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Abstract

Background and Objective Insulin degludec is a basal

insulin with a slow and distinct absorption mechanism

resulting in an ultra-long, flat, and stable pharmacokinetic

profile in patients with diabetes mellitus. The aim of this

study was to examine the effect of hepatic impairment on

the single-dose pharmacokinetics of insulin degludec.

Methods Twenty-four subjects, allocated to one of four

groups (n = 6 per group) based on level of hepatic

impairment (normal hepatic function, Child–Pugh grade A,

B, or C), were administered a single subcutaneous dose of

0.4 U/kg insulin degludec. Blood samples up to 120 h post-

dose and fractionated urine samples were collected to

measure pharmacokinetic parameters.

Results No difference was observed in pharmacokinetic

parameters [area under the 120-h serum insulin degludec

concentration–time curve (AUC120 h), maximum insulin

degludec concentration (Cmax), and apparent clearance (CL/

F)] for subjects with impaired versus normal hepatic func-

tion after a single dose of insulin degludec. The geometric

mean [coefficient of variation (CV) %] AUC120 h values

were 89,092 (16), 83,327 (15), 88,944 (23), and 79,846 (19)

pmol�h/L for normal hepatic function and mild, moderate,

and severe hepatic impairment, respectively. Simulated

steady-state insulin degludec pharmacokinetic profiles

showed an even distribution of exposure across a 24-h

dosing interval regardless of hepatic function status.

Conclusions The ultra-long pharmacokinetic properties

of insulin degludec were preserved in subjects with hepatic

impairment and there were no statistically significant dif-

ferences in absorption or clearance compared with subjects

with normal hepatic function.

1 Introduction

Insulin has unsurpassed efficacy in the treatment of dia-

betes mellitus [1], but is often underutilized, primarily due

to the risk or fear of hypoglycemia [2] and the requirement

for strict dosing regimens [3]. Underutilization of insulin in

patients who require such therapy impedes proper glycemic

control [4], thereby increasing the risk of long-term dia-

betes-related complications [5].

Insulin degludec is a new-generation basal insulin. Upon

subcutaneous injection, insulin degludec forms multi-

hexamers, resulting in a soluble depot in the subcutaneous

tissue from which monomers gradually separate [6, 7]. This

mechanism provides slow and continuous absorption,

leading to a flat, ultra-long pharmacokinetic profile and four

times less variable glucose-lowering effect compared with

insulin glargine [8, 9]. The duration of action, which

extends beyond 42 h, allows for the possibility of more

flexible once-daily dose timing. This permits patients to

alter the timing of their insulin dose when needed due to

changes in daily activities without compromising glycemic

Trial registration: ClinicalTrials.gov identifier: NCT00976326.

V. Kupčová (&)
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control [10]. A pre-planned meta-analysis of phase 3a

insulin degludec trials showed that similar improvements in

glycosylated hemoglobin (HbA1c) can be achieved with

fewer hypoglycemic episodes (most notably nocturnal

episodes) with insulin degludec than with insulin glargine

across a broad spectrum of patients with diabetes [11].

Tailored, patient-focused treatment is important in the

management of diabetes [1], and a range of conditions that

may affect insulin pharmacokinetics and pharmacodynam-

ics have been identified [12], including hepatic dysfunction

[13]. Insulin requirements can be lower in patients with

hepatic dysfunction due to reduced clearance of insulin

combined with reduced hepatic gluconeogenesis [14]. A

statement to this effect is made in the summary of product

characteristics for insulin glargine, although no specific data

are available [15]. For insulin detemir, no clinically relevant

difference in pharmacokinetics for subjects with renal or

hepatic impairment has been reported, but as these popu-

lations have not been studied extensively, it is advised that

plasma glucose is monitored closely [16]. The pharmaco-

kinetics of shorter-acting insulins have not been associated

with any significant changes as a result of hepatic dys-

function. Single-dose pharmacokinetic studies involving

insulin aspart found that hepatic impairment and renal

impairment had no significant impact on insulin aspart

pharmacokinetics [17]. Hepatic dysfunction did not appear

to affect the glucodynamic response to insulin lispro [18].

Considering the limited evidence available, and that hepatic

disease may be associated with increased insulin resistance,

specifically in cases of increased hepatic fat content [19], it

is important to investigate the effect of varying levels of

hepatic insufficiency on insulin pharmacokinetics.

