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Abstract
Objective The absorption, distribution and elimination of oral semaglutide, the first oral glucagon-like peptide-1 receptor 
agonist for treating type 2 diabetes, was investigated using a population pharmacokinetic model based on data from clinical 
pharmacology trials.
Methods A previously developed, two-compartment pharmacokinetic model, based on subcutaneous and intravenous sema-
glutide, was extended to include data from six oral semaglutide trials conducted in either healthy volunteers or subjects with 
renal or hepatic impairment. Five trials employed multiple doses of oral semaglutide (5–10 mg) and one was a single-dose 
(10 mg) trial. In a separate analysis, the model was re-estimated using data from a trial in subjects with type 2 diabetes.
Results The model accurately described concentration profiles across trials. Post-dose fasting time, co-ingestion of a large 
water volume, and body weight were the most important covariates affecting semaglutide exposure. Bioavailability was 
0.8% when oral semaglutide was dosed using the recommended dosing conditions (30 min post-dose fasting time, admin-
istered with ≤ 120 mL of water), increasing with a longer post-dose fasting time and decreasing with higher water volume. 
Within-subject variability in bioavailability was 137%, which with once-daily dosing and a long half-life translates into 33% 
within-subject variability in steady-state exposure. There was no significant difference in oral bioavailability of semaglutide 
in healthy subjects and subjects with type 2 diabetes.
Conclusions The updated model provided a general characterisation of semaglutide pharmacokinetics following oral, sub-
cutaneous and intravenous administration in healthy subjects and subjects with type 2 diabetes. Within-individual variation 
of oral bioavailability was relatively high, but reduced considerably at steady state.
ClinicalTrials.gov identifiers NCT01572753, NCT01619345, NCT02014259, NCT02016911, NCT02249871, NCT02172313, 
NCT02877355.
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Key Points 

This population pharmacokinetic model for semaglutide 
provides a general characterisation of semaglutide phar-
macokinetics across oral, subcutaneous and intravenous 
administration in healthy subjects and subjects with type 
2 diabetes.

Dosing conditions (post-dose fasting time and water vol-
ume) of oral semaglutide influence semaglutide exposure 
and bioavailability.

The variability of exposure for oral semaglutide was 
accurately characterised, and demonstrated how the long 
half-life and daily dosing result in reduced variability at 
steady state.

1 Introduction

Semaglutide is a long-acting glucagon-like peptide-1 
(GLP-1) analogue approved for the treatment of type 2 dia-
betes (T2D) as a once-weekly subcutaneous (s.c.) formula-
tion and, more recently, as a once-daily oral formulation 
[1]. Oral semaglutide is co-formulated with the absorption 
enhancer sodium N-(8-[2-hydroxybenzoyl]amino) caprylate, 
which facilitates the transcellular absorption of semaglu-
tide across the gastric mucosa [2]. Significant reductions in 
glycated haemoglobin and body weight have been shown 
with oral semaglutide compared with placebo and several 
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anti-diabetic agents [3–10]. Oral semaglutide has also been 
demonstrated to be well tolerated with a safety profile con-
sistent with s.c. semaglutide and other GLP-1 receptor ago-
nists [3–10]. Semaglutide is mainly distributed within the 
plasma volume, with a plasma protein binding of > 99% 
[11], and is extensively metabolised before excretion via 
urine and faeces [12].

Previously, a two-compartment pharmacokinetic (PK) 
model was used to describe semaglutide absorption, distri-
bution and elimination, using data from nine clinical phar-
macology trials, eight of which involved once-weekly s.c. 
administration and one involved once-weekly intravenous 
(i.v.) administration [13]. This s.c./i.v. model demonstrated 
that semaglutide PK were predictable, with low inter-indi-
vidual and intra-individual variability across clinical phar-
macology and phase III trials in healthy subjects and sub-
jects with T2D [13, 14].

The objective of the present analysis was to extend the 
s.c./i.v. model to investigate the PK properties of orally 
administered semaglutide. Analyses included the effects of 
various dosing conditions (such as fasting time and water 
volume), demographic covariates and variability in exposure 
following single and multiple oral administration. Bioavail-
ability in subjects with T2D was investigated in a separate 
analysis. This study provides a characterisation of the bio-
availability for semaglutide, one of the first peptide-based 
treatments approved for oral administration, the first in 
diabetes, and the first with a large molecular weight 
(4113.58 g/mol) [1].

