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Abstract

Background: Various factors influence the pharmacokinetic and pharmacodynamic
properties of insulin analogs. The aim of this study was to determine time to steady
state of insulin degludec (IDeg), a basal insulin analog with an ultra-long duration of
action, after once-daily subcutaneous administration in subjects of varying age,

diabetes type and ethnicity.

Methods: Time to steady state was analyzed in 195 subjects across five phase I,
randomized, single-center, double-blind studies — three in subjects with type 1
diabetes (T1DM), including one in elderly subjects and two in subjects with type 2
diabetes (T2DM), including one study with African-American and Hispanic/Latino
subpopulations. Subjects received once-daily subcutaneous injections of IDeg (100
U/mL) at dose levels of 0.4-0.8 U/kg for 6-12 days. Time to clinical steady state was
measured from first dose until serum IDeg trough concentration exceeded 90% of the
final plateau level. IDeg concentrations were log-transformed and analyzed using a
mixed-effects model with time from first dose and dose level (where applicable) as

fixed effects, and subject as a random effect.

Results: Steady-state serum concentrations of IDeg were reached after 2—3 days of
IDeg in all subjects. In trials with multiple dose levels, time to steady state was

independent of dose level in TLDM (p=0.51) and T2DM (p=0.75).

Conclusions: Serum concentrations of IDeg reached steady state within 2—3 days of

once-daily subcutaneous administration in all subjects with TLDM or T2DM, including
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elderly and African-American and Hispanic/Latino subjects. At steady state, serum

IDeg concentrations were unchanged from day to day.

The significant finding (s) of the study:

This study demonstrated that serum concentrations of IDeg reached steady state in
subjects of different race, ethnicity, age or type of diabetes within 2—3 days of once-
daily subcutaneous administration. Once at steady state, serum IDeg concentrations

remain unchanged.
This study adds:

This study is the first to show that time to steady state of IDeg appears similar

irrespective of race, ethnicity, age or type of diabetes.
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Introduction

The objective of basal insulin therapy is to ensure continuous insulin coverage
throughout the 24 hours of the day. However, when used in once-daily regimens,
insulins with duration of action of <24 hours are characterized by action profiles with
periods of low glucose-lowering effect that rise to a peak/plateau at some point during
the day, to be followed by a decline towards the end of the day (Figure 1a),
sometimes resulting in a requirement for twice-daily injections to cover basal insulin
needs, particularly in subjects with type 1 diabetes [1-2]. In addition, some insulins
have a mode of protraction based on formation of microprecipitates or crystals after
injection that must redissolve before absorption [3], an inherently variable process

that may also contribute to variation in glucose-lowering effect [4,5].

An important prerequisite for a flatter and more stable glucose-lowering effect is that
the once-daily basal insulin has an action profile that extends substantially beyond 24
hours. With this longer half-life, exposure increases over the first days of treatment,
before approaching a plateau, where overall absorption and elimination of the drug is
in dynamic equilibrium and no further increase in insulin serum concentration occurs
(steady state). Under steady-state conditions, the overlapping action of several
injections will decrease the peak-to-trough ratio (Figure 1b), thereby reducing

variability in glucose-lowering effect.

Insulin degludec (IDeg) is a novel basal insulin analog developed for once-daily
subcutaneous administration in subjects with type 1 diabetes [6] or type 2 diabetes
[7]. IDeg has a distinct absorption mechanism [8] such that upon subcutaneous
injection it forms multi-hexamers that result in a soluble depot in subcutaneous tissue

from which monomers gradually separate and are absorbed into the circulation [9].
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This mechanism of prolonged and stable absorption leads to a half-life of ~25 hours,
twice that of insulin glargine [10], a flat and consistent glucose-lowering effect [11]
and an ultra-long duration of action; of over 42 hours [9,12]. Various factors can
influence the pharmacokinetic and pharmacodynamic properties of insulins and thus
the time taken to reach steady state, with potential implications in titration methods.
The aim of this analysis was to determine the duration and consistency of time to
steady-state serum concentration of IDeg following once-daily subcutaneous dosing
in subjects of varying age and diabetes type, and in subjects of African-American

race or of Hispanic/Latino ethnicity.

