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SUMMARY
Glucagon-like peptide-1 receptor agonists (GLP-1RA) are used for the treatment of type 2 diabetes. Whether
clinically important responses and adverse events (AEs) are dependent on the route of administration has not
been determined. We demonstrate that nearly identical exposure-response pharmacodynamic relationships
are determined by plasma semaglutide levels achieved through oral versus injectable administration for
changes in HbA1c, body weight, biomarkers of cardiovascular risk, and AEs such as nausea and vomiting.
At typical exposure levels for oral semaglutide, the estimated response is 1.58% (oral) versus �1.62% (sub-
cutaneous) for HbA1c and 3.77% (oral) versus 3.48% (subcutaneous) reduction in body weight relative to
baseline after 6 months. Increased body weight is the most important variable associated with reduced sem-
aglutide exposure for both formulations. Hence, interindividual variation in GLP-1R responsivity or route of
administration are not major determinants of GLP-1RA effectiveness in the clinic.
INTRODUCTION

The treatment of type 2 diabetes (T2D) is centered around glyce-

mic control, based on strong relationships between blood

glucose levels and the development of micro- and macrovascu-

lar complications.1The results of cardiovascular outcome

studies in people with T2D have refined the approach to the se-

lection of therapeutic agents, demonstrating the safety of three

classes of glucose-lowering agents: the DPP-4 inhibitors,

SGLT-2 inhibitors, and the glucagon-like peptide-1 receptor ag-

onists (GLP-1RAs).2 Moreover, the last two classes of drugs

reduced the development of several complications of T2D,

enabling strategies directed at the reduction of cardiovascular

disease and progression of chronic kidney disease.3

GLP-1RAs exhibit highly different molecular structures and

unique pharmacokinetics. These molecules encompass small

non-modified naturally occurring peptide agonists such as exe-

natide administered twice daily, and lixisenatide, an exendin-4

derivative modified at the carboxyl terminus and developed as

a once-daily injection.4 Exenatide has also been developed as

a long-acting microsphere preparation suitable for once-weekly

administration.5 Alternatively, acylated human GLP-1RAs such

as liraglutide and semaglutide exhibit a longer circulating t1/2
via non-covalent binding to serum albumin.6 Moreover, much

larger molecules exemplified by dulaglutide, a once-weekly

GLP-1RA containing two GLP-1 peptides coupled to an immu-

noglobulin (IgG4) Fc fragment, have been introduced for clinical

use.4 These substantial differences in structure and pharmacoki-
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netics necessitate scrutiny of the individual properties of and

outcomes achieved with GLP-1RAs in the clinical setting.

An oral formulation of semaglutide was recently developed for

clinical use, based on co-formulation with SNAC (sodium N-[8-

(2-hydroxybenzoyl)amino] caprylate).7 Historically, peptide-based

drugs exhibited limited oral bioavailability because of their chemi-

cal nature and multiple physicochemical challenges in absorption

via the gastrointestinal (GI) tract.8 Oral semaglutide, administered

once daily, in the morning on an empty stomach, was studied at 3

different doses, 3, 7, and 14 mg in the PIONEER (peptide innova-

tion for early diabetes treatment) clinical trial program. Remark-

ably, the oral formulation of semaglutide achieved clinically rele-

vant reductions of hemoglobin A1c (HbA1c) and body weight, in

people with T2D, either asmonotherapy in combination with other

oral glucose-lowering agents or when added to insulin regimens.

The results of the PIONEER program enabled the approval of the

first oral GLP-1-based therapy for the treatment of T2D.9–13

The development of the field of GLP-1 therapeutics has

prompted a number of unresolved mechanistic questions. For

example, is genetic variation in the GLP-1 receptor (GLP-1R)

or GLP-1 resistance, as described in preclinical and clinical

studies,14,15 an important determinant of interindividual drug re-

sponses? Does the activity of local GI or neural GLP-1Rs prefer-

entially activated by GLP-1RAs absorbed from the stomach

contribute to differential efficacy of these oral agents?14 Is the re-

porting of nausea and vomiting across trials reflective of interin-

dividual sensitivity, modified by local GI concentrations of drug,

or largely attributable to actual circulating levels of GLP-1R
Medicine 2, 100387, September 21, 2021 ª 2021 The Author(s). 1
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Table 1. Demographic characteristics of data from matched and unmatched subjects from SUSTAIN and PIONEER phase 3a trials

Category

PIONEER

SUSTAIN (N = 1,551)Unmatched (N = 3,003) Matched (N = 1,551)

Age, y 59.4 ± 10.9 57.3 ± 10∙5 56.0 ± 10.6

Female 1,345 (44.8) 653 (42.1) 658 (42.4)

HbA1c, % 8.1 ± 0.8 8.1 ± 0.9 8.1 ± 0.9

Body weight, kg 88.2 ± 21.9 87.2 ± 22.4 86.3 ± 22.7

Diabetes duration, y 9.5 ± 7.9 7.3 ± 6.3 7.2 ± 6.0

Race

White, other 2,034 (67.7) 971 (62.6) 834 (53.8)

Asian 779 (25.9) 487 (31.4) 647 (41.7)

Black or African American 190 (6.3) 93 (6.0) 70 (4.5)

Renal function

Normal 1,809 (60.2) 1,099 (70.9) 1,024 (66.0)

Mild impairment 865 (28.8) 415 (26.8) 502 (32.4)

Moderate impairment 329 (11.0) 37 (2.4) 25 (1.6)

Background therapy

1–2 OADs 1,335 (44.5) 994 (64.1) 1,077 (69.4)

Monotherapy 703 (23.4) 431 (27.8) 345 (22.2)

Insulin 845 (28.1) 12 (0.8) –

Diet and exercise 120 (4.0) 114 (7.4) 129 (8.3)

Maintenance dose

Placebo 572 (19.0) 191 (12.3) 129 (8.3)

0.5 mg s.c. – – 556 (35.8)

1.0 mg s.c. – – 866 (55.8)

3 mg oral 629 (20.9) 345 (22.2) –

7 mg oral 620 (20.6) 331 (21.3) –

14 mg oral 1,182 (39.4) 684 (44.1) –

Data are n (%) or means ± SDs. OAD, oral antidiabetic drug; s.c., subcutaneous; SD, standard deviation.
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agonists, whether achieved through enteral or parenteral

administration?

The availability of pharmacokinetic data from people treated

with oral versus injectable semaglutide provided the opportu-

nity to compare clinically meaningful outcomes achieved with

different routes of drug administration. Here, we compared

the extent of HbA1c and body weight reduction, changes in car-

diovascular biomarkers, and commonly reported AEs such as

nausea and vomiting, in people with T2D treated with oral

or subcutaneous (s.c.) semaglutide. The data reveal that sys-

temic exposure to circulating semaglutide, irrespective of

the mode of administration, is the major predictor of semaglu-

tide outcomes in people with T2D. These findings indirectly

suggest that preferential activation of portal or enteric

neuronal GLP-1Rs, or interindividual differences in GLP-1R

signaling, are not likely to be substantial determinants of com-

mon clinical outcomes in people with T2D treated with oral

GLP-1R agonists.

RESULTS

Baseline parameters for the study populations enrolled in the

PIONEER and SUSTAIN clinical trial programs are shown in
2 Cell Reports Medicine 2, 100387, September 21, 2021
Table 1. To compare results with oral versus injectable semaglu-

tide, we examined whether oral dosing of semaglutide in the

PIONEER program was affected by variability in common

clinical parameters. Based on population pharmacokinetic (PK)

modeling described in STAR Methods and Methods S1 and

S2, body weight was the covariate with the greatest impact on

semaglutide exposure as illustrated for the model including all

covariate factors (Figure S1) and via the parameter estimates

for the final model (Table S1). Average semaglutide concentra-

tion levels at steady state were obtained for each subject

planned for PK assessment in the PIONEER program. These

exposure levels were subsequently used to derive exposure-

response relationships as described below. Exposure-response

relationships were evaluated after 26 weeks of treatment with

once-daily oral semaglutide, which represents the primary eval-

uation time point in the 6 PIONEER trials.

Oral semaglutide exposure-response relationships
determine HbA1c reduction
The change in HbA1c from baseline until week 26 with once-daily

oral semaglutide was exposure dependent and started to level

off at higher exposures (Figure S2A). A reduction in HbA1c was

observed across the concentration range evident with oral



Figure 1. Semaglutide exposure is dose proportionate in the

PIONEER and SUSTAIN trials

Data are individual Cavg values (open symbols) and geometric meanswith 90%

ranges (closed symbols with error bars). Data from PIONEER 1, 2, 3, 5, 8, and

9; SUSTAIN 1, 2, 3, and 6; and SUSTAIN Japan OAD. Cavg, average concen-

tration; OAD, oral antidiabetic drugs.