The aim of this study was to evaluate whether the

pharmacokinetic properties and safety profile of insulin

degludec are comparable after a single dose in subjects with

mild (Child–Pugh grade A), moderate (Child–Pugh grade

B), and severe (Child–Pugh grade C) hepatic impairment

compared with subjects with normal hepatic function.

2 Subjects and Methods

2.1 Study Populations

Inclusion criteria included men and women aged

18–75 years with a body mass index of B40 kg/m2 and

either normal hepatic function or stable hepatic impairment

classified as mild, moderate, or severe (Child–Pugh grades

A, B, and C, respectively) as assessed by the investigator

(subjects with diabetes were eligible for participation

within the hepatic impairment groups) [20].

Exclusion criteria for all subjects included known or

suspected allergy to the trial product or related products,

clinically significant abnormality in hematology, bio-

chemistry or urinalysis (when accounting for the underly-

ing disease), clinically significant renal disease (creatinine

clearance \60 mL/min as calculated by the Cockcroft–

Gault formula at screening), or liver transplantation. Sub-

jects with diabetes were excluded from the normal hepatic

function group. Exclusion criteria specific to subjects with

hepatic impairment included acute exacerbation of hepatic

insufficiency, clinical signs of acute hepatitis, biliary

obstruction and/or other causes of hepatic impairment not

related to parenchymal disorders and/or diseases, history or

presence of severe hepatic encephalopathy (Cgrade 3),

advanced ascites, ascites that require emptying and albu-

min supplementation, esophageal variceal bleeding within

3 months of Visit 2/Day 1, and a prothrombin prolongation

time [18 s.

2.2 Study Design and Pharmacokinetic Sampling

This was a single-center (University Hospital Bratislava,

Dérer’s Hospital, Bratislava, Slovakia), single-dose, open-

label, parallel-group trial (ClinicalTrials.gov identifier:

NCT00976326). The sample size of six subjects in each of

the four groups (total 24 subjects) was selected to meet the

primary objective of this trial and is in accordance with

current guidelines from the US FDA and the European

Medicines Agency [21, 22]. The sample size was calcu-

lated under the assumption of equal sample size in each

group to correspond to a power of 80 % in a test for

monotonous trend in the primary endpoint—log[area under

the 120-h serum insulin degludec concentration–time curve

(AUC120 h)]—in patients with decreasing hepatic function,

with the significance level set to 5 %. The study consisted

of three visits: a screening visit (Visit 1), followed

2–21 days later by a single dosing visit (Visit 2). A follow-

up visit (Visit 3) was conducted 7–21 days after the dosing

visit. The study was approved by the Slovak health

authority, the State Institute for the Control of Drugs,

Bratislava, and by an independent ethics committee (Ethics

Committee, University Hospital Bratislava, Dérer’s Hos-

pital, Bratislava) and performed in accordance with the

Declaration of Helsinki and Good Clinical Practice

guidelines (July 2002, CPMP/ICH/135/95), as defined by

the International Conference on Harmonisation, in force at

the time of study initiation.

Subjects were admitted to the clinic the day before

dosing (approximately 2000 hours) and remained in-house

for the first 48 h after insulin degludec injection, or longer

if deemed necessary by the investigator. At the dosing visit

each subject received a single 0.4 U/kg subcutaneous dose

of insulin degludec administered into a lifted skinfold on

the anterior surface of the thigh. Administration occurred

between 0800 and 1000 hours in the morning.
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Pharmacokinetic blood samples were collected pre-dose

(-15 min and at 0 h), at 1- or 2-h intervals until 24 h post-

dose, and then at 30, 36, and 48 h. Blood glucose samples

were taken pre-dose, every 30 min for the first 7 h post-

dose, then hourly until 24 h post-dose and then at 30, 36,

and 48 h, after which subjects could leave the clinic. More

frequent blood glucose sampling (every 5–15 min) was

undertaken when a subject had low blood glucose

(\4 mmol/L). In case of signs of hypoglycemia, oral car-

bohydrate and/or intravenous glucose were given. Subjects

returned to the clinic for additional blood sample collec-

tions for pharmacokinetic and blood glucose analysis at 72,

96, and 120 h. A baseline urine sample was collected pre-

dose, and fractionated urine collection was performed to

determine insulin degludec concentration/excretion at

predefined intervals post-dose at Visit 2 (0–8 h, 8–16 h,

and 16–24 h). The total duration of the study ranged from

10 to 43 days for an individual subject.

