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ABSTRACT

Introduction: Oral semaglutide is a novel tablet
formulation of the human glucagon-like pep-
tide-1 analogue semaglutide. In two trials, the
effects of prior food ingestion (food effect),
post-dose fasting period and water volume with
dosing (dosing conditions) on oral semaglutide
pharmacokinetics were investigated.
Methods: Subjects received once-daily oral
semaglutide for 10 days. In the food-effect trial,
78 healthy subjects were randomised 1:1:1 to
fed (meal 30 min pre-dose; 240 mL water with
dosing), fasting (overnight until 4 h post-dose;
240 mL) or reference (fasting overnight until
30 min post-dose; 120 mL) arms. In the dosing
conditions trial, 161 healthy men were

randomised into eight dosing groups (overnight
fasted with 50/120 mL water and 15/30/60/
120 min post-dose fasting). Semaglutide plasma
concentrations were measured frequently until
504 h after the 10th dose.
Results: In the food-effect trial, limited or no
measurable semaglutide exposure was observed
in the fed arm, while all subjects in the fasting
arm had measurable semaglutide exposure. Area
under the semaglutide concentration–time
curve (AUC0–24h,semaglutide,day10) and maximum
semaglutide concentration (Cmax,semaglu-

tide,day10) were numerically greater by approxi-
mately 40% for the fasting versus reference arm
(p = 0.082 and p = 0.080, respectively). In the
dosing conditions trial, AUC0–24h,semaglutide,day10

and Cmax,semaglutide,day10 were not different
between water volumes (p = 0.541 and
p = 0.676), but increased with longer post-dose
fasting (p\0.001).
Conclusion: Administration of oral semaglu-
tide in the fasting state with up to 120 mL water
and at least 30 min post-dose fasting results in
clinically relevant semaglutide exposure. These
dosing conditions have been used in the oral
semaglutide phase 3 trials and are part of the
approved label.
Trial Registration: ClinicalTrials.gov identifiers
NCT02172313, NCT01572753.
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Pharmacokinetics; Sodium N-(8-[2-hydroxy-
benzoyl] amino) caprylate

Key Summary Points

Why carry out this study?

Oral semaglutide is a novel tablet
formulation of the human glucagon-like
peptide-1 analogue semaglutide, co-
formulated with the absorption enhancer
sodium N-(8-[2-hydroxy-
benzoyl] amino) caprylate (SNAC).

The effects of prior food ingestion, water
volume with dosing and post-dose fasting
period on oral semaglutide
pharmacokinetics were investigated in two
trials.

What was learned from the study?

Semaglutide exposure is limited when oral
semaglutide administration occurs in the fed
state, semaglutide exposure increases with
longer post-dose fasting periods up to
120 min, particularly so from 15 to 30 min,
and administration of the oral semaglutide
tablet with 50 and 120 mL water provides
comparable semaglutide exposure.

On the basis of these results, patients should
administer oral semaglutide in the fasting
state with up to 120 mL water and wait at
least 30 min post-dose before eating.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14561904.

INTRODUCTION

Glucagon-like peptide-1 receptor agonists (GLP-
1 RAs) are successfully used in the treatment of
type 2 diabetes mellitus, improving glycaemic
control with low risk of hypoglycaemia and
inducing weight loss [1, 2]. While currently
available GLP-1 RAs must be injected subcuta-
neously, oral administration may lead to earlier
GLP-1 RA treatment initiation, and may
improve acceptance and adherence for some
patients [3, 4]. However, oral administration of
peptide-based drugs is challenged by their
degradation in the stomach due to low pH and
proteolytic enzymes, and by their limited per-
meability across the gastrointestinal epithelium
[4, 5].

Oral semaglutide is a novel tablet formula-
tion of the human GLP-1 analogue semaglutide,
co-formulated with the absorption enhancer
sodium N-(8-[2-hydroxybenzoyl] amino) capry-
late (SNAC). This provides the first GLP-1 RA for
oral administration. Semaglutide is 94% struc-
turally homologous to human GLP-1, but has
important modifications to achieve a longer
half-life of approximately 1 week [6, 7]. SNAC
protects against proteolytic degradation of
semaglutide molecules in the gastrointestinal
tract through a localised increase in pH, and
facilitates semaglutide absorption across the
gastric epithelium primarily via the transcellu-
lar route [8].

