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Abstract

Background: Pharmacokinetic/pharmacodynamic (PK/PD) studies of human regular U-500 insulin (U-500R) at high doses
commonly used in clinical practice (>100 units) have not been performed. The current analysis applied PK/PD modeling/
simulation to fit the data and simulate single-dose and steady-state PK/PD of U-500R high-dose regimens.

Method: Data from 3 single-dose euglycemic clamp studies in healthy obese and normal-weight patients, and normal-weight
patients with type | diabetes were used to build the model. The model was sequential (PK inputs fed into PD component).
PK was described using a |-compartment model with first-order absorption and elimination. The model estimated separate
absorption rate constants for U-500R and human regular U-100 insulin. The PD component used an effect compartment
model, parameterized in terms of maximum pharmacologic effect (Emax) and concentration to achieve 50% of Emax.

Results: The model described the data well. Steady-state PK for once-daily (QD), twice-daily (BID), or thrice-daily (TID)
administration appeared to be reached 24 hours after the first dose. At steady-state, QD dosing showed the greatest
fluctuations in PK/PD. BID dosing showed a gradual increase in insulin action with each dose and a fairly stable basal insulin
effect. For TID dosing, activity was maintained throughout the dosing interval.

Conclusions: PK/PD modeling/simulation of high U-500R doses supports BID or TID administration with an extended
duration of activity relative to QD. TID dosing may provide slightly better full-day insulin effect. Additional PK/PD studies and
randomized controlled trials of U-500R are needed to validate model predictions in patients with insulin-resistant diabetes
requiring high-dose insulin.
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Human regular U-500 insulin (U-500R; Humulin® R U-500,
Eli Lilly and Company, Indianapolis, IN) offers severely
insulin-resistant and high-dose insulin-treated patients the
ability to administer large doses (500 U/mL) at one-fifth the
volume of that of human regular U-100 insulin (U-100R; 100
U/mL)." In 9 case series and case reports describing 310
patients, U-500R treatment by multiple daily injections

demonstrated similar overall exposure (AUC,) and effect
(Gtot) of U-500R relative to U-100R after single-dose admin-
istration of 50 U and 100 U doses of each formulation to 24
healthy obese patients without diabetes.” This study also
showed significantly lower peak insulin concentration (C,_)

and effect (Rmax), and longer duration of action (late tRmaX s

(MDI: twice daily [BID] or thrice daily [TID]) has resulted
in improved glycemic control, with a mean reduction in gly-
cated hemoglobin (HbAlc) of 1.59% (range, 1.0% to 3.3%)
over a mean follow-up duration of 20 months (range of
means 6 to 36 months).” No randomized controlled trials
using U-500R have been completed; 1 is ongoing.’

Despite the dramatic recent increase in the use of U-500R,*
there have been limited data reported on the pharmacokinet-
ics (PK) and pharmacodynamics (PD) of this formulation.>”
The first robust euglycemic clamp PK/PD study with U-5S00R
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R ) for U-500R relative to U-100R. For the 100 U dose,
both time-to-peak concentration (t ) and time-to-peak
effect (tR ) were significantly longer for U-500R com-
pared to U-100R. Onset of action (within 11-16 minutes) was
similar for both formulations. Earlier studies had suggested
an inverse relationship between insulin concentration and its
rate of absorption in both animal and human studies.®’

To date, there is no information on the PK/PD of U-500R
at steady-state pertaining to daily dosing regimens for this
formulation. Moreover, PK/PD studies for higher U-500R
doses (MDI: 1.5-3.0 U/kg/day)'*"* commonly used in clini-
cal practice, including unevenly divided dosing (BID or
TID),>'"""* have not been performed. The objective of the
current analysis was to apply PK/PD modeling and simula-
tion to predict the single-dose and steady-state PK and PD of
high doses up to 750 U as single daily dose (QD) and 500 U
as total daily dose to provide insights to health care profes-
sionals regarding the potential time-action profiles of high-
dose U-500R.

Methods

Data from 3 different single-dose, crossover euglycemic
clamp studies that evaluated the PK/PD of regular human
insulin were used to build the population PK/PD model to
characterize the dose-response relationships of U-500R and
U-100R. Studies were conducted according to the Declaration
of Helsinki and all subjects provided written informed con-
sent. The studies included (1) healthy obese subjects without
diabetes: 50 U dose, 0.4-0.6 U/kg, N =22, and 100 U dose,
0.8-1.3 U/kg, N = 24"; (2) healthy normal-weight subjects
without diabetes: 0.05 to 0.4 U/kg, N = 18 (data on file, Eli
Lilly and Company); and (3) normal-weight patients with
type 1 diabetes: 12 U dose, 0.1 to 0.2 U/kg, N = 30 (data on
file, Eli Lilly and Company). All studies had intensive PK
sampling, and the glucose infusion rate (GIR) data for the
clamps was modeled as a measure of PD effect. In all studies,
serum insulin concentrations were measured using validated
radioimmunoassays that were commercially available at the
time of each study conduct. The populations were combined
to provide a robust data set that would allow to describe the
PK and PD dose-responses of regular human insulin.

