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ABSTRACT
Apraglutide (FE 203799) is a glucagon-like peptide-2 (GLP-2) analog
under development for the treatment of intestinal failure associated
with short bowel syndrome (SBS-IF) and graft-versus-host disease
(GvHD). Compared with native GLP-2, apraglutide has slower ab-
sorption, reduced clearance, and higher protein binding, enabling
once-weekly dosing. This study evaluated the pharmacokinetic (PK)
and pharmacodynamic (PD) profile of apraglutide in healthy adults.
Healthy volunteers were randomized to receive 6 weekly subcutane-
ous administrations of 1, 5, or 10mg apraglutide or placebo. PK and
citrulline (an enterocyte mass PD marker) samples were collected at
multiple time points. Kinetic parameters of apraglutide and citrulline
were calculated using noncompartmental analysis; repeated PD
measures were analyzed with amixedmodel of covariance. A popu-
lation PK/PD model was developed that also included data from a
previous phase 1 study in healthy volunteers. Twenty-four subjects
were randomized; 23 received all study drug administrations. Mean
estimated apraglutide clearance was 16.5–20.7 l/day, andmean vol-
ume of distribution was 55.4–105.0 liters. A dose-dependent in-
crease in citrulline plasma concentration was observed, with 5-mg
and 10-mg doses inducing higher citrulline levels than 1-mg doses

and placebo. PK/PD analysis showed that weekly 5-mg apraglutide
induced the maximal citrulline response. Increased plasma citrulline
levels were sustained for 10–17 days after the final apraglutide ad-
ministration. Apraglutide displays predictable dose-dependent PK
and PD profiles, with a 5-mg dose showing significant PD effects.
Results suggest that apraglutide has early and enduring effects on
enterocytemass and supports the continued development of weekly
subcutaneous apraglutide for SBS-IF andGvHDpatient populations.

SIGNIFICANCE STATEMENT
Once-weekly subcutaneous apraglutide results in dose-dependent
elevations of plasma citrulline (an enterocyte mass pharmacody-
namic marker) with parameters suggesting that apraglutide has
lasting effects on enterocyte mass and the potential to provide
therapeutic benefits. This is the first report of a model relating
glucagon-like peptide-2 (GLP-2) agonism and its effects in intestinal
mucosa, affording not only the ability to predict pharmacologic ef-
fects of GLP-2 analogs but also the exploration of optimal dosing
regimens for this drug class across populations with different body
weights.

Introduction

Glucagon-like peptide-2 (GLP-2) is a 33–amino-acid peptide
secreted by enteroendocrine L cells in the distal ileum and colon
in response to ingested nutrients (Drucker, 2002). In healthy in-
dividuals, GLP-2 is mediated via the GLP-2 receptor expressed
in the stomach, small intestine, and large intestine (Drucker,
2002). Major biologic effects of GLP-2 include stimulation of en-
terocyte proliferation and intestinal perfusion, inhibition of enter-
ocyte apoptosis, maintenance of intestinal barrier function, and
regulation of gastrointestinal (GI) motility (Wojdemann et al.,
1999; Benjamin et al., 2000; Brubaker, 2018; Baccari et al., 2022).
In both short bowel syndrome (SBS) and graft-versus-host

disease (GvHD), there is a substantial loss of intestinal
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mucosa. SBS is a malabsorptive condition caused by physical
or functional loss of significant portions of the small intestine
(Jeppesen, 2014). In GvHD, intestinal mucosa is a major tar-
get of conditioning regimens administered before hematopoi-
etic stem cell transplantation as well as donor T-cell–mediated
immune response, with preclinical studies showing that L-cell
counts were targeted in acute GvHD after chemotherapy con-
ditioning (Ghimire et al., 2017; Norona et al., 2020). Both con-
ditions may benefit from treatment with exogenous GLP-2;
however, clinical use of GLP-2 has been hampered by the
short half-life of the native peptide due to rapid catabolism by
dipeptidylpeptidase-IV (DPP-IV) (Amato et al., 2016; Hargrove
et al., 2020).
Several GLP-2 analogs (e.g., teduglutide, apraglutide, and