Food can influence the absorption of orally
administered drugs [9]. Accordingly, it is
important to investigate the effect of food on
absorption of new drugs intended for oral
administration [10, 11]. Food ingestion up to
4 h prior to oral dosing substantially reduced
the oral bioavailability of salmon calcitonin co-
formulated with another absorption enhancer,
8-(N-2-hydroxy-5-chlorobenzoyl)aminocaprylic
acid (5-CNAC) [12]. Furthermore, extending the
post-dose fasting period from 10 or 15 min up
to 30 min increased the absorption of both oral
salmon calcitonin (by approximately 30%) and
ibandronate co-formulated with SNAC (by
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approximately twofold) [13, 14]. Another rela-
ted aspect is whether drug absorption is influ-
enced by the water volume taken with the
tablet. Absorption of oral salmon calcitonin was
reduced by approximately 50% when adminis-
tered with 200 versus 50 mL of water [13].

The overall purpose of the current investi-
gation was to establish dosing recommenda-
tions for oral semaglutide to ensure clinically
relevant semaglutide exposure with an accept-
able safety profile without compromising com-
pliance in patients’ daily life. Results from two
consecutive trials are presented demonstrating
how the pharmacokinetics of oral semaglutide
are affected (1) by different combinations of
water volume with dosing and duration of post-
dose fasting (the dosing conditions trial) and (2)
by dosing in the fed state (the food-effect trial).
In the food-effect trial, two of the investigated
dosing conditions (fed and fasting) were
according to guidelines on the investigation of
food effect [10, 11], while a third arm (refer-
ence) was included in which dosing conditions
reflected those used in the oral semaglutide
phase 2 and 3 clinical trials [15–19].

METHODS

Trial Design

Both trials were randomised, open-label, paral-
lel-group, single-centre (Parexel, Berlin, Ger-
many) trials (Fig. 1). The protocols and the
subject information/informed consent forms
were reviewed and approved by an independent
ethics committee (Ethik-Kommission des Lan-
des Berlin) and by appropriate health authori-
ties according to local regulations. The trials
were conducted in accordance with the Decla-
ration of Helsinki and its later amendments and
the International Conference on Harmonisa-
tion Good Clinical Practice. All subjects pro-
vided written informed consent prior to any
trial-related activities. The trials were registered
at ClinicalTrials.gov (trial identifiers
NCT02172313 and NCT01572753). A minor
part of the current results has been published
previously [8].

Participants

In the food-effect trial, eligible subjects were
healthy men and women, aged 18–75 years
with a BMI of 18.5–29.9 kg/m2. In the dosing
conditions trial, eligible subjects were healthy
men, aged 18–55 years with a BMI of
18.5–30.0 kg/m2.

Subjects were excluded if they had clinically
significant concomitant diseases or disorders,
clinically significant abnormal values in clinical
laboratory screening tests, any history of gas-
trointestinal surgery, had used any prescription
or non-prescription drugs within 3 weeks prior
to dosing of trial product (except hormone
replacement therapy, contraceptives and occa-
sional use of paracetamol in the food-effect
trial), were smokers (dosing conditions trial) or
were not able or willing to refrain from smoking
while staying at the clinic (food-effect trial), or
if they were pregnant or breastfeeding women
(food-effect trial).

Procedures

Both trials included a screening visit, a treat-
ment period with 10 days of once-daily dosing
of oral semaglutide tablets (co-formulated with
300 mg SNAC), a 21-day pharmacokinetic blood
sampling period, and a follow-up visit (Fig. 1).
Trial product administration occurred each
morning at the clinic to ensure that dosing
conditions were followed on all 10 dosing days.

