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1  |  INTRODUC TION

It is estimated that, globally, approximately 6% of adults suffer from 
type 2 diabetes mellitus (T2D).1 Type 2 diabetes is a metabolic dis-
ease characterized by chronic high blood glucose levels, leading to 
insulin resistance and impaired insulin secretion. Due to lack of insu-
lin sensitivity, conservative insulin therapy is not effective/efficient. 

Alternative treatments for blood glucose management and promo-
tion of other features such as satiety and weight loss are required.2 
Patients with T2D are at high risk of developing cardiovascular dis-
eases and other comorbidities,3 necessitating multiple drug usage 
by T2D patients which increases the risk of drug–drug interactions.4

Glucagon-like-peptide 1 (GLP-1) is an incretin gut hormone re-
sponsible for endocrine regulation of gastric emptying rate (GER).5-7 
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Abstract
Semaglutide is a glucagon-like-peptide-1 (GLP-1) analogue marketed for once-weekly 
subcutaneous administration for type 2 diabetes mellitus. Like other long-acting GLP-1 
analogues, semaglutide reduces gastric emptying and, potentially, alters the rate of 
absorption of orally co-administered drugs. The objective of the current analysis was 
to evaluate the effects on the gastric emptying rate caused by semaglutide on phar-
macokinetic model parameters of paracetamol and atorvastatin in healthy subjects. 
Non-linear mixed effect modeling was used to estimate population pharmacokinetic 
model parameters of paracetamol and atorvastatin after single doses with or without 
semaglutide. The absorption rate (ka) of paracetamol decreased by 53% when co-
administered with semaglutide. For atorvastatin, ka and transit compartment rate (ktr) 
decreased by 72% and 91%, respectively. Thus, gastric emptying, measured as T50, 
i.e., drug disappearance from the absorption compartments, showed an additional 5-
min delay for paracetamol and a 67-min delay for atorvastatin when co-administered 
with semaglutide. Semaglutide affected pharmacokinetic model parameters of par-
acetamol and atorvastatin, and minor quantitative differences in gastric emptying be-
tween placebo vs. semaglutide administration were observed. However, these effects 
of semaglutide were considered not to be of clinical relevance.
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GLP-1 has an insulinotropic effect and works in a glucose-dependent 
manner with an increased effect during elevated blood glucose, and 
therefore plays a crucial role in the regulation of post-prandial blood 
glucose and promotion of satiety by inducing a delayed effect on 
GER.4,8 It has been established that GLP-1 promotes a delay in gas-
tric emptying time via transmission of cholinergic and peptidergic in-
hibitory signals in the parasympathetic nervous system.9 In addition 
to its GER-reducing actions, GLP-1 supresses glucagon secretion.10 
These properties of native GLP-1 make GLP-1 analogues a suitable 
therapeutic alternative for the treatment of T2D, and the develop-
ment of drug candidates possessing the same properties as native 
GLP-1 is highly relevant.4,8

Semaglutide is a GLP-1 analogue with similar physiological prop-
erties as native GLP-1 and is marketed as Ozempic® for once weekly 
subcutaneous administration. Semaglutide is 94% structurally ho-
mologous to native human GLP-1. Three molecular modifications 
contribute to the extended half-life of one week.8 Due to the reduc-
ing effect on GER of semaglutide, the absorption properties and/
or disposition of concomitant oral drugs could be altered/affected. 
For highly water-soluble drugs GER plays a particularly important 
role, since dissolution in the stomach is not a rate limiting step of 
drug absorption.11 Furthermore, a hypothesis suggests that delayed 
gastric emptying gives medications with low solubility additional 
time to dissolve in the stomach, suggesting that disposition of low 
solubility drugs could be altered for when co-administered with 
semaglutide.4 Hence, investigation of GER and its effect on phar-
macokinetic (PK) parameters is warranted for drugs co-administered 
with semaglutide.4

An example of a well-known highly soluble drug is paracetamol. 
Paracetamol is classified in the biopharmaceutical classification 
system (BCS) as a BCS class I drug, possessing high solubility and 
high permeability. In addition, paracetamol is poorly absorbed in the 
stomach, but rapidly absorbed in the proximal intestine. Paracetamol 
per se does not affect gastric motility and it is well tolerated with 
limited side effects.12 Given the permeability properties and high 
solubility of paracetamol, GER becomes the rate limiting step for 
systemic absorption.13 These characteristics qualify paracetamol as 
a pharmacological marker for quantification of GER, also known as 
the paracetamol absorption tests.14,15

Another example of a well-known BCS class I drugs is metformin 
(biguanide).16 However, metformin could not meet the requirements 
as a pharmacological marker for GER as it may confound the quan-
tification of GER by increasing endogenous GLP-1.16 Also, it may in-
duce duodenum-gastric reflux after oral administration and provide 
nausea.17

In 2018, Hjerpsted et al.8 performed the paracetamol absorption 
test to assess the reducing effect on GER of semaglutide. A non-
compartmental analysis (NCA) was performed for calculation of the 
Cmax, tmax, and area under the concentration-time curve (AUC) for 
paracetamol. Based on the paracetamol absorption test, it was con-
cluded that gastric emptying during the first hour was 27% lower 
with semaglutide, compared with placebo [AUC0-1h]. Furthermore, 

no significant alteration in the area under the concentration-time 
curve measured for 5  h [AUC0-5h] was observed between parac-
etamol administered alone or with semaglutide. Finally, there 
were no relevant clinical concerns when oral paracetamol was co-
administered with semaglutide. However, no attempt was made to 
describe the effect of delayed gastric emptying on primary oral PK 
model parameters such as absorption rate constant (ka), and GER 
was not quantified.

