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Abstract
Context: 11-Oxygenated androgens are a group of adrenal-derived steroids that require peripheral activation. In vitro data highlight a putative role 
for 11β-hydroxysteroid dehydrogenase type 2 (HSD11B2) in 11-oxygenated androgen biosynthesis, converting 11β-hydroxyandrostenedione to 
11-ketoandrostenedione (11KA4), the direct precursor of the potent androgen 11-ketotestosterone (11KT). As the kidney is the major site of 
HSD11B2 expression, we hypothesized that patients with chronic kidney disease (CKD) would have reduced 11-oxygenated androgen 
biosynthesis due to impaired HSD11B2 activity.
Objective: To determine the role of HSD11B2 in 11-oxygenated androgen biosynthesis using a human CKD cohort alongside complementary 
cell culture and computational modeling approaches.
Methods: Cross-sectional observational study of patients with CKD (n = 85) and healthy controls (n = 46) measuring serum and urinary 
concentrations of glucocorticoids, and classic and 11-oxygenated androgens by liquid chromatography tandem mass spectrometry. A 
computational model of peripheral 11-oxygenated androgen biosynthesis was fitted to the serum data to calculate relative HSD11B2 
expression levels for each participant.
Results: HSD11B2 activity declined with estimated glomerular filtration rate (eGFR), evidenced by higher cortisol/cortisone (E) ratios in patients 
with CKD than in controls (P < .0001). Serum concentrations of E, 11KA4, 11KT, and 11β-hydroxytestosterone were lower in patients with CKD 
than in controls (P < .0001 for each). A computational model based on enzyme kinetic parameters of HSD11B2, 11β-hydroxysteroid 
dehydrogenase type 1, 17β-hydroxysteroid dehydrogenase type 2, and aldo-keto reductase 1C3 confirmed HSD11B2 as the key enzyme 
responsible for reduced 11-oxygenated androgen biosynthesis in CKD. Predicted HSD11B2 expression correlated with eGFR.
Conclusion: This is the first in vivo study to confirm a central role for renal HSD11B2 in 11-oxygenated androgen biosynthesis. Determining the 
clinical implications of this observation for patients with CKD requires further research.
Key Words: 11-oxygenated androgens, steroid biosynthesis, chronic kidney disease, 11β-hydroxysteroid dehydrogenase type 2
Abbreviations: 11βOHAn, 11β-hydroxyandrosterone; 11KA4, 11-ketoandrostenedione; 11KT, 11-ketotestosterone; 11OHA4, 11β-hydroxyandrostenedione; 11OHT, 
11β-hydroxytestosterone; 11-oxoAn, 11-oxoandrosterone; A4, androstenedione; AKR1C3, aldo-keto reductase type 1C3; BMI, body mass index; CKD, chronic kidney 
disease; DHT, 5α-dihydrotestosterone; E, cortisone; eGFR, estimated glomerular filtration rate; F, cortisol; DHEA, dehydroepiandrosterone; HSD11B1, 
11β-hydroxysteroid dehydrogenase type 1; HSD11B2, 11β-hydroxysteroid dehydrogenase type 2; HSD17B2, 17β-hydroxysteroid dehydrogenase type 2; T, testosterone.
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For decades the adrenal-derived C19 steroid 11β- 
hydroxyandrostenedione (11OHA4) was presumed to lack 
biological significance in humans. However, recent data and 
improved assay techniques have identified 11OHA4 as a key 
precursor of potent 11-oxygenated androgens that bind and 
activate the androgen receptor with similar potency to testos
terone (T), with potentially significant roles in human health 
and disease (1-3). In contrast to classic adrenal and gonadal 
androgen secretion that declines with age, circulating con
centrations of 11-oxygenated androgens remain relatively 
constant throughout life in both men and women (3-5). In re
cent years, research into 11-oxygenated androgens in disorders 
associated with androgen excess or androgen dependence such 
as polycystic ovary syndrome, congenital adrenal hyperplasia, 
premature adrenarche, and castration-resistant prostate can
cer has highlighted the important and previously under- 
recognized role these androgens may play in human disease 
pathogenesis (3, 6-9).

11-Oxygenated androgen biosynthesis is initiated by the 
11β-hydroxylation of adrenal-derived androstenedione (A4) by 
the exclusively adrenally expressed enzyme cytochrome P450 
11β-hydroxylase, yielding 11OHA4 (Fig. 1A) (10). In vitro data 
suggest that 11OHA4 is converted to 11-ketoandrostenedione 
(11KA4) by the action of 11β-hydroxysteroid dehydrogenase 
type 2 (HSD11B2), which is predominantly expressed in 
mineralocorticoid-dependent tissues such as the kidney (11-13). 
Recent research has highlighted the potential role of the kidney 
in 11-oxygenated androgen biosynthesis by confirming renal 
HSD11B2 expression in the collecting duct and principal cells of 
the kidney with single cell RNA sequencing; concentrations 
of 11KA4 and 11-ketotestosterone (11KT) measured by liquid 
chromatography tandem mass spectrometry were also highest 
in the kidney compared with 6 other tissues (bladder, adipose, 
liver, intestine, prostate, skin) (14). However, to date this 
proposed catalytic step by HSD11B2 has not been explicitly 
confirmed in vivo. 11KA4 is subsequently activated in per
ipheral tissues such as adipose to 11KT by aldo-keto reduc
tase type 1C3 (AKR1C3) (15, 16). 11KT and its 5α-reduced 
derivative 11-ketodihydrotestosterone bind and activate 
the androgen receptor with equivalent affinity and potency 
to their corresponding classic androgen counterparts, T 
and 5α-dihydrotestosterone (DHT), respectively (12, 17). 
Adipose, other glucocorticoid target tissues, and the liver ex
press 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1), 
which converts 11KA4 to 11OHA4 and inactivates 11KT 
to the less potent androgen 11β-hydroxytestosterone 
(11OHT) (15). Importantly, 11OHA4 is not a substrate for 
AKR1C3; therefore, the primary circulating pool of the ac
tive 11-oxygenated androgens, 11KT and 11OHT, are gener
ated in peripheral tissues. Consequently, the conversion of 
11OHA4 to 11KA4 by HSD11B2 has been proposed to be 
a critical step in the biosynthesis of active 11-oxygenated an
drogens (3, 11).

Chronic kidney disease (CKD) is an irreversible, progressive 
condition associated with excess cardiovascular morbidity 
and mortality, with a reported prevalence of 9% to 16% 
(18). The kidney is the primary site of HSD11B2 expression 
and activity in humans (Fig. 1B), with significant expression 
also found in the colon and the salivary glands. HSD11B2 
has traditionally been viewed as a critical enzyme only in 
the context of glucocorticoid metabolism, converting corti
sol (F) to cortisone (E), thereby protecting the mineralocor
ticoid receptor from excessive activation by high circulating 

concentrations of F (19-21). Reduced activity and expression 
of HSD11B2 have been reported in patients with CKD, 
with consequent perturbations in glucocorticoid metabolism 
(22-26). To date, confirmation of the role of HSD11B2 in 
11-oxygenated androgen metabolism is limited to in vitro 
studies and has not been confirmed in carefully phenotyped 
human in vivo studies. Therefore, no data exist on the poten
tial impact of CKD-related HSD11B2 dysfunction on periph
eral 11-oxygenated androgen biosynthesis.