glepaglutide) have been designed that are resistant to DPP-IV
cleavage. Of these, only teduglutide (Gattex [Shire-NPS Phar-
maceuticals, Lexington, MA] or Revestive [Boehringer Ingelheim,
Vienna, Austria]) is approved in patients with SBS associated
with intestinal failure (SBS-IF). People with SBS-IF require par-
enteral support (PS) to maintain macronutrients, fluids, and/or
electrolytes at levels required to support health and/or growth
(Pironi et al., 2015). Once-daily, subcutaneous administration of
teduglutide effectively reduces PS volume after 24 weeks in
SBS-IF patients receiving parenteral nutrition (Jeppesen
et al., 2012); 11%–24% of patients achieved complete paren-
teral nutrition independence in real-world data from several
clinical cohorts using teduglutide (Iyer et al., 2017; Joly
et al., 2020; Pape et al., 2020). Although not currently indi-
cated for GvHD, mouse studies suggest that teduglutide re-
duced de novo acute GvHD and steroid-refractory GvHD
(Norona et al., 2020). However, long-term efficacy of tedu-
glutide may be limited by its relatively short half-life, which
necessitates daily subcutaneous injections.
Apraglutide (FE 203799) is a synthetic selective full agonist

for the human GLP-2 receptor under development for patients
with SBS-IF and GvHD (Hargrove et al., 2020; Eliasson et al.,
2022a,b). Although its potency and selectivity are comparable
to native GLP-2, apraglutide has a longer elimination half-life
than both native GLP-2 and teduglutide (Marier et al., 2008;
Marier et al., 2010) because of low clearance (Wisniewski
et al., 2016) resulting from DPP-IV resistance and high plasma
protein binding. Therefore, apraglutide can be administered
less frequently than teduglutide, using a once-weekly dosing
regimen in humans.
Preclinical studies in normal animals and animal models for

SBS-IF showed that apraglutide promotes adaptation of intesti-
nal structure and function through enhanced intestinal growth,
resulting in increased mucosal mass and villus height (Slim
et al., 2019; Hargrove et al., 2020; Martchenko et al., 2020;
Pauline et al., 2021). Moreover, studies in patients with SBS-IF
(Eliasson et al., 2022a,b) and in animals receiving conditioning
therapy before hematopoietic stem cell transplantation (Dimitriadou
and Minden, 2022) indicate that subcutaneous apraglutide
preserves or increases levels of plasma citrulline, which is
produced by enterocytes in the small bowel (Fragkos and

Forbes, 2018), suggesting an increased enterocyte mass and in-
testinotrophic effects on the intestinal epithelium. Additionally,
several studies demonstrated correlations between plasma cit-
rulline levels, small bowel length, and PS independence
(Crenn et al., 2000; Jianfeng et al., 2005; Luo et al., 2007;
Santarpia et al., 2008). Thus, plasma citrulline concentration
appears to be a useful biomarker for small bowel absorptive
enterocyte mass, making it an excellent pharmacodynamic
(PD) biomarker for the intestinotrophic effect of GLP-2 analogs
(Crenn et al., 2000, 2008; Fragkos and Forbes, 2018).
Apraglutide doses investigated in the first-in-human study

(3 weekly doses of 11.4, 28.4, and 56.9 mg) resulted in compa-
rable elevations in citrulline, suggesting a plateauing of the
PD effect at the lowest dose investigated (Bolognani et al.,
2019). Furthermore, elevated levels of citrulline were observed
in the last sample collected 64 hours after the final apraglu-
tide administration. Consequently, it was not possible to esti-
mate duration of the PD effect. The present study was designed
to better characterize the pharmacokinetic (PK) and PD proper-
ties of multiple apraglutide doses in healthy volunteers and to
construct a population PK/PD model.

Methods
This was a phase 1, randomized, multiple-dose, parallel-

arm, double-blind, placebo-controlled trial in healthy adult
volunteers. The study was conducted between May and
September 2019 at the Centre for Human Drug Research,
Leiden, Netherlands. The study protocol was approved by the
independent medical ethics committee “Medisch Ethische
Toetsingscommissie van de Stichting Beoordeling Ethiek
Biomedisch Onderzoek” (Assen, Netherlands), and the study
was conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants,
and the study was registered in the Dutch CCMO trial regis-
try (NL69596.056.19).
Subjects. Study participants were required to be healthy,

18–40 years of age, and have a body mass index between 18
and 28 kg/m2. Health status was verified by a detailed medical
history, a complete physical examination, vital signs, 12-lead
ECG, and laboratory testing (including hepatic and renal pan-
els, complete blood count, virology, and urinalysis). Subjects
were required to discontinue all medication (except paracetamol
up to 4 g/day, ibuprofen up to 1 g/day, and hormonal contracep-
tives) at least 14 days before the first study drug administration
and throughout the trial.
Study Treatment. Healthy adult volunteers were random-

ized to one of four treatment arms: apraglutide 1, 5, or 10 mg
or placebo. Each treatment arm included at least two subjects
of each sex. Subcutaneous apraglutide or placebo was adminis-
tered once weekly, with a total of six administrations.
Study Assessments. Subjects were assessed on days –2,

