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Abstract

Background/Objectives Changes in gut hormone secretion are important for the anti-diabetic effects of bariatric surgery.
Roux-en-Y gastric bypass (RYGB) with extended biliopancreatic limb (BPL) length may improve the metabolic outcomes
when compared to the classical procedure. The purpose of this study was to compare the gut hormone responses to a liquid
mixed meal after RYGB with one of two different BPL lengths.

Subjects/Methods Non-diabetic weight-stable individuals previously submitted to classical RYGB (n =9; BPL length:
87.8 £20.5 cm) or long BPL RYGB (n = 11; BPL length: 200 cm) underwent a liquid mixed-meal tolerance test (MMTT).
Blood was sampled at baseline and 15, 30, 45, 60, 90 and 120 min later for measurement of plasma glucose, enteropancreatic
hormones and total bile acids (TBA).

Results Plasma glucose excursion curves were similar in the two groups. The long BPL RYGB group displayed significantly
higher fasting and post-prandial GLP-1 (f = 0 min, p = 0.01 and # = 45 min, p <0.05; tAUC: 11,205 + 3399 vs 7889 + 1686
pmol/L x min, p = 0.02) and neurotensin (f = 0 min, p = 0.02; =45 min, p <0.05 and = 60 min, p <0.01; tAUC: 18,392
+7066 vs 11,437 +£3658 pmol/L x min, p =0.02) levels, while responses of GIP (#=15min, p <0.01), insulin and C-
peptide (¢ =30 min, p <0.001) were lower as compared to classical RYGB. There were no differences in glucagon, PP, PYY
and TBA between the groups.

Conclusions RYGB with a longer BPL results in a distinctive post-prandial hormone profile with augmented GLP-1 and
neurotensin responses that could be beneficial for the metabolic outcomes of the surgery.

Introduction in inducing considerable weight loss but also in improving
obesity comorbidities and particularly type 2 diabetes (T2D)

Bariatric surgery, originally developed for severe obesity  [I, 2].

treatment, appears to be the most effective therapy not only Roux-en-Y gastric bypass (RYGB) surgery is a bariatric

procedure extensively performed worldwide. RYGB results

in a substantial and sustained weight loss, which was ori-

ginally thought to be a consequence of the restrictive

< Mariana P. Monteiro

mpmonteiro@icbas.up.pt component derived from the creation of a small gastric
pouch and the moderate malabsorption secondary to the
Clinical and Experimental Endocrinology, Department of partial exclusion of the digestive tract [3], although later the
Anatomy, Unit for Multidisciplinary Research in Biomedicine, role of endocrine and metabolic chanees induced by the
Abel Salazar Institute of Biomedical Sciences, University of Porto, . R g y.
Porto, Portugal operation also became evident [4]. RYGB surgery provides

significant weight loss and T2D improvement in patients
with a body mass index (BMI) <50 kg/mz, with a side-effect
NNF Center for Basic Metabolic Research & Department of proﬁlfl: that ]s. m.0r6 favourable when Compa:tr.ed to m01.‘e
Biomedical Sciences, Faculty of Health Sciences, University of effective bariatric procedures, such as biliopancreatic
Copenhagen, Copenhagen, Denmark diversion (BPD) or the duodenal switch (DS) [5].

Department of Clinical Biochemistry, Rigshospitalet, University of In patients with T2D, weight loss is known to have pro-
Copenhagen, Copenhagen, Denmark found effects on glucose metabolism [6]. Still, after

Department of General Surgery, Centro Hospitalar de Entre o
Douro e Vouga, Santa Maria da Feira, Portugal

Published online: 24 May 2018 SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0117-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0117-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0117-y&domain=pdf
http://orcid.org/0000-0002-0797-3417
http://orcid.org/0000-0002-0797-3417
http://orcid.org/0000-0002-0797-3417
http://orcid.org/0000-0002-0797-3417
http://orcid.org/0000-0002-0797-3417
http://orcid.org/0000-0002-0662-1831
http://orcid.org/0000-0002-0662-1831
http://orcid.org/0000-0002-0662-1831
http://orcid.org/0000-0002-0662-1831
http://orcid.org/0000-0002-0662-1831
mailto:mpmonteiro@icbas.up.pt