We hypothesized that patients with CKD would have dys
functional 11-oxygenated androgen biosynthesis as a conse
quence of impaired renal HSD11B2 activity, leading to 
inefficient conversion of 11OHA4 to 11KA4, the substrate 
for AKR1C3-mediated 11-oxygenated androgen activation. 
This would provide in vivo confirmation of in vitro find
ings which suggest a pivotal role for HSD11B2 activity in 
11-oxygenated androgen biosynthesis. We aimed to test this 
hypothesis by comprehensively profiling 11-oxygenated and 
classic androgens in a cohort of patients with CKD compared 
with a healthy control group. We also used enzyme assays in 
a cell culture model to determine the kinetics for relevant ster
oid substrates. Finally, we utilized a computational modeling 
approach to simulate the impact of decreased HSD11B2 
activity across each stage of CKD on changes in circulating 
11-oxygenated androgen metabolites.

Materials and Methods
Study Population
Patients with CKD were recruited consecutively from nephrology 
outpatient services in Beaumont Hospital, Ireland (n = 68) and 
University Hospital Birmingham, United Kingdom (n = 17). 
Eligibility criteria included patients  ≥18 years of age with stable 
CKD. Participants with recent or current glucocorticoid therapy, 
mineralocorticoid therapy, or mineralocorticoid receptor antag
onist use were excluded. Control participants had no history of 
kidney disease or other major chronic illness. Other exclusion cri
teria included pregnancy, recent use of glucocorticoid therapy 
within the last 3 months, use of the combined oral contraceptive 
pill, or drugs known to impact on steroid metabolism or on cyto
chrome P450 enzyme function.

Study Design and Protocol
The study is a cross-sectional observational study where, fol
lowing screening for eligibility and obtaining consent, partic
ipants attended the research unit for a single study visit after 
an 8-hour fast. Patients with CKD undergoing hemodialysis 
attended prior to a dialysis session. Patients using peritoneal 
dialysis attended on the morning of a peritoneal equilibration 
test following a standardized overnight dwell (2.27% glucose 
w/v solution).

The participants collected 24-hour urine samples in the 
home setting 48 hours prior to the study visit. The total 
24-hour urine collection volume was recorded and a 10-mL 
sample was preserved for storage at −80 °C for urinary steroid 
metabolite excretion analysis at a later date; in-house analysis 
for urinary creatinine clearance and albumin–creatinine ratio 
was carried out on the day of study participation. Baseline 
bloods were drawn before 11 AM in the fasted state. Serum 
samples for multisteroid profiling were centrifuged and stored 
at −80 °C until analysis could be performed. Laboratory 
investigations included serum renal/bone profiles, fasting 
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total cholesterol, high-density lipoprotein- and low-density 
lipoprotein-cholesterol, triglycerides, hemoglobin A1c, insulin, 
glucose, C-reactive protein, and a full blood count using in- 
hospital assays. Estimated glomerular filtration rate (eGFR) 
was calculated using the CKD Epidemiology Collaboration 
(CKD-EPI) 2021 Creatinine calculation (27). CKD stage 
was classified as CKD stage 3 for patients with an eGFR be
tween 30 and 59 mL/min, CKD stage 4 for patients with an 

eGFR between 15 and 29 mL/min and CKD stage 5 for 
patients with an eGFR less than 15 mL/min or patients at
tending for dialysis (28). Anthropomorphic measurements 
at the study visit included height, weight, body mass index 
(BMI), and body composition as assessed by bioimpedance 
with Tanita MC-780 MA S and Tanita DC-360, recording 
measures for total, visceral, and free fat mass as well as 
muscle mass.

Figure 1. (A) Schematic overview of 11-oxygenated androgen biosynthesis. Cortisol, 11β-hydroxyandrostenedione (11OHA4) and low levels of 
11β-hydroxytestosterone (11OHT) are produced in the adrenal gland and subsequently converted to cortisone, 11-ketoandrostenedione (11KA4), 
and 11-ketotestosterone (11KT) in the mineralocorticoid target tissue kidney by 11β-hydroxysteroid dehydrogenase type 2 (HSD11B2). The enzyme 
aldo-keto reductase type 1C3 (AKR1C3) facilitates the conversion of 11KA4 to the potent 11-oxygenated androgen 11KT in androgen target tissues such 
as adipose. Cortisone, 11KA4, and 11KT are converted back to cortisol, 11OHA4, and 11OHT by 11β-hydroxysteroid dehydrogenase type 1 (HSD11B1) 
expressed both in peripheral tissues and the liver. (B) Bulk tissue gene expression of HSD11B2 in human tissues. The kidney is the primary site of 
HSD11B2 gene expression. TPM, transcripts per million.
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Steroid Analysis
Serum and 24-hour urine samples for determination of 
circulating steroids and 24-hour urinary steroid metabolite 
excretion, respectively, were analyzed in batches. Steroids 
were extracted from 200 μL of serum or 24-hour urine and 
quantified by ultrahigh-performance liquid chromatography 
tandem mass spectrometry using a Waters Acquity ultrahigh- 
performance liquid chromatograph coupled to a Waters 
Xevo-XS triple quadrupole mass spectrometer, as previously 
described (29, 30).

For serum, a Phenomenex Luna omega 1.6 μm C18 2.1× 
50 mm column was used with a methanol and water (0.1% 
formic acid) linear gradient system starting at 45% methanol 
and increasing to 75% methanol over 5 minutes, with post- 
column infusion of 6 mM ammonium fluoride at 5 μL/min. 
Calibration series ranged from 0.02 to 250 ng/mL.

For urine, steroids were deconjugated using a hydrolysis so
lution 200 μL of 0.2 M acetate buffer with 0.6 mg ascorbate 
and 0.6 mg of sulfatase (adjusted based on batch activity) 
added to each sample. This was heated at 60 °C for 3 hours 
to deconjugate steroids (31). Deconjugated steroids were ex
tracted from the hydrolysis solution via solid phase extraction 
using a Biotage 100 mg C18 96 well extraction plate. A 
Waters HSS T3, 1.8 µm, 1.2 × 50 mm column was used with 
a methanol (0.1% formic acid) and water (0.1% formic 
acid) linear gradient starting at 30% methanol and increasing 
to 70% methanol over 16 minutes. Calibration series ranged 
from 0.5 to 6000 ng/mL.

The ratios of serum F/E and urinary F/E were used as 
a reflection of HSD11B2 activity in glucocorticoid inactiva
tion. Calculated ratios using serum steroids 11OHA4/ 
(11KA4 + 11OHT + 11KT) and urinary steroid metabolites 
(11β-hydroxyandrosterone [11βOHAn]/11-oxoandrosterone 
[11oxoAn]) were used to reflect the contribution of HSD11B2 
to the biosynthesis of 11-oxygenated androgens.

The Beaumont Hospital and the previously published 
University of Birmingham control cohorts were analyzed 
using different steroid extraction methods. It was recently re
ported that heating during the drying of steroids results in the 
thermal degradation of F and E to 11OHA4 and 11KA4, re
spectively, thus leading to the overestimation of these steroid 
levels (32). As the CKD cohort and the Beaumont control co
hort were extracted without the application of heat during 
drying and analyzed on the same platform at the same time, 
we used the Beaumont control cohort as our primary com
parator group in the “Results” as well as in figures and tables. 
However to control for the impact of the age discrepancy 
between the CKD and Beaumont controls, we used 2 ap
proaches. Firstly, we analyzed the older aged-matched 
University of Birmingham cohort as a second comparator 
group (see Tables 1 and 2). Importantly we excluded 
11OHA4 and 11KA4 from this analysis as these steroids 
are subject to overestimation with heated drying methods. 
Secondly, we used a multiple linear regression model to con
trol for the confounding impact of age on analysis and com
parison in the Beaumont control and CKD cohorts.

