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Dose-response relationship of insulin glulisine in subjects with
type 1 diabetes
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'sanofi-aventis, Frankfurt/Main, Germany
2Profil Institute for Metabolic Research, Neuss, Germany

Aim: Little is known about the dose-response relationships of rapid-acting insulin analogues in subjects with dia-
betes. This study compared the dose—exposure and dose-response relationships of insulin glulisine and regular
human insulin (RHI) in subjects with type 1 diabetes.

Methods: Eighteen male subjects with type 1 diabetes (mean glycosylated haemoglobin, HbA,., 7.7%; body mass
index 24.5 kg/m?) received subcutaneous injections of insulin glulisine followed by RHI (both at doses of 0.075,
0.15 and 0.3 U/kg) in the same three-way crossover, randomized order in a euglycaemic glucose-clamp study.
Results: Insulin glulisine and RHI showed dose-proportional increases in exposure (INS-AUC,1) and maximum
serum concentration (INS-Cy,.,) in the dose ranges 0.075, 0.15 and 0.3 U/kg. At all doses, within 2 h after injection,
about twice as much insulin glulisine was absorbed as RHI (INS-AUCy_zp: 3855, 6832 and 13237 vs. 2356, 3630 and
6231 pU.min/mL; p < 0.05) and INS-C,,.x was reached in about half the time (INS-Ty,ax: 47, 57 and 72 vs. 82, 104
and 119 min; p < 0.05). Corresponding glucose disposition was twice as large with insulin glulisine as with RHI
(GIR-AUG_zp: 314, 491 and 536 vs. 127, 219 and 294 mg/kg; p < 0.05), but was similar in extent upon completion
(GIR-AUG;ta1: 499, 1090 and 1476 vs. 416, 1076 and 1555 mg/kg; not significant). With escalating doses, a steady
increase in insulin exposure was noticed for both insulins across the entire dose range, whereas glucose disposition
increased in a dose-proportional manner only for the dose range 0.075-0.15 U/kg with insulin glulisine only. For
both insulins, the end of euglycaemia occurred at insulin concentrations <10 pU/mL, with a subsequent rise in
plasma glucose taking 80-90 min to reach >8.3 mmol/L (>150 mg/dL) and a difference in time of ~120 min
between the insulins at any dose.

Conclusions: Insulin glulisine presents rapid, dose-proportional absorption, resulting in saturable glucodynamic
activity in subjects with type 1 diabetes.
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. cose excursions, in turn, may help in reducing
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cardiovascular-related and all-cause mortality in

Rapidly absorbed and rapid-acting insulin analogues
are increasingly being used to improve postprandial
metabolic control [1,2]. Reduced postprandial glu-
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Insulin glulisine is an insulin analogue [6] that differs
from regular human insulin (RHI) by the replacement of
lysine with glutamic acid at position 29 and asparagine
with lysine at position 3 on the B-chain of the human
insulin molecule. This substitution reduces self-associa-
tion of the insulin glulisine molecules, but still allows
inherently more stable dimers to exist at pharmaceutical
concentrations, unlike other insulin analogues where
proline at B28 [7,8] is exchanged and which exist as
pure monomers. This also allows the glulisine drug
product to be formulated without added zinc to achieve
sufficient physical shelf life and, thereby, avoiding hex-
amer formation that may impede rapid absorption [9-11].

Pharmacokinetic, pharmacodynamic and safety stud-
ies of insulin glulisine in a sizeable number of healthy
volunteers and patients have shown that subcutaneous
injection of insulin glulisine more aptly mimics physio-
logical postprandial insulin action than RHI [12-14].
Hence, improved metabolic control was achieved with
rapid-acting insulin analogues like insulin glulisine or
insulin aspart as compared with RHI in subjects with
type 1 diabetes on effectively titrated basal insulin regi-
mens [15,16].