B. G. Patricio et al.

procedures such as RYGB and BPD-DS, improvement in
T2D is frequently observed before significant weight loss has
occurred and the rate of T2D remission is higher than pre-
dicted for the extent of the weight reduction [7]. To explain
the glycaemic effects of the surgeries two non-mutually
exclusive hypotheses were raised, stating that these could be
either triggered by excluding the proximal small gut from the
intestinal transit or alternatively by the rapid delivery of
nutrients to the distal intestine [8—10]. In both cases, the
metabolic effects of bariatric surgery would be mediated by
distinctive changes induced in the gastrointestinal (GI) hor-
mone secretion profile [11]. In particular, RYGB would
attenuate the release of GI hormones from the proximal gut,
such as glucose-dependent insulinotropic peptide (GIP), while
stimulating the secretion and release of distal GI hormones,
such as glucagon-like peptide-1 (GLP-1), peptide YY (PYY)
and neurotensin (NT) [12-14]. In fact, favourable changes in
GI hormone secretion after RYGB were extensively docu-
mented, suggesting that the surgery induces an anorexigenic
and anti-diabetic hormonal profile [15]. Thus, by changing the
length of the biliopancreatic limb (BPL) in RYGB, the gut
hormone profile could theoretically be tailored.

Therefore, several surgical modifications involving var-
iations of the different limb lengths were proposed to
improve the outcomes of RYGB surgery in terms of weight
loss and resolution of metabolic comorbidities. Among
these, RYGB with longer BPL was implemented with
encouraging weight loss and anti-diabetic outcomes [3, 16,
17]. However, the effect of these interventions on the post-
prandial hormone responses had not been characterized.
Therefore, the objective of this study was to compare the GI
hormone profiles in response to a mixed meal in subjects
submitted to RYGB with two different BPL lengths.

Materials and methods
Participants

Subjects included in the study were selected among the
post-bariatric surgery cohort under routine follow-up in a
single bariatric centre at Hospital de Sao Sebastido, Centro
Hospitalar de Entre o Douro e Vouga (CHEDV), Portugal.
The study protocol and the patient information leaflet were
approved by the CHEDV Institutional Ethical Review
Board. Written informed consent was obtained from all
participants before enrolment and the study was conducted
according to the National Data Protection regulations.

Study design

Eligible subjects were selected from our prospective data-
base of post-bariatric patients (rn=2780) and invited to
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participate in the study. Patients who accepted and met the
established criteria were intentionally allocated to the two
study groups in order to be matched according to the clin-
ical and anthropometric postoperative features (Table 1).
Subjects previously submitted either to a classical RYGB
procedure (n=9) or to a RYGB variant procedure with a
longer BPL (n=11), respectively, 3.8 +2.1 or 44+1.7
years earlier, were enrolled. Exclusion criteria included past
medical history of T2D or glucose intolerance, pregnancy
and fasting plasma glucose >7.0 mmol/L. All participants
had been weight-stable for at least 6 months before the
study, had no past medical history suggestive of early or
late dumping syndrome and met the established criteria for
bariatric surgery before the operation [18].

For the mixed-meal tolerance test (MMTT), a standar-
dized commercially available liquid meal (Fresubin
Energy Drink, 200 mL, 300 kcal [SOE% carbohydrate, 15E
% protein, and 35E% fat]; Fresenius Kabi Deutschland,
Bad Homburg, Germany) was ingested over a maximum
period of 15 min after a 12-h overnight fast. Venous blood
was sampled before and at regular intervals after the meal
for a total of 2h (0, 15, 30, 45, 60, 90 and 120 min).
During the MMTT, participants were kept in a seated
reclined position.

