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reversible, endoscopically delivered device that mimics biliopancreatic diversion—in
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Grant/Award Number: 875534 improving insulin sensitivity (S)). Secondary aims included effects on weight gain,
endogenous glucose production (EGP), disposition index (DI), oral glucose rate of
appearance, plasma metabolomics, and faecal microbiota.

Materials and Methods: Over 30 days, 12 young Landrace pigs (46.7 £ 1.1 kg)
received ForePass, twice-weekly Semaglutide, or sham endoscopy. Sample size was
calculated a priori for the primary endpoint (A =0.6 min~-pM~%, SD =0.3,
a = 0.05, 80% power), yielding n = 4 per group. Body weight was monitored, and
oral glucose tolerance testing (OGTT) with stable isotope tracers assessed hepatic
glucose disposal. S, insulin secretion, glucose rate of appearance (R,), metabolomics,
and faecal microbiota were analysed.

Results: ForePass improved S, more than Semaglutide (2.75+0.37 vs. 1.34
+0.21 min~1pM~1) and sham (0.78 + 0.46; p <0.05). Weight gain was 2.0 kg (4%)
with ForePass, versus 16.3 kg (36%) with Semaglutide and 21.1 kg (47%) with sham
(p <0.0001). Semaglutide reduced weight gain by 11% versus sham (p <0.05). DI was
2.6-fold higher with ForePass than Semaglutide and 3.5-fold higher than sham. Fore-
Pass reduced oral glucose R, by 40% versus Semaglutide and 30% versus sham, while
EGP 46% was lower than Semaglutide and 51% lower than sham (p <0.0001). Meta-
bolomics showed ForePass increased ketogenic and branched-chain amino acids,
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2 diabetes.
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1 | INTRODUCTION

The emergence of new pharmacologic agents, particularly glucagon-
like peptide-1 receptor agonists (GLP-1 RAs), is transforming the ther-
apeutic landscape for obesity and its related metabolic complications,
in which insulin resistance represents a central pathogenic mechanism
linking type 2 diabetes mellitus (T2DM), metabolic dysfunction-
associated steatotic liver disease (MASLD), and metabolic syndrome.

Randomised clinical trials have demonstrated that once-weekly
administration of 2.4 mg Semaglutide, combined with lifestyle modifi-
cation, leads to a substantial reduction in body weight, averaging
about 16% from baseline. These studies, however, primarily included
participants with a mean body mass index (BMI) of 38 kg/m?2%2
thereby excluding most individuals with morbid obesity (BMI 240 kg/
m?). For this population, bariatric surgery remains the principal thera-
peutic option, highlighting the unmet need for less invasive
alternatives.

The ForePass device is a novel endoscopic procedure developed
to mimic the metabolic benefits of bilio-pancreatic diversion (BPD).3~®
It integrates an intragastric balloon, which reduces gastric volume by
approximately two-thirds, with a central channel directing part of the
ingested nutrients into a duodenal-jejunal bypass sleeve that extends
into the proximal jejunum, thus bypassing the foregut and delivering
nutrients directly to the mid-jejunum. This configuration is designed
to induce weight loss and metabolic improvements through mecha-
nisms similar to those of metabolic surgery.

Preclinical experiments in diet-induced obese rats have shown
that ForePass produces durable weight loss comparable to metabolic
surgery and significantly enhances insulin sensitivity.” Validation in
larger animal models, however, is necessary to confirm these findings.
Swine provide a particularly suitable translational model owing to
their close anatomical, physiological, and genetic similarities to
humans. In pigs, Semaglutide exhibits a pharmacokinetic profile with a
half-life of about 46.1h following intravenous administration.®
Accordingly, we administered the drug twice weekly to maintain ther-
apeutic plasma concentrations and ensure consistent pharmacody-
namic action. Although this differs from the once-weekly regimen
used in humans, the approach accounts for interspecies differences in
metabolism and provides a pharmacologically relevant schedule for
the porcine model.

Akkermansia muciniphila.

whereas Semaglutide raised lactate and alanine. Only ForePass increased faecal

Conclusions: ForePass produced superior insulin sensitivity and weight outcomes
versus Semaglutide. Its distinct effects on glucose disposal, metabolomics, and micro-
biota support development as a reversible, incision-free endoscopic therapy that may

bridge the gap between pharmacological and surgical options for obesity and type

animal pharmacology, antiobesity drug, GLP-1 analogue, obesity therapy

The aim of this study was to compare the effects of biweekly sub-
cutaneous Semaglutide, at a per-kilogram dose exceeding the approved
clinical dosage, with those of the ForePass device and sham operation
in Landrace pigs. Over a 1-month treatment period, we evaluated
changes in insulin sensitivity, body weight trajectory, plasma metabolo-
mic profile, and gut microbiota composition. The primary endpoint was
insulin sensitivity, reflecting its central role in the pathophysiology of
obesity and T2DM. Weight gain was designated as the main secondary
endpoint; although clinically important, it was considered subordinate,
as improvements in insulin sensitivity provide a more direct mechanistic
measure of metabolic benefit. Additional secondary endpoints included
endogenous glucose production, disposition index, oral glucose rate of
appearance, plasma metabolomics, and faecal microbiota composition.

By prioritising insulin sensitivity while also evaluating body
weight, this study underscores the metabolic outcome most directly
linked to disease mechanisms, while addressing the clinically relevant
effect on weight regulation.