Methods

Study populations
This study is based on data collated from 195 subjects from five clinical trials (for two

of the trials, a subset of the full trial population is included, as separate trials already
report on the other study populations; see Table 1). Three trials were in subjects with
type 1 diabetes, including one in the elderly, and two trials were in subjects with type
2 diabetes, including one in subjects of African-American race or of Hispanic/Latino
ethnicity. All participants received insulin treatment prior to enroliment and all had a

baseline HbA;; of £10% (<86 mmol/mol).

Key inclusion criteria for all subjects with type 1 diabetes were a BMI of 18—28 kg/m?
and fasting C-peptide <0.3 nmol/L. Key inclusion criteria for all subjects with type 2
diabetes included BMI <40 kg/m? (35 kg/m? for Trial 1987) and fasting C-peptide <1.0
nmol/L. General exclusion criteria included known allergy to investigational products
and receipt of investigational products <3 months prior to trials. Individuals with

clinically significant concomitant diseases, a history of recurrent severe hypoglycemia
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or hypoglycemic unawareness, or those who were pregnant or breastfeeding, were

also excluded from participation.

Study design and pharmacokinetic sampling
This is a post hoc analysis based on data extracted from the five individual clinical

trials, all investigating the pharmacokinetic and pharmacodynamic properties of IDeg
(Table 1). All studies included were phase I, randomized, single-center, double-blind
trials. In each trial, the protocol, protocol amendments, consent form and subject
information sheets were reviewed and approved by appropriate local institutional
review boards prior to trial initiation. All studies were performed in accordance with
the Declaration of Helsinki together with all amendments that were current at the time

of trial initiation.

Subjects received once-daily subcutaneous injections of IDeg (100 U/mL) at 0.4 U/kg
for 12 days (adults, type 1 diabetes, Trial 1991), 0.4, 0.6 or 0.8 U/kg for 8 days
(adults, type 1 diabetes, Trial 1993), 0.4 U/kg for 6 days (elderly, type 1 diabetes,
Trial 1994), 0.4, 0.6 or 0.8 U/kg for 6 days (Caucasian adults, type 2 diabetes, Trial
1987), or 0.6 U/kg for 6 days (African-American or Hispanic/Latino adults, type 2
diabetes, Trial 3762). Before receiving the first IDeg dose, subjects underwent a
washout period during which usual basal insulin was not taken for at least 48 h
(insulin detemir or insulin glargine) or for at least 22 h (NPH or premixed insulin).
Body weight prior to the first trial drug dose was used for calculation of the daily dose
and this was used for all subsequent doses. During the treatment periods blood
glucose levels were controlled by additional bolus injections of insulin aspart (IAsp),

supervised by the investigator on a daily basis.

Blood samples were taken before each dosing to determine the serum IDeg trough

concentration on each day.
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Serum IDeg concentrations were measured using a specific enzyme-linked

immunosorbent assay (ELISA).

Data and statistical analyses
The time to clinical steady state was defined as the time from first dose until serum

IDeg trough concentrations exceeded 90% of the final plateau level [13].

Serum IDeg trough concentrations were log-transformed and analyzed for each trial
using a mixed effects model with time from first dose as a fixed effect and subject as
a random effect. In Trials 1993 and 1987 dose level was also included as a fixed
effect and the interaction between time from first dose versus dose level was initially
included as a fixed effect, but removed if non-significant. In Trial 3762 the analyses
were performed separately for each sub-population. Contrasts for each time-point
relative to the time-point for the last concentration taken outside clamp conditions
were estimated. One subject in Trial 1994 was exposed to IDeg but withdrew on Day
5 of IDeg treatment; data from this subject are therefore included in baseline

characteristics but not in the relevant steady-state figure.

Results

Subjects
A total of 195 subjects from the five trials were included in time to steady-state

calculations (Table 1). Baseline characteristics of the subjects are summarized in

Table 2.

