
 

 

 University of Groningen

Altered bile acid kinetics contribute to postprandial hypoglycaemia after Roux-en-Y gastric
bypass surgery
van den Broek, Merel; de Heide, Loek J M; Sips, Fianne L P; Koehorst, Martijn; van Zutphen,
Tim; Emous, Marloes; van Faassen, Martijn; Groen, Albert K; van Riel, Natal A W; de Boer,
Jan F
Published in:
International Journal of Obesity

DOI:
10.1038/s41366-020-00726-w

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van den Broek, M., de Heide, L. J. M., Sips, F. L. P., Koehorst, M., van Zutphen, T., Emous, M., van
Faassen, M., Groen, A. K., van Riel, N. A. W., de Boer, J. F., van Beek, A. P., & Kuipers, F. (2021). Altered
bile acid kinetics contribute to postprandial hypoglycaemia after Roux-en-Y gastric bypass surgery.
International Journal of Obesity, 45(3), 619-630. https://doi.org/10.1038/s41366-020-00726-w

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.1038/s41366-020-00726-w
https://research.rug.nl/en/publications/2ac13c91-1559-4c07-85c8-815729b314c0
https://doi.org/10.1038/s41366-020-00726-w


International Journal of Obesity
https://doi.org/10.1038/s41366-020-00726-w

ARTICLE

Bariatric Surgery

Altered bile acid kinetics contribute to postprandial hypoglycaemia
after Roux-en-Y gastric bypass surgery

Merel van den Broek1,2 ● Loek J. M. de Heide1 ● Fianne L. P. Sips3 ● Martijn Koehorst4 ● Tim van Zutphen2,5
●

Marloes Emous1 ● Martijn van Faassen4
● Albert K. Groen4,6

● Natal A. W. van Riel 3,6
● Jan F. de Boer4,5 ●

André P. van Beek1,7 ● Folkert Kuipers 4,5

Received: 15 June 2020 / Revised: 16 October 2020 / Accepted: 3 December 2020
© The Author(s), under exclusive licence to Springer Nature Limited 2021

Abstract
Background/objectives Bile acids (BA) act as detergents in intestinal fat absorption and as modulators of metabolic
processes via activation of receptors such as FXR and TGR5. Elevated plasma BA as well as increased intestinal BA
signalling to promote GLP-1 release have been implicated in beneficial health effects of Roux-en-Y gastric bypass surgery
(RYGB). Whether BA also contribute to the postprandial hypoglycaemia that is frequently observed post-RYGB is
unknown.
Methods Plasma BA, fibroblast growth factor 19 (FGF19), 7α-hydroxy-4-cholesten-3-one (C4), GLP-1, insulin and glucose
levels were determined during 3.5 h mixed-meal tolerance tests (MMTT) in subjects after RYGB, either with (RYGB, n=
11) or without a functioning gallbladder due to cholecystectomy (RYGB-CC, n= 11). Basal values were compared to those
of age, BMI and sex-matched obese controls without RYGB (n= 22).
Results Fasting BA as well as FGF19 levels were elevated in RYGB and RYGB-CC subjects compared to non-bariatric
controls, without significant differences between RYGB and RYGB-CC. Postprandial hypoglycaemia was observed in 8/11
RYGB-CC and only in 3/11 RYGB. Subjects who developed hypoglycaemia showed higher postprandial BA levels
coinciding with augmented GLP-1 and insulin responses during the MMTT. The nadir of plasma glucose concentrations
after meals showed a negative relationship with postprandial BA peaks. Plasma C4 was lower during MMTT in subjects
experiencing hypoglycaemia, indicating lower hepatic BA synthesis. Computer simulations revealed that altered intestinal
transit underlies the occurrence of exaggerated postprandial BA responses in hypoglycaemic subjects.
Conclusion Altered BA kinetics upon ingestion of a meal, as frequently observed in RYGB-CC subjects, appear to con-
tribute to postprandial hypoglycaemia by stimulating intestinal GLP-1 release.

Introduction

Bariatric surgery, commonly Roux-en-Y gastric bypass
(RYGB) or sleeve gastrectomy, is currently the most
effective long-term treatment of morbid obesity and its
metabolic comorbidities [1], with metabolic benefits that
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actually precede reductions in body weight [2]. The
mechanisms underlying these metabolic improvements,
particularly of the weight-independent ones, are incomple-
tely understood. A role for bile acids (BA), now known to
exert hormone-like functions via activation of nuclear
receptors such as Farnesoid X Receptor (FXR, NR1H4) and
the membrane-bound Takeda G Protein-coupled receptor 5
(TGR5), has been suggested. Indeed, fasting plasma BA
concentrations have repeatedly been reported to be 2–3
times elevated after RYGB in human subjects [3, 4]. Pre-
clinical studies have indicated a specific role for intestinal
BA, by their ability to induce a TGR5-mediated GLP-1
release from intestinal L cells [5]. The relevance of factors
such a BA–GLP-1 axis for metabolic control in humans that
have undergone bariatric surgery is supported by recent
reports [6]. Yet, other factors such as alterations in micro-
biome composition [7], delayed intestinal glucose absorp-
tion [8] as well as an acute reduction in caloric intake [9]
likely all contribute to improved metabolic control after
bariatric surgery.

