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ABSTRACT

Introduction: Semaglutide, a new treatment
option approved for the treatment of patients
with type 2 diabetes mellitus, is a glucagon-like
peptide-1 receptor agonist to be injected sub-
cutaneously once weekly. This analysis used a
population pharmacokinetic model of
semaglutide to identify clinically relevant
covariates for exposure.
Methods: A total of 1612 patients with up to
seven pharmacokinetic observations each were
included in the analysis. All subjects had type 2
diabetes mellitus and were enrolled in one of
five trials in the phase III development program
for subcutaneous semaglutide once weekly (the
SUSTAIN program). The treatment duration of
the trials varied from 30 to 104 weeks.
Results: No clinically relevant effects on the
exposure were seen for sex, age, race, ethnicity,

renal function, or injection site used, and
semaglutide exposure was stable over time. Of
the covariates chosen, only body weight had a
relevant effect on the exposure of semaglutide.
Few subjects developed semaglutide antibodies,
and the antibodies had no effect on exposure.
Dose proportionality was shown for the 0.5 mg
and 1.0 mg maintenance doses of semaglutide.
Conclusion: The population pharmacokinetic
study showed that semaglutide exposure is not
affected by covariates other than body weight at
either a maintenance dose of 0.5 or 1.0 mg
semaglutide. Therefore, we conclude that no
semaglutide dose adjustments are needed in
different populations. This finding is to be fur-
ther explored in an exposure-response analysis.
Trial Registration: The trials were registered at
ClinicalTrials.gov (identifiers: NCT02054897,
NCT01930188, NCT01885208, NCT01720446
and NCT02207374).
Funding: Novo Nordisk A/S, Bagsværd,
Denmark.

Keywords: GLP-1 analog; GLP-1 receptor
agonist; Population pharmacokinetics; Semag-
lutide

INTRODUCTION

Diabetes is of increasing global concern. Since
1980, the population of adults with diabetes has
quadrupled worldwide. The age-standardized
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prevalence of diabetes has increased, and no
single country has managed to see a reduction
in this prevalence [1]. Type 2 diabetes mellitus
(T2DM) is the most common type of diabetes,
making up approximately 90% of the total
number of patients with diabetes in high-in-
come countries, with an estimated 415 million
adults with diabetes worldwide in 2015 [2].

T2DM is linked to a range of comorbidities,
such as cardiovascular diseases (CVD),
microvascular complications, and cancer [2, 3].
Patients with T2DM have twice the risk of CVD
mortality compared with age-matched subjects
without T2DM, approximately 10% increased
risk of cancer, and poorer survival rates of can-
cer [4–6]. As the number of comorbidities a
patient suffers from and the number of medi-
cations a patient is prescribed increase, his or
her perceived quality of life decreases [7]. There
are many available treatments, but there is still a
need for more effective treatments for T2DM.

Semaglutide (marketed as Ozempic�) is a
glucagon-like peptide-1 (GLP-1) receptor ago-
nist approved for the treatment of T2DM.
Native human GLP-1 functions in a glucose-
dependent manner, increasing insulin secretion
and decreasing glucagon secretion in the pres-
ence of elevated blood glucose [8, 9]. GLP-1 also
decreases appetite and energy intake [10].
However, endogenous GLP-1 has a short half-
life (t� = 2–3 min) and is therefore not well
suited for the treatment of T2DM [11].
Semaglutide retains 94% amino acid homology
with native GLP-1, allowing it to retain GLP-1
signaling functionality but with a half-life of
about 1 week. This allows for subcutaneous
injection once weekly [12].

The Semaglutide Unabated Sustainability in
Treatment of Type 2 Diabetes (SUSTAIN) phase
III trials have shown that semaglutide has a
strong glycated hemoglobin (HbA1c)-lowering
effect in patients with T2DM when injected
subcutaneously once weekly [13–19]. As with
other GLP-1 receptor agonists (GLP-1RAs),
treatment with semaglutide causes a reduction
in body weight. Globally conducted clinical
trials have shown that semaglutide can provide
superior glycemic control and body weight loss
compared with placebo, sitagliptin, exenatide
extended-release or insulin glargine [13–19] and

compared with additional oral anti-diabetic
drugs investigated in a dedicated Japanese trial
[20]. In addition, semaglutide has been shown
to reduce systolic blood pressure, and no car-
diovascular risk was demonstrated [19].

