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Abstract

Aim: To evaluate whether short-term treatment with a selective 11β-Hydroxysteroid

dehydrogenase-1 (11β-HSD1) inhibitor, AZD4017, would block hepatic cortisol pro-

duction and thereby decrease hepatic fat in patients with nonalcoholic fatty liver

disease (NAFLD)/nonalcoholic steatohepatitis (NASH), with or without type 2 diabe-

tes (T2D).

Materials and Methods: This was a randomized, double-blind, placebo-controlled,

phase 2 study conducted at two sites. Key inclusion criteria were the presence of

NAFLD or NASH on magnetic resonance imaging (MRI) or recent biopsy positive for

NASH. Enrolled patients were randomly assigned (1:1) to AZD4017 or placebo for

12 weeks. Primary outcomes were between-group differences in mean change from

baseline to week 12 in liver fat fraction (LFF) and conversion of 13C cortisone to 13C

cortisol in the liver.

Results: A total of 93 patients were randomized; 85 patients completed treatment.

The mean (standard deviation [SD]) change in LFF was �0.667 (5.246) and 0.139

(4.323) in the AZD4017 and placebo groups (P = 0.441). For patients with NASH and

T2D, the mean (SD) change in LFF was significantly improved in the AZD4017 versus

the placebo group (�1.087 [5.374] vs. 1.675 [3.318]; P = 0.033). Conversion of 13C

cortisone to 13C cortisol was blocked in all patients in the AZD4017 group. There

were no significant between-group differences (AZD4017 vs. placebo) in changes in

fibrosis, weight, levels of liver enzymes or lipids, or insulin sensitivity.
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Conclusion: Although the study did not meet one of the primary outcomes,

AZD4017 blocked the conversion of 13C cortisone to 13C cortisol in the liver in all

patients who received the drug. In patients with NASH and T2D, AZD4017 improved

liver steatosis versus placebo.

1 | INTRODUCTION

The major cause of liver disease in the United States and worldwide is

nonalcoholic fatty liver disease (NAFLD), with an estimated overall

prevalence of approximately 25%.1 Typically, NAFLD is identified by

imaging or histology and is defined as the presence of hepatic

steatosis not caused by excessive alcohol consumption, steatogenic

medications or immune-related disorders. In some patients, NAFLD

can progress to nonalcoholic steatohepatitis (NASH).2 Obesity and

type 2 diabetes (T2D) are two common comorbidities associated with

NAFLD and NASH. In patients with T2D, the overall prevalence of

NAFLD and NASH is 56% and 37%, respectively.3 In the

United States, approximately 18.2 million people have both NAFLD

(6.6 million with NASH) and T2D,4 with profound impacts on the met-

abolic health of these patients.5

The current standard of care for NAFLD and NASH includes die-

tary and lifestyle modifications. Currently, there are no US Food and

Drug Administration (FDA)-approved medications for the treatment

of either NAFLD or NASH, although multiple drugs that target differ-

ent mechanistic pathways are in clinical development. Unfortunately,

many of these targeted drugs have shown limited efficacy.2,3,6-8

Glucocorticoids are potent regulators of carbohydrate, protein and

fat metabolism. The amount of circulating cortisol in systemic circula-

tion is tightly regulated by the hypothalamic-pituitary-adrenal (HPA)

axis. 11β-Hydroxysteroid dehydrogenase type 1 (11β-HSD1) is a key

enzymatic component of the cortisol shuttle that converts inactive cor-

tisone to active cortisol in various tissues outside of the HPA axis.9,10

We have previously shown that the splanchnic bed makes substantial

amounts of cortisol in humans with and without diabetes.11 We also

showed in obese humans that the liver was the primary site of splanch-

nic cortisol production with the viscera releasing cortisone into the por-

tal vein, thereby providing substrate for intrahepatic cortisol

production.12 The triple-tracer cortisol technique offered us the oppor-

tunity to measure hepatic 11β-HSD1 activity using noninvasive means

without need for splanchnic catheterization.13 Hepatic activity of 11β-

HSD1 in dogs and humans with and without T2D is linked to the

intrahepatic conversion of cortisone to cortisol, which is then linked to

endogenous glucose production.11,14 This enzyme, 11β-HSD1, is highly

expressed in the liver15 and is associated with intrahepatic fat deposi-

tion.16 Furthermore, studies using this class of inhibitors in dogs

showed suppression of glycogenolysis, resulting in lowering glucose

production and improving insulin sensitivity.17,18 A recent phase 1b

study showed a reduction in hepatic fat content after 12 weeks of

treatment with an 11β-HSD1 inhibitor.19 To our knowledge, however,

a 11β-HSD1 inhibitor has not been evaluated for NASH with T2D.