It is increasingly recognised that a substantial number
of RYGB patients develop postprandial hypoglycaemia.
Prior studies have established that particularly females
without a history of diabetes mellitus or hypertension and
with high insulin sensitivity are susceptible to develop this
highly undesirable response to food intake [10]. An
exaggerated postprandial GLP-1 response and altered
β-cell function have been suggested as contributing factors
[11, 12] but a clear pathophysiological mechanism has not
been elucidated. To our knowledge, a possible contribu-
tion of altered postprandial BA kinetics, which could
potentially translate into excess GLP-1 release, to this
invalidating pathophysiological response has not been
evaluated yet.

RYGB induces distinct anatomic alterations of the GI
tract which causes orally ingested food to bypass part of
the stomach and duodenum and to be rapidly delivered to
the jejunum. The mixing of food with BA, delivered by
the gallbladder to the upper part of the bilio-pancreatic
limb, is therefore postponed to the common limb where
alimentary and bilio-pancreatic limbs merge. The gall-
bladder evidently has an important function in BA phy-
siology, as it contracts in response to a meal and then
delivers a pulse of BA into the intestinal lumen. Removal
of the gallbladder has been shown to differentially mod-
ulate synthesis of the two primary BA (cholic and che-
nodeoxycholic acids, CA and CDCA, respectively)
without major effects on human BA pool size and com-
position [13]. Cholecystectomy influences fasting and
postprandial concentrations of BA and fibroblast growth
factor (FGF)19, which is secreted by the ileocytes upon
FXR activation by BA, as well as of C4, an established
marker of hepatic BA synthesis [14]. Interestingly, and

logically in view of the well-known relationship between
obesity and gallstone disease [15], the prevalence of
cholecystectomy is high in subjects prior and after bar-
iatric surgery [16, 17]. In this study, we have made use of
this fact by evaluating the relationships between post-
prandial BA kinetics and glucose excursions in RYGB
subjects with and without a functioning gallbladder.

The primary aim of this study was thus to explore the
associations between postprandial BA kinetics, i.e. the
concentrations of total BA and individual BA species as
well as of FGF19 and C4, and the occurrence of post-
prandial hypoglycaemia during a mixed-meal tolerance test
(MMTT) in RYGB subjects. Specifically, we explored
whether cholecystectomy (CC), which is expected to alter
BA kinetics, is associated with higher risk for postprandial
hypoglycaemia after RYGB.

Subjects and methods

Description of subjects of the MMTT study and the
LOWER study

The primary aim of the MMTT study was to investigate
the prevalence of dumping syndrome in a random sample
of non-diabetic subjects who underwent primary RYGB
between 2008 and 2011 [11, 18]. Subjects between the
ages of 18 and 75 years were recruited in 2014 and 2015 at
the Medical Centre Leeuwarden, The Netherlands. Details
on the selection procedure were previously described [18].
For the current study we selected two equally large sub-
groups, one group with subjects that had undergone cho-
lecystectomy (RYGB-CC) and one group with a
functioning gallbladder (RYGB). The first group (RYGB-
CC, n= 11) determined the final group sizes studied and
for the RYGB group a random selection out of the
remaining subjects of the MMTT study was performed
with SPSS. Written informed consent was obtained from
all subjects and the study was approved by the regional
Medical Ethics committee in Leeuwarden, The Nether-
lands. The study has been registered on www.isrctn.com
as ISRCTN11738149.

Out of 313 subjects of the LOWER study [19], 22
non-bariatric control subjects were selected for com-
parison of fasting parameters with those of the bariatric
subjects. In brief, the LOWER study recruited subjects
ranging in BMI from 27 to 60 kg/m2 for a randomised
study with four parallel energy-restricted intervention
diets differing in protein and/or carbohydrate content.
For the current study, only baseline samples collected
prior to the intervention diets were used. These control
subjects were matched for BMI, age and sex to the
bariatric subjects via SPSS Fuzzy Case-Control
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matching with accepted differences of 5.5, 10 and 0,
respectively.

Study protocol of the MMTT study

Subjects underwent the MMTT in the morning at the clin-
ical research centre after an overnight fast. Anthropometric
measurements and blood samples were collected before the
test meal (t= 0). Blood was withdrawn by means of an
indwelling catheter in the antecubital vein. The mixed meal
consisted of 200 mL Ensure® Plus (Abbott Laboratories,
North Chicago, IL, USA) containing 300 kcal, 12.5 g pro-
tein, 40.4 g carbohydrate, 9.8 g fat and 154.9 g water. The
subjects had to finish the test meal within 10 min. Blood
samples were subsequently obtained at 10, 20, 30, 60, 90,
120, 150, 180 and 210 min after the start of the test meal.

Analytical procedures

Measurements of insulin, glucose, GLP-1 and FGF19
concentrations were performed by routine procedures as
detailed in Supplementary Methods. For the quantification
of 7α-hydroxy-4-cholesten-3-one (C4) in plasma, we used a
sensitive and highly specific automated on-line solid-phase
extraction method coupled to high performance liquid
chromatography-tandem mass spectrometry (XLC–MS/
MS) as detailed in Out et al. [20]. The concentrations of 15
individual BA species were determined by LC–MS/MS as
described [21]. The detection limit applied for the indivi-
dual BA concentrations was 0.025 µmol/L except for
UDCA, TCA, GDCA and GDCA, in which case the limit
was set at 0.05 µmol/L.