In the food-effect trial, subjects were ran-
domised into three groups: fed, fasting or ref-
erence. The oral semaglutide dose was escalated
from 5 mg during the first 5 days to 10 mg
during the last 5 days in order to mitigate the
risk of gastrointestinal adverse events (AEs). In
both the fed and fasting groups, subjects initi-
ated an overnight fast at least 10 h before oral
semaglutide dosing with 240 mL water. In the
fed group, after the overnight fast, subjects
consumed a high-caloric, high-fat breakfast
(4058 kJ, 27 energy percent [E%] carbohydrate,
60 E% fat and 13 E% protein) within the last
30 min before dosing. In the fasting group, no
pre-dose meal was served. In both the fed and
fasting groups, dosing was followed by 4-h post-
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dose fasting after which a standardised post-
dose meal (2335 kJ, 49 E% carbohydrate, 34 E%
fat and 17 E% protein) was served. In the refer-
ence group, subjects fasted overnight for at least
6 h before oral semaglutide dosing with 120 mL
water. This was followed by 30-min post-dose
fasting after which a standardised breakfast
(2335 kJ, 49 E% carbohydrate, 34 E% fat and
17 E% protein) was served. In all three groups,

subjects were in an upright position during the
first 30 min after dosing, and no further liquid
was allowed from 2 h before dosing until
30 min (reference) or 4 h (fed and fasting) after
dosing, with no subsequent restrictions on liq-
uid or food ingestion until the next pre-dose
fasting period.

In the dosing conditions trial, subjects were
randomised into eight treatment groups, in

Fig. 1 Trial design of a the food-effect trial (effect of prior
food ingestion) and b the dosing conditions trial (effect of
water volume and post-dose fasting). In the food-effect
trial, subjects in the fed arm were fasting overnight for at
least 10 h before ingesting a high-fat, high-caloric breakfast
during the last 30 min prior to each dosing. Subjects in the

fasting arm were fasting overnight for at least 10 h before
each dosing, and subjects in the reference arm were fasting
overnight for at least 6 h before each dosing. In the dosing
conditions trial, subjects were fasting overnight for at least
8 h before each dosing
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which 10 mg oral semaglutide was administered
once-daily for 10 days with either 50 or 120 mL
water, and the duration of post-dose fasting was
either 15, 30, 60 or 120 min. On each dosing
day, subjects fasted overnight for at least 8 h
before oral semaglutide dosing followed by
either 15, 30, 60 or 120 min post-dose fasting
until ingestion of a standardised breakfast
(2335 kJ, 49 E% carbohydrate, 34 E% fat and
17 E% protein) including 250 mL liquid. Sub-
jects were in a seated position during the first
2 h after dosing. No further liquid was allowed
from 2 h before until 2 h after dosing, with no
subsequent restrictions on liquid or food
ingestion until the next pre-dose fasting period.

In both trials, during the 10-day treatment
period, subjects should not have consumed
alcohol, liquids or food containing poppy seeds,
grapefruit (dosing conditions trial), caffeine or
other xanthines, changed their exercise pattern
or daily routines (dosing conditions trial) or
performed strenuous physical exercise (food-ef-
fect trial).

Blood samples for determination of
semaglutide and SNAC concentrations in
plasma were drawn before and frequently after
the 10th dose (Supplementary Table S1).

Subjects were always assigned the lowest
available randomisation number. Allocation to
a dosing condition was done by qualified staff at
the clinical site and was not revealed before a
subject was randomised. In the food-effect trial,
stratification ensured that approximately equal
numbers of men and women were randomised
to each of the three groups.

Assessments

Semaglutide and SNAC were measured by
means of validated assays using plasma protein
precipitation followed by liquid chromatogra-
phy with tandem mass spectrometry detection
as described previously [20]. The lower limit of
quantification (LLOQ) was 0.73 nmol/L for
semaglutide and 5.0 ng/mL for SNAC.

Safety assessments included AEs, hypogly-
caemic episodes, laboratory safety parameters,
physical examination, vital signs and ECG.
Hypoglycaemic episodes were defined as

‘confirmed’ when they were either ‘severe’
according to the American Diabetes Association
definition, i.e. requiring third party assistance
[21], or verified by a plasma glucose level of less
than 3.1 mmol/L.