2 | MATERIALS AND METHODS
2.1 | Study design
2.1.1 | Sample size calculation

We planned a two-sided comparison of mean insulin sensitivity (S))
between ForePass (uy) and semaglutide (u4), assuming independent
groups with equal variance. Using a = 0.05 and power (1 — 8) = 0.80,
with expected means p, = 2.0 versus pq = 1.4 min"*pM~! and a
common SD (o) of 0.3, the detectable mean difference is
A = 0.6 min~Y-pM~1 (Cohen's d = A/SD = 2.0).

For a two-sample t-test:

2 2
202 (24_aj2 +21-)
Npergroup =—"—""—">5 "

A2
2(0.3)%(1.96+0.84)> 0.18.7.84
= = =3.92
(0.6)2 0.36

where u; and u, are the expected means for Semaglutide and
ForePass, respectively. o is the common standard deviation. A is the
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expected mean difference. z_(1 — a/2) = 1.96 is the standard normal
deviate for a two-sided test at a = 0.05. z_(1 — B) = 0.84 is the stan-
dard normal deviate for power = 0.80.

Rounding up the result, we require 4 pigs per group (total N = 8).
We added a sham-operated group as a control.

Experimental procedures were performed at the Animal House of
the Catholic University in Rome, ltaly, after approval from the Ethical
Committee for animal studies. Twelve full-sibling Landrace pigs
(6 months old) were included in the study to minimise genetic variabil-
ity. All animals were sourced from the same breeding facility and were
matched for age and genetic background. We chose standard Land-
race pigs to focus on the mechanistic effects of ForePass versus
Semaglutide in a physiologically relevant large-animal model. A unique
identification number was assigned to each animal, and a standard
diet (Crude protein 17.5%,; crude fibre 3.9%; crude fat 3.5%; ash 5.2%)
ad libitum was provided throughout the study. After 1 week of accli-
mation, pigs were randomly assigned to the Sham endoscopy (con-
trols), the Forepass, or Semaglutide groups.

2.2 | Semaglutide administration

To avoid vomiting, Semaglutide was administered subcutaneously
twice weekly with a stepwise dosing regimen: 0.2 mg twice weekly
during Days 1-7, followed by 0.4 mg twice weekly during Days 7-14,
and finally 0.6 mg twice weekly during Days 15-30.

2.3 | Endoscopic ForePass device implant and
Sham endoscopy

The ForePass medical device (Keyron Ltd., London, UK) combines a
silicone gastric balloon and a 60 cm expanded polytetrafluoroethylene
(ePTFE) intestinal sleeve (Figure 1A). The balloon occupies 2/3 of the
stomach volume (Figure 1B) and is connected to the sleeve through a
nitinol stent-like funnel. This design imitates gastric bypass by

ForePass device
(A) nitinol funnel

trans-pyloric stent
ePTFE-coated

~

gastric balloon

FIGURE 1

transporting food from the upper stomach to the intestines, reducing
food intake and minimising contact with the upper gut mucosa.

The device was positioned endoscopically with gastric CO, insuf-
flation. All endoscopic procedures were performed under general
anaesthesia and after an overnight fast. Anaesthesia was induced by
intramuscular injection of Midazolam (0.5 mg/kg) coupled with keta-
mine (10 mg/kg), followed by endotracheal intubation. Anaesthesia
was maintained by continuous intravenous infusion of diazepam
(0.5 mg/kg) and ketamine (5 mg/kg), with pulse oximetry monitoring
of heart rate and oxygen saturation.

The Sham endoscopy consisted of general anaesthesia, CO,
insufflation, and endoscopic manipulations of the same duration as for
the ForePass implantation.

24 | Oralglucose tolerance test

One month after the beginning of the study, an oral glucose tolerance
test (OGTT) was performed under general anaesthesia. After an over-
night fast, [6,6-2H,]-glucose was infused (priming dose: 32 pmol/kg;
infusion rate: 0.32 umol.kg~~.min™%) to measure endogenous glucose
production. After 2 h of isotope infusion (basal period), 75 g of glu-
cose, dissolved in saline solution and enriched with 0.9 g of [U*3C]-
glucose tracer, was injected in the stomach using a gastric catheter
positioned endoscopically. Samples for tracer enrichment, blood glu-
cose, plasma insulin, and C-peptide were taken at baseline, at 5, 10,
15, 20, and 25 min, and thereafter every 10 min until 180 min follow-
ing the glucose load.

Plasma glucose concentrations were determined by the glucose
oxidase method using a glucose analyser. Plasma insulin was mea-
sured by a porcine insulin ELISA (Mercodia, Uppsala, SE) with a detec-
tion limit of 1.15 (mU/L) and an intra- and inter-assay precision of
3.5% and 4.3%, respectively. Plasma C-peptide was measured by a
porcine C-peptide ELISA (Mercodia, Uppsala, SE) with a detection
limit of 10 (pmol/L) and an intra- and inter-assay precision of 3.6%
and 3.8%, respectively.

Fluoroscopic X-ray image

nitinol funnel

o
-

Design and anatomical positioning of the ForePass device in pigs. (A) Diagram of the ForePass device, consisting of a silicone

gastric balloon attached to an expanded polytetrafluoroethylene (ePTFE) intestinal sleeve. A nitinol-based funnel traverses the balloon and
anchors the proximal end of the sleeve. To ensure stability within the gastrointestinal tract, a trans-pyloric stent coated with ePTFE reinforces the
device's position. (B) Fluoroscopic x-ray image displaying the proximal components of the ForePass device in situ. The inflated gastric balloon, the
nitinol anchoring structure within the duodenum, and the positioning endoscope are clearly visible.
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2.5 | Glucose and C-peptide minimal models

Whole-body insulin sensitivity from the OGTT was computed using

the equations of the oral glucose minimal model’:

. R
{ G(t) = =S(G() — Gp) — S; - G(D) - Z(D) + %t)

Z®) =—p- (Z® - UM — 1))

G(0) =G, (@Y)
Z(0)=0 (2

where G is glucose concentration (G, baseline value), Z(t) is the
minimal model variable related to insulin action, R,(t) is the glucose
rate of appearance when dealing with the OGTT, | is plasma insulin
concentration and I, its baseline value.