Computer simulations

For simulations of BA and GLP-1 kinetics after RYGB, the
computational model of the enterohepatic circulation of BA
developed by Sips et al. [22] was adapted for RYGB and
expanded with stomach and GLP-1 kinetics (Fig. 3A,
Supplementary Material, Github https://doi.org/10.5281/
zenodo.3984980). In the GLP-1 kinetics model, secretion
of GLP-1 is mainly stimulated by uptake of nutrients from
the intestinal lumen. However, above-basal BA concentra-
tions can also induce GLP-1 secretion. To be able to
simulate the impact of RYGB on BA metabolism the
anatomy of the small intestine was changed to reflect the
roux limb (2 compartments/about 100 cm) and the bilio-
pancreatic limb (1 compartment/about 50 cm). To be able to
simulate the differences in postprandial dynamics before
and after RYGB published in previous studies [22], para-
meters reflecting intestinal nutrient and BA transport
(including stomach emptying, gallbladder emptying,
intestinal transit and bacterial transformation) had to be

changed (Fig. 3A, Supplementary Material). Simulations
were performed with Matlab (MATLAB. version 7.14.0
(R2012a). Natick, Massachusetts: The MathWorks Inc.),
using differential equation solver ode15s.

Statistical analysis

Results are presented as mean ± standard deviation or
median [IQR], unless specified otherwise. Changes over
time are graphically presented as median values [IQR].
Additional information about the statistical analyses is
presented in the Supplementary Methods.

Statistical analyses were performed in IBM SPSS Statis-
tics for Windows, version 24.0 (IBM Corp., Armonk, NY,
USA). Due to the exploratory nature of this study, statistical
analyses were not corrected for multiple testing and occur-
rence of statistically significant differences was interpreted
as hypothesis-generating rather than hypothesis-confirming.
GraphPad Prism, version 8.0 (Graphpad Software Inc., La
Jolla, CA, USA) was used for graphic presentations.

Results

Participant characteristics

Out of a total of 51 enroled subjects, 44 subjects completed
the original MMTT study [11] of which 33 subjects were
included in the selection process of the current study based
on availability of sufficient plasma for the planned analyses.
Eleven of these subjects had undergone CC prior to the
MMTT study (RYGB-CC) and, therefore, out of the
remaining 22 subjects eleven subjects with their gallbladder
in situ (RYGB) were randomly selected. A total of 22
control subjects from the LOWER study [19], with parti-
cipants from the same region and with the same ethnicity,
were selected to provide baseline control values, matched
on age, BMI and gender. The subject characteristics are
presented in Table 1. Age and gender were not different
between subjects with and without CC and the time between
the RYGB and MMTT was similar. Weight (+6.8%) and
BMI (+8.4%) were somewhat higher in the controls com-
pared to all RYGB subjects. Mean fasting concentration of
glucose was higher (+27%) in the control subjects com-
pared to all RYGB subjects, with no differences observed in
fasting insulin and HOMA2-IR.

Fasting plasma concentrations of bile acids, FGF19
and C4 after RYGB: limited effects of
cholecystectomy

Fasting BA concentrations in all bariatric subjects were
more than 3 times higher than those in the matched non-

Altered bile acid kinetics contribute to postprandial hypoglycaemia after Roux-en-Y gastric bypass. . .

https://doi.org/10.5281/zenodo.3984980
https://doi.org/10.5281/zenodo.3984980


bariatric controls (Table 2). This concentration difference
was evident for all quantified classes of BA analysed, i.e.,
the primary, secondary, conjugated and unconjugated spe-
cies. Additionally, the median fasting concentration of
FGF19 was significantly higher in the RYGB subjects while
that of C4 was similar between the two groups. The glycine-
to-taurine conjugation ratio of plasma BA was higher in the
bariatric subjects than in the non-bariatric controls, while
the ratio 12α-hydroxylated/non-12α-hydroxylated BA was
lower (Table 2).

Comparison of bariatric subjects with (RYGB) and
without gallbladder (RYGB-CC) revealed no significant
differences in fasting total BA concentrations and FGF19
(Table 3). However, the concentrations of all glycine-
conjugated BAs as well as the glycine–taurine conjugation
ratio were significantly higher in the RYGB-CC subjects as
was the concentration of C4, indicative for a higher hepatic
BA synthesis in these subjects.

Comparison of postprandial insulin, GLP-1, bile acid,
FGF19 and C4 excursions in RYGB subjects
subdivided on basis of the occurrence of
hypoglycaemia

Postprandial excursions of glucose, insulin and GLP-1 of
subjects participating in the MMTT study have been

presented elsewhere for the whole group (n= 44) [10].
The results described below were obtained in a subgroup
of this patient population (n= 22), primarily selected on
the basis of prior cholecystectomy (RYGB-CC, n= 11)
and randomly with a gallbladder in situ (RYGB, n= 11).
Subsequently, these 22 subjects were re-distributed
based on the occurrence of hypoglycaemia during the
MMTT, defined as a postprandial glucose concentration
<3.3 mmol/L. Hypoglycaemia tended to occur more fre-
quently in RYGB-CC (8/11 subjects) than in RYGB (3/
11 subjects) (p < 0.086). Characteristics of the groups thus
obtained are presented in Table 4. Subjects with post-
prandial hypoglycaemia also presented with significantly
lower fasting concentrations of glucose and insulin and a
lower value for calculated HOMA2-IR. Fasting plasma
BA parameters were, however, very similar between the
hypo- and normoglycaemic subjects (Supplementary
Table 3).