2  Materials and Methods

2.1  Clinical Data

The model was developed using data from six clinical phar-
macology trials that assessed: the effects of water volume 
and post-dose fasting (NCT01572753) [15], tablet degrada-
tion assessed by scintigraphy (NCT01619345) [16], renal 
impairment (NCT02014259) [17], hepatic impairment 
(NCT02016911) [18], drug–drug interaction with omepra-
zole (NCT02249871) [19] and food intake (NCT02172313) 
[20] on the PK of oral semaglutide (Table 1). These tri-
als were selected because dosing of oral semaglutide was 
supervised on-site, which ensured adherence to the defined 
dosing conditions. The trials involved a range of dosing con-
ditions, including the recommended instructions to take oral 
semaglutide in the fasting state in the morning, at least 30 
min before the first food, beverage or other oral medications 
of the day and with no more than 120 mL/4 fl oz of plain 
water [1]. In all trials, semaglutide 10 mg was co-formulated 
with 300 mg of sodium N-(8-[2-hydroxybenzoyl]amino) 
caprylate. The scintigraphy trial (NCT01619345) [16] 

involved a single dose of oral semaglutide 10 mg, whereas 
the other trials involved multiple dosing with 10 consecutive 
days of once-daily administration; doses were escalated after 
5 days from 5 to 10 mg in all multiple-dose trials except in 
the dosing conditions trial (NCT01572753) [15], in which 
10 mg was dosed for 10 days. Subjects included healthy 
volunteers and subjects with renal or hepatic impairment, 
a small number of whom also had T2D. Patients with end-
stage renal disease were excluded from this analysis.

Blood samples for PK assessment were obtained during 
the first 9 days of dosing (7–45 samples per subject) and 
following the last dose on day 10 (16–38 samples per sub-
ject). Plasma semaglutide concentrations were measured in 
plasma by a validated liquid chromatography-mass spec-
trometry assay following protein precipitation (Celerion 
Switzerland AG, Fehraltorf, Switzerland) using previously 
reported methods [18, 20] with a lower limit of quantifica-
tion of 0.729 nmol/L.

As the number of subjects with T2D in the main analysis 
was low (N = 16), to reliably estimate bioavailability in this 
population the model was re-estimated in a separate analysis. 
This additional analysis used data from a trial in subjects 
with T2D (NCT02877355) [21], which was not included 
in the main model because not all dosing was supervised. 
In this trial, subjects with T2D with (N = 36) or without 
(N = 19) upper gastrointestinal (GI) disease received oral 
semaglutide 3 mg once daily for 5 days followed by 7 mg 
for 5 days.

2.2  Model Development Strategy

The model was a modification of the previously developed 
two-compartment s.c./i.v. PK model for semaglutide [13]. 
To secure identifiability, the disposition model (including 
fixed-effects parameter values and variance of random-
effects parameters) was a fixed component in the current 
model. Oral semaglutide data were used to confirm the dis-
position model, and to estimate key aspects of oral absorp-
tion, including variability components and covariate factors. 
The oral absorption component was characterised by an oral 
bioavailability (F) relative to the i.v. data from the s.c./i.v. 
model and by a first-order oral absorption rate constant (ka) 
(Fig. 1).

2.3  Model Development Process

The base model for oral semaglutide PK included the two-
compartment disposition model described in Sect. 2.2, and 
first-order oral absorption with intra-individual variability 
for ka and F, and additional inter-occasion variability for F 
for each dose occasion. One-compartment and two-compart-
ment models were investigated, confirming the suitability 
of a two-compartment disposition structure (Delta OFV, 
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approximately 8000 points). The log-normal intra-individ-
ual variability/inter-occasion variability models were seen to 
adequately describe the estimated individual-occasion and 
between-occasion parameters, including F. The upper per-
centiles in estimated F were far from 100%; therefore, the 
log-normal distribution was adopted.