Atorvastatin is classified as a BCS II drug with high permeability 
but low solubility.18 As semaglutide may alter the disposition of co-
administered low solubility drugs, atorvastatin was selected for this 
analysis due to its BCS classification, which is different from that 
of paracetamol. Moreover, atorvastatin a substrate for cytochrome 
P450 (CYP) 3A4, is present in the intestines and the liver.18 However, 
cytochrome P450 enzymes and transporters are not expected to be 
inhibited or induced by semaglutide, but a delay in GER by sema-
glutide may affect the drug safety profile of atorvastatin, as the 
time of maximum plasma concentration of atorvastatin is known to 
be affected by (other) GLP-1 analogues.19 The complex metabolic 
pattern of atorvastatin could potentially be affected when the GER 
is delayed. After oral administration, atorvastatin undergoes com-
plete metabolization to two different metabolites, ortho-hydroxy-
atorvastatin and para-hydroxy-atorvastatin, mediated by CYP3A4. 
The parent compound and its metabolites are in equilibrium with 
corresponding inactive lactone forms mediated in the liver in 1:1 
ratio.20 In vitro studies have suggested that lactone formation also 
happens spontaneously at low pH values (<pH2).20 Therefore, re-
duced GER might lead to prolonged retention of atorvastatin during 
dissolution in the stomach causing increased lactone formation and 
altered absorption of atorvastatin.20 Furthermore, since atorvasta-
tin minimizes the risk of developing atherosclerotic cardiovascular 
diseases in patients with T2D it is likely to be co-administered with 
semaglutide.18

Therefore, it is relevant to investigate if the safety profile of 
atorvastatin is affected by delayed GER caused by semaglutide. 
Haunser et al.4 investigated this and the effect of semaglutide on 
the overall exposure, Cmax and tmax, of atorvastatin obtained by 
non-compartment analysis. None of these analyses of paracetamol 
or atorvastatin exposure investigated the effect of delayed GER on 
primary oral PK model parameters such as absorption rate constant 
(ka), and GER was not quantified.4,8

The objective of the current analysis was to quantify the effects 
of delayed gastric emptying caused by semaglutide on absorption 
parameters of paracetamol and atorvastatin, and to quantify the 
gastric emptying rate. For this analysis, population PK modeling was 
performed using data on file.4,8

2  |  MATERIAL AND METHODS

The trial design of the study containing paracetamol (NCT02079870) 
data has previously been reported in Hjerpsted et al.8 The study 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9724
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5239
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4503
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2949
https://clinicaltrials.gov/ct2/show/NCT02079870


    |  3 of 13LANGESKOV and KRISTENSEN

was conducted in compliance with the International Conference 
on Harmonisation Good Clinical Practice guidelines21 and the 
Declaration of Helsinki.22 In brief, the study was a single center, 
randomized, multiple-dose, double-blind two period, placebo-
controlled, cross-over trial.

The trial consisted of two 12 weeks crossover treatment peri-
ods, separated by a wash-out period of five to seven weeks. Eligible 
subjects were randomized 1:1 to one of the following treatment 
sequences: semaglutide-placebo or placebo-semaglutide and then 
dose escalated with once weekly subcutaneous administration of 
semaglutide to steady state. Semaglutide was administered subcuta-
neously once weekly in escalating doses of 0.25 mg (4 weeks), 0.5 mg 
(4 weeks) and 1.0 mg (4 weeks, to steady state). When steady state 
was obtained at the end of each 12-week treatment period subjects 
were given 1500 mg paracetamol solubilized in yoghurt. Plasma con-
centration samples were collected pre-dose and at 0.25, 0.5, 0.75, 
1, 1.5, 2, 3, 4 and 5 h after administration of paracetamol. All parac-
etamol pre-dose samples were below the lower limit of quantifica-
tion (LLOQ). These samples were excluded from the analysis.