The model used to simultaneously describe the PK/PD of
U-500R and U-100R was developed based on a published
model by Landersdorfer and Jusko'> using NONMEM
(Version VII). In the present sequential model, the PK model
was developed independently and the fixed PK parameters
used as input for the PD model (Figure 1).

Due to the data-rich nature of the data sets for 2 of the
studies, PD data were averaged every 15 minutes prior to
modeling, which reduced the noise in the data and allowed for
shorter model run times. Both U-500R and U-100R concen-
tration-time profiles show a single exponential decrease;
I-compartment and 2-compartment PK models were tested.
Different absorption models were also tested to better describe
the absorption phase, including zero-order absorption,
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Figure |. Pharmacokinetic/pharmacodynamic model. PK
component: |-compartment model with first-order absorption
and different Ka for U-500R and U-100R, proportional error
structure, covariates: dose identified as a significant covariate
contributing to interindividual variability of K _and Clearance;
and weight identified as significant for V Sequentlal model:
Pharmacokinetics fixed inputs into pharmacodynamlc model. PD
component: Effect compartment model with E__ ; proportional
error structure, covariates: BMI identified as a significant
covariate contributing to interindividual variability of E__
Abbreviations: Ce, concentration in effect compartment; Cs,
serum insulin concentration; Ka,, absorption rate constant

for U-100R; Kaz, absorption rate constant for U-500R; Kzo’
elimination rate constant from the central (serum) compartment;
K,; and K, , distribution rate constants between the serum and
effect compartments; SC, subcutaneous.

zero- and first-order combined absorption, dual first-order
absorption, and transit absorption models.'>'® There was a
delay between the PK and the PD components of the model
(glucose infusion rate; GIR); an effect compartment was used
to account for the delay. An E_ model between effect com-
partment concentration and GIR best described the PK/PD
relationship. The effect compartment model was parameter-
ized in terms of the concentration in the effect compartment
(C ) the GIR at time zero (E ), E_ , and the concentration to

achieve 50% of E_ (EC ) as descrlbed by the equation
GIR=E, + Eae Ce
ECsy +C,

Between-subject variability was assumed to have a log-
normal distribution, and a proportional error model was used
for the estimation of residual variability (within subject vari-
ability). Both PK and PD models were fitted using first-order
conditional estimation (FOCE) methods with interaction. The
goodness of fit of the model was evaluated by a visual predic-
tive check (VPC) that was performed by simulating 200 rep-
licates using the final model with estimated parameters.

The combined PK data from the 3 studies appeared to be
linear in the 0.05-1.3 U/kg dose range, while the PD data
showed an E (nonlinear) profile. Thus, the assumptions
used for performing the simulations were that (1) PK would
continue to be linear beyond 1.3 U/kg; (2) PD would be non-
linear, and follow an E_ model at doses higher than 0.3 U/
kg; (3) PD differences are driven by PK; and (4) EC , may
need to be higher for patients with type 2 diabetes due to
insulin resistance.
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Figure 2. Pharmacokinetic/pharmacodynamic model goodness
of fit for U-500R and U-100R, 50 U and 100 U doses. The orange
line and shaded area represent the model-estimated median and
90th prediction interval respectively; the solid circles represent
individual data points.

PK/PD simulation profiles were performed for U-500R
only at QD doses of 165 U, 250 U, 500 U, and 750 U, and at
steady-state for a total daily dose of ~500 units/day in dosing
regimens of 500 U QD, 250 U BID, and 165 U TID. Unevenly
divided dosing using the same total daily dose for BID
300:200 U and TID 200:150:150 U (60:40 and 40:30:30 pro-
portions, respectively) was also evaluated.

Results

The PK profiles were best described by a 1-compartment
model with first-order absorption and first-order elimina-
tion. First-order absorption was selected based on the good-
ness of fit of the model, with 2 different absorption rate
constants (K) to account for the difference in absorption
rates between U-500R and U-100R. The VPC plot shows no
major deviation between the simulations and individual
observations, and the estimated intersubject variability ade-
quately captured the observed variability from the study.

The VPC of the model for the PD (GIR) components is rep-
resented in Figure 2.

Of the covariates tested (age, sex, body mass index [BMI],
body weight), dose was identified as a significant covariate
contributing to the interindividual variability of absorption
rate constant (Ka) and apparent clearance (CL/F), and weight
was significant for apparent volume of distribution (Vd/F).
Only BMI was identified as a significant covariate contribut-
ing to interindividual variability of E_ . PK/PD simulations
of single 165, 250, 500, and 750 U'doses of U-500R are
shown in Figure 3.