As shown in Fig. 1, postprandial glucose concentra-
tions were significantly lower at 20, 60, 90 and 120 min
after the meal in the subjects classified as hypoglycaemic
compared to the subjects without hypoglycaemia during
the MMTT (p= 0.047, p < 0.001, p < 0.001, p= 0.001)
and, consequently, the 3.5 h iAUC was also lower (p=
0.023). Already in the first 30 min after the meal, hypo-
glycaemic subjects presented with higher concentrations

Table 1 Subject characteristicsa.
Bariatric subjects

with CC without CC p valueb Non-bariatric
subjects

p valuec

n 11 11 22

Age at MMTT, y 46.4 ± 12.8 47.8 ± 9.4 0.78 48.3 ± 13.0 0.37

Men, n (%) 1 (9) 5 (45) 0.149 6 (27.3) 1.00

Post-operative time to MMTT, mo 50.0 ± 7.1 53.0 ± 13.8 0.53

Weight preoperative, kg 135.0 ± 20.5 141.8 ± 14.0 0.37

BMI preoperative, kg/m2 45.5 ± 6.1 45.2 ± 3.8 0.89

Weight at MMTT, kg 92.1 ± 15.6 94.2 ± 17.0 0.77 99.5 ± 10.3 0.029

BMI at MMTT, kg/m2 31.0 ± 4.5 29.9 ± 4.9 0.59 33.0 ± 3.1 0.001

TWL at MMTT, % 31.6 ± 5.8 33.7 ± 9.8 0.56

EWL at MMTT, % 73.2 ± 15.7 76.1 ± 20.9 0.72

Fasting glucose, mmol/L 4.2 ± 0.7 4.3 ± 0.8 0.75 5.4 ± 0.7 0.000

Fasting insulin, mU/L 7.9 ± 4.0 9.7 ± 6.3 0.43 9.4 ± 5.1 0.63

HOMA2-IR 1.0 ± 0.5 1.2 ± 0.8 0.42 1.2 ± 0.7 0.40

CC cholecystectomy, EWL excess weight loss, MMTT mixed–meal tolerance test, TWL total weight loss.
aCholecystectomy was performed in 7/11 subjects prior to and in 4/11 after bariatric surgery, and at least
12 months before execution of MMTT.
bData were compared with an independent T test between the bariatric subject with CC (n= 11) and the
bariatric subjects without CC (n= 11) except for gender and hypoglycemia which were compared with a
Fishers Exact Test.
cData were compared with a paired T test between the bariatric subjects (n= 22) and the non-bariatric
subjects (n= 22) except for gender which was compared with an McNemar Test.
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of insulin, GLP-1 and total BA (Fig. 1). All individual BA
species measured contributed to the exaggerated total BA
response associated with hypoglycaemia (data not
shown). Additionally, the concentrations of C4 were sig-
nificantly higher at 60 and 210 min in subjects experien-
cing hypoglycaemia (p= 0.020, p= 0.010) while plasma
FGF19 concentrations did not differ at any time point
during the MMTT (Fig. 1).

In the complete set of 22 bariatric subjects, the peak (p=
0.061) and the iAUC (p= 0.035) of total plasma BA con-
centrations during the first hour after the mixed meal were
inversely correlated with the nadir of the glucose con-
centrations (Fig. 2).

Computer simulation of enterohepatic cycling of
bile acids in relation to occurrence of postprandial
hypoglycaemia

To gain a better understanding of the physiological para-
meters that may underlie the observed inter-individual dif-
ferences in the plasma BA responses, simulations were
performed with a previously developed mathematical model
of the enterohepatic circulation of BA (Fig. 3A) [22]. This
model has been shown to accurately describe BA metabolism
in healthy subjects and was adjusted to include the anatomical
changes induced by RYGB. Local sensitivity analysis of the
model parameters revealed that the postprandial BA excursion

Table 2 Comparison of fasting
plasma concentrations of bile
acids, FGF19 and C4 between
bariatric subjects and non-
bariatric subjects.