In the present report, we document the
pharmacokinetics of semaglutide in subjects
with T2DM based on pharmacokinetic model-
ing of drug concentrations from the phase III
data. The covariates included in the analysis
were chosen to reflect important baseline char-
acteristics in the broad spectrum of patients
with T2DM as well as other possibly important
factors related to semaglutide exposure. The
population pharmacokinetic model tested the
effect of sex, age, race, ethnicity, body weight,
renal function, maintenance dose level used
and injection site chosen on the individual
average steady-state plasma concentrations of
semaglutide. Additionally, the effects of time
since first dose and presence of semaglutide
antibodies on exposure were evaluated.

METHODS

Data Sources for the Population
Pharmacokinetic Model of Semaglutide

The population pharmacokinetic model for
semaglutide used data generated from five of
the phase III SUSTAIN trials; these were SUS-
TAIN 1, 2, 3, 6, and SUSTAIN-Japan
[13–15, 19, 20]. The design of these trials is
summarized in Table 1.

The trials included in the model were all
global trials, with the exception of the Japanese
trial. Male and female subjects diagnosed with
T2DM were included, with an age C 18 years
(Japanese patients C 20 years). For all trials,
subjects had a minimum HbA1c of 7.0%, and
there were no restrictions on body weight or
body mass index (BMI). With the exception of
SUSTAIN 6, inclusion and exclusion criteria
were overall similar across all trials. Concomi-
tant oral anti-diabetic drugs (OADs) were
allowed for all trials (except in SUSTAIN 1,
which was a monotherapy trial). Subjects
enrolled in SUSTAIN 6 were also allowed basal
or pre-mix insulin. SUSTAIN 6 was a pre-

1534 Diabetes Ther (2018) 9:1533–1547



approval cardiovascular and other long-term
outcomes trial with an enriched CVD popula-
tion (aged C 50 years with clinical evidence of
CVD or aged C 60 years with cardiovascular risk

factors). Subjects with normal or mildly
impaired renal function [defined as estimated
glomerular filtration rate (eGFR) C 90 ml/min/
1.73 m2 for normal function or eGFR of

Table 1 Characteristics of trials included in the population PK analysis

SUSTAIN 1 SUSTAIN 2 SUSTAIN 3 SUSTAIN 6 (CVOT) SUSTAIN–Japan

Blinding Double blind Double blind Open label Double blind Open label

Comparator Placebo Sitagliptin 100 mg Exenatide ER

2.0 mg

Placebo Additional OAD

Semaglutide

maintenance

dose

0.5, 1.0 mg 0.5, 1.0 mg 1.0 mg 0.5, 1.0 mg 0.5, 1.0 mg

Randomization 2:2:1:1a 2:2:1:1b 1:1 1:1:1:1a 2:2:1c

Planned number

subjects

randomized

390 1200 798 3260 595

Planned number

subjects

randomized to

semaglutide

260 800 399 1630 480

Treatment

duration

30 weeks 56 weeks 56 weeks 104 weeks 56 weeks

Background

medication

None 1–2 OADs (either

MET, PIO,

ROSI, or a

combination of

either MET/PIO

or MET/ROSI

1–2 OADs

(MET and/

or TZD and

SU)

0–2 OADs, basal or

premixed

insulins ± 0-2 OADs.

Background

medication was

allowed to change

during the trial

0–1 OAD (of SU,

glinide, a-GI or

TZD)