Covariates for the updated model for s.c./i.v./oral admin-
istration included the known covariate relationships for 
the s.c./i.v. disposition model, which were effects of body 
weight on clearance (CL), inter-compartment CL (Q), cen-
tral volume (Vc) and peripheral volume (Vp), and effect of 
glycaemic status on CL. Additionally, the updated model 
included covariates on oral absorption parameters estimated 
in the current analysis, which were: body weight (continu-
ous), post-dose fasting time (15, 30, 60, 120, 240, 300 min) 
and water volume (50, 120, 240 mL) for F, and post-dose 
fasting time for ka. The relationship between post-dose fast-
ing time and bioavailability (and absorption rate) was an 
exponential decay towards an asymptotic value, providing 
a flexible model that allows consistency with an absorption 
that stops at the time of food intake.

2.4  Final Model

Covariates retained in the model were identified by back-
wards elimination (criteria: change in objective function val-
ues [ΔOFV > 6.63, corresponding to p < 0.01]) to obtain a 
model with only significant covariates. Hepatic impairment 
(ΔOFV = 1.281), water volume 50 mL vs 120 mL (ΔOFV 
= 3.328), age ≥ 65 years (ΔOFV = 3.024), sex (ΔOFV = 
0.102) and renal impairment (ΔOFV = 2.099) were excluded 
in the final model (in that order). A trial factor was investi-
gated for the single-dose scintigraphy trial, owing to a slight 

under-estimation of concentrations in this trial by the model, 
but the trial factor was not statistically significant and was 
not included (ΔOFV = 5.749).

The final covariate models for subject (i) and dosing occa-
sion (j) were parameterised as follows:

where

In the above equations, θ is the estimated (or fixed) value 
for each covariate, θka.long.fast is the absorption rate constant 
for fasting times of 120 min or longer, ηi is the subject-level 
random effects, ηj is the occasion-level random effects; other 
exponents are indicator variables assigned the value 1 for the 
specific covariate values and 0 otherwise,  CLref, Qref, Vc,ref, 
Vp,ref, Fref and ka, ref are the parameter values for the reference 
subject profile Tfasting post-dose fasting time (min).

The between-individual variance-covariance structure for 
CL and Vc was fixed to that of the s.c./i.v. disposition model. 
For Vp, the between-individual variance was assigned the 
same value as for Vc and likewise, for Q it was assigned the 

(1)
kai =

[(

ka,ref − �ka.long.fast

)

∙ e−�T .fast,ka∙(Tfasting−30) + �ka.long.fast

]

∙ exp(�ka.i)

(2)CLi = CLref ∙ Eweight, CL ∙ ET2D ∙ exp
(

�CL.i

)

(3)Qi = Qref ∙ Eweight, CL ∙ exp
(

�CL.i

)

(4)Vc,i = Vc,ref ∙ Eweight,V ∙ exp
(

�Vc.i

)

(5)Vp,i = Vp,ref ∙ Eweight,V ∙ exp
(

�Vc.i

)

(6)Fij = Fref ∙ Eweight,F ∙ Ewater.F ∙ Efasting,F ∙ exp(�F.i + �F.j)

(7)Eweight,CL =

(

weighti

85 kg

)�weight,CL

(8)Eweight,V =

(

weighti

85 kg

)�weight,V

(9)ET2D =

(

�T2D,CL

)T2D

(10)Eweight,F =

(

weighti

85 kg

)�weight,F

(11)Ewater,F =

(

�240mL

)240mL

(12)Efasting,F =

1 − e−�T .fasting,F∙Tfasting

1 − e−�T .fasting,F∙30

Fig. 1  Population pharmacokinetic model. Dashed boxes represent 
model components included in the previously developed subcutane-
ous/intravenous model. BW body weight, CL clearance, F oral bio-
availability, ka oral absorption rate constant, Q inter-compartmental 
clearance, T2D type 2 diabetes, Vc central volume, Vp peripheral vol-
ume
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same value as for CL. Between-individual variations were 
estimated for ka and for F. In addition, within-individual 
variability (i.e., variation between doses) was estimated for 
F. The residual error model was an additive error model for 
log-transformed concentrations.

2.5  Model Predictions

Because of substantial log-normal within-individual varia-
bility, standard computation of reference subject simulations, 
as well as population predictions and weighted residuals 
reported by the nonlinear mixed-effects modelling software 
(NONMEM) are poor measures to reflect data. Model fit and 
diagnostics were therefore provided based on full parametric 
simulations, which have been used in all figures.