Endpoints

All pharmacokinetic endpoints were derived
after the 10th oral semaglutide dose. Area under
the semaglutide plasma concentration–time
curve from 0 to 24 h (AUC0–24h,semaglutide,day10;
primary endpoint in both trials) was deter-
mined using a non-compartmental method and
applying the trapezoidal rule on observed con-
centrations and actual sampling time points.
Maximum semaglutide plasma concentration
(Cmax,semaglutide,day10) and time to maximum
semaglutide plasma concentration (tmax,semaglu-

tide,day10) were derived from the observed phar-
macokinetic profiles. The terminal half-life of
semaglutide (t1/2,semaglutide,day10) was calculated
as ln(2)/kz, where the terminal elimination rate
constant, kz, was estimated by log-linear
regression on the terminal part of the pharma-
cokinetic profiles. The pharmacokinetic end-
points for SNAC, AUC0–6h,SNAC,day10 (dosing
conditions trial), AUC0–24h,SNAC,day10 (food-ef-
fect trial), Cmax,SNAC,day10 and tmax,SNAC,day10

were derived as described above for semaglutide
endpoints.

Statistical Analyses

All statistical analyses were performed using SAS
versions 9.3 or 9.4 (SAS Institute, Cary, NC,
USA). Statistical tests were two-sided with 5%
significance level and based on the full analysis
set consisting of all randomised subjects
receiving at least one dose of trial product. The
planned analysis of the primary endpoint in the
food-effect trial comparing fed and fasting
groups was controlled for type 1 error. Other
analyses were not controlled for multiplicity.

In the food-effect trial, the sample size was
determined on the basis of the precision of the
ratio of AUC0–24h,semaglutide,day10 between fed
and fasting groups. On the basis of the dosing
conditions trial, which was completed at the
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time of planning the food-effect trial, it was
assumed that the standard deviation for the log-
transformed AUC0–24h,semaglutide,day10 was 0.60.
A total of 24 subjects with evaluable pharma-
cokinetic profiles would then result in a proba-
bility of at least 80% to obtain a 95% CI for the
ratio of fed/fasting groups lying within the
range of 0.68–1.46 times the estimated mean
ratio. This range was assessed to be sufficiently
narrow. In order to account for withdrawn
subjects, it was planned to randomise 26 sub-
jects per group (i.e. 78 subjects in total).

In the dosing conditions trial, the sample
size determination was based on the precision
of the ratio of AUC0–24h,semaglutide,day10 between
any two of the eight groups. It was assumed that
the standard deviation of the log-transformed
AUC0–24h,semaglutide,day10 was 0.72 (based on a
previous trial with oral semaglutide). With 18
evaluable pharmacokinetic profiles per group, it
was possible to detect a twofold difference
between two groups with 80% power. In order
to account for withdrawn subjects, it was plan-
ned to randomise 20 subjects per group (i.e. 160
subjects in total).

In the food-effect trial, AUC0–24h,semaglu-

tide,day10 (primary endpoint), Cmax,semaglu-

tide,day10, AUC0–24h,SNAC,day10 and Cmax,SNAC,day10

were log-transformed and compared between
fed (only SNAC endpoints), fasting and refer-
ence groups in linear normal models with group
and sex as fixed factors. Before database lock, it
was decided to exclude the fed group from the
semaglutide statistical analyses, since all plasma
semaglutide concentrations were below the
LLOQ in a substantial number of subjects in this
group.

In the dosing conditions trial,
AUC0–24h,semaglutide,day10 (primary endpoint),
Cmax,semaglutide,day10, AUC0–6h,SNAC,day10 and
Cmax,SNAC,day10 were log-transformed and anal-
ysed in linear normal models with post-dose
fasting period, water volume and an interaction
between post-dose fasting period and water
volume as fixed factors. There were no statisti-
cally significant interactions between the effects
of post-dose fasting period and water volume,
and there were no effects of water volume (see
‘‘Results’’). Therefore, the effect of post-dose
fasting period was further investigated in post

hoc statistical analyses with post-dose fasting
period as the only fixed effect and combining
the data on the two different water volumes. In
one subject in the 50 mL/15 min group, all
semaglutide plasma concentrations were below
LLOQ after the 10th oral semaglutide dose.
Therefore, a value of 0.5 9 LLOQ multiplied
with the arithmetic mean of tmax,semaglutide,day10

for all other subjects was imputed for
AUC0–24h,semaglutide,day10, while 0.5 9 LLOQ was
imputed for Cmax,semaglutide,day10 before statisti-
cal analysis.