Despite the increasing use of rapid-acting insulin ana-
logues, surprisingly little is known about dose escalation
on systemic insulin levels and metabolic activity in sub-
jects with diabetes, whereas there is some information
from healthy volunteers [17-21]. Therefore, this study
was conducted to investigate the dose—exposure and
dose-response relationships of insulin glulisine com-
pared with RHI in subjects with type 1 diabetes.

Methods

Study Design

This study was a single-centre, randomized, euglycae-
mic, glucose-clamp trial, with two sequential three-way
crossover treatments. It comprised eight trial periods:
a screening visit (trial period 0), three glucose-clamp vis-
its with insulin glulisine (trial periods 1, 2 and 3), three
glucose-clamp visits with RHI (trial periods 4, 5 and 6)
and a follow-up visit (trial period 7). Two to 21 days
passed between trial visits. The study followed the prin-
ciples of the Good Clinical Practice guidelines of the Euro-
pean Union and the Declaration of Helsinki, and was
reviewed and approved by the local Ethics Committee.
Subjects were provided with information about the study
and a consent form with which to obtain written informed
consent prior to the start of the study.
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Study Population and Baseline Characteristics

Eighteen of 24 screened male subjects with non-pro-
gressed type 1 diabetes (e.g. without progressive diabetic
retinopathy) who met the inclusion criteria participated
in the study. Participants were 35 years of age (21—
50 years) [mean (range)] with a body mass index (BMI)
of 24.5 kg/m? (19.0-28.4 kg/m?). HbA,, levels at screen-
ing were 7.7% (7.0-9.0%) at a stable insulin regimen
with less than 1 U/kg/day for at least 2 months.

Study Protocol

On the evening prior to the trial days, subjects were admit-
ted to the research unit and had dinner, after which they
were prepared with in-dwelling lines and connected to
a Biostator (glucose-controlled insulin infusion system;
MTB-Medizintechnik, Ulm, Germany). From a hand vein
kept in a warming box heated to 55 °C, arterialized venous
blood was continuously sampled and analysed for blood
glucose concentrations. Using intravenous RHI infusion
(Insuman Rapid U100; Frankfurt,
Germany), blood glucose concentrations were manually
maintained at 4.4-6.7 mmol/L. (80-120 mg/dL) from
22:00 hours until 1 h before dosing the following day

Sanofi-Aventis,

whenblood glucose was adjusted to an euglycaemic clamp
level of 5.5 mmol/L (100 mg/dL) and maintained by the
Biostator with an algorithm-based automated infusion of
20% glucose solution until the end of the glucose-clamp
(up to 10 h). Intravenous insulin infusion was discontin-
ued immediately before injecting either insulin subcuta-
neously. At time point 0 of each glucose-clamp day,
subjects received, in a sequence of doses (0.075, 0.15 or
0.3 U/kg body weight) according to the randomization
plan, insulin glulisine followed by RHI via a subcutaneous
injection 5 cm lateral to the umbilicus (Microfine IV
syringe; Becton Dickinson, Heidelberg, Germany).

Blood glucose and glucose infusion rates (GIR) were re-
corded throughout the glucose-clamp periods on a minute-
to-minute basis by the Biostator. The glucose-clamp was
stopped when blood glucose levels reached >10 mmol/L
(>180 mg/dL) for 30 min in the absence of an intravenous
glucose infusion (end-of-dose phenomenon) or after 10 h,
whichever came first.