Non-bariatric Bariatric (all) p valuea BDL (%)

n 22 22

Primary BA 0.087 [0.052; 0.325] 1.208 [0.108; 5.085] 0.003

CA 0.035 [0.025; 0.104] 0.561 [0.043; 1.245] 0.006 25.0

CDCA 0.054 [0.027; 0.201] 0.588 [0.066; 3.855] 0.003 15.9

Secondary BA 0.317 [0.195; 0.412] 0.665 [0.317; 2.095] 0.006

LCA* 0.025 [0.025; 0.025] 0.025 [0.025; 0.025] 0.75 85.0

DCA 0.209 [0.120; 0.335] 0.581 [0.213; 1.750] 0.004 0.0

UDCA 0.050 [0.050; 0.050] 0.050 [0.050; 0.157] 0.017 70.5

Taurine conjugated BA 0.158 [0.150; 0.199] 0.256 [0.154; 0.354] 0.009

TCA 0.050 [0.050; 0.050] 0.050 [0.050; 0.050] 0.60 77.3

TCDCA 0.031 [0.025; 0.066] 0.087 [0.029; 0.137] 0.005 29.5

TLCA 0.025 [0.025; 0.025] 0.025 [0.025; 0.025] – 100

TDCA 0.025 [0.025; 0.035] 0.031 [0.025; 0.092] 0.011 43.2

TUDCA 0.025 [0.025; 0.025] 0.025 [0.025; 0.025] 0.32 97.7

Glycine-conjugated BA 0.584 [0.297; 0.838] 1.546 [0.726; 2.544] 0.001

GCA 0.058 [0.049; 0.132] 0.179 [0.073; 0.445] 0.010 4.5

GCDCA 0.282 [0.122; 0.416] 0.861 [0.376; 1.168] 0.001 2.3

GLCA 0.025 [0.025; 0.025] 0.025 [0.025; 0.034] 0.173 75.0

GDCA 0.117 [0.056; 0.222] 0.260 [0.136; 0.485] 0.011 9.1

GUDCA 0.025 [0.025; 0.049] 0.038 [0.025; 0.076] 0.079 43.2

Unconjugated BA 0.416 [0.322; 0.684] 2.022 [0.392; 8.046] 0.004

Conjugated BA 0.785 [0.452; 1.160] 1.742 [0.876; 2.874] 0.001

Total BA 1.204 [0.906; 1.541] 3.919 [2.410; 13.843] 0.001

Ratios

G:T 3.07 [1.93; 4.03] 5.84 [3.22; 8.25] 0.010

Conjugated:unconjugated BA 1.46 [1.03; 2.16] 0.86 [0.26; 2.32] 0.57

CA:DCA 0.55 [0.33; 0.82] 0.78 [0.45; 1.62] 0.200

12α:non-12α hydroxylated BA 1.44 [1.04; 1.62] 1.06 [0.76; 1.36] 0.042

FGF19 74.85 [41.56; 126.74] 131.19 [68.20; 181.23] 0.039

C4 42.00 [29.78; 66.63] 40.10 [22.03; 77.68] 0.96

BA concentrations in µmol/L, FGF19 concentrations in pg/mL and C4 concentrations in nmol/L. Data are
median [IQR].

BA bile acid, BDL below detection limit, G:T glycine-conjugated bile acids to taurine conjugated bile acids.

*n= 20 versus n= 20 because of four unintegrated peaks of LCA.
aData were compared with a related samples Wilcoxon rank Test between non-bariatric subjects and bariatric
subjects.
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in plasma is mainly determined by gallbladder emptying and
intestinal transit time. It was therefore no surprise that simu-
lation of literature data describing effects of RYGB on plasma
BA excursions could be best accomplished by adjusting
parameters reflecting stomach and gallbladder emptying and
intestinal transit. Attempts to simulate the diverse postprandial
BA profiles in the current studies revealed that variation in
postprandial transit time (increased early transit, delayed post-
absorptive transit (Fig. 3B)) can account for the observed
variation. In silico, cholecystectomy augments the effect of
the altered transit time by further increasing the early peak of
the BA profile.

Coupling of intestinal BA kinetics to GLP-1 release by
L cells enabled testing of the relationships between
plasma BA and GLP-1 concentrations (Fig. 3B, C). The
simulations show that the observed increase in GLP-1
excursion is the result of the RYGB-induced changes in

postprandial dynamics, which propel both nutrients and
BA faster and further down the intestine. Although the
propulsion of nutrients is the main contributing factor to
increased GLP-1 release, this effect is exaggerated by the
co-occurrence of increased BA concentrations (which also
stimulate GLP-1 secretion). Next, simulations were per-
formed in which the changes in transit time were selected
such that plasma BA excursions closely match the median
plasma BA excursions of both the hypoglycaemia and
non-hypoglycemia groups, in order to pinpoint underlying
differences (Fig. 3D, E).

The computational model of BA dynamics includes a
detailed description of intestinal transit speed. To be able to
control transit in the different parts of the intestine sepa-
rately, the intestinal trajectory between stomach and the end
of the colon has been divided into three distinct transit
zones (proximal small intestinal, distal small intestinal and

Table 3 Comparison of fasting
plasma concentrations of bile
acids, FGF19 and C4 between
bariatric subjects with (RYGB-
CC) or without (RYGB) prior
cholecystectomy.