In both trials, tmax,semaglutide,day10, t1/2,semaglu-

tide,day10 and tmax,SNAC,day10 were described by
summary statistics.

Safety endpoints were summarised by
descriptive statistics including all subjects
receiving at least one dose of trial product (the
safety analysis set).

RESULTS

Subject Disposition and Characteristics

In the food-effect trial, 116 subjects were
screened, 78 were enrolled, randomised and
exposed, and 77 completed the trial (Supple-
mentary Fig. S1). All 78 exposed subjects were
included in the safety analysis set and the full
analysis set. In the dosing conditions trial, 306
subjects were screened, 161 were enrolled and
randomised, 158 exposed and 151 completed
the trial (Supplementary Fig. S2). All 158
exposed subjects were included in the safety
analysis set and the full analysis set. Details on
withdrawn subjects are provided in Supple-
mentary Figs. S1 and S2.

Subject characteristics overall for each of the
two trials are shown in Table 1. Subject charac-
teristics per treatment group in the two trials are
shown in Supplementary Tables S2 and S3,
respectively.

Semaglutide Pharmacokinetics

In the fed group in the food-effect trial, no
measurable semaglutide exposure was observed
in 14 of 25 subjects and only limited
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semaglutide exposure was observed in the
remaining 11 subjects. Therefore, semaglutide
pharmacokinetic results in the fed group were
excluded from further statistical analysis. In the
fasting group, all subjects had measurable
semaglutide exposure.

The reference group in the food-effect trial
was compared to the guideline defined dosing
conditions of the fasting group (Fig. 2 and
Supplementary Fig. S3). Both AUC0–24h,semaglu-

tide,day10 and Cmax,semaglutide,day10 appeared
approximately 40% greater for the fasting group
versus reference, although not statistically sig-
nificant. Median tmax,semaglutide,day10 appeared
longer for the fasting group (1.75 h) versus ref-
erence (1.00 h), while no apparent difference
between fasting and reference groups was seen
for t1/2,semaglutide,day10 (160 and 152 h, respec-
tively) (Supplementary Table S4).

The effects of water volume with dosing and
duration of post-dose fasting on semaglutide
exposure were investigated in the dosing

conditions trial (Fig. 3). There was no statisti-
cally significant interaction between the effects
of water volume and post-dose fasting period for
AUC0–24h,semaglutide,day10 and Cmax,semaglutide,day10

Table 1 Subject characteristics

Food-effect trial
Effect of prior food ingestion
N = 78

Dosing conditions trial
Effect of water volume and post-dose fasting
N = 158

Age, years 55.1 (13.9) 40.5 (9.7)

Sex

Female, N (%) 39 (50.0) 0 (0.0)

Male, N (%) 39 (50.0) 158 (100.0)

Race

White, N (%) 74 (94.9) 156 (98.7)

Black or African American, N (%) 3 (3.8) 1 (0.6)

Asian, N (%) 1 (1.3) 0 (0.0)

Other, N (%) 0 (0.0) 1a (0.6)

Body weight, kg 73.5 (12.2) 82.1 (9.9)

Height, m 1.72 (0.09) 1.80 (0.07)

BMI, kg/m2 24.8 (2.6) 25.2 (2.4)

Data are mean (standard deviation) unless otherwise stated
BMI body mass index; N number of subjects
a Mixed race (Caucasian and African)

Fig. 2 Geometric mean semaglutide plasma concentra-
tion–time profiles for fasting and reference treatment arms
on day 10 of once-daily dosing of oral semaglutide in
healthy subjects (food-effect trial). n = 26 per treatment
arm
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(p = 0.530 and p = 0.394, respectively). Further-
more, AUC0–24h,semaglutide,day10 and Cmax,semaglu-

tide,day10 did not differ statistically significantly
between the two water volumes (p = 0.541 and
p = 0.676, respectively). Therefore, the effect of
post-dose fasting period was further investigated
in post hoc statistical analyses with post-dose
fasting period as the only fixed effect and com-
bining the data on the two different water vol-
umes (Fig. 4). It was shown that
AUC0–24h,semaglutide,day10 and Cmax,semaglutide,day10

increased statistically significantly with longer
post-dose fasting (p\ 0.001 for both). Figure 4
shows the pairwise comparisons of 30 min post-
dose fasting with the shorter and longer post-
dose fasting periods. As shown in Fig. 5,
tmax,semaglutide,day10 did not change with water
volume, but increased with longer post-dose
fasting. Water volume and post-dose fasting
period had no apparent effect on t1/2,semaglutide,-

day10 (geometric means ranged from 150 to
159 h).