Data Analysis

Pharmacokinetic and Pharmacodynamic Assessments

Serum concentrations of insulin glulisine were measured
using a radioimmunoassay (RIA; Linco Research Inc., St
Charles, MO, USA). A specific RIA for insulin glulisine
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was used [lower limit of quantification (LLOQ) 5.0 nU/
mL], while serum concentrations of human insulin were
determined using a RIA for human insulin (LLOQ 4.3 pU/
mL). Areas under the curve (AUCs) of insulin concentra-
tions were calculated by the trapezoidal rule and AUCs of
GIR as sum of rectangles. The AUGCs of insulin concentra-
tion—time profiles were characterized between 0 and 2 h
(INS-AUCq_3,) and to the end of the glucose-clamp
(INS-AUC;0ta1); the AUCs of GIR-time profiles were sim-
ilarly determined (GIR-AUGCy ., and GIR-AUCtal,
respectively). Times to 10 and 90% of INS-AUC,, and
GIR-AUC a1 (INS-T1ge, and INS-Tgge, or GIR-Tqg0, and
GIR-Tgg9,, respectively) were derived from the ratios of
AUGs per time point (AUGCy_t/AUCiyta1). Time to the end
of euglycaemic clamp level (BG-Tgy) and to the first
occurrence of a spontaneous rise in blood glucose con-
centrations >7.2, >8.3 and 10.0 mmol/L (>130, >150
and >180 mg/dL; BG-T430, BG-T150 and BG-T,5,) during
the glucose-clamps were derived from blood glucose
readings, which were confined to the duration of the
clamp (10 h) and were, therefore, right censored. Maxi-
mum serum insulin concentration (INS-C,,,,) and corre-
sponding time to INS-Cpax (INS-Thax) values were
derived from predicted data, while maximum GIR (GIR-
max) and time to GIRmax (GIR-Tmax) were obtained from
curves smoothed with a weighted regression technique
(procedure LOESS, factor 0.15, SAS version 8.2; SAS
Institute Inc., Cary, NC, USA).

Statistics

ANOVA models, allowing the estimation of least square
(LS) means with corresponding 95% confidence limits,
were applied on untransformed GIR-AUC and GIRax
and on natural logarithm-transformed INS-AUC and INS-
Chuax data. For INS-data, the 95% confidence intervals for
the differences between LS means were calculated and
retransformed to derive the respective confidence limits
for the mean ratios of the pairwise treatment compar-
isons. For GIR data, the 95% confidence limits for the
mean ratios of the pairwise treatment comparisons were
calculated according to Fieller’s theorem.

Insulin exposure and metabolic response were individ-
ually investigated for strict monotonic increases with dose.
Dose proportionality was assessed by pairwise dose com-
parisons of the LS means for: INS-AUCq_jp, INS-AUCotal,
INS-Cpax, GIR-AUGg_2h, GIR-AUGC0ta1 and GIRpax, apply-
ing bioequivalence (BE) criteria for dose-normalized
results, with half the ‘investigational’ dose as the refer-
ence dose (BE; 80-125%). Dose proportionality within
the BE criteria was confirmed when the 95% confidence
interval for a treatment ratio was within 1.6-2.5.
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Time parameters based on INS or GIR (INS-Tg9,, INS-
Too%, GIR-Tige,, GIR-Tgge,, INS-Tax and GIR-Tpay)
were subjected to non-parametric analysis for pairwise
comparisons between treatments. The 95% non-parametric
confidence intervals for the respective median differ-
ence in treatment were calculated using ranks, based on
the method of Steinijans and Diletti [22].

Estimation of treatment differences in BG-derived time
parameters (BG-Tgy, BG-Ti39, BG-Ti50, BG-T1g0 and
related differences), based on observations that were
right censored by the duration of the clamp (10 h), were
analysed by parametric failure time modelling (pro-
cedure LIFEREG). Estimations are not given for parame-
ters with greater than 50% right-censored data.

Results

Pharmacokinetics

The time—concentration profiles after subcutaneous
injection of 0.075, 0.15 and 0.3 U/kg of insulin glulisine
and RHI are displayed in figure 1a—c. The same total
insulin exposure (INS-AUC;q,1) was observed with
insulin glulisine and RHI for each corresponding dose
(table 1); INS-AUCq_, and INS-C,.x, by contrast, were
twice as large with insulin glulisine compared with any
corresponding dose of RHI.

