein lipase, thus
increasing the release of fatty acids in the blood, which interferes with glucose utilisation
and results in insulin resistance (Macfarlane, et al., 2008). Many studies support the role
of GC in modulating central structures involved in food intake and satiety response, as
well as their interrelation to adipokines in regulating adipose tissue distribution and
functions, however, the mechanisms of action and pathological implications of these
aspects are not fully understood (Dallman, et al., 2004; Macfarlane, et al., 2008).
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1.3 Congenital adrenal hyperplasia
(Modified from published review (Bacila, et al. 2019))

The term “congenital adrenal hyperplasia” (CAH) encompasses a number of autosomal
recessive inborn errors of steroidogenesis caused by deficiencies of different enzymes or
co-factors. All these conditions are characterised by impaired cortisol synthesis and some
also associate genital ambiguity (Table 1). Seven such conditions are currently included
in CAH, caused by deficiencies of the following enzymes or co-factors: 21-hydroxylase
(CYP21A2, P450c21), 17 alpha-hydroxylase (CYP17A1, P450c17), 11 beta-hydroxylase
(CYP11B1, P450c11), 3-hydroxysteroid dehydrogenase type 2 (HSD3B2), P450
oxidoreductase (POR), StAR (lipoid CAH) and P450 side-chain cleavage enzyme
(CYP11A1, P450scc). Of these, 210HD is by far the most common form, accounting for
95% of the cases (ElI-Maouche, et al., 2017). Co-factor P450 oxidoreductase deficiency
presents with impaired function of both CYP17A1 and CYP21A2, and is characterised
clinically by Antley-Bixler-like bone malformations. (Miller and Auchus, 2011; EI-
Maouche, et al., 2017; Krone, et al., 2012)

Table 1. Clinical features of inborn conditions in the CAH group

Enzyme/co- | DSD Affected organ Deficiency Excess
factor

CYP21A2 46,XX Adrenal MC, GC SexH
CYP11B1 46,XX Adrenal GC MC, SexH
CYP17A1 46, XY Adrenal, gonad GC, SexH MC
HSD3B2 46,XY (46,XX) Adrenal, gonad MC, GC, SexH

POR 46,XY + 46, XX | Adrenal, gonad, liver GC, SexH (MC)
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StAR 46,XY Adrenal, gonad MC, GC, SexH

CYP11A1 46,XY Adrenal, gonad MC, GC, SexH

CYP21A2: 21-hydroxylase, CYP11B1: 11-hydroxylase, CYP17A1: 17-hydroxylase,
HSD3B2: 3-hydroxysteroid dehydrogenase type 2, POR: P450 oxidoreductase, StAR:
steroidogenic acute regulatory protein, CYP11A1: P450 side-chain cleavage enzyme,
DSD: disorder of sex development, MC: mineralocorticoid, GC: glucocorticoid, SexH: sex
steroid hormone, (MC): variable MC excess. (Modified from Bacila, et al. 2019)

Steroid 21-hydroxylase deficiency (210HD) leads to GC and mineralocorticoids (MC)
deficiency, as well as an excessive accumulation of up-stream precursors of the reactions
catalysed by the enzyme, in particular 170HP, leading to hyperandrogenism. In the
absence of cortisol, which normally inhibits ACTH secretion from the pituitary through
negative feedback, excessive ACTH will further amplify the altered steroid synthesis in
the adrenal. There is a continuum in the severity of presentation in 210HD, dictated by
the amount of residual CYP21A2. However, a clinical classification is used in practice,
dividing the condition into classic and non-classic 210HD. In turn, classic 210HD is
frequently subdivided in salt wasting and simple virilising forms (Nermoen, et al., 2017);
the difference between the two subclasses is due to a residual 21-hydroxylase activity of
1-2% in the simple virilising form, preventing the occurrence of the adrenal crisis present
in the salt wasting form (EI-Maouche, et al., 2017). Cortisol deficiency drives androgen
overproduction antenatally, leading to virilisation of the external genitalia in females,
which are usually diagnosed immediately after birth due to ambiguous genitalia. In males
the condition manifests with adrenal crisis in the neonatal life, in the case of the salt
wasting form, or precocious puberty in less severe forms. Both sexes can present

advanced skeletal growth, with early closure of the growth plates and reduced adult
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height. Patients with non-classic 210HD have up to 50% residual in vitro enzyme activity
and thus present milder phenotypes, where the hyperandrogenism is less manifest or

asymptomatic (ElI-Maouche, et al., 2017).

The management of classic 210HD requires chronic replacement treatment with
synthetic GC and, in 75-80% cases, MC. While in other forms of adrenal insufficiency the
GC therapy aims to merely replace the absent cortisol, in 210HD patients usually require
higher doses in order to normalise the excessive ACTH secretion and hyperandrogenism.
The hormonal therapy remains a significant challenge in the management of CAH, due
to the difficulty in mimicking the physiological circadian pattern of the HPA axis, in the
context of variable pharmacokinetics of synthetic GC among individuals and in the
absence of reliable monitoring strategies (Dauber, et al., 2010). Consequently,
throughout a day, patients experience episodes of GC excess alternating with periods of
GC deficiency which can occasionally last many hours (Figure 1.3). It is known that
patients with CAH have increased prevalence of metabolic and cardio-vascular
comorbidities (Reisch, et al., 2011; Mooij, et al., 2017), however, it is not clear to what

extent the regular exposure to periods of GC deficiency contributes to these problems.
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Figure 1.3. Blood cortisol profile over 24 hours

Normal subjects are represented by the black and dotted grey lines (corresponding to the
50t, 10" and 90™" percentiles respectively). The red line corresponds to the cortisol
pattern of a patient treated with three daily doses of oral hydrocortisone. (Modified from
Hindmarsh and Honour. 2020)

1.4 Current evidence on the metabolic effects of glucocorticoid deficiency

To establish what is currently known on the metabolic effects of GC deficiency, |
undertook a literature review using the PubMed, Medline and Web of Science databases,
which showed that the evidence on the topic is relatively sparse and heterogeneous. A
number of studies, involving either human participants or animal models, addressed the
topic of GC deficiency in relation to common metabolic pathways (Kawai, 1977; Malerbi,
et al., 1988; Parry-Billings, et al., 1990; Blair, et al., 1995; Bishayi and Ghosh, 2003;
Poyrazoglu, et al., 2003; Wu, et al., 2004; Christiansen, et al., 2007; Zhang, et al., 2008;

Kumari, et al., 2010; Maripuu, et al., 2016; Priyadarshini and Anuradha, 2017; Weger, et
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al., 2018), while others explored the cardio-vascular metabolic effects of GC deficiency
(van der Sluis, et al., 2012) or the impact of GC deficiency on centres of food intake and
satiety control (Muller, et al., 2000; Makimura, et al., 2003; Uchoa, et al., 2009; Uchoa, et
al.,, 2012). A summary of the findings reported by these studies is presented in this

subchapter.

1.4.1 Animal studies

1.4.1.1 Studies that explored specifically the effect of glucocorticoid deficiency
on metabolism

Several articles reported animal studies in vivo or in vitro that explored the impact of GC
deficiency on metabolic pathways, using different methods. The majority of studies
induced GC deficiency by unilateral or bilateral adrenalectomy (Kawai, 1977; Blair, et
al.,1995; Bishayi and Ghosh, 2003; Sherwin and Sacca, 1984; Wu, et al., 2004; an der
Sluis, et al., 2012) or by using enzyme deficient mutants (Weger, et al., 2018), while in
some studies GC receptor (GR) antagonists were used to reproduce GC resistance
(Priyadarshini and Anuradha, 2017; Zhang, et al., 2008). The exposure to GC deficiency
or resistance was also variable, the experiments being conducted between two (Kawai,
1977) and 30 days (van der Sluis, et al., 2012) after the adrenalectomy and nine hours
(Zhang, et al., 2008) to 18 days (Priyadarshini and Anuradha, 2017) after the GR

blockade.

Glucose metabolism and insulin signalling pathways. In keeping with the known
antagonistic effect of GC on insulin, an in vivo study reported increased insulin sensitivity
in rats two days after bilateral adrenalectomy (Kawai, 1977). Interestingly, following

glucose loading there was reduced secretion of insulin from the pancreatic cells in GC
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deficient rats, as well as reduced glucose metabolism in adipocytes under the effect of
insulin. These changes were corrected by administration of dexamethasone, implying that
GC may enhance the pancreas sensitivity to insulinogenic stimuli and insulin actions in
the adipose tissue. Improved insulin sensitivity associated with GC deficiency was also
reported by a more recent study (Blair, et al., 1995) exploring the effects of GC deficiency
on tissue specific glucose uptake. GC deficient rats were also found to have decreased
liver glycogen and glucose production one week after bilateral adrenalectomy. As the
glucose uptake was reduced in the adipose tissue, heart and skeletal muscle, the findings
support a positive effect of GC deficiency on insulin sensitivity due to a decrease in
hepatic glucose production. Similar results were reported by a study that explored the
metabolic consequences of GC insufficiency after unilateral adrenalectomy (Bishayi and
Ghosh, 2003). Interestingly, the authors reported raised blood glucose concentrations in
GC insufficient rats at 10, 20 and 30 days post adrenalectomy. Insulin levels were not
measured, which limits the value of the findings regarding the relationship between GC
deficiency and insulin sensitivity. However, as the study involved unilateral
adrenalectomy, consideration must be given to the potential contribution of the
epinephrine secreted by the remaining adrenal in raising the blood glucose level (Sherwin
and Sacca, 1984). These findings contrast with those of a more recent publication
(Priyadarshini and Anuradha, 2017) where the authors used a GR antagonist to block GC
actions in mice. The results only showed reduced insulin resistance in obese mice
following a high fructose diet, but not in controls; this introduces the controversial topic of
the direct role of GR in the pathogenesis of obesity. One study conducted on rats with
bilateral adrenalectomy explored specifically the effects of GC deficiency on the insulin
signalling pathways related to protein and glycogen metabolism in the heart muscle (Wu,
et al., 2004), by quantifying the phosphorylation of enzymes involved in pathways of
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lipolysis, protein and glycogen synthesis, as well as the activity of glycogen synthase and
glycogen content in cardiomyocytes. The findings indicated a suppressive effect of GC
deficiency on insulin signalling pathways of protein production and lipolysis in the
myocardium, as well as decreased glycogen content through abolished insulin induced

glycogen synthesis.

Lipid metabolism. GC-deficient rats were found to have reduced body mass and adipose
tissue after bilateral adrenalectomy (Blair, et al., 1995). By contrast, a more recent study
(Priyadarshini and Anuradha, 2017) using a GR antagonist in mice failed to demonstrate
significant impact on body weight or the expression of lipogenic and lipolytic enzymes in
the liver. However, GR blockade reduced lipid profile abnormalities and insulin resistance
induced by a high fructose diet, suggesting a potential role of the GR in the pathogenesis
of metabolic syndrome and obesity. An in vitro study (Zhang, et al., 2008) on murine and
human adipose cells focused on the role of GC in the expression of lipin-1 gene encoding
the phosphatidic acid phosphatase-1 (PAP1) enzyme, known to enhance adipocyte
differentiation, triglyceride storage and insulin sensitivity. The study demonstrated the
expression of lipin-1 is induced by GC and blocked by GR antagonists, indicating that GC
deficiency could potentially induce insulin resistance and abnormal adipose differentiation

through downregulation of the lipin-1 gene.

Protein metabolism. One study explored the impact of GC deficiency specifically on
protein metabolism (Parry-Billings, et al., 1990), demonstrating decreased release of
glutamine from the skeletal muscle in rats treated with GR antagonist. As glutamine is a
conditionally essential amino acid with wide use in protein and lipid synthesis and a
cellular source of energy, such results would indicate a negative impact of GC deficiency
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on protein metabolism. Of note, there was large variability of results among control
groups, limiting the reliability of the findings. Nevertheless, the dysregulation of glutamine
deficiency was also demonstrated by a more recent study on zebrafish (Weger, et al.,
2018). To explore the metabolic effects of GC deficiency in fdx1b-/- mutant fish, the
authors combined a bioinformatics approach and biomolecular technology, including
transcriptomic, metabolomic profiles and RNA-sequencing as well as enrichment
analysis. The results demonstrated that systemic GC deficiency induced extensive
dysregulations of multiple metabolic pathways including glutathione and purine
metabolism. Moreover, blood amino acid profiles from patients with adrenal insufficiency
showed similar abnormalities to the results obtained in zebrafish, supporting the

relevance of the study to human pathology.

One study examined the effect of blocking the GR on protein metabolism in the skeletal
muscle of a porcine model (Du, et al., 2021), the result consisting of reduced expression
of protein degradation-related genes and increased protein deposition in the skeletal

muscle.

1.4.1.2 Studies that explored the effect of glucocorticoid deficiency on food
intake regulation

GC are known to play an important role in caloric intake and even food preference
(Macfarlane, et al., 2008). However, their actions on energy balance in different
pathological conditions varies depending on context (acute or chronic) and on the
interactions with other hormones, such as insulin, catecholamines and leptin (Dallman, et
al., 2004). Thus, it can be speculated that GC deficiency can further influence metabolic
processes due to its impact on food intake and satiety response.
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The effect of GC deficiency on the regulation of food intake and satiety response was
explored by an in vivo study (Makimura, et al., 2003) on adrenalectomised mice who were
found to lack the appropriate upregulation of orexigenic factors (Agouti related protein)
and downregulation of anorexigenic neuropeptides (POMC) following fasting. These
results support the role of GC in the hypothalamic response to fasting and are
complemented by more recent studies on rats with adrenalectomy (Uchoa, et al., 2009;
Uchoa, et al.,, 2012). Thus, it was shown that GC deficiency causes hypophagia
associated with a higher activation of central neural structures involved in the satiety
response including nucleus of the solitary tract and paraventricular nucleus (PVN) of the
hypothalamus (Uchoa, Sabino et al., 2009). Moreover, in fasting animals, adrenalectomy
associated decreased expression of orexigenic neuropeptides (Neuropeptide Y, Agouti
related protein and orexin A) as well as upregulation of POMC (Uchoa, et al., 2012).
Interestingly, GC deficient rats were found to have lower post-feeding leptin and insulin
levels despite a more marked rise in blood glucose levels, as well as absent
downregulation of the orexigenic neuropeptides after feeding. This led the authors to
conclude that GC could play a role in the expression of hypothalamic neuropeptides
induced by food intake. Interestingly, a study exploring the impact of corticotrophin
releasing hormone (CRH) receptor deficiency in transgenic mice (Muller, et al., 2000)
found that, while causing marked GC deficiency, it did not impact on body weight and
quantity of food ingested. However, CRH receptor deficiency resulted in abnormal

circadian feeding pattern (diurnal), which was reversed following GC treatment.
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1.4.1.3 Studies that explored specifically cardio-vascular effects of
dlucocorticoid deficiency

One publication focused on the cardio-vascular effects of GC deficiency, reporting an in
vivo study that explored the development of atherosclerosis in LDL-receptor deficient
mice following adrenalectomy (van der Sluis, et al., 2012). GC-deficient mice developed
a higher degree of aortic root atherosclerosis compared to controls, an effect that was
reversed following treatment with GC. However, the mechanism through which GC
deficiency increased the risk of atherosclerosis appeared to relate to its pro-inflammatory
consequences rather than the metabolic ones, based on the high macrophage content of

the plaques and the low plasma lipid levels found after adrenalectomy.

1.4.2 Clinical studies

A small number of studies have addressed the topic of metabolic effects of GC deficiency
in human subjects. In a group of six patients with adrenal insufficiency (Al), it was shown
that 72 hours without medication caused a decrease in insulin levels, with no impact on
blood glucose or hepatic glucose production, supporting the theory that GC deficiency
increases insulin sensitivity (Malerbi, et al., 1988). This concept was further developed by
a more recent crossover study (Christiansen, et al. 2007) involving seven females with
adrenal insufficiency (Al) that showed that 24 hours of GC withdrawal caused increased
insulin sensitivity, reduced protein loss in the skeletal muscle and decreased energy
expenditure. A third study (Poyrazoglu, et al., 2003) explored the impact of GC deficiency
on leptin levels in relation to BMI and androgen status in 11 children with 210HD before
and after commencing replacement therapy. Secreted by white adipose tissue, leptin is
known to have important roles in human metabolism, by regulating food intake and energy
expenditure. Although the study found significantly lower leptin levels in GC deficient

30



patients compared to both medicated patients and healthy controls, the three groups were
comparable with regards to BMI's. Interestingly, leptin correlated positively with the pre-
dose cortisol concentration and negatively with testosterone, the authors suggesting its

potential use as a marker for monitoring treatment.

Two studies assessed the effects of low cortisol concentrations on metabolism in
individuals with hypocortisolism, who did however not have a clinical diagnosis of GC
deficiency. A cross-sectional study involving a large cohort (2915 men and 1041 women)
identified a non-linear association between obesity and salivary cortisol (Kumari, et al.,
2010). Interestingly, obese individuals presented flatter slopes of cortisol secretion
caused by lower waking cortisol and higher evening cortisol. Thus, the circadian pattern
of the GC synthesis also appears to have an impact on the way in which fat metabolism
is affected, adding further challenges to replacement strategies. The second study
(Maripuu, et al., 2016) explored the relationship between hypocortisolism and metabolic
cardio-vascular risk factors by analysing the metabolic profiles of 245 patients with
affective disorders and 258 healthy controls. The authors reported an increased rate of
obesity, dyslipidaemia and metabolic syndrome associated with hypocortisolism in both

mental health patients and controls.

A recent review of the published cases of human GC resistance syndrome (Vitellius and
Lombes, 2020), identified that 18 out of 33 patients were obese. The authors commented
that the mechanisms for this associated morbidity are not completely understood, raising
the possibility of depressed GR signalling by cortisol, but also taking into consideration
the effect the transactivation of the mineralocorticoid receptor (MR) by cortisol and its
potential effects on adipocyte differentiation and function. Previous evidence from in vitro
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research on human adipocytes (Lee and Fried, 2014) would support the former
hypothesis, having shown that GR knockdown caused reduced differentiation of
preadipocytes, as well as reduced expression of leptin and adiponectin. These effects

were not found in the MR knockdown cells (Lee and Fried, 2014).