We evaluated the effects of a 11β-HSD1 inhibitor, AZD4017, on

hepatic 11β-HSD1 activity, that is, hepatic conversion of 13C corti-

sone to 13C cortisol, hepatic fat, fibrosis and glucose tolerance in

patients with NAFLD or NASH either with or without T2D.

2 | MATERIALS AND METHODS

2.1 | Study design and patient population

This randomized, double-blind, placebo-controlled, phase 2b proof-of-

concept study evaluated the mechanism of action and safety as well

as tolerability of AZD4017 in patients with NAFLD or NASH, with or

without T2D, over 12 weeks of treatment (Figure 1). The study was

conducted at two sites: the Mayo Clinic (Rochester, Minnesota) and

the University of Virginia (UVA; Charlottesville, Virginia). This study

was conducted under an Investigational New Drug (IND) for

AZD4017, held by Rita Basu, who was the sponsor of the IND.

Eligible participants were aged 21 to 75 years with a body mass

index (BMI) >19 kg/m2 and either a MRI or NASH shown on biopsy,

performed previously for clinical purposes. If participants with a his-

tory suggestive of NAFLD or NASH met the criteria for either

NAFLD or NASH during screening, then they were also considered

eligible, based on recent guidelines.20,21 Individuals with NAFLD or

NASH who also had T2D were eligible if they had no microvascular

(except for background retinopathy) or macrovascular complica-

tions, were taking stable doses of antidiabetic medications (except

pioglitazone, sodium-glucose cotransporter-2 inhibitors or

glucagon-like peptide-1 receptor agonists) to control glycaemia, and

had baseline glycated haemoglobin (HbA1c) levels ≤10% (≤86

mmol/mol). Participants were required to meet all of the following

criteria during screening: normal levels of thyroid-stimulating hor-

mone (TSH) and creatine phosphokinase; haemoglobin levels ≥12 g/

dL (7.45 mmol/L) in men or ≥ 11 g/dL (6.83 mmol/L) in women;

total bilirubin <1.5� the upper limit of normal; international normal-

ization ratio <1.3; and ability to maintain stable body weight.

Individuals were excluded if they met any of the following criteria:

presence of other chronic medical conditions, including anaemia, car-

diovascular disease, Alzheimer's disease, cirrhosis, autoimmune hepa-

titis, or other overt hepatic diseases; symptoms suggestive of an

undiagnosed illness; stroke; alcoholism; planning to or actively losing

weight; or taking thiazolidinediones or atazanavir, indinavir, ketocona-

zole, valproic acid, Silybum marianum or Valeriana officinalis per the

FDA, to avoid the confounding effects of these medications on trial

results. Pregnant women were not eligible.
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The study was conducted in accordance with the principles of

Good Clinical Practice. After approval by the FDA and the sites' insti-

tutional review boards and radiation safety committees, eligible partic-

ipants who provided informed consent were enrolled in the study.

The study is registered at ClinicalTrials.gov (NCT02605616).

2.2 | Procedures

Patients were evaluated for eligibility based on the inclusion and

exclusion criteria at the screening visit, which occurred in the morning

after an overnight fast. All patients provided written informed consent

before any procedures were performed. A physical examination and

medical history review were conducted, and baseline measures of

height, weight, vital signs and electrocardiogram were obtained. Labo-

ratory testing included liver enzymes (alanine transaminase [ALT],

aspartate transaminase [AST] and alkaline phosphatase), creatine

phosphokinase, TSH and international normalization ratio. Testing

was repeated monthly during treatment and at 1 month post-

treatment.

Identical pretreatment and posttreatment clinic visits were con-

ducted at the Clinical Research Units at the Mayo Clinic and the Uni-

versity of Virginia. Magnetic resonance imaging (MRI) was performed

to evaluate and stage liver fat and fibrosis. This noninvasive MRI-

based technique known as elastography measures liver stiffness,

which is a surrogate marker for liver fibrosis.21-24 The imaging was

performed on a 3-Tesla GE 750 HDX scanner (GE Healthcare, Wauke-

sha, Wisconsin) at the Mayo Clinic and a 3-Tesla MAGNETOM Skyra

scanner (Siemens Healthcare, Erlangen, Germany) at the UVA. Liver

fat quantification was based on the IDEAL-IQ technique on the GE

scanner and the T1 vibe Dixon technique, available as LiverLab, on

the Siemens scanner. Both IDEAL-IQ and Dixon techniques comprise

single breath-hold, three-dimensional gradient echo sequences that

cover the whole liver and provide in-phase and out-of-phase images,

fat only, water only, fat fraction and R2* images. The fat fraction map

is provided with colour bars with LiverLab and as a grey-scale map

with IDEAL-IQ. The pixel values represent proton density fat fraction

expressed as a percentage. Regions of interest (ROIs) were placed in

the liver parenchyma to obtain the fat fraction values. Two ROIs in

the right lobe and one in the left lobe were placed and the average of

the three ROIs was reported as the proton density fat fraction (PDFF)