At any dose, insulin glulisine was about twice as rap-
idly absorbed (p < 0.05) as RHI (INS-T+ g0, INS-Tpax, but
also INS-AUG,_»p,; table 1) and completion of absorp-
tion (INS-Tgge,) occurred approximately 2.5 h earlier for
insulin glulisine than for RHI, at any dose. Notably,
doubling the dose increased INS-Tgq9, by roughly 1 h
for either insulin. Onset of absorption (INS-Tqe,) took
about 25 min with 0.075 U/kg insulin glulisine and
about 20 min more with RHI. The overall increment
with increasing doses in INS-T, ¢, was, although signif-
icantly later, only 5-10 min for both insulins and at
either dose step. In contrast, INS-T,,« increased, from
about 50 min after 0.075 U/kg insulin glulisine, by
10 min for each dose increment (p < 0.05), whereas it
took almost 20 min more for each increment, from about
80 min, with RHI and with considerable overlap
between steps.

Dose-proportional increases were observed in INS-
AUCota1, INS-AUCq_,;, and INS-C,.« for both insulin
glulisine and RHI (table 1, figure 2a—c). Moreover, dose
separation was observed for any subject with both
insulin glulisine and RHI, with regard to INS-AUGgta1,
INS-AUCy_,1, and INS-Cp.x, as depicted by no over-
lapping mid-ranges of values, but not for INS-Ty.x
(figure 2d).
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Fig. 1 Time—concentration (upper panel a—c), time—action (middle panel, d—f) and corresponding blood glucose concentration
profiles (lower panel, h—i) after subcutaneous injection of 0.075, 0.15 and 0.3 U/kg of insulin glulisine (closed circle, solid
lines) and regular human insulin (open circles, dotted lines) in subjects with type 1 diabetes. GIR, glucose infusion rate.

Pharmacodynamics A monotonically increasing dose-response relation-
ship in GIR-AUC;q (total glucose disposal) was
The time—action profiles after subcutaneous injection of observed in 16 of 18 subjects for either insulin, but dose
0.075, 0.15 and 0.3 U/kg of insulin glulisine and RHI are proportionality was only shown for insulin glulisine
shown in figure 1d—f. Insulin glulisine and RHI dis- between 0.075 and 0.15 U/kg doses (figure 2f, table 1).

played similar GIR-AUC;ua per dose (table 1), but insu- In contrast, only 5-6 subjects displayed individual dose

lin glulisine took metabolic effect more rapidly at any separation for early glucose disposal (GIR-AUCj_zp)
dose and with an onset in activity approximately twice with each step and insulin.
as strong and fast as RHI (p < 0.05; GIR-AUGCg_,y,, GIR- Times to end of euglycaemia and times to >7.2 and

T109%; figure 2e—f, table 1). It also reached greater maxi- >8.3 mmol/L (>130 and >150 mg/dL) (BG-Tgy, BG-T130
mal effect (GIR;,.x) more rapidly than RHI (p < 0.05, and BG-T;50) increased with increasing dose for either
GIR-Tpax; figure 2h, table 1). For all doses, GIR-Tpax insulin (table 2). In line with shorter GIR-Tgg9,, end-of-
was between 1.5 and 2 h for insulin glulisine and dose phenomena (i.e. increase of blood glucose >10.0
approximately 3 h for RHI (figure 2h, table 1). Comple- mmol/L (>180 mg/dL) within 10 h during glucose-
tion of metabolic activity was earlier with insulin gluli- clamps) occurred more frequently with insulin glulisine
sine by about 1.5-2.5 h at any dose (p < 0.05; GIR-Tgge; (in 15, 11 and 12 of 18 subjects for 0.075, 0.15 and
table 1). In contrast, GIR,.x increased significantly with 0.3 U/kg, respectively) than with RHI (in 10, 4 and 3 of
increasing dose with either insulin, except for the final 18 subjects for corresponding doses of RHI). Similarly,
step to 0.3 U/kg for insulin glulisine (figure 2g). the median time to end-of-dose phenomenon was 6.3,
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Fig. 2 Insulin exposure (upper panel, a—d) and glucose disposal (lower panel, e-h) for insulin glulisine (blue) and regular

human insulin (red); Box plots represent distribution of data with percentiles at 25% (lower box hinge), 50% (median) and
75% (upper box hinge). Lower and upper whiskers indicate observed minimum and maximum value within plus or minus
1.5 times the H-spread (the distance between the hinges) from the hinges. *Values that are outside 1.5 times but less than 3

times the H-spread from the hinge.