1.4.3 Interpretation and summary of published evidence

Taken together, the findings resulted from animal studies confirm a number of aspects
that are in keeping with what is generally known about the GC actions, namely that the
GC deficiency leads to decreased liver glycogen storage and blood glucose levels, in
association with increased insulin sensitivity (Kawai, 1977; Blair, et al., 1995; Bishayi and
Ghosh, 2003) (Figure 1.4). It appears that the effect on insulin sensitivity relates mainly
to decreased hepatic glucose production rather than an increased uptake of glucose in
the adipose tissue or skeletal muscle (Kawai, 1977), suggesting a potential need for GC
to enhance insulin actions in these structures. This point is further supported by results
describing the effect on insulin secretion and on insulin signalling pathways of protein and
lipid metabolism in the heart (Wu, et al., 2004). The impact of GC deficiency on adipose
differentiation through more recently identified pathways, such as the lipin-1 gene (Zhang,
et al., 2008), as well as the dysregulations of glutamine and glutathione metabolism
(Parry-Billings, et al., 1990; Weger, et al., 2018) are significant and warrant further
research in relation to the wide potential implications in human pathology. Interestingly, a
cardio-vascular risk of developing atherosclerosis was also identified by one of the studies
(van der Sluis, et al., 2012), though not apparently related to dyslipidaemia but rather as
a consequence of the pro-inflammatory effects of GC deficiency; this aspect highlights
the intricate mechanisms of pathology related to this group of steroids, specifically, the
interplay between their metabolic and immune regulation roles. Finally, the adjacent effect
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of blunting the central responses to fasting and satiety (Muller, et al., 2000; Uchoa, et al.,
2009; Uchoa, et al., 2012) has important implications for metabolic processes related to
GC deficiency. However, certain limitations of the research studies discussed need to be
considered, including the diverse palette of techniques and the large variation in the
duration of the induced GC deficiency, usually consisting of maximum 30 days, which

limits the relevance of the findings in relation to the impact of prolonged GC deficiency in

the metabolism of chronic patients.
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Figure 1.4. Summary of the effects of GC deficiency on metabolic pathways
Downward arrows indicate metabolic processes that are inhibited by GC deficiency;
upward arrows indicate processes that are stimulated exacerbated in GC deficiency.
Importantly, different animal models of GC deficiency were used with their respective
merits and limitations. Thus, the bilateral adrenalectomy used in the majority of the
publications (Kawai, 1977; Blair, et al., 1995; Bishayi and Ghosh, 2003; Makimura, et al.,
2003; Wu, et al., 2004; Uchoa, et al., 2009; Uchoa, et al., 2012; van der Sluis, et al.,

2012), while effectively inducing severe GC deficiency, also deprives the research

organism of other factors and hormones that have metabolic roles including MC and
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catecholamines, thus producing confounding effects. This impediment is avoided in some
of the studies that used GR antagonists (Parry-Billings, et al., 1990; Priyadarshini and
Anuradha, 2017) which, however, limit the effects of GC deficiency to those that are GR-
mediated. In that respect, a potential alternative is presented by the study involving GC
deficient zebrafish mutants (Weger, et al.,, 2018), in addition to the novel available
techniques of molecular biology and bioinformatics that yielded very extensive results
suggesting the wide metabolic implications of congenital GC deficiency. Of course, this
study provided a very general perspective on the pathology of GC deficiency, incurring

the need for more in-depth exploration of its implications.

The limited number of clinical studies related to the topic is not surprising given the ethical
considerations entailed by the potential withholding of replacement treatment in GC
deficiency. Consequently, the three studies discussed had the disadvantage of using
small numbers of patients and only explored the metabolic impact of short periods of GC
deficiency. This can probably account for the limited results yielded, which mainly related
to the reduction in insulin resistance associated with GC deficiency and confirmed the
conclusions of animal studies. Probably the most notable finding is the low concentrations
of serum leptin in untreated patients in the absence of increased body mass index (BMI)
(Poyrazoglu, et al., 2003). Thus, this study would support the role of cortisol in regulating
leptin secretion directly. However, given the pleiotropic effect of both hormones on
multiple metabolic pathways, the underlying mechanisms for their interrelation remain
unclear. A clear disadvantage of the research described in these publications is the short
duration of the GC deficiency, chosen to prioritise patient safety; this limits the relevance
of the findings with relation to the topic of this review, namely the effect of chronic GC
deficiency on metabolism. By contrast, the two large cohort studies (Kumari, et al., 2010;
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Maripuu, et al., 2016) provided the benefit of identifying metabolic consequences of long-
standing hypocortisolism, albeit non-clinical and undiagnosed, suggesting that abnormal
patterns of cortisol secretion led to obesity and metabolic syndrome. While these
publications did not include participants suffering from clinically significant GC deficiency,
they obtained clear correlations between hypocortisolism and metabolic abnormalities, in
particular related to fat metabolism and obesity, which were made robust and reliable due
to the large study samples that enhanced the power of the statistical analysis. Such
conclusions can be translated to clinical GC deficiency, with the expectation that

metabolic consequences may be even more pronounced in related pathology.

1.5 Zebrafish as a research model of steroid hormone deficiency
(Modified from published review (Bacila, et al. 2021))

Over the last two decades zebrafish have become an increasingly popular animal model
for translational research. Their small size, easy bread and maintenance, as well as their
high fecundity and short generation time (3 months), are among the main advantages
that zebrafish has over other animal models. Females can lay as many as 100-200 eggs
in a clutch, all of which are fertilised externally, and embryos progress fast to larvae which
are free feeding at 5 days post fertilisation (dpf). Another important quality is that both
zebrafish embryos and larvae are transparent, making them a convenient model for live
imaging as a means to explore the development and physiological functioning of internal

tissues and organs (McGonnell and Fowkes, 2006).

The organisation and function of the stress-regulating system is conserved to a high

degree between zebrafish and mammals, including humans (Steenbergen, et al., 2011).
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In the same way as in humans, zebrafish are diurnal organisms and cortisol is the
principal active GC (Alsop and Vijayan, 2009). The zebrafish and human genomes also
have surprising similarities, including the genetic regulation of steroid hormone synthesis
and signalling (Tokarz, et al., 2013). However, following a genome duplication believed
to have taken place around 450 million years back in the evolution of teleost fish (the
infraclass to which zebrafish belongs), in zebrafish some steroidogenic genes are found
as pairs of paralogues (Glasauer and Neuhauss, 2014). Many aspects related to the
differences in expression and function of several such paralogues remain to be explored.
The interrenal gland represents the zebrafish equivalent of the adrenals, being located in
the head kidney. Alongside the gonads and the brain (Weger, et al., 2018), the interrenal
gland is an important site of steroid synthesis (Tokarz, et al., 2013). Over the last 20
years, there has been an increasing research focus on the zebrafish interrenal gland,
providing useful evidence on their development and function, as well as the roles of

steroidogenic enzymes.

1.5.1 Specification and morphogenesis of the zebrafish interrenal gland

The interrenal gland develops alongside the renal primordia, originating from the
intermediate mesoderm (Hsu, et al., 2004). The initial stage in its organogenesis is the
differentiation of cell clusters in the pronephric primordium, which can be detected through
the expression of ff1b (ftz-fl gene, zebrafish orthologue of mammalian steroidogenic factor
1) from 22 — 27 hours post fertilisation (hpf) onwards, ventral to the third somite (Figure
1.5) (Liu, et al., 2003; To, et al., 2007). The two clusters of primordial interrenal cells
proceed to separate from the renal primordium and meet left to the midline where they
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form a single discreet organ between 24 - 30 hpf (Chai, et al., 2003; To, et al., 2007).
After centralisation, the interrenal tissue starts expressing the steroidogenic acute
regulatory protein, cytochrome P450 side-chain cleavage enzyme (cyp11a2) and 3R-
hydroxysteroid dehydrogenase (hsd3b), which marks its capacity to synthesise steroid
hormones (Chai, et al., 2003; To, et al., 2007). Zebrafish also have the equivalent of the
adrenal medulla, the chromaffin primordia, which are cells that express dopamine-[3-
hydroxylase (dBh) within the bilateral primordial interrenal structures. They also converge

centrally at 2 dph and fuse into one domain at 3 dpf (To, et al., 2007)
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Figure 1.5. Organogenesis and functional development of the interrenal gland
A. Specification, central migration and fusion of the kidney (Greytak, Champlin et al.)
and interrenal primordium. B. Development of the stress response (blue) and
expression relevant genes (orange) over the first 6 dpf. (Modified from Bacila, et al.
2021)

The development of the interrenal gland is regulated by several factors. ff1b represents
the zebrafish orthologue of the gene encoding SF1/Ad4BP/NR5A1 (steroidogenic factor

1) in mammals, a nuclear receptor essential for the interrenal specification and steroid
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synthesis (Hsu, et al., 2004). The interrenal, gonads and hypothalamus express ff1b (Hsu,
et al., 2004) which binds to the zebrafish equivalent of the CYP11A1 promoter (Quek and
Chan, 2009). Another crucial element for the interrenal gland development is the
expression of Wilms tumour 1 (wt7) in the primordial kidneys, wt7-deficient mutants
having been shown to have reduced interrenal size and ff7b down-regulation (Hsu, et al.,
2004). The prospero-related homeodomain protein (PROX1) also has a zebrafish
orthologue in the interrenal gland, which is expressed until 3 dpf, modulating the ff1b
expression. ff1b is also regulated by the dax7, ortholog of the mammalian dosage-
sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1
(DAX1), expressed in the interrenal tissue at 31 hpf. Dax7 is needed to initiate steroid

synthesis as it controls the expression of cyp17a and star (Zhao, et al., 2006).

In the same way in which the stress axis functions in mammals, in zebrafish the interrenal
steroidogenesis is regulated by the hypothalamic-pituitary-interrenal (HPI) axis, which
develops in the early larval stages and becomes functional after 48 hpf. This is
demonstrated by an initial reduction in whole body cortisol (likely of maternal origin)
between 8 and 36 hpf, followed by a rise between 48 and 120 hpf (Alsop and Vijayan,
2008; Wilson, et al., 2013). The pituitary gland starts to control the function of the
interrenal, by regulating the expression of steroidogenic genes (cyp11a, mc2r, star), from
2 dpfonwards (To, et al., 2007). Thus, research work using a selection of mutants lacking
different types of pituitary cells showed that at 5 dpf, corticotrophs able to express pro-
opiomelanocortin (pomc) are crucial for the normal development of the interrenal gland.
Their product, the adrenocorticotropic hormone (ACTH), transactivates the melanocortin
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receptor 2 (Mc2r). The negative feed-back of exogenous GC on the pituitary gland is
manifested by 2 dpf and the suppression of pomc expression and inhibition of interrenal
proliferation by exposure to dexamethasone occurs at 3 dpf (To, et al., 2007).

1.5.2 Genes involved in zebrafish steroidogenesis

Like in mammals, the presence of the steroidogenic acute regulatory protein (StAR) is
required in zebrafish to regulate the transport of cholesterol from the outer to the inner
mitochondrial membrane, allowing the initiation of interrenal steroidogenesis (Figure 1.6).
The zebrafish steroidogenic structures (gonads and interrenal) express the star gene
which is similar to the mammalian homologue (Bauer, et al., 2000). Cytochrome P450
side-chain cleavage enzyme (Cyp11a) is another essential enzyme, as it catalyses the
first step of steroid synthesis by converting cholesterol to pregnenolone. Zebrafish have
two cyp11a genes (cyp7171at and cyp11a2), which are situated on chromosome 25, the
sequence of the amino acids being 80% identical in the corresponding encoded proteins
(Goldstone, et al., 2010; Parajes, et al., 2013). Cyp171a1 contains a promoter that binds
to ff1b, in the same way in which in mammals the CYP11A1 promoter is activated by SF1
(Quek and Chan, 2009). There are two phases in the zebrafish development during which
cyp1iat is expressed: early embryogenesis (from zygote stage to 24 hpf), and after 14
dpf, corresponding to the timing of sexual differentiation (Hsu, et al., 2002; Hu, et al.,
2004; Goldstone, et al., 2010; Parajes, et al., 2013; Weger, et al., 2018). Cyp171a2 was
found to be expressed at 4dpf (dome stage), however, the expression is low for the first
24 hpf, to increase after 30 hpf, peaking at 120 hpf (Weger, et al., 2018). Thus, it was
hypothesised that there is a transition from cyp11a? to cyp11a2 corresponding to the
initiation of cortisol synthesis. This would assign Cyp11a2 as the functional equivalent of
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the mammalian cytochrome P450 side-chain cleavage enzyme (Parajes, et al., 2013). In
the adult fish, the expression of cyp171a2 was demonstrated in the interrenal, gonads and

brain (Parajes, et al., 2013; Weger, et al., 2018).
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Figure 1.6. Schematic diagram of interrenal steroid biosynthesis

The first and second vertical pathways correspond to mineralocorticoid and glucocorticoid
synthesis, respectively. The next two columns to the right represent androgen synthesis.
The arrows indicate chemical reactions, and the adjacent rectangles specify the enzymes
and co-factors involved in catalysing them. Grey boxes indicate cytochrome P450
enzymes, orange boxes show hydroxysteroid dehydrogenase and green boxes
correspond to the co-factor ferredoxin. (Modified from Bacila, et al. 2021)

The zebrafish equivalent of the two human genes (HSD3B1 and HSD3B2) is hsd3b1,
situated on chromosome 9. There are two peaks in the hsd3b1 expression: at zygote
stage and between 30 to 120 hpf (Weger, et al., 2018). Similar to the human HSD3B2, in
the adult fish, hsd3b1 is expressed in the interrenal gland and gonads (Lin, et al., 2015;

Weger, et al., 2018).
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In zebrafish, 21-hydroxylase is encoded by the cyp271a2 gene (Weger, et al., 2018), found
on chromosome 16, its protein product sharing 40.71% homology with its human
CYP21A2 orthologue (Eachus, et al., 2017). During larval development, the interrenal
tissue expresses cyp21aZ2 from 28 hpf, the transcripts levels increasing afterwards, with
a peak at 120 hpf (Eachus, et al., 2017; Weger, et al., 2018). Cyp11c1 is the zebrafish
equivalent to human 11B-hydroxylase (CYP11B), involved in the synthesis of
corticosterone and cortisol. The cyp171c1 gene is expressed at 8 hpf before hatch,
however, transcript levels rise again after 24 hpf peaking between 72-120 hpf (Alsop and
Vijayan, 2008; Wilson, et al., 2013; Weger, et al., 2018). Its involvement in steroid
synthesis was demonstrated by in situ hybridisation showing it to be expressed only in

the interrenal gland at 2 dpf (Zhang, et al., 2020).

The gene coding 17a-hydroxylase (CYP17A1) has two isomers in zebrafish, cyp717a1 and
cyp17a2 (Goldstone, et al., 2010; Pallan, et al., 2015; Gonzalez, et al., 2018; Weger, et
al., 2018). Gene phylogeny analysis showed that cyp17a2 was the result of a duplication
of cyp17a1 (Zhou, et al., 2007). However, unlike Cyp17a1 which has both 17a-
hydroxylation and 17a,20-lyase activity, Cyp17a2 lacks the 17a,20-lyase capacity,
required for the synthesis of sex hormones (Zhou, et al., 2007). The zebrafish interrenal
gland was found to only express cyp17a2 (at 120 hpf) and not cyp17a1 (Weger, et al.,

2018), indicating that the interrenal is not involved in androgen synthesis.

The equivalent of the co-factor ferredoxin (FDX1) in zebrafish is also coded by two genes
fdx1 and fdx1b. However, Fdx1b was the only one shown to play a part in steroid
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synthesis as co-factor Cyp11a1, Cyp11a2and Cyp11c1. It is believed that Fdx1 is likely
to be involved in the early development of zebrafish (Griffin, et al., 2016). The expression
of fdx1b appears to peak at two stages in the embryogenesis: at 5-8 hpf and after 30 hpf
(Griffin, et al., 2016; Weger, et al., 2018). Transcripts of fdx7b were found only in the
interrenal at 120 hpf, and limited to steroidogenic tissues in adults (brain, gonads,
interrenal) (Griffin, et al., 2016; Weger, et al., 2018), further supporting its involvement in
steroid synthesis. By contrast, fdx71 was expressed in multiple organs (gonads, kidney,

interrenal, intestines, heart, brain) (Griffin, et al., 2016).

1.5.3 The study of steroidogenic enzyme deficiencies in the zebrafish model

Several steroidogenic enzyme deficiencies have been explored in zebrafish, leading to
valuable animal models of altered steroid synthesis. Morpholino knockdown studies
confirmed the role of cyp77a7 in the early development and that of cyp771a2 in the
initiation and maintenance of steroidogenesis, with morphants being profoundly cortisol
deficient (Parajes, et al., 2013). In a more recent study, the clustered regularly
interspaced short palindromic repeats/ Cas9 nuclease (CRISPR/Cas9) approach was
used to produce a zebrafish lacking cyp171a2. Mutant adults were exclusively males with
a female external phenotype and disorganised testicular histology, who were infertile and
lacked breeding behaviours (Li, et al., 2020). Steroid measurements confirmed severe
GC and androgen deficiency in the cyp11a2-/- fish. Gene expression analysis showed
upregulation of the HPI axis, a feature consistent with adrenal insufficiency in humans
(Charmandari, et al., 2014). Of note, neither of the two studies (Parajes, et al., 2013; Li,
et al., 2020) explored the metabolic phenotype of the cyp11a2-/- fish. A zebrafish model
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of 210HD (cyp21a2-/-) has also been produced, using the TALEN mutagenesis (Eachus,
et al., 2017). The mutant larvae had reduced cortisol, impaired visual background
adaptation and downregulation of GC responsive genes. Moreover, 21-deoxycortisol, a
disease specific marker in 210HD, was raised compared to wild type larvae. Mutant
larvae also presented interrenal hyperplasia and upregulation of the pomca gene
(Eachus, et al., 2017). The authors reported the downregulation of phosphoenolpyruvate
carboxykinase 1 (pck1), an enzyme involved in gluconeogenesis, no other aspects were
explored in relation to the metabolic profile of cyp27a2 mutants. Similar findings were
reported in a morpholino-induced mutant with hsd3b7 knockdown (Lin, et al., 2015). The
mutant fish had interrenal hyperplasia, upregulation of pomca, low cortisol and increased
pigmentation, findings which are consistent with human HSD3B2 deficiency (Lin, et al.,

2015).

While in humans 11B-hydroxylase deficiency presents with hypocortisolism, increased
MC activity and hyperandrogenism, the phenotype of cyp771c7-deficient zebrafish
mutants is profoundly affected by the reduced 11-ketotestosterone concentrations
causing gonadal impairment (Oakes, et al., 2020; Zhang, et al., 2020). All adult fish had
external female sexual characteristics; however, they developed either testes or ovaries
(Zhang et al., 2020; Oakes et al., 2020). Fertility, the structure of the gonads and breeding
behaviours were also impaired, however, they could be partially saved by administration
of cortisol in females and 11-ketoandrostenedione in males (Zhang, et al., 2020). There
was also interrenal hyperplasia, correctable with cortisol. A fdx1b-/- zebrafish presented
a similar phenotype, strengthening the concept that testicular development is
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independent of androgens, but requires 11-ketotestosterone for normal structure and
function (Oakes, et al., 2019). The fdx1b-/- fish also had reduced cortisol, upregulation of
the star, cyp11a2 and cyp11c1 genes, as well as increased body weight and body length
(Oakes, et al., 2019). While in human pathology no cases of ferredoxin reductase
deficiency have so far been reported, the fdx1b deficient zebrafish proved to be a very
useful model to study the impact of severe GC on different body system and functions,

including metabolism (Weger, et al., 2018).