–1, 1, 2, 3, 5, 8, 15, 22, 29, 36, 37, 38, 40, 43, 46, 50, 53, 57, 60,
64, 71, 78, and 81, with the first administration of apraglutide
on day 1. Fasting blood samples for PK and citrulline analyses

ABBREVIATIONS: AE, adverse event; ANCOVA, analysis of covariance; AUCtau, area under the plasma concentration-time curve to the end
of the treatment period of the corresponding dosing; CI, confidence interval; CL/F, estimated clearance; Ctrough, minimum concentration;
DPP-IV, dipeptidylpeptidase-IV; GI, gastrointestinal; GLP-2, glucagon-like peptide-2; GvHD, graft-versus-host disease; LLOQ, lower limit of
quantification; PD, pharmacodynamics; PK, pharmacokinetics; PS, parenteral support; SBS, short bowel syndrome; SBS-IF, intestinal failure
associated with short bowel syndrome; t1/2, terminal half-life; TEAE, treatment-emergent adverse event; tmax, time to maximum concentration;
Vz/F, estimated volume of distribution.
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were collected on days 1, 2, 3, 5, 8, 15, 22, 29, 36, 37, 38, 40,
43, 46, and 50. Additional blood samples for plasma citrulline
were collected on days –2, –1, 53, 57, 60, 64, 71, and 78. Sam-
ples for serum anti-apraglutide antibody analyses were col-
lected on days 1, 36, and 78. All study visits were scheduled
between 8 and 10 AM with subjects having fasted for at least
8 hours. Subjects were instructed to avoid citrulline-containing
food products (e.g., watermelon and nuts) throughout the
study, and strenuous exercise was excluded in the 24 hours
preceding each visit. Safety was assessed by the report of
treatment-emergent adverse events (TEAEs) until 45 days af-
ter the last study drug administration, concomitant medica-
tion, vital signs (pulse rate, systolic blood pressure, diastolic
blood pressure), and ECG (heart rate and PR, QRS, QT, QTcF
intervals). Chemistry panels, hematology and coagulation pan-
els, body weight, and stool consistency (assessed using the
Bristol Stool Scale) (Lewis and Heaton, 1997) were analyzed
at various time points.
Bioanalysis. Plasma levels of apraglutide and L-citrulline

were quantified using a fully validated liquid chromatogra-
phy-mass spectroscopy–based method. For apraglutide, the
lower limit of quantification (LLOQ) was 1 ng/ml and the up-
per limit was 200 ng/ml. Respective values for L-citrulline
were 0.5 and 50 lg/ml. Anti-apraglutide antibodies were quan-
tified using a validated enzyme-linked immunosorbent assay.
Apraglutide, L-citrulline, and anti-apraglutide antibodies were
measured by Altasciences (Laval, Canada).
Statistical Analysis. Statistical analysis was performed

using SAS for Windows V9.4 (SAS Institute, Inc., Cary, NC),
and noncompartmental analysis was performed using R for
Windows version 3.6.1 (R Core Team, Vienna, Austria) using
PKNCA 0.9.1. Demographic and baseline variables were sum-
marized by treatment. For safety and tolerability endpoints,
summary statistics for observed values were calculated for all
continuous parameters. For each apraglutide dose, noncom-
partmental analyses of PK data were performed. Data below
the LLOQ were set to zero if the LLOQ was reached before
time to maximum concentration (tmax), and values were treated
as missing if the LLOQ was reached after tmax. The elimina-
tion rate constant and its derived parameters were excluded
when they could not be accurately estimated (negative value
for elimination rate constant less than three data points after
tmax, adjusted R-square <0.85, or span-ratio <1.5). PD end-
points measured at multiple time points after baseline were
analyzed with a mixed model analysis of covariance (ANCOVA)
with treatment, time, and treatment by time as fixed factors,
subject as random factor, and the average prevalue as covariate.