for the patient. A cut-off of <5% was used to distinguish between nor-

mal and fatty liver.25-27 Magnetic resonance elastography was per-

formed on the same scanner and automatically generated stiffness

maps. ROIs were placed on the stiffness maps and the average was

reported as mean liver stiffness. A clinical cut-off of 2.93 kPa was

used to classify the results as either normal or elevated liver stiff-

ness.21 A cut-off of 2.74 kPa accurately distinguished simple steatosis

from steatohepatitis with a sensitivity of 94%, a specificity of 73%

and an accuracy of 0.93.22

A triple-tracer cortisol test was used to measure hepatic 11β-HSD1

activity and the conversion of hepatic cortisone to cortisol (Figure 2C,

D). This test utilizes an isotope dilution technique. In brief, 1-mg doses of

[9,12,12,2H3] cortisol (
2H cortisol) and 4-13C cortisone (13C cortisone)

were ingested while [1,2,6,7-3H]cortisol (3H cortisol) was infused intra-

venously. This allows us to concurrently measure the first-pass hepatic

extraction of 2H cortisol and hepatic conversion of ingested 13C corti-

sone to 13C cortisol, which is derived from the ingested cortisone and is

Assessed for eligibility (n=109)

Randomized (n=93)

Excluded (n = 16)
• Did not meet inclusion criteria (n=16)

AZD4017 (n=46) Placebo (n=47)

Withdrawn (n=4) Withdrawn or No data (n=4)

Analysed (n=42) Analysed (n=43)

F IGURE 1 CONSORT flow diagram. After meeting the inclusion criteria, study participants were randomly assigned (1:1) to the AZD4017
group (800 mg/d in two divided oral doses) or matched placebo group for 12 weeks (±1 week) of treatment
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F IGURE 2 Change from baseline in liver fat fraction (LFF) and the conversion of 13C cortisone to 13C cortisol up to week 12. A, Overall mean
(standard deviation [SD]) percentage changes in LFF. B, Mean (SD) percentage changes in LFF in patients with nonalcoholic steatohepatitis
(NASH) and in those with NASH and type 2 diabetes. C, Overall mean (SD) percentage change in 13C cortisone to 13C cortisol in patients who
received AZD4017. D, Overall mean (SD) percentage change in 13C cortisone to 13C cortisol in patients who received placebo. P values presented
are Wilcoxon rank-sum tests. MPE, mole percent excess

F IGURE 3 Change from baseline in liver fibrosis and insulin sensitivity up to week 12. A, Overall mean (standard deviation [SD]) changes in
liver fibrosis. B, Mean (SD) percentage changes in liver fibrosis in patients with nonalcoholic steatohepatitis (NASH) and those with NASH and
type 2 diabetes. C, Overall mean (SD) changes in insulin sensitivity. D, Overall mean (SD) changes in hepatic insulin sensitivity (Siliver). P values
presented are Wilcoxon rank-sum tests
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a direct measure of 11β-HSD1 activity in the liver.13 We are therefore

able to utilize this isotopic technique to test whether AZD4017 was a

likely liver specific inhibitor of 11β-HSD1 or not.

Labelled oral glucose tolerance tests (OGTTs) were used to mea-

sure whole-body insulin sensitivity (Figure 3C) and hepatic insulin sensi-

tivity (Figure 3D). After an overnight fast, patients were admitted to the

Clinical Research Unit. Patients with T2D were asked to not to take

their morning dose of antidiabetic medications. Participants underwent

a 4-hour labelled ([6,6-2H2] glucose) OGTT; blood samples were period-

ically drawn for measurement of glucose, insulin, C-peptide concentra-

tions and [6,6-2H2] glucose enrichment.28 After a second overnight

fast, the triple-tracer cortisol test was conducted,9,13 and blood samples

were drawn periodically for measurement of 2H cortisol, 2H cortisone,
13C cortisone, 13C cortisol, 3H cortisol, and 3H cortisone.9,13 The order

in which the two tests were performed was randomized. However, the

same order of the tests for each patient was maintained for both the

pretreatment and posttreatment study visits.