Finally, a zebrafish homeodomain-containing transcription factor (rx3) mutant, lacking
pituitary corticotropes, was used as a model of secondary adrenal insufficiency, exploring
related metabolomic and transcriptomic changes (Weger, et al.,, 2016). There were
important dysregulations of the genes that have diurnal expression, of which many were
involved in metabolic pathways, in particular glutamine and glyoxylate metabolism, as

well as the citrate and urea cycles.

Thus, zebrafish equivalents to humans were established for several steroidogenic genes
and their respective enzymes and co-factors. Their involvement in the early stages of
zebrafish development, combined with the multiple practical advantages of using
zebrafish as a research model, provide ample translational applications in the study of
adrenal disease. Subsequently, several models of specific enzyme deficiencies have
been established, many of which present striking pathognomonic similarities to human
conditions associated with GC insufficiency. A very important advantage is that many of
these enzyme deficiencies appear to be compatible with life in zebrafish in the absence
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of GC replacement, which allows the opportunity to explore in a dynamic manner the
effects of GC deficiency on the genotype and phenotype throughout life and even permits
the study of transgenerational emergence of adaptive mechanisms (Vera-Chang MN et

al., 2018; Vera-Chang MN et al., 2019).

1.5.4 Glucose and fat metabolism in zebrafish

Zebrafish possess the same main organs and tissues that are involved in fat and glucose
metabolism and energy regulation in mammals, namely, gastro-intestinal tract, liver,
pancreas, adipose tissue and skeletal muscles (Zang, et al., 2018). The regulatory
mechanisms governing functions such as appetite and satiety control, lipid differentiation,
lipid storage and insulin signalling are well conserved (Elo, et al., 2007; Nishio, et al.,
2008; Flynn, et al., 2009). Moreover, there is also resemblance to mammals in relation to
the maintenance of energy homeostasis, including the melanocortin system, the effects

of the Agouti-related protein and adiponectin.

Glucose homeostasis in zebrafish. The morphology and function of the zebrafish
pancreas, with both endocrine and exocrine components, is similar to that of mammals
(Tehrani and Lin, 2011). The endocrine pancreas includes a-cells secreting glucagon and
B-cells secreting insulin (Argenton, et al., 1999). While formation of the islets of
Langerhans begins at 24 hpf, the expression of insulin starts earlier in the embryogenesis,
as 12-somite stage (Biemar, et al., 2001). Insulin was shown to regulate the uptake of
glucose in the skeletal muscle in zebrafish, indicating the skeletal muscle as a site of

glycolysis and providing the opportunity to develop a model of insulin resistance
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(Maddison, et al., 2015). The liver was also shown to play a major role in zebrafish

glucose metabolism, being an important site of gluconeogenesis (Jurczyk, et al., 2011).

Phosphoenolpyruvate carboxykinase (PEPCK), an enzyme which catalyses an early rate-
limiting step of gluconeogenesis, was shown to be regulated by insulin and glucagon in
zebrafish larvae, similarly to mammals (Elo, et al., 2007). It is expressed in several
structures in adult zebrafish, including the digestive system. Other genes involved in
gluconeogenesis (glucose 6 phosphatase, fructose 1,6 biphosphatase) and glycolysis
(glucokinase, pyruvate kinase) have also been identified in zebrafish, although there is

limited evidence available on their expression and roles.

Interestingly, in zebrafish, leptin appears to have a role in glucose homeostasis and
regulation of B-cells development and function, but it does not act as an adipostatic factor
as it does in mammals (Michel, et al., 2016). Thus, the main features identified in zebrafish
mutants lacking the leptin receptor consisted of increased blood glucose levels, B-cell
hyperplasia and upregulation of the insulin and glucagon gene. Hepatic glucose
metabolism was also affected with upregulation of phosphoenolpyruvate carboxykinase,

glucose-6-phosphatase and pyruvate kinase. (Michel, et al., 2016)

Fat metabolism in zebrafish. In zebrafish the adipose tissue develops from pluripotent
cells from the mesenchyme, which differentiate into preadipocytes and then into
adipocytes (Den Broeder, et al., 2015). The nuclear peroxisome-proliferator activated
receptor gamma (Pparg) and CCAAT/enhancer-binding protein (Cebpa) are essential
regulators of the initial steps of adipocyte differentiation in zebrafish, their genes being
expressed in the fat tissue and liver (Imrie and Sadler, 2010). The fatty acid binding
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protein 11a (Fabp11a) is involved in the final steps of the process. Exogenous nutrition
was shown to be required for adipocyte development, as visceral adipocytes are formed
through the accumulation of neutral lipid droplets (Flynn, et al., 2009). During the first 5
days of development, nutrition is provided by the yolk sac, containing fat-soluble vitamins,
cholesterol (Anderson, et al., 2011) and triacylglycerol, and from 5-6 dpf zebrafish larvae
become self-feeding. Adipocytes become visible in the visceral cavity from 8-12 dpf, their
amount correlating with the size rather than the age of the larvae (Flynn, et al., 2009;
Imrie and Sadler, 2010). Subcutaneous and cranial fat develop at 20 dpf and 22 dpf,

respectively in a size-dependent manner (Imrie and Sadler, 2010).

Before being absorbed in the intestine, lipids are processed by digestive enzymes and
bile. As in humans, bile promotes the formation of micelles, being produced by
hepatocytes and released in the intestinal lumen following food consumption. Pancreatic
lipases break down triacylglycerol and phospholipids to free fatty acids, mono- and di-
acylglycerols, which are absorbed by enterocytes. Thus, following food consumption, lipid
drops accumulate in the enterocytes. From here, fats are either burned in the
mitochondria or peroxisomes through oxidative processes or packed into chylomicrons
that are then released into the lymph or blood. The lipoproteins contained in the zebrafish
chylomicrons are closely similar to those of mammals and it is believed that many of the

mechanisms involved in lipoprotein production are conserved. (Anderson, et al., 2011)

Because they feed on a high-cholesterol diet, zebrafish are hyperlipidaemic and
hypercholesterolaemic in comparison to mammals. They also have a high percentage of
unsaturated fatty acids and HDL is the highest fraction of circulating cholesterol. In
females, the lipoprotein level is also influenced by the concentration of circulating
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vitellogenin, a VLDL synthesised by the liver under oestrogen stimulation. (Holtta-Vuori,

et al., 2010)

Two main regulators of cholesterol metabolism are the sterol-regulatory-element binding
protein (SREBP) and liver X receptor (LXR) systems, acting to increase and decrease,
respectively, cellular cholesterol. The regulation of lipid synthesis through the SREBP
pathway is conserved in zebrafish. It is also the pathway that is activated causing
lipogenesis in alcohol-induced fatty liver disease in humans (HOoltta-Vuori, et al., 2010).
Moreover, orthologues were found in zebrafish for several genes involved in cholesterol
synthesis (hmgcr, coding the equivalent of B-Hydroxy B-methylglutaryl-CoA that catalyses
a rate-limiting step in the synthesis of cholesterol) and fatty acids oxidation (hadha, coding

hydroxyacyl-CoA dehydrogenase), related to defects of lipid metabolism in mammals.

In humans, adiponectin was shown to enhance beta-oxidation of fatty acids, decrease
plasma triglycerides and increase insulin sensitivity, having important roles in body-
weight regulation and energy homeostasis. Two adiponectin genes were identified in
zebrafish, one of which was only expressed in the kidney, while the other was found in
several organs including gut, liver and adipose tissue. Adiponectin was downregulated in
fasted fish suggesting that the pathway is regulated by food deprivation (Nishio, et al.,

2008), which would suggest similar roles to those observed in humans.

In conclusion, as well as presenting important logistic advantages as a research animal
model in Molecular Biology, zebrafish resembles key aspects of human development,
regulation, and pathophysiology of both the stress axis and metabolic processes. This
makes it a convenient model for exploring the effects of GC deficiency on metabolism.
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However, the potential caveats related to its use in this thesis will also have to be taken
into consideration, including the potential differences in the expression and action of
steroidogenic gene paralogues, the metabolic implications of being an ectotherm
organism and the potential distinctions in the roles of adipokines compared to human

pathology.

1.6. Aim and Objectives

This project is based on the hypothesis that GC deficiency contributes to the
dysregulation of glucose and fat metabolism associated with metabolic morbidity in
CAH, rather than it being exclusively caused due to over-exposure to synthetic
corticosteroids. Thus, the aim is to improve the understanding of the molecular
mechanisms involved in the pathology of metabolic disease in 210HD and clarify their
interrelation with GC deficiency. The overarching goal in conducting this work was to
provide information that will help develop novel biomarkers for developing metabolic
disease in CAH and help improve therapy monitoring in clinical practice. The project
combined basic science with clinical research, and it was intended that the information
derived from the transcriptomic and metabolomic analysis of a cyp271aZ2-deficient
zebrafish model would help comprehend the molecular processes that lead to
metabolic complications found in patients with CAH. The objectives set in planning

this project were:

1. To define alterations of metabolism in relation to hormonal status in patients with
CAH by:

1a. Defining the health status of children and young people with 210HD and in
particular, the onset of metabolic disease during childhood
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1b. Analysing the Cytokine/Adipokine profile of patients with 210HD in relation to the
hormonal profile and clinical outcomes
1c. Identifying patterns in blood metabolomes for patients with 210HD in relation to

the hormonal profile and clinical outcomes

2. To explore the metabolic profile of cyp21a2-/- zebrafish by analysing their
phenotype and transcriptome:

2a. Phenotypic characteristics including weight, length, blood glucose Ilevels,
macroscopic fat distribution, liver size and histology

2b. The expression of genes involved in glucose and fat metabolism through gPCR
2c. Transcriptomic analysis focused on metabolic processes and functions, exploring
the differential gene expression between cyp271a2-/- and wild type controls in larvae

and adult livers

3. Compare the clinical and zebrafish data to identify evolutionarily conserved and

distinct aspects of the molecular mechanisms underlying the pathophysiology of CAH

A national cohort of 107 children and young persons with 210HD had already been

established, through a multicentre study (CAH-UK, Clinical Trials Registration Number:

SCH/15/088), providing a resource for clinical data and biomaterial available for analysis.

A first objective was to identify health problems that are linked to metabolic pathology,

including overweight and obesity, insulin resistance as well as metabolic syndrome.

Following that, a more in-depth analysis of the metabolic status of patients with CAH

included metabolomic and cytokine/adipokine analysis. Since alterations of GC and

androgen metabolism have been associated with adverse metabolic constellations in
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common obesity and polycystic ovarian syndrome, measurement of steroid hormone
status in our patient cohort will serve as the basis for further analysis of metabolic
alterations in CAH. The project sought to establish the interrelation of dysregulated
glucose metabolism with atypically altered adipokine synthesis and metabolism in CAH

patients and its interdependency with hormonal status and hormone replacement.

By exploring the differential gene expression between cyp21a2-/- fish and WT siblings,
objectives 2b and 2c are focused on identifying the molecular mechanisms involved in fat
and glucose metabolism that are disrupted as a consequence of GC deficiency. Our
laboratory team has already established a zebrafish model of 210OHD that was shown to
possess the phenotypical characteristics of human CAH (Eachus, et al., 2017). While
proven to be severely cortisol-deficient, the cyp271a2-/- fish live to adulthood and can
reproduce, thus representing a very convenient model for studying the impact of cortisol
deficiency, without having to consider the overlapping effects of synthetic steroids, as is
the case in most patients with CAH. A previous study conducted using the cyp21a2-/- fish
model, has shown that mutant larvae had upregulation of the HPI axis and interrenal
hyperplasia (Eachus, et al., 2017). Steroid measurement also showed that cyp271a2-/-
larvae were cortisol-deficient (also demonstrated by the downregulation of glucocorticoid-
responsive genes pck1 and fkbp5), having increased 17-hydroxyprogesterone and 21-
deoxycortisol; however, androgen precursors were not detected (Eachus, et al., 2017).
This provides the advantage of allowing us to focus only on GC deficiency, without the
interference of hyperandrogenism. The project hypothesis was that the impact of GC
deficiency on metabolic processes are likely to change throughout different stages of
development. Thus, transcriptomic analysis was conducted in larvae and adult fish in
order to study the dynamics of these dysregulations. The liver was chosen for the
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phenotypical and genotypical analysis in adult fish due to its important role in fat and
glucose metabolism, with several pathways that were shown to be similar between
zebrafish and humans (Michel, et al., 2016). To provide more insights into the effects of
cortisol deficiency in zebrafish, the cyp271a2-/- fish were compared with another cortisol-
deficient zebrafish line established in our laboratory, namely cyp11a2-/- (side cleavage
enzyme deficiency). Mutants from this line were shown to be profoundly glucocorticoid
and androgen deficient, with adult fish only developing as infertile males with female

secondary sex characteristics (Li, et al., 2020).

Overall, this project intended to provide significant new insights into the pathophysiology

of CAH and GC deficiency with significant potential to form the basis of optimising patient

care.
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2. Methodology

2.1 Clinical research: The metabolic profile of patients with CAH in relation to
the hormonal profile
(Modified from paper accepted for publication (Bacila, Lawrence et al., 2022))

A cross-sectional cohort study was conducted, including 14 tertiary UK centres (Table
2.1). A total of 107 patients with 210HD and 83 age-, sex- matched controls were
recruited (Clinical Trials Registration Number: SCH/15/088).

Table 2.1. List of collaborating clinical centres

Sheffield Children’s Hospital and NIHR Clinical Research Facility,

1 Sheffield Teaching Hospital, Sheffield

2 Birmingham Children's Hospital, Birmingham

3 Royal Hospital for Sick Children, Yorkhill, Glasgow
4 Great Ormond Street Hospital, London

5 Addenbrooke's Clinical Research Centre, Cambridge
6 Bristol Royal Hospital for Children, Bristol

7 Royal Manchester Children's Hospital, Manchester
8 Oxford Children's Hospital, Oxford

9 Alder Hey Children’s Hospital, Liverpool

10 Great North Children's Hospital, Newcastle

11 Leeds General Infirmary, Leeds

12 University Hospital Southampton, Southampton

13 The Royal London Hospital, London

14 Nottingham University Hospitals NHS Trust, Nottingham
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The recruitment was based on set inclusion and exclusion criteria (Table 2.2) and took
place between September 2016 and December 2018. Patients were recruited by their
local tertiary centres and provided with information leaflets. Advertisements were also
placed in the UK-CAH support group newsletter. For the recruitment of controls, local
advertisements were placed through associated universities, NHS trusts and GP
surgeries.

Table 2.2. Inclusion and exclusion criteria in the CAH-UK cohort
Patients

Inclusion criteria Exclusion criteria

¢ Known diagnosis of 210HD confirmed by e Pregnancy
hormonal or genetic testing

o Age between eight and 18 years

¢ Capacity to consent/assent and provide a
signed and dated informed consent

Controls
Inclusion criteria Exclusion criteria
o Age between eight and 18 years ePast or present history of an
e Capacity to consent/assent and provide a  endocrinopathy (all stages)
signed and dated informed consent o Type 1, diabetes, type 2 diabetes, insulin
resistance
e Known conditions of lipid/ cholesterol
metabolism

e Presence of any psychiatric disorder,
current or past use of psychiatric
medication

e Glucocorticoid use within the last 6
months

¢ Diagnosed learning difficulties and/or full-
scale IQ <70

e Medication known to affect steroid
metabolism

e Pregnancy
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2.1.1 Data collection

The study visits were organised by each tertiary centre, where patients presented
between 8:00 and 9:00 am, in a fasted state. They were advised to take the usual morning
GC dose. The study visit included a physical examination with measurement of height,
weight, waist and hip circumference, four-limb blood pressure, assessment of pubertal
development, as well as collection of blood samples. The medical history was taken from
the notes, patients and parents, and consisted of details regarding the initial presentation,
history of adrenal crisis, genital surgery, current medication and the most recent bone
age. No formal assessment of treatment compliance was undertaken, however, the time

of the last GC dose, as reported by patients and/or parents was documented.

The body surface area (BSA) was determined using the Mosteller formula (square root of
the height (cm) multiplied by the weight (kg) divided by 3600) and mid-parental height
was established by Tanner’s formula (girls: [(father’s height — 13 cm) + mother’s height]/2
; boys: [(mother’s height + 13 cm) + father's height])/2). In keeping with the World Health
Organisation definition, participants’ weight status was classified based on BMI
(overweight > +1SD, obesity > +2 SD). A systolic and/or diastolic pressure above the 95"
percentile for age in all four limb measurements was interpreted as high blood pressure

(Rao, 2016).

The biochemical profiles included electrolytes, urea, lipids, glucose, and plasma renin

activity. They were measured locally, in the centres’ NHS laboratories in keeping with
local operating procedures. The interpretation of results was based on the local normal

ranges.
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Centralised sample analysis. For the measurement of blood steroid hormones (including

17-hydroxyprogesterone, androstenedione, testosterone, 11-hydroxyandrostenedione
and 11-ketotestosterone) the blood samples collected locally were sent to the
Biochemistry Department, University Hospital of South Manchester, Manchester where
they were analysed by liquid chromatography tandem mass spectrometry (LC-MS/MS).
The results for 17-hydroxyprogesterone and androstenedione were interpreted in
accordance with published recommended ranges (Merke and Bornstein, 2005; Kushnir,
Blamires et al., 2010). The measurement of blood insulin was conducted using enzyme-
linked immunosorbent assay (ELISA) at the Clinical Chemistry Department, Sheffield
Teaching Hospital Trust. The presence of Insulin resistance was defined by the
Homeostatic Model of Insulin Resistance (HOMA-IR) (formula: fasting insulin (uU/L) x
fasting glucose (nmol/L)/22.5), using a cut-off 1.68 for normal-weight and 3.42 for
overweight individuals based on previously published data from children (Shashaj,
Luciano et al., 2016). Measurement of blood cytokines and adipokines was conducted in
collaboration with the Department Infection, Immunity & Cardiovascular Disease,
University of Sheffield (Professor Allan Lawrie), using a Luminex Multi-Analyte Profiling
platform (Thermo Fisher, United States), a technology that allows the measurement of
multiple proteins in a single well. The initial project aimed to include the measurement of
several cytokines (resistin, visfatin, interleukines 1b, 6, 8 and 10), however, the
application of the multiplex assay was unsuccessful yielding unmeasurable results in
more that 50% of participants. Consequently, only the analysis of adiponectin and leptin

was included in the result section.

