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ABSTRACT

Introduction:  The glucagon-like peptide-1 
(GLP-1) analogue semaglutide is approved as 
an oral formulation for the treatment of type 2 
diabetes. This study aimed to confirm bioequiv-
alence between a new, second-generation (2G) 
oral semaglutide formulation (1.5, 4 and 9 mg) 
and the initially approved first-generation (1G) 
formulation (3, 7 and 14 mg).
Methods:  This was a randomised, multicen-
tre, open-label, full replicate crossover study 

to confirm bioequivalence between 2G and 1G 
oral semaglutide formulations at steady-state 
(SS) in healthy participants (NCT05227196). 
Participants were recruited to three groups. In 
each group, participants were randomised to 
one of two alternating sequences comparing 
once-daily oral semaglutide treatment of 9 and 
14 mg (group 1), 4 and 7 mg (group 2) or 1.5 and 
3 mg (group 3) at SS. Treatment duration was 
20 weeks, comprising four 5-week steady-state 
periods on alternating formulations. Repeated 
24-h blood sampling at the end of each steady-
state period supported pharmacokinetic analy-
sis. Co-primary endpoints were area under the 
semaglutide plasma concentration–time curve 
during a dosing interval at SS (AUC​0–24h,SS) and 
maximum semaglutide plasma concentration at 
SS (Cmax, 0–24h,SS). Bioequivalence for co-primary 
endpoints was assessed using European Medi-
cines Agency (EMA), U.S. Food and Drug Admin-
istration (FDA) and Japan Pharmaceuticals and 
Medical Devices Agency (PMDA) criteria. Safety 
was monitored.
Results:  A total of 222, 201 and 123 partici-
pants were recruited into groups 1, 2 and 3, 
respectively. The prespecified EMA, FDA and 
PMDA bioequivalence criteria were met for 2G 
versus 1G oral semaglutide for all three dose lev-
els (1.5 vs 3 mg, 4 vs 7 mg and 9 vs 14 mg). The 
safety profile of 2G oral semaglutide was consist-
ent with 1G oral semaglutide.
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Conclusions:  The 2G oral semaglutide formu-
lation was confirmed as bioequivalent to 1G 
oral semaglutide, with no new safety concerns 
identified.
Trial registration:  ClinicalTrials.gov identifier, 
NCT05227196.

Keywords:  Antidiabetic drug; Bioavailability; 
Bioequivalence; GLP-1 analogue; Glycaemic 
control; Incretin therapy; Semaglutide; Type 2 
diabetes

Key Summary Points 

Why carry out this study?

The glucagon-like peptide-1 (GLP-1) analogue 
semaglutide is approved for oral administra-
tion as an adjunct to diet and exercise for 
treating adults with insufficiently controlled 
type 2 diabetes at once-daily doses of 3, 7 
and 14 mg; a new, second-generation (2G) 
formulation of oral semaglutide has been 
developed to improve the oral bioavailability.

In this study, bioequivalence was evaluated 
by comparing semaglutide exposure at each 
dose level of the 2G oral semaglutide formu-
lation (1.5, 4 and 9 mg) with the correspond-
ing dose of the initially approved, first-gener-
ation (1G) oral formulation (3, 7 and 14 mg) 
in healthy participants.

What was learned from the study?

Bioequivalence between 2G oral semaglu-
tide and 1G oral semaglutide formulations 
at each of the three investigated dose levels 
was confirmed in accordance with the criteria 
specified by the European Medicines Agency 
(EMA), U.S. Food and Drug Administration 
(FDA) and the Japan Pharmaceuticals and 
Medical Devices Agency (PMDA).

The overall safety profile of 2G oral sema-
glutide was consistent with the established 
safety profile of the 1G oral formulation, 
with no new safety concerns identified.

By demonstrating bioequivalence, the results 
of this study support that expected efficacy 
and safety outcomes will be comparable 
between each dose level of the initially 
approved 1G oral semaglutide formulation 
(3, 7 and 14 mg) and the corresponding dose 
level of the 2G oral semaglutide formula-
tion (1.5, 4 and 9 mg), indicating patients 
can switch to the new, 2G formulation and 
obtain the same clinical benefits.

INTRODUCTION

Sustained glycaemic control and weight loss are 
key targets for people with type 2 diabetes (T2D) 
[1, 2], with current guidelines recommending a 
patient-centred approach for treatment selection 
[1]. Glucagon-like peptide-1 (GLP-1) receptor 
agonists (GLP-1RAs) deliver effective glycaemic 
control with a low risk of hypoglycaemia, while 
increasing satiety, reducing body weight and 
blood pressure and improving cardiovascular 
disease (CVD) outcomes [3–5]. Semaglutide is a 
GLP-1 analogue that was initially approved as a 
once-weekly subcutaneous injection (Ozempic®, 
0.5, 1.0 and 2.0 mg) for treating T2D [6, 7]. An 
initial oral formulation of semaglutide was sub-
sequently developed as the first once-daily orally 
available GLP-1 analogue, using novel constitu-
ents to obtain oral bioavailability with the addi-
tional benefits of convenience and non-invasive 
administration [8, 9]. The Peptide InnOvatioN 
for Early diabEtes tReatment (PIONEER) phase 
3 programme demonstrated the efficacy of oral 
semaglutide versus placebo and active compara-
tors (including empagliflozin, sitagliptin and 
liraglutide) in achieving glycaemic control and 
weight loss, with a safety profile consistent with 
the GLP-1RA drug class [10–21]. Oral semaglutide 
(Rybelsus®) received U.S. Food and Drug Admin-
istration (FDA) and European Medicines Agency 
(EMA) approval in 2019 and 2020, respectively, 
for the second-line treatment of adults with insuf-
ficiently controlled T2D to improve glycaemic 
control as an adjunct to diet and exercise at the 
once-daily oral doses of 3, 7 and 14 mg [22, 23]. 
In 2023, the FDA approved a label update for oral 
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semaglutide allowing use as a first-line treatment 
option for adults with T2D [24, 25].