Clinicaltrials.gov

identifier

NCT02054897 NCT01930188 NCT01885208 NCT01720446 NCT02207374

a-GI a-glucosidase inhibitor, CVOT cardiovascular outcomes trial, MET metformin, OAD oral antidiabetic drug, PIO
pioglitazone, PK pharmacokinetic, ROSI rosiglitazone, SU sulfonylurea, SUSTAIN Semaglutide Unabated Sustainability in
Treatment of Type 2 Diabetes, TZD thiazolidinediones
a Relative proportions randomized to 0.5 mg semaglutide, 1.0 mg semaglutide, 0.5 mg placebo, and 1.0 mg placebo
b Relative proportions randomized to 0.5 mg semaglutide: 1.0 mg semaglutide, sitagliptin with 0.5 mg semaglutide placebo,
sitagliptin with 1.0 mg semaglutide placebo
c Relative proportions randomized to 0.5 mg semaglutide, 1.0 mg semaglutide, additional OAD
d The aim was to perform the assessments in approximately 60 subjects with severe renal impairment (GFR value
15–29 ml/min/1.73 m2) and 180 subjects without severe renal impairment (normal renal function as well as mild and
moderate renal impairment)
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60–89 ml/min/1.73 m2 for mildly impaired
function] were enrolled in all trials. SUSTAIN 1,
SUSTAIN 6, and SUSTAIN-Japan also included
subjects with moderate renal impairment (eGFR
of 30–59 ml/min/1.73 m2). In SUSTAIN 6, the
pharmacokinetic (PK) properties of semaglutide
were assessed in subjects with severe impaired
renal function (eGFR\ 30 ml/min/1.73 m2) as
well as subjects with less severe renal impair-
ment or normal renal function. For more
information on inclusion and exclusion criteria
in the individual trials, see the trial publications
[13–15, 19, 20].

All procedures performed in studies involv-
ing human participants were in accordance
with the ethical standards of the institutional
and/or national research committee and with
the 1964 Helsinki Declaration and its later
amendments and Good Clinical Practice
[21, 22]. The trial protocols were approved by
independent ethics committees and/or institu-
tional review boards. All subjects provided
written informed consent before initiation of
any trial-related activities.

Subjects included in the population phar-
macokinetic analysis were randomized to a
maintenance dose of either 0.5 mg or 1.0 mg
semaglutide once weekly. SUSTAIN 3 used only
the 1.0 mg maintenance dose for the semaglu-
tide treatment arm (Table 1). In all trials, sub-
jects taking semaglutide followed a dose-
escalation regimen with the aim of minimizing
gastrointestinal adverse events common to the
class of GLP-1RAs [23]. Subjects started with
4 weeks of treatment with 0.25 mg semaglutide
once weekly before escalating to 0.5 mg
semaglutide once weekly. Subjects randomized
to the 1.0 mg semaglutide treatment arm would
escalate to the 1.0 mg dose after 4 weeks of
0.5 mg semaglutide, remaining on this dose for
the duration of the trial. The subcutaneous
injections should be administered on the same
day of each week, and subjects providing blood
samples to be used in the population pharma-
cokinetic model were encouraged to inject in
the same area of the body throughout the trial.

Blood samples for the PK measurement were
drawn at approximately 4, 8, 16, and 30 weeks
after the first dose in all trials, and all except
SUSTAIN 1 included a sample during week 56.

SUSTAIN 6 had additional samples taken during
week 2 and at end of treatment (minimum
104 weeks after first dose). There were no
restrictions on the timing of the blood sample
relative to dosing.

Subjects recorded the date, time, and injec-
tion site for the initial dose and the two doses
prior to each blood sampling in a diary. This
information was transferred, along with the
date and time of blood sampling to an elec-
tronic case report form at each sampling visit.

Subjects exposed to at least one dose of
semaglutide and with at least one valid PK
measurement were included in the data set,
which included dosing information for all
recorded injections, semaglutide concentra-
tions, and covariate values. Records with con-
centration values missing or below the lower
limit of quantification, other dosing deviations,
or missing information were excluded from the
analysis. Dosing deviations were defined as
missing injections or if the last two injections
prior to blood sampling were administered less
than 120 h apart. Missing information was
defined as incomplete diary information for
2 weeks before blood sampling.

Semaglutide Assay

The semaglutide plasma concentrations were
measured following protein precipitation using
a validated liquid chromatography assay fol-
lowed by a tandem mass spectrometry assay
(Celerion Inc. Fehraltorf, Switzerland); see [24]
for more details. The lower limit of quantifica-
tion of the assay used for samples included in
this population PK model was 0.729 nmol/l.

Population Pharmacokinetic Model

A pre-specified full model approach was used for
the population PK analysis, including a base
model without covariates and a full model with
all covariates included [25, 26].