2.6  Software

Datasets containing PK and covariate data from each trial 
were converted to a format compatible with the modelling 
software NONMEM (ICON Development Solutions, Ellicott 
City, MD, USA), Version 7.3. The software package R (Ver-
sion 3.2.3, obtained from the R Foundation: http:// www.r- 
proje ct. org/ found ation) was used for data file processing and 
analysis. In addition, PsN Version 4.60 (University of Upp-
sala, https:// uupha rmaco metri cs. github. io/ PsN/ index. html) 
was used as the interface for bootstrapping, search for global 
minima and creation of visual predictive checks.

3  Results

3.1  Population Characteristics

A total of 376 subjects with 14,897 observations from PK 
profiles were included in the PK model analysis. Demo-
graphic characteristics of subjects are shown in Table 1.

3.2  Final Population PK Model Qualification 
and Characterisation of Semaglutide 
Pharmacokinetics Following Oral 
Administration

The s.c./i.v. model [13] was updated to provide a general 
model also applicable to oral semaglutide. Details regard-
ing parameter values, including inter-individual, inter-occa-
sion and residual variability, are provided in Table 1 of the 
Electronic Supplementary Material (ESM). The model was 
qualified based on standard goodness-of-fit plots of predic-
tions vs observed concentrations and weighted residuals, 
distribution of individual parameter estimates compared to 
s.c. modelling, visual predictive checks over each trial and 
across trials, mean model predictions across trial arms and 

individual fits over time. Qualification elements included the 
semaglutide concentration–time profiles, covariates, dosing 
conditions, consistency between oral and s.c./i.v. administra-
tion, and individual bioavailability estimates.

3.2.1  Semaglutide Concentration–Time Profiles

Without inclusion of trial factors, the model was able to 
accurately fit concentration levels across each of the 10-day 
trials, and thereby demonstrated consistency in PK for the 
six clinical pharmacology trials used for model development.

Diagnostic plots for the model showed that the model 
fits were accurate, and there were no critical trends in the 
conditional weighted residuals vs semaglutide concentration 
or time (Fig. 1 of the ESM). Focusing on the variability, the 
individual PK parameter values appeared to follow approxi-
mate log-normal distributions (Figs. 2 and 3 of the ESM). 
Additionally, the visual predictive checks showed that the 
model was able to accurately capture the median trends as 
well as the variability in semaglutide PK data for each indi-
vidual trial (Fig. 4 of the ESM). The model demonstrated 
high accuracy for prediction of the median semaglutide pro-
file and the 90% range.

Figure 2 presents the observed overall mean semaglutide 
concentrations and variability (90% concentration ranges 
for within and between individuals) during and following 
10 days of oral dosing at various dosing conditions. Follow-
ing the final oral semaglutide dose at day 10, mean sema-
glutide concentration across subjects appeared to increase 
from a pre-dose value of 10 nmol/L to a maximum of 
15 nmol/L, both accurately predicted by the mean profile 
within 1 nmol/L, despite the large variability (Fig. 2). Sema-
glutide plasma concentrations obtained from the single-dose 
scintigraphy trial (NCT01619345) [16] were slightly under-
estimated by the model (Fig. 3; and Fig. 4 of the ESM).

For simulation of typical profiles at steady state, mean 
parameter values are shown in Table 2 for the subset of the 
clinical pharmacology population who used the recom-
mended dosing conditions for oral semaglutide (N = 209 
healthy subjects, N = 55 subjects with T2D). Based on 
simulations, the average concentration at day 10 was 66% 
of exposure at steady state, and the accumulation ratio was 
estimated to be 12.6 from day 1 to steady state (computed 
via simulations including inter-individual variability and 
inter-occasion variability).

3.2.2  Covariates

The model predictions were also in accordance with the 
mean semaglutide concentration profiles when stratified 
according to covariate factors (Fig. 3). The model accurately 
described the semaglutide PK profile across covariate cat-
egories for oral semaglutide data, without modifying the 

http://www.r-project.org/foundation
http://www.r-project.org/foundation
https://uupharmacometrics.github.io/PsN/index.html
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disposition model, that provided an accurate fit to covariate 
categories for s.c. semaglutide [13]. Model predictions fit-
ted accurately with observed trough profiles for post-dose 
fasting time, water volume, renal impairment and hepatic 
impairment (Fig. 3). The model also fitted accurately across 
the remaining covariates of sex, age and body weight (data 
not shown). Semaglutide average concentration (Cavg) 
increased with longer duration of post-dose fasting time and 
decreased with co-administration of 240 mL of water (see 
Sect. 3.2.5). Average concentration also decreased in sub-
jects with higher body weight. No other covariates affected 
semaglutide exposure.