SNAC Pharmacokinetics

SNAC exposure in the fed, fasting and reference
groups in the food-effect trial is shown in

Supplementary Figs. S4 and S5. SNAC was gen-
erally rapidly absorbed and eliminated, with no
measurable exposure after approximately 4–6 h.
AUC0–24h,SNAC,day10 was 16–17% greater in the
fasting versus the fed and reference groups.
Cmax,SNAC,day10 appeared to increase from fed to
fasting to reference groups; however, the only
statistically significant treatment difference was
an approximately 80% greater Cmax,SNAC,day10 in
the reference versus the fed group. The median
tmax,SNAC,day10 was longer in the fed versus the
fasting and reference groups (2.0 versus 0.5 and
0.7 h, respectively).

The effects of water volume and post-dose
fasting on SNAC exposure in the dosing condi-
tions trial are shown in Supplementary Figs. S6
and S7. For AUC0–6h,SNAC,day10 and
Cmax,SNAC,day10, there was no statistically sig-
nificant interaction between the effects of water
volume and post-dose fasting (p = 0.609 and
p = 0.732, respectively) and no statistically sig-
nificant change with water volume (p = 0.396
and p = 0.848, respectively). In post hoc statis-
tical analyses with duration of post-dose fasting
as the only fixed factor, the overall effect of
post-dose fasting period was statistically signif-
icant for both AUC0–6h,SNAC,day10 and
Cmax,SNAC,day10 (p\ 0.001 for both). A post-dose
fasting period of 120 min versus 30 min led to
lower SNAC exposure (Supplementary Fig. S7).
Median tmax,SNAC,day10 ranged from 0.4 to 0.7 h
for the eight dosing conditions and appeared to
be independent of water volume and post-dose
fasting period.

Safety

In the food-effect trial, 167 AEs were reported in
50 subjects (64%). The most frequently reported
AEs were gastrointestinal disorders (19%, 50%
and 27% of subjects in the fed, fasting and ref-
erence groups, respectively) and headache
(15%, 38% and 35%). Almost all AEs were mild
(135 events) or moderate (31 events), while one
AE in the fasting group was severe (headache on
day 6; assessed as possibly related to trial pro-
duct by the investigator; the subject recovered
after 2 days). No serious AEs were reported in
the food-effect trial. One subject in the fed

Fig. 3 Geometric mean semaglutide plasma concentra-
tion–time profiles on day 10 of once-daily dosing of oral
semaglutide in healthy male subjects (dosing conditions
trial). n = 18 (50 mL; 15 min), n = 20 (50 mL; 30 min),
n = 18 (50 mL; 60 min), n = 18 (50 mL; 120 min),
n = 19 (120 mL; 15 min), n = 20 (120 mL; 30 min),
n = 19 (120 mL; 60 min) or n = 18 (120 mL; 120 min)
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group was withdrawn because of an AE (bacte-
rial infection of the lower left arm on day 3; the
subject recovered after 3 days).

In the dosing conditions trial, 599 AEs were
reported in 134 subjects (85%). The most fre-
quently reported AEs were gastrointestinal dis-
orders (61% of subjects), which increased in
frequency with longer post-dose fasting periods
and thus with higher semaglutide exposure. The
majority of AEs were mild (470 events) or
moderate (128 events). One AE in the 50 mL/
60 min group was severe and also serious (acute
gastritis on day 16, i.e. 6 days after end of
treatment; unlikely related to trial product; the
subject recovered after 2 days). A total of four
subjects were withdrawn because of AEs occur-
ring after being exposed to trial product (two
subjects in the 120 mL/120 min group; one
subject in each of the 50 mL/15 min and 50 mL/
60 min groups). All were due to gastrointestinal
disorders occurring within the first 3 days of
dosing.