As expected based on the assumption of linearity in PK,
for single doses, median C. 1ncreased approximately 5-fold
in the 165 U to 750 U dose 1 range However, the PD effect is
not linear, therefore the maximum effect reflected by the
maximum GIR (R ), was predicted to increase approxi-
mately 1.5-fold across the simulated dose range based on the
E_ model.

"Simulations of the PK and PD of U-500R at steady-state
for approximately the same total daily dose (~500 U) admin-
istered as QD, BID, or TID daily doses are shown in Figure 4.

Steady-state PK appeared to be reached rapidly after 24
hours postdose for all 3 dosing regimens. As expected, the
time-concentration and time-action profiles of the QD regi-
men at steady-state showed the greatest fluctuations for both
PK and PD with peak concentration and effect at approxi-
mately 5 and 7 hours after 7 AM administration, and pro-
nounced reductions during evening hours. PD at steady-state
for BID dosing was characterized by a gradual increase in
insulin action with each dose and a fairly stable background
insulin effect. For the TID regimen, activity was maintained
throughout the dosing interval. The steady-state, potential
postprandial/basal actions of U-500R are evident from the
PK/PD profiles during the 24 hours of day 5, starting with
the breakfast dose (Figure 5).

PK/PD simulation profiles of unevenly divided dosing
with the same total daily dose (BID 300:200 U and TID
200:150:150 U) at steady-state were nearly identical to those
of evenly proportioned doses (Figure 6).

Discussion

Despite the increasing use of high-dose U-500R therapy to
manage a growing population of insulin-resistant patients
with diabetes mellitus in the US, the PK/PD characteristics
of U-500R at clinically relevant doses and dosing regimens,
especially higher doses commonly used in clinical practice
(MDI up to 3.0 U/kg/day), have not been completely eluci-
dated. Published case series have reported using U-500R by
MDI with BID*'*!'"'® and TID'*'®'" or unspecified dos-
ing."**"** Most of the series reported use of U-500R without
concomitant use of U-100 basal or prandial insu-
lins.>'*!7182023 Expert reviews have supported the clinical
use of U-500R by MDI in patients requiring high-dose insu-
lin therapy, with broad dosing recommendations (BID, TID,
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Figure 3. Pharmacokinetic/pharmacodynamic modeling of single (QD) daily doses of U-500R: 165 U, 250 U, 500 U, 750 U. The hatched
area represents the 90th prediction interval from the model; the thicker line represents the median.

and 4 times daily [QID]) and clinical advice>!'"'*26% depending on total daily dose), given at least 30 minutes
According to the most recent treatment algorithm proposed  before meals, can be used as the sole insulin preparation
by Reutrakul et al,> U-500R by MDI (BID, TID, or QID without U-100 basal insulins to meet both basal and prandial
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Figure 4. Pharmacokinetic/pharmacodynamic modeling of U-500R doses at steady-state: 500 U QD, 250 U BID, 165 U TID. QD doses
were administered at 7 aM, BID doses at 7 aM and 6 PM, and TID doses at 7 AM, 12 noon, and 6 PM. The hatched area represents the 90th
prediction interval from the model; the thicker line represents the median.

insulin requirements of highly insulin-resistant patients.
Recently reported PK/PD results support the use of U-500R
without use of other basal insulins due to the long duration of
effect of U-500R.” However, these results were limited in
that this was a single-dose study in healthy obese subjects
with a maximum dose of 100 units, at the lower end of doses
commonly used in clinical settings. In the current analysis,

sophisticated population PK/PD modeling and simulation
methods using a meta—data set of 3 insulin studies were
applied to predict the exposure and effect at steady-state of
clinically relevant high doses and steady-state dosing regi-
mens of U-500R. Patients with type 1 diabetes are antici-
pated to have insulin resistance approximating that of healthy
normal weight subjects. The study in patients with type 1
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Figure 6. Pharmacokinetic/pharmacodynamic modeling of U-500R insulin at steady state: varied proportion dosing (BID doses at 7 Am

and 6 pM, and TID doses at 7 AmM, 12 noon, and 6 pm).

diabetes that was included in the data set used lower doses;
these patients were included to allow to characterize the

dose-response for PK and PD, but their contribution to the
predicted effect would be smaller. The PD effects due to the
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higher doses was driven by the obese population with higher
insulin resistance, who received doses of 50 and 100 units.
The effect observed in the obese population is anticipated to
be similar to what would be expected in type 2 diabetes,
which is the main population of interest. The PK/PD models
described both the PK data and the nonlinear PD data well
(Figure 2); the lack of linearity with dose in PD data is a
known phenomenon,” partly due to insulin resistance in the
higher weight population receiving higher doses.

