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Abstract
Purpose There are no formal guidelines for choosing among different bariatric surgery procedures for obesity treatment. So, our
aim was to evaluate whether post-absorptive metabolite and hormone profiles could aid the surgeon decision when considering
bariatric surgery interventions.
Materials andMethods Subjects (N=38) previously submitted to biliopancreatic diversion with duodenal switch (BPD-DS, n=9),
single anastomosis duodenal–ileum bypass with sleeve gastrectomy (SADI-S, n= 9), long biliopancreatic limb Roux-en-Y gastric
bypass (RYGB-M, n= 11), and classic RYGB (RYGB-C, n= 9) underwent a mixed meal test to evaluate post-absorptive glucose,
total amino acid (AA), insulin, and GLP-1 profiles.
Results Glucose, AA, insulin, and GLP-1 excursions were lower after BPD-DS when compared to other surgeries. SADI-S
resulted in lower glucose but similar AA and insulin excursions when compared to RYGB-M. The highest GLP-1 excursion was
observed after RYGB-M. There were no significant differences in glucose or AA post-prandial excursions between RYGB
procedures, yet insulin excursion was higher after RYGB-C when compared to RYGB-M.
Conclusion Post-prandial metabolite excursions diverge across bariatric procedures being lowest after BPD-DS, intermediate
after SADI-S, and highest after RYGB, in parallel with the anti-diabetic efficacy and malabsorption risk reported for each type of
intervention. SADI-S and RYGB-M seem to elicit similar post-prandial hormonal profiles, with potentially lower risk of protein
malnutrition when compared to BPD-DS. Post-absorptive metabolite and hormone profiles could provide a rationale as decision-
aid when choosing among bariatric surgery interventions, as long as these findings are validated in future trials.

Keywords Bariatric surgery . obesity . biliopancreatic diversion with duodenal switch . singleanastomosis duodeno-ileal bypass
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Introduction

Bariatric surgery is themost effective treatment for severe obesity
and obesity-related comorbid conditions [1]. Surgery has

demonstrated to be particularly effective and even superior to
conventional medical interventions when treating obesity-
related type 2 diabetes (T2D). The sequence of events leading
to overt diabetes are characterized by a vicious cycle of

* Mariana P. Monteiro
mpmonteiro@icbas.up.pt

Marta Guimarães
martafilomenaguimaraes@gmail.com

Sofia S. Pereira
spereira.bq@gmail.com

Jens J. Holst
jjholst@sund.ku.dk

Mário Nora
mario.nora@chedv.min-saude.pt

1 Endocrine, Cardiovascular & Metabolic Research, Unit for
Multidisciplinary Research in Biomedicine (UMIB), University of
Porto, Porto, Portugal

2 Department of Anatomy, Institute of Biomedical Sciences Abel
Salazar (ICBAS), University of Porto, Jorge Viterbo Ferreira 228,
Building 1.3, 4050-313 Porto, Portugal

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

4 Department of Biomedical Sciences, Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Denmark

5 Novo Nordisk Foundation Center for Basic Metabolic Research,
Faculty of Health and Medical Sciences, University of Copenhagen,
2100 Copenhagen, Denmark

https://doi.org/10.1007/s11695-021-05246-8

/ Published online: 28 January 2021

Obesity Surgery (2021) 31:2174–2179

http://crossmark.crossref.org/dialog/?doi=10.1007/s11695-021-05246-8&domain=pdf
http://orcid.org/0000-0002-0662-1831
mailto:mpmonteiro@icbas.up.pt


glucotoxicity, lipotoxicity, and systemic inflammation, which is
responsible for worsening insulin resistance and triggers progres-
sive beta cell failure with decreased insulin secretion [2].

Several different bariatric surgery procedures are currently
performedworldwide. However, it is still controversial wheth-
er any bariatric surgery intervention significantly outperforms
the others within acceptable risk, when the primary aim is to
target diabesity [3]. One of the main reasons for this knowl-
edge gap is the fact that there are no data from randomized
clinical trials comparing the outcomes of homogeneous pa-
tient groups submitted to different bariatric techniques.
Moreover, it is unlikely that such solid data to enable conclu-
sions will be available in the near future, given the difficulties
inherent in conducting a large controlled clinical trial in this
area. Therefore, it is understandable that no formal patient-
tailored guidelines are yet available to guide the choice of a
bariatric procedure. Rather the choice remains at the surgeon’s
discretion in agreement with patient consent.