Table 1. Baseline characteristics of the study population

CKD 
(n = 85)

Beaumont Hospital control 
(n = 46)

University of Birmingham control 
(n = 153)

Baseline Demographics
Age (years) 64 (52-71) 34 (31-66)a 63 (52-74)
Sex, n (%) male 55 (65%) 8 (17%)a 93 (61%)
Body mass index (kg/m2) 27.4 (23.9-31.0) 25.8 (22.4-30.3) Not available
eGFR (mL/min) 22.0 (13.0-38.0) 103.0 (90.0-119.0)a Not available
UACR (mg/mmol) 19.2 (5.0-96.2) Not available Not available
CKD stage, n (%) Not applicable Not applicable

3 30 (35%)
4 28 (33%)
5 27 (32%)

Cause of CKD, n (%) Not applicable Not applicable
Glomerulonephritis 22 (26%)
Hereditary/Congenital 11 (13%)
Unknown 9 (11%)
HTN 9 (11%)
Nephrectomy/Unilateral kidney 8 (9%)
Interstitial nephritis 8 (9%)
Obstructive uropathy 7 (8%)
Renovascular disease 4 (5%)
Infiltrative (sarcoid, amyloid) 3 (4%)
Other (UTI, hypercalcemia) 2 (2%)
Diabetic nephropathy 2 (2%)

Data presented as median (IQR) unless otherwise stated.
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; HTN, hypertension; UACR, urine albumin to creatinine ratio; UTI, urinary 
tract infection.
aP < .0001 for the comparison CKD vs Beaumont Hospital controls.
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Table 2. Steroid concentrations and ratios between the study cohorts

CKD 
(n = 85)

Beaumont Hospital control 
(n = 46)

University of Birmingham control 
(n = 153)

Classic androgens
Serum
DHEA (nmol/L)
All participants 6.3 (3.9-9.3) 13.8 (9.6-17.1)d 5.1 (3.3-8.4)e

Male 6.0 (3.9-8.5) 6.8 (5.4-10.2) 5.1 (3.0-8.1)
Female 7.4 (4.1-10.7) 14.0 (11.3-18.4)d 5.2 (3.5-8.6)
A4)(nmol/L)
All participants 1.9 (1.1-2.8) 3.3 (2.4-4.7)d 1.4 (1.0-2.1)
Male 1.9 (1.2-2.8) 3.4 (3.1-5.1)d 1.5 (1.1-2.1)
Female 2.5 (0.9-3.1) 3.2 (2.4-4.5)c 1.3 (0.7-2.2)e

Testosterone (nmol/L)
Male 15.5 (12.2-19.4) 19.1 (12.2-27.0) 11.7 (9.3-15.3)g

Female 0.8 (0.5-1.3) 1.0 (0.8-1.2) 0.5 (0.2-0.7)g

DHT (nmol/L)
Male 1.5 (0.8-2.0) 1.5 (0.7-2.5) 1.2 (0.8-1.5)
Female 0.2 (0.2-0.4) 0.4 (0.2-0.5)a 0.2 (0.2-0.2)
Urine
Androsterone (μg/24 hours)
All participants 1022 (489-2227) 1408 (807-2104) Not available
Male 1613 (649-2520) 1197 (802-1457) Not available
Female 693 (343-1215) 1422 (804-2260)b Not available
Etiocholanolone (μg/24 hours)
All participants 1177 (673-2215) 1638 (1103-2506)a Not available
Male 1488 (741-2546) 1351 (710-1971) Not available
Female 811 (391-1652) 1713 (1161-2703)c Not available
DHEA (μg/24 hours)
All participants 12.5 (12.5-46.5) 36.1 (13.6-68.1)b Not available
Male 12.5 (12.5-47.3) 12.5 (12.5-23.2) Not available
Female 12.5 (12.5-40.1) 41.3 (12.5-80.4)b Not available
11-oxygenated androgens
Serum
11OHA4 (nmol/L)
All participants 5.5 (3.7-7.6) 4.0 (3.4-5.5)a Not available
Male 6.2 (3.8-8.9) Not available Not available
Female 6.1 (4.0-8.6) 4.0 (3.4-5.5)b Not available
11KA4 (nmol/L)
All participants 0.6 (0.4-0.9) 1.0 (0.8-1.2)d Not available
Male 0.7 (0.4-1.1) Not available Not available
Female 0.7 (0.4-0.9) 1.0 (0.8-1.2)d Not available
11KT (nmol/L)
All participants 0.5 (0.2-0.9) 1.3 (1.0-1.5)d 0.8 (0.6-1.2)h

Male 0.4 (0.2-0.7) 1.4 (0.8-2.0)d 0.8 (0.6-1.3)g

Female 0.5 (0.2-0.9) 1.3 (1.0-1.5)d 0.9 (0.6-1.1)f

11OHT (nmol/L)
All participants 0.2 (0.2-0.5) 0.6 (0.5-0.8)d 0.6 (0.4-0.9)h

Male 0.2 (0.2-0.5) 0.7 (0.4-1.6)b 0.7 (0.4-0.9)h

Female 0.4 (0.2-0.7) 0.6 (0.5-0.8)b 0.5 (0.4-0.9)e

Urine
11βOHAn (μg/24 hours)
All participants 554 (323-990) 544 (405-758) Not available
Male 550 (378-900) 741 (477-920) Not available

(continued)
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HSD11B2 Expression Analysis
HSD11B2 expression data (dbGaP Accession phs000424.v8.p2) 
was obtained from the Genotype-Tissue Expression (GTEx 
Portal) on January 30, 2024. The 20 tissue types with the highest 
median HSD11B2 expression values were ranked from highest 
to lowest and are shown in Fig. 1B.

Determination of the Kinetic Parameters for 
HSD11B2
HEK293 cells were purchased from the American Type 
Culture Collections and cultured in high glucose Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine 
serum, 1.5 g/L NaHCO3 and 1% penicillin–streptomycin. 

Cells were maintained at 37 °C, 5% CO2, and in 90% humidity. 
Authentication was performed by short-tandem repeat profil
ing (NorthGene) and the cells were regularly tested for contam
ination by mycoplasma. HEK293 cells were plated into 10 cm2 

tissue culture dishes at a concentration of 2 × 106 live cells per 
dish. After 24 hours, cells were transfected with 10 µg of a 
pcDNA3.1(−) vector containing HSD11B2 plasmid (a gift 
from Prof. K. Chapman, University of Edinburgh, UK) using 
X-tremeGENE HP DNA transfection reagent (Roche). After 
24 hours, transfected cells were replated into 48-well Corning 
CELLBIND plates at a concentration of 2 × 105 cells per mL 
(300 µL per well). Cells were then incubated for an additional 
24 hours to allow for attachment. Media were subsequently re
placed with serum-free media containing steroid substrate 

Table 2. Continued

CKD 
(n = 85)

Beaumont Hospital control 
(n = 46)

University of Birmingham control 
(n = 153)