2.3 Bioanalytical Assay

Serum and urine concentrations of insulin degludec were

measured using a validated, sandwich enzyme-linked

immunosorbent assay (ELISA), specific for insulin deglu-

dec with a lower limit of quantification of 20 pM for both

serum and urine. For the assay, the capture antibody was a

mouse monoclonal antibody specific for human insulin

(HUI 001) and the detection antibody was a biotin-labeled

monoclonal mouse antibody (NN454-1 F31) [9].

2.4 Data and Statistical Analyses

The primary aim of this study was to investigate the

pharmacokinetic exposure of insulin degludec after a single

dose in subjects with mild, moderate, or severe hepatic

impairment and in subjects with normal hepatic function.

Secondary objectives were to characterize further the

pharmacokinetic and safety profiles of insulin degludec.

Steady-state pharmacokinetic profiles were also simulated

for these subject populations.

All pharmacokinetic analyses were based on the full

analysis set, and safety analyses were based on the safety

analysis set. Both analysis sets included all subjects

exposed to insulin degludec during the course of the

trial.

The primary endpoint was AUC120 h, and secondary

endpoints included maximum insulin degludec concentra-

tion (Cmax) and apparent insulin degludec clearance

(CL/F); all endpoints were derived from the individual

serum insulin degludec concentration–time curves after a

single dose. AUC120 h was derived using the linear trape-

zoidal technique based on observed values and actual

measurement times between 0 and 120 h, with missing

values interpolated. CL/F was calculated as dose/area

under the serum concentration-time curve from time zero

to infinity (AUC?).

To assess the effect of the degree of hepatic impairment

on insulin degludec pharmacokinetic parameters, the end-

points were log-transformed and analyzed using an analysis

of variance (ANOVA) model with hepatic function group,

sex, and age at baseline as fixed effects. Estimates were

then transformed to the normal scale. Estimated mean

ratios among the three impaired hepatic function groups

compared with the normal hepatic function group were

calculated with two-sided 90 % confidence intervals (CIs).

A test for monotonous trend in AUC120 h as a function of

severity of impaired hepatic function was also conducted in

the same ANOVA model described above. In order to

investigate the effect of serum albumin concentrations on

total exposure of insulin degludec, serum albumin was

included as an extra explanatory variable in the same

ANOVA model.

To simulate the mean steady-state pharmacokinetic

profile of insulin degludec from this single-dose study, a

population pharmacokinetic model was used. The model

consisted of an absorption part with a depot compartment,

a delay compartment, an absorption-rate parameter, and a

delay-rate parameter; and a disposition part with one

compartment, a clearance parameter and a volume of

distribution parameter. The parameters of the model were

estimated in a population pharmacokinetic setting using a

non-linear mixed–effects approach, which allowed indi-

vidual sets of the four parameters for each of the subjects

included in the trial to be obtained. The values of the

absorption rate parameter were subsequently calibrated

based on information from the comprehensive clinical

pharmacology program with insulin degludec. The same

calibration factor was applied for all subjects. Using the

individual parameters, a simulation of once-daily multiple

dosing was carried out to obtain a mean steady-state

profile. More specifically, multiple once-daily dosing for

6 days at a dose level of 0.4 U/kg was simulated by

extrapolating the profile for each of the subjects, and

subsequently calculating the mean of the profiles on

Day 6.

Safety and tolerability of insulin degludec were assessed

through adverse events, physical examination, vital signs,

electrocardiogram, hypoglycemic events, and clinical lab-

oratory tests (biochemistry, hematology, and urinalysis).

Adverse events were classified as mild, moderate, or

severe, and judged as having a probable, possible, or

unlikely relationship to the trial product by the investigator.

Hypoglycemia episodes were defined as ‘confirmed’ if the

plasma glucose concentration was\3.1 mmol/L (56 mg/dL),
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irrespective of symptoms, or if classified as ‘severe’

(requiring assistance) by American Diabetes Association

(ADA) guidelines [23]. Hypoglycemic events were classi-

fied as ‘treatment emergent’ if the onset of the episode was

on or after the time of trial product administration and no

later than 7 days after trial product administration.

3 Results

3.1 Subjects

A total of 34 subjects were screened, and 24 subjects (six in

each group) were allocated to one of the four hepatic

function groups depending on the extent of hepatic

impairment. All 24 subjects were allocated to both safety

and efficacy populations.