The model predictions in this manuscript have a number
of important potential clinical implications. PK/PD model-
ing and simulation of high single doses of U-500R (up to
750 U) displayed the expected dose-dependent kinetics and
saturable (nonlinear) insulin dynamics®' with longer time-
to-peak insulin concentrations and effect and duration of
action, which may be relevant for dose titration based on
home plasma glucose monitoring and management of
hypoglycemic episodes. Simulations of QD dosing at
steady-state exhibited greater fluctuations of insulin con-
centration and action profiles between day and evening
hours. For BID and TID dosing at steady state, there is an
associated increase in insulin concentration and action with
each dose, although this effect was rather late and pro-
longed with a gradual decline over evening hours, reflect-
ing basal insulin characteristics. This effect is highly
exaggerated with QD dosing at steady-state, which might
suggest a slightly greater risk of early-daytime hypoglyce-
mia but less risk of nocturnal hypoglycemia. BID dosing at
steady-state appears to have more of a postinjection eleva-
tion or gradual peak effect than TID dosing and as such,
might potentially indicate some advantage for patients who
prefer fewer injections (especially if they were to only con-
sume 2 meals a day). The model suggests that overall insu-
lin action (G ) would not be affected by giving a higher
proportion of TID (40:30:30) or BID (60:40) doses earlier
in the day, a common clinical practice.>'""?

While it is convenient and customary to give BID or TID
insulin associated with meals, the model suggests that this
may not be completely necessary when using U-500R BID
or TID. In addition, although there is some gradual increase
in insulin action after a dose, it is by no means closely tied
to carbohydrate absorption if U-500R is taken 30 to 60 min-
utes before meals. An insulin regimen that requires fewer
injections without the need to be combined with U-100 insu-
lins may facilitate patient adherence*** and reduce the risk
of dosing confusion.! The improved glycemic control
observed with U-500R in various case series™'""'*'71"% ig
possibly related to better patient adherence with the need for
fewer injections rather than the widespread perception of
improved absorption with U-500R,> which has not been
demonstrated.’

Limitations of the current model include the use of pooled
PK/PD data from healthy obese subjects, healthy normal-
weight subjects, and patients with type 1 diabetes instead of
insulin-resistant patients with diabetes requiring high-dose

insulin therapy. The model extrapolated beyond the available
data: only single-dose data were available, and simulations
were based on doses up to 7.5-fold higher than the available
100 U dose data. Moreover, the 100 U doses are at the low
end of those typically used in clinical practice. Other poten-
tial limitations include the lack of being able to incorporate
interoccasion variability and insulin receptor saturation into
the model; and the potential bias introduced from combining
U-100R and U-500R data in different populations and across
a wide range of doses, for model development. Dosing regi-
mens modeled did not include BID and TID in other propor-
tions from those presented, and did not include QID dosing
regimens. Also, the relationship of injection volume to
absorption rate of insulin is poorly understood,* the
effects of severe obesity on insulin absorption® were not
specifically incorporated in the model, and the link between
glucose infusion rate and blood glucose was not established.

Conclusions

In summary, modeling and simulation of the PK/PD of high
doses of U-500R appear to substantiate the widespread use
of this formulation as BID or TID administration, with devel-
opment of steady-state levels within 24 hours and an extended
duration of activity, suggesting a lack of need for concomi-
tant use of U-100 basal insulins. Our results suggest that with
either BID or TID dosing of U-500R, there is a gradual
increase in insulin action with each dose and a fairly stable
background insulin effect. TID dosing may provide slightly
better full-day insulin effect. Our results also predict that
because once-daily U-500R does not have a flat profile, it
would not be advantageous for use as a basal insulin, and that
bedtime dosing may increase the risk of nocturnal hypogly-
cemia. The challenge of achieving glycemic control, particu-
larly in the target population of often severely obese and
severely insulin-resistant patients with diabetes, warrants the
conduct of randomized controlled clinical trials to provide
clinicians further information on U-500R efficacy and safety
and to evaluate specific titration regimens/algorithms to
attain fasting and postprandial plasma glucose targets.
Additional PK/PD studies of U-500R are needed to validate
the model predictions in the target population of patients
with insulin-resistant diabetes. Modeling work as presented
in this article can be instrumental in informing the design of
further studies, and can contribute to clinical research being
performed in a more effective and efficient manner.

Abbreviations

BID, twice daily; BMI, body mass index; Conc, concentration;
FOCE, first-order conditional estimate; GIR, glucose infusion rate;
HbAlc, glycated hemoglobin; MDI, multiple daily injections; PD,
pharmacodynamics; PK, pharmacokinetic; QD, once daily; QID, 4
times daily; TID, thrice daily; U, units; U-100R, human regular
U-100 insulin; U-500R, human regular U-500 insulin; VPC, visual
predictive check.
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