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Abstract

There are numerous treatment options currently available for patients with type 2 diabetes mellitus; however, a multitude of
patients continue to have inadequately controlled glycemic levels with their current antihyperglycemic regimen. Furthermore,
the American Diabetes Association guidelines increasingly highlight the importance of multifactorial management and opti-
mizing medication regimens that include cardiovascular, renal, and/or weight benefits in patients with type 2 diabetes mel-
litus. Glucagon-like peptide-1 receptor agonists belong to a novel class of type 2 diabetes mellitus agents that are becoming
increasingly prevalent owing to their ability to improve glycemic status without the risk of hypoglycemia. Currently, there
are three US Food and Drug Administration-approved glucagon-like peptide-1 receptor agonists, subcutaneous semaglutide,
dulaglutide, and liraglutide, that also have an indication for reducing major adverse cardiovascular events in patients with type
2 diabetes mellitus and established cardiovascular disease. However, these agents are not often the first options because of
their subcutaneous administration. Nevertheless, co-formulation of oral semaglutide with an absorption enhancer has shown
to increase its bioavailability and has made its oral absorption possible. In the PIONEER trials, oral semaglutide effectively
lowered blood glucose levels, and showed benefits on weight and cardiovascular outcomes; however, there is no Food and
Drug Administration indication approved yet as the SOUL trial is still ongoing. Such characteristics of oral semaglutide
may improve and increase its use compared to subcutaneous agents and possibly lead to earlier cardiovascular protection in
addition to achieving glycemic control.

In the USA, approximately 34 million individuals are diag- Oral semaglutide is a novel glucagon-like peptide-1
nosed with diabetes mellitus, of whom 95% have type 2 receptor agonist tablet co-formulated with the absorp-
diabetes mellitus (T2DM) [1]. In healthy individuals, insu- tion enhancer sodium N-(8-[2-hydroxybenzoyl] amino)
lin is produced by the pancreatic beta cells and is a key caprylate.

component in maintaining glucose homeostasis. However,
in patients with T2DM, the development of insulin resist-
ance as well as impaired insulin secretion due to beta-cell
dysfunction inhibits this homeostasis [2]. In patients with
uncontrolled T2DM, prolonged hyperglycemia can cause
macrovascular complications, such as coronary artery

Oral semaglutide was found to be safe and well tolerated
across all phase III trials with the main adverse reac-
tions being nausea, vomiting, and diarrhea, similar to the
subcutaneous glucagon-like peptide-1 receptor agonist
formulations.

Oral semaglutide demonstrated good efficacy regard-
ing glycosylated hemoglobin reduction, similar to the
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disease, peripheral arterial disease, cerebrovascular acci-
dents, cardiovascular (CV) death, and microvascular com-
plications, such as diabetic nephropathy, diabetic peripheral
neuropathy, and diabetic retinopathy. Furthermore, hyper-
glycemia leads to decreased production of nitric oxide from
the endothelial lining of blood vessels. Nitric oxide is a
vasodilator that allows blood vessels to widen, a reduction
in nitric oxide can inhibit blood vessels from widening caus-
ing the pressure to increase in blood vessels and may result
in stiffening and, therefore, increases the risk of hyperten-
sion [3]. To reduce the occurrence and severity of these
comorbidities, proper management of elevated plasma glu-
cose levels in patients with T2DM is mandated.

Management of T2DM begins with healthy lifestyle
changes such as diet modifications and exercise [4, 5]. While
this may be enough for some individuals to achieve ade-
quate blood glucose control, many individuals with T2DM
will require antihyperglycemic medications to achieve and
sustain appropriate glycemic control. Metformin has been
and continues to remain the preferred first-line treatment
option for most patients with T2DM [4]. In the case where
metformin monotherapy does not achieve a desired glyce-
mic target of glycosylated hemoglobin (HbAlc) <7%, the
2021 American Diabetes Association Guideline for Pharma-
cologic Approaches to Glycemic Treatment: Standards of
Medical Care in Diabetes recommends an add-on treatment
with a glucagon-like peptide-1 receptor agonist (GLP-1RA)
and/or a sodium-glucose cotransporter-2 inhibitor when CV
disease (CVD), congestive heart failure, chronic kidney dis-
ease (CKD), and/or a need for weight management are pre-
sent, owing to their documented weight loss benefits and
potential CVD and CKD benefits, in addition to their blood
glucose-lowering capabilities [4].

Currently, there are five GLP-1RAs, exenatide, liraglu-
tide, dulaglutide, lixisenatide, and subcutaneous semaglu-
tide, that are US Food and Drug Administration (FDA)
approved and commercially available for the long-term
management of T2DM. Overall, GLP-1RAs substantially
lower HbAlc by up to 1.9% and reduce weight by 5-10 1bs
with some having favorable effects on CVD, myocardial
infarction prevention, and cerebrovascular accident pre-
vention [4, 6-9]. However, within the GLP-RA drug class,
substantial differences in the molecular structure, dosing
interval, glycemic control, weight loss, immunogenicity,
and tolerability profiles of each agent can cause efficacy
in glycemic reduction to vary [10, 11]. In addition, some
GLP-1RAs, such as dulaglutide, liraglutide, and subcuta-
neous semaglutide, have shown positive results and clini-
cal benefits in patients with renal impairment who have an
estimated glomerular filtration rate (eGFR) > 15 mL/min
per 1.73 m? [12, 13]. Nevertheless, despite the abundant
complementary benefits of GLP-RAs, their subcutaneous
administration limits their usage amongst patients [14, 15].
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With the introduction of an oral option to this drug class,
such as oral semaglutide, there is potential to eliminate the
limitation of subcutaneous administration providing more
therapeutic options for patients with T2DM.

In numerous clinical studies, subcutaneous semaglu-
tide was demonstrated to be efficacious and safe in patients
with T2DM. In the SUSTAIN 3 and SUSTAIN 7 studies,
subcutaneous semaglutide once weekly exhibited superior
glycemic control and weight loss compared with exenatide
and dulaglutide (p < 0.0001) [13, 16]. Furthermore, in the
SUSTAIN-6 study, in patients with T2DM with CVD and/
or CKD, subcutaneous semaglutide compared with placebo
was associated with a significant reduction in the first occur-
rence of CV-related death, nonfatal myocardial infarction, or
nonfatal cerebrovascular accidents (p < 0.001) [17].

The efficacy of subcutaneous semaglutide on HbAlc
reduction, bodyweight (BW) reduction, and CV outcomes
demonstrated in the SUSTAIN trials was anticipated to cor-
respond with an oral formulation of semaglutide and was
substantiated by the PIONEER studies described in detail
further in this paper. In the PIONEER trials, the oral formu-
lation of semaglutide has also shown efficacy and safety in
patients with an eGFR as low as 30 mL/min per 1.73 m? and
has also shown improvement in the urine albumin creatinine
ratio [18, 19]. Furthermore, the positive results from the
PIONEER studies granted oral semaglutide (Rybelsus®) its
FDA approval on 20 September, 2019, and it became the
first oral GLP-1RA. There are a few good reviews on oral
semaglutide including Bucheit et al. and Anderson et al. and
this review hopes to add to the gaining literature and, more
specifically, the safety and efficacy [20, 21].

2 Mechanism of Action

Endogenous GLP-1 is secreted by the enteroendocrine L
cells in the gastrointestinal (GI) tract and is responsible for
potentiating glucose-induced insulin secretion and most
postprandial insulin secretion [22-25]. Glucagon-like pep-
tide-1 receptor agonists are synthetically modified peptides
similar to endogenous GLP-1 and affect the brain, pancreas,
liver, heart, gut, kidneys, muscles, and vasculature causing
numerous pleiotropic effects [24, 26]. These effects include
signals sent to the hypothalamus reducing appetite, stimu-
lating gluconeogenesis, lowering hepatic glucose output,
amplifying glucose-dependent insulin release, inhibiting
glucagon release, increasing cardiac output and cardiopro-
tection, and decreasing high blood pressure [23, 24].
Glucagon-like peptide-1 receptor agonists have also been
shown to slow gastric emptying and reduce glucagon levels
by the same mechanism as endogenous GLP-1 [27]. The
exposure of the small intestine to nutrients triggers a pow-
erful inhibitory feedback mechanism to control the transit
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of a meal through the GI tract to optimize nutrient diges-
tion and absorption [7, 27]. This results in highly regulated
gastric emptying of nutrients, including carbohydrates from
the stomach to the small intestine, which is a major deter-
minant of postprandial glycemic excursions. Because of the
effects of the GLP-1RAs on the GI tract involving satiety
and slowed gastric emptying, GI side effects such as nausea
are common in patients taking these agents [7, 27].