S, Si, p, Vi are the estimated parameters in output of the glucose
minimal model.

Sg is fractional (i.e., per-unit distribution volume) glucose effec-
tiveness measuring glucose ability per se to promote glucose disposal
and inhibit the net hepatic glucose balance, S; corresponds to insulin
sensitivity, p is the rate constant of insulin action and Vg represents
the glucose distribution volume.

The profile of the insulin secretion rate (ISR) and the indexes of
B-cell sensitivity to glucose (the dynamic B-cell glucose sensitivity, ®g,
the static sensitivity, ®s, plus the total sensitivity (P)) were computed

by the C-peptide minimal model as proposed by Breda et al.*°

1112 g\ ggest that the parameters g and ®; have a

Investigations
cellular interpretation: @4 likely relates to exocytosis of insulin from
secretory vesicles docked to the membrane and @ reflects insulin
granule translocation and maturation.**>'* We have previously vali-
dated the minimal modelling in pigs.*®

The area under the curve (AUC) of ISR was computed by the
trapezoidal rule.

The disposition index (DI) was computed as @ x S,.

The parameters of the glucose and C-peptide minimal models
were estimated by minimization of a weighted least-squares index
using a constrained Levenberg-Marquardt minimisation routine of the
MATLAB library.

In these cases, a problem of parametric estimate occurs, that is, it
needs to determine an estimate of the vector 6 knowing the measures
of glucose z4, 2, ..., zy and the output of the model y(t).

The goal is to find a way to reduce the prediction error e(6) =Z-Y
so that Euclidean norm e(p) is minimum.

This problem is resolved by finding an estimator that minimises
the cost function:

z—3(0)]-W-[z—35(0)]"
z-z7

F(6)= ©)

where z is the vector with blood samples, g(0) is the output of
the model (glucose or C-peptide) in the same times of z and W a diag-
onal matrix containing weights.

To find the initial values of parameters, 6g, a fast-greedy algo-
rithm was implemented.

The standard errors of the estimates of individual parameters
were evaluated by the linearization method, and the coefficients of
variation were found to be <20%.

2.6 | GC/MS analyses of stable isotopes

Isotopic enrichments of uniformly labelled glucose were measured by
gas chromatography (GC)-mass spectrometry (MS) (Agilent technology
GC-7890/MS-5975; Santa Clara, CA, USA), equipped with a DB-5 col-
umn (J&W, Agilent, Santa Clara CA, USA). For the analysis, 100 pL of
plasma was deproteinized with 400 uL of methanol. Glucose was
extracted using a modified Folch extraction procedure and measured
after derivatization using acetic anhydride and pyridine, and enrich-
ment was evaluated by monitoring ions at m/z 202/200 and 205/200
for [6,6-2H,]-glucose and [U'°Cl-glucose, respectively.*® For all
GC/MS analyses, instrument response was calibrated using standards
of known enrichment.

2.7 | Stable isotope calculations

The percent of ingested glucose that appeared in the systemic
circulation was calculated from the plasma and OGTT glucose tracer-
to-tracee ratio and rate of appearance (R,) values using Steele's equa-
tion as described previously.!” Total (endogenous and OGTT-derived)
glucose R, into the systemic circulation, ingested glucose R,, and
endogenous glucose R, were calculated according to Reference [17].
Endogenous-glucose-production (EGP) was then computed as (total
R, — ingested R,).

28 | Metabolomics

The metabolomic plasma profile was evaluated by GC/MS.8 Briefly,
60 uL of plasma with internal standards was deproteinized with
300 pL of methanol. Polar metabolites were extracted using the Folch
extraction procedure.’® Amino acids and organic acids were measured
by GC/MS/MS (Agilent Technology GC-8890/MS-7000GC/TQ) after
methoxylation and derivatization using N-methyl-N-(tert-butyldi-
methylsilyl) trifluoroacetamide (MSTBSTFA, Sigma, USA).

For full quantification of selective organic acid, including lactate,
TCA cycle metabolites, and ketoacids, we used the uniformly labelled
13C- internal standard mix MSK-OA-1 Labelled Organic Acid Mix (CIL
Cambridge, MA, USA), while for amino acids quantification we used
the uniformly labelled *°C- internal standard mix MSK-A2-S Metabo-
lomics Amino Acid Mix standard (CIL Cambridge, MA, USA).

29 | Metabolomics

The metabolomic plasma profile was evaluated by GC/MS.8 Briefly,
60 uL of plasma with internal standards was deproteinized with
300 pL of methanol. Polar metabolites were extracted using the Folch
extraction procedure. Amino acids and organic acids were measured
by GC/MS/MS (Agilent Technology GC-8890/MS-7000GC/TQ) after
methoxylation and derivatization using N-methyl-N-(tert-butyldi-
methylsilyl) trifluoroacetamide (MSTBSTFA, Sigma, USA). Target
metabolites were quantified using a labelled internal standard mix
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(MSK-A2-S Metabolomics Amino Acid Mix standard, CIL Cambridge,
MA, USA and MSK-OA-1 Labelled Organic Acid Mix, CIL
Cambridge, MA, USA).