Thirty healthy obese male and female subjects with body mass 
index between 30 and 45 kg/m2 and mean weight, 102.3 kg, (81.5–
103.5  kg) were enrolled. Two subjects withdrew from the study 
after the first trial period resulting in a total of 29 subjects receiv-
ing paracetamol combination with placebo and 27 subjects received 
paracetamol combination with semaglutide. For further reading, see 
Hjerpsted et al.8

The design of the atorvastatin study, with and without sema-
glutide (NCT02243098), has previously been reported in Hausner 
et al.4 The study was similarly conducted in compliance with the 
International Conference on Harmonisation Good Clinical Practice 
guidelines and21 the Declaration of Helsinki.22 In brief, the study 
contained two open-label, one-sequence crossover, single center 
clinical pharmacology study, studies 1 and 2. Study 2 investigated 
once-weekly subcutaneous semaglutides effect on the pharmaco-
kinetics of atorvastatin and digoxin.4 Both drugs were investigated 
in each trial period separated by a seven-day wash-out period. 
Semaglutide was administered subcutaneously once weekly in es-
calating doses of 0.25 mg (4 weeks), 0.5 mg (4 weeks) and 1.0 mg 
(4 weeks, to steady state). Dosing was continued for an additional 
two weeks to ensure that drug–drug interactions were assessed 
at semaglutide steady state, resulting in a total trial duration of 
14  weeks. For the current analysis, only atorvastatin was consid-
ered. A dosage of 40 mg atovastatin was administered orally before 
initiating dose escalation of semaglutide, and at the end of week 13.

Thirty-one healthy males and females with a body mass index 20.0–
30.0 kg/m2 and 18–55 years of age were enrolled in this study. Five 
subjects withdrew during the study, so in total, 31 subjects received 
atorvastatin without semaglutide, and 26  subjects received atorvas-
tatin in combination with semaglutide. Plasma concentration samples 
were collected pre-dose and at 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 18,24, 36, 
48, and 72 h after administration of atorvastatin. Plasma concentration 
values for atorvastatin at pre-dose, and 72 h were all below LLOQ and 
excluded from the analysis. For further reading, see Hausner et al.4

2.1  |  General population pharmacokinetic model 
development

Non-linear mixed effect population PK modeling was performed for 
both studies. Models were developed in Phoenix NLME 8.1 (Certara 
USA, Inc., NJ 08540 USA) using the First Order Conditional Estimation 
- Extended Least Squares method (FOCE-ELS). Raw data from the 
studies were extracted and modified using R- version 3.6.1 (https://
cran.r-proje​ct.org/). The model building process was performed step-
wise as follows: (i) the structural population model; (ii) the statistical 
submodel; (iii) the covariate model; and (iv) internal validation. The 
different models were discriminated by the likelihood ratio test using 
the objective function value (OFV; i.e., –2*log likelihood), where a de-
crease in OFV of 3.84 points (p <.05 based on a χ2 distribution) was 
considered statistically significant, between nested models with one 
additional degree of freedom. Between subject variability (BSV) was 
assumed to be independent, and an exponential error model of eta 
was used (assuming eta was log-normally distributed with a mean of 
zero and a variance of omega2). Variance was explored and included 
by an omega block if applicable. For the unexplained variability (RUV), 
a proportional, additive and a combined error model were tested. In 
addition, the relative standard errors (RSE), the condition number and 
the η-shrinkage of the random effects were assessed during model 
evaluation. These should be as low as possible but preferably not ex-
ceed 60%, 1000 and 25% respectively.23

2.2  |  Covariate model development

The tested covariates were body weight, age, sex and treatment 
with semaglutide. Graphic visualization was performed screen-
ing individual post hoc estimated model parameters vs covariates. 
Potential covariates were introduced into the base model one at a 
time using a stepwise forward inclusion method until OFV did not 
improve (e.g. decrease in OFV ≥ 3.84 was considered statistically 
significant, p < .05 between nested models with one additional de-
gree of freedom). A backward elimination process should have been 
performed with a drop of OFV ≥ 6.64 corresponding to a signifi-
cance level of p <.001, but no backward elimination was performed 
due to few covariates identified and tested during the forward in-
clusion. Continuous potential covariates were tested using a linear 
equation (Equation 1).

Categorical potential covariates coded as index variables that 
had values of 0 or 1 and were tested using Equation (2).

Non-categorical potential covariates were tested using 
Equations (3)–(5).

(1)�i = �pop ∗
(

1 + �covariate ∗
(

Covaraitei −Mediancovpop
))

,

(2)�i = �pop ∗
(

1 − �covariate ∗
(

Covaraitei
))

.

(3)�i = �pop ∗
(

1 + �covariate ∗
(

Covaraitei −Mediancovpop
))

,
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2.3  |  Model validation

The final population PK model was validated with statistical and 
graphical tests, e.g. residual analysis and goodness-of-fit plots. 
For internal model validation, a bootstrap resampling method was 
conducted using 1000 replicates to test the stability of the model. 
Accuracy of the model was evaluated with visual predictive checks 
(VPC). For the VPC, a set of 200 simulated datasets were created to 
compare the observed concentration with the distribution of simu-
lated concentrations.

2.4  |  Calculation of gastric emptying

The gastric emptying (GE) was calculated as the time to reach 50% 
of drug disappearance from the absorption compartments (T50). For 
paracetamol this was estimated as follows (Equation 6):

For atorvastatin, the T50 was derived from summarizing the 
mean of the disappearance curves of the transit and absorption 
compartments.