The average prevalue was calculated from all prevalues after
screening andbefore dosing. TheKenward-Roger approximation
was used to estimate denominator degrees of freedom, and
model parameters were estimated using the restricted maxi-
mum likelihood method. The general treatment effect and spe-
cific contrasts were reported with the estimated difference and
95% confidence interval (CI), least squares means estimates,
andP values.
A statistical steady-state analysis per dose level was per-

formed using the Helmert approach. The first difference tested
compared the mean response immediately prior to dosing at
multiple dosing at the first time point (week 1) to the pooled
mean response immediately prior to dosing at multiple dosing
over all remaining time points (weeks 2–6). The second differ-
ence compared the mean at week 2 to the pooled mean over
weeks 3–6, with corresponding comparisons for each week con-
tinuing until the contrast was not statistically significant.
Stool consistency and body weight were assessed as PD end-

points. Subjects assessed their stool in the past 24 hours using
the Bristol Stool Scale, ranging from constipation (type 1) to
diarrhea (type 7). No stool in the past 24 hours was recorded
as 0.
The study was exploratory in nature and was not powered

to achieve a statistical endpoint. No sample size calculation
was performed.
Population PK/PD Modeling. Pharmacokinetic and cit-

rulline data from this studywere combinedwithPKand citrulline
data obtained from the first-in-human study (Bolognani et al.,
2019) and used to create a PK/PD model. Details regarding
thePK/PDmodel can be found inAppendix 1 of the Supplemental
Materials (Pharmacokinetic/PharmacodynamicModelDescription).

Results
Forty-four healthy subjects were screened, 24 were random-

ized into the study, and 23 completed all study drug adminis-
trations per protocol (Supplemental Fig. 1). One subject in the
apraglutide 10-mg arm was discontinued for safety reasons af-
ter the third dose (see further details in Safety section), and
one subject in the placebo arm discontinued because of per-
sonal reasons during the follow-up period. Baseline and demo-
graphic characteristics were similar between treatment arms
(Supplemental Table 1).
Noncompartmental Pharmacokinetic Analysis. A non-

compartmental PK analysis was conducted and the estimated
PK parameters are described in Table 1. After the sixth dose,
apraglutide displayed a mean estimated clearance (CL/F) of

TABLE 1
Apraglutide plasma pharmacokinetic parameters after six weekly subcutaneous administrations of 1, 5, or 10 mg apraglutide

Dose No.

Apraglutide (1 mg) Apraglutide (5 mg) Apraglutide (10 mg)

1 6 1 6 1 6

Cmax, ng/ml 13.918 ± 11.236 24.238 ± 9.225 94.088 ± 50.467 124.818 ± 72.126 136.855 ± 55.403 182.374 ± 97.626
Ctrough

a, ng/ml 0.000 ± 0.000 0.678 ± 0.799 7.912 ± 3.548 7.623 ± 3.367 14.543 ± 5.476 13.710 ± 4.806
AUCtau, d × ng/ml 35.214 ± 27.387 59.437 ± 14.060 300.269 ± 121.212 357.651 ± 153.604 476.937 ± 208.314 582.409 ± 284.359
t1/2, h — b — 72.96 ± 22.56 — 76.32 ± 27.60
CL/F, l/d — 17.565 ± 3.818 — 16.480 ± 7.341c — 20.747 ± 9.540
Vz/F, l — c — 55.426 ± 23.760c — 105.021 ± 76.365

Data are presented as arithmetic mean ± SD. Dashes indicate that values are not available.
aCalculated from AUCtau at week 6.
bThree subjects missing because of insufficient data points for t1/2 and Vz/F calculations (n 5 3, PK parameter not calculated).
cTwo subjects missing (n 5 4).
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16.5 to 20.7 l/day, which was constant across the three dose
levels. For the 5- and 10-mg doses, the mean volume of distri-
bution (Vz/F) was 55.4 and 105.0 liters, and mean terminal
half-life (t1/2) was 72.96 and 76.32 hours, respectively. Vz/F
and t1/2 could not be assessed for the 1-mg dose because there
were only three data points above the LLOQ per subject. Mean ±
SD maximum concentrations in the 1-, 5-, and 10-mg treatment
arms were 24.2 ± 9.2 ng/ml, 124.8 ± 72.1 ng/ml, and 182.4 ±
97.6 ng/ml, respectively. Except for the 1-mg treatment arm (in
which all trough concentrations [Ctrough] were below the LLOQ
7 days after the first dose), mean Ctrough levels 7 days after the
first dose were comparable to mean Ctrough 7 days after the
sixth dose (7.9 ± 3.5 ng/ml vs. 7.6 ± 3.4 ng/ml for the 5-mg treat-
ment arm and 14.5 ± 5.5 ng/ml vs. 13.7 ± 4.8 ng/ml for the
10-mg arm). A statistical steady-state analysis per dose level
performed using the Helmert approach revealed no statistically
significant difference between Ctrough after the first dose and