210 | Profiling of gut microbiota

Genomic DNA was extracted from 100 mg of faecal material using
repeated bead beating as previously described.'® The V4 region of the
16S rRNA gene was amplified in duplicate 25 pL reactions containing
50 ng of template DNA, with 200 nM of the 515F and 806R
primers,?° 0.4 mg/mL BSA, 5% dimethylsulfoxide, 0.15 pL of Accu-
Prime High Fidelity DNA Polymerase and Buffer Il (Invitrogen). Ther-
mocycling conditions consisted of an initial denaturation at 94°C for
2 min, followed by 25 cycles of denaturation at 94°C for 15 s, anneal-
ing at 52°C for 30s, and elongation at 68°C for 30 s, with a final
extension at 68°C for 2 min. PCR products were pooled per sample,
purified using the NucleoSpin Gel and PCR Clean-Up kit
(Macherey-Nagel), quantified with the Quant-iT PicoGreen dsDNA
assay (Invitrogen), normalised to 10 ng/pl, and pooled in equimolar
concentrations. The final amplicon pool was purified using the
AMPure XP Kit (Agencourt) and sequenced on the lllumina MiSeq
platform (V2 chemistry; 2 x 250 bp paired-ended reads).

Raw reads were merged, allowing up to five mismatches within
an overlap of 251-257 bp. Reads with more than one expected error
were excluded. Quality-filtered reads were de-duplicated and
de-noised using UNOISE3, and mapped as zero-radius operational
taxonomic units (zOTUs) using Usearch 11.0.067.2* Taxonomic classi-
fication of zOTUs was performed using DADA2's?? assignTaxonomy
function (minBoot = 50) against the SILVA reference database
v138.2% zOTUs representing <0.002% of total reads were discarded,
and the remaining data were scaled to the total read count per sample

prior to downstream analyses.

211 | Statistics
All the data are expressed as means + SEM unless otherwise specified.
We used non-parametric tests because many variables did not meet
the assumption of normal distribution and because the sample size
was small. The Friedman test was used for intragroup and the
Kruskal-Wallis test for intergroup comparisons with Bonferroni
adjustment for multiple comparisons. Statistical significance was set
at p <0.05.

Glucose fluxes were calculated using non-steady state equations
as previously described.*®

Glucose absorption time courses were available as group means
for ForePass, Semaglutide, and Sham. To approximate subject-level
data, 12 simulated subjects per group were generated, assuming a
coefficient of variation of 30% with multiplicative random noise,
inducing within-subject correlation. Group differences were expressed
as ratios to Sham, analyzed on the log scale to align with a percent-

based non-inferiority margin. Non-inferiority was defined as the

treatment/comparator ratio 20.80. One-sided 95% confidence
bounds were computed, and Holm's procedure was applied to adjust
for the two simultaneous non-inferiority tests.

Microbiota analyses were conducted in R (v4.2.2). zOTU-level
data handling and visualisation were performed using the phyloseq
package (v1.42.0). Differences in community composition between
groups were assessed using adonis2 (PERMANOVA) from the vegan

package (v2.6.2)**

on weighted and unweighted UniFrac distances
computed using the microViz R package (v0.12.7).2> Principal coordi-
nates analysis (PCoA) was used for ordination, and group separation
was evaluated via permutation testing (pseudo-F statistic). Alpha
diversity was assessed using Shannon diversity and observed zOTU
richness with the microbiome R package (v1.30.0) (‘Microbiome’ n.d.),
with group comparisons evaluated using the Wilcoxon rank-sum test.
Visualisations, including bar and box plots, were generated using
ggplot2 (v3.5.2) and ggsignif (v0.6.4).

Differential abundance of taxa was tested using Metadecon-
foundR (v1.0.2), with each treatment group compared individually to
the others. Associations between genus-level relative abundance
and host weight, as well as metabolic parameters, were also
assessed using MetadeconfoundR. Analyses were restricted to gen-
era present at 20.2% relative abundance in at least two samples.
Statistical significance was determined at a false discovery rate
threshold of Q <0.1.

3 | RESULTS

3.1 | ForePass improves Insulin Sensitivity and
reduces glucose and insulin responses more
effectively than Semaglutide

ForePass implantation led to profound improvements in glucose
metabolism, exceeding those observed with Semaglutide. During the
OGTT, the plasma glucose curve in ForePass-treated pigs was nearly
flat, indicating a striking reduction in postprandial glycaemic excur-
sions (Figure 2). This effect is consistent with delayed gastric empty-
ing and bypass of the duodenum and proximal jejunum induced by the
ForePass device.” The blunted glucose response was accompanied by
only a modest increase in plasma insulin and C peptide levels, suggest-
ing enhanced insulin sensitivity and a reduced need for insulin to

maintain normoglycaemia (Figure 2).

3.1.1 | Insulin sensitivity

Insulin sensitivity (S;) was significantly lower in pigs treated with
Semaglutide (1.34 + 0.21 min~1.pM~?) and in those undergoing sham
endoscopy (0.78 + 0.46 min~1-pM~1) compared to ForePass-treated
animals (2.75 + 0.37 min"1.pM~1), with both comparisons reaching
statistical significance (p = 0.043). These findings indicate that Fore-
Pass markedly improved insulin sensitivity. Results from the minimal

model analysis of the OGTT are summarised in Table 1.
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FIGURE 2 Postprandial glucose and insulin dynamics following ForePass treatment. Time-course of (A) plasma glucose, (C) plasma insulin,
and (E) plasma C-peptide concentrations following OGTT in pigs treated with ForePass (n = 4), Semaglutide (n = 4), or Sham endoscopy (n = 4).
Plasma glucose concentrations were significantly lower in the ForePass group compared with both Semaglutide and Sham. Plasma insulin
concentrations were significantly lower in both ForePass and Semaglutide compared with Sham, with no difference between ForePass and
Semaglutide. Few plasma C-peptide concentrations were significantly lower in ForePass compared with Sham. Significant time points identified
by repeated-measures ANOVA followed by Tukey's HSD are provided in Supplementary Table 1. Panels show the corresponding AUCs for
plasma glucose (B), insulin (D), and C-peptide (F). Glucose AUC was significantly lower in the ForePass group compared with both Semaglutide
and Sham (p <0.01). Insulin AUC was also reduced in ForePass and Semaglutide compared with Sham (p <0.05). Data are presented as mean

+ SEM. Statistical comparisons were performed using repeated-measures ANOVA with post hoc testing for the time-course analyses and

Kruskal-Wallis test with Bonferroni correction for AUC comparisons.