3.2.3  Influence of Dosing Conditions on Oral Semaglutide 
Bioavailability

The model was used to illustrate the influence of dosing 
conditions on the absorption process of oral semaglutide. 
Using recommended dosing conditions for oral semaglutide, 
mean bioavailability was estimated at approximately 0.8% 
(0.795% [95% confidence interval 0.736–0.864]) (Table 1 

of the ESM). Bioavailability increased with longer post-
dose fasting time, reaching a plateau around 1.4% at 120 
min (Fig. 4), and decreased with a higher water volume 
(240 mL). Bioavailability was independent of the volume of 
water between 50 and 120 mL (Fig. 4).

Simulated concentration profiles for deviations from the 
oral semaglutide recommended dosing conditions [1] are 
shown in Fig. 5. At steady state, single deviations such as 
a missed or double dose, a dose with shorter (15 min) or 
longer (120 min) post-dose fasting time or a dose taken with 
a larger volume of water (240 mL) will result in only minor 
and transient changes in exposure. However, persistent devi-
ations from the recommended dosing conditions will lead to 
gradual changes in exposure over time.

3.2.4  Consistency Between Semaglutide Pharmacokinetics 
for Oral and s.c./i.v. Administration

To further qualify the similarities between the disposition 
models for oral, s.c. and i.v. dosing of semaglutide, estimated 
individual parameter values obtained from the oral model 

Fig. 2  Observed and model-predicted mean trough concentrations 
(with tail) across trials (a) and mean concentration profiles follow-
ing last dose (b), both on an arithmetic scale; observed and model-
predicted geometric mean concentration profiles and 90% range of 
trough concentrations since the first dose during 10 days of dosing (c) 
and following the last dose (d), both on a log scale. a, b Data points 
are observed geometric mean concentrations with 95% confidence 
intervals on an arithmetic scale. Lines are population predictions 

from the final model. c, d Data points are observed geometric mean 
concentrations with 90% ranges on a semi-logarithmic scale. Shaded 
areas are model-predicted geometric mean and 90% prediction inter-
vals based on approximately 10,000 simulated profiles using the final 
population pharmacokinetic model. Data are from the following tri-
als: dosing conditions (NCT01572753) [15], renal (NCT02014259) 
[17], hepatic (NCT02016911) [18], drug–drug interaction omepra-
zole (NCT02249871) [19] and food effect (NCT02172313) [20]
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were compared to, and found to be in accordance with, the 
expected values from the s.c./i.v. model. A complete overlap 
of the individual estimated disposition PK parameter value 
(CL, Vc, Q, Vp) distributions, and the expected distributions 
(based on demographic characteristics) of the parameter val-
ues obtained from the s.c./i.v. model was observed (Fig. 2 of 
the ESM). This indicates similar disposition models for oral, 
s.c. and i.v. dosing of semaglutide.

3.2.5  Individual Bioavailability Estimates

The model was used to obtain individual bioavailability esti-
mates for each subject and each dose administration. The 
link between the observed individual PK profiles and the 
variability in bioavailability is illustrated in Fig. 3 of the 
ESM, for 12 subjects during and following ten oral sema-
glutide doses. Subjects were selected to include the highest, 
medium and lowest range of bioavailabilities. The figure 
indicates a fairly accurate assessment of individual param-
eters, as well as dose-to-dose differences in bioavailability. 
This qualifies the subsequent assessment of variability and 
the approximately log-normal distribution of bioavailability 
estimates observed across dose administrations (Fig. 3 of 
the ESM).

3.2.6  Variability of Semaglutide Exposure 
and Bioavailability at Steady State

The variability of exposure and bioavailability for oral sema-
glutide is illustrated in Fig. 6. Total variability of exposure 
(area under the curve) after a single dose of oral semaglutide 
was estimated to be 166%, reduced to 68% at steady state. 
The within-subject variability of bioavailability (equivalent 
to the within-subject variability in exposure after a single 
dose) was estimated to be 137%, whereas at steady state, the 
within-subject variability in exposure was reduced to 33%. 
Between-individual variability was estimated to be 56% after 
a single dose as well as at steady state. Data from the dosing 
conditions trial (NCT01572753) [15] confirmed the above 
model-derived conclusions regarding bioavailability: with 

repeated dosing, the exposure variability was reduced, and 
the 90% exposure range reduced from approximately 20-fold 
after the first dose to around five-fold after the tenth dose 
(Fig. 6 of the ESM).