No severe or confirmed hypoglycaemic epi-
sodes were reported in the two trials and there

Fig. 4 Effect of post-dose fasting period on a
AUC0–24h,semaglutide,day10 and b Cmax,semaglutide,day10 fol-

lowing 10 days of once-daily dosing of oral semaglutide in
healthy male subjects (dosing conditions trial). Data are
from post hoc statistical analyses with post-dose fasting
period as the only fixed effect (i.e. data on the two groups
with different water volumes were combined). The overall
effect of post-dose fasting period was statistically significant
for both AUC0–24h,semaglutide,day10 (p\ 0.001) and
Cmax,semaglutide,day10 (p\ 0.001). Bars are estimated means
and 95% CIs. Black dots show individual values.

Treatment comparisons show estimated treatment ratios
[95% CI] and p value for the pairwise comparisons of
30 min post-dose fasting with the shorter and longer post-
dose fasting periods. Endpoints were analysed on logarith-
mic scale but are presented on linear scale. n = 38
(15 min), n = 40 (30 min), n = 37 (60 min) or n = 36
(120 min). AUC area under the curve, CI confidence
interval, Cmax maximum concentration

Fig. 5 Effect of water volume with dosing and post-dose
fasting period on tmax,semaglutide,day10 following 10 days of
once-daily dosing of oral semaglutide in healthy male
subjects (dosing conditions trial). Bars are median values.
Black dots/circles show individual values. n = 18 (50 mL;
15 min), n = 20 (50 mL; 30 min), n = 18 (50 mL;
60 min), n = 18 (50 mL; 120 min), n = 19 (120 mL;
15 min), n = 20 (120 mL; 30 min), n = 19 (120 mL;
60 min) or n = 18 (120 mL; 120 min). tmax time to
maximum concentration
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were no clinically relevant observations related
to vital signs, physical examination, electrocar-
diogram or laboratory safety parameters, except
temporary asymptomatic increases in lipase
levels in two subjects at follow-up in the dosing
conditions trial (from 46 U/L at screening to
231 U/L at follow-up and from 59 U/L at
screening to 378 U/L at follow-up [normal range
13–60 U/L]). After 7 days, lipase levels had
decreased to 59 and 109 U/L, respectively.

DISCUSSION

The key findings from the two reported trials
were that administration of oral semaglutide in
the fed state resulted in limited semaglutide
exposure, that semaglutide exposure increased
with longer post-dose fasting periods, particu-
larly from 15 to 30 min, and that semaglutide
exposure was comparable when the oral
semaglutide tablet was administered with 50 or
120 mL water.

The current findings that dosing of oral
semaglutide in the fed state limited the
absorption of semaglutide [8] and that a short
post-dose fasting period reduced the absorption
of semaglutide are in alignment with previous
results for salmon calcitonin co-formulated
with 5-CNAC and ibandronate co-formulated
with SNAC [13, 14]. Furthermore, we found that
an earlier post-dose meal was associated with
shorter tmax,semaglutide,day10, indicating that the
semaglutide absorption phase was disrupted by
the post-dose meal. Thus, the present results
suggest that food ingestion prior to as well as
shortly after oral semaglutide administration
should be avoided in order to achieve sufficient
semaglutide plasma exposure. On the basis of
the results from the dosing conditions trial,
semaglutide plasma exposure is similar when
oral semaglutide is administered with 120 ver-
sus 50 mL water. Still, another study found that
semaglutide exposure was reduced by approxi-
mately 40% when administered with 240 versus
50 mL water [22], suggesting that greater than
120 mL water with dosing may negatively
influence the absorption of oral semaglutide.
Interestingly, t1/2,semaglutide,day10 was approxi-
mately 1 week in all treatment arms of the two

current trials, showing that in contrast to
absorption, the metabolism and elimination of
semaglutide are not affected by food ingestion
or water volume with dosing as expected.