8.5 and 9.1 h for insulin glulisine and 8.8, 9.6 and
>10.0 h for RHL

Therise in plasma glucose after the end of euglycaemia
was similar with either insulin. It took about 30—40 min,
regardless of dose, to reach >7.2 mmol/L (>130 mg/dL)
and 80-90 min to reach >8.3 mmol/L (>150 mg/dL),
while the difference in time to 7.2 and 8.3 mmol/L (130
and 150 mg/dL) between the insulins for the correspond-
ing doses was about 120 min, also at any dose.

Of note, euglycaemia ceased when insulin concentra-
tions fell below approximately 10 pU/mL with either
insulin, reflecting the absence of a long-acting insulin in
this study setting, which would otherwise cover basal
insulin requirements.

Safety

All subjects completed the eight trial visits without clin-
ically relevant adverse events. Three instances of head-
aches occurred with the highest dose of insulin
glulisine.

Discussion

This euglycaemic glucose-clamp study in subjects with
type 1 diabetes showed dose-proportional exposure in
serum insulin in clinically relevant doses (0.075, 0.15

© 2009 The Authors
Journal Compilation © 2009 Blackwell Publishing Ltd

and 0.3 U/kg — corresponding to 6, 12 and 24 U for an
80-kg subject) of arapidly absorbed and rapid-acting insu-
lin analogue, insulin glulisine, and RHI. This is accompa-
nied by dose proportionality in total metabolic response
between 0.075 and 0.15 U/kg for insulin glulisine only,
and a less-than-proportional increment was observed
with the large dose (0.3 U/kg) for either insulin. The data
confirm that insulin glulisine at any dose is absorbed
approximately twice as fast and takes effect twice as rap-
idly compared with RHI, but disposes the same quantity
of glucose as RHI at any dose.

The monotonically increasing dose—exposure relation-
ship in early (INS-AUGC,_,},) and total insulin exposure
(INS-AUC;ota1) and INS-Cyax, observed in each subject
and displaying strict individual dose separation, should
translate into individually predictable dose—exposure
adjustments with either insulin. However, this individ-
ual dose separation in exposure was not associated with
corresponding individual dose separation in glucody-
namic responses in any case, and less so with RHI. Fur-
thermore, there was even less association seen between
individual 2 h insulin exposure (INS-AUC,_,;) and glu-
cose disposal (GIR-AUGC,_,;,). Taken together, dose pro-
portionality was seen only in total effect (GIR-AUC;ta1)
and for only the lower doses of insulin glulisine, while
the total metabolic effect from 0.15 U/kg to the top dose
increased less than proportionally with either insulin.
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tData are point estimates for treatment differences, with 95% CI estimated by the LIFEREG procedure (SAS).

$Not estimable as a result of frequency of censored values.
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It is noteworthy that, irrespective of the activity pro-
file of either insulin, doubling the dose from 0.15 to
0.3 U/kg produced only a 50% increase in total meta-
bolic effect. This observation points towards saturation
of efficiency for both insulins, even well within the
range of therapeutically applied doses. Conversely, this
less-than-proportional increase in metabolic efficiency
explains the substantially more-than-proportional
increase in insulin dose necessary to achieve a doubling
of the metabolic effect with high doses, as commonly
experienced by patients with diabetes on insulin
therapy.

Comparable observations in dose-response relation-
ships and absence of dose sensitivity in INS-Ty,.x and
GIR-Ty,ax have been reported for similar doses of both
rapid-acting insulin analogues and RHI in healthy Cau-
casian volunteers [17,18,21], and at lower doses in
healthy Japanese volunteers [20]. Although this allows
generalizing dose-response information for all rapidly
absorbed insulin analogues and RHI in subjects with
type 1 diabetes, additional studies are needed for sub-
jects with type 2 diabetes. Larger subcutaneous and vis-
ceral fat layers typically associated with patients with
type 2 diabetes require higher insulin doses than in
patients with type 1 diabetes to overcome both impaired
absorption and increased insulin resistance [23]. A
recent study obtained in obese to severely obese healthy
subjects confirms consistently markedly reduced non-
dose—proportional metabolic activity with increasing
weight (BMI) for 0.2 and 0.4 U/kg insulin glulisine and
insulin lispro, despite maintained dose-proportional
exposure [24].