Surgical procedures

All surgeries were performed at the Department of General
Surgery of CHEDYV, using a standard laparoscopic RYGB
technique only differing in the BPL length: 87.8 +20.5 cm
(minimum 60 cm and maximum 90 cm) for the classical
procedure and 200 cm for the long BPL RYGB variant,
both with a constant 120-cm alimentary limb, as previously
described [3]. Patients had been previously submitted to
either surgical technique in a non-random way decided at
the time of the procedure based on subjects’ anatomical and
clinical features according to the surgeon's preference (MN,
MGQG).

The RYGB procedure involved the creation of a 15-mL
gastric pouch by transecting the lesser curvature of the
stomach distally to the cardia between the second and third
vascular branch of the small gastric curvature, with a 45-
mm endoscopic articulating linear cutter (Endopath ETS
3.5 mm; Johnson and Johnson, NJ, USA). Then, the sto-
mach was intubated with a 36-Fr bougie and transected
again vertically in the direction of the cardia. Afterwards, a
calibrated (8—12mm) gastro-enteric anastomosis, gastro-
jejunal for classical or gastro-ileal for the long BPL, was
made with a 45-mm linear stapler (Endopath ETS 2.5 mm;
Johnson and Johnson, NJ, USA) and completed with a
manual suture (Ethibond 2-0; Johnson and Johnson, NJ,
USA). An ileal-ileal anastomosis was then performed with
a 45-mm linear stapler (Endopath ETS 2.5 mm; Johnson
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Table 1 Anthropometric and

metabolic characteristics Classical BPL Long BPL p-Value
N (% of total) 9 (45%) 11 (55%) -
Gender (men/women) 1/8 (11%/89%) 1710 (9%/91%) 0.88
Age (years) 42+9 47+7 0.14
Preoperative body weight (kg) 111£5 105+4 0.34
Preoperative BMI (kg/m?) 41.8+1.1 40.6+0.9 0.40
Postoperative body weight (kg) 74.8+8.5 67.5+8.3 0.07
Postoperative BMI (kg/m?) 28.1+2.3 262+2.8 0.12
EBL (%) 81.7+14.3 93.1x18.0 0.14
TWL (%) 325+2.0 353+2.0 0.38
Postoperative HOMA-IR 14+0.6 1.2+x04 0.41
Postoperative HOMA-B (%) 110.5+25.6 1155732 0.85
OGIS (mL x min~! x m?) 408 £9 449+ 12 0.02%
Postoperative time (years) 3.8+2.1 44+1.7 0.51
BPL length (cm) 8820 200 <0.0001****

Anthropometric and metabolic characteristics of subjects previously submitted to classical RYGB (n =9) or
long BPL RYGB (n = 11) both at the time of the surgery (preoperative) and at the time of the mixed meal
(postoperative). Data are presented as means + SD or number (%) as appropriate, *p <0.05, ****p <(0.0001
vs classical BPL RYGB (unpaired #-test)

The p-values in bold are the ones considered as significantly different between the groups.

BMI body mass index, EBL excess BMI loss, TWL total weight loss, HOMA-IR Homeostasis Model
Assessment for Insulin Resistance, HOMA-f Homeostasis Model Assessment for f-cell function, OGIS oral
glucose insulin sensitivity index, BPL biliopancreatic limb

and Johnson, NJ, USA) and completed with a manual suture
(Ethibond 2-0; Johnson and Johnson, NJ, USA), thus
creating a 60 or 200-cm BPL depending on the procedure,
with a 120-cm alimentary limb (Fig. 1). This omega gastric
bypass was then transformed into a RYGB by transecting
the small intestine between the gastro-enteric and the
entero-enteric anastomosis.

Biochemical measurements

Venous blood was collected from a catheter placed in a
cubital vein into chilled EDTA tubes (S-Monovette® 7.5
mL, K2 EDTA Gel, 1.6 mg/mL, Sarstedt), centrifuged
(Rotina 380R, Hettich, 2500 x g) and plasma stored frozen
in Cryotubes (—20°C) pending analyses.