The present pharmacokinetic results need to
be weighed against patient convenience and
adherence, especially as oral semaglutide is
indicated for long-term once-daily dosing.
Consequently, in phase 2 and 3 trials with oral
semaglutide, the recommendation was to
administer oral semaglutide in the fasting state
with up to 120 mL water and wait at least
30 min post-dose before eating or taking any
other oral medications. Using these recom-
mendations, oral semaglutide treatment in
subjects with type 2 diabetes resulted in
improved glycaemic control and weight loss
compared with placebo, empagliflozin and
sitagliptin [15–19]. As a note, the well-estab-
lished drug levothyroxine for treatment of
hypothyroidism is also conventionally taken in
the fasting condition at least 30 min before
breakfast to prevent that food intake negatively
impairs the absorption [23]. Thus, the recom-
mended dosing conditions for oral semaglutide
are not considered to pose an undue burden to
the patients.

In the current trials, SNAC pharmacokinetic
endpoints after administration of oral
semaglutide in the fasted state were generally in
accordance with a previous study investigating
the pharmacokinetics after oral administration
of ibandronate co-formulated with SNAC [24].
While no effect of water volume with dosing on
SNAC pharmacokinetics was observed, inter-
estingly, SNAC exposure increased when short-
ening the post-dose fasting period from 120 to
30 min in the dosing conditions trial (Supple-
mentary Fig. S7). This indicates that food can
increase the absorption of SNAC, thereby
potentially resulting in less SNAC being avail-
able to facilitate absorption of semaglutide at
the site of absorption. The same clear pattern
was, however, not observed in the food-effect
trial, as SNAC exposure was not increased in the
fed arm. In the food-effect trial, SNAC absorp-
tion also appeared to increase following the
post-dose meal, particularly at the 4-h meal in
the fed and fasting arms (Supplementary
Fig. S4). This observation was less obvious in the
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dosing conditions trial probably because of less
frequent pharmacokinetic sampling around the
time of the post-dose meal (Supplementary
Table 1).

There were no unexpected safety findings in
the two trials, and the safety profile of oral
semaglutide was consistent with the GLP-1 RA
drug class. The slightly higher number of AEs in
the dosing conditions trial compared with the
food-effect trial, particularly gastrointestinal
AEs, may be explained by the difference in
dosing regimen between the two trials. In the
dosing conditions trial, subjects received 10 mg
oral semaglutide on all 10 days of treatment. On
the basis of learnings from that trial, the oral
semaglutide dose in the subsequent food-effect
trial was gradually increased from 5 mg during
the first 5 days to 10 mg during the last 5 days to
mitigate the risk of gastrointestinal AEs. Step-
wise dose escalation was also applied in the
phase 2 and 3 trials with oral semaglutide,
leading to fewer events of nausea [15–19].

A strength of the two trial designs was that
several different dosing conditions were tested
in a controlled setting, thereby gaining a better
understanding of potential food–drug interac-
tions for oral semaglutide in order to establish
acceptable dosing instructions for oral
semaglutide. Another strength was that all
doses of oral semaglutide were administered at
the clinic, thereby optimising compliance to
the specified dosing conditions.

A limitation of the current trials is that
translation to clinical practice should be made
with caution, as is always the case for results
obtained in an experimental setting. Another
limitation is that the pharmacokinetic assess-
ments on the 10th day of dosing in the current
trials do not fully reflect the steady-state situa-
tion achieved with continuous once-daily dos-
ing in the clinical setting because of the long
half-life of approximately 1 week for oral
semaglutide. On the other hand, regulatory
guidelines recommend that the effect of food is
investigated in a single-dose trial [10, 11]. This
option, however, would not be feasible for oral
semaglutide because of the degree of within-
subject day-to-day variability in absorption.
During once-daily dosing of oral semaglutide,
the within-subject day-to-day variability in

exposure is reduced owing to overlapping
exposure from sequential daily administrations
as a result of the long half-life of oral semaglu-
tide. Thus, 10 days of dosing in a parallel-group
design as done in the two current trials was
assessed to be the best possible compromise
considering both clinical feasibility and regula-
tory guideline recommendations.

CONCLUSIONS

On the basis of the combined results of the
current food-effect and dosing conditions trials
with oral semaglutide, it is concluded that
administration of oral semaglutide in the fast-
ing state with up to 120 mL water and at least
30 min post-dose fasting results in clinically
relevant semaglutide plasma exposure. These
dosing recommendations were implemented in
the phase 3 clinical development programme
for oral semaglutide and are part of the
approved label [25, 26].
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