The base model was a one-compartment
model with first-order absorption and elimina-
tion. This model has been shown to provide an
adequate description of the PK of semaglutide
(Novo Nordisk, data on file). The model was
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parameterized for semaglutide in terms of ka
(absorption rate constant), CL/F (apparent
clearance), and V/F (apparent volume of distri-
bution). The semaglutide absorption rate con-
stant (ka) was set to 0.0286 h-1 based on data
from clinical pharmacology trials with richly
sampled PK profiles (Novo Nordisk, data on
file). The model was estimated on un-trans-
formed concentration values, and a propor-
tional error model was used to describe the
residual variability. Models were estimated
using first-order conditional estimation with
interaction (FOCE ? I).

The full model was used for estimating the
potential effects of individual covariates on
semaglutide plasma exposure in terms of clear-
ance. The average semaglutide concentration
(Cavg) during the dosing interval was

Cavg ¼
AUCss;0�168h

168 h

The area under the curve at steady state
(AUCss,0–168h) was calculated by

AUCss;0�168h ¼
Dose

CL/F
;

where ‘dose’ was the relevant maintenance dose
for the subject, and CL/F was the individually
estimated apparent clearance from the popula-
tion pharmacokinetic model.

The covariates were included to investigate
exposures in relevant sub-populations
[2, 27, 28] and the dosing characteristics of
semaglutide. Covariates were categorical, with
the exception of body weight. Age was catego-
rized into three groups,\64, 65–74,
or C 75 years old at baseline. Renal impairment
groups were categorized [by estimated
glomerular filtration rate (eGFR)] as normal
function (eGFR C 90 ml/min/1.73 m2), mild
(eGFR = 60–89 ml/min/1.73 m2), moderate
(eGFR = 30–59 ml/min/1.73 m2), or severe
(eGFR\30 ml/min/1.73 m2) renal impairment.
Baseline body weight was included as a con-
tinuous covariate. For semaglutide, there are
two maintenance doses (0.5 and 1.0 mg), which
were included as covariates to assess the dose
dependency of semaglutide exposure. The
injection site (abdomen, thigh or upper arm)

was also included as a covariate, whereby the
most frequently used injection site for an indi-
vidual patient was used as the covariate value.
Additionally, race and ethnicity were included
as covariates.

The reference subject profile was defined as
a non-Hispanic or non-Latino, white female
\65 years old, with a body weight of 85 kg (pre-
specified, representing the expected approxi-
mate median body weight of the study popu-
lation) with normal renal function and dosed in
the abdomen with semaglutide 1.0 mg once
weekly.

The model was parameterized as:

CLi=F ¼ CLtyp � Edose � Eweight � Esex � Eage � EGFR�
Erace � Eethnicity � Einj:site � exp gið Þ

Edose ¼ hdose0:5mg

� �dose0:5mg

Eweight ¼
weight

85 kg

� �hwt

Esex ¼ hmaleð Þmale

Eage ¼ hage65�74y

� �age65�74y� hage� 75y

� �age�75y

EGFR ¼ hGFRmildð ÞGFRmild� hGFRmoderateð ÞGFRmoderate�
hGFRsevereð ÞGFRsevere

Erace ¼ hBlackAfrAmð ÞBlackAfrAm� hAsianð ÞAsian� hOtherð ÞOther

Eethnicity ¼ hHispanic
� �Hispanic

Einj;site ¼ hThigh
� �Thigh� hUpperarm

� �Upperarm

where CLtyp was the typical semaglutide clear-
ance (CL/F) for the reference subject, and h was
used for covariate effect parameters. Exponents
used for categorical covariate relations are
indicator variables assigned the value 1 for the
actual category and else 0, e.g., 1 for males and 0
for females. Groups that contained\20 subjects
were merged with the largest covariate group.
Between-subject variability was assumed to be
log-normally distributed and was included as g.

Between-subject variability was estimated for
CL/F and V/F in both the base and full PK
models to account for the degree of variability
that could be explained by inclusion of the
covariates. If the dose level was missing in a
subject’s dosing diary, it was assumed to be the
planned dose.
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Data Analysis Software

The software program R (version 2.14.2, R
Foundation; Revolution Analytics, Mountain
View, CA, USA, version 6) was used for data file
processing, explorative data analysis, and plot-
ting. NONMEM (ICON Development Solutions,
Ellicott City, MD, USA), version 7.1.2, was used
for the population pharmacokinetic analysis.
Both of these programs were run as validated
server installations. PsN [29, 30] was used for
the visual predictive check, and data processing
was done with R.