3.2 | ForePass reduces weight gain more than
Semaglutide

Throughout the study, all pigs were undergoing rapid physiological
growth. After 30 days, animals implanted with ForePass exhibited a

striking attenuation in weight gain compared to the other groups

(Figure 3). Final body weight in the sham group increased from 44.88

+0.72 kg to 66.00+0.71kg (p <0.0001), reflecting a 47% gain.
Semaglutide-treated pigs gained less weight, rising from 45.00 + 1.08
to 61.25 + 0.63 kg (p <0.0001), a 36% increase. In contrast, ForePass-
treated pigs showed a minimal increase in body weight, from 46.5
+1.56 to 48.50 + 1.67 kg (p = 0.017), corresponding to just a 4%
gain. In other words, over the 30-day period, ForePass-treated pigs
gained 32% less weight than those receiving Semaglutide and 43%
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TABLE 1 ‘Insulin Sensitivity and Secretion Data’.

ForePass Semaglutide
S x 10* (min~* x pM~Y) 2.75+0.37 1.34+0.21
S x 102 (min™Y) 2.05+0.51 1.42 +0.20
®s x 107 (min~Y) 40.95 + 6.96 32.39 +1.28
®p x 107 624 + 111.04 746.53 + 64.32
®; x 107 (min~Y) 47.78 £5.73 39.49 £ 1.42
AUC;s (nmol) 76.94 + 6.49 86.96 + 2.49

P P P
ForePass versus ForePass Semaglutide
Sham Semaglutide versus Sham versus Sham
0.78 + 0.46 0.043 0.043 NS
1.49 £ 0.43 NS NS NS
59.42 +9.78 NS NS NS
965.88 + 23.29 NS 0.021 0.021
64.58 + 8.45 NS NS 0.043
91.19 + 2.89 NS NS NS

Note: S, = insulin sensitivity; Sg = glucose effectiveness; @s specifically evaluates the responsiveness of B-cell insulin secretion to glucose, or B-cell
function, in a static condition, ®p specifically evaluates the responsiveness of B-cell insulin secretion to glucose, or B-cell function, in a dynamic condition;
®, parameter quantifies the first-phase pancreatic beta-cell's immediate response to the glucose challenge; AUC sr refers to the total insulin secretion
over the duration of the minimal model test, calculated as the area under the curve (AUC) of the estimated insulin secretion rate (ISR). alpha = 0. 05.
Between-group differences were assessed using the Kruskal-Wallis test, with Bonferroni adjustment for multiple comparisons.

P=0.0002

7% Food Intake
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3.0} N 30 days

Daily food intake (kg/day)

Sham ForePass

Semaglutide

FIGURE 3
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N 30 days
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Semaglutide

ForePass

Effects of ForePass and Semaglutide on food intake and body weight gain in pigs. (A) Daily food intake at baseline and after

30 days in sham-operated, Semaglutide-treated, and ForePass-treated pigs (n = 4 per group). Sham pigs exhibited a significant increase

(p = 0.0002), Semaglutide-treated pigs a modest increase (p = 0.011), while ForePass-treated pigs showed no significant change (p = 0.08).
Mean daily food intake over the treatment period was 26.5% lower in the Semaglutide group and 40.9% lower in the ForePass group compared
with sham controls. (B) Body weight at baseline and after 30 days. Sham pigs gained 47% of body weight (p <0.0001), Semaglutide-treated pigs
gained 36% (p <0.0001), whereas ForePass-treated pigs gained only 4% (p = 0.017). Data are presented as mean + SD.

less than sham controls. Semaglutide-treated pigs also showed
reduced weight gain, with an 11% decrease compared to the sham
group.

This represents a highly significant reduction of weight gain com-
pared with sham and Semaglutide, highlighting the superior effect of
ForePass in suppressing excess weight accumulation during a period
of active growth.

Sham pigs showed a marked increase in daily food intake, while
the Semaglutide group had a modest rise and the ForePass group
remained stable. Over the treatment period, average food intake was
reduced by 26.5% with Semaglutide and 41% with ForePass com-
pared to sham controls.

3.3 | Oralglucose rate of appearance

ForePass
absorbed 2.09 + 0.63 pmol/kg/min, and Semaglutide absorbed 3.50
+ 1.05 pmol/kg/min. The ForePass/Sham ratio was 0.67, with a two-

Sham absorbed on average 3.11 +0.93 umol/kg/min,

sided 95% confidence interval of approximately 0.55-0.81. The
Holm-adjusted one-sided lower bound was 0.55, which is below
the non-inferiority margin of 0.80, indicating that ForePass did not
demonstrate non-inferiority to Sham. The Semaglutide/Sham ratio
was 1.13, with a two-sided 95% confidence interval of approximately
0.93-1.37. The Holm-adjusted one-sided lower bound was 0.93,
above the 0.80 margin, indicating that Semaglutide was non-inferior
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to Sham. ForePass absorbed roughly one-third less glucose than
Sham. Therefore, ForePass absorbed ~30% less glucose than Sham

and ~40% less than Semaglutide.