Metabolomic analysis. The blood sample collection was standardised (sample collection

protocols included in the Appendix). The samples were stored frozen at -80°C and
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shipped on dry ice to the central laboratory for analysis. Blood metabolomic analysis of
patients with CAH was carried out at the School of Biosciences, University of Birmingham
(Professor Warwick Dunn) using ultraperformance liquid chromatography — mass
spectrometry (UPLC-MS). Four chemical assays were applied (HILIC negative, HILIC
positive, LIPIDS negative and LIPIDS positive), yielding a total of 12,001 compounds
characterised by a retention time (rt), mass to charge ratio (mz) and chromatographic
peak area (the quantified feature). The identity of the compounds was established based
on the rt and mz using an “in-house” annotation system. The data were normalised using
probabilistic quotient normalisation (PCN) and missing values imputation was conducted
using the k-nearest neighbour algorithm. The comparison between different GC dose
groups was conducted using the Kruskal-Wallis H and the compounds identified to be
significantly different between the subgroups were selected for the remaining analysis,
using the chromatographic peak area, expressed as milli-Absorbance Units (mAU*sec)

as the measured outcome.

2.1.2 Statistical analysis

The clinical study was powered to explore the correlations between steroid hormones
measured in plasma and saliva and continuous clinical variables (anthropometrics,
GC dose). Thus, it aimed to recruit a minimum of 60 patients with 210HD, a sample
size considered to allow the detection of a simple correlation (r=0.5) between hormone
concentrations in plasma and saliva as well as the proposed validation of novel
biomarkers, using a two-sided test, 5% significance level test (a=0.05) with power 80%
(B=0.2). Demographic data and the information related to medication (treatment
doses, timing of doses) was processed using descriptive statistics. Differences
between groups of participants were explored by analysis of variance (Chi-squared,
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ANOVA, Mann Whitney U and Fisher's exact test) and analysis of covariance
(ANCOVA or Quade test), with a statistical threshold of significance (p value) of < 0.05.
Correlations and regressions were used to study the relationship between different
variables. The statistical work and computation were carried out using R, SPSS
Version 25 and GraphPad Prism 7. The weight, height and BMI were expressed as
standard deviation scores, calculated with the use of the Growth Analyser RCT
Software, the chosen reference normative values being the WHO data for The United

Kingdom of Great Britain and Northern Ireland.

2.2 Basic science research: The metabolic profile and transcriptome of cyp21a2
mutant zebrafish

2.2.1 Zebrafish husbandry

All the experiments involving live zebrafish were approved by the United Kingdom Home
Office and conducted in adherence to the local policies and the Animals Scientific
Procedures Act 1986. The zebrafish were housed in the aquariums of the Zebrafish
Facility of the MRC Centre for Developmental and Biomedical Genetics, University of
Sheffield. Adult zebrafish were maintained in a recirculating system at 28.5°C on a 10-
hour dark: 14-hour light photoperiod (with the period of light commencing at 08:00 and
ending at 22:00). Fish were fed twice daily (08:00 and 14:00-16:00), a combination of live
artemia, flake and pellet. Embryos were obtained by natural spawning, following in
crossing of cyp21a2-/- or wild type siblings, and incubated in E3 medium (containing 5
mmol/I NaCl, 0.17 mmol/l KCI, 0.33 mmol/l CaClz, 0.33 mmol/l MgSO4) containing 2 ug/mi
gentamicin, at 28.5°C. Developmental stages were assessed based on hours post
fertilisation (hpf) and days post fertilisations (dpf). Adult fish were culled for experiments

at 18 months (cyp271a2) and 12 months (cyp77a2), being humanely euthanised by
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immersion in anaesthetic agent (tricaine mesylate), followed by destruction of the brain

by piercing the skull with a needle.

Of note, neither the cyp21a2-/- nor the cyp11a2-/~- fish received glucocorticoid or

mineralocorticoid replacement treatment at any stage of the project.

2.2.2 Genotyping cyp21a2 mutants

The mutant zebrafish line used in the experiments had been previously generated by our
group using the TALEN approach (Eachus, et al., 2017), causing a 14-bp deletion (c.del
211-224) in exon 2, leading to a frameshift with a premature stop at amino acid 96 (p.P70
fs26X). Mutant cyp21a2-/- fish and wild type siblings were obtained by in-crossing
heterozygotes carrying the mutation and the progeny underwent genotyping following fin
clipping biopsy, conducted by the aquarium technician. Due to the long time that had
elapsed between the initial genotyping and the time adult fish were collected for
experiments (18 months), consideration was given to potential inter-tank contamination.
Thus, on culling the fish, a small portion of the caudal fin was collected to confirm the
genotype. The material was placed in 100 yl NaOH (50 mM) and genomic DNA was
isolated by heating at 98°C for 10 minutes, then cooling and adding 10 ul Tris pH 8. End-
point PCR amplification of the targeted genomic region was carried out in a 20 pl reaction
with 0.5 pl (10 uM) of each primer (forward: CTCTCGTGGGCTAAACAAGC and reverse:
ACATGTATCCACCATTTGCG) and 1 pl genomic DNA in FIREPol® Master Mix (Solis
Biodyne, Tartu, Estonia). The PCR program consisted of an initial activation at 94°C (2
minutes) followed by 36 cycles of denaturation at 94°C (30 seconds) - annealing at 58°C
(30 seconds) - elongation at 72°C (30 seconds), and finally elongation at 72°C for 10
minutes. The PCR product (10 pl) was digested by adding 2 yl mix made of BseY| (0.25
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pl), 10X buffer 3.1 (1.2 ul) and water (0.55 ul). The digests were analysed in comparison
to the non-digested PCR product on a 1% agarose gel, with the mutation coinciding with
the absence of cleavage of the 179-bp product into 103-bp and 76-bp products (Figure

2.1).

Pre-digestion o2 : Pre-digestion
Post-digestion Post-digestion

.-.-..-“. ->179 bp -

Wild type Cyp21a2 -/-

Figure 2.1. Genotyping results for the cyp21a2 fish, gel electrophoresis

The pairs of bands show the PCR product before and after BseY| digestion. The first row
corresponds to wild type fish, showing a smaller DNA fragment after cleavage. The
second row corresponds to cyp271a2-/- where the cleavage did not take place. The two
rows are separated by a DNA ladder.

The cyp11a2 fish, generated in our laboratory through the CRISPR/Cas9 approach (Li,

et al., 2020), were genotyped by the aquarium technician.

2.2.3 Morphological analysis and blood sugar measurement

Adult fish were humanely euthanised, their length and weight were measured and
recorded, then they were photographed under the dissecting microscope. Following tail
ablation one drop of blood (0.5 pl) was expressed and blood sugar measured using a
True Metrix glucometer (Trividia Health, UK). Subsequently, fish were dissected to
expose the internal organs which were also photographed. Organs and tissues (including
gonads, kidneys, muscle, brain, liver and gastro-intestinal tract) were collected and frozen
at -80°C for RNA extraction. Due to the observation that livers were larger in females
compared to males, the weight of frozen livers was measured as well. All fish were culled

and dissected in the morning between 09:00 and 12:00, having been fed at 08:00.
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2.2.4 Haematoxylin and eosin (H&E) staining

The principle behind this technique is to combine haematoxylin, a basic dye that colours
basophilic structures blue-purple contrast on basophilic structures such as chromatin, and
helps primarily the visualisation of the nuclei, with the acidic dye eosin which stains
cytoplasm, collagen, muscle, and red blood cells in red, pink and orange. The result is
the convenient visualisation of the basic cell components and their organisation within
tissues. Adult fish were humanely euthanised and fixed in 4% paraformaldehyde for 4
days at 4°C. After a 20-minute wash in phosphate-buffered saline (PBS), fish were placed
in 0.25 M EDTA pH8 for 4 days to be decalcified, then transferred in 70% ethanol and
stored at 4°C. The head, the caudal and anal fin were removed, and the fish were
transferred to a tissue processor (Leica TP2010) for dehydration and paraffin infiltration.
Once embedded in paraffin wax, 5 ym sections were cut through the liver. Then, samples
were dewaxed and rehydrated through a series of ethanol baths at decreasing
concentrations. Subsequently, samples were stained with haematoxylin for 1 minute,
washed in tap water and dehydrated by transfer through a series of ethanol at increasing
concentrations. Then, the sections were stained with 1% eosin in 95% ethanol for 30
seconds, washed in absolute ethanol, transferred to xylene and mounted using DPX
mountant. A number of three individuals per genotype (WT and homozygous) and gender
were used for histology sections for each line. In the case of the cyp77aZ2 line, due to
limited availability of adult fish, heterozygous fish (cyp171a2+/-) were used instead of WT.
However, there were no identifiable distinctions in the external phenotype of cyp171a2+/-

in comparison to WT.

61



2.2.5 Gene expression analysis by reverse transcription - quantitative PCR (RT
-qPCR)

RT - gPCR combines the synthesis of complementary DNA (cDNA) from RNA by reverse
transcriptase with the amplification of specific DNA targets by polymerase chain reaction
(PCR). The PCR is a quantitative (QPCR), as the amplification is monitored in real time
based on fluorescence, ultimately providing a quantitative value of gene expression,
represented by the number of cycles used. Total RNA was extracted from 5 dpf larvae
(clusters of 30 larvae) and adult livers using Trizol (Ambion, United States). 1 ug of RNA
was used to synthesise 10 ul cDNA using the Superscript || Reverse Transcriptase kit
(Thermo Fisher, United States). The gPCR primers used were either taken from previous
publications or designed using NCBI Primer-BLAST (Table 2.3). Primer efficiency was
established for each primer, only primers with amplification efficiency between 90-110%
being used. To measure gene expression, comparing cyp21a2 with wild-type siblings, 10
ul reactions (5 pl SYBR Green Master Mix [Promega, USA] 1 pl forward and reverse
primers (10uM), 3 ul water and 1 yl cDNA) were run on a 7900HT Fast Real-Time PCR
System. The following settings were used: 95°C (5 minutes) followed by 40 cycles of
denaturation at 95°C (15 seconds) - annealing at 60°C (60 seconds) - elongation at 95°C
(15 seconds). Five biological replicates with three technical replicates for each were used
for all the qPCR experiments. Quantitative gene expression was calculated using the
Delta-Delta Ct Method, with elongation factor 1 alpha (ef1a) used as housekeeping gene.
Fold changes in gene expression were expressed in relation to the gene expression in
WT. For all biological samples qPCR was initially conducted for fkbp5, an important gene
involved in the response to cortisol, as a means to ensure the cortisol

presence/deficiency.
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The gPCR experiments were conducted twice (2020 and 2021) using the same
methodology but different biological samples, in order to check the validity and reliability
of the results. On both occasions 5 independent larval samples were used, for both
mutants and controls, each resulting from pooling 30 individual 5 dpf larvae. The first
gPCR experiment used 5 adult livers (2 males and 3 females) for both cyp271a2-/- and
wild-type fish, due to limited sample availability. The second time (2021), the experiment
was conducted using 5 male and 5 female livers for both cyp27a2-/- and controls.
However, one of the WT female livers had significantly low expression of FK506 binding
protein 5 (fkbp5) and was consequently removed from the analysis of the glucose
metabolism genes as an outlier. For the experiments exploring the expression of fat
metabolism genes another complementary DNA (cDNA) sample was obtained from a

different WT female.

2.2.5.1 Primer design and establishing primer efficacy

The gqPCR primers used were either taken from previous publications (Table 2.3) or
designed using NCBI Primer-BLAST. The search parameters used in NCBI Primer-
BLAST included a PCR product size between 70 and 200 base pairs, the optimal melting
temperature of 62°C with a range 59 — 65°C, with exon junction span. The selected
primers had a length between 18 — 22 nucleotides and GC content between 50 — 60%.
The first step in establishing primer efficacy consisted of conducting end-point PCR using
cDNA from wild type fish (PCR settings: activation at 94°C (2 minutes) followed by 36
cycles of denaturation at 94°C (30 seconds) - annealing at 58°C (30 seconds) - elongation
at 72°C (30 seconds), and, finally, elongation at 72°C for 10 minutes). In the case of
primers that did not yield a unique clear band on agarose gel electrophoresis, the
annealing temperature of 58°C was considered suboptimal and a gradient end-point PCR
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was conducted, with annealing temperatures ranging between 50 — 60°C by 2°C
increments. In all cases the best electrophoresis bands were obtained for annealing
temperatures of 58 — 60°C, consequently a melting temperature of 60°C was set for all
gPCR experiments. The next step involved establishing primer efficacy by gPCR using a
series of cDNA dilutions (1:1 — 1:4 — 1:16 — 1:64 — 1:256). The PCR efficacy was
calculated based on the slope of the linear correlation between the number of cycles and
the cDNA dilution (Pfaffl. 2001).

Table 2.3. qPCR Primers

Gene Bl Primers Efﬂf acy Source
process (%)
Adipocyte
acrpl end%criyne F: ATGTGGATGGGCGGTGTTCC 103.7 This thesis
p : R: TCCAGGGTCGCCTTTCTCAC :
function
b Adipocyte F: GCGCAAACCACCATGCATCT 97 This thesis
cebPa ' Gifferentiation R: GGCTATGTTGTTGCGCTCCC
offa Housekeeping F: GTGGCTGGAGACAGCAAGA 99 (Oakes, et al.,
gene R: AGAGATCTGACCAGGGTGGTT 2019)

F: GGTTGACAAATTCGTAGGAACGT

96.2 (Landgraf, et al.,
R: AACCCACACCTATAGCCTTCATG ’

fabp11a Lipid storage 2017)

F: GAGAAAGCTTGCCAAACAGG

fasn Lipid storage R: GAGGGTCTTGCAGGAGACAG 95.1 | (Lin, etal., 2017)
. F: GCTGTGAAGTCGGCATGATA . .
gck Glycolysis R: CTTCAACCAGCTCCACCTTAC 95.4 This thesis
3-oxidation of F: CAGGCCTGTACGACAGCAGA . .
hadhaa iy acids R: GGGGTGCCCAGAACTGTCTT 100.6 |  This thesis
3-oxidation of F: GACCAACATACGCCACCCCA . .
hadhb ¢ty acids R: TGAGCGAACCAGTCAGAGCC 95.0 This thesis
Cholesterol F: CTGAGGCTCTGGTGGACGTG :
hmgora| g\ Nihesis R: GATAGCAGCTACGATGTTGGCG 986 | (Lin, etal., 2017)
Cholesterol F: CCTGTTAGCCGTCAGTGGA .
hmgorb| g\ nthesis R: TCTTTGACCACTCGTGCCG 98.5 | (Lin, etal., 2017)
insa Insulin F: GTTGGTCGTGTCCAGTGTAAGCACTAA 89.7 (Jurczyk, et al.,
signalling R: CCACCTCAGTTTCCTGGGCAGATTTA ' 2011)
irs2a Insulin F: TTCATCCACCACCACAGTTG 89.8 (Meng, et al.,
signalling R: GACTCATACTCCTCATCAGAACC ' 2017)
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Adipocyte F: CTGGGAGAATCAGGCAGGGG

lep endocrine R: GCAATACCTTTGAGATGTGAGGACT
function

94.5 This thesis

F: CTGAGGGCTCTCGTTCATAAAGA (Landgraf, et al.,

Ipl Lipolysis 97.3

R: AATCCATCAAAGACTGTAACTTCAATACA ' 2017)
41 Gluconeogene F: ATCACGCATCGCTAAAGAGG 98.0 (Seiliez, et al.,
pc sis R: CCGCTGCGAAATACTTCTTC ' 2013)
42 Gluconeogene F: TGCCTGGATGAAATTTGACA 96.4 (Seiliez, et al.,
pc sis R: GGCATGAGGGTTGGTTTTTA ' 2013)
y Giveolvsi F: TCCTGGAGCATCTGTGTCTG 927 | (Rocha etal,
p ycolysis R: GTCTGGCGATGTTCATTCCT ' 2015)
k Giveolvsi F: TGGGCTTATTAAGGGCAGTG 935 | (Rocha etal,
pxm ycolysts R: TGCACCACCTTTGTGATGTT ' 2015)
. Adipocyte F: GCTGCACAGGCGCTTCA 100.5 (Landgraf, et al.,
PPag | gifterentiation R: CTCCAGCTCCTCCAGTTCCA : 2017)
- F: TGCCCACTCTTCTGGTGTGG : .
srebf1 | Lipid storage R CTGAGAGGCCTGCGCAAAAT 93.5 This thesis

(Abbreviations: acrpl: adiponectin, cebpa: CCAAT/enhancer-binding protein alpha, effa:
elongation factor 1-alpha, fabp11a: fatty acid binding protein 11a, fasn: fatty acid
synthase, gck: glucokinase, hadhaa: hydroxyacyl-CoA dehydrogenase trifunctional
multienzyme complex subunit alpha a, hadhb: hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex subunit beta, hmgcra: 3-hydroxy-3-methylglutaryl-
CoA reductase a, hmgcrb: 3-hydroxy-3-methylglutaryl -CoA reductase b, insa: insulin,
irs2a: insulin receptor substrate 2a, lep: leptin, Ipl; lipoprotein lipase, pck1:
phosphoenolpyruvate carboxykinase 1, pck2: phosphoenolpyruvate carboxykinase 2,
PkI: liver pyruvate kinase, pkm: muscle pyruvate kinase, pparg; peroxisome proliferator
activated receptor gamma, srebf1: sterol regulatory element-binding protein 1

2.2.6 Steroid measurement from adult fish

The steroid measurement was performed in collaboration with K.H. Storbeck,
(Department of Biochemistry, Stellenbosch University, Stellenbosch, Matieland, South
Africa). The whole bodies of adult 180 dpf cyp21a2-/- and WT siblings (3 males and 3
females each) were snap frozen on dry ice. The samples were homogenised using a
Mikro-Dismembrator S (Sartorius, Gottingen, Germany) and then freeze-dried.
Approximately 100 mg of the dried samples were transferred to a glass test tube and

resuspended in 900 pL MilliQ water and 100 yL MilliQ water containing internal standard.
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The steroids were extracted twice using 3 ml methanol. Following centrifugation for 5 min
at low speed the methanol fractions for each sample were pooled and dried under a
stream of nitrogen at 45°C. The dried residue was resuspended in 150 pyL 50% (v/v)
methanol prior to analysis. Steroids were separated and quantified using an Acquity
UPLC System (Waters, Milford, CT, USA) coupled to a Xevo TQ-S tandem mass

spectrometer (Waters, Milford, CT, USA) as previously described (O’Reilly et al. 2017).

2.2.7 Statistical analysis

The sample size of zebrafish was powered for gene expression in adult fish. Based on
our preliminary data, there is typically at least a 75% difference for gene expression
between wild-type (WT) and mutants for classical markers. To detect at least 10%
differences for gene involved in metabolism between groups, 5 - 7 animals per group are
required (power=0.8, a=0.05). All the statistical analysis was conducted using GraphPad
Prism (GraphPad Software, San Diego, California, United States). Due to the small
number of samples, data normality was assessed using the Shapiro-Wilk test. Normally
distributed data were analysed using unpaired t-tests, with the Welch’s correction for
unequal variances. Non-normally distributed data was compared between groups using
the Mann-Whitney test. Statistical significance was considered a p value below 0.05.
Graphics were produced using GraphPad Prism and Adobe lllustrator (Adobe Inc., United

States).