Steady state
In all studies investigated, IDeg reached steady state after 2-3 days of IDeg dosing

(Figure 2a—f), regardless of type of diabetes. In the two studies that investigated
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more than one dose level of IDeg, the interaction between time from first dose to
steady state versus dose level was not significant (Trial 1993 [p=0.51] and Trial 1987
[p=0.75]), indicating that the time to reach steady state was independent of IDeg
dose level. At steady state, the serum concentration of IDeg was similar from day to
day (Figure 2). In all studies, IDeg was well tolerated and no unexpected safety

issues were raised.

Discussion

After repeated doses, IDeg trough concentration levels (i.e. measured immediately
before the next IDeg dose) increased before reaching a plateau or steady state after
2-3 days at which time the exposure to IDeg remained similar from day to day. At
steady state, rate of absorption (rate with which IDeg is absorbed into the circulation),
and rate of elimination (rate with which IDeg is eliminated) are in dynamic equilibrium
and there will not be any further increase in insulin concentration levels. Steady state
is then maintained with continued dosing of IDeg until modifications are made to
insulin dose level. When an insulin is at steady state it should exhibit a constant
metabolic effect over time [14]. In theory, for all practical purposes, clinical steady
state can be considered to be reached in approximately three half-lives, i.e. when
90% of the theoretical steady-state level is reached [13], although this can occur

more rapidly [15].

In the studies analyzed here, covering 195 patients with type 1 diabetes or type 2
diabetes from five clinical trials (for two of the trials, a subset of the full trial
population is included), IDeg consistently reached steady state within 2—3 days of
once-daily subcutaneous administration. The time to reach steady state was similar

in elderly, African-American, Hispanic/Latino sub-populations and in Caucasian
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subjects with type 1 or type 2 diabetes. The half-life of IDeg was dose level
independent in the investigated range; consequently, the time to reach steady state
concentration was also independent of dose level. Furthermore, at steady state, IDeg
concentrations were unchanged from day to day and no further increase of IDeg
serum concentration was observed. It should be noted that IDeg is not uniqgue among
long-acting diabetes treatments in requiring several days to achieve steady state.
Similar observations have been made in cases such as pioglitazone (4—7 days to
reach steady state) [16] or sitagliptin (<7 days to reach steady state) [17], where
following progressively increased exposure in the first few days a steady state
condition is reached at which point rates of absorption and elimination are in

equilibrium.

Steady state was reached within 3 days in all subjects. This is faster than anticipated
based on theoretical calculations which would predict that 90% of plateau levels are
reached within three to four half-lives (i.e. in approximately 3 to 4 days for IDeg with a
half-life of around 24 hours). One possible reason for IDeg reaching steady-state
faster than predicted may stem from its relatively low insulin receptor affinity
compared to human insulin [18] and its strong albumin binding [8]. Intravenous kinetic
studies showed that the clearance and volume of distribution of insulin analogs

decreased with increasing albumin binding affinity [19].

As for all currently available basal insulins injected subcutaneously, the major
mechanism for protracted action of IDeg is achieved primarily through slow
absorption into the systemic circulation, thus the half-life is dependent on the rate of
absorption rather than on elimination (flip-flop kinetics). Nevertheless, the relatively
high albumin affinity may lead to some retention of IDeg in the circulation and as the

definition for steady-state is based on the trough plasma levels, this could then
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accelerate the achievement of steady state. This time to steady state for IDeg is in
line with that observed by Evans et al for drugs that follow first-order kinetics (i.e. a
constant fraction of the drug in the body is eliminated for each unit of time), in which

concentrations reach to within 98% of final after approximately three half-lives [15].

The time to reach steady state is clinically relevant for IDeg, as the
pharmacodynamic profile seen after single-dose administration differs to that at
steady state [11]. The time to steady state was consistent across populations,
indicating the half-life of IDeg remained unaffected in the sub-populations reported
here. The long half-life implies an extended duration of action and therefore a
decrease in the peak-to-trough ratio for glucose-lowering effect when dosed once

daily (Figure 1b).

It should be noted that due to this time to achieve steady state, IDeg should not be
titrated daily as the full pharmacodynamic effect of IDeg would only be discernible
once steady state has been reached. Furthermore, in the few days prior to achieving

steady state, hyperglycemia may not be completely corrected.