RESULTS

Demographics

A total of 1683 subjects treated with semaglu-
tide were scheduled for inclusion in the popu-
lation pharmacokinetic assessment. After data
cleaning, the final data set included 1612 sub-
jects with a total of 6781 PK measurements, a
mean 4.2 semaglutide concentrations per sub-
ject. Subjects were excluded because of missing
PK data (19 subjects), semaglutide concentra-
tions below the lower level of quantification (33
subjects), or incomplete or missing dosing his-
tory (19 subjects), resulting in an exclusion of
8.3% of the PK samples.

The subjects included in the population
pharmacokinetic analysis covered a broad range
of baseline characteristics: age ranged from 20
to 86 years, body weight ranged from 39.7 to
198.3 kg, duration of diabetes ranged from 0 to
48.9 years, and HbA1c ranged from 5.9% to
13.1%. Both sexes were well represented, and
subjects covered several races and different
ethnicities and were recruited from many
countries. Subjects with normal to severely
impaired renal function were also included. A
summary of the baseline characteristics is pre-
sented in Table 2 [additional characteristics are
provided in Table S1 in the electronic supple-
mentary material (ESM)].

Model Qualification

A one-compartment model with first-order
absorption and elimination successfully descri-
bed the pharmacokinetics of semaglutide. The
parameter estimates for the base model can be
seen in Table S2 in the ESM. Based on the full
population pharmacokinetic model, values for
CL/F and V/F in the reference subject profile
were estimated to be 0.0478 l/h and 12.2 l,
respectively (Table S3 in the ESM).

The full model was robust toward changes in
ka, evaluated using sensitivity analyses with two
alternative models with modified ka values
(± 25% of the fixed value). Neither of these
models had any relevant differences in terms of
exposure compared with the presented model;
moreover, the model was robust toward exclu-
sion of data with high residuals, i.e., weighted
residuals above 4 and below - 4 (Table S4 in the
ESM).

The model was qualified in accordance with
regulatory guidelines [31, 32]. The model fits for
both the base and full model were acceptable,
and there were no critical trends in the condi-
tional weighted residuals vs. either semaglutide
concentration or time. The individual clearance
and volume of distribution estimates appeared
to approximate log-normal distributions. Model
evaluation was performed through visual pre-
dictive checks using PsN and R. One thousand
simulated data sets were generated, with a
stratification by dose level. The 2.5th, 50th, and
97.5th percentiles of the experimental data
were calculated. Then, the 95% confidence
intervals of the 2.5th, 50th, and 97.5th per-
centiles were computed and displayed graphi-
cally together with the observed percentiles.
The visual predictive check showed that the full
model was able to reproduce the median con-
centrations of the population and that the
simulated 95% confidence intervals were in line
with the observed data (see Fig. S2, S3 and S4 in
the ESM).

Population Pharmacokinetic Analysis

The mean semaglutide plasma concentration
(Cavg) for the reference subject profile at steady
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state was estimated to be 15.8 nmol/l [95%
confidence interval (CI) 15.6–16.1] with 0.5 mg
semaglutide s.c. once weekly at steady state and
about twice that at 29.8 nmol/l (95% CI
29.4–30.2) with 1.0 mg semaglutide at steady
state (Table 3).

There was a large overlap in the exposure at
the two doses, and exposure was generally
similar at the same dose level between trials
(Fig. 1). Subjects in the Japanese trial appeared
to have slightly higher exposures compared
with those in the global trials. As explained
below, this was mainly due to lower body
weights in Japanese individuals and not the
influence of Japanese descent.