Article
ll

OPEN ACCESS
semaglutide doses of 7 and 14 mg, with a 90% exposure range

from 2 to 41 nmol/L. We next explored the exposure-response

relationship for HbA1c for various covariate effects in the

PIONEER trials. The exposure-response relationship was pri-

marily dependent on baseline HbA1c (Figure S2B). Subjects

with higher baseline HbA1c had greater HbA1C reductions

compared to subjects with lower HbA1c and did not reach the

same absolute HbA1c level compared to subjects with lower

HbA1c (Figure S2C). At high exposure levels of semaglutide, sub-

jects with the highest baseline HbA1c (R9.1%) had a �3%

decrease in HbA1c compared to a �1% reduction in subjects

with a lower baseline HbA1c (<7.5%). Other covariates such as

baseline body weight, BMI, diabetes duration, gender, age

group, race, ethnicity, and presence of upper GI disease were

of no or only minor importance and did not affect the exposure

response relationships for oral semaglutide (Figure S1).

Analysis of the proportion of subjects in the PIONEER trials

achieving HbA1c levels <7.0% or %6.5% is shown in Figure S3.

Subjects with moderate renal impairment and those receiving in-

sulin treatment hadmoderately lowerHbA1c responsescompared

to subjects with normal renal function or those treated with multi-

ple oral antidiabetic drugs (OADs) (FiguresS2DandS3E).Notably,

a consistent relationship was observed between plasma levels of

semaglutide achieved with oral semaglutide administration and

HbA1c targets, when analyzed across a range of PIONEER trials

and starting levels of HbA1c (Figures S3A, S3C, S3D, and S3F).

As expected, the proportion of individuals achieving glycemic tar-

getswas inversely proportional to the startingHbA1c. Somediffer-

ences in exposure response across age groups were seen,

but these differences appeared to be well described by other co-

variate factors, and age was not identified as a covariate in the

model-based analysis (Figures S1 and S4).

Oral semaglutide exposure-response relationships for
bodyweightaremodulatedbygenderandbaselineHbA1c
Body weight loss after 26 weeks of treatment was observed

across the entire concentration range investigated with oral
semaglutide 7 and 14 mg, and the slope of the weight loss effect

did not appear to level off at the highest exposures obtained (Fig-

ure S5A). Greater weight loss was seen in females compared to

males (Figure S5B); subjects with higher baseline HbA1c

appeared to have less weight loss (Figure S5C). Background

medication did not affect weight loss responses by exposure

(Figure S5D). Other demographic covariates had little or no effect

on weight loss (Figures S5D and S5E).

Oral semaglutide exposure-response relationships
predict rates of GI AEs
Exposure-response relationships were investigated for nausea

and vomiting events reported during the first 26 weeks of treat-

ment with oral semaglutide. The proportions of subjects report-

ing nausea or vomiting increased with greater semaglutide

exposure (Figures S4C and S4D).

Larger proportions of female subjects reported GI side effects

across the exposure range for both nausea and vomiting. The re-

maining covariate factors, including moderate renal impairment,

backgroundmedication for T2D, ethnicity, upper GI disease, and

race had no or little influence on reports of nausea or vomiting

that remained proportional to circulating semaglutide concentra-

tions (Figures S5F and S5G).

Overlapping plasma levels of semaglutide with oral
versus injectable administration
Based on the PK data from the PIONEER trials (Figures 1 and

S2A), the variability of oral semaglutide was assessed both be-

tween and within subjects and compared to different GLP-

1RAs (Figure 2). Across subjects with similar demographic pro-

files (Table 1), the coefficient of variation (CV) between subjects

was estimated to be 84%, with lower variability in plasma con-

centrations observed within subjects (45% CV) (Figure 2). PK

variability was greater for oral semaglutide versus injectable

semaglutide, liraglutide, or dulaglutide (Figure 2).

To compare circulating peptide levels obtained with oral

versus s.c. semaglutide, the individual model derived steady-

state exposure levels for subjects on oral semaglutide in the

PIONEER program were compared to the individual estimates

for subjects taking s.c. semaglutide in the SUSTAIN program.16

The range of exposure levels for the two routes of administration

overlapped considerably (Figure 1), but variability was smaller

following s.c. versus oral semaglutide. The geometric mean

exposure for oral semaglutide 14 mg was similar to that of

0.5 mg s.c. semaglutide, whereas the upper exposure ranges

of 14 mg oral and 1.0 mg s.c. semaglutide doses overlapped,

but the mean exposure levels were nominally higher with 1 mg

s.c. semaglutide (Figure 1). Likewise, the upper exposure ranges

for 7 mg oral and 0.5 mg s.c. doses were similar, although the

geometric mean exposure for the 7 mg oral dose was lower

than for 0.5 mg s.c. (Figure 1).

Previous semaglutide population PK analysis show that indi-

vidual semaglutide exposure levels following s.c. administration

in a Phase III diabetes program can be reasonably simulated

based on baseline demographic data.16 Simulated data for

s.c. semaglutide was compared to the observed exposure

levels following oral administration to estimate the relative dif-

ferences in plasma semaglutide levels upon switching from
Cell Reports Medicine 2, 100387, September 21, 2021 3



Figure 2. Variability estimates in exposure

when adjusted for time since dose and covar-

iate factors, assessed based on population

PK analysis

PIONEER estimates are based on the model pre-

sented in the text. Estimates fromSUSTAIN, SCALE,

and AWARD were based on similar population PK

methodology and previously published.16,17,18 PK,

pharmacokinetic; CV, coefficient of variation; s.c.,

subcutaneous.
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oral to s.c semaglutide, or vice versa. This would mean, for

subjects switching from 14 mg oral semaglutide to 0.5 mg

s.c. semaglutide, 88% would have a <2-fold increase in expo-

sure, which corresponds to the exposure increase seen during

normal dose escalation (Figure 3). These findings may provide

guidance for anticipating changes in semaglutide levels in

individuals switching between oral and s.c. semaglutide

formulations.

Plasma exposure-response relationships are identical
with oral versus s.c. semaglutide
We next compared a range of clinically meaningful GLP-1-

responsive therapeutic and safety endpoints across a range of

semaglutide exposure levels obtained with oral versus s.c. sem-

aglutide administration. Remarkably, exposure-response ana-

lyses showed highly similar relationships reflecting plasma levels

of semaglutide obtained with oral versus s.c. semaglutide (Fig-

ure 1) and subsequent reductions in HbA1c and bodyweight (Fig-

ures 4A and 4B). Consistent with these findings, the proportions

of subjects reporting nausea or vomiting were similar for oral and

s.c. semaglutide administration over a range of plasma concen-

trations (Figures 4C and 4D). Differential effects for oral versus

s.c. administration at 14.6 nM, corresponding to 14 mg, were

computed based on a sensitivity analysis using the propensity-

matched dataset. The predicted change in HbA1c was �1.58%

(oral) versus �1.62% (s.c.) and the body weight change was

3.77% (oral) versus 3.48% (s.c.). Nausea was predicted to occur

in 11.1% (oral) versus 11.8% (s.c.) of subjects and vomiting in

4.2% (oral) versus 4.2% (s.c.). Hence, the data illustrate the

importance of plasma levels, irrespective of the route of dosing,

or theoretical differences in GLP-1R sensitivity, for determining

the clinical pharmacodynamic consequences of semaglutide

administration.

The exposure-response relationships for changes in blood

pressure (BP), C-reactive protein (CRP), and fasting levels of tri-

glycerides, indirect biomarkers of cardiovascular risk, are shown

in Figure 5. Progressive reductions in CRP and triglycerides (Fig-

ures 5A and 5B) were associated with increasing levels of

semaglutide exposure, whether obtained with oral or s.c. admin-

istration. Changes in diastolic BP were modest over a range

of semaglutide concentrations; however, a clear exposure-
4 Cell Reports Medicine 2, 100387, September 21, 2021
response relationship was observed for

systolic BP (Figures 5C and 5D). Collec-

tively, these findings highlight the dominant

importance of circulating levels of sema-

glutide, irrespective of the route of adminis-
tration, for the determination of a broad range of clinically mean-

ingful endpoints in people with T2D.