3.4 | |Insulin secretion

Total insulin secretion, measured as the area under the curve (AUCsg)
of insulin secretion during the OGTT, was 86.96+2.49 nmol in
Semaglutide-treated pigs and 91.19 + 2.89 nmol in sham-operated ani-
mals, both of which were not significantly different from ForePass-
treated pigs (AUCisg =76.94 +6.49 nmol). However, dynamic B-cell
glucose sensitivity (Py), an indicator of insulin secretory response to
rising glucose, was significantly higher in the Semaglutide and sham
groups compared with the ForePass group. Specifically, ®y4 values
were 746.53+64.32 and 965.88+23.29 (x10°) in the Semaglutide
and sham groups, respectively, versus 624.00+111.04 (x10°) in the
ForePass group (p =0.021 for both comparisons vs. ForePass). There-
fore, while Semaglutide, as expected, increased insulin secretion,
ForePass did not, most likely because of reduced glucose absorption
and improved insulin sensitivity.

This suggests that the increase in insulin secretion by B-cells is
primarily driven by dynamic adaptations in their glucose sensitivity,
allowing them to compensate for reduced peripheral insulin sensitiv-
ity. Rather than a static increase in insulin output, B-cells appear to
modulate their responsiveness to glucose, enhancing insulin release in

proportion to the prevailing level of insulin resistance.

3.4.1 | Disposition index

Pigs treated with Semaglutide (DI = 52.81 %+ 8.02 pM~t-min™2) or
subjected to sham endoscopy (DI = 39.13 + 16.19 pM~1min~2)
exhibited significantly lower DI values compared to the ForePass
group, which achieved the highest value driven by markedly enhanced
(DI = 135.38 £ 29.48 pM~Lmin~2; p =0.043
vs. both Semaglutide and Sham).

insulin  sensitivity

3.5 | ForePass more effectively suppresses
endogenous glucose production than Semaglutide

EGP, a key determinant of fasting and postprandial glucose levels, was
significantly reduced by both ForePass and Semaglutide compared to
Sham controls. However, the magnitude of suppression was substan-
tially greater with ForePass. Specifically, EGP in the ForePass group

was reduced to 4.60 + 0.39 pmol-pmol~*min~*

, representing more
than a 50% reduction relative to Sham-treated pigs (9.38
+1.16 pmol-pmol~min~%; p <0.0001). Semaglutide treatment also
lowered EGP significantly (8.55 * 2.28 pumol-pmol~tmin~%; p = 0.027
vs. Sham), but the effect was notably weaker than that achieved with
ForePass (p <0.0001 for ForePass vs. Semaglutide).

These findings suggest that ForePass induces a more profound

suppression of hepatic glucose output, likely due to enhanced insulin

sensitivity, altered nutrient delivery, and reduced stimulation of intes-

tinal gluconeogenesis.

3.6 | The metabolomics profile is more favourable
for ForePass than for Semaglutide

Untargeted metabolomic profiling, performed in 3 pigs rather than in
4 pigs in the Semaglutide group due to technical problems, revealed
treatment-specific alterations in circulating polar metabolites. PCA of
plasma metabolite data showed a distinct separation between groups,
indicating a global shift in systemic metabolism driven by the interven-
tions (Figure 4A). ForePass-, Semaglutide-, and sham-treated pigs each
clustered separately, suggesting differential metabolic reprogramming
depending on treatment modality.

In the ForePass group, 14 metabolites were significantly altered
compared with Sham controls (Figure S1 in Supplementary Materials).
Notably, ForePass was associated with increased plasma concentra-
tions of several amino acids, including histidine, isoleucine, leucine,
lysine, phenylalanine, serine, threonine, tyrosine, and valine, as well as
alpha-hydroxybutyrate, as highlighted in the heat map (Figure 4B).
These changes may reflect a metabolic shift towards enhanced amino
acid availability and changes in substrate utilisation.

In contrast, Semaglutide-treated pigs exhibited higher plasma
levels of alanine, glutamic acid, glycine, tryptophan, citric acid, and lac-
tate compared with ForePass-treated animals (Figure 4B), pointing to
a distinct metabolic response, possibly associated with altered glyco-
lytic and tricarboxylic acid cycle (TCA) cycle flux.

Lactate levels, fully quantified using U-'3C-lactate as an internal
standard, were significantly lower in the liver of the ForePass group
compared with sham-operated pigs (1985.66 vs. 3993.07 umol/L;
p = 0.016), suggesting reduced hepatic glycolytic flux or increased
oxidative metabolism following duodenal/jejunal exclusion.

The observed changes in TCA intermediates align with the known
metabolic flexibility of the TCA cycle. The cycle's intermediate pool is
tightly regulated to maintain oxidative capacity across a wide range of
energy states, including phases of active growth or caloric restriction.
Despite reduced caloric intake with Semaglutide and ForePass, energy
expenditure remained elevated due to the physiological demands of
growth, suggesting the activation of compensatory metabolic mecha-
nisms to sustain energy balance.

Prior studies?® have shown that leucine flux remains stable during
short-term caloric restriction when protein intake is preserved. In our
study, despite reduced energy intake, protein intake was maintained
at approximately 1.2 g/kg/day, which may have supported amino acid

availability while shifting energy metabolism towards alternate fuels.