After the pretreatment visit, participants were randomly assigned

(1:1) to either AZD4017 400 mg twice daily or matching placebo for

12 weeks (±1 week; Figure 1). The study biostatistician generated ran-

domization codes. All participants, study team members and investiga-

tors (including the radiologists) were masked to treatment

assignments. AZD4017 and placebo were identical in appearance and

supplied by the research pharmacy in similarly coded containers. Com-

pliance was monitored by counting the tablets at monthly visits.

Unused pills were returned to the research pharmacy and discarded.

2.3 | Study assessments

AZD4017 was assessed versus placebo using two primary outcomes:

(a) percentage change from baseline to week 12 in LFF, and

(b) percentage change from baseline to week 12 in the conversion of
13C cortisone to 13C cortisol.

Secondary outcomes included AZD4017- versus placebo-related

changes from baseline to week 12 in liver enzymes (ie, AST, ALT), liver

fibrosis as assessed using MRE, and changes in body weight, insulin

sensitivity and hepatic insulin sensitivity. In addition, changes from

baseline to week 12 in insulin sensitivity and hepatic insulin sensitivity

in the AZD4017 group were assessed as a key secondary endpoint.

Adverse events (AEs) and serious AEs were monitored through-

out the study. The severity of AEs was graded according to the 1 to

5 scale of the Common Terminology Criteria for Adverse Events

(CTCAE) version 4.0, published May 28, 2009 (v4.03: June 14, 2010)

US Department of Health and Human Services, National Institutes of

Health. A Data and Safety Monitoring Board (DSMB) was established

to monitor study and safety data.

2.4 | Analyses

Blood samples were immediately placed on ice, centrifuged at 4�C,

separated, and stored at �80�C. For blood drawn during the OGTT,

plasma glucose was analysed using a YSI analyser (Yellow Springs,

Ohio), plasma insulin was measured by chemiluminescence using the

Access Ultrasensitive Immunoenzymatic assay system (Beckman Coul-

ter, Chaska, Minnesota),29 C-peptide concentrations were measured

using a radioimmunoassay (Linco Research, St Charles, Missouri),29

and plasma [6,6-2H2] glucose enrichment was measured using gas

chromatographic mass spectrometry.28

For blood drawn during the triple-tracer cortisol test, plasma cor-

tisol, cortisone, 2H cortisol, 13C cortisone, 13C cortisol and 3H cortisol

radioactivity were measured using methods previously described.9,30

Body composition (ie, total body fat and abdominal fat measure-

ment), were measured using the Lunar iDXA dual-energy X-ray

absorptiometer, software version 6.10 (GE Healthcare, Madison, Wis-

consin). LFF was quantified and liver fibrosis staged with MRE.21-24,31-36

2.5 | Calculations

3H cortisol was used to trace the systemic rate of appearance of 13C

cortisol and 2H cortisol; the systemic rate of appearance (μg/min) of 13C

cortisol derived from the ingested 13C cortisone was calculated using

Steele's nonsteady-state equation. Hepatic 13C cortisol production was

calculated as the area under the curve for the rate of appearance of 13C

cortisol divided by 1 minus the hepatic extraction of 2H cortisol.9 Insulin

sensitivity and hepatic insulin sensitivity were calculated using our previ-

ously established oral glucose minimal models.28,37,38

2.6 | Statistical analyses

Based on the results of a previous study,19 it was determined that a

total of 90 participants (45 in each treatment group) provided 80%

power to detect a between-group difference in means (mean square

error) of 3.1 (4.6) using analysis of covariance (ANCOVA) and a two-

sided Student's t-test with an alpha value of 0.05. To account for a

10% attrition rate, additional patients were recruited and included a

total of up to 102 patients.

Between-group differences in baseline demographic and clinical

characteristics were compared using two-sided Student's t-tests, and

when indicated particularly for subgroup analyses, Wilcoxon rank-sum

tests. For the primary outcomes, we used ANCOVA to compare the

between-group differences in the week 12 LFF and hepatic conver-

sion of 13C cortisone to 13C cortisol while adjusting for the baseline

measurement using a modified intention-to-treat (ITT) analysis set

that required the post-measurement of LFF to be available for inclu-

sion in the final statistical model (ie, the primary outcome measure

was not imputed if missing) as specified in the protocol.

Secondary analysis of the primary outcomes was explored by esti-

mating treatment effects by sex using ANCOVA. This secondary anal-

ysis was performed using ANCOVA by evaluating the effects of

treatment on the basis of the participant's sex, which included the

interaction terms between-treatment and sex. Secondary outcomes

were analysed analogously to the primary outcomes with use of

YADAV ET AL. 885



ANCOVA. All statistical analyses were performed using R version

3.6.4 (Vienna, Austria).