2.5  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http://www.guide​topha​rmaco​logy.
org, the common portal for data from the IUPHAR/BPS Guide to 
PHARMACOLOGY,24 and are permanently archived in the Concise 
Guide to PHARMACOLOGY 2019/20.25

3  |  RESULTS

3.1  |  Base models development

The dataset used for model development included 503 paraceta-
mol blood samples from 29 adult obese subjects. The character-
istics of the subjects are shown in Table 1. The paracetamol data 
was best described by a two-compartment distribution model see 
Figure  1. Interindividual variability on all parameters except for 
Cl2/F significantly improved the model, whereas models tested 
with inter-occasion variability did not converge. To describe the 
absorption delay, a lag time absorption model, transit absorption 

model, Erlang type absorption, and Stirling approximation were 
investigated.26

Addition of a lag time to a two-compartment model with first 
order absorption for paracetamol caused a drop in OFV of more 
than 200 points. Different hard coded transit compartment models 
with an optimum OFV for four transit compartment and three for 
Erlang transit compartments resulted in an increased ΔOFV of 6.29 
and 56.95 compared to the lag time model. Thus, a lag time absorp-
tion model with first order oral absorption was selected as the base 
model for paracetamol.

For atorvastatin, the population PK-model was based on 713 
samples from 31 healthy adult subjects. The characteristics of the 
subjects are shown in Table 1. By analogy with paracetamol mod-
eling atorvastatin data was best described by a two-compartment 
model with first order absorption see Figure 2. Interindividual vari-
ability on all parameters except for Cl2/F significantly improved the 
model, whereas models tested with inter-occasion variability did not 
converge. Similar absorptions models describing delayed absorption 
were tested.

A lag time absorption model improved OFV significantly 
(ΔOFV = −71.24), whereas an absorption model with one transit com-
partment resulted in a 60.54-point drop in OFV. However, the lag time 

(4)�i = �pop ∗
(

exp
(

�covariate

)

∗
(

Covaraitei −Mediancovpop
))

,

(5)�i = �pop ∗

(

exp
(

�covariate

)

∗

(

Covaraitei

Mediancovpop

))

.

(6)T50 =
Ln(2)

ka
+ tlag.

TA B L E  1 Mean demographic data available for modelling, range 
is given in parenthesis

Paracetamol 
study

Atorvastatin 
study

Number of samples 503 713

Number of subjects 29 31

Gender (Male/Female) 20/9 15/16

Age (years) 42 (21–65) 45 (25–55)

Bodyweight (kg)a 102 (81.5–121) 75.4 (53.6–102)

BMI (kg/m2)b 33.2 (30.5–42.8) 25.2 (20.4–29.8)

aBody weight at baseline.
bBMI at baseline.

F I G U R E  1 Structure of the final paracetamol model in 
healthy obese subjects following oral 1500 mg paracetamol 
administration. Tlag =lag time, ka: first order absorption rate 
constant. rate constant. Cl/F: clearance of paracetamol. Cl2/F: 
intercompartmental clearance. V1/f: central volume of distribution. 
V2/F: peripheral volume of distribution

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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model had a condition number above 1.5 ꞏ 104, suggesting model ill-
conditioning. For comparison, the transit compartment model had a 
condition number slightly above 1000. Transit compartment models 
with ka were tested with one to three transit compartments. Erlang 
transit compartment models without ka were also tested with one 
to three transit compartments. The model with one transit com-
partment lowered OFV the most (ΔOFV = −60.53) compared to the 
two-compartment model with no first order absorption. However, 
the absorption model with one transit compartment and ka therefore 
provided the best description of the absorption phase for atorvastatin.

3.2  |  Covariate models development

For paracetamol, the systematic covariate analysis identified that the 
apparent volume of distribution V1/F was dependent on bodyweight 
as the most significant covariate (ΔOFV = −17.5). In addition, treat-
ment (placebo vs. semaglutide co-administration) was recognized as 
a covariate (ΔOFV  =  −5.20) for ka allometric scaling of the distri-
bution parameters improved the OFV significantly (ΔOFV  =  −31), 
but the model did not converge. The model with V1/F dependent on 
bodyweight was estimated with a high precision (low RSEs) and was 
therefore preferred over the allometrically scaled model.

The covariate effect equation for paracetamol ka and V1/F was 
implemented in Phoenix modeling language (PML) as follows:

where tvka was the population estimate of ka. The term dKadplacebo1 
(kacovariate in Table 2) was the parameter estimate for the fractional 
reduction of tvka, when semaglutide was co-administered (equiva-
lent to Placebo==1) in PML, when a placebo column in the data set 
was 1 for semaglutide co-administration and 0 without semaglutide 
co-administration.