The population pharmacokinetic model
estimated the effects of the chosen covariates
on semaglutide exposure. Covariate effects were
considered not to be important for exposure if
the 90% CI of the relative exposure was within
the 0.8–1.25 standard equivalence range. The
estimated effect of each analyzed covariate is
presented in Fig. 2. There were no important
changes in exposure dependent on sex, age,
race, ethnicity, renal function, or injection site
used. Of the analyzed covariates, only body
weight was considered important for the expo-
sure of semaglutide. Dose-normalized exposure

Table 2 Baseline characteristics of subjects included in the
population PK analysis

Category Group Total

All N 1612

(100%)

Sex Male 927 (57.5%)

Female 685 (42.5%)

Age group 18–64 years 1203

(74.6%)

65–74 years 353 (21.9%)

C 75 years 56 (3.5%)

Race White 838 (52.0%)

Asian 658 (40.8%)

Black or African

American

73 (4.5%)

American Indian or

Alaska Nativea
2 (0.1%)

Unknowna 41 (2.5%)

Ethnicity Not Hispanic or

Latino

1371

(85.0%)

Hispanic or Latino 241 (15.0%)

Renal functionb Normal 997 (61.8%)

Mild impairment 533 (33.1%)

Moderate impairment 49 (3%)

Severe impairment 33 (2.0%)

Maintenance

dose

Semaglutide 0.5 mg 634 (39.3%)

Semaglutide 1.0 mg 978 (60.7%)

Body weight, kg Mean (SD) 86.2 (22.5)

Range [39.7–198.3]

BMI, kg/m2 Mean (SD) 31.1 (7.1)

Range [16.3–72.8]

Duration of

diabetes, years

Mean (SD) 8.1 (6.6)

Range [0–48.9]

Table 2 continued

Category Group Total

HbA1c, % Mean (SD) 8.2 (1)

Range [5.9–13.1]

Categories are ordered with categorical variables first fol-
lowed by continuous variables. For parameters for each
trial, see the electronic supplementary material
BMI body mass index, HbA1c glycated hemoglobin A1c,
SD standard deviation
a The two groups ‘American Indian or Alaska Native’ and
‘unknown’ were merged with the group ‘white’ for the
covariate analysis. Subjects without information on race
were from France (n = 20), Mexico (n = 13), Canada
(n = 2), USA (n = 2), Australia (n = 1), Norway (n = 1),
South Africa (n = 1) and the UK (n = 1)
b Renal function was based on eGRF defined as normal
function: C 90 ml/min/1.73 m2, mild impairment:
60–89 ml/min/1.73 m2, moderate impairment: 30–59 ml/
min/1.73 m2, and severe:\ 30 ml/min/1.73 m2
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was similar in the two dose groups, indicating
dose proportionality (Fig. 2).

The between-subject variability of CL/F in
the base model, in terms of the coefficient of
variation (CV) %, was 26.6% and was reduced to
12.9% by inclusion of all covariates in the full
model. This corresponds to 75.8% of the vari-
ability being explained by covariates.

Semaglutide exposure was inversely related
to body weight. Compared with the reference
subject of 85 kg, a subject weighing 55 kg had
on average a 40% increased semaglutide expo-
sure and a 127 kg subject had a 27% lower
semaglutide exposure. These weights represent
the 5% and 95% percentiles of the subjects in
the trials.

The simulated mean semaglutide profile
during three dosing intervals after s.c. dosing at
steady state semaglutide 0.5 mg and 1.0 mg in
subjects with T2DM is shown in Fig. 3. The
baseline body weights of 70 kg and 100 kg rep-
resent the 25% and 75% weight quartiles in the
studied population. The profiles were relatively
flat, supporting low variability over time as well

as low variability between subjects. There also
appeared to be an overlap in predicted exposure
between the two weight groups at the same
dose.

The observed inverse relationship between
exposure and body weight over the entire body
weight range is shown in Fig. 4 and was similar
between males and females (Fig. 4a). Body
weight differences may also explain the appar-
ent difference in exposure values in the Japa-
nese trials mentioned above; at the same body
weight, the same exposure was seen in Asian
(Japanese or non-Japanese) and non-Asian sub-
jects (Fig. 4b).

Exposure of semaglutide was constant over
the 2 years data were collected and appeared to
be time-independent (Fig. S1 in the ESM).

Few subjects (N = 29) developed anti-
semaglutide antibodies, and the presence of
antibodies did not appear to be related to a
difference in exposure, as exposures in subjects
with antibodies were similar to those observed
in subjects without antibodies (data on file).