Plasma glucose was measured by the glucose oxidase
method using a glucometer (YSI model 2300 STAT Plus;
Yellow Springs Instruments, Yellow Springs, OH). Plasma
samples for GLP-1, GIP, glucagon, PYY, pancreatic poly-
peptide (PP), and NT were extracted with ethanol (final
concentration of 70%) prior to analysis.

Total GLP-1 was measured as described previously [19]
using a C-terminal specific radioimmunoassay (RIA, anti-
serum 89390) which reacts with both intact GLP-1 and its
primary N-terminally truncated metabolite. Total GIP was
measured using the antiserum 867 directed at the C-terminal
[20]. The glucagon assay was directed against the C-

terminus of the glucagon molecule (antiserum 4305),
therefore measuring glucagon of pancreatic origin [21]. RIA
for total Peptide YY (PYY) in plasma was performed using
a monoclonal antibody MAB8500 (Abnova, clone RPY-
B12), which reacts equally well with PY_35 and PYY3_3¢
[22]. Total NT was measured (antibody code 3D97) [23] as
previously described [24]. PP was assayed using a mono-
clonal antibody HYB 347-07 (Statens Serum Institut,
Copenhagen, Denmark), synthetic human PP (7TM Pharma
A/S, Denmark) as standard and 125_pp (Perkin Elmer,
Massachusetts, USA) as tracer. All plasma samples were
handled identically and assayed in duplicate in one batch.
For all assays, the free and bound moieties were separated
with plasma-coated charcoal (E. Merck, Darmstadt, Ger-
many). Intra-assay coefficients of variation were below 6%
at 20-30 pmol/L.

Insulin and C-peptide levels were determined by elec-
trochemiluminescence sandwich immunoassays on a Cobas
8000 e602 module (Roche Diagnostics, Mannheim, GmbH)
according to the manufacturer’s instructions. The coeffi-
cients of variation were below 5% and 8% for insulin and
C-peptide, respectively, using liquid human serum-based
controls (Liquichek™ Immunoassay Plus Control; Bio-
Rad).

The total bile acid (TBA) content was measured using a
commercial assay kit (Total Bile Acid Assay Kit, STA-631;
Cell BioLabs, Inc., San Diego, CA, USA).

SPRINGER NATURE
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Fig. 1 a Short biliopancreatic limb (S-BPL) RYGB (classical RYGB) and b long biliopancreatic limb (L-BPL) RYGB

Calculations and statistical analysis

Data are presented as mean + standard error of the mean
(SEM) for figures and mean + standard deviation (SD) for
tables unless stated otherwise.

Total area under the curve (tAUC) was calculated using the
trapezoidal rule. Excess BMI loss (EBL) was calculated using
the formula (preoperative BMI — postoperative BMI)/(pre-
operative BMI — 25) x 100%. Insulin resistance was esti-
mated by the homeostasis model assessment of insulin
resistance (HOMA-IR) and calculated according to the for-
mula [fasting glucose (mmol/L) x fasting insulin (mIU/L)/
22.5]. Pancreatic B-cell function was measured by the HOMA
of p-cell function (HOMA-) and was calculated according to
the formula [20 x fasting insulin (mIU/L)/fasting glucose
(mmol/L) — 3.5] [25]. To assess post-prandial insulin sensi-
tivity based on the carbohydrate content of the mixed meal,
oral glucose insulin sensitivity index (OGIS) was used as
previously described [26].

The D’Agostino-Pearson test was used to verify the
normality of the data. Clinical and anthropometric features,
as well as fasting concentrations and areas under the curve
(AUC) for the two groups, were compared with an unpaired
two-tailed r-test. Comparisons between timepoints during
the MMTT were performed using a two-way analysis of
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variance (ANOVA) with Sidak’s post hoc multiple com-
parisons test. p-Values <0.05 were considered significant.
All statistical analyses were performed using GraphPad
Prism version 6.01 for Windows (GraphPad Software, La
Jolla, California, USA).