Oral semaglutide is different from other GLP-1RAs cur-
rently on the market because of its oral route of administra-
tion. The inherent physicochemical properties of peptides
such as high molecular weight, enzymatically labile, increased
hydrophilicity, and low permeability have hampered attempts
to deliver peptides such as GLP-1 through the oral route pre-
viously [28]. Oral semaglutide undergoes gastric absorption,
which is unique to this medication as most oral medications
are absorbed in the intestines [21]. The enzymatic degradation
of peptides in the GI tract, which often play a major role in
hindering absorption leading to low bioavailability, hampers
the ability to deliver peptides through the oral route. Uniquely,
fatty acid acylation can achieve a prolongation of the half-
life (t/2) independently while having no appreciable impact
on the function of the peptide. These characteristics make
the semaglutide molecule able to be orally formulated when
co-formulated with an absorption enhancer, which can suffi-
ciently augment its absorption [28]. Oral semaglutide was co-
formulated into a tablet with an absorption enhancer, sodium
N-(8-[2-hydroxybenzoyl] amino) caprylate (SNAC) [29].
These enhancers prevent enzyme degradation and facilitate
absorption because they can transiently open the inter-epi-
thelial tight junctions and allow paracellular transport, which
protects the peptide from proteolytic degradation by exerting
a buffering action in the stomach, decreasing the efficacy of
digestive enzymes and promoting absorption across the gas-
tric mucosa. Once SNAC is incorporated into the gastric epi-
thelium, it fluidizes the lipid membrane facilitating semaglu-
tide transport and entry into the systemic circulation. When
semaglutide and SNAC reach the bloodstream, the two mol-
ecules readily dissociate, allowing oral semaglutide to interact
with the body in the same manner as subcutaneous semaglu-
tide [20]. However, as the absorption enhancers can facilitate
the penetration of all GI tract contents, including toxins and
pathogens into the systemic circulation, when used long term,
absorption enhancers may damage the bio-membrane, which
can lead to local GI inflammation. [20, 30].

3 Preclinical Studies

A preclinical study by Buckley et al. explored the absorption
of oral semaglutide when co-formulated with an absorption
enhancer, SNAC, in humans and beagle dog models [28].
In the study, a total of 26 healthy male subjects in the fasted

state received a single-dose tablet containing oral semaglu-
tide 10 mg with SNAC 300 mg as well as 240 mL of water.
A scintigraphic scan image was used to visualize the com-
plete tablet erosion and revealed a mean complete tablet ero-
sion time of 57 min within the stomachs. In one subject, the
scintigraphic images at 2 min after dosing exhibited no tablet
erosion and at minute 140, no intact tablet core remained.
Similarly, in dog models, they tracked tablet disintegration
through magnetic monitoring, which confirmed the average
duration of absorption and time to complete tablet erosion.
Plasma concentrations of oral semaglutide indicated that
its absorption occurred early on, and once in the systemic
circulation, it had a slow elimination rate. Sodium N-(8-[2-
hydroxybenzoyl] amino) caprylate was also absorbed into
the systemic circulation soon after its administration, but had
a significantly faster rate of elimination, about 4-6 h. The
pharmacokinetic parameters of oral semaglutide exhibited
a significantly long #¥2 of about 1 week. However, the study
demonstrated that the exposure of oral semaglutide in the
body after once-daily dosing did not result in an increased
variable effect on blood glucose levels at steady state after
26 weeks [28].

To study the potential impact of food in the stomach, an
analysis was carried out in 78 healthy subjects aged between
18 and 75 years. Subjects received SNAC/oral semaglutide
once daily in the fed or fasted state for 10 days with a dose
escalation from 5 mg/300 mg the first 5 days to 10 mg/300
mg in the last 5 days to reduce the risk of GI adverse events
(AEs) [28]. When subjects were dosed in the fed state, a
measurable concentration of oral semaglutide was noted
in 14 out of 25 subjects whereas in the remaining 11 sub-
jects, the measurable concentration of oral semaglutide was
limited at day 10. For all subjects dosed in the fasted state
(n = 26), a measurable concentration of oral semaglutide
was noted at day 10. The measurable concentrations of oral
semaglutide of those in the fasted state compared to those in
the fed state indicate that the absorption of oral semaglutide
is hindered by the presence of food in the stomach and to
improve its absorption and overall exposure, oral semaglu-
tide should be taken in the fasted state [28].

To determine the specific concentration of SNAC that
would be needed to allow measurable plasma concentrations
of oral semaglutide in the body, multiple doses of SNAC
were given to a total of 155 healthy male subjects. A single
dose of oral semaglutide 5 mg was given with either 150
mg, 300 mg, or 600 mg of SNAC. The results of the single
doses showed that oral semaglutide plasma concentrations
were higher when oral semaglutide was co-formulated with
300 mg of SNAC compared with 600 mg of SNAC. This
determined that 300 mg of SNAC proved the most appro-
priate amount of SNAC to enhance absorption of the oral
semaglutide formulation [28].
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In addition to the previously discussed benefits of the
addition of the SNAC to oral semaglutide, it was also intro-
duced to protect oral semaglutide against the effects of pep-
sin, which is one of the primary digestive enzymes. Optimal
pepsin activity in the body is at a low pH (2-4), such as
that found in gastric fluid of the stomach. To determine the
effects of pepsin on oral semaglutide, oral semaglutide was
incubated with pepsin at pH values of 2.6, 5.0, and 7.4, and
the 2 was calculated. The effect of pepsin on oral sema-
glutide stability was most profound at low pH, with oral
semaglutide being most labile toward pepsin at pH 2.6 (/2
= 16 min). In contrast, increasing the pH to 5.0 extended
the 72 of oral semaglutide to 34 minutes, and at neutral pH,
oral semaglutide was almost entirely stabilized (/2 >100
min) [28].

3.1 Phase |l Clinical Studies

A phase I study completed by Granhall et al. evaluated the
safety, tolerability, pharmacokinetics, and pharmacody-
namics of multiple doses of oral semaglutide and SNAC in
healthy subjects and subjects with T2DM in both a single-
and multi-dose study [31]. The primary outcome studied
was the number of treatment-emergent adverse effects in
each group, and secondary outcomes included area under the
concentration—time curve (AUC), plasma concentration, and
change from baseline in fasting plasma glucose, C-peptide,
insulin, glucagon, and HbAIc.

The single-dose study utilized varying combinations of
SNAC and oral semaglutide (2-20 mg) to determine the
amount of SNAC that provided the largest systemic absorp-
tion of oral semaglutide. In this study, healthy male subjects
(Table 1) were randomized to one of three parts; part la
consisted of four ascending dose groups of SNAC, part 1b
included three additional dose groups, and part 2 included
three of the doses utilized in part 1 that were selected to
be repeated in part 2 in a parallel design. Within each dose
group, subjects were randomized to receive either oral sema-
glutide or placebo containing matching amounts of SNAC.
In the single-dose study, most AEs were mild, with the most
common AEs being GI disorders and headache. More sub-
jects in the oral semaglutide group experienced GI disorders
and headache compared with those in the placebo group
with 15% in the oral semaglutide group vs 4% in the placebo
group reporting headaches and 14% in the oral semaglu-
tide vs 13% in the placebo group reporting GI disorders.
Results from Part 1a and 1b determined 300 mg of SNAC as
the most optimal fixed dose for a range of oral semaglutide
concentrations and demonstrated oral semaglutide exposure
increased in a dose-dependent manner. Part 2 also included
two additional dose groups (intravenous and subcutaneous
semaglutide) to investigate the absolute and relative bio-
availability of oral semaglutide. However, bioavailability
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Table 1 Patient demographics for phase I trial for single and multiple
ascending doses of oral semaglutide, in healthy subjects and subjects
with T2DM [31]

Subject charac-  Single-dose Multiple-dose trial
teristics (data trial
expressed as Healthy male ~ Healthy male ~ Male subjects
mean) subjects subjects with T2DM
(N=135) (N=284) (N=23)

Age (years) 30.1 44.7 54.5
Bodyweight 74.3 83.5 94.9

(ko)
BMI (kg/m?)  23.8 25.9 29.4
Duration of dia- N/A N/A 5.6

betes mellitus

(years)
HbAlc (%) N/A N/A 7.5

BMI body mass index, HbAlc glycosylated hemoglobin, N/A not
applicable, T2DM type 2 diabetes mellitus

could not be reliably estimated because the chosen dose
concentration for intravenous administration was too low
for the terminal part of the concentration—time curve to be
apparent. The plasma semaglutide exposure concentrations
in this single-dose study were generally insufficient for a
robust estimation of bioavailability, therefore, the data were
not shown.

The multiple-dose study included two sets of patients.
The study consisted of 84 healthy male individuals and 23
male individuals with T2DM treated with diet/exercise and/
or metformin [31]. The healthy subjects were randomized
to oral semaglutide 20 mg and 40 mg once daily with SNAC
300 mg and subjects with T2DM received oral semaglutide
40 mg once daily with SNAC 300 mg. Oral semaglutide
doses were initiated at 5 mg during week 1, increasing to
10 mg during week 2, to 20 mg at week 3, and to 40 mg at
week 5. Overall, 92 subjects completed the study and all
107 subjects were included in the safety analyses and full
analysis [31]. In the study, oral semaglutide exposure was
approximately two-fold higher in the 40-mg group vs the
healthy male individual oral semaglutide 20-mg group with
similar results in the group of male individuals with T2DM.
Furthermore, oral semaglutide plasma exposure did not dif-
fer between healthy subjects receiving 40 mg and subjects
with T2DM receiving 40 mg. The tV2 was approximately 1
week and was comparable between all treatment groups. In
subjects with T2DM, a statistically significant decrease in
HbAlc was seen after 10 weeks of treatment with 40 mg of
oral semaglutide vs placebo with a mean reduction of 1.5%
(p < 0.001). A reduction in BW was also observed after
10 weeks of oral semaglutide once daily in both healthy
subjects and subjects with T2DM. The reduction in BW was
statistically more significant for oral semaglutide vs pla-
cebo with a mean decrease of 4.3 kg in the 20-mg healthy
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subject group (p < 0.001), 7.2 kg for the 40-mg healthy
subject group (p < 0.001), and 5.4 kg in the T2DM group
(p <0.001) [31].