For paracetamol, the V1/F dependency on body weight (BW) was 
coded in PML as follows:

The fixed parameter estimates of coefficients dKadplacebo1 an 
(�V1∕Fcovariate in Table  2) from were 0.525 and 0.0312, respectively. 
Thus, ka decreased with 53% from 9.4  h−1 to 4.4  h−1 when parac-
etamol was co-administered with semaglutide. Concomitant admin-
istration with semaglutide reduced BSV from 0.66 to 0.51 in terms 
of variance (Omega2) for ka. For the apparent volume of distribution 
V1/F, the parameter coefficient showed that when body weight in-
creased with one kg, V1/F increased with 3%. Bodyweight accounted 
for 34.4% of the BSV on V1/F. Finally, RUV was best described by a 
proportional error model as either an additive or a combined error 
model significantly improved the OFV. The final parameter estimates 
for the paracetamol population PK model are shown in Table 2.

For the atorvastatin model, allometric scaling27 with body weight 
on the parameters V1/F, Cl/F, V2/F, and Cl2/F significantly improved 
model (ΔOFV  =  −22.42). Additionally, the best model to describe 
atorvastatin data was achieved with inclusion of the absorption pa-
rameters ka and transit compartment rate constant (ktr) dependent 
on semaglutide co-administration (ΔOFV = −25.90 compared to allo-
metric scale model). Covariates effects affecting atorvastatin ka and 
ktr were implemented in a similar way to ka for paracetamol in PML. 
For the disposition parameters, PML implementation of covariate 
body weight (BW) relation was as exemplified for oral clearance:

Example of volume of distribution:

The fixed parameter estimates of coefficients dKadplacebo and 
dKtrdplacebo were 0.829 and 0.791, respectively. Thus, when ator-
vastatin was co-administered with semaglutide, the ka decreased with 
83% from 5.72 h−1 to 0.986 h−1, and the transit compartment param-
eter ktr decreased with 79% from 7.28 h−1 to 1.52 h−1. Furthermore, 
the effect semaglutide caused a reduction in the BSV from 3.29 and 
3.19 to 2.03 and 1.82 in terms of variance (Omega2) for ka and ktr, re-
spectively. For atorvastatin, an additive or a combined error model did 
not significantly improve the OFV; therefore, RUV was best described 
by a proportional error model. The final parameter estimates for the 
atorvastatin population PK model are shown in Table 3.

3.3  |  Model evaluations

For both models, all parameters could be estimated with good preci-
sion (RSE  <  30% Tables 2 and 3) and generally, shrinkage was below 
25% except for the parameters Tlag (34%) in the paracetamol model 
and ka (31%) and ktr (46%) in the atorvastatin model. However, 

ka= tvka x (1−dKadplacebo1 x (placebo= =1)

V1

F
=
tvV1

F
x (1+dVBW x (BW−MedianBW).

CL

F
=

tvCL

F
x

(

BW

MedianBW

)0.75

.

V1

F
=

tvV1

F
x

(

BW

MedianBW

)1

.

F I G U R E  2 Structure of the final atorvastatin model in healthy 
subjects following oral 40 mg atorvastatin administration. 
ktr =transit compartment rate constant, ka: first order 
absorption rate constant, Cl/F: clearance of paracetamol. Cl2/F: 
intercompartmental clearance. V1/f: central volume of distribution. 
V2/F: peripheral volume of distribution
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removal of BSV on Tlag for paracetamol and on ka and ktr for the ator-
vastatin model increased the OFV and the models did not converge. 
Therefore, BSV on these parameters remained in the models (Tables 2 
and 3). The LRT revealed a significant drop of ΔOFV from base model 
to final model, 17.9 for paracetamol and 25.9 for atorvastatin. For both 
final models, diagnostic plot indicated correlations between the BSV 

of Cl/F and V1/F. This was tested and although there was a significant 
drop in OFV, the models did not converge so BSV correlation was not 
included in the final models. Furthermore, the basic goodness of fit 
plots was all acceptable (See Figures 3 and 4).

The VPC plot, depicted in Figures 5 and 6, indicates an overall 
good predictive performance of the paracetamol and atorvastatin 

Population parameters (θ) 
(Units) Estimates

RSE % 
[Shrinkage%]

Bootstrap mean 
[95%CI]

ka (h−1) (Placebo) 9.4 12.1 11.8 [6.2–27.8]

Θkacovariate 0.525 20.0 0.534 [0.298–0.745]

V1/F (L) 48.5 11.7 50.8 [28.6–83.3]

ΘV1/Fcovariate 0.0312 12.8 0.0312 [0.0178–0.0456]

Cl/F (L/h) 25.9 2.49 25.9 [24.1–27.7]

V2/F (L) 55.4 6.95 53.6 [24.4–70.5]

Cl2/F (L/h) 199 9.43 196 [83.2–271]

Tlag (h) 0.16 7.40 0.17 [0.11–0.20]

Between subject variablity (ω2)

ω2 Ka 0.514 35.3 [15] 0.586 [0.212–1.31]

ω2 V1/F 0.270 33.2 [16] 0.280 [0.0672–0.713]

ω2 Cl/f 0.0606 27.4 [5.7] 0.0626 [0.033–0.111]

ω2 V2/F 0.0703 26.8 [28] 0.0936 [0.0187–0.32]

ω2 Tlag 0.0586 34.7 [34] 0.0467 [0.00783–0.187]

Residual unexplained 
variability (Ceps)

0.094 10.5[20] 0.0934 [0.0731–0.114]

Abbreviations: Ceps, σ2; CI, Confidence Interval; Cl/F, oral clearance; Cl2/F, intercompartmental 
clearance; ka, absorption rate constant; RSE %, Relative Standard Error; Tlag, lag time; V1/F, central 
volume of distribution; V2/F, peripheral volume of distribution.