Results
Demographic data

Twenty subjects previously submitted to RYGB with a
classical BPL (n =9, 1 man and 8 women) or long BPL (n =
11, 1 man and 10 women) were included in the study. At the
time of the MMTT, there were no significant differences
regarding age, body weight, BMI, total weight loss (TWL),
EBL, HOMA-IR, HOMA-f and time elapsed since surgery,
except for the lengths of the BPL that were significantly
different between the groups (p < 0.0001); there were also no
differences in preoperative body weight or BMI (Table 1).

Fasting state

Fasting glucose, pancreatic and gut hormones were not
significantly different between the groups, except for GLP-1
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Table 2 Fasting glucose and enteropancreatic hormone concentrations

Classical BPL Long BPL p-Value
Glucose (mmol/L) 5.1x£0.3 47+0.6 0.18
GLP-1 (pmol/L) 129+7.2 24.8+10.8 0.01%*
GIP (pmol/L) 73%2.6 9.5+44 0.20
Glucagon (pmol/L) 6.4+29 8.4+39 0.22
Insulin (pmol/L) 46.0+18.4 41.0+15.7 0.52
C-peptide (pmol/L) 557.8+114.8 484.4+96.9 0.14
PP (pmol/L) 5.6+3.1 7.6+5.8 0.35
PYY (pmol/L) 120+7.8 7.4+63 0.16
NT (pmol/L) 8.7+52 16.6 8.0 0.02*
TBA (umol/L) 2.0+05 3013 0.06

Fasting glucose and hormone concentrations in subjects previously
submitted to classical RYGB (n=9) or long BPL RYGB (n=11).
Data are presented as means + SD, *p <0.05 vs classical BPL RYGB
(unpaired r-test)

BPL biliopancreatic limb, GLP-1 glucagon-like peptide-1, GIP
glucose-dependent Insulinotropic peptide, PP pancreatic polypeptide,
PYY peptide YY, NT neurotensin, 7BA total bile acids

and NT levels which were significantly higher in the long
BPL RYGB subjects (GLP-1: 24.8 + 10.8 pmol/L vs clas-
sical RYGB group 129+7.2, p=0.01; NT: 16.6+8.0
pmol/L vs classical RYGB group 8.7 +5.2, p =0.02). TBA
concentrations did not differ significantly between the
groups (3.0+ 1.3 pmol/L vs classical RYGB group 2.0 £
0.5, p =0.06) (Table 2).

Hormone response to the mixed meal

During the MMTT, no differences were found for plasma
glucose levels between the two groups (Fig. 2a), which
presented similar peak values and AUCs after the meal (r =
30 min).

As compared to the classical RYGB procedure, both
insulin and C-peptide levels were significantly lower at
t = 30 min (insulin: 969 =464 pmol/L vs classical RYGB
group 1726 + 883, p < 0.001; C-peptide: 2702 = 839 pmol/L.
vs classical RYGB group 4119 + 1345, p <0.001) after the
meal (Fig. 2b and c, respectively) in the long BPL RYGB
group. OGIS based on the carbohydrate content of the meal
was significantly higher in the long BPL RYGB group (449
+12mLxmin"'xm?> vs classical RYGB  group
408 + 9, p=0.02) (Table 1).

Glucagon secretion profiles were similar in the two
groups, increasing up to 30 min followed by stabilization
until 120 min after the meal (Fig. 2d).

GLP-1 levels were significantly higher at t = 45 min
(153.5+77.2 pmol/L vs classical RYGB group 95.3 +40.1,
p<0.05) (Fig. 2e), as well as for tAUC (11205 +3399
pmol/L x min vs classical RYGB group 7889 + 1686, p =
0.02) in the long BPL RYGB group (Table 3), while GIP

levels were significantly lower at t = 15 min (43.9 £26.0
pmol/L vs classical RYGB group 72.3 +23.8, p<0.01) in
the long BPL RYGB group (Fig. 2f).