the pooled Ctrough after doses 2 and 6. Therefore, the time to
reach steady state could not be determined based on this analy-
sis. Visual inspection of the data suggests that steady state was
reached after the first dosing at all investigated dose levels.
The apraglutide concentration over time for the three dose lev-
els is displayed in Fig. 1A.
Citrulline. Apraglutide induced a dose-dependent increase

in plasma citrulline levels (Table 2; Fig. 1B). At baseline,
mean ± SD citrulline levels were comparable between all four
treatment arms (10 mg: 5.3 ± 1.5 mg/ml; 5 mg: 5.1 ± 0.9 mg/ml;
1 mg: 5.8 ± 1.4 mg/ml; placebo: 5.5 ± 1.0 mg/ml, corresponding
to values of 30.3 mmol/l, 29.1 mmol/l, 33.1 mmol/l, and
31.4 mmol/l, respectively [note: conversion factor to mmol/l is 5.71
given that the molecular weight of citrulline is 175.2 g/mol]).
Mean citrulline levels were significantly elevated compared with
placebo in all apraglutide treatment arms (P 5 0.0007) and
remained above baseline from the first postdose time point
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Fig. 1. Changes in (A) plasma apraglutide concentration (ng/ml) and (B) plasma citrulline concentration (mg/ml) after subcutaneous administra-
tions of apraglutide 1, 5, or 10 mg or placebo. Weekly subcutaneous administrations of 1, 5, or 10 mg apraglutide were scheduled on days 1, 8, 15,
22, 29, and 36. Arithmetic mean per dose level is displayed on linear scale ± S.E.M. Apraglutide values below the limit of quantification (<1 ng/ml)
were set to 0. Ctrough levels of citrulline were obtained weekly from days 7 to 35 and more frequently from days 0 to 7 and from day 36 onward. Note
that citrulline elevations reached steady state at day 7.
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throughout the entire treatment period (P < 0.0001). This
response was statistically significant, with an increase of
1.2574 lg/ml with 5 mg apraglutide (95% CI, 0.5037–2.0112;
P 5 0.0025) and 1.6343 lg/ml with 10 mg apraglutide (95% CI,
0.8809–2.3878; P 5 0.0002) compared with placebo. The
increase versus placebo for apraglutide 1 mg was not statisti-
cally significant (0.3146 lg/ml; 95% CI, –0.4371 to 1.0663;
P 5 0.3910). The difference between dose groups indicates that
the 5- and 10-mg doses induced significantly higher citrulline
levels compared with the 1-mg dose (0.9429 lg/ml; 95% CI,
0.1768–1.7089; P 5 0.0186, and 1.3198 lg/ml; 95% CI,
0.5586–2.0810; P5 0.0018), respectively, and the difference be-
tween 5- and 10-mg apraglutide doses was not statistically sig-
nificant (P5 0.31).
Similar to apraglutide, the time to reach steady-state con-

centrations for citrulline could not be determined based on the
statistical steady-state analysis performed using the Helmert
approach. Analysis of the contrasts found no significant differ-
ence between citrulline Ctrough after the first dose and the
pooled trough concentrations preceding doses 2 to 6. Visual in-
spection of the data suggested that steady state was reached
after the first dose with all three dose levels, based on the ob-
servation that the mean citrulline Ctrough was numerically
similar for all collected samples.
Seventy-two hours after the final dose (day 39), plasma citrul-

line levels peaked for the apraglutide groups. Plasma citrulline
levelswere 8.3 ± 2.9 mg/mlwith apraglutide 10mg, 8.0 ± 1.8 mg/ml
with 5mg, 6.2 ± 1.6 mg/mlwith 1mg, and 5.1 ± 1.5 mg/mlwith pla-
cebo. Mean citrulline levels remained numerically higher com-
pared with baseline for up to 10, 14, and 17 days after the final
dose in the 1-, 5-, and 10-mg apraglutide treatment arms,
respectively.
A noncompartmental model was applied to the plasma cit-

rulline concentration-time data. After the sixth respective
doses of apraglutide at 1, 5, and 10 mg, mean ± SD maximum
citrulline levels (maximum response) estimated by noncom-
partmental analysis of the plasma citrulline concentration-
time data were 7.2 ± 1.7, 8.2 ± 1.8, and 8.7 ± 3.0 lg/ml, respec-
tively, which were achieved with a respective time to reach
maximum citrulline concentration of 2.0, 3.9, and 3.9 days.
The corresponding maximum citrulline level in the placebo
arm was 6.4 ± 1.7 lg/ml, achieved at 16.9 days after the final
dose.
Bristol Stool Scale and Body Weight. Overall, subjects