TA B L E  2 Population pharmacokinetic 
parameter estimate from the final of 
paracetamol model

Population parameters (θ) 
(Units) Estimates

RSE % 
[Shrinkage%]

Bootstrap mean 
[95%CI]

ka (h−1) (Placebo) 5.72 23.5 6.56 [3.29–12.1]

Θkacovariate 0.829 8.6 0.821 [0.649–0.925]

ktr (h−1) (Placebo) 7.28 22.2 10.4 [4.48–44.0]

Θktrcovariate 0.791 10.6 0.820 [0.629–0.972]

V1/F (L)a 1843 13.3 1709 [1253–2224]

Cl/F (L/h)a 620 5.86 617 [551–691]

V2/F(L)a 4184 8.67 4229 [3573–4918]

Cl2/F (L/h)a 873 15.4 890 [668–1122]

Between subject variability (ω2)

ω2 Ka 2.03 17.6 [31] 2.21 [1.41–3.32]

ω2 Ktr 1.82 35.8 [46] 1.82 [0.390–3.17]

ω2 V1/F 0.625 23.3 [21] 0.517 [0.218–0.822]

ω2 Cl/f 0.151 22.4 [2.7] 0.140 [0.079–0.211]

ω2 V2/F 0.111 22.1 [19] 0.110 [0.0655–0.172]

Residual unexplained 
variability (Ceps)

0.322 4.67 [13] 0.322 [0.292–0.353]

Abbreviations: Ceps, σ2; CI, Confidence Interval; Cl/F, oral clearance; Cl2/F, intercompartmental 
clearance; ka, absorption rate constant; ktr, transit compartment rate constant; RSE, Relative 
Standard Error; V1/F, central volume of distribution; V2/F, peripheral volume of distribution.
aFor an individual of 75 kg.

TA B L E  3 Population pharmacokinetic 
parameter estimate from the final of 
atorvastatin model
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models. Figure  5 shows a small bias occurring in the time points 
<2.0 h after sampling, influencing the predictive performance. This 
was caused by a single subject with an unexplainably low exposure. 
A sensitivity analysis without the low exposure subject showed no 
impact on population mean parameters and all subjects remained in 
the analysis to truly represent the variability of the population.

Furthermore, bootstrap values for both models confirmed the 
model stability (Tables 2 and 3).

3.4  |  Gastric emptying rate

After administration of paracetamol alone, the mean T50 was estimated 
to 0.23 h (14 min), whereas the mean T50 was 0.31 h (19 min) when ad-
ministered together with semaglutide. This results in a mean difference 
in drug absorption delay of 5 min when comparing placebo vs. semaglu-
tide co-administration. Figure 7 illustrates the effect of semaglutide on 

the mean percent gastric retention (GR[t]) when plotted against time. 
Here, GR[t] are derived from the model-based ka-value assuming that 
GER can be assessed as the rate of paracetamol absorption.15

Like paracetamol, the mean GR[t] for atorvastatin can be de-
rived from the model-based typical values of ktr and ka as shown in 
Figure 8. When atorvastatin was administered without semaglutide, 
the T50 estimate was 16 min, and a mean value of 83 min for T50 
was estimated for atorvastatin when administered with semaglutide. 
This results in a mean difference of 67 min in drug absorption delay 
when comparing placebo vs. semaglutide co-administration.

4  |  DISCUSSION

This analysis aimed to investigate if decreasing effect on the GER 
caused by long-acting GLP-1 analogue, could alter the rate of ab-
sorption of orally co-administered drugs, such as paracetamol and 

F I G U R E  3 Diagnostic plots for the final population PK model of paracetamol: (A) observed concentrations vs. individual predicted 
concentrations (IPRED); (B) observed concentrations vs. population predicted concentrations (PRED); (C) conditional weighted residuals 
(CWRES) vs. time after dose; (D) CWRES vs. population predicted concentrations (PRED)

(A)

(C) (D)

(B)
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atorvastatin. Using population PK models, this analysis quantified 
GER by estimating the mean gastric retention time [GR(t)] from the 
model absorption parameters.