Thus, our aim was to evaluate whether a comparison of the
post-absorptive metabolite and entero-pancreatic profiles after
different bariatric procedures could aid the surgeon decision
when selecting surgical technique for the treatment of patients
with obesity.

Materials and Methods

Participants

Subjects (n=38) previously submitted to bariatric surgery in-
terventions were selected among the post-bariatric surgery
cohort under routine follow-up at a single bariatric center in
a public hospital. Patients without T2D diagnosis (Hb1Ac <
6.5% and fasting blood glucose < 126 mg/dL), with identical
post-operative BMI, and who were weight-stable (defined as a
body weight variation under 5% of total body weight) during
the previous 6 months were included in this study (Table 1).
Pre-diabetes was defined as Hb1Ac of 5.7–6.4% or/and a
fasting blood glucose of 100–125 mg/dL.

The study protocol and the patient information leaflet were
approved by the Institutional Ethical Review Board. Written
informed consent was obtained from all participants before
enrolment and the study was conducted according to Data
Protection Regulations.

Study Design

Patients submitted to 4 different bariatric surgery techniques:
biliopancreatic diversion with duodenal switch (BPD-DS)
(n=9), single anastomosis duodenal–ileum bypass with sleeve
gastrectomy (SADI-S) (n=9), long biliopancreatic limb
RYGB (RYGB-M) (n=11), and classic Roux-en-Y gastric by-
pass (RYGB-C) (n=9), were subjected to a liquid mixed meal

test (Fresubin Energy Drink, 200 mL, 300 kcal; Fresenius
Kabi Deutschland, Bad Homburg, Germany). Blood samples
were collected before the meal and at 15, 30, 60, 90, and
120 min after the start of the mixed meal intake. Whole blood
glucose was measured during the MMTT, using a glucometer
(Freestyle Precision Neo Glucose meter, Abbott, USA).

Plasma separation was performed by centrifugation at
2500g during 12min. Plasma insulin, GLP-1, and amino acid
levels were quantified. Insulin was measured by an
electrochemiluminescence sandwich immunoassay (ECLIA)
on a Cobas 8000 e602 module (Roche Diagnostics,
Mannheim, GmbH), following the manufacturer instructions.
The coefficient of variation was below 5%, using liquid hu-
man serum-based controls (Liquichek™ Immunoassay Plus
Control: Level 1 #361 and Level 3 #363, Bio-Rad).

Total glucagon-like peptide-1 (GLP-1) levels were mea-
sured by radioimmunoassay (RIA) targeting the C-terminal
of GLP-1 (antiserum 89390), after extraction using 70% eth-
anol. Hormone moieties were separated with plasma-coated
charcoal (E. Merck, Darmstadt, Germany).

Total amino acid levels were quantified using an enzyme-
linked immunosorbent assay (ELISA) kit (catalog no.
ab65347; Abcam, Cambridge, UK), following the manufac-
turer instructions.

Surgical Procedures

All four bariatric surgical procedures were performed by the
same team of bariatric surgeons in a standardized manner, as
previously described [4, 5]. RYGB techniques were per-
formed with a constant 120-cm alimentary limb and a
15-mL gastric pouch. RYGB variants only differed in the
biliopancreatic limb length: 60–100 cm for the standard
RYGB-C and 200 cm for the RYGB-M variant. SADI-S pro-
cedure was performed with a common channel of 300cm,
while BPD-DS was performed with a 100 cm common limb
and an alimentary limb of 200 cm.

Statistical Analysis

Incremental area under the curve was calculated using the
trapezoid rule and subtracting the basal values.

Nominal variables are expressed as number of cases and
percentage (%), and the continuous variables are expressed as
mean ± standard deviation. D’Agostinho and Pearson test was
used to evaluate variable normality. For variables that passed
this test, one-way ANOVA with the post hoc Tukey test was
used. For the variables that did not pass the normality test, the
Kruskal–Wallis with a post hoc Dunn’s test was used. MMTT
result analysis was performed using a two-way analysis of
variance (ANOVA)with Sidak’s post hoc test. Statistical anal-
ysis was performed using the GraphPad Prism (GraphPad
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Software, La Jolla, CA, USA). Differences resulting in p <
0.05 were considered significant.

Results

In patients submitted to malabsorptive surgeries (SADI-S and
BPD-DS), pre-operative BMI was higher compared to pa-
tients submitted to gastric bypass. Nevertheless, all study
groups had similar post-operative BMI (Table 1). None of
the study subjects has had a prior T2D diagnosis, although
study groups included patients with pre-diabetes, with the sole
exception of the RYGB-C group. This distribution was entire-
ly random as this was not a pre-specified exclusion criterion
included in the study design. Still, pre-diabetes status after
bariatric surgery reverted in every single patient with prior
pre-diabetes criteria.