treated with apraglutide versus placebo achieved a signifi-
cantly harder stool consistency as demonstrated by the Bristol
Stool Scale (P 5 0.0189; Table 2). Compared with placebo, sig-
nificantly harder stools were achieved by subjects in the
1- and 5-mg treatment arms (–0.9 [95% CI, –1.6 to –0.3], P 5
0.0092; –1.0 [95% CI, –1.7 to –0.4], P 5 0.0046, respectively)
but not by those in the 10-mg treatment arm (Table 2). Re-
sults were visible within 1 day of the 5-mg dose and after
1 week for the 1-mg dose. A sensitivity analysis conducted us-
ing scores from subjects in the 1- and 5-mg treatment arms
who occasionally reported no stools (recorded as value 0 in
this analysis) showed no statistically significant treatment ef-
fects, either overall or between treatment arms. Body weight
appeared to be constant throughout the study, with no statisti-
cally significant difference overall or between treatment arms
(Table 2).
Safety and Tolerability. No deaths or serious AEs were

reported during the study. One subject in the 10-mg treatmentT
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arm discontinued treatment after the third dose because of an
itchy rash with small papules on the abdomen, corresponding
with the second and third injection sites. The rash resolved
spontaneously after treatment cessation.
Overall, 18 subjects reported a total of 60 TEAEs

(Supplemental Table 2). Five subjects in the 10-mg treatment
arm, six in the 5-mg arm, four in the 1-mg arm, and three re-
ceiving placebo reported at least one TEAE. Most TEAEs were
of mild severity and none were dose-dependent. The most fre-
quently reported TEAEs were GI symptoms, with 19 events re-
ported across treatment groups. No clinically relevant changes
in blood chemistry, hematology, coagulation, urinalysis, vital
signs, or ECGs were identified. Of the 18 subjects who re-
ceived apraglutide, one in the 10-mg arm who had a nega-
tive anti-apraglutide antibody titer at baseline displayed positive
anti-apraglutide antibodies with titers increasing from 320 ng/ml
on day 36 to 1280 ng/ml on day 78 (the last data point), with no
evidence of effects on PK or safety outcomes. Three patients had
mild elevations in liver enzymes after the final administration of
apraglutide that spontaneously resolved.
Pharmacokinetic/Pharmacodynamic Modeling. A one-

compartmental model with zero-order absorption and linear
clearance (Supplemental Fig. 2) was developed using data
from this study and the first-in-human study (Bolognani et al.,
2019). A model with correlation between volume of the central
compartment (V1/F) and CL/F, body weight effects on CL/F
and V1/F and a dose effect on the absorption duration (Tk0)
best described the observations as judged by the goodness-
of-fit plots and the log-likelihood value. Model diagnostics showed
that the population PK/PD model described the apraglutide and
citrulline observations well and without any major bias. PD ob-
servations were fitted together with the PK observations using
the final PK model with its structure, residual error, covariates,

and random effects models. Plasma citrulline was described well
by a turnover model and a sigmoid maximal effects PD model.
The population parameter estimates of the PK/PD model are
shown in Table 3, and the goodness-of-fit plots of the PK/PD
model are shown in Supplemental Fig. 3.
Pharmacokinetic/Pharmacodynamic Simulations. Figure 2

and Supplemental Table 3 show the individual simulated
apraglutide and citrulline plasma concentration profiles for
weekly subcutaneous apraglutide doses 2.5, 5, and 10 mg
for subjects with various body weights. Predicted apraglu-
tide and citrulline concentration-time profiles did not indi-
cate any accumulation. To investigate the effect of body
weight on exposure and citrulline concentration, the steady-
state area under the curve at a particular time point (area un-
der the plasma concentration-time curve to the end of the treat-
ment period of the corresponding dosing [AUCtau] at week 6)
was computed from simulated apraglutide concentration-time
profiles after weekly subcutaneous administrations of 2.5, 5,
and 10 mg, as well as the expected associated citrulline concen-
tration (Fig. 3). The predicted exposure-response showed a body
weight–dependent effect on apraglutide exposure. Peak citrul-
line concentrations were reached within 2 to 3 weeks with all
apraglutide doses.