The multiple-dose study consisted of 662 AEs that were
reported in 99 subjects. A similar proportion of subjects
reported AEs across treatment groups. The most reported
AEs were GI disorders. Among the healthy subjects, 50%,
84%, 28%, and 72% of subjects reported GI disorders for
oral semaglutide 20 mg, oral semaglutide 40 mg, placebo
alone, and placebo with SNAC respectively. Among subjects
with T2DM, 73%, 50%, and 33% of subjects reported GI
disorders for oral semaglutide 40 mg, placebo alone, and
placebo with SNAC, respectively. Most AEs were mild;
however, the severity of AEs increased with an increas-
ing dose of oral semaglutide. Overall, no systematic dif-
ferences in the proportion of subjects reporting AEs were
observed between treatment groups [31]. Two different
pharmacokinetic studies in subjects with renal or hepatic
impairment were conducted for oral semaglutide. A study
conducted by Granhall et al. [12] evaluated the pharmacoki-
netics, safety, and tolerability of oral semaglutide in patients
with T2DM and renal impairment. A total of 71 subjects
were randomized (1:1:1:1:1) based on their renal function
(Table 2). All subjects initially received oral semaglutide
5 mg daily for 5 days followed by oral semaglutide 10 mg
for 5 additional days with 120 mL of water to reduce the
risk of GI adverse events. Subjects took their dose of oral
semaglutide after an overnight fast that included no liquid
or food intake in addition to no liquid or food for 30 min-
utes after dosing. The results showed that there was no con-
sistent pattern of increase or decrease in oral semaglutide
exposure (area under the plasma concentration—time curve
from time zero to 24 h after the tenth dose [AUC, p,y ] and
maximum plasma concentration 0-24 h after the tenth dose
[ConaxsDay10]) by renal function group on day 10 (Table 3).
Oral semaglutide exposure was similar for the groups with
moderate renal impairment and normal renal function (AUC

Table 2 Patient demographics [12]

24,Day10» NMol-h/L) (Table 3). No consistent or clinically rel-
evant pattern of increase or decrease in oral semaglutide
exposure was observed when subjects were categorized into
renal function groups by eGFR based on the Modification
of Diet in Renal Disease formula, with similar exposure
in all groups except for higher apparent mean exposure in
the moderately renally impaired group. Compared with the
group with normal renal function, the mean exposure of
oral semaglutide appeared to be higher in the group with
mild renal impairment (estimated ratio: AUCy, p,y10 1.37
[90% confidence interval (CI) 0.91-2.06] and C\,,.pay10
1.39 [0.93-2.06]), whereas lower exposure was observed
in the group with severe renal impairment (estimated ratio:
AUCy; pay10 0.61 [90% CI 0.42-0.88] and C,,55 pay1o 0-61
[0.42-0.87]). Additionally, the median time for oral sema-
glutide to reach its C,,, was noted to be similar between
all groups and ranged from 1.0 to 1.5 h, whereas the mean
t,,, was similar among the groups when compared to nor-
mal renal function (152 h) except for subjects with severally
impaired renal function, which appeared to be higher (165
h). Furthermore, hemodialysis did not show any significant
effect on the exposure of oral semaglutide exposure when
compared to normal renal function and the estimated ratio of
AUC was AUC,4,4,y 19 1.02 (90% CI1 0.59-1.79), C\ax payi0
1.06 (90% CI10.61-1.84) [12].

3.1.1 Safety

Throughout the study, oral semaglutide was well toler-
ated with a total of 53 AEs documented from 25 subjects
across all renal function groups. Of those events, 48 were
classified as mild and five were moderate in severity. The
proportion of subjects with AEs was higher in the groups
with renal impairment (25.0-58.3%) than in the group with
normal renal function (20.8%); however, the overall occur-
rence of AEs did not increase with increasing renal impair-
ment. Gastrointestinal AEs such as abdominal distension (n

Parameters (mean) Renal function groups

Impairment Normal (>90 Mild (60-89 Moderate (30-59  Severe (15-29 ESRD (< 15 mL/min
mL/min) mL/min) mL/min) mL/min) requiring hemodialysis)
n=24 n=12 n=12 n=12 n=11

Age (years) 52 12 12 12 11

Sex, male (1) 15 5 9 9 7

Weight (kg) 84.9 834 87.2 85.5 75.0

BMI (kg/m?) 28.4 29.0 30.1 28.5 26.9

CrCl (mL/min/1.73 m?) 107 71 47 18 11

Subjects with diabetes mellitus () 0 2 3 5 4

BMI body mass index, CrCl creatinine clearance, ESRD end-stage renal disease
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Table.fa Pha.rmacokine.tic Parameters (mean) Renal function groups

endpoints for semaglutide after

the tenth dosing based off renal Normal Mild Moderate Severe ESRD

function [12] (n=24) (n=12) (n=12) (n=12) (n=11)
AUC,4 pay1o (nmol-h/L) - 283.7 378.2 298.5 163.5 287.7
Cinax,Day10 (nmol/L) 14.9 20.2 16.6 8.6 15.7
Tmax.Day10 (1) 1.0 1.0 1.0 1.5 1.0
t1 (h) 151.7 159.3 162.8 164.9 152.8

AUC, payo area under the plasma concentration—time curve from time zero to 24 h after the tenth dose,
Cax.Day1o Maximum plasma concentration 024 h after the tenth dose, ESRD end-stage renal disease, h

hour, 7,, terminal half-life, 7,,,, p,,;o time to reach C,

= 11), vomiting (n = 6), and nausea (n = 4) were the most
frequently reported AEs with no severe hypoglycemia epi-
sodes. Overall, the results from this study appeared to match
previous subcutaneous semaglutide studies and concluded
that the oral administration of semaglutide does not affect
the pharmacokinetics in subjects with renal impairment [12].

A study conducted by Baekdal et al. assessed the phar-
macokinetics, safety, and tolerability of oral semaglutide
in subjects with hepatic impairment. A total of 56 subjects
with a BMI of 18.5-40.0 kg/m? were stratified based on
their hepatic function according to the Child-Pugh criteria
and comprised four treatment groups; normal hepatic func-
tion <5 points with no Child-Pugh classification (n = 24),
mild (Grade A; 5-6 points, n = 12), moderate (Grade B;
7-9 points, n = 12), and severe (Grade C; 10-15 points, n
= 12). These subjects received oral semaglutide 5 mg for
5 days followed by oral semaglutide 10 mg for 5 days. The
primary endpoint of AUC,, ,, at day 10 was similar across
all four groups where the estimated ratio of mean AUC in
relation to normal hepatic function appeared to be 0.91 (90%
CI 0.60-1.40) in the mild group, 0.87 (90% CI 0.57-1.31),
in the moderate group, and 0.90 (90% CI 0.61-1.32) in the
severe group. A similar trend was observed in the C,,, of
oral semaglutide at day 10 where the mean estimated ratio
was 0.92 (90% CI 0.60-1.40) for the mild group, 0.85 (90%
CI 0.55-1.30) for the moderate group, and 0.88 (90% CI
0.61-0.28) for the severe group when compared to the nor-
mal hepatic group. Furthermore, no difference was noted
in the time to C,,, and the t,), of oral semaglutide across
the groups. Safety and tolerability of the oral semaglutide
appeared to be similar across all four groups with headache
being the most frequently reported AE (14.3%) as well as GI
AEs such as dyspepsia (8.9%), vomiting (7.1%), decreased
appetite (7.1%), and diarrhea (5.4%) [32].