Despite advances in oral delivery systems for 
peptides, improving the low oral bioavailability of 
peptide drugs remains a significant challenge due 
to their poor stability in the gastrointestinal tract 
and low epithelial permeability [26]. A second-
generation (2G) oral semaglutide formulation has 
been developed with improved oral bioavailabil-
ity and equivalent exposure at lower doses of the 
active pharmaceutical ingredient, semaglutide. 
This was evaluated against the initial, first-gener-
ation (1G) formulation in a previous comparative 
bioavailability study (NCT04097600) [27].

Bioequivalence between two pharmaceutical 
products means their efficacy and safety outcomes 
can be expected to be therapeutically equivalent. 
In bioequivalence studies, the plasma concentra-
tion–time curve is generally used to compare the 
rate and extent of absorption of the test and the 
reference drug [28]. EMA, FDA and Japan Phar-
maceuticals and Medical Devices Agency (PMDA) 
guidance propose using both AUC (the area under 
the concentration–time curve) and Cmax (the 
maximum plasma concentration or peak expo-
sure); bioequivalence is concluded if certain cri-
teria are met, including, but not limited to, the 
ratio of these pharmacokinetic (PK) parameters 
between the test and reference formulations fall-
ing between prespecified criteria with a certain 
assurance, which vary by each respective guide-
line [28–30].

We conducted a bioequivalence study to con-
firm if semaglutide exposure obtained with the 
2G oral semaglutide formulation was equivalent 
to that of the 1G oral semaglutide formulation. 
The aim was to confirm bioequivalence of lower 
1.5, 4 and 9 mg once-daily doses of 2G oral sema-
glutide with corresponding dose levels of 3, 7 
and 14 mg once daily of 1G oral semaglutide, at 
steady-state (SS) in healthy participants.

METHODS

Study Design

This was an interventional, multicentre, ran-
domised, open-label, three-group, full replicate 

crossover study. Study participants were screened 
and assigned to one of three study intervention 
groups (groups 1–3) at three investigational sites 
in the United States (n = 2; Kansas City and Los 
Angeles) and Canada (n = 1; Montreal). Group 1 
participants were recruited at the Kansas City 
site, group 2 participants were recruited at the 
Kansas City and Montreal sites and group 3 par-
ticipants were recruited at the Los Angeles site. 
The study was designed to confirm bioequiva-
lence between each of the three dose levels of 
2G oral semaglutide (1.5, 4, 9 mg) and the three 
dose levels of 1G oral semaglutide (3, 7, 14 mg) 
at SS: 9 mg versus 14 mg (group 1), 4 mg versus 
7 mg (group 2) and 1.5 mg versus 3 mg (group 
3). Doses for the 2G formulation were selected 
based on a previous comparative bioavailability 
study (NCT04097600) [27]. The study protocol 
was approved by appropriate health authori-
ties according to local guidelines and by the 
Institutional Review Board/Independent Ethics 
Committee. The study was conducted in accord-
ance with the Declaration of Helsinki [31] and 
International Council for Harmonization Good 
Clinical Practice guidelines [32]. Participants 
provided written informed consent prior to the 
commencement of any study-related activities. 
This study is registered with ClinicalTrials.gov 
(NCT05227196).

Participants

Key inclusion criteria included healthy male and 
female adults aged 18–64 years with a body mass 
index between 21.0 and 32.0 kg/m2. Participants 
were required to be generally healthy as judged 
by the investigator. Full eligibility criteria are 
in Table S1 in the Supplementary Appendix. In 
accordance with regulatory guidelines, healthy 
participants were chosen and test conditions 
standardised to minimise variability in factors 
that may affect the assessment of PK parameters 
[28, 29].

Study Procedures

The study comprised a screening period 
of ≤ 28 days; a dose-escalation period for groups 
1 and 2; and four steady-state periods, each of 
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5 weeks’ duration (Fig. 1). Participants under-
went a screening visit 1–28 days before recruit-
ment to group 1, 2 or 3. Within each group, par-
ticipants were randomised (1:1) to one of two 
treatment sequences of alternating oral formu-
lations (1G and 2G) of semaglutide as detailed 
below (Fig.  1). An open-label approach was 
considered acceptable as the PK endpoints were 
not judged to be affected by knowledge of treat-
ment allocation. It was not considered feasible 
to attain blinding by changing the formulation 
of the visually distinct tablets (e.g. by encapsu-
lation) as this would affect absorption [29, 33]. 
However, the sponsor staff who were involved in 
the evaluation of PK data were blinded to treat-
ment allocation until after database lock of the 
PK data. Randomisation was followed by 2 weeks 
of dose escalation for group 1 or 1 week of dose 
escalation for group 2 (Fig. 1). Each week of dose 
escalation was initiated with a single on-site 
dose on the first day, followed by self-adminis-
tered once-daily home dosing for 6 days. Dose 
escalation ended with an on-site visit before ini-
tiation of the first 5-week steady-state period. 
Participants in group 3 did not undergo dose 
escalation and proceeded directly to the first 
steady-state period.