Discussion
This study demonstrates a favorable safety and tolerability

profile for apraglutide 1, 5, and 10 mg in healthy adult volun-
teers after 6 weekly subcutaneous doses and a linear PK profile
with no accumulation after multiple administrations. Dose-
dependent elevations in plasma citrulline levels remained above
baseline for 10 to 17 days after the final apraglutide adminis-
tration, suggesting that apraglutide has a lasting effect on

TABLE 3
Pharmacokinetic/pharmacodynamic model population parameter estimates for a 70-kg individual receiving 5 mg (s.c.) apraglutide once weekly
Stochastic approximation used for estimation of SE; %CV computed as 100 × �(exp(SD2) – 1).

Description Parameter Estimation (%CV) RSE (%) P Value

Fixed effects
Absorption duration Tk0 (day) 1.39 (25) 6.83
Volume of distribution V1/F (l) 31.3 (40) 5.27
Clearance CL/F (l/day) 16.4 (33) 4.16
Citrulline baseline R0 (lg/ml) 5.28 (22) 3.42
Citrulline degradation rate kdeg (1/day) 0.182 (55) 17.6
Maximal effect Emax (–) 0.837 (19) 9.71
Half-maximal effective concentration EC50 (ng/ml) 43.1 (22) 10.4
Hill coefficient c (–) 0.855 (fixed) 0.0821

S.D.
Absorption duration xTk0 0.242 11.8
Volume of distribution xV1/F 0.388 9.42
Clearance xCL/F 0.323 8.96
Citrulline baseline xR0 0.213 11
Citrulline degradation rate xkdeg 0.514 23.4
Maximal effect xEmax 0.186 35.3
Half-maximal effective concentration xEC50 0.214 79.6

Correlations
Volume of distribution and clearance rV1,CL 0.923 2.45

Covariate coefficients
Dose on absorption duration bTk0,Dose 0.29 17 4.0e-9
Body weight on volume of distribution bV1/F,BW 1.91 18.3 4.5e-8
Body weight on clearance bCL/F,BW 1.82 15.3 7.2e-11

Observational error
Constant PK error a (ng/ml) 1.32 12.5
Proportional PK error b (–) 0.206 3.04
Constant PD error a2 (lg/ml) 0.198 38.3
Proportional PD error b2 (–) 0.0812 16.5

CV, coefficient of variation; RSE, relative standard error; SE, standard error.
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enterocyte mass, an effect that was demonstrated in animals
(Martchenko et al., 2020). This also demonstrates that apraglu-
tide has the potential to provide therapeutic benefits via once-
weekly subcutaneous dosing. Overall, results support continu-
ing the development of apraglutide for the treatment of people
with SBS-IF and GvHD using a weekly subcutaneous dosing
regimen.
GLP-2 analogs have been developed with different modifica-

tions in the amino acid sequence compared with the native
GLP-2 peptide; although all these analogs have different PK
properties, it is not fully understood how each modification

results in the observed PK differences. Hargrove et al. (2020)
have published a comparison of the sequences of native GLP-2,
apraglutide, teduglutide and glepaglutide, as well as the com-
parative PK properties.
Citrulline is an amino acid not incorporated in proteins that

is predominantly produced by enterocytes in the small intestine
(Barzał et al., 2014). Citrulline is released from enterocytes into
the peripheral blood and is used in various metabolic pathways,
including the generation of nitric oxide from arginine. Previous
studies demonstrate that circulating citrulline concentrations
correlate with both enteric mucosal mass and intestinal length
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in a range of clinical settings (Fragkos and Forbes, 2018). Fur-
thermore, citrulline has been reported to have a relatively short
half-life of approximately 1 hour in healthy volunteers after
oral administration due to the high renal clearance (Moinard
et al., 2008). This suggests that plasma levels of citrulline in
the current study are a measurement of the mass of the intesti-
nal mucosa, making citrulline plasma levels an ideal candidate
to study the effects of trophic factors in the intestine, such as
GLP-2 analogs.
Results from this study support findings from preclinical

studies in healthy animals and those with SBS-IF, which dem-
onstrate significant increases in small intestine weight in rats,
mice, and pigs treated with apraglutide (Slim et al., 2019;
Hargrove et al., 2020; Martchenko et al., 2020; Pauline et al.,
2021). Moreover, studies in mice show that apraglutide
pretreatment and coadministration reduced chemotherapy-
induced GI damage and preserved cellular integrity during
chemotherapy (Dimitriadou and Minden, 2022). This ap-
pears to show that apraglutide has both regenerative and
protective effects on the intestinal mucosa.
Overall, the safety of apraglutide in the current study was