Baseline demographic characteristics were similar

among subjects across hepatic function groups (Table 1).

Each hepatic function group comprised two males and four

females. All subjects were white and were aged between 23

and 62 years. In the severe hepatic impairment group, three

subjects (50 %) had type 2 diabetes (mean duration

2.6 years) and were taking oral antidiabetic drug treatment

only; no subjects in the other three hepatic function groups

had diabetes.

Subjects in the normal hepatic function group had no

abnormal physical examination findings. Subjects with

hepatic impairment had abnormal findings, mostly related

to hepatic disease (such as hepatomegaly at screening

visit). None of these abnormalities were considered to

conflict with the purposes of this study.

3.2 Pharmacokinetics

No difference was observed in pharmacokinetic parameters

(AUC120 h, Cmax, and CL/F) for subjects with impaired

versus normal hepatic function after a single dose of insulin

degludec (Table 2). Moreover, a test of monotonous trend

between grade of hepatic impairment and AUC120 h was

not significant (p = 0.63). Geometric mean [coefficient of

variation (CV) in percentage] AUC120 h, Cmax, and CL/

F values for each group are reported in Table 3. Including

serum albumin as an extra explanatory variable in the

analysis showed that AUC120 h was not significantly

affected by differences in serum albumin concentration

(p = 0.19).

3.3 Simulated Mean Steady-State Insulin Degludec

Concentrations

Mean steady-state insulin degludec pharmacokinetic pro-

files for once-daily 0.4 U/kg subcutaneous administration

were simulated and showed an even distribution of expo-

sure across a 24-h dosing interval regardless of hepatic

function status (Fig. 1).

3.4 Safety

No adverse events (other than hypoglycemia) or medical

events of special interest were reported during the course of

the study. A total of 12 treatment-emergent hypoglycemic

episodes were reported in eight subjects (ten episodes in

seven subjects without diabetes and two episodes in one

subject with type 2 diabetes); none of these episodes were

Table 1 Subject characteristics

Characteristic Hepatic function group

Normal Child–Pugh grade A Child–Pugh grade B Child–Pugh grade C

Subjects (n) 6 6 6 6

Age (years) 43.0 (13.2) 47.7 (13.2) 44.0 (11.7) 54.8 (5.3)

Ethnicity [n (%)]

White 6 (100.0) 6 (100.0) 6 (100.0) 6 (100.0)

Sex [n (%)]

Female 4 (66.7) 4 (66.7) 4 (66.7) 4 (66.7)

Male 2 (33.3) 2 (33.3) 2 (33.3) 2 (33.3)

Height (m) 1.66 (0.05) 1.64 (0.08) 1.70 (0.11) 1.67 (0.08)

Bodyweight (kg) 68.2 (12.9) 62.0 (18.2) 79.0 (14.5) 80.0 (10.4)

BMI (kg/m2) 24.9 (5.4) 22.8 (4.9) 27.6 (4.9) 28.8 (3.0)

Serum albumin (g/dL) 4.20 (0.16) 4.31 (0.50) 4.14 (0.36) 3.28 (0.64)

Values are expressed as mean (standard deviation) unless specified otherwise

Baseline information was recorded at screening (Visit 1) and/or at Visit 2 (dosing visit). If an assessment was recorded on both visits, the value at

Visit 2 (dosing visit) was used as the baseline value

BMI body mass index
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categorized as severe. No injection-site reactions were

reported among the study cohort and no clinically signifi-

cant changes in laboratory parameters, vital signs, physical

examination, or electrocardiogram were observed from

initial screening to follow-up.

4 Discussion

This study demonstrates that the ultra-long pharmacoki-

netic properties of insulin degludec were preserved in

subjects with mild, moderate, or severe hepatic impair-

ment. Notably, total exposure (AUC120 h), Cmax, and CL/F

of insulin degludec were comparable for subjects with

normal and varying degrees of impaired hepatic function.

Furthermore, total exposure of insulin degludec was not

significantly affected by the degree of hepatic impairment.

This was evidenced by the results of the trend analysis of

AUC120 h with decreasing hepatic function, as well as the

comparisons between subjects with varying degrees of

hepatic function and subjects with normal hepatic function.

Moreover, hepatic impairment had no statistically signifi-

cant effect on Cmax and CL/F of insulin degludec. Insulin

degludec was well-tolerated in subjects with normal or

impaired hepatic function; no unexpected safety issues

were identified in any subject.