Forreliable dosing, there should be no substantial shift
in the absorption and action profile with increasing
doses. Indeed, there were no relevant changes in onset
of activity, GIR-Tyge,, with increasing doses, and no
consistent rise in time to maximum absorption and time
to maximum activity (INS-Tp,.x and GIR-Tp,.x, respec-
tively) for either insulin. Therefore, these data indicate
that the initial time—exposure and time—action profiles
of these insulins are barely time sensitive to dose incre-
ments. However, the difference in GIR-T,q¢, between
insulin glulisine and RHI at any dose ranged between 30
and 40 min (table 1), which reflects the difference in the
recommended injection—meal interval [25,26].

In contrast to GIR-T;ge;,, duration of action (GIR-Tggo,)
did increase by roughly 1 h per dose step with either
insulin. However, GIR-Tgqq, for insulin glulisine did not
extend beyond 5 h, even at the highest dose; this is in
agreement with results for insulin aspart in healthy vol-
unteers [21]. Therefore, an increase in dose from 0.15 to
0.3 U/kg does not result in a higher early glucose

© 2009 The Authors
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disposal, but predominantly contributes to late meta-
bolic activity. This is more pronounced with RHI,
which shows substantial metabolic effect beyond 4 h at
any dose. For daily clinical practice, this means that
high late metabolic activity might translate into late
postprandial hypoglycaemic events with RHI, which
reflects the longer duration of action (GIR-Tgqe,) of up to
a maximum of 7 h at the highest dose (0.3 U/kg). Con-
versely, the low late metabolic activity beyond the
fourth hour with insulin glulisine may very well trans-
late into a lower risk for late hypoglycaemic events
when using the rapid-acting analogue and when basal
insulin requirements are covered.

However, the times to end of euglycaemia and the sub-
sequent spontaneous rise in blood glucose to concentra-
tions >8.3 or >10.0 mmol/L (>150 or >180 mg/dL)
during the glucose-clamp were longer for RHI compared
with insulin glulisine, with the difference amounting to
about 2 h at any dose, including the delay in onset of
activity. However, also during routine treatment with
rapid-acting insulin analogues, interprandial insulin
requirements are not always adequately covered by basal
insulin so that blood glucose control with RHI may at
times be advantageous. For example, although absorption
of carbohydrates following an extensive meal with high
fat or high fibre content may also be covered with rapid-
acting insulin analogues given up to 20 min after onset of
the meal, it may be socially more convenient to adminis-
ter RHI immediately prior to the meal to take advantage of
its extended metabolic activity. Hence, patients may ben-
efit from employing prandial insulins of different pro-
files, with the choice dependent on injection time, and
size and composition of the meal [27-29].

Some methodological features differentiate the present
study from others: a specific assay was used to measure
serum insulin glulisine levels; the lack of a basal intrave-
nous insulin infusion during the glucose-clamps, which
allowed systemic availability of either insulin to be quan-
tified without correction; and the predominant use of
untransformed data for characterization of activity (such
as GIR-AUC,_; and GIR-T4,), which reduced methodo-
logical bias incurred with smoothing [30].

In conclusion, clearly differentiated time—concentra-
tion and time—action profiles for both insulin glulisine
and RHI showed dose-proportional increases in insulin
exposure (INS-AUCio,) and maximum serum insulin
concentration (INS-C,,,x) in the dose ranges 0.075, 0.15
and 0.3 U/kg. By contrast, dose proportionality in corre-
sponding metabolic activity was limited to insulin gluli-
sine and to the dose range 0.075-0.15 U/kg, indicating
a saturation of metabolic effect with either insulin.

© 2009 The Authors
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