DISCUSSION

Although GLP-1Ras have been used for the treatment of T2D for

�16 years,19 the key determinants of clinical outcomes and their

relationship to circulating drug levels in people with T2D have not

been systematically compared using different routes of peptide

administration. Here, we demonstrate that the plasma levels of

semaglutide, independent of a wide range of co-variables, or

theoretical interindividual differences in GLP-1R expression

and sensitivity, are the major determinants of efficacy, as judged

by reductions in HbA1c and body weight in people treated with

oral or s.c. semaglutide. Not surprisingly, semaglutide plasma

exposure also correlated with reports of nausea and vomiting

in the same individuals, and the dose-response relationships

for these endpoints were not different in the PIONEER versus

SUSTAIN clinical trial programs.

Previous studies have identified neural circuits triggered by

endogenous GLP-1 released from the gut that communicate

with the autonomic and central nervous systems to mediate

multiple actions of GLP-1, including control of satiety, glycemia,

and gastric emptying.20,21 Notably, oral semaglutide is adminis-

tered before food ingestion in the morning, whereas s.c.

semaglutide may be administered at any time throughout the

day. Despite an extensive preclinical literature highlighting

the existence of a GLP-1R-dependent gut-brain axis triggered

by oral nutrient ingestion and linked to the control of glucose

homeostasis,22–24 the importance of this axis has been

questioned,25 and its relevance to human physiology or the treat-

ment of T2D remains uncertain. Critically, we did not detect ev-

idence for preferential or detrimental actions of oral (relative to

s.c. administered) semaglutide across a broad range of sema-

glutide plasma concentrations.

Notably, the venous drainage of the stomach via the splenic

vein allows rapid access of semaglutide, administered orally,

to the GLP-1Rs within the portal vein.24 Nevertheless, in most

species, the majority of L cells are located in the distal gut, and

the quantitative contributions of proximal gut L cells to the con-

trol of glucose homeostasis and circulating levels of GLP-1



Figure 3. Comparative exposures with oral versus injectable semaglutide

Data are mean relative exposures with 90% ranges obtained using the individual exposure estimates from the final PK model for subjects in PIONEER 1, 2, and 8

populations. For each individual, s.c. exposure estimates were predicted based on a dose and demographic factors using a reduced population PK model

developed based on s.c. semaglutide data.16
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throughout the day remains questionable.26 Our current obser-

vations with oral semaglutide absorbed through the stomach

do not rule out the potential existence and importance of an

endogenous GLP-1R-dependent gut-brain axis in humans,

with physiological circuits potentially activated transiently by

food ingestion triggering GLP-1 secretion from L cells within

the distal gut enteroendocrine system.

Examining the clinical importance of PK variability reveals in-

sights for oral peptide delivery. The variability estimates for oral

semaglutide were compared to results obtained with similar

methodology for s.c. semaglutide16 and dulaglutide.17 Interindi-

vidual variability of oral semaglutide was higher than for other

GLP-1RAs dosed s.c., whereas intra-individual variability was

just marginally higher, confirming previous findings from clinical

pharmacology trials.16 Importantly, the higher day-to-day vari-

ability was mitigated by frequent dosing and a long half-life of

�1 week for semaglutide, thereby leading to similar effects on

metabolic outcomes and body weight.

Similar exposure-response relationships with s.c. versus oral

semaglutide for GI side effects further support the limited clinical

impact of intra-individual variability in plasma concentrations for

oral semaglutide. The starting dose of 3 mg semaglutide admin-

istered orally generally provides lower exposure than 0.25 mg

s.c., which presumably helps to ensure tolerability across the

exposure range and comparable tolerability for oral and s.c. sem-

aglutide. Nevertheless, compared to s.c. semaglutide,more sub-

jects achieved lower plasma exposures, leading to suboptimal

pharmacodynamics effects. At 14 mg, a substantial proportion

of the subjects achieved exposure and reductions in HbA1c and

body weight similar to that achieved with s.c. semaglutide 1 mg.

Examining the subset of individuals on oral semaglutide 14mg

(19%) that achieved exposure levels below those obtained with

0.5–1.0 mg s.c. semaglutide, revealed that these subjects still

achieved an�1% reduction in HbA1c, which is considered a clin-

ically relevant treatment outcome. Only a small fraction (3%) of

subjects obtained exposure levels considered below the thera-

peutic range, with an expected HbA1c reduction <0.5%.Whether
these observations reflect real problems with drug absorption

and/or compliance remains uncertain. These findings demon-

strate that the variability associated with the oral administration

of semaglutide has limited consequences for clinical responses

in the majority of treated subjects.

It is widely appreciated that the extent of insulin resistance,

and not just circulating levels of insulin, influences the biological

response to insulin therapy. In contrast, despite the growing clin-

ical use of GLP-1RAs, the potential importance of various factors

modifying therapeutic responses to GLP-1RAs remains poorly

defined. Notably, relative GLP-1 resistance and impairment of

the gut-brain GLP-1 axis has been described in preclinical

studies.14 Clinically, genetic variation in the GLP1R has been

associated with changes in receptor signaling and glycemia27

and differential responses to GLP-1RA in some human

studies.28,29 Variables such as local tissue expression of the

GLP-1R, interindividual differences in GLP-1 receptor binding,

receptor structure, or downstream signaling activity are difficult

to measure in the context of large clinical trials. Here, we deter-

mined that when corrected for plasma level of semaglutide

achieved, irrespective of the mode of administration, factors

such as bodyweight or BMI, race, and ethnicity did notmeaning-

fully influence the exposure-response relationships for key de-

terminants such as HbA1c and weight loss. In contrast, individ-

uals on insulin, those with modest degrees of renal impairment,

and subjects with lower starting baseline HbA1c exhibited dimi-

nution in exposure-response relationships, relative to other

analyzed groups. The characteristics of the first two subgroups

are related in part to a more prolonged duration of disease and

so their diminished responses are in line with general experience

surrounding the relative efficacy of glucose-lowering agents and

the extent and duration of preexisting T2D.

The observations that multiple long-acting GLP-1RAs reduced

the ratesofCVeventsandall-causemortality acrossabroad range

of cardiovascular safety trials30 have sparked tremendous interest

in understanding mechanisms linking GLP-1R activation to cardi-

oprotection. Notably, our analyses demonstrate a consistent
Cell Reports Medicine 2, 100387, September 21, 2021 5



Figure 4. Efficacy and tolerability by sema-

glutide exposure in the PIONEER and SUS-

TAIN trials

Data are means and 95% CIs at week 26 for

PIONEER and week 30 for SUSTAIN. Exposure is

presented as quantiles of Cavg for semaglutide and

1 quantile for placebo (at Cavg of 0 nmol/L). The

fitted solid line represents model-derived relations

for each clinical program. The horizontal lines

along the x axes represent medians and 90%

exposure ranges, with the median exposure rep-

resented by a diamond. Data from SUSTAIN 1, 2,

and 3; SUSTAIN-Japan; and PIONEER 1, 2, 3, 5, 8,

and 9. The PIONEER and SUSTAIN populations

differed somewhat with respect to demographic

composition, and datasets were propensity

matched. CI, confidence interval.
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exposure-response relationship for biomarkers and physiological

variables indirectly related to CV risk, such as CRP, BP, and

plasma triglycerides, with both oral and s.c. semaglutide. These

findings align with the results of the SUSTAIN-6 and PIONEER-6

trials, showing a 26% and non-significant 21% reduction, respec-

tively, in the hazard ratio of major adverse cardiovascular events

(MACE) in T2D populations with high CV risk.31,32 Hence, the ef-

fects of semaglutide in modifying cardiovascular risk factors are

not dissociated fromplasma levels of semaglutide achieved using

different modes of drug administration.

The finding that increasing semaglutide exposure is linked to

the extent of HbA1c reduction and weight loss provides further

guidance for the ongoing development of GLP-1RAs for the

treatment of obesity. These observations are consistent with

more limited analysis of the pharmacodynamic differences ob-

tained for 0.5 versus 1.0 mg of injectable semaglutide,16,33 as

well as the greater weight loss achieved with 3.0 versus 1.8 mg

liraglutide34,35 and collectively support the evaluation of higher

doses of oral semaglutide, and the higher dose of 2.4 mg sema-

glutide once weekly investigated in the STEP program. These

findings may also inform the dose selection of semaglutide in

some subjects with monogenic obesity, an important population

that may benefit from therapy with GLP-1Ras.36 Interestingly, an

upper dose and plasma concentration range for semaglutide, or

for that matter, any other GLP-1RA, that is not associated with

additional incremental weight loss, has not yet been defined.

These findings highlight the importance of progressive dose

escalation, while balancing tolerability, for the development of

new GLP-1RAs with improved weight loss profiles.