3.2 Phase Il Clinical Studies
A phase II study by Davies et al. evaluated the efficacy of

oral semaglutide compared to subcutaneous semaglutide on
glycemic control in 632 subjects with T2DM [29]. Subjects
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max,Day10

with an HbAlc of 7.0-9.5% who were treated with diet and
exercise or metformin were randomized in an equal ratio to
one of the nine treatment groups (oral semaglutide 2.5 mg, 5
mg, 10 mg, 20 mg, 40 mg, and 40 mg once daily with a slow
8-week dose escalation, and 40 mg fast 2-week dose-escala-
tion groups, oral placebo group, and open-label subcutaneous
semaglutide 1-mg once-weekly group). This study met its
primary endpoint of achieving a mean reduction in HbAlc of
1.8% from baseline to week 26 with oral semaglutide 40 mg
compared with 0.3% with placebo (p < 0.001). All oral sema-
glutide groups had a significant reduction in HBA1c levels
in a dose-dependent manner with reductions of 0.4%, 0.9%,
1.2%, 1.4%, and 1.6% for the 2.5-mg, 5-mg, 10-mg, 20-mg,
and 40-mg standard groups, respectively. A greater number
of subjects achieved an HbAlc <7.0% with oral semaglutide
compared with placebo with a total of 44% in the 2.5-mg
group, 81% in the 5-mg group, 84% in the 10-mg group, 86%
in the 20-mg group, 90% in the 40-mg standard group, and
93% in the subcutaneous semaglutide compared with 28% in
the placebo group at week 26 (p < 0.001 for all). Subjects in
the oral and the subcutaneous semaglutide groups showed a
significant mean reduction in BW compared with placebo (p
< 0.001) and at week 26, the decrease from baseline in mean
BW in the oral semaglutide groups was dose dependent and
significantly greater than placebo with weight reductions of
2.1kg (p =0.25), 2.7 kg (p = 0.06), 4.8 kg (p < 0.001), 6.1
kg (p < 0.001), and 6.9 kg (p < 0.001) for oral semaglutide
2.5-mg, 5-mg, 10-mg, 20-mg, and 40-mg standard escalation
compared with 1.2 kg with placebo. While the proportion of
patients achieving a 5% weight loss was significantly greater
for oral semaglutide dosage groups of 10 mg and higher (p <
0.001), no significant difference in weight loss was observed
between the 20- and 40-mg standard escalation groups of oral
semaglutide and the subcutaneous semaglutide.

3.2.1 Safety

The most frequently reported AEs were GI related and
were mild to moderate in severity and occurred at a higher
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frequency with oral semaglutide (31-77%) and subcutane-
ous semaglutide (54%) compared with placebo (28%). Two
episodes of severe hypoglycemia were reported (one in the
subcutaneous semaglutide group; one in the oral semaglu-
tide 40-mg fast-escalation group) and a total of three cases
of pancreatitis that were mild to moderate in severity (one in
the subcutaneous semaglutide group; one in the oral sema-
glutide 40-mg standard escalation group; 1 in the oral sema-
glutide 20-mg group). Heart rate was significantly higher in
subjects in the oral semaglutide group (ranged from + 0.6
to + 3 beats per minute [bpm]) [p < 0.001 for oral sema-
glutide 5 mg, 10 mg, 20 mg, and 40 mg) and subcutaneous
semaglutide group (+2.6 bpm) compared with placebo (—4
bpm) except for the oral semaglutide 2.5-mg group (— 1.7
bpm). Overall, this study demonstrated that oral semaglutide
significantly lowered HbA 1c when compared with placebo
and the degree of change in HbAlc with oral semaglutide
20 mg and 40 mg was not significantly different compared
to subcutaneous semaglutide [29].

3.3 Phase lll Clinical Studies

The global oral semaglutide phase III program, PIONEER,
consists of 12 phase III clinical studies and has enrolled a
total of 9542 subjects with T2DM as of 2020. Enrollment
for the PIONEER studies 1 through 10 are complete and the
currently enrolling PIONEER 11 and PIONEER 12 clinical
studies are expected to conclude in late 2021. The PIONEER
trial program used two estimands, a treatment policy esti-
mand and a trial product estimand, to evaluate efficacy. The
treatment policy estimand describes the treatment effect in
patients regardless of trial product (oral semaglutide) dis-
continuation or use of rescue medication, while the trial
product estimand describes the treatment effect in patients if
all patients had continued use of the trial product (oral sema-
glutide) and did not use rescue medication. For the purposes
of this review, only the treatment policy estimand data are
presented here, which reflects the intention-to-treat concept.

3.3.1 PIONEER 1

PIONEER 1, which completed in February 2020, evaluated
the safety and efficacy of oral semaglutide vs placebo in
subjects with T2DM currently treated with diet and exer-
cise alone. Subjects with a mean age of 55 years and an
HbAlc of 7.0-9.5%, were randomized (1:1:1:1) to receive
oral semaglutide 3 mg, 7 mg, or 14 mg once daily or pla-
cebo for 26 weeks (Table 1) [6]. All subjects randomized
to oral semaglutide were initiated with 3 mg once daily
and those patients randomized to 7 mg and 14 mg had dose
escalations every 4 weeks until their designated randomized
maintenance dose was achieved. All subjects randomized

to oral semaglutide demonstrated greater reductions in
HbA1c compared with placebo after 26 weeks (p < 0.001
for all) (Table 4). In addition, a greater percentage of sub-
jects administered oral semaglutide 3 mg, 7 mg, or 14 mg
achieved an HbAlc of <7% compared with placebo (55.1%,
68.8%, or 76.9%, respectively vs 31.0%; p < 0.001 for all)
with similar results for an HbAlc <6.5% (35.9%, 47.5%,
or 63.8%, respectively vs 17.9%; p < 0.001 for all). When
evaluating fasting plasma glucose (FPG), reductions were
greater for oral semaglutide 3 mg, 7 mg, and 14 mg when
compared with placebo with a mean change in FPG from
baseline of —16.2%, —27.9%, —32.9% , and —3.2% (p =
0.003 for 3 mg, p < 0.001 for 7 mg and 14 mg), respec-
tively. However, superior efficacy of oral semaglutide on BW
was only observed with oral semaglutide 14 mg compared
with placebo with a placebo-adjusted treatment difference
of —2.3 kg (p < 0.001) (Table 4). Bodyweight loss of >5%
was seen more commonly with oral semaglutide with a dose-
dependent effect. At week 26, oral semaglutide 3 mg, 7 mg,
and 14 mg showed 19.6%, 26.9%, and 41.3% of subjects
achieved a BW loss of > 5% compared with those in the pla-
cebo group (14.9%; p < 0.001). A significant mean increase
in lipase levels was noted with oral semaglutide (13-34%)
compared with placebo with a mean lipase at week 26 of 32
U/L, 36 U/L, 38 U/L, and 28 U/L for oral semaglutide 3 mg,
7 mg, 14 mg, and placebo (p = 0.007 for 3 mg, p < 0.001 for
7 mg and 14 mg), respectively. In addition, mean heart rate
increased significantly (3 bpm; p = 0.003) for oral semaglu-
tide 14 mg compared with placebo, but was not statistically
significant in oral semaglutide 3 mg or 7 mg.

3.3.1.1 Safety Overall, oral semaglutide and placebo exhib-
ited a similar safety profile with 57.7%, 53.1%, 56.6%, and
55.6% of subjects taking oral semaglutide 3 mg, 7 mg, 14
mg, and placebo, respectively experiencing any AE. Severe
AEs (SAEs) were most reported in the oral semaglutide
3-mg group at 4.6% compared with 0.6%, 1.7%, and 2.8%
for oral semaglutide 7 mg, 14 mg, and placebo, respectively.
The most frequent AEs reported, with a 5.1-16.0% occur-
rence across all groups, were GI related, including nausea
and diarrhea, which were mild to moderate in severity.
Adverse events leading to premature trial product discon-
tinuation were highest with oral semaglutide 14 mg (7.4%)
compared with oral semaglutide 3 mg (2.3%), 7 mg (4.0%),
and placebo (2.2%), respectively, and were due to GI disor-
ders. The occurrence of hypoglycemic events with subjects
experiencing at least one severe or symptomatic hypoglyce-
mic event was similar between oral semaglutide and placebo
with 2.9%, 1.1%, and 0.6% in the oral semaglutide 3-mg,
7-mg, and 14-mg groups, respectively, compared with 0.6%
on placebo. Overall, the PIONEER 1 study demonstrated
superiority of oral semaglutide 3 mg, 7 mg, and 14 mg com-
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Table 4 Overview of phase III (PIONEER) trials of oral semaglutide

Study Design Duration, no. of Comparator Background Treatment arms  Results (treatment policy estimand)
subjects therapy
Change from Change from
baseline in Alc  baseline in weight
(%) (kg)
PIONEER 1 Randomized 26 weeks, n = 703 Placebo Diet and exercise 1:1:1:1 -0.9 -1.5
double-blind, only Semaglutide -1.2 -23
placebo- 3mg -14 -3.7
controlled, Semaglutide -03 -14
parallel 7 mg
Semaglutide 14
mg
Placebo
PIONEER 2 Randomized, 52 weeks, n =822 Empagliflo- Metformin 1:1 -13 -3.8
open-label zin >1500 mg Semaglutide 14 —0.9 -3.7
mg
Empagliflozin
25 mg
PIONEER 3 Randomized, 78 weeks, n =1864  Sitagliptin =~ Metformin + SU 1:1:1:1 -0.6 -12
double-blind, Semaglutide -1.0 -2.2
double- 3 mg -13 -3.1
dummy Semaglutide -0.8 -0.6
parallel- 7 mg
group Semaglutide 14
mg
Sitagliptin
100mg
PIONEER 4 Randomized, 52 weeks,n=711 Liraglutide ~Metformin + 2:2:1 —-1.2 —4.4
double-blind, SGLT-2 inhibi- Semaglutide 14 —1.1 -3.1
double- tor mg -0.2 -0.5
dummy SC liraglutide
1.8 mg
Placebo
PIONEER 5 Randomized 26 weeks, n = 324 Placebo SOC except 1:1 -1.0 -34
double-blind GLP-1RAs, Semaglutide 14 —0.2 -0.9
DPP-4 inhibi- mg
tors or pram-  Placebo
lintide
PIONEER 6 Randomized, CVOT ~80 weeks, n  Placebo Any SOC 1:1 -1.3 —4.2
double-blind, = 3183 except GLP- Semaglutide 14 —0.3 -0.8
placebo- 1RAs, DPP-4 mg
controlled inhibitors or Placebo
pramlintide
PIONEER 7 Randomized 52 weeks, n = 504 Sitagliptin ~ Stable onone or 1:1 -1.3 -2.6
open-label two oral anti-  Semaglutide -0.8 -0.7
hyperglycemic (flexible dos-
drugs ing)
Sitagliptin 100
mg
PIONEER 8 Randomized 26 weeks, n =731 Placebo Insulin (basal, 1:1:1:1 -0.6 —-14
open-label basal/bolus, or Semaglutide -09 -24
pre-mixed) + 3 mg -13 -3.7
metformin Semaglutide -0.1 -04
7 mg
Semaglutide 14
mg
Placebo
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Table 4 (continued)