RYGB-CC RYGB p valuea BDL (%)

n 11 11

Primary BA 1.358 [0.130; 7.440] 1.028 [0.084; 2.440] 0.48

CA 0.752 [0.042; 1.410] 0.369 [0.043; 1.150] 0.75 9.1

CDCA 0.715 [0.088; 6.030] 0.516 [0.041; 1.290] 0.52 9.1

Secondary BA 0.848 [0.293; 4.208] 0.573 [0.325; 1.105] 0.48

LCA* 0.025 [0.025; 0.029] 0.025 [0.025; 0.025] 0.23 77.3

DCA 0.773 [0.208; 3.880] 0.498 [0.250; 1.030] 0.52 0.0

UDCA 0.068 [0.050; 0.236] 0.050 [0.050; 0.050] 0.171 59.1

Taurine conjugated BA 0.266 [0.163; 0.458] 0.173 [0.150; 0.313] 0.171

TCA 0.050 [0.050; 0.050] 0.050 [0.050; 0.050] 1.00 77.3

TCDCA 0.088 [0.037; 0.253] 0.038 [0.025; 0.132] 0.24 22.7

TLCA 0.025 [0.025; 0.025] 0.025 [0.025; 0.025] – 100

TDCA 0.032 [0.025; 0.107] 0.025 [0.025; 0.078] 0.24 36.4

TUDCA 0.025 [0.025; 0.025] 0.025 [0.025; 0.025] 0.75 95.5

Glycine-conjugated BA 1.662 [1.463; 3.188] 0.809 [0.369; 1.873] 0.034

GCA 0.241 [0.154; 0.512] 0.077 [0.041; 0.263] 0.088 4.5

GCDCA 0.958 [0.786; 2.300] 0.432 [0.195; 1.080] 0.116

GLCA 0.033 [0.025; 0.058] 0.025 [0.025; 0.025] 0.047 68.2

GDCA 0.391 [0.221; 0.739] 0.195 [0.080; 0.456] 0.116 9.1

GUDCA 0.039 [0.028; 0.161] 0.034 [0.025; 0.072] 0.193 27.3

Unconjugated BA 2.101 [0.375; 12.248] 1.727 [0.397; 3.301] 0.61

Conjugated BA 2.177 [1.711; 3.549] 0.959 [0.519; 2.186] 0.047

Total BA 5.256 [3.812; 13.964] 2.783 [1.370; 5.982] 0.065

Ratios

G:T 8.19 [5.71; 9.89] 5.33 [2.46; 5.98] 0.001

Conjugated:unconjugated BA 1.08 [0.14; 6.20] 0.81 [0.28; 2.32] 0.65

CA:DCA 0.88 [0.34; 1.84] 0.71 [0.53; 1.26] 0.85

12α:non-12α hydroxylated BA 1.00 [0.70; 1.51] 1.14 [0.89; 1.31] 0.40

FGF19 88.84 [64.79; 186.25] 135.80 [79.96; 179.56] 0.90

C4 75.70 [29.20; 99.00] 27.20 [14.10; 56.60] 0.047

BA concentrations in µmol/L, FGF19 concentrations in pg/mL, C4 concentrations in nmol/L. Data are
median [IQR].

BA bile acid, BDL below detection limit, G:T glycine-conjugated bile acids to taurine conjugated bile acids.

*n= 9 with CC versus n= 11 without CC because of 2 unintegrated peaks of LCA.
aData were compared with a Mann–Whitney U Test between the bariatric subject with CC (n= 11) and the
bariatric subjects without CC (n= 11).
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colon). After RYGB, gastric emptying of liquid meals is
increased dramatically [23], and so early postprandial transit
is increased. However, distal small intestinal transit has
been found to be delayed after RYGB [24]. Early appear-
ance of nutrients and bile in the distal small intestine may
lead to regulatory slowing down of transit speeds. Based on
these observations, simulations were performed with several
values for decreased early transit and for increased relative
postprandial transit. Simulations with fasting transit speeds
at 60% of the original value (i.e. 1.67 × slower) and a 5
times faster postprandial increase of transit (relative to
fasting) were found to correspond well with the fasting and
postprandial plasma BA concentrations of the normogly-
cemia group, whereas in the group with exaggerated BA
response a ten times faster postprandial transit time com-
pared to fasting led to a good correspondence with the data.
Simulation of CC produced an extra, albeit relatively
modest effect, the effect of these changes on plasma and
distal intestinal BA concentrations and on the resulting
plasma GLP-1 concentrations are shown in (Fig. 3D–F).
More extreme increases in postprandial transit, resulting in
higher plasma BA concentrations, were shown to corre-
spond with a higher GLP-1 response (Fig. 3F).