Translational relevance
Importantly, body weight was a relevant modifier of the plasma

levels of semaglutide achieved across a range of semaglutide

dosing regimens, although its impact on semaglutide plasma
6 Cell Reports Medicine 2, 100387, September 21, 2021
levels does not substantially modify clin-

ical outcomes and does not imply dose

adjustments based on baseline body

weight. Nevertheless, the body weight-

exposure relationship may influence the

option of increasing or decreasing dose
levels on an individual basis. Individuals with greater degrees

of obesity not achieving glycemic and weight goals on oral sem-

aglutide may consider switching to injectable semaglutide.

These relationships may also explain in part the frequency of

AEs in people across a range of BMIs.

The presence of upper GI disorders may modify the absorp-

tion of oral semaglutide37 in some individuals; however, 85%

of subjects with GI disorders studied at 14 mg (81% overall)

achieved circulating levels of semaglutide comparable to that

achieved with s.c. administration. Higher exposure with GI dis-

ease was driven by gastroesophageal reflux disease, which

constituted the majority of reported GI diseases (412 subjects).

Gastric ulcer was less common in 34 patients; a non-significant

11% lower exposure was seen in these subjects compared to

subjects not reporting GI disease. No effect differences were

seen in 174 subjects with chronic gastritis. For subjects in

whom switching between oral versus s.c semaglutide is relevant,

our data provide guidance on how to avoid exposure increases

leading to tolerability issues. The interindividual and, to a lesser

extent, day-to-day intra-individual variability, in plasma sema-

glutide levels was greater with oral versus s.c. semaglutide

administration, likely reflecting the greater reproducibility of

semaglutide delivery with parenteral administration.

Our comparative findings simplify the interpretation of out-

comes in thousands of people studied in the PIONEER and

SUSTAIN clinical trials. The predictability of the dose-response

relationships for oral semaglutide support ongoing trials that

include higher dose levels of oral semaglutide in people with

T2D and obesity, to maximize efficacy by achieving levels of

circulating semaglutide with oral dosing that more approximates

levels achieved with higher dose of s.c. semaglutide.

The complexity of interpreting dose-response relationships

for clinical insulin action requires consideration that insulin

bioactivity is greatly influenced by interindividual differences in



Figure 5. Change in CRP, triglycerides, and blood pressure reflect semaglutide exposure in the PIONEER and SUSTAIN trials

Data are means and 95% CIs. Exposure is presented as quantiles of Cavg for semaglutide and 1 quantile for placebo (at Cavg of 0 nmol/L). The fitted solid line

represents model-derived relations not adjusted for covariate factors, based on the PIONEER program. Triglycerides and systolic and diastolic BP: data from

PIONEER 1, 2, 3, 5, 8, and 9 at week 26 and SUSTAIN 1, 2, and 3 and SUSTAIN JapanOAD at week 30. CRP: PIONEER 1, 2, and 5 data at week 26 and SUSTAIN 3

data at week 56. BP, blood pressure; CRP, C-reactive protein.
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insulin resistance, and potentially through differential routes of

administration such as selective preferential targeting of hepatic

versus adipose tissue insulin receptors.38 In contrast, the pre-

sent data highlight the predominant importance of plasma sem-

aglutide levels, generally independent of a range of potential co-

variables, as critical for determining the efficacy of GLP-1RA

therapy for the management of T2D.

Conclusions
The present data advance our understanding of key variables

potentially modifying the efficacy of oral and injectable semaglu-

tide for the therapy of T2D. Neither gender nor age was found to

be an important predictor of semaglutide action; however, plasma

levels trended higher, and weight loss achieved was somewhat

greater in female subjects at a given exposure level. Intra-individ-

ual variability did not appear to have a clinical impact, and plasma

levels of semaglutide achieved with oral semaglutide overlapped

substantially with those detected after s.c. semaglutide adminis-

tration. Neither renal impairment nor hemodialysis meaningfully

affected dose-response relationships. Moreover, plasma sema-

glutide levels increased in a dose-proportional manner with

bothmodes of administration and represented themajor determi-

nant of the magnitude of clinical benefit.
Limitations of the study
Exposure-response data following oral and s.c. administration

were obtained in separate large clinical programs with potential

differences in trial population and conduct; differences were cor-

rected for in part by propensity matching. Additional limitations

of the present analysis include the lack of measurements of insu-

lin, glucagon, and gastric emptying or the assessment ofGLP1R

expression in tissues from study subjects, and the absence of

genotyping for individual variation within the GLP1R. We were

unable to measure free semaglutide; hence, the measurement

of total semaglutide concentrations is an indirect surrogate of

true semaglutide bioavailability in vivo. Nevertheless, the present

data solidify the importance of plasma exposure, independent of

the route of administration, as a key determinant of semaglutide

action in the therapy of T2D.
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F., and Burcelin, R. (2017). A Specific Gut Microbiota Dysbiosis of Type

2 Diabetic Mice Induces GLP-1 Resistance through an Enteric NO-Depen-

dent and Gut-Brain Axis Mechanism. Cell Metab. 25, 1075–1090.e5.

15. Suzuki, K., Akiyama, M., Ishigaki, K., Kanai, M., Hosoe, J., Shojima, N.,

Hozawa, A., Kadota, A., Kuriki, K., Naito, M., et al. (2019). Identification

of 28 new susceptibility loci for type 2 diabetes in the Japanese population.

Nat. Genet. 51, 379–386.

16. Carlsson Petri, K.C., Ingwersen, S.H., Flint, A., Zacho, J., and Overgaard,

R.V. (2018). Semaglutide s.c. Once-Weekly in Type 2 Diabetes: A Popula-

tion Pharmacokinetic Analysis. Diabetes Ther. 9, 1533–1547.

17. Geiser, J.S., Heathman, M.A., Cui, X., Martin, J., Loghin, C., Chien, J.Y.,

and de la Peña, A. (2016). Clinical Pharmacokinetics of Dulaglutide in Pa-

tients with Type 2 Diabetes: Analyses of Data from Clinical Trials. Clin.

Pharmacokinet. 55, 625–634.

18. Ingwersen, S.H., Khurana, M., Madabushi, R., Watson, E., Jonker, D.M.,

Le Thi, T.D., Jacobsen, L.V., and Tornøe, C.W. (2012). Dosing rationale

for liraglutide in type 2 diabetes mellitus: a pharmacometric assessment.

J. Clin. Pharmacol. 52, 1815–1823.

19. Drucker, D.J., Habener, J.F., and Holst, J.J. (2017). Discovery, character-

ization, and clinical development of the glucagon-like peptides. J. Clin.

Invest. 127, 4217–4227.

20. Drucker, D.J. (2018). Mechanisms of Action and Therapeutic Application

of Glucagon-like Peptide-1. Cell Metab. 27, 740–756.

https://doi.org/10.1016/j.xcrm.2021.100387
https://doi.org/10.1016/j.xcrm.2021.100387
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref1
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref1
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref2
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref2
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref2
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref3
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref3
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref3
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref3
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref3
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref4
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref4
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref4
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref4
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref5
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref5
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref5
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref5
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref6
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref6
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref7
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref7
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref7
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref7
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref8
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref8
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref9
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref10
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref10
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref10
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref10
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref10
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref11
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref12
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref13
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref13
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref13
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref13
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref13
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref14
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref14
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref14
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref14
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref15
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref15
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref15
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref15
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref16
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref16
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref16
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref25
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref25
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref25
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref25
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref38
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref38
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref38
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref38
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref17
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref17
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref17
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref18
http://refhub.elsevier.com/S2666-3791(21)00245-7/sref18


Article
ll

OPEN ACCESS
21. Baggio, L.L., and Drucker, D.J. (2014). Glucagon-like peptide-1 receptors

in the brain: controlling food intake and body weight. J. Clin. Invest. 124,

4223–4226.

22. Malbert, C.H., Chauvin, A., Horowitz, M., and Jones, K.L. (2021). Glucose

Sensing Mediated by Portal Glucagon-Like Peptide 1 Receptor Is Mark-

edly Impaired in Insulin-Resistant Obese Animals. Diabetes 70, 99–110.

23. Burcelin, R., Da Costa, A., Drucker, D., and Thorens, B. (2001). Glucose

competence of the hepatoportal vein sensor requires the presence of an

activated glucagon-like peptide-1 receptor. Diabetes 50, 1720–1728.

24. Vahl, T.P., Tauchi, M., Durler, T.S., Elfers, E.E., Fernandes, T.M., Bitner,

R.D., Ellis, K.S., Woods, S.C., Seeley, R.J., Herman, J.P., and D’Alessio,

D.A. (2007). Glucagon-like peptide-1 (GLP-1) receptors expressed on

nerve terminals in the portal vein mediate the effects of endogenous

GLP-1 on glucose tolerance in rats. Endocrinology 148, 4965–4973.