Study Design Duration, no. of Comparator Background Treatment arms  Results (treatment policy estimand)
subjects therapy
Change from Change from
baseline in Alc  baseline in weight
(%) (kg)
PIONEER 9 Randomized 52 weeks, n = 243 Liraglutide Diet and exercise 1:1:1:1:1 -0.9 -03
open-label or oral antihy- ~ Semaglutide -14 -0.8
(Japan only) perglycemic 3 mg -1.5 -26
monotherapy  Semaglutide -0.1 -0.6
7 mg -1.2 0.0
Semaglutide 14
mg
Placebo
SC liraglutide
0.9 mg
PIONEER 10 Randomized 52 weeks, n = 458 Dulaglutide Oral antihy- 2:2:2:1 -0.7 +0.1
open-label perglycemic Semaglutide -14 -1.0
(Japan only) monotherapy 3 mg -1.8 -19
Semaglutide -13 +1.1
7 mg
Semaglutide 14
mg
SC dulaglutide
0.75 mg

Alc glycosylated hemoglobin, CVOT cardiovascular outcome trial, DPP-4 dipeptidyl peptidase 4, GLP-1RAs glucagon-like peptide-1 receptor
agonists, SC subcutaneous, SGLT-2 sodium glucose co-transporter 2, SOC standard of care, SU sulfonylurea

pared with placebo with regard to HbA1c and BW reduction
and was considered safe and well tolerated [6].

3.3.2 PIONEER 2

A randomized open-label study comparing oral semaglutide
once daily to empagliflozin once daily, also known as the
PIONEER 2 study, included subjects with T2DM and an
HbAlc between 7.0 and 10.5% who were treated with met-
formin >1500 mg daily. Subjects (Table 4) received either
oral semaglutide 14 mg once daily or empagliflozin 25 mg
once daily for 52 weeks. Both treatment arms had dose-
escalation periods. Oral semaglutide started at 3 mg once
daily for 4 weeks, then increased to 7 mg once daily for 4
weeks, and then increased to 14 mg starting after week 8,
while empagliflozin was initiated at 10 mg once daily and
increased to 25 mg at week 8. Oral semaglutide demon-
strated a superior reduction in HbAlc at week 26 with a
decrease of —1.3% compared with a decrease of —0.9% for
empaglifiozin (p < 0.0001). Additionally, 47.4% of subjects
taking oral semaglutide reached an HbAlc target of <6.5%
compared with 17.2% of subjects taking empagliflozin at
week 26, which was sustained through week 52 (47.4% and
21.7%, respectively; p < 0.0001). Results were similar for
the estimated mean change from baseline in FPG with —1.99
mg/dL, —2.01 mg/dL, —2.01 mg/dL, and —2.09 mg/dL for
oral semaglutide at 26 weeks, empagliflozin at 26 weeks
(p = 0.8812 at 26 weeks), oral semaglutide at 52 weeks,

and empagliflozin at 52 weeks (p = 0.5759 at 52 weeks),
respectively. Oral semaglutide showed significantly greater
reductions in mean 7-point self-monitoring blood glucose
profiles compared with empagliflozin at both week 26 (—0.5
mg/dL vs — 0.3 mg/dL [p = 0.0267], respectively) and week
52 (—0.7 mg/dL vs —0.3 mg/dL [p = 0.0328], respectively).
Bodyweight reductions of > 10% were also higher in the oral
semaglutide group (12.5%) at week 26 vs the empagliflozin
group (6.8%; p = 0.0066), which was continued through
week 52 (15.0% and 7.8%; p = 0.0028, respectively). Over-
all, superiority in HbAlc and BW reduction in the oral
semaglutide group compared with the empagliflozin group
was confirmed.

3.3.2.1 Safety Rescue medication was more commonly ini-
tiated at week 26 with oral semaglutide (1.9%) compared
with empagliflozin (1.2% p < 0.23), but more subjects
taking empagliflozin required rescue treatment (10.7%)
compared with oral semaglutide (7.5%) at week 52. At 26
weeks, a total of 237 subjects or 60.5% of those taking oral
semaglutide achieved an HbAlc of <7% without hypogly-
cemia and no weight gain compared with 35.7% of subjects
taking empagliflozin. The most reported AEs were mild to
moderate in severity with the most common being nausea
(19.8% for oral semaglutide and 2.4% for empagliflozin),
which occurred in < 10% of patients. Genital mycotic infec-
tion, which was mild to moderate in severity, occurred more
frequently with empagliflozin compared with oral sema-
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glutide (8.5% in female subjects and 6.7% in male subjects
in the empagliflozin group vs 2.0% in female subjects and
0% in male subjects in the oral semaglutide group). Fur-
thermore, AEs resulting in premature discontinuation of the
study drug occurred more frequently with oral semaglutide
(8.0%) than with empaglifiozin (0.7%) and were mainly due
to symptoms related to GI disorders. The safety profile for
oral semaglutide in the PIONEER 2 study is consistent with
previous studies with oral semaglutide and fewer patients in
the oral semaglutide group reported SAEs compared with
empagliflozin (6.6% vs 9.0%, respectively) [33].

3.3.3 PIONEER 3

A 78-week study included subjects with T2DM uncontrolled
with metformin with or without a sulfonylurea and evaluated
the efficacy of oral semaglutide compared to sitagliptin. This
randomized, double-blind, double-dummy, parallel-group
study, PIONEER 3, included 1864 subjects with a mean age
of 58 years and an HbAlc of 7.0-10.5% and randomized
them (1:1:1:1) to oral semaglutide 3 mg, 7 mg, and 14 mg
once daily or sitagliptin 100 mg once daily. Sitagliptin was
initiated and maintained at the 100-mg daily dose while
oral semaglutide was initiated at 3 mg and increased at 4
weeks to 7 mg and then to 14 mg after another 4 weeks until
the randomized dose was achieved. Subjects receiving oral
semaglutide achieved a change in HbAlc from baseline to
week 26 of —0.6%, — 1.0%, and — 1.3% for 3 mg, 7 mg, and
14 mg, respectively, and —0.8% for sitagliptin. Further, the
percentage of patients who achieved an HbAlc <7.0% was
highest for those randomized to oral semaglutide 14 mg with
55% of subjects achieving this goal (p < 0.001) by week 26
compared with 27% (p = 0.07) with 3 mg, 42% (p < 0.001)
with 7 mg, and 32% of subjects in the sitagliptin group. The
estimated mean change in FPG from baseline to week 26
was also highest with oral semaglutide 14 mg, which showed
a reduction of 30.5 mg/dL (p < 0.001), followed by oral
semaglutide 7 mg with 21.3 mg/dL (p = 0.04), sitagliptin
with 15.4 mg/dL, and oral semaglutide 3 mg with 13.6 mg/
dL (p = 0.50). By week 78, subjects receiving any dose of
oral semaglutide had greater reductions in FPG than sitag-
liptin with —17.1 mg/dL, — 18.1 mg/dL, —30.8 mg/dL, and
—15.0 mg/dL for oral semaglutide 3 mg, 7 mg, and 14 mg (p
=0.50, p = 0.33, p < 0.001) and sitagliptin 100 mg respec-
tively. Additionally, oral semaglutide showed greater mean
changes from baseline in BW at week 26 compared with
sitagliptin (Table 1). Correspondingly, a significantly greater
proportion of subjects in the oral semaglutide 7-mg and
14-mg groups achieved a BW loss of > 5% compared with
the sitagliptin group at week 26 and week 78 (p < 0.001)
with 19% and 30%, respectively, at week 26 compared with
10% for sitagliptin and 27% and 33%, respectively, at week
78 compared with only 12% for sitagliptin.
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3.3.3.1 Safety At week 26, 34% and 46% of subjects
administered oral semaglutide 7 mg and 14 mg achieved an
HbAlc <7.0% without hypoglycemic episodes and without
BW gain respectively compared with 20% of subjects in the
sitagliptin group (p < 0.001). Rescue medication was initi-
ated by 5.4%, 2.4%, and 1.1% of subjects with oral semaglu-
tide 3 mg, 7 mg, and 14 mg and by 2.8% of subjects for the
sitagliptin at week 26 and increased through the remainder
of the trial to 26.0%, 15.7%, and 6.7% in subjects adminis-
tered oral semaglutide 3 mg, 7 mg, and 14 mg, respectively,
and 20.1% for sitagliptin at week 52, and 34.3%, 22.2%,
10.1%, and 27.6%, respectively, at week 78. For both the
oral semaglutide 7-mg and 14-mg groups, the time to rescue
medication was longer compared with sitagliptin, p = 0.002
and p < 0.001 respectively. The most frequently reported
AEs were GI in nature with nausea and diarrhea being the
most common with oral semaglutide 7 mg and 14 mg. Gas-
trointestinal AEs were also the primary cause of premature
trial product discontinuation with 5.6%, 5.8%, and 11.6%
of subjects receiving oral semaglutide 3 mg, 7 mg, and 14
mg, respectively, compared with 5.2% receiving sitagliptin
therapy. Subjects randomized to sitagliptin showed a higher
number experiencing any AE and a higher number expe-
riencing severe or whole-blood glucose-confirmed sympto-
matic hypoglycemia at 8.4% compared with 4.9%, 5.2%, and
7.7% for oral semaglutide 3 mg, 7 mg, and 14 mg, respec-
tively. Overall, oral semaglutide 7 mg and 14 mg proved to
be superior to sitagliptin for a reductions in HbAlc and BW
in this study [8].