Female 373 (185-565) 544 (405-758)b Not available
11oxoAn (μg/24 hours) 52 (41-61)
All participants 46 (24-73) 52.5 (31.3-70.5) Not available
Male 43.2 (24.8-74.6) 52.0 (41.1-60.8)a Not available
Female 41.0 (15.4-57.0) Not available
11β-Hydroxysteroid dehydrogenase 2 activity—steroid ratios
Serum
Serum cortisol (F)/cortisone (E) ratio
All participants 10.9 (8.1-14.0) 5.6 (4.5-7.1)d 6.7 (5.6-8.1)h

Male 10.7 (7.6-13.7) 6.2 (4.7-8.3)b 6.6 (5.6-8.3)h

Female 11.1 (8.8-14.3) 5.5 (4.5-6.9)d 6.9 (5.7-8.2)h

Serum 11OHA4/11KA4 ratio
All participants 8.3 (6.7-11.6) 3.7 (3.0-4.7)d Not available
Male 7.8 (6.3-11.5) Not available Not available
Female 8.7 (7.1-13.1) 3.7 (3.0-4.7)d Not available
Serum 11OHA4/(11KA4 + 11KT + 11OHT) ratio
All participants 3.9 (2.8-5.5) 1.5 (1.2-1.8)d Not available
Male 3.9 (2.9-5.7) Not available Not available
Female 3.8 (2.7-5.1) 1.5 (1.2-1.8)d Not available
Urine
Urinary F/E ratio
All participants 0.8 (0.7-1.0) 0.6 (0.5-0.7)d Not available
Male 0.9 (0.7-1.0) 0.6 (0.5-0.7)c Not available
Female 0.8 (0.6-0.9) 0.6 (0.5-0.7)b Not available
Urinary 11βOHAn/11oxoAn ratio
All participants 14.0 (9.9-17.9) 11.3 (8.6-14.3)a Not available
Male 13.8 (10.1-17.9) 13.6 (10.3-18.2) Not available
Female 14.4 (9.9-17.8) 11.0 (8.5-14.1)a Not available

Data presented as median (IQR).
Abbreviations: 11βOHAn, 11β-hydroxyandrosterone; 11KA4, 11-ketoandrostenedione; 11KT, 11-ketotestosterone; 11OHA4, 11β-hydroxyandrostenedione; 11OHT, 
11β-hydroxytestosterone; 11oxoAn, 11-oxoandrosterosterone; A4, androstenedione; CKD chronic kidney disease; DHEA, dehydroepiandrosterone; DHT, 
5α-dihydrotestosterone; E, cortisone; F, cortisol.
aP < .05 for comparison of CKD vs Beaumont controls.
bP < .01 for comparison of CKD vs Beaumont controls.
cP < .001 for comparison of CKD vs Beaumont controls.
dP < .0001 for comparison of CKD vs Beaumont controls.
eP < .05 for comparison of CKD vs University of Birmingham controls.
fP < .01 for comparison of CKD vs University of Birmingham controls.
gP < .001 for comparison of CKD vs University of Birmingham controls.
hP < .0001 for comparison of CKD vs University of Birmingham controls.
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(11OHA4, 11OHT, or F) at concentrations ranging from 
0.1 µM to 10 µM. Aliquots (250 µL) were then collected at spe
cific time intervals over the period of 48 hours to enable the 
plotting of progress curves. Steroids were extracted and quan
tified by ultrahigh-performance liquid chromatography tandem 
mass spectrometry as previously described (15). Michaelis– 
Menten type equations were used to construct ordinary differ
ential equations to fit to the progress curves for estimation of 
apparent Vmax and Km values (see Supplementary information 
for details (33)). Conversion of 100 nM 11OHA4 to 11KA4 
was included in all experiments and the conversion rate used 
to normalize the transfection efficiency between experiments, 
which was set to 1 for the reported parameter values. 
Activities are expressed as μM/min (units/well volume).

Computational Modeling Methods
A mathematical model was constructed from experimentally 
parameterized rate equations for the individual enzymes 
(15, 16, 34), using the schema in Fig. 1A to define ordinary dif
ferential equations for each of the steroids. The full model de
scription is provided elsewhere (Supplementary material 
(33)). The relative expression levels of the enzymes in the indi
vidual patients were estimated by minimizing the sum of the 
squared ordinary differential equations values (steady-state 
assumption), weighed according to the total concentrations 
of the respective metabolite groups (glucocorticoids, classic 
androgens, and 11-oxygenated androgens, respectively). For 
the minimization, a multiplier for the individual enzymes 
was fitted relative to the expression of AKR1C3, which was 
set to 1, and the expression levels for the healthy control group 
were used as reference values for the other simulations.

Statistics
Normality of quantitative variables was tested with the 
Shapiro–Wilk test. The majority of data did not exhibit normal 
distribution and, accordingly, data are presented as median and 
interquartile range, unless otherwise stated. Where samples 
demonstrated a steroid concentration below the lower limit 
of accurate assay quantification, their value was substituted 
for half the lower limit of quantification for the purposes of 
statistical analysis. Samples with undetectable steroid concen
trations (below the limit of detection) were included as 
0. Correlations of eGFR and steroid hormone concentrations 
or steroid hormone ratios were evaluated using Spearman ana
lysis and the relationship between stage of CKD and steroid 
concentration/ratio was analyzed using the Mann–Whitney, 
Kruskal–Wallis, and Dunn’s multiple comparisons tests. 
Statistical significance was defined for P < .05. Multiple linear 
regression analysis on log-transformed values of each relevant 
classic and 11-oxygenated androgen was performed to further 
delineate the relationship between classic and 11-oxygenated 
androgen concentrations and eGFR when accounting for age, 
sex, and BMI. Statistical significance was defined for P < .012 
using Bonferroni correction for the multiple linear regression. 
Statistical analysis was performed using R version 4.3.1 and 
GraphPad Prism version 10.2.3 for Windows, (GraphPad 
Software, San Diego, CA, USA).

Study Approval
Institutional approval was obtained at all study sites for re
cruitment of patients with CKD as well as healthy controls 

to a number of metabolic phenotyping studies. Patients 
with CKD were recruited in Beaumont Hospital to the 
Corticosteroid metabolomics in Chronic Kidney Disease 
(CORT-CKD) study (Beaumont Hospital Research Ethics 
Committee reference 21/52). Additional patients with CKD 
and healthy controls were recruited at University Hospital 
Birmingham to the Steroid Hormone Metabolism and Muscle 
Loss in Chronic Kidney Disease (SMK) Study (London- 
Stanmore Research Ethics Committee reference 22/PR/0360; 
ISRCTN15497320). Healthy controls in Beaumont Hospital 
were recruited to the Femail Metabolic Risk and Androgens: 
an Irish Longitudinal (FEMAIL) Study (Beaumont Hospital 
Research Ethics Committee reference 20/49). Healthy controls 
were recruited via news bulletins at Beaumont Hospital/ 
RCSI and the University of Birmingham (including the 
1000 Elders cohort (35)). Further control participants from 
the University of Birmingham were available from healthy 
volunteers recruited to the Science, Technology, Engineering 
and Mathematics Ethical Review Committees of the University 
of Birmingham, UK (ERN_17-0494, ERN_17-0494B) and 
the Mayo Clinic, Rochester, MN, USA (IRB ID 18-009787) 
(5). All patients provided written informed consent prior to 
participation.