The four steady-state periods comprised a 
total duration of 20 weeks. For all groups, the 
5-week steady-state periods started with a sin-
gle on-site dose followed by self-administered 
once-daily home dosing. The half-life of sema-
glutide is approximately 1 week, therefore the 
participants were dosed daily for 5 weeks (cor-
responding to five half-lives) in each period to 
ensure evaluation of bioequivalence under SS 
conditions. A Test (T) and Reference (R) crosso-
ver design of TRTR/RTRT was used, whereby the 
two treatment arms within each group alter-
nated between 2G oral semaglutide and 1G oral 
semaglutide (Fig. 1). Each steady-state period 
ended with a 24-h on-site PK sampling visit (vis-
its 5, 7, 9 and 11) before proceeding to the next 
steady-state period (or follow-up). Participants 
arrived the day before the last dose in the 5-week 
period and stayed on-site overnight. The follow-
ing morning, body weight was measured, and a 
pre-dose blood sample was taken before partici-
pants received the last dose of the 5-week period, 
and repeated blood sampling was subsequently 
performed over the next 24 h for the PK analy-
ses supporting evaluation of the co-primary 
endpoints. Participants were instructed to fast 
overnight (≥ 6 h) prior to each dosing and before 

Fig. 1   Study design. aNot all visits are shown in the dia-
gram. 1G first generation, 2A dose escalation visit (group 
1: day 1), 2B dose escalation visit (group 1: day 8; group 2: 

day 1), 2G second generation, N planned number of par-
ticipants (please refer to Results and Fig.  2 for the actual 
number of participants enrolled); PK pharmacokinetic
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on-site visits; water intake was not allowed ≤ 2 h 
before dosing. During the 30 min post-dose, no 
intake of food, liquid or other oral medication 
was allowed. Initiation of breakfast meal was car-
ried out 30–35 min post-dosing for both on-site 
and home dosing.

A follow-up visit was scheduled ≥ 5 weeks after 
administration of the last dose for safety assess-
ments. The planned total duration of study par-
ticipation for each participant was 177–217 days 
(Fig. 1), depending on the group.

It was aimed to have an even distribution of 
male and female participants with ≥ 40% of each 
sex recruited into each group.

Endpoints and Assessments

The primary study objective was to confirm 
bioequivalence of the two oral formulations 
of semaglutide (2G vs 1G) administered once 
daily at three dose levels at SS in healthy par-
ticipants, namely 2G oral semaglutide 1.5 mg 
versus 1G oral semaglutide 3  mg, 2G oral 
semaglutide 4 mg versus 1G oral semaglutide 
7  mg, and 2G oral semaglutide 9  mg versus 
1G oral semaglutide 14  mg. The co-primary 
endpoints were area under the semaglutide 
plasma concentration–time curve during a 
dosing interval at SS (AUC​0–24h,SS) and maxi-
mum semaglutide plasma concentration at SS 
(Cmax, 0–24h,SS). The co-primary endpoints were 
derived after the last dose administered at the 
end of each steady-state period, i.e. after dos-
ing on days 49/42/35 (visit 5), 84/77/70 (visit 
7), 119/112/105 (visit 9) and 154/147/140 (visit 
11) for groups 1/2/3, respectively (Fig. 1). Sup-
portive secondary endpoints were semaglutide 
plasma concentration 24 h after last dose at SS 
(Ctau, 24h,SS) and time to maximum semaglutide 
plasma concentration at SS (tmax, 0–24h,SS). The 
percentage swing was calculated post hoc as 
((Cmax, 0–24h,SS − Cmin, 0–24h,SS)/Cmin, 0–24h,SS)*100, 
where Cmin, 0–24h,SS is the minimum semaglutide 
plasma concentration at SS.

Statistical Analysis

In line with EMA, FDA and PMDA guidelines, 
a crossover design was chosen to leverage the 

lower within-participant variability in PK meas-
ures and thereby limit the number of partici-
pants required for the study [28–30]. A replicate 
design was applied so that the within-partici-
pant variability for the reference product (1G 
oral semaglutide) could be determined, to enable 
the application of widened or reference-scaled 
bioequivalence acceptance criteria for highly 
variable drugs [28, 29].

The sample size was calculated to provide at 
least 90% power for showing bioequivalence 
between the 1G and 2G formulations for all 
three dose groups, based on the standard accept-
ance limits (0.8000–1.2500) to ensure sufficient 
power to confirm bioequivalence in accordance 
with the EMA, FDA and PMDA guidelines. Based 
on data from the previous bioavailability study 
[27], the expected AUC​0–24h,SS treatment ratios 
(2G versus 1G) were 1.10 for group 1, and 1.08 
for group 2 and group 3 and a coefficient of 
variation (CV) of 45% was considered reason-
able. Due to the high correlation in treatment 
differences between AUC​0–24h,SS and Cmax, the 
sample size only needed to be calculated for 
one of the endpoints as the other was expected 
to be approximately similar. The sample size 
was determined to provide a marginal power of 
96.6% for AUC​0–24h,SS for each group, resulting 
in at least 90% combined power to confirm bio-
equivalence for all three groups. A total of 160 
(group 1) and 122 (groups 2 and 3) participants 
would need to be randomised to confirm bio-
equivalence for all three groups for AUC​0–24h,SS, 
assuming that 85% of participants would com-
plete the steady-state periods.

All dose comparisons of 2G oral semaglutide 
versus 1G oral semaglutide (1.5 mg vs 3 mg, 
4 mg vs 7 mg and 9 mg vs 14 mg) were con-
ducted separately. The primary endpoints were 
derived from the plasma concentration–time 
curve for 0–24 h following 5 weeks’ administra-
tion of 2G oral semaglutide and 1G oral sema-
glutide; derivations were based on actual time 
since dosing. AUC​0–24h,SS was approximated 
using the linear trapezoidal method. Missing 
AUC concentrations were handled by the linear 
trapezoidal method given that the AUC can be 
reliably calculated. Missing plasma semaglutide 
concentrations were ignored provided that Cmax 
could be reliably determined. Missing endpoint 
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data for both AUC and Cmax (e.g. due to miss-
ing concentrations that prevent AUC deriva-
tion) were assumed to be missing completely at 
random as they were not expected to be related 
to treatment. Primary endpoint analysis was 
performed on the full analysis set (FAS), com-
prising all randomised participants who were 
exposed to at least one dose of study product 
and completed at least one period on 2G oral 
semaglutide and at least one period on 1G oral 
semaglutide. All safety evaluations were made 
on the safety analysis set (SAS), which included 
all participants who were exposed to at least one 
dose of study product.