Neurotensin levels were significantly higher post-
prandially at =45 min (223.2 + 103.5 pmol/L vs classical
RYGB group 138.9 +53.9, p <0.05) and ¢ = 60 min (197.8
+89.5 pmol/L vs classical RYGB group 95.3+40.9, p<
0.01) in the long BPL RYGB group (Fig. 2h), and tAUC
values were also higher (18392 +7066 vs 11437 +3658
pmol/L x min, p = 0.02) (Table 3).

PYY levels were higher, albeit not significantly, from ¢
=30 to 120 min in the long BPL RYGB group when
compared to the classical RYGB group (Fig. 2g).

There were no significant differences in PP or TBA
levels between the two experimental groups (Fig. 2i and j,
respectively).

Discussion

Our main goal was to explore the post-prandial GI hormone
response elicited by increasing the RYGB BPL length, in
order to assess its potential contribution to glucose home-
ostasis improvement observed with this surgical variant [3,
17]. To achieve this aim, the current study was performed in
weight-stable, non-diabetic subjects previously submitted to
RYGB with two different BPL lengths. By pairing the
experimental groups for BMI both presurgical and post-
surgical at the time of the MMTT, we sought to eliminate
possible interferences of anthropometric features on the
hormonal response.

Our results demonstrated that RYGB with a longer BPL is
associated with higher fasting and post-prandial GLP-1 and
NT levels and lower post-prandial insulin/C-peptide and GIP
levels when compared the classical RYGB procedure.

RYGB surgery involves a rearrangement in the GI tract
anatomy that yields sustained weight loss and significant
improvement of glucose homeostasis, which could even
result in T2D remission. The glycaemic effects of RYGB
surgery were previously attributed to changes in enter-
oendocrine cells (EEC) GI hormone secretion elicited by the
procedure [27], although it is widely debated whether the
greater impact results from the upper or lower gut
modifications.

RYGB surgery can be performed using a wide range of
Roux-en-Y limb lengths. The choice between different limb
lengths is usually empirical, largely based on the surgeon’s
personal preferences and patient's anatomical features.
Although there is no current consensus on the ideal RYGB
limb lengths, previous studies suggest that a longer BPL
RYGB could be associated with improved weight loss and
T2D control as compared to procedures with shorter BPL
[3, 17, 28, 29].

SPRINGER NATURE
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Fig. 2 Plasma levels of glucose
(a), insulin (b), C-peptide (c),
glucagon (d), GLP-1 (e), GIP
®), PYY (g), NT (h), PP (i) and
TBA (j) in 20 non-diabetic
weight-stable subjects
previously submitted to classical
RYGB (n=9) or long BPL
RYGB (n = 11) after ingestion
of a standard mixed meal served
at =0 min and consumed
before =15 min. Data are
presented as mean values +
SEM, *p <0.05, **p <0.01 and
**%p <0.001 vs classical BPL
RYGB (two-way ANOVA)

In the present study, subjects exhibited fasting and post-
prandial plasma glucose levels within the normal ranges
when challenged with a mixed meal, as it would be
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expected for individuals with normal endocrine pancreatic
function [30]. Even though the two groups showed similar
glucose excursion curves, a distinctive fasting and post-
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Table 3 Glucose and

enteropancreatic tAUC after the e Classical BPL Long BPL p-Value

MMTT Glucose (mmol/L x min) 711 £57 735£91 0.50
GLP-1 (pmol/L x min) 7889 + 1686 11,205 +£3399 0.02*
GIP (pmol/L x min) 4775 £ 1237 38501279 0.12
Glucagon (pmol/L x min) 1269 271 1536 £ 372 0.08
Insulin (pmol/L x min) 79,829 + 33,655 59,961 + 17,064 0.10
C-peptide (pmol/L x min) 291,550 + 64,250 248,176 50,928 0.11
PP (pmol/L x min) 41252220 4249 2401 0.91
PYY (pmol/L x min) 2935+703 3864 2968 0.37
NT (pmol/L x min) 11,437 3658 18,392 + 7066 0.02*
TBA (umol/L x min) 418 +109 412+116 0.91

tAUC of glucose and enteropancreatic hormones. Data from subjects previously submitted to classical
RYGB (n=9) or long BPL RYGB (n = 11) after ingestion of a standard mixed meal served at = 0 min and
consumed until # = 15 min. Data are presented as means + SD, *p < 0.05 vs classical BPL RYGB (unpaired ¢-

test)