Different bariatric surgery procedures elicit a peculiar post-
operative hormonal and metabolite profile (Table 2).

After BPD-DS, glucose and amino acid (AA) post-prandial
excursions, aswell as insulin andGLP-1 levels, were lowerwhen
compared to all other bariatric surgery procedures (Fig. 1 and
Table 2). BPD-DS showed significantly lower glucose levels at
30 min after the meal when compared to SADI-S, as well as
lower glucose levels at t=15min, t=30min, and t=45min when
compared to both RYGB procedures (Fig. 1A). Post-prandial

levels of total amino acids were also significantly lower in the
BPD-DS group as compared to both RYGB procedures at 15,
30, 45, and 60 min after the meal and compared to SADI-S at
t=30 and t=45min (Fig. 1B). BPD-DS showed significantly low-
er insulin levels at t=45min as compared to RYGB-M and at t =
15min, t=30min, and t=45min, when compared with the RYGB-
C procedure (Fig. 1C). GLP-1 levels were significantly lower at
t=30 min post-meal after BPD-DS as compared to SADI-S and
both RYGB procedures (Fig. 1D).

SADI-S showed significantly lower plasma glucose levels
at t=15min and t=30min after the meal, as compared to both
RYGB procedures. AA, GLP-1, and insulin post-prandial ex-
cursions after SADI-S and RYGB-M were not significantly
different (Fig. 1A, B). The highest GLP-1 response was elic-
ited by RYGB-M surgery (Table 2).

No significant differences in glucose or AA post-prandial
excursions were observed between RYGB-C and RYGB-M
procedures, yet insulin levels observed at t=30min and
t=45min after RYGB-C were significantly higher when com-
pared to RYGB-M (Fig. 1A–C).

Discussion

This study compared the post-absorptive metabolite and
entero-pancreatic hormone profiles of patients previously

Table 1 Anthropometric and metabolic features of subjects submitted to 4 different surgeries, both at the time of the surgery (pre-operative) and at the
time of the mixed meal test (post-operative)

BPD-DS SADI-S RYGB-C RYGB-M p value

N (% of total) 9 (23.7%) 9 (23.7%) 9 (23.7%) 11 (28.9%) -

Sex (male/female) 3/6 2/7 1/8 1/10 0.498

Caucasians (%) 9 (100%) 9 (100%) 9 (100%) 11 (100%) -

Age at time of surgery
(years)

36 ± 12 43 ± 8 38 ± 9 43 ± 7 0.219

Pre-operative BMI
(kg/m2)

51.9 ± 4.0 52.0 ± 3.7 41.8 ± 3.5a,b 40.6 ± 3.0a,b ap<0.001 vs
BPD-DS

bp<0.001 vs
SADI-S

Post-operative BMI
(kg/m2)

29.7 ± 4.3 30.0 ± 3.6 28.1 ± 2.3 26.1 ± 2.9 0.051

EBMIL (%) (range) 83.5 ± 16.1
(54.1–103.4)

82.1 ± 12.2
(66.0–104.2)

81.7 ± 14.3
(59.0–105.9)

93.6 ± 18.5
(70.0–124.5)

0.277

Pre-operative pre-diabetes 4 (44.4%) 6 (66.7%) 0 (0.00%) 6 (54.5%) p<0.05

Post-operative HOMA-IR 0.9 ± 0.4 0.9 ± 0.4 1.4 ± 0.6 1.2 ± 0.4 0.065

Post-operative HOMA-β
(%)

90.9 ± 39.1 112.1 ± 71.3 110.5 ± 25.6 115.5 ± 73.2 0.789

Post-operative time
(years)

1.6 ± 0.3 1.5 ± 0.3 3.8 ± 2.1 4.4 ± 1.7c,b cp<0.05 vs BPD-DS
dp<0.01 vs SADI-S

Data are presented asmeans ± standard deviation or number (%), as appropriate. Excess BMI loss (EBMIL) and homeostasis model assessment of insulin
resistance (HOMA-IR) and ofβ-cell function (HOMA-β) were calculated as previously described [4]. Abbreviations: BPD-DS biliopancreatic diversion
with duodenal switch, SADI-S single anastomosis duodenal–ileal bypass with sleeve gastrectomy,RYGB-M long biliopancreatic limb Roux-en-Y gastric
bypass, RYGB-C classic Roux-en-Y gastric bypass, BMI body mass index, EBMIL excess BMI loss, HOMA-IR Homeostasis Model Assessment for
Insulin Resistance, HOMA-β Homeostasis Model Assessment for β-cell function
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submitted to BPD-DS, SADI-S, RYGB-M, and RYGB-C,
weight stable and with similar post-operative BMI.