For each comparison of 2G oral semaglu-
tide versus 1G oral semaglutide, two one-sided 
hypotheses were tested for AUC​0–24h,SS and 
Cmax, 0–24h,SS values at each dose level: 1: H0: 
μ ≥ 1.25 against Ha: μ < 1.25, and 2: H0: μ ≤ 0.80 
against Ha: μ > 0.80 (where μ = the geometric 
mean under treatment with 2G oral semaglu-
tide, divided by the geometric mean under treat-
ment with 1G oral semaglutide); a (one-sided) 
alpha of 5% was used for each comparison for 
each one-sided test, controlling for type 1 error 
at 5%.

Bioequivalence Analysis

For EMA bioequivalence analysis, co-primary 
endpoints were log-transformed and ana-
lysed separately using an analysis of vari-
ance (ANOVA) model with treatment (2G oral 
semaglutide or 1G oral semaglutide), period 
(PK-sampling visits), sequence (starting with 
2G oral semaglutide or 1G oral semaglutide) 
and participant nested within sequence as 
fixed effects. For group 2 (in which partici-
pants were recruited from different sites), site 
was added to the model, so the full model 
included site, treatment, period nested within 
site, sequence, sequence nested within site 
and participant nested within sequence and 
site. The estimated treatment difference and 
the corresponding two-sided 90% confidence 
interval (CI) were back-transformed to the 
original scale. The 90% CI was then used for 
testing bioequivalence. The within-participant 
CV of the reference product (1G oral semaglu-
tide) was > 30% for Cmax, 0–24h,SS, thus qualifying 

as a highly variable drug, in line with recent 
reports [22, 28]. Therefore, the acceptance lim-
its were extended for Cmax, 0–24h,SS depending 
on the observed CV [28]. The standard limits 
of 0.8000–1.2500 were used for AUC. To estab-
lish bioequivalence, the Cmax, 0–24h,SS estimated 
treatment ratio was required to be fully con-
tained within 0.8000–1.2500 and the 90% CI of 
the Cmax, 0–24h,SS estimated treatment ratio fully 
contained within 0.6984–1.4319 for group 1, 
0.7273–1.3749 for group 2 and 0.7328–1.3646 
for group 3, and the 90% CI of the AUC​0–24h,SS 
treatment ratio was required to be fully con-
tained within 0.8000–1.2500. Additional 
details are provided in Supplementary Table S2.

For FDA bioequivalence analysis, as the 
estimated within-participant standard devia-
tion for oral semaglutide, s(WR), was ≥ 0.294 
for both co-primary endpoints, the reference-
scaled average bioequivalence (RSABE) analysis 
was the primary analysis for AUC​0–24h,SS and 
Cmax, 0–24h,SS [34]. For the RSABE analysis, only 
participants with a value for an endpoint at all 
four steady-state periods contributed to the sta-
tistical analysis of the respective endpoint. To 
establish bioequivalence, the estimated treat-
ment ratio should be fully contained within 
0.8000–1.2500 and the 95% upper CI for 
(μT − μR)2 − θSσ

2
WR, based on Howe’s approxi-

mation, should be ≤ 0. Additional details are 
provided in Supplementary Table S2.

The PMDA guideline required that the 90% 
CI of the AUC​0–24h,SS and Cmax, 0–24h,SS treatment 
ratios were between 0.8000 and 1.2500 [30]. 
The analysis used the same ANOVA model as 
for the EMA guidelines above, except that the 
standard acceptance interval of 0.8000–1.2500 
for both AUC and Cmax was used.

Safety

A treatment-emergent adverse event (TEAE) 
was defined as an adverse event (AE) that 
occurs or worsens after receiving a treatment 
or intervention. TEAEs were coded using the 
current Medical Dictionary for Regulatory 
Activities (MedDRA) version and were reported 
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in MedDRA version 26.0 [35]. TEAEs were sum-
marised using descriptive statistics.

RESULTS

Participants

Between February 4, 2022, and August 8, 2023, 
1214 individuals signed informed consent, of 
whom 546 were randomised and 544 exposed 
to treatment. The study was completed by 449 
(82.2%) participants. Participant disposition by 
group is shown in Fig. 2. For group 1, 222 par-
ticipants were randomised, of whom all initiated 
treatment with oral semaglutide. Sixty partici-
pants in group 1 withdrew after being exposed 
to treatment, with 162 completing the study. In 
group 2, of the 201 participants randomised, 199 
were exposed to the dosing regimen, with two 
participants excluded prior to treatment due to 
participant withdrawal, and protocol-specified 
withdrawal criterion being met. An additional 
21 participants in group 2 withdrew from the 
study after treatment initiation, with 178 com-
pleting the study. For group 3, 123 participants 

were randomised, all of whom initiated treat-
ment with oral semaglutide. Fourteen partici-
pants withdrew from the study in group 3, with 
109 completing the study. In group 1, an extra 
26 participants were to be randomised to com-
pensate for participants with partially non-eval-
uable PK data, to a total of 186 participants in 
group 1. The SAS comprised 222, 199 and 123 
participants from groups 1, 2 and 3, respectively. 
The FAS comprised 169, 113 and 111 partici-
pants from groups 1, 2 and 3, respectively. The 
primary reason for the difference in the number 
of participants randomised compared with the 
planned sample sizes and between the FAS and 
SAS for groups 1 and 2 was a dosing deviation 
impacting the 24-h PK profile. The affected PK 
data were excluded from the primary analysis 
and relevant measures were implemented to 
safeguard trial integrity.