The two-compartment model identified for paracetamol in 
this analysis is in line with models obtained from previous analy-
sis when adjusted for body weight differences.28,29 In young adults 
with a body weight range of 62–84 kg, a two-compartment model 
with first order absorption was described for immediate release 
tablets where V1/F = 30.7 L and V2/F = 19.9 L.28 Correlation be-
tween body weight and the apparent volume of distribution V1/F 
of paracetamol have previously been reported.28 The ka of 4.33 h−1 
for immediate release tablets found by Jiang et al.,28 was close to 
the current finding where paracetamol was blended in yoghurt. 
Following dosing with 80 mg/kg paracetamol, the oral clearance of 
11.1 L/h for a young adult weighing 70 kg was reported by Jiang 

et al.28 This was close to the present CL/F of 25.9 L/h considering 
the, on average, lower dose of 15 mg/kg used in the current analy-
sis. Further, intravenous CL of 17 L/h from population PK analysis 
in elderly people have also been reported.29 However, our estimate 
of intercompartmental clearance Cl2/F was 199 L/h compared to 
22.2 L/kg previously described.28

The effect of semaglutide on the mean percent gastric reten-
tion (GR[t]) plotted against time can be depicted as seen in Figure 7, 
where GR[t] are derived from the model base ka’s assuming that 
GER can be assessed as the rate of paracetamol absorption.15 
Calculation of the time it takes before 50% of the gastric content has 
been emptied (T50) demonstrates that paracetamol with placebo 
administration has a mean T50 of 0.23 h (14 min) and paracetamol 
in concomitant administration with semaglutide has a mean T50 of 
0.31 h (19 min). That gives a difference of five min absorption delay 

F I G U R E  4 Diagnostic plots for the final population PK model of atorvastatin: (A) observed concentrations vs. individual predicted 
concentrations (IPRED); (B) observed concentrations vs. population predicted concentrations (PRED); (C) conditional weighted residuals 
(CWRES) vs. time after dose; (D) CWRES vs. population predicted concentrations (PRED)

(A)

(C) (D)

(B)
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of T50 when comparing placebo vs. semaglutide co-administration, 
suggesting that effect from delayed GER by semaglutide on parac-
etamol absorption rate is not clinically relevant. These findings of 
only a five minutes absorption delay on paracetamol treatment vs 
placebo treatment at semaglutide steady state seem to comply with 
the suggested tachyphylaxis from other studies arising from GLP-1 
analogues with a diminish effect on GER over time.9,29–31 It has been 

suggested that the signs of tachyphylaxis develops from desensi-
tised GLP-1 receptors.9

Based on the study design of current study conclusion cannot 
be drawn on semaglutides effect on absorption parameter ka, Cmax 
and GER when semaglutide exposure is shorter than 13 weeks of 
treatment. That would need further investigation with a study de-
sign that allows more frequent pharmacokinetic measurement 

F I G U R E  5 Visual predictive check plots for paracetamol concentration-time data. Top left shows paracetamol combined with placebo. 
Top right shows paracetamol co-administration with semaglutide. Low left shows paracetamol combined with placebo on a log scale. Lower 
right shows paracetamol co-administration with semaglutide on a log scale. Solid red line represents the 5th, median and 95th quantiles of 
the observed data; shaded areas represent the 95% prediction intervals for corresponding simulated data
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during semaglutide dose escalation. To our knowledge no studies 
on long-acting GLP-1 analogues have evaluated the effect on GER 
during the dose escalation phase. The GER inhibiting effect has only 
been investagated during dose ecsalation on short acting GLP-1 
analogues.32,33

The final model for atorvastatin identified an effect of semaglu-
tide on the absorption parameter ka and the transit compartment 
parameter ktr. The absorption parameter ka decreased with 72% 

from 4.8 h-1 to 1.3 h-1 when atorvastatin was co-administered with 
semaglutide. Additionally, the transit compartment parameter ktr 
decreased with 91% from 7.0 h-1 to 1.3 h-1.

Mean population PK parameter estimates in this current 
model was close to estimates found in previous analysis. A pop-
ulation PK model developed by Narwal et al.34 found that ator-
vastatin was best described by a 2-compartment distribution 
with the dominant lactone metabolite accounting for all the 

F I G U R E  6 Visual predictive check plots for atorvastatin concentration-time data. Top left shows atorvastatin combined with placebo. 
Top right shows atorvastatin co-administration with semaglutide. Low left shows atorvastatin combined with placebo on a log scale. Lower 
right shows atorvastatin co-administration with semaglutide on a log scale. Solid red line represents the 5th, median and 95th quantiles of 
the observed data; shaded areas represent the 95% prediction intervals for corresponding simulated data
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elimination. In the present model the lactone metabolite was not 
included but assuming that the lactone conversion was 1:1 then 
it is comparable with previous findings.34 The latter investigation 
reported the following mean population model parameters: ka of 
3.5 h-1, V1/F of 3250 L, V2/F of 2170 L, Cl/F of 504 L/h and Cl2/F 
of 1880 L/h, respectively. These values are close to the values 
estimated in the current study where ka = 5.7 h-1, ktr = 7.3 h-1, 

V1/F = 1843 L, V2/F = 4184 L, Cl/F = 620 L/h and Cl2/F = 873 
L/h, respectively, where the clearance and volume are estimates 
for a 75 kg individual.