3 | RESULTS

3.1 | Patient characteristics

At two US-based sites, 109 consecutive patients were screened;

93 were enrolled and randomly assigned to AZD4017 (n = 46) or pla-

cebo (n = 47). Between November 2015 and December 2017,

54 patients were randomly assigned to the two treatment groups at

the Mayo Clinic. Between January 2018 and September 2019,

39 patients were randomly assigned to the two treatment groups at

the UVA. More than 91% of patients (85/93) completed the 12-week

treatment. Four patients in each group withdrew from the study, and

MRI was not performed (Figure 1); thus, these patients were not

included in the ITT analysis. For one patient, MRI was not possible

due to large body habitus.

Overall, baseline demographic and clinical characteristics were

comparable in the AZD4017 and placebo treatment groups (Table 1).

The mean (standard deviation [SD]) age in the AZD4017 and placebo

groups was 54 (12) and 53 (11) years, respectively. Sixty-one percent

of patients in both treatment groups were female. Approximately 72%

of all patients had NASH, and approximately 28% had NAFLD. Nearly

50% of all patients had T2D. The total body fat percentage (Table 1)

changed from 42.0 ± 8% (at baseline) to 40.5 ± 7.7 % (month 3) in the

AZD4017 group (P = 0.33). In the placebo group the total body fat

percentage changed from 43.1 ± 6.1% (at baseline) to 42.9 ± 6.3 %

(month 3; P = 0.15). Abdominal fat percentage changed from

46.1 ± 8.3% (baseline) in the AZD4017 group to 45.1 ± 7.4% (month

3) (P = 0.139). In the placebo group, abdominal fat percentage chan-

ged from 47.2 ± 6.4% (baseline) to 48.2 ± 6.6% (month 3; P = 0.112).

In both groups, mean adrenocorticotropic hormone (ACTH) levels

were higher than expected; this was likely due to timing differences in

blood draws and the pulsatile nature of ACTH release and unlikely to

be clinically meaningful as serum cortisol levels concurrently drawn

were in the normal range.

TABLE 1 Demographics, baseline and post-treatment characteristics in the intention-to-treat population

Placebo (N = 47) AZD4017 (N = 46) P value

Study site, n (%) 0.903

Mayo Clinic 27 (57.4) 27 (58.7)

UVA 20 (42.6) 19 (41.3)

Subgroup, n (%) 0.947

NAFLD 10 (21.3) 8 (17.4)

NAFLD and T2DM 4 (8.5) 4 (8.7)

NASH 15 (31.9) 17 (37.0)

NASH and T2DM 18 (38.3%) 17 (37.0%)

Female: Male, n 29:18 28:18 0.934

Age, years 53.3 (11.4) 53.7 (11.7) 0.885

BMI, kg/m2 36.7 (8.1) 36.4 (8.1) 0.841

Baseline Post-treatment Baseline Post-treatment Baseline Post-treatment

Weight, kg 104.0 (25.5) 104.3 (26.6) 100.5 (21.3) 98.1 (19.6) 0.477 0.343

Total body fat, % 43.1 (6.1) 42.9 (6.3) 42.0 (8.4) 40.5 (7.7) 0.504 0.203

Abdominal fat, % 47.2 (6.4) 48.2 (6.6) 46.1 (8.3) 45.1 (7.4) 0.539 0.093

Fasting plasma glucose,

mg/dL {mmol/L}

128.7 (48.1) {7.1 (2.7)} 135.2 (55.3) {7.5 (3.1)} 123.5 (46.7) {6.9 (2.6)} 129.6 (61.3) {7.2 (3.4)} 0.601 0.662

HbA1c, %

{mmol/mol}

6.5 (1.4) {48 (15.3)} 6.6 (1.3) {49 (14.2)} 6.4 (1.6) {46 (17.5)} 6.5 (1.4) {48 (15.3)} 0.831 0.715

AST, U/L 53.5 (32.8) 48.8 (45.9) 43.7 (33.8) 38.0 (21.4) 0.165 0.176

ALT, U/L 63.9 (40.8) 60.6 (60.3) 54.4 (43.7) 41.2 (26.1) 0.283 0.059

ALP, IU/L 77.6 (25.6) 74.2 (22.8) 78.5 (23.1) 64.9 (20.4) 0.859 0.048

TSH, mIU/L 2.3 (2.0) 2.1 (1.3) 2.7 (4.6) 2.4 (1.8) 0.565 0.429

Total bilirubin, mg/dL

{μmol/L}

0.8 (1.0) {13.68 (17.1)} 0.5 (0.3) {8.55 (5.13)} 0.7 (0.3) {11.97 (5.13)} 0.6 (0.3) {10.26 (5.13)} 0.73 0.240