2.2.8 RNA sequencing and transcriptomic analysis of zebrafish larvae and adult
livers
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2.2.8.1 RNA sequencing

RNA was extracted from zebrafish larvae and adult livers using the Qiagen RNAeasy
Kit (Qiagen, Germany). Specifically, total larval RNA was obtained from pooled 5 dpf
larvae (n=30 larvae per sample) resulted from genotyped homozygous fish (cyp21a2-
/- mutants and WT siblings). Four WT and three mutant larval RNA samples were sent
for sequencing. Livers were harvested and RNA extracted from 18-month-old mutants
and WT fish (6 males and 6 females for each group). The quality of the RNA extracted
was determined by a 2100 Bioanalyzer (Agilent, Sheffield Institute for Translational
Neuroscience, University of Sheffield). Larval RNA samples were processed in the
Institute of Cancer and Genomic Sciences, University of Birmingham, library
preparation being performed using NEBNext® Ultra™ Il Directional mRNA Library
Prep Kit for lllumina®, followed by high-output 150 cycles, paired-end sequencing on
a NextSeq 500 system. Liver RNA samples were sent to the Deep Sequencing Facility
in Dresden Genome Center where mRNA-Isolation via poly-dT enrichment and
strand-specific RNA-Seq library preparation was followed by paired-end sequencing

using a NovaSeq 6000 S4 Reagent Kit v1.5 (200 cycles) 4-lane XP mode.

2.2.8.2 Pre-processing of RNA sequencing raw data

The raw RNA sequencing data was pre-processed using the University of Sheffield's
latest central High-Performance Computing (HPC) cluster ShARC. The fastq.gz files that
were produced by RNA sequencing were first subjected to quality control using FastQC,
which was also applied at each step of the subsequent pre-processing sequence. Next,
rRNAs was removed with SortmeRNA version 2.1 (Kopylova, et al., 2012), then the files
were trimmed with Trimmomatic version 0.39 (Bolger, et al., 2014)
(ILLUMINACLIP:Trimmomatic  0.39/adapters/TruSeq3- SE.fa:2:30:10 LEADING:3
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TRAILING:3 SLIDINGWINDOW :4:15 MINLEN:36). The Phred score threshold set when
running trimmomatic was Phred 33. FastQC quality control was also conducted after this
step, individual quality control assessment being combined with MultiQC (Ewels,
Magnusson et al., 2016). Finally, the mapping/alignment of the reads to the reference
zebrafish genome (GRCz11) was performed with STAR (Dobin and Gingeras, 2015). The

code used for the pre-processing pathway can be found in the Appendix.

2.2.8.3 Differential gene expression analysis following RNA sequencing

FeatureCounts was used for gene count quantification from the reads of RNA-seq data
for each gene for each sample (Liao, et al., 2014). The bioinformatic analysis was
performed in R (version 4.2.0) using the RStudio. Differential expression analysis was
conducted with the ‘DESeq2’ package. The threshold of significance was set at the
adjusted p-value < 0.05. Principal component analysis and heat map production was
performed in R studio by the ‘plotPCA’ and ‘pheatmap’ packages. The code used for the

pre-processing pathway can be found in the Appendix.

2.2.8.4 Gene ontology (GO) term overrepresentation

Differentially expressed genes (DEGs) were identified by using the ‘DESeq2’ package in
R, with a threshold of padj < 0.05. Statistical overrepresentation analysis of gene ontology
(GO) terms with DEGs was conducted using two different bioinformatics tools. First, GO
enrichment was performed with GOrilla (Eden et al., 2009), entering as background list
all genes identified by RNA sequencing and ranked using the ‘DESeq2’ package in R,
setting a threshold p < 10° and using REVIGO as a visualisation tool. Secondly, the

‘clusterProfiler’ Bioconductor package was used in R, analysing a list of significantly
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differentially expressed genes defined by p-adj < 0.05 against all annotated genes, setting

a g-value of < 0.05 to identify overexpression of biological processes.

2.2.8.5 Gene set enrichment analysis

Gene set enrichment analysis was conducted in R using the ‘gseGO’ function of the
‘clusterProfiler’ package. The input gene set consisted of the ranked list of all annotated
genes following RNA sequencing and this was analysed against the genome wide
annotation for zebrafish available on the ‘Bioconductor’ website (‘org.Dr.eg.db’), using the
Ensembl ID as gene identifier. The graphic visualisation of results was achieved using

the ‘ridgeplot’ function in R and PraphPad Prism.

2.2.8.6 Exploring associations with human pathology

The association of differentially expressed genes with human disease were explored
using the DisGeNET database (where the human orthologs of the DEG’s were identified)
and the R package “disgenet2r”. The graphics were produced using R, GraphPad Prism,
REVIGO and the Venn diagram tool on the Bioinformatics and Evolutional Genomics site

(www.bioinformatics.psb.urgent.be/webtools).
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3. The metabolic profile of patients with CAH in relation to hormonal profiles

Clinical research was carried out using clinical and biological data (steroid and metabolic
profiles, adipokines and metabolomics) from a UK-wide multicentre cohort study (CAH-
UK) involving 107 children with 210HD, as well as 83 healthy controls. The aim was to
obtain an overview of the health status of children and young people with CAH within the
UK, focusing on early signs of metabolic disease, in relation to the GC replacement
therapy. Clinical data, including anthropometric measurements and treatment doses, as
well as hormonal, lipid and adipokine profiles were analysed. A significant number of
children with CAH were found to be overweight and obese compared to healthy controls.
Moreover, a small number of patients had raised total cholesterol, low HDL, raised LDL
and triglycerides. Leptin and adiponectin correlated with the patients’ BMI, HOMA-IR and

plasma androgens.

3.1 Results

3.1.1 Study participants

(Modified from published paper (Bacila, et al., 2022))

The study recruited a total of 107 patients with 21OHD that underwent the study visit. The
median age for patients was 12.4 years with interquartile range of 10.1 — 15.1 years and
55.1% were females. Controls were well matched with the patients’ group for age and
sex, however not for ethnicity, as there were fewer Asian Pakistani controls compared to
patients (p<0.001) (Table 3.1). The majority of patients (62.2%) had been diagnosed in
the first month of life, commonly presenting with ambiguous genitalia (32.7%) or salt

losing crisis (25.2%).
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3.1.2 Glucocorticoid replacement therapy
(Modified from published paper (Bacila, et al., 2022))

Most of the patients received GC replacement with hydrocortisone according to a
circadian administration regime. However, there was large variation in the timing of
administration and in the relative GC dose, with a third of patients exceeding the

recommended dose range.

Hydrocortisone (HC) was used by 94.3% of patients for cortisol replacement, the
remaining receiving prednisolone. The majority of patients on HC received three (65.3%)
or four daily doses (24.8%); a smaller number received two (7 patients), five (2 patients)
and six doses (1 patient).

Table 3.1. Demographic characteristics of participants

Patients Controls Statistical difference
Number n=107 n=83
Age (years) 12.4(10.1-15.1)  13.3(10.3-15.3) p=0.550
<12 years 51(47.7%) 36(43.4%)
p=0.556
12-18 years 56(52.3%) 47(56.6%)
Girls 59(55.1%) 45(54.2%)
p=0.899
Boys 48(44.9%) 38(45.8%)
White 79(73.8%) 72(85.7%)
Asian Pakistani 20(18.7%) 0
Asian other 0 6(7.2%)
p<0.001
Black ethnicity 1(0.9%) 2(2.4%)
Mixed ethnicity 6(5.6%) 2(2.4%)
Other ethnicities 1(0.9%) 1(1.2%)

(Statistical test: Chi-squared)
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Administration times for the HC doses varied widely among patients (Figure 3.1). A
circadian regime, with the morning dose being the highest dose of the day, was used in
66.3% of patients on HC, while only 8.4% received a reverse circadian regime.
Prednisolone was commonly given in two daily doses (7:00 - 8:00 and 21:00 — 22:00),

one patient received one daily dose.
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Figure 3.1. Administration times for hydrocortisone doses

Times of administration of hydrocortisone doses for children on three daily doses (A) and
children on four daily doses regimes (B). Each bar represents the number of patient visits
recording a dose given at that time; the different patterns correspond to the order of the
doses throughout the day.
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Regarding the GC replacement doses, the overall mean relative daily dose was 13.3
(£3.7) mg/m?/day HC — equivalent. Comparing mean ranks between patient subgroups,
no significant difference was found between males and females, however, doses were
higher in patients aged 12-18 years compared to younger patients (p = 0.025) (Figure
3.2A-C). A GC dose within the recommended range (10-15 mg/m?/day) (Speiser, Arlt et
al., 2018), was found in only 43.9% of the patients, while 22.4% of daily doses were lower
than 10 mg/m?/day and 33.6% higher than 15 mg/m?/day. Doses lower than 10 mg/m?/day
were more frequently used in females compared to males (p=0.036); these patients were
evenly distributed among centres. No relationship was found between the timing of the

doses and the adherence to the recommended dose range.

3.1.3 Mineralocorticoid replacement therapy
(Modified from published paper (Bacila, et al., 2022))

Mineralocorticoid therapy with fludrocortisone was used for 82 patients (76.6%). This was
administered once daily in 85.4% of patients, most frequently at 8:00 am. The total daily
doses ranged between 15 — 350 g/ day, and the relative doses between 5.0 — 228.6
ug/m?/day with a mean of 105.0 (+50.2) ug/m?/day, with no marked differences between

age and sex groups (Figure 3.2D, E).
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Daily glucocorticoid doses for gender (A) and age (B) groups, as well as subgroups of
age and gender (C). The shaded area corresponds to the recommended glucocorticoid
dose range of 10-15 mg/m?/day hydrocortisone equivalent. Daily mineralocorticoid doses
for gender (D) and age (E) groups, expressed as fludrocortisone pg/m2/day. The
horizontal lines correspond to the median, 25" and 75™ quartiles. (Statistical test: Mann
Whitney U; * indicates statistical significance)

3.1.4 Biochemical markers of control
(Modified from published paper (Bacila, et al., 2022))

The conventional hormonal markers of disease control were frequently abnormal, with
androstenedione being raised in over half of the patients (Figure 3.3), especially in the
case of male patients. The extended steroid profiles showed significantly raised
concentrations of androgens and androgen precursors in patients compared to controls

for all subgroups of age and sex, with the exception of testosterone.

Androstenedione concentrations were above the normal range in 67.8% and suppressed
in 4.4% of patients. Plasma 17-hydroxyprogesterone (170HP) was below the
recommended range suggesting suppression in 13% of patients (Figure 3.3). Hormone
concentrations were similar between most sex and age subgroups; however,
androstenedione was above range more frequently in males compared to females (79.5%
vs 56.5%, p=0.04). There was no correlation between plasma androstenedione or 170HP

and the relative GC dose.
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Figure 3.3. Serum biomarkers

(A) Concentration of serum 17-hydroxyprogesterone in CAH patients for gender and age
groups. The shaded areas correspond to the recommended range for hormone
concentrations in CAH. (B) Concentration of serum androstenedione in gender groups;
the grey ribbons correspond to the normal ranges for age and gender. A4:
androstenedione

3.1.4.1 Extended steroid profiles
(Modified from published paper (Bacila, et al., 2019))

Plasma androstenedione, 17-hydroxyprogesterone, 11-hydroxyandrostenedione and 11-
ketotestosterone were higher in patients with 210HD compared to controls (p<0.001).
This finding was consistent across age and sex subgroup. Plasma testosterone
concentrations were overall similar for patients and controls, however, a subgroup
analysis showed that female patients had raised testosterone compared to controls

(p<0.001). Similarly, testosterone was also significantly higher in patients younger than
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12 years (p=0.008) in comparison to matched controls. Male patients showed an opposite
trend, having lower plasma testosterone than controls (p=0.01), the difference being more
marked in pubertal boys (p=0.001) (Figure 3.4). In patients with CAH due to 210HD,
strong (rs=0.6-0.8) and very strong (rs>0.8) correlation correlations were detected
between plasma 17-hydroxyprogesterone, androstenedione, testosterone and the 11-
oxygenated androgens (11-hydroxyandrostenedione and 11-ketotestosterone), with the
strongest correlation found between androstenedione and 11-hydroxyandrostenedione
(rs=0.895, p<0.001). These correlations also existed in controls, although they were
weaker (rs=0.5-0.7), the strongest relationship still being found between androstenedione

and 11-hydroxyandrostenedione (rs=0.690, p<0.007).

Cortisol concentrations ranged from 14.7 to 827.3 nmol/l in CAH patients, with a median
of 287.3 nmol/l, which was comparable to the values found in healthy controls. (Figure
3.5). A cortisol concentration below 100 mmol/l was found in 20 patients (19%), of which
only five were treated with prednisolone. There was no correlation between plasma
cortisol and any of the five adrenal steroids measured in patients with CAH. This was not
the case in healthy controls where plasma cortisol correlated with 17-
hydroxyprogesterone (rs= 0.346, p = 0.006), androstenedione (rs= 0.302, p = 0.017),
testosterone (rs= 0.227, p = 0.079), 11-hydroxyandrostenedione (rs= 0.642, p < 0.001)

and 11-ketotestosterone (rs= 0.116, p = 0.370).
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Figure 3.4. Plasma steroid concentrations

Comparison of plasma steroid concentrations between patients and controls. Patient
values are represented by coloured shapes, classified according to 17-
hydroxyprogesterone concentrations as low (black circles), normal (black squares) and
high (black triangles); control values are represented by clear circles. The left column
represents the results obtained for boys younger than 12 years of age (left pair of scatter
columns) and 12 to 18 years of age (right pair of scatter columns) for 17-
hydroxyprogesterone  (A), androstenedione (B), testosterone (C), 11-
hydroxyandrostenedione (D) and 11-ketotestosterone (E). The right column represents
the results obtained for girls younger than 12 years of age (left pair of scatter columns)
and 12 to 18 years of age (right pair of scatter columns) for 17-hydroxyprogesterone (F),
androstenedione (G), testosterone (H), 11-hydroxyandrostenedione (I) and 11-
ketotestosterone (J). The horizontal bars within the scatter columns correspond to the
median and interquartile range. (170OHP: 17-hydroxyprogesteone, A4: androstenedione,
T: testosterone, 11OHA4: 11-hydroxyandrostenedione, 11KT: 11-ketotestosterone).

(Statistical test: Mann Whitney U; * indicates statistical significance) (Modified from
Bacila, et al., 2019)
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3.1.5 Clinical and anthropometric characteristics
(Modified from published paper (Bacila, et al., 2022))

Patients with CAH had advanced bone age and their height-SDS decreased with age,
pubertal patients being shorter compared to healthy controls. A higher prevalence of

overweight and obesity was found in CAH patients compared to controls.

Assessment of pubertal development by Tanner staging found advanced pubarche in

females (p=0.002) and genital development males (p=0.021) with CAH compared to
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controls. Patients with CAH had overall increased height-SDS in relation to the mid-
parental height-SDS (p=0.005). However, there was a significant decrease in the height-
delta SDS (representing the difference between patient-height SDS and mid-parental-
height SDS) in relation to age, as shown by linear regression (Figure 3.6.A). Compared
to healthy controls, 8-12-year-old patients were taller (p=0.011) and patients aged 12-18
years were shorter (p=0.037) (Table 3.2). The weight SDS were higher in CAH patients
(p=0.009), as was the case for the BMI (p=0.004) and hip circumference (p=0.006),
compared to controls (Figure 3.6.B). Analysing subgroups of participants, the BMI was
found to be higher in female patients (p=0.004) and patients aged 12-18 years (p=0.006).
The hip circumference was higher in patients compared to controls only for males aged
8-12 years (p=0.028). In females, waist-to-hip ratio was significantly higher in patients
compared to controls (p=0.01), however, there was no difference in males. Importantly,
while in controls males has higher waist-to-hip ratio than females (p=0.019), in patients
there was no significant difference between sexes. There was increased prevalence in
patients of overweight (26.4% vs 10.8% in controls) and obesity (22.6% vs 10.8% in
controls) (p<0.001) also found in all subgroups of age and sex. Patient BMI-SDS did not

correlate with GC doses or plasma androstenedione and 170HP.

Bone age results from 85 patients showed a difference between bone age and
chronological age of 1.9 (x2.2) years. Advanced bone age by more than 1.5 years was
found in 43 patients and delayed bone age by over 1.5 years in 2 patients. There was a
significant difference between age groups, as children aged 8-12 years had a more
advanced bone age compared to patients aged 12-18 years (2.4 (+2.4) years vs.
0.9(x1.4) years, p=0.004). There was no significant difference in this parameter between
sex groups and no correlation between bone age and relative GC doses.
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Figure 3.6. Anthropometric characteristics in patients with CAH

A. Linear regression showing the relationship between height-delta SDS (difference
between height SDS and mid-parental-height SDS in patients with CAH). B. Patients’ BMI
SDS for age and gender (males: dark dots, females: clear dots). The shaded area
represents a regression estimate based on the BMI SDS of the 83 healthy controls.
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Table 3.2. Anthropometric data in patients and controls

Patients
. . Subgroup
Variable Patients Controls Con\ﬁols* comparison
[
Hip"ﬁm 0.3(-0.7-1.2) 0.1(04-08) p=0.658
n=107 n=83
0.1 n0_7 0.7) 0.1 no_s 0.7 p=0.022
Females : (;1 _.59- 7) : (;1 _.45; 7)  p=0.800 p=0.188"
= = p=0.269°
-0.2(1.0-0.4) 0.1(-0.5-0.6 =0.037
Age 12-18y (n=56 ) ( s ) p=0.03
W—iﬁm 0.8(:0.0-19) 02(-04-10)  p=0.009
n=107 n=83
Malos 12(01-20) 03(02-12)  p=0.078
n=48 n=38 p=0 0952
=0.129°
12(-04-16) 0.5(-0.4-1.4 = p
Age 8-12y (n=51 ) (n=36 ) p=0.019 p=0.117¢
0.6(-0.4-1.6) 0.1(-0.3-0.6 =0.22
Age 12-18y (n=56 ) (n=47 ) p=0.225
% 09(0.0-19) 02(-0.3-08)  p=0.004
n=107 n=83
Malos 11(01-19)  03(01-10)  p=0.76
n=48 n=38 p=0.434°
p=0.187¢
1.0(-0.2-21) 0.4(-0.3-1.0 =
Age 8-12y (n=5 1 ) (n=36 )y p=0.100 5 006
0.9(-0.0-17) 0.1(-0.3-0.8 =
Age 12-18y (n=56 ) (n=47 ) p=0.006
Waist
circumference
All 0.8(0.2-1.9) 0.7(-0.1-14)  p=0.102 p=0.672°
n=95 n=r8 =0.448"
Males 09(0.2-1.9) 0.7(-0.1-14)  p=0.475 pP= 0.280°
n=46 n=34 p: ’ d
Females 1.0(02-1.9) 06(-0.1-1.2) p=0.116  P=0.236
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n=49 n=44
Age 8-12y 1.0(0.2-1.9) 0.9 (-0.2-1.4) p=0.399
n=44 n=33
Age 12-18y 0.8(0.2-1.8) 0.6 (-0.1-1.1) p=0.168
n=51 n=45
Hip
°"°“":ﬁre"°e 09(-05-1.7) 00(1.0-0.8)  p=0.006
n=97 n=78
1.3(-0.2-2.3) 0.1(-0.6-1.2) p=0.020
Males n=47 n=34 p=0.028"
0.6 (-0.6-1.5) 0.0(-1.0-0.8) p=0.144 p=0.173°
Females n=50 n=44 p=0.189°
1.2 (-0.0 - 2.1 0.0 (-0.6 - 1.1 p=0.020 =0.571¢
Age 812y (n=44 ) (n=33 ) P
0.7(-0.7-1.6) 0.0 (-1.0-0.7) p=0.118
Age 12-18y n=53 n=47

The variables are expressed as median with interquartile ranges of z-scores. (* Males age
8-12 years, " Males age 12-18 years, ° Females age 8-12 years, ¢ Females age 12-18 years)
(Statistical test: Mann Whitney U)

Raised blood pressure was found in five patients (three females, two males) and one
control (female). Their replacement doses were mostly in keeping with recommendation,
ranging for GC between 9-15 mg/m?/day and for MC between 60-200 ug/m?/day; one was
not taking fludrocortisone treatment. Of these patients, one was overweight, and one had
cushingoid features. Analysis of covariance (Quade test) used to compare mean absolute

systolic and diastolic blood pressures, conducted in different sex groups and using age

as covariate, found no significant difference between patients and controls.