consistent with that observed in a phase 1 study in healthy
volunteers in which single and multiple ascending doses of
apraglutide 2.8, 5.7, 11.4, 28.4, and 56 mg were well tolerated,
with no observed serious adverse events or immunogenicity
(Bolognani et al., 2019), and in two studies in which apraglu-
tide 5 mg was well tolerated in patients with SBS (Eliasson
et al., 2022a,b). The safety of apraglutide and exploratory clin-
ical efficacy in people with GvHD are being evaluated in the
phase 2 STARGAZE trial (NCT05415410).
The choice of once-weekly apraglutide doses used in this

study was based on results from prior studies showing that
weekly apraglutide induced significant clinical effects and con-
sistent plasma citrulline elevations in patients with SBS and
healthy volunteers (Bolognani et al., 2019; Eliasson et al.,
2022a,b). Furthermore, 6 weeks of treatment was expected to
be sufficient to induce the maximal trophic effect in the intes-
tine based on prior studies for other GLP-2 analogs that had
study durations of 3–8 weeks (Buchman et al., 2010; Naimi
et al., 2019).
Dose-dependent increases in plasma citrulline levels were

observed in this study. The mean citrulline increase after the
last apraglutide administration declined more rapidly for the
1-mg dose compared with the 5- and 10-mg doses. However,
previous studies showed that serum citrulline concentrations
are, on average, approximately 2.1 mg/ml lower in patients
with SBS-IF versus healthy controls, with substantial vari-
ability between patients and a moderate correlation between
intestinal length and serum citrulline (Fragkos and Forbes,
2018). In a phase 3 study, teduglutide 0.05 mg/kg per day
induced citrulline elevations of 1.56 mg/ml in patients with
SBS-IF (Jeppesen et al., 2020), lower than the effects observed
with 5 mg apraglutide in the current study. This suggests that
5 mg apraglutide may be an effective therapeutic dose for
patients with SBS-IF. However, further studies are required to
assess whether apraglutide induces the same magnitude of cit-
rulline elevation in patients with SBS-IF compared with healthy
subjects and whether citrulline elevations are associated with
beneficial clinical outcomes. Moreover, apraglutide was as-
sociated with dose-dependent increases in citrulline levels
in mice treated with conditioning chemotherapy (Dimitria-
dou and Minden, 2022).

Subjects treated with apraglutide in this study achieved
harder stool consistency than those treated with placebo; how-
ever, no dose-dependent effects of apraglutide on the Bristol
Stool Scale were observed. As expected from a healthy popula-
tion, no significant treatment effects were observed for apra-
glutide on body weight, either overall or between any of the
treatment groups after only 6 weeks of treatment.
The population PK/PD model successfully simulated the ef-

fects of different apraglutide doses on plasma citrulline levels
at a population level without major bias. The model found
that apraglutide has a predictable dose-dependent PK/PD pro-
file and suggests that apraglutide exposure decreases with in-
creasing body weight. Estimates suggest that apraglutide
5 mg leads to an approximately 2.5-mg/ml elevation in citrulline
levels in a 70-kg patient and supports once-weekly subcutaneous
dosing of apraglutide 5 mg as a potential treatment option for
patients with SBS-IF or GvHD.
A potential limitation of this study is that citrulline levels

can be affected by lifestyle factors (e.g., diet and strenuous ex-
ercise) and circadian variation (Brodan et al., 1976). As a pre-
caution, subjects in this study were instructed not to eat
citrulline-containing foods or undertake strenuous exercise
within 24 hours before study visits, and all samples were
taken at the same time of day after a fast of at least 8 hours to
minimize diurnal variations.
Results from this study show that weekly subcutaneous ad-

ministration of apraglutide for 6 weeks is well tolerated at
doses up to 10 mg per week and has a linear PK profile with
no accumulation after repeated doses. Dose-dependent in-
creases in plasma levels of citrulline suggest an effect for apra-
glutide on intestinal mass. Furthermore, citrulline elevations
were sustained above baseline for 10–17 days after the final
apraglutide dose. The population PK model demonstrates that
apraglutide has a predictable PK profile with a long half-life
and that apraglutide plasma concentrations and the effect on
plasma citrulline can be accurately described by the PK/PD
model. Overall, these data support the continued development
of apraglutide weekly subcutaneous injections as a potential
treatment approach that is applicable for patients with
SBS-IF or GvHD.
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