Demographics and Baseline Characteristics

Participant demographics and baseline char-
acteristics for the FAS of each group are shown 
in Table 1. Over half of the participants were 
White (53.3%, 71.7% and 56.8% for groups 1, 

Fig. 2   Participant disposition. FAS: all randomised partic-
ipants who were exposed to at least one dose of study prod-
uct and completed at least one period on 2G oral sema-
glutide and one period on 1G oral semaglutide. SAS: all 

randomised participants who were exposed to at least one 
dose of study product. 1G first generation, 2G second gen-
eration, FAS full analysis set, SAS safety analysis set, TEAE 
treatment-emergent adverse event
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2 and 3, respectively) and male (55.0%, 50.4% 
and 50.5% for groups 1, 2 and 3, respectively). 
Overall, demographics were balanced between 
groups. A lower proportion of Hispanic or Latino 
participants was observed in group 1 (11.8%) 
compared with group 2 (24.8%) and group 3 
(29.7%).

Bioequivalence of Pharmacokinetic 
Endpoints

Semaglutide dosing interval profiles at SS for 
each dose comparison (9 vs 14 mg [group 1], 4 
vs 7 mg [group 2] and 1.5 vs 3 mg [group 3]) are 
shown in Fig. 3a, b and c respectively. Overall, the 
shapes of the concentration–time curves for 2G 

oral semaglutide and 1G oral semaglutide were 
similar in all three groups, with early absorption 
occurring within the first hour, and a gradual 
decline observed thereafter. The prespecified bio-
equivalence criteria according to EMA, FDA and 
PMDA guidelines were met across the three inves-
tigated dose levels of 2G versus 1G oral semaglu-
tide (9 mg vs 14 mg, 4 mg vs 7 mg, 1.5 mg vs 
3 mg) (Table 2). Prespecified bioequivalence crite-
ria according to EMA guidelines were met as the 
90% CIs for the estimated treatment ratio of AUC​

0–24h,SS were within the standard acceptance limits 
(0.8000–1.2500). For Cmax, 0–24h,SS, the estimated 
treatment ratio was within the 0.8000–1.2500 
limits, and the 90% CIs were within the scaled 
acceptance limits. Per the FDA guidelines, esti-
mated treatment ratios for AUC​0–24h,SS and 

Table 1   Participant characteristics and baseline demographics

Full analysis set: all randomised participants who were exposed to at least one dose of study product and completed at least 
one period on 2G oral semaglutide and one period on 1G oral semaglutide
BMI body mass index, N/n number of participants, SD standard deviation

Group 1 Group 2 Group 3

N 169 113 111

Age (years), mean (SD) [range] 39.6 (11.9) [18.0–64.0] 42.4 (11.3) [19.0–63.0] 40.4 (11.8) [21.0–64.0]

Sex, n (%)

 Female 76 (45.0) 56 (49.6) 55 (49.5)

 Male 93 (55.0) 57 (50.4) 56 (50.5)

Race, n (%)

 White 90 (53.3) 81 (71.7) 63 (56.8)

 Black or African American 70 (41.4) 26 (23.0) 29 (26.1)

 Asian 4 (2.4) 6 (5.3) 10 (9.0)

 American Indian or Alaska Native 3 (1.8) 0 0

 Native Hawaiian or Other Pacific Islander 0 0 1 (0.9)

 Other 2 (1.2) 0 8 (7.2)

Ethnicity, n (%)

 Hispanic or Latino 20 (11.8) 28 (24.8) 33 (29.7)

 Not Hispanic or Latino 149 (88.2) 85 (75.2) 78 (70.3)
Body weight (kg), mean (SD) [range] 79.1 (12.8) [49.7–115.5] 76.2 (11.3) [51.7–97.6] 76.9 (12.0) [46.3–101.2]

BMI (kg/m2), mean (SD) [range] 27.1 (3.1) [20.6–33.0] 26.3 (2.6) [21.0–32.2] 26.7 (3.1) [20.0–32.3]
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Cmax, 0–24h,SS were within the standard acceptance 
limits (0.8000–1.2500) and the critical bound 
upper 95% CI limits for both endpoints were ≤ 0. 
Prespecified PMDA bioequivalence criteria were 
also met, with 90% CIs for the estimated treat-
ment ratios of AUC​0–24h,SS and Cmax, 0–24h,SS within 
the standard acceptance limits (0.8000–1.2500). 
Median tmax, 0–24h was 0.8–1.0 h across all dose lev-
els. Ctau, 24h values were similar between formula-
tions and reduced with decreasing dose. Descrip-
tive statistics for the PK endpoints are presented 
in Table 3.

Safety

Adverse Events

The number of TEAEs and the proportion of 
participants reporting TEAEs were compara-
ble between 2G oral semaglutide and 1G oral 
semaglutide in all three groups. The majority 
of the TEAEs were reported as mild, resolved 
by the end of the study and were assessed as 
probably or possibly related to study product 

Fig. 3   Semaglutide dosing interval profiles at steady-state 
in group 1 (a), group 2 (b) and group 3 (c). Geometric 
mean semaglutide plasma concentrations after 5  weeks 
of once-daily dosing of oral semaglutide at doses of 9 and 
14 mg (a), 4 and 7 mg (b) and 1.5 and 3 mg (c) in healthy 

participants. Full analysis set: all randomised participants 
who were exposed to at least one dose of study product and 
completed at least one period on 2G oral semaglutide and 
one period on 1G oral semaglutide. 1G first generation, 2G 
second generation, LLOQ lower limit of quantification
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Table 2   Bioequivalence of 2G oral semaglutide and 1G oral semaglutide as per EMA, FDA and PMDA guidelines

Full analysis set: all randomised participants who were exposed to at least one dose of study product and completed at least 
one period on 2G oral semaglutide and one period on 1G oral semaglutide
1G first generation, 2G second generation, AUC​ area under the semaglutide plasma concentration–time curve, CI confi-
dence interval, Cmax maximum semaglutide plasma concentration, EMA European Medicines Agency, ETR estimated treat-
ment ratio, FDA U.S. Food and Drug Administration, N number of participants contributing to the analysis, NA not appli-
cable, PMDA Pharmaceuticals and Medical Devices Agency, SS steady-state
a Bioequivalence criteria as per EMA guideline: 90% CI within 0.8000–1.2500 for AUC and ratio within 0.8000–1.2500 
and 90% CI within scaled acceptance limits for Cmax
b Bioequivalence criteria as per FDA guideline: Critical bound upper 95% CI limit ≤ 0 and ratio within 0.8000–1.2500. 
Only participants with a value for an endpoint at all four steady-state periods were included in the analyses using the FDA 
guideline
c Bioequivalence criteria as per PMDA guideline: 90% CI within 0.8000–1.2500
d Recommended approach for highly variable drugs has been used; see Supplementary Table S2 for more details
e Scaled acceptance limits not relevant for AUC​0–24h,SS, or FDA and PMDA
f Critical bound upper 95% CI limit is not relevant for EMA and PMDA