3.7 | Gut microbial diversity and composition are
differentially affected by Forepass and Semaglutide

To assess the impact of ForePass and Semaglutide treatments on gut
microbial ecology, we profiled the V4 region of the 16S rRNA gene in
faecal samples.
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among the ForePass, Semaglutide, and Sham-operated groups, indicating distinct metabolic signatures. (B) Heatmap of unsupervised
hierarchical clustering of plasma metabolite profiles across the same three groups, highlighting group-specific patterns and metabolite-level

differences.

ForePass-treated animals showed no significant changes in alpha
diversity relative to Sham controls (Wilcoxon rank-sum; p = 0.7 for
Shannon index; p = 0.5 for observed zOTUs), while Semaglutide sig-
nificantly reduced alpha diversity compared to both Sham and Fore-
Pass (Wilcoxon rank-sum; Shannon index: Sham vs. Semaglutide
p = 0.03, ForePass vs. Semaglutide p = 0.03; observed zOTUs: Sham
vs. Semaglutide p = 0.06 and ForePass vs. Semaglutide p = 0.03)
(Figure 5A,a,b). These results suggest that Semaglutide had a more
substantial impact on the gut ecosystem, leading to more constrained
and less diverse microbial communities in the pigs.

Consistent with the reduced alpha diversity, beta diversity ana-
lyses revealed marked compositional shifts between treatment groups
as measured by both weighted UniFrac and unweighted UniFrac dis-
(PERMANOVA; R?=0.68, p=0.0003 and R?=0.51,
p = 0.0004, for weighted and unweighted UniFrac, respectively;

tances

Figure 5A,c,d). PCoA showed that the Semaglutide group was sepa-
rated from both the Sham and Forepass groups along the first axis. In
contrast, the second axis, explaining a smaller amount of composi-
tional variance, separated Sham animals from those receiving either
ForePass or Semaglutide. The separation was most pronounced using
weighted UniFrac, suggesting that differences in relative abundance,
rather than the mere presence/absence of taxa, underlie the observed

results.

3.8 | ForePass and Semaglutide influence the
relative abundance of different taxa linked to
metabolic parameters

Analysis of differentially abundant taxa in ForePass and Semaglutide
treatment groups compared to controls showed that ForePass and
Semaglutide influenced the abundance of distinct taxa (Figure 5A,a,b).
The ForePass group exhibited an increased relative abundance of sev-
eral taxa associated with metabolic health, including Christensenella,
Bifidobacterium, and Intestinibacter, as well as Ruminococcus and multi-
ple members of the Oscillospiraceae family (Figure 5A,b). In contrast, in
Semaglutide-treated pigs, many genera with relatively high abundance
in Sham and ForePass were substantially depleted, while few taxa
from Firmicutes and Proteobacteria bloomed. These included Clostrid-
ium sensu stricto 1, Kurthia, Escherichia-Shigella, Enterococcus, Rom-
boutsia, Acinetobacter, and Stenotrophomonas (Figure 5A.b).

Taxa increased in ForePass, such as Akkermansia and Bacteroides,
correlated significantly (p <0.05) with improved glycemia outcomes,
including reduced glucose AUC and lower fasting insulin levels. How-
ever, the taxa that increased or decreased after Semaglutide treat-
ment did not associate with the metabolic effects of the treatment,
thus reinforcing the link between ForePass and a metabolically favor-

able microbial signature.
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FIGURE 5 (A) Gut microbiome diversity and composition in Sham, ForePass, and Semaglutide groups. Alpha diversity estimated using

Shannon diversity (a) and observed zOTUs (b). Pairwise Wilcoxon. *p <0.05 principal coordinates analysis (PCoA) of beta diversity based on
zOTUs, calculated using weighted UniFrac (c) and unweighted UniFrac distances (d). (B) Differentially abundant taxa in Sham, ForePass, and
Semaglutide groups. (a) Stacked bar plots showing the relative abundance of the top 25 bacterial genera in the gut microbiota of the three
experimental groups. n = 4 pigs per group. (b) Relative abundance of selected bacterial genera across experimental groups (enriched taxa in both
ForePass and Semaglutide, specified up to genus level). Pairwise Wilcoxon. *p <0.05.

Our results (Figure 6) also suggest that the decrease in
community complexity following Semaglutide treatment might favor
stress-tolerant and opportunistic taxa (such as Escherichia-Shigella,
Enterococcus, and Acinetobacter), potentially reflecting shifts in nutri-

ent gradients and gut motility.

4 | DISCUSSION
The ForePass device is a novel endoscopic approach that reduces gas-
tric volume by about two-thirds while diverting nutrients past the

duodenum and proximal jejunum, thereby reproducing some of
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the mechanisms of BPD. BPD is among the most effective metabolic
surgeries, producing diabetes remission and substantial weight
loss,>~® and is currently indicated for patients with BMI 240 kg/m2 or
»35 kg/m? in the presence of comorbidities.”

In our study, ForePass surpassed Semaglutide in improving insulin
sensitivity, attenuating weight gain, and inducing favourable metabo-
lomic and microbiota changes in growing pigs. Semaglutide was
administered biweekly at a per-kilogram dose higher than the
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approved clinical regimen, based on pharmacokinetic data in swine.®
Despite this intensified schedule, its effects remained less pronounced
than those of ForePass. The device not only slowed gastric emptying,
as previously shown in rodents,” but also diverted nutrients away
from the foregut, thereby reducing carbohydrate absorption. Consis-
tently, the rate of glucose appearance following oral gavage was
about 30% lower with ForePass than with sham or Semaglutide.

The limitations of pharmacological therapy underscore the value
of alternative strategies. Current ADA and EASD guidelines recom-
mend maintaining HbA1c <7% (<53 mmol/mol) to minimise diabetes

| 29,30

complications,?® yet only 40%-54% of patients achieve this goal.