Direct bilirubin,

mg/dL {μmol/L}

0.2 (0.1) {3.42 (1.71)} 0.2 (0.2) {3.42 (3.42)} 0.2 (0.1) {3.42 (1.71)} 0.2 (0.1) {3.42 (1.71)} 0.469 0.813

Note: Values are mean (standard deviation) unless otherwise indicated.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; HbA1c, glycated haemoglobin; NAFLD,

nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; T2DM, type 2 diabetes; TSH, thyroid-stimulating hormone; UVA, University of Virginia.
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3.2 | Primary outcomes

In the modified ITT population, the overall mean (SD) percentage

change in LFF was �0.667 (5.246) and 0.139 (4.323) in the AZD4017

and placebo groups, respectively (P = 0.441; Figure 2A). The primary

ANCOVA analysis estimated a �1.09 (standard error 1.02) percentage

point reduction in the AZD4017 group; however, this change was not

statistically significant (P = 0.29). The overall conversion of 13C corti-

sone to 13C cortisol was blocked in 100% of AZD4017 patients

(Figure 2C). By contrast, no placebo patients showed inhibition of the

conversion of 13C cortisone to 13C cortisol (Figure 2D).

In patients with NASH and T2D (n = 35), the mean

(SD) percentage change in LFF was significantly improved in the

AZD4017 versus the placebo group (�1.087 [5.374] vs. 1.675

[3.318]; P = 0.033 [Figure 2B]). There were no significant changes in

LFF among nondiabetic patients with NASH or NAFLD or among

patients with NAFLD with T2D.

3.3 | Secondary outcomes

Mean (SD) changes from baseline to week 12 in fibrosis were not dif-

ferent between the AZD4017 and placebo groups (�0.639 [0.991]

and � 0.662 [0.977]; P = 0.914 [Figure 3A]). Moreover, there were

no significant between-group differences in patients with NASH or

NAFLD compared with those with or without T2D when corrected

for change from baseline fibrosis. However, absolute values of fibrosis

were significantly lower for NASH and T2D in the AZD4017 group

(3.078 [0.775] and 3.929 [1.129]; P = 0.02) as compared to the pla-

cebo group.

For the assessment of changes in liver enzyme levels, there were

no significant between-group differences in AST or ALT over time;

however, there were some significant changes in AST and ALT over

time (Supporting Information, Figure S1). The AST:ALT ratio was sig-

nificantly higher in the AZD4017 group than in the placebo group at

month 1 (1.085 [0.493] vs. 0.902 [0.313]; P = 0.041), at month

2 (1.100 [0.474] vs 0.904 [0.299]; P = 0.030), and at month 3 (1.078

[0.409] vs. 0.891 [0.336]; P = 0.024). In all patients, body weight

remained stable (Table 1); therefore, there were no significant

between-group differences in body weight during the study.

Overall, there were no significant between-group differences in

mean (SD) insulin sensitivity changes from baseline to week 12 in

AZD4017 and placebo patients (�0.225 [1.918] and 0.719 [3.361];

P = 0.189 [Figure 3C]) or in mean (SD) hepatic insulin sensitivity

(0.075 [1.948] and 0.126 [2.369]; P = 0.928 [Figure 3D]).

Although changes in lipid levels were not a prespecified endpoint

of the study, some beneficial effects of AZD4017 versus placebo

were observed. For mean (SD) total cholesterol, AZD4017 patients

showed a statistically significant reduction versus placebo patients

(�27.725 [26.030] vs. �11.390 [38.416]; P = 0.028 [Supporting Infor-

mation, Figure S1]). There was a trend for a similar mean

(SD) reduction in low-density lipoprotein (LDL) levels (�18.892

[23.285] vs. �8.216 [24.724]; P = 0.060 [Supporting Information,

Figure S1]). In addition, there was a significant increase in mean

(SD) ACTH levels from baseline to week 12 in the AZD4017 versus

the placebo group (16.164 [20.625] vs. 0.542 [11.505]; P < 0.001).

Enrichments of 13C cortisone and 13C cortisol were similar at

baseline and month 3 for the placebo group, while 13C cortisol enrich-

ments were low to undetectable in the AZD4017 group at month 3 as

compared with baseline (Figure 2C, D). Hepatic cortisol production,

calculated by the triple-tracer method, was similar in the AZD4017

versus the placebo group at baseline (755 ± 23 vs. 750

± 25 μg/240 min) and was significantly reduced with AZD4017 ver-

sus placebo at month 3 (60 ± 32 vs 760 ± 35 μg/240 min; P < 0.01);

this indicates that the drug was successful in blocking production of

cortisone to cortisol in the liver (Supporting Information, Figure S2).