The post-surgical hormonal and absorption patterns of pa-
tients submitted either to malabsorptive surgeries (BPD-DS vs

SADI-S) or two RYGB variants (RYGB-M vs RYGB-C)
were already reported by our group [5–8]. Nonetheless, the
post-absorptive profiles after malabsorptive surgeries versus
RYGB have not been previously compared and are herein

Table 2 Post-prandial
incremental areas under the curve
for subjects submitted to 4
different bariatric surgeries as
surrogate of the overall response
to a mixed meal

Glucose (mg/dL ×
min)

Amino acids (pmol/L ×
min)

Insulin (pmol/L ×
min)

GLP-1 (pmol/L ×
min)

BPD-DS 1863 ± 644a 45856 ± 29942c,d 31241 ± 11717e 2959 ± 2146c

SADI-S 2812 ± 832b 99200 ± 26154 42081 ± 14154e 5388 ± 3010

RYGB-M 3659 ± 243 98546 ± 37345 55144 ± 16118 8285 ± 3862

RYGB-C 3724 ± 349 71060 ± 38624 74324 ± 32509 6343 ± 2070

p ap<0.05 vs all
groups

bp<0.05 vs both
RYGB

cp<0.0.5 vs RYGB-M
dp<0.0.5 vs SADI-S

ep<0.0.5 vs
RYGB-C

cp<0.0.5 vs
RYGB-M

Data are presented as means ± standard deviation or number (%), as appropriate. Abbreviations: BPD-DS
biliopancreatic diversion with duodenal switch, SADI-S single anastomosis duodenal–ileal bypass with sleeve
gastrectomy, RYGB-M long biliopancreatic limb Roux-en-Y gastric bypass, RYGB-C classic Roux-en-Y gastric
bypass

Fig. 1 Glycemia (A), total amino acids (B), insulin (C), and GLP-1 levels
(D) in 38 non-diabetic weight-stable subjects previously submitted to
classical RYGB (RYGB-C, n=9), long BPL RYGB (RYGB-M, n=11),
BPD-DS (n=9), or SADI-S (n=9) after ingestion of a standard mixedmeal

served at t = 0 min. aBPD-DS vs RYGB-C: p<0.05; bBPD-DS vs RYGB-
M: p<0.05; cSADI-S vs RYGB-C: p<0.05; dSADI-S vs RYGB-M:
p<0.05; eBPD-DS vs SADI-S: p<0.05; fRYGB-M vs RYGB-C:
p<0.05; two-way ANOVA
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reported for the first time. Although the variables presented in
this current study are the same, the goal of the analysis was
completely different. In this study, our aim is to compare the
post-operative endocrine profile after four different surgical
interventions: BPD-DS vs SADI-S vs RYGB-M vs RYGB-
C. Hormonal and metabolic responses elicited by the surgeries
are key determinants of the bariatric surgeries’ success [9].
Therefore, we hypothesized that instead of focusing on the
malabsorptive component of the surgical technique and pa-
tient BMI for choosing a given bariatric procedure, a decision
could also be based on the predicted endocrine profile aiming
to improve metabolic outcomes.

Our findings show that BPD-DS stands out with a lower post-
prandial glycemic excursion along with lower insulin secretion,
while the classic RYGB occupies the opposite extreme, with the
greater post-prandial glycemic excursion and exacerbated insulin
response. This post-prandial glycemic profile observed after
BPD-DS is easily recognized in the clinic with the highest
long-term T2D remission rate, while reactive hyperinsulinemic
hypoglycemia is seldomly reported [10]. After intestinal bypass
procedures, the modification of upper gastrointestinal tract anat-
omy leads to rapid glucose absorption with a subsequent insulin
spike, as observed after RYGB-C. This contrasts with the con-
sistently lower glucose and insulin excursions after an oral glu-
cose challenge or mixed meal test observed after BPD-DS, but
not RYGB [11]. In addition, BPD-DS patients present the lowest
post-prandial AA excursion and so greater risk of protein
malabsorption.