25. Aulinger, B.A., Perabo, M., Seeley, R.J., Parhofer, K.G., and D’Alessio,

D.A. (2020). Rapid hepatic metabolism blunts the endocrine action of por-

tally infused GLP-1 in male rats. Am. J. Physiol. Endocrinol. Metab. 318,

E189–E197.

26. Song, Y., Koehler, J.A., Baggio, L.L., Powers, A.C., Sandoval, D.A., and

Drucker, D.J. (2019). Gut-Proglucagon-Derived Peptides Are Essential

for Regulating Glucose Homeostasis in Mice. Cell Metab. 30, 976–986.e3.

27. Lagou, V., Jiang, L., Ulrich, A., Zudina, L., González, K.S.G., Balkhiyarova,
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d All of the data reported in this manuscript will be shared upon contact of the lead author Danieljdrucker@gmail.com.

d Any additional information required to re-analyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study presents exposure data and exposure-response analyses for oral semaglutide in male and female subjects with type 2

diabetes and furthermore, compares with previously published data on s.c. semaglutide for exposure16 and exposure-response.33

The pharmacokinetic analyses presented here are consistent with the informed consent forms approved by participating institutions

and signed by participants enrolling in the PIONEER and SUSTAIN clinical trial programs.
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Clinical data
Data from six phase 3 trials of oral semaglutide was used for assessment of semaglutide PK and exposure-response analysis (global

trials PIONEER 1, 2, 3, 5, 8 and Japanese trial PIONEER 9).9–13,32,39,40 Each trial was powered for efficacy versus comparator or pla-

cebo, and not for population PK or exposure-response analyses. Randomization across the dose levels were 1:1:1 for PIONEER 1, 3,

8, and 9, whereas PIONEER 2 and 5 included only the 14 mg dose. The current exposure-pharmacodynamic relationships for oral

semaglutide in the PIONEER trials were compared to those obtained from the phase 3a program of injectable semaglutide in subjects

with T2D (SUSTAIN trials). Overall, the PIONEER andSUSTAIN exposure-response populations were similar, with themain difference

being the inclusion of a dedicated study of patients with moderate renal impairment and a trial with concomitant insulin treatment in

the PIONEER program. Propensity score matching was used to analyze the effect of balancing the differences between SUSTAIN

and PIONEER populations. Patient characteristics are summarized in Table S1.

Oral semaglutide dosing was administered with up to 120mL of water, at least 30min before the first meal of the day and any other

oral medication. The PK population was defined as all subjects from the full analysis sets who were randomized to oral semaglutide,

except for PIONEER 3 which had PK sampling scheduled for subjects recruited in USA, Germany and Japan, constituting approx-

imately 50% of the subjects in PIONEER 3. Only PK data obtained during treatment was included, thus excluding data obtained at

baseline and following premature discontinuation of treatment. Blood samples for estimation of semaglutide concentrations in

plasma were obtained at week 4, 8, 14 and 26 (PIONEER 1), week 4, 26 and 52 (PIONEER 2), week 4, 8, 14, 26, 38, 52 and 78

(PIONEER 3), week 4, 8, 14, 26 (PIONEER 5), week 4, 14, 26, 38, 52 (PIONEER 8) and week 4, 14, 26, 38 and 52 (PIONEER 9). A single

blood sample was obtained at each occasion, except for PIONEER 9 which had two samples obtained at week 26 (one pre-dose and

one 60-90 min post-dose). Timing of blood sampling was at the investigator’s discretion except in PIONEER 2 which aimed at sam-

pling 25 min post-dose to approximately capture Cmax of SNAC. Actual sampling times as well as dosing times for the last dose prior

to sampling were recorded. Total protein bound semaglutide concentrations were estimated in plasma by a validated liquid chroma-

tography-mass spectrometry assay with a lower limit of quantification (LLOQ) of 0.729 nmol/L.41

METHOD DETAILS

Population PK assessment of oral semaglutide
In total, 10,527 PK observations from 2,345 subjects during treatment with oral semaglutide from the PIONEER 1,2,3,5,8, and 9 trials

were included in the PK dataset. Of these, 914 observations were below the LLOQ and were assigned the value LLOQ/2. 154 PK

observations (1.5%) were excluded due to inadequate dosing history.

The population PK model for oral semaglutide was pre-specified based on the model obtained from data across clinical pharma-

cology trials of oral, s.c. and intravenous administration of semaglutide.42 This was a two compartment model with separate first or-

der absorption processes for oral and s.c. administration, and with the same distribution and elimination processes across all routes

of administration. All parameter values in the oral PK model were based on these previously established results, except for bioavail-

ability, which was estimated on PIONEER PK data. The PK model was used to characterize variability in exposure (within and be-

tween subjects), demographic factors influencing exposure, as well as individual average steady state exposure levels (Cavg)

used for exposure-response. A single Cavg value was computed for each subject based on the individual parameter estimates, as

the average concentration in a dosing interval at steady state at the target dose level. Several sensitivity analyses with different struc-

tural PK parameters and different procedures for LLOQ handling were conducted, all demonstrating robust Cavg values, with above

0.99 correlation to the final estimates.

A confirmatory approachwith estimation of a basemodel without covariates, a full model including all investigated covariates and a

final model including only significant covariates, was applied.43 The full model used for covariate analysis included the following co-

variates on exposure: gender (male, female), age group (18-64, 65-74, 75-92 years), race (White, Black or African American, Asian),

ethnicity (Non-Hispanic or Latino, Hispanic or Latino), body weight as continuous covariate, renal function (normal, mild and mod-

erate impairment), semaglutide dose (3, 7, 14 mg), subjects with/without upper GI disease and trial effects for PIONEER 2, 3, 5

and 8. Presence of upper GI disease was defined as having ticked ‘yes’ to an ongoing diagnosis of gastresophageal reflux disease,

chronic gastritis, gastric ulcer and/or gastroparesis on the GI disease history form filled in by the investigator at the baseline visit. In

the final model, the following covariates were retained with minor impact: gender, race (Asian and Whites), body weight, upper GI

disease and trial effects for PIONEER 3 and 5. The latter corrected for overall lower exposures in PIONEER 3 and 5 compared to

PIONEER 1, 2, 8 and 9. The final model included log-normal inter-individual variability model for bioavailability (F), and a proportional

residual error model. Details on the parameterization and software settings for parameter estimation is given in the Supplemental

information section.

Population PK assessment of s.c. semaglutide
Assessment of s.c. semaglutide exposure levels in type 2 diabetes from SUSTAIN trials has previously been reported.16 Due to the

relatively slow absorption of s.c. semaglutide, a one-compartment model was applied as this was the simplest model to adequately

describe steady PK for s.c. semaglutide.16 The one-compartment model and the two-compartment model used for oral semaglutide

were assessed to provide almost identical Cavg values for s.c. semaglutide across individual subjects,42 thus reassuring that Cavg

levels can be compared across SUSTAIN and PIONEER. The final model included the same demographic covariates as for oral
Cell Reports Medicine 2, 100387, September 21, 2021 e2
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semaglutide described above, with the exception of GI disease and the addition of injection site. log-normal inter-individual variability

model for the apparent clearance (CL/F) and the apparent volume of distribution (V/F), and a proportional residual error model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Exposure-response analyses aim to reflect the efficacy observed for subjects adhering to treatment and not taking anti-diabetic

rescue medication.

Subjects scheduled for PK assessment, but without valid concentration data were assigned the population PK parameter value

based on the subject’s covariate profile. Missing efficacy data for efficacy-response analyses were predicted using a mixed model

repeated-measures (MMRM) model.

Propensity scorematching based on baseline HbA1c, diabetes duration, race/ethnicity, and gender was used to obtain a dataset of

subjects with matched baseline characteristics from SUSTAIN and PIONEER.

All statistical tests, e.g., used during model development for the population PKmodels and exposure-response models, were per-

formed using likelihood ratio tests. Details regarding summary statistics presented is given in Figure Legends.

Software
NONMEM (ICON Development Solutions, Ellicott City, MD, USA) version 7.3 was used for the population PK analysis. Parameter un-

certainty was obtained via bootstrapping via PsN version 4.60.

R version 3.2.3 was used for data file processing, exposure-response modeling and plotting. Nls was used for the non-linear

regression models of HbA1c and body weight change from baseline. Gnls was used for non-linear regression models of HbA1c

responder endpoints on a logit scale. Gnlswas used to implement a weighted regression consistent with modeling of the probability

of response. Glm was used for the more standard linear logistic regression models for proportion of subjects reporting nausea or

vomiting.