3.3  Exposures at Steady State

Because ratios may differ between demographic subgroups 
at day 10 and at steady state (in particular, if a difference 
in half-life is present), the model was used to calculate the 
steady-state exposure difference. The model demonstrated 
that exposure ratios between the subgroups were similar 
or slightly smaller on day 10 compared with steady state 
(details not shown), thereby confirming that the primary 
conclusions regarding exposure ratios across the 10-day tri-
als are applicable at steady state.

3.4  Evaluation of Semaglutide Exposures 
and Bioavailability Following Oral 
Administration in Subjects with T2D With 
or Without Upper GI Disease

The re-estimated model based on data from the trial in 55 
subjects with T2D with or without upper GI disease [21] 
included covariate factors for T2D and for upper GI disease. 
Modelling equations and patient demographic characteristics 
are shown in the ESM and Table 1, respectively.

In accordance with the conclusions from the trial [21], 
the modelled PK profiles were similar for subjects with 
or without upper GI disease (Fig. 7 of the ESM), suggest-
ing that the presence of upper GI disease does not affect 
semaglutide PK. Mean estimated parameter values in sub-
jects with T2D dosed with oral semaglutide according to 
the recommended conditions are shown in Table 2. Total 
volume was 7.9 L and CL was 0.039 L/h in subjects with 
T2D. The estimated diabetes status factor on bioavailability 
for subjects with T2D was 0.841 (95% confidence interval 
0.607–1.15); therefore, there was no significant difference 
between the oral bioavailability of semaglutide in subjects 
with T2D and healthy subjects.

Table 2  Mean estimated semaglutide PK parameters in healthy subjects and in subjects with T2D using the recommended dosing conditions for 
oral semaglutide

Data are geometric means of the typical PK parameter values for each subject. Data are from the following trials: healthy subjects: dosing con-
ditions (NCT01572753) [15], scintigraphy (NCT01619345) [16], renal (NCT02014259) [17], hepatic (NCT02016911) [18], DDI omeprazole 
(NCT02249871) [19] and food effect (NCT02172313) [20]. Subjects with T2D: T2D with or without upper GI disease (NCT02877355) [21]
CL clearance, DDI drug–drug interaction, F bioavailability, GI gastrointestinal, ka absorption rate, N number of subjects, PK pharmacokinetic, 
Q inter-compartmental clearance, t½ plasma half-life, T2D type 2 diabetes, Vc central volume, Vp peripheral volume, Vtotal total volume

Analysis N CL
(L/h)

Vc
(L)

Vp
(L)

Vtotal
(L)

Q
(L/h)

ka
(h−1)

F
(%)

t½
(h)

Healthy subjects 209 0.033 3.4 3.9 7.2 0.28 2.09 0.76 158
Subjects with T2D 55 0.039 3.7 4.2 7.9 0.31 2.09 0.69 145
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4  Discussion

A population PK model of oral semaglutide was developed 
and validated in the current study and found suitable for 
accurately describing the PK properties across demographic 

covariates and dosing conditions and for simulating PK pro-
files in subjects dosed with oral semaglutide.

Model-based analysis of semaglutide PK indicated that, 
once absorbed, semaglutide is distributed, metabolised and 
eliminated in the same way, irrespective of the route of 
administration. Distribution and elimination were similar 
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with error bars are observed geometric mean concentrations with 95% 
confidence intervals. Lines are population predictions. Data are from 
the following trials: dosing conditions (NCT01572753) [15], scin-
tigraphy (NCT01619345) [16], renal (NCT02014259) [17], hepatic 
(NCT02016911) [18], DDI omeprazole (NCT02249871) [19] and 
food effect (NCT02172313) [20]
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for oral, s.c. and i.v. semaglutide, and were characterised 
by two-compartment PK and first-order elimination. Fur-
thermore, s.c. and oral administration are both consistent 
with a first-order absorption process, although oral absorp-
tion appears to stop soon after the time of meal ingestion. 
Compared with s.c. administration, oral absorption was sig-
nificantly faster and bioavailability was lower (and there-
fore more variable) [22]. The day-to-day variability in oral 
absorption was reduced by frequent dosing and the long 
half-life of semaglutide, leading to stable steady-state con-
centrations for oral semaglutide.