3.1.6 Biochemical markers of metabolic risk
(Modified from published paper (Bacila, et al., 2022))

Most of the patients had normal non-steroid serum biochemistry (Table 3.3). Raised
creatinine was found in 10% of patients and a third of the patients had raised plasma

renin. Altered lipid profiles were found in a modest number of patients, consisting of
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raised total cholesterol (3.9%), low HDL (2.9%), raised LDL (7.8%) and triglycerides
(4.9%). Using Analysis of covariance (ANCOVA) to compare absolute values of
biochemical markers, using age as covariate, showed no significant difference
between treatment groups (HC-equivalent in mg/m?/day < 10 mg/m?/day, 10-15
mg/m?/day and > 15 mg/m?/day) and groups of disease control based on the 170OHP
values (below, within and above the 12-36 mmol/l target range). The only exceptions
were LDL and total cholesterol, where levels were found to be higher in the group of
overtreatment (high 170HP), and lower in that of poor control (low 170HP), ANCOVA
results: F(2, 77)=7.368, p=0.001 for LDL cholesterol and F(2, 77)=5.888, p=0.004 for
total cholesterol. There was no significant difference in LDL and total cholesterol
between patients treated with circadian versus revers circadian GC replacement
regimes. A significant number of CAH patients had a HOMA-IR suggestive of insulin
resistance (53.8%), however, this prevalence was similar to that found in controls
(56.3%).

Table 3.3. The results of biochemical investigations in patients with CAH

Test Normal High Low Result not available

Sodium | 88.2% | | | 11.8% |
Potassium | 86.3% 1% | 12.7%
Urea | 86.3% 2% | 11.8%
Creatinine | 77.5% 8.8% | 2% | 11.8%
Plasma reninI 17.6% 30.4% | 3.9% | 48%
ITotal cholesterl' 73.5% 3.9% | 3.9% | 18.6%
| HDL | 72.5% | 2.9% | 24.5%
LDL 61.8% 7.8% | | 30.4%
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Triglycerides 77.5% 4.9% 1% 16.7%

Glucose 82.4% 17.6%

The results are interpreted in relation to the normal ranges of the respective local
laboratories.

3.1.7 Adipokine analysis in CAH patients

In patients with CAH both leptin and adiponectin correlated with weight and BMI. Leptin
was higher in patients compared to controls only in male participants. A significant
relationship was found in patients between leptin and insulin, as well as leptin and the
first GC dose of the day, but not the total daily dose. No relationship was found between
adiponectin and insulin, however, adiponectin increased significantly with the decrease

of plasma androgens.

A positive correlation between leptin and BMI was found in both patients (regression
equation: leptin(ng/dl) = 4810 + 3939 x BMI-SDS, p < 0.001) and controls (regression
equation: leptin(ng/dl) = 4444 + 2301 x BMI-SDS, p < 0.001). Leptin corrected for BMI
also correlated positively with waist SDS in patients (rs = 0.381, p < 0.001) and controls
(rs = 0.400, p < 0.001). Adiponectin decreased with increasing BMI in patients (regression
equation: adiponectin(pg/dl) = 98 — 11 x BMI-SDS, p = 0.008) (Figure 3.7), but the
relationship was not significant in controls. In CAH patients, adiponectin correlated
negatively with both the waist circumference (rs = -0.477, p < 0.007) and the hip
circumference SDS (rs = -0.504, p < 0.001); in controls these correlations were weaker
(rs = -0.250, p = 0.033 for waist circumference and rs = -0.256, p = 0.029 for hip

circumference SDS).
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Within the patient group, there was no difference between age subgroups and although
regression analysis showed an increase in leptin corrected for BMI with age, this was not
statistically significant; similar findings with regards to leptin versus age were found in
controls. Leptin corrected for BMI was significantly higher in females than males in
patients (p = 0.007) and controls (p < 0.001) (Figure 3.8). Of note, there was no significant
difference in weight, BMI SDS or waist over hip circumference SDS ratio between males

and females.
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Figure 3.7. Leptin and adiponectin vs BMI
Linear regression showing a statistically significant relationship between leptin and BMI-
SDS (A) and a negative relationship between adiponectin and BMI-SDS (B) in patients.
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Figure 3.8. Leptin in sex groups

Comparison of serum leptin (corrected for BMI-SDS) between males (blue) and females
(red) in patients (A) and controls (B). The horizontal axis displays the ages of the
participants. The dots represent individual values, the grey ribbons represent the 95%
confidence interval of the non-linear regression (coloured lines).
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Patients had significantly higher leptin (corrected for BMI) compared to controls
(p=0.027), however, when comparing sex subgroups, the difference was only significant

in boys (p=0.033) (Figure 3.9).
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Figure 3.9. Leptin in patients vs controls

Comparison of the plasma leptin (corrected for BMI SDS) between patients (orange) and
controls (blue) in all participants (Panel A) and sex subgroups (Panel B); the data is
expressed as median with interquartile range (error bars). (Statistical test: ANOVA; *
indicates statistical significance)

In CAH patients, leptin levels (corrected for BMI-SDS) decreased significantly with the
increase of the first daily relative HC dose, irrespective of the time elapsed between the
administration and sample collection. This was demonstrated by the regression analysis,
with the equation: leptin(ng/dl)/BMI-SDS = 2225 — 174 x HC dose (HC-equivalent in

mg/m?/dose), p=0.02 (Figure 3.10). No relationship was found between leptin and the

daily relative GC dose.
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Figure 3.10. Leptin vs GC dose
Linear regression showing a statistically significant relationship between leptin corrected

for BMI SDS and the first GC dose of the day, expressed in mg/m? HC-equivalent.

There was a weak positive correlation in patients between leptin and insulin (rs = 0.315,
p = 0.008) and leptin and HOMA-IR (rs = 0.302, p = 0.010), however, the relationship was
stronger in controls (rs = 0.584, p < 0.001 for insulin and rs = 0.496, p < 0.001 for HOMA-
IR) (Figure 3.11). Regression analysis using patient data showed a significant increase
in leptin corrected for BMI-SDS with insulin and decrease with the first relative GC dose:
leptin/BMI-SDS = 1826 + 27 x insulin — 169 x dose (p = 0.014). Of the measured plasma
androgens, leptin was only found to correlate with testosterone, increasing as
testosterone decreased (rs = -0.297, p = 0.016); subgroup analysis showed that this was

only the case for male patients (rs = -0.379, p = 0.036).
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Figure 3.11. Leptin and insulin sensitivity

Correlations between leptin (corrected for BMI SDS) and insulin and HOMAIR in patients
(A, B) and controls (C, D). The central red line represents the linear regression between
the variables with its 95% confidence interval (grey ribbons).

For adiponectin there was no difference between patients and controls in the measured
levels, with or without correction for BMI. In patients, no association was found between
adiponectin and the GC dose, and the negative correlation with insulin and HOMA-IR was
not significant. By contrast, in controls there was a significant negative correlation

between adiponectin and insulin (rs = -0.332, p = 0.005) and HOMA-IR (rs =-0.391, p <

0.007).

A negative correlation was found between adiponectin and 170HP (rs = -0.346, p =
0.004), androstenedione (rs = -0.344, p = 0.004), testosterone (rs =-0.331, p = 0.006), 11-

hydroxyandrostenedione (rs = -0.326, p = 0.006) and 11-ketotestosterone (rs = -0.285, p
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= 0.019) (Figure 3.12); no such relationship was found in controls, except for a weak

negative correlation with testosterone (rs = -0.257, p = 0.047).
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Figure 3.12. Adiponectin vs plasma androgens

Correlations between adiponectin (corrected for BMI SDS) and plasma androgens in
patients: 17-hydroxyprogesterone (A), androstenedione (B), testosterone (C), 11-
hydroxyandrostenedione (D), and 11-ketotestosterone (E). The central red line
represents the linear regression between the variables with its 95% confidence interval
(grey ribbons). (170HP: 17-hydroxyprogesterone; A4: androstenedione; T: testosterone;
110HA4: 11-hydroxyandrostenedione; 11KT: 11-ketotestosterone).
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3.2 Discussion
(Modified from published paper (Bacila, et al., 2022))

While in adults with CAH the raised prevalence of comorbidities including metabolic and
cardiovascular disease was clearly demonstrated (Merke and Auchus, 2020), the current
study indicates that in children growth and weight gain problems are by far the most
frequent health problems. However, some of the results indicate that metabolic
comorbidities have their onset during the childhood and teenage years, in keeping with

more recently published evidence (Torky, et al., 2021).

Children with CAH were found to have altered growth patterns in comparison to healthy
individuals, consisting of accelerated growth before puberty and reduced height in
postpubertal patients. This was confirmed by the age-dependent fluctuation observed
when patient height was analysed against the respective mid-parental height, showing
younger patients to be above the expected height SDS, while data from patients reaching
the end of puberty indicated reduced final height. A similar relationship was noted when
patients’ height SDS were compared to those of controls, as in the younger group of
participants (8-12 years) patients were taller than controls with a more advanced bone
age and higher Tanner scores. This is a consequence of the higher levels of adrenal
androgens commonly found in patients with CAH causing an early growth spurt. Height-
SDS of patients aged 12-18 years was however significantly lower compared to controls
in this age group. The results resonate with the published UK evidence from adults with
CAH who had reduced height (Arlt, et al., 2010). Importantly, in a significant number of
patients the recommended dose range of 10-15mg/m?/day HC (Speiser, et al., 2018) was
exceeded. The reduced height shown in older patients with CAH may partly relate to the
growth-suppressive effect of GC. Although in the present study the relative GC doses did

not correlate with height SDS, previous evidence from a longitudinal study showed that
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using doses over 17 mg HC/m?/day was associated with increased prevalence of short

stature (Bonfig, et al., 2007).

Overweight and obesity were more prevalent in CAH patients than in the cohort. Of
note, the prevalence of overweight and obesity in the control group was lower than the
one reported by national data (namely, between 11% and 29% in year-6 children, with
variations based on the socio-economic status) (NHSDigital, 2017). However, these
results are in keeping with evidence from adults with CAH in the UK (Arlt, et al., 2010)
and with the results found in paediatric patients reported by studies conducted in other
countries (VOIkl, et al., 2006; Ariyawatkul, et al., 2017). Previous evidence also
demonstrated an increased percentage of fat mass in children with CAH, which
correlated with BMI and HOMA-IR (Mooij, et al., 2010). Cushingoid features were only
found in one patient from the cohort, significantly less compared to adult data reporting
them in 63% of females and 38% of males (Arlt, et al., 2010). This might be indicative
of increased awareness of GC toxicity, but it could also relate in some measure to a

shorter duration of the exposure to synthetic steroids in children.

The finding of raised blood pressure in five of the patients was based on single time-point
assessments, and thus, was not sufficient for a diagnosis of hypertension (Rao, 2016).
This number of patients was too modest to identify any trend relating to medication or
weight. The evidence on the effects of CAH on blood pressure is sparse and yielded
contradicting results, ranging from indicating increased prevalence of raised blood
pressure in children (Ariyawatkul, et al., 2017) to reports of hypotension in normal-weight

patients with this condition (VOIkl, et al., 2006).
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The number of patients with altered lipid profiles is modest compared to findings from
adults (Arlt, et al.,, 2010). However, the fact that CAH patients in the cohort had
significantly raised prevalence of overweight and obesity would indicate that they have
an increased risk of developing metabolic syndrome. Recent evidence of increased
prevalence of the metabolic syndrome before puberty in patients with CAH (Torky, et al.,
2021) further supports this theory. In the present study, analysing absolute values of
biochemical markers, there appeared to be an association between supressed plasma
170HP and higher levels of LDL and total cholesterol. This would suggest indirectly that
higher doses of GC may lead to deranged lipid profile, while a direct association was not
confirmed as cholesterol levels were comparable between patients with high and low
doses of GC. Potential explanations for this discrepancy may be the small group of
patients with supressed 170HP (n=10), as well as potential lack of compliance to the GC
replacement therapy. Insulin resistance, based on the HOMA-IR calculation, was present
in as high as 53.8% of patients, much higher than findings reported by previous evidence
in adults with CAH of 28-36% (Arlt, et al., 2010). This may relate to the much lower HOMA-
IR threshold of 1.68 recommended in children (Shashaj, et al., 2016), compared to the
2.5 used in adults (Arlt, et al., 2010). The published evidence on the prevalence of insulin
resistance in children with CAH produced variable results (Charmandari, et al., 2002;
Volkl, et al., 2009; Ariyawatkul, et al., 2017) and it is difficult to draw clear conclusions.
This study could not confirm an association between CAH and insulin resistance during
childhood, and it is likely that the high HOMA-IR found in participants is linked to the
increasing frequency of prevalence of the metabolic syndrome in children in general

(Weihe and Weihrauch-Bluher., 2019).
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The GC replacement therapy consisted mostly of HC administered according to a
circadian three or four daily doses regime. This is in keeping with the international
recommendations (Speiser, et al., 2018) based on the fast clearance of HC
(Charmandari, et al., 2001), the aim being to mimic the physiological cortisol release from
the adrenals. Although a study comparing the efficacy of circadian and reverse circadian
GC regimes produced inconclusive results (German, et al., 2008), it was shown that a
raised plasma cortisol in the evening was associated with higher risk of metabolic
complications in adrenal insufficiency (Plat, et al., 1999). The GC dose was in adherence
to the recommended range of 10 - 15mg/m?/day in less than 50% of the patients, 22.4%
using lower and 33.6% higher doses. Comparing age subgroups, patients aged 12-18
years received higher doses, however, the androstenedione and 170OHP concentrations
were similar between age groups. This could be due to either an increased requirement
for HC, or reduced compliance to the treatment with the increasing age. Importantly, the
study used no formal strategy for assessing compliance to treatment, an aspect that
needs to be taken into consideration when interpreting the results reporting the
relationship between GC replacement and other variables, such as plasma steroids and

anthropometric data.

The limitations of the conventional hormonal biomarkers used in CAH are well known
(Dauber, et al., 2010) and there is a need for monitoring tools that are superior to those
which are currently available. The extended steroid profiles in the CAH-UK patients
confirm this statement, showing variability in the concentrations of 170HP and
androstenedione, the most common biomarkers of control used in clinical practice, with
no relationship to the HC dose identified. The findings also show the gonadal testosterone
suppression by adrenal androgens in pubertal males, which was previously described in
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adults with CAH (Engels, et al., 2018), confirming that testosterone is only relevant as a
biomarker for CAH in girls and pre-pubertal boys. Of note, the measurements of plasma
steroids were conducted using samples collected between 8:00 and 10:00 at variable
times after the morning GC dose, an aspect likely to reduce their value as monitoring
markers. The results also showed raised concentrations of 11-hydroxyandrostenedione
and 11-ketotestosterone in children and young people with CAH. This is in keeping with
previous evidence from adults with CAH (Turcu, et al., 2016; Kamrath, et al., 2018) and
also from women with polycystic ovary syndrome (PCOS) (O'Reilly MW, 2017),
highlighting the practical potential of 11-oxygenated androgens as biomarkers of disease
control. Importantly, although the plasma concentrations were higher in patients
compared to healthy controls for 17OHP, androstenedione, 11-hydroxyandrostenedione
and 11-ketotestosterone, there was still consistent overlap in their values between the
two groups, especially in the case of the two 11-oxygenated androgens. A closer look
showed that the overlap corresponded to patients with normal or low 170HP. This would
indicate that 11-oxygenated androgens may be useful in identifying CAH patients who
are under-treated, also highlighting the need for using hormonal profiles when assessing
disease control. There was no correlation found between plasma cortisol and androgens
in CAH patients, although this was present in healthy controls. This aspect is in keeping
with the results of an earlier study where it was attributed to the high variability in HC
pharmacokinetics and HPA response between patients (Sarafoglou, et al., 2015),
however, consideration must also be given to variable compliance in taking the GC
medication, especially in view of the high number of patients with low cortisol

concentrations.

97



Overall, these results highlight abnormal patterns of growth and increased weight in
patients, which can be attributed to GC treatment and hyperandrogenism. The findings
also suggest that the onset of the metabolic syndrome and cardio-vascular pathology in
CAH may occur during childhood. It has been previously hypothesised that metabolic
changes in CAH may be partly caused by an altered leptin axis (Charmandari, et al.,
2002; Saygili, et al., 2005; VOIKI, et al., 2009). High adiponectin levels have also been
reported in children with CAH (Volkl, et al., 2009) making published data on adipokines
and insulin resistance in CAH all the more confusing, as adiponectin counteracts insulin

resistance.