The fact that model fit of atorvastatin was improved with the 
usage of size adjusted allometric scaling of clearance and volume 
parameters, complies with allometric scaling being a useful tool to 
adjust dosage between different sizes.27 In our population PK analyse 
some parameters were estimated with uncertainty such as ka and ktr 
were we found with slightly elevated shrinkage values of 31.2% and 
46.0%, respectively. The high η-shrinkage values are probably caused 
by sparse plasma sample schedule during the absorption phase sim-
ilar to that of paracetamol that makes it difficult to estimate BSV.35 
Therefore, covariate effects on these parameters should be inter-
preted with caution.35,36 Yet a reduction of BSV for both absorption 
parameters ka and ktr was observed with introduction of covariates. 
The relative reduction of BSV justifies the maintenance of covariates 
in the final model.

As for paracetamol GR[t] for atorvastatin can derived from the 
model based typical values of ktr and ka as shown in Figure 8, where dif-
ference at T50 was a 70 min absorption delay when comparing placebo 
vs. semaglutide co-administration. Atorvastatin is a BCS Class II with 
high permeability, low solubility,37 thus, it was expected that semaglu-
tide might cause a more pronounced effect on absorption parameters 
and GER compared to a BCS Class I compound such as Paracetamol. For 
the latter gastric emptying can be assumed to be the rate-limiting step 
for intestinal absorption without delay the of the dissolution process.38

In contrast to our finding, the underlying physiological reason 
for semaglutide not affecting the absorption of atorvastatin as ini-
tially assumed, could be the metabolization pathway. According 
to Morse et al.,20 a spontaneous formation of the inactive lactone 
metabolites occurs in the stomach at low pH. The spontaneous for-
mation of the lactone metabolites increases the lactone formation 
which contributes to a lower Cmax and shorter tmax of atorvastatin. 
Because the lactone metabolites are unstable at plasma pH of 7.4, 
they will convert back to atorvastatin when reaching the systemic 
circulation and overall exposure will remain the same independent 
of reduced GE.20 Other studies have found an altered absorption 
for atorvastatin with decreased GER and conclude that the changed 
absorption has no clinical relevance, since the total exposure was 
not changed.4,20,30

Opposite to paracetamol, atorvastatin is often a life-long 
treatment which means that the plasma concentrations are sta-
ble.18 Furthermore, the US National Lipid Association concluded 
that for only every 15th million statin prescription the adverse 
events are very harmful and overweighs the clinical benefits. The 
most frequent adverse event is myalgia and is mainly observed 
with the highest dose regimen of 80  mg daily.39 Based on the 
well-established safety profile and the constant overall exposure 
of atorvastatin given with or without GLP-1 analogues, the cur-
rent analysis suggests that the effect on the absorption by co-
administration with semaglutide does not require changes to the 
current recommended treatment regimen or indicate new consid-
erations regarding dose regimen.

F I G U R E  7 Percent gastric retention (GR[t]) versus time. 
The curves were generated by the mean population parameter 
estimates of paracetamol assuming that the drug disappearance 
from the absorption compartments can be assessed as the rate 
of paracetamol absorption. The solid blue and red line represent 
gastric retention of paracetamol administered with placebo 
(T50 = 0.23 h) or semaglutide (T50 = 0.31 h), respectively

F I G U R E  8 Percent gastric retention (GR[t]) versus time. 
The curves were generated by the mean population parameter 
estimates of atorvastatin assuming that the drug disappearance 
from the absorption compartments can be assessed as the rate of 
passing the transit (ktr) and absorption (ka) of atorvastatin. The 
solid blue and red line represent gastric retention of atorvastatin 
administered with placebo (T50 = 0.22 h) or semaglutide 
(T50 = 1.38 h), respectively
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Even though all parameters in the model could be estimated 
with a good precision (RSE <30% Table  2 and Table 3), and that 
bootstrap results confirmed the model stability, some model 
uncertainties have been revealed due to study limitations. The 
results of the current modeling face some shortcomings in the 
applied sampling schedule, especially in the initial phase making 
estimation absorption parameter and BSV difficult. Therefore, co-
variate effects should be interpreted with caution.35,36 However, 
model diagnostics justify the maintenance of covariates in the 
final model. Future studies with optimized sampling schedules are 
warranted.

5  |  CONCLUSION

In conclusion, alteration of primary oral absorption model parame-
ters were observed for both paracetamol and atorvastatin when co-
administered with semaglutide. Quantification of GER was obtained. 
Both data set can best be described by a 2-comparment model.

Treatment with semaglutide was found as a significant co-
variate in the paracetamol model and ka decrease by 53% when 
co-administered with semaglutide at steady state. Body weight 
contributed to the paracetamol V1/F variability, causing it to in-
crease by 3% in a linear manner when bodyweight increased with 
1 kg. The ka and ktr for atorvastatin decreased by 83% and 79%, 
respectively, when atorvastatin was co-administered with semaglu-
tide. Allometric scaling of disposition parameters with body weight 
significantly improved the atorvastatin model.

Gastric emptying rate showed an additional 5-min delay for 
paracetamol and a 67-min delay for atorvastatin when administered 
together with semaglutide. None of the covariate effects identified 
were considered to be of clinical relevance and no new safety is-
sues with regards to drug–drug interaction were raised. This sug-
gests that atorvastatin and paracetamol are well tolerated when 
co-administered with semaglutide.
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