Covariates for the model were implemented on multiple 
parameters, to reflect physiologically plausible mechanisms 
of covariate effects. Disposition parameter covariates were 
informed by s.c. and i.v. data, which are subject to much 
less variability, whereas covariates on oral absorption rate 
and bioavailability were informed by data obtained follow-
ing oral administration. Body weight was the only intrinsic 
covariate that affected exposure; however, oral semaglutide 
provides adequate systemic exposure over the body weight 
range of 40–188 kg evaluated in clinical trials [4, 5, 8–10, 
23]. Demographic covariates such as sex, age, and hepatic 
or renal impairment had no or a minor influence on the 
exposure of oral semaglutide. The exposure of semaglutide 
was, however, found to increase with a longer post-dose 
fasting time and decrease when oral semaglutide was co-
administered with a water volume of 240 mL, double that 

of the recommended dosing conditions [1]. The impact of 
covariates on the PK of semaglutide in the current analysis 
supports previous findings for s.c. semaglutide, that no dose 
adjustment is needed across population subgroups [13, 14, 
24]. This consistency of covariate results from the current 
oral semaglutide study with those from s.c. dosing of sema-
glutide indicates that the pharmacodynamic effects of oral 
semaglutide are independent of the route of administration.

Being a large peptide molecule and hence difficult to 
absorb, the bioavailability of semaglutide dosed orally is 
relatively low [25, 26]. When using the recommended dos-
ing conditions for oral semaglutide (30 min fasting and 
up to 120 mL of water) [1], the bioavailability was 0.8%. 
Alteration of the recommended dosing conditions resulted 
in increased oral semaglutide bioavailability with a longer 
post-dose fasting time and decreased bioavailability with co-
administration of a greater water volume of 240 mL. Bio-
availability was independent of water volumes up to 120 mL. 
These results are consistent with the known mechanisms 
of oral semaglutide absorption, as demonstrated by human 
in vivo studies with radioactively labelled tablets [2]. These 
studies showed that the absorption of semaglutide takes 
place in the stomach and is sensitive towards other constitu-
ents in the gastric fluid. Hence, oral semaglutide absorption 
is impaired by the presence of food and larger amounts of 
water in the stomach [2]. Model-simulated concentration 
profiles demonstrated that at steady state, single deviations 

Fig. 4  Absolute bioavailability vs post-dose fasting time by 
water volume. Data points are means with 95% confidence inter-
vals of individual model-derived parameter estimates. Lines are 
model-derived relationships to the fasting time and shaded areas 
are 95% confidence intervals obtained by bootstrapping. The model 
does not discriminate between 50 and 120 mL, and therefore the 

modelled lines are identical for these two water volumes. Data are 
from the following trials: dosing conditions (NCT01572753) [15], 
scintigraphy (NCT01619345) [16], renal (NCT02014259) [17], 
hepatic (NCT02016911) [18], drug–drug interaction omeprazole 
(NCT02249871) [19] and food effect (NCT02172313) [20]
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from the oral semaglutide recommended dosing conditions 
have a minimal impact on exposure.

The model was used to evaluate the consistency of expo-
sures in the clinical pharmacology trials used for model 
development and identify the fundamental PK properties for 
oral semaglutide. There was general consistency across tri-
als, and the model qualified that primary analyses obtained 
at day 10 are expected to be valid at steady state.

Considerable between-individual and within-individual 
variability was observed for oral semaglutide bioavailability, 
which is usual for molecules with low bioavailability [22]. 
The once-daily dosing frequency combined with the long 

plasma half-life of semaglutide (~ 1 week) cause multiple 
previous doses to contribute to the exposure at steady state; 
the most recent dose will on average contribute approxi-
mately 10% of the total exposure. Therefore, at steady state, 
the variability in total and within-subject variability in expo-
sure is reduced compared with after a single dose. In con-
trast, this has no impact on the between-subject variability, 
which was similar both after single-dose oral semaglutide 
and at steady state.