The adipokine analysis provided further insight regarding the developing risk for
metabolic disease in CAH patients during childhood. Leptin is an established regulator of
energy homeostasis, neuroendocrine and metabolic functions (Obradovic, al., 2021). In
patients with CAH leptin was shown to correlate positively with fat mass, BMI and cardio-
vascular risk in both adults (Borges, et al., 2021) and children (Charmandari, et al., 2002;
Zurita-Cruz, et al., 2018). The raised levels of leptin and insulin found in patients with
CAH were attributed to the GC replacement therapy and to the long-term impairment of
the adrenal medulla observed in these patients, which may lead to a reduction in the beta-
adrenergic suppressive effect on leptin synthesis (Charmandari, et al., 2002). The
correlation between leptin and BMI was also found in the participants of the CAH-UK
study, both patients and controls. However, leptin was only significantly raised in male
patients compared to controls in this study. It is important to note that there was a
significant difference in leptin between males and females in both patients and controls.
This difference was reported before by evidence, females being known to have higher
leptin (Saad, et al., 1997). Possible explanations offered for this difference included
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variations in hypothalamic regulation, leptin sensitivity, sex hormones profiles and fat
disposition. Regarding the latter, the theory is supported by evidence showing that
subcutaneous fat secreted more leptin compared to visceral fat (Russell, et al., 1998; Van
Harmelen, et al., 1998). In support of this argument, in the study male patients had higher
hip circumference SDS compared to controls and were also found to have higher leptin
levels. This may also account for the fact that the difference in the leptin level between
males and females was less marked in the patient group compared controls. This sexual
dysmorphism in leptin regulation may be the reason why the differences were not
consistent between patients and controls in the CAH-UK study. Another important aspect
to be considered relates to possible leptin resistance that was described before in patients
with CAH. A study involving children and adolescents with CAH found no difference in
serum leptin compared to healthy controls (VOIkl, et al., 2006), however, in a later study,
the same researchers reported reduced leptin receptors in patients, concluding a
dysregulation of the leptin axis with leptin resistance that is related to the increased risk
of overweight in CAH (VOIKI, et al., 2009). Similar to previously published evidence, in the
CAH-UK study leptin correlated positively with insulin and HOMA-IR in both patients and
controls, suggesting that it could potentially be used as an indicator of increased risk of
metabolic disease. Moreover, leptin decreased significantly with the increase of the first
GC dose of the day. These findings are in keeping with previous evidence on the impact
of insulin and GC on leptin synthesis (Russell, et al., 1998). The negative relationship
between leptin and testosterone was described by a previous study that associated raised
leptin with good androgen control in CAH (Oliveira, et al., 2013). However, in the CAH-
UK study this association was only found in male patients and there was no relationship

found between leptin and the other, more reliable androgen markers of control.
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Another adipocyte derived hormone, adiponectin, is known to mediate the metabolic
function of many organs and tissues (Wang and Scherer, 2016) and have insulin
sensitising actions (Yadav, et al., 2013). Reduced adiponectin levels are associated with
increased fat mass and insulin resistance (Yadav, et al., 2013). In patients with CAH
adiponectin was reported to be increased in both children (VOIkI, et al., 2009) and adults
(Mooij, et al., 2011). By contrast, in the CAH-UK study patients and controls had
comparable adiponectin levels, despite the fact that patients had a higher prevalence of
obesity and overweight. Adiponectin correlated negatively with BMI in CAH patients, an
aspect that had been reported before by the literature (Volkl, et al., 2009). However, no
such relationship was found in controls. An association was reported in patients with CAH
between high serum testosterone, metabolic disorder indexes and low adiponectin
(Zhang, et al., 2010). Moreover, in patients with non-classic CAH on long term GC
replacement adiponectin was reported to be low while the waist to hip ratio was high and
HDL levels were low (Delai, et al., 2022). In the present study the number of CAH patients
with abnormal lipid profiles was too limited to allow exploring the association with
adiponectin, however, adiponectin decreased significantly with increasing waist and hip
SDS, which supports its potential use as a marker of metabolic risk. It is important to
highlight the relationship found between adiponectin and the extended androgen profile
in patients with CAH. The negative correlations, which, although weak, were consistent
for all measured androgens, would suggest that high adiponectin could be interpreted as
a marker of good androgen control, as well as an indicator of low-fat mass. Similar
relationships were previously reported with regards to adiponectin and DHEAS and
testosterone in CAH (VOlkl, et al., 2009). Of note, there is evidence demonstrating the
direct effect of androgens in the regulation of adiponectin secretion from adipose tissue
(O’Reilly et al. 2014), however, the study of their relationship in CAH is relatively limited.
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The novelty of the current study lies in establishing an association between adiponectin,
which is a marker of metabolic risk and an expanded steroid profile of androgen control,
including two 11-oxygenated androgens, which currently are gaining popularity as
potential superior markers of disease control in CAH (Turcu, et al., 2017; Bacila, et al.,
2019). As these associations were not present in the control group, it appears that the
relationship may be specific to CAH or hyperandrogenic conditions, a theory that further
highlights the need for further research focused on defining markers of metabolic risk in

these conditions.
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4. Plasma metabolomes and their association with steroid replacement in patients
with CAH

The metabolomic analysis we chose to employ uses high-throughput biochemical assay
technology to identify changes in the small molecular weight compounds involved in
metabolic processes. It was used in this study to further explore the impact of
hypocortisolism and synthetic GC replacement on metabolic pathways. The analysis
focused on the metabolites that varied among patients based on steroid replacement
doses. There was a marked predominance of classes of compounds involved in lipid
metabolism, including glycerophospholipids, lysophospholipids, sphingolipids, fatty acids
and triglycerides. These metabolites were influenced not only by dose but also by the
timing of GC administration and some of them also correlated consistently with other

important variables, including the BMI and leptin.

4.1 Results

4.1.1 Associations between the glucocorticoid treatment and plasma metabolites
in CAH patients

The analysis was focused on the metabolites that were different between treatment
subgroups: patients receiving relative hydrocortisone doses of < 10 mg/m?/day, 10-15
mg/m?/day and > 15 mg/m?/day. A total 237 compounds were found to be significantly
different between at least two of these dose subgroups, following nonparametric analysis
of variance by Kruskal-Wallis H and Mann-Whitney U tests. Of these, the majority
belonged to lipid metabolism, in particular glycerophospholipids, lysophospholipids,

sphingolipids, triglycerides and fatty acid metabolism (Table 4.1).
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Table 4.1. Groups of metabolites

Class of metabolites cr:l:otrlnr:l())irnglfs
| Alpha hydroxy acids - lactic acid 1
' Amino acids 4
Bile acids 1
| Cholesterol and derivates 3
| Components of the respiratory chain 2
| Fatty acid esters 2
| Fatty acid metabolism 12
| Gluten digestion 2
| Glycerophospholipids 78
| Indolyl carboxylic acids 1
| Leukotrienes and metabolites 2
| Lipoxygenase pathway - hydroxyeicosatetraenoic acid, lipoxin C4 2
| Lysophospholipids 41
| N-acylamide 1
| Product of protein catabolism 5
| Propanoate metabolism 1
| Pyrimidine metabolism 2
| Pyrrolidines 1
| Quinolone derivates 2
Retinoids 2
| Sphingolipids 36
| Steroid glucuronide conjugates 1
| Steroid glycoside 1
| Sterol 1
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Triglycerides 24

[
Tryptophan metabolism 5

[

Urea cycle - Ornithine 1
[

Vitamin D metabolism 4
[

Xanthophylls 1

Summary of the metabolites that were different between subgroups of patients based on
the relative GC dose.

Glycerophospholipids were the largest group of metabolites that made the distinction
among different dose subgroups. Among them, phosphatidylcholine metabolites were the
most common form (32%), however, other types of glycerophospholipids were also well
represented including phosphatidylethanolamine (18%), phosphatidylserine (19%),
phosphatidylinositol (19%), phosphatidic acid (6%), phosphatidylglycerol (10%).
Analysing the compounds that showed the highest statistical difference in the distinction
between treatment subgroups, it was found that in many cases the metabolites decreased
in patients with higher doses (Figure 4.1). These results were based on the group
comparison using the Kruskal-Wallis H and Mann-Whitney U tests. The most significant
difference was found for a phosphatidylcholine, Pl (20:4(5Z,8Z2,11Z,142)/22:6
(42,72,10Z2,132,16Z,19Z), Kruskal-Wallis H p = 0.007), the levels decreased significantly
in patients with higher doses. Further regression analysis only identified a linear
relationship between the GC dose and the measured metabolites in a limited number of
cases. By contrast, for the majority of the glycerophospholipid compounds the variations
in dose induced a “U shape” or “inverted U shape” effect, with the group of patients that
received a dose within the recommended range of 10-15 mg/m?/day hydrocortisone
having lower or, respectively, higher metabolite levels compared to both groups outside

the dose range (Figure 4.1).
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Figure 4.1. Glycerophospholipids

Comparison of glycerophospholipid compounds between patient subgroups based on the
relative daily GC dose: under 10 mg/m?/day (blue, n=20), 10-15 mg/m?/day (green, n=42)
and over 15 mg/m?/day (orange, n=36). This is a selection of the glycerophospholipid
metabolites which varied most significantly between dose subgroups: PC(0:0/18:1(62))
(1); PI(13:0/22:1 (112)) (2); PI(18:0/22:6 (42,72,102,132,16Z2,19Z))  (3);
P1(20:4(52,82,112,14Z2) /22:6(42,72,102,132,16Z,19Z)) (4); PS(0-16:0/16:0)||PS(O-
18:0/14:0) (5); PS(0-18:0/20:3(82,112,142)) (6); PG(20:1(112)/22:4(72,10Z,13Z,162))
(7); PG(0-18:0/22:6(42,72,102,13Z2,16Z,192)) (8); CL(74:0) (9); PIM2(17:0/16:0) (10);
PIM2(18:0/18:0) (11); PIM2(18:2(92,122)/18:1(92)) (12). (Overall comparison among the
three groups was initially carried out by Kruskal-Wallis H test, followed by Mann-Whitney
U test for significant differences between each two groups, * indicating statistical
significance for p<0.05)

The majority of the lysophospholipids identified were lysophosphatidylcholine species
(46%), with  a smaller number belonging to the other forms:

lysophosphatidylethanolamine (12%), lysophosphatidic acid (5%),
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lysophosphatidylserine (5%), lysophosphatidylinositol (2%), and lysophosphatidylglycerol
(10%). All the compounds pertaining to the lysophospholipids class presented the same
type of variation among the three dose subgroups, “inverted U shape”, where the patients
receiving doses within the recommended range had higher levels compared to patients

on lower or higher doses (Figure 4.2A, B).
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A. Comparison of lysophospholipid compounds between patient subgroups based on the
relative daily GC dose: under 10 mg/m?/day (blue, n=20), 10-15 mg/m?/day (green, n=42)
and over 15 mg/m?/day (orange, n=36). This is a selection of the metabolites that varied
most significantly between dose subgroups: LysoPC(15:1) (1); LysoPC(17:1) (2);
LysoPC(20:4) (3); LysoPE(20:5) (4); LysoPG(22:0) (5); LysoPA(P-20:0) (6);
LysoPC(18:1) (7); LysoPC(22:5) (8); LysoPE(20:4) (9); LysoPC(P-19:1) (10). B.
Scatterplot of the relationship between independent lysophospholipid LysoPE(20:4) and
the relative GC dose, demonstrating the “inverted U shape”, dose-dependent effect. The
blue line and shaded area represent the smooth line (with 95% CI) of the relationship.
(Overall comparison among the three groups was initially carried out by Kruskal-Wallis H
test, followed by Mann-Whitney U test for significant differences between each two
groups, * indicating statistical significance for p<0.05)

A very similar relationship between subgroups was noted for most of the metabolites
belonging to sphingolipids, fatty acid metabolism, and triglycerides (Figures 4.3 A-C).
For fatty acid metabolism, the strongest relationship with the GC dose was found for N-
nervonoyl taurine (rs = -0.301, p = 0.002), and for sphingolipids, one of the ceramides

(LacCer(d16:0/22:0)) (rs = -0.305, p = 0.002), both showing a consistent decrease with

the increasing relative hydrocortisone dose in all three subgroups (Figure 4.3D, E).
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Figure 4.3. Sphingolipids, fatty acids, and triglycerides

Comparison of sphingolipids (A), fatty acid (B) and triglycerides (C) compounds between
patient subgroups based on the relative daily GC dose: under 10 mg/m?/day (blue, n=20),
10-15 mg/m?/day (green, n=42) and over 15 mg/m?/day (orange, n=36). This is a selection
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of the metabolites that varied most significantly between dose subgroups: sphingolipids
(A): GM3(d18:1/22:0) (1); omega-linoleoyloxy-Cer(t18:0/33:0) (2); omega-linoleoyloxy-
Cer (t18:1(60H)/26:0) (3); GM4(d18:1/16:0) (4); Cer(d14:1(4E)/ 26:0(20H)) (5);
Cer(d16:0/24:0) (6); fatty acid metabolism (B): Tetradecadiencarnitine (1); Cervonyl
carnitine (2); Octadecadienoic acid (3); LysoPE(20:5) (4); Dodecaprenyl diphosphate (5);
Trans-retinyl oleate (6); triglyceride compounds (C):
TG(14:1(92)/15:0/18:4(62,92,122,152)) (1); TG(18:0/22:0/ 22:3(10Z,13Z,162Z)) (2);
TG(18:0/22:0/22:5(72,102,132,162,19Z))[is06] (3); TG(59:5) (4); TG(62:3) (5); TG(62:3)
(6); TG(63:7) (7). D, E: Correlations of relative GC daily dose between specific fatty acid
compound N-nervonoyl taurine (D) and sphingolipid compound, ceramide
LacCer(d16:0/22:0) (E). The lines indicate the linear regression with 95% confidence
interval (grey ribbons) between the variables. (Overall comparison among the three
groups was initially carried out by Kruskal-Wallis H test, followed by Mann-Whitney U test
for significant differences between each two groups, * indicating statistical significance
for p<0.05)

Regarding the GC administration regime, the number of daily doses caused no significant
variation of the selected metabolites. A small number of lipid metabolites were
significantly different between patients who received a circadian vs a non-circadian GC
administration regime. These included octadecadienoic acid (p = 0.021), several
glycerophospholipids: PC(20:5(52,82,112,14Z2,172)/22:6 (42,72,10Z,13Z,162,192)) (p =
0.034), PC(0-18:0/22:2(132,162)) (p = 0.027), PC(14:0/22:5 (42,72,102,13Z,162)) (p =
0.007), PI-Cer(d20:1/14:0) (p = 0.011), PI(O-16:0/18:2(9Z,12Z)) (p = 0.036),
PS(12:0/21:0) (p = 0.006), PG(17:0/22:4 (7Z,10Z2,13Z,16Z)) (p = 0.026),
LacCer(d16:0/22:0) (p = 0.001), SM(d18:0/20:2 (11Z,14Z)) (p = 0.023), and
SM(d18:1/16:1(92)) (p = 0.033). The majority of these metabolites were significantly lower

in patients receiving a circadian GC regime (Figure 4.4).
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Figure 4.4. GC replacement regime and lipid metabolites

Lipid metabolites that were significantly different between patients receiving a circadian
GC regime (blue, n=62) versus a non-circadian one (orange, n=36):
PC(20:5(52,82,112,142,172)/22:6(42,72,102,13Z, 16Z,19Z)) (1), PC(0O-18:0/22:2
(132,162)) (1), PC(14:0/22:5 (42,72,102,132,162)) (2), PI-Cer(d20:1/14:0) (3), PI(O-
16:0/18:2(92,12Z)) (4), PS(12:0/21:0) (5), PG(17:0/22:4 (72,10Z,13Z,16Z)) (6),
LacCer(d16:0/22:0) (7), SM(d18:0/20:2 (11Z,14Z)) (8), and SM(d18:1/16:1(92)) (9).
(Comparison by Mann-Whitney U test, * indicating statistical significance for p<0.05)

The correlations of lipid metabolites with the time elapsed between the last GC dose and
the samples collection were weak but there was a tendency for lysophospholipids to
decrease and glycerophospholipids and sphingolipids to increase with the time elapsed

from the GC dose, indicating that hydrocortisone acts to increase the lysophospholipids

and reduce glycerophospholipids (Figure 4.5).
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Figure 4.5. Lipid metabolites vs time from GC dose

Heatmap showing the lipid metabolites in relation to the time elapsed from the
administration of the hydrocortisone dose and the sample collection. The first row shows
the dose-to-blood collection time (minutes) in ascending order from left to right. The
subsequent rows correspond to the measurements of individual metabolites; the classes
to which the metabolites belong are marked on the left (n = number of compounds in each
class). The columns correspond to individual patients.

Interestingly, for the lipid metabolites that were significantly associated with both the
mineralocorticoid and glucocorticoid doses, the direction of the correlation found with the
fludrocortisone dose for BSA, was opposite to that found for the relative GC dose in most
cases (Table 4.2). Of note, there was negative correlation between the relative GC and
fludrocortisone daily doses (GC (mg/m?/day) = 15.7 — 0.02 FC (ug/m?/day), p = 0.016)

Table 4.2. Metabolites correlations with GC and FC dose
Spearman correlations metabolites vs dose

Conma‘::::"d Metabolite class
Treatment rs value p value
Galbeta- Hydrocortisone(mg/m?/day) 0.211 0.042
Cer(d18:1/2 Sphingolipids
4:1(152)) Fludrocortisone (ug/m%day) = -0.309 0.008
) Hydrocortisone(mg/m?/day) -0.203 0.043
g'l\él(d18.1/1 Sphingomyelins
-0) Fludrocortisone (ug/m?/day) 0.264 0.020
[ I I
Hydrocortisone(mg/m?/day) -0.257 0.039
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Hexenoyl

H 2

carnitine Fludrocortisone (ug/m</day) -0.307 0.029
Fatty acid
LysoPC(11: Hydrocortisone(mg/m?/day) -0.199 0.047 metabolism
0) Fludrocortisone (ug/m?/day) 0.233 0.040
LysoPS(18: Hydrocortisone(mg/m?/day) 0.205 0.044
0) Fludrocortisone (ug/m?/day) -0.249 0.031
Lysophospholipid

Methylmalo Hydrocortisone(mg/m?/day) -0.234 0.025
ylcamiting Fludrocortisone (ug/m?/day) 0.300 0.011
PC(12:0/18: Hydrocortisone(mg/m?/day) -0.207 0.049
2(92,122))  Fjydrocortisone (ug/m?/day) 0.241 0.044
PC(13:0/22:  Hydrocortisone(mg/m?/day) -0.212 0.034
4(7Z2,10Z,1
32,162)) Fludrocortisone (ug/m?/day) 0.269 0.018
PE- Hydrocortisone(mg/m?/day) 0.216 0.035
Cer(d14:1(4
E)/23:0) Fludrocortisone (ug/m?/day) -0.250 0.032 Glycerophospholipid
PI(12:0/ Hydrocortisone(mg/m?/day) -0.228 0.026
20:0) Fludrocortisone (ug/m?/day) 0.299 0.009
PI(13:0/22: Hydrocortisone(mg/m?/day) -0.241 0.016
1(112)) Fludrocortisone (ug/m?/day) 0.229 0.046
PS(O- Hydrocortisone(mg/m?/day) -0.222 0.027
16:0/20:3(8
Z,11Z,14Z))  Fludrocortisone (ug/m?/day) 0.307 0.007
TG(12:0/15: . 2
0122:4(7Z.1 Hydrocortisone(mg/m</day) 0.232 0.027
0Z2,13Z,16Z
))liso6] Fludrocortisone (ug/m?/day)  -0.290 0.014
TG(12:0/21: = Hydrocortisone(mg/m?/day) -0.202 0.049 . .
0/22:1(112) Triglycerides
)[is06] Fludrocortisone (ug/m?/day) 0.277 0.016
TG(12:0/22: . 2
0/22:5(7Z.1 Hydrocortisone(mg/m</day) -0.214 0.036
0Z2,13Z,16Z
,197))iso6]  Fludrocortisone (ug/m?%day) 0.275 0.016