Guideline Endpoint 2G oral semaglutide to 
1G oral semaglutide ETR 
(90% CI)

Scaled acceptance limits 
for bioequivalence for Cmax

Critical bound 
upper 95% CI limit

Bioequiva-
lence criteria 
met

Group 1: 2G oral semaglutide 9 mg versus 1G oral semaglutide 14 mg

EMAa (N = 169) AUC​0–24h,SS 1.0512 (0.9694; 1.1399) NAe NAf YES

Cmax, 0–24h,SS
d 1.0870 (1.0010; 1.1805) [0.6984; 1.4319] NAf YES

FDAb (N = 111) AUC​0–24h,SS
d 1.0592 (0.9643; 1.1634) NAe  − 0.2256 YES

Cmax, 0–24h,SS
d 1.1025 (1.0010; 1.2143) NAe  − 0.2090 YES

PMDAc (N = 169) AUC​0–24h,SS 1.0512 (0.9694; 1.1399) NAe NAf YES

Cmax, 0–24h,SS 1.0870 (1.0010; 1.1805) NAe NAf YES

Group 2: 2G oral semaglutide 4 mg versus 1G oral semaglutide 7 mg

EMAa (N = 113) AUC​0–24h,SS 0.9798 (0.9129; 1.0516) NAe NAf YES

Cmax, 0–24h, SS
d 0.9952 (0.9263; 1.0692) [0.7273; 1.3749] NAf YES

FDAb (N = 109) AUC​0–24h,SS
d 0.9970 (0.9316; 1.0670) NAe  − 0.1155 YES

Cmax, 0–24h, SS
d 1.0125 (0.9429; 1.0873) NAe  − 0.1120 YES

PMDAc (N = 113) AUC​0–24h,SS 0.9798 (0.9129; 1.0516) NAe NAf YES

Cmax, 0–24h,SS 0.9952 (0.9263; 1.0692) NAe NAf YES

Group 3: 2G oral semaglutide 1.5 mg versus 1G oral semaglutide 3 mg

EMAa (N = 111) AUC​0–24h,SS 0.8887 (0.8245; 0.9580) NAe NAf YES

Cmax, 0–24h,SS
d 0.9005 (0.8395; 0.9660) [0.7328; 1.3646] NAf YES

FDAb (N = 102) AUC​0–24h,SS
d 0.8922 (0.8251; 0.9648) NAe  − 0.0992 YES

Cmax, 0–24h,SS
d 0.9039 (0.8388; 0.9741) NAe  − 0.0908 YES

PMDAc (N = 111) AUC​0–24h,SS 0.8887 (0.8245; 0.9580) NAe NAf YES
Cmax, 0–24h,SS 0.9005 (0.8395; 0.9660) NAe NAf YES
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Table 3   Descriptive statistics of pharmacokinetic endpoints at steady-state

Full analysis set: all randomised participants who were exposed to at least one dose of study product and completed at least 
one period on 2G oral semaglutide and one period on 1G oral semaglutide
1G first generation, 2G second generation, AUC​0–24 h area under the semaglutide plasma concentration–time curve, Cmax max-
imum semaglutide plasma concentration, Ctau, 24  h semaglutide plasma concentration 24  h after last dose, CV coefficient of 
variation in %, N number of participants, PK pharmacokinetic, tmax, 0–24 h time to maximum semaglutide plasma concentration
a Data presented are the total CV
b 297 PK profiles for 1G group and 593 PK profiles in total for Ctau measurements in Group 1

1G oral semaglutide 2G oral semaglutide

Group 1 (N = 169)

 Number of PK profiles 298 296

 AUC​0–24 h (nmol∙h/l), geometric mean (CVa) 407 (142.8) 416 (128.0)

 Cmax (nmol/l), geometric mean (CVa) 22.8 (133.9) 24.0 (121.9)

 Ctau, 24 h (nmol/l), geometric mean (CVa)b 15.0 (148.0) 15.0 (134.9)

 tmax, 0–24h (h), median (range) 1.0 (0.0–24.0) 0.8 (0.0–24.0)

 Swing (%), geometric mean (CVa) 141.0 (258.9) 176.2 (256.9)

 AUC​0–24h (nmol·h/l), within-participant CV 64.9 58.1

 Cmax (nmol/l), within-participant CV 63.9 60.9

Group 2 (N = 113)

 Number of PK profiles 223 225

 AUC​0–24h (nmol·h/l), geometric mean (CVa) 258 (90.9) 250 (95.2)

 Cmax (nmol/l), geometric mean (CVa) 14.1 (84.9) 13.9 (91.1)

 Ctau, 24 h (nmol/l), geometric mean (CVa) 9.5 (95.4) 9.1 (99.0)

 tmax, 0–24 h (h), median (range) 0.8 (0.3–6.0) 0.8 (0.0–24.0)

 Swing (%), geometric mean (CVa) 92.5 (135.1) 92.3 (126.4)

 AUC​0–24h (nmol·h/l), within-participant CV 44.4 52.9

 Cmax (nmol/l), within-participant CV 43.8 53.4

Group 3 (N = 111)

 Number of PK profiles 217 216

 AUC​0–24h (nmol·h/l), geometric mean (CVa) 91 (86.6) 81 (95.0)

 Cmax (nmol/l), geometric mean (CVa) 5.1 (76.8) 4.6 (83.2)

 Ctau, 24h (nmol/l), geometric mean (CVa) 3.4 (93.9) 3.0 (100.1)

 tmax, 0–24 h (hours), median (range) 1.0
(0.0–12.1)

0.8
(0.0–24.1)

 Swing (%), geometric mean (CVa) 94.9 (100.1) 96.6 (109.9)

 AUC​0–24h (nmol·h/l), within-participant CV 45.3 51.0
 Cmax (nmol/l), within-participant CV 42.7 47.0
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by the investigator (Tables 4, 5, 6). The most 
frequently reported TEAEs in all three groups 
were gastrointestinal TEAEs, most of which 
were mild and similarly distributed between 
the two respective formulations in each group 
(Tables 4, 5, 6, respectively).