3.4 | Safety and tolerability

Twenty-two patients in the AZD4017 group and 13 patients in the

placebo group had AEs (Table 2). In both groups, the most common

AEs reported were gastrointestinal AEs (diarrhoea, softer stool, and

stomach ache; n = 9 for AZD4017 and n = 6 for placebo). The second

most common AEs for both groups were headaches (n = 8 for

AZD4017 and n = 4 for placebo). In the AZD group, there were also

reports of transient, that is first-month increase in TSH (n = 3),

decreased appetite (n = 1), and nausea (n = 1). In the placebo group,

there was also one report of each of the following AEs: difficulty

swallowing due to large pill size; tenderness at intravenous injection

site; and lower extremity oedema. No serious AEs were reported in

either group.

The study was stopped after enrolling 93 patients. The sponsor

recalled the batch of AZD4017 /placebo that was provided to the

study investigator after the batch of investigational product failed a

routine stability retest that was performed to support potential shelf

life extension. Ten patients who were taking either AZD4017 or pla-

cebo were asked to stop taking their drug. Since eight of the

10 patients were close to reaching study completion, their data were

included in the ITT analyses. The remaining two patients were

TABLE 2 Adverse events

AEs related to study AZD4017 Placebo

Headache 8 4

Gastrointestinal: diarrhoea, softer stool,

stomach ache

9 6

Decreased appetite 1 0

Nausea 1 0

Difficulty swallowing due to large pill size 0 1

Tenderness at IV site 0 1

Lower extremity oedema 0 1

Increased TSH 3 0

Abbreviations: AE, adverse event; IV, intravenous; TSH, thyroid-

stimulating hormone.
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withdrawn from the study, and their data were neither included nor

analysed. These 10 patients were monitored after stopping treatment,

and no AEs were observed.

4 | DISCUSSION

This randomized, double-blind, placebo-controlled, two-site, phase 2b

proof-of-concept study evaluated the mechanism of action and safety

of a potent, selective 11β-HSD1 inhibitor, AZD4017, in patients aged

21 to 75 years with NAFLD or NASH and either with or without T2D

over 12 weeks of treatment. Even though there has been one other

11β-HSD1 inhibitor evaluated for the treatment of NAFLD,19 this is

the first reported use of a possible liver-selective 11β-HSD1 inhibitor

for the treatment of NASH.

In this study, AZD4017 blocked the conversion of 13C cortisone

to 13C cortisol in all treated patients but did not block this conversion

in any patients in the placebo group. Thus, the blocking of 13C corti-

sone to 13C cortisol conversion in the liver by AZD4017 indicates that

its likely mechanism of action is the inhibition of hepatic 11β-HSD1

activity. Furthermore Markey et al, in their trial of AZD4017, also

demonstrated hepatic 11β-HSD1 activity by prednisolone generation

in plasma after an oral prednisone challenge test without any mean-

ingful effects on 11β-HSD1 activity in the adipose tissue or central

nervous system (CNS).39 We did not receive approval to take liver

biopsies in this very short 12-week trial, hence we cannot indepen-

dently confirm the in vitro findings of preclinical testing conducted by

the manufacturer as presented in the investigators' brochure, which

were confirmed by Markey et al, indicating AZD4017 had stronger

11β-HSD1 activity in the liver than in other tissues.39

We found no significant changes in liver fat content in the entire

cohort of patients treated with AZD4017 compared with the placebo

group, but reduced liver fat was observed in the patients with both

NASH and T2D. Furthermore, in patients with NASH or NAFLD and

T2D, liver cortisol production was significantly higher at baseline and

was suppressed more after treatment with AZD4017 as compared to

their nondiabetic counterparts. Studies have suggested the possible

role of genetic polymorphisms of 11β-HSD1 in determining an indi-

viduals response to various drugs inhibiting this pathway.40 Although

we did not specifically test for this, it is plausible that this is a determi-

nant of response to AZD4017. Interestingly total cholesterol and tri-

glycerides were also numerically lowest in the NASH and T2D group

at month 3 as compared to other subgroups. Of note, a different 11β-

HSD1 inhibitor RO5093151 reduced liver fat in patients with NAFLD

and insulin resistance who were not considered to have diabetes.19

For the secondary outcomes of this study, we evaluated changes

in fibrosis, body weight, liver enzyme levels, lipid levels and Si in

patients after either AZD4017 or placebo.