3.3.4 PIONEER 4

Pioneer 4 was the first study to evaluate the efficacy and
safety of oral semaglutide compared to another GLP-1RA,
subcutaneous liraglutide. Subjects had a mean age of 55
years, an HbAlc between 7.0 and 9.5%, and received the
maximally tolerated dose of metformin with or without a
sodium-glucose cotransporter-2 inhibitor (Table 4). Sub-
jects randomized to oral semaglutide or liraglutide groups
underwent a dose-escalation process. Oral semaglutide was
initiated at 3 mg and escalated to 7 mg at 4 weeks and to
the maintenance dose of 14 mg at 8 weeks, whereas the
liraglutide group initiated treatment at 0.6 mg once daily
with a dose escalation to 1.2 mg after 1 week and to the
maintenance dose of 1.8 mg after 2 weeks. Oral semaglu-
tide demonstrated non-inferiority to subcutaneous liraglutide
(p < 0.0001) and superiority to placebo (p < 0.0001) in
decreasing HbAlc (Table 1). Additionally, at week 52, oral
semaglutide demonstrated a significantly greater decrease in
HbAlc (— 1.6%) compared with both liraglutide (— 1.1%, p
=(0.0002) and placebo (- 0.2%, p < 0.0001). The percentage
of subjects achieving HbA ¢ targets of <7.0% or <6.5% did
not differentiate between oral semaglutide and liraglutide



A Review on the Efficacy and Safety of Oral Semaglutide

143

at week 26; however, 43% of subjects receiving oral sema-
glutide therapy achieved an HbAlc of 6.5% or less at week
52 while only 33% receiving liraglutide and 4% receiving
placebo achieved the same goal (p = 0.0084, p < 0.0001).
Oral semaglutide also resulted in superior weight loss com-
pared with subcutaneous liraglutide and placebo (Table 1)
and continued to show significantly greater decreases in BW
at 52 weeks. Subjects were more likely to achieve a BW
loss of >5% or > 10% with oral semaglutide than with lira-
glutide or placebo at both 26 and 52 weeks, with 14%, 6%,
and 0%, respectively achieving a > 10% weight loss at week
26 (p = 0.0032, p = 0.0083) and 16%, 7%, and 3%, respec-
tively, at week 52 (p = 0.0028, p = 0.0005). Oral semaglu-
tide showed a statistically significant decrease in mean FPG
when compared with placebo (2.0 mmol/L vs 0.36 mmol/L
(p < 0.0001) but was not statistically significant compared
to the mean FPG decrease with liraglutide (1.87 mmol/L, p
= 0.3422).

3.3.4.1 Safety Overall, 80% of subjects taking oral sema-
glutide reported an occurrence of AE compared with 74%
receiving liraglutide and 67% receiving placebo. The
reported AEs were largely attributable to GI events, with the
most frequent being transient nausea, which is a known side
effect with the GLP-1RA class. Discontinuation from study
treatment was similar between oral semaglutide and liraglu-
tide with 11% and 9% of subjects discontinuing study treat-
ment while only 4% receiving placebo discontinued study
treatment early because of AEs. Conversely, SAEs were
similar for oral semaglutide and placebo and lower with
the liraglutide group with 11%, 11%, and 8%, respectively.
Study treatment was able to be completed without rescue
medication for 78% of subjects taking oral semaglutide and
81% taking liraglutide compared with only 58% in the pla-
cebo group. Results from this study demonstrated that oral
semaglutide was non-inferior to subcutaneous liraglutide
once daily and superior to placebo in decreasing HbAlc at
week 26. In addition, oral semaglutide showed significant
weight loss compared with both liraglutide and placebo.
Plasma glucose levels in subjects taking oral semaglutide
were significantly lower than in those taking liraglutide at
week 52, potentially suggesting a long-term benefit with
continued oral semaglutide therapy [10].

3.3.5 PIONEER5

The PIONEER 5 study assessed the safety and efficacy
of oral semaglutide on renal dysfunction. Subjects were
> 18 years old, had a diagnosis of T2DM with an HbAlc
between 7.0 and 9.5%, and an eGFR between 30 and 59 mL/
min. Subjects were randomly assigned (1:1) to receive oral
semaglutide 14 mg or matching placebo in addition to their
background medication of metformin and/or sulfonylurea,

or basal insulin for 26 weeks. After 26 weeks of treatment,
a mean change from baseline in HbAlc of —1.0% was
observed for oral semaglutide compared with —0.2% for
placebo (p < 0.0001). Similarly, 93 of the 154 subjects tak-
ing oral semaglutide (60%) achieved at least a 1% decrease
in their HbAlc compared with only 31 of the 155 subjects
(20%) taking placebo. Furthermore, more subjects were able
to achieve an HbAlc of <7.0% or <6.5% with oral sema-
glutide compared with placebo, 58% compared with 23%
respectively, achieving an HbAlc of <7.0% and 39% com-
pared with 8% respectively reaching an HbAlc of <6.5%
(p < 0.0001 for both). Thus, in patients with renal impair-
ment, oral semaglutide maintained superiority vs placebo in
HbA1c lowering. Similarly, oral semaglutide demonstrated
superiority on a reduction in BW compared with placebo (p
< 0.001). Likewise, a higher percentage of subjects achieved
>5% and > 10% weight loss taking oral semaglutide with
36% compared with 10% of patients taking placebo (p <
0.0001) and 8% of subjects taking oral semaglutide vs 0%
of patients taking placebo (p = 0.0086), respectively. Fewer
subjects required the use of rescue medication while taking
oral semaglutide with only 4% of subjects needing rescue
medication compared with 10% of subjects taking placebo
throughout the duration of treatment. A health-related
quality-of-life questionnaire was utilized in this study and
included a physical component summary, bodily pain, and
social functioning. All of those sections of the question-
naire favored oral semaglutide compared with placebo (p =
0.0058, p = 0.0326, p = 0.035, respectively). Additionally,
the questionnaire addressed subject-perceived hyperglyce-
mia, and showed a significantly lower frequency in those
subjects taking oral semaglutide compared with those taking
placebo (p < 0.0001).

3.3.5.1 Safety A greater number of AEs were reported
for oral semaglutide compared with placebo with 74% and
65% of subjects, respectively, although a similar number of
subjects in each group reported SAEs with 10% taking oral
semaglutide compared with 11% taking placebo. As seen
in the previous PIONEER studies, the most frequent AEs
reported were mild-to-moderate GI events with nausea being
the most common (19% vs 7% for oral semaglutide vs pla-
cebo). Most AEs that lead to discontinuation were GI events;
however, this was low with only 15% in subjects taking oral
semaglutide and 5% of subjects taking placebo. Similarly,
a small number of symptomatic hypoglycemic episodes
occurred during the study with nine subjects (6%) taking
oral semaglutide and three subjects (2%) taking placebo that
were confirmed by a blood glucose test that concluded that
none was severe. Renal function was followed throughout
the study and remained unchanged throughout the 26 weeks
in both treatment groups. Median eGFR ratios from baseline
to follow-up were similar between both groups with 1.02
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(range 0.27-1.96) for oral semaglutide and 1.00 (0.68-2.17)
for placebo. Urine albumin creatinine ratios was also meas-
ured throughout the study. From baseline to week 26, there
was a decrease in the mean urine albumin creatinine ratio
with oral semaglutide —0.86 (range of 0.04-56.71) while
placebo experienced an increase of +1.19 (range of 0.01-
79.59). At 26 weeks, oral semaglutide demonstrated a mean
systolic blood pressure decrease by 7 mmHg from baseline
and a diastolic blood pressure decrease of 2 mmHg from
baseline compared with no change in the placebo group (p
< 0.0001 and p = 0.0018, respectively). PFONEER 5 dem-
onstrated superiority for oral semaglutide 14 mg once daily
compared with placebo in decreasing HbAlc and BW in
patients with T2DM and moderate renal impairment. The
overall safety profile, including renal safety, demonstrated
no effect on kidney function and was consistent with the
other subcutaneous GLP-1RAs on the market. Oral sema-
glutide appears to provide an important addition to the cur-
rently suboptimal treatment options for patients with T2DM
and moderate renal impairment [18].