Comparison of the correlations between fat metabolites vs. relative hydrocortisone dose
and fat metabolites vs fludrocortisone dose.
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Compared to lipid metabolites, a much smaller number of compounds pertaining to other
metabolic pathways were identified. The effect of the relative GC dose on protein
catabolism, amino acid metabolism and gluten digestion was statistically weaker and
more variable, although there was a tendency for a positive relationship, the metabolites
increasing with the daily dose (Figure 4.6A, B). The most consistent linear relationship
was found for Alanylglycine (rs=-0.263, p = 0.009). Two products of gluten digestion were

also identified and found to increase with the dose (Figure 4.6C).
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Figure 4.6. Protein and amino acid metabolites
Comparison of protein catabolism product (A) and amino acids (B) between patient
subgroups based on the relative daily GC dose: under 10 mg/m?/day (blue, n=20), 10-
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15 mg/m?/day (green, n=42) and over 15 mg/m?/day (orange, n=36). Protein catabolism
compounds (A): 2-oxoarginine (1); alanyl-gamma-glutamate (2); alanylglycine (3);
asparaginyl-tryptophan (4); phenylalanylglycine (5); amino acids(B): hepteneoylglycine
(1); imidazolone (2); serine (3). C: Correlations of relative GC daily dose between specific
gluten digestion product, Gluten exorphin B5. The line indicates the linear regression with
95% confidence interval (grey ribbons) between the variables. (Overall comparison
among the three groups was initially carried out by Kruskal-Wallis H test, followed by
Mann-Whitney U test for significant differences between each two groups, * indicating
statistical significance for p<0.05)

4.1.2 Associations between plasma metabolites and other variables

The majority of the identified metabolites were similar between sexes and had no
significant relationship with age. The most consistent association with the BMI was found
for lysophospholipids which decreased with the increasing weight (Figure 4.7A).
Similarly, lysophospholipids had the most significant correlation with plasma leptin, with
lower values being found in patients with high leptin. The strongest correlation was found

for a lysophosphatidylcholine (LysoPC(P-17:0)) (rs = -0.504, p < 0.001 for BMI SDS and

rs = -0.455, p < 0.001 for leptin) (Figure 4.7B, C).
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Figure 4.7. Lipid metabolites vs BMI

A. Heatmap showing the lipid metabolites in relation to the patients’ weight gain,
represented by the BMI SDS. The first row shows the BMI SDS in ascending order from
left to right. The subsequent rows correspond to the measurements of individual
metabolites; the classes to which the metabolites belong are marked on the left (n =
number of compounds in each class). The columns correspond to individual patients. B,
C: Correlations of the individual lysophospholipid: lysophosphatidylcholine (LysoPC (P-
17:0)) with BMI-SDS (B) and leptin (C).

Comparing the lysophospholipid levels between patient subgroups based on the BMI-
SDS (normal weight, overweigh and obese), all members of the group were similar
between normal weight and overweight participants, but significantly lower in obese

patients compared to the other groups (a selection of three compounds within the
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lysophospholipid group is shown in Figure 4.8). For the other classes of metabolites, the
relationship with the BMI and leptin was more variable, although there was a tendency
for patients with high BMI SDS to have higher glycerophospholipids and sphingolipids (in
particular sphingomyelin) species. There were no consistent associations between the

lipid metabolites and insulin resistance based on HOMAIR.
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Figure 4.8. Variations in lysophospholipids between BMI subgroups

Comparison of three lysophospholipids (LysoPI(18:1); LysoPC(18:2) and LysoPG(19:1))
between patient subgroups based on BMI-SDS: normal weight (green, n=49), overweight
(orange, n=27) and obesity (blue, n=21). The values of p are indicated above the groups.
The lines within the violin plots correspond to the median with interquartile range. (Overall
comparison among the three groups was initially carried out by Kruskal-Wallis H test,
followed by Mann-Whitney U test for significant differences between each two groups, *
indicating statistical significance for p<0.05)

The correlations between plasma hormonal biomarkers (17-hydroxyprogesterone,
androstenedione, testosterone, 11-hydroxyandrostenedione and 11-ketotestosterone)

and metabolites were inconsistent, although there was a tendency towards lower
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lysophospholipids in patients with suppressed androgens (Figure 4.9). There were very

few weak correlations between plasma metabolites and plasma cortisol in CAH patients.

Fatty acids metabolism (12)

11-ketotestosterone = EEEEN ZEES !
5

Lysophospholipids {41) <

Glycerophospholipids (78)

Sphingolipids (36) - : =
Sphingomyellins (13) —

" e,
i

Ui |

Triglycerides (24) -

Figure 4.9. Lipid metabolites vs plasma androgens

Heatmap showing the lipid metabolites in relation to the patients’ plasma androgen
concentration. The columns correspond to individual patients, ordered based on the
plasma 11-ketotestosterone concentration, ascending from left to right. The first row
shows the 11-ketotestosterone in ascending order from left to right. The rows above 11-
ketotestosterone correspond to the other hormones (17-hydroxyprogesterone,
androstenedione, testosterone and 11-hydroxyandrostenedione). The subsequent rows
correspond to the measurements of individual metabolites; the classes to which the
metabolites belong are marked on the left (n = number of compounds in each class).

4.2 Discussion

The development of high-throughput biochemical assay has provided a whole new
dimension for exploring the mechanisms of metabolic disease, namely the analysis of the
metabolome, which consists of a constellation of small molecular weight compounds
involved in biological functions. However, the application of metabolomic analysis in the

research of adrenal disease has been limited to date. The only exception is the steroid
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metabolome which has been more extensively explored in congenital adrenal hyperplasia
in plasma and urine, and consequently disease-specific profiles and normative values are
now available (Storbeck, et al., 2019; Kamrath, et al., 2020). The published evidence
exploring the wider metabolome in patients with CAH is otherwise sparse and limited to
adult studies. Thus, several metabolites were reported to show distinction between CAH
patients and healthy controls, especially purine and pyrimidine metabolites, branched
amino acids, and tricarboxylic acid cycle metabolites (Nguyen, et al., 2012). A study
conducted in adult patients with 210HD receiving treatment with prednisolone found that
the daily GC dose influenced a number of metabolites related to fatty acids, bile acids,
and amino acid metabolism (Alwashih, et al., 2017). In the current study analysing data
from the CAH-UK cohort of children with CAH, the main focus of the metabolomic analysis
was on variations induced by the hydrocortisone treatment, as a way of exploring the
impact of cortisol deficit and replacement on metabolism. There was a marked
predominance of the compounds involved in several processes of lipid metabolism that
were influenced by different aspects of the GC replacement therapy including the daily
dose and timing of administration. In contrast to the study conducted on adults (Alwashih,
et al., 2017), the data did not highlight the compounds related to amino acid metabolism,
however, this may be explained by age-related variations and the difference in the type
of synthetic steroid used, which was prednisolone in adults, while the CAH-UK patients
were treated with hydrocortisone. Of course, a study caveat lies in the absence of formal
information on the patients’ compliance to taking the GC medication, an aspect that needs

to be considered when interpreting the results.

Lipid metabolites composed the majority of metabolic compounds found to fluctuate with
the GC dose, which resonates with previous evidence from adults (Alwashih, et al., 2017).
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Among these, glycerophospholipids were predominant. Alongside sphingolipids,
glycerophospholipids are an essential component of the neuronal membrane, being also
involved in the regulation of signal transduction (Frisardi, et al., 2011; Hishikawa, et al.,
2014). Moreover, they have important roles in the dendrite elongation, further impacting
the development and function of the brain (Ziegler and Tavosanis, 2019). The
predominant type of glycerophospholipids identified in this patient cohort to be influenced
by the GC dose were phosphatidylcholines, which is not surprising considering that they
are some of the most common glycerophospholipids in mammals (Ziegler and Tavosanis,
2019). Phosphatidylcholines are essential for the synthesis and secretion of lipoproteins
thus having an important role in the transport and clearance of VLDL and HDL (Cole, et
al., 2012). Consequently, impaired synthesis of phosphatidylcholines plays a part in the
pathogenesis of cardiovascular and fatty liver disease (Cole, et al., 2012). In the present
study, CAH patients were found to have in general lower levels of glycerophospholipids
associated with higher GC daily doses. However, for many compounds a “U shape” or
‘inverted U shape” dose-depended effect was noted, indicating that deranged
phospholipid metabolism may be caused by both lower and higher doses. This
strengthens the concept that there are phases in the progression of GC deficiency:
hypercortisolism causing reduced GR signalling, adequate replacement, and GR
resistance caused by chronic use/ overtreatment with synthetic GCs which action an
autoregulatory loop causing suppression of the GR expression (Vandevyver, et al., 2014).
Glycerophospholipids were also the metabolites most frequently influenced by the timing
of the use of circadian versus non-circadian regimes. This resonates with earlier evidence
from healthy adults that showed that the metabolic effects of synthetic GCs are influenced
by the timing of the dose, evening administrations associating an increased risk of insulin
resistance (Plat, et al., 1999). Thus, these findings help to highlight the importance of
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achieving the optimal replacement regime for each patient in order to reduce the risk of

developing metabolic disease.

Lysophospholipids were another well represented group of compounds among the
metabolites detected to be influenced by the GC dose. Compared between dose
subgroups, all the lysophospholipids identified exhibited that “inverted U shape”
distribution, being invariably lower in patients with high or low doses compared to those
within the recommended dose range, again an indication that cortisol deficiency and
toxicity may have similar impact on the metabolism. Lysophospholipids were also the
metabolites that correlated best with the BMI, being lower in overweight patients.
Lysophospholipids are known to have complex signalling roles and are important
precursors for membrane synthesis (Tan, et al., 2020). Lysophosphatidylcholines, the
most abundant lysophospholipids in human blood (and in the present results) act as
bioactive lipid metabolites that bind to cell-specific G-protein-coupled receptors and were
shown to play an important role in the regulation of the vascular inflammatory response
and pathogenesis of arteriosclerosis (Li et al., 2016; Knuplez and Marsche, 2020).
Correlations were also reported between lysophosphatidylcholines and insulin sensitivity
in the muscle (Li et al., 2016). The concentration of lysophosphatidylcholine in the plasma
relies on the transacylation of a fatty acid from phosphatidylcholine to free cholesterol
(Tan, et al., 2020) and it is reasonable to assume that variations in the administration of
GC will lead to the dysregulation of multiple metabolic pathways that will be interlinked.
The present findings support this concept, showing that several fatty acid and triglyceride
metabolites varied between dose subgroups. This is in keeping with published evidence
on the effects of GC on fatty acid metabolism (Macfarlane, et al., 2008). Endogenous and
synthetic GC were shown to regulate lipolysis and de novo lipogenesis, promoting hepatic

VLDL secretion and also potentiating the role of insulin in these processes; however, the
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actions of GC on fat metabolism appear to be highly variable depending on whether the
administration is acute or chronic (Macfarlane, et al., 2008). This further strengthens the
notion that the optimal replacement regime should involve more than just establishing the
correct dose and must combine a personalised dose administration programme with

lifestyle measures and adequate monitoring strategies.

Another important group of metabolites affected by the GC dose were the sphingolipid
compounds. Sphingolipids represent one of the major classes of bioactive lipids in
eukaryotes, known to have extensive functions in all essential aspects of cell biology
including cell proliferation, differentiation, growth, apoptosis, membrane organisation and
dynamics (Hannun and Obeid, 2018). Consequently, their involvement in
pathophysiology is equally wide, ranging from inflammation and immune response,
neoplastic pathology, to neurodegenerative conditions, metabolic and cardiovascular
disease (Hannun and Obeid, 2018). Their inclusion among the metabolites identified in
this study further underlines the impact of cortisol deficiency and GC therapy on the health

outcomes of patients with CAH.

The metabolomic analysis provided much more modest insights regarding the effects of
the GC dose on other major metabolic pathways, such as protein and carbohydrate
metabolism. A small number of metabolites related to protein metabolism was identified,
where the observed dose effect indicated increased catabolism in patients receiving high
or low doses of GC in contrast to those within the recommended 10-15 mg/m?/day
hydrocortisone daily range. To some extent, these findings are in keeping with the known
actions of cortisol in reducing protein synthesis through the suppression of the mTOR
pathway (Shah, et al., 2002; Jellyman, et al., 2012; Schakman, et al., 2013) and
increasing protein catabolism by stimulating the ribosomal ubiquitin system and
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lysosomal autophagy (Schakman, et al., 2013). The implication that low cortisol
concentrations would have similar effects is interesting, however, the overall small
number of protein metabolites makes it difficult to interpret the results, especially in the

absence of published evidence on the topic.

Several lipid metabolites were found to have opposite relationships with the relative
fludrocortisone dose compared to those with the relative GC dose. This may represent
an indirect effect of the negative correlation existent in the cohort between the mineralo-
and glucocorticoid doses. On that topic, previous studies have debated the benefits of
using fludrocortisone to reduce GC overexposure, based on the transactivation of the GR
by mineralocorticoids (Ekman, et al., 2015; Puglisi, et al., 2021). However, it is now known
that aldosterone plays a role in the regulation of adiposity and lipid metabolism. Published
evidence indicated an association between raised aldosterone concentrations and
increased fat mass, suggesting that aldosterone modulates insulin sensitivity, the release
of free fatty acid and adipokines from adipocytes, contributing to the pathogenesis of
metabolic syndrome (Even, et al., 2014; Feliciano Pereira, et al., 2014). Moreover, it was
hypothesised that aldosterone, together with cortisol, is involved in potentiating a cross-
talk between adipose tissue and blood vessels through the activation of gluco- and
mineralocorticoid receptors which contributes to the development of the cardiometabolic
syndrome (Even, et al., 2014). This could be an explanation for the finding of such
discrepant effects on lipid metabolites between the fludrocortisone and the
hydrocortisone dose, suggesting that mineralocorticoid as well as GC replacement must
be taken into account when monitoring the development of metabolic complications in

patients with CAH.
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When exploring associations between plasma metabolites and other measured
outcomes, the most notable one was with weight gain expressed as BMI-SDS. The
correlations found with leptin were almost superposable to those with the BMI, which is
not surprising given the known association between them. Lysophospholipids, which
were found to be lower in patients subgroups receiving daily GC doses outside the
recommended range (lower or higher), correlated negatively with the BMI. Thus, an
association is indicated between suboptimal replacement doses, increased body weight
and deranged lipid metabolism. Given the important role played by lysophospholipids,
including involvement in cellular signalling, it is likely that in the long run their
dysregulation will contribute to the development of metabolic and cardiovascular disease
in CAH. The relationships with the weight gain status of other groups of lipid compounds
were weaker and less consistent. However, overall, these associations further
demonstrate the fact that metabolic disease in CAH due to 210HD has its onset during
childhood and is linked to the quality of hormone replacement. The relationship between
the lipid metabolites and other variables such as HOMA-IR and plasma androgens, when
present, were weaker and less consistent. Lysophospholipids had a tendency towards
lower levels in patients with suppressed androgens. This would indicate the
downregulation of the pathways in which they are involved in patients that are overtreated
with GC, however, as hormonal results were based on one-time measurements at
variable times after the GC dose, the relevance of plasma androgens as markers of
disease control in the CAH-UK cohort is limited. On the other hand, based on evidence
from animal and human studies, it is known that androgens have a direct effect on lipid
metabolism, being regulators of adipocyte differentiation, adiponectin secretion from

adipose tissue, lipolysis, lipogenesis and insulin signalling (O'Reilly, et al., 2014; Lopes,
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et al., 2021). Thus, it is to be expected that hyperandrogenism will contribute to fat

metabolism dysregulations in undertreated CAH patients.

Overall, the metabolomic analysis showed that in children with CAH the GC regime
impacts on several groups of compounds related to lipid metabolism. These metabolites
varied in relation to the GC dose and timing of the administration. The most important
groups of compounds were glycerophospholipids, lysophospholipids and sphingolipids,
which are known to have wide roles in essential biological processes and are involved in
the pathogenesis of metabolic and cardiovascular disease. The variation of these
metabolites with the GC dose and their relationship with the patients’ BMI indicate the
importance of aiming to optimise hormone replacement and develop adequate monitoring

strategies in CAH in order to reduce the development of metabolic comorbidities.
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5. Metabolic analysis of cyp27a2 function in adult zebrafish

It is important to note that mutant fish from both lines used (cyp271a2 and cyp11a2), were
able to survive to adulthood, despite being cortisol deficient, in the absence of
glucocorticoid replacement. To help explore the molecular mechanisms involved in the
development of metabolic problems observed in patients with CAH, the clinical findings
were complemented by research using a zebrafish model of 210HD. The metabolic
phenotype of adult cyp21a2-/- was determined and the differential expression of specific
genes involved in glucose and fat metabolism was measured in mutant larvae and adult
livers in comparison to wild type (WT) controls. This chapter will present evidence that
adult cyp21a2-/- zebrafish mutants have higher weight and length, as well as increased
visceral and subcutaneous fat compared to WT siblings. There was dysregulation of
several genes involved in glucose and fat metabolism, indicating downregulation of
gluconeogenesis, insulin signalling and adipocyte differentiation in cyp21a2-/- deficient

larvae and adult livers.

5.1 Cortisol-deficient adult cyp27a2 mutant zebrafish are larger and have increased
fat mass compared to wild type siblings

5.1.1 Results

5.1.1.1 Morphological characterisation of cyp27a2 deficient 18 months old
zebrafish

There were no significant differences between cyp21a2 fish and WT regarding the
secondary sexual characteristics, which is a distinction from human 210HD, where
females are virilised, and males present with premature adrenarche. In zebrafish,
androgens are not produced in the interrenal gland, consequently, cyp21a2 were not
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expected to have androgen excess. However, mutant fish were larger compared to

controls and had more visceral and subcutaneous fat on dissection.

The mutant cyp21a2-/- fish developed as both male and female adults that were capable
of reproduction. The secondary sexual characteristics, including the pigmentation of the
fins and body, body shape and the prominence of the genital papilla, were no different

between mutant and WT siblings from the same generation (Figure 5.1).

WT Male cyp21a2 -/- Male WT Female cyp21a2 -/- Female

Figure 5.1. External phenotypes of cyp27a2 mutant and wild-type sibling fish
Secondary sex characteristics are similar between adult cyp27a2 mutants and WT for
both genders. WT adult male zebrafish exhibit strong stripes of golden pigment in the
anal fin, interposed with the black stripes; this feature is absent in females. Female WT
fish have a visible genital papilla anterior to the anal fin (black arrows). These features
were reported to be altered, as abnormal external sex characteristics, in other mutant
zebrafish lines of deranged steroid synthesis, however, in both male and female adult
cyp21a2-/- fish they were comparable to WT controls.

However, the 