Even with GLP-1 receptor agonists, two-thirds of patients fail to reach
HbA1c <7% after 6 months, and fewer than half achieve 25% weight
loss, with only a quarter losing 210%.%' Moreover, Semaglutide's
weight-reducing effect is halved in individuals with type 2 diabetes.>?
Tirzepatide achieves greater weight loss but remains less effective in
diabetic than in non-diabetic patients.>33* These observations high-
light the need for interventions that act beyond weight reduction to
improve insulin sensitivity and glucose control.

The duodenum has emerged as a central regulator of metabolic
homeostasis, influencing appetite, gastric emptying, hepatic glucose

output, and islet hormone secretion through nutrient sensing and
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neurohormonal pathways.®®> Diet-induced villus hyperplasia, as seen
in obese and prediabetic mice, enhances nutrient absorption while

3¢ In our model, ForePass

impairing enteroendocrine regulation.
directly addressed these mechanisms: it not only limited weight gain
but also improved insulin sensitivity more robustly than Semaglutide.
Consistent with human data from the SUSTAIN 1-3 trials, the modest
effect of Semaglutide on insulin resistance was largely mediated by
weight reduction.3” ForePass, by contrast, combined weight attenua-
tion with exclusion of the duodenum and proximal jejunum, targeting
glucose absorption and insulin resistance through mechanisms resem-
bling BPD.

Metabolic profiling further underscored these differences. Fore-
Pass animals exhibited significantly lower hepatic lactate levels, sug-
gesting enhanced oxidative metabolism. Because the liver clears

about 70% of systemic lactate,®

elevated concentrations usually
reflect reduced oxidation of lactate to pyruvate and diminished TCA
cycle entry. During rapid growth, when energy demand is high, Fore-
Pass pigs with lower intake appeared to shift towards ketone and
amino acid metabolism for ATP generation (Figure S2). This interpre-
tation was supported by lower insulin levels during OGTT and higher
circulating ketone bodies, pointing to increased lipolysis and reliance
on fat-derived fuels. Such adaptations favor glucose sparing and prior-
itise ketones for energy-intensive tissues. Reduced protein oxidation
may also have contributed, possibly through downregulation of
branched-chain 2-oxoacid dehydrogenase, the rate-limiting enzyme in
BCAA catabolism, thereby preserving circulating amino acids.

By contrast, Semaglutide was associated with higher lactate and
alanine flux into pyruvate, while aspartate contributed via oxaloace-
tate. Other substrates, including glycine, proline, and tryptophan, fed
into gluconeogenic or redox pathways and the kynurenine pathway,
consistent with a distinct metabolic strategy (Figure S2).

Gut microbiota composition also diverged between groups. Sema-
glutide reduced microbial diversity and enriched stress-tolerant and
opportunistic genera such as Escherichia-Shigella, Enterococcus, and
Acinetobacter.%’ ForePass, in contrast, preserved microbial richness
and increased taxa linked to metabolic health. These findings parallel
rodent studies in which liraglutide or dual GLP-1/GLP-2 agonists
reduced diversity and favored

low-abundance, inflammation-

associated taxa.*® Notably, Akkermansia muciniphila, enriched after

Semaglutide in rodents and humans,**?

was increased only in Fore-
Pass pigs. Given its role in mucosal integrity and hepatic gluconeogen-
esis, Akkermansia may explain the greater suppression of endogenous
glucose production and stronger improvement DI with ForePass.

Such differences likely reflect species-specific features of gut
ecology. Although pigs and humans share many physiological and ana-
tomical traits, such as a comparable ratio of intestinal length to body
size, they diverge in others, including a prominent gastric diverticulum
and a spiral colon, which create unique microbial niches.**** Rodents
differ even more markedly, limiting their translational value.*> Our
results therefore suggest that pigs capture clinically relevant ecologi-
cal effects of Semaglutide more accurately than rodent models.

This study has several limitations: the intervention period was

short, outcomes reflected attenuated weight gain rather than weight

loss, metabolomic profiling included only three Semaglutide animals,
and the absence of baseline microbiota profiles limits causal inference
for microbial shifts. However, the findings are robust, utilising a
thorough, multi-modal approach that included randomised group
assignment with a sham control, standardised husbandry and diet,
isotope-tracer OGTT with non-steady-state modelling to quantify
glucose fluxes, a clearly defined primary endpoint (insulin sensitivity)
corroborated by EGP suppression, DI, and glucose appearance AUC,
and parallel metabolomic and 16S rRNA profiling analysed with appro-
priate statistics. The consistency and magnitude of effects across
these independent modalities strengthen the overall conclusions
despite the noted constraints.

From a translational perspective, ForePass may be particularly
valuable for patients with obesity complicated by insulin resistance
and type 2 diabetes. In these individuals, the device reduced intestinal
glucose absorption and hepatic glucose production, addressing both
peripheral and hepatic insulin resistance—features often inadequately
targeted by incretin-based therapies. ForePass could also benefit
patients with progressive weight gain despite pharmacotherapy or
those unable to tolerate GLP-1 receptor agonists. Its minimally inva-
sive and reversible nature further supports use in individuals at high
surgical risk or unwilling to undergo bariatric surgery.

In conclusion, ForePass demonstrated superior efficacy compared
with Semaglutide in improving insulin sensitivity, limiting weight gain,
and favourably modifying metabolic and microbial profiles. While
Semaglutide was more effective than Sham, its impact was substan-
tially lower than that of ForePass. These findings support further clini-
cal evaluation of ForePass as a reversible, incision-free endoscopic
therapy that may bridge the gap between pharmacological and surgi-
cal options for obesity and type 2 diabetes.
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