Discussion

This study provides support for a distinct role of the cur-
rently well-established BA–GLP-1–insulin axis [5, 25] in
the occurrence of postprandial hypoglycaemia in subjects
who have experienced successful weight loss upon RYGB,
often referred to as post-bariatric hypoglycaemia (PBH). So
far the underlying causes of PBH, that may occur in up to
50% of cases depending on definition and diagnostic tool
used, have largely remained elusive. We hypothesised that
altered kinetics of enterohepatic BA cycling might be
involved in generating this adverse event, as BA are
released into the intestine upon ingestion of a meal and
show postprandial plasma responses, reflecting their enter-
ohepatic cycling, within the same timeframe as glucose and
insulin do [26]. BA are known to exert a number of sig-
nalling functions in cells of the intestinal wall, i.e. FXR
activation in ileocytes and TGR5-mediated stimulation of
GLP-1 release by L cells, that may impact on postprandial
glucose metabolism [25]. To test this hypothesis, we have
analyzed postprandial responses of individual BA species in
RYGB subjects after a standardised test meal and evaluated
the relationships hereof with the GLP-1 and insulin
responses as well as the occurrence of hypoglycaemia. A
priori, we reasoned that the absence of a gallbladder due to
prior cholecystectomy for gallstone disease might alter
postprandial BA kinetics in RYGB subjects and, hence,
might impact on the incidence of postprandial hypogly-
caemia. Indeed, our analysis revealed that postprandial
hypoglycaemia after a standardised meal test was associated
with exaggerated postprandial responses of total and indi-
vidual BA, GLP-1 and insulin and that the prevalence
hereof appeared to be higher in cholecystectomized subjects
(8/11) than in subjects with a functional gallbladder (3/11).
The area under the postprandial BA curve correlated with
the severity of hypoglycaemia, indicative for a functional
role of circulating BA in control of glucose excursions.
Intriguingly, mathematical modelling of BA kinetics using a
recently developed method to analyze the dynamics of the
enterohepatic circulation of BA revealed that a very rapid
early and delayed distal intestinal transit and, consequently,
high abundance of BA in the terminal ileum directly after a
meal preceded hypoglycaemia. Rapid transit appeared more
evident in simulations without a functioning gallbladder.
Collectively, our data support the concept that high BA
prevalence and enhanced BA signalling in the lower intes-
tine upon ingestion of a meal strongly promotes GLP-1
secretion by L cells which, in turn, stimulates insulin
secretion by pancreatic β-cells [27] and, concomitantly,
suppresses glucagon secretion by α-cells [28]. The ensuing
hyperinsulinemia can lead to hypoglycaemia, either by
promoting peripheral glucose uptake or suppression of
hepatic glucose production or by a combination of both.

Table 4 Characteristics of the bariatric subjects subdivided on the
basis of occurrence of postprandial hypoglycemiaa.

Bariatric subjects p valueb

with HYPO without
HYPO

n 11 11

Age at MMTT, y 46.7 ± 11.7 47.5 ± 10.8 0.88

Men, n (%) 2 (18) 4 (36) 0.64

Cholecystectomy, n (%) 8 (73) 3 (27) 0.086

Post-operative time to
MMTT, mo

47.5 ± 7.0 55.4 ± 12.7 0.087

Weight preoperative, kg 132.3 ± 20.0 144.5 ± 12.7 0.101

BMI preoperative, kg/m2 44.7 ± 5.1 46.0 ± 5.0 0.54

Weight at MMTT, kg 87.5 ± 15.8 98.7 ± 14.6 0.101

BMI at MMTT, kg/m2 29.5 ± 4.0 31.4 ± 5.2 0.35

TWL at MMTT, % 33.7 ± 6.5 31.5 ± 9.3 0.53

EWL at MMTT, % 78.8 ± 15.1 70.5 ± 20.5 0.29

Fasting glucose, mmol/L 4.0 ± 0.6 4.6 ± 0.7 0.037

Fasting insulin, mU/L 6.7 ± 4.2 11.0 ± 5.4 0.053

HOMA2-IR 0.8 ± 0.5 1.4 ± 0.7 0.047

EWL excess weight loss, HYPO hypoglycemia, MMTT mixed-meal
tolerance test, TWL total weight loss.
aAll subjects were from West-European descent.
bData were compared with an independent T test between the bariatric
subject with HYPO (n= 11) and the bariatric subjects without HYPO
(n= 11) except for gender and hypoglycemia which were compared
with a Fishers Exact Test.

Altered bile acid kinetics contribute to postprandial hypoglycaemia after Roux-en-Y gastric bypass. . .



Fig. 1 Glucose, insulin, GLP-1, total bile acids, FGF19 and C4
over time in response to a mixed meal in patients after Roux-en-Y
gastric bypass surgery, subdivided between subjects with hypo-
glycemia (black) and without hypoglycemia (grey). Data are median
[IQR] and boxplots with min–max whiskers. HYPO hypoglycemia,
iAUC incremental area under the curve. *p < 0.05 with a

Mann–Whitney U Test between the bariatric subject with HYPO (n=
11) and the bariatric subjects without HYPO (n= 11). Due to large
inter-assay variations in GLP-1 measurements (11, 18), within-subject
changes from baseline were used for this analysis since all measure-
ments from each individual were carried out in the same run.
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Confirming a wealth of earlier studies, summarised in
[29], fasting plasma BA levels were 2–3 times higher after
RYGB compared to the matched non-bariatric cohort: ele-
vated levels were evident for virtually all quantifiable BA
species. The glycine–taurine conjugation ratio was higher in
RYGB subjects while the ratio between conjugated and
unconjugated BA was similar in both groups, which, in
view of the preference for taurine of the human hepatic BA
conjugation machinery [25], indicates a relatively lower
taurine availability in RYGB subjects. Fasting FGF19 levels
were higher in RYGB subjects than in controls, confirming
earlier observations [4], but this was not accompanied by
altered C4 concentrations indicating absence of differences
in hepatic BA synthesis between the groups. Yet, it should
be realised that BA synthesis and plasma C4 levels show
strong day–night variation [25] that may not be adequately
captured by single point measurements of FGF19 and C4 in
the morning. Fasting plasma BA concentrations were
similar in RYGB subjects with and without functional
gallbladder, but plasma C4 levels were higher in the latter
group suggesting induction of hepatic BA synthesis by
cholecystectomy. This is supported by the higher
glycine–taurine conjugation ratio in these subjects, as this
ratio usually reflects a condition with accelerated BA turn-
over with consequently increased use of ubiquitous glycine
molecules for the conjugation reaction. Elevated plasma
C4 levels have recently also been reported in