Group 1

Overall, 186 (83.8%) of 222 participants reported 
a total of 904 TEAEs (Table 4). Two deaths were 
reported; one participant died due to a TEAE 
of completed suicide and the other died due 
to two non-TEAEs of cervical carcinoma and 

cardiac arrest. All three fatal AEs were considered 
unlikely to be related to study product by inves-
tigators and the participants were exposed to 
both 1G oral semaglutide and 2G oral semaglu-
tide. A total of six treatment-emergent serious 
AEs (SAEs) were reported in three participants, 
of which five SAEs were with 2G oral semaglu-
tide 9 mg in two participants (panic attack in 
one participant; concussion, clavicle fracture, 
rib fracture and retinal oedema in another par-
ticipant due to an assault), and one was with 
1G oral semaglutide 14 mg (completed suicide). 
Additional details on TEAEs for all groups are in 
Supplementary Table S3.

Table 4   Summary of treatment-emergent adverse events—Group 1

Safety analysis set: all randomised participants who were exposed to at least one dose of study product
1G first generation, 2G second generation, AE adverse event, E number of events, n number of participants, PT preferred 
term, SAE serious adverse event, SOC system organ class, TEAE treatment-emergent adverse event

1G oral semaglutide 2G oral semaglutide Total

n (%) E n (%) E n (%) E

Number of participants 213 210 222

TEAEs 138 (64.8) 483 146 (69.5) 421 186 (83.8) 904

Treatment-emergent SAEs 1 (0.5) 1 2 (1.0) 5 3 (1.4) 6

Events leading to treatment discontinuation 11 (5.2) 24 4 (1.9) 7 14 (6.3) 31

Severity

 Severe 1 (0.5) 1 2 (1.0) 5 3 (1.4) 6

 Moderate 17 (8.0) 24 23 (11.0) 30 37 (16.7) 54

 Mild 137 (64.3) 458 142 (67.6) 386 185 (83.3) 844

Most common TEAEs by SOC and PT in ≥ 15% of participants in total

 Gastrointestinal AEs 107 (50.2) 261 98 (46.7) 206 155 (69.8) 467

  Nausea 65 (30.5) 74 62 (29.5) 67 113 (50.9) 141

  Vomiting 51 (23.9) 58 42 (20.0) 48 80 (36.0) 106

  Diarrhoea 26 (12.2) 30 22 (10.5) 22 44 (19.8) 52

  Dyspepsia 21 (9.9) 24 22 (10.5) 23 39 (17.6) 47

 Nervous system AEs 57 (26.8) 70 56 (26.7) 69 95 (42.8) 139

  Headache 47 (22.1) 52 42 (20.0) 49 75 (33.8) 101

 Metabolism and nutrition AEs 46 (21.6) 48 40 (19.0) 41 84 (37.8) 89
  Decreased appetite 44 (20.7) 46 37 (17.6) 37 81 (36.5) 83
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Group 2

A total of 1087 TEAEs were reported in 146 
(73.4%) of 199 participants (Table  5). One 
treatment-emergent SAE of dehydration 
was reported (2G oral semaglutide 4 mg, prob-
ably related to treatment). One non-treat-
ment-emergent SAE of spontaneous abortion 
(2G oral semaglutide 4 mg) was reported in 
a participant who discontinued study treat-
ment after 2 weeks comprising one week of 
dose escalation (1.5 mg) and one week of the 

first steady-state period (4 mg). This SAE was 
reported 77 days after initial treatment began 
and was judged unrelated to treatment by the 
investigator.

Group 3

In group 3, 64 (52.0%) of 123 participants 
reported a total of 201 TEAEs (Table 6); no SAEs 
were reported.

Table 5   Summary of treatment-emergent adverse events—Group 2

Safety analysis set: all randomised participants who were exposed to at least one dose of study product
1G first generation, 2G second generation, AE adverse event, E number of events, n number of participants, PT preferred 
term, SAE serious adverse event, SOC system organ class, TEAE treatment-emergent adverse event

1G oral semaglutide 2G oral semaglutide Total

n (%) E n (%) E n (%) E

Number of participants 193 195 199

TEAEs 112 (58.0) 559 110 (56.4) 528 146 (73.4) 1087

Treatment-emergent SAEs 0 1 (0.5) 1 1 (0.5) 1

Events leading to treatment discontinuation 1 (0.5) 1 5 (2.6) 6 6 (3.0) 7

Severity

 Severe 2 (1.0) 2 5 (2.6) 11 7 (3.5) 13

 Moderate 24 (12.4) 35 28 (14.4) 66 43 (21.6) 101

 Mild 111 (57.5) 522 107 (54.9) 451 144 (72.4) 973

Most common TEAEs by SOC and PT in ≥ 15% of participants in total

 Gastrointestinal AEs 77 (39.9) 268 69 (35.4) 263 112 (56.3) 531

  Nausea 53 (27.5) 101 46 (23.6) 117 88 (44.2) 218

  Diarrhoea 22 (11.4) 37 19 (9.7) 33 34 (17.1) 70

 Nervous system AEs 56 (29.0) 113 44 (22.6) 105 76 (38.2) 218

  Headache 26 (23.8) 90 39 (20.0) 73 67 (33.7) 163

 Metabolism and nutrition AEs 35 (18.1) 43 32 (16.4) 42 61 (30.7) 85

     Decreased appetite 29 (15.0) 35 30 (15.4) 34 55 (27.6) 69

General AEs and administration site conditions 31 (16.1) 66 24 (12.3) 31 50 (25.1) 97
     Fatigue 22 (11.4) 54 13 (6.7) 17 34 (17.1) 71
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DISCUSSION