Table 3 Summary of model-derived semaglutide exposures from the PK population

Maintenance dose

0.5 mg 1.0 mg

Number of subjects

N (%) 634 (39.3%) 978 (60.7%)

Cavg (nmol/l)

Geometric mean (95% CI) 15.8 (15.6–16.1) 29.8 (29.4–30.2)

Range [8.3–30.2] [14.8–61.3]

Median 15.8 30.0

95% CI [10.1–24.6] [18.8–46.9]

AUC (h�nmol/L)

Geometric mean (95% CI) 2660 (2614–2707) 5006 (4934–5079)

Range [1388–5080] [2485–10,299]

Median 2663 5034

95% CI [1689–4134] [3166–7875]

AUC area under the concentration-time curve, Cavg average semaglutide concentrations at steady state, CI confidence
interval
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The dosing recommendations given to sub-
jects during the semaglutide phase III program
for delayed or missed doses were tested using

this model. Subjects were recommended to take
a missed semaglutide dose as soon as possible
within 5 days of the planned dose; a dose

Fig. 2 Forest plot of covariate analysis for semaglutide
exposure expressed as steady-state dose-normalized average
semaglutide concentrations relative to a reference subject.
The reference subject profile was non-Hispanic or Latino,
white, female, below 65 years, with a body weight of 85 kg,
with normal renal function, and who was dosed in the
abdomen with semaglutide 1 mg. The column to the right
shows means and 90% CI for the relative exposures. Two
additional race groups (American Indian or Alaska native,
n = 3 subjects, and unknown, n = 41) were included in
the analysis without a separate race covariate, i.e., modeled

as the reference race group (white) in the covariate analysis.
Subjects without information on race were from France
(n = 20), Mexico (n = 13), Canada and the USA (n = 2
each), Australia, Norway, South Africa, and the UK
(n = 1 each). Body weight test categories (55 and 127 kg)
represent the 5% and 95% percentiles, respectively, in the
data set. Vertical dotted lines indicate the acceptance
interval for bioequivalence (0.80; 1.25). Cavg average
semaglutide concentrations at steady state; CI confidence
interval

Fig. 1 Distribution of exposure values from trials included
in the population PK analysis. a Exposure for subjects
treated with 0.5 mg semaglutide; b exposure for subjects

treated with 1.0 mg semaglutide. PK pharmacokinetic,
SUSTAIN Semaglutide Unabated Sustainability in Treat-
ment of Type 2 Diabetes
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delayed more than 5 days should be skipped
before resuming the planned dosing schedule.
The full population pharmacokinetic model was
used to generate semaglutide concentration
profiles in a reference subject to predict expo-
sure following missed or delayed dosing. If a
dose was missed, the simulated profile showed
that a 48% decrease in minimum concentration
was expected before the next planned dose
(Fig. 5a). A 5-day delayed dose should cause
minimum semaglutide concentrations to be
37% lower and maximum concentrations to be
14% higher compared with the same subject at
normal weekly steady state (Fig. 5b). In both
cases, semaglutide concentrations will be close

to regular steady-state concentrations after
3 weeks.

DISCUSSION

The population pharmacokinetic model repor-
ted here successfully describes the pharmacoki-
netics of semaglutide, reproducing the values
for CL/F and V/F of approximately 0.05 l/h and
12.5 l, respectively, obtained from clinical
pharmacology trials with richly sampled PK
profiles in subjects with T2DM (Novo Nordisk,
data on file). The population pharmacokinetic
analysis showed that the semaglutide plasma

Fig. 3 Simulated concentration profiles for semaglutide
0.5 mg (a) or 1.0 mg (b) at steady state over 3 weeks, with
variability. The shaded area illustrates the simulated 95%

concentration range predicted from the between-subject
variability in the full population PK model (N = 1000
replications in each group). BW body weight

Fig. 4 Semaglutide exposure versus body weight. Data are
dose-normalized individual average semaglutide concentra-
tions (Cavg) versus baseline body weight (small rectangles)

and mean exposure estimates versus body weight presented
in 10 quantiles by sex (a) or by ethnicity (b)
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concentration is mainly dependent on a single
baseline characteristic of a patient. The covari-
ates of sex, age, race, ethnicity, and renal func-
tion did not have relevant effects on the
predicted exposure; body weight was the only
covariate of importance for exposure. Different
injection sites were not of importance for
exposure, suggesting that patients can use them
interchangeably if desired. Semaglutide was
similar to other GLP-1RAs regarding covariate-
dependent exposure [33–36]. In a dedicated
clinical pharmacology study, renal impairment
did not affect semaglutide exposure [37].
Within the dosing regimen (starting at a low
dose and increasing the dose based on efficacy
and tolerability), no dose adjustments are
necessary.