Propensity matching was performed based on baseline HbA1c, trial population, diabetes duration, race, ethnicity and gender, us-

ing the MatchIt library with default settings for a logit distance and a nearest neighbor method.

Exposure-response analysis
The exposure-response population was comprised of the PK population with addition of placebo-treated subjects from PIONEER 1,

5, 8 and 9, adding up to a total of 3,003 subjects. Pre-specified exposure-response analysis for efficacy was conducted for change

from baseline of HbA1c and body weight as well as for the proportions of subjects reaching the HbA1c target defined by ADA (HbA1c <

7.0%) and AACE (HbA1c% 6.5%), respectively, following 26 weeks of treatment. Pre-specified exposure-response analysis for toler-

ability was conducted for proportions of subjects reporting nausea and vomiting, respectively, at any time and severity during

26 weeks of treatment. Stepwisemodel development was executed for each endpoint, ensuring that each covariate factor in the final

model demonstrated an impact on the exposure-response that was statistically significant and reasonably identifiable from expo-

sure-response figures.

HbA1c change from baseline data was described by a maximum response (Emax) model with baseline HbA1c and trial population

influencing the treatment effect, and additional placebo effects of diabetes duration and baseline HbA1c. The same model structure

was used to model the logit of the probability for reaching HbA1c targets.

Body weight change from baseline (%) was described by an Emax model with gender and baseline HbA1c influencing the treatment

effect and additional placebo effects of diabetes duration, race and ethnicity.

For binary safety endpoints (patients reporting nausea and vomiting), linear models on the logit scale were used. For nausea, co-

variate factors were identified as trial population, gender, race, ethnicity and upper GI disease. For vomiting, covariate factors were

identified for trial population and gender.

Exposure-response was illustrated in quantiles of subjects based on individual steady-state exposure levels (Cavg) or placebo with

up to 200 subjects per quantile (100 subjects when further subgroup stratification is used). To correct for confounding factors due to

differences in demographic profiles across quantiles, mean exposure-response model predictions are provided to show estimated

outcomes of changing the exposure without a simultaneous change in the distribution of subjects.44 The model lines were generated

as the mean model prediction across subjects, for each exposure level.

Comparison of exposure-response for oral and s.c. data was conducted by adding previously published exposure-response data

from SUSTAIN trials. Propensity matching was conducted to identify the subjects treated with oral semaglutide that best match sub-

jects investigated with s.c. semaglutide. Previous exposure-response models for s.c. semaglutide support the relationship observed

across exposure quantiles for s.c. semaglutide,33,42 and no updated exposure-responsemodeling of s.c. semaglutide are provided in

the present report. The exposure-response model obtained for oral semaglutide was used to provide model derived exposure-

response lines both for a population with baseline characteristics as in the matched PIONEER population and for a population

with baseline characteristics as in the SUSTAIN population.

The covariate factors tested for inclusion in the model were: ‘‘baseline HbA1c, body weight, BMI, diabetes duration, gender,

age, Hispanic ethnicity, Asian race, upper GI disease, renal impairment, Trial effects, and Trial population, i.e. ‘‘Monotherapy’’
e3 Cell Reports Medicine 2, 100387, September 21, 2021
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corresponding to PIONEER 1 and 9, ‘‘1-2 OAD’’ corresponding to PIONEER 2 and 3, ‘‘Moderate renal impairment’’ corresponding to

PIONEER 5, and ‘‘Insulin treatment’’ corresponding to PIONEER 8.

Model qualification
The population PK model was qualified to meet the assumptions in the prespecified model. Model qualification included 1) Model fit

to median concentration profiles, overall and across covariate subgroups 2) Standard GOF plots, including investigation of observed

versus predicted PK observations, conditional weighted residuals versus predictions and time, and the distribution of the conditional

weighted residuals. 3) Visual predictive checks, investigating if simulations from the model could reproduce the median and 90%

range in PK observations over time. 4) Sensitivity analyses were conducted, investigating sensitivity of estimated covariate effects

and individual Cavg values with different fixed structural PK parameters (changing to 50% higher value) and different procedures for

LLOQ handling (either excluding values below LLOQ, or handling these using a censoring technique).

The exposure-response models were qualified by model fit to mean response data overall and across covariate subgroups as

included in Figures S4 and S5E–S5G.

ADDITIONAL RESOURCES

The PIONEER and SUSTAIN clinical trials used to generate the pharmacokinetic data are registered and described within the

following clinical trial online registration sites.

PIONEER 9: NCT03018028

PIONEER 1: NCT02906930

PIONEER 3: NCT02607865

PIONEER 5: NCT02827708

PIONEER 2: NCT02863328

PIONEER 8: NCT03021187

SUSTAIN 1: NCT02054897

SUSTAIN 2: NCT01930188

SUSTAIN 3: NCT01930188

SUSTAIN 6: NCT01720446

SUSTAIN Japan OAD: NCT02207374
Cell Reports Medicine 2, 100387, September 21, 2021 e4
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Parameter Estimate 

CI95%  
Lower 
bound 

CI95%  
Upper 
bound 

RSE  
(%) 

IIV  
(%CV) 

Absorption rate, 1/h constant (ka) 2.09 Fixed Fixed Fixed NA 

Clearance (CL), L/h 0.039 Fixed Fixed Fixed NA 

Central volume (Vc), L 3.59 Fixed Fixed Fixed NA 

Inter-compartmental  
clearance (Q), L/h 

0.304 Fixed Fixed Fixed NA 

Peripheral volume (Vp), L 4.1 Fixed Fixed Fixed NA 

Body weight exponent on clearance 1.01 Fixed Fixed Fixed NA 

Body weight exponent on volume 0.923 Fixed Fixed Fixed NA 

Bioavailability (F) 0.00471 0.0044 0.00498 2.99 84.3 

Sex factor on F 0.814 0.76 0.868 3.38 NA 

Asian factor on F 1.1 1.02 1.19 4.02 NA 

Body weight factor on F 0.374 0.229 0.519 19.8 NA 

Upper GI disease factor on F 1.13 1.04 1.22 3.93 NA 

Trial effect of PIONEER 2 0.6 0.559 0.642 3.57 NA 

Trial effect of PIONEER 3 0.758 0.651 0.866 7.22 NA 

Residual error (%CV) 45.4 44.4 46.5 1.17 NA 
Supplementary Table 1: Parameter estimates for the final PK model for oral semaglutide, related to Table 1. 
A number of parameters were not estimated based on PIONEER, but fixed based on a PK model developed based on 
clinical pharmacology trials from oral semaglutide. CI: confidence interval, RSE: relative standard deviation, IIV: 
inter-individual (between-subject) variation, GI: gastrointestinal 

   



 

Figure S1   Relative exposure of oral semaglutide by multiple covariates, related to Table 1 Relative exposure of 
semaglutide by multiple covariates. Data are average dose-normalised semaglutide concentrations relative to a 
reference subject profile (White, non-Hispanic or Latino female aged 18-64 years, with body weight of 85 kg, without 
upper GI disease or renal impairment, dosed 14 mg). The plot and the right column show means and 90% CIs. Body 
weight categories (56 and 129 kg) represent the 5% and 95% percentiles in the data. Vertical dotted lines indicate the 
acceptance interval for bioequivalence [0.80–1.25]. Data from PIONEER 1, 2, 3, 5, 8 and 9. Sex, Asian race, body 
weight, and presence of upper GI disease were associated with statistically significant different exposure levels, 
whereas the remaining demographic covariates were not.  Cavg, average concentration; CI, confidence interval; GI, 
gastrointestinal.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2A-D: HbA1c change from baseline versus drug exposure after oral semaglutide administration in the 
PIONEER trials, related to Figures 1 and 3 HbA1c change from baseline versus semaglutide exposure; overall 
(A), stratified by baseline HbA1c (B), and by trial population (D). Panel C shows absolute values of HbA1c versus 
exposure by baseline HbA1c. Data are mean HbA1c response values with 95% CI obtained after 26 weeks of 
treatment versus exposure expressed as quantiles of Cavg (plus placebo at Cavg of 0 mmol/L). The lines through data 
represent model-derived exposure-response relations for each population. Horizontal lines with diamonds along the 
x-axes represent medians and 90% exposure ranges. Data from PIONEER 1,2,3,5,8,9. Baseline HbA1c and trial 
population (subgroups described in S2D) were associated with a statistically significant impact on the exposure-
response of semaglutide in the final model for HbA1c, whereas the remaining covariate factors were not. Cavg, 
average concentration; CI, confidence interval; OAD, oral antidiabetic drug 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S3A-F: Proportion of subjects reaching HbA1c <7% and ≤6.5% reflects semaglutide exposure in the 
PIONEER trials, related to Figure 4 Proportion of subjects reaching HbA1c <7% versus semaglutide exposure; 
overall (A), stratified by trial population (B), and by baseline HbA1c (C). Proportion of subjects reaching HbA1c 
≤6.5% versus semaglutide exposure; overall (D), stratified by trial population (E), and by baseline HbA1c (F). Data 
are proportion of subjects with 95% CI following 26 weeks of treatment versus exposure expressed as quantiles of 
Cavg (plus placebo at Cavg of 0 nmol/L). The lines through data represent model-derived exposure-response relations 
for each trial population. Horizontal lines with diamonds along the x-axes represent medians and 90% exposure 
ranges. Baseline HbA1c and trial population (subgroups described in S3E) were associated with a statistically 
significant impact on the exposure-response of semaglutide in the final model for HbA1c, whereas remaining 
covariate factors investigated were not. ADA, American Diabetes Association; AACE, American Association of 
Clinical Endocrinologists; Cavg, average concentration; CI, confidence interval; OAD, oral antidiabetic drug 