In this interventional, randomised, three-
group, full replicate crossover study, bioequiva-
lence was confirmed between 2G oral semaglu-
tide and the initially approved formulation, 1G 
oral semaglutide, at SS in healthy participants 
across the three investigated dose levels of 1.5 
versus 3 mg, 4 versus 7 mg and 9 versus 14 mg, 
all once daily. This was based on the com-
parison of AUC​0–24h,SS and Cmax values, which 
showed bioequivalence between formulations 
at all three dose levels in accordance with the 
prespecified criteria designated in EMA, FDA 
and PMDA guidelines. Furthermore, Ctau, 24h 
and tmax, 0–24h were comparable across formu-
lations. Given the successful demonstration of 
bioequivalence across the two formulations, 

these results demonstrate that the change 
in excipients in the 2G formulation of oral 
semaglutide improved the bioavailability of 
semaglutide.

The overall safety profile of 2G oral semaglu-
tide was consistent with the established safety 
profile of 1G oral semaglutide [36] and with 
that of the GLP-1RA class [37]; no new safety 
concerns were identified. Comparison of PK 
parameters with those reported in other studies 
of oral semaglutide is challenging due to differ-
ences in doses and study designs. However, the 
reported geometric means for AUC​0–24h and Cmax 
were within the expected range and median 
tmax values were comparable to previous reports 
[33, 38–41]. The shapes of the semaglutide dos-
ing interval profiles were also similar to curves 
reported by van Hout et al. and Bækdal et al. 
[38–41].

Table 6   Summary of treatment-emergent adverse events—Group 3

Safety analysis set: all randomised participants who were exposed to at least one dose of study product
1G first generation, 2G second generation, AE adverse event, E number of events, n number of participants, PT preferred 
term, SAE serious adverse event, SOC system organ class, TEAE treatment-emergent adverse event

1G oral semaglutide 2G oral semaglutide Total

n (%) E n (%) E n (%) E

Number of participants 122 120 123

TEAEs 47 (38.5) 110 39 (32.5) 91 64 (52.0) 201

Treatment-emergent SAEs 0 0 0

Events leading to treatment discontinuation 0 1 (0.8) 1 1 (0.8) 1

Severity

 Severe 0 0 0 0 0 0

 Moderate 4 (3.3) 4 1 (0.80) 1 5 (4.1) 5

 Mild 45 (36.9) 106 38 (31.7) 90 62 (50.4) 196

Most common TEAEs by SOC and PT in ≥ 15% of participants in total

 Gastrointestinal AEs 26 (21.3) 51 24 (20.0) 41 41 (33.3) 92

  Nausea 12 (9.8) 16 13 (10.8) 16 22 (17.9) 32

 Nervous system AEs 14 (11.5) 16 15 (12.5) 21 23 (18.7) 37

  Headache 12 (9.8) 14 13 (10.8) 16 19 (15.4) 30

 Metabolism and nutrition AEs 14 (11.5) 18 12 (10.0) 14 23 (18.7) 32
  Decreased appetite 13 (10.7) 14 12 (10.0) 14 22 (17.9) 28



283Diabetes Ther (2025) 16:269–287	

Study limitations include that the full repli-
cate crossover study design without wash-out 
periods utilised here is not optimised for a head-
to-head safety comparison between the two for-
mulations. TEAEs were allocated to the formu-
lation the participant was taking at the time of 
TEAE onset, and therefore it is possible that a 
TEAE could have occurred due to the previously 
administered formulation.

The comprehensive PIONEER clinical pro-
gramme, comprising 12 phase 3a studies includ-
ing > 7000 participants with T2D treated with 
once-daily oral semaglutide, assessed the safety 
and efficacy of oral semaglutide (3, 7 and 14 mg) 
versus placebo, empagliflozin, sitagliptin, lira-
glutide and dulaglutide [10–21]. The programme 
demonstrated the superiority of oral semaglutide 
versus placebo and most active comparators for 
reductions in glycated haemoglobin (HbA1c) lev-
els and body weight, with a safety profile consist-
ent with that observed in other GLP-1RA studies 
[10–21]. The effectiveness and safety of 1G oral 
semaglutide has been further demonstrated in 
a real-world setting in the PIONEER REAL stud-
ies [42–46]. The Semaglutide cardiOvascular 
oUtcomes triaL (SOUL), which investigated the 
effects of oral semaglutide on cardiovascular 
outcomes in individuals with T2D and athero-
sclerotic CVD and/or chronic kidney disease, 
also recently completed with results expected 
to be published in 2025 [47, 48]. As this study 
showed comparable exposures between the 1G 
and 2G formulations of oral semaglutide that 
met stringent regulatory bioequivalence criteria, 
it is considered unlikely that there will be any 
clinically meaningful differences in efficacy or 
safety between these formulations.

The bioequivalence between the 1G formula-
tion and the 2G formulation demonstrated in 
the present study allows switching from the 1G 
formulation to the 2G formulation [22, 24].

CONCLUSIONS

Confirmation of bioequivalence in the present 
study provides support that the safety profile 
and efficacy of each dose level of once-daily 2G 
oral semaglutide (1.5, 4 and 9 mg), in terms of 

reductions in HbA1c and body weight, will be 
equivalent to the corresponding dose level of 
once-daily 1G oral semaglutide (3, 7 and 14 mg), 
therefore allowing switching from the 1G to the 
2G formulation.
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