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Abstract 

Glucocorticoids (GC), commonly prescribed for their anti-inflammatory actions, have 

adverse metabolic and bone effects. 5α-reductase inhibitors (5αRI) inhibit the 

metabolism of cortisol to its active metabolites and 11β-hydroxysteroid 

dehydrogenase type 1 (11β-HSD1) inhibitors inhibit the re-activation of cortisol from 

the inactive cortisone. Two clinical studies were performed to investigate how co-

administration of prednisolone with a 5αRI and prednisolone with an 11β-HSD1 

inhibitor affects the GC-induced metabolic effects in healthy volunteers. 

 

The FindIt2 clinical study is a prospective randomized study. 19 healthy male 

volunteers were recruited and underwent detailed metabolic assessment before and 

after administration of prednisolone (10mg daily) or prednisolone (10mg daily) and a 

5αRI (finasteride 5 mg daily or dutasteride 0.5 mg daily) for 7 days. The results 

showed that 5αRIs can exacerbate the adverse effects of prednisolone such as hepatic, 

peripheral and adipose tissue insulin resistance. This study has significant 

translational implications, including the need to consider GC dose adjustments, but 

also the necessity for increased vigilance for the development of adverse effects. 

 

The TICSI study is a randomized, double-blind, placebo-controlled study. 32 healthy 

male volunteers were recruited, of which 30 were eligible for analysis. They were 

randomized to receive prednisolone + placebo or prednisolone + AZD4017 for 7 days. 

They also, underwent detailed metabolic assessment before and after treatment. The 

results showed that co-administration of 11β-HSD1 inhibition limits the adverse 

metabolic and bone effects of prednisolone. 11β-HSD1 inhibition provides a potential 

strategy for selectively limiting the adverse side effects of prescribed GC.  

 

The outcomes of these two clinical studies suggest that pre-receptor metabolism plays 

a fundamental role in the effect of GCs in metabolic tissues. Assessment of pre-

receptor enzyme activity could be used to predict response, as well as risk of side-

effects, in patients requiring treatment with GCs.  
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DEXA Dual Energy X-ray Absorptiometry  
DHCR24 24-Dehydrocholesterol Reductase 
DHEA Dehydroepiandrosterone 
DMARDs Disease Modifying Anti-Rheumatic Drugs  
DNA Deoxyribonucleic Acid 
dNTP Deoxynucleoside Triphosphate 
DPP-4 Dipeptidyl Peptidase-4  
ECM Extracellular Matrix 
EDN1 Endothelin 1  
eGFR Estimated Glomerular Filtration Rate  
EGP Endogenous Glucose Production  
ELISA Enzyme-Linked Immunosorbent Assay 
ER Endoplasmic Reticulum 
ETNK2 Ethanolamine Kinase 2  
FABP7 Fatty Acid Binding Protein 7 
FAM13A Family With Sequence Similarity 13 Member A 
FAM166B Family With Sequence Similarity 166 Member B 
FASN Fatty Acid Synthase Gene 
G6PD Glucose-6-Phosphate Dehydrogenase 
GADD45B Growth Arrest and DNA-damage-inducible Beta 
GC Glucocorticoids 
GC/C/IRMS Gas Chromatography/ Combustion/ Isotope Ratio Mass Spectrometry 
GC/MS Gas Chromatography/ Mass Spectrometry 
Gd Glucose Disposal  
GH Growth Hormone 
GILZ Glucocorticoid-Induced Leucine Zipper 
GLP-1 Glucagon-Like Peptide 1  
GLUT4 Glucose Transporter Type 4 
GR Glucocorticoid Receptor 



 XX 

H6PDH Hexose-6-Phosphate Dehydrogenase Reduced 
HBA1 Haemoglobin Alpha 1 
HBA2 Haemoglobin Subunit Alpha 2 
HBB Haemoglobin Subunit Beta 
HBD  Haemoglobin Subunit Delta 
HC Hydrocortisone 
HDL High-Density Lipoprotein 
HFD High Fat Diet 
HGP Hepatic Glucose Production  
HIV Human Immunodeficiency Virus 
HMOX1 Haem Oxygenase 1 
HPA Hypothalamus Pituitary Adrenal 
HR Hour 
HRPC Hormone-Refractory Prostate Cancer 
IGF-1 Insulin-like Growth Factor 1 
IIH Idiopathic Intracranial Hypertension  
IMP Investigational Medicinal Product 
IQR Interquartile Ranges 
KCNQ3 Potassium Voltage-Gated Channel Subfamily Q Member 3 
KG Kilograms 
KLHL25 Kelch Like Family Member 25 
KO Knock Out 
KRT1 Keratin 1 
LDL Low-Density Lipoprotein 
LINC00844 Long Intergenic Non-Protein Coding RNA 844 
lincRNA Long Intergenic Non-Coding RNA  
LIPE Hormone-Sensitive Lipase Gene 
LPL Lipoprotein Lipase Gene 
LPS Lipopolysaccharides 
M Molar 
MALL Mal T Cell Differentiation Protein Like 
Min Minute 
MMP3 Matrix Metalloproteinase-3 
MR Mineralocorticoid Receptor 
NaCl Sodium Chloride 
NADP Nicotinamide-Adenine Dinucleotide Phosphate 
NADPH Nicotinamide-Adenine Dinucleotide Phosphate Reduced 
NEFA Non-Esterified Fatty Acids 



 XXI 

NF-kB  Nuclear Factor Kappa-light-chain-enhancer of Activated B cells 
NFKBIA NFKB Inhibitor Alpha 
NTX N-Telopeptide of Type 1 Collagen  
OCDEM Oxford Centre for Diabetes, Endocrinology and Metabolism  
OD Once Daily 
OHB 3-Hydroxybutyrate  
P1NP Procollagen Type 1 N-terminal Pro-peptide  
PADI4 Peptidyl Arginine Deiminase 4 
PCOS Polycystic Ovarian Syndrome 
PCR Polymerase Chain Reaction 
PEPCK Phosphoenolpyruvate Carboxykinase 
PHA Phytohaemagluttinin 
PLA2G2A Phospholipase A2 Group IIA 
PNPLA2 Patatin-like Phospholipase Domain-containing Protein 2 
PPAR Peroxisome Proliferator-Activated Receptor  
PPARa Peroxisome Proliferator-Activated Receptor Alpha 
QPCR Quantitative Polymerase Chain Reaction 
RASD1 Dexamethasone-induced Ras-related Protein 1 
RNA Ribonucleic Acid 
RPL41P1 Ribosomal Protein L41 Pseudogene 1  
RPM Revolutions Per Minute 
RR Relative Rate  
rRNA Ribosomal Ribonucleic Acid 
RT Reverse transcription  
RT-PCR Reverse transcription polymerase chain reaction 
S100A8 S100 Calcium-binding Protein A8 
S100A9 S100 Calcium-binding Protein A9 
SBP Systolic Blood Pressure 
SC Subcutaneous 
SD Standard Deviation 
SE Standard Error 
Sec Seconds 
SEGRM Selective Glucocorticoid Receptor Modulators  
SGK1 Serum/Glucocorticoid Regulated Kinase 1 
SNCA Synuclein Alpha 
SNP Single Nucleotide Polymorphisms 
SOX7 SRY-related HMG-box 7 
SPINK2 Serine Protease Inhibitor Kazal-type 2 



 XXII 

T2DM Type 2 Diabetes Mellitus 
TAG Triglycerides  
THE Τetrahydrocortisone 
THF 5β-Τetrahydrocortisol  
TMB 3,3’,5,5’-Τetramethylbenzidine  
TRIM58 Tripartite Motif Containing 58 
TrisHCL Tris(hydroxymethyl)aminomethane Ηydrochloride 
TSH Thyroid Stimulating Hormone 
TSPYL2 Testis-Specific Y-Encoded-Like Protein 2  
TTR Tracer-to-Τracee Ratio 
VZV Varicella-Zoster virus  
γGT Gamma-Glutamyl Transferase 
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1.1 General introduction 

 
Steroids were first isolated and characterized in the 1930s by Kendall and Reichstein 

from the adrenal cortex (1-4). In 1949, compound E (cortisone), was synthesized and 

it was trialled in patients who suffered from rheumatoid arthritis and rheumatic fever 

(5). The extraordinary success in treating these conditions lead to a surge of trials 

using cortisone as a treatment for nearly every disease. Through these trials, it was 

discovered that cortisone was beneficial in adrenal deficiency disorders, inflammatory 

disorders and malignancies such as lymphoma but was harmful in infections. 2 years 

later, in 1951, compound F (cortisol) was synthesized and soon became evident that 

this was the active compound suggesting that glucocorticoids (GC) undergo 

metabolism in vivo (6). This prompted a new wave of studies investigating steroid 

metabolism in rodents and in humans. Amelung et al. (1953) reported that cortisone 

is converted to cortisol in a number of tissues in rats and was highest in the liver (7). 

During the next decade, 11beta-hydroxysteroid dehydrogenase (11b-HSD) activity 

was identified in a number of organs (8, 9) but it wasn’t until the late-80s that it was 

first purified from rat liver cells (10) and 2002 when Maser et al. purified the human 

enzyme (11). 

 

Steroids are synthesized and secreted from the adrenal cortex of the adrenal glands. 

Mineralocorticoids are synthesized in the zona glomerulosa, GCs in the zona 

fasciculata and sex steroids in the zona reticularis. GC are highly lipophilic therefore 

can easily cross the cell membrane and bind to and activate the mineralocorticoid 

(MR) and glucocorticoid (GR) intracellular receptors. The activated receptors then 

initiate a cascade of events which lead to the promotion or repression of a specific 

gene expression.  
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Cortisol is mainly bound (>90%) to cortisol binding protein with high affinity and the 

rest is “free” circulating and available to transfer into cells. Cortisol has a circulating 

half-life of between 70 and 120 minutes. Circulating GC levels vary significantly 

depending on external and internal factors; there are very low circulating levels during 

sleep and extremely high during severe stress or illness. The circulating levels of GCs 

are closely regulated through a balance between secretion and metabolism. The 

principal organ in GC metabolism is the liver, where a variety of metabolising 

enzymes can be found as follows (Figure 1.1-1): 

 

• 11b-HSD type 1 (11b-HSD1) interconverts the active cortisol to the inactive 

cortisone.  

• A-ring-reductases metabolise cortisol to 5a- or 5b-dihydrocortisol which is 

then subsequently metabolised to 5a-tetrahydrocortisol (allo-THF) and 5b-

tetrahydrocortisol (THF) respectively, by 3a-hydroxysteroid dehydrogenase. 

Similarly, cortisone is converted to tetrahydrocortisone (THE). These 

metabolites are conjugated with glucuronic acid and excreted in the urine. 

• 6b-hydroxylase converts cortisol to 6b-hydroxycortisol and cortisone to 6b-

hydroxycortisone. 

• 20b-oxoreductase reduces cortisol to 20b-dihydrocortisol and cortisone to 

20b-dihydrocortisone.  

 

In vivo, metabolism of GCs is particularly important as their bioactivity is dependent 

on the C11-hydroxyl group. Therefore, 11b-HSD, and in particular 11b-HSD1, is 

considered to be the most important enzyme in the metabolism and activation of GCs 

as they oxoreduce the C11-oxo group of the inactive cortisone and convert it to 
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cortisol. There are two types of 11b-HSD; 11b-HSD1 and 11b-HSD2 which are 

discussed extensively in the following sections.  

 

 

Figure 1.1-1 Pre-receptor cortisol metabolism 

 

1.2 Glucocorticoid action 

 
Over the last 70 years, GCs have been used extensively for their anti-inflammatory 

and immunosuppressive actions in conditions such as asthma, arthritis, inflammatory 

bowel disease and other systemic diseases, as well as in allotransplantation. The 

plasma half-life of synthetic GCs ranges from 80 min (cortisol) to 270 min 

(dexamethasone). As mentioned earlier, 90% of endogenous cortisol is bound to 

cortisol binding globulin (CBG), however, most synthetic steroids, with the exception 

of prednisolone, are bound to albumin. They are metabolized by the liver and 95% 
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are excreted by the kidney and the rest through the gut. Their biological action is 

mediated via the GR, in the same way as endogenous GCs (Figure 1.2-1).  

 

Figure 1.2-1 Genomic and nongenomic GC signalling pathways. GCs pass through the 
plasma membrane to bind to the GR, displacing associated proteins (HSP, MAPK and co-
chaperones like src) that mediated nongenomic effects. The GC-GR complex moves into the 
nucleus to affect transcription by binding of GR to positive and negative glucocorticoid 
responsive elements and by transrepression due to direct or indirect interaction of the GR 
with transcription factors such as nuclear factor-kB at its binding site). Nongenomic effects 
are also mediated through membrane bound GR and by interactions with cellular 
membranes. CBG= Cortisol binding globulin. GR= Glucocorticoid receptor. GRE= 
Glucocorticoid responsive element. HSP= heat shock protein. MAPK= mitogen activated 
protein kinase. mGR= membrane bound GR. nGRE= negative GRE.  

 

Prescribed GCs can induce a variety of side-effects which are discussed in the next 

sections. The side-effects are dependent on the duration, dosage and potency of the 

synthetic GCs. 

1.2.1 Metabolic effects of glucocorticoids 

GC-induced hyperglycaemia, in non-diabetic patients, is a common side-effect with 

an odds ratio that ranges from 1.36 to 2.31 (12). Risk factors of developing steroid 
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diabetes include: dosage and treatment duration (13, 14), age (15), weight (16, 17), 

race (18), impaired glucose tolerance (19) and family history of diabetes (20, 21). The 

pathophysiology of GC-induced hyperglycaemia is not completely understood but the 

main mechanisms include increase in insulin resistance, increase in glucose 

production and reduction in production and secretion of insulin.  

 

Organ system Glucocorticoid side-effects and the mechanism of action 
Metabolic  • Increase in endogenous glucose production by: 

- Stimulating genes involved in hepatic metabolism of carbohydrates  
- Increasing the substrate availability for hepatic gluconeogenesis by their 
action on muscular and adipose tissues 
- Enhancing the effects of hormones such as glucagon and epinephrine 

• Increase in insulin resistance by: 
- Inhibit translocation of the GLUT4 glucose transporter to the cell surface in 
response to insulin and other stimuli 

Bone • Decrease bone formation markers   
• Slightly reduce bone resorption markers  

Cutaneous  • Decrease cutaneous cell proliferation and protein synthesis  
• Decrease the proliferative activity of keratinocytes and dermal fibroblasts 

Muscular • Inhibit glucose uptake which may contribute to the breakdown of muscle 
proteins 

• Inhibit protein synthesis and stimulate protein degradation 
Ophthalmic  • Induces cataract via:  

- increased glucose levels  
- inhibition of Na+/K+-ATPase 
- increased cation permeability 
- inhibition of G6PD  
- inhibition of RNA synthesis 
- loss of ATP  
- covalent binding of steroids to lens proteins 

• Induces ocular hypertension via morphological and functional changes in the 
trabecular meshwork 

Neurological  • Steroid-induced psychosis could be caused by impairment of the hippocampal 
function following direct exposure 

• Depression may be caused by inhibition of the 5-HT1A receptor  
Cardiovascular  • Cause hypertension by oversaturating mineralocorticoid receptors at the renal 

tubule, thus preventing 11β-HSD2 to deactivate GCs 
Gastrointestinal  • Increase gastric acid secretion 

• Reduce gastric mucus  
• Induce gastrin and parietal cell hyperplasia  
• Delay the healing of ulcers 

Table 1-1 Glucocorticoid side-effects and the mechanism of action in each organ system 
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Endogenous glucose production (EGP) is augmented by the direct stimulation of 

genes involved in hepatic metabolism of carbohydrates by GCs (22-24) (Table 1-1). 

This is also enhanced by increasing the substrate availability for hepatic 

gluconeogenesis by their action on muscular and adipose tissues (25, 26), and by 

enabling transfer of metabolites across the mitochondrial membranes (25, 27). 

Moreover, GCs could be enhancing the effects of hormones such as glucagon and 

epinephrine which increase the gluconeogenesis (26, 28). Peroxisome proliferator-

activated receptor (PPAR) α is an important receptor for this GC-induced mechanism 

as demonstrated by PPARα-knockout (KO) mice (29).  

 

GCs induce peripheral insulin resistance by affecting parts of the insulin signalling 

cascade (24, 30), which causes mainly muscle insulin resistance (24). GLUT4 glucose 

transporter is the first determinant of peripheral glucose uptake (Table 1-1). It is 

mainly expressed in skeletal muscle and its expression is promoted by insulin, 

however, GCs inhibit its translocation to the cell surface in response to insulin and 

other stimuli (30-34). This subsequently leads to decrease in glucose uptake and 

glycogen synthesis (35-37). GC actions in protein (38) and lipid metabolism (39-41) 

may also contributed to GC-induced skeletal muscle insulin resistance. This is due to 

the catabolic effect of GCs which leads to increase in amino acids and free fatty acids. 

Amino acids are thought to exert skeletal muscle insulin resistance by direct inhibition 

of muscle glucose transport and/or phosphorylation with subsequent reduction in rates 

of glycogen synthesis. Free fatty acids, on the other hand, contend with glucose for 

mitochondrial oxidation and thus subsequently give rise to intracellular glucose-6-

phosphate dehydrogenase (G6PD) which reduces muscular glucose uptake.  
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GCs cause a dosage and duration dependant, inhibition of the production and secretion 

of insulin (42-44). Acute GC administration (45-47) can produce an acute inhibition 

of insulin secretion in healthy people without changes to fasting insulin despite a rise 

in plasma glucose levels, suggesting an acute inhibitory effect on β-cells. However, 

longer exposure (2-5 days) to high-dose GCs can induce fasting hyperinsulinemia as 

well as increased insulin secretion during hyperglycaemic clamp studies or 

intravenous glucose tolerance tests (20, 45, 48-51). Unfortunately, there are no well-

defined data on the long-term effects of GCs on β-cell function as patients requiring 

chronic use of GCs often have a systemic inflammatory processes which can also 

affect β-cell function (52). Furthermore, chronic GC use may induce β-cell failure 

indirectly by lipotoxicity, by accumulation of pancreatic fatty acids, secondary to 

elevated plasma triglyceride and free fatty acids levels (53). The pathophysiology of 

this process is unclear but potential mechanisms include increase in α2-adrenergic 

receptor expression (54), and upregulation of kinases which regulate the activity of 

ion channels essential for insulin secretion from pancreatic β-cells (55). 

1.2.2 Bone effects of glucocorticoids 

GCs are known to induce osteoporosis as well as increase fracture risk (56, 57), which 

presents within of 3-6 months of treatment initiation and is dose-related. This is likely 

due to the higher GC doses administered and disease activity at the beginning of 

treatment. Fracture risk remains raised throughout the duration of treatment, but 

decreases after it discontinues (58-61).  

 

Van Staa et al. (2002), showed that the risk of vertebral fracture in people taking oral 

GCs was increased almost three-fold (relative rate (RR) 2.86, 95% CI 2.56-3.16) 

whilst the risk of hip fracture was doubled (RR 2.01, 95% CI 1.74-2.29) (61). Amiche 
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et al. (2016), reported that the average incidence of fracture for those who were 

initiated on GC therapy in the last 6 months was 5.1% (95% CI 2.8-8.2%) for vertebral 

fracture and 2.5% (95% CI 1.2-4.2%) for non-vertebral fracture, while the risks in 

chronic users (>6 months use) were 3.2% (95% CI 1.8-5.0%) and 3.0% (95% CI 0.8-

5.9%), respectively (62). Balasubramanian et al. (2016) found that the average 

fracture incidence rates were 9.0 (95% CI 5.7-13.7) per 1,000 person-years at a current 

daily (prednisolone equivalent) dose <5mg per day and increased to 16.0 (95% CI 

11.0-22.6) at ≥5mg per day (63). For cumulative doses, average fracture incidence 

rates were 4.6 (95% CI 3.8-5.4) per 1,000 person-years at cumulative doses <0.675g 

and rose up to 13.4 (95% CI 10.7-16.7) at cumulative doses ≥5.4g (63). 

 

The effect of GC therapy on biochemical bone makers have been reported in both 

healthy people and patients. Lems et al. (1998) showed that in healthy male 

volunteers, prednisolone treatment decreased bone formation markers (serum 

osteocalcin levels, procollagen type 1 N-terminal pro-peptide (P1NP) and alkaline 

phosphatase (ALP)) (Table 1-1). Additionally, bone resorption markers (urinary 

excretion of pyridinolines, hydroxyproline and serum carboxy-terminal cross-linked 

telopeptide of type 1 collagen (CTX)) remained unchanged or were slightly reduced 

(64). Kauh et al. (2012) also reported that serum and urinary osteocalcin levels, and 

P1NP were significantly decreased by glucocorticoid administration in healthy adults 

(Table 1-1) . They also reported significant increase in another marker of bone 

resorption, serum N-telopeptide of type I collagen (NTX), but only at higher 

prednisone doses (65). Two studies found that in patients with collagen, 

haematological and neuroimmune diseases, glucocorticoid therapy caused decrease 

in serum osteocalcin levels and increase in urinary NTX levels (66, 67). 
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1.2.3 Other effects of glucocorticoids 

Both topical and systemic administration of GCs can cause significant cutaneous side-

effects. Potency and duration of treatment are particularly critical in determining the 

incidence and severity of these effects. GCs can cause epidermis and dermis atrophy 

which can result in striae rubrae distensae and poor wound healing. This is caused by 

suppression of cutaneous cell proliferation and protein synthesis and reduction in the 

proliferative activity of keratinocytes and dermal fibroblasts (68) (Table 1-1). GCs can 

also cause hypetrichosis which can be particularly problematic in women.  

 

GCs can induce steroid myopathy, particularly in the proximal muscles, through 

catabolic effects. GCs inhibit glucose uptake which may contribute to the breakdown 

of muscle proteins (Table 1-1) . They also inhibit protein synthesis and stimulate 

protein degradation (69).  

 

The eyes are also affected by GC treatment, as they can cause the development of 

cataract and glaucoma. In more rare instances, they can also cause retinal emboli and 

maculopathy. Cataract occurs via a number of pathways including: increased glucose 

levels, inhibition of Na+/K+-ATPase, increased cation permeability, inhibition of 

G6PD, inhibition of RNA synthesis, loss of ATP, and covalent binding of steroids to 

lens proteins (70) (Table 1-1). GC-induced ocular hypertension occurs mainly via 

morphological and functional changes in the trabecular meshwork (Table 1-1). These 

occur due to increased accumulation of polymerized glycosaminoglycans (71). 

Additionally, there is an increased production of fibronectin and collagen type IV that 

contribute to the extracellular matrix (ECM) excess (72). 
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GCs are known to cause “steroid psychoses” in people without any pre-existing 

mental health illnesses but can also aggravate pre-existing psychiatric conditions 

(Table 1-1).. Hall et al. (1979), Carpenter & Gruen (1982) and Sapolsky et al. (1990) 

showed that GCs can impair the hippocampal function by direct exposure (73-75). 

Animal studies have shown that direct GC exposure can lead to decreased dendritic 

branching (76), change in synaptic terminal structure (77), decreased neurons (78), 

and inhibition of neuronal regeneration (79). GCs can also cause a range of CNS 

effects that ranges from interference in cellular metabolism (80) to an increase in the 

susceptibility of hippocampal neurons (81) and an augmented accumulation of 

extracellular glutamate (82) (Table 1-1). Additionally, GCs can cause inhibition of the 

5-HT1A receptor expression (83) which may be involved in the pathophysiology of 

depression. This is brought about by GC inhibition of the NF-kB elements in the 

promoter of the 5-HT1A receptor gene (84). 

 

Exogenous GCs induced hypertension by a variety of mechanisms which include 

increased systemic vascular resistance, increased extracellular volume, and increased 

cardiac contractility. Excess GCs act on the MR at the renal tubule as 11b-HSD2 

enzyme, which normally deactivates active GCs, is oversaturated (85) (Table 1-1).. It 

occurs more commonly in patients on high GC doses and in elderly patients with a 

family history of essential hypertension (86, 87). 

 

Adverse effects of GCs on the gastrointestinal system include peptic ulcers, upper 

gastrointestinal bleeding, pancreatitis (88), and oral candidiasis (89) (Table 1-1). The 

pathophysiology of these effects is not completely understood but animal studies have 
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shown that GCs can increase gastric acid secretion, reduce gastric mucus, cause 

gastrin and parietal cell hyperplasia, and delay the healing of ulcers (90). 

1.3 Cushing’s syndrome 

 
Cushing’s syndrome is characterized by a collection of signs and symptoms which 

are caused by chronic exposure to excess in circulating levels of GCs. The aetiology 

of Cushing’s is divided into two categories: ACTH-dependent and ACTH-

independent. ACTH-dependent forms are defined by excessive ACTH production 

which in turn stimulates the adrenal cortex to produce excess GCs. ACTH-

independent forms comprise of adrenal or exogenous GCs excess. The clinical 

features of Cushing’s syndrome include a wide range of signs and symptoms as 

described below.  

 

Cushing’s syndrome consists of a variety of metabolic conditions such as weight 

excess, seen in 57-100% of patients, hypertension in 25-93% of patients, impaired  

glucose tolerance is described in 7-64% of patients, type 2 diabetes mellitus (T2DM) 

in 11-47% of patients and dyslipidaemia in 12-72% (91). There is also an increased 

risk for myocardial infarction (hazard ratio 2.1, 95% CI 0.5-8.6) and heart failure (6.0, 

95% CI 2.1-17.1). Cushing’s syndrome also affects bone structure. Osteopaenia 

develops in 40-78% of patients, osteoporosis in 22-57% and skeletal fractures in 11-

76% (91). There is also a significant increase (more than ten-fold) risk of venous 

thromboembolism (91). Reproductive and sexual dysfunction is also common in 

Cushing’s syndrome. There is decreased libido in 24-90% of patients, hypogonadism 

in 50-75% of men and menstrual irregularities in 43-80% of women (91). Cushing’s 

syndrome is also associated with psychiatric diseases such as major depression (50-
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81%), anxiety (66%), and bipolar disorders (30%) (91). It also causes impairment of 

immune function which subsequently increase the risk of severe infections and sepsis. 

 

All the clinical features and disorders caused by Cushing’s syndrome, as described 

above, can be induced by both endogenous and exogenous excess of GCs. Exogenous 

GC excess is the most frequent cause of hypercortisolism and is termed Iatrogenic 

Cushing’s. Despite significant advances in medicine, GCs remain one of the most 

common medications used in inflammatory conditions, due to their potent anti-

inflammatory and immunosuppressive action, with GC therapy prevalence ranging 

from 0.5 to 21.1% (for both short and long-term courses) (92-95). However, the 

biggest caveat of this treatment is its adverse metabolic effects which limits its use.  

  

Nevertheless, high circulating levels of glucocorticoids does not always equal to 

clinical characteristics of Cushing’s syndrome. Two cases have been described in the 

literature where partial defect of 11β-HSD1 activity prevented the development of 

Cushing’s phenotype. The first was a patient who was found to have a corticotroph 

pituitary adenoma (96) and the second in a patient with an adrenocortical adenoma 

(97). This indicates that 11β-HSD1 activity plays a role in the development of the 

adverse metabolic effects of GCs. 

 

The importance of 11β-HSD1 action on the effects of GCs has also been reported in 

animal models. Fenton et al. (2020) studied the effect of corticosterone on mouse 

models of polyarthritis with global, myeloid and mesenchymal deletion of 11β-HSD1 

(98). They reported that global deletion of 11β-HSD1 caused profound resistance to 

the anti-inflammatory action of corticosterone. Myeloid 11β-HSD1 deletion resulted 
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in partial resistance, but mesenchymal 11β-HSD1 deletion did not prevent 

corticosterone therapy to suppress the inflammatory processes. These findings 

suggest that 11β-HSD1 is required for peripheral reactivation and amplification of 

GCs at sites of inflammation to deliver their anti-inflammatory therapeutic effects 

(98). 

1.4 11-beta hydroxysteroid dehydrogenase type 1 (11β-HSD1) 

 
11β-HSD1 is a bidirectional enzyme which acts as an oxoreductase converting 

cortisone to cortisol or as a dehydrogenase converting cortisol to cortisone. However, 

in vivo it acts mainly as an oxoreductase (99). Within the cell it is located in the 

endoplasmic reticulum (ER) membrane and its catalytic domain is placed in the ER 

lumen (100). Its oxoreductase activity is achieved via the activity of a tightly 

associated enzyme, hexose‐6‐phosphate dehydrogenase (H6PDH) which is also 

located in the ER lumen and facilitates the maintenance of the high intra-lumen 

NADPH/NADP+ ratio which confers the directionality of 11b-HSD1 (101). In the 

absence of H6PDH, 11b-HSD1 acts as dehydrogenase and oxidizes cortisol to 

cortisone. In humans, 11b-HSD1 is coded by the gene HSD11B1 found on 

chromosome 1q32.2, is made up of 292 amino acids and it is 30 kb in length (102).  

 

11b-HSD1 is mainly expressed in the liver, adipose, gonads, skeletal muscle and brain 

but can also be found in the cardiovascular system, immune system, bone, eyes, 

gastrointestinal tract, kidneys, pancreas, skin and placenta (99). There are many 

factors that regulate its expression. GCs, pro-inflammatory cytokines, PPARg 

agonists and CCAAT/Enhancer binding protein increase expression and activity. 

Conversely, growth hormone and liver X receptor agonists decrease its expression 
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(99). Oestradiol reduces 11b-HSD1 expression in rat liver and kidney but testosterone 

has no effect (103).  

1.4.1 Genetic defects 

Cortisone reductase deficiencies 

There are two clinical phenotypes of cortisone reductase deficiency (CRD). The first 

one is caused by loss of function mutations in the HSD11B1 gene and is termed as 

“true” CRD and the second caused by mutations in the H6PD gene, is termed 

“apparent” CRD (ACRD). ACRD is the more severe form of the condition as the loss 

of H6PDH activity instigates a decrease of the intra-lumen NADPH/NADP+ ratio thus 

favouring the dehydrogenase activity of 11b-HSD1 where cortisol is inactivated to 

cortisone (104). The cortisol inactivation seen in ACRD induces a compensatory HPA 

axis activation and ACTH-mediated adrenal GC and androgen secretion. Clinically 

this condition presents as polycystic ovary syndrome (PCOS) in adult females or as 

premature adrenarche in children. The urinary steroid profiles show extremely high 

cortisone metabolites and low cortisol metabolites demonstrating impairment in the 

activity of 11b-HSD1. True CRD is a milder form of the condition; two cases have 

been reported where two male children presented with premature adrenarche. The 

urinary steroid profile was not as abnormal as seen in cases of ACRD, with THF+allo-

THF/THE ratios of 0.26 and 0.16 (105).  However, similarly to the ACRD there was 

secondary HPA axis activation and increased androgen secretion causing this 

phenotype. Lavery et al. (2013) reported that gas chromatography/ mass spectrometry 

(GC/MS) urinary steroid profile can be used to distinguish between cases of CRD and 

ACRD (106).  

 



CHAPTER 1                                                                                        GENERAL INTRODUCTION 

 16 

HSD11B1 polymorphisms  

Several studies have been conducted to investigate possible links between single 

nucleotide polymorphisms T2DM and cardiovascular disease have been investigated 

but there is currently conflicting data on the association between HSD11B1 SNPs and 

these diseases (107).  

 

H6PD polymorphisms 

H6PD genetic variations have been examined as they are expected to have more 

significant clinical effects due to the importance of H6PDH in modulating 11b-HSD1 

activity. Multiple sclerosis, carotid intima-medial thickness and atherosclerosis are 

conditions that have been linked to genetic variations of H6PD (108-110). 

Additionally, PCOS has been associated with the rs668832 H6PD SNP as reported by 

two small case-control studies (111, 112).  
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Figure 1.4-1 Hypothalamic-Pituitary-Adrenal axis. CRH stimulates the anterior pituitary 
gland to release ACTH, which in turn stimulates cortisol production by the adrenal glands. 
Cortisol exerts negative feedback on the pituitary gland, hypothalamus and hippocampus via 
the GR to control the synthesis of this hormone. CRH=Corticotropin-releasing hormone. 
ACTH=Adrenocorticotropic hormone. GR=Glucocorticoid receptor. 

 

1.4.2 Adipose tissue 

As mentioned earlier, 11b-HSD1 is highly expressed in both white and brown adipose 

tissue and acts predominantly as an oxoreductase. H6PDH and GRa receptors are 

found in higher amounts in omental adipose tissue compared to subcutaneous (SC) 

and therefore the oxoreductase action is more pronounced in this tissue, even though 
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expression of 11b-HSD1 is similar in both omental and SC adipose tissue in humans 

(113). In mice, on the other hand, 11b-HSD1 is expressed in higher levels in SC tissue 

(114). GCs play an important role in promoting adipocyte differentiation and 11b-

HSD1 is involved in both induction of adipogenesis and maturation of adipocytes 

(115). 

 

It is proposed that 11b-HSD1 activity is dysregulated in obesity (116), with stable 

circulating GC levels (117). In fact, there is a two to three-fold increase of 11b-HSD1 

activity in SC adipose tissue in simple obesity and a decrease in hepatic 11b-HSD1 

activity. However, in obese individuals with T2DM, the hepatic 11b-HSD1 activity 

does not decrease (116). There are fewer consensuses on the effect of obesity on 

visceral 11b-HSD1 activity partly due to the low number of studies performed and 

the fact that the tissue obtained is usually from patients who have undergone a surgical 

procedure. Woods et al. (2015) reported a positive correlation between visceral 

adipose tissue 11b-HSD1 gene expression and body mass index (BMI) but not in SC 

adipose tissue. They did however report that there was a reduction in 11b-HSD1 gene 

expression in SC adipose tissue following weight loss. On the other hand, 11b-HSD1 

gene expression in hepatocytes was negatively correlated with BMI which is 

consistent with previous evidence (118). These findings are in accordance to the 

reports by Mlinar et al. (2011) (119) and Michailidou et al. (2007) (120) who reported 

that visceral adipose tissue 11b-HSD1 gene expression correlates with adiposity and 

adipocyte size. However, in contrast, Goedecke et al. (2006) reported that 11b-HSD1 

gene expression in omental adipose tissue did not correlate with obesity (121). 
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11b-HSD1 activity in adipose tissue has been investigated in rodent models where it 

has been both deleted and overexpressed. Masuzaki et al. (2001) (122) overexpressed 

11b-HSD1 in adipose tissue in mice using the aP2 promoter. They found that the mice 

developed visceral obesity but no changes in circulating GC levels. They did however 

report an increase in corticosterone in the portal vein. These mice developed similar 

features to the metabolic syndrome including insulin resistance, dyslipidaemia and 

hypertension. Therefore, it is possible that 11b-HSD1 plays a role in the development 

of metabolic syndrome in obese individuals. Additionally, Morton et al. (2004) 

studied the 11b-HSD1 KO mouse model and reported that these mice have lower 

visceral adipocyte accumulation on high fat diet (HFD) and resisted developing 

insulin resistance and diabetes, rendering them metabolically “healthier” (123). 

 

Several factors appear to play a role in the regulation of 11b-HSD1 in adipose tissue 

in rodents. These include GCs, pro-inflammatory cytokines and stearate feeding in 

upregulation and PPAR and HFD in downregulation (116). It is still not clear how 

11b-HSD1 is regulated in human adipose tissue.  

1.4.3 Liver 

11b-HSD1 is highly expressed in the liver and in humans it is mainly located 

centripetally and found in high levels around the central vein (124), and it acts entirely 

as an oxoreductase (125, 126). In simple obesity, the 11b-HSD1 activity in the liver 

is lower, however in patients who also have T2DM, activity is unchanged (127). This 

is in accordance to the findings reported by Torrecilla et al. (2012) who reported that 

there was higher expression of GR, 11b-HSD1, H6PDH and PEPCK in hepatocytes 

of obese patients with metabolic disease compared to obese patients (128). However, 
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more recently, Shukla et al. (2019) showed that 11b-HSD1 activity was increased in 

patients with T2DM, particularly in lean individuals (129). These findings are 

comparable to the db/db diabetes murine model, where 11b-HSD1 and GR expression 

are both increased (130). Dube et al. (2015) reported the results of a clinical trial 

where they showed that GCs increase the intrahepatic conversion of cortisone to 

cortisol via the 11b-HSD1 pathway (131). This could be the mechanism by which 

GCs induce or exacerbate hepatic insulin resistance (131).  

 

Hepatic 11β-HSD1 activity has been explored by developing mouse models with both 

overexpressing and deleting 11β-HSD1. Overexpression of 11β-HSD1 in liver was 

achieved by using the apolipoprotein E promoter. These mice developed 

hypertension, dyslipidaemia and hypertriglyceridaemia which lead to hepatic 

steatosis but did not progress to steatohepatitis (132). They also became insulin 

resistant but were not obese. In mice with hepatic 11β-HSD1 deletion, they develop a 

mild metabolic phenotype but there is no significant change in insulin sensitivity, 

hepatic or serum lipids. There was however, an increase in adrenal size, despite 

circulating corticosterone levels being stable, signifying an increase in HPA axis 

activation (133). In 11β-HSD1 KO mice, 11β-HSD1 deficiency has little effect on 

liver function in the fed state but in the fasted state there is no rise in PPARα which 

is consistent with reduced GC action. On refeeding these mice, there is an exaggerated 

generation of lipogenic enzymes and reduction of fat catabolism enzymes. Therefore, 

11β-HSD1 deficiency causes a more favourable lipid profile and improved liver 

insulin sensitivity (134). Morgan et al. (2014) studied the metabolic effects of 

corticosterone in 11β-HSD1 KO mice. The circulating levels of corticosterone were 

similar in both 11β-HSD1 KO mice and wild-type but there was a significant 
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reduction in serum free fatty acids, fatty acid translocase and hepatic triglycerides 

(TAG) in the KO mice. Additionally, features of hepatic steatosis were also noted in 

the wild-type mice, whereas the KO mice appear to be protected (135). 

1.4.4 Muscle 

11b-HSD1 is present in skeletal muscle but at lower levels compared to the liver 

(136). In human muscle, it has been demonstrated that it acts as an oxoreductase and 

its role in metabolic disease has been controversial. Whorwood et al. (2001) (136) 

reported that 11b-HSD1 levels did not correlate with adiposity in human muscle ex 

vivo but Abdallah et al. (2005) (137) reported that there was an increased expression 

in myotubes from obese patients with T2DM. Similar findings were also shown in 

obese rodents with diabetes where there were increased levels of 11b-HSD1 mRNA 

and protein (138). 11b-HSD1 inhibition in the hyperglycaemic KK/Ta jcl mouse 

induced an increase in skeletal muscle insulin receptor substrate 1 and a decrease in 

expression of genes involved in lipid metabolism (107).  

 

It has also been suggested that 11b-HSD1 may be involved in age-related sarcopaenia 

as it was discovered that 11b-HSD1 is upregulated with age in women and also 

associated with reduced grip strength, insulin resistance and an adverse composition 

profile (139). 

1.4.5 Pancreas 

11b-HSD1 mRNA has been identified in rodent and human pancreatic islets but there 

has been controversy regarding its exact location with reports proposing it is found in 

α-cells (140) and β-cells (141).  
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The relationship between pancreatic 11b-HSD1 activity and metabolic disease has 

been investigated using several rodent models and has been suggested that increased 

11b-HSD1 levels are associated with β-cell failure (141). However, the relationship 

between 11b-HSD1 expression and metabolic disease is not very clear. In a diabetes-

prone rodent model, where 11b-HSD1 is overexpressed in the pancreas, there is 

enhanced glucose-stimulated insulin secretion (142). On the other hand, increase in 

11b-HSD1 expression in the pancreatic islets of obese ob/ob mice (143) and Zucker 

diabetic fatty fa/fa rats (144), correlates to increasing hyperglycaemia. This increase 

is reversed by troglitazone which inhibits hyperglycaemia and hyperlipidaemia. It is 

possible that there is an inverted U-shaped relationship between 11b-HSD1 

expression and glucose stimulated insulin secretion, similar to what is observed with 

GC dose and β-cell function. In mouse strains that are susceptible to β-cell failure, 

HFD causes a decrease in 11b-HSD1 expression whereas in mice that are not prone 

to metabolic disease there is some increase in 11b-HSD1 expression. In normal mice, 

HFD causes a compensatory insulin secretion via upregulation of 11b-HSD1, whereas 

in severe obesity, very high islet 11b-HSD1 levels and therefore GC regeneration, 

contributes to β-cell failure (116). 

 

In the global 11b-HSD1 KO mouse, there is impairment in the β-cell function. 

However, when these mice are fed HFD, there was improved glucose tolerance (142). 

1.4.6 Cardiovascular 

11b-HSD1 is mainly found in the vascular smooth muscle and is involved in 

angiogenesis and vascular remodelling (145). As, GCs inhibit angiogenesis, mice 

deficient in 11β-HSD1 exhibit increased angiogenesis particularly in cases of 



CHAPTER 1                                                                                        GENERAL INTRODUCTION 

 23 

myocardial injury (146). 11b-HSD1 KO mice show increased vascularization 

following myocardial infarction which indicates the potential use of 11b-HSD1 

selective inhibitors. However, pathological neovascularisation such as diabetic 

retinopathy has not been thoroughly investigated yet (146). 

1.4.7 Nervous system 

11b-HSD1 can be found in the adult brain with highest expression in the 

hippocampus, cortex, cerebellum and anterior pituitary. 11b-HSD1 mainly acts as an 

oxoreductase but H6PDH is not frequently found with 11b-HSD1 in the brain (147). 

11b-HSD1 is thought to be involved in cognition as the use of 11b-HSD inhibitors in 

elderly mice (148) and humans (149) improves cognitive function. It is also involved 

in the regulation of aqueous humour production in the ocular ciliary epithelium (150).  

1.4.8 Inflammation and immunity 

11b-HSD1 is detected in neutrophils where there is increased expression during 

inflammation and lacking during apoptosis (151). It is also present in mouse CD4 and 

CD8 positive lymphocytes, B cells and dendritic cells (152). 11b-HSD1 KO mice 

show defects in anti-inflammatory response and in particular in models of joint 

inflammation, peritonitis and lung inflammation there was a greater inflammatory 

reaction with a slower recovery suggesting a possible drawback in the use of selective 

11b-HSD1 inhibitors in these conditions (153). In humans, 11b-HSD1 activity has 

been found to be augmented in rheumatoid arthritis (154) and increased expression in 

inflammatory bowel disease (155). Specifically, there is higher expression during 

acute exacerbation compared to remission suggesting that 11b-HSD1 has an active 

role in acute inflammation (155). 
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1.4.9 Bone and joint 

11b-HSD1 is mainly expressed in osteoblasts and its activity is induced by pro-

inflammatory cytokines and GCs. 11b-HSD1 KO mice do not exhibit any changes in 

bone mass, formation or resorption. Cooper et al. (2003) reported that urinary cortisol 

to cortisone metabolites, following a 7-day course of prednisolone in healthy male 

volunteers, correlate to bone formation markers. Therefore, this has the potential to 

be utilized in clinical practice, where 11β-HSD1 could predict an individual’s 

susceptibility to GC-induced osteoporosis (156).  

1.4.10 Skin and salivary glands 

11b-HSD1 is expressed in human and mouse skin (157-159), specifically in the 

epidermis and dermis (160) with higher numbers in keratinocytes and it acts as a 

reductase (159).  

1.4.11 11β-HSD1 inhibitors 

The 11b-HSD1 enzyme is a promising therapeutic target as its inhibition can 

potentially improve the pathological features of metabolic disease and age-associated 

cognitive impairment.  

 

There are several natural products that inhibit the 11β-HSD1 enzyme, however, their 

clinical use is limited due to their poor bioavailability, rapid metabolism and 11β-

HSD2 inhibition. Glycyrrhizin acid is a non-selective 11β-HSD inhibitor which was 

discovered from the Glycyrrhiza glabra (liquorice) root (161). Carbenoxolone is 

another non-selective 11β-HSD1 inhibitor which was derived from 18α-

glycyrrhetinic acid, a metabolite of glycyrrhizin acid (162). It inhibits 11β-HSD1 in 

the liver but not in the adipose tissue or skeletal muscle, which improved plasma lipid 
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metabolism with no change on body weight, food intake, glucose tolerance, and 

insulin sensitivity in obese insulin-resistant Zucker rats (163). Curcumin is a selective 

11β-HSD1 inhibitor which is effective in protecting against morbid obesity, 

maintaining serum glucose, and lipid profiles in the HFD-induced obese rats (164). 

However, due to poor bioavailability and rapid metabolism it was modified to a new 

curcumin analogue, compound, LG13. This compound was more efficacious as an 

11β-HSD1 inhibitor and as a result was found to decrease fasting blood glucose, lipid 

deposition, and hepatic glucose metabolism in the type 2 diabetic mice (165). 

Epigallocatechine-3-gallate is an aqueous extract of green tea and can inhibit 11β-

HSD1, as well as affect drug metabolism by downregulating enzymes such as 

CYP1A1, CYP1A2, CYP2B1/2, CYP2E1, CYP3A (166). Resveratrol is an 

endogenous steroid hormone, 17β-oestradiol, which inhibits the 11β-HSD1 murine 

adipose activity (167). Citrinal B, another natural 11β-HSD1 inhibitor, is a tricyclic 

compound which is extracted from Colletotrichum capsica (168). In vitro studies 

showed that it inhibits cortisone-cortisol cycles in hepatocytes and forms fat droplets 

in pre-adipocytes. 

 

Various synthetic 11β-HSD1 inhibitors have been developed for potential clinical use 

in conditions such as T2DM and hypercholesterolaemia. However, clinical studies 

showed that they have low therapeutic potency and there were also some safety 

concerns.  

 

In particular, Biovitrum compound BVT2733 has shown reduction in fasting blood 

glucose, insulin and cholesterol levels in hyperglycaemic rodent models (169-171). 

However, BVT2733 weakly inhibited human 11β-HSD1 and thus clinical trials were 
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not performed. Compound A, showed tissue specific effects in that there was 

reduction in mesenteric fat mass and hepatic steatosis (172, 173). KR-67183 improved 

insulin sensitivity and glucose tolerance in the HFD-induced mice and also enhanced 

osteoblastogenesis in osteoblasts and inhibited osteoclastogenesis in osteoclasts 

(174). It also showed no effect on HPA axis activation. In vivo data following 

treatment with KR-67105 showed improvement in insulin sensitivity and glucose 

tolerance in diabetic mice, and also suppression of diabetes-related genes, such as 

G6Pase and phosphoenolpyruvate carboxykinase in the liver and tumour necrosis 

factor-α and PPARγ in SC adipose tissue. Additionally, KR-67105 inhibited 

cortisone-induced inflammation (175). SKI-2852 was tested on mice and results 

showed that it can inhibit hepatic gluconeogenesis and partially improve lipid profiles, 

as well as improve many aspects of metabolic parameters in metabolic disorders. This 

drug has not been trialled in humans yet (176, 177). PF-877423 also indicates clinical 

potential as a preclinical study showed it could prevent human lipogenesis in vitro 

(115). 

 

UI-1499 improved insulin sensitivity and glucose tolerance in ex vivo studies. The 

anti-obesity effect and improvement of lipid profiles were also reported in both 

diabetic mice and monkeys (178). BI-135585 is another 11β-HSD1 inhibitor which 

has been assessed ex vivo, in human pre-adipocytes, adipocytes and liver tissue of 

cynomolgus monkey (179). The outcome suggested adequate 11β-HSD1 inhibition 

and entered Phase I clinical studies. However, the clinical data indicated that there 

was inadequate 11β-HSD1 inhibition in the adipose tissues following 2 weeks of 

treatment (180). HSD-621 was tested in diet-induced obesity mice, which 

demonstrated a modest effect in symptoms of the metabolic syndrome (181). 
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Compound 531, indicated improvement in insulin sensitivity and reduced hepatic 

glucose production when tested in dogs (182).  

 

In humans, INCB013739 was investigated in patients with T2DM and after two weeks 

of administration there was decrease in fasting blood glucose, particularly in patients 

with higher hyperglycaemia and there was also reduction in low-density cholesterol 

but no change in high-density cholesterol (183, 184). Clinical data suggested that a 

12-week treatment with MK-0736 and MK-0916 did not lower blood glucose 

significantly in healthy subjects but had modest dose-dependent decreases in blood 

pressure, low-density lipoprotein (LDL) level and body weight in overweight and 

obese non-diabetic patients with hypertension (185). MK0916 was also trialled in 

patients with T2DM and the results showed a reduction in the weight and waist-hip 

ratio and an HbA1c reduction of 0.3% in the 6mg group. However, there was no 

alteration in fasting plasma glucose, post-prandial glucose or insulin levels. There was 

also increase in LDL and non-high-density lipoprotein cholesterol (185). With both 

agents, there was an activation of the HPA axis and in the case of INCB013739 there 

was significant increase in total testosterone in women but this side-effect was not 

evident in MK0916.  

 

AZD4017, the 11β-HSD1 inhibitor used in our clinical trial which is presented in 

Chapter 4, was originally developed as a potential treatment for T2DM, obesity, and 

metabolic syndrome (186). AZD4017 was tested in rats and cynomolgus monkey. It 

is an effective inhibitor in humans and non-human primates but not in other animal 

models (186). In terms of safety, reversible liver hypertrophy was observed in rats, 

which was adaptive rather than degenerative. There were no safety issues in the 
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cynomolgus monkey. AZD4017 underwent five phase I and II human clinical trials 

assessing the drug in healthy males, obesity, T2DM, and raised intraocular pressure 

(186). The efficacy in these trials were modest and with regards to adverse effects 

elevated transaminases were noted, without concomitant rise in bilirubin, in a few 

subjects treated in the multiple-ascending dose study (186). The findings were 

reversible on drug discontinuation, and no subjects were clinically symptomatic. 

1.5 5-alpha reductase 

 
5α-reductases are key enzymes in the metabolism of testosterone, cortisol and 

progesterone, as they all contain a 3-oxo-Δ4,5, structure in the steroid A-ring (187). 

They were initially described in the 1950s in rat liver cells. There are three isoforms 

of 5α-reductase enzymes: 5α-reductase type 1 (5αR1), 5α-reductase type 2 (5αR2) 

and 5α-reductase type 3 (5αR3). The first two types are described in more detail in 

the following sections (187, 188). 5αR3 was identified in hormone-refractory prostate 

cancer (HRPC) cells (189). It converts testosterone to 5α-dihydrotestosterone in 

HRPC cells (188). It is mainly found in prostatic cancer cells with little or no 

expression in normal tissue.  

 

Tomkins et al. (1962) discovered that the 5α-reductase enzyme utilized reduced 

pyridine nucleotide as a cofactor and could metabolise a number of steroid substrates 

(190). The 5α-reductase (5aR) isoenzymes are hydrophobic proteins which explains 

their intrinsic membrane localization (190, 191). They 5α-reduce testosterone to 5α-

dihydrotestosterone, cortisol to 5α-dihydrocortisol and progesterone to 5α-

dihydroprogesterone. This metabolism makes the 5α-reduced steroid susceptible to 

further reduction by 3α-and 3β-hydroxysteroid dehydrogenase and to sulfation and 
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glucuronylation (187). In the case of 5α-dihydrocortisol, it is metabolised further to 

tetrahydrocortisol. Therefore, 5α-reductases increase androgen but reduce GC 

availability making it an important regulator enzyme in the activity of steroid 

hormones. The aforementioned steroid substrates have a much lower affinity to 5αR1 

than to the 5αR2 isoform but the conversion yields are much higher in the 5αR1 (187). 

1.5.1 5α-reductase Type 1 

5a-reductase type 1 (5aR1) is expressed by gene SRD5A1 which is located on 

5p15.31, in the human genome. The enzyme consists of 259 amino acids and has a 

molecular weight of 29 kDa. In humans, it is highly expressed in the liver, non-genital 

skin, muscle, adipose tissue and brain but poorly expressed in androgen target tissues 

(191). In rats, it is widely expressed in different tissues but at highest levels in the 

liver (191). Testosterone is the most recognized substrate for this isoform, even 

though progesterone has the highest affinity, and it is thought to be accountable for 

about a third of circulating dihydrotestosterone (192-194). There are no known 

mutations of SRD5A1. 

1.5.2 5α-reductase Type 2 

5a-reductase type 2 (5aR2) is expressed by gene SRD5A2 which is located on 

2p23.1, in the human genome. The enzyme consists of 254 amino acids and has a 

molecular weight of 28 kDa (187). It is mainly expressed in the male reproductive 

tissues such as prostate, epididymis and seminal vesicles in both humans and rats 

(187). 

 

A number of mutations and polymorphisms of SRD5A2 have been identified, some 

of which cause the clinical phenotype of 46XY Disorder of Sex Development (195). 
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This condition is also called 5a-reductase deficiency and affected males lack 

virilisation and have poor development of external genitalia due to reduction in the 

production of the potent androgen dihydrotestosterone. Conversely, increased 

dihydrotestosterone production via 5aR2 has been associated with disorders such as 

PCOS, breast and prostate cancer (196, 197).  

1.5.3 5α-reductase tissue distribution and function 

Both 5aR1 and 5aR2 are expressed in human liver whereas in rodents only 5aR1 is 

expressed. Therefore, 5aR1 function in the liver has been investigated using rodent 

models. 5aR1 KO male mice caused higher incidence of hepatosteatosis and 

consequently higher risk of liver fibrosis and scarring (198, 199). 5aR activity has 

been shown to be correlated with worsening metabolic phenotype as well as with 

PCOS (200-205). 

5aR1 is expressed in adipose tissue in both humans and rodents. There is evidence to 

suggest it has a role in metabolism but its exact function is currently unknown (206, 

207). 5aR1 is also expressed in skeletal muscle and dutasteride use causes decrease 

in glucose disposal in the muscle but its exact function is not described (208). It can 

also be found in vascular endothelium and smooth muscle and inhibition of 5aR 

causes endothelial damage and dysfunction but it is not currently known if it is 

involved in cortisol clearance (209). In the kidney, similarly to the aforementioned 

tissues 5aR1 is expressed however, 5aR2 is absent (210). There is currently no data 

reporting on the activity of 5aR1 with regards to steroid metabolism.  



CHAPTER 1                                                                                        GENERAL INTRODUCTION 

 31 

1.5.4 5α-reductase inhibitors 

5α-reductase inhibitors (5αRI) are traditionally used for their anti-androgen effects 

and they are commonly prescribed in conditions such as benign prostate hyperplasia, 

prostate cancer, androgenic alopecia and acne. Several clinical and pre-clinical studies 

have been conducted to deduce the effect of 5α-reductase inhibition or deficiency in 

GC action. 

 

Mak et al. (2019) administered a liver-selective GR antagonist in 5αR1 KO mice and 

their control, during consumption of HFD (211). They found that hepatic GR 

antagonism improved diet-induced insulin resistance, but liver steatosis was 

unaffected, in both 5αR1 KO mice and the controls. They also administered a 12-

week course of dutasteride or vehicle in mice and reported that dutasteride reduced 

the excess weight gain and normalized the associated hyperinsulinaemia after glucose 

challenge (211). In vitro experiments have been conducted which showed that 

SRD5A2 overexpression in human hepatocytes reduced the effects of cortisol 

treatment to suppress lipogenesis. Conversely, treatment with 5aRIs, finasteride and 

dutasteride, augmented the cortisol action (212). Similarly to the pre-clinical 

experiments, clinical studies have been undertaken in order to investigate their 

potential implication in steroid metabolism and indeed metabolic phenotype.  

 

As mentioned previously, cross-sectional and longitudinal studies have shown that 

5a-reductase activity is higher in the presence of high BMI and insulin resistance 

(201-203). Hazlehurst et al. (2016) performed a randomised clinical trial on 12 

healthy male volunteers where they were randomised to either take a three-week 

course of dutasteride (5aR1 and 5aR2 inhibitor) or finasteride (5aR2 selective 
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inhibitor). They reported that dual 5a-reductase inhibition using dutasteride was 

associated with increased hepatic lipid accumulation (213). Similar results have also 

been published by Upreti et al. (2014) where they randomised 46 men who took 

finasteride or dutasteride or placebo for 3 months and concluded that only dual 5a-

reductase inhibition increases insulin resistance implying that dutasteride has an 

adverse impact on the metabolic phenotype (208). More recently, Wei et al. (2019) 

looked at the incidence of T2DM in a large cohort of men taking 5a-reductase 

inhibitors in Taiwan (214). They found that the risk of developing T2DM was higher 

in men with BPH taking a 5aRI (either finasteride or dutasteride) compared to those 

taking tamsulosin. There was no difference in T2DM incidence between the two 

5aRIs (214). 

1.6 Aims and Objectives 

 
In summary, GCs are commonly prescribed medications for their anti-inflammatory 

action. The adverse metabolic effects they induce can cause significant clinical 

complications to patients such as development of hypertension, insulin resistance and 

muscular atrophy. Pre-receptor metabolism is considered to be critical in the 

regulations of active endogenous GCs. The work undertaken in this doctoral thesis 

aims to test the hypothesis that altering pre-receptor metabolism will have an impact 

upon GC metabolism that in turn has the potential to limit or enhance the adverse 

effects of prescribed GCs. 
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Specifically, my objectives are: 

 

To demonstrate the adverse metabolic effects associated with prednisolone 

administration (Chapters 3 & 4). 

 

To determine if 5aR inhibition worsens the adverse effects associated with 

prednisolone administration putatively through increased prednisolone availability 

(Chapter 3). 

 

To explore the potentially beneficial impact of selective 11b-HSD1 inhibition to limit 

prednisolone regeneration and improve metabolic phenotype in healthy male 

volunteers (Chapter 4). 

 

 

Figure 1.6-1 Schematic representation of the action of 11b-HSD1 inhibitors and 5aR 
inhibitors.
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2 General Methods 
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The following methods were used in both clinical studies described in Chapters 3 

and 4 unless otherwise stated. 

2.1 Two-step hyperinsulinaemic euglycaemic clamp 

2.1.1 Principle 

The hyperinsulinaemic euglycaemic clamp technique is commonly used to quantify 

insulin sensitivity. This method was utilised in the two clinical studies that are 

described in Chapters 3 and 4. The duration of the clamp was 6 hours and consisted 

of three phases lasting two hours each, which are described next.  

 

In the first two hours of the clamp, no insulin was infused. This is considered the basal 

phase and allows for assessment and calculation of basal hepatic glucose production 

(HGP) in the fasting condition. In this case, we assume that hepatic glucose 

production is equal to endogenous glucose production (EGP) which is discussed later. 

During the next two hours, 20mU/m2/min of insulin was infused (low-dose insulin). 

HGP is suppressed by low-dose insulin without affecting peripheral glucose uptake 

and this enables hepatic insulin sensitivity to be calculated. In the last two hours of 

the clamp, 100mU/m2/min of insulin was infused (high-dose insulin). During this 

second step, this high-dose insulin infusion completely blunts HGP and stimulates 

peripheral glucose uptake. Therefore, this allows for calculation of peripheral insulin 

resistance.  

2.1.2 Method 

The participants arrived at the Clinical Research Unit (CRU), University of Oxford at 

around 8 o’clock in the morning, following an overnight fast. They were cannulated 

twice in the right arm to allow infusions of stable isotopes and a dextrose/insulin 
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infusion and once in the left arm to allow for blood sampling. The vein was kept patent 

using a warmed blanket and a slow infusion of 0.9% saline. Baseline bloods were 

taken and then the stable isotopes infusion began ([U-13C]-glucose and [2,2-2H2]-

palmitate). Blood glucose measurements were done every 15 min in the first two 

hours. At two hours, once the dextrose/insulin infusion had started, blood glucose was 

measured every 5 min. Euglycaemia was achieved throughout the clamp by using an 

algorithm to calculate the infusion rate of the dextrose needed to maintain the blood 

glucose (215). 3 sets of blood samples were taken in the last 30 min of each step, at 

the steady phase. At the end of the clamp, the infusions were stopped and the 

participants were fed a high carbohydrate meal and their blood glucose levels were 

monitored for 1-2 hours to ensure they were stable prior to them leaving the 

department.  

2.2  [U-13C]-glucose isotope 

2.2.1 Principle 

Stable isotopes are alternative forms of elements with different molecular weights 

which occur naturally and do not decay. Carbon is an element which has a stable 

isotope and was infused in the form of [U-13C]-glucose (Cambridge Isotope 

Laboratories, Andover, USA) during the hyperinsulinaemic euglycaemic clamp. 

Following analysis of the serum samples taken using GC/MS, the tracer:tracee ratio 

was calculated and thus the glucose metabolism during the clamp was estimated. 

2.2.2 Method 

20mL of sterile saline solution was added to 5g of [U-13C]-glucose to give 0.25ng/mL 

solution. Using a sterile needle and 0.2μM filter, 5mL (2.5g) was inserted into a 
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500mL bag of 0.9% saline. This gave a concentration of 2.5mg/mL. The desired 

infusion rate was 0.02mg/Kg/min which was calculated as shown below: 

 

Infusion rate (mL/h) = (0.02/2.5) * weight (kg) x 60 (min)  

 

 3.2mL (0.8g) of the [U-13C]-glucose/saline solution was inserted into 500mL bags of 

20% dextrose. A further 2mL (0.5g) was inserted into a 5mL syringe and then topped 

up to 5mL using sterile saline solution to give a 100mg/mL solution. The latter was 

given as a bolus. The bolus dose (2mg/Kg to be administered over 1 min) 

was then calculated as shown below: 

 

Bolus volume = 2 * weight (Kg) / 100mg/mL 

                       = x mL 

 

The bolus volume was then drawn up and transferred to a 10mL syringe and sterile 

solution was used to make up to 10mL. 

2.3 [2,2-2H2]-palmitate isotope 

2.3.1 Principle 

Hydrogen is another element which has a stable isotope and was infused in the form 

of [2,2-2H2]-palmitate (Cambridge Isotope Laboratories, Andover, USA). Similarly 

to the glucose isotope, the serum samples were analysed using GC/MS and the 

tracer:tracee ratio of palmitate was calculated and thus lipid metabolism throughout 

the clamp was determined. 
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2.3.2 Method 

The required infusion rate for [2,2-2H2]-palmitate was 0.03μmol/Kg/min and this was 

calculated as illustrated below: 

 

Total amount of [2,2-2H2]-palmitate infused = (0.03 * 296.54)/1,000 * weight (Kg) * 

(6 * 60) 

296.54 is the molecular weight of [2,2-2H2]-palmitate 

6 is the duration of the clamp in hours 

60 is the minutes in an hour 

 

Pre-determined infusion rate = 68mL/hr 

Total volume of albumin infused = 68 * 6 = 408mL 

Total amount of [2,2-2H2]-palmitate to be added to 500mL bag = (Total amount of 

[2,2-2H2]-palmitate infused * 500) / 408 

 

The desired amount of [2,2-2H2]-palmitate was weighed and then dissolved in pre-

heated (using a water bath at 70ºC) sterile water. Using a sterile needle and syringe, 

the solution was aspirated and injected into 500mL of preheated (using a water bath 

at 70ºC) human serum albumin. 

2.4 RNA extraction 

2.4.1 Principle 

RNA extraction is the purification of RNA from biological samples. This procedure 

is complicated by the ubiquitous presence of ribonuclease enzymes in cells and 

tissues, which can rapidly degrade RNA. Several methods are used in molecular 
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biology to isolate RNA from samples, the most common of these is guanidinium 

thiocyanate-phenol-chloroform extraction (TriReagent® system). 

2.4.2 Method 

Snap frozen abdominal adipocyte and skeletal muscle tissue was placed in a 2ml 

Eppendorf® containing 1ml TriReagent® (SigmaAldrich, UK) and a stainless steel 

bead (Qiagen, UK) and homogenized mechanically for 30 seconds at 25 bpm. The 

samples were then centrifuged at 13000rpm for 15 min at 4ºC. The TriReagent® was 

then transferred to a 1.5ml Eppendorf® and 200μl of chloroform was added. The 

samples were agitated for 1 min and then allowed to stand at room temperature for 5 

min. The samples were centrifuged again (13000rpm; 15 min; 4ºC) and the aqueous 

phase was removed and placed in a new 1.5ml Eppendorf®. A further 500μl of 

TriReagent® and 100μl of chloroform was added to the original tube, agitated for 1 

min, allowed to stand for 5 min and finally centrifuged (13000rpm; 15 min; 4ºC). The 

aqueous phase was added to the new Eppendorf® from the previous step and then 

600μl of isopronalol was added and the samples were placed at -4ºC overnight. 

Samples were centrifuged (13000rpm; 30 min; 4ºC) and the supernatant was 

discarded. The pellets were washed with 75% ethanol and then centrifuged 

(13000rpm; 15 min; 4ºC). The washing step was repeated once more. The pellets were 

allowed to dry at room temperature and then dissolved in nuclease-free water. The 

RNA quantity and quality was then measured using a Nanodrop (ND-1000, 

ThermoScientific, Wilmington, DE, USA). The RNA was diluted to reach a 

concentration of 50ng/μl which was used for complementary DNA (cDNA) synthesis 

and RNA sequencing. 
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2.5  cDNA synthesis 

2.5.1 Principle 

This method was used for the clinical study FindIt2 which is described in Chapter 3. 

Complementary DNA (cDNA) is synthesized by reverse transcription polymerase 

chain reaction (RT-PCR) using single stranded RNA. The extracted RNA is heated to 

denature secondary structures and subsequently cooled to allow annealing of random 

hexamers to the RNA template. Once annealed, the enzyme reverse transcriptase is 

used to extend the RNA-bound primer, in the presence of an RNase inhibitor. The 

final cDNA product is then used as a template for exponential amplification using 

PCR. 

2.5.2 Method 

The RT reactions were performed using the Applied Biosystems Reverse 

Transcription Kit (AppliedBiosystems, Warrington, UK). 10μl of RNA sample was 

used and 10μl of 2x RT master mix was added. The 2x RT master mix was made up 

of 2μl of 10x RT buffer, 0.8μl of 25x dNTPs mix (100mM), 2μl of 10x RT Random 

primers, 1μl of MultiScribe reverse transcriptase, 1μl of RNase Inhibitor, and 3.2μl of 

nuclease free water. Samples were then incubated at 25ºC for 10 min followed by 

37ºC for 120 min, and then 85ºC for 5 min to denature the reverse transcriptase, using 

a thermal cycler (Applied Biosystems, Warrington, UK). 

 

The cDNA quality was then checked using a Rotor Gene 6000 rotary cycler (Qiagen, 

Manchester, UK). 1μl of every sample was pooled together and diluted with 10mM 

TrisHCL to make a range of dilutions (1:10, 1:20, 1:40, 1:80, 1:60, 1:320) and tested 

against the housekeeping gene 18s rRNA. The reaction included 3.6μl of cDNA, 4μl 
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of 2x Taqman Universal PCR Master Mix (KapaBiosystems, Massachussets, USA) 

and 0.4μl of housekeeping gene.  

2.6 Quantitative Polymerase Chain Reaction 

2.6.1 Principle 

This method was used for the clinical study FindIt2 which is described in Chapter 3. 

PCR is the method used to amplify DNA sequences exponentially. Quantitative 

polymerase chain reaction (qPCR) or real-time polymerase chain reaction is 

a laboratory method which is based on the PCR which monitors the amplification of 

a targeted DNA molecule during the PCR and not at its end, as in conventional PCR.  

2.6.2 Method 

All qPCR reactions were performed using the ABI 7900HT sequence detection 

system (Perkin-Elmer Applied Biosystems, Warrington, UK). The reactions were 

carried out in 6μl volume which included 3μl of 2x Taqman Universal PCR Master 

Mix (KapaBiosystems, Massachussets, USA), probe-primer mix for gene of interest 

(0.3μl) and 2.7μl of cDNA. Life Technologies supplied all the primers. The reaction 

conditions were as follows: 95ºC for 3 min followed by 40 cycles of 95ºC for 3 sec, 

and then 60ºC for 20 sec. The housekeeping gene used for adipocyte tissue was 18s 

rRNA. Data were expressed as Ct values which is the number of cycles at which 

logarithmic PCR plots crossed a calculated threshold line. ΔCt values were 

determined as follows: ΔCt = (Ct of target gene) - (Ct of housekeeping gene). 

Arbitrary units were then calculated using the formula (1000x2-ΔCt). 
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2.7 Biochemical serum sample analysis 

2.7.1 Principle 

Serum samples were run on 600/650 iLAB clinical chemistry analyser 

(Instrumentation Laboratory, Milano, Italy) in order to establish concentrations of 

TAG, NEFA, 3-hydroxybutyrate (OHB) and glycerol in the serum samples. The 

analyser uses a photometric method where it detects colour changes following a 

reaction for each given method.  

2.7.2 Method 

iLAB 600/650 analyzer was calibrated and had a quality check performed for each 

method prior to running the samples.  

2.8 Solid phase extraction of NEFA from plasma samples 

2.8.1 Principle  

Solid-phase extraction is a technique by which compounds are separated from other 

compounds in the mixture according to their physical and chemical properties.  The 

method used has been previously described (216, 217). 

2.8.2 Method 

500μl of sample (or saline solution; used as control) with 20μl of internal standard 

and 5ml of 2:1 (v:v) chloroform:methanol solution was added to each tube. The 

samples were mixed on the rotary mixer for 10 min and then 1ml of 1M NaCL was 

added. The samples were mixed once more on the rotary mixer for 15 min and then 

centrifuged (2000rpm; 10 min; 4ºC) (Beckman J6 floor-standing centrifuge, Palo 

Alto, CA, USA). The aqueous phase was aspirated and discarded, and the solvent 
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phase was placed in an LP4 tube and dried down using Zymark at 50ºC under nitrogen 

for 15 min. 

 

The lipid extract was dissolved in 1ml of chloroform. The samples were then 

transferred into pre-washed columns (2 x 1ml acetone and then 2 x 1ml chloroform) 

and allowed to drip through. The NEFA fraction was eluted by adding 2 x 1ml of 

chloroform and 2 x 1ml of diethyl ether with 2% acetic acid and then dried using the 

Zymark.  

 

Following the extraction, the samples then underwent methylation. 400μl of toluene-

BHT solution was used (10mg butyl hydroxytoluene/100ml toluene) to dissolve the 

dried NEFA fraction. 800μl of methanol with 1.5% H2SO4 was added and the tubes 

were then placed in a water bath at 80ºC for at least an hour. 2ml of neutralising 

solution were then added ((25g KHCO3 (0.125M) + 34.6g K2CO3 (0.125M) made up 

to 500ml with distilled water); diluted stock 1 in 5 for use) followed by 2 ml of 

cyclohexane. The samples were mixed using the rotary mixer for 15 min and 

afterwards were centrifuged (2000rpm; 10 min; 4ºC). The upper solvent phase was 

transferred into new tubes and dried down in Zymark. 100μl of chloroform was added 

to the dried samples and then transferred into gas chromatography vials containing 

inserts, where 20μl of external standard had been added. 

 

The samples were then run on the GC (model 5890; Agilent Technologies, Cheshire, 

UK) and the relative amounts of individual fatty acids within the NEFA fraction were 

established. The samples were also run on the GC/MS (model 5973; Agilent 



CHAPTER 2                                                                                                  GENERAL METHODS 

 44 

Technologies, Cheshire, UK) to be able to quantify the amount of labelled isotope 

([2,2-2H2]-palmitate) relative to the unlabelled palmitate (tracer to tracee ratio (TTR)). 

2.9 Ra palmitate calculations 

2.9.1 Principle  

Deuterium is the stable isotope of hydrogen (2H) which is much less common in nature 

than 1H. As mentioned previously, this isotope was used to measure the lipolysis rate 

throughout the clamp. 2H was used as the tracer and 1H as the tracee. The amount of 

each isotope was measured using the GC/MS (model 5973; Agilent Technologies, 

Cheshire, UK) and the TTR was calculated as described below. 

2.9.2 Method 

The Ra palmitate was calculated for individual time points (=10) throughout the 

clamp and the average of the three time points, at each stage of the clamp (basal, low-

dose insulin, high-dose insulin), was used for analysis. 

 

Ra palmitate = (Infusion rate of [2,2-2H2]-palmitate) / (TTR - background TTR) 

 

Infusion rate of [2,2-2H2]-palmitate = 0.03μmol/Kg/min 

 

TTR = Number of ions with mass-to-charge ratios of 270 (M+0) and 272 (M+2) 

         = 272/270 

 

TTR background = Number of ions with mass-to-charge ratios of 270 (M+0) and 272 

(M+2) (At time 0) 
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                             = 272/270 (At time 0) 

2.10 Glucose extraction from plasma samples 

2.10.1 Principle  

Glucose was derivatised using N,O-Bis(trimethylsilyl)trifluoroacetamide + 

1%Trimethylchlorosilane. This procedure introduces silyl group(s) which gives 

derivatives enhanced volatility, making them suitable for analysis by GC/MS. 

2.10.2 Method  

The analysis of 13C glucose by GC/MS depends on accurate standards which are made 

up to the required dilution in deionised water. Unlabelled glucose (Do) was made to 

a working stock concentration of 100μg/ml. Isotopically labelled glucose (13C) was 

made to two working dilutions (Dilution 1 = 10μg/ml; Dilution 2 = 1μg/ml). The 

subsequent dilutions to make up the 8 standards are detailed below. 

Standard 13C dilution 

stock 

13C Volume 

(μl) 

Do Volume 

(μl) 

Approx TTR 

1  0 200 0 
2 2 10 200 0.00065 

3 2 80 200 0.00516 

4 1 15 200 0.00968 

5 1 40 200 0.02582 
6 1 120 200 0.07745 

7 1 140 200 0.09036 

8 1 175 200 0.11295 
Table 2-1 The dilutions required to make standards for GC/MS analysis of D2 glucose 

 
The standards were then dried down in a centrifugal evaporator for 45 minutes. The 

plasma samples were thawed, vortexed and centrifuged (2500rpm; 10 min; 4ºC) 

(Beckman J6 floor-standing centrifuge, Palo Alto, CA, USA). 50μl of plasma was 
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pipetted into a LP4 tube followed by 500μl of ethanol. The samples were vortexed 

and then centrifuged (2500rpm; 5 min; 4ºC). The supernatant was transferred into 

4.5ml tubes and dried down in a centrifugal evaporator for 45 minutes. 100μl of 2% 

methylhydroxamine hydrochloride in pyridine (2% w/v so 0.02g/1ml) was prepared 

and added to the samples. They were then capped, vortexed and placed in a heating 

block at 90ºC for 2 hours. Samples were allowed to cool and 50μl of BSTFA + 

1%TMCS (N,O-Bis(trimethylsilyl)trifluoroacetamide + 1%Trimethylchlorosilane) 

was added. Samples were capped, vortexed and placed back in the heating block at 

120ºC for 15 min. Samples were again cooled then dried in the centrifugal evaporator. 

500μl of decane was added and samples vortexed. 50μl of sample was pipetted into 

GC vial containing 500μl decane. GC vials were capped, vortexed then run on the 

GC/MS to identify the enrichment of glucose with isotopically labelled glucose (13C-

glucose). 

2.11 Glucose production and disposal calculations 

2.11.1 Principle 

As mentioned previously, 13C was used as the stable isotope to label glucose. The 

stable isotope enrichment was then measured and used to calculate the glucose 

production and disposal rates throughout the clamp. The samples were taken in the 

last 30 min at each stage of the clamp when steady state was reached. 

2.11.2 Method  

The following calculations, based on the Steele equation (218), were used to basal Ra 

glucose, endogenous glucose production (EGP) and glucose disposal (Gd). 
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Basal Ra glucose = Infusion rate of 13C-glucose in saline / (Plasma TTR - background 

TTR) 

 

Infusion rate of 13C-glucose in normal saline = 0.02mg/Kg/min  

 

Plasma TTR = Number of ions with mass-to-charge ratios of 323 and 319 

        = 323/319 

 

TTR background = Number of ions with mass-to-charge ratios of 323 and 319 (At 

time 0) 

                             = 323/319 (At time 0) 

 

EGP = Total glucose production (Ra) - 20% dextrose infusion rate 

 

Total glucose production = [(20% dextrose infusion TTR - background TTR)*20% 

dextrose infusion rate + Infusion rate of 13C-glucose in normal saline] / (Plasma TTR- 

background TTR)  

 

Total glucose infused during the clamp = 20% dextrose infusion rate 

 

20% dextrose infusion TTR = Number of ions with mass-to-charge ratios of 323 and 

319 - background TTR 

                                             = 323/319 - background TTR 

 



CHAPTER 2                                                                                                  GENERAL METHODS 

 48 

20% dextrose infusion rate = the rate of infusion at the time each sample was taken 

(mg/Kg/min) 

 

Gd = Total amount of 20% dextrose infused (Due to high insulin rate it is assumed 

that EGP is 0) 

      = [(20% dextrose infusion TTR - background TTR)*20% dextrose infusion rate] 

/ (Plasma TTR- background TTR) 

2.12 Isotopic enrichment of CO2 in breath 

2.12.1 Principle 

Glucose oxidation was calculated by measuring the 13C enrichment of CO2 in breath 

from the infused 13C-glucose. Expired breath was collected in tubes throughout the 

study and was stored at room temperature.  

2.12.2 Method 

CO2 was separated from the other gases using a capillary column (CP-PoraPLOTQ; 

Variant Ltd, Oxford, United Kingdom) and by using the GC-combustion-isotope ratio 

mass spectrometer (GC/C/IRMS). This was performed using a splitless injection 

mode, with an injection volume of 10μl and an injector temperature of 110ºC. The 

oven temperature was maintained at 35ºC and the run time per sample was 10 min. 

The column flow was held constant at 1.2mL/min. The results (δ13C 0/00) were only 

accepted if the background enrichment was in accordance with the anticipate range of 

natural enrichment. The TTR (13C:12C) ratio was calculated according to the 

previously published calculation (219):  
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TTR (13C:12C) = [(δ13C0/00/1000)+1] * 0.0112372 * 17/16 

 

Background TTR = TTR (13C:12C) - TTR (13C:12C) (At time 0) 

 

CO2 production (mmol/hr/Kg) = [(TTR (13C:12C) - background TTR)*V̇CO2 

(mmol/min)]/ participant weight (Kg) 

 

The V̇CO2 (mmol/hr) was calculated based on the subjects’ basal metabolic rate 

which itself was estimated by body composition measurement (TANITA®, 

Amsterdam-Zuidoost, Netherlands) as detailed below: 

 

V̇CO2 = [(((KJ/(15.913/0.85)+5.207)/24)/60)*(1000/22.4)]*60 

 

KJ is the basal metabolic rate + 20% to allow for bed rest, in kilojoules  

15.913 is the energy expenditure per litre of O2 consumed (220) 

0.85 is the respiratory quotient  

5.207 is energy expenditure per litre of CO2 produced (220) 

24 is the hours in a day  

60 is the minutes in an hour  

1000/22.4 is the conversion from litres/min to mmol/min (molar volume of gas = 

22.4L/moles) 

2.12.3 Analysis  

CO2 production (mmol/hr/Kg), at each time point, was calculated as shown above. 

Area under the curve analysis (AUC) was measured using the trapezoidal method for 
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each phase of the clamp (basal, low-dose insulin and high-dose insulin) and statistical 

analysis was performed as described in Chapters 3 and 4.  

2.13 Microdialysis 

2.13.1 Principle 

Adipose interstitial fluid was collected for measurement of glycerol, pyruvate, 

glucose and lactate. These measurements were then analysed to study changes in 

metabolism during the clamp directly from the subcutaneous adipose tissue. 

2.13.2 Method  

A single microdialysis catheter (CMA Microdialysis, Solna, Sweden) was inserted 

under local anaesthetic (1-2 ml of 1% lidocaine) into the subcutaneous adipose tissue 

5-10 cm to one side of the umbilicus. Using the microdialysis pump, a microdialysate 

solution (physiological sterile saline solution) was introduced into the catheter 

(perfusion rate = 0.3μl/minute). Microdialysis took place over the duration of the 

hyperinsulinaemic euglycaemic clamp. Samples were taken every 30 minutes 

throughout the study period and at the end of the sampling period the catheter was 

removed. Microdialysate fractions were stored at -80°C and subsequently analysed 

by automated analyser (CMA ISCUS Flex, Solna, Sweden) for glycerol, pyruvate, 

glucose and lactate according to manufacturer’s instructions. Paired samples (i.e. pre 

and post treatment) from an individual were always processed sequentially. The 

analyser was first calibrated using pre-prepared reagents (Reagent Set A, Linton 

Instrumentation, UK). Samples were then run sequentially. Results that were not 

consistent with the time points pre and post the potentially anomalous sample were 

re-run. 
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2.13.3 Analysis  

The concentrations of glycerol, pyruvate, glucose and lactate were measured for each 

time point, as described above. Similarly to the previous section of this chapter, AUC 

analysis was measured using the trapezoidal method for each phase of the clamp 

(basal, low-dose insulin and high-dose insulin) and statistical analysis was performed 

as described in Chapters 3 and 4. 

2.14 Insulin ELISA 

2.14.1 Principle  

The Insulin ELISA (Mercodia, Uppsala, Sweden) used is a solid phase two-site 

enzyme immunoassay. It is based on the direct sandwich technique where two 

monoclonal antibodies are directed against separate antigenic determinants on the 

insulin molecule. During incubation, insulin reacts with peroxidase-conjugated anti-

insulin antibodies and anti-insulin antibodies bound to the microplate. The washing 

step removes any unbound enzyme labelled antibody. The bound conjugate is 

detected by reaction with 3,3’,5,5’-tetramethylbenzidine (TMB). The reaction is 

stopped by adding acid to give a colorimetric endpoint that is read using the 

SpectraMax Plus Microplate Reader (Molecular Devices, CA, USA) at 450 nm. 

2.14.2 Method  

25μl of calibrators, control and samples were pipetted in duplicates into the wells of 

the microplate. 100μl of 1X conjugate was added to each well and the microplate was 

placed on a plate shaker for an hour at 700-900rpm. The wells were then washed 6 

times using the 1X wash buffer solution and allowed to dry. 200μl of TMB was then 

pipetted into each well and allowed to incubate at room temperature for 15 min. 50μl 
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of the Stop solution was added and the microplate was read at 450nm using the 

SpectraMax Plus Microplate Reader following a brief shake on the plate shaker.  

2.14.3 Analysis  

The insulin concentration of the samples was calculated from a standard curve with a 

logarithmic x-axis of the concentrations of the standards and a linear y-axis of the 

absorbance. The inter-assay co-efficient of variation of the ELISA was <15%. 

2.15 Prednisolone/Prednisone serum levels 

2.15.1 Method 

The following procedure was performed by Joanne Duffy and Craig Webster 

(Department of Pathology, University Hospitals Birmingham, NHS Foundation Trust, 

Birmingham, B15 2GW, UK). Prednisolone, prednisone, cortisol and cortisone were 

extracted from participants’ serum, calibration standards and quality control by 

liquid:liquid extraction using diethyl ether.  The upper solvent layer containing the 

steroids was separated from the bottom aqueous layer using an ice-bath 

(Thermofisher) filled with ethanol (VWR).  A rotary evaporator was used to dry down 

extracts and they were then reconstituted in 50:50 methanol water before analysis on 

the mass spectrometer. 

2.15.2 Analysis 

Analysis was performed by LC-MS/MS, specifically a Shimadzu HPLC system 

coupled to an API 5000 tandem mass spectrometer (Sciex, Warrington, UK).  The ion 

source used was atmospheric pressure ionisation and the software was Analyst version 

1.7.  
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3 The effect of Finasteride/Dutasteride & 

Prednisolone on metabolic (Insulin) action in 

healthy volunteers (FindIt2) 
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3.1 Introduction 

2-3% of the population of the United Kingdom and United States are currently 

prescribed GC therapy (93). GC use, both acute and chronic, is known to be associated 

with a number of significant adverse effects. Recurrent short-course administration is 

also associated with increased morbidity and mortality (92). Adverse metabolic 

features include obesity, skeletal muscle myopathy, hypertension, insulin resistance 

and diabetes mellitus and are collectively termed ‘Iatrogenic Cushing’s syndrome’. 

 

5a-reductases (5aR) have a crucial role in the metabolism of testosterone and GCs 

(187). They metabolise testosterone to the more potent androgen, 5a-

dihydrotestosterone, and inactivate cortisol to 5a-dihydrocortisol, which is then in 

turn metabolised to tetrahydrocortisol by 3a-hydroxysteroid dehydrogenase. The two 

main isoforms of 5aR are 5aR type 1 (5aR1) which is found in the liver, non-genital 

skin, muscle, adipose tissue and brain whilst 5aR type 2 (5aR2) is mainly expressed 

in the male reproductive tissues such as prostate, epididymis and seminal vesicles but 

also in the liver (187). 5aR, therefore, simultaneously enhances androgen, and limits 

active GC availability and represent a potent pre-receptor regulatory step in steroid 

hormone action. 

 

The 5aRs have an established role in the regulation of metabolic phenotype. 5aR1 

KO male mice are glucose intolerant, and have a higher incidence of hepatosteatosis 

and liver fibrosis (198, 199). Cross-sectional studies in humans have shown that 5aR 

activity correlates positivity with BMI (201-203) and tracks longitudinally over time 

with both weight and insulin resistance (201). Conversely, weight loss is associated 
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with reduced 5aR activity (201-203). 5aRIs such as dutasteride and finasteride are 

prescribed widely for their anti-androgenic effects in conditions such as benign 

prostate hyperplasia (BPH), prostate cancer, alopecia, as well as in some patients with 

PCOS. Dutasteride is a non-selective 5aRI inhibiting both 5aR1 and 2, whilst 

finasteride is a selective 5aR2 inhibitor. The ability of these drugs to regulate 

metabolic phenotype has only been examined in a very small number of studies. 

Dutasteride (and not finasteride) treatment worsened skeletal muscle and hepatic 

insulin sensitivity and increased hepatic triglyceride accumulation (208, 213). Most 

recently, analysis of data from primary care prescriptions as suggested a significant 

association between 5aRI prescriptions and the incidence of T2DM (214). 

 

Patients who are prescribed GCs often have other comorbidities necessitating 

treatment with other medications and there are numerous examples of drug 

interactions altering GC exposure, leading to clinical signs and symptoms of GC 

excess. Such medications include protease inhibitors, anti-fungals, antibiotics 

immunosuppressive medications and combined oral contraceptives (171, 221, 222). 

Despite the well-recognised role of 5aR in GC metabolism (including synthetic GCs 

(187)), their ability to negatively impact upon the adverse effect profile associated 

with prescribed GC has not been explored. 

 

We have therefore undertaken a detailed, proof-of-concept experimental medicine 

study in healthy volunteers, to test the hypothesis that 5aRIs can worsen the metabolic 

impact of prescribed prednisolone, putatively, through decreased metabolism and 

generation of inactive metabolites, and / or increased prednisolone clearance (223, 

224). 
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3.2 Methods  

3.2.1 Research strategy 

In this chapter, we will examine the metabolic effects of co-administration of 5aRIs 

and prednisolone in healthy male volunteers. In particular, we will examine the effects 

of co-administration of these two types of medications on insulin action, on glucose 

oxidation, on tissue glucocorticoid metabolism and examine changes in the adipose 

tissue mRNA expression of genes involved in GC metabolism. 

3.2.2 Statement of contributions  

This study was designed by Dr Conor Woods and Prof Jeremy Tomlinson and 

implemented by Dr Thomas Marjot. Prof Craig Webster and Joanne Duffy processed 

serum samples to obtain prednisolone, prednisone, cortisol and cortisone levels, at the 

University Hospitals Birmingham NHS Foundation Trust, UK, as described in 

Chapter 2. I processed the samples with laboratory support and advice by Dr Catriona 

Charlton, Thomas Cornfield and Dr Jonathan Hazlehurst, with the exception of NEFA 

extractions which were processed by Dr Riccardo Pofi and glucose extractions, 

processed by Dr Ilaria Bonaventura. RNA sequencing was performed by the 

Wellcome Centre for Human Genetics, Oxford, UK. I undertook all of the analyses, 

with the exception of the statistical analysis done as groups of three (see below), 

which were performed by Dr Riccardo Pofi. 

3.2.3 Clinical protocol  

The clinical protocol received full ethical approval from the Wales 7 Research Ethics 

Committee (reference 15/WA/0071) (https://www.hra.nhs.uk/planning-and-

improving-research/application-summaries/research-summaries/find-it-2/). Nineteen 
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healthy male volunteers were recruited from local advertisement, the Oxford Biobank, 

(reference 08/H0606/107+5), NHS hospitals and GP surgeries.  

 

Inclusion criteria 

• Male volunteers without diabetes (HbA1c <48mmol/mol at screening) 

• BMI 20-35kg/m2 

• Age 18-65 years 

• BP <160/100mmHg or on stable antihypertensive therapy for >3months 

• No contraindications to 5aRIs or prednisolone treatment 

 

Exclusion criteria 

• Age <18 or >65 years 

• BMI <20 or >35kg/m2 

• Diagnosis of diabetes mellitus (type 1 or type 2) 

• Any medication known to impact upon GC metabolism  

• Unwilling, or unable, to give informed consent 

 

The clinical study comprised of 3 study visits, are presented in Figure  3.2-1 as a 

schematic summary of the investigations performed. 
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Figure  3.2-1 FindIt2 Study design. Participants were screened and consented at Visit 1. At 
Visit 2, they underwent 2-step hyperinsulinaemic euglycaemic clamp, adipose tissue biopsy 
and they were randomized to receive prednisolone (10mg OD) for 7 days or prednisolone 
(10mg OD) and finasteride (5mg OD) for 7 days or prednisolone (10mg OD) and dutasteride 
(0.5mg OD) for 7 days. At Visit 3 the 2-step hyperinsulinaemic euglycaemic clamp and 
adipose tissue biopsy was repeated. 

 
Study visits 

Visit 1 (Screening and consent): 

Participants were screened for eligibility and baseline assessments were done which 

included: 

• Height and weight measurements 

• Blood tests: glycated haemoglobin 

• Blood pressure 

7 days
Prednisolone 10mg OD + 

Finasteride 5mg OD or 
Dutasteride 0.5mg OD

Prednisolone 10mg OD 

Randomisation

Visit 1
Screening and consent

Visit 2
2-step hyperinsulinaemic euglycaemic clamp

Adipose tissue biopsy

Basal Low-dose insulin (20mU/m2/min) High-dose insulin (100mU/m2/min)

13C-glucose infusion (0.02mg/kg/min)

2H-palmitate infusion (0.03µmol/kg/min)

Adipose tissue microdialysis

Variable rate 20% dextrose infusion (enriched with 13C-glucose to 4%)

t=120mint=0min t=240min t=360min

Steady state samples

Visit 3
2-step hyperinsulinaemic euglycaemic clamp

Adipose tissue biopsy
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Visit 2: 

The participants attended the Clinical Research Unit (CRU), at Oxford Centre for 

Diabetes, Endocrinology and Metabolism (OCDEM), Churchill Hospital (Oxford, 

UK) at 8:00 AM following a 12 hour fast. 

Fasting blood tests were taken which included: 

• Urea, creatinine, electrolytes and eGFR, AST, ALT, γGT, bilirubin, ALP and 

albumin 

• Lipid profiles (total cholesterol, triglyceride, HDL cholesterol) 

 

Subcutaneous adipose tissue biopsy was taken using a Pro-MagTM Ultra Biopsy 14g 

needle, a 20ml syringe and 100ml of 0.9% saline inserted into the abdominal 

subcutaneous tissue and adipocytes were aspirated using a negative pressure achieved 

with the needle and syringe. The skin had been cleaned and a local anaesthetic (3.5ml 

of 1% lidocaine) had been injected. Approximately 1g of tissue was taken and placed 

into liquid nitrogen. 

 

An adipose tissue microdialysis catheter (CMA Microdialysis, Solna, Sweden) was 

then inserted under local anaesthetic into the abdominal subcutaneous adipose tissue, 

as described in Chapter 2. Immediately prior to the clamp procedure, indirect 

calorimetry was taken using a transparent hood for 15 minutes to measure resting 

energy expenditure and respiratory quotient. The two-step hyperinsulinaemic 

euglycaemic clamp was then performed, as described in Chapter 2. Throughout the 

clamp regular breath samples (every 60 minutes) were taken and blood samples over 
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the course of the following 6 hours to assess the incorporation of the stable-isotope 

into particles and molecules secreted by the liver and into the expired breath samples 

(Exetainer tubes, Labco Ltd, Bucks, UK).  

 

At the end of this visit, the participants were randomized to receive prednisolone 

(10mg OD) for 7 days or prednisolone (10mg OD) and finasteride (5mg OD) for 7 

days or prednisolone (10mg OD) and dutasteride (0.5mg OD) for 7 days. 

 

Visit 3 was scheduled 7 days after visit 2. 

 

Visit 3: 

Participants underwent identical assessments to those described for visit 2. Volunteers 

took the prednisolone only or prednisolone and a 5aRI on the morning of the 

investigations. 

3.2.4 Biochemical and stable isotope analysis  

The data obtained from blood, adipose interstitial fluid, breath and adipose tissue 

biopsy samples were processed and analysed as described in Chapter 2. 

3.2.5 RNA sequencing 

Total RNA, extracted from adipose tissue biopsies, was enriched for polyA-tailed 

mRNA using oligo (dT) beads. The Illumina TruSeq Stranded mRNA HT Sample 

Prep Kit was used to prepare cDNA libraries for sequencing. In-house 8bp indexes 

(225) were used to multiplex samples (10-plex), which were then sequenced over 1 

lane of an Illumina HiSeq4000 machine using HiSeq 3000/4000 PE Cluster Kit and 
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SBS Kit. Paired-end sequencing (75bp) was performed at a depth of ~25 million read 

pairs per sample. 

Reads were mapped with STAR 2.5.1b (226) on default settings with GENCODE 

version 19 (227) as transcriptome and GRCh37 as genome reference. Gene level reads 

counts for all protein-coding and long intergenic non-coding RNA (lincRNA) 

transcripts present in GENCODE version 19 were quantified in a strand-specific 

manner with featureCounts (228) from the Subread package v1.5.0-p2. For plotting 

purposes, we also normalized the gene counts to transcripts per million (TPM). 

3.2.6 Statistical analysis  

Data are presented as mean (SD) or median (IQR) unless otherwise stated. In the first 

instance, data was analysed as three groups; prednisolone only, prednisolone + 

finasteride and prednisolone + dutasteride. Delta changes for the variables were 

calculated as the difference: follow-up (7 days post treatment) minus baseline. 

Shapiro-Wilk test was run to check for normality of distribution of the data. For 

normally distributed variables, one-way ANOVA was conducted to determine if there 

were differences between the three groups both for baseline measures and delta 

changes. For non-normally distributed variables, Kruskal-Wallis test was done 

instead. There were no outliers, as assessed by boxplot, and there was homogeneity 

of variances, as assessed by Levene's test of homogeneity of variances. 

 

In cases where the differences between the three groups was not significant, further 

stratification was done by merging the two groups that received both prednisolone 

and a 5aRI, thus dividing the participants into two groups: prednisolone only and 

prednisolone + 5aRI. Paired t-tests were then used to compare individual variables 

before and after intervention within each participants’ group where the data was 
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normally distributed and in cases the data was not normally distributed the Wilcoxon 

test was used instead. Absolute change between the two groups, as well as post-

treatment comparisons, were calculated using unpaired t-test where the data was 

normally distributed or using the Mann-Whitney test where the data was not normally 

distributed. 

 

Statistical analyses were performed using SPSS, version (IBM, Chicago, IL) and 

GraphPad Prism 8 software package (GraphPad Software, La Jolla, CA) for MacOS. 

Area under the curve (AUC) analysis was performed using the trapezoidal method. 

This was an exploratory study and therefore formal power calculations were not 

performed. However, sample size estimates suggested that 8 participants taking both 

prednisolone and 5aRIs would be needed to detect a 15% change in EGP (additional 

volunteers were recruited to account for potential drop-outs or failed sample analysis). 

 

For RNA-sequencing data, differential expression analysis was performed using 

edgeR (229) in R 3.2.2 on normalised gene counts for all autosomal protein-coding 

and lincRNA genes that were expressed at >2 count per million (CPM) in all samples. 

A paired model was fitted to the data, and significance was determined by empirical 

Bayes moderated t-statistics implemented in edgeR. Differentially regulated genes 

were defined by a false discovery rate (Benjamini-Hochberg method) adjusted p-

value <5%. 
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3.3 Results 

3.3.1 Demographics and clinical characteristics of the participants 

The participants were all male. There were 6 in the prednisolone only group, 7 in the 

prednisolone + finasteride group and 6 in the prednisolone + dutasteride group. The 

data was initially analysed as three groups (data not shown) but as there were no 

significant differences between the two 5aRI arms, the two intervention arms were 

grouped together. The results are shown as two arms; prednisolone only and 

prednisolone + 5aRI. The total cohort had a mean age of 45.2 (8.8) and a mean BMI 

of 27.1 (3.1) kg/m2. The groups were well matched and there were no differences in 

demographic, anthropometric or metabolic values at baseline (Table 3-1). 

 

Clinical/metabolic variable Prednisolone 
Only 

Prednisolone 
+ 5aRI P value 

Age, years 46.7 (9.5) 44.5 (8.8) 0.64 

Weight, kg 89.4 (7) 86.2 (14) 0.51 

Height, m 1.8 (0) 1.8 (0.1) 0.86 

BMI, kg/m2 27.8 (2.9) 26.7 (3.2) 0.50 

Systolic BP, mmHg 140.8 (7.5) 141.8 (10.8) 0.38 

Diastolic BP, mmHg 86.7 (6.1) 82 (9.5) 0.22 

HbA1c, mmol/mol 34.3 (2.9) 32.1 (3.4) 0.17 

Fasting glucose, mmol/L 4.8 (0.5) 4.5 (0.4) 0.29 

Fasting insulin, pmol/L 20.4 (12.5) 33.4 (23.8)† 0.21 

HDL cholesterol, mmol/L 1.4 (0.3) 1.2 (0.3) 0.38 

Total cholesterol, mmol/L 5.1 (1.1) 4.8 (0.9) 0.60 

AST, IU/L (15-42) 21.7 (4.6) 19 (4.2) 0.28 

Bilirubin, mmol/L (<21) 19.2 (9.9) 12.9 (5.8) 0.12 

ALT, IU/L (10-45) 22.7 (8.2) 22.1 (11.4) 0.59 
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ALP, IU/L (30-130) 58.7 (15.5) 62 (22) 0.72 

Albumin, g/L (32-50) 37.5 (2.6) 37.6 (2.1) 0.91 
Table 3-1 The demographic and biochemical profiles of the participants. Data marked† is 
not normally distributed. Data are mean (SD). 

 
Circulating prednisolone levels were significantly high in participants taking 5aRIs 

compared to those taking prednisolone alone (482 (96) vs. 761 (57) nmol/L, p=0.029). 

There was no difference in circulating prednisone levels (95 (16) vs. 105 (8) nmol/L, 

p=0.54) (Figure 3.3-1).  

 

Figure 3.3-1 The effect of prednisolone and co-administration with a 5aRI on circulating 
prednisolone and prednisone levels. Data are medians and error bars are IQR. Datapoints 
represent individual patients. 

 
There was no impact of either prednisolone alone or co-administration of 

prednisolone + 5aRI on fasting glucose or insulin levels, or on circulating lipids and 

liver chemistry. In addition, the changes observed in the composition of the fatty acid 

pool were similar in both groups (Table 3-2). 
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 Metabolic variable Prednisolone  
n=6 

Prednisolone + 5aRI 
n=13 

Ra Glucose, mg/Kg•min     
Baseline 2.55 (0.76) 2.67 (0.58) 
7 days post treatment 2.62 (0.42) 3.05 (0.66) 
Change over 7 days 0.07 (0.84) 0.38 (0.46) 
Difference within group (p value) 0.86 0.012 
EGP, mg/Kg•min     
Baseline 1.22 (1.01 to 1.42) 1.28 (0.96 to 1.4) 
7 days post treatment 1.2 (1.1 to 1.38) 1.76 (1.58 to 2.2) 
Change over 7 days -0.02 (-0.45 to 0.36) 0.55 (0.05 to 1.11) 
Difference within group (p value) 0.79 0.011 
M value (Low insulin), mg/Kg•min   
Baseline 3.2 (2.08 to 4.14) 3.94 (2.5 to 4.83) 
7 days post treatment 2.25 (1.63 to 3.21) 2.27 (1.85 to 2.64) 
Change over 7 days -0.53 (1.3) -1.37 (1.82) 
Difference within group (p value) 0.37 0.011 
M value (High insulin), mg/Kg•min   
Baseline 11.51 (2.75) 10.93 (3.84) 
7 days post treatment 12.01 (4.23) 9.79 (3.16) 
Change over 7 days 0.49 (2.71) -1.14 (3.32) 
Difference within group (p value) 0.71 0.24 
M/I value (Low insulin), mg/Kg•min per pmol/L 
Baseline 0.027 (0.018 to 0.032) 0.022 (0.015 to 0.035) 
7 days post treatment 0.016 (0.008 to 0.022) 0.015 (0.012 to 0.02) 
Change over 7 days -0.01 (0.007) -0.01 (0.012) 
Difference within group (p value) 0.02 0.013 
M/I value (High insulin), mg/Kg•min per pmol/L 
Baseline 0.027 (0.013) 0.027 (0.014) 
7 days post treatment 0.045 (0.034) 0.026 (0.012) 
Change over 7 days 0.01 (-0.002 to 0.04) -0.004 (-0.0 to 0.006) 
Difference within group (p value) 0.16 0.72 
Glucose disposal (Low insulin), mg/Kg•min 
Baseline 2.54 (1.42) 2.87 (1.7) 
7 days post treatment 1.77 (1.24) 2.05 (1.23) 
Change over 7 days -0.75 (-0.91 to -0.46) -0.47 (-1.05 to -0.03) 
Difference within group (p value) 0.03 0.08 
Glucose disposal (High insulin), mg/Kg•min 
Baseline 11.02 (4.5) 8.81 (4.01) 
7 days post treatment 10.43 (4.8) 8.45 (3.84) 
Change over 7 days 0.01 (-2.2 to 1.62) -0.43 (-0.85 to 0.5) 
Difference within group (p value) 0.73 0.77 
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13-CO2, Breath (Low insulin) AUC, mmol/hr/kg 
Baseline 0.043 (0.041 to 0.044) 0.042 (0.039 to 0.045) 
7 days post treatment 0.036 (0.035 to 0.049) 0.036 (0.034 to 0.039) 
Change over 7 days -0.002 (0.012) -0.007 (0.007) 
Difference within group (p value) 0.79 0.0046 
13-CO2, Breath (High insulin) AUC, mmol/hr/kg 
Baseline 0.073 (0.006) 0.07 (0.012) 
7 days post treatment 0.056 (0.016) 0.06 (0.008) 
Change over 7 days -0.018 (0.021) -0.01 (0.008) 
Difference within group (p value) 0.13 0.0005 
NEFA (Basal), μmol/L     
Baseline 490.3 (129.8) 405.8 (109.3) 
7 days post treatment 393.5 (164.9) 465.9 (141.2) 
Change over 7 days -96.8 (156.4) 60.1 (162.9) 
Difference within group (p value) 0.19 0.21 
NEFA (Low insulin), μmol/L     
Baseline 16.5 (12.2 to 23.4) 44 (24 to 65.7) 
7 days post treatment 29.5 (11.2 to 45.8) 91.8 (42.6 to 114.4) 
Change over 7 days 5.63 (-2.33 to 13)* 16.11 (6.3 to 50.3)* 
Difference within group (p value) 0.81 0.0039 
NEFA (High insulin), μmol/L     
Baseline 14.7 (3.2 to 21.7) 18.4 (12.3 to 26.6) 
7 days post treatment 17.1 (12.1 to 17.2) 18 (12.3 to 29) 
Change over 7 days 2.1 (-2.6 to 3.1) -1.3 (-3.1 to 2.5) 
Difference within group (p value) 0.5 0.72 
Glycerol (Basal), μmol/L     
Baseline 33 (7.6) 27.2 (6.9) 
7 days post treatment 29.9 (10.3) 29.2 (9.3) 
Change over 7 days -3.2 (11.3) 2 (13.3) 
Difference within group (p value) 0.52 0.6 
Glycerol (Low insulin), μmol/L     
Baseline 8.2 (3.8) 7.1 (3.1) 
7 days post treatment 9.9 (3.6) 10.8 (4) 
Change over 7 days 1.8 (0.8) 3.7 (4.3) 
Difference within group (p value) 0.0024 0.0084 
Glycerol (High insulin), μmol/L     
Baseline 6.9 (3.2) 6 (2.1) 
7 days post treatment 7.1 (2) 7.4 (3.6) 
Change over 7 days 0.8 (0.7 to 1.1) 0.9 (-0.4 to 2) 
Difference within group (p value) 0.74 0.17 
OHB (Basal), μmol/L     
Baseline 132 (57.5 to 193.2) 56.8 (43.7 to 68.1) 
7 days post treatment 63.6 (41.2 to 79.6) 61.2 (49.7 to 97.1) 
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Change over 7 days -41.7 (107.3) 18.7 (73) 
Difference within group (p value) 0.44 0.52 
OHB (Low insulin), μmol/L     
Baseline 15.9 (6.5) 19.9 (7.2) 
7 days post treatment 16.7 (4.5) 25.6 (7.5) 
Change over 7 days 0.8 (5) 5.7 (7.4) 
Difference within group (p value) 0.7 0.02 
OHB (High insulin), μmol/L     
Baseline 9 (2.8) 13.6 (3.4) 
7 days post treatment 10 (4.1) 13.6 (3.2) 
Change over 7 days 1 (5.1) 0 (2.9) 
Difference within group (p value) 
  

0.67 0.97 

TAG (Basal), μmol/L     
Baseline 544.9 (435.6 to 794.3) 711.5 (510.3 to 1071.8) 
7 days post treatment 453.2 (406.1 to 503.8) 727.4 (547.6 to 864.8) 
Change over 7 days -91.9 (207.3) -37.5 (292.4) 
Difference within group (p value) 0.44 0.65 
TAG (Low insulin), μmol/L     
Baseline 312 (287.8 to 336.7) 608.6 (383.3 to 883.6) 
7 days post treatment 304.6 (296.8 to 314.6) 487.3 (363.8 to 555.6) 
Change over 7 days 55.3 (121.4) -140.5 (239) 
Difference within group (p value) 0.31 0.094 
TAG (High insulin), μmol/L     
Baseline 255.6 (210.5 to 511.7) 482.6 (339.6 to 736.5) 
7 days post treatment 254.1 (202.8 to 342.3) 360.5 (307.5 to 428.2) 
Change over 7 days 29.3 (232) -175.6 (171.9) 
Difference within group (p value) >0.99 0.0081 
Ra Palmitate (Basal), mg/Kg•min     
Baseline 1.66 (1.62 to 2.5) 1.64 (1.49 to 1.81) 
7 days post treatment 1.75 (1.73 to 1.84) 1.7 (1.57 to 1.96) 
Change over 7 days -0.25 (0.72) 0.25 (0.71) 
Difference within group (p value) 0.48 0.24 
Ra Palmitate (Low insulin), mg/Kg•min   
Baseline 0.55 (0.54 to 0.67) 0.56 (0.47 to 0.7) 
7 days post treatment 0.66 (0.58 to 0.71) 0.68 (0.48 to 0.75) 
Change over 7 days 0.04 (-0.21 to 0.04) 0.11 (-0.01 to 0.25) 
Difference within group (p value) 0.72 0.083 
Ra Palmitate (High insulin), mg/Kg•min   
Baseline 0.53 (0.45 to 0.59) 0.44 (0.37 to 0.59) 
7 days post treatment 0.46 (0.4 to 0.53) 0.45 (0.35 to 0.48) 
Change over 7 days -0.05 (0.08) 0.04 (0.23) 
Difference within group (p value) 0.29 0.78 
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Fasting glucose, mmol/L     
Baseline 4.8 (0.5) 4.5 (0.4) 
7 days post treatment 5.1 (0.7) 4.7 (0.4) 
Change over 7 days 0.27 (0.37) 0.12 (0.44) 
Difference within group (p value) 0.14 0.37 
Fasting Insulin, pmol/L     
Baseline 18.22 (13.6 to 24.99) 23.62 (19.9 to 40.57) 
7 days post treatment 29.36 (18.7 to 43.93) 26.28 (23.8 to 28.89) 
Change over 7 days 12.86 (21.44) -3.98 (18.66) 
Difference within group (p value) 0.32 0.47 
Adipose interstitial fluid - Glycerol (Basal) AUC, μmol/L•hr 
Baseline 216 (187.5 to 261) 252.4 (201.4 to 346.7) 
7 days post treatment 199.5 (186.3 to 269.5) 231.9 (184.4 to 242.3) 
Change over 7 days 14.4 (63.9) -100.7 (216.4) 
Difference within group (p value) 0.64 0.32 
Adipose interstitial fluid - Glycerol (Low insulin) AUC, μmol/L•hr 
Baseline 121.5 (65.5 to 124.3) 174 (136.3 to 257.6) 
7 days post treatment 109 (106.5 to 157) 176.3 (98 to 262.8) 
Change over 7 days 27.7 (46.1) -0.5 (103.7) 
Difference within group (p value) 0.31 0.989 
Adipose interstitial fluid - Glycerol (High insulin) AUC, μmol/L•hr 
Baseline 73 (65.5 to 79) 99.3 (77.8 to 145.4) 
7 days post treatment 71 (54 to 146.8) 132 (73.8 to 183.9) 
Change over 7 days 30.8 (58) -3.6 (89.2) 
Difference within group (p value) 0.3 >0.99 
Adipose interstitial fluid - Pyruvate (Basal) AUC, μmol/L•hr 
Baseline 137.8 (131.5 to 141.3) 126.5 (110.8 to 150.8) 
7 days post treatment 102.3 (66 to 120.3) 135.9 (94.3 to 151.5) 
Change over 7 days -23.3 (-35.5 to -16.3) 16.5 (-43.3 to 35.2) 
Difference within group (p value) 0.63 0.67 
Adipose interstitial fluid - Pyruvate (Low insulin) AUC, μmol/L•hr 
Baseline 116.2 (38.7) 144.7 (55.9) 
7 days post treatment 136 (44.5) 117.3 (71.1) 
Change over 7 days 19.8 (24.8) -27.4 (89.3) 
Difference within group (p value) 0.15 0.33 
Adipose interstitial fluid - Pyruvate (High insulin) AUC, μmol/L•hr 
Baseline 100 (84.5 to 135.3) 111.3 (76 to 185.4) 
7 days post treatment 101.5 (73.3 to 111.5) 89.3 (63.6 to 146.1) 
Change over 7 days -4.5 (66.3) -4.8 (71.2) 
Difference within group (p value) 0.89 0.97 
Adipose interstitial fluid - Lactate (Basal) AUC, mmol/L•hr 
Baseline 1.5 (1.3 to 1.8) 1.4 (1 to 1.6) 
7 days post treatment 1.2 (1.2 to 2.3) 1.5 (1.1 to 1.6) 
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Change over 7 days 0.3 (1.9) -0.2 (1.4) 
Difference within group (p value) 0.76 >0.99 
Adipose interstitial fluid - Lactate (Low insulin) AUC, mmol/L•hr 
Baseline 1.6 (1.6 to 1.9) 1.8 (1.3 to 3.3) 
7 days post treatment 1.9 (1.7 to 2.7) 1.5 (1 to 2.3) 
Change over 7 days -0.6 (3.4) -0.7 (2.3) 
Difference within group (p value) >0.99 0.35 
Adipose interstitial fluid - Lactate (High insulin) AUC, mmol/L•hr 
Baseline 2.4 (2.1 to 2.6) 2.3 (1.3 to 3.1) 
7 days post treatment 1.6 (1.3 to 2.4) 1.4 (0.8 to 2.7) 
Change over 7 days -1.46 (2.44) -0.66 (2.15) 
Difference within group (p value) 
  

0.25 0.38 

Adipose interstitial fluid - Glucose (Basal) AUC, mmol/L•hr 
Baseline 4.1 (4.1 to 4.8) 4.3 (3.6 to 4.8) 
7 days post treatment 3.8 (3.2 to 4.5) 4.2 (3.7 to 4.8) 
Change over 7 days -0.21 (1.6) 0.16 (1.22) 
Difference within group (p value) 0.78 >0.99 
Adipose interstitial fluid - Glucose (Low insulin) AUC, mmol/L•hr 
Baseline 3.8 (3.4 to 4) 3.5 (2.9 to 3.7) 
7 days post treatment 3.8 (3.7 to 4.6) 3.3 (2.2 to 3.9) 
Change over 7 days 0.47 (2.52) -0.21 (1.6) 
Difference within group (p value) >0.99 0.67 
Adipose interstitial fluid - Glucose (High insulin) AUC, mmol/L•hr 
Baseline 3.9 (2.5 to 4.4) 3.2 (2.6 to 4.5) 
7 days post treatment 3.6 (3.1 to 4.7) 2.8 (2.2 to 3.2) 
Change over 7 days -0.06 (2.4) -0.6 (1.49) 
Difference within group (p value) 0.25 0.21 
Palmitic acid 16:00 (Basal), %     
Baseline 26 (1.1) 27.6 (3.4) 
7 days post treatment 25.8 (1.5) 27.7 (2.9) 
Change over 7 days -0.1 (1.5) 0.1 (2.5) 
Difference within group (p value) 0.83 0.85 
Palmitic acid 16:00 (Low insulin), %   
Baseline 32 (8.2) 27.5 (4.5) 
7 days post treatment 28 (2.9) 26.5 (3.5) 
Change over 7 days -4.1 (6.9) -1.1 (3) 
Difference within group (p value) 0.21 0.22 
Palmitic acid 16:00 (High insulin), %   
Baseline 31.3 (11.6) 29 (5.1) 
7 days post treatment 30.7 (32.9) 29.2 (4.5) 
Change over 7 days 0.4 (-0.8 to 2.5) 0.1 (-3.1 to 3.1) 
Difference within group (p value) 0.52 0.91 
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Stearic acid 18:00 (Basal), %     
Baseline 11.8 (1.2) 12.7 (1.9) 
7 days post treatment 12.5 (1.8) 12.2 (2) 
Change over 7 days 0.7 (1.6) -0.5 (2) 
Difference within group (p value) 0.31 0.35 
Stearic acid 18:00 (Low insulin), %   
Baseline 24.5 (22.8 to 25.5) 5.2 (2.1 to 6.8) 
7 days post treatment 19.3 (15.9 to 22.5) 18 (15.5 to 20.1) 
Change over 7 days -1.6 (-6.3 to -0.6) -2.9 (-5.1 to -0.6) 
Difference within group (p value) 0.03 0.02 
Stearic acid 18:00 (High insulin), %   
Baseline 23.1 (19.9 to 26) 26 (22.3 to 29.6) 
7 days post treatment 21.6 (19.7 to 25.2) 24 (22.3 to 27.3) 
Change over 7 days 0.9 (4.1) -0.3 (4.7) 
Difference within group (p value) 0.61 0.54 
Oleic acid 18: 1n-9 (Basal), %     
Baseline 44.5 (43 to 45.2) 43.9 (37.1 to 45.2) 
7 days post treatment 42.6 (41.6 to 44.2) 43.6 (40.2 to 44.1) 
Change over 7 days -1 (-3.1 to -0.3) -0.3 (-3.6 to 4.5) 
Difference within group (p value) 0.16 0.82 
Oleic acid 18: 1n-9 (Low insulin), %   
Baseline 21.6 (9.9) 26.9 (9.1) 
7 days post treatment 28.3 (4.1) 31.6 (7.2) 
Change over 7 days 3.1 (-0.7 to 5.8) 5.2 (2.1 to 6.8) 
Difference within group (p value) 0.25 0.008 
Oleic acid 18: 1n-9 (High insulin), % 
Baseline 18.3 (7.1) 20.5 (6.4) 
7 days post treatment 21.1 (5.2) 20.9 (6.6) 
Change over 7 days 2.8 (5.4) 0.4 (2.5) 
Difference within group (p value) 0.26 0.63 
Linoleic acid 18: 2n-6 (Basal), %     
Baseline 11.7 (11.3 to 12.6) 12.3 (10.4 to 14) 
7 days post treatment 12.1 (10.8 to 13.1) 11.8 (10.2 to 13.3) 
Change over 7 days 0.2 (-0.1 to 1.3) -0.7 (-1.4 to 0) 
Difference within group (p value) 0.44 0.25 
Linoleic acid 18: 2n-6 (Low insulin), %   
Baseline 13.2 (11.6 to 14.6) 13.1 (11.4 to 16.5) 
7 days post treatment 14.1 (13.5 to 15.5) 13.5 (11.6 to 14.5) 
Change over 7 days 0.7 (0.2 to 2.7) -0.6 (-3.1 to -0.1) 
Difference within group (p value) 0.31 0.1 
Linoleic acid 18: 2n-6 (High insulin), %   
Baseline 10.9 (6.1 to 13.7) 11.2 (9 to 20.6) 
7 days post treatment 14.1 (11.3 to 15.2) 12.2 (11 to 14.2) 
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Change over 7 days 1.5 (0.5 to 2.4) 0 (-1.2 to 1) 
Difference within group (p value) 0.29 >0.99 

Table 3-2 The effect of prednisolone and co-administration of prednisolone and a 5aRI on 
glucose and lipid metabolism during a two-step hyperinsulinaemic euglycaemic clamp. Data 
are mean (SD) or median (IQR). *P <0.05, difference in change over 7 days between the two 
groups. 

 

3.3.2 Hepatic insulin sensitivity 

Basal Ra glucose was not altered by treatment with prednisolone alone. However, 

when combined with 5aRIs, Ra glucose increased significantly; the absolute change 

between the two groups was not significant (p=0.30) (Table 3-2, Figure 3.3-2 A and 

B). EGP rate was unchanged by prednisolone treatment, but following 5aRI co-

administration EGP significantly increased, consistent with worsening hepatic insulin 

sensitivity (Table 3-2, Figure 3.3-2 C and D). The absolute change between the two 

groups was not statistically significant (p=0.15).  
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Figure 3.3-2 The effect of prednisolone and co-administration with a 5aRI on glucose 
production (Ra Glucose) (A and B) and endogenous glucose production (EGP) rate (C and 
D), during a two-step hyperinsulinaemic euglycaemic clamp. Absolute change refers to the 
difference between pre- and post-treatment values (B and D). Data are medians and error 
bars are IQR. Datapoints represent individual patients. White circles represent pre-treatment 
levels and green squares post-treatment levels (7 days), blue circles are prednisolone alone 
and orange squares, prednisolone + 5aRI. 

3.3.3 Peripheral insulin resistance 

Prednisolone alone had no impact on the M-value during the low- or high-dose insulin 

infusion. However, when combined with a 5aRI, under low-dose insulin infusion it 

decreased significantly (Table 3-2, Figure 3.3-3 A and B).  
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Figure 3.3-3 The effect of prednisolone and co-administration with a 5aRI on the M-value 
during the low-dose insulin step of the two-step hyperinsulinaemic euglycaemic clamp. 
Absolute change refers to the difference between pre- and post-treatment values (B). Data 
are medians and error bars are IQR. Datapoints represent individual patients. White circles 
represent pre-treatment levels and green squares post-treatment levels (7 days), blue circles 
are prednisolone alone and orange squares, prednisolone + 5aRI. 

 

Both prednisolone alone and with 5aRI, the M/I-value was decreased during low-

dose insulin but remained the same during high-dose insulin (Table 3-2). Gd was 

decreased by prednisolone alone, during low-dose insulin. Although the magnitude in 

reduction of Gd with prednisolone + 5aRI was similar to prednisolone alone, this did 

not reach statistical significance (p=0.080) (Table 3-2). Gd did not change during 

high-dose insulin in either group. There were no differences in the absolute changes 

between the groups (Table 3-2). 

3.3.4 Glucose oxidation 

13CO2 production from the infused [U-13C]-glucose was used as a marker of glucose 

uptake and subsequent oxidation. Co-administration of prednisolone + 5aRI (but not 
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prednisolone alone), decreased glucose oxidation across the 2-step clamp (both low- 

and high-dose insulin phases) (Table 3-2) (Figure 3.3-4 A and C). The absolute 

change between the two groups, under both low- and high-dose insulin phases, was 

not different (Table 3-2) (Figure 3.3-4 B and D). 

 

 

Figure 3.3-4 The effect of prednisolone and co-administration with a 5aRI on glucose 
oxidation during the low-dose insulin step (A and B) and the high-dose insulin step (C and 
D) of the two-step hyperinsulinaemic euglycaemic clamp. Absolute change refers to the 
difference between pre- and post-treatment values (B and D). Data are medians and error 
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bars are IQR. Datapoints represent individual patients. White circles represent pre-treatment 
levels and green squares post-treatment levels (7 days), blue circles are prednisolone alone 
and orange squares, prednisolone + 5aRI. 

 

3.3.5 Adipose tissue insulin sensitivity 

Prednisolone alone had no impact on insulin-mediated suppression of circulating 

NEFA levels during the low- or high-dose insulin infusion. However, when combined 

with a 5aRI, there was a significant reduction in the ability of low-dose insulin (but 

not high-dose insulin) to suppress circulating NEFA levels (Table 3-2, Figure 3.3-5 

A, B and C).  

 

Figure 3.3-5 The effect of prednisolone and co-administration with a 5aRI on circulating 
non-esterified fatty acids (NEFA) (A, B and C) and glycerol (D, E and F) levels during a two-
step hyperinsulinaemic euglycaemic clamp. Absolute change refers to the difference between 
pre- and post-treatment values (C and F). Data are medians and error bars are IQR. 
Datapoints represent individual patients. White circles represent pre-treatment levels and 
green squares post-treatment levels (7 days), blue circles are prednisolone alone and orange 
squares, prednisolone + 5aRI. 
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Prednisolone alone, as well as prednisolone + 5aRI were equally effective in 

impairing the ability of insulin to supress circulating glycerol under low-, but not 

high-dose insulin infusions. There was no significant difference in the absolute 

change between the two groups across the clamp (Table 3-2, Figure 3.3-5 D, E and 

F).  

 

Adipose tissue lipolysis (as measured using [2,2-2H2]-palmitate) was decreased by 

insulin (both low- and high-dose), but there was no impact of prednisolone or 

prednisolone + 5aRI treatment (Table 3-2). Insulin decreased fatty acid oxidation as 

measured by circulating levels of OHB. Prednisolone had no impact on the ability of 

insulin to suppress OHB levels, but when co-administered with a 5aRI, insulin-

mediated suppression of OHB was impaired (Table 3-2, Figure 3.3-6 A and B). The 

absolute change between the two groups was different but did not reach statistical 

significance (p=0.17) (Table 3-2, Figure 3.3-6 C). There were no differences 

following high dose insulin infusion (Table 3-2). 

 

 

Figure 3.3-6 The effect of prednisolone and co-administration with a 5aRI on circulating β-
hydroxybutyrate (OHB) levels (A, B and C) during a two-step hyperinsulinaemic euglycaemic 
clamp. Absolute change refers to the difference between pre- and post-treatment values (C). 
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Data are medians and error bars are IQR. Datapoints represent individual patients. White 
circles represent pre-treatment levels and green squares post-treatment levels (7 days), blue 
circles are prednisolone alone and orange squares, prednisolone + 5aRI. 

 
Adipose tissue microdialysis was used to specifically examine the impact of treatment 

upon subcutaneous adipose tissue. Insulin decreased adipose tissue interstitial 

glycerol levels in a dose-dependent manner (Table 3-2). However, neither 

prednisolone alone, nor prednisolone + 5aRI had any impact on subcutaneous adipose 

interstitial fluid levels of glycerol, glucose, pyruvate, and lactate or their response to 

low- and high-dose insulin infusion (Table 3-2). 

3.3.6 Subcutaneous adipose tissue gene expression 

There were no changes to the expression of ACACA, FASN, GILZ, LIPE, LPL, 

PNPLA2 and SGK1 genes in subcutaneous adipose tissue following prednisolone 

treatment (Table 3-3), as tested by qPCR. There was a significant increase was in the 

FASN gene, which promotes lipogenesis, following co-administration with 5aRI,  

indicating that insulin action is compromised. There were no other significant 

differences in gene expression were observed in this group.  

Table 3-3 The effect of prednisolone and co-administration with a 5aRI on gene expression 
in subcutaneous adipose tissue. Data are presented as mean (SD) in arbitrary units. *P<0.05 

 

  Prednisolone Prednisolone + 5aRI 
Gene Before After P value Before After P value 
ACACA 0.42 (0.12) 0.45 (0.13) 0.62 0.51 (0.26) 0.55 (0.4) 0.52 
FASN 0.42 (0.22) 0.65 (0.24) 0.08 0.57 (0.31) 0.73 (0.45) 0.04* 
GILZ 0.85 (0.38) 1.06 (0.49) 0.4 0.76 (0.27) 0.75 (0.33) 0.91 
LIPE 0.64 (0.32) 0.45 (0.38) 0.13 0.52 (0.31) 0.7 (0.54) 0.16 
LPL 0.88 (0.11) 0.85 (0.28) 0.78 0.89 (0.22) 0.86 (0.21) 0.58 
PNPLA2 0.86 (0.23) 0.72 (0.26) 0.11 0.9 (0.45) 0.97 (0.41) 0.51 
SGK1 0.88 (0.11) 0.85 (0.28) 0.78 0.89 (0.22) 0.86 (0.21) 0.58 
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RNA sequencing analysis identified only 11 genes (PLA2G2A, ETNK2, MALL, 

EDN1, SOX7, FAM166B, LINC00844, ARNTL, KRT1, NFKBIA, GADD45B) that 

were regulated by prednisolone treatment, several of which are recognised GC-targets 

(including  endothelin 1 (EDN1), aryl hydrocarbon receptor nuclear translocator like 

(ARNTL), NFKB inhibitor alpha (NFKBIA) and growth arrest and DNA damage 

inducible beta (GADD45B)) (230-233). The expression of only a single gene changed 

following prednisolone + 5aRI treatment (ribosomal protein L41 pseudogene 1 

(RPL41P1)). 

3.3.7 Finasteride and dutasteride effect on the metabolic action of 

prednisolone 

A post-hoc subgroup analysis was used to compare the administration of either 

finasteride or dutasteride. There were no differences in the fasting basal metabolic 

parameters between the subgroups. Prednisolone levels were similar in those 

individuals treated with either prednisolone + finasteride or prednisolone + 

dutasteride (806 (174) vs. 709 (243) nmol/L, p=0.89). In both cases, levels were 

higher than in participants treated with prednisolone alone (482 (236) vs. 806 (174) 

vs. 709 (243) nmol/L, p=0.046). 
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Figure 3.3-7 The effect of co-administration of prednisolone with finasteride or dutasteride 
on circulating non-esterified fatty acids (NEFA) (A, B and C) levels across a 2-step 
hyperinsulinaemic euglycaemic clamp and endogenous glucose production (EGP) (D and E) 
during the low-dose insulin phase of a 2-step hyperinsulinaemic euglycaemic clamp. Absolute 
change refers to the difference between pre- and post-treatment values. Data are medians 
and error bars are IQR. Datapoints represent individual patients. White circles represent 
pre-treatment levels, light grey squares are post-treatment (7 days) finasteride + 
prednisolone and dark grey squares, post-treatment (7 days) with dutasteride + prednisolone. 

 
The low-dose insulin mediated suppression of NEFA was similar in individuals 

treated with finasteride + prednisolone (p<0.05) and dutasteride + prednisolone 

(p=0.058); there was no significant difference between the groups (Figure 3.3-7 A, B 

and C). Changes in EGP were similar in individuals treated with either finasteride or 

dutasteride and there was no significant difference between the groups (Figure 3.3-7 

D and E). 

 

Interestingly, the changes in glycerol, OHB, M-value and Gd under high-dose insulin 

were more marked in individuals treated with finasteride (Table 3-4). Changes in 
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other metabolic variables were not different between the two groups and are 

summarized in Table 3-4. 

 

Metabolic variable Prednisolone + 
Dutasteride 

Prednisolone + 
Finasteride 

Ra Glucose, mg/Kg•min 
Baseline 2.48 (2.41 to 2.72) 2.82 (2.53 to 3.22) 
7 days post treatment 2.55 (2.47 to 3.73) 3.01 (2.78 to 3.44) 
Change over 7 days 0.36 (0.49) 0.26 (0.33) 
Difference within group (p value) 0.09 0.08 
EGP, mg/Kg•min 
Baseline 1.04 (0.69 to 1.24) 1.39 (1.25 to 1.72) 
7 days post treatment 1.6 (1.37 to 2.2) 1.8 (1.73 to 2) 
Change over 7 days 0.54 (0.44) 0.6 (0.86) 
Difference within group (p value) 0.06 0.16 
M value (Low insulin), mg/Kg•min 
Baseline 3.87 (2.4 to 5.97) 3.94 (2.83 to 4.46) 
7 days post treatment 2.46 (1.96 to 3.33) 2.2 (1.82 to 2.37) 
Change over 7 days -1.63 (2.27) -1.14 (1.48) 
Difference within group (p value) 0.14 0.08 
M value (High insulin), mg/Kg•min 
Baseline 8.65 (4.36) 12.88 (2.01) 
7 days post treatment 9.61 (3.19) 9.94 (3.39) 
Change over 7 days 1.42 (2.16)* -2.94 (3.11)* 
Difference within group (p value) 0.34 0.047 
M/I value (Low insulin), mg/Kg•min per pmol/L 
Baseline 0.028 (0.014 to 0.043) 0.022 (0.02 to 0.03) 
7 days post treatment 0.016 (0.009 to 0.019) 0.015 (0.012 to 0.018) 
Change over 7 days -0.014 (0.014) -0.006 (0.01) 
Difference within group (p value) 0.06 0.16 
M/I value (High insulin), mg/Kg•min per pmol/L 
Baseline 0.019 (0.012) 0.034 (0.012) 
7 days post treatment 0.023 (0.008) 0.028 (0.015) 
Change over 7 days 0.006 (0.004 to 0.013) -0.008 (-0.01 to -0.005) 
Difference within group (p value) 0.26 0.1 
Glucose disposal (Low insulin), mg/Kg•min 
Baseline 3.06 (2.37) 2.71 (1.03) 
7 days post treatment 2.16 (1.28) 1.95 (1.27) 
Change over 7 days -0.24 (-0.43 to -0.03) -0.7 (-1.21 to 0.13) 
Difference within group (p value) 
  

0.28 0.22 
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Glucose disposal (High insulin), mg/Kg•min 
Baseline 6.49 (3.45) 10.8 (3.5) 
7 days post treatment 8.65 (4.76) 8.27 (3.23) 
Change over 7 days 0.49 (0.03 to 1.39)* -0.8 (-3.51 to -0.46)* 
Difference within group (p value) 0.25 0.11 
13-CO2, Breath (Low insulin) AUC, mmol/hr/kg 
Baseline 0.043 (0.04 to 0.048) 0.042 (0.032 to 0.044) 
7 days post treatment 0.039 (0.037 to 0.041) 0.034 (0.03 to 0.035) 
Change over 7 days -0.008 (0.01) -0.005 (0.006) 
Difference within group (p value) 0.06 0.05 
13-CO2, Breath (High insulin) AUC, mmol/hr/kg 
Baseline 0.076 (0.012) 0.065 (0.011) 
7 days post treatment 0.064 (0.009) 0.056 (0.007) 
Change over 7 days -0.01 (0.006) -0.009 (0.009) 
Difference within group (p value) 0.009 0.036 
NEFA (Basal), μmol/L 
Baseline 381.1 (81.7) 427 (131.1) 
7 days post treatment 425.9 (110) 500.2 (163.9) 
Change over 7 days 44.8 (115.8) 73.2 (203.6) 
Difference within group (p value) 0.39 0.38 
NEFA (Low insulin), μmol/L 
Baseline 69.3 (34.8) 33.1 (14.2) 
7 days post treatment 96.3 (50.6) 81.8 (50.3) 
Change over 7 days 20.1 (23.5) 48.7 (47.1) 
Difference within group (p value) 0.06 0.03 
NEFA (High insulin), μmol/L 
Baseline 27.8 (21) 18.2 (7.2) 
7 days post treatment 23 (12.8) 18.2 (9.1) 
Change over 7 days -5.2 (21.8) 0 (3) 
Difference within group (p value) 0.57 0.99 
Glycerol (Basal), μmol/L 
Baseline 25.2 (4.9) 29 (8.2) 
7 days post treatment 26.6 (6.4) 31.5 (11.1) 
Change over 7 days 1.3 (9.2) 2.6 (16.7) 
Difference within group (p value) 0.74 0.7 
Glycerol (Low insulin), μmol/L 
Baseline 6.6 (5.5 to 7.3) 6.4 (4.3 to 8.9) 
7 days post treatment 9.5 (8.7 to 11.5) 9.9 (8.5 to 15.4) 
Change over 7 days 2.5 (3.2) 4.8 (5) 
Difference within group (p value) 0.12 0.04 
Glycerol (High insulin), μmol/L 
Baseline 6.34 (2.58) 5.7 (1.8) 
7 days post treatment 6.57 (1.52) 8.2 (4.8) 
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Change over 7 days 0.2 (2) 2.5 (4.5) 
Difference within group (p value) 0.76 0.2 
OHB (Basal), μmol/L 
Baseline 60.3 (42.3 to 67.1) 53.8 (45.8 to 66.9) 
7 days post treatment 64.4 (43.1 to 99.5) 60.4 (54.9 to 85.3) 
Change over 7 days 9 (81.7) 28.5 (69.5) 
Difference within group (p value) 0.84 0.56 
OHB (Low insulin), μmol/L 
Baseline 18.8 (13.3 to 28.7) 19.4 (16.5 to 21.6) 
7 days post treatment 27.7 (20.8 to 28.5) 27.7 (20.3 to 34.2) 
Change over 7 days 3 (2.8 to 7) 8.4 (7.4) 
Difference within group (p value) 0.44 0.04 
OHB (High insulin), μmol/L 
Baseline 12.23 (3.71) 14.9 (2.8) 
7 days post treatment 13.11 (2.9) 14.1 (3.7) 
Change over 7 days 0.7 (2.1) -0.8 (3.7) 
Difference within group (p value) 0.32 0.61 
Ra Palmitate (Basal), mg/Kg•min 
Baseline 1.53 (1.24 to 1.74) 1.66 (1.56 to 1.89) 
7 days post treatment 1.59 (1.44 to 1.68) 1.96 (1.68 to 2.12) 
Change over 7 days -0.05 (0.3) 0.41 (0.9) 
Difference within group (p value) 0.73 0.2 
Ra Palmitate (Low insulin), mg/Kg•min 
Baseline 0.52 (0.47 to 0.6) 0.56 (0.48 to 0.73) 
7 days post treatment 0.68 (0.53 to 0.7) 0.75 (0.54 to 1.06) 
Change over 7 days 0.01 (-0.01 to 0.11) 0.25 (-0.01 to 0.41) 
Difference within group (p value) 0.69 0.16 
Ra Palmitate (High insulin), mg/Kg•min 
Baseline 0.37 (0.31 to 0.43) 0.59 (0.48 to 0.69) 
7 days post treatment 0.44 (0.35 to 0.46) 0.48 (0.35 to 0.8) 
Change over 7 days 0 (0.07) -0.03 (-0.16 to 0.22) 
Difference within group (p value) 0.81 0.67 

Table 3-4 The effect of prednisolone and co-administration of prednisolone and a 5aRI on 
glucose and lipid metabolism during a two-step hyperinsulinaemic euglycaemic clamp. Data 
are mean (SD) or median (IQR). *P <0.05, difference in change over 7 days between the two 
groups. 

 

3.4 Discussion  

 
In this proof-of-concept, experimental medicine study, we have shown that the 

metabolic impact of prednisolone (10mg daily) for 7 days is relatively modest. 
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However, when co-administered with a 5aRI, circulating prednisolone levels are 

increased and the adverse metabolic effects of prednisolone on peripheral, hepatic and 

adipose tissue insulin sensitivity are augmented. Whilst in the acute phases of immune 

and inflammatory conditions, dose of prednisolone higher than 10mg are often used, 

longer-term maintenance doses are often lower and therefore co-administration of 

drugs that can impact on prednisolone metabolism may well have a clinical impact. 

Given that combined administration is not infrequent either in men with BPH or in 

women with PCOS, these data have broad clinical implications. 

 

Previous studies have examined the metabolic effects of short-term isolated GC 

treatment, including both prednisolone and hydrocortisone. High doses (30-75mg) of 

prednisolone for 1-15 days’ duration causes pancreatic β-cell dysfunction and reduced 

glucose tolerance (44, 234). In healthy male volunteers, treatment with low (7.5mg) 

and high (30mg) dose prednisolone for 2 weeks decreased the ability of insulin to 

suppress EGP and lipolysis, and high- (but not low-) dose treatment decreased glucose 

disposal and increased fasting insulin levels (235, 236). In patients with inflammatory 

rheumatologic disease, a 7-10-day course of prednisolone (6mg) increased basal EGP, 

reduced glucose disposal and increased peripheral insulin resistance (237, 238). These 

data are consistent with the current study, although the magnitude of effect that we 

observed with prednisolone treatment alone was less than in the published studies and 

this is likely to reflect the fact that this was a shorter treatment duration (1-week). 

Both dose, and duration are important and we have shown that acute administration 

of high-dose of intravenous hydrocortisone (0.2 mg/kg•hr) increases EGP, limits 

glucose disposal and induces systemic insulin resistance (239).  
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The role of 5aRs in the regulation of metabolic phenotype is still not entirely 

understood. Cross-sectional observation studies provided the first evidence of 

dysregulation of 5aR activity, demonstrating increased activity with weight gain and 

insulin resistance and reduced activity with weight loss (201-203). In rodent models, 

5aR1 KO male mice are more prone to the development of glucose intolerance as 

well as hepatosteatosis and liver fibrosis (198, 199). It is important to note however, 

that mice (contrasting with humans) do not express 5aR2 in the liver and therefore 

direct extrapolation to clinical studies cannot be made.  

 

Very few translational, interventional clinical studies have been performed. A 

retrospective clinical analysis has suggested that long-tern dutasteride treatment is 

associated with hyperglycaemia and adverse circuiting lipid profiles (240). In smaller 

mechanistic studies, isolated treatment with dutasteride alone have demonstrated 

increased skeletal muscle and hepatic insulin resistance and increased hepatic 

triglyceride content (208, 213). Finasteride was without effect, suggestive of a 

specific role for 5aR1. More recently, data have been published suggesting an 

increased risk of incident T2DM associated with both dutasteride and finasteride 

(214) although the analysis did not examine the impact of co-prescription of these 

medications with GCs. 

 

Building on the established role of the 5aRs in glucocorticoid metabolism (241), the 

aim of the current study was to test the impact of co-administration of prednisolone 

and 5aRIs. We have previously shown that both finasteride (5mg daily) and 

dutasteride (0.5mg daily) (in the absence of exogenous GC, for a 3-week duration) 

have no impact on fasting glucose, fasting insulin, M-value across a 2-step 



CHAPTER 3                                                                                                                       FINDIT2 

 85 

hyperinsulinaemic euglycaemic clamp, Ra glucose, M-value, Gd, circulating NEFA 

or Ra glycerol (213). We have therefore concluded that the changes that we observed 

in the prednisolone + 5aRI arm of this study are due to the combination of treatment 

rather than the 5aRI treatment alone. This study therefore provides the first evidence 

to suggest that co-administration of GC and 5aRI can precipitate the development of 

adverse metabolic consequences. 

 

There are very few differences in GC metabolites when comparing individuals taking 

finasteride or dutasteride (213). The limited additional impact of combined 5aR1 and 

2 inhibition suggests that 5aR2 may be most critical for glucocorticoid metabolism. 

Our data would endorse this observation; our subgroup analysis showed the impact of 

finasteride was similar (or indeed slightly more marked) than that of dutasteride.  

 

There are many examples of co-prescriptions of medications altering GC half-life and 

availability with resultant adverse metabolic effects. In particular, ritonavir, 

itraconazole, erythromycin, cyclosporin and oral contraceptives have been shown to 

increase circulating GC levels (221, 222, 242). In contrast, drugs such as 

carbamazepine, phenytoin, phenobarbital, rifampicin decrease GC levels due to 

increased P-450 activity (221, 222, 242). In cases were these medications are co-

administered with GCs dose adjustments and vigilance as to the development of 

adverse effects need to be considered.  

 

There are a number of limitations to this study; the sample size is modest although 

does reflect the complex and sensitive nature of the investigations that were 

performed. We did not include a dedicated arm of participants treated with 5aRI alone 
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as we have already reported findings from participants treated in this way (213). 

Whilst it is established that 5aRs are able to metabolise prednisolone and prednisone 

(243), there are very limited data with respect to other synthetic GCs and therefore it 

may not be possible to extrapolate our findings to all prescribed steroids across all 

routes of administration. 

 

In conclusion, we have demonstrated for the first time that co-administration of 

prednisolone with a 5aRI worsens metabolic phenotype. These data not only 

demonstrate the potent ability of the pre-receptor 5aR system to regulate exogenous 

GC action, but raise important clinical questions with respect to vigilance and 

surveillance for adverse effects as well as the potential need to consider dose 

adjustments. 
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4 Targeting Iatrogenic Cushing’s Syndrome 

with 11β-hydroxysteroid dehydrogenase type 

1 Inhibition (TICSI)  
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4.1 Introduction 

As mentioned in Chapter 3, GC therapy is prescribed to 2-3% of the population of 

the United Kingdom and United States for their anti-inflammatory actions (93). 

Despite their therapeutic efficacy, GC use is associated with significant adverse 

effects including obesity, skeletal muscle myopathy, skin thinning, hypertension, 

osteoporosis, insulin resistance and T2DM, collectively termed ‘Iatrogenic Cushing’s 

syndrome’. Adverse effects are not limited to chronic use; frequent short-term GC 

administration is associated with increased morbidity and mortality (92). Despite the 

health burden associated with these adverse effects, there are currently no licenced 

therapies that are able to ameliorate this detrimental side effect profile, without 

compromise to the desirable anti-inflammatory actions of GCs.  

 

At a cellular level, the ability of GCs to bind and activate the GR, is controlled by a 

series of enzymes including the 11β-hydroxysteroid dehydrogenases (11β-HSD1 and 

2) that interconvert active and inactive GCs (107). 11β-HSD2, is highly expressed in 

the kidney and rapidly inactivates cortisol to cortisone as well as synthetic 

prednisolone to inactive prednisone. Within metabolic tissues, including liver, 

skeletal muscle and adipose tissue, GCs are reactivated by 11β-HSD1, converting 

inactive cortisone to active cortisol as well as inactive prednisone to active 

prednisolone (244).  

 

In preclinical studies, we have shown that 11β-HSD1 is critical in regulating the 

development of the adverse features associated with circulating GC excess. 11β-

HSD1 KO mice fail to develop a classical Cushing’s phenotype despite circulating 

GC excess (135, 245) and this is critically dependent upon adipose tissue 11β-HSD1 
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expression (135). Endorsing these rodent data, two patients with Cushing’s were 

previously described, who were protected from the severe adverse effects of 

endogenous GC excess due to a functional deficit in 11β-HSD1 activity (96, 97). 

 

Highly potent and selective 11β-HSD1 inhibitors have been developed, initially as a 

potential therapy for patients with T2DM and metabolic disease, although their 

beneficial effects were modest (184, 185, 246). To date, their ability to limit the 

adverse effects of prescribed exogenous GC therapy has not been tested. AZD4017 is 

a potent, competitive inhibitor of human 11β-HSD1 that is safe and well-tolerated in 

clinical studies (247, 248); urinary steroid metabolite analysis has shown global 

inhibition of 11β-HSD1 to levels similar to those observed in patients with 

inactivating mutations in the HSD11B1 gene (104). A recent study has suggested that 

AZD4017 may reduce intracranial pressure in patients with idiopathic intracranial 

hypertension (IIH) (248). 

 

Taking into account both the role of 11β-HSD1 to regenerate active GC and its tissue 

distribution (high levels of expression in metabolic tissues e.g. liver, adipose, skeletal 

muscle, and low levels of expression in immune-inflammatory cells), we have 

hypothesised that selective and specific inhibition of 11β-HSD1 may represent an 

entirely novel strategy to limit the adverse effects of prescribed GCs without 

compromise to their anti-inflammatory actions. 

 

Adopting an experimental medicine, proof-of-concept approach the first randomized, 

double-blind placebo-controlled study to test whether AZD4017 is able to limit the 
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adverse metabolic and bone effects of prednisolone (20mg daily for 7 days) in healthy 

male volunteers was performed.  

4.2 Methods 

4.2.1 Research strategy 

In this chapter, we will evaluate the impact of the selective 11β-HSD1 inhibitor, 

AZD4017, in healthy volunteers taking exogenous glucocorticoids (prednisolone). 30 

healthy male volunteers underwent detailed metabolic assessments to demonstrate the 

beneficial effect of AZD4017 upon the metabolic adverse effects of prednisolone such 

as glucose disposal and endogenous glucose production rates. This study also 

evaluated the impact of AZD4017 on the anti-inflammatory actions of prednisolone. 

The hypothesis tests by this study was that the adverse metabolic effects of 

prednisolone will be reduced by co-administration of AZD4017. 

4.2.2 Statement of contributions 

This study was designed by Prof Jeremy Tomlinson and implemented by myself and 

Dr Riccardo Pofi. Joanne Duffy and Prof Craig Webster processed serum samples to 

obtain prednisolone, prednisone, cortisol and cortisone levels, at the University 

Hospitals Birmingham NHS Foundation Trust, UK, as described in Chapter 2. Dr 

Elizabeth Bateman and Dr Ross Sadler processed serum samples to assess the immune 

response to VZV and PHA using an OX40 assay, at Churchill Hospital, Oxford, UK. 

Dr Roland Stimson run ~15% of the microdialysis samples, at the University of 

Edinburgh, UK, due to a machine failure. The samples were run on an identical 

machine, with appropriate calibration and quality checks. Dr Andre van Beek and Dr 

Martijn van Faassen processed the over-night urine samples to check the urinary 
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levels of cortisol, cortisone, THF, allo-THF and THE, at the University of Groningen, 

The Netherlands. The rest of the samples were processed by myself with laboratory 

advice by Thomas Cornfield, Dr Jonathan Hazlehurst and Dr Nikolaos Nikolaou. I 

received laboratory support in RNA extractions by Anastasia Arvaniti. I undertook all 

of the analyses, with the exception of the comparisons between changes in the two 

groups using non-linear generalised model which was done by Dr Ruth Coleman. 

4.2.3 Clinical Protocol 

The clinical protocol received full ethical approval from the East of England 

Cambridge East Research Ethics Committee (reference 16/EE/0550). Thirty healthy 

male volunteers were recruited from local advertisement and the Oxford Biobank, 

(reference 08/H0606/107+5).  

 

Inclusion criteria 

• Male volunteers without diabetes (HbA1C < 48mmol/mol at screening) 

• BMI 20-30kg/m2 

• Age 18-60 years 

• BP <160/100mmHg or on stable antihypertensive therapy for >3 months 

• No known hypercholesterolaemia or on stable lipid lowering therapy for >3 

months 

• No contraindications to AZD4017 or prednisolone treatment 

 

Exclusion criteria 

• Age <18 or >60 years 

• Body mass index <20 or >30kg/m2 



CHAPTER 4                                                                                                                           TICSI 

 92 

• Diagnosis of diabetes (type 1 or type 2) 

• Haemoglobin <120mg/dL 

• Haemorrhagic disorders 

• Anticoagulant treatment 

• Renal impairment with eGFR <60ml/min 

• Abnormal liver chemistry with AST, ALT and/or GGT and/or bilirubin >ULN 

• Glucocorticoid therapy (including inhaled, topical or oral) within the last 6 

months 

• Concomitant anti-inflammatory medication including NSAIDs, disease 

modifying anti-rheumatic drugs (DMARDs) / steroid-sparing medications 

(e.g. methotrexate, sulphasalzine, hydroxychloroquine, azathioprine, 

leflunamide, biologics [anti-TNFa, IL-1ra]) 

• Any medical condition in the opinion of the investigator that might impact 

upon safety or validity of the results – recent (within 2 weeks) or active 

infection, known liver disease, known thyroid disease, active malignancy, 

existing inflammatory condition (e.g. inflammatory arthropathy, 

inflammatory bowel disease, autoimmune disease, connective tissue disease) 

• Current evidence of alcohol abuse or a significant history of alcohol abuse, as 

judged by the investigator 

• Contraindication to any of the study treatments or known or suspected 

hypersensitivity to the investigational product, compounds of the same class, 

other study treatments or any excipients 

• Unwilling, or unable, to give informed consent 

• Participation in another IMP trial / study within the past 6 months 
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The clinical study comprised of 6 study visits which are presented in Figure 4.2-1 as 

a schematic summary of the investigations performed. 

 

 

Figure 4.2-1 TICSI Study design Participants were screened and consented at Visit 1. At Visit 
2, they had fasting bloods, skeletal muscle and adipose tissue biopsies, DEXA scan, were 
given a sample bottle to collect over-night urine and were fitted with a 24 hr ambulatory 
blood pressure monitor. At Visit 3, they underwent 2-step hyperinsulinaemic euglycaemic 
clamp and they were randomized to receive prednisolone 20mg OD and AZD4017 400mg BD 
for 7 days or prednisolone 20mg OD and placebo for 7 days. At Visit 4, they underwent 
identical assessments to those described at Visit 2 and at Visit 5,  the 2-step hyperinsulinaemic 
euglycaemic clamp was repeated. 

 

Study visits 

Visit 1 (Screening and consent): 

Participants were screened for eligibility and baseline assessments were done which 

included: 

• Height and weight measurements 

Day 1 Day 2 Day 14Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Prednisolone 20mg OD + AZD4017 400mg BD

Prednisolone 20mg OD + Placebo

Randomisation

Visit 1
Screening and 
consent

Visit 2
Fasting bloods (including PBMC)

Sk. muscle and adipose biopsy
24hr ABPM

DXA Scan
Over-night urine collection 

Visit 4
Fasting bloods (including PBMC)

Sk. muscle and adipose biopsy
24hr ABPM

DXA Scan
Over-night urine collection 

Visit 3
2-step 
hyperinsulinaemic
euglycaemic clamp

Visit 5
2-step 
hyperinsulinaemic
euglycaemic clamp

Visit 6
Safety visit

Basal Low-dose insulin (20mU/m2/min) High-dose insulin (100mU/m2/min)

13C-glucose infusion (0.02mg/kg/min)

2H-palmitate infusion (0.03μmol/kg/min)

Adipose tissue microdialysis

Variable rate 20% dextrose infusion (enriched with 13C-glucose to 4%)

t=120mint=0min t=240min t=360min

Steady state samples
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• Blood tests: full blood count, urea, creatinine, electrolytes and eGFR, AST, 

ALT, γGT, bilirubin, ALP, albumin, glycated haemoglobin, TSH, free T4, 

hepatitis B, C and HIV serology 

• Blood pressure 

 

Visit 2 (Pre-treatment Day 1) (within 3 weeks of Visit 1): 

The participants attended the Clinical Research Unit (CRU), at Oxford Centre for 

Diabetes, Endocrinology and Metabolism (OCDEM), Churchill Hospital (Oxford, 

UK) at 8:00 AM following a 12 hour fast. 

 

Fasting blood tests were taken which included: 

• Urea, creatinine, electrolytes and eGFR, AST, ALT, γGT, bilirubin, ALP, 

albumin, creatinine kinase, TSH and free T4 

• ACTH, cortisol, DHEAS, androstenedione, testosterone, sex hormone binding 

globulin 

• Lipid profiles (total cholesterol, triglyceride, HDL cholesterol) 

• Markers of bone turnover (osteocalcin) 

• Isolation of peripheral blood mononuclear cells (for assessment of 

inflammatory response) 

Subcutaneous adipose tissue biopsy was taken using a Pro-MagTM Ultra Biopsy 14g 

needle, a 20ml syringe and 100ml of 0.9% saline inserted into the abdominal 

subcutaneous tissue and adipocytes were aspirated using a negative pressure achieved 

with the needle and syringe. The skin had been cleaned and a local anaesthetic (3.5ml 

of 1% lidocaine) had been injected. Approximately 1g of tissue was taken and placed 

into liquid nitrogen. 
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Skeletal muscle biopsy was taken from the lateral part of the vastus lateralis muscle. 

Similarly to the adipose tissue biopsy method, the skin was cleaned and local 

anaesthetic was injected (3ml of 1% lidocaine). The skin was punctured with a 12g 

needle to allow entry of the biopsy needle. The spring-loaded gun device was then 

inserted vertically through the muscle fascia and into the muscle. The spring-loaded 

device was fired and the biopsy was taken (approximately 200-300mg). The 

procedure was repeated twice to ensure that adequate tissue samples were collected. 

The participants then underwent a dual energy X-ray absorptiometry (DEXA) scan to 

assess total and regional lean and fat mass. Prior to leaving, they had a 24hour 

ambulatory blood pressure monitor fitted and were provided with a container to 

collect overnight urine for urinary steroid metabolite analysis. 

 

Visit 3 (Pre-treatment Day 2): 

The participants attended the CRU at 9:00 AM following a 12 hour fast. On this visit, 

an adipose tissue microdialysis catheter (CMA Microdialysis, Solna, Sweden) was 

inserted, as described in Chapter 2. Samples were taken every 30 minutes during the 

two-step hyperinsulinaemic euglycaemic clamp. Microdialysate fractions were 

analyzed by automated analyzer (ISCUS flex) for glycerol, glucose, lactate and 

pyruvate. Immediately prior to the clamp procedure, indirect calorimetry was taken 

using a transparent hood for 15 minutes to measure resting energy expenditure and 

respiratory quotient, in a similar manner as described in Chapter 3. The 2-step 

hyperinsulinaemic euglycaemic clamp was then performed, as described in Chapter 

2. Throughout the clamp regular breath samples (every 30 minutes) were taken and 

blood samples over the course of the following 6 hours to assess the incorporation of 
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the stable-isotope into particles and molecules secreted by the liver and into the 

expired breath samples (Exetainer tubes, Labco Ltd, Bucks, UK).  

 

At the end of this visit, the participants were randomized to receive prednisolone 

(20mg OD) and AZD4017 (400mg BD) for 7 days or prednisolone (20mg OD) and 

placebo (BD) for 7 days. 

 

Visits 4 and 5 were scheduled within 2 weeks of visit 3 and the treatment was initiated 

5 days prior to visit 4. 

 

Visit 4 (Treatment Day 6): 

Participants underwent identical assessments to those described for pre-treatment day 

1 (visit 2). Volunteers took the prednisolone + AZD4017 or placebo on the morning 

of the investigations. 

 

Visit 5 (Treatment Day 7): 

Participants underwent identical assessments to those described for pre-treatment day 

2 (visit 3). They took the prednisolone + AZD4017 or placebo on the morning of the 

investigations. 

 

Visit 6 (Follow-up day 7): 

7 days after the final treatment dose the participants came back for the final visit where 

the wounds of the biopsies were inspected and blood samples were taken to measure 

liver, renal and thyroid function, DHEAS, androstenedione and testosterone. 
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4.2.4 Osteocalcin ELISA 

Serum osteocalcin was measured by commercially available enzyme-linked 

immunosorbent assay (ELISA) (Invitrogen, Frederick, USA). This assay uses 

monoclonal antibodies targeted against distinct epitopes of human osteocalcin. The 

plates provided were pre-coated with osteocalcin antibody (Mab1) and were loaded 

with sample and standard and osteocalcin antibody (Mab2) conjugated to horseradish 

peroxidase was also added. After incubation and washing, chromogenic solution was 

added and incubated. The reaction stopped following the addition of the Stop solution 

and the plate was read using a spectrophotometer at 450 nm. The concentration of 

samples was then calculated from a standard curve with a linear x-axis of the 

concentrations of the standards and a linear y-axis of the absorbance. The osteocalcin 

levels were processed using two plates and therefore the intra-assay co-efficient of 

variation of the osteocalcin ELISA could not be calculated.   

4.2.5 OX40 assay 

Heparin blood was collected from participants pre-treatment and 7 days post-

treatment.  Samples were processed as previously described (249). Each sample was 

tested for CD4+ T cell specific responses towards Phytohaemagluttinin (PHA) 

(Sigma-Aldrich) and varicella zoster virus (VZV) (Source-Bioscience). The number 

of antigen-specific CD4+ T cells was calculated for each stimulation and expressed 

as the relative percentage of CD25+CD134+CD4+CD3+ cells minus the equivalence 

analysis in unstimulated but incubated cells from the same sample.  Values pre- and 

post-treatment were compared to determine a delta-change percentage of antigen 

specific CD4+ T cells. 
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4.2.6 Urinary steroid metabolites 

Total urinary cortisol, cortisone, THF, allo-THF, and THE were measured by using a 

validated high‐performance liquid chromatography tandem‐mass spectrometry (LC‐

MS/MS) assay (250). For THE, THF, and allo-THF, the LC‐MS/MS method was 

compared with a GC‐MS/MS method and found the following correlations: THE r2 

=0.99, THF r2 = 0.97, and allo-THF r2 =0.94 for 40 urines (251). 

 

For all components, appropriate internal standards were added and the mixtures were 

incubated with an enzyme solution consisting of sulfatases and β‐glucuronidases, to 

ensure hydrolysis of cortisol and the metabolites from their sulphated and 

glucuronidated forms. Internal standards that were used were cortisol‐13C3, cortisone‐

D7, THE‐D5, THF‐D5, and allo-THF‐D5. Subsequently, the analytes were extracted 

using a Supported Liquid Extraction technique. Finally, separation and detection were 

performed by use of a Phenomenex Luna Phenyl‐Hexyl column (particle size 3 µm, 

2.0 mm internal diameter by 150 mm; Waters) and a XEVO TQ-s tandem mass 

spectrometer operated in negative electrospray ionization mode (Waters). Intra‐ and 

inter‐assay variation coefficients were <5.7% and <9.8%, respectively. 

4.2.7 Statistical analysis 

The sample size required to detect a 20% Gd reduction with 80% power and a type I 

error of 0.05 was calculated to be 13 per group. Allowing for a potential dropout rate 

of 20%, 32 was the recruitment target for the study. Data are presented as mean (SD) 

or median (IQR) as appropriate. Generalised non-linear models were employed for 

comparison of change pre- and post-treatment visit measurements between the two 

groups for both primary and secondary endpoints. The model response (outcome) was 
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defined as the absolute change between visits and the model estimate (effect size) was 

adjusted for baseline (pre-treatment) value. Within group changes were determined 

using paired t-tests or Wilcoxon test according to the distribution of data, which was 

assessed by Shapiro-wilk test. These analyses were carried out using the per-protocol 

population tested at a significance level of 0.05. No adjustments were made for 

multiple testing.  

 

Analyses were performed using SAS v9.4 (SAS Institute, Cary NC) and GraphPad 

Prism 8 software package (GraphPad Software, La Jolla, CA) for MacOS. All 

recruited participants were included in the safety analysis and all participants who 

completed the study as per protocol were included in the primary analysis. 

4.3 Results 

4.3.1 Demographics and clinical characteristics of the participants 

42 participants were assessed for recruitment into the study; 10 failed the screening 

process and subsequently 32 participants were enrolled and randomized. The 

randomization schedule was drawn up by Almac group, who packaged and labelled 

AZD4017/placebo on behalf of AstraZeneca. Randomization was in blocks of 4 

volunteers (2 AZD4017 and 2 to placebo). 16 participants were assigned to AZD4017 

(400mg BD) plus prednisolone (20mg OD) and 16 to placebo plus prednisolone 

(20mg OD) (Figure 4.3-1). One participant from the AZD4017-treated group was 

excluded due to <85% compliance with study medication and one participant from 

the placebo-treated group was excluded for repeated failure to fast before study 

procedure. The participant baseline demographics and biochemical characteristics are 

shown in Table 4-1.  
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Figure 4.3-1 TICSI Trial profile 

 

Clinical/metabolic variable AZD4017 (n=15) Placebo (n=15) P value 

Age, yr 36.5 (11.0) 39.0 (12.7) 0.56 

Weight, kg 79.9 (8.7) 83.1 (8.5) 0.32 

BMI, kg/m2 24.5 (2.5) 25.8 (2.0) 0.13 

SBP, mm Hg 135.7 (10.6) 138.3 (14.4) 0.58 

DBP, mm Hg 78.5 (9.8) 79.6 (11.4) 0.77 

HbA1c, mmol/mol 34.0 (32.0 to 37.0)  35.0 (33.0 to 36.0) 0.49 

Fasting glucose, mmol/L 4.6 (4.3 to 5.5) 4.9 (4.4 to 5.1) 0.89 

Fasting insulin, mU/L 3.13 (1.79 to 6.60) 2.84 (1.36 to 5.17) 0.47 

HDL cholesterol, mmol/L 1.3 (0.3) 1.3 (0.3) 0.99 

Total cholesterol, mmol/L 5.0 (1.2) 4.6 (0.9) 0.26 

AST, IU/L 21.3 (4.5) 21.6 (6.7) 0.9 

Bilirubin, mmol/L 15.3 (5.3) 15.0 (5.6) 0.89 

ALT, IU/L 21.0 (5.2) 18.8 (5.5) 0.27 

ALP, IU/L 52.9 (8.9) 57.3 (11.5) 0.25 

42 participants assessed for eligibility

10 excluded
• 7 not meeting inclusion criteria
• 3 declined to participate 

32 randomized

16 assigned to prednisolone (20mg) 
+ AZD4017

16 assigned to prednisolone (20mg) 
+ placebo

1 did not complete study as 
per protocol

• Not fasting at visits 
3 and 5

1 did not complete study as 
per protocol

• <85% medication 
compliance

15 participants completed study 
protocol and included for analysis  

15 participants completed study 
protocol and included for analysis
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Albumin, g/L 39.5 (2.6) 38.5 (2.3) 0.28 

TSH, mIU/L 1.4 (1.3 to 1.8) 1.5 (1.0 to 1.9) 0.69 

Androstenedione, nmol/L 8.4 (5.9 to 9.4) 6.4 (5.3 to 8.1) 0.07 

DHEAS, umol/L 11.2 (5.5 to 15.1) 6.7 (4.2 to 12.2) 0.25 

SHBG, nmol/L 33.4 (16.5) 35.6 (15.9) 0.71 

Testosterone, nmol/L 18.4 (15.0 to 23.1) 18.7 (13.6 to 22.0) 0.75 

ACTH, ng/L 21.9 (18.1 to 52.9) 30.5 (16.9 to 54.6) 0.91 

Cortisol, nmol/L 372.7 (117.2) 385.7 (77.1) 0.72 
Table 4-1 The demographic and biochemical profiles of the participants. Data are presented 
as mean (SD) or median (IQR). 

 

At baseline, circulating cortisol, cortisone and ACTH levels were not different 

between the two groups (Table 4-1). Whilst post-treatment circulating cortisol levels 

were similar (91 (54 to 127) vs. 61 (36 to 150) nmol/L, p=0∙55, AZD4017 vs. 

placebo), cortisone levels were significantly higher in the AZD4017-treated group 

(46.5 (35.8 to 55.9) vs. 20.0 (20.0 to 41.4) nmol/L, p=0.004, AZD4017 vs. placebo). 

Post-treatment, ACTH levels decreased in the placebo (30.5 (16.9 to 54.6) vs. 11.7 

(5.2 to 26.2) ng/L, p=0.030) but not in the AZD4017-treated group (21.9 (18.1 to 52.9) 

vs. 20.4 (9.0 to 42.4) ng/L, p=0.22). 

 

After 7 days of treatment, circulating prednisolone levels were similar in the 

AZD4017 and placebo-treated groups (650 (282) vs. 722 (429) nmol/L, p=0.63, 

AZD4017 vs. placebo). Similarly, there were no differences in circulating prednisone 

levels (142 (62) vs. 103 (52) nmol/L, p=0.11, AZD4017 vs. placebo) or the 

prednisolone/prednisone ratio (4.89 (2.48) vs. 6.33 (3.11), p=0.22, AZD4017 vs. 

placebo).  
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Metabolic variable 
AZD4017 +  
Prednisolone 

n=15 

Placebo +  
Prednisolone 

n=15 

Between 
group  

p value 
Glucose disposal (low insulin) (mg/Kg•min) 
Baseline 4.59 (1.98) 4.61 (2.28)   
7 days post treatment 4 (2.65) 3.06 (1.48)   
Change over 7 days -0.81 (-1.91 to -0.28) -1.35 (-2.43 to -0.26) 0.17 
Difference within 
group (p value) 0.32 0.009  

Glucose disposal (high insulin) (mg/Kg•min) 
Baseline 13.13 (3.67) 12.72 (3.73)   
7 days post treatment 10.97 (3.26) 9.83 (2.33)   
Change over 7 days -2.16 (2.89) -2.88 (2.91) 0.26 
Difference within 
group (p value) 0.012 0.0018  

M value (Low insulin) (mg/Kg•min) 
Baseline 5.42 (3.33 to 6.51) 4.47 (3.31 to 6.61)   
7 days post treatment 3.75 (1.99 to 5.05) 2.95 (2.35 to 3.96)   
Change over 7 days -1.06 (2.29) -1.69 (1.93) 0.32 
Difference within 
group (p value) 0.064 0.0044  

M value (High insulin) (mg/Kg•min) 
Baseline 13.38 (2.87) 13.22 (3.55)   
7 days post treatment 11.42 (3.4) 10.17 (2.23)   
Change over 7 days -1.96 (3.19) -3.05 (2.6) 0.38 
Difference within 
group (p value) 0.032 0.00046  

M/I value (Low insulin) (mg/Kg•min per mU/mL) 
Baseline 28.11 (16.58 to 37) 30.98 (18.72 to 35.45)   
7 days post treatment 17.19 (6.83 to 28.01) 14.41 (9.56 to 18.04)   
Change over 7 days -2.67 (17.48) -10.6 (10.33) 0.15 
Difference within 
group (p value) 0.63 0.0014  

M/I value (High insulin) (mg/Kg•min per mU/mL) 
Baseline 13.26 (10.01 to 15.2) 15.44 (11.07 to 18.66)   
7 days post treatment 14.71 (8.84 to 16.68) 9.87 (7.41 to 11.99)   
Change over 7 days -0.51 (-3.76 to 2.53) -3.72 (-7.25 to -0.98) 0.17 
Difference within 
group (p value) 0.71 0.0049  

Ra Glucose (mg/Kg•min) 
Baseline 1.34 (1.23 to 1.47) 1.35 (1.26 to 1.44)   
7 days post treatment 1.44 (1.34 to 1.47) 1.42 (1.35 to 1.47)   
Change over 7 days 0.08 (-0.02 to 0.12) 0.06 (-0.02 to 0.13) 0.55 
Difference within 
group (p value) 

0.048 0.051  
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EGP (mg/Kg•min) 
Baseline 0.66 (0.61 to 0.78) 0.68 (0.55 to 0.87)   
7 days post treatment 0.81 (0.71 to 0.94) 1 (0.97 to 1.17)   
Change over 7 days 0.16 (-0.03 to 0.29) 0.35 (0.12 to 0.49) 0.11 
Difference within 
group (p value) 0.016 0.013  

13-CO2 Breath (Basal) AUC (mmol/hr/Kg) 
Baseline 0.023 (0.021 to 0.028) 0.024 (0.022 to 0.026)   
7 days post treatment 0.021 (0.019 to 0.024) 0.024 (0.021 to 0.026)   
Change over 7 days -0.002 (-0.004 to -0.001) -0.001 (-0.003 to 0) 0.42 
Difference within 
group (p value) 0.0003 0.15  

13-CO2 Breath (Low insulin) AUC (mmol/hr/Kg) 
Baseline 0.032 (0.029 to 0.035) 0.033 (0.03 to 0.036)   
7 days post treatment 0.029 (0.025 to 0.032) 0.028 (0.026 to 0.028)   
Change over 7 days -0.003 (0.004) -0.006 (0.004) 0.2 
Difference within 
group (p value) 0.013 0.0006  

13-CO2 Breath (High insulin) AUC (mmol/hr/Kg) 
Baseline 0.084 (0.078 to 0.09) 0.081 (0.074 to 0.094)   
7 days post treatment 0.077 (0.067 to 0.085) 0.072 (0.066 to 0.08)   
Change over 7 days -0.006 (0.011) -0.009 (0.016) 0.68 
Difference within 
group (p value) 0.048 0.057  

Fasting glucose (mmol/L) 
Baseline 4.6 (4.4 to 5.4) 4.9 (4.5 to 5.1)   
7 days post treatment 4.9 (4.7 to 5.6) 4.9 (4.8 to 5.1)   
Change over 7 days 0.26 (0.33) 0.11 (0.47) 0.24 
Difference within 
group (p value) 0.0095 0.37  

Fasting Insulin (mU/L) 
Baseline 3.13 (1.8 to 6.18) 2.84 (1.4 to 4.88)   
7 days post treatment 2.28 (1.2 to 5.32) 3.77 (2.2 to 5.01)   
Change over 7 days -0.2 (2.94) 0.48 (1.99) 0.63 
Difference within 
group (p value) 0.89 0.36  

Table 4-2 The effect of  AZD4017 + prednisolone and placebo + prednisolone on glucose 
metabolism during a two-step hyperinsulinaemic euglycaemic clamp. Data are mean (SD) or 
median (IQR). 

 

Prior to treatment, the urinary (allo-THF+THF)/THE ratio (indicative of 11β-HSD1 

activity) was similar in both groups (0.85 (0.19) vs. 1.04 (0.37), p=0.08, AZD4017 
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vs. placebo). Consistent with 11β-HSD1 inhibition, after 7 days of treatment, the 

(allo-THF+THF)/THE ratio was significantly lower in the AZD4017 group (0.068 

(0.059 to 0.086) vs. 0.99 (0.87 to 1.25), p<0.0001, AZD4017 vs. placebo). The urinary 

cortisol/cortisone (reflecting 11β-HSD2 activity) ratio was similar in both groups at 

baseline and did not change following treatment (0.64 (0.57 to 0.76) vs. 0.71 (0.55 to 

0.82), p=0∙62, AZD4017 vs. placebo). 

 

Fasting glucose increased in the prednisolone + AZD4017, but not the placebo-treated 

group. Fasting insulin levels did not change in either group (Table 4-2). 

4.3.2 Hepatic insulin sensitivity 

In both groups, Ra Glucose and EGP increased after 7 days of treatment; there were 

no significant differences between the groups (Table 4-2, Figure 4.3-2 A-D). 
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Figure 4.3-2 The effect of prednisolone + AZD4017 and prednisolone + placebo on Ra 
glucose (A and B) and endogenous glucose production (EGP) (C and D) during a two-step 
hyperinsulinaemic euglycaemic clamp. Absolute change refers to the difference between pre- 
and post-treatment values (B and D). Data are medians and error bars are IQR. Datapoints 
represent individual patients. White circles represent pre-treatment levels and green squares 
post-treatment levels (7 days), purple circles are AZD4017 and blue squares, placebo. 
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4.3.3 Peripheral insulin resistance 

The primary endpoint of the study (change in stable isotope-measured Gd (low 

insulin) after 7 days of treatment), was not different between the two groups (-0.81 (-

1.91 to -0.28) vs. -1.35 (-2.43 to -0.26), p=0.17, AZD4017 vs. placebo). However, 

treatment with prednisolone + placebo significantly reduced Gd under low-dose 

insulin infusion (4.61 (2.28) vs. 3.06 (1.48) mg/kg•min, p=0.0090, pre- vs. post-

treatment), whereas co-administration of prednisolone with AZD4017 had no effect 

(4.59 (1.98) vs. 4.00 (2.65) mg/kg•min, p=0.32, pre- vs. post-treatment) (Table 4-2). 

Similarly, glucose utilization (corrected for circulating insulin levels, M/I-value) 

decreased following treatment with prednisolone + placebo during both low- and 

high-dose insulin infusions Table 4-2). In contrast, there was no change in M/I-value 

(low- or high-dose insulin) in prednisolone + AZD4017 treated group (Figure 4.3-3, 

Table 4-2): The absolute changes in Gd or M/I-value were not significantly different 

between the two arms of the study (Figure 4.3-3 B and D, Table 4-2).  
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Figure 4.3-3 The effect of prednisolone + AZD4017 and prednisolone + placebo on the M/I 
value (A and B) and glucose disposal (Gd) (C and D) during the low-dose insulin step of the 
two-step hyperinsulinaemic euglycaemic clamp. Absolute change refers to the difference 
between pre- and post-treatment values (B and D). Data are medians and error bars are IQR. 
Datapoints represent individual patients. White circles represent pre-treatment levels and 
green squares post-treatment levels (7 days), purple circles are AZD4017 and blue squares, 
placebo. 
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4.3.4 Glucose oxidation 

As mentioned in Chapter 3, 13CO2 production from the infused [U-13C]-glucose was 

used as a marker of glucose uptake and subsequent oxidation. Co-administration of 

prednisolone + AZD4017 significantly decreased glucose oxidation across the 2-step 

clamp (both low- and high-dose insulin phases) but there was a more significant 

decrease following prednisolone + placebo (p<0.001) under low-dose insulin (Table 

4-2Table 2-1) (Figure 4.3-4 A and C). There was no significant change under high-

dose insulin conditions in the prednisolone + placebo group. The absolute change 

between the two groups, under both low- and high-dose insulin phases, was not 

different (Table 4-2) (Figure 4.3-4 B and D). 
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Figure 4.3-4 The effect of prednisolone + AZD4017 and prednisolone + placebo on glucose 
oxidation during the low-dose insulin step (A and B) and the high-dose insulin step (C and 
D) of the two-step hyperinsulinaemic euglycaemic clamp. Absolute change refers to the 
difference between pre- and post-treatment values (B and D). Data are medians and error 
bars are IQR. Datapoints represent individual patients. White circles represent pre-treatment 
levels and green squares post-treatment levels (7 days) purple circles are AZD4017 and blue 
squares, placebo. 
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Metabolic variable 
AZD4017 + 
Prednisolone 

n=15 

Placebo + 
Prednisolone 

n=15 

Between 
group 

p value 
NEFA (Basal) (μmol/L) 
Baseline 309.9 (257.9 to 423.1) 278.9 (243.2 to 433.1)   
7 days post treatment 452.1 (266.9 to 667.8) 452.7 (294.9 to 629.9)   
Change over 7 days -4.6 (-93.4 to 241.2) 129.2 (-5.1 to 196.9) 0.72 
Difference within group 
(p value) 0.36 0.073  

NEFA (Low insulin) (μmol/L)  
Baseline 71.9 (54.7 to 125.3) 83.7 (52.7 to 141.3)   
7 days post treatment 155 (62.5 to 216.8) 129.3 (98.2 to 299.6)   
Change over 7 days 2.4 (-4.1 to 69.5) 33.2 (21.3 to 71.4) 0.25 
Difference within group 
(p value) 0.36 0.073  

NEFA (High insulin) (μmol/L) 
Baseline 57.9 (35.4 to 135.1) 54.3 (42.3 to 139.2)   
7 days post treatment 57.2 (38.2 to 95.8) 68.3 (46.3 to 218.6)   
Change over 7 days 1.2 (-9.5 to 43.4) 16.3 (2.1 to 55.8) 0.66 
Difference within group 
(p value) 0.6 0.022  

Glycerol (Basal) (μmol/L) 
Baseline 22.6 (16.2 to 26.8) 20 (17.8 to 24.8)   
7 days post treatment 25.8 (20.1 to 31.5) 27.2 (20 to 35.2)   
Change over 7 days 3.3 (10.3) 8.3 (9.9) 0.39 
Difference within group 
(p value) 0.36 0.0056  

Glycerol (Low insulin) (μmol/L) 
Baseline 8.7 (5) 7.6 (3)   
7 days post treatment 10.5 (6.3) 12.3 (3.5)   
Change over 7 days 1.5 (0.4 to 2.7) 4.1 (3.3 to 6) 0.11 
Difference within group 
(p value) 0.21 <0.0001  

Glycerol (High insulin) (μmol/L) 
Baseline 5.8 (4.6 to 10.9) 6.8 (4.7 to 8.6)   
7 days post treatment 6.3 (5.2 to 11.2) 9.5 (8.4 to 14.6)   
Change over 7 days 0.2 (-1.2 to 1.1) 2.8 (1.9 to 4.9) 0.089 
Difference within group 
(p value) 0.93 0.00016  

OHB (Basal) (μmol/L) 
Baseline 59.4 (35.5 to 93.8) 39 (29 to 83.8)   
7 days post treatment 40.8 (33.8 to 123.1) 45.9 (31.4 to 82)   
Change over 7 days 1.1 (-24.3 to 20.1) 1.1 (-8.9 to 12.8) 0.28 
Difference within group 
(p value) 
 
  

0.99 0.95 
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OHB (Low insulin) (μmol/L) 
Baseline 17 (11.4 to 27.8) 15.8 (11.2 to 22.2)   
7 days post treatment 16.7 (7.8 to 28) 18.8 (13.3 to 25.4)   
Change over 7 days -0.5 (-3.7 to 2.9) 4.6 (0.4 to 6.8) 0.64 
Difference within group 
(p value) 0.7 0.13  

OHB (High insulin) (μmol/L) 
Baseline 9.7 (7.8 to 16.8) 12.2 (7 to 17.9)   
7 days post treatment 10.4 (6.8 to 14.7) 14.9 (8.4 to 23.5)   
Change over 7 days -1.8 (3.8) 3.3 (6.3) 0.016 
Difference within group 
(p value) 0.24 0.049  

TAG (Basal) (μmol/L) 
Baseline 370.2 (339.2 to 610) 365.1 (302.5 to 597.9)   
7 days post treatment 374 (313.7 to 493) 590.9 (526.3 to 879.9)   
Change over 7 days -50 (198.4) 258.2 (240.7) 0.001 
Difference within group 
(p value) 0.35 0.004  

TAG (Low insulin) (μmol/L) 
Baseline 306.2 (250.8 to 539.8) 260.3 (213.7 to 477.8)   
7 days post treatment 259.2 (172.4 to 362.2) 386.1 (281.4 to 534.9)   
Change over 7 days -46.9 (-134.9 to 3.5) 125.8 (18 to 155.9) 0.0014 
Difference within group 
(p value) 0.026 0.018  

TAG (High insulin) (μmol/L) 
Baseline 233.3 (188.5 to 448.9) 179.5 (157.9 to 428.1)   
7 days post treatment 182.4 (151.9 to 240.7) 248.9 (204.5 to 380.7)   
Change over 7 days -40.7 (-190.5 to 2.4) 58.1 (-6.9 to 90.2) 0.0069 
Difference within group 
(p value) 0.026 0.15  

Ra Palmitate (Basal) (mg/kg•min) 
Baseline 1.9 (0.46) 1.93 (0.69)   
7 days post treatment 1.99 (0.78) 1.82 (0.59)   
Change over 7 days 0.1 (0.86) -0.12 (0.69) 0.51 
Difference within group 
(p value) 0.71 0.57  

Ra Palmitate (Low insulin) (mg/kg•min) 
Baseline 0.66 (0.56 to 0.94) 0.67 (0.47 to 0.98)   
7 days post treatment 0.81 (0.69 to 1.16) 0.81 (0.71 to 0.95)   
Change over 7 days 0.1 (-0.05 to 0.41) 0.16 (-0.15 to 0.32) 0.62 
Difference within group 
(p value) 0.32 0.52  

Ra Palmitate (High insulin) (mg/kg•min) 
Baseline 0.77 (0.68 to 0.97) 0.67 (0.5 to 1.06)   
7 days post treatment 0.6 (0.51 to 0.86) 0.64 (0.55 to 0.82)   
Change over 7 days -0.17 (-0.44 to -0.03) -0.03 (-0.22 to 0.15) 0.31 
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Difference within group 
(p value) 0.024 0.79  

Adipose interstitial fluid - Glycerol (Basal) (μmol/L•hr) 
Baseline 219.5 (171.6 to 281.4) 250.3 (205 to 266.8)   
7 days post treatment 266.1 (222.2 to 307.1) 265 (202.8 to 316.8)   
Change over 7 days 47.8 (-9.8 to 77.9) 30.3 (-60 to 101.5) 0.3 
Difference within group 
(p value) 0.38 0.47  

Adipose interstitial fluid - Glycerol (Low insulin) (μmol/L•hr) 
Baseline 132.3 (85.1 to 163.5) 114 (87.3 to 142.3)   
7 days post treatment 178.8 (79 to 272.8) 165.5 (138 to 228)   
Change over 7 days 36.6 (71) 87.3 (109.3) 0.38 
Difference within group 
(p value) 0.28 0.011  

Adipose interstitial fluid - Glycerol (High insulin) (μmol/L•hr) 
Baseline 84.6 (16.8) 72.4 (8.5)   
7 days post treatment 110.5 (19.7) 141.6 (15.1)   
Change over 7 days -3.9 (-15.4 to 46.8) 71.8 (28.1 to 109.3) 0.16 
Difference within group 
(p value) 0.22 0.0013  

Adipose interstitial fluid - Pyruvate (Basal) (μmol/L•hr) 
Baseline 115.4 (8.9) 124.1 (8.5)   
7 days post treatment 138.6 (16.2) 135.4 (11.9)   
Change over 7 days 23.2 (50) 11.3 (52) 0.56 
Difference within group 
(p value) 0.11 0.41   

Adipose interstitial fluid - Pyruvate (Low insulin) (μmol/L•hr) 
Baseline 140.1 (9.7) 144.7 (10)   
7 days post treatment 158.1 (17.4) 165.6 (9.7)   
Change over 7 days 18 (54.9) 20.8 (58.3) 0.83 
Difference within group 
(p value) 0.26 0.19   

Adipose interstitial fluid - Pyruvate (High insulin) (μmol/L•hr) 
Baseline 135.4 (10.5) 143.9 (12.1)   
7 days post treatment 143.1 (12.1) 140.6 (7.8)   
Change over 7 days 7.7 (49.4) -3.3 (53.7) 0.38 
Difference within group 
(p value) 0.57 0.82   

Adipose interstitial fluid - Lactate (Basal) (mmol/L•hr) 
Baseline 1.2 (0.9 to 1.7) 1.28 (1.2 to 1.4)   
7 days post treatment 1.56 (1.1 to 1.9) 1.73 (1.3 to 2.2)   
Change over 7 days 0.4 (0.8) 0.4 (0.8) 0.88 
Difference within group 
(p value) 0.12 0.057   

Adipose interstitial fluid - Lactate (Low insulin) (mmol/L•hr) 
Baseline 2.7 (2.2 to 3.1) 1.88 (0.9 to 2.3)   



CHAPTER 4                                                                                                                           TICSI 

 113 

7 days post treatment 2.25 (1.8 to 2.8) 2.23 (1.7 to 3.1)   
Change over 7 days -0.2 (1.7) 0.7 (1.2) 0.11 
Difference within group 
(p value) 0.39 0.04   

Adipose interstitial fluid - Lactate (High insulin) (mmol/L•hr) 
Baseline 3.01 (1.31) 2.44 (1.23)   
7 days post treatment 2.64 (1.13) 2.6 (1.14)   
Change over 7 days -0.38 (1.42) 0.16 (1.4) 0.31 
Difference within group 
(p value) 0.342 0.67   

Adipose interstitial fluid - Glucose (Basal) (mmol/L•hr) 
Baseline 4.78 (5.1) 4.6 (3.8 to 5.3)   
7 days post treatment 5.21 (6.2) 4.93 (3.6 to 5.5)   
Change over 7 days 0.54 (1.46) -0.01 (0.56) 0.25 
Difference within group 
(p value) 0.06 0.96   

Adipose interstitial fluid - Glucose (Low insulin) (mmol/L•hr) 
Baseline 4.3 (0.75) 4.26 (1.12)   
7 days post treatment 4.98 (1.97) 4.65 (0.85)   
Change over 7 days 0.63 (1.61) 0.38 (0.9) 0.74 
Difference within group 
(p value) 0.17 0.12   

Adipose interstitial fluid - Glucose (High insulin) (mmol/L•hr) 
Baseline 4.07 (1.42) 3.6 (1.49)   
7 days post treatment 4.66 (1.41) 4.02 (1.19)   
Change over 7 days 0.58 (1.5) 0.42 (1.27) 0.9 
Difference within group 
(p value) 0.171 0.26   

Palmitic acid 16:00 (Basal) (%) 
Baseline 27 (24 to 27.7) 25.4 (22.1 to 26.6)   
7 days post treatment 26.7 (22.4 to 27.7) 26.9 (25.7 to 28)   
Change over 7 days -0.4 (-1.2 to 0.3) 2.8 (3.7) 0.03 
Difference within group 
(p value) 0.24 0.016   

Palmitic acid 16:00 (Low insulin) (%) 
Baseline 24.1 (4.6) 24.5 (2.8)   
7 days post treatment 25.5 (4.6) 25.7 (3.4)   
Change over 7 days 0.3 (-2.9 to 5.5) 1.7 (0.7 to 3.5) 0.64 
Difference within group 
(p value) 0.43 0.31   

Palmitic acid 16:00 (High insulin) (%) 
Baseline 23.9 (21.3 to 27.7) 22.1 (21.1 to 27.2)   
7 days post treatment 20.3 (19 to 26.4) 25.2 (23.1 to 27)   
Change over 7 days -2.7 (5.1) 1.2 (4.2) 0.063 
Difference within group 
(p value) 0.15 0.36   
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Stearic acid 18:00 (Basal) (%) 
Baseline 13.6 (2.3) 12.1 (2.7)   
7 days post treatment 12.5 (2.8) 12.5 (2.8)   
Change over 7 days -1.1 (1.7) 0.5 (2.1) 0.086 
Difference within group 
(p value) 0.064 0.44   

Stearic acid 18:00 (Low insulin) (%) 
Baseline 21.3 (6.7) 21.5 (4.8)   
7 days post treatment 20.9 (7.5) 16.6 (2.7)   
Change over 7 days -0.4 (8.7) -4.9 (5.2) 0.31 
Difference within group 
(p value) 0.88 0.0076   

Stearic acid 18:00 (High insulin) (%) 
Baseline 24.1 (10.6) 23.5 (7.1)   
7 days post treatment 20.4 (7.9) 20.6 (5.2)   
Change over 7 days -3.7 (10) -2.9 (4.2) 0.68 
Difference within group 
(p value) 0.25 0.035   

Oleic acid 18: 1n-9 (Basal) (%) 
Baseline 40.2 (2.8) 39.7 (3)   
7 days post treatment 39.5 (5.6) 39.7 (3.7)   
Change over 7 days 0.1 (-0.7 to 1.3) 0.3 (-2.5 to 1.1) 0.97 
Difference within group 
(p value) 0.65 0.97   

Oleic acid 18: 1n-9 (Low insulin) (%) 
Baseline 27.2 (8.2) 26.5 (5.6)   
7 days post treatment 27.6 (8.4) 30.1 (4.7)   
Change over 7 days 0.4 (10.7) 3.6 (5.1) 0.21 
Difference within group 
(p value) 0.9 0.031   

Oleic acid 18: 1n-9 (High insulin) (%) 
Baseline 24.3 (8.9) 22.1 (5.8)   
7 days post treatment 21.7 (9.3) 23.7 (5.8)   
Change over 7 days -2.7 (11.7) 1.5 (5) 0.15 
Difference within group 
(p value) 0.49 0.32   

Linoleic acid 18: 2n-6 (Basal) (%) 
Baseline 13 (2) 13.6 (2.8)   
7 days post treatment 13.9 (3) 12.8 (1.9)   
Change over 7 days 0.9 (2.3) -0.8 (1.8) 0.041 
Difference within group 
(p value) 0.21 0.16   

Linoleic acid 18: 2n-6 (Low insulin) (%) 
Baseline 12.5 (3.9) 11.1 (3.2)   
7 days post treatment 12.9 (4.2) 11.4 (2.5)   
Change over 7 days 0.5 (3.8) 0.3 (3.4) 0.71 
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Difference within group 
(p value) 0.68 0.77   

Linoleic acid 18: 2n-6 (High insulin) (%) 
Baseline 16.4 (13.2 to 16.6) 11.5 (7.6 to 13.2)   
7 days post treatment 11.9 (7.9 to 13.9) 10.2 (7.6 to 12.3)   
Change over 7 days -1.8 (6.9) -0.1 (2.8) 0.49 
Difference within group 
(p value) 0.43 0.92   

Table 4-3 The effect of AZD4017 + prednisolone and placebo + prednisolone on lipid 
metabolism during a two-step hyperinsulinaemic euglycaemic clamp. Data are mean (SD) or 
median (IQR). 

 

4.3.5 Adipose tissue insulin sensitivity 

AZD4017 treatment prevented the prednisolone-induced increase in basal circulating 

TAG levels. Furthermore, across all the phases of the 2-step hyperinsulinaemic 

euglycaemic clamp, the changes in circulating TAG levels associated with prednisone 

administration, were significantly reduced by AZD4017 (Table 4-3, Figure 4.3-5 A, 

B and C).  

 

Similarly, as expected, prednisolone + placebo caused an increase in circulating 

glycerol concentrations across all stages of the 2-step clamp. When prednisolone was 

co-administered with AZD4017, circulating glycerol concentration did not change 

(Table 4-3, Figure 4.3-5 D and E). Absolute changes in glycerol concentrations were 

significantly higher in the placebo-treated group during the low- and high-dose insulin 

infusion although not basally (Table 4-3, Figure 4.3-5 F).  

 

Mirroring these observations, subcutaneous adipose interstitial fluid glycerol levels 

measured in adipose tissue microdialysis samples, increased in the prednisolone + 

placebo treated group during low- and high-insulin infusions. In the prednisolone + 

AZD4017 treated group, there were no changes in adipose tissue interstitial glycerol 
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levels pre- and post-treatment. There were no significant changes in the absolute 

changes in glycerol concentrations between the 2 groups (Table 4-3, Figure 4.3-5 G, 

H and I).  

 

Figure 4.3-5 The effect of prednisolone + AZD4017 and prednisolone + placebo on 
circulating levels of triglycerides (TAG) (A-C), glycerol (D-F) and adipose interstitial fluid 
levels of glycerol (G-I) during a two-step hyperinsulinaemic euglycaemic clamp. Absolute 
change refers to the difference between pre- and post-treatment values (C, F and I). Data are 
medians and error bars are IQR (A-F, I) and mean and SE (G and H). Datapoints represent 
individual patients. White circles represent pre-treatment levels and green squares post-
treatment levels (7 days), purple circles are AZD4017 and blue squares, placebo. 

 

Basal Low Insulin High Insulin
0

10

2020

40

60

80

G
ly

ce
ro

l (
µm

ol
/L

)

Circulating Glycerol 
AZD4017

D

30 60 90 120 150 180 210 240 270 300 330 360
0

100

200

300

400

500

G
ly

ce
ro

l A
U

C
 (µ

m
ol

/L
 p

er
 h

ou
r)

Adipose intersitial fluid 
Glycerol AZD4017

Pre 
Post 

G

Basal Low Insulin High Insulin
0

10

2020

40

60

80

G
ly

ce
ro

l (
µm

ol
/L

)

Circulating Glycerol 
Placebo

p<0.01 p<0.0001 p<0.001

E

30 60 90 120 150 180 210 240 270 300 330 360
0

100

200

300

400

500

G
ly

ce
ro

l A
U

C
 (µ

m
ol

/L
 p

er
 h

ou
r)

Adipose intersitial fluid
Glycerol Placebo

Pre 
Post 

H

p=0.01 p=0.001

Basal Low Insulin High Insulin
-1000

-500

0

500

1000

C
ha

ng
e 

in
 C

irc
ul

at
in

g 
TA

G
 (µ

m
ol

/L
)

Change in 
Circulating TAG 

Placebo
AZD4017p=0.001 p=0.001 p<0.01

C

Basal Low Insulin High Insulin
-20

-10

0

10

20

30

C
ha

ng
e 

in
 C

irc
ul

at
in

g 
G

ly
ce

ro
l 

(µ
m

ol
/L

)

Change in 
Circulating Glycerol

Placebo
AZD4017

p=0.11 p=0.09

F

Basal Low Insulin High Insulin
-400

-200

0

200

400

600

C
ha

ng
e 

in
 G

ly
ce

ro
l A

U
C

 (µ
m

ol
/L

 p
er

 h
ou

r)

Change in Adipose 
intersitial fluid Glycerol

Placebo
AZD4017

I

Basal Low Insulin High Insulin
0

200

400

600

800

10001000
1500
2000
2500
3000

TA
G

 (µ
m

ol
/L

)

Circulating TAG 
Placebo

p<0.001 p<0.05

B

Basal Low Insulin High Insulin
0

200

400

600

800

10001000
1500
2000
2500
3000

TA
G

 (µ
m

ol
/L

)

Circulating TAG 
AZD4017

p<0.05 p<0.05

A



CHAPTER 4                                                                                                                           TICSI 

 117 

Circulating NEFA levels were suppressed during low- and high-dose insulin infusions 

in both groups. High-dose insulin infusion failed to suppress NEFA levels in the 

prednisolone + placebo group (Table 4-3). Ra palmitate decreased during high-dose 

insulin infusion following prednisolone + AZD4017 treatment, but there was no 

significant difference between the groups (Table 4-3). 

 

OHB levels increased during high-dose insulin infusion following prednisolone + 

placebo treatment and there was also significant absolute change between the groups 

(-1.8 (3.8) vs. 3.3 (6.3), p=0.016, AZD4017 vs. placebo) (Table 4-3). There was a 

significant increase in the adipose tissue interstitial fluid levels of lactate under low-

dose insulin conditions following prednisolone + placebo treatment, but was no 

significant difference between the groups (Table 4-3). There were no significant 

changes in the adipose tissue interstitial fluid levels of pyruvate and glucose. 

 

The relative concentration of palmitic acid increased following prednisolone + 

placebo treatment during the basal phase of the clamp but there were no other changes 

during low- and high-dose insulin infusion (Table 4-3). The relative concentration of 

stearic acid increased during low- and high-dose insulin infusion phases following 

prednisolone + placebo treatment but there were no changes following prednisolone 

+ AZD4017 treatment (Table 4-3). Similarly, the relative concentration of oleic acid 

increased during low-dose insulin infusion following prednisolone + placebo 

treatment but remained the same in the prednisolone + AZD4017 group (Table 4-3). 

There were no changes in the linoleic acid percentage in either group throughout the 

clamp (Table 4-3). 
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4.3.6 Blood pressure 

Although blood pressure measurements did not change significantly within each 

group, the absolute change in the mean night-time diastolic blood pressure was 

significantly higher in the prednisolone + placebo group (0.7 (8.1) vs. 4.6 (8.6), 

p=0.03, AZD4017 vs. placebo) (Figure 4.3-6). There were no changes in the mean 

day-time systolic and diastolic blood pressure, mean night-time systolic blood 

pressure and mean 24-hour systolic and diastolic blood pressure measurements 

(Table 4-4).  

 

Metabolic variable 
AZD4017 + 
Prednisolone 

n=15 

Placebo +  
Prednisolone 

n=15 

Between 
group  

p value 
PHA OX40 (% of CD25+CD134+) 
Baseline 59.4 (51.6 to 74.4) 63.2 (56.3 to 75)   
7 days post treatment 54.4 (41.2 to 63.2) 40.3 (27.7 to 55.8)   
Change over 7 days -10.18 (14.35) -21.72 (13.99) 0.046 
Difference within group 
(p value) 0.018 0.0004  

VZV OX40 (% of CD25+CD134+) 
Baseline 1.08 (0.26 to 1.02) 1.41 (0.31 to 1.2)   
7 days post treatment 0.57 (0.13 to 0.5) 0.57 (0.17 to 0.64)   
Change over 7 days -0.4 (-0.55 to -0.1) -0.3 (-1.85 to 0) 0.81 
Difference within group 
(p value) 0.016 0.011  

Osteocalcin (ng/mL) 
Baseline 7.79 (6.18 to 11.69) 9.12 (7.44 to 9.76)   
7 days post treatment 8.13 (6.8 to 10.31) 4.16 (3.46 to 5.04)   
Change over 7 days 0∙00 (-3∙46 to 2∙18) -3∙86 (-5∙78 to -2∙74) <0.0001 
Difference within group 
(p value) 0.64 <0.0001  

Day-time blood pressure - Systolic (mm Hg) 
Baseline 125 (6.3) 127.8 (8.8)   
7 days post treatment 127.4 (8.8) 130.3 (9.8)   
Change over 7 days 2.4 (7) 2.5 (6.1) 0.66 
Difference within group 
(p value) 0.22 0.15  

Day-time blood pressure - Diastolic (mm Hg) 
Baseline 74.6 (7.2) 79.1 (7.4)   
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7 days post treatment 75.9 (7.4) 79.4 (6.8)   
Change over 7 days 1.4 (6.2) 0.3 (5.8) 0.92 
Difference within group 
(p value) 0.42 0.86  

Night-time blood pressure - Systolic (mm Hg) 
Baseline 111.1 (7.7) 111.8 (9)   
7 days post treatment 112.1 (9.9) 116.4 (13.6)   
Change over 7 days 1 (11.5) 4.6 (10.6) 0.19 
Difference within group 
(p value) 0.76 0.13  

Night-time blood pressure - Diastolic (mm Hg) 
Baseline 63 (61 to 64) 63.5 (60.5 to 71)   
7 days post treatment 65 (55 to 69) 68.5 (65.8 to 74.5)   
Change over 7 days 0.7 (8.1) 4.6 (8.6) 0.03 
Difference within group 
(p value) 0.72 0.064  

24-hour blood pressure - Systolic (mm Hg) 
Baseline 119.8 (5.9) 122.1 (8.7)   
7 days post treatment 121.4 (8.8) 125.1 (10.9)   
Change over 7 days 1.5 (8.5) 3 (7.3) 0.26 
Difference within group 
(p value) 0.52 0.15   

24-hour blood pressure - Diastolic (mm Hg) 
Baseline 70.2 (6.4) 74.3 (7)   
7 days post treatment 70.5 (6.9) 76.4 (7)   
Change over 7 days 0.4 (6.2) 2.1 (6.2) 0.12 
Difference within group 
(p value) 0.83 0.23   

% android fat mass 
Baseline 27.6 (11) 28.8 (11)   
7 days post treatment 27.2 (11.1) 28.4 (10.8)   
Change over 7 days -0.5 (1.7) -0.4 (1.2) 0.89 
Difference within group 
(p value) 0.3 0.19   

% gynoid fat mass 
Baseline 24 (6.9) 22.8 (6.1)   
7 days post treatment 24.1 (6.8) 22.7 (6.2)   
Change over 7 days 0.1 (1.2) -0.1 (1) 0.54 
Difference within group 
(p value) 0.78 0.56   

% fat mass 
Baseline 24.2 (7.3) 24.3 (6.6)   
7 days post treatment 24 (7.2) 24 (6.4)   
Change over 7 days -0.3 (0.6) -0.2 (0.9) 0.92 
Difference within group 
(p value) 0.11 0.35   
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Android tissue mass (g) 
Baseline 5708.5 (648.4) 5500 (1198.7)   
7 days post treatment 5721.3 (652.9) 5471.3 (1187)   
Change over 7 days 12.8 (187) -28.7 (190.2) 0.58 
Difference within group 
(p value) 0.79 0.57   

Gynoid tissue mass (g) 
Baseline 12276 (11374 to 13104) 11617 (10650 to 12868)   

7 days post treatment 12311 (11121.5 to 
13415.5) 

11644 (10630 to 
13016.5)   

Change over 7 days 35 (-117 to 315) -13 (-211.5 to 178.5) 0.39 
Difference within group 
(p value) 0.42 0.59   

Total tissue mass (g) 
Baseline 79490.1 (6552.4) 74905.5 (9180.7)   
7 days post treatment 80025.6 (6703.8) 74941.9 (9344.2)   
Change over 7 days 535.5 (983.5) 36.4 (1228.1) 0.27 
Difference within group 
(p value) 0.053 0.91   

Android fat tissue (g) 
Baseline 1613.7 (768.5) 1685.7 (933.1)   
7 days post treatment 1599.5 (763.3) 1654.1 (917.3)   
Change over 7 days -14.2 (115.4) -31.6 (101.3) 0.69 
Difference within group 
(p value) 0.64 0.25   

Gynoid fat tissue (g) 
Baseline 3016.3 (978.2) 2713.7 (930.9)   
7 days post treatment 3009.5 (970.4) 2686.5 (926.9)   
Change over 7 days -6.9 (122.6) -27.3 (117) 0.59 
Difference within group 
(p value) 0.83 0.38   

Total fat mass (g) 
Baseline 19308.1 (6098.9) 18483 (6564.7)   
7 days post treatment 19222.1 (6012.2) 18344.1 (6565.8)   
Change over 7 days -86.1 (462.6) -138.9 (710.4) 0.78 
Difference within group 
(p value) 0.48 0.46   

Android lean tissue (g) 
Baseline 4094.9 (521.8) 3814.5 (514.3)   
7 days post treatment 4121.7 (495.3) 3817.3 (493.8)   
Change over 7 days 26.7 (174.2) 2.9 (131.8) 0.72 
Difference within group 
(p value) 0.56 0.93   

Gynoid lean tissue (g) 
Baseline 9330.9 (1001) 9030.4 (1181)   
7 days post treatment 9407.4 (1196.4) 9010.3 (1131.3)   
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Change over 7 days 76.5 (283.2) -20.1 (307.8) 0.4 
Difference within group 
(p value) 0.31 0.8   

Total lean mass (g) 
Baseline 60181.7 (7231.1) 56422.3 (5958.4)   
7 days post treatment 60803.5 (7384.2) 56610.5 (5766.5)   
Change over 7 days 621.8 (989.5) 188.2 (1178.3) 0.26 
Difference within group 
(p value) 0.029 0.55   

Table 4-4 The effect of AZD4017 + prednisolone and placebo + prednisolone on other 
secondary outcomes during a two-step hyperinsulinaemic euglycaemic clamp. Data are mean 
(SD) or median (IQR). 

 

 

Figure 4.3-6 The effect of prednisolone + AZD4017 and prednisolone + placebo on night-
time diastolic blood pressure (BP) (A). Change refers to the difference between pre- and post-
treatment values (B). Data are medians and error bars are IQR. Datapoints represent 
individual patients. White circles represent pre-treatment levels and green squares post-
treatment levels (7 days), purple circles are AZD4017 and blue squares, placebo. 
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groups included % android fat mass, % gynoid fat mass, % fat mass, android tissue 

mass, gynoid tissue mass, total tissue mass, android fat tissue, gynoid fat tissue, total 

fat mass, android lean tissue and gynoid lean tissue.  

4.3.8 Serum Osteocalcin 

Serum osteocalcin levels are a GC-sensitive marker of bone turnover (252, 253). 

Osteocalcin levels decreased following administration of prednisolone + placebo 

(9.12 (7.44 to 9.76) vs. 4.16 (3.46 to 5.04) ng/ml, p<0.0001, pre- vs. post-treatment) 

and this was entirely prevented with co-administration of AZD4017 (7.79 (6.18 to 

11.69) vs. 8.13 (6.80 to 10.31) ng/ml, p=0.64, pre- vs. post-treatment) (Table 4-4, 

Figure 4.3-7 A). The absolute changes in osteocalcin levels were significantly 

different between the 2 groups (0.00 (-3.46 to 2.18) vs. -3.86 (-5.78 to -2.7), p<0.0001, 

AZD4017 vs. placebo) (Table 4-2, Figure 4.3-7 B).  

 

Figure 4.3-7 The effect of prednisolone + AZD4017 and prednisolone + placebo on serum 
osteocalcin levels (A). Change refers to the difference between pre- and post-treatment values 
(B). Data are medians and error bars are IQR. Datapoints represent individual patients. 
White circles represent pre-treatment levels and green squares post-treatment levels (7 days), 
purple circles are AZD4017 and blue squares, placebo. 
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4.3.9 Immune inflammatory response 

The immune-suppressive action of prednisolone was measured using the OX40 assay. 

Treatment with both prednisolone + placebo and prednisolone + AZD4017 decreased 

the percentage of CD25+CD134+ cells following exposal to both VZV and PHA in 

the OX40 assay. Whilst there was no significant difference in the response to VZV 

exposure when comparing the two arms of the study 0.40 (-0.55 to -0.10) vs. -0.30 (-

1.85 to 0.00), p=0.81, AZD4017 vs. placebo), the response to PHA was more marked 

in the prednisolone + placebo group (-10.2 (14.4) vs. -21.7 (14.0), p=0.046, AZD4017 

vs. placebo) (Table 4-2, Figure 4.3-8 A-D). 
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Figure 4.3-8 The effect of prednisolone + AZD4017 and prednisolone + placebo on serum 
osteocalcin levels (A). Change refers to the difference between pre- and post-treatment values 
(B). Data are medians and error bars are IQR. Datapoints represent individual patients. 
White circles represent pre-treatment levels and green squares post-treatment levels (7 days), 
purple circles are AZD4017 and blue squares, placebo. 
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FABP7, MMP3, PADI4, TRIM58, AKR1B10, HBD and CA1). In the AZD4017 + 

prednisolone group, there were only two genes that were identified as significantly 

different in expression (RASD1 and AKR1B10). 

 

The most relevant genes (as evident by their expression magnitude and function) are 

DHCR24, which is involved in cholesterol biosynthesis and APOD, which is involed 

in lipoprotein metabolism. This indicates that treatment with prednisolone + placebo 

is involved in upregulating these two genes and thus suggesting that prednisolone 

induces its metabolic effects in the skeletal muscle through these pathways. The fact 

that these genes’s expression is not altered following AZD4017 + placebo, signifies 

that, as expected, AZD4017 inhibits the action of prednisolone at the pre-receptor 

level. 

4.3.11 Subcutaneous adipose tissue gene expression 

Subcutaneous adipose tissue RNA sequencing analysis identified only 7 genes 

(FAM13A, PLA2G2A, ARHGAP20, KLHL25, SPINK2, DACT2 and KCNQ3) that 

were regulated by placebo + prednisolone treatment. There no changes in expression 

in any gene in the AZD4017 + prednisolone group. Of the 7 identified genes, the most 

relevant gene (as evident by its expression magnitude and function), was PLA2G2A. 

This gene is known to be involved in several lipid metabolism pathways such as 

glycerophospholipid metabolism, ether lipid metabolism, arachidonic acid 

metabolism, linoleic acid metabolism and alpha-linolenic acid metabolism. It is also 

known to be involved in the ras signalling pathway. This gene was also upregulated 

in the subcutaneous adipose tissue following treatment with prednisolone in the 

FindIt2 study (Chapter 3). 
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4.3.12 Adverse events and tolerability 

There were four adverse events reported in the AZD4017 group, comprising transient 

headache (three participants) and an elevated TSH (one participant) which normalised 

by day 14. There was one reported adverse event in the placebo group (irritability). 

No other adverse events were reported throughout the duration of the study, or in the 

30 days after the final administration of AZD4017 or placebo. 

4.4 Discussion 

The results of the first randomised, double blind, placebo-controlled study, show that 

inhibition of 11β-HSD1 using AZD4017 can limit the adverse metabolic and bone 

effects, of oral prednisolone treatment. This proof-of-concept study represents the 

first endorsement of a developing body of preclinical data demonstrating the potent 

ability of 11β-HSD1 to regulate the action of exogenous GCs. In addition, it 

challenges currently held views with regards to GC action, suggesting that tissue-

specific GC metabolism (inactivation and regeneration), rather circulating levels in 

the blood, is critical in controlling the biological impact of GCs. 

 

The metabolic effects of 11β-HSD1 deficiency or inhibition have been extensively 

investigated in animal models. 11β-HSD1 KO mice have reduced visceral adipose 

tissue accumulation on a HFD and resist the development of insulin resistance and 

T2DM (123, 134). Selective 11β-HSD1 inhibitors have also been trialled in animal 

models where they reduce fasting blood glucose, insulin and cholesterol levels (169-

171), as well as decreasing mesenteric fat mass and hepatic steatosis (172, 173). In 

addition, they improve insulin sensitivity and reduce hepatic glucose production 

(182). However, in humans, selective 11β-HSD1 inhibitors have only demonstrated 
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relatively modest improvements in glycaemic control and hyperlipidaemia and blood 

pressure in patients with T2DM (107, 183-185). 

 

Cushing’s syndrome as a result of excess prescribed GC therapy is a significant 

clinical and economic burden. The use of prescribed glucocorticoids is widespread, 

particularly amongst the elderly who may be more susceptible to their adverse effects, 

and is associated with increased cardiovascular and cerebrovascular morbidity and 

mortality (254). 

  

To date, the potential to modulate the adverse effects of prescribed GCs through 

manipulation of 11β-HSD1 activity and expression has only been examined in rodent 

models. 11β-HSD1 KO mice fail to develop a classical Cushing’s phenotype 

following corticosterone (the predominant circulating GC in rodents); this was 

critically dependent upon adipose tissue (but not liver) 11β-HSD1 expression (135). 

More recently, Fenton et al. (2019) reported protection from trabecular bone loss, 

following GC administration, in 11β-HSD1 KO mice (245). The phenotype observed 

in these rodent models mirrors the observations for our clinical study in terms of the 

beneficial impact of 11β-HSD1 inhibition to limit the impact of prednisolone on 

glucose disposal, insulin sensitivity, blood pressure and osteocalcin. 

 

Our data represent the first interventional study in humans, however, Cooper et al. 

(2003) examined the effect on bone formation and turnover markers following 

administration of prednisolone (5mg twice daily). Bone formation markers decreased 

in all subjects, however, the magnitude of the reduction was greatest in those 

individuals with the highest 11β-HSD1 activity at baseline (156). The data from our 
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study would appear to endorse these observations and therefore 11β-HSD1 inhibition 

may have the potential as a therapy not only to limit the adverse metabolic effects 

associated with GC use, but also to limit GC-induced bone loss. As anticipated, we 

did not observe many significant changes in tissues types after 7 days of treatment in 

either group. This is likely due to the relatively short duration of treatment course as 

we would not expect to see large changes in weight or fat distribution.  

 

GCs are most commonly prescribed for their immune-suppressive and anti-

inflammatory actions. 11β-HSD1 is highly expressed in the liver and adipose tissue, 

but is only expressed at very low levels in T-cells and other immune-inflammatory 

response cells. It has been suggested that 11β-HSD1 may have a role in controlling 

the endogenous anti-inflammatory response; 11β-HSD1 KO mice develop a greater 

inflammatory reaction in response to joint inflammation, peritonitis and lung 

inflammation and have a slower recovery (153). However, the response to exogenous 

GC therapy in these models in 11β-HSD1 KO mice has not been examined. In clinical 

studies, global 11β-HSD1 activity is increased in patients with rheumatoid arthritis 

(154) as well as in those with inflammatory bowel disease (155). As in the mouse 

models, the response to GCs in the presence of 11β-HSD1 deficiency or inhibition 

has not been studied. Our data demonstrate that the impact of prednisolone on the 

OX40 response is preserved following co-administration of AZD4017. We would 

speculate that the differential impact of AZD4017 metabolic and immune 

inflammatory cells is a reflection of levels of expression. In tissue where 11β-HSD1 

is highly expressed, circulating levels are amplified through the conversion of 

prednisone to prednisolone, whereas in tissues and cells where there is little 11β-

HSD1, the impact of GCs reflect circulating levels (and hence no difference between 
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placebo-treated and AZD4017-treated groups in our study). It is important to note that 

the participants in this study were healthy volunteers without any underlying immune 

or inflammatory conditions.  

A small number of clinical studies have tried to address the issue of protection form 

the adverse metabolic effects of prescribed GCs, most commonly using established 

anti-diabetic agents. Glucagon-like peptide 1 (GLP-1) analogues appear to limit 

dysglycaemia associated with prednisolone use as well as improving pancreatic islet 

cell function (255). In case series and retrospective analyses, dipeptidyl peptidase-4 

(DPP-4) inhibitors improved glycated haemoglobin and post-prandial glucose levels 

in patients with chronic medical conditions treated with GC therapy (256, 257). 

However, in a randomised, double-blind placebo-controlled study, there was no 

improvement in GC-induced glucose intolerance in non-diabetic individuals (258). 

 

More recently, Pernicova et al. (2020) examined the impact of metformin in patients 

already prescribed glucocorticoid therapy (259). As well as reporting improvement in 

carbohydrate and lipid metabolism, they demonstrated improvements in the incidence 

of pneumonia and all-cause hospital admissions. Metformin administration improved 

some of the metabolic profiles of GC-treated patients. However, the participants in 

this study were all already taking GC therapy (and there was little deterioration in 

metabolic phenotype in the placebo group over time) and therefore it is not possible 

to say if the observed benefits of metformin were independent of the effects of GC 

therapy. 

 

There are no published data on the effect of GCs in gene expressions in skeletal 

muscle tissue. Almon et al. (2008) published their finding on the genomic response 
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of rats’ skeletal muscle to methylprednisolone (260). They also reported upregulation 

of HMOX1, S100A8 and S100A9 but did not report any changes to the expression of 

DHCR24 or APOD. DHCR24 catalyzes the conversion of desmosterol to cholesterol 

and is known to be involved in glucose metabolism as its expression decreased in 

obese patients with T2DM following bariatric surgery (261). Sex steroids can 

upregulate the expression of this gene but it is not currently known how GCs influence 

its expression (262). 

 

11β-HSD1 inhibition appears to convey multiple metabolic benefits (not simply 

glycaemic control); we propose that this results from the specific targeting of a critical 

component of the tissue-specific action of GCs, whereby their impact in metabolic 

tissues is amplified (as a result of high 11β-HSD1 expression and active GC 

regeneration) leading to unwanted adverse side effects. 

 

The strengths of this study are it is randomized, double-blinded with balanced groups. 

This is the first time the effect of a selective 11β-HSD1 inhibitor on the metabolic and 

bone effects of GC has been reported. There are some limitations to the current study; 

the sample size is modest, although the trial was designed as an early phase II, proof-

of-concept study, it was only conducted in healthy male volunteers and over a 

relatively short duration. Therefore no conclusions can be drawn with regards to the 

potential benefits in women (although the drug has been administered to women for 

up to 12 weeks, and was well tolerated (248). Importantly, the participants in this 

study did not have underlying immune or inflammatory conditions and therefore, the 

next step would be to conduct a larger, more prolonged trial in patients with an 

inflammatory condition who are initiated on glucocorticoid therapy.  
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In conclusion, this is the first time that 11β-HSD1 inhibition, using AZD4017, has 

been demonstrated to limit the adverse metabolic and bone side-effects of 

prednisolone in healthy male participants. In the future, it remains plausible, that 11β-

HSD1 inhibitors may prove to be an important protective adjunctive therapy alongside 

prescribed GCs. 
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5 Discussion 
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5.1 Pre-receptor metabolism regulates the action of exogenous GCs 

 
Pre-receptor GC metabolism is an important element to the regulation of endogenous 

and exogenous GC actions. In this thesis, I have presented the effects of prednisolone 

action when two keys enzymes involved in GC metabolism are inhibited. This is the 

first time that the combination of either of these inhibitors was investigated in conjunction 

with prednisolone. Even though the studies were of relatively short duration (7 days), 

the metabolic effects of prednisolone at 10mg daily and at 20mg daily on insulin 

action in the muscle, liver and adipose tissue was evident. These effects however, 

were augmented when given alongside with a 5αRI and limited following co-

administration with an 11β-HSD1 inhibitor, demonstrating their significance on 

exogenous GC action.  

 

I have also demonstrated that the metabolic effects of exogenous GCs, which occur 

at the metabolic tissues such as liver, skeletal muscle and adipose tissue, do not 

correlate with the circulating levels of GCs. In fact, the pre-receptor metabolism plays 

a key role in the development of adverse effects. This raises an interesting point about 

how we could predict response as well as risk of side-effects in patients requiring 

treatment with GCs, by assessing the pre-receptor enzyme activity. This can be done 

by analysing the urine steroid profile. This way we could begin personalized 

treatment, guided by pre-receptor pattern activity. 

 

11β-HSD1 inhibition, as mentioned in Chapter 1, has been investigated as a possible 

therapeutic target in treating conditions such as metabolic syndrome. However, the 

biggest caveat in 11β-HSD1 inhibition is the subsequent HPA axis activation. This 

results in ACTH elevation and thus increase of DHEA and other androgens which 
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could potentially cause hirsutism in women. Additionally, adrenal 

hypertrophy/hyperplasia is also a plausible consequence which could eventually lead 

to tumour development. Another concern is that HPA axis activation could predispose 

individuals to depression. In the TICSI study, there was no change in the ACTH levels 

following treatment with both prednisolone and AZD4017, but a decrease was noted 

after treatment with prednisolone and placebo. 11β-HSD1 is expressed in the brain 

which can explain this result. This finding suggests that 11β-HSD1 inhibition could 

protect against HPA axis suppression and thus eliminating the need for tapering the 

GCs dose following prolonged treatments. In Chapter 4, I have shown that 11β-

HSD1 inhibition can ameliorate metabolic and bone side-effects of GCs as evident by 

blocking the GC-induced effects on glucose disposal, hepatic and peripheral insulin 

sensitivity and osteocalcin levels. This postulates an exciting new therapeutic 

approach which could be used in conjunction with GCs to reduce the risk of 

developing metabolic side-effects particularly in patients that are on prolonged GC 

therapy. 

 

Conversely, inhibition of 5αR can trigger the opposite effects to 11β-HSD1 inhibition, 

as discussed in Chapter 3. As mentioned previously, 5αR metabolise active GC into 

its inactive metabolites in key metabolic tissues where 5αR enzymes are expressed, such 

as the liver, adipose tissue and skeletal muscle. Subsequently, co-administration of 5αRI 

and GC exacerbate the metabolic side-effects of GCs. This raises an important clinical 

question regarding surveillance into the development of side-effects, such as 

hyperglycaemia and hypertension. This would be of particular importance in patients with 

pre-disposition to these conditions, such as patients who are overweight or have a family 

history.  
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More recently, another class of medications, selective glucocorticoid receptor 

modulators (SEGRMs), have been investigated for their potential use as anti-

inflammatory agents. SEGRMs enter the cell, bind to GR and trigger transrepression. 

Unlike GCs they do not also initiate transactivation. Thus, they are able to act as anti-

inflammatory agents, in a similar way to GCs but do not induce side-effects that are 

predominantly mediated by transactivation such as hyperglycaemia and muscle 

wasting. There is emerging evidence of the efficacy and safety of some of these 

compounds (such as PF-04171327), however, many SEGRMs are halted at the pre-

clinical phase (263).  

 

5.2 Future plans 

 
The clinical studies that were presented here were performed on healthy male 

volunteers and whilst the results have provided an indication of the change in 

metabolic profile following prednisolone administration and a 5αRI or an 11β-HSD1 

inhibitor, it cannot be verified that these parameters will alter in a similar way in an 

inflammatory cohort. The results of the TICSI clinical study, which were described 

in Chapter 4, alluded that co-administration with an 11β-HSD1 inhibitor could be 

used to limit GC-induced metabolic and bone side-effects. Therefore, the next step, 

would be to trial this medication to patients requiring long-term GC treatment and to 

investigate its effects on immune response, in addition to assessing any metabolic 

changes. A possible cohort would be patients with polymyalgia rheumatica who often 

require long-term courses of exogenous GCs at moderate to high doses. The aim of 

such trial would be to confirm the effects of AZD4017 on limiting GC-induced 

metabolic changes as well as confirm that the anti-inflammatory actions of GCs are 

unchanged in the presence of this medication. AZD4017 could then be trialled in 
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combination with GCs in other inflammatory conditions such as arthritis and asthma. 

There is also potential of its use in endogenous GC excess conditions such as 

Cushing’s syndrome. The gold standard treatment for this condition is to remove the 

mischievous growth in either the pituitary or adrenal gland or from an ectopic source. 

However, there are some patients that are not able to undergo surgery, in whom an 

11β-HSD1 inhibitor could potentially be used to control the deleterious metabolic 

side-effects of excess cortisol, as current medical treatment is often not well tolerated. 

Additionally, there is emerging evidence that mild autonomous Cushing’s syndrome 

or subclinical Cushing’s, caused by adrenal adenomas, also increase the risk of 

cardiovascular events and mortality (264). Surgical treatment is not always performed 

in these cases and thus treatment with an 11β-HSD1 inhibitor could be a suitable 

medical therapy. 
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