   



 

Figure S4: Model fit to observed data for HbA1c change from baseline by trial, dose, HbA1c baseline, body 
weight baseline, BMI, diabetes duration, sex, age group, race, ethnicity, renal dysfunction and presence of 
upper GI disease in the PIONEER trials, related to Figure 4 Data are mean HbA1c response values with 95% CI 
obtained after 26 weeks of treatment versus exposure expressed as quantiles of Cavg (plus placebo at Cavg of 0 
mmol/L). The lines through data represents mean model predictions for each exposure quantile. Data from 
PIONEER 1, 2, 3, 5, 8, 9. Baseline HbA1c and trial population were associated with a statistically significant impact 
on the exposure-response of semaglutide in the final model for HbA1c, whereas the remaining covariate factors 
investigated were not.  BMI, body mass index; Cavg, average concentration; CI, confidence interval; GI, 
gastrointestinal 

   



 

 
 
 

Figure S5A-D: Body weight change from baseline is determined by semaglutide exposure in the PIONEER 
trials, related to Figures 1 and 4 Body weight change (%) from baseline versus semaglutide exposure; overall (A), 
stratified by sex (B), by baseline HbA1c (C) and by trial population (D). Data are mean %-body weight loss values 
with 95% CI following 26 weeks of treatment versus exposure expressed as quantiles of Cavg (plus placebo at Cavg of 
0 nmol/L). The lines through data represent model-derived exposure-response relations for each population. 
Horizontal lines with diamonds along the x-axes represent medians and 90% exposure ranges. Cavg, average 
concentration; Baseline HbA1c and sex were associated with statistically significant impact on the exposure-response 
of semaglutide in the final model for weight loss, whereas the remaining covariate factors investigated were not.  CI, 
confidence interval; OAD, oral antidiabetic drug 

 

 

 

 

 

 

 

 



 

Figure S5E: Model fit to observed data for body weight change from baseline with oral semaglutide by trial, 
dose, HbA1c baseline, body weight baseline, BMI, diabetes duration, sex, age group, race, ethnicity, renal 
dysfunction and presence of upper GI disease, related to Figures 1 and 4  Data are mean body weight response 
values with 95% CI obtained after 26 weeks of treatment versus exposure expressed as quantiles of Cavg (plus 
placebo at Cavg of 0 mmol/L). The lines through data represents mean model predictions for each exposure quantile. 
Data from PIONEER 1, 2, 3, 5, 8, 9. Baseline HbA1c and sex were associated with a statistically significant impact 
on the exposure-response of semaglutide in the final model for weight loss, whereas the remaining covariate factors 
investigated were not.  BMI, body mass index; Cavg, average concentration; CI, confidence interval; GI, 
gastrointestinal 

 

 



 

Figure S5F: Model fit to observed data for nausea by trial, dose, HbA1c baseline, body weight baseline, BMI, 
diabetes duration, sex, age group, race, ethnicity, renal dysfunction and presence of upper GI disease with 
oral semaglutide administration, related to Figures 1 and 4 and Table 1 Data are proportion of subjects 
reporting nausea with 95% CI obtained after 26 weeks of treatment versus exposure expressed as quantiles of Cavg 
(plus placebo at Cavg of 0 mmol/L). The lines through data represents mean model predictions for each exposure 
quantile. Data from PIONEER 1, 2, 3, 5, 8, 9. Trial population, sex, Hispanic ethnicity,  presence of upper GI, and 
Asian race were associated with a statistically significant impact on the exposure-response of semaglutide in the 
final model for nausea, whereas remaining covariate factors investigated were not.  BMI, body mass index; Cavg, 
average concentration; CI, confidence interval; GI, gastrointestinal 

 

 



 

Figure S5G: Model fit to observed data for vomiting by trial, dose, HbA1c baseline, body weight baseline, 
BMI, diabetes duration, sex, age group, race, ethnicity, renal dysfunction and presence of upper GI disease, 
related to Figures 1 and 4 and Table 1 

Data are proportion of subjects reporting vomiting with 95% CI obtained after 26 weeks of treatment versus 
exposure expressed as quantiles of Cavg (plus placebo at Cavg of 0 mmol/L). The lines through data represents mean 
model predictions for each exposure quantile. Data from PIONEER 1, 2, 3, 5, 8, 9. Trial population and sex were 
associated with a statistically significant impact on the exposure-response of semaglutide in the final model for 
vomiting, whereas the remaining covariate factors investigated were not. BMI, body mass index;  Cavg, average 
concentration; CI, confidence interval; GI, gastrointestinal 

  



Methods S1. Oral semaglutide population PK model: Parameterization and NONMEM 
settings for parameter estimation related to STAR Methods 

$SUBROUTINE ADVAN4 TRANS4 
$THETA (0, 2.09, 10)  FIX    ; 1 ; KA [1/h]  ;Absorption rate constant  
$THETA (0, 0.0390, 1) FIX    ; 2 ; CL [L/h]  ;Apparent Clearance 
$THETA (0, 3.59, 20)  FIX    ; 3 ; V2  [L]    ;Apparent central volume of distribution 
$THETA (0, 0.304, 1)  FIX    ; 4 ; Q [L/h]  ;Apparent Clearance 
$THETA (0, 4.1, 20)   FIX    ; 5 ; V3  [L]    ;Apparent peripheral volume of distribution 
$THETA (0, 1.01, 1.5) FIX    ; 6 ; BW CL []   ;BW exponent Clearance 
$THETA (0, 0.923, 1.5)FIX    ; 7 ; BW V[]   ;BW exponent Volume 
$THETA (0, 0.006, 1)         ; 8 ; BA []  ;Mean Bioavaiabillity  
$THETA (0, 0.578, 5)           ; 9 ; SIGMA [] 
$THETA (0, 0.8, 4)             ; 10 ; MALE_BA [] 
$THETA (0, 1, 4)   FIX          ; 11 ; AGE_BA [] 
$THETA (0, 1., 4) FIX            ; 12 ; AGE_BA 75 [] 
$THETA (0, 1, 4)   FIX           ; 13 ; RACE_BLACK_BA [] 
$THETA (0, 1., 4)             ; 14 ; RACE_ASIAN_BA [] 
$THETA (0, 1, 4)   FIX          ; 15 ; HISPANIC_BA [] 
$THETA (-4, 0.39, 4)          ; 16 ; BW_BA [] 
$THETA (0, 1.15, 4)             ; 17 ; GI_BA [] 
$THETA (-4, 0.0, 4)  FIX        ; 18 ; EGFR_BA [] 
$THETA (0, 1, 4)  FIX           ; 19 ; DOSE_3_BA [] 
$THETA (0, 1, 4)  FIX           ; 20 ; DOSE_7_BA [] 
$THETA (0, 1, 4) FIX            ; 21 ; PIONEER2_BA [] 
$THETA (0, 0.6, 4)              ; 22 ; PIONEER3_BA [] 
$THETA (0, 0.7, 4)             ; 23 ; PIONEER5_BA [] 
$THETA (0, 1, 4)  FIX            ; 24 ; PIONEER8_BA [] 
$THETA (0, 1., 4) FIX             ; 25 ; PIONEER9_BA [] 
 
$OMEGA 0. FIX     ; 1 ; KA.IIV 
$OMEGA 0.4        ; 2 ; BA.IIV 
$OMEGA 0.0 FIX    ; 3 ; V2.IIV 
$OMEGA 0.0 FIX    ; 4 ; CL.IIV 
 