cholecystectomized subjects without RYGB [14]. This
study demonstrated high expression of FGF19 mRNA in
human cholangiocytes and very high FGF19 concentrations
in gallbladder bile: reduced plasma FGF19 coinciding with
elevated C4 at days 10 and 90 after cholecystectomy were
interpreted to reflect strong impact of gallbladder-derived
FGF19 on hepatic BA synthesis in humans. In contrast, we
found no differences in neither fasting nor postprandial
plasma FGF19 levels between RYGB subjects with and
without gallbladder, indicating that FGF19 produced by the
gallbladder does not contribute to appearance of FGF19 in
plasma under these conditions. Furthermore, we did not find
significant differences in FGF19 levels between the groups
with and without hypoglycaemia during the mixed-meal
test. FGF19 has been found to be elevated in patients with
symptomatic PBH after RYGB [30]. We propose that the
BA-GLP-1 and the BA-FGF19 axes are upregulated after
bariatric surgery with a spectrum of activities ranging from
beneficial effects on glucose handling to pathophysiological
effects leading to PBH. In our asymptomatic cohort, we
observed a tendency towards slightly higher postprandial
levels of FGF19 in the hypoglycaemic group (data not
shown). In the study of Mulla et al. [30] postprandial BA
were unfortunately not measured.

The simulations presented in Fig. 3 demonstrate how
alterations to gastrointestinal physiology resulting from
RYGB with and without cholecystectomy can underlie the

Fig. 2 Relationships between postprandial elevations of plasma
bile acids and plasma glucose responses. Correlation between the
nadir of glucose during 30–120 min and the peak (left) and the iAUC
(right) of the total bile acids in the first 60 min in response to a mixed

meal in patients after Roux-en-Y gastric bypass surgery, subdivided
between subjects with cholecystectomy and without cholecystectomy.
CC cholecystectomy, iAUC incremental area under the curve.
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Fig. 3 . Mathematical modelling analysis of the bile acid and GLP-
1 response to RYGB. A Overview of post-RYGB model structure (B)
Simulated plasma BA responses mirroring the hypoglycemia and non-
hypoglycemia groups. To recreate the observed BA and GLP-1 con-
centration curves, simulations were performed for a range of values for
fasting transit speeds (here, all three fasting intestinal transit para-
meters are changed by the same factor) and the postprandial transit
response. The responses that most closely recreated the median fasting
and peak postprandial BA concentrations were chosen for comparison
and simulation. For more information, see the Supplementary Figure.

C Simulated active GLP-1 concentrations (D) Plasma bile acid con-
centrations for selected simulations and associated cholecystectomized
simulation. E Distal BA content for simulations introduced in D. F To
illustrate how the difference in distal BA between non-
cholecystectomized subjects and cholecystectomized subjects propa-
gates to the GLP-1 response, the peak GLP-1 concentration is given
for a range of sensitivities of L cells for BA. The chosen values range
from the assumed L-cell sensitivity for BA in the normal situation, to
×10 that value (fold change). CC cholecystectomy.
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post-RYGB changes in BA and GLP-1 kinetics. The char-
acteristic sharp increase in plasma BA concentrations in the
first 30 min observed following RYGB can result from an
increase in proximal small intestinal transit, which may
result from accelerated stomach emptying [23]. This will
result in a higher BA concentration in the terminal ileum
(Fig. 3F) and hence a more rapid BA absorption via the
Apical Sodium-dependent Bile acid Transporter (ASBT,
encoded by SLC10A2) [24]. Interestingly, the simulations
support our hypothesis that cholecystectomy predisposes
RYGB patients to develop exaggerated BA and GLP-1
responses. This observation alone does not preclude the
presence of other mechanisms underlying or contributing to
the changes in plasma BA levels. However, a number of
additional simulations were performed, comparing the
effects of a wide array of RYGB-induced physiological
changes on BA metabolism. The only parameter tested that
induced increases of plasma BA concentrations without
simultaneous perturbation of the composition of the BA
pool was the slowing of distal post-absorptive transit,
leading us to conclude this mechanism is a strong candidate
for the driving force behind the RYGB-induced increase in
BA concentration [22].

In conclusion, this explorative study supports a role for
altered intestinal BA fluxes in the development of PBH after
RYGB through activation of the intestinal GLP-1-pancreatic
islet axis. In addition, our data suggest that cholecystecto-
mized subjects are more prone to develop postprandial BA-
induced hypoglycaemia upon RYGB. In fact, a recent study
on self-reported complaints of dumping syndrome and post-
bariatric hypoglycemia in 590 patients who underwent bar-
iatric surgery in the period 2008-2011 in the same institution
showed that cholecystectomy indeed increases the relative
risk of hypoglycemia, particularly in subgroups defined by
gender, age, presence of diabetes and % weight loss [31].
Based on these results, it might be worthwhile to evaluate the
potential beneficial effects of BA sequestration as treatment
of postprandial hypoglycaemia after RYGB.
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