The p-values in bold are the ones considered as significantly different between the groups.

tAUC total area under the curve, BPL biliopancreatic limb, GLP-I glucagon-like peptide-1, GIP glucose-
dependent insulinotropic peptide, PP pancreatic polypeptide, PYY peptide YY, NT neurotensin, 7BA total

bile acids

prandial GI hormones profile was disclosed, suggesting that
a long BPL RYGB could result in additional benefits, par-
ticularly if applied to T2D patients [31, 32].

Despite similar glucose excursion curves and with no
significant differences between the two groups in insulin
resistance or pancreatic P-cell function, as assessed by
HOMA-IR and HOMA-p, respectively, the post-prandial
insulin and C-peptide levels were lower in the long BPL
RYGB group when compared to the classical RYGB group.
Overall, this suggests an acute increase in insulin sensitiv-
ity, as less insulin is needed to maintain the same glucose
levels. Indeed, subjects submitted to the long BPL RYGB
exhibited a higher OGIS index, suggesting improved post-
prandial insulin sensitivity [26]. Similar findings were
described in a study designed to assess the endocrine effects
of nutrient direct delivery into different small intestinal
locations by infusing a liquid formula diet through a naso-
gastric tube in an experiment that simulates what occurs
after different bariatric procedures. In that study, in both
normoglycemic and diabetic obese subjects, insulin sensi-
tivity was significantly increased after nutrient infusion in
the mid-jejunum as compared to the duodenum [33].

Incretin-secreting cells are unevenly distributed along the
human small gut [34]. The RYGB will inevitably result in
activation of different cell populations depending on the
location of (a) the division of the small intestine and (b) the
entero-entero-anastomosis [34]. Therefore, depending on
the anatomical modification different GI hormone secretion
profiles are likely to be induced. A RYGB with a longer
BPL allows the earlier stimulation of distal EEC cells, such
as GLP-1-secreting cells, while a RYGB procedure with a
shorter BPL will result in the early arrival of nutrients to the

proximal small intestine, where GIP-producing cells are
known to predominate [12]. In agreement with this
hypothesis, both fasting and post-prandial GLP-1 levels
were previously reported to increase after RYGB [14, 35],
which are further corroborated by our own results, showing
that RYGB with a longer BPL results in higher fasting and
post-prandial GLP-1 levels as compared to the classical
RYGB procedure.

Individuals submitted to RYGB with a long BPL also
presented lower post-prandial GIP responses when com-
pared to those that underwent a classical RYGB procedure,
in which nutrients stimulate the proximal jejunum char-
acterized by a greater proportion of K-cells [36]. Interest-
ingly, previous reports on GIP changes after RYGB surgery
were largely inconsistent, showing either increase [37], no
change, or reduction of post-prandial GIP levels [38]. Given
our own findings, these discrepancies could possibly be
attributed to differences in the RYGB limb lengths used by
different surgeons [39].

In accordance with the known distribution of incretin-
secreting cells along the small intestine [34], different BPL
lengths lead to different GIP and GLP-1 post-prandial
profiles. Since GLP-1 and GIP provide equal contributions
to the incretin effect in healthy subjects [40], the lower post-
prandial insulin excursion after the long BPL RYGB is
somewhat surprising. However, this observation suggests
that additional mechanisms leading to decreased post-
prandial insulin resistance, potentially mediated by the
impact of GI hormones in the liver, may also occur leading
to decreased insulin needs to sustain normoglycaemia [33].