In a separate analysis involving re-estimation of the model 
using data from a trial in subjects with T2D with or without 
upper GI disease [21], oral semaglutide PK were found to 

Fig. 6  Distribution of variability components for the oral bioavail-
ability of semaglutide (a), area under the curve (AUC) values fol-
lowing a single oral dose (b), and average concentration (Cavg) at 
steady-state dosing of 10 mg of semaglutide once daily (c). Data are 

model-derived bioavailabilities and exposures based on simulations 
of a reference subject profile using the final population pharmacoki-
netic model. CV coefficient of variation
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be similar between healthy subjects and subjects with T2D 
with or without upper GI disease. No significant differences 
in oral bioavailability were identified between subjects with 
T2D and healthy subjects, which was in accordance with the 
results from the trial reported by Granhall and colleagues 
[27], which demonstrated similar semaglutide exposure in 
male subjects with and without T2D.

During planning of the original analysis, a stepwise 
approach was judged to be superior to a joint estimation 
of all data (s.c., i.v. and oral semaglutide). The disposition 
model was robustly estimated based on s.c. and i.v. data 
alone, with a low relative standard error (between 3 and 
9%) and low variability [13]. As clinical pharmacology data 
of oral semaglutide were characterised by high within-sub-
ject variability, potential changes to the disposition model 
obtained by including oral data were judged to be less cred-
ible, as the changes could be the result of changed estimation 
procedures and difficulties with the estimation. Nevertheless, 
a sensitivity analysis was conducted with a joint estimate 
of oral, s.c. and i.v. data, providing similar results as the 
original analysis.

Whereas the presented analysis provides a general 
description of semaglutide PK, there are a few limitations 
of potential relevance. The i.v. data in the original s.c./i.v. 
model [13] were from a single trial, leading to some uncer-
tainty in the fixed disposition parameters. However, the 
uncertainty in the s.c./i.v. model is very low, with a low rela-
tive standard error for the disposition parameter estimates 
[13]. In the current study, the distribution of bioavailabili-
ties was appropriately described with a log-normal distri-
bution and the upper percentiles were substantially lower 
than 100%, despite the log-normal distribution theoretically 
having no upper end. It should be noted, however, that it is 
not realistic to use this model to simulate extreme individual 
cases.

Our analysis did not investigate other factors such as 
alcohol, smoking, different disease characteristics or many 
potential concomitant glucose-lowering medications. The 
impact of reducing gastric pH with omeprazole on the PK 
of oral semaglutide has been assessed and this may cause 
a small but not clinically relevant increase in semaglutide 
exposure [19]. Administration of placebo tablets concomi-
tantly with oral semaglutide can reduce exposure to sema-
glutide by 35% in healthy subjects [28] and reinforces the 
dosing conditions to avoid administering other oral medica-
tions within 30 minutes of oral semaglutide [1, 28].

The single-dose trial appeared to have slightly higher 
exposure compared with the other trials in the data-
set (although this was not statistically significant at the 
p = 0.01 level), indicating that a trial factor could be present. 
The scintigraphy study had a rigid design not representative 
of real life, and the model underestimated the scintigraphy 
trial data.

In general, estimated parameters were robust across a 
number of sensitivity analyses, including estimates of bio-
availability and the associated inter-individual and within-
individual variation. These estimates reflect a clinical trial 
setting in which dose and administration are supervised, so 
therefore may not provide an accurate estimate of absorption 
variability and may differ from a real-world T2D setting. 
Likewise, steady-state exposure levels can be derived from 
the developed model, both for healthy subjects and subjects 
with T2D. Pharmacokinetic data derived from phase III tri-
als are expected to provide a more accurate real-world indi-
cation of exposure levels when oral semaglutide is admin-
istered for a longer period outside of the controlled clinical 
trial setting.

5  Conclusions

This updated population PK model provided a general 
characterisation of semaglutide PK across oral, s.c. and i.v. 
administration, demonstrating similar PK for healthy sub-
jects and subjects with T2D. Bioavailability and exposure of 
oral semaglutide were reduced by shorter post-dose fasting 
time (15 min) and co-administration of a larger water vol-
ume (240 mL). The within-individual variation from dose to 
dose in oral semaglutide bioavailability was relatively high, 
but as a result of daily dosing and a long plasma half-life (1 
week), the variability of semaglutide exposure at steady state 
was considerably reduced.
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