Table 2 Pairwise comparisons in pharmacokinetic parameters for subjects with mild, moderate, or severe hepatic impairment compared with

subjects with normal hepatic function after a single dose of insulin degludec

Comparison of grades of hepatic impairment AUC120 h Cmax CL/F

Mild vs. normal 0.95 (0.77–1.16) 0.90 (0.67–1.20) 1.05 (0.86–1.29)

Moderate vs. normal 1.00 (0.82–1.22) 0.77 (0.58–1.03) 0.98 (0.80–1.19)

Severe vs. normal 0.92 (0.74–1.14) 0.75 (0.55–1.02) 1.06 (0.85–1.31)

Values are expressed as ratio (90 % CI)

The endpoints were log-transformed and analyzed using an analysis of variance model with hepatic function group, sex, and age at baseline as

fixed effects

AUC120 h area under the 120-h serum insulin degludec concentration–time curve, CL/F apparent insulin degludec clearance, Cmax maximum

insulin degludec concentration

Table 3 Pharmacokinetics of insulin degludec by hepatic function group

Parameter Hepatic function group

Normal Child–Pugh grade A Child–Pugh grade B Child–Pugh grade C

AUC? (pmol�h/L) 89,092 (16) 83,327 (15) 88,944 (23) 79,846 (19)

Cmax (pmol/L) 3,099 (13) 2,796 (18) 2,394 (54) 2,350 (31)

CL/F (mL/h/kg) 26.8 (16) 28.6 (13) 26.2 (28) 29.2 (20)

Values are expressed as geometric mean (coefficient of variation %)

AUC? area under the serum insulin degludec concentration–time curve from time zero to infinity, CL/F apparent insulin degludec clearance,

Cmax maximum serum insulin degludec concentration

Fig. 1 Simulated mean insulin

degludec concentrations at

steady state in subjects with

normal hepatic function and in

subjects with hepatic

impairment (once-daily insulin

degludec 0.4 U/kg). IDeg

insulin degludec
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As mentioned previously, limited information is avail-

able concerning the effect of hepatic impairment on insulin

analogs. For insulin detemir, no clinically relevant differ-

ence in pharmacokinetics for subjects with hepatic

impairment has been reported [16]. Studies conducted on

shorter-acting insulin analogs have indicated that hepatic

impairment may not adversely affect their pharmacokinetic

properties [17, 18]. However, this limited evidence should

be considered in the broader context. Hepatic fat content

has been reported as a potential cause of heterogeneity in

insulin requirements among patients with type 2 diabetes,

through effects on the sensitivity of endogenous glucose

production to insulin [19]. Furthermore, the rate at which

endogenous insulin is degraded in the liver is reduced in

patients with liver cirrhosis [25]. Therefore, while the

current study indicates the pharmacokinetics of insulin

degludec are not affected by hepatic impairment, the

relationship between hepatic disease and insulin require-

ments remains complex. As a result, treatment with insulin

degludec (and indeed any insulin) should be based on

individual requirements.

In accordance with regulatory standards [21, 22], the

present study included both subjects with and without dia-

betes. This was not expected to affect the study results as the

pharmacokinetics of insulin degludec are similar between

healthy subjects and subjects with type 2 diabetes. Due to

the inclusion of non-diabetic subjects, it was not possible to

conduct a multiple-dose study using a clinically relevant

dose level, as this would have imposed an unacceptable risk

of hypoglycemia on these non-diabetic subjects. Therefore,

to address the steady-state pharmacokinetics of insulin de-

gludec in subjects with hepatic impairment, a population

pharmacokinetic model was used to simulate the pharma-

cokinetic profiles of insulin degludec to steady state based

on data from the current trial. The simulations showed that

the flat, stable, and ultra-long pharmacokinetic properties

shown in other studies [6, 9] are preserved among groups

regardless of hepatic function, and with comparable expo-

sure to insulin degludec between subjects with hepatic

impairment and subjects with normal hepatic function. In

addition to these findings, a study examining the effects of

varying degrees of impaired renal function on the pharma-

cokinetics of insulin degludec found that pharmacokinetic

properties were also preserved in subjects with renal

impairment [24].

5 Conclusion

In conclusion, the results reported herein support that the

ultra-long pharmacokinetic profile of insulin degludec is

preserved in patients with hepatic impairment, and that

hepatic impairment had no clinically relevant effect on the

exposure of insulin degludec.
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