Fibrosis was unchanged in the entire cohort. However, for the

NASH and T2D group, absolute values for fibrosis were significantly

lower with AZD4017 as compared to placebo. For meaningful

changes in fibrosis to occur, the drug treatment ought possibly to

have been for a longer duration than was undertaken.

We did not observe any changes in body weight. Nevertheless,

others have reported that the inhibition of 11β-HSD1 is associated

with weight loss in patients with NAFLD and those with T2D.10,19

Although we did not observe any group effects of AZD4017 on liver

enzyme levels when compared between baseline and month 3, there

were some changes in AST and ALT during the monthly evaluations,

but Stefan et al reported that treatment with RO5093151 decreased

liver enzyme levels.19 AZD4017 had no effects on fasting glucose

levels, HbA1c or Si (both whole-body and hepatic); in agreement with

our findings, RO5093151 did not affect Si in NAFLD patients.19

Nonetheless, a different clinical study reported that an 11β-HSD1

inhibitor improved hyperglycaemia over 12 weeks in patients with

T2D.10

Interestingly, we found that AZD4017 had unexpected beneficial

effects on lipid levels; patients who received AZD4017 had significantly

reduced total and LDL cholesterol levels compared with patients who

received placebo. Moreover, others have reported that 11β-HSD1

inhibitors reduced total cholesterol in patients with NAFLD and in

patients with T2D.10,19 Lastly, there was a significant increase in ACTH

levels but these were still within the normal range in the AZD4017

group compared with the placebo group. This result may be explained,

at least in part, by the pulsatile nature of its release and the timing of

blood draws among patients. Markey et al, in a previous elegant study,

found that CNS penetrance of the drug AZD4017 was low and,

although the possibility of HPA activation exists with this class of drugs,

they did not observe any downstream effects of this activation at the

400-mg twice-daily dose.39 The slight but not clinically meaningful

change in HPA axis observed in the present study, therefore, was not

unexpected, but in the absence of serial, frequent and concurrent mea-

surements of ACTH and cortisol, which were not undertaken under

these study conditions, it would be hard to comment further regarding

this matter. Future studies are required to better understand the effects

of AZD4017 on the HPA axis.

In patients with NAFLD treated with RO5093151, the HPA axis

was mildly activated, with large increases in both ACTH and corti-

sone.19 In addition, patients with T2D treated with a different 11β-

HSD1 had dose-related increases in ACTH levels (generally within the

normal range with a return to baseline levels after stopping

treatment.10,19

AZD4017 is only one of at least 25 drugs that have been evalu-

ated recently as 11β-HSD1 inhibitors in clinical trials.41 Like other

synthetic 11β-HSD1 inhibitors, AZD4017 exhibits high potency

[IC50 (Half-maximal inhibitory concentration)= 7 nM] and excellent

in vivo pharmacokinetic and biodistribution profiles.42 However, none

of these drugs have been approved for use, mostly due to their limited

therapeutic potency and potential safety concerns primarily related to

activation of the HPA axis.2,3,6-8 AZD4017 was previously evaluated

for the treatment of obesity (NCT01096004) and intracranial hyper-

tension (NCT01173471).41 Although AZD4017 is not planned for fur-

ther development by the company even though our study found it to

be safe and well tolerated, this particular class of drugs continues to

be relevant as a reliable target for other conditions, such as steroid-

induced diabetes, inflammatory and immune disorders.40
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A review by Chuanxin et al provides several possible reasons as

to why AZD4017 and other synthetic 11β-HSD1 inhibitors may have

failed clinical evaluations: the animal models available are not suitable

to assess the inhibitory effects of these drugs because there are major

differences in the 11β-HSD1 activity in humans and rodents and/or

inhibition may lead to HPA axis activation.41

We believe that AZD4017 may not be the ideal candidate for

patients with fatty liver, possibly due to limited efficacy or because

the 12-week trial duration was not long enough to observe more

robust metabolic changes besides the lowered liver fat in NASH

patients with T2D.

Similarly, Stefan et al suggested that the long-term inhibition of

11β-HSD1 may be better for treating NAFLD.19 For meaningful

changes in metabolic function (ie, insulin sensitivity and liver function),

perhaps a longer duration of an 11β-HSD1 drug intervention at the

maximum tolerated dose may offer better treatment benefits to

patients with NAFLD or NASH who have T2D. Based on our study

and others, we conclude that an appropriate therapeutic drug for the

treatment of NAFLD and NASH could be a combination agent includ-

ing an 11β-HSD1 inhibitor drug that targets the liver /adipose tissue.

Furthermore, the results of this study suggest that AZD4017 may

offer some metabolic benefits to patients with T2D.
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