$SIGMA 1 FIX              ; Prop. Error 
 
$PK 
MW=4113.6/1000000 ; mg/nmol 
SIG=THETA(9) 
 
; Fixed parameters 
TVKA=THETA(1)                       ; Absorption rate constant 
TVCL=THETA(2)*(BW/85)**THETA(6)     ; Clearance 
COVCL=(BW/85)**THETA(6) 
TVV2=THETA(3)*(BW/85)**THETA(7)     ; Central volume 
TVQ= THETA(4)*(BW/85)**THETA(6)     ; Intercompartmental clearance 
TVV3=THETA(5)*(BW/85)**THETA(7)     ; Peripheral volume 
 
KA=TVKA*EXP(ETA(1)) 
CL=TVCL*EXP(ETA(4)) 
V2=TVV2*EXP(ETA(3)) 
V3=TVV3*EXP(ETA(3)) 
Q=TVQ*EXP(ETA(4)) 
 
 
COV=(THETA(10)**MALE)*(THETA(11)**AGE65)*(THETA(12)**AGE75)*(THETA(13)**BLACK)*(THETA(14)**ASIAN)*
(THETA(15)**HISP) 
COV=COV*((BW/85)**THETA(16))*(THETA(17)**GI)*((EGFR/100)**THETA(18))*(THETA(19)**DL3)*(THETA(20)**
DL7) 
COV=COV*(THETA(21)**P2)*(THETA(22)**P3)*(THETA(23)**P5)*(THETA(24)**P8)*(THETA(25)**P9) 
 
; Bioavailability 
TVBA=THETA(8)*COV 
BA=TVBA*EXP(ETA(2))       ; BA is the mean bioavailability 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 



 
F1=BA 
 
S2=V2*MW                 ; AMT_unit:mg, A2_unit:  mg, DV_unit: nM 
AUC   = (BA*DLVL/CL) * (1/MW) 
CAVG   = AUC/24 
TVAUC   = (TVBA*DLVL/ TVCL) * (1/MW) 
TVCAVG   = TVAUC/24 
 
 
$ERROR  
DEL=0 
IF(F.LE.0) DEL=0.001 
IPRE = F 
Y    = F+ (F*SIG)*EPS(1) 
 
$ESTIMATION MAXEVALS=9999 METHOD=1 INTER NSIG=3 SIGL=9 NOABORT PRINT=5 MSFO=msfo.msf 

 

 

Methods S2. Subcutaneous semaglutide population PK model: Parameterization and 
NONMEM settings for parameter estimation related to STAR Methods 

$SUBROUTINES ADVAN2 TRANS2 
 
$THETA 0.0286 FIX       ; 1 ; KA [1/h]     ;Absorption rate constant  
$THETA (0, 0.0479)      ; 2 ; CL/F [L/h]   ;Apparent Clearance 
$THETA (0, 5.7)         ; 3 ; V/F [L]      ;Apparent Volume of Distribution 
$THETA  (0, 0.774, 1.5)            ; 4  ;Body weight exponent on CL/F 
$THETA  (0, 1.04, 2)               ; 5  ;Gender contrast (MALE/FEMALE) on CL/F 
$THETA  (0, 0.988, 2)              ; 6  ;Age contrast 65-74 y / <65years on CL/F 
$THETA  (0, 0.960, 2)              ; 7  ;Age contrast >74 / <65years on CL/F 
$THETA  (0, 1.0, 2)                ; 8  ;Dose level 0.5 mg cohort /1.0 mg cohort on CL/F 
$THETA  (0, 0.974, 2)              ; 9  ;Race contrast (BLACK A.A./WHITE) on CL/F 
$THETA  (0, 0.988, 2)              ; 10 ;Race contrast (ASIAN/WHITE) on CL/F 
$THETA  1 FIX                      ; 11 ;Race contrast (OTHER/WHITE) on CL/F 
$THETA  (0, 1.07, 2)               ; 12 ;Ethnicity contrast (H.L/Non H.L.) on CL/F 
$THETA  (0, 1.04, 2)               ; 13 ;Injection site (THIGH/ABDOMINAL SKIN) on CL/F 
$THETA  (0, 1.08, 2)               ; 14 ;Injection site (UPPER ARM/ABDOMINAL SKIN) on CL/F 
$THETA  (0, 0.95, 2)               ; 15 ;Renal impairment (MILD/NORMAL) on CL/F 
$THETA  (0, 0.95, 2)               ; 16 ;Renal impairment (MODERATE/NORMAL) on CL/F 
$THETA  (0, 0.95, 2)               ; 17 ;Renal impairment (SEVERE/NORMAL) on CL/F 
 
$OMEGA 0 FIX            ; 1 ; KA.IIV 
$OMEGA 0.0165           ; 2 ; CL.IIV 
$OMEGA 0.162            ; 3 ; V.IIV 
$SIGMA 0.05                   ; Prop. Error 
 
$PK  
MW = 4113.6/1000000  ; mg/nmol 
 
NBW = 85 ;;; Chosen body weight (kg) for normalisation 
 
;;; Absorption rate constant 
TVKA = THETA(1) 
KA = TVKA*EXP(ETA(1))  ; KA fixed to 0.0286, as in ClinPharm Ph1 single comp MD PK model. ETA(1) 
to be set to 0 according to MAP. 
 
TVCL = THETA(2) 
TVV = THETA(3) 
V = TVV*EXP(ETA(3)) 
 
;;; Covariates 
; Body weight 



CLBW=(BW/NBW)**THETA(4) 
 
; Gender (reference: FEMALE) 
CLGENDER=1 
IF (MALE.EQ.1) CLGENDER = THETA(5)   ; MALE/FEMALE 
 
; Age (reference: < 65 years) 
CLAGE=1 
IF (AGEFL.EQ.1) CLAGE = THETA(6)     ; 65-74 y / <65years 
IF (AGEFL.EQ.2) CLAGE = THETA(7)     ; >74 / <65years 
 
; Dose level (reference: 1.0 mg) 
CLDLVL=1 
IF (DLVL.EQ.0.5) CLDLVL = THETA(8)   ; 0.5 mg cohort /1.0 mg cohort 
 
; RACE (reference: WHITE) 
CLRAC=1 
IF (RACE.EQ.2)  CLRAC = THETA(9)      ; BLACK A.A./WHITE 
IF (RACE.EQ.3)  CLRAC = THETA(10)     ; ASIAN/WHITE 
IF (RACE.EQ.0)  CLRAC = THETA(11)     ; OTHER/WHITE 
IF (RACE.EQ.6)  CLRAC = THETA(11)     ; OTHER/WHITE 
IF (RACE.EQ.-1) CLRAC = THETA(11)     ; OTHER/WHITE 
 
; Ethnicity (reference: NOT HISPANIC OR LATINO) 
CLETHN=1 
IF (ETHN.EQ.2) CLETHN = THETA(12)    ; H.L./NOT H.L. 
 
; Injection site (reference: ABDOMINAL SKIN) 
CLINJ=1  
IF (INJSIT.EQ.3) CLINJ = THETA(13)       ; THIGH/ABDOMINAL SKIN 
IF (INJSIT.EQ.2) CLINJ = THETA(14)       ; UPPER ARM/ABDOMINAL SKIN 
 
; Renal impairment (reference: Normal, also including one NA) 
CLREN=1  
IF (RENAL.EQ.2) CLREN = THETA(15)       ; MILD/NORMAL 
IF (RENAL.EQ.3) CLREN = THETA(16)       ; MODERATE/NORMAL 
IF (RENAL.EQ.4) CLREN = THETA(17)       ; SEVERE/NORMAL 
 
;;; Combine all covariate effects on clearance 
TVCL = TVCL * CLBW * CLGENDER * CLAGE * CLDLVL * CLRAC * CLETHN * CLINJ * CLREN 
 
;;; Add inter-individual variation 
CL = TVCL * EXP(ETA(2)) 
 
;;; Output scaling  
S2 = V*MW   ; scale ug dose to nmol/L concentrations 
F1 = 1 
 
;;; Estimate AUC (in µM*h) - using ADOS column - based on AMT 
AUCA   = ADOS * 1000 / CL * (1000/4113.6) 
AUC   = DLVL * 1000 / CL * (1000/4113.6) 
CAVG   = AUC/168 
 
$ERROR 
IPRE = F 
W = F 
IRES = DV - IPRE 
IWRES = IRES/W 
Y = F + W*EPS(1) 
$EST METHOD=1 INTERACTION PRINT=5 MAX=9999 MSFO=msf 
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