Large scale clinical trials have demonstrated IDeg provides both effective glycemic
control and greater flexibility in dosing than insulin glargine once steady state has
been reached [20]. Furthermore, pooled data from clinical studies of IDeg in type 1
and type 2 diabetes show the rate of confirmed hypoglycemia (including nocturnal
confirmed hypoglycemia) is reduced with IDeg compared with insulin glargine [21].
Lower rates of nocturnal confirmed hypoglycemia have also been reported with use
of IDeg compared with insulin glargine in elderly subjects [22]. The lower rates of
hypoglycemia provide clinically relevant evidence that levels of IDeg do not

accumulate once steady state is achieved.
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In conclusion, this study demonstrated that the time to reach a steady-state
concentration of IDeg was consistently within 2—3 days across a range of patient
populations, and serum IDeg concentrations at steady state were similar from day to

day.
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Figure captions

Figure 1 Conceptual model showing action profiles with once-daily dosing for
(@) insulin with <24 h duration of action or (b) insulin with an ultra-long duration of
action.

Figure 2 Relative serum insulin degludec (IDeg) trough concentrations during
initiation of once-daily dosing in adult subjects with type 1 diabetes in (a) Trial 1991
[5] and (b) Trial 1993 [10], (c) elderly subjects with type 1 diabetes (Trial 1994) [23],
(d) Caucasian subjects with type 2 diabetes (Trial 1987) [11], (e) African-American
subjects with type 2 diabetes and (f) Hispanic/Latino subjects with type 2 diabetes
(Trial 3762) [24].
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Tables

Table 1. Study details

Study Trial registration number N  Type of diabetes  Patient type

1991 [5] NCT00961324 27 Type 1 diabetes Adult
(18-65 years)
1993 [10] NCTO01114542 66 Type 1 diabetes Adult
(18-65 years)
1994 [23] NCT00964418 14* Type 1 diabetes Elderly
(=65 years)
1987 [11] NCT01154881 49 Type 2 diabetes Caucasian
(18-70 years)
3762 [24] NCT01043510 40* Type 2 diabetes 18 African American

22 Hispanic/Latino
(18-70 years)

*Please note that only a subset of the full trial population is included for Trials 1994 (only elderly group
included) and 3762 (only African American and Hispanic/Latino groups included); please refer to the
individual trials for full study results

This article is protected by copyright. All rights reserved. 17/19



Table 2 Baseline characteristics

18

Type 1 diabetes

Type 2 diabetes

Parameter 1991 1993 1994 1987 3762 3762
(Adults)  (Adults) (Elderly) (Caucasia (African (Hispanic/
[5] [10] [23] n) [11] American) Latino)

[24] [24]

Sex, 23/4 55/11 6/8 40/9 11/7 13/9

male/female

Age (years) 40.3 36.9 67.8 58.7 48.9 51.5
(£10.7) (x10.4) (x3.2) (x7.4) (x8.4) (x8.3)

Body mass 24.6 24.9 26.2 29.6 35.3 30.2

index (kg/m?) (+2.4) (x2.4) (x1.5) (x3.0) (£3.7) (x4.4)

Duration of  20.2 17.6 40.6 14.1 9.3(x3.0) 134

diabetes (x12.9) (¥9.5) (x16.3) (x7.4) (x7.5)

(years)

Baseline 7.8 8.1 7.7 7.6 (x0.9) 8.3 (x1.4) 8.4 (x1.1)

HbA ¢ (%) (x1.1) (1.0 (+0.6)

Fasting C- 0.02 0.02 0.03 0.44 0.44 0.49

peptide (#0.03) (x0.04) (x0.07) (x0.25) (£0.24) (x0.26)

(nmal/L)

Data are arithmetic mean (xSD) unless otherwise indicated
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a) Younger adult subjects with type 1 diabetes (trial 1991)
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b) Younger adult subjects with type 1 diabetes (trial 1993)
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c) Elderly subjects with type 1 diabetes (trial 1994)
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e) African American subjects with type 2 diabetes (trial 3762)
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f) Hispanic/Latino subjects with type 2 diabetes (trial 3762)
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