3.3.6 PIONEER 6

The oral semaglutide CV outcome trial, PIONEER 6, stud-
ied the safety of oral semaglutide in subjects with either
established CV risk or at high risk of CV events. Subjects
with T2DM were included if they were aged 50 years or
older with established CV disease and/or CKD or if they
were aged greater than 60 years with CV risk factors only.
The study had 2695 subjects (84.7%) who met the crite-
ria of 50 years of age or older and had established CVD
or CKD. A total of 3183 subjects were randomized 1:1 to
receive once-daily treatment with either oral semaglutide
14 mg or placebo in addition to standard of care. Subjects
randomized to oral semaglutide followed a dose-escalation
process receiving oral semaglutide 3 mg once daily for 4
weeks, increasing to 7 mg for 4 weeks, and then increas-
ing to 14 mg for the remainder of the study. This study was
event-driven and lasted about 20 months, until over 122 first
major adverse cardiovascular events (MACEs) had occurred.
The first occurrence of MACEs included CV death, non-fatal
ML, or non-fatal stroke, which occurred in 3.8% of subjects
in the oral semaglutide group and 4.8% of subjects in the
placebo group (p < 0.001), indicating that subjects receiving
oral semaglutide had a lower risk of developing a MACE
than those receiving placebo. In addition, death from any
cause occurred at a slightly higher rate in the placebo group
with 2.8% of subjects vs 1.4% of those taking oral semaglu-
tide. Death specifically from CV causes occurred in 0.9% in
the oral semaglutide group and 1.9% in the placebo group.
The composite of death from any cause including nonfatal
myocardial infarction or nonfatal stroke occurred in 4.3% of
the oral semaglutide group and 5.6% in the placebo group.
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A first event of unstable angina resulting in hospitalization
occurred in 0.7% of subjects taking oral semaglutide and
0.4% taking placebo, while events of heart failure result-
ing in hospitalization occurred in 1.3% and 1.5%, respec-
tively. Other outcomes that were evaluated were a significant
decrease in BW in the oral semaglutide group than in the
placebo group (Table 2). Additionally, a greater decrease in
systolic blood pressure in the oral semaglutide group was
seen with a decrease of 5 mmHg compared with 2 mmHg
in the placebo group.

3.3.7 Safety

Overall, a small number of subjects in both groups perma-
nently discontinued the study with more subjects taking oral
semaglutide discontinuing (11.6%) than those taking pla-
cebo (5%). The cause of discontinuation was similar as the
studies above and were mostly GI in nature, which occurred
in 6.8% of subjects taking oral semaglutide vs 1.6% taking
placebo. Nausea, vomiting, and diarrhea were more com-
mon for those taking oral semaglutide with nausea being
the most common GI AE with 2.9% receiving oral semaglu-
tide vs 0.5% receiving placebo and vomiting 1.5% vs 0.3%,
and diarrhea 1.4% vs 0.4%, respectively. A small number of
SAESs occurred throughout the study that led to permanent
discontinuation and were similar between both groups with
2.6% of those receiving oral semaglutide and 3.0% of those
receiving placebo. Overall, PIONEER 6 demonstrated safety
and non-inferiority to placebo in the time to the first MACE
[34].

3.3.8 PIONEER7

PIONEER 7 evaluated the safety and efficacy of flexible
dosing of oral semaglutide compared to sitagliptin 100
mg enrolled subjects aged > 18 years with T2DM with an
HbAlc of 7.5-9.5%. Five hundred and four subjects were
randomized 1:1 to receive either oral semaglutide or sit-
agliptin. The oral semaglutide group went through a dose-
escalation process starting at 3 mg and utilized a flexible
dose-adjustment escalation up to the 14-mg maintenance
dose. Subject dosing of oral semaglutide was adjusted based
on their HbAlc and tolerability of medication throughout
the study to imitate patient-centered care that would be seen
in a clinical practice setting. At 52 weeks, 19% of subjects
were receiving oral semaglutide 3 mg, 30% were receiving
oral semaglutide 7 mg, and 59% were receiving oral sema-
glutide 14 mg. A greater percentage of subjects achieved an
HbAlc of <7% at 52 weeks with oral semaglutide (58%)
compared with sitagliptin (25%) [p < 0.0001] and overall,
the mean HbAlc was lower with oral semaglutide (7.0%)
compared with sitagliptin (7.5%) at 52 weeks. Both end-
points of BW reductions >5% (p < 0.0001) as well as > 10%
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(p = 0.0065) were statistically significantly greater with oral
semaglutide compared with sitagliptin. The mean change in
BW from baseline to 26 weeks was — 2.6 kg for oral sema-
glutide vs —0.7 kg for sitagliptin (p < 0.0001) and was main-
tained through week 52 with mean changes in BW of —2.9
kg and — 0.8 kg respectively (p = 0.0065). Time to the first
dose of rescue medication was significantly longer with oral
semaglutide than with the sitagliptin and with fewer subjects
requiring rescue medication with only 3.2% of subjects tak-
ing oral semaglutide and 15.9% taking sitagliptin requiring
rescue medication (p < 0.0001). Similarly, twice as many
subjects were given additional glucose-lowering drugs and
more than four times as many subjects were given rescue
medication in the sitagliptin group compared with the oral
semaglutide group. No other clinically relevant changes in
blood pressure, pulse rate, or eGFR were reported through-
out the study. Oral semaglutide with a flexible dose adjust-
ment (3, 7, or 14 mg) was found to be superior to sitagliptin
100 mg for achievement of an HbA1c target of less than 7%.
The proportion of participants who achieved this target with
oral semaglutide was over twice the number of those receiv-
ing sitagliptin despite the flexible dose-adjustment approach
and despite twice as many participants taking sitagliptin
also receiving additional glucose-lowering medications.
Additionally, oral semaglutide was superior to sitagliptin in
decreasing BW [35].

3.3.8.1 Safety The percentage of AEs in those receiving
oral semaglutide was higher (78%) than in those receiving
sitagliptin (69%) with the most common AEs reported being
nausea and diarrhea. Additionally, no severe hypoglycemic
episodes were seen during the study and no cases of pan-
creatitis were reported.

3.3.9 PIONEER 8

PIONEER 8 evaluated the efficacy, safety, and tolerability
of multiple doses of oral semaglutide in addition to insulin.
Subjects > 18 years of age with T2DM and an HbAlc of
7.0-9.5% were randomized 1:1:1:1 to oral semaglutide 3
mg, 7 mg, 14 mg once daily or placebo given in addition to
their stable regimen of basal, basal-bolus (in any combina-
tion), or premixed insulin that was at least 10 units/day. At
randomization, a 20% reduction in total daily insulin dosage
was recommended to be initiated and maintained to week 8
to reduce the chance of subjects experiencing hypoglyce-
mic events. At week 26, the mean change in HbAlc from
baseline was —0.6%, —0.9%, — 1.3%, and —0.1% for oral
semaglutide 3 mg, 7 mg, 14 mg, and placebo, respectively (p
< 0.0001 for all), showing that HbA 1c reductions were supe-
rior for all doses of oral semaglutide compared with placebo.
In addition, subjects in all oral semaglutide groups observed
a higher rate of achieving an HbAlc of <7.0% or <6.5%

than the placebo group with 28.4%, 42.5%, 58.4%, and 6.8%
reaching an HbAlc of <7% for oral semaglutide 3 mg, 7
mg, 14 mg, and placebo (p < 0.0001 or all), respectively.
Changes in mean BW occurred in a dose-dependent manner
with — 1.4 kg (p = 0.032), —2.4 kg (p = 0.0001), —3.7 kg
(p <0.0001), and — 0.4 kg for oral semaglutide 3 mg, 7 mg,
14 mg, and placebo, respectively. A number of subjects in
each group initiated rescue medication during the study, with
the highest occurrence in subjects receiving placebo, with
4.9% of subjects at week 26 and 36.4% of subjects at week
52 compared with 2.7%, 1.1%, 2.2%, and 4.9% of subjects
at week 26 taking oral semaglutide 3 mg, 7 mg, and 14mg
respectively, and, by week 52, 29.3%, 18.1%, and 17.1%of
subjects had initiated rescue medication for oral semaglutide
3 mg, 7 mg, and 14 mg, respectively. By week 26, 75.3% of
all subjects had their insulin dosage reduced by 15-25%,
3.4% of subjects had a dose reduction in insulin of >25%.
For the remaining subjects, 8.4% had their total daily insulin
dosage reduced by < 15% and 12.4% remained unchanged.
Bodyweight reductions were greater for subjects taking all
doses of oral semaglutide, with a difference of —0.9 kg (p =
0.0392), —2.0 kg (p = 0.0001), and —3.3 kg (p < 0.0001) for
the oral semaglutide 3-mg, 7-mg, and 14-mg doses, respec-
tively. Similarly, all subjects taking oral semaglutide had a
greater reduction in BMI than those receiving placebo at
weeks 26 and 52. Oral semaglutide treatment improved the
fasting lipid profile from baseline and reductions in total
cholesterol were statistically significantly greater with the
oral semaglutide 7-mg and 14-mg doses compared with pla-
cebo. For all doses of oral semaglutide, there was an increase
in heart rate of 2—4 bpm at week 26 (p < 0.05) and 1-2 bpm
at week 52 (p < 0.05 for oral semaglutide 14 mg only) com-
pared with placebo.