SADI-S and RYGB-M are two bariatric procedures that pres-
ent post-absorptive profiles that seem to lie in the middle of the
spectrum and to stand out from both BPD-DS and RYGB-C.
Post-prandial glucose excursions after SADI-S are greater than
those observed after BPD-DS and lowerwhen compared to those
of patients submitted to RYGB, while no significant differences
in glucose excursionwere observed between the RYGBvariants.
Yet, the post-prandial insulin secretion profiles observed after
SADI-S and RYGB-Mwere significantly lower when compared
to RYGB-C. Thus, the distinctive post-prandial glucose excur-
sion and insulin secretion patterns suggest that a greater post-
prandial glycemic variability is more likely to be observed after
RYGB-C as compared to SADI-S.

As far as the entero-pancreatic hormone response is con-
cerned, BPD-DS was characterized by the least pronounced
post-prandial GLP-1 response, which clearly distinguishes
this bariatric procedure from the other techniques. This is in
agreement with earlier studies where RYGB consistently is
reported to enhance post-prandial GLP-1 responses which
are less affected by BPD-DS. Although post-prandial GLP-1
responses after BPD-DS are twofold enhanced, the increase is
much greater after RYGB [12].

Overall, the post-prandial hormone profiles observed after
different bariatric surgery procedures probably reflect the dif-
ferent mechanisms underlying weight loss and glucose-

lowering effects, which seem to be dependent on the anatom-
ical gut rearrangement associated with each procedure. GLP-1
is a gut hormone known to decrease appetite and promote
weight loss. Although SADI-S leads to a higher GLP-1 excur-
sion as compared to BPD-DS, the highest GLP-1 response is
elicited by RYGB-M.

In the quest for a decision-aid rationale to guide the surgeon
when choosing between procedures, we sought to compare
the post-prandial metabolite and hormone profiles after four
different commonly performed bariatric surgery techniques.

In patients with presumably preserved pancreatic endocrine
function, these bariatric surgery techniques can be separated
according to insulin and GLP-1 post-prandial response into 3
classes: a first including the RYGB-C, with a greater post-
prandial insulin excursion curve; a second including RYGB-
M and SADI-S, which share similar hormonal post-prandial
responses; and a third comprising BPD-DS that can be distin-
guished from the other procedures by a lower insulin and
GLP-1 response along with significantly lower plasma glu-
cose excursion. Post-absorptive plasma AA levels can be used
as malabsorption surrogates, which also allows to separate the
surgical procedures into 2 different classes: one that includes
the two RYGB variants and SADI-S with a lesser degree of
protein malabsorption, since post-prandial AA excursions are
higher after SADI-S and the two RYGB variants, and BPD-
DS with the lowest post-prandial AA excursion and greater
protein malabsorption risk.

Patients submitted to malabsorptive surgeries (SADI-S and
BPD-DS) had a higher pre-operative BMI as compared to pa-
tients submitted to gastric bypass, which is an inevitable conse-
quence of the fact that currently the choice between surgical
procedures is largely grounded on patients’ pre-operative BMI.

The BPD-DS group has a higher percentage of males when
compared with other groups; however, it does not represent a bias
for our conclusion since the statistical analysis performed in the
female patient’s subgroup yielded similar results (data not
shown).

Since our surgical team has a longer experience performing
RYGB procedures when compared with SADI-S and BPD-
DS, the post-operative time of patients submitted to SADI-S
and BPD-DS was shorter. Nevertheless, only patients with
stable weight and in the same current BMI range were includ-
ed to limit patient weight as a confounding factor.

Nonetheless, it should be highlighted that this data alone
does not provide enough evidence to aid the bariatric surgeon
decision in the choice among different procedures for each
individual patient. However, despite the limitations previously
acknowledged, this study still yielded important findings that
could be used as preliminary data and rationale to design con-
trolled randomized clinical trials in order to gain further un-
derstanding of the post-absorptive metabolite and hormone
profile contribution as decision-aid when choosing among
bariatric surgery interventions.
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In conclusion, our data supports that excluding weight loss
from the algorithm, BPD-DS is the bariatric procedure with
the highest probability of achieving euglycemia without risk
of post-prandial hyperinsulinemia, although at the expense of
a higher risk of nutrient malabsorption. In contrast, both
SADI-S and RYGB-M seem to elicit a similar and favorable
post-prandial hormonal profile, with a potentially lower risk of
protein malnutrition when compared to BPD-DS and lower
risk of post-prandial hyperinsulinemia as compared to RYGB-
C. In the future, post-absorptive metabolite and hormone pro-
files could provide a rationale as decision-aid when choosing
among bariatric surgery interventions, as long as these find-
ings are validated in future trials.
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