Fasting and post-prandial NT levels were also found to
be higher in the long BPL RYGB group, as compared to the
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classical RYGB procedure, likely accountable to the early
arrival of nutrients into the distal small intestine. NT is
coexpressed in some L-cells with GLP-1 and PYY and is
co-secreted in response to nutrient ingestion, particularly fat
and other stimuli, such as bile acids. In experimental ani-
mals, NT acts synergistically with GLP-1 and PYY to
decrease food intake, to inhibit gastric emptying, to
decrease small bowel motility and to stimulate pancreatic
secretion, which potentially contributes to maintain glucose
homeostasis [41]. Thus, EEC may co-secrete NT and GLP-
1, consistent with the similar secretion patterns found in our
subjects, while enhanced NT may act synergistically with
GLP-1 and PYY to decrease palatable food intake and
inhibit gastric emptying [42]. Obese subjects have
decreased NT levels that increase after RYGB, while these
have been hypothesized to contribute to the weight loss
observed after surgery [43, 44]. In further support of NT
role in appetite regulation, NT antagonism results in a
transient increase in food intake in rats following RYGB
[45].

In physiological conditions, the expected endocrine
response to a carbohydrate-rich meal would include the
increase of GLP-1 and insulin levels accompanying the
glucose excursions, along with the suppression of pan-
creatic glucagon. Yet, post-prandial glucagon levels
increased in subjects previously submitted to RYGB and we
also found a strong tendency for a greater response after
long BPL RYGB. Recent evidence suggests that glucagon
is not exclusively secreted by pancreatic a-cells and that
intestinal L-cells may also secrete glucagon through “pan-
creatic type processing” of proglucagon [46, 47]. Glucagon
physiological role includes, in addition to the well-known
insulin antagonism effects, inhibition of food intake [48]
that could also contribute to the negative energy balance
induced by the surgery [49].

Other GI hormones, such as PYY, also secreted in the
distal small intestine, were previously shown to increase
early after RYGB and likely to contribute to the weight loss
and anti-diabetic effects of the surgery [15]. PYY levels
tended to be higher in the long BPL RYGB group, while PP
levels that are largely regulated by parasympathetic activity
were not different after the two operations, suggesting that
the surgery has similar effects on the efferent vagal activity.
Indeed, the effect of bariatric surgery on PP secretion is
controversial and the available data do not suggest a major
role for PP in mediating the outcomes of bariatric surgical
procedures [44, 50, 51].

TBA levels were not significantly different between
procedures, although trending higher in the long BPL
RYGB group. Given the anatomical changes produced by
RYGB, bile is delivered more or less distally, depending on
the BPL length, in addition to promoting the early arrival of
nutrients to the distal small intestine. In fact, a
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duodenal—jejunal bypass was shown to increase TBA levels
in rats [52], while in humans higher TBA levels were
demonstrated to occur after DS as compared to RYGB [53].
Bile acids, despite not being considered classical endocrine
mediators, were recently demonstrated to participate in
glucose homeostasis and to induce GLP-1 secretion through
L-cells TGRS receptors activation [54]. In addition, the
increase in circulating bile acids levels after RYGB was
suggested to contribute to the metabolic benefits of bariatric
surgery, although the underlying mechanism remains to be
fully defined [55].

Conclusion

The post-prandial gut hormone secretion in subjects pre-
viously submitted to RYGB is variable depending on the
BPL length. The GI and pancreatic hormone secretion
profile of subjects who underwent a long BPL RYGB is
characterized by increased fasting and post-prandial GLP-1
and NT, along with decreased insulin and GIP, as compared
to the classical procedure. The distinct hormonal profiles
observed after the two surgical procedures suggest that the
RYGB technique could be tailored to obtain a personalized
response optimizing individual’s clinical outcomes. Bar-
iatric surgery could even contribute to design hormone-
targeted therapies aiming to simulate the anticipated endo-
crine response.
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