3.3.10 Safety

Gastrointestinal events were the most frequently reported
AEs overall and occurred in a dose-dependent manner, with
39.1%, 44.8%, and 50.3% for the 3-mg, 7-mg, and 14-mg
groups, respectively. Infections and infestations were the
most reported AEs in those receiving oral semaglutide 3
mg (39.7%) and placebo (43.5%). The proportions of sub-
jects who experienced a severe or blood glucose-confirmed
symptomatic hypoglycemic episode were similar between
subjects receiving oral semaglutide and placebo with 28.3%
in the oral semaglutide 3-mg group; 26.0% in the oral sema-
glutide 7-mg group, 26.5% in the oral semaglutide 14-mg
group, and 29.3% in the placebo group; hypoglycemic events
occurred irrespective of oral semaglutide dosage and across
all treatment arms, with the greatest number of hypogly-
cemic episodes occurring in patients receiving basal-bolus
insulin. These findings support the addition of GLP-1RAs
as an effective treatment intensification strategy for patients
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who are unable to reach, or maintain, HbAlc targets with
insulin alone [36].

3.3.11 PIONEER9

PIONEER 9 evaluated the safety and efficacy of multiple
doses of oral semaglutide compared to subcutaneous lira-
glutide as monotherapy in Japanese subjects. Subjects were
enrolled if they were > 20 years of age, of Japanese descent,
had T2DM with an HbAlc of 7.0-10% managed with diet
and exercise alone or an HbAlc of 6.5-9.5% being treated
with oral antihyperglycemic therapy. Two hundred and
forty-three subjects were randomized 1:1:1:1:1 to receive
oral semaglutide 3 mg, 7 mg, and 14 mg, subcutaneous
liraglutide 0.9 mg, or placebo. Subjects taking an oral anti-
hyperglycemic medication underwent an 8-week washout
period before randomization. All subjects randomized to a
GLP-1RA had a dose-escalation period. Oral semaglutide
was initiated at 3 mg for 4 weeks, increased to 7 mg for 4
weeks, then increased to 14 mg for those randomized to
that dose. Liraglutide was initiated at 0.3 mg and increased
after 1 and 2 weeks to 0.9 mg for all. From a mean baseline
HbAlc of 8.2%, subjects treated with oral semaglutide 3 mg,
7 mg, and 14 mg experienced statistically significant reduc-
tions in HbAlc of — 1.1%, — 1.6%, and — 1.8%, respectively,
compared with a reduction of — 1.4 % with liraglutide and
—0.4% with placebo after 26 weeks. Furthermore, the 14-mg
dose of oral semaglutide achieved a statistically significantly
greater reduction in HbAlc with a difference of — 0.3 (p
= 0.0272) compared with liraglutide. This trend continued
at 52 weeks with subjects treated with oral semaglutide 3
mg, 7 mg, and 14 mg experiencing statistically significantly
greater reductions in HbA 1c compared with subjects treated
with placebo (p < 0.0001 for all) (Table 2). The target of an
HbAlc <7.0% was achieved by 50%, 67%, and 80% of sub-
jects treated with oral semaglutide 3 mg, 7 mg, and 14 mg,
respectively, compared witho 49% of subjects treated with
liraglutide and 12% of subjects treated with placebo at week
52 (p < 0.05 for all). Subjects treated with oral semaglutide
14 mg experienced a statistically significantly greater weight
reduction of —2.8 kg after 52 weeks compared with — 1.0
kg with placebo (p = 0.0019) and a weight increase of +0.4
kg with liraglutide (p < 0.0001). Furthermore, significantly
more subjects in the oral semaglutide 14-mg group achieved
a weight loss of >5% compared with the liraglutide group
or the placebo group at both 26 and 52 weeks (p < 0.01 for
all). An increase in heart rate was observed for all subjects
randomized to GLP-1RA treatment with an increase in 1
bpm with the oral semaglutide 3-mg dose, 3 bpm with the
oral semaglutide 7-mg dose, and 4 bpm with the oral sema-
glutide 14-mg dose and 3 bpm with liraglutide.
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3.3.11.1 Safety Adverse effects were similar across all oral
semaglutide groups with 71-76% reporting AEs. There was
a slightly greater percentage of AEs reported in the placebo
group of 80% when compared with the oral semaglutide
groups, and a slightly lower number of AEs in the liraglu-
tide group with 67% reporting AEs. Nasopharyngitis was
the most reported AE and GI events were the second most
reported AE. Only four subjects discontinued because of
AEs, one in each group, and three of which were GI related.
In this 52-week study, oral semaglutide was well tolerated
and with a safety profile consistent with GLP-1-based ther-
apy. The most common AEs for oral semaglutide were con-
stipation and mild-to-moderate nausea, which diminished
over time. The proportion of people who discontinued treat-
ment because of AEs was 2-4% for people treated with oral
semaglutide [19].

3.3.12 PIONEER 10

An open-label, 52-week randomized study completed in
Japan, PIONEER 10, compared the safety, tolerability, and
efficacy of oral semaglutide 3 mg, 7 mg, and 14 mg to sub-
cutaneous dulaglutide 0.75 mg. Four hundred and fifty-eight
subjects at least 20 years of age with T2DM inadequately
controlled with one oral antihyperglycemic medication were
randomized (2:2:2:1) to oral semaglutide 3 mg, 7 mg, or 14
mg once daily and dulaglutide 0.75 mg once weekly. Sub-
jects treated with oral semaglutide 14 mg experienced a sta-
tistically significantly reduction, 1.8%, compared with 1.3%
dulaglutide with 0.75 mg after 52 weeks while reductions for
subjects taking oral semaglutide 3 mg and 7 mg were 0.7%
and 1.4%, respectively. Glycosylated hemoglobin Alc below
6.5% was achieved by 21%, 43%, and 58% of people receiv-
ing treatment with oral semaglutide 3 mg, 7 mg, and 14
mg, respectively, compared with 41% of people treated with
dulaglutide 0.75 mg. In addition to the HbAlc reduction,
subjects receiving oral semaglutide 14 mg also showed a
statistically significantly greater reduction in BW from base-
line at week 52, with a reduction of 1.9 kg compared with
a weight gain of 1.1 kg with dulaglutide (subjects treated
with oral semaglutide 3 mg and 7 mg experienced a weight
gain of 0.1 kg and weight reduction of 1.0 kg, respectively)

3.3.12.1 Safety A comparable number of AEs were
observed with oral semaglutide compared to dulaglutide
0.75 mg with 31%, 39%, 54%, and 40% of subjects experi-
encing GI AEs with oral semaglutide 3 mg, 7 mg, 14 mg,
and dulaglutide respectively. The most frequently reported
GI events were constipation and nausea and the percentage
of subjects who discontinued treatment because of AEs was
similar between groups with 3—6% of subjects treated with
oral semaglutide compared to 3% of subjects treated with
dulaglutide [37].
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The PIONEER 11 and PIONEER 12 studies began
recruiting subjects in 2019 and are currently open for enroll-
ment in China. PIONEER 11 is evaluating the efficacy and
safety of oral semaglutide in subjects with T2DM with an
HbA Ic of 7-10% who have been treated with only diet and
exercise with a primary endpoint of change in Hb1Alc [38].
The PIONEER 12 study is evaluating the efficacy and safety
of oral semaglutide compared to sitagliptin in subjects with
T2DM with an HbAlc of 7-10.5% treated with metformin
[39].

4 Conclusions

Overall, oral semaglutide demonstrated safety and nonin-
feriority when compared to subcutaneous semaglutide as
well as the other GLP-1RAs across its clinical studies. Oral
semaglutide is novel in that it is the first oral GLP-1RA to
provide patients with an alternative to the subcutaneous
GLP-1RAs currently available. Many patients with T2DM
are hesitant to move to treatment with injectable medications
[14] but cannot achieve target HbA 1c levels with previously
available oral medications alone. Oral semaglutide is likely
to allow many patients to continue with oral treatment who
would otherwise require escalation of therapy using either an
injectable GLP-1RA or insulin. Oral semaglutide is expected
to produce an incremental benefit vs alternative T2DM treat-
ments in terms of MACEs prevented; however, the CVD
benefit is currently being evaluated in the SOUL trial [17,
20, 21, 26, 34].
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