There were also no changes in exposure over
time (up to 104 weeks) or relevant exposure
differences in subjects with antibody
development.

The population pharmacokinetic model was
a one-compartment model with first-order
absorption and elimination. Investigations
using data from clinical pharmacology trials
with richly sampled PK profiles indicate that the
one-compartment model adequately describes
the PK of semaglutide (data not shown).

Covariate effects were limited to effects on
clearance. Due to the sparse sampling, the data

did not support accurate estimates of individual
volumes of distribution, which resulted in rel-
atively high shrinkage for the volume. Covari-
ate effects were not included for V/F, and ka was
fixed for the entire population. Because of the
limited fluctuation in semaglutide concentra-
tion at steady state, this was not considered a
serious limitation. All PK samples were assumed
to be at steady state (with the exception of the
observation at week 2 in SUSTAIN 6), and pre-
vious doses were assumed to be according to the
study plan. Since the subject diary only inclu-
ded information for the previous two injections
before sampling, any dosing deviations 2 weeks
prior to sampling were not accounted for.
Semaglutide has a t� of approximately 1 week
and 75% of steady state is reached after 2 weekly
doses of semaglutide. Consequently, any dose
deviations prior to 2 weeks before sampling
should have a limited effect on exposure, and
this was therefore evaluated to have limited
effect on the model.

Baseline body weight was included as a
covariate, with the assumption that changes in
body weight during the course of the trials
would have a negligible effect on the exposure.
Since semaglutide has a body weight-reducing
effect [12], exposure to semaglutide may
increase over the course of treatment. On aver-
age, subjects on semaglutide experienced an

Fig. 5 Simulated semaglutide concentration profiles fol-
lowing missed or delayed doses. Data are simulated
concentrations during once-weekly dosing at steady-state
concentrations with one missed dose at week 11 (a) and
for a dose with a delay of 5 days at week 11 (b) compared

with a steady-state profile for semaglutide dosed at weekly
intervals. Simulations are for a reference subject profile
(non-Hispanic or Latino, white female\ 65 years, with a
body weight of 85 kg, with normal renal function, and
dosed in the abdomen with semaglutide 1.0 mg)
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approximately 5% weight loss [13–15, 19].
Based on the model estimates, this would lead
to approximately 4% change in exposure, and a
body weight loss of 10% would result in 7.8%
increased exposure. These changes are below
the day-to-day variability of * 10% and there-
fore not considered to be of importance.

In the model, data were assumed to be
missing at random. The risk of bias caused by
treatment discontinuation was evaluated to be
minimal because few subjects were excluded
because of missing PK samples.

SUSTAIN 6 was the only trial in the popula-
tion pharmacokinetic model to include subjects
with severe renal impairment (n = 33), and the
covariate effect for severe renal impairment
might therefore be confounded by a trial effect.
The SUSTAIN 6 trial also included approxi-
mately equal numbers of subjects from each
renal impairment group (including subjects
with normal renal function), and a possible trial
effect should therefore not exclusively affect the
severe renal impairment covariate. In addition,
a dedicated clinical pharmacology trial observed
no clinically relevant effect of renal impairment
on exposure after adjusting for covariates (age,
sex, and body weight) [38]. This limitation was
therefore considered to have a limited effect on
the validity of the results for subjects with sev-
ere renal impairment.

CONCLUSIONS

The population pharmacokinetics of semaglu-
tide have been characterized and were demon-
strated to be predictable with limited variability
following s.c. administration. From a PK point
of view, no dose adjustment of semaglutide was
shown to be required for different populations
based on sex, age, race, ethnicity, or renal
function. Choice of injection site had no sig-
nificant effect on exposure and can therefore be
chosen interchangeably. The two doses of
semaglutide indicated dose proportionality. The
only covariate of importance for the exposure of
semaglutide in the population studied was body
weight, which was inversely correlated with
semaglutide exposure. Therefore, based on PK
considerations, no dose adjustments of

semaglutide are necessary in different popula-
tions. This finding is to be further explored in
an exposure-response analysis. The option of
adjusting the dose from 0.5 mg to 1.0 mg
remains.
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