Results
Description of Cohorts
Baseline characteristics of the study population are summar
ized in Table 1. The CKD cohort consisted of 85 participants 
with a median age of 64 years (65% male), median eGFR of 
22 mL/min, and median urine albumin–creatinine ratio of 
19.2 mg/mmol. Patients with CKD were distributed across 
each stage of CKD (3, 4, and 5) at 35%, 33%, and 32%, re
spectively. Eleven patients (13%) were on dialysis, 8 attending 
for intermittent hemodialysis and 3 using automated periton
eal dialysis. Only 2% of participants had diabetes mellitus or 
diabetic nephropathy. The etiology of underlying CKD is out
lined in Table 1. Control participants (n = 46, referred to as 
Beaumont controls) had a median age of 34 years, 17% 
were male, and all had normal renal function with a median 
eGFR of 103 mL/min. There were no significant differences 
in BMI between the CKD and control cohort; however, the 
control cohort was younger and had a significantly greater fe
male preponderance. To account for these differences we also 
compared the steroid profiles in our CKD cohort with those 
from age- and sex-matched controls (n = 153, referred to as 
Birmingham controls) extracted from a previously published 
healthy control cohort (5) to demonstrate that age and sex 
were not factors affecting glucocorticoid or 11-oxygenated 
androgen levels in healthy individuals. Results and figures re
fer to the CKD and Beaumont control cohort. Additional ana
lysis of the second control group is represented in Table 2, 
excluding data on 11OHA4 and 11KA4 for the reasons out
lined above.

HSD11B2 Activity is Impaired in CKD
The results of the differences in steroid concentrations and 
ratios between the cohorts are represented in Table 2. 
Participants with CKD had greater serum F concentrations 
than control participants (median serum F 393 [301-493] vs 
296 [259-410] nmol/L, P = .002). There were no significant 
differences in serum F when stratified by CKD stage compared 
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with control participants (Fig. 2A). Patients with CKD had 
significantly lower serum E than controls (37.5 [28.4-46.0] 
vs 57.6 [47.2-67.9] nmol/L, P < .0001), with a stepwise de
cline with increasing CKD stage on Dunn’s multiple compari
son test (Fig. 2B). Serum E correlated positively with eGFR 
(r = 0.76, P < .01). HSD11B2 activity, as measured by the se
rum F/E ratio, was significantly higher in patients with CKD 
than controls, indicative of reduced HSD11B2 activity in 
CKD (serum F/E ratio 10.9 vs 5.4, P < .0001). The serum 
F/E ratio increased as renal function declined when stratified 
by CKD stage on Dunn’s multiple comparison test (Fig. 2C). 
eGFR and the serum F/E ratio were negatively correlated 
(r = −0.68, P < .01).

Urinary F was reduced in patients with CKD compared with 
controls (54.6 [42.8-78.5] vs 73.1 [47.1-88.0] μg/24 hours, 
P = .03). Urinary E was also reduced in patients with 
CKD compared with controls (73.1 [47.6-91.3] vs 113.9 
[96.5-137.0] μg/24 hours, P < .0001). The urinary F/E ratio 
was increased in patients with CKD at 0.8 compared with 

0.6 in control participants (P < .0001), consistent with im
paired HSD11B2 activity in CKD. This ratio increased in a 
stepwise manner across each stage of CKD on Dunn’s mul
tiple comparison test (Fig. 2D).

There were no significant differences in 24-hour 
excretion of the predominant glucocorticoid metabolites 
11β-hydroxyetiocholanolone or 11-oxoetiocholanolone in 
patients with CKD compared with controls (11β-hydroxyetio
cholanolone 341.0 [170.0-564.5] vs 250.9 [156.4-348.4] 
μg/24 hours, respectively [P = .07], 111-oxoetiocholanolone 
430.5 [225.3-686.9] vs 315.8 [203.5-468.0] μg/24 hours, 
respectively [P = .16)).

11-oxygenated Androgen Biosynthesis is Reduced 
in CKD Due to Reduced HSD11B2 Activity
Serum 11OHA4 concentrations were significantly elevated 
in patients with CKD compared with controls (P = .02, 
Table 2). There was no difference in 11OHA4 concentrations 

Figure 2. Reduced 11β-hydroxysteroid dehydrogenase type 2 activity in patients with CKD. (A) Serum cortisol (F) concentrations in controls compared 
with chronic kidney disease (CKD) stages 3, 4, and 5. (B) Serum cortisone (E) concentrations in controls compared with CKD stage 3, 4, and 5. (C) Serum 
F/E ratio in controls compared with CKD 3, 4, and 5. (D) Urinary F/E ratio in controls compared with CKD 3, 4, and 5.
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between the groups when stratified by CKD stage (Fig. 3A). 
Participants with CKD had lower serum concentrations of 
all 11-oxygenated androgens downstream of 11OHA4: serum 
11KA4 (P < .0001), serum 11KT (P < .0001), and serum 
11OHT (P < .0001) (Table 2). When stratified by CKD stage 
there was a stepwise decline in serum 11KA4, 11KT, and 
11OHT (Fig. 3B-3D).

We calculated the serum ratio of 11OHA4/(11KA4 +  
11OHT + 11KT) as a marker of HSD11B2 activity in the con
text of 11-oxygenated androgen biosynthesis. Here, 11OHA4 
was considered as the substrate for HSD11B2, while 11KA4, 
11OHT, and 11KT were all considered products. This ratio 
was increased in patients with CKD compared with controls 
(3.9 vs 1.5, P < .0001, Table 2), indicative of reduced 
HSD11B2 activity. Across each stage of CKD, this ratio dem
onstrated a stepwise increase indicative of an incremental loss 
of HSD11B2 activity and a reduction in downstream active 
11-oxygenated androgens with progression of renal failure 
(Fig. 3E).

We calculated the relative proportion of each 11-oxygenated 
androgen to the total circulating 11-oxygenated androgen pool 
in patients with CKD and control participants. There was no 
difference between median total 11-oxygenated androgen con
centrations (11OHA4 + 11KA4 + 11KT + 11OHT) in patients 
with CKD compared with controls (6.9 [4.6-9.5] vs 7.0 
[5.6-9.1] nmol/L, respectively, P = .62). Serum 11OHA4 had 
a greater proportional contribution to the total 11-oxygenated 

androgen pool in patients with CKD than in controls (77% 
[72-84] v 60% [55-64], P < .0001) (Fig. 4). In contrast, serum 
concentrations of 11KA4, 11KT, and 11OHT all had a propor
tionally lower contribution to the total 11-oxygenated andro
gen pool in patients with CKD than in controls (P < .0001 
for each, Fig. 4).

There were no significant differences between the 2 co
horts in 24-hour urinary excretion of 11βOHAn (P = .70). 
When stratified by CKD stage, there was reduced 24-hour 
urinary excretion of 11βOHAn in patients with CKD com
pared with controls using the Kruskal–Wallis test (P = .01), 
with no discrete differences between controls and each 
CKD stage on Dunn’s multiple comparison test (Fig. 3F). 
There was no significant difference in 24-hour urinary excre
tion of the 11-oxygenated androgen metabolite 11oxoAn in 
the CKD cohort compared with controls (P = .09, Table 2); 
when stratified by CKD stage using Kruskal–Wallis and 
Dunn’s multiple comparison tests, there was reduced urinary 
excretion of 11oxoAn most pronounced in CKD stage 5 
(Fig. 3G). The ratio of urinary 11βOHAn/11oxoAn was ele
vated in patients with CKD compared with controls (P < .01, 
Table 2).

Classic Androgens in CKD
Serum concentrations of dehydroepiandrosterone (DHEA) 
were significantly lower in female patients (P < .0001) with 

Figure 3. Reduced 11-oxygenated androgen biosynthesis in patients with chronic kidney disease (CKD) compared with controls. (A) Serum 
11β-hydroxyandrostenedione (11OHA4) in controls compared with CKD stage 3, 4, and 5. (B) Serum 11-ketoandrostenedione (11KA4) in controls 
compared with CKD stage 3, 4, and 5. (C) Serum 11-ketotestosterone (11KT) concentrations in controls compared with CKD stage 3, 4, and 5. (D) Serum 
11β-hydroxytestosterone (11OHT) concentrations in controls compared with CKD stage 3, 4, and 5. (E) Serum 11OHA4/(11KA4 + 11KT + 11OHT) ratio 
in controls compared with CKD stage 3, 4, and 5. (F) Urinary 11β-hydroxyandrosterone (11βOHAn) concentrations in controls compared with CKD stage 
3, 4, and 5. (G) Urinary 11-oxoandrosterone (11oxoAn) concentrations in controls compared with CKD stage 3, 4, and 5. (H) Urinary 11βOHAn/11oxoAn 
ratio in controls compared with CKD stage 3, 4, and 5. LLOQ, lower limit of quantification.
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CKD than in controls, with no significant difference reported 
in male patients (Table 2). Serum A4 was also lower in pa
tients with CKD than in controls in males and females 
(P < .001 for both, Table 2). There was no significant differ
ence in serum T between patients with CKD and controls. 
Serum DHT was lower in the female CKD cohort than in 
female controls (P = .02). When classic androgen concentra
tions in patients with CKD were compared with the age- 
and sex-matched Birmingham control cohort, differences 
in DHEA, A4, and DHT were less significant between the 
groups. Male patients with CKD had significantly higher se
rum T concentrations and female patients with CKD had sig
nificantly lower serum T concentrations than the Birmingham 
control cohort, although median levels remained within ex
pected normal reference ranges.

Female patients with CKD had reduced 24-hour urinary 
concentrations of the classic androgen metabolites androster
one, etiocholanolone, and DHEA compared with controls 
(P = .002, P = .0007, P = .009, respectively). There were no 
differences in 24-hour urinary concentrations of the classic 
androgen metabolites in males (Table 2).

Relationship of Serum 11-Oxygenated and Classic 
Androgens With Renal Function Using Linear 
Regression Analysis
Linear regression analysis of the CKD cohort and Beaumont 
control cohort was performed to account for differences in 
age and sex between the cohorts. In the absence of a linear rela
tionship between serum 11OHA4 or serum T and eGFR, multi
variate analysis was not performed on these steroids. 11KA4, 
11KT, and 11OHT had a persistent, although weak, association 
with eGFR after controlling for age, sex, and BMI. A positive as
sociation was observed between serum 11OHT concentrations 
and age with no relationship found between 11OHT and either 
sex or BMI (Table S1 (33)). The association between DHEA and 
A4 with eGFR was not significant (P > .012) when counting for 
age, BMI, and sex using multivariate regression (Table S1 (33)).

HSD11B2 Efficiently Catalyzes the Dehydrogenation 
of 11-Oxygenated Androgens
HSD11B2 was expressed in nonsteroidogenic HEK293 cells 
and assayed for activity to determine the kinetic parameters 

Figure 4. Relative contribution (%) of individual steroids (11OHA4, 11OHT, 11KA4, 11KT) to the total circulating 11-oxygenated androgen steroid pool 
in (A) Controls, (B) CKD Stage 3, (C) CKD Stage 4, and (D) CKD Stage 5. 
Abbreviations: 11OHA4, 11β-hydroxyandrostenedione; 11OHT, 11β-hydroxytestosterone; 11KA4, 11-ketoandrostenedione; 11KT, 11-ketotestosterone.

Table 3. Kinetic constants (Kms, app; Kmp, app; Vmax, app; Vmax/Kms) determined for HSD11B2

Reaction Kms, app (µM) Kmp app (µM) Vmax, app (µM/h) Vmax/Kms

Cortisol → Cortisone 0.38 (±0.02) 0.03 (±0.001) 0.08
11β-hydroxyandrostenedione → 11-ketoandrostenedione 0.77 (±0.07) 1.73 (±0.48) 0.52 (±0.04) 0.68
11β−hydroxytestosterone → 11-ketotestosterone 0.10 (±0.01) 0.31 (±0.18) 0.08 (±0.004) 0.8

Parameter values are given ± standard error.
Abbreviations: Kms, app, apparent Michaelis–Menten constant; Vmax, app, apparent maximum rate; Vmax/Kms, estimate of enzyme efficiency.
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(Km and Vmax). Rate equations with Michaelis–Menten type 
rate equations were fitted to the progress curves for 3 inde
pendent experiments as shown elsewhere (Fig. S2 (33)). The 
apparent Kma (Kms, app) of HSD11B2 for F and 11OHA4 
were similar (0.4 µM and 0.8 µM), while that for 11OHT 
(0.1 µM) was lower, indicating a higher substrate affinity 
for 11OHT (Table 3). The apparent Vmax (Vmax, app) for 
11OHT (0.08 µM/h) was however 6-fold lower than that of 
11OHA4 (0.52 µM/h), but 3-fold higher than that of F 
(0.03 µM/h). The Vmax/Kms values, an estimate of enzyme ef
ficiency, show that both 11OHA4 (0.68) and 11OHT (0.8) 
were more efficiently converted by HSD11B2 than the better- 
known glucocorticoid substrate F (0.08) (Table 3).

Enzymatic Modelling Highlights a Central Role for 
HSD11B2 in 11-Oxygenated Androgen Metabolism
The above analysis for the individual reactions indicates that 
eGFR is correlated with HSD11B2 activity. We subsequently 
set out to test this hypothesis quantitatively by constructing a 
computational model to describe peripheral 11-oxygenated an
drogen biosynthesis as well as the peripheral interconversion of 
the glucocorticoids (F and E) and classic androgens (A4 and T). 
The model was based on the parameterized rate equations for 
the 4 main enzymes involved in the peripheral biosynthesis 
of 11-oxygenated androgens, namely HSD11B2, AKR1C3, 
HSD11B1 and 17β-hydroxysteroid dehydrogenase type 2 
(HSD17B2). The kinetics for AKR1C3, HSD17B2, and 
HSD11B1 were all previously determined (15, 16, 34), while 
we determined the kinetics of HSD11B2 using the same meth
odology here. Using the circulating concentrations of the 
11-oxygenated androgens, classic androgens and glucocorti
coids determined for the control group, we assumed the metab
olites to be in steady state and used the model to find the relative 
expression levels of the 4 enzymes that would account for the 
measured steroid levels. We used only the female CKD data 
sets as to eliminate the effect of differences in the overall circu
lating classic androgens between males and females and be
cause the control group contained predominantly females. 
The expression of HSD11B2, HSD11B1, and HSD17B2 was 
set relative to AKR1C3. The relative expression levels of the 
4 enzymes were identifiable in the control group, and these 
were subsequently used as reference values for testing the hy
pothesis in the CKD groups.

We then used the model to explore how changes in the ex
pression level of each individual enzyme could account for the 
measured changes in serum steroid levels in the patients with 
CKD, while keeping the other enzymes at reference expression 
level. Our simulations revealed that a decrease in the relative 
expression of HSD11B2 alone could account for the altered 
serum steroid profiles, and that the model fits for HSD11B2 
were better than for individual perturbations of any of 
the other 3 enzymes. The model simulations of reduced rela
tive HSD11B2 expression for F/E, 11OHA4/11KA4, and 
11OHA4/(11KA4 + 11KT + 11OHT) ratios are shown in 
Fig. 5A-5C. For these simulations, the expression values of 
the 4 enzymes are set to the mean values of the healthy control 
group, and the effect of varying the expression of HSD11B2 
between 0.1 and 1.2 times this expression level (while keeping 
the other enzymes at the control values) on the steady-state 
steroid concentrations were analyzed. In addition, the figures 
show the data of individual patients, together with the covari
ance error between the data (error ellipse). The figures confirm 

the central role played by HSD11B2 in the peripheral metab
olism of both glucocorticoids and 11-oxygenated androgens. 
By setting the expression levels of the enzymes to the levels 
in the healthy control group, and only varying HSD11B2 ex
pression, the model quite accurately describes the different 
disease states. In addition, the fitted relative HSD11B2 expres
sion levels combined with the serum steroid ratios formed 
clear groupings for each disease stage (Fig. 5A-5C). By com
bining the model prediction of relative HSD11B2 expression 
levels with clinically measured eGFR, we were able to identify 
distinct clusters for each disease stage, thus demonstrating the 
power of the modeling approach and confirming the key role 
of HSD11B2 in controlling 11-oxygenated androgen gener
ation (Fig. 5D).

Correlation of Serum 11-Oxygenated Androgens 
With Markers of Body Composition and Anemia in 
CKD
There was no significant correlation noted between body com
position parameters and serum 11-oxygenated androgen con
centrations in patients with CKD or controls. When stratified 
by sex, there was also no correlation between the ratio of 
11OHA4/(11KA4 + 11OHT + 11KT) and fat-free mass, BMI, 
visceral fat mass, muscle, or fat percentage (Table S2 (33)). 
There was a positive association between hemoglobin and 
11KT in the CKD cohort (Spearman r = 0.64, P < .0001). 
This relationship was present in both sexes (female Spearman 
r = 0.72, P < .0001, male Spearman r = 0.63, P < .0001) and 
persisted when accounting for eGFR (r2 = 0.56, P < .0001, 
Table S3 (33)).

Discussion
This study characterizes, for the first time, the pivotal role 
played in vivo by HSD11B2 in human 11-oxygenated androgen 
biosynthesis. Previous in vitro data have suggested a key role 
for HSD11B2 in the biosynthesis of the potent 11-oxygenated 
androgen 11KT (11, 12, 36). This includes the observation 
that 11OHA4 is the primary 11-oxygenated androgen precur
sor produced by the human adrenal, but it requires further per
ipheral downstream activation (11, 37). 11OHA4 is not itself a 
substrate for the key androgen-activating enzyme AKR1C3, 
and as such must be converted to 11KA4 prior to the 
AKR1C3-mediated production of 11KT (15, 16). While previ
ous studies have demonstrated the conversion of 11OHA4 to 
11KA4 in vitro, the importance of this reaction and the contri
bution of renal HSD11B2 has not been demonstrated in vivo 
(12, 13). Herein, we confirm a clear role for renal HSD11B2 
in the peripheral biosynthesis of 11-oxygenated androgens 
and further confirm the kidney as a major site of HSD11B2 ex
pression and activity. It is unclear if other HSD11B2-expressing 
tissues contribute to 11-oxygenated androgen biosynthesis. 
However, given the global decline in 11-oxygenated androgen 
concentrations observed in our CKD cohort, the contributions 
of other HSD11B2-expressing tissues are likely to be marginal. 
Utilizing a cohort of patients with CKD as a human in vivo 
model of impaired HSD11B2 activity, we show that down
stream activation of adrenal-derived 11OHA4 to 11KA4, 
11KT, and 11OHT is reduced in parallel with the decline of 
eGFR and HSD11B2 activity. Using a computational modeling 
approach, we were able to demonstrate that reduced HSD11B2 
expression is the central enzymatic perturbation driving 
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dysfunctional 11-oxygenated androgen biosynthesis in this co
hort. Notably, circulating classic androgens are relatively pre
served in the setting of impaired renal function.

We have corroborated the findings of previous studies by 
demonstrating impaired HSD11B2 activity in glucocorticoid 
inactivation in patients with CKD. This is reflected by an ele
vated F/E ratio in both serum and urine of patients with CKD 
compared with control participants. HSD11B2 activity dem
onstrated a positive correlation with eGFR, with a step-wise 
reduction in HSD11B2 activity as eGFR declines across each 
stage of CKD. This validates the findings of previous studies 
focused on glucocorticoid metabolism in CKD (22, 23, 38). 

Quinkler et al previously demonstrated reduced mRNA ex
pression of HSD11B2 in renal biopsies of 95 patients with 
CKD, alongside an attenuated HSD11B2 immunofluores
cence signal on kidney biopsy specimens of 5 patients with 
CKD compared with 5 healthy controls, demonstrating that 
reduced HSD11B2 activity is due to decreased enzyme expres
sion (22). In the present study on 11-oxygenated androgen 
biosynthesis in CKD, we have demonstrated significantly re
duced serum concentrations of the downstream metabolites 
11KA4, 11KT, and 11OHT in patients with CKD. In patients 
with CKD, 11OHA4, which is biochemically inert, constitutes 
a median of 77% of the circulating 11-oxygenated androgen 

Figure 5. Computational modeling reveals reduced 11β-hydroxysteroid dehydrogenase type 2 (HSD11B2) activity as the causative factor in reduced 
11-oxygenated androgen biosynthesis in chronic kidney disease (CKD). Ratios of measured steroids are plotted against estimated HSD11B2 
expression levels in (A) F/E, (B) 11OHA4/11KA4, and (C) 11OHA4/(11KA4 + 11KT +11OHT). (D) Shows the correlation of the estimated HSD11B2 
expression with estimated glomerular filtration rate (eGFR). Data points are color coded according to disease stage: blue, control participants; purple, 
CKD stage 3; orange, CKD stage 4; red, CKD stage 5. Each data point represents a specific individual. The large dots with error in (D) represent the mean 
and standard error for each disease stage. The shaded ellipses represent the covariance between the model and data. The solid lines in A-C show the 
models prediction on the effect of HSD11B2 expression on serum steroid ratio.
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pool compared with only 60% in healthy controls. The 
change in 11OHA4% of the total 11-oxygenated androgen 
pool indicates a build-up of precursor steroid due to impaired 
HSD11B2 activity. Conversely, the relative proportion of the 
potent androgen 11KT is reduced in patients with CKD, con
tributing only 7% of the circulating pool of 11-oxygenated 
androgens compared with 17% in controls. This validates 
the central importance of renal HSD11B2 activity in 
11-oxygenated androgen activation, providing definitive in 
vivo biochemical insights into peripheral 11-oxygenated an
drogen biosynthesis.

Previous studies have identified 11OHA4 as the predomin
ant 11-oxygenated androgen of adrenal origin, with 11KA4, 
11KT, and 11OHT reliant on peripheral conversion by 
enzymes HSD11B2, AKR1C3, and HSD11B1, respectively 
(3, 10, 11, 15, 37). Our data highlight that downstream gen
eration of both 11KT and 11OHT is significantly impaired in 
the absence of efficient conversion of 11OHA4 to 11KA4 by 
HSD11B2 due to a reduced pool of 11KA4 for peripheral ac
tivation. Intriguingly, the observation that 11OHT levels de
cline significantly with CKD stage confirms that the majority 
of circulating 11OHT is derived via peripheral conversion 
from 11KT by HSD11B1 rather than directly from the adrenal 
gland (11, 15). Reduced HSD11B2 activity will also limit the 
conversion of peripherally derived 11OHT back to 11KT. 
This impacts on the conversion of the already reduced levels 
of adrenal-derived 11OHT to 11KT, thus contributing to an 
overall decrease in circulating 11KT. It should be noted, how
ever, that the direct HSD11B2-mediated conversion of 
11OHT to 11KT may play a larger role in congenital adrenal 
hyperplasia, where the adrenal output of 11OHT is signifi
cantly increased (8, 11).

Using a computational model derived from the parameter
ized rate equations of key enzymes involved in peripheral 
11-oxygenated androgen biosynthesis, we were able to dem
onstrate that decreased HSD11B2 activity alone could ac
count for changes in the serum steroid profiles in patients 
with CKD, and that the predicted decrease in relative 
HSD11B2 correlated well with disease stage (with only a small 
underestimation for the F/E ratio in the severest disease stage, 
Fig 5A). The model simultaneously accounted for the known 
changes in peripheral glucocorticoid metabolism associated 
with CKD, as well as reduced 11-oxygenated androgen activa
tion as reported here for the first time, thus demonstrating 
the key role played by HSD11B2 in both steroid classes. 
Significantly, the combination of the relative HSD11B2 ex
pression levels predicted by the model from the serum steroids 
and the clinically determined eGFR resulted in distinct clusters 
for each disease stage. This not only demonstrated the power 
of the modeling approach, but also illustrates its potential util
ity as a sensitive tool for monitoring CKD disease progression 
in the future following further validation with larger cohorts. 
Given the rising prevalence mortality and morbidity of CKD 
(39-43), identifying novel insights into disease pathophysi
ology may lead to improved therapeutic strategies in reducing 
the burden of CKD-related morbidity.

The clinical significance of 11-oxygenated androgen excess 
and deficiency in human health and disease remains poorly 
understood. However, 11-oxygenated androgens are the pre
dominant androgens detected in multiple disorders of andro
gen excess, including polycystic ovary syndrome, congenital 
adrenal hyperplasia, premature adrenarche, and Cushing syn
drome (2, 3, 6, 7) as well as physiologically in women after 

menopause (4, 5). Particularly in postmenopausal women, 
11-oxygenated androgens are the most abundant source 
of active androgens (4). Turcu et al described reduced 
11-oxygenated androgens in patients with primary adrenal in
sufficiency (8). In this study we have demonstrated that the to
tal pool of 11-oxygenated androgens remains relatively 
unchanged indicating consistent adrenal output, but that the 
distribution of the 11-oxygenated androgens changed signifi
cantly and that these changes are proportional to the severity 
of kidney disease.

The clinical consequences, if any, of reduced 11-oxygenated 
androgen activation on general health and well-being in pa
tients with CKD remain unknown. As 11KT is a potent andro
gen receptor agonist (12), 11-oxygenated androgen deficiency 
may potentially contribute to the development of sarcopenia, 
frailty, and overall mortality particularly in female patients 
with CKD. Previous studies have shown that 11-oxygenated 
androgen concentrations do not decline with age (4, 5), and 
might theoretically continue to confer androgenic health ben
efits on muscle strength with ageing. Certainly, tissue-specific 
regulation of adrenal steroids may affect lean muscle mass 
with previous reports of increased lean muscle mass reported 
in HSD11B1 inhibition (44). Our group have recently shown 
that HSD11B1 inhibition leads to a significant increase in 
11KT and, therefore, the improvements noted in lean muscle 
mass may be attributed to favorable androgenic effects 
of 11-oxygenated androgens (15, 44). Conversely, we hy
pothesize that reduced HSD11B2 activity may contribute to 
reductions in lean muscle mass and sarcopenia in patients 
with CKD. In the current study, we did not find any definitive 
correlation between 11-oxygenated androgen biosynthesis 
and surrogate markers of body composition. However, 
we did identify a positive relationship between hemoglobin 
and 11KT, independent of eGFR, which suggests that 
11-oxygenated androgen deficiency could be a predictor of 
or a contributor to anemia in CKD. Future larger studies are 
required to uncover the clinical consequences of reduced 
11-oxygenated androgens in CKD.

Hypogonadism can occur in both sexes in CKD and is at
tributed to uremia-induced loss of gonadotropin-releasing 
hormone pulsatility, chronic stress, and hyperprolactinemia 
(45). The prevalence of hypogonadism in males with CKD 
has been reported to be as high as 40% to 60% in some co
horts (46-48) and is associated with an independent 2- 
to 3-fold increase in cardiovascular and all-cause mortality 
(48, 49). However T concentrations were not significantly re
duced in our CKD cohort. In contrast, potent 11-oxygenated 
androgens were significantly reduced, even in moderate CKD. 
We would therefore postulate that loss of 11-oxygenated an
drogens in CKD may be a greater differential contributor to 
adverse outcomes in CKD, and could represent a potential 
novel therapeutic target. We identified reduced concentrations 
of both the classic androgen precursors DHEA and A4 in pa
tients with CKD in both sexes in the present study compared 
with the Beaumont control cohort. However, this observation 
is much more likely to represent the significant age difference 
between the cohorts rather than a biological finding primarily 
driven by renal impairment. Indeed when compared against 
the more age-matched Birmingham cohort and in regression 
models, this observation was lost.

One of the limitations of our study is the discrepancy in age 
and sex distribution between the CKD and Beaumont control 
populations. To account for this, we compared results against 
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a much larger age-matched control cohort from the University 
of Birmingham. In tandem with this, we performed multiple 
linear regression and demonstrated the persistence of a signifi
cant, although weak, association between renal function and 
11KA4, 11KT, and 11OHT after adjustment of the model 
for age, sex, and BMI. Additionally we demonstrated a posi
tive association between 11OHA4 with BMI in our cohort. 
In healthy populations, previous studies have demonstrated 
a positive relationship between BMI and 11KT, potentially 
due to increased AKR1C3 activity in adipose tissue (5, 32). 
11OHT also shared an association with age in our cohort 
which has previously been shown in a healthy control popula
tion; however, in this previous study the association was lost 
once adjusted for BMI (5). A further potential limitation is 
that urinary glucocorticoid and adrenal androgen metabolite ex
cretion were globally reduced in patients with CKD compared 
with the Beaumont control cohort, especially in more severe dis
ease (stages 4 and 5). It is unclear whether the urinary steroid me
tabolome is altered in patients with severe renal dysfunction, 
and, therefore, analysis of serum steroids may be a more accur
ate approach to study steroid metabolism in this cohort.

The emergence of 11-oxygenated androgens as potent an
drogens contributing significantly to disease pathogenesis 
has reignited research interest in adrenal steroid biosynthesis 
(2, 3). Here we have clearly identified in vivo that HSD11B2 
is integral to the biosynthesis and activation of 11-oxygenated 
androgens. The clinical consequences of reduced HSD11B2 
activity resulting in reduced 11-oxygenated androgen concen
trations in patients with CKD remain to be elucidated and